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I. FINDINGS AND SUBSTANTIVE QUALITY 

Grant Manager's Assessment Report 

Provide a narrative assessment not to exceed 2 0 0  word,:~ describing the foUowing: pr0biem 
addressed and major objectives, accomplishments, activities undertaken, principal findings and 
documents produced. This report will be entered into the Grant Profile System (PROF-It E), For further 
clarification of the requirements, see chapter 7 of the effective edition of OJP HB 4500.2. 
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I 

The goals of this study were~to collect and analyze data sets of 
DNA typing results in order to address questions regarding the 
power and reliability of methods for calculating the probability of 
DNA matches. The study found that different types of DNA markers, 
such as VNTRs, STRs, and microsatellites, show different modes of 
evolutionbut the differences are too slight to affect forensic 
calculations. The study developed novel measures of genetic 
distance to evaluate the differences between populations. That is, 
these measures demonstrated that any biases in meashring population 
frequencies are either tooslight to affect forensic calculations 
or are always conservative, and benefit a defendant. The study 
established the minimal size of a reliable data sample 
(approximately i00 to 150 individuals) and evaluated the 
occurrence, and consequences, of null or overlapping VNTR alleles. 
Thus, most current data sets used in forensic cases are of adequate 
size. Further, the study developed a technically-correct method for 
determining confidence intervals in calculatingthe probability?of 
DNA matches (in order to deal with limited sample size); a meth0d 
that is more reliable than the ceiling principal. Finally, this 
study demonstrated that the presence of population substructure 
does not pose any problem in providing conservative forensic 
calculations. 
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ACQUISJT I ION S 

The overall gOals of this research project were to collect and analyze data sets of DNA 
~ping_results in or_der_~to_addr_ess questions ;regarding the power and reliability of methods for 
calculating the prOBability _ofDNA matches. The types of markers evaluated were VNTRs. 
(variable number of tandem repeats) detected by Southern gel analysis and microsatellites 
polymorphisms detected by PCR methods. The analytic issues included the extent of variation 
between ethnic groups, deviations from expected equilibrium conditions, the consequences of 
sampling error and the consequences of population substructure. In addition, we developed a 
model VNTR marker for laboratory testing of these issues. 

The specific aims of the project were to answer five related questions, i) how should 
forensic_ DNA data be recorded and dissem!nated, ii) how should data sets from different 
laboratories be analyzed and compared, i i i)how different are the data from different ethnic 
groups and what are the forensic implications of population substructure, iv) how and why do 
a lle!e freq_uencies diffe, r fr_0m~expected equilibriu__rn values (and what are the consequences), and 
v) using a rnodel VNTR system, Wh-a-t is the 6rigir~ and e~/olution of VNTRs and what does this 
imply about their application to forensic testing? 

During the course of the-project we coile(~ted VNTR data from 32 ethnic groups (including 
American Blacks, American Ca-uc-a-sia-n-s~-~isp~ics ahd Am~ri(~an Indiaffs). Each of these data 
sets included from 4 to 6 VNTR m~rkers tested in at least-100 individuals. The data were 

c611~cted ..... fro_m part_icipating members of TWGDAM (the Technical Working Group on DNA 
A-n~alysis and Methods), established, by_t_h_e FBI. In a related effort we also collected and 
_distributed a bibliography of scient_if c_articles on f qrensic applications of DNA fingerprinting, with 
over 900 references [43]. A summary of_the da_ta sets an_da_copy of the bibliography are 
attached. 

-1 -  
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As explained in the following sections, our analyses of actual and simulated forensic data 
answered many of the theoretical criticisms of DNA match calculations. First, we demonstrated 
that different types of DNA markers, such as VNTRs, short tandem repeats and microsatellites, 
show different modes of evolution but that the differences are too slight to affect forensic 
calculations [6,22,23,28,63,64]. Second, we developed novel measures of genetic distance to 
evaluate the differences between populations [27,37]. These measures demonstrated that any 
biases in measuring population frequencies are either too slight to affect forensic calculations 
or are always conservative, that is, to the benefit of a defendant. Third, we established the 

• minimal size of a reliable data sample (approximately 100 to 150 individuals) and evaluated the 
occurrence, and consequences, of null or overlapping VNTR alleles [21]. These results show 
that most current data sets used in forensic cases are of adequate size. Further, to deal with 
limited sample size, we developed a technically-correct method for determining confidence 
intervals [65]. This new method is more reliable than the ceiling principal. Also, the existence 
of null or overlapping alleles shows that simplistic measures of equilibrium are not applicable to 
VNTRs and that, in fact, most alleles and loci, within and across populations, are in equilibrium. 
(_Hence methods using= Hardy Weinberg equilibrium and the product rule are appropriate and 
reliable [26,30].) Finally, we developed several measures of population substructure and 
applied them to actual forensic data sets [25,30,39]. These analyses demonstrate that the 
presence of population substructure does not pose any problem in providing conservative 
forensic calculations. 

In addition to the major analytic components of this project, we also conducted laboratory 
studies of a model VNTR marker [60,63]. This marker, a VNTR near the gene for apolipoprotein 
B on human chromosome 2, is a powerful, technically-reliable DNA marker for DNA typing. By 
better understanding the origin and evolution of this locus, we have contributed to its utility in 
DNA typing. 

I1. VNTR Allele Frequency Distributions Under the Stepwise Mutation Model: A 
Computer Simulation Approach for Forensic Analysis 

Variable number of tandem repeats (VNTRs) are a class of highly informative and widely 
dispersed genetic markers. Despite their wide application in biological science, little is known 
about their mutational mechanisms or population dynamics. The objective of this work was to 
investigate four summary measures of VNTR allele frequency distributions: number of alleles, 
number of modes, range in allele size, and heterozygosity, using computer simulations of the 
one-step stepwise mutation model (SMM). These summary measures are directly related to 
forensic calculations using VNTR markers 

We estimated these measures and their probability distributions for a wide range of 
mutation rates and compared the simulation results with predictions from analytical expectations 
under the SMM [14]. The average number of alleles, however,was larger in the simulations than 
the analytical expectation of the SMM. We then compared our simulation expectations with 
actual data reported in the forensic literature. We used the sample size and observed 
heterozygosity to determine i)the expected value, ii) the 5th and 95th percentiles for the other 
three summary measures, iii) allelic size range, iv) number of modes, and v) number of alleles. 

-2- 
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The loci analyzed were classified into three groups based on the size of the repeat unit: 
microsatellites (1-2 base pair [bp] repeat units), short tandem repeats (STR) (3-5 bp repeat 
units), and minisatellites (15-70 bp repeat units). In general, STR loci were most similar to the 
simulation results under the SMM for the three summary measures (number of alleles, number 
of modes and range in allele size), followed by the microsatellite loci and then by the minisatellite 
loci, which showed deviations in the direction of the infinite allele model (IAM). Based on these 
differences, we hypothesize that these three classes of loci are subject to different mutational 
forces. Hence their spread through human populations and their properties related to forensic 
applications (e.g., number of alleles, frequencies and heterozygosity) will differ significantly. 

III. ANovel Measure of Genetic Distance for Highly Polymorphic Tandem Repeat Loci 

Genetic distance is a measure of the relatedness between two populations or species, 
and is useful for reconstructing the historic relationships among groups [37]. Moreover, it is 
directly related to issues regarding population substructuring, a major concern in forensic 
applications of DNA markers [30]. 

The usefulness of a genetic distance measure in phylogenetic reconstruction is dependent 
on the linearity of the measure with respect to time since divergence [37]. The standard 
measures of genetic distance in use today were developed for analysis of protein isoelectric 
focusing and antigenic polymorphisms, systems that generally show limited variability. 
Hypervariable tandem repeat DNA loci, genetic markers which have a larger number of alleles 
and-a high-er level of hetero;~ygosity-than traditional genetic markers, are being used increasingly 
to address evolutionary questions. 

Traditional measures of genetic distance are non-linear at the higher levels of heterozy- 
gosity observed for these hypervariable loci. In addition, these traditional measures do not take 
into account what is known of the mutational mechanisms of hypervariable loci. There is good 
empirical and observational evidence that the generation of variability at loci of two classes of 
hypervariable tandem repeat loci, microsatellites and short tandem repeats, is via a stepwise 

• mutation mechanism [50,51,64]. Using computer simulation, we showed that the new measure, 
Dsw 1, conforms to linearity much better than do existing measures of genetic distance. We also 
showed that the variance of the new measure is similar in magnitude to existing genetic distance 
measures. In addition, an example of the application Dsw to an evolutionary analysis of human 
populations was published. 

IV. Characteristics of Genotype Frequency Distributions at VNTR Loci 

As mentioned in earlier sections,_th e molecular mechanisms through which new alleles 
are generated at the variable number of tandem repeat (VNTR) loci are not known precisely. 
In spite of this, it is well known that the levels of polymorphism at such loci are extremely large 
even in small inbred populations, and that new alleles are produced by mechanisms different 
from point mutations which lead to simple nucleotide substitutions. The fact of large numbers 
of alleles, and consequently large numbers of possible genotypes, at each locus necessarily 

-3- 
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requires formal statistical procedures to study the characteristics of genotype distributions within 
populations. 

Our efforts to develop such statistical procedures were directed toward development of 
statistical algorithms to study properties of genotype frequencies at VNTR loci. Evaluation of 
genotype frequencies at such loci is important i) to place appropriate statistical weight on DNA 
m-at-6fies in forensi~c~applic~l-ti~n~i~iii ~tod-eter:mi-ne parentage of ihcl-ividualsl and iii) to determine 
the validity of any stated relationships between individuals. Our research shows that each 

~gen-otype is usually/~0 rare-iS~o-puiati0n, that its frequency cannot be predicted reliably by 
- simply counting its occurrence in a sample [21]. This is so because rare genotypes are either 
nOt~fbuhd in a databaSe 0i;, ev-eh ~ when found, they 0c cur too infrequently to provide a reliable 
e s~timate of frequency [2_3,28,36,46,50,51] . . . . . . . . . . . .  

. . . .  _ - . . . 

Therefore, first, we determined the sample size requirements of DNA typing databases 
that will allow dn-e to estimate genotype frequencies with adequate accuracy [21]. We concluded 
that in Preparing DN A :typing databases, 100 to 150 individuals per population are adequate to 
estimate all common allele frequencies precisely [21']. With such sample sizes, a threshold allele 
frequency can be predicted to give conservative estimates of all rare allele frequencies. In other 
words, the process of rebinning, a protocol practiced by the forensic Community, has a scientific 
basis which is rooted in the population genetic characteristics of the VNTR loci. Sample size 
requirements are even less stringent for STR loci, or for polymarker loci, since the allelic variation 
is less extensive than for minisatellite VNTR loci. 

Second, we showed that the classic, traditional approach to predicting genotype 
freqoen-cieS frdn3 allele-fr~-quencies -(iJsi~h~Haray,~N~inb-ergp~in6ilSie)is-applicable to VNTR 
loci als o [26~2~8]: ~As-a oS~e-plnii:~-~chin-g~tl~iS- conclusi.on , we developed computer algorithms to 
test the applicability of the product rule tO VNTR databases. Applications of such computer 
algorithms to current DNA typing databases-indicate that VNTR alleles within loci indeed combine 
at random, and there is no alielic association between loci that are physically distant from each 
other (i.e., when they are on different chromosomes, or far apart on the same chromosome, 
such as more distant than 7 cM-ffom each other). In Other words, genotype frequencies at a 
VNTR locus can be reliably predicted by multiplying the frequencies of its constituent alleles. 
Furthermore, the frequency of a mUlti:locus gen0~pe (a combined DNA profile based on multiple 
probes) can be predicted by simply multiplying individual-locus genotype frequencies [39]. 

. ~ 

-Third; we sh-oWed that in the RFLP protoc0i f-or DN~, typing, there are inherent limitations, 
in that alleles of nearly equal size may not be resolved from each other (technically known as 
coalescence of alleles), and that unusually small (or large) alleles may not be distinguishable on 
S~Jth~r-n~l~ (t~hrii(~all~/-called-n~ll :or non-detectable alleles). Using experimental data, we 
showed that these situations do occur for several loci. As a consequence, when such situations 
Occur in databases, not all ~ih-gl~bafid6-d'DN~ alleles- are ti;uly "homozygous". Interpretation of 
genotype frequencies must ac-co-m-modate these inherent limitations [26,30]. 

We showed that both nondetectibility as well as coalescence would generate an apparent 
excess homozygosity, and this, b-y itself, cannot be regarded as evidence of allelic non-inde- 
pendence within and across Io(~i [30]. We also developed statistical methods to account for 
such events in testihg Hardy-Weinberg and linkage equilibrium, and applied these methods to 
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all current DNA typing databases. As a consequence of these investigations, we demonstrated 
that when these limitations are ignored, and allele frequencies are estimated by simple gene 
counts (treating all single-banded profiles as true homozygotes), the resultant allele frequency 
estimates are conservative (in the sense that they tend to be larger than their true values in the 
population) [39]. 

V. Population Substructure and Its Effect of VNTR Genotype Frequencies 

It is well known that all natural populations are inherently substructured, since individuals 
do not mate at random [25]. Our efforts, therefore, focused on evaluating the effect of 
population substructuring on genotype frequency estimation at VNTR loci. 

First, we showed that the classic measures of FsT and GsT (co-efficient of gene diversity) 
are applicable to VNTR loci, and that they can be estimated from population data [25]. 

Second, we showed that allele frequency differences between populations at VNTR loci 
are dominated by the large differences between alleles that are rare in all populations. Common 
alleles are shared by all populations; only the rare ones exhibit statistically significant differences 
in frequencies ac~'oss populations [27]. Moreover, frequency differences across populations are 
su~c~-{~at--ir/ter-e:thnic differences-Within major racial grOups are much smaller than inter-racial 
diffe_renCe s_[35,36]. In other words, by showing frequency differences across broad racial 
groups, we can capture almost all (if not the t-o-t~al)-effec[s-bf-population substructuring [35]. 
Coupled With this, when we recognized that homozygosity cannot be unequivocally asserted for 
&II-DNA typing_ protocols (because of coalescence and nondetectability), we recommended that 
a strictHardy-Weinberg rule should not be applied to predict the frequency of a single-band DNA 
profile. Instead, a frequency of 2p, should be used, where for p we can substitute the gene 
c oun_t estimate of the allele that represents the observed band in the profile [39]. We showed 
that this is sufficient to account for the effect of population substructure on genotype frequencies. 
The genotype frequencies resulting from this procedure, and their multiplication across loci, will 
then produce DNA prgfile f requenci_es_wh.ich are expected to be conservative, even if population 
substructure exists in the database [39]. 

Predictions of gen~3type frequencies are made from samples and, hence, such predictions 
always have aa associated sampling ei'ror. Therefore, quantification of such sampling errors, 
or- evaluation of con~dence intervals foz; single- or multi-locus genotype frequencies, is an 
important task. This issue has been discussed in various contexts within the DNA forensic 
literature. The recommended procedure to account for sampling error, as discussed in the NRC 
report of 1992 (tlse ceiling prilScilSle), is er~ronegus. _ We developed the appropriate method by 
giving a confidence interval for single- and multi-locus genotype frequencies based on the theory 
of sampling for categorical data [65]. We recommend-the use of this procedure. 

Application of the method for determining confidence intervals shows that for databases 
where the sample size per locus is approximately 200 individual, the lower and upper bounds 
of the confidence intervals can differ by a~s much as 10-f01d, so that an order of magnitude 
difference between 4- or 5-locus DNA profile frequencies may not be statistically significant [65]. 
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VI. The Apolipoprotein B VNTR: A Paradigm for Forensic Applications of VNTR Markers 

VNTRs are powerful markers for forsensic applications of DNA typing, but a better 
understanding of their genetic basis is essential for full acceptance and accurate population 
analysis. One useful ffiodel system to study the origin and evolution of VNTRs is the 
polymorphic repeat locus found beyond the 3' end of the human apolipoprotein (apo) B gene. 
A central aim of this project was to use the apo B 3' VNTR marker as a model for such studies. 

The apo B gene is located at 2p24 and encodes two large hydrophobic proteins, apo B- 
100 and apo B-48. The apo B-48 mRNA is derived from the apo B-100 mRNA by means of a 
unique mRNA editing mechanism. Apo B-100 and B-48 are major protein components of low 
density lipoproteins and ~ v ~  Jo-w d ~ i t y  Ji/3o-protei-ns and chylomicrons. Besides serving a 
structurairole in these iipopi'Oteins, apo B'100 s a iigand f0rthe LDL receptor and is required 
for the receptor-mediated~removal=of LDL from plasma. The apo B gene is composed of 29 
exons and 28 introns and spans 43 kb. 

Approximately 500 bp downstream of the first polyadenylation signal in the apo B gene 
is the apo B 3' VNTR, which has an AT-rich dimeric repeat unit of 30 bp~ This locus was first 
typed by Southern blotting methods. Using this technique, only five alleles were discernable. 
In 1989, two groups simultaneously developed protocols for the typing of the apo B 3' VNTR 
using PCR and high resolution agarose or polyacrylamide gel electrophoresis. Using PCR typing 
methods it is 155~sible-to-d~tect diffe~'enCes in allele si~,es -0f only one re-peat unit (15 base pairs 
each) andit is not uncommon to find moie than i-Oall-e/e in a pol~ulation. Thus this marker is 
aii e-x~ellent (~aiiai~latb f0r--DNA :~ping for forensic purisoses. 

The apo B locus has been typed extensively in human population [28,46]. In addition, 
th e apo_ VNTR has b_een i dentif!ed as the 3' matrix-attachment region of the human apo B 
chromosomal region. Because of the importance of the apo B gene product in determining 
variation in lipid and lipoprotein levels, much effort has gone into characterizing antigenic and 
DNA variatibn at this locust[6-3]. Many genetic polymorphisms in the apo B gene have been 
reported and typed in samples from several different ethnic groups. Therefore the apo B gene 
has been well studied, and the apo B VNTR cain be readily and accurately typed and can be 
amplified across a wide range of primate species. 

VII. Origins and Early Evolution of the Apolipoprotein B 3' VNTR 

One way to define the freqU-e0cy an~ mec_hanis_ms of change that ultimately define the 
VNTR in and among human p_opulationsjs to identify and isolate new mutations in human 
pedigrees by virtue of~the existence Of an allele in a child that does not appear in his or her 
mother or father. An evaluation of these new mutations is also relevant to the use of the marker 
in paternity te~ting. Hbwegerl t~is ip~ceSs-wilJ yi~id an incomplete picture because of the small 
number of mutations that can be observed directly. In contrast, an evolutionary approach to this 
problem enables one to examine the full spectrum of mutational events. 
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An evolutionary approach wastaken to distinguish between two hypotheses for the origin 
of VNTR loci, array transposition or initial duplication [63]. In the transpositional model, an array 
of repeats moves from one 10ca-ti0n-in {h~e - ge-r~ome tO another, forming a new VNTR locus. In 
the initial duplication model, the array of repeats forms in situ following an early duplication 
event. Growth of the apo B 3' VNTR is evident in the primate lineage ranging from simple 
sequences in New World m0ni4-ey~ to ~ higfii~61{jrn0rpfii~ repe~t arrays in chimpanzees and 
humans. 

Molecular analysis O f f!ank!ng direct repeats in primates identified a duplication between 
New World and Old World monkeys, and the VNTR repeats resulted from further amplification 
of two juxtaposed direct repeats. We conclude that the apo B VNTR did not arise by insertion 
of mu!tiple tandem repeats, but~origli~ated in situ as the resuit of an initial duplication event. 
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Billings, Jr. Chief Judge 
Date :  September  20, 1990 
Volm: C r i m i n a l  No. 89-65 
Page: 1-35 
Srce: District Court 

Affl: 
Ttll: 
human 
Type: 
Area: 
Ttl2: 
Date: 

author not given 

Forensic Science Research and Training Section, FBI Academy, 0uantlco, VA 
Procedures for the detection of restriction fragment length polymorphisms in 
DNA 
Journal article 
technical or scientific 
Crime Laboratory Digest 
December 4, 1989 

53. 
Auth: 
Affl: 
Ttll: 
Type 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

author not given 

Forensic .Science Research and Training Section, FBI Academy, Quantico, VA. 
Statement of the working group on statistical standards for DNA analysis 

: journal article 
technical or scientific 
Crime Laboratory Digest 
July 1990 
17(3) 
53-58 

54. 
Auth: 
Ttll: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

author not given 
United States approval for DNA fingerprinting 
letter to editor 
technical or scientific 
The Lancet 
May 9, 199Z 
339(8802) 
1165-1166 

55. 
Auth: 
Affl: 
Till: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

Avise, J. C.//Bowen, B. W.//Lamb, T. 
Department of Genetics, University of Georgia, Athens 30602 
DNA fingerprinting from hypervarlable mitochondrial 8enotypes 
journal article 
technical or scientific 
Molecular Biology Evolution 
May 1989 
6(3) 
258-269 

56. 
Auth: Azuma, C.//Kamiura, S.//Nobunaga, T.//Negoro, T.//Sajl, F.//Tanlzawa, O. 
Affl: Dept. of Ob. and Gyn., Osaka University Medical School, Osaka, Japan 
Till: Zygosity determination of multiple pregnancy by deoxyribonucleic acid 
fingerprints 
Type: journal article 
Area: technical or scientific 
Ttl2: American Journal Obstet. Gynecology 
Date: 1989 
Volm: 160 
Page: 734-736 
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57. 
Auth: Bae, S a m u e l  
Affl: FBI Laboratory, Quantlco, VA. 
Till: The extraction, purification and quantification of DNA 
Type: book chapter 
Area: technical or scientific 
BkAu: Hicks, John W. 

Ttl2: Proceedings. of the International Symposium on the Forensic Aspects of DNA 
Analysis 
Date: June 19-23, 1989 
Page: 25-28 

58. 
Auth: 
Affl: 
Till: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

Baechtel, F. Samuel 
Forensic Science Research and Training Section, FBI Academy, 0uantico, VA. 
A primer on the methods used in the typin8 of DNA 
journal article 
technical or scientific 
Crime Laboratory Digest 
1988 
15 Supp. 1 
3-9 

5 9 .  
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Pa6e: 

Baechtel, F. Samuel 
Forensic Science Research and Training Section, FBI Academy, Quantico, VA. 
Recovery of DNA from human biological specimens 
journal article 
technical or scientific 
Crime Laboratory Digest 
1988 
15 
95-96 

i. 
iBaird, M.//Balazs, I.//Giusti, A.//Miyazaki, L.//Nicholaa, 

K!I//Kanter, E.//Glassberg, J.//Allen, F.//Rubinstein, P.//et al 
Affl: 'Lifecodes Corporation, Valhalla, N.Y. 10595 
Ttil:~Allele frequency distribution of two highly polymorphic DNA sequences in three 
ethnic groups and its application to the determination of paternity 
Type: journal article 
Area: ~technical or scientific 
Ttl2: American Journal Human Genetics 
Date:October 1986 
Volm: ~38(4) 
Page: 488-501 

63. 

Auth: Baird, M.//Giusti, A.//Meade, E.//Clyne, M.//Shaler, R.//Benn, P.//Glassberg, 
J.//Balazs, I. 
Affl: Lifecodes Corporation, Valhalla, N.Y. 10595 
Till: The application of DNA-Print(t~) for t h e  estimation of paternity 
Type: book chapter 
Area: technical or scientific 
Ttl2: Advances in Forsensic Haemogenetics 2 
Plac: New York, N.Y. 
Publ: Springer-Verla8 
Date: 1987 
Volm: 2 
Page: 354-358 

64. 
Auth: Baird, M.//Giusti, A.//Meade, E.//Clyne, M.//Shaler, R.//Benn, P.//Glassberg, 
J.//Balazs, I. 
Affl: Lifecodes Corporation, Valhalla, N.Y. 10595 ~ 
Till: The application of DNA-Print(tm) for identification from forensic biological 
materials 
Type: book chapter 

60. Area: 
A u t h :  Baechtel, F. S.//Monson, K. L.//Forsen, G. E.//Budowle, B.//Kearney, J . J .  Ttl2! 
Affl: Forensic Science Research and Trainin8 Section, FBI Laboratory, Quantico, VA. Plac: 
Ttll: Tracking the violent criminal offender through DNA typing profiles - a Publ: 
national database system concept Date: 
Type: book chapter Volm: 
Area: technical or scientific Page: 
BkAu: Burke, T.//Dolf, G.//Jeffreys, A. J.//Wolff, R. 
Ttl2: DNA Fingerprinting: Approaches and Applications 
Date: 1891 
Page: 356-360 

Baird, M. L. 
Lifecodes Corporation, Valhalla, N.Y. 
Analysis of forensic DNA samples by single locus VNTR probes 
book chapter 
technical or scientific 
Farley, Mark A.//Harrrington, James J. 
Forensic DNA Technology 
1881 
3 9 - 4 9  

61. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
BkAu: 
Ttl2: 
Date: 
Page: 

technical or scientific 
Advances in Forensic Haemogenetics 2 
New York, N.Y. 
Springer-Verla8 
1987 
2 

396-402 

65. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
Ttl2: 
Date: 
Pase: 

Baird, Michael 
Lifecodes Corporation, Vallhalla, N. Y. 
DNA testing - is forensic DNA testing reliable? 
journal article 
technical or scientific 
ABA Journal 
September 1990 
34 
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86. 
Auth: 
Affl: 
Ttll: 
Type: 
A r e a :  
BkAu: 
Ttl2: 
Date: 
Page: 

Baird L. 
Lifecodes Corporation, Valhalla , N.Y. 
Quality control and quality assurance 
book chapter 
technical or scientific 
Ballantyne, Jack//Sensabaugh , Georga//Witkowski, Jan 
Banbury Report 32: DNA Technology and Forensic Science 
1989 
175-190 

67. 
Auth: 
Affl: 
Till: 
Type: 
Area: 
BkAu: 
Ttl2: 
Date: 
Page: 

Baird, Michael L.//Balszs, Ivan//McElfresh, Kevin 
Lifecodes Corporation, Valhalla, New York 
Examination of forensic biological evidence by DNA print analysis 
book chapter 
technical or scientific 
Lee, Henry C.//Gaensslen, R. E. 
DNA and Other Polymorphlsms in Forensic Science 
1990 
61-75 

68. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
Tti2: 
Date: 
Volm: 
Page: 

Balazs, Ivan//Balrd, Michael//Clyne, Mindy//Meade, Ellie 
Lifecodes Corporation, Valhalla, N.Y. 10595 
Human population genetic studies of five hypervariable DNA loci 
journal article 
technical or scientific 
American Journal Human Genetics 
February 1989 
44(2) 
182-190 

89. 
Auth: Balazs, Ivan//Neuweiler, John//Gunn, Peter//Kidd, Judlth//Kidd, Kenneth 
K.//Kuhl, Joy//Mingjun, Liu 
Affl: Lifecodes Corp.; Genetic Technologies Crows Nest; Yale Univ.; 
Till: Human population genetic studies using hypervariable loci. I. Analysis of 
Assamese, Australian, Cambodian, Caucasian, CHinese adn Melanesian populations 
Type: journal article 
Area: technical or scientific 
Ttl2: Genetics 
Date: May 1992 
Volm: 131(1) 
Page: 191-198 

70. 
Auth: Balding, David J.//Torney, David C. 
Affl: University London, London, UK; Los Alamos National Lab., Los Alamos, NM 
Till: Statistical analysis of DNA fingerprint data for ordered clone physical 
mapping of human chromosomes 
Type: journal article 
Area: technical or scientific 
Ttl2: Bulletin Mathematical Biology 
Date: 1991 
Volm: 53(6) 
Page: 853-879 

Affl: 
Ttll: 
Type: 
Area: 
BkAu: 
Ttl2: 
Date: 
Page: 

Ballantyne, Jack 
Suffolk County Crime Laboratory, Hauppauge, N,Y. 
DNA technology in a county forensic science laboratory setting 
book chapter 
technical or scientific 
Ballantyne, Jack//Sensabaugh, George//Witkowski, Jan 
Banbury Report 32: DNA technology and forensic Science 
legs 
213-218 

72. 
Type: 
Area: 
BkAu: 
Ttl2: 
Plac 
Publ: 
Date: 
Volm: 
Page: 

book 
technical or scientific 
Ballantyne, Jack//Sensabaugh , George//Witkowskl, Jan 
Banbury Report 32: DNA Technology and Forensic Science 

: Box 100, Cold Spring Harbor, New York 11724 
Cold Spring Harbor Laboratory Press 
ig89 
ISNB 0-87969-232-4 
i-xvii, 1-352 

73. 
Auth: Banks, Peter 
Ttll: The trials of DNA fingerprinting: science takes the stand 
Type: journal article 
Area: technical or scientific 
Ttl2: Journal of NIH Research 
Date: November 1990 
Volm: 2 
Page: 75-77 

74. 
Auth: Bar, W.//Hummel, K. 
Affl: University of Zurich, Zurichbergstrasse, Zurich, Switzerland; Institut fur 
Blutgruppenserologie, Fostfach, Freiburg, Germany 
Ttlli DNA Fingerprinting: its application in forensic case work 
Type: book chapter 
Area: technical or scientific 
BkAu: Burke, T.//Dolf, G.//Jeffreys, A. J.//Wolff, R. 
Ttl2: DNA Fingerprintlng: Approaches and Applications 
Date: 1991 
Page: 349-355 

75. 
Auth: Bar, W.//Kratzer, A. 
Affl: Institute of Forensic Medicine, Zurich, Switzerland 
Ttll: Assessment of disputed identity of blood alcohol samples using DNA finger- 
printing 
Type: journal article 
Area: technical or scientific 
Ttl2: Z Rechtsmed 
Date: 1989 
Volm: 102(4) 
Page: 283-270 
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75. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

Bar, Adelgunde//Machler, Marco//Schmid, Werner 
Institute of Forensic Medicine, Univ. of Zurich, Switzerland 
Postmortem stability of DNA 
journal article 
technical or scientific 
Forensic Science International 
October 1988 
39(1) 
59-70 

77. 
Auth: Barinaga, Marcia 
Ttll: DNA fingerprinting database to finger criminals 
Type: journal article 
Area: technical or scientific 
Ttl2: Nature 
Date: January 21, 1988 
Volm: 331(6153) 
Page: 203 

78. 
Auth: Barinaga, Marcia 
Ttll: Pitfalls come to light 
Type: journal article 
Area: technical or scientific 
Ttl2: Nature 
Date: May Ii, 1989 
Volm: 339(6220) 
Page: 89 

79. 
Aufih: Barr, Jessie Jo 
Ttll: The use of DNA typing in criminal prosecutions: 
and science? 
Type: journal article 
Area: legal 
Ttl2: New York Law School Law Review 
Date: 1989 
Volm: 34 
Page: 485 

a flawless partnership of law 

80. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
BkAu: 
Ttl2: 
Date: 
Page: 

Bashinski, J. 
California Department of Justice, Oakland, California 
Managing the implementation and use of DNA typing in the crime labatory 
book chapter 
technical or scientific 
Parley, Mark A.//Harrlngton, James J. 
Forensic DNA Technology 
1991 
201-235 

Bashinski, Jan S. 
Affl: Oakland Police Department, Oakland, CA. 
Ttll: Laboratory standards: accreditation, training and certification of staff in 
the forensic context 
Type: book chapter 
Area: technical or scientific 
BkAu: Ballantyne, Jack//Sensabaugh, George//Witkowskl, Jan 
Ttl2: Banbury Report 32: DNA Technology and Forensic Science 
Date: 1989 
Page: 159-173 

82. 
Auth: 
Till: 
Type: 
Area: 
Ttl2: 
Date: 
Page: 

Beardsley, Tim 
Pointing Fingers - DNA identification is called into question 
journal article 
technical or scientific 
Scientific American 
March 1992 
26-27 

83. 
Auth: Beeler, Lourel//Wiebe, WilllamR. 
Till: DNA identification tests and the courts 
Type: journal article 
Area: 'legal 
Ttl2: Washington Law Review 
Date: October 1988 
Volm: '63 
Page: 903 

84. 
Auth: Bell, Graeme I.//Selhy, Mark J.//Rutter, William J. 
Affl: Dept. of Biochemistry & Biophysics, Univ. of California, San Francisco,CA. 
Till: The highly polymorphlc region near the human insulin gene is composed of 
simple tandemly repeating sequences 
Type: ~ournal article 
Area: technical or scientific 
Ttl2: Nature 
Date: January 7-13, 1982 
Volm: 295(5844) 
Page: 31-35 

85. 
Auth: BellamY , R. J.//Inglehearn, C. F.//Jalili, I. K.//Jeffreys, A. J.//Bhat- 
tacharya, S. S. 
Affl: University of Newcastle-upon-Tyne, UK; St. John's Ophthalmic Hospital, 
Jerusalem, Israel; Dept. of Genetics, Leicester Univ., Leicester, UK 
Till: Increased band sharing in DNA fingerprints of an inbred human population 
Type: journal article 
Area: technical or scientific 
Ttl2: Human Genetics 
Date: 1991 
Volm: 87 
Page: 341-347 
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86. amyQc 
Auth: Bell hard//Inglehearn, Chrls//Lester, Doug//Hardcastle, Allson//Bhat- 
tacharya, Shomi 

Affl: Dept. of Human Genetics, Newcastle Univ., University of Newcastle-upon-Tyne, 
UK 

Till: Better fingerprinting with PCR 
Type: journal article 
Area: technical or scientific 
Ttl2: Trends in Genetics 
Date: February 1990 
volm: 6(2) 
Page: 32 

87. 
Auth~ Bentzen, P.//Harris, A. S.//Wrlght, J. M. 

Affl: Marine Gene Probe Laboratory and Dept. of Biology, Dalbousie University, 
Halifax, Nova Scotia, Canada 

Ttll: Cloning of hypervariable mlnisatellite and simple sequence microsatellite 
repeats for DNA fingerprinting of important aquacultural species of salmonids and 
tilapia 
Type: book chapter 
Area: technical or scientific 
BkAu: Burke, T.//Dolf, G.//Jeffreys, A. J.//Wolff, R. 
Ttl2: DNA Fingerprinting: Approaches and Applications 
Date: 1991 
Page: 243-262 

88. 
Auth: 
AffI: 
Till: 
Type: 
Area: 
Ttl2: 
Publ: 
Date: 
Page: 

Berry, Donald A. 

School of Statistics, University of Minnesota, Minneapolis, MN. 55455 
DNA Fingerprinting: What does it prove? 
journal article 
technical or scientific 
ChanCe: New Directions for Statistics and Computing 
Sprlnger-Verlag New York, Inc. 
1990 
15-25 

89. 
Auth: 
Affl: 
Till: 
Type: 
Area: 
Ttl2: 
Date: 

Berry, Donald A. 
School of Statistics, University of Minnesota, Minneapolis, MN 55455 
Inferences using DNA profiling in forensic indentiflcation and paternity cases 
journal article 
technical or scientific 
Star. Science 
July 1991 

90. 
Auth: 
Affl: 
T~ll: 
lOCUS 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

Berry, Donald A. 
School of Statistics, University of Minnesota, Minneapolis, MN 55455 
Statistical inference in crime investigations using DNA profiling: single 
probes 
journal article 
technical or scientific 
Journal Royal Statistical Society Series C 
1992 
41 
4 9 9 - 5 3 1  

Bayer, Robert A.//DeGuglielmo, Michael//Staud, Rick W.//Kelly, 
M.//Foster, R. Scott 
Affl: Genetic Design, Inc., Greensboro, NC 27409 
Type: letter to editor 
Area: technical or scientific 
Ttl2: Science 
Date: February 28, 1992 
Volm: 255 
Page: 1050-1051 

92. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
Ttl2: 
Date: 
Page: 

Qas 

Bigbee, David//Tanton, Richard L.//Ferrara, Paul B. 
FBI Laboratory; Palm Beach Sheriff's Dept.; Bureau of Forensic Science 
Implementation of DNA analysis in American crime laboratories 
journal article 
technical or scientific 
The Police Chief 
October 1989 
86-89 

93. 
Auth: 
Affl: 
Till: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page 

Black, W. J. 

Department of Microbiology, Stanford University Medical Center, CA. 94305 
Drug products of recombinant DNA technology 
journal article 
technical or scientific 
American Journal Hospital Pharmacy 
September 1989 
46(9) 

: 1834-1844 

94. 
Auth: 
Ttll: 
Type: 
Area: 
Ttl2: 
Case: 
Cort: 
Plac: 
Date: 
Vohn: 
Page: 

Blair,.C. Thomas 
Recent developments in the admissibility of DNA fingerprint evidence 
journal article 
legal 

Recent developments in the admissibility of DNA fingerprint evidence 
Spencer v. Commonwealth 
385 S.E.2d 850 (VA. 1989) 
Virginia 
May 1990 
76(4) 
853-878 

95. 
Autb: Blake, E. T.//Paabo, S.//Stolorow, M. D. 
Affl: Forensic Science Assoc., Richmond; Dept. of Biochemistry, Univ. of CA.; 
Berkeley; Cellmark Diagnostic, Germantown, MA 
Ttll: DNA amplification and typing from aged biological evidence 
Type: book chapter 
Area: technical or scientific 
BkAu: Hicks, John W. 
Ttl2: Proceedings of the International Symposium on the Forensic Aspects of DNA 
Analysis 
Date: June 19-23, 1989 
Page: 287-288 
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96. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
BkAu: 
Ttl2: 
Date: 
Page: 

Blake, T. 
Forensic Science Associates, Richmond, CA. 
Scientific and legal issues raised by DNA analysis 
book chapter 
technical or scientific 
Ballantyne, Jack//Sensabaugh, George//Witkowski, Jan 
Banbury Report 32: DNA Technology and Forensic Science 
1989 
109-115 

97. 

Auth: Blake, Edward T.//Higuchi, Russell//von Beroldingen, Cecilia//Sensabaugh, 
George F. 
Affli: Forensic Science Associates; Cetus Corp.; U.C. Berkeley 
Ttl1: 
Type; 
Areai 
Ttl2: 
ists 
Plac: 
Date: 
Page: 

DNA extraction and evaluation 
unpublished article 
technical or scientific 
Seventy-First Semi-Annual Seminar of the California Association of Criminal- 

Berkeley, CA 
May, 1988 
1-18 

98. 
Auth: 
Affl: 
Tt~l: 
Type: 
Area: 

Blanchetot, A. 
i!Dept, of Biochemistry, University of Saslkatchewan , Sakatoon, Sask, Canada 
!iGenebic variability of satellite sequence in the dipteran Musca domestica 
:hook chapter 
itechnical or scientific 

BkAu!i!Burek, T.I/Dolf, G./IJeffreys, A. J. Wolff, R. 
TtI2:~DNA ~ Fingerprinting: Approaches and App~ications 
Da~e:!:1991 
Page: 106-112 

99. i 

Auth:Bockel, Barbara//Nurnberg, Peter//Krawczak Michael 
Affl: Institut fur Humangenetik, ~Gottingen; Instltut fur Medizinische Genetick, 
Charlte, Berlin; Abteilung Humangenetlk, Medizinische Hochschule, Hannover 
Ttll: Likelihoods of multllocus DNA fingerprints in extended families 
Type: journal article 
Area: technical or scientific 
Ttl2: American Journal Human Genetics 
Date: August i992 
Volm: 51 
Page: 554-561 

Boerwinkle, Eric/IXion8, Weljun J.I/Fourest, Ericl/Chan, 
Affl: Center of Demographic and Population Genetics, University of Texas Health 
Science Center, Houston, Tx. 77225 
Ttll: Rapid typinng of tandemly repeated hypervariable locl by the polymerase chain 
reaction: application to the epolipoproteln B 3' hypervarlable region 
Type: journal article 
Area: technical or scientific 
Ttl2: Proceedings National Academy Science USA 
Date: January 1989 
Volm: 86(1) 
Page: 212-216 

I01. 
• Auth: 
Affl: 
Ttll: 
Type: 
Area: 
BkAu: 
Ttl2: 
Date: 
Page: 

Boggs, Danny J. (Honorable) 
United States Court of Appeals for the Sixth Circuit, Louisville, Kentucky 
Reactions and judicial perspective 
book chapter 
technical or scientific 
Ballantyne, Jack//Sensabaugh, George//Witkowski, Jan 
Banbury Report 32: DNA Technology and Forensic Science 
1989 
347-352 

102. 
Auth: Boltz, E. M.//Harnett, F.//Leary, J.//Houghton, R.//Kefford, R. F.//Fried- 
lander, M. L. 
Affl: Department of Medicine, University of Sydney West~nead Centre, NSW, Australia 
Ttll: journal article 
Type: technical or scientific 
BkAu: British Journal Cancer 
Date: July 1990 
Volm: 62(1) 
Page: 23-27 

103. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
BkAu: 

Boot h, F.//Tilzer, L.//Moreno, R. 
Kansas CityPolice Department; Kansas Uniyersity Medical Center, Kansas City 
Extraction of genomic DNA from stains without ethanol preclpitatlon 
book chapter 
technicalor scientific 
Hicks, John W. 

Ttl2: Proceedings of the International Symposium On theForensic Aspects of DNA 
Analysis 
Date: June 19-23, 1989 
Page: 231-232 

104. 
Auth: Bowcock, A. M.//Buccl, C.//Hebert, J. M.//Kidd, J. R.//Kidd, K. K.//Frled- 
laender, J. S.//Cevalli-Sforza, L. L. 
Affl: Stanford Univ.; Yale Univ. School of Medicine; Temple University 
TtU: Study of 47 DNA markers in five populations from four continents 
Type: journal article 
Area: technical or scientific 
Ttl2: Gene Geography 
Date: 1987 
Volm: 1 
Page: 47-64 
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105. 

Auth: Bragg, Y.//Jones, C.//White, R. 
Affl: The Howard Hughes Medical Institute, Univ. of Utah Medical School, Salt Lake 
City, UT; Eleanor Roosevelt Institute for Cancer Research, Denver,CO. 
Ttll: Isolation and mapping of a polymorphic DNA sequence (cTBQ7) on chromosome 10 
[DIOS28] 
Type: journal article 
Area: technical or scientific 
Ttl2: Nucleic Acids Research 
Date: December 8, 1988 
Volm: 16(23) 
Page: 11395 

Brocas, H.//Georges, M.//Christopha, D.//Monsieur, R.//Lequarre 
serf, G. 

Affl: Institut de Recherche Interdisciplinalre, University Libre de Bruxel[es 
TtU: A family of hypervariable minisatellites detected by means of a sequence 
derived from phage MI3 
Type: journal article 
Area: technical or scientific 
Ttl2: C R Academy Science III 
Date: 1987 
Volm: 304(3) 
Page: 67-69 

106. Iii. 
Auth: Brdicka, R. Auth: 

Till: DNA analysis--a new tool for the identification of individuals Affl: 
Type: journal article Ttll: 
Area: technical or scientific Type: 
Ttl2: Casopis Lekaru Ceskkych Area: 
Date: June 16, 1989 Ttl2: 
Volm: 238(25) Date: 
Page: 787-789 Volm: 

i07. Page: 

Auth: Brenig, B.//Brem, G. I12. 

Affl: Dept. of Molecular Animal Breeding, Ludwig-Maximilians-University of Munich, Auth: 
Veterinarstrasse, Munchen, Germany Affl: 
Till: Human VNTR sequences in Porcine HTF-Islands Till: 
Type: book chapter Type: 
Area: technical or scientific Area: 
BkAu: Burke, T.//Dolf, G.//Jeffreys, A. J.//Wolff, R. Ttl2: 
Ttl2: DNA Fingerprinting: Approaches and Applications Date: 
Date: 1991 Volm: 
Page: 39-49 Page: 

108. 113. 
Auth: Brenner, Sydney//Livak, Kenneth J. Auth: 
Affl: Medical Research Council Molecular Genetics Unit, Cambridge, England; E.I. Affl: 
DuPont de Nemours & Company, ~ Wilmington, DE. Till: 
Till: DNA fingerprinting by sampled sequencing Type: 
Type: journal article Area: 
Area: technical or scientific BkAu: 
Ttl2: Proceedings National Academy Science USA Ttl2: 
Date: November 1989 Date: 
Volm: 86(22) Page: 
Page: 8902-8906 

109. 
Auth: Brlnkmann, Bernd 
Affl: Institute of Fornsic Medicine, Munster, Gemmany 
Till: Population studies on selected AMP-FLFs and their use in the investigation of 
mixtures of body fluids 
Type: journal article 
Area: technical or scientific 
Ttl2: Crime Laboratory Digest 
Date: October 1991 
Volm: 18(4) 
Page: 153-155 

Brookfield, John 

Dept. of Genetics, University of Nottingham, Nottingham, UK 
Interpreting DNA fingerprints 
journal article 
technical or scientific 
Nature 
April 9, 1892 
358 
483 

Brookfleld, John 
Dept. of Genetics, University of Nottingham, Nottingham, UK 
Law and probabilities 
journal article 
technical or scientific 
Nature 
January 18, 1992 
355 
207 

Bruford, M. W.//Burke, T. 
University of Leicester, UK 
Hypervariable DNA markers and their applicatlons in the chicken 
book chapter 
technical or scientific 
Burke, T.//Dolf, G.//Jeffreys, A. J.//Wolff, R. 
DNA Fingerprinting: Approaches and Applications 
1981 
230-242 

114. 
Auth: Buckleton, J.//Walsh, K. A. J.//Triggs, C. M. 
Ttll: A continuous model for interpreting the positions of bands in DNA locus- 
-specific work. 
Type: journal article 
Area: technical or scientific 
Ttl2: Journal Forensic Science Society 
Date: 1991 
Volm: 31 
Page: 3 or 353 
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115. 
Auth: 
Affl: 
Till: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

,~uca Budowle 
FBI Laboratory. Quantico, VA. 
AMP-FLPs: genetic markers for forensic identification 
journal article 
technical or scientific 
Crime Laboratory Digest 
October 1991 
18(4) 
134-138 

I18. 
Auth: 
Affl: 
Till: 
Type: 
Area: 
BkAu: 

Budowle, Bruce 
FBI Laboratory, 0uantico, VA. 
A protocol for RFLP analysis of forensic biospecimens 
book chapter 
technical or scientific 
Hicks, John W. 

Ttl2: Proceedings of the International Symposium on the Forensic Aspects of DNA 
Analysis 
Date: June 19-23, 1989 
Page: 57-62 

117. 
Auth: 
Affl: 
Till: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

Budowle, Bruce 
Forensic Science Research and Training Section, FBI Academy, Quantico, VA. 
Reply to Green 
letter to editor 
technical or scientific 
American Journal Human Genetics 
February 1992 
50 
441-443 

118. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

Budowle, Bruce 
Forensic Science Research and Training Section, FBI Academy, Quantico, VA 
The RFLP technique 
journal article 
technical or scientific 
Crime Laboratory Digest 
October 1988 
15(4) 
97-98 

119. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
BkAu: 
Ttl2: 
Plac: 
Publ: 
Date: 
Page: 

Budowle, Bruce//Adams, D. E.//Allen, R. C. 
Forensic Science Research and Training Section, FBI Academy, Quantico, VA 
Fragment length polymorphisms for forensic science application 
book chapter 
technical or scientific 
Karam//Chao//Warr 
Methods in Nucleic Acids 
Boca Ratan, FL 
CRC Press 
1891 
181-202 

Affl: 
Till: 
Type: 
Area: 
BkAu: 
Ttl2: 
Date: 
Page: 

Budowle, Bruce//Adams, Dwight E.//Comey, Catherine T.//Merril, 
Forensic Science Research and Training Section, FBI Academy, Quantico, VA 
Mitochondrial DNA: a possible genetic material suitable for forensic analysis 
book chapter 
tecb/llcal or scientific 
Lee, Henry C.//Gaensslen, R. E. 

Advances in Forensic Sciences: DNA and Other Polymorphisms in Forensic Science 
1990 
76-97 

121. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

Budowle, Bruce//Allen, R. C. 
Forensic Science Research and Training Section, FBI Academy, Quantico, VA 
Electrophoresis reliability: I. The contaminant issue 
journal article 
technical or scientific 
Journal Forensic Science 
November 1987 
32(6) 
1537-1550 

122. 
Auth: 
Affl: 
Till: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

Budowle, Bruce//Baechtel, F. Samuel//Giusti, Alan M.//Monson, Kelth L. 
Forensic Science Research and Training Section, FBI Academy, Quantico, VA 
Applying highly polymorphlc VNTR loci genetic markers to identity testing 
journal article 
technical or scientific 
Clinical Biochemistry 
1990 
23 
287-293 

123. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
Ttl2: 
Plac: 
Publ: 
Date: 
Page: 

Budowle, Bruce//Baechtel, F. Samuel//Giusti, Alan M.//Monson, Keith L. 
Forensic Science Research and Training Section, FBI Academy, Quantico, VA 
Data for forensic matching criteria for VNTR profiles 
book chapter 
technical or scientific 
Proceedings for the International Symposium on Human Identification 
Madison, WI 
Promega Corp. 
1990 
lO3-1i5 

124. 
Auth: Budowle, Bruce//Baechtel, F. Samuel 
Affl: Forensic Science Research and Training Section, FBI Academy, Quantico, VA 
TtU: Modifications to improve the effectiveness of restriction fragment length 
polymorphism typing 
Type: journal article 
Area: technical or scientific 
Ttl2: Applied and Theoretical Electrophoresls 
Date: 1890 
Volm: 1 
Page: 181-187 
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125. 

Aubh: BudowlE F. Samuell/Adams, Dwight E. 
Affl: Forensic Science Research and Training Section, FBI Academy, Quantico, VA 
Ttll: Validation with regard to environmental insults of the RFLP procedure for 
forensic purposes 
Type: book chapter 
Area: technical or scientific 
BkAu: Farley, Mark A.//Harrington, James J. 
Ttl2: Forensic DNA Technology 
Date: 1991 
Page: 83-91 

126. 

Auth: Budowle, Bruce//Chakraborty, Ranajit//Giustl, Alan M.//Eisenberg, Arthur/- 
/Allen, Robert C. 

AffZ: Forensic Science Research and Training Section, FBI Academy, 0uantico, VA 
Ttll: Analysis of the VNTR locus DIS80 by PCR followed by high resolution polyacryl- 
amide gel electrophoresis 
Type: journal article 
Area: technical or scientific 
Ttl2: American Journal Human Genetics 
Date: January 1991 
Volm: 48(1) 
Page: 137-144 

127. 

Auth: Budowle, Bruce//Deadman, Harold A.I/Murch, Randall S./IBaechtel, F. Samuel 
Affl: Forensic Science Research and Training Section, FBI Academy, Quantico, VA 131. 
Till: An introduction to the methods of DNA analysis under investigation in the FBI Auth: 
laboratory Affl: 
Type: journal article TtlI~ 
Area: technical or scientific Type! 
Ttl2: Crime Laboratory Digest Area: 
Date: January 1988 BkAu: 
Volm: 15(1) 
Page: 8-21 

128. 
Auth: 
Affl: 
Univ. 
Ttll: 
phism 
Type: 
Area: 
Ttl2: 
Plac: 
Date: 
Vohn: 
Page: 

: Budowle, BrucellG£usti, Alan M./IWaye, John S.llBaechtel, F. y, 
R. M.I/Adams , Dwight E~//Presley, L. E.//Deadman, Harold A./IMonson, Kelth L. 
Affl: Forensic Science Research and Training Section, FBI Academy, Quantico, VA; 
Royal Canadian Mounted Police, Ottawa, Ontario; FBI, Washlngton,DC 
TtiI: Fixed bin analysis for statistical evaluation of continuous distributions of 
allelic data from VNTR loci for use in forensic comparisons 
Type: journal article 
Area: technical or scientific 
Tit2: American Journal Human Genetics 
Date: 1991 
Voim: 48 
Page: 841-855 

130. 

Auth: Budowle, Bruce//Monson, Keith L.//Anoe, Kim S.!/Baechtel , F. Samuel//Bergman0 
DanL.//Buel, Eric//Campbell, Priscilla et al 
Affl: Forensic Science Research and Training Section,L FHI Academy, Quantico, VA 
Till: A preliminary report on binned general population data on six VNTR iocl in 
caucasians, blacks and hispanics from the United States 
Type~ journal article 
Area,: technical or scientific 
Ttl2: Crime Laboratory Digest 
Date: January 1991 
Volm: 18(1) 
Page: 9-26 

Budowle, Bruce//Monson, Keith L. 
ForensicScience Research and Training Section, FBZ Academy, Quantico, VA 
A statistical approach for VNTR analysis 
book chapter 
technical or scientific 
Hicks, John W. 

Ttl2: Proceedings of an International Symposium on the Forensic Aspects of DNA 
Analysis 
Date: June 19-23, !989 
Volm~ 121-126 

Budowle, Bruce//Giusti, Alan M.//Chakraborty, Ranajit 
Forensic Science Research and Training Section, FBI Academy, Quantico, VA.; 132. 
of Texas Graduate School of Biomedical Sciences, Houston,Tx Authi 
Discretlzed allelic data for VNTR locus by amplified fragment length polymor- Affl: 
(AMP-FLP) analysis Ttll: 
abstract Typei 
technical or scientific Area: 
41st American Society of Human Genetics Ttl2: 
Cincinnati, OH. Case: 
October 16-20, 1990 Date: 
47(3) Supplement Volm: 
A129 Page: 

I 

Budowle, Bruce//Stafford, J. 

Forensic SCience Research and Training Section, FBI Academy, Quantico, VA. 
Response to expert report by F. L. Hartl 
journal article 
technical or scientific 
Crime Laboratory Digest 
United States v. Yee 
July 1991 
18 
101 
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133. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
Ttl2: 
Case: 
Date: 
Vohn: 
Page: 

Budowle J .  
F o r e n s i c  Sc i ence  Reseach and T r a i n i n g  S e c t i o n ,  FBI Academy, Quan t ico ,  Va. 
Response  t o  " P o p u l a t i o n  g e n e t i c  problems in  t h e  f o r e n s i c  use  o f  DNA p r o f i l e s "  
journal article 
technical or scientific 
Crime Laboratory Digest 
United States v. Yee 
July 1991 
18 
109 

Buoncristiani, M.//von Beroldlngen, C.//Sensabaugh, G. F. 
Affl: University of California, Berkeley, CA. 
Till: Effects of UV damage on DNA amplification by the polymerase chain reaction 
Type: book chapter 
Area: technical or scientific 
BkAu: Hicks, John W. 
Ttl2: Proceedings of the International Symposium on the Forensic Aspects of DNA 
Analysis 
Date: June 19-23, 1989 
Page: 259 

134. 139. 
Auth: Budowle, Bruce//Waye, John S.//Shutler, GaL~ G.//Baechtel, F. Samuel Auth: 
Affl: Forensic Science Research and Training Center, FBI Academy, Quantico, VA Ttll: 
Till: HAE III--a suitable restriction endonuclease for restriction fragment length Type: 
polymorphism analysis of biological evidence samples Area: 
Type: journal article Ttl2: 
Area: technical or scientific Plac: 
Ttl2: Journal Forensic Science Date: 
Date: May 1990 Volm: 
Volm: 35(3) Page: 
Page: 530-536 

140. 
135. Auth: 
Autb: Buffery, C.//Catterick, T.//Greenbalgh, M.//Jones, S.//Russell, J.R. Affl: 
Affl: Metropolitan Police Forensic Science Laboratory, London, UK Till: 
Till: Assessment of a video system for scanning DNA autoradiographs Type: 
Type: journal article Area: 
Area: technlcal or scientific Ttl2: 
Ttl2: Forensic Science International Date: 
Date: 1991 Volm: 
Volm: 49 Page: 
Page: 17-20 

136. 
Auth: Bugawan, Teodorica L.//Saikl, Randall K.//Levenson, Corey H.//Watson, Robert 
M.//Erlich, Henry A. 
Affl: Cetus Corporation, 1400 Fifty-Thlrd Street, Emeryville, CA. 94808 
Till: The use of non-radloactive oligonucleotide probes to analyze enzymatically 
amplified DNA for prenatal diagnosis and forensic HLA typing 
Type: journal article 
Area: technical or scientific 
Ttl2: Bio/Technology 
Date: August 1988 
Volm: 6 
Page: 943-947 142. 

Type: 
137. Area: 
Auth: Buitkamp, J.//Ammer, H.//Geldermann, H. BkAu: 
Ttll: DNA fingerprinting in domestic animals Ttl2: 
Type: journal chapter Plac: 
Area: technical or scientific Publ: 
BkAu: Epplen, J.T. Date: 
Ttl2: Electrophoresis Volm: 
Date: February 3, 1991 Page: 
Volm: 12(2-3) 
Page: 169-174 

Burk, Dan L. 
DNA fingerprinting: possibilities and pitfalls of a new technique 
journal article 
legal 
Jurlmetrics Journal of Law, Science and Technology 
United States 
Summer, 1988 
28(4) 
455-471 

Burke, T.//Bruford, M. W. 
Department of Zoology, University of Leicester, UK 
DNA fingerprinting in birds 
journal article 
technical or scientific 
Nature 
May 14-20, 1987 
327(8118) 
149-152 

141. 
Auth: Burke, T.//Hanotte, O.//Bruford, M. W.//Cairns, E. 
Affl: Univ. of Leicester, UK; Universlte do Mons-Halnaut, Mons, Belgium 
Till: Multilocus and single locus minisatsllite analaysls in population biological 
studies 
Type: book chapter 
Area: technical or scientific 
BkAu: Burke, T.//Dolf, G.//Jeffreys, A. J.//Wolff, R. 
Ttl2: DNA Fingerprinting: Approaches and Applications 
Date: 1991 
Page: 154-168 

hook 
general reference 
Burke, Terry//Dolf, Gaudenz//Jeffreys, Alec J.//Wolff, Roger 
DNA Fingerprinting: Approaches and Applications 
P. O. Box 133, 4010 Basel, Switzerland 
Birkhauser Verlag 
1991 
ISBN 3-7643-2582-3; ISBN 0-8176-2562-3 
v-x, 1-398 
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143~ 
Authi Burke, Walter F. 
Affl: St. Anselm College, Mass.; The George Washington Univ., Washington,D.C. 
Till: DNA analysis: The challenge for police 
Type: journal article 
Area: technical or scientific 
Ttl2: The Police Chief ~ 
Date: October 1989 
Page:  92-94  

~h: 
Affl: 
Ttll: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

144. 
Auth: Byers, Brad R. 149. 
Ttll: DNA fingerprinting and the criminal defendant: guilty or innocent? Only his Auth: 
molecular biologist knows for sure Affl: 
Type: ~ournal article Type: 
Area: legal Area: 
Ttl2: Ohio Northern University Law Review Till2: 
Plat: United States Plac: 
Date: Winter 1989 Publ: 
Volm: 16(1) Date: 
Page: 57-79 Volm: 

Page: 

145. 
Auth: Capon, Daniel J.//Chen, Ellson Y.//Levinson, Arthur D.//Seeburg, Peter 150. 
H.//Goeddel, David V. Auth: 
Affl: Genetech, Inc., 4600 Point San Bruno Blvd, So. San Francisco, CA. Affl: 
Till: Complete nucleotide sequences of the T24 human bladder carcinoma oncogene and Ttll: 

its normal homologue Type: 
Type: journal article Area: 
Area: technical or scientific Ttl2: 
Ttl2: Nature Plac: 
Date: March 3, 1983 Date: 
Volm: 302(5903) 
Page: 33-37 

Caskey, C. Thomas 
Institute for Molecular Genetics, Baylor College of Mediclne, Houston, Tx. 
Book review: "Forensic DNA Technology" 

book review 
technical or scientific 
American Journal Human Genetics 
1992 
50 
1143-1144 

146. 
Auth: 
Affl: 
T t l l :  
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

151. 
Auth: 
AffI: 
Ttll: 
Type: 
Area: 

Caskey, C, Thomas 
Dept. of Medical Genetics, Baylor College of Medicine, Houston, Tx. 
New aid to human gene mapping 
~ournal article 
technical or scientific 
Nature 
March 7, 1985 
314 
19 

Caskey, C. Thomas 
Institute for Molecular Genetics, Baylor College of Medicine, Houston, Tx. 
letter of response 
technical or scientific 
Professional Ethics Report 
1333 H Street, NW, Washington, DC 20005 
American Association for the Advancement of Science 
Spring 1992 
V(2) 
4 

Caskey, C. Thomas 
Institute for Molecular Genetics, Baylor College of Medicine, Houston, Tx. 
untitled 
letter rio editor 
technical or scientific 
The New York Times 
New york City, N.Y. 
February 9, 1990 

Caskey, C. Thomas//Edwards, A.//Hammond, H. A. 
Baylor College of Medicine, Houston, TX. 
DNA: The history and future use in forensic analysis 
book chapter 
technical or scientific 

BkAu: Hicks, John W. 
Ttl2: Proceedings of the International Symposium on the Forensic Aspects of DNA 

Analysis 
Date: June 19-23, 1989 
Page: 3-9 

152. 

147. Auth: 
Auth: Caskey, C. Thomas Affl: 
Affl: Institute for Molecular Genetics and Howard Hughes Medical Institute; Baylor Ttll: 

College of Medicine, Houston, Tx. Type: 
Ttll: Comments on DNA-based forensic analysis Area: 
Type: letter to editor BkAu: 
Area: technical or scientific Tt12: 
Ttl2: American Journal Human Genetics Date: 
Date:October 1991 Page: 

Volm: 49 (4 )  
Page:  893-895  

Caskey, C. Thomasl/Hammond, Holly 
Baylor College of Medicine, Houston, Tx. 
DNA-based identification: disease and criminals 

book chapter 
technical or scientific 
Ballantyne, Jack//Sensabaugh, George//Witkowski, Jan 
Banbury Report 32: DNA Technology and Forensic Science 

1989 
127-142 
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153, 
Type: 
Area: 
BkAu: 
Ttl2: 
Plac: 
Publ: 
Date: 
Volm: 
Page: 

book 
general reference 
Cavalli-Sforza, L. L.//Bodmeri W. F. 
The Genetics of Human Populations 
San Francisco, CA 
W. H. Freeman and Company 
1971 
ISBN 0-7167-0681-4 
i-xvi,l-g65 

154. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
BkAu: 
Ttl2: 
Plac: 
Publ: 
Date: 
Page: 

Cavalli-Sforza, Lulgl Luca 

Department of Genetics, Stanford University, Stanford, CA. 
A.2 Measures of variability: the variance and standard deviation 
book chapter 
technical or scientific 
Crow, James F.//Kimura, Motoo 
An Introduction to Population Genetics Theory 
49 East 33rd Street, New York, N.Y. 10016 
Harper & Row, Publishers, Inc. 
1970 
482-486  

155. 
Auth: 
Affl: 
Ttll: 
Type: 
A r e a :  
BkAu: 
Ttl2: 
Plac: 
Publ: 
D a t e :  
Page: 

Cavalli-Sforza, Luigl Luca 
Department of Genetics, Stanford University, Stanford, CA 
Randomly mating populations (2.6 Two Loci) 
book chapter 
technical or scientific 
Crow, James E.//Kimura, Motoo 
An Introduction to Population Genetics Theory 
49 East 33rd Street, New York, N.Y. 10016 
Harper & Row, Publishers, Inc. 
1970 
47-56 

156. 
Auth: Cavalli-Sforza, Lulgi L.//Kidd, J. R.//Kldd, K. K.//Bucci, C.//Bowcock, A. 
M.//Hewlett, B. S.//Freidlaender, J. S. 
Affl: Department of Genetics, Stanford University Medical Center, CA 04305 
Ttll: DNA markers and genetic variation in the human species 
Type: journal 
Area: technical or scientific 
Ttl2: Cold Spring Harbor Symposium ~uant Biology 
Date: 1986 
Volm: 51 Ft. 1 
Page: 411-417 

Cawood, A. H. 
AfEI: ICI Diagnostics, Germantown, MD 20874 
Ttll: DNA fingerprinting 
Type: journal article 
Area: technical or scientific 
Ttl2: Clinical Chemistry 
Date: September 1989 
Volm: 35(9) 
Page: 1832-1837 

158. 

Auth: Cawood, A.//Webb, M.//Riley, J.//Mead, R.//Markham, A. F.//Smith, J. C. 
Affl: Cellmark Diagnostics, Abingdon, England; 0X14 IDY and ICI Diagnostics, 
Cheshire, England 

Ttll: Characterization of MS51. A single locus VNTR probe which provides a quality 
control procedure to demonstrate complete digestion with restriction enzymes 
Type: book chapter 
Area: technical or scientific 
BkAu: Hicks, John W. 

Ttl2: Proceedings of the International Symposium on the Forensic Aspects of DNA 
Analysis 
Date: June 19-23, 1989 
Page: 237 

159. 
Auth: Cerda-Flores, R. M.//Kshatrlya, G. K.//Barton, S. A.//Leal-Garze, C.//Garza-- 
Chapa, R.//Schul, W. J.//Chakraborty, R. 
Affl: Unidad de Investigacion Himedica del Noreste, Mexico; Nat'l Inst. of Health 
and Family Welfare, India; University of Texas, USA 
Till: Genetic structure of the immigrant populations of San Luis Potosi and 
Zacatecas to Nuevo Leon in Mexico. 
Type: journal article 
Area: technical or scientific 
Ttl2: Human Biology 
Date: June 1991 
Volm: 63(3) 
Page: 309-327 

160. 
Auth: Cerde-Flores, R. M.//Kshatriya, G. K.//Bertln0 T. K.//Hewett-Emmett, D./- 
/Hanls, C. L.//Chakraborty, R. 
Affl: Unidad de Investigacion Biomedica del Noreste, Mexico; National Institute of 
Health and Family Welfare, India; Univ. of Texas, USA 
Ttll: Gene diversity and estimation of genetic admixture among Mexican-American of 
Start County, Texas 
Type: 3ournal article 
Area: technical or scientific 
T t l 2 :  Anna l  Human B i o l o g y  
Da te :  1992 
Volm: 19 
Page: 347-360 
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161. 
Auth: 
Affl: 
Till: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

162. 
Auth: 
Affl: 
Till: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

163. 
Auth: 
Affl: 
Till: 
Type: 
Area: 
BkAu: 
Ttl2: 
Plac: 
Publ: 
Date: 
Page: 

164. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

165. 
A u t h :  
Affl: 

Chak: Ranajlt 

University of Texas Graduate School of Biomedical Sciences, Houston, Tx. 
Book review: "DNA Technology and Forensic Science" 
book review 
technical or scientific 
American Journal Human Genetics 
1991 
48 
173-174 

Chakraborty, Ranajit 

University of Texas Graduate School of Biomedical Sciences, Houston, Tx. 
Book review: "Genetic Data Analysis" 
book review 
technical or scientific 
Molecular Biology Evolution 
1991 
8(3) 
396-397 

Chakraborty, Ranajit 

University of Texas Graduate School of Biomedical Sciences, Houston, Tx. 
Generalized occupancy problem and its applications in population genetics 
book chapter 
t e c h n i c a l  or scientific 
Sing, C. F.//Hanis, C. L. 

Impact of Genetic Variation on Individuals, Families and Populations 
New York 
Oxford University Press 
1991 
(in press) 

Chakraborty, Ranajit 

Affl: University of Texas Graduate School of Biomedical Sciences, Houston, Tx. 
Till: NRC Report on DNA Typing 
Type: letter to editor 
Area: technical or scientific 
Ttl2: Science 
Date: May 21, 1993 
Volm: 26 
Page: 1059 

167. 
Auth: Chakraborty, Ranajit 

Affl: Univ. of Texas Health Science Center, Graduate School of Biomedical Sciences, 
Houston, Tx. 77225-0334 
Type: letter of response 
Area: 
Ttl2: 
Plec: 
Publ: 
Date: 
Volm: 
Page: 

technical or scientific 
Professional Ethics Report 
1333 H Street, NW, Washington, DC 20005 
American Association for the Advancement of Science 
Spring 1992 
V(2) 
3-4 

168. 
Auth: Chakraborty, Ranajit 
Affl: University of Texas Graduate School of Biomedical Sciences 
Till: Sample size requirements for addressing the population genetic issues of 
forensic use of DNA typln8 
Type: journal article 
Area: technical or scientific 
Ttl2: Human Biology 
Date: April 1992 
Volm: 64(2) 
Page: 141-159 

Chakraborty, Ranajit 169. 
University of Texas Graduate School of Biomedical Sciences, Houston, Tx. Auth: 
Genetic profile of cosmopolitan populations: Effects of hidden subdivision Affl: 
journal article Ttll: 
technical or scientific Type: 
AnthropAnzelger Area: 
December 1990 Ttl2: 

48 Date: 
313-331 Volm: 

Page: 

Chakraborty, Ranajlt 
University of Texas Graduate School of Biomedical Sciences, Houston, Tx. 

170. 
Auth: 

Till: Letters to the Editor: Multiple alleles and estimation of genetic parameters: Affl: 
computational equations showing involvement of all alleles. Ttll: 
Type: journal article Type: 
Area: technical or scientific Area: 
Ttl2: Genetics Ttl2: 
Date: January 1992 Date: 
Volm: 130(1) Volm: 
Page: 231-234 Page: 

Chakraborty, Ranajit 
University of Texas Graduate School of Biomedical Sciences, Houston, Tx. 
Statistical Interpretation of DNA t3rping data 
letter to editor 
technical or scientific 
American Journal Human Genetics 
1991 
49 
895-897 

Chakraborty, Ranajlt//Boerwlnkle, Erlc 
University of Texas Graduate School of Biomedical Sciences, Houston, Tx. 
Population genetics of VNTR polymorphisms in human 
journal article 
technical or scientific 
American Journal of Human Genetics 
1990  
47 
A129 
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171. 

Auth: Chak] Ranajit//Daiger, Stephen P.//Boerwinkle, Eric 
Affl: University of Texas Graduate School of Biomedical Sciences, Houston, Tx. 
Ttll: Patterns of genetic variation within and between populations detected by 
PCR-hased VNTR polymorphisms. 
Type: journal article 
Area: technical or scientific 

Ttl2: Proceedings Int. Seminar of the Forensic Application of PCR Technology 
Date: 1992 
Volm: 18 
Page: 148-152 

172. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

Chakraborty, Ranajit//Dalger, Stephen P. 
University of Texas Graduate School of Biomedical Sciences, Houston, Tx. 
Polymorphisms at VNTR Iocl suggest homogeneity of the white population of Utah 
journal article 
technical or scientific 
Human Biology 
October 1991 
6 3 ( 5 )  
571-587 

173. 
Auth: Chakraborty, Ranajlt//de Andrade, M.//Dalger, Stephen P.//Budowle, Bruce i 
Affl: Univ. of Texas Graduate School of Biomedical Sciences, Houston, Tx.; FBI 
Academy, Quantico, VA. 
Ttll: Apparent heterozygote deficiencies observed in DNA typing data and their 
implications in forensic applications 
Type: journal article 
Area: technical or scientific 
Ttl2: Annal HumumGenetics 
Date: 1992 
Volm: 56 
Page: 45-47 

174. 

Auth: Chakraborty, Ranajlt//Deka ~ RanJan//Jln, Ll//Ferrell, Robert E. 
Affl: University of Texas Graduate School of Biomedical Sciences, Houston, Tx.; 
University of Pittsburgh, PA. 
Ttll: Allele sharing at six VNTR loci and genetic distances among three ethnically 
defined human population. 
Type: journal article 
Area: technical or scientific 
Ttl2: American Journal of Human Biology 
Date: 1992 
Volm: 4 
Page: 387-397 

5. 

bh: Chakraborty, RanaJit//Fornage, H.//Gueguen, R.//Boerwinkle, 
Affl: Univ. of Texas Graduate School of Biomedical Sciences, Houston, Tx.; Center of 
Preventive Medicine, Nancy, France 
Till: Population genetics of hypervariable loci: analysis of PCRbased VNTR 
polymorphism within a population 
Type: book chapter 
Area: technical or scientific 
BkAu: Burek, T.//Dolf, G.//Jeffreys, A. J.//Wolff, R. 
TLI2: DNA Fingerprinting: Approaches and Applications 
Date: 1991 
Page: 127-143 

176. 
Auth: Chakraborty, Ranajit//Jin, Li 

Affl: University of Texas Graduate School of Biomedical Sciences, Houston, Tx. 
Ttll: Heterozygote deficiency, population substructure and their implications in DNA 
fingerprinting. 
Type: journal article 
Area: technical or scientific 
Tit2: Human Genetics 
Date: 1992 
Volm: 88(3) 
Page: 267-272 

177. 
Auth: Chakraborty, Ranajit//Kamboh, Mohammad I.//Nwankwo, M.//Ferrell, Robert E. 
Affl: University of Texas Graduate School of Biomedical Sciences; University of 
Pittsburgh, PA.; University of Benin, Benin City, Nigeria 
Till: Caucasian genes in the American Blacks: new data 
Type: journal article 
Area: technical or scientific 
Ttl2: American Journal Human Genetics 
Date: January 1992 
Volm: 50(1) 
Page: 145-155 

178. 
Auth: Chakraborty, Ranajit//Kldd, Kenneth K. 
Aff1: Univ. of Texas Graduate School of Biomedical Sciences, Houston, Tx.; Dept. of 
Genetics, Yale University School of Medicine, New Haven, Ct. 
Type: letter to editor 
Area: technical or scientific 
Ttl2: Science 
Date: February 28, 1992 
Volm: 255 
Page: 1053 

179. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
Ttl2: 
Date: 
Vohn: 
Page: 

Chakraborty, Ranajit//Kidd, Kenneth 
University of Texas Health Science Center, Houston, Tx.; Yale University 
The utility of DNA typing in forensic work 
journal article 
technical or scientific 
Science 
December 20, 1991 
254 
1735-1739 
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180. 

Auth: Ranajit//Rao, C. R. 
Affl: Univ. of ~exas Graduate School of Biomedical Sciences, Houston, Tx., Dept. of 
Mathematics and Statistics, Univ. of Pittsburgh, Pittsburgh, PA. 
Ttll: Measurement of genetic variation for evolutionary studies 
Type: book chapter 
Area: technical or scientific 
BkAu: Chakraborty, Rananjit//Rao, C. R. 

Ttl2: Handbook of Statistics 8: Statistical Methods for Biological and Medical 
Sciences 
Plat: New York 
Publ: North-Holland 
Date: 1991 
Volm: 8 
Page: 271-316 

181. 
Auth: 
Affl: 
Ttll: 
box 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

Charrow, Robert P. 
Attorney - Crowell & Morlng in Washington, D. C. 
Forensic evidence in the courtroom is really probability theory in the jury 

journal article 
technical or scientific 
Journal of NIH Research 
June  1991 
3 
96-97  

182. 
Auth: 
Affl: 
Ttll: 
DNA 
Type: 
Area: 
Ttl2: 
Date: 
Vohn: 
Page: 

Chen, Phil//Hayward, Nicholas K.//Kldson, Chev//Ellem, Kay A. 
Queensland Institute of Medical Research, Herston, Brisbane, Australia 
Conditions for generating well-resolved human DNA fingerprints using MI3 phage 

technical or scientific 
journal article 
Nucleic Acids Research 
February 25, 1990 
18(4) 
1065 

183. 
Auth: Chen, Phlllp//Hurst, Terence//Khoo, See Keat 
Affl: University of Queensland, Brisbane, Australia 
Ttll: Detection of somatic DNA alterations in ovarian cancer by DNA fingerprint 
analysis 
Type: journal article 
Area: technical or scientific 
Ttl2: Cancer 
Date: March 15, 1991 
Volm: 67 
Page: 1551-1555 

Ttll: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

Cherfas, Jeremy 
Ancient DNA: still busy after death 
journal article 
technical or scientific 
Science 
September 10, 1991 
253 
1354-1355 

185. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

Chiafari, F. A.//Wenk, R. E. 
Baltimore Rh Typing Laboratory, Inc., Baltimore, MD. 
Parentage analysis by endonucleass shattering of hypsrvarlable DNA 
journal article 
technical or scientific 
Transfusion 
September 1990 
30(7 )  
648-650 

186. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
Ttl2: 
Date 
Volm: 
Page: 

Chorazy, Paula A.//Edlind, Thomas D. 
Dept. of Microbiology and Immunology, Medical College of Pennsylvania, PA 
Artifactual bands associated with alkaline transfer 
journal article 
technical or scientific 
Nucleic Acids Research 

: 1990 
18(10)  
3101 

187. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
BkAu: 

Clarke, George W. 
Office of the District Attorney, San Diego, CA. 
Legal issues pertinent to typing of DNA 
book chapter 
technical or scientific 
Hicks, John W. 

Ttl2: Proceedings of the International Symposium on the Forensic Aspects of DNA 
Analysis 
Date: June 19-23, 1989 
Page: 195-199 

188. 
Auth: Clayborn, Charity Lynn 
Ttll: Evidence - criminal law - evidence of DNA fingerprinting admitted for 
identification purposes in rape trial 
Type: journal article 
Area: legal 
Ttl2: University of Arkansas at Little Rock Law Journal 
Case: Andrews v. State 
Cort: 533 So. 2d 842 (Fla. Dis. Court App. 1988) 
Plac: Florida 
Date: Summer 1989 
Volm: 12(3) 
Page: 543-558 

DNA Fingerprinting Blbllography, February 24, 1995 --- Dr. Stephen P. Daiger, Dr. Ranajlt Chakraborty, Dr. Eric Boerwlnkle --- The Univ. of Texas HSC at Houston --- page 20 



189. 
Auth: W. 

Affl: Dept. of Biological Chemistry, Johns Hopkins University, Baltimore, MD 
Type: letter to editor 
Area: technical or sclentific 
Tti2: Science 
Date: February 28, 1992 
Volm: 255 
Page: 1050 

190. 
Auth: Cobb, Kim 
Affl: Houston Chronicle 

Ttll: DNA fingerprinting foolproof test - Hew tool to ID criminals may soon be 
widely used 
Type: newspaper 
Area: lay press 
Ttl21 Houston Chronicle 
Publ: Houston, Texas 
Date: August 7. 1989 
Pase: 7B-SB 

191. 
Auth: Cobb, Kim 
Affl: Writer - Houston Chronicle 
Till: DNA vs blood test for proving paternity 
Type: newspaper 
Area: lay press 
Ttl2: Houston Chronicle 
Plac: Houston, Texas 
Date:  August 7, 1989 
Page: 8B 

192. 
Auth: Cohen, Joel E. 
Affl: Rockfeller University, New York, NY 
Ttll: The ceiling principle is not always conservative in assigning genotype 
frequencies for forensic DNA testing 
Type: Letter to the Editor 
Area: technical or scientific 
Ttl2: American Journal Human Genetics 
Date: November 1992 
Volm: 51(5) 
Page: 1165- i168 

193. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

Cohen, Joel E. 
Rockefeller University, New York, N.Y. 
DNA fingerprinting: what (really) are the odds? 
journal article 
technical or scientific 
Chance, New Directions for Statistics and Computing 
1990 
3(3)  
26-32 

Cohen, Joel E. 
Affl: Rockefeller University, New York, NY 10021-6399 
Till: DNA fingerprinting for forensic identification: potential effects on data 
interpretation of subpopulation of heterogeneity and band number variability 
Type: journal article 
Area: technical or scientific 
Ttl2: American Journal Human Genetics 
Date: February 1990 
Volm: 46(2) 
Page: 358-368 

195. 

Auth: Cohen, Joel E.//Lynch, Mlchael//Taylor, Charles E. 
Affl: Rockfeller University; University of Oregon; University of California 
Ttll: Forensic DNA Tests and Hardy-Weinberg Equilibrium 
Type: letter to editor 
Area: technical or scientific 
Tt~2: Science 
Date: August 30, 1991 
Volm:253 
Page: 1037-1041 

196. 
Auth: Coleman, H. C.//MacClaren, D. C.//van Dijk, K. W.//Lotshaw, C. J.//Milner, E. 
c. B. 
Affl: GeneLex Corp, ; Washington State Patrol; Virginia Mason Research Center, 
Seattle, Washington 
Till: App!icatlon of a new DNA probe to forensic analysis 
Type: b'ook chapter 
Area: technical or scientific 
BkAu: Hicks, John W. 
Ttl2: Proceedings of the International Symposium on the Forensic Aspects of DNA 
Analysis 
Date: June 19-23, 1989 
Page: 277-278 

197. 
Autb: 
Affl: 
Till: 
Type: 
Area: 
BkAu: 

Comey, C. Thomas 
FBI Laboratory,  Quantico, VA. 
DNA sequencing 
book chapter  
technical or scientific 
Hicks, John W. 

Ttl2: Proceedings of the International Symposium on the Forensic Aspects of DNA 
Analysis 
Date: June 19-23, 1989 
Page: 103'-111 
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198. 
Auth: Comey, T. 

Affl: Forensic Science Research and Training Section, FBI Academy, Quantlco, VA 
Till: The use of DNA amplification in the analysis of forensic evidence Type: journal article 
Area: technical or Scientific 
Ttl2: Crime Laboratory Digest 
Date: October 1988 
Volm: 15(4) 
Page: 99-103 

199. 

Auth: Comey, Catherine T. 
Affl: FBI Laboratory, Quantlco, VA 
Till: Validation of the HLA DQa typing system 
Type: journal article 
Area: technical or Scientific 
Ttl2: Crime Laboratory Digest 
Date: October 1991 
Volm: 18(4) 
Page: 129-131 

200. 
Auth: 
Affl: 
Till: 
chain 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

Comey, Catherine Theisen//Budowle, Bruce 

Forensic Science Research and Training Center, FBI Academy, Ouantlco, VA 
Validation studies on the analysis of the |fLA-HOa locus using the polymerase reaction 
journal article 
technical or scientific 
Journal of FOrensic Sciences 
November 1991 
36(6)  
1633-1648 

201. 
Auth: 
Affl: 
Till: 
Type: 
Area:  
Ttl2: 

- Date:  
Volm: 
Page: 

Comey, C a t h e r i n e  T h e i s e n / / J u n g ,  J a n e t  M.//Budowle, Bruce 
F o r e n s i c  Sc ience  Research and Tra in ing  Center ,  FBI Academy, Quant ico,  VA 
Use of  formamide to  improve a m p l i f i c a t i o n  of  HLA DQa Sequences 
j o u r n a l  a r t i c l e  
t e c h n i c a l  o r  s c i e n t i f i c  
BioTechniques  
January  1991 
10(1) 
60~61 

202. 

Auth: Coppleters, W.//van DeWeghe, A.//Deplcker, A.//Bouquet, Y.//van Zeveren, A. 
Affl: Department of Anlmal Genetics and Breeding, Faculty of Veterinary Medicine, 
State University of Ghent, Belgium 
Till: A hypervariable pig DNA fragment 
Type: journal article 
Area: technical or scientific 
Ttl2: Animal Genetics 
Date: 1990 
Volm: 21(1) 
Page: 29-38 

: Coquoz, R. 

Affl: Institut de Police Sclentlflque e t  de Crlmonologle, Lausanne, Switzerland 
Till: The use of non-lsotopic detection methods in DNA fingerprinting Type: book chapter 
Area: technical or Scientific 
BkAu: Hicks, John W. 

Ttl2: Proceedings of the International Symposium on the Forensic Aspects of DNA Analysis 

Date: June 19-23, 1989 
Page: 207-208 

204. 

Auth: Cotton, Robin W.//~nderson, Mariane B./ /Herr in Jr . ,  George//Corey, Amy 
C.//Sheridan, Kathleen T . / /Tone l l i ,  Lois A.//Washowski, Clare A.//Garner, Daniel D. 
A f f l :  Cellmark Diagnostics, Germantovm, Maryland 
TtlZ: Current case experience with single locus hyPervariable probes 
Type: book chap te r  
Area: t e c h n i c a l  or  s c i e n t i f i c  

BkAu: Ballantyne, Jack//Sensabaugh, George//Witkowski, Jan 
Ttl2: Banbury Report 32: DNA Technology and Forensic Science 
Date: 1989 
Page: 191-206 

205. 

Auth: Cotton, Robin W.//Forman, Lisa//Word, Charlotte j. 
Affl: Cellmark Diagnostics, Germantown, p~) 
Till: Research on DNA typing validated in the literature 
Type: letter to editor 
Area: technical or scientific 
Ttl2:,American Journal Human Genetics 
Date: October 1991 
Volm: 49 
Page: 898-899 

206. 
Auth: Crocker, Laura H. 

Till: DNA typing: n0¢el scientific evidence in the military courts 
Type: journal article 
Area: legal 

• Ttl2: Air Force Law Review 
Date: 1990 
Volm: 32 
Page: 227 
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207. 

Auth: Daiger, Stephen p. 

Affl: University of Texas Graduate School of Biomedical Sciences, Houston, Tx. 
Till: DHA fingerprinting 
Type: letter to editor 
Area: technlcalor Scientific 
Ttl2: American Journal Human Genetics 
Date: October 1991 
Volm: 48(4) 
Page: 897 
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208. 
Auth: Dalger D. 

Affl: University of Texas Graduate School of Biomedical Sciences, Houston, Tx. 
Till: Issues in DNA fingerprinting for forensic purposes 
Type: unpublished document 
Area: technical or scientific 
Date: April ii, 1991 

Srce: State Bar of Texas Professional Development Program 

209. 
Auth: Daiger, Stephen p. 

Affl: Univ. of Texas Health Science Center, Graduate School of Biomedical Sciences, Houston, Tx. 77225-0334 
Type: letter of response 
Area:technical or scientific 
Ttl2: Professional Ethics Report 
Plac: 
Publ: 
Date: 
Volm: 
Page: 

1333 H Street, NW, Washington, DC 20005 
American Association for the Advancement of Science 
Spring 1992 
V(2) 
6 

210. 

Auth: Dallapiccola, Bruno//Novalll, Giusappe//Splnella, Aldo 

Affl: Ilnd University of Rome, Via Ramazzinl; Central Criminal Police, III Scientif- 
ic Division, Viale Aeronautlca, Rome, Italy 
Till: PCR DNA typing for forensics 

I Type: letter to editor 
i Area: technical or Scientific 
Ttl2:Natur6 

' Date: November 21, 1991 
:Volm: 354 
Page: 179 

211. 
Auth: Dallas, John F. 

Affl: Department of Genetics, University of NottlnghamMedica School, Queens Medical Centre, Nottingham, UK 

Till: Detection of DNA "fingerprints,, of cultivated rice by hybridization wlth a 
human mlnisatellite DNA probe 
Type: journal article 
Area: technical or scientific 
Ttl2: Proceedings National Academy Science USA 
Date: September 1988 
Volm: 85(18) 
Page: 6831-6835 

212. 

Auth: Daly, A.//Kellam, P.//Berry, S. T.//Chojeckl, A. J. S.//Barnes, S. R. 
Affl: I.C.I. Seeds, Jealott's Hill Research Station, Bracknell, Berkshire, UK 
Till: The isolation and characterisation of plant sequences homologous to human 
hypervariable mlnlsatellitas 
Type: book chapter 
Area: technical or Scientific 
BkAui Burke, T.//Dolf, G.//Jeffreys, A. J.//Wolff, R. 
Ttl2: DNA Fingerprinting: Approaches and Applications 
Date: 1991 
Page: 330-341 

:Damore, Michael 

Ttll: DNA fingerprinting: what every criminal laWyer should know 
Type: journal article 
Area: legal 

Ttl2: Criminal Law Bulletin 
Plec: United States 
Date: March-April 1991 
Volm: 27(2) 
Page: 114-133 

214. 
Auth: Das, Aparup 

Affl: Centre of Advanced Study in Zoology, Banaras Hindu University, Varansasi, India 

Till: DNA fingerprinting in India 
Type: journal article 
Area: technical or scientific 
Ttl2: Nature 
Date: April 4, 1991 
Volm: 350 
Page: 387 

215. 
Auth: Davies, A. 

Ttll: The use of DNA profiling and bshavloural science In the investigation of sex offences 
Type: journal artlcle 
Area: technical or scientific 
Ttl2: Med. Science Law 
Date: 1991 
Volm: 31 
Page: 95 

216. 

Auth: Davies, Elizabeth W. 

Ttll: The Family Law Reform Act 1987 and DNA fingerprinting 
Type: journeY'article 
Area: legal 
Ttl2: Family Law 
Plat: Great Britain 
Date: June 1988 
Volm: 18 ' 

Page: 221-223 

217: 

Auth: D'Dustachio, Peter 

Affl: Dept. of Biochemistry, Hew York University Medical Center, NY, NY 
Ttll: Interpreting DNA fingerprints 
Type: letter to editor 
Area: technical or scientific 
Ttl2: Nature 
Date: April 9, 1992 
Volm: 356 
Page: 483 
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218. 

Auth: de clce//Juller, Cecile//Avner, P.//Georges, Michel//Lathrop, 
Affl: Centre d'Etude du Polymorphlsm Humaln; Instltut Pasteur; Paris, France; 
Genmark Inc., Salt Lake, Utah 

Till: Human variable number of tandem repeat probes as a Source of polymorphic 
markers in experimental animals 
Type: book chapter 
Area: technical or scientific 

BkAu: Burke, T.//Dolf, G.//Jeffreys, A. J.//Wolff, R. 
Ttl2: DNA Fingerprinting: Approaches and Applications 
Date: 1991 
Page: 85-94 

219. 

Auth: DeBenedictis, Don J. 
Till: DNA report raises concerns 
Type: journal article 
Area: technical or scientific 
Ttl2: ABA Journal 
Date: July 1992 
Page: 20 

220. 
Auth: 
Affl: 
Till: 
Type: 
Area: 
BkAu: 
Ttl2: 
Date: 
Page: 

Debenham, p. G. 

Cellmark Diagnostics, Blacklands Way, Ablngdon, Oxforshlre, UK 
DNA Fingerprinting; a blotechnology In business 
book chapter 
technical or Scientific 
Burke, T.//Dolf, G. Jeffreys ,. A. J.//Wolff, R. 
DNA Fingerprinting: Approaches and Applications 
1991 
342-348 

221. 
Auth: Debenham, Paul G. 

Affl: Cellmark Diagnostics, Ablngdon Business Park, Ablngdon, Oxon, UK 
Tt11: DNA fingerprinting 
Type: journal article 
Area: technical or scientific 
Ttl2: Journal Pathology 
Date: 1991 
Volm: 164 
Page: 101-106 

222. 
Auth: Debenham, Paul 

Affl: International Scientific Services, Cellmark Diagnostics, Ablngdon, Oxford- shire, UK 

Till: The use of genetic markers for personal identification and the analysis of 
family relationships 
Type: journal article 
Area: technical or Scientific 
Ttl2: Ciba Foundation Symposium 
Date: 1990 
Volm: 149 

Page: 37-43 (discussion 43-47) 

BkAu : 
Ttl2 : 
Date: 
Page : 

224. 
Auth: 
Ttll: 
Type : 
Area : 
Ttl2 : 
Volta: 
Page: 

225. 
Auth : 
P. M. 

: Decorte, R.//Cassiman, j. j. 

Affl: Center for Human Genetics, University of Leuven, Campus Gasthuisberg, Leuven, Belgium 

Till: Detection of amplified VNTR alleles by direct chemiluminescence: application 
to the genetic Indentiflcation of biological samples in forensic cases 
Type: book chapter 
Area: technical or Scientific 

Burke, T.//Dolf, G.//Jeffreys, A. J.//Wolff, R. 
DNA Fingerprinting: Approaches and Applications 
1991 
371-390 

De-Gorgey, Andrea 

The advent of DNA databanks: Implications for information privacy 
journal article 
technical or scientific 
American Journal of Law & Medicine 
)~VI.#3 
381-398 

DeJohn, D.//Woetdljk, B. M.//Kluln-Neiemans, j. C./~van Ommen, G. J.//Kluin, 

Affl: Laboratory of Pathology, University Medical Centre, Leiden, The Netherlands 
Ttll: Somatic changes in B-lymphoprollferatlve disorders (B-LPD) detected by DNA fingerprinting 
Type: journal article 
Area: technical or scientific 
Ttl2: British Journal Cancer 
Date: December 1988 
Volm: 58(6) 
Page: 773-775 

226. 

Auth: Deka, Ranjan//Chakreborty, Ransjlt//Ferrell, Robert E. 
Affl: University of Pittsburgh, PA; University of Texas, Houston, Tx. 
Till: Allele sharing and genetic distance at VNTR locl among three ethnic groups. 
Type: journal article 
Area: technical or scientific 

Ttl2: 8th International Congress of Human Genetics 
Plac: Washington, D. C. 
Date: October 1991 
Volm: 49(4) 
Page: 497 
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227. 

Auth: Deka, /Chakraborty, Ranajit//Ferrell, Robert E. 
Affl: University of Pittsburgh, PA; University of Texas Health Science Center, Houston, Tx. 

Till: A population genetic study of six VNTR loci in three ethnically defined populations 
Type: journal article 
Area: technical or scientific 
Ttl2: Genomics 
Date: September 1991 
Volm: 11(1) 
Page: 83-92 

228. 

Auth: Devlin, B.//Krontirls, Theodore//Rlsch, Neil  

Affl: Depts. Epidemlology & Public Health, & Genetics, Yale University, NewHaven; 
Dept. of Medicine, Tufts University School of Medicine, New England Medical Center Hospital, Boston 

Till: Population genetics of the HRASI mlnisatellite locus 
Type: journal article 
Area: technical or scientific 
Ttl2: American Jouranl Human Genetics 
Date: December 1993 
Volm: 53(6) 
Page: 1298-1305 

229. 
Auth: 
Affl: 
Till: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

Devlin, B.//Risch, Neil//Roeder, Kathryn 
Yale University, New Haven, CT. 

Estimation of allele frequencies for VNTR loci 
journal article 
technical or scientific 
American Journal Human Genetics 
1991 
48 
662-676 

Devlin, B.//Risch, N.//Roeder, K. 
Till: Forensic inference from DNA fingerprints 
Type: journal article 
Area: technical or scientific 
Ttl2: Journal American Statistical Society 
Date: 1992 
Volm: 87 
Page: 337-350 

232. 

Auth: Devlln, B.//Risch, Neil//Roeder, Kathryn 

Affl: Department of Epidemiology and Public Health, Yale University, Hew Haven, Ct. 06510 

T t l l :  No excess o f  homozygosity at  l o c i  used fo r  DNA f i n g e r p r i n t i n g  
Type: j o u r n a l  a r t i c l e  
Area: t echn ica l  or  s c i e n t i f i c  
T t l2 :  Science 
Date: September 21, 1990 
Volm: 249(4975) 
Page: 1416-1420 

233. 

Auth: Devlln, B.//Risch, Nell 

Affl: Dept. of Epidemlology & Public Health and Human Genetics, Yale University, New Haven, Conn. 

Till: A note of Hardy-Weinberg Equilibrium of VNTR data by using the Federal Bureau 
of Investigation,s flxed-bln method 
Type: journal article 
Area: technical or scientific 
Ttl2: American Journal Human Genetics 
Date: August 1992 
Volm: 51 
Page: 549-553 

230. 234. 
Auth: 

Auth: Devlln, B.//Rlsch, Nell Affl: 

Affl: Depts. of Epidemlology & Public Health and Human Gentlcs, Yale University, New Type: Haven, Conn. Till: 

Area: Till: Ethnic differentiation at VNTR loci, with special reference to forensic Ttl2: applications 

Type: journal article Date: 
Area: technical or scientific Volm: 
Ttl2: American Journal Human Genetics Page: 
Date: August 1992 
Volm: 51 
Page: 534-548 

Devlln, B.//Risch, Neil//Roeder, Kathryn 
School of Medicine & Dept. of Statistic, Yale University 
NRC Report on DNA Typing 
letter to editor 
technical or scientific 
Science 
May 21, 1993 
260 
1057 

235. 

Auth: Devlln, B.//Risch, Nell 
Affl: Dept. of Epidemiology and Public Health; Dept. of Genetics, Yale University, New Haven 

Ttll: Physical properties of VNTR data, and their impact on a test of allellc independence 
Type: journal article 
Area: technical or scientific 
Ttl2: American Journal Human Genetics 
Date: August 1993 
Volm: 53 
Page: 324-329 
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r 236. 

Auth: Devil: oh, Nell//Roeder, Kathryn 

Affl: School of Medicine; Dept. of Statistics Yale University, New Haven, CT 
Type: letter to editor 
Area: technical or Scientific 
Ttl2: Science 
Date: August 30, 1991 
Volm: 253 
Page: 1039-1041 

237. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

238. 

Devltn, B./ /Rtsch,  Neil/ /Roeder,  Kathryn 
Yale Universi ty,  New Haven, CT. 

Statistical evaluatlon of DNA fingerprinting: A critique of the NRC's report journal article 
technical or SCientific 
Science 
February 5, 1993 
259 ~ 
748-749, 837 

Auth: Devor, E. J.//Ivanovlch, A. K.//Hickok, j. M.//Todd, R. D. 

Affl: Department of Psychiatry, Washington University School of Medicine, St. Louis, MO 63110 

Till: A rapid method for confirming cell llne identity: DNA "fingerprinting,, wlth a 
minisatellite probe from M13 bacteriophage 
Type: journal article 
Area: technical or scientific 
Tt12: Biotechniques 
Date: March 1988 
Volm: 6(3)' 
Page: 200,202 

239. 
Auth: Dickson, David 
Affl: Nature magazine writer 

Till: Academy under flre over plans for new study of DNA statistics .... 
Type: journal article 
Area: technical or Scientific 
Ttl2: Nature 
Date: January 13, 1994 
Volm: 367(8459) 
Page: 101-102 

240. 

Auth: Dixson, A. F.//Hastle, N.//Patel, I.//Jeffreys, A. J. 

Affl: MRC Reproductive Biology Unit, Centre for Reproductive Biology, Edinburgh, UK 
Till: DNA "fingerprinting,, of captive family groups of common marmosets (Calllthrlx jacchus) 
Type: journal article 
Area: technical or Scientific 
Tt12: Fo!i a Prlmatologica (Basel) 
Date: 1988 
Volm: 51(1) 
Page: 52-55 

: Dodd, Barbara E. 

Aff l :  Professor of Blood Group Serology, London Hospital Medical College, London, UK 
Ttll: DNA fingerprinting In matters of family and crime 
Type: journal article 
Area: technical or Scientific 
Ttl2: Nature 
Date: December 12-18, 1985 
Volm: 318(6046) 
Page: 506-507 

242. 
Auth: Dodd, Barbara E. 

Till: DNA fingerprinting in matters of family and crime 
Type: journal article 
Area: legal 

Ttl2: Medicine, Science and the Law 
Plac: Great Britain 
Date: January 1988 
Volm: 28(1) 
Page: 5-7 

243. 

Auth: Doll, G-//Glowatzkl, M. L.//Galllard, C. 

Affl: Institute of Animal Breeding, University of Berne, Berne, Switzerland 
Till: Searching for genetic markers for hereditary diseases in cattle by means Of DNA fingerprinting 
Type: journal chapter 
Area: technical or Scientific 
BkAu: Epplen, J. T. 
Ttl2: Electrophoresis 
Date: February 3, 1991 
Volm: 12(2-3) 
Page: 109-112 

Dougherty, John Caleb 

Beyond People v. Castro: a new standard of admissibility for DNA flngerprint- 

journal article 
legal 

Journal of Contemporary Health Law and Policy 
People v. Castro, 545 N. y. S. 2d 985 (N Y. App Div 1989) 
New York (State) 
Spring 1991 
7 
269-306 

244. 
Auth: 
Till: 
ing 
Type: 
Area: 
Ttl2: 
Case: 
Plac: 
Date: 
Vohn: 
Page: 

245. 

Auth: Dover, Gabriel A. 

Affl: Department of Genetics, University of Cambridge, Cambridge, UK 
Ttll: Mapping frozen accidents 
Type: journal article 
Area: technical or scientific 
Ttl2: Nature 
Date: April 26, 1990 
Volm: 344(6269) 
Page: 812-813 
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r v. 
246. 
Auth: Dover, ~ - - ~ e l  A. 

Af f l :  Department of  Genetics,  Univers i ty  of C~abrtdge, Cambridge, UK 
T t l l :  Victims or pe rpe t r a to r s  of DNA turnover? 
Type: journal article 
Area: technlcalor scientific 
Ttl2: Nature 
Date: November 23, 1989 
Volm: 342(6248) 
Page: 347-348 

247. 
Type: 
Area: 
BkAu: 
Ttl2: 
Plac: 
Publ: 
Volm: 

248. 

book 

technicalor scientific 
Easteal//McLeod//Reed 

DNA profiling: principles, pitfalls, and potential 
5301 Tacony Street, Box 330, Philadelphia, PA. 19137 
Gordon and Breach Science Publishers/Harwood Academic Publishers 
3"7188-5190-4 

Auth: Edman, Jeffrey C.//Evans-Holm, Martha E.//Marlch, Jim E.//Ruth, Jerry L. 
Affl: Department of Laboratory Medicine University of California, San Francisco, CA 94143-0134 

Ttll: Rapid DNA fingerprinting using alkaline phosphatase_conjugated ollgo- nucleotides 
Type: journal article 
Area: technical or scientific 
Ttl2: Nucleic Acids Research 
Date: July 11, 1988 
Volm: 18(13) 
Page: 6235 

249. 

Auth: Edwards, Al//Clvltello, Andrew//Hammond, Holly A.//Caskey, C. Thomas 
Affl: Institute for Molecular Genetics and Howard Hughes Medical Institute, Baylor 
College of Medicine, Houston, Tx. 

Ttll: DNA typing and genetic mapping with trimerlc and tetrameric tandem repeats Type: journal article 
Area: technical or scientific 
Ttl2: American Journal Human Genetics 
Date: 1991 
Volm: 49 
Page: 746-758 

250. 
Auth: 
Affl: 
Texas 
Ttll: 
human 
Type: 
Area: 
Ttl2: 
Date: 

Edwards, Al//Hammond, Holly A.//Caskey, C. Thomas//Chakraborty, Ranajit 
Howard Hughes Medical Institute; Baylor College of Medicine; University of 
Graduate School of Biomedical Sciences, Houston, Tx. 

Genetic variation at five trlmerlc and tetr~aerlc tandem repeat locl in four 
population groups 
journal article 
technical or scientific 
Genomics 
February 1992 

Volm: 12(2) 
Page: 241-253 

Affl: 
Ttll: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

Eisenberg, Marcia T.//Chlmera, Joseph A. 
Roche Biomedical Laboratories, Research Triangle Park, N. C. 
The use of AMP-FLPs in identity testing 
journal article 
technical or scientific 
Crime Laboratory Digest 
October 1991 
18(4) 
183-186 

252. 

Auth: Elder, J- K.//Southern, E. M. 

Affl: Western General Hospital; Univ. of Edinburgh, Edinburgh, U.K. 

Ttll: Measurement of DNA length by gel electrophoresls II: comparison of methods 
for relating mobility to fragment length 
Type: journal article 
Area: technical or scientific 
Ttl2: Analytical Biochemistry 
Date: 1983 
Volm: 128 
Page: 227-231 

253. 

Auth: Elliot, James C.//Fourney, Ronald M. 

Affl: Central Forensic Laboratory, Royal Canadian Mounted Police, Ottawa, Ontario, Canada 

Ttll: Evaluation of the amplified VNTR probes COL2A1 and pMCT118 in Canadian 
caucasians and native Indians 
Type: journal article 
Area: technical or scientific 
Ttl2: Crime Laboratory Digest 
Date: October 1991 
Volm: 18(4) 
Page: 197 

254. 

Auth: Elliott, J. C.//Fourney, R. M.//Budowle, B.//Aubln, R. A, 
Affl: Royal Canadian Mounted Police; FBI Academy; Health & Welfare Canada 
Ttll: Quantitative Reproduction of DNA Typing Minlsatellltes REsolved on Ultrethin 
Silver-Stained Polyacrylamide Gels with X-ray Duplicating Fllm 
Type: journal article 
Area: technical or scientific 
Ttl2: Biotechniques 
Date: 1993 
Volm: 14(5) 
Page: 702-704 

255. 
Auth: Elliott, Janet 
Affl: Writer - The Houston Post 

Till: Rapist gets maximum in case using DNA match 
Type: newspaper 
Area: lay press 
Ttl2: The Houston Post 
Plat: Houston, Texas 
Date: November 8, 1988 
Page: A-3 
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256. 

:Auth: Epplen //Ammer, H.//Epplen, C.//Kemmerbauer, C.//Hitrelter, R.//Roewer, 
: L.//Schwaiger~ W.//Stelmle, V.//Zlschler, H.//Albert, E.//et al 
I Affl: Max-Planck-Institute for Psychiatry, Hartlnsrled; Kinderpollklinlk University, i Hunchen, Germany; et al 

'Ttll: Oligonucleotide fingerprinting using simple repeat motifs: a'convenlent, 
ubiquitously applicable method to detect hypervarlability for multiple purposes Type: book chapter 

:Area: technical or Scientific 

BkAu: Burke, T.//Dolf, G.//Jeffreys, A. J.//Wolff, R. 
Ttl2: DNA Fingerprinting: Approaches and Applications 
Date: 1991 
Page: 50-69 

Epstein, Charles J. 
Affl: Editor - American Journal of Human Genetics 
Type: letter of response 
Area: technical or Scientific 
Ttl2: Professional Ethics Report 
Plac: 1333 H Street, NW, Washington, DC 20005 
Publ: American Association for the Advancement of Science 
Date: Spring 1992 
Vohn: V(2) 
Page: 4-5 

257. 261. 
Auth: 

Auth: Epplen, Jor8 T. Ttll: 

i Affl: Hax-Planck-Institut fur Psychiatrle, Am Klopferspltz 18a, Federal Republic of Area: i Germany Type: 

~ Ttll: DNA-fingerprintlng-A short note on mutation rates (Reply) Ttl2: 
Type: letter to editor Plac: 
Area: technical or scientific Date: 
Ttl2: Human Genetics Volm: 
Date: 1991 
Volm: 87 Page: 
Page: 633 

Epplen, Jorg T. 

Junior Research Unit, Max'Planck-Instltut fur Psyehlatrie, Munchen, FRG 
On simple repeated GATCA sequences in animal 8enomes: a critical reappraisal journai article 
technical or scientific 
Journal Heredity 
November-December 1988 
79(6) 
409-417 

258. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

259. 

Auth: Epstein, Charles J. 

Affl: Editor, American Journal Human Genetics 

Ttll: Editorial: The forsenslc application of molecular genetics-the Journal's 
responsibilities 
Type: journal article 
Area: technical or scientific 
Ttl2: American Journal Human Genetics 
Date: 1991 
Vohn: 49 
Page: 697-698 

Epstein, Edna Selan 

The problem with DNA tests: cross-examlning the DNA fingerprint 
journal article 
legal 
Illinois Bar Journal 
Illinois 
Ausust 1990 
78(8) 
392(6) 

262. 
Auth: Erlckson, Deborah 

Till: Do DNA fingerprlnts protect the innocent? 
Type: journal article i 
Area: technlcal 0r scientific 
Ttl2: Scientific American 
~Date: August 1991 
Page': 18 

283. : 

Auth: Er l i ch ,  H. A. / /Higucht ,  R.//von Beroldtngen,i C.//Blake, E. 
A f f l :  Dept. of Human Genetics; Dept. o f  Public Health. Forensic Science!Assoc. 
T t l l :  The use of the polymerase chain react ion for igenet lc  typing in  f o r e n s i c  samples 
Type: book chapter 
Area: technical or Scientific 
BkAu: Hicks, John W. 

Ttl2: Proceedings of the International Symposium on the Forensic Aspects of DNA Analysis 
Date: June 19-23, 1989 
Page: 93-101 

264. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
Tt12: 
Date: 
Volm: 
Page: 

Erlich, Henry 

Cetus Corporation, Emeryville, CA. 

The application of PCR amplification to casework analysis 
journal article 
technical or scientific 
Crime Laboratory Digest 
October 1991 
16(4) 
127-128 
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265. 
Type: 
Area~ 
BkAu: 
Ttl2: 
Plac: 
Publ: 
Date: 
Volm: 
Page: 

book 
technical or SCientific 
Erlich, Henry A. 

PCR Technology - Principles and Applications for DNAAmpllflcatlon 
15 East 26th Street, New York, NY 10010 
Stockton Press 
1989  

ISBN 0 - 3 3 3 - 4 8 9 4 8 - 9  
v - x ,  1 - 2 3  

266. 
Auth: 
Affl: 
Till: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

Erlich, Henry A.//Gelfand, David//Snlnsky, John J. 
Dept. of Human Genetics, Cetus Corp, Emeryville, CA. 
Recent advances in the polymerase chain reaction 
journal article 
technical or scientific 
Science 
June 21, 1991 
252 
1843-1651 

267. 
Auth: 
Affl: 
Till: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

Erlich, Henry A.//Sheldon, Edward L.//Horn, Glenn 
Department of Human Genetics, Cetus Corp., Emeryville, CA. 
HLA typing using DNA probes 
journal article 
technical or Scientific 
Biotechnology 
November1986 
4 
9 7 5 - 9 7 9  

268. 
Auth: Eubanks, William G. 
Affl: PHI Laboratory, Washington, D.C. 
Ttll: Cost, implementation and training for DNA analysis 
Type: book chapter 
Area: technical or scientific 
BkAu: Hicks, John W. 

Ttl2: Proceedings of the International Symposium on the Forensic Aspects of DNA Analysis 
Date: June 19-23, 1989 
Page: 1 8 9 - 1 9 3  

269. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 

Eubanks, William G. 

Forensic Science Research and Training Section, FBI Academy, Quantico, VA 
Expenses associated with DNA typing methods 
journal artlcle 
technical or scientific 

Ttl2: Crime Laboratory Digest 
Date: 1988 
Volm: 15 (Supplement) 
Page: 10-11 

'Eubanks, William G. 

Affl: Forensic Science Research and Training Section, FBI Academy, Quantlco, VA 
Ttll: FBI laboratory DNA evidence examination policy 
Type: journal article 
Area: technical or scientific 
T£12: Crime Laboratory Digest 
Date: October 1988 
Volm: 15(4) 
Page: 114 

271. 

Auth: Evett, I. W.//Scranage, J.//Pinchln, R. 

Till: Efficient retrieval from DNA databases - based on the 2nd European DNA 
profilingroup collaborative experiment 
Type: journal article 
Area: technical or scientific 
Ttl2: Forensic Science International 
Date: 1992 
Volm: 53 
Page: 45-50 

272 .  

Auth: Evett, Ian W. 

Affl: Home Office F~[enslc Science Service, Aldermaston, Reading, Berks, iUK 
Till: Analysls'of usa multilocus profiles in a paterni!hy case in which t~e ,child's profile may be partial 
Type: Journal article ~i ' , ' 

Area: technical or scientific 
Ttl2: Journal of Forensic Science Society 
Date: 1990 
Volm: 30 
Page: 293 

273 .  . '  

Auth: Evett, Ian W. 

Affl: The Forensic Science Service, Central Research and Support Establishment, 
Aldermaston, Reading, Berkshire, UK 
Till: Trivial error 
Type: letter to editor 
Area: technical or scientific 
Ttl2i Nature 
Date: November 14, 1991 
Volm: 354 
Page: 114 

274. 

Auth: Evett, Ian W.//Buffery, C.//Willot, G.//Stoney, D. 
Affl: Home Office Forensic Science Service, Aldermaston, Reading, Berks, UK 
Till: A guide to interpreting single locus profiles of DNA mixtures in forensic CaSeS 

Type: Journal article 
Area: technical or scientific 
Ttl2: Journal Forensic Science Society 
Date: 1991 
Volm: 31 
Page: 41 
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275. 

Auth~ Evett, Peter 

Till: A discussion of the robustness of methods for assessing the evidential value 
of DNA single locus ~roflles In crime Investigatlone 
TYpe: Journal chapter 
Area: technical or Scientific 
BkAu: Epplen, J. T. 
Tt12: Electrophoresis 
Date: February 3, 1991 
Volm: 12(2-3) 
Page: 226-230 

276. 

Auth: Evett, Ian W.//Pinchln, R. 

Affl: Home Office Forensic Science Service, Aldermaston, Reading, Berks, UK 
Till: DNAslngle locus profiles: tests for the robustness of statistical procedures 
within the context of forensic Science 
Type: journal article 
Area: technical or scientific 
Ttl2: International Journal of Legal Medicine 
Date: 1991 
Volm: 104 
Page: 267 

277. 

Auth: Evett, Ian W.//Werrett, D. J.//Gil l ,  Peter//Buckleton, j .  S. 
A f f l :  Home Office Forensic Science Service, Aldermaston, Reading, Barks, UK; Mount 
Albert Research Centre, Auckland, New Zealand 
Till: DNA fingerprinting on trial 
Type: Journal article 
Area: technical or scientific 
Ttl2~: Nature 
Date: August 10, 1989 
Volm: 340(6233) 
Page: 435 

Executive Committee of the International Society for Forensic 
Affl: International Society for Forensic Haemogenetics 

Till: Recommendations of the Society for Forensic Haemogenetlcs concerning DNA polymorphlsms 
Type: journal article 
Area: technical or scientific 
Ttl2: Forensic Science International 
Date: 1989 
Volm: 43 
Page: 109-111 

281. 

Auth: Fadda, S.//Pelotti, S.//Pappalardo, G. 

Till: A common disinfectant used In condom processing inhibits endonuclease 
digestion of sperm DNA 
Type: journal article 
Area: technical or scientific 
Tt12: International Journal Legal Medicine 
Date: 1991 
Volm: 104 
Page: 281 

282. 

Authi Farher, C. M.//Georges, M.//DeBock, G.//Verhest, A.//Stmon, P.//Ver- 
schraegen-Spae, M.//Vassart, G. 

Affl: Department of Immunology, Clinlques Universitalres Erasme, Brussels, Belgiu m ]I/ 
Ttll: Demonstration of spontaneous XX/XY chlmerlsm by DNA fingerprinting 
Type: journal article 
Area: 
Ttl2: 
Date: 
Volta: 
Page: 

278. 283. 
Auth: Evett, Ian W.//Werrett, David J.//Buckleton, J.S. Type: 

Area: Affl: Home Office Forensic Science Service, Aldermaston, Reading, Brks, UK BkAu: 
Ttll: Paternity calculations from DNA multilocus profiles 
Type: journal article Ttl2: 
Area: technical or scientific Plac: 
Ttl2: Journal of Forensic Science Society Publ: 
Date: 1989 Date: 
Volm: 29 
Page: 249 Volm: 

Page: 

279. 284. 
Auth: Evett, Ian W.//Werrett, David J.//Smlth, A. F.M. Auth: 
Affl: Home Office Forensic Science Service, Aldermaston, Reading, Erks, UK Affl: 
Ttll: Probabllistlc analysis of DNA profiles Ttll: 
Type: journal article Type: 
Area: technical or scientific Area: 
Ttl2: Journal of Forensic Science Society Ttl2: 
Date: 1989 
Volm: 29 
Page: 191 

technical or Scientific 
Human Genetics 
May 1989 
82(2) 
197-198 

book 

technical or scientific 
Farley, MarR A.//Harrington, James J. 
Forensic DNA Technology 

121 South Maln Street, Chelsea, Michigan 48118 
Lewis Publlshers, Inc. 
1991 i 
ISBN 0-87371-265-X 
i-xvi, 1-235 

Farr, C. J.//Goodfellow, p. N. 

ICRF Laboratorlesl Lincoln's Inn Fields, London, IlK 
New variations on the theme 
journal article 
technical or scientific 
Nature 

Date: November 21, 1991 
Volm: 354 
Page: 184 
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285. 
Auth: Fe~ B. 

Affl: Virginia Bureau of Forensic Sciences, Richmond, VA. 
TEll: DNA analysis in the Virginia Bureau of Forensic Science 
Type: book chapter 
Area: technical or Scientific 
BkAu: Hicks, John W. 

TEl2: Proceedings of the International Symposium on the Forensic Aspects of DNA Analysis 
Date: June 19-23, 1989 
Page: 183-187 

~th: Fey, Hartin F././WelIs, R. A.//Walnscoat, j. S.//Theln, S. L. 
Affl: Department of Haematology, John Radcliffe Hospital, Headlngton, Oxford, UK 
TEll:Assessment of clonallty in gastrointestinal cancer by DNA fingerprinting Type: journal article 
Area: technical or Scientific 
TEl2: Journal Clinical Investigation 
Date: November 1988 
Volm: 82(5) 
Page: 1532-1537 

286. 
290. 

Auth: Ferrle, Richard M.//Smith, Hilary//Downes, Evelyn A-//HcKechnle, Douglas/- Affl: /Little, Stephen Auth: 

Ttll: Affl: Cellmark Diagnostics, Blacklands Way, Ablngdon Business Park, Ablngdon,UK Type: 
TEll: Repeat unit multlpriming and hybridlzatlon--A novel method for the production Area: 
of DNA fingerprints using minlsatelllte probes 
Type: journal article Tt12: 
Area: technical or scientific Date: 
Ttl2: Nucleic Acids Research Volm: 
Date:  1991 
Volm: 19(9) Page: 
Page: 2505 

Fey, Martin F. 

Instltut fur Medizinlsche Onkologle der Universitat, InselspiEal Bern 
DNA fingerprints and hypervariable regions:: genetic marker with many appllca- 

potentials in medicine and biology 
Journal article 
technical or scientific 
Schweizerlsche Hedlzlnische Wochenschrlft 
June 19, 1989 
119(23) 
815-825 

287. 
Auth: 
Affl: 
TEll: 
tlon 
Type: 
Area: 
TEl2: 
Date: 
Volm: 
Page: 

Flori, Angelo//Pascali, Vtncenzo L. 

Dept. of Forensic Medicine, Catholic Univ. of Sacred Heart, Roma, Italy 
Forensic use of PCR In Italy 
letter to editor 
technical or scientific 
Nature 
April 9, 1992 
356 
471 

291. 

Auth: Flint, J.//Boyce, A. J.//Martlnson, j. J./~Clegg, J. B. 
Affl: Institute of Molecular Medicine, University of Oxford, John Radcliffe 
Hospital, Headington, UK 

TEll: Population bottlenecks in Polynesia revealed by mlnlsatellites 
Type: journal article 
Area: technical or scientific 
TEl2: Human Genetlcs 
Date: October 1989 
Volm: 83(3) 
Page: 257-263 

292. 
288. Auth: 

Affl: 
Authi Fey, Martin F.//Tobler, Andreas TEll: 

Type: Affl: University of Berne, Tiefenauspltal; Central Heamatology Laboratory Insel- Area: spital, Berne, Switzerland 

Ttl2: TEll: Assessment of DNA 'fingerprinting, as a method for validating the identity of Date: 
cancer cell lines maintained in long term culture 
Type: journal article Volm: 
Area: technical or Scientific Page: 
TEl2: Nucleic Acids Research 
Date: 1991 
Volm: 19(12) 
Page: 3464 

Forbes, K. J.//Bruce, K. D.//Jordens, J. Z.//BalI, A.//Pennlngton, T. H. 
University Aberdeen, Dept. Had Microbiology Aberdeen, Scotland 
Rapid methods in bacterial DNA fingerprinting 
journal article 
technical or'scientific 
Journal General Microbiology 
September 19'91 
137(P9) 
2051-2058 

293. 

Auth: Ford, Simon//Thompson, Wil l i amC.  
Affl: University of California at Irvlne 

Ttll: A question of identity. Some reasonable doubts about DNA fingerprints 
Type: Journal article 
Area: technical or scientific 
Ttl2: The Sciences 
Date: Jan/Feb 1990 
Page: 37-43 
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io 2 9 4  I 
Ttll: Forensl, ratorles report progress in implementation of HLA-DQa typing 
Type: newsletter 
Area: technical or scientific 
BkAu: Perkln Elmer Cetus 

T tl2: Forensic Forum - Updates on PCR in Casework and Research 
Date: August 1991 
Volm: FF-1 
Pa8e: 1-4 

295. 

Auth: Fornage, Myriam//Chan, L.//Slest, G.//Boerwinkle, Eric 
Af~l: University of Texas Graduate School of Biomedical Sciences, Houston, Tx. 
Till: Allele frequency distribution of the (TG)n(AG)m microsatellite in the 
apollpoprotein C-II gene. 
Type: journal article 
Area: technical or scientific 
Tti2: Genomics 
Date: January 1992 
Volm: 12(1) 
Page: 63-68 

296. 

Auth: Fornage, Myriam//Siest, G.//Boerwinkle, Eric 
Affl: University of Texas Graduate School of Biomedical Sciences, Houston, Tx. 
Till: Frequency distribution of a (TG)n(AG)m microsatellite reflects the mechanisms 
of production of new alleles. 
Type: journal article 
Area: technical or scientific 
Ttl2: 8th International Congress of Human Genetics 
Plac: Washlngton, D. C. 
Date: October 1991 
Volm: 49(4) 
Page: 491 

297. 

Auth: Fourney, R. M.//Shutler, G. G.//Montelth, N.//Bishop, L.//Gaudette, B.//Waye, 
J. S. 

Affl: Central Forensic Laboratory, Royal Canadian Mounted Police, Ottawa, Ontario, 
Canada 

Till: DAN typing in the Royal Canadian Mounted Police 
Type: book chapter 
Area: technical or scientific 
BkAu: Hicks, John W. 

Ttl2: Proceedings of the International Symposium on the Forensic Aspects of DNA 
Analysis 
Date: June 19-23, 1989 
Page: 137-146 

: Fowler, J. Craig S.//Burgoyne, Leigh A.//Scott, Andrew 
J. W. 

Affl: Dept. of Services and Supply, Adelaide; Fllnders University of South Austra- 
lia, Bedford Park, Australia 

Ttll: Repetitive deoxyribonucleic acid (DNA) and human genome variation - a concise 
review relevant to forensic biology 
Type: journal article 
Area: technical or scientific 
Ttl2: Journal of Forensic Sciences 
Date: September 1988 
VoJun: 33(5) 
Page: 1111-1126 

299. 

Auth: Fowler, J. C. S./ /Harr ington, C. S./ /Dunaiski ,  V . / /N i l l i ams,  K. E . / /L iener t ,  K. 

Affl: State Forensic Science Laboratory, Adelaide, South Australia, Australia 
Ttll: Avoiding errors in PCR analysis: dual typing of the HLA DQa locus by ASO 
probing and restrictlon mapping 
Type: journal article 
Area: technical or scientific 
Ttl2: Crime Laboratory Digest 
Date: October 1991 
Volm: 18(4) 
Page: 169-172 

300. 

Auth: Fowler, Susan J.//Gill, Peter//Werrett, David J.//Higgs, Douglas R. 
Affl: Central Research Establishment, Home Office Forensic Science Service, 
Aldermaston, Reading, Berks, UK 

Ttll: Individual speclficDNA fingerprints from a hyparvariable region probe: 
alpha-globln 3'HVR 
Type: journal article 
Area: technical or scientific 
Ttl2: Human Genetics 
Date: June 1988 
Volm: 79(2) 
Page: 142-146 

301. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

Francisco J. Ayala/ /Ber t  Black 

Univers i ty  of Ca l i fo rn ia ,  I rv ine ;  Weinberg and Green Law Firm, Baltimore. 
Science and the Courts 
journal article 
technical or scientific 
American Scientist 
May-June 1993 
81 
230-239 
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302. 
Type: 
Area: 
BkAu: 
'Ttl2: 
Plac: 
~Publ: 
Date: 
Vohn: 
Page: 

news let ~mv 
technical or Scientific 
Franke l ,  Mark S. 
Professional Ethics Report 
1333H Street, NW, Washington, DC 20005 
American Association for the Advancement of Science 
Spring 1992 
V~2) 
1-8 

303. 

Auth: Fukushami Hirofumi//Hasekurea, Hayato//Nagai, Kozo 
Affl~: Shinshu University School of Medicine, Matsumoto; Tokyo Medical College, TokYo, Japan 

Ttll: Identification of male bloodstains by dot hybridization of human y chromosome- 
-specific deoxyribonucleic acid(DNA) probe 
Type: journal article 
Area: technical or scientific 
Ttl2: Forensic Science 
Date: May 1988 
Volm: 33(3) 
Page: 621-627 

304. 

Auth: Gaensslen, R. E.//Berka, Karen M.//Ruano, Gualberto//Pagliaro, Elaine M.//Lee, Henry C. 

':Affl: Univ. of New Haven Forensic Sclence Laboratories, West Haven; Conn. State 
Police Forensic Science Laboratory, Meriden; Yale University Medical School, New Haven, Conn. 

Till: PCR amplification of X end y chromosome and single- and multi-copy control 
sequences in DNA from blood, bone and other tissues .- PCR determination of sex and 
species and useful controls for PCR reactions in forensic tests 
Type: journal article 
Area: technical or scientific 
Ttl2: Crime Laboratory Digest 
Date: October 1991 
Volm: 18(4) 
Page: 198 

305. 

Auth: Gaensslen, R. E.//Berka, Karen M.//Grosso, Dina A.//Ruano, Gualberto//Phil, 
M.//Pagliaro, Elaine M.//Messlna, Deborah//Lee Henry C. 

Affl: Univ. of New Haven, West Haven, CT.; Connecticut State Police Forensic Science Laboratory, Merlden, CT. 

Till: A polymerase chain reaction (PCR) method for sex and species determination 
with novel controls for deoxyribonucleic acid (DNA) template length 
Type: journal article 
Area: technical or scientific 
Ttl2: Journal of Forensic Sciences 
Date: January 1992 
Volm: 37(1) 
Page: 6-20 

Galbralth, David A.//Boag, Peter T.//Glbbs, H. Lisle//Whlte, 
AffI: Population Genetics Molecular Laboratory, Dept. of Biology, Queen's  Universi- 
ty, Kingston, Ontario, Canada 

Ttll: Sizing bands on autoradiograms: A study of precision for scoring DNA finger- prints 
Type: journal chapter 
Area: technical or scientific 
BkAu: Epplen, J. T. 
Ttl2: Electrophoresls 
Date: February 3, 1991 
Volm: 12(2-3) 
Page: 210-220 

307. 

Auth: Gardner,  Laurence 
T t l l :  One p r o s e c u t o r , s  wretched exper ience  
Type: letter 
Area: l e g a l  
Ttl2: Los Angeles Daily Journal 
Plac: Maine 
Date: March 14, 1990 
Volm: 103(53) 
Page: 6 (col 3) 

308. 
Auth: Garfield, Eugene 

Till: DNA fingerprinting: a powerful law-enforcement tool with serious social implications 
Type: commentary 
A[ea: technical or scientific 
Ttl2: The Scientist 
Date: May 29, 1989 
Page: 10 

309. 

Auth: Gasparini, P.//Martinelli, G. Trabettl E. /Ambrosetti, A.//Benedetti, F.//Pignatti, p.R. ' "  

AffI: Istituto di Scienze Biologlche, Universita di Verona, Italia 
Ttll: Bone marrow transplantation monitoring by DNA analysis 
Type: Journal artlcle 
Area: technical or scientific 
Ttl2: Bone Marrow Transplant 
Date: December 1989 
Volm: 4 (Supplement 4) 
Page: 157-159 

310. 

Auth: Gasparine, P.//Trabettl, E./ISavoia, A.//Marlgo, M.//Plgnatti, p. F. 
Affl: Istituto di Scienze Biologiche, Universlta dl Verona, Italia 
Ttll: Frequency distribution of the allelles of several variable number of tandem 
repeat DNA polymorphisms in the Italian population 
Type: journal article 
Area: technical or scientific 
Ttl2: Human Heredity 
Date: 1990 
Volm: 40(2) 
Page: 61-68 
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:311. 

i.Auth: Gattl, rd A.//Nakamura, Yusuke//Nussmeier, Marlanne//Sual, Ellen//Shan, i Wei//Grody,'iWayne W. 

'Affl: Department of Pathology, UCLA School of Medicine, 90024 
i Till: Informativeness of VNTR genetic markers for detecting chimerism after bone :marrow transplantation 
IType: journal article 
Area: technihal or scientific 
Ttl2: Disease Markers 
Date: April-June 1989 
~Volm: 7(2) 
Page: 105-112 

312. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
BkAu: 
Ttl2: 
Date: 
Page: 

Gaudette, Barry D. 

'Royal Canadian Mounted Police, Ottawa, Ontario, Canada 
Forensic DNA analysis in the Royal Canadian Mounted Police 
book chapter 
technical or scientific 

Ballantyne, Jack//Sensabaugh, George//Witkowski, Jan 
Banbury Report 32: DNA Technology and Forensic Science 
1989 
229-232 

313. 
Auth: 
Affl: 
Ttll: 

Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

Gazit, E.I/Kelt, R.llShanl0 S.llMozer, M. 

Tissue Typing Laboratory, Chalm Sheba Medical Center, Tel Hashomer 
DNA fingerprinting in paternity testing 
journal article 
technical or Scientific 
Harefuah 
February 1, 1990 
118(3) 
129-133 

314. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

Gazit, Esther//Gazlt, Ephraim 

G°idschleger School of Dental Medicine, Tel Aviv University, Israel 
DNA fingerprlntin 8 
Journal article 
technical or Scientific 
Israel Journal Medical Science 
March 1990 
26(3) 
158-162 

315. 
Auth: 
AffI: 
Till: 
Type: 
Area: 
Ttl2: 
Date: 
Page: 

Geberth, Lt Cmdr (Rat). NYPD, Vernon J. 
President of P.H.I. Investigatiave Consultants, Inc. 

DNA print identification test provides crucial evidence in lust murder case 
journal article 
technical or scientific 
Law and Order 
July 1988 
22-28 

Affl: 
Type: 
Area: 
Ttl2: 
Plac: 
Publ: 
Date: 
Volm: 
Page: 

Geisser, Seymour 

School of Statistics, Univ. of Minnesota, Twin City Campus 
letter of response 
technical or scientific 
Professional Ethics Report 
1333 H Street, NW, Washington, DC 20005 
American Association for the Advancement of Science 
Spring 1992 
V(2) 
5-6 

317. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

Geisser, Seymour 

University of Minnesota, Minneapolis, MN. 55455 
Some remarks of DNA fingerprinting 
journal article 
technical or scientific 

Chance: New Directions for Statistics and Computing 
1990 
3(3) 
8-9 

318. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

Geisser, Seymour 

School of Statistics, University of Minnesota, Mineapolls, MN. 
Some statistical issues In Medicine and Forensics 
journal article 
technical or scientific 

Journal of the American Statistical Association 
September 1992 
87(419) 
607-614 

319. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

Geisser, Seymour//Johnson, Wesley 

School of Statistics, Univ. of Minnesota, Minneapolis & Univ. of CA. Davis 
Testing independence of fragment lenghts within VNTR loci 
journal article 
technical or scientific 
American Journal Human Genetics 
November 1993 
53(5) 
1103-1108 

320. 

Auth: Georges, M.//Lequarre, A. S.//Castelli, M.//Hanset, R.//Vassart, G. 
Affl: Chalre de Genetique, Faculte de Medecine Veterlnaire, University de Liege, Bruxelles, Belgium 

Till: DNA fingerprinting in domestic animals using four different minisatelllte probes 
Type: journal article 
Area: technical or scientific 
Ttl2: Cytogenetlc s and Cell Genetics 
Date: 1988 
Volm: 47(3) 
Page: 127-131 
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321. sQc 
Auth: George hel//Cochaux, Fascale//Lequarre, Anne Sophie//Young, Michael 
W.//Vassart, Gilbert 

Affl: Chaire de Genetique, Faculte de Medeclne Veterlnalre, University de Liege, 
Belgium 

Till: DNA fingerprinting in man using a mouse probe related to part of the Drosophi- 
la Per gene 
Type: journal article 
Area: technical or scientific 
Ttl2: Nucleic Acids Research 
Date: September 11, 1987 
Volm: 15(17.) 
Page: 7193 

322. 
Auth: Georges, Michel//Hilbert, Pascale//Lequarre, Anne Sophle//Leclerc, Veronique/- 
/Hanset, Roger//Vassart, Gilbert 

Affl: Department of Genetics, Faculty of Veterinary Medicine, University of Liege, 
Bruxelles, Belgium 
Till: Use of DNA-baE codes to resolve a canine paternity dispute 
Type: journal article 
Area: technical or scientific 
Ttl2: Journal American Veterinary Medicine Association 
Date: November 1, lg88 
Volm: 193(9) 
Page: 1095-1098 

323. 
Auth: Georges, Michel//Lathrop, Mark//Hilbert, Pascale//Marcotte, Anne//Schwers, 
Anne//Swillens, Stephane//Vassart, Gilbert//Hanset, Roger 
Affl: Faculte de Medecine Veterinaire, Universite de Liege, Belgium; CEPH, Paris 
Till: On the use of DNA fingerprints for linkage studies in cattle 
Type: journal artlcle 
Area: technical or scientific 
Ttl2: Genomics 
Date: March 1990 
Volm: 6(3) 
Page: 461-474 

324. 

Auth: Gerard, Catherlne//Chrlstophe, Daniel//Compere, Thlerry//Vassart, Gilbert 
Affl: Institut de Recherche Interdlsclpllnalre, Faculte de Medecine University Llbre 
de Bruxelles, Belgium 

Ttll: The poly (purine) poly (pyrlmidlne) sequence in the 5' end of the thyroglobu- 
fin gene used as a probe, identifies a DNA fingerprint in man 
Type: journal article 
Area: technical or scientific 
Ttl2: Nucleic Acids Research 
Date: July 25, 1990 
Volm: 18(14) 
Page: 4297 

: Giannelll, Paul C. 
Ttll: Criminal discovery, scientific evidence and DNA 
Type: journal article 
Area: legal 
Ttl2: Vand. Law Review 
Date: May 1991 
Volm: 44 
Page: 791 

326. 

Auth: Gilbert, Dennis A.//Lehman, Niles//O'Brlen, Stephen J.//Wayne, Robert K. 
Affl: Biological Carcinogenesis and Develolmnent Program, Program Resources Incorpo- 
rated, NCI-FCRF, Maryland 21701 
Ttll: Genetic fingerprinting reflects population differentiation in the California 
Channel Island fox 
Type: journal article 
Area: technical or scientific 
Ttl2: Nature 
Date: April 19, 1990 
Volm: 344(6268) 
Page: 766-767 

327. 
Auth:  G i l b e r t ,  Dennis A.//Rsid, Yvonne A./ /Gai l ,  M i t c h e l l  H.//Pee, Dav id / /Wh i te ,  
Christine//Hay, Robert J. /. O*Brlen, Stephen J. 
Affl: Laboratory of Viral Carcinogenesis, National Cancer Institute, Frederick, MD 
21701 
Ttll: 
Type: 
Area: 
Ttl2: 
Date: 
Vohn: 
Page: 

Application of DNA fingerprints for cell-line individualization 
journal article 
technical or scientific 
American Journal Human Genetics 
September 1990 
47(3) 
499-514 

328. 

Auth: Gill, P.//Evett, I. W.//Woodroffe, S.//Ly8o, J. E.//Millican, E.//Webster, M. 
Till: Databases, quality control and interpretation of DNA profiling in the Home 
Office Forensic Science Service 
Type: journal chapter 
Area: technical or scientific 
BkAu: Epplen, J. T. 
Ttl2: Electrophoresis 
Date: February 3, 1991 
Volm: 12(2-3) 
Page: 204-209 
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329. 
Auth: 
Affl: 
Till: 
probe 
Type: 
Area: 
Tt12: 
Date: 
Volm: 
Page: 

Gill, 

Home Office Forensic Science Service, Aldermaston, Reading, Berkshire UK 
A new method for sex determination of forensic samples using a recombinant DNA 

journal article 
technical or scientific 
Electrophoresis 
1987 
8 
35-38 

330. 

Auth: Gill, Peter//Jeffreys, Alec J.//Werrett, David J. 
Affl: Central Research Establishment, Home Office Forensic Science Service, 
Aldermaston, Reading, Berkshire, UK 
Till: Forensic application of DNA 'fingerprints' 
Type: journal article 
Area: technical or scientific 
Ttl2: Nature 
Date: December 12-18, 1985 
Volm: 318(8046) 
Page: 577-579 

331.  
Auth: 
Affl: 
Till: 
Type: 
Area: 
Ttl2: 
Date: 
Vo].m: 
Page :  

Gill, Peter//Lygo, Joan E.//Fowler, Susan J.//Werrett, David J. 
Home Office Forensic Science Service, Aldermaston, Reading, Berkshire UK 
An evaluation of DNA fingerprinting for forensic purposes 
journal article 
technical or scientific 
Electrophoresis 
1987 
8 
38 

332. 
Auth: Gill, Peter//Werrett, David J. 

Affl: Central Research Establishment, Home Office Forensic Science Service, Reading, 
Berkshire, UK 

Till: Exclusion of a man charged wlth murder by DNA fingerprinting 
Type: journal article 
Area: t e c h n i c a l  or scientific 
Ttl2: Forensic Science International 
Date: October-November 1987 
Volm: 35(2-3) 
Page: 145-148 

333. 
Auth: 
Affl: 
Till: 
Type:  
A r ea :  
Ttl2: 
Date: 
Volm: 
Page: 

Gill, Peter//Woodroffe, SusanllLygo, Joan E.//Hillican, Emma S. 
Home Office Forensic Science Service, Aldermaston, Reading, Berks, UK 
Population genetics of four hypervariable Iocl 
journal article 
technical or scientific 
International Journal of Legal Medicine 
1991 
104 
221 

Gill, Peter//Woodroffe, S. Bar ,. W.//Brlnkman, D./lCarracedo, 
B.//Jones, S.//Kloostermann, A. D.//et al 

Till: A report of an internatinal collaborative experiment to demonstrate the 
uniformity obtainable using DNA profiling techniques 
Type: journal article 
Area: technical or scientific 
Tt12: Forensic Science International 
Date: 1992 
Volm: 53 
Page: 29-43  

335. 

Auth: Glusti, Alan/IBalrd, Michael//Pasquale, Sam//Balazs, Ivan//Glassberg, Jeffrey 
Affl: Lifecodes Corp., Elmsford, NY 

Ttll: Application of deoxyribonucleic acld (DNA) polymorphlsms to the analysis of 
DNA recovered from sperm 
Type: Journal article 
Area: technical or scientific 
Ttl2: Journal Forensic Science 
Date: April 1986 
Volm: 31(2) 
Page: 409-417 

336. 

Auth: Giusti, Alan//Baird, Michael//Pasquale, Sam//Balazs, Ivan//Glassberg, Jeffrey 
Affl: Lifecodes Corp, Elmsford, N.Y.; Rutgers Medical School, New Brunswick, NJ 
Till: Application of deoxyribonucleic acid (DNA) polymorphisms to the analysis of 
DNA recovered from sperm 
Type: journal article 
Area: technical or scientific 
Ttl2: Journal of Forensic Sciences 
Date: April 1986 
Volm: 31(2) 
Page: 409-417 

337. 

Auth: GJertson, David W.//Mickey, M. Ray//Hopfield, Judy/ITakenouchl, Toshlnao/- 
/Terasaki, Paul 

Affl: University of California at Los Angeles Tissue Typing Laboratory, Los Angeles, 
CA. 

Ttll: Calculation of probability of paternity using DNA sequences 
Type: journal article 
Area: technical or scientific 
Ttl2: American Journal Human Genetics 
Date: December 1988 
Volm: 48(6) 
Page: 860-869 
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338. 
Auth: Gold, 
Ttll: DNA explosion 
Type: Journal article 
Area: legal 
Ttl2: New Law Journal 
Plac: Great Britain 
Date: November 27, 1987 
Volm: 137(8333) 
Page: 1104(1) 

339. 
Auth: 
Ttll: 
vary 
Type: 
Area: 
Ttl2: 
Date: 
Page: 

Goldberg, Stephanle B. 

A new day for DNA? Despite widespread acceptance, admissibility standards 

journal article 
technical or Scientific 
Trends in the Law 
April 1882 
84-85 

340. 

Auth: Gonzales, Juan Martlnez 

Affl: Attorney and Counselor at Law, Beeville, Texas 
Till: Attacking forensic DNA profiling evidence for lack of validation 
Type: journal article 
Area: technical or scientific 
Ttl2: The National Lawyers ~ Guild Practitioner 
Date: Spring, 1989 
Volm: 46(2) 
Page: 51-55 

341. 

Auth: Gordon, Judith M. 

Till: DNA identification tests--on the way toward judicial acceptance 
Type: journal article 348. 
Area: legal Auth: 
Ttl2: J. Suffolk Acad. Law Affl: 
Date: 1989 Ttll: 
Volm: 8 Type: 
Page: 1 Area: 

Ttl2: 
342. Date: 
Auth: Green, Philip Volm: 

Affl: Genetic Department, Washington University School of Medicine, St. Louis Page: 
Ttll: Population genetic issues in DNA fingerprinting 
Type: letter to editor 347. 
Area: technical or scientific Auth: 
Ttl2: American Journal of Human Genetics Affl: 
Date: 1982 Till: 
Volm: 50 Type: 
Page: 440-441 Area: 

Ttl2: 
Plac:  

: Green, Phillp//Lander, Eric S. 

Affl: Washington Univ. School of Medicine, St. Louis, MO.; Massachusetts Inst. of 
Technology, Cambrldge, MA. 
Type: letter to editor 
Area: technical or scientific 
Ttl2: Science 
Date: August 30, 1991 
Volm: 253 
Page: 1038-1038 

344. 
Auth: Greenberg, Jonathan 
Ttll: DNA fingerprinting: 
Type: journal article 
Area: legal 
Ttl2: Army Law 
Date: November 1989 
Volm: 27-50-203 
Page: 16 

a guide fo r  de fense  counse l  

345. 

Auth Grimberg, J.//Nawoschik, S.//Belluscto, L.//HcKee, R.//Turck, A.//Etsengerg, A. 

Af f l :  Lifecodes Corporation, Valhalla, NY 10595 
Till: A simple and efficient non-organlc procedure for the isolation of genomlc DNA from blood 
Type: journal article 
Area: technical or scientific 
Ttl2: Nucleic Acids Research 
Date: October 25, 1889 
Volm: 17(20) 
Page: 8390 

Grody, W. W~//Gattl, R. A.//Naelm, F. 
Department of Pathology, UCLA School of Medicine 
Diagnostic molecular pathology 
journal article 
technical or scientific 
Modern Pathology 
November 1989 
2(6) 
553-568 

Groner, Peter 
Writer - Chicago Tribune 

DNA testing provides better breeding of endangered species 
newspaper / 
lay press 
Houston Chronicle 
Houston, Texas 

Date: August  7, 1989 
Page: 8B 
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r 348. 
Auth: Grog I. 

Affl: Wayne State University School of Medicine 
Till: Gel electrophoresls of DNA 
Type: book chapter 
Area: technical or scientific 
BkAu: Hicks, John W. 

Ttl2: Proceedings of the International Symposium on the Forensic Aspects of DNA Analysis 
Date: June 19-23, 1989 
Page: 37-46 

349. 

Auth: Grover, Adrienne M. 354. 

Till: A new twist in the double helix: admissibility of DNA fingerprinting in Affl: California Auth: 
Type: jOurnal article 
Area: legal 'Till: 

Type: 
Ttl2: Santa Clara Computer and High-Technology Law Journal Flac: California Area: 
Date: June 1989 Ttl2: 
Volm: 5(2) Date: 
Page: 469-496 Volm: 

Page: 
350. 

• 355. 
Auth: Gustafson, Sarah//Proper, Jacqueline A.//Bowie, E. J. Walter//Sommer, Steve S. T t l l :  
A f f l :  Dept. of  Biochemtnstry and Holecular Biology, GUggenhetm; Rochester, HN. Auth: 
Till: Parameters affecting the yield of DNA from human blood Type: 
Type: journal article 
Area: technical or scientific Area: 
Tt12: Analytical Biochemistry Ttl2: 
Date: 1987 Date: 
Volm: 185 Volm: 
Page: 294-299 Page: 

351. 

Auth: Gyllensten, Ulf B.//Erllch, Henry A. 

Affl: Dept. of Human Genetics, Caius Corporation, Emeryville, Ca. 
Till: Ancient roots for polymorphism at the HLA-DQa locus in primates 
Type: journal article 
Area: technical or SCientific 
Ttl2: Proceedings National Academy Science USA 
Date: December 1989 
Volm: 86 
Page: 9986-9990 

352. 

Auth: Gyllensten, Ulf B.//Erllch, Henry A. 

Affl: University of Uppsala, Sweden; Caius Corp. Emeryville, CA 
Till: EVolution of HLA class-II polymorphlsm in primates: the DQa locus Type: jOurnal article 
Area: technical or scientific 
Ttl2: Immunological Research 
Data: 1990 
Volm: 9 
Page: 223-233 

Gyllensten, Ulf B.//Erllch, Henry A. 

Affi: CetusCorporatlon, Emeryville; University of California, Berkeley; CA 
Till: Generation of slngle-stranded DNA by the polymerase chain reaction and its 
application to direct sequencing of the HI, A-DOe locus 
Type: journal article 
Area: technical or Scientific 
Ttl2: Proceedings National Academy Science USA 
Date: October 1988 
Volm: 85 
Page: 7652-7656 

Gyllensten, Ulf B.//Jakobsson, Sven//Temrln, Hans//Wllson, Allan C. 
Department of Biochemistry, University of California, Berkeley 94720 
Nucle°tide'sequence and genomlc organization of bird mlnlsatellltes journal article 
technical or scientific 
Nucleic Acids Research 
March 25, 1989 
17(6) 
2203-2214 

H, S. J. 
DNA fingerprint ruling 
journal article 
technical or scientific 
Nature 
November 15-19, 1987 
330(6145) 
197 

356. 

Auth: Haberfeld; A.//Hillel, j. 

Till: Development of DNA fingerprint probes: an approach and its application Type: journal article 
Area: technical or Scientific 
Ttl2: Animal Biotechnology 
Date: 199i 
Volm: 2 
Page: 61-73 

357. 

Auth: Hagelberg, Erika//Gray, Ian C.//Jeffreys, Alec J. 
A f f l :  Univers i ty  of  Oxford; Universi ty of Leicester,  UK 
T t l l :  I d e n t i f i c a t i o n  of the Skeletal  remains of a murder v ic t im by DNA analysis Type: journal article 
Area: technical or scientific 
Ttl2: Nature 
Date: August 1, 1991 
Volm: 352 
Page: 427-429 
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r 
Type: 
Area: 
Ttl2: 
Plac :  
Date: 
Page: 

358. 
Auth: Hager, p 

Affl: Times legal affairs writer 
Ttll: DNA on trial as evidence 

newspaper article 
lay press 
Los Angeles Times 
Los Angeles, California 
Wednesday, March 27, 1991 
1, A15 

359. 
Auth: 
Affll 
Till: 
Typei 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

360. 

Hagerman,' Paul J. 

University of Colorado Health Sciences Center, Denver, CO 
DNA typing in theforensic arena 
letter to editor 
technical or SCientific 
American Journal Human Genetics 
1990 
47 
876-877 

Auth: Haglund, William D.llReay, Donald T.I/Tepper, Shelly L. 
Affl: King County Medical Examiner,s Office, Department of Public Health, Seattle, WA 

Till: Identification of decomposed human remains by deoxyribonucleic acid (DNA) profiling 
Type: journal article 
Area: technical or Scientific 
Ttl2: Journal Forensic Science 
Date: May 1990 
Volm: 35(3) 
Page: 724-729 

361. 
Auth: Hall, Andrew 

Ttll: DNA fingerprints - black box or black hole~ 
Type: Journal article 
Area: legal 
Ttl2: New Law Journal 
Plac: Great Britain 
Date: February 16, 1990 
Volm: 140(6443) 
Page: 203(3) 

362. 
Auth: Hanner, Jane E. 
Ttll: DNA fingerprinting: evidence of the future 
Type: journal article 
Area: legal 
Ttl2: Kentucky Law Journal 
Plac: United States 
Date: Winter 1991 
Volm: 79(2) 
Page: 415-438 

Hanotte, O-//Burke, T.//Armour, j. A. L-//Jeffreys, A. J. 
Affl: Univ. of Leicester, UK; Unlverslte de Mons-Halnaut, Service de Biochimie Moleculalre, Mons, Belgium 

Ttll: Cloning, characterization and evolution of Indian Peafowl Pave crlstatus minlsatellite locl 
Type: book chapter 
Area: technlcal or scientific 

BkAu: Burke, T.//Dolf, G.//Jeffreys, A. J.//Wolff, R. 
Ttl2: DNA Fingerprinting: Approaches and Applications Date: 1991 
Page: 193-216 

364. 
Auth: Hanson, Eric 
Affl: HoustonChronicle writer 

Ttll: Police say DNA lab will cut down costs - HPD to test suspect genetics In-house Type: newspaper 
Area: lay press 
Ttl2: Houston Chronicle 
Publ: Houston, Texas 
Date: January 3, 1991 
Page: 20A 

365. 

A~th: Hardzng, H:!: W,//Ross, A. M.//Fowler, j .  C . / /Mi l l e r .  I .  
Af f l  Foresnic  Science Centre, Adelaide.  
Ltd The' Le~ ~ i ~I- , Forensic Scie Technology "'~ e~s;l'~°uth Australia nce Int'l Pry. 

Ttll:~bTrackt@l: ~ an electrophoretic pattern image processing system for the forensic laboratory 
Type: book chapter 
Area: technlcalor Scientific 
BkAu: Hicks, John W. 

Ttl2: Proceedings of the International Symposium on the Forensic Aspects of DNA Analysis 
Date: June 19-3, 1989. 
Page: 247 

366. 

Auth: Harding, H. W.//Ross, A. M.//Fowler, j .  C.//McInnes, j .  L. 
A f f l :  Forensic Science Centre; University of Adelaide, Adelaide, South Australia 
Ttll: The use of Polystat 3 probe for forensic testing 
Type: book chapter 
Area: technical or SCientific 
BkAu: Hicks, John W. 

Ttl2: Proceedings of the International Symposium on the Forensic Aspects of DHA AnAlysis 
Date: June 19-23, 1989 
Page: 213-214 
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367. 

Auth:  Hardil yehu, G.//Beebe, R.//Simms, D.//Klevan, L. 
Affl: Life Technologies Inc., Galthersburg, Maryland 

Ttll: Rapid isolation of DNA from body fluids using a novel nucleic acid capture reagent 
Type: book chapter 
Area: technical or scientific 
BkAu: Hicks, John W. 

Ttl2: Proceedings of the International Symposium on the Forensic Aspects of DNA .Analysis 
iDate: June 19-23, 1989 
~Page: 225-227 
T 
368. 

Auth: Hareuveni, M.//Tsarfaty, I-/ /Zaretsky, J.//Kotkes, P.//Horev J.//Zrihan, 
S.//Welss, N.//Green, S.//Lathe, R.//Keydar, I.//et al 
'Affi!: Department of Microbiology, Faculty of Life Sciences, Tel Aviv University, Israel 

Ttll: A transcribed gene, containing a variable number of tandem repeats, Codes for 
a human epithelial tumor antigen, cDNA cloning, eXpression of the transfected gene and over-expression in breast Cancer tissue 
Type: journal article 
Area: technical or scientific 
Ttl2: European Journal Biochemistry 
Date: May 20, 1990 
Volm: 189(3) 
Page: 475-486 

369. 
Auth: Harmon, R. 

Affl: Alameda County District Attorney,s Office, O~land, CA. 

Ttll: General admlsslbility considerations for DNA typing evidence: let's learn from 
the past and let the scientists decide this time around 
Type: book chapter 
Area: technical or scientific 
BkAu: Farley, Mark A.//Harrlngton, James J. 
Ttl2: Forensic DNA Technology 
Date: 1991 
Page: 153-180 

370. 
Auth: Harmon, Rockne 
Affl: Alameda County District Attorney,s Office, Oakland, CA. 
Ttll: DNA flngerprinting critics titillate rather than inform 
Type: journal article 
Area: legal 
Tt12: Los Angeles Daily JOurnal 
Plac: United States 
Date: March 14, 1990 
Volm: 103(53) 
Page: 6 (col 4) 

Harmon, Rockne p. 

Affl: Alameda County District Attorney,s Office, Oakland CA. 
Ttll: The Frye test: considerations for DNA identification techniques Type: book chapter 
Area: technical or scientific 

BkAu: Ballantyne, Jack//Sensabaugh, George//Witkowski, Jan 
Ttl2: Banbury Report 32: DNA Technology and Forensic Science Date: 1989 
Page: 89-107 

372. 

Auth: Harmon, Rockne p. 

Affl: Alameda County District Attorney,s Office, Oakland 
Ttll: Please leave law to the lawyers 
Type: letter to editor 
Area: technical or SCientific 
Ttl2: American JOurnal HUman Genetics 
Date: 1991 
Volm: 49 
Page: 891-892 

373. 
Auth: Harmon, Rockne 

AfrO: Alameda County District Attorney,s Office, Oakland, CA. 

Till: Recent experiences aside, how should future genetic identification techniques he reviewed for admissibility? 
Type: journal article 
Area: technical or scientific 
Tt!2: Crime Laboratory Digest 
Date: October 1991 
Volm: ~ 18(4) 
Page: 190 

374~ 

Auth: Hartl, Daniel L. 

Aff$: Washington University School of Medicine, St. Louis, Missouri 
Till: Expert's report in the case of United States vs Yee, et al 
Type: Unpublished document 
Area: technical or scientific 
Case: United States vs. Yee et el. 
Page: 1-22 

375. 

Auth: Haywerd, Nicholas//Chen, Philip//Nancarrow, Derek//Kearsley, John//Smith, Peter//Kidson, Chev//Ellem, Kay 
Affl: Queensland Institute of Medical Research, Herston, Brisbane, Australia 
Ttll: Detection of somatic mutations _in tumours of diverse types by DNA fingerprint- ing with M13 phage DNA 
Type: journal article 
Area: technical or scientific 
Ttl2: International Journal Cancer 
Date: April 15, 1990 
Volm: 45(4) 
Page: 687-690 
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376. 

Auth: He, //Jiang, Xean Hua//Lu, Shl Hul//Wang, Guo Lin//Zhu, Yu Wen/- 
i ~She n, Yan//Gao, Qing Sheng//Liu, Jin8 Zhong//Wu, Guan Yu 
,: Affl: Liaoning Criminal Scientific and Technical Research Institute 

i  !iigst : ;e  s t i 1 : ;a  
R : ; ~  inadeoxyrlbonucleic Some-speciflc 1 

acid (DHA) probe Type: s journal article ' g a Y chromo- 
Area: technical or Scientific 
Tt12: Journal Forensic Science 
Date: March 1989 

.Volm: 34(2) 
Page: 346-351 

377. 

Auth: Heery, D. M.llGannon, F.llPowell, R. 

Affl: Dept. of Microbiology, University College, Galway, Republic of Ireland 
:Tt!li: A simple method for subclonlng DNAfragments from gel slices Type: journal article 
Area: technical or SCientific 
Ttl2: Trends in Genetics 
Date: June 1990 
Volm: 6(6) 
Page: 173 

378. 
Auth: 
Affl: 
Utah, 
Ttll: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

379. 

Hegele, R. A. 

Department of Human Genetics, Howard Hughes Medlcal Institute, University of Salt Lake Clty 

Molecular forensics: applications implications and limitations journal article 
technical or scientific 
Cancer Mad Association Journal 
October 1, 1989 
141(7) 
668-672 

Auth: Helminen, Palvl//Ehnholm, Christian//Ldkki, Maria Liisa//Jeffreys, Alec/- /Peltonen, Leena 

Affli Univ. of Helsinki, Finland; Univ. of Leicester, UK 
Till: Application of DNA "fingerprints,, to paternity determinations Type: journal article 
Area: technical or SCientific 
Ttl2: The Lancet 
Date: March 12, 1988 
Volm: 1(8585) 
Page: 574-576 

Helmlnen, Paivl//Johnsson, Vivian//Ehnholm. Christian//Peltonen a 
A f f l :  Lab. of MOlecular Genetics; Lab. of Forensic Serology, National Public Health 
Institute, Mannerhelmintle 166, SF-00300 Helsinkl, Finland 
Till: Proving Paternity of children with deceased fathers 
Type: journal article 
Area: technical or SCientific 
Ttl2: Human Genetics 
Date: 1991 
Volm: 87 
Page: 657-660 

381. 

Auth: Helmuth, Rhea//Fildes, Nicola//Blake, Edward//Luce, Michael C.//Chimera, 
J.//Madej, Roberta//Gorodezky, C.//Stoneklng, Mark//Schmill, N.//et al 
Affl: Department of Human Genetics, Caius Corproatlon, Emeryville, CA 94608 
Till: HLA-DQ alpha allele and genotype frequencie s in various human populations, 
determined by using enzymatic amplification and oilgonucleotide probes Type: jOurnal article 
Area: technical or scientific 
Ttl2: American Journal Human Genetics 
Date: September 1990 
Volm: 47(3) 
Page: 515-523 

382. 

Auth: Henke, L.//Cheef, S.//Zakrzewska, M.//Henke, j. 

Ttll: BamHI polymorphism of locus D2S44 In a West German population as revealed by VNTR probe YNH24 
Type: journal article 
Area: technical or scientific 
Ttl2: International Journal of Legal Medicine 
Date: 1990 
Volm: 104 
Page: 33 

383. 

Auth: Henke, L.//Cleef, S./IZakrzewska, M.//Henke, j. 

Affl: Institut f. Blutgrupperforschung, Otto-Hahn-Str. Dusseldorf, Germany 
Till: Population genetic data determined for flve different single locus mini- satellite probes 
Type: book chapter 
Area: technical or SCientific 

BkAu: Burke, T.//Dolf, G.//Jeffreys, A. J.//Wolff, R. 
Ttl2: DNA Fingerprinting: Approaches and ApPlications 
Date: 1991 
Page: 144-153 

384. 

Auth: Hernandez, j. L.//Weir, B. S. 

Affl: Dept. of Statistics , North Carolina State University, Raleigh, N.C. 
Ttll: A disequilibrium coefficient approach to Hardy-Welnberg testing Type: journal article 
Area: technical or scientific 
Ttl2: BiOmetrics 
Date: March 1989 
Volm: 45 
Page: 53-70 
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385. 

Auth: Herrin //Cotton, R. W.//Corey, A. C.//Davld, K.//McNeil, T. A.//Ruben- stein, K. R.//Tonelll, L. A.//Garner, D. D. 
Affl: Ceilmark Diagnostics, Germantown, Maryland 
Till: Case examples using differential extraction procedures Type: book chapter 
Area: technical or SCientific 
BkAu: Hicks, John W. 

T t l2 :  P roceed ings  of  the  I n t e r n a t i o n a l  Symposium on the  Fo rens i c  Aspects  of  DNA Analysis 
Date: June 19-23, 1989 
Page: 233 

386. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
Ttl2: 
Date: 

Herrin, George Jr 

Division of Forensic Sciences, Georgia Bureau of Investigation, Decatur 
Probability of matching RFLP patterns from unrelated individuals journal article 
technical or Scientific 
American Journal Human Genetics 
June, 1993 

Volm: 52 
Page: 491-497 

387. 

Auth: Herrin Jr., George//Forman, Lisa//Garner, Daniel D. 

Affl: Cellmark Diagnostics Division of Imperial Chemical Industries Ltd., German- town, Maryland 

Ttll: The use of Jeffreys, mutlilocus and single locus DNA probes in forensic analysis 
Type: book chapter 
Area: technical or Scientific 
BkAu: Lee, Henry C.//Gaensslen, R. E. 

Ttl2: DNA and Other Folymorphisms in Forensic SCience Date: 1990 
Page: 45-60 

388. 
Auth:  Hibbs,  Mary 

T t l l :  A p p l i c a t i o n s  of  DNA f i n g e r p r i n t i n g  - t r u t h  w i l l  out  
Type: J o u r n a l  a r t i c l e  
Area:  l e g a l  
T t l 2 :  New Law J o u r n a l  
P lac :  Grea t  B r i t a i n  
Date:  May 5, 1989 
Volm: 139(6406) 
Page: 619(3) 

389. 
Auth: Hicks, John W. 
Affl: Assistant Director, FBI, Quantlco, VA. 
Till: DNA typing: a unique weapon against crime 
Type: journal article 
Area: technical or Scientific 
Ttl2: The Scientist 
Date: January 23, 1989 
Page: 12-13 

Hicks, John W. 
Affl: FBI Laboratory, Washington, D.C. 

Till: FBI program for the forensic application of DNA technology Type: book chapter 
Area: technical or Scientific 

BkAu: Ballantyne, Jack//Sensabaugh, George//Witkowski, Jan 
Ttl2: Banbury Report 32: DNA Technology and Forensic Science Date: 1989 
Page: 209-212 

391. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
Ttl2: 
Date: 

Hicks, John H. 

US Department of Justice, FBI, Washington, D.C. 20535 
FBI's case for genetics 
letter to editor 
technical or scientific 
Nature 
June 4, 1992 

Volm: 357 
Page: 355 

392. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

Hicks, John W. 
Assistant Director-FBI Laboratory 

Message from the Assistant Director in charge of the FBI laboratory journal article 
technical or SCientific 
Crime Laboratory Digest 
October 1991 
18(4) 
v-vil 

393. 
Type: book 

Area: technical or scientific 
BkAu: Hicks, John W. (Assistance Director in Charge) 

Ttl2: Proceedings of the International Symposium on the Forensic Aspects of DNA Analysis 

Flac: Washington, D.C. 20535 

Publ: Superintendent of Documents, U. S. Government Printing Office Date: June 19-23, 1989 
Volm: ISBN 0-9321i5-10-1 
Page: i-ix, i-282 

394. 
Auth: Hicks, John W. 

Affl: Assistant Director in Charge, Laboratory Division, FBI, Quanttco, VA. Type: letter of response 
Area: technical or Scientific 
Ttl2: Professlonal Ethics Report 
Plac: 1333 H Street, NW, Washington, DC 20005 
Publ: American Association for the Advancement of Science 
Date: Spring 1992 
Volm: V(2) 
Page: 8-7 
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395. 
Auth: Hicks, W. 
Affl: FBI Laboratory 

Till: Statement of John W. Hicks, Deputy Assistant Director, for presentation before 
the House Committee 
Type: unpublished document 
Area: technical or scientific 

Plac: House Committee on the Judiciary Subcommittee on Civil end Constitutional 
Rights, Honorable Don Edwards, Chairman 
Date: March 22, 1989 
Page: 1-13 

396. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
BkAu: 

Hicks, John W. 
FBI Laboratory, Washington, D.C. 

Summary of the International Symposium on the Forensic Aspects of DNA Analysis 
book chapter 
technical or scientific 
Hicks, John W. 

Ttl2: Proceeds of the International Symposium on the Forensic Aspects of DNA 
Analysis 
Date: June 19-23, 1989 
Page: 201-204 

Affl: 
Ttll: 
Type: 
Area: 
BkAu: 
Ttl2: 
Date: 
Page: 

Higuchl, Russell//Blake, Edward T, 
Cetus Corporation, Emeryville, CA.; Forensic Sciences Assoc., Richmond, CA. 
Applications of the polymerase chain reaction in forensic science 
book chapter 
technical or scientific 

Ballantyne, Jack//Sensabaugh, George//Witkowski, Jan 
Banbury Report 32: DNA Technology and Forensic Science 
1989 
265-281 

401. 

Auth: Higuchi, Russell//von Beroldingen, Cecilia H.//Sensabaugh, George F.//Erlich, 
Henry A. 

Affl: Dept. of Human Genetics, Cetus Corp., Emeryville; Forensic Sciences Program, 
University of California, Berkeley, CA. 
Ttll: DNA typing from single hairs 
Type: journal article 
Area: technical or scientific 
Ttl2: Nature 
Date: April 1988 
Volm: 332(6164) 
Page: 543-546 

397. 
Auth: Hicks, John W. 402. 

Auth: Affl: Laboratory Division, FBI, Washington, D.C. Affl: 
Ttll: Understanding the DNA Proficiency Testing Act of 1991 Ttll: 
Type: journal article 
Area: technical or scientific Type: 
Ttl2: Crime Laboratory Digest Area: 
Date: January 1991 Ttl2: 
Volm: 16(1) Date: 
Page: I-8 Volm: 

Page: 

398. 
403. 

Auth: Higashiguchi, T.//Serikawa, T.//Kuramoto, T.//Morl, M.//Yamada, J. Auth: 
Till: Identification of inbred strains of rats by DNA fingerprints using enchanced Affl: 
chemiluminescence 
Type:journal article Ttll: 
Area: technical or scientific Type: 
Tti2: Transplant. Proc. ~ Area: 
Date: 1990 ' Ttl2: 
Volm: 22 Date: 
Page: 2564-2565 Volm: 

Page: 

Higuchi, Russell 

Department of Human Genetics, Cetus Corporation, Emeryville, CA. 
Human error in forensic DNA typing 
letter to editor 
technical or scientific 
American Journal Human Genetics 
1991 
48 
1215-1216 

399. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

Hill, William G. 
Univ. of Edlnburgh, West Mains Road, Edinburgh, UK 
DNA fingerprint analysis in immigration test-cases 
letter to editor 
technical or scientific 
Nature 
July 17-23, 1988 
322(6078) 
290-291 

Hill, William G. 

University of Edinburgh, West Mains Road, Edinburgh, UK 
DNA fingerprints applied to animal and bird population 
journal article 
technical or scientific 
Nature 
May 14-20, 1987 
327(6118) 
98-99 

404. 

Auth: H i l l e l ,  J . / /Ga l  O.//Schaap, T . / /Haber fe ld ,  A . / /P lo tsky ,  Y./ /Marks, H. / /S iege l ,  
P. B.//Dunnington, E. A.//Cahaner, A. 
Affl: The Hebrew University; Hebrew University Medical Center; University of 
Georgia; Virginia Polytechnic Institute and State University 
Till: Genetic factors accountable for line specific DNA fingerprint bands in quail 
Type: book chapter 
Area: technical or scientific 
BkAu: Burke, T.//Dolf, G.//Jeffreys, A. J.//Wolff, R. 
Ttl2: DNA Fingerprinting: Approaches and Applications 
Date: 1991 
Page: 263-273 
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405. 
Auth: Hillel y ,. Y./IHaberfeld, A.I/Lavi, U.llCahaner, A./IJeffreys, A. 
Affl: Department of Genetics, Faculty of Agriculture, Hebrew University of Jerusa- 
lem, Rehovot, Israel 
Till: DNA fingerprints of poultry 
Type: ~ournal article 
Area: technical or scientific 
Ttl2: Animal Genetics 
Date: 1989 
Volm: 20(2) 
Page: 145-155 

406. 
Auth: Hillel, J.llSchaap, T.llHaberfeld, A.llJeffreys, A. J.llPlotzky Y.llCahaner, 
A.//Lav£, U. 
Affl: Department of Genetics, Faculty of Agriculture, Hebrew University of Jerusa- 
lem, Rehovot, Israel 
Till: DNA' fingerprints applied tic 8ene intro8ression in breedin8 programs 
Type: journal article 
Area: technical or scientific 
Ttl2: Genetics 
Date: March 1990 
Volm: 124(3) 
Page: 783-789 

Hochmeis te r ,  Manfred N. / /Budowle ,  Bruce / /Bore r0  Urs VJ/Eggmann,  
Catherine T.I/Dirnhofer, Richard 
Affl: Univ. of Bern, Bern, Switzerland; FBI Academy, Quantlco, VA. 
Ttll: Typing of deoxyribonucleic acid (DNA) extracted from compact bone from human 
remains 
Type: journal article 
Area: technical or scientific 
Ttl2: Journal of Forensic Sciences 
Date: November 1991 
Volm: 36(6) 
Page: 1649-1681 

410~ 
Auth: Hoeffel, Janet C. 
Tti!: The dark side of DNA profiling: 
criminal defendant 
Type: j0urnal article 
Area: legal 
Ttl2: Stan. Law Review 
Date: January 1990 
Volm: 42 
Page: 465 

411. 

407. Auth: 
Auth: Hochmeister, Manfred//Borar, Urs Till: 
Affl: Department of Forensic Medicine, Bern, Switzerland Type: 
Ttll: Practical applications of PCR-based typing of DNA Area: 
Type: journal article Ttl2: 
Area: technical or scientific Plac: 
Ttl2: Crime Laboratory Digest Date: 
Date: October 1991 Volm: 
Volm: 18(4) Page: 
Page: 166-168 

412. 

408. Auth: 
Auth: Hochmelster, Manfred N.//Budowle, Brucel/Baechtel, F. Samuel Affl: 
Affl: Forensic Science Research and Trainln8 Section, FBI Academy, Quantic 9, VA Ttll: 
Ttll: Effects of presumptive test reagents on the ability to obtain RFLP patterns Type: 
from human blood and semen stains Area: 
Type: journal article Ttl2: 
Area: technical or scientific Date: 
Ttl2: Journal Forensic Science Volm: 
Date: May 1991 Page: 
Volm: 36(3) 
Page: 656-661 

unreliable scientific evidence meets  the 

Hoeffel, Janet C. 
DNA fingerprlntin8 flaws belie claims of infallibility 
journal article 
legal 
Los Angeles Daily Journal 
United States 
March 14, 1990 
103(53) 
6 ( c o l  3) 

Hoelzel, A. Rus//Amos, William 
Dept. of Genetics, Univ. of Cambridge, Downing Street, Cambridge, UK 
,DNA finserprintin8 and 'scientific' whaling 
journal article 
technical or scientific 
Nature 
May28, 1988 
333(6171) 
305 

413. 
Auth: 
AffI: 
Till: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

Holm, Thomas//Terry, Christi//Georgee, Michel 
Genmark, Inc., Salt Lake, UT 
In vitro amplification of a set of VNTR loci for forensic science 
journal article 
technical or scientific 
Crime Laboratory Di8est 
October 1991 
18(4) 
187-189 
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414. 
Auth: 
Till: 
Type: 
A r e a :  
T~12: 
D a t e :  
Volm: 
Page: 

Holtz, K.//Higuchl, H. 
Forensic application of DNA fingerprints 
journal article 
technical or scientific 
Beitrage Gerichtl Med 
1887 
45 
5-10 

415. 
Auth: Honma, M.//Ishiyama, I. 
Affl: Department of Forensic Medicine, Faculty of Medicine, University of Toyko, 
Japan 
Ttll: DNA fingerprints: its importance in forensic medicine (1) Application to 
p@ternity testing by minisatellite DNA probes 
Type: " ,t journal article 
Areai technical or scientific 
Ttl2! Nippon Hoigaku Zasshi 
Date: June 1987 
Volm: 41(3) 
Page: 236-241 

416. 
Auth: 
Affl: 
Japan 
Till: 
T~e~ 
A.rea~ 
T t l 2 i  
D a t e :  
V01m: 
Pagei 

Honma~ M.//Ishiyama, I. 
Department of Forensic Medicine, Faculty of Medicine, University of Toyko, 

variability of DNA fingerprint in a Japanese population 
journal article 
technical or scientific 
Nippo n Hoigaku Zasshi 
April 1989 
43(2) 
128-133 

417. 
Auth: Honma, Masamitsu//Ishiyama, Ikuo 
Affl: Depart. of Forensic Medicine, Faculty of Medicine, Univ. of Toyko, Japan 
Till: Application of DNA fingerprinting to parentage and extended family relation- 
ship testing 
Type: journal article 
Area: technical or scientific 
Ttl2: Human Heredity 
Date: 1990 
Volm: 40 
Page: 356-362 

h: Honma, Masamitsu//Ishiyama, Ikuo 
Affl: Department of Forensic Medicine, Faculty of Medicine, University of Tokyo, 
Japan 

Till: Probabiilty of paternity in paternity testing using the DNA fingerprint 
procedure 
Type: journal article 
Area: technical or scientific 
Ttl2: Human Heredity 
Date: 1989 
Volm: 39(3) 
Page: 165-169 

418. 
Auth: Honma, Masamitsu//Yoshii, Tomio//Ishiyama, Ikuo//Mitani, Kohnosuke//Kominami, 
Ry0//Muramatsu , Masami 
Affl: Department of Forensic Medicine, Faculty of Medicine, University of Tokyo, 
Japan 
Till: Individual identification from semen by the deoxyribonucleic acid (DNA) 
fingerprint technique 
Type: journal article 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

420. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
Ttl2: 
Date: 
Vohn: 
Page: 

42i. 
Auth: 
Ttll: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

422. 
Auth: 
Ttll: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

technical or scientific 
Journal Forensic Science 
January 1989 
34(1) 
222-227 

Hood, L.//Delahunty, C.//Nickerson, D. 
California Institute of Technology, Pasadena, CA. 
Automated DNA fingerprinting, polymorphio sequence tagged sites, and forensics 
journal article 
technical or scientific 
Crime Laboratory Digest 
October 1991 
18(4) 
191 

Hooper, Celia 
DNAs fingerprinting's first cases 
journal article 
technical or scientific 
Journal of NIH Research 
March 1992 
4 
81-87 

Hooper, Celia 
Rancor precedes National Academy of Science's DNA fingerprinting report 
journal article 
technical or scientific 
Journal of NIH Research 
March 1992 
4 
76-80 
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423. 
Auth: 
Till: 
(The) 
Type: 
Area: 
Ttl2: 
Data: 
Volm: 
Page: 

424. 
Auth: 

J. E. N,//Smlth, J. C.//Markham, A. F. 
Development of methods for the analysis of DNA extracted from forensic samples 

journal article 
technical or scientific 
Journal Methods in Cell & Biology 
October 1989 
1 
96 

Horn, George T.//Richards, Brenda//Kllnger, Katherine W. 
Affl: Department of Human Genetics, Integrated Genetics, Farmlngton, MA 01701 
Till: Amplification of a highly polymorphic VNTR segment by the polymerase chain 
reaction 
Type: journal article 
Area: technical or scientific 
Ttl2: Nucleic Acids Research 
Date: March Ii, 1989 
VoZm: 17(5) 
Page: 2140 

425. 

Auth: Horn, Glenn T.//Bugawan, Teodorica L.//Long, Christopher M.//Erlich, Henry A. 
Affl: Dept. of Human Genetics; Microbial Genetics, Cetus Corp, Emeryville, CA. 
Till: Allelic sequence variation of the HLA-DQ loci: relationship to serology and to 
insulin-dependent diabetes susceptibility 
Type: journal article 
Area: technical or scientific 
Ttl2: Proceedings National Academy Science, USA 
Date: August, 1988 
Volm: 85 
Page: 6012-6016 

426. 
Auth: 
Affl: 
Till: 
Type : 
Area:  
BkAu : 

Howard, B. H. 
National Cancer Institute, Bethesda, Maryland 
Restriction enzymes: basic properties and use in RFLP analysis 
book chapter 
technical or scientific 
Hicks, John W. 

Ttl2: Proceedings of the International Symposium on the Forensic Aspects of DNA 
Analysis 
Date: June 19-23, 1989 
Page: 29-35 

~27. 
Auth: Howlett, Rory 
Affl: Assistant editor of Nature 
Till: DNA forensics and the FBI 
Type: journal article 
Area: technical or scientific 
Ttl2: Nature 
Date: September 21, 1989 
Volm: 341(6239) 
Page: 182-163 

3. 

~h: Huang, Paul L.//Huang, Philip L.//Lee-Huang, Sylvia 
Affi: Harvard Medical School, Massachusetts General Hospital, New York University 
Medical Center 

Ttll: DNA polymorphism and forensic identification 
Type: book chapter 
Area: technical or scientific 
BkAu: Lee, Henry C.//Gaensslen, R. E. 
Ttl2: DNA and Other Polymorphisms in Forensic Science 
Date: 1990 
Page: 1-25 

429. 
Auth: Huber, Peter 
Ttll: Junk science in the courtroom 
Type: magazine article 
Area: lay press 
Ttl2: Forbes 
Date: July 8, 1991 
Page: 68-72 

430. 
Auth: Huey, B i n g / / N a l l ,  J e f f  
Affl: School of Public Health, University of California, Berkeley 94720 
Till: Hypervariable DNA fingerprinting in Escherlchia coli: minlsatelllte probe from 
bacteriophage M13 
Type: journal article 
Area: technical or scientific 
Tti2: Journal Bacteriology i 
Date: May 1989 
Volm: 171(5) 
Page: 2528-2532 

431. 
Auth: 
Affl: 
Till: 
Type: 
Area: 
Ttl2: 
Date: 
Vohn: 
Page: 

Huey, Bing//Hall, Jeff M.//King, M. C. 
School of Public Health, University of California, Berkeley 94720 
A VNTR polymorphism, DIS110, at lq21-1q31 
Journal article 
technical or scientific 
Nucleic Acids Research 
April 11, 1990 
18(7) 
1928 

432. 
Auth: Hunkapiller, Michael 
Affl: Research and Development Applied Biosystems, Inc., Foster City, CA. 
Till: Automated DNA sequencing: technical characteristics affecting its use in 
forensic science 
Type: hook chapter 
Area: technical or scientific 
BkAu: Ballantyne, Jack//Sensabaugh, George//Witkowski, Jan 
Ttl2: Banbury Report 32: DNA Technology and Forensic Science 
Date: 1989 
Page: 305-310 
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433. 
Auth: Hupe, 

Ttll: The development of DNA fingerprint use in courts of law 
Type: journal article 
Area: legal 
Ttl2: Southwestern University Law Review 
Flac: United States 
Date: Summer 1990 
Volm: 19(3) 
Page: 1045-1065 

434. 
Auth: Hymer, A. 

Affl: Al'ameda County Public Defender's Office, Oakland, California 
TtII:IDNA testing in criminal cases: a defense perspective 
Type: book chapter 
:Area:,technlcal or scientific 
BkAu: Farley, Mark A.//Harrington, James J. 
Ttl2: Forensic DNA Technology 
Date:1991 
Page: 181-199 

435. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
Ttl2: 
Date: 
Page: 

Imwinkelried0 Edward J. 
Professor of law at the University of California, Davis, CA. 
Court rules work to exclude valid scientific testimony 
journal article 
technical or scientific 
The Scientist 
October 29, 1990 
15, 17 

436. 
Auth: Imwinkelried, Edward J. 
Affl: Professor of Law at the University of California, Davis, CA. 
Till: The debate in the DNA cases over the foundation for the admission of scientif- 
ic evidence: the importance of human error as a cause of forensic misanalysis 
Type: journal article 
Area: legal 
Ttl2: Washington University Law Q. 
Date: 1991 
Volm: 69 
Page :  19 

437. 
Au th :  
Affl: 
Ttll: 
Type: 
Area: 
Ttl2: 
Date: 
Page: 

Imwinkelried, ~dward J. 
University of California, Davis, CA 
Recent developments in forensics science: more good news 
journal article 
technical or scientific 
The Champion 
A u g u s t  1990 
8-13 

: Ip, Nancy Y.//Nicholas, Leric//Baum, Howard//Balazs, Ivan 
Affl: Lifecodes Corporation, Valhalla, NY 10595 
Ttll: Discovery of a novel multilocus DNA polymorphism DNF24 
Type: journal article 
Area: technical or scientific 
Ttl2: Nucleic Acids Research 
Date: June 12, 1989 
Volm: 17(11) 
Page: 4427 

439. 

Auth: Ip,  Nancy Y. / /van de Stadt, I . / /Loewy,  Zvi G./ /Leary,  Susan//Grzeschik, Kar l  
Heinz//Balazs, Ivan 
Affl: Lifecodes Corporation, Valhalla, NY 10595 

Ttll: Identification and characterization of a hypervariable region (D18S27) on 
chromosome 18 
Type: journal article 
Area: technical or scientific 
Ttl2: Nuc!eic Acids Research 
Date: October 25, 1989 
Volm: 17(20) 
Page: 8404 

440. 

Auth :  Ishiyama, I.//Yoshii, T.//Honma, M.//Mukaida, M.//Yamaguchi, T. 
Affl: Department of Forensic Medicine, University of Tokyo, Japan 
Ttll: DNA fingerprints: the importance in forensic medicine. II. The significance of 
examining DNA polymorphisms of placental tissues for the purpose of paternity 
determination during the early states within the first trimester 
Type: Journal article 
Area: technical or scientific 
Ttl2: Zeitschrift fur Rechtsmedlzln 
Date: 1988 
Volm: 99(4) 
Page: 241-248 

441. 
Auth: 
Till: 
Type: 
Area: 
Ttl2: 
Date: 
Vohn: 
Page:  

Ivanov, P. L. 

DNA fingerprinting: hypervariable loci and genetic marking (a mini-revlew) 
journal article 
technical or scientific 
Molekulyarnaya Biologlya (Mosk) 
March-April 1989 
23(2) 
342-347 

442. 

Auth: Ivan0v , p. L.//Gurtovaia, S. V.//Verbovaia, L. V.//Boldesku, N. G.//Flaksin, 
V. O.//Ryskov, A. P. 

Till: Genomic "dactyloscopy" in the expertise of disputed paternity and the 
determination of biological relationship 
Type: journal article 
Area: technical or scientific 

Ttl2: Sudebno Medicinskaya Expertlza (Forensic Medical Examinations) 
Date: April-June 1990 
Volm: 33(2) 
Page: 36-38 
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443. 

Auth: Ivanov nina, A. F.//Ryskov, A. P. 
Ttll: Rat DNA fingerprinting of Rattus norvegicus: a new approach in genetic 
analysis 
Type: journal article 
Area: technical or scientific 
Ttl2: Genetlka 
Date: February 1989 
Volm: 25(2) 
Page: 238-249 

444. 

Auth: Ivanov, P. L.//Verbovaya, L. V.//Gurtovaya, S. V. 
T~II: Use of DNA printing for diagnosis of monozygotic twins 
Type: journal article 
Area: technical or scientific 
Ttl2: Sud.-Med Eskpert 
Date: 1991 
Volm: 34 
Page: 32 

445. 
Auth: J., K. S. 
Ttll: Cut-price fingerprints 
Type: journal article 
Area: technical or scientific 
Ttl2: Nature 
Date: July 20, 1989 
Volm: 340 
Page: 175 

446. 

Auth: Jabs, Ethylln W.//Goble, Corintha A.//Cutting, Garry R. 
Affl: Department of Pediatrics, Johns Hopkins University School of Medicine, 
Baltlmore, MD 21205 

Till: Macromolecular organization of human centromerlc regions reveals hlgh 
frequency, polymorphic macro DNA repeats 
Type: journal article 
Area: technical or scientific 
Ttl2: Proceedings National Academy Science USA 
Date: Janaury 1989 
Volm: 86(1) 
Page: 202-208 

447. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

Jeanpierre, M.~ 

Unite INSERM U129 et Laboratoire de Biochimie Genetique, Paris France 
A rapid method for the purification of DNA from blood 
journal article 
technical or scientific 
Nucleic Acids Research 
1876 
15(22) 
9611 

Jeffreys, A. J.//Royle, N. J.//Patel, I.//Armour, J.A. A.//Col- 
lick, A.//Gray, I. C.//Newmann, R.//Gibbs, M.//Crosier, M.//HilI, M.//Slgner, 
E.//Monckton, D. 

Affl: Dept. of Genetics, Univ. of Leicester, University, Road, Leicester, UK 
Ttll: Principles and recent advances in human DNA fingerprinting 
Type: 
Area: 
BkAu: 
Ttl2: 
Date: 
Page: 

book chapter 
technical or scientific 
Burke, T.//Dolf, G.//Jsffreys, A. J.//Wolff, R. 
DNA Fingerprinting: Approaches and Applications 
1991 
1-19 

449. 

Auth: Jeffreys, A. J.//Wilson, V.//Wong, Z.//Royale, N.//Patel, I.//Kelly, R./- 
/Clarkson, R. 

Affl: Department of Genetics, University of Leicester, OK 
Ttll: Highly variable minisatellltes and DNA fingerprints 
Type: journal article 
Area: technical or scientific 
Ttl2: Biochemical Coc Symp 
Date: 1987 
Volm: 53 
Page: 165-180 

450. 

Auth: Jeffreys, A. J.//Wilson, V.//Wong, Z.//Patel, I.//Royle, N.//Neumann, 
R.//Armour, J. A.//Kelley, R.//Colllck, A.//Gray, I.//Glbbs, M. 
Affi: University of Leicester, Leicester, UK 

Till: Multi locus and single locus minisatellite DNA probes in forensic medicine 
Type: book chapter 
Area: technical or scientific 
BkAu: Hicks, John W. 

Ttl2: Proceedings of the International Symposium on the Forensic Aspects of DNA 
Analysis 
Date: June 19-23, 1989 
Page: 77-86 

451. 
Auth: Jeffreys, Alec J. 

Affl: Department of Genetics, University of Leicester, Leicester, UK 
TtU: 1992 WilliamAllan Award Address 
Type: letter to editor 
Area: technical or scientific 
Ttl2: American Journal Human Genetics 
Date: July 1993 
Volm: 53(1) 
Page: 1-5 
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452. 
Auth: 
Affl: 
Till: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

Je: J. 

Department of Genetics, University of Leicester, Leicester, UK 
Highly variable minisatellites and DNA fingerprints 
journal article 
technical or scientific 
Biochemical Society Transactions 
June Ig87 
15(3) 
309-317 

453. 

Auth: Jeffreys, Alec J.//Brookfield, John F. Y.//Semeonoff, Robert 
Affl: Department of Genetics, University of Leicester, UK 
Till: Positive identification of an immigration test-case using human DNA finger- 
prints 
Type: journal article 
Area: technical or scientific 
Ttl2: Nature 
Date: October 31-November 6, 1985 
Volm: 317(6040) 
Page: 818-819 

454. 

Auth: Jeffreys, Alec J.//MacLeod, Annette//Neumann, Rita//Povey, Susan//Royle, 
Nicole J. 

Affl: Department of Genetics, University of Leicester, UK 
Ttll: "Major minisatelllte loci" detected by minlsatellite clones 33.6 and 33.15 
correspond to the cognate loci DIS111 and D7S437 
Type: journal article 
Area: technical or scientific 
Ttl2: Genomics 
Date: July lggo 
Volm: 7(3) 
Page: 449-452 

455. 

Auth: Jeffreys, Ale¢ J.//MacLeod, Annette//Tamaki, Keijl//Neil, David L.//Monckton, 
Darren G. 

Affl: Dept. of Genetics, Univ. of Leicester, Leicester, UK 
Ttll: Minisatellite repeat coding as a digital approach to DNA typing 
Type: journal article 
Area: technical or scientific 
Ttl2: Nature 
Date: November 21, 1991 
Volm: 354 
Page: 204-209 

456. 
Auth: 
Affl: 
Till: 
Type: 
Area: 

Ttl2: 
Date: 
Volm: 
Page: 

Jeffreys, Alec J.//Morton, D. B. 
Department of Genetics, University of Leicester, UK 
DNA fingerprints of dogs and cats 
journal article 
technical or scientific 
Animal Genetics 
lg87 
18(1) 
1-15 

Jeffreys~ Alec J.//Royle, Nicola J.//Wilson, Vlctoria//Wong, 
Affl: Dept. of Genetics, University of Leicester, Leicester, UK 
Ttll: Spontaneous mutation rates to new length alleles at tandem-repetltive 
hypervariable loci in human DNA 
Type: journal article 
Area: technical or scientific 
Ttl2: Nature 
Date: March 17, 1988 
Volm: 332 
Page: 278-281 

458. 

Auth: Jeffreys, Alec J.I/Turner, Michelle//Debenham, Paul 
Affl: University of Leicester; Cellmark Diagnostics, England 
Till: The efficiency of multilocus DNA fingerprint probes for individualization and 
establishment of family relationships, determined from extensive casework 
Type: journal article 
Area: technical or scientific 
Ttl2: American Journal Human Genetics 
Date: 1991 
Volm: 48 
Page: 824-840 

459. 

Auth: Jeffreys, Alec J.//Wilson, Vlctoria//Newmann, Rita//Keyte, John 
Affl: Department of Genetics, University of~Leicester, UK 
Till: Amplification of human minisatellites by the polymerase chain reaction: toward 
DNA fingerprinting of single cells 
Type: journal article 
Area: technical or scientific 
Ttl2: Nucleic Acids Research 
Date: December 9, 1988 
Volm: 16(23) 
Page: 10953-10971 

460. 

Auth: Jeffreys, Alec J.//Wilson, Vlctoria//Theln, Swee Lay//Weatherall0 David 
J.//Ponder, Bruce A. J. 

Affl: Department of Genetics, University of Leicester, UK 
Till: DNA 'fingerprints' and segregation analysis of multiple markers in human 
pedigrees 
Type: journal article 
Area: technical or scientific 
Ttl2: American Journal Human Genetics 
Date: July 1986 
Volm: 39(1) 
Page: 11-24 
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461. 
Auth: 
Affl: 
Till: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

3.//Wilson, Victoria//Thein, Swee Lay 
Department of Genetics, University of Leicester, UK 
Hypervariable 'minisatellite' regions in h~nan DNA 
journal article 
technical or scientific 
Nature 
March 7-13, 1985 
314(5006) 
67-73 

462. 

Auth: Jeffreys, Alec J.//Wilson, V.//Thein, S. L. 

Affl: Department of Genetics, University of Leicester; John Radcliffe Hospital, 
Headington, Oxford U[( 
Till: Individual specific 'fingerprints' of human DNA 
Type: journal article 
Area: technical or scientific 
Ttl2: Nature 
Date: July 4-10, 1985 
Volm: 316(8023) 
Page: 76-79 

: Jennifer R. Slimowitz//Joel E. Cohen 
Affl: Dept. of Mathematics, Duke Univ.; Rockefeller Univ. New York 
Till: Violations of the ceiling principle: Exact conditions and statistical 
evidence 
Type: journal article 
Area: technical or scientific 
Ttl2: American Journal Human Genetics 
Date: August 1993 
Volm: 53 
Page: 314-323 

488. 

Auth: 3in, Li//Chakraborty, Ranajit//Hammond, Holly A.//Caskey, C. Thomas 
Affl: University of Texas; Baylor College of Medicine, Houston, Tx. 
Till: Polymorphisms at short tandem repeat (STR) locl within and between four ethnic 
populations of Texas. 
Type: journal article 
Area: technical or scientific 
Ttl2: 8th International Congress of Human Genetics 
Date: October 1991 
Vohn: 49(4) 
Page: 14 

483. 

Auth: Jeffreys, Alec J.//Wilson, Victoria//Kally, Robert//Taylor, Benjamin A./- 487. 
/Bulfield, Grahame Auth: 
Affl: Depar~ent of Genetics, University of Leicester, UK Affl: 
Till: House DNA "fingerprints": analysis of chromosome localization and germ-line Till: 
stability of hypervariable loci in recombinant inbred strains Type: 
Type: journal article Area: 
Area: technical or scientific BkAu: 
Ttl2: Nucleic Acids Research 
Date: April 10, 1987 
Volm: 15(7) 
Page: 2823-2836 

Johnson, D. M. 
FBI Technical Services, Washington, D.C. 
The national crime information center: past, present and future 
book chapter 
technical or scientific 
Hicks, John W. 

Ttl2: Proceedings of the International Symposium on the Forensic Aspects of DNA 
Analysis 
Date: June 19-23, 1989 
Page: 133-135 

464. 468. 
Auth: Jaffreys, Alec J.//Wone, Zilla//Wilson, Victoria//Patsl, Ila//Naumann, Auth: 
Rlta//Royle, Nicola//Armour, John A.L. Till: 
Affl: Department of Genetics, University of Leicester, Leicester, UK Type: 
Till: Applications of multil0cus and single-locus minisatallite DNA probes in Area: 
forensic medicine Ttl2: 
Type: hook chapter Date: 
Area: technical or scientific Volm: 
BkAu: Ballantyne, Jack//Sensabaugh, George//Witkowski, Jan Page: 
Ttl2: Banbury Repor~ 32: DNA Technology and Forensic Science 
Date: 1989 
Page: 283-295 

Johnson, Kathy 
UK immigration authorities may use DNA fingerprinting 
journal article 
technical or scientific 
Nature 
September 3-9, 1987 
329(8134) 
5 

489. 
Auth: Jonakait, Randolph N. 
Till: When blood is their argument: Probabilities in criminal cases, genetic 
markers, and, once again, Bayes' theorem 
Type: journal article 
Area: legal 
Ttl2: University of Illinois Law Review 
Vohn: 1983(2) 
Page: 389-421 
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470. 

Auth: Jones, C.M.//Krebs, J. R. 
Affl: Oxford University, Oxford; Sheffield University, Sheffield, UK 
Ttll: Helpers-at-the-nest in European bee-eaters (Merops apiaster): a genetic 
analysis 
Type:book chapter 
Area: technical or scientific 
HkAu: Burke, T.//Dolf, G.//Jeffreys, A. J.//Wolff, R. 
Ttl2: DNA Fingerprinting: Approaches and Applications 
Date: 1991 
Page: 169-192 

471. 
Auth: Kahn, R. 
Affl: Metro-Dade Police Department, Miami, FL. 

Till: DNA chemistry and genome orsanization: an introduction for the forensic 
scientist 
Type: book chapter 
Area: technical or scientific 
BkAu: Hicks, John W. 

Ttl2: Proceedinss of the International Symposium on the Forensic Aspects of DNA 
Analysis 
Date: June 19-23, 1989 
Base: 11-18 

472.  
Auth: 
Affl: 
ment, 
Ttll: 
Type: 
A r e a :  
BkAu: 
T t l 2 :  
Date: 
Page: 

Kahn, R. 

Biolosy/Serology Section, Crime Laboratory Bureau, Metro-Dade Police Depart- 
Miami, FL. 

An introduction of DNA structure and genome organization 
book chapter 
technical or scientific 
~Farley, Mary A.//Harrington, James J. 
Forensic DNA Technology 
1991 
25-38  

473. 

Auth: Kanter, Evan//Balrd, Michael//Shaler, Robert//Balazs, Ivan 
Affl: Lifecodes Corporation, Elmsford, NY 

Ttll: Analysis of restriction fragment length polymorphisms in deoxyribonucleic acid 477. 
(DNA) recovered from dried bloodstains Auth: 
Type: journal article Affl: 
Area: technical or scientific Till: 
Ttl2: Journal Forensic Science Type: 
Date: April 1986 

Area: 
Volm: 31(2) BkAu: 
Pase: 403-408  Ttl2: 

Date: 
Page: 

4. 

Kasai, K.//Mukoyama, H.//Nakamura, Y.//White, R. L.//Sakai, I. 
Affl: Howard Hughes Medlcal Institute Research Laboratories, Salt Lake City, Utah; 
Laboratory of Forensic Serolosy, Tokyo, Japan 

Till: Personal identification for Japanese usins variable number of tandem repeat 
(VNTR) locl 
Type: book chapter 
Area: technical or scientific 
BkAu: Hicks, John W. 

Ttl2: Proceedings of the International Symposium on the Forensic Aspects of DNA 
Analysis 
Date: June 19-23, 1989 
Page: 239 

475. 

Auth: Kasai, K.//Nakamura, Y.//White, R. L. 

Affl: University of Utah, Salt Lake City, UT; Nat'l Research Institute of Police 
Science, Tokyo , Japan 

Ttll: Amplification of VNTR locus by the polymerase chain reaction (PCR) 
Type: book Chapter 
Area: 'technical or scientific 
BkAu: Hicks,: John W. 

Ttl2: Proceedings of the International Symposium of the Forensic Aspects of DHA 
Analysis 
Date: June 19-23, 1989 
Pase: 2 7 9  

476. 

Auth: Kashi, Y./[Tikochlnsky, Y.//Genislav, E.//Iraqi, F.//Nave A.//Beckmann J. 
S.//Gruenbaum~ Y.//Soller, M. 
Affi: Department!~f Genetics, Hebrew University, Jerusalem, Israel 
Ttl!: Large restriction fragments containin S poly-TG are highly polymorphic in a 
variety of vertebrates 
Type~i~ournal article 
Area: technical Or scientific 
Ttl2: NucleiciAc!d s Research 
Date:March 11, 1990 
Volm: 18(5) 
Pare: 1129-1132 

Katzer, Michael 
Albany County District Attorney's Office, Albany, N.Y. 
Review of present cases 
book chapter 
technical or scientific 
Ballantyne, Jack//Sensabaugh, George//Witkowski, Jan 
Eanbury Report 32: DNA Technology and Forensic Science 
1989 
117-126 
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478. 

Auth: Keab[, J . H . / / B r i s o n ,  O.//Le~1, P.//Schenmetzler, C.//Devergie 
A.//Giuckman, E. 
Affl: Laboratorie d'Oncologie Moleculaire, UA 1158 CNRS, Institut Gustave Roussy, 
Villejuif/ France 

Till:Long term study of chimaerism in bone marrow transplantation recipients for 
severe ap!asti c anaemia 
Type:;journal article 
Area: technical or scientific 
Ttl2:British Journal Haematology 
Date: April 1989 
Volm: .71(4) 
Page: !525-533 

J. Kelly, Robert//Bulfield, Grahame//Collick, Andrew//Gibbs, Mark , Alec 

Affl: Departmeht of Genetics, University of Leicester, UK 
Ttll: Characterization of a highly unstable mouse mlnisatellite locus: evidence for 
somatic mutation during early development 
Type: journal article 
Area: technical or scientific 
Ttl2: Genomics 
Date: November 1989 
Volm: 5(4) 
Page: 844-858 

480. 
Auth: 
Affl: 
Till: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

Kearney, James J. 

Section Chief, Forensic Science Research and Training Center, Quantico, VA. 
International seminar on the forensic applications of PCR technology 
journa ! article 
technical or scientific 
Crime Laboratory Digest 
October 1991 
18(4) 
123-124 

479. 484. 
Auth: Kearney, James T. Auth: 

Till: Affl: FBI Laboratory, Quantico, VA. Type: 

Till: Guidelines for a quality assurance program for DNA restriction fragment length Area: 
polymorphism analysis 
Type: journal article Ttl2: 
Area: technical or scientific Date: 
Ttl2: Crime Laboratory Digest Volm: 
Date: April-June 1989 Page: 
Volm: 16(2) 
Page: 40-59 485. 

Auth: 
Till: 
Type: 
Area: 
Ttl2: 
Date: 
Page: 

481. 
Auth: Kearney, James J. 

Affl: Forensic Science Research and Training Section, FBI Academy, Ouantico, VA 
Ttll: Summary of the first meeting of the technical working group of DNA analysis 
methods 
Type: journal article 
Area: technical or scientific 
Ttl2: Crime Laboratory Digest 
Date: 1988 
Volm: 15 
Page: 115 

Kelly, K. F.//Rankln, J. J.//Wink, R. C. 

Method and applications of DNA fingerprinting: a guide for the non-scientist 
journal article 
legal 
Criminal Law Rsview 
Great Britain 
February 1987 
105-110 

482. 
Auth: 
Ttll: 
Type: 
Area: 
Ttl2: 
Plac: 
Date: 
Page: 

Kidd, J. R.//Black, F. L.//Weiss, K. M.//Balazs, I.//Kidd, K. K. 
Studies of three Amerindian populations using nuclear DNA polymorphlsms 
journal article 
technical or scientific 
Human Biology 
December 1991 
63 
775 

King, Julia 

Disorder in the court when science takes the witness stand 
journal article 
technical or scientific 
The Scientist 
October 29, 1990 
15 

486. 
Auth: 
Affl: 
Till: ~ 
Type: 
;Area: 
Ttl2: 
Date: 
Volm: 
Page: 

King, Mary Claire 

School of Public Health, University of California, Berkeley, CA 
Invited editorial: genetic testing of identity and relationship 
journal article 
technical or scientific 
American Journal Human Genetics 
February 1989 
44(2) 
179-181 

487. 
Type: book 
Area: technical or scientific 
BkAu: Kirby, Lorne T. 
Ttl2: DNA Fingerprinting - An Introduction 
Plac: 15 East 26th Street, New York, N.Y. 10010 
Publ: Stockton Press 
Date: 1990 
Volm: ISBN 0-935859-94-2 
Page: vli-xvi, 1-385 
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488. O 
Auth: Kobaya Ryo//Nakasuchi, Hiromitsu//Nakahorl, Yutaka//Nakagome, Yasuo/- 
/Matsuzawa, Shigetaka 

Affl: Juntendo University School of Medicine; National Children's Medical Center, 
Tokyo, Japan 

Ttll: Sex identification in fresh blood and dried bloodstains by a nonisotoplc 
deoxyribonucleic acid (DNA) analyzing technique 
Type: journal article 
Area: fiechnlcal or scientific 
Ttl2: Journal Forensic Science 
Date: May 1988 
Volm: 33(3) 
Page: 613-820 

489. 
Aufih: Kolata, Gina 

Affl: Writer - The New York Times 

Till: Chief says panel backs courts' use of a genetic test - Times account in error 
- Report urges strict standards but no moratorium on DNA fingerprinting for now 
Type: newspaper 
Area: lay press 
Ttl2: The New York Times 
Date: April 15, 1992 
Volm: CXLI(48,937) 
Page: A-l, A15-3 

490. 
Auth: Kolata , Gina 
Affl: Writer - New York Times 

Trill: Chief says panel backs courts' use of a genetic test 
Type: newspaper 
Area: lay press 
Ttl2: The New York Times 
Date: Wednesday, April 15, 1992 
Volm: XCLI(48,937) 
Page: A1, A23 Column 1 

491. 
Auth: Kolata, Gina 
Affl: Writer - New York Times 

Till: Critic of 'Genetic Fingerprint' testing tells of pressure to withdraw paper 
Type: newspaper 
Area: lay press 
Ttl2: The New York Times 
Plac: New York 
Date: December 20, 1991 
Page: C18 

492. 
Auth: Kolata, Gina 
Affl: Writer - New York Times 
Till: DNA Fingerprinting: Built-In Conflict 
Type: newspaper 
Area: lay press 
Ttl2: The New York Times NATIONAL 
Date: Friday, April 17, 1992 
Page: A13 

Kolata, Gina 
Affl: Writer - New York Times 
Ttll: F.B.I. defends genetic tests 
Type: newspaper 
Area: lay press 
Ttl2: The New York Times 
Plac: New York 
Date: December 25, 1991 
Page: A8 

494. 
Auth: Kolata, Gina 

Affl: Writer - The New York Times 

Ttll: Some Scientists doubt the value of genetic fingerprln t evidence 
Type: newspaper 
Area: lay press 
Ttl2: The New York Times 
Plac: New York 
Date: January 29, 1990 
Volm: CXXXIX(48,130) 
Page: A1 

495. 
Auth: Kolata, Gina 
Affl: Writer - New York Times 

Till: U.S. panel seeking restriction on use of DNA in courts - Labs' standards 
faulted - Judges are asked to bar genetic "fingerprint" until basis in science is 
stronger 
Type: newspaper 
Area: lay press 
Ttl2: The New York Times 
Date: Tuesday; April i4, 1992 
Volm: CXLI(48,936) 
Page: A1, C7 Column 1 

496. 

Auth: Konzak, K. C.//Reynolds, R.//von Beroldingen, C.//Buoncristiani, M./- 
/Sensabaugh, G. F. 

Affl: University of California, Berkeley, CA. 
Ttll: Effects 'of DNA 'damage and degradation of RFLP analysis 
Type: book chapter 
Area: technical or Scientific 
BkAu: Hicks, John W. 

Ttl2: Proceedlngsof the International Symposium on the Forensic Aspects of DNA 
Analysis 
Date: June 19-23, 1989 
Page: 255 
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497. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
BkAu: 
Ttl2: 
D a t e :  
Volm: 
Srce: 

ABC News, 47 W. 66 th  St., New York, NY 10023 
DNA fingerprinting 
public transcript 
television 

Report from ABC New Correspondent - John Martin 
Nightline 
Ausust 15, 1988 
Show #2147 

Transcripts: Journal Graphics, Inc. 

498. 

Auth: Koshland Jr., Daniel E. 
Affl: Editor - Science Magazine 
Type: letter to responses 
Area: technical or scientific 
Ttl2: Science 
Date: February 28, 1992 
Volm: 255 
Page: 1052-1053 

49g. 

Auth: Koshland, Jr Daniel E. 
Affl: Editor - S c i e n c e  Magazine 
Till: DNA Fingerprintin8 and Eyewitness Testimony 
Type: journal article 
Area: technical or scientific 
Ttl2: Science 
Date: May I, 1992 
Volm: 256 
Page: 593 

500. 

Auth:  Kovacs, B. W.llShahbahruml, B.llComings, D. E.llJohnson, B. L. 
Affl: City of Hope Medical Center, Duarta, CA., Los Angeles County Sheriff's 
Department, Los Angeles, CA. 

Ttll: Human identification with synthetic olisonucleotlde probes 
Type: book chapter 
Area: technical or scientific 
BkAu: Hicks, John W. 

Ttl2: Proceedings of the International Symposium on the Forensic Aspects of DNA 
Analysis 
Date: June 19-23, 1989 
Pase: 223-224 

501. 

Auth: Kraemer, Paul M.//Ratliff, Robert L.//Bartholdl Marry F.//Brown, Nancy 
C.//Longmire, Jonathan L. 

Affl: Life Sciences Division, Los Alamos Nat'l Lab., Los Alamos, NM 87545 
Ttll: Use of variable number of tandem repeat (VNTR) sequences for monitoring 
chromosomal instability 
Type: journal article 
Area: technical or scientific 
Ttl2: Progress Nucleic Acid Research Molecular Biology 
Date: 1989 
Volm: 36 
Page: 187-204 

Krawczak, Michael//Bockel, Barbara 

Affl: Abteilung Humangenetick, Hannover; Institut fur Humangenetlck Gottinsen, 
Federal Republic of Germany 

Ttll: DNA fingerprinting: a short note on mutation rates 
Type: journal article 
Area: technical or scientific 
Ttl2: Human Genetics 
Date: lg91 
Volm: 87 
Page: 632-633 

503. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

Krawzak, Michael 

Abteilung Humansenetik, Medlzlnlsche Hochschula, Hannover, FRG 
DNA fingerprinting and mutations rates: reply to letter by Ritter 
letter to editor 
technical or scientific 
Human Genetics 
May 1992 
8 9 ( 3 )  
363-364 

504. 
Auth: 
Affl: 
Till: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

Krlss, Jodl//Herrin, George//Forman, Lisa//Cotton, Robin 
Cellmark Diagnostics, Germantown, MD 20876 
Digestion condition s resultlng in altered but site specificity for Hinfl 
journal article 
technical or scientific 
Nucleic AcldsResearch 
June 25, 1990 
18(12) 
3665 

505. 
Auth: Kuhnlein, U.//Zadworny, D.//Dawe, Y . / / Fa i r f u l l ,  R. W.//Gavora, J. S. 
Affl: Department of Animal Science, Maedonald College of McGill University, Ste. 
Anne de Bellevue, Quebec, Canada 

Ttll: Assessment of Inbreedln8 by DNA flngerprintln8 : development of a calibration 
curve using defined strains of chickens 
Type: journal article 
Area: technical or  scientific 
Ttl2: Genetics ~ 
Date: May 1990 
Volm: 125(1) 
Page: 181-165 
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506. 

Auth: Kuhnl llZadworny, D.llGavora, J. S.llFalrfull, R. W. 
Affl: MacDonald Campus of McGill University, Quebec; Animal Research Centre, 
Agriculture Canada, Ottawa, Canada 

Ttll: Identification of markers associated with qUantitative trait loci in chickens 
by DNA fingerprinting 
Type: book chapter 
Area: technical or scientific 
BkAu: Burke, T.//Dolf, G.//Jeffreys, A. J.//Wolff, R. 
Ttl2: DNA Fingerprinting: Approaches and Applications 
Date: 1991 
Page: 274-282 

507. 
Auth: Kwok, S.//Higuchi, R. 
TEll: Avoiding false positives with PCR 
Type: journal article 
Area: technical or scientific 
Ttl2: Nature 

"Date: May 18, 1989 
Volm: 339 
Page: 237-238 

508. 

Auth: Labaton, Stephen 513. 
Till: DNA fingerprintln8 Is facing showdown at Ohio hearln8 Auth: 
Type: journal article 
Area: legal Affl: 

Ttl2: Chicago Daily Law Bulletin serfs 
Plat: Ohio Till: 
Date: June 22, 1980 Type: 
Volm: 136(123) Area: 
Page: 3 (col 2) Ttl2: 

Date: 
509. Volm: 

Page: 
Auth: Lagoda, P. J.//Seltz, G.//Epplen, J. T.//Isslnger, O. G. 
Affl: InstltUt fur Humangenetik, Universltat des Saarlandes, Homburg, Federal 514. 
Republic of Germany Auth: 

Ttll: Increased detectability of somatic changes in the DNA from human tumors after Affl: 
probing with "synthetic" and "genome-derived" hypervariable multilocus probes Ttll: 
Type: journal article 
Area: technical or scientific Type: 
Ttl2: Human Genetics Area: 
Date: December 1989 BkAu: 
Volm: 84(1) Ttl2: 
Page: 35-40 Date: 

Page: 

510. 
Auth: 
Affl: 
setts 
Ttll: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

Lander, Eric S. 515. 
Auth: 

Whitehead Institute for Biomedical Research, Nine Cambridge Center, Massachu- Affl: 
02142 
DNA fingerprinting on trial Ttll: 
journal article Type: 
technical or scientific Area: 
Nature BkAu: 

June 15, 1989 
339(6225) 
501-505 

~h: Lander, Eric S. 

Affl: Whitehead Institut e for Biomedical Research and Harvard University 
Till: Expert's report in People vs Castro 
Type: unpublished document 
Area: technical or scientific 
Case: People vs Castro 
Cort: Washington D.C. 
Date: 1991 
Page: 1-51 

512. 
Auth: Lander, Eric S. 

Affl: Whitehead Institute for Biomedical Research and Department of Biology, 
Massachusetts Institute of Technology, Cambridge, MA. 

Ttll: Invited Editorial: Research on DNA typing catching up with courtroom applica- 
tion 
Type: journal article 
Area: technical or scientific 
Ttl2: American Journal Human Genetics 
Date: 1991 
Volm: 48 
Page: 819-823 

Lander, Eric S. 

Whitehead Institute for Biomedical Research and Dept. of Biology, Massachu- 
Institute of Technology , Cambridge, MA. 
Lander Reply 
letter to editor 
technical or scientific 
American Journal Human Genetics 
1991 
49 
899-903 

Lander, Eric S. 

Whitehead Institute for Biomedical Research, Cambridge, Massachusetts 
Population genetic considerations in the forensic use of DNA typing 
book chapter 
technical or scientific 
Ballantyne, Jack//Sensabaugh, George//Wit~kowski, Jan 
Banbury Report 32: DNA Technology and Forensic Science 
1989 
143-156 

Landers, T. A. 
Life Technologies, Inc, Galthersburg, Maryland 
Strategies for labeling and detection of nucleic acid probes 
book chapter 
technical or scientific 
Hicks, John W. 

Ttl2: Proceedings of the International Symposium on the Forensic Aspects of DNA 
Analysis 
Date: June 19-23, 1989 
Page: 63-75 
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516. 
Auth: 
Affl: 
Till: 
Type: 
Area: 
BkAu: 
Ttl2: 
Date: 
Page: 

r 

Lander~ A. 
L i fe  Technologies  Incorpora ted ,  Gai thersbury ,  Maryland 
Labe l l i ng  and d e t e c t i o n  of  nuc l e i c  ac id  probes 
book c h a p t e r  
t e c h n i c a l  or  s c i e n t i f i c  
Lee, Henry C.//Gaensslen, R. E. 

DNA and Other Polymorphisms in Forensic Science 
1990 
114-134 

517. 

Auth: Lauer, Joyce//Shen, Che Kun James//Maniatls, Tom 
Affl: Div. of Biology, California Institute of Technology, Pasadena, CA. 
Till: The chromosomal arrangement of human a-like globin genes: sequence homology 
and a-globln gene deletions 
Type: journal article 
Area: technical or scientific 
Ttl2: Cell 
Date: May 1980 
Volm: 20 
Page: 119-130 

518. 
Auth: Lawson, Leigh C. 

Till: DNA fingerprinting and its impact upon criminal law 
Type: journal article 
Area: legal 
Tt!2: Mercer Law Review 
Plac: United States 
Date: Summer 1990 
Volm: 41(4) 
Page: 1453-1468 

519. 
Auth: 
Affl: 
Till: 
Type: 
Area: 

Lawton, M. E.//Strlnger, P.//Churton, M. 
Chemistry Division, Auckland, New Zealand 
DNAprofiles from dental pulp 
hook chapter 
technical or scientific 

BkAu: Hicks, John W. 

Ttl2: Proceedings of the International Symposium on the Forensic Aspects of DNA 
Analysis 
Date: June 19-23, 1989 
Page: 217-218 

520. 
Auth: 
Affl: 
Hill, 
Ttll: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

Layton, D. M.//Muftl, G. J .  

Dept. o f  Haematology, King ' s  College School of  Medicine and D e n t i s t r y ,  Denmark 
London, UK 
Human cancer DNA fingerprint analysis 
letter to editor 
technical or scientific 
British Journal Cancer 
September 1987 
56(3) 
381 

Ledwith, B. J //Storer R. D.//Prahalada, S.//Manam, S.//Leand, R.//van 
Zwieten, M. J.//Nichols, W. W.//Bradley, M. O. 
Affl: Merck Sharp and Dohme Research Laboratories, West Point, PA 19486 
Till: DNA fingerprinting of 7,12-dlmethylbenz[a]anthracine-lnduced and spontaneous 
CD-1 mouse liver tumors 
Type: journal article 
Area: technical or scientific 
Ttl2: Cancer Research 
Date: September 1, 1990 
Vohn: 50(17) 
Page: 5245-5249 

522. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

Ledwith, Brian J.//Manam, Sujata//Nichols, Warren W.//Bradley, Matthews O. 
Merck Sharp and Dohme Research Laboratories, West Point, PA 19488 
Preparation of synthetic tandem-repetitive probesfor DNA fingerprinting 
journal article 
technical or scientific 
Biotechniques 
August 1990 
9(2) 
149-152 

523. 
Auth: 
Affl: 
Till: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

Lee, H. C.//Pagliaro, E. M.//Gaensslen, R. E.//Berka, K. M.//et al 
Connecticut State Police, Merlden; Univ. of New Haven, West Haven, Conn. 
DNA analysis in human bone tissue: RFLP typing 
journal article 
technical or scientific 
Journal of Forensic Science Society 
October 1990 
31(2) 
209 

524. 

Auth: Lee, H. C.//Pagliaro, E. M.//Gaensslen, R. E.//Kelth, T.//Rose, S. 
Affl: Connecticut State Poilce Forensic Science Lab.; Univ. of New Haven Forensic 
Sciences Program, Conn.; Collaborative Research, Inc., Bedford, Massachusettsll 
Till: The effect of detergents on DNA in blood and semen 
Type: hook chapter 
Area: technical or scientific 
BkAu: Hicks, John W. 

Ttl2: Proceedings of the International Symposium on the Forensic Aspects of DNA 
Analysis 
Date: June 19-23, 1989 
Page: 269-271 

525. 

Auth: Lee, H.//Ruano, G.//Pagllaro, E.//Berka, K. M.//Gaensslen, R. E. 
Till: DNA analysis in human bone and other speciments of forensic interest: PCR 
typing and testing 
Type: journal article 
Area: technical or scientific 
Ttl2: Journal of Forensic Science Society 
Date: 1991 
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526. 
Type: 
Area: 
BkAu: 
Ttl2: 
Plac: 
Publ: 
Date: 
Volm: 
Page: 

book 
technical or scientific 
Lee, Henry C.//Gaensslen, Robert E. 

Advances in Forensic Science: DNA and Other Polymorphisms in Forensic Science 
United States 
Year Book Medical Publishers, Inc. 
1990 
ISNB 0-8151-5348-1 
vii-xii, 1-278 

527. 

Auth: Lee, Henry C.//Gaensslen, Robert E. 

Affl: Connecticut State Police Forensic Science Laboratory, Meriden, Conn.; 
Univers¢fiy of New Haven Forensic Science Laboratories, West Haven, Conn. 
Ttll: Analysis of human bone DNA by PCR 
Type: Journal article 
Area: technical or scientific 
Ttl2: Crime Laboratory Dlgesfi 
Date: October 1991 
Volm: 18(4) 
Page: 156q159 

528. 
Auth: 
Affl: 
Till: 
Type: 
Area: 
BkAu{ 
Ttl2: 
Date: 
Pa8e: 

Lee, Henry C.//Gaenssien, Robert E. 

Connecticut State Police, Meriden; Univ. of New Haven, West Haven, Conn. 
The need for standardization of DNA analysis methods 
book chapter 
technical or scientific 

Ba!lanfiyne, Jack//Sensabau8h, Georse//Witkowski, Jan 
Banbury Report 32: DNA Technology and Forensic Science 
1989 
217-222 

529. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

Lee, Henry C.//Pagliaro, Elaine M.//Berka, Karen M.//Folk, N. L.//et al. 
Connecticut State Police, Herlden; Univ. of New Haven, West Haven, Conn. 
Genetic markers in human hone: I. deoxyribonucleic acid (DNA) analysis 
journal article 
technical or scientific 
Journal of Forensic Sciences 
March 1991 
36(2) 
320-330 

530. 
Auth: 
Affl: 
Till: 
Type: 
Area: 
Ttl2: 
Date: 
Page: 

Levy, Gabor B.' 

Consulting editor, American Clinical Laboratory 
Castro vs DNA typing 
letter to editor 
technical or scientific 
International Scientific Communications 
May, June 1990 
4, 6 

i. 
pe:  book 

Area: general reference 
BkAu: Lewin, Benjamin 
Ttl2: Genes IV 

Plac: Walton Street, Oxford, OX2 8DP, U.K. 
Publ: Oxford University Press 
Date: 1990 
Volm: ISBN 0-19-854268-2 
Page: i-xxii, 1-857 

532. 
Auth: Lewin, Roger 

Till: DNA fingerprints in health and disease 
Type: journal article 
Area: technical or scientific 
Ttl2: Science 
Date: August I, 1986 
Volm: 233(4763) 
Page: 521-522 

533. 
Auth: Lewin, Roger 
Till: DNA typing on the witness stand 
Type: journal article 
Area: itechnical or scientific 
Ttl2: Science 
Date: June 2, 1989 
Volm: 244 
Page: 1033-1035 

534. 
Auth: Lewin, Roger 
Ttll: DNA typing is called flawed 
Type: journal article 
Area: technical or scientific 
Ttl2: Science 
Date: July 28, 1989 
Volm: 245 
Pa8e: 355 

535. 
Auth: Lewin, Roger 
Ttll: Limits to DNA flngerprintin8 
Type: journal article 
Area: technical or scientific 
Ttl2: Science 
Date: March 24, 1989 
Volm: 243(4898) 
Pa8e: 1549-1551 
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538. 

Auth: Lewis, E.//Kouri, Richard E.//Latorre, David//Berka, Karsn M.//Lee, 
Henry C.//Gasnsslen, Robert E. 

Affl: BIOS Corp., New Haven; University of New Haven, West Haven; Connecticut State 
Police Forensic Science Laboratory, Meriden, CT. 

Till: Restriction fragment length polymorphism DNA analysis by the FBI laboratory 
protocol using a simple, convenient hardward system 
Type: journal article 
Area: technical or scientific 
Ttl2: Journal of Forensic Sciences 
Date: September 1990 
Volm: 35(5) 
Page: 1186-1190 

537. 
Auth: Lewis, Ricki 
Affl: State University of New York at Albany 
Ttll: DNA fingerprints. Witness of the prosecution 
Type: journal article 
Area: technical or scientific 
Ttl2: Discover 
Date: June 1988 
Page: 44-52 

538. 
Auth: 
Affl: 
Till: 
Type: 
Area: 
Ttl2: 
Date: 
Page: 

Lewontln, R. C. 
Harvard University, Cambridge, MA. 
Book reviews - The dream of the human genome 
book review 
technical orscientiflc 
The New York Review 
May 28, 1992 
31-40 

539. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
Cort: 
Page: 

Lewontln, Richard C. 
Harvard School of Public Health 

Population genetic problems in the forensic use of DNA profiles 
unpublished document 
technical or scientific 
Court unknown 
1-27 

540. 
Auth: Lewontin, Richard C.//Hartl, Daniel L. 

Affl: Museum of Comp~arative Zoology at Harvard University; Washington University 
School of Medicine 
Ttll: Population genetics in forensic DNA typing 
Type: journal article 
Area: technical or scientific 
Ttl2: Science 
Date: December 20, 1991 
Volm: 254 
Page: 1745-1750 

Lewontin, Richard C.//Hartl, Daniel 
Affl: Harvard university, Cambridge, FIA.; 
St. Louis, MO. 
Type: letter to editor 
Area: technical or scientific 
Ttl2: Science 
Date: February 28, 1992 
Volm: 255 
Page: 1054-1055 

Washington University School of Medicine, 

542. 
Auth: 
Henry 
Affl: 
Ttll: 
cells 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

Li, Honghua//Gyllensten, Ulf B.//Cui, Xiangfeng//Saiki, Randall K.//Erlich, 
A]//Arnheim, Norman 

University of Southern California, Los Angeles; Cetus Corp., CA 
Amplification and analysis of DNA sequences in single human sperm and diploid 

journal article 
technical or scientific 
Nature 
September 1988 
335(6189) 
414-417 

543. 
Auth: Lieheschuetz, Joe 
Till: Statutory control of DNA fingerprlntin8 in Indiana 
Type: jgurnal article 
Area: legal 
BkAu: Indiana Law Review 
Plac; Indiana 
Date: Winter, f991 
Volm: 25(1) 
Page: 205-233 

544. 
Auth~ 
Affi: 
Ttll: Analysis of mixed human/microblal DNA samples: 
AMP-FLP typing methods 
Type: journal article 
Area: technical or scientific 
Ttl2: BioTechniques 
Date: August 1992 
Volm: 13(2) 
Page: 278-281 

Lienert, Kristin//Fowler, J. Craig S. 
The Flinders University of South Australia , Bedford Park, S. Australia 

A validation study of two PCR 
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545. 
Auth: Linc J.//Phillips, C. P.//Thomson, J. A.//Watts, P. H.//Wood, N. J. 
Affl: London Hospital Medical College, London, England 
Till: The reproducibility of CRI probe L336 for identification and parentage 
analysis 
Type: book chapter 
Area: technical or scientific 

• BkAu: Hicks, John W. 
Ttl2: Proceedings of the International Symposium on the Forensic Aspects of DNA 

'i! Analysis 
:~ Date: Junei19-23 , 1989 

:i' Page: 209-210 

546. 
Auth: Lloyd, Marilyn A.//Fields, Mary J.//Thorgaard, Gary H. 
Affl: Program in Genetics and Cell Biology , Washington State University, Pullman, 
WA. 99164-4350 
Ttll: BKmminisatellite sequences are not sex associated but reveal DNA fingerprint 
polymorphisms in rainbow trout 
Type: journal article 
Area: technical or scientific 
Ttl2: Genome 
Date: October 1989 
Volm: 32(5) 
Page: 865-868 

547. 
Auth: 
Affl: 
Dept .  
Till: 
Type: 
Area: 
Ttl2: 
Date: 
Vohn: 
Page: 

Logtenberg, H.//Bakker, E. 
Dept. of Biological Criminalistics, Neatherlands ForenslcLaboratory; Ryswyk; 
of Human Genetics, University of Leiden 
The DNA fingerprint 
journal article 
technical or scientific 
Endeavour 
1988 
12(1) 
28-33 

548. 
Auth: Long Jr., Robert R. 
Till: The DNA fingerprint: a guide to admissibility 
Type: journal article 
Area: legal 
Ttl2: Army Lawyer 
Plat: United States 
Date: October 1988 
Page: 36-45 

Longmlre, J. L./IAmbrose, R. E.//Brown, N. C.//Cade, T. T. 
L.//Seegar, W. S.//Ward, F. P.//White, C. H. 
Affl: Los Alamos National Laboratory; United States Flsh and Wildlife Service;Boise 
State Unlv; Aberdeen Proving Grounds; Brigham Young Univ. 
Till: Use of sex linked minisatelilte fragments to investigate genetic differentia- 
tion and migration of North American populations of the Peregrine Falcon (Falco 
peregrinus) 
Type: book chapter 
Area: technical or scientific 
BkAu: Burke, T.//Dolf, G.//Jeffreys, A. J.//Wolff, R. 
Ttl2: DNA Fingerprinting: Approaches and Applications 
Date: 1991 
Page: 217-229 

550. 
Auth: Longmlre, Jonathan L.//Kraemer, Paul M.//Brown, Nancy C.//Hardekopf, L. 
Cathy//Deaven, Larry L. 
Affl: Life Sciences Division, Los Alamos National Laboratory, NM 87545 
Ttll: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

551. 
Auth: 
Ttll: 
Type: 
Area: 
Ttl2: 
Plac: 
Date: 
Volm: 
Page: 

552. 
Auth: 
Affl: 
Ttll: 
a c i d  
Type: 
Area: 
Ttl2: 
Date :  
Volm: 
Page: 

A new multi-locus DNA fingerprinting probe: pV47-Z 
journal article 
technical or scientific 
Nucleic Acids Research 
March 25, 1900 
18(6) 
1658 

Longobardi, JoAnnHarie 
DNA fingerprinting and the need for a national data base 
journal article 
legal 
Fordham Urban Law Journal 
United States 
September-October 1989 
17(3) 
323-357 

Ludes, B. P.//Mangin, P. D.//Mallcer, D. J.//Chalumeau, A. N.//Chaumont, A. J. 
Institut de Medecine Legale et de Medecine Sociale, Strashourg, France 
Parentage determination on aborted fetal material through deoxyribonucleic 
(DNA) profiling 
journal article 
technical or scientific 
Journal of Forensic Sciences 
J u l y  1991 
38 
1219-1223 
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553. 
Auth: 
Ttll: 
Type: 
Area: 
Ttl2: 
Plac: 
Date: 
Vohn: 
Page: 

Lygo, 
Sharpening the focus 
journal article 
legal 
New Law Journal 
Great Britain- 
April 5, 1991 
141(6498) 
448(4) 

554. 
Auth: 
AffI: 
Till: 
Type: 
Area: 
BkAu: 
Ttl2: 
Date: 
Page: 

Lynch, M. 

Dept. of Biology, University of Oregon, Eugene, Oregon 79403 
Analysis of population genetic structure by DNA fingerprinting 
hook chapter 
technical or scientific 
Burek, T.//Dolf, G.//Jeffreys, A. J.//Wolff, R. 
DNA Fingerprinting: Approaches and Applications 
1991 
113-126 

555. 
Auth: Lynch, Michael 
Affl: Department of Ecology, Ethology and Evolution, University of Illinois, 
Champaign 61820 
Till: Estimation of relatedness by DNA fingerprinting 
Type: journal article 
Area: technical or scientific 
Ttl2: Molecular Biology Evolution 
Date: September 1988 
Volm: 5(5) 
Page: 584-599 

556. 
Auth: MacDonald, M. E.//Cheng, S. V.//Zimmer, M.//Halnes, J. L.//Poustka, A./- 
/Allltto, B.//Smlth, B.//Whaley, W. L.//Romano, D. M.//Jagadeesh, J.//et al 
Affl: Molecular Neurogenetics Laboratory, Massachusetts General Hospital, Boston 
02114 
Till: Clustering of multlallele DNA markers near the Huntington's disease gene 
Type: journal article 
Area: technical or scientific 
Ttl2:-Journal Clinical Investigation 
Date: September 1989 
Volm: 84(3) 
Page: 1013-1016 

~h: Macedo, A. M.//Medeiros, A. C.//Pena, S. D. 
Affl: Department of Biochemistry, Universidade Federal de Minas Gerais, Belo 
H0rizonte, Brazil 

Ttll: A general method for efficient non-lsotoplc labeling of DNA probes cloned in 
M13 vectors: application to DNA fingerprinting 
Type: journal article 
Area: technical or scientific 
Ttl2: Nucleic Acids Research 
Date: June 12, 1989 
Volm: 17(11) 
Page: 4414 

558. 
Auth: Maher, Fred 
Ttll: DNA fingerprinting approved by court 
Type: journal article 
Area: legal 
Ttl2: Pennsylvania Law Journal-Reporter 
Flac: Pennsylvania 
Date: July 3, 1989 
Vo/m: 12(26) 
Page: 1 (col 3) 

559. 
Auth: Maidment, Susan 
Till: DNA fingerprinting 
Type: journal article 
Area: legal 
Ttl2: New Law Journal 
Plac: Great Britain 
Date: April 11, 1986 
Volm: 13(5249) 
Page: 325(1) 

560. 
Auth: Makeig, John 
Affl: Houston Chronicle, Houston, Texas 
Till: DNA testing clears suspect in rape case 
Type: newspaper 
Area: lay press 
Ttl2: Houston Chronicle 
Plac: Houston, Texas 
Date: October 30, 1991 
Page: 16A 

561. 
Auth: 
Affl: 
Till: 
fetus 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

Mangin, F. D.//Ludes, B. P. 
Institute of Legal Medicine, Strasbourg, France 
A forensic application of DNA typing. Paternity determination in a putrefied 

journal article 
technical or scientific 
American Journal Forensic Medical Pathology 
1991 
12(2) 
181-163 
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562. 
Auth: 
Till: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

583. 

Mangin //Ludas, B.//Lugnier, A.//Cha~aont, A. J. 
Leg empreintes genetiques en madecine legals 
journal article 
technical or scientific 
Journal Med. Leg. Droit. Mad 
1991 
34 
2 

Auth: Markowicz, Karen R.//Tonelli, Lois A.//Anderson, Mariane B.//Green, David 
J.//Herrin, George L.//Cotton, Robin W.//et al 
Till: Use of deoxyribonucleic acid (DNA) fingerprints for identity determination: 
comparison with traditional paternity testing methods (part 2) 
Type: journal article 
Area: legal 
Ttl2: Journal Forensic Sciences 
Plac: United States 
Date: November 1990 
VoW: 35(5) 
Page:  1270-12?6 

564. 
Auth: Marks, Bruce S. 
Till: Dispute resolution in the space age: forensic applications of earth observa- 
tion satellite data throug h adaptation of technical standards similar to DNA 
fingerprinting protocols 
Type: journal article 
Area: legal 
Ttl2: Ohio State Journal of Dispute Resolution 
Plac: United States 
Date: Fall 1989 
Vohn: 5(1) 
Page: 19-73 

Ttll: 
Type: 
Area: 
Ttl2: 
Plac: 
Date :  
Volm: 
Page: 

Mayersak, J. S. 
DNA fingerprinting problems for resolution 
journal article 
legal 
Medical Trail Technique Quarterly 
United States 
Summer 1990 
36(4)  
441-449 

568. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
Ttl2: 
Date: 
Vohn: 
Page: 

McCabe, Edward R. B. 
Baylor College of Medicine, Houston, Tx. 
Applications of DNA fingerprinting in pediatric practice 
~ournal article 
technical or scientific 
The Journal of Pediatrics 
April 1992 
120(4-1) 
499-509 

569. 
Auth: McCabe, Edward R, B.//Huang, Shu Zhen//Settzer, William K.//Law, Martha L. 
Affl: University of Colorado School of Medicine; Shanghai Children's Hospital, 
Peoples Republic of China; Eleanor Roosevelt Inst. for Cancer Research 
Till: DNA microextraction from dried blood spots on filter paper blotters: Potential 
applications to newborn screening 
Type: ~ournal article 
Area: technical or scientific 
Ttl2: Human Genetics 
Date: 1987 
Volm: 75 
Page: 213-216 

570. 
565. Auth: McElfresh, Kevln C. 
Auth: Marx, Jean L. Affl: Forensic and Paternity Laboratories, Lifecodes Corporation, Valhalla, NY 
Till: DNA fingerprinting takes the witness stand Till: DNA fingerprinting 
Type: journal article Type: letter to editor 
Area: technical or scientific Area: technical or scientific 
Ttl2: Science Ttl2: Science 
Date: June 17, 1988 Date: October 13, 1989 
Volm: 240(4859) Volm: 246(4927) 
Page: 1616-1618 Page: 192 

566. 571. 
Auth: May, Celia A.//Wetton, Jon H. Auth: HcGourty, Christine 
Affl: University of Nottingham, Queens Medical Centre, Nottingham, UK Till: Genetlctests made official by OK courts 
Till: DNA fingerprinting by specific priming of concatenated ollgonucleotides Type: Journal article 
Type: journal article Area: technical or scientific 
Area: technical or scientific Tt12: Nature 
Ttl2: Nucleic Acids Research Date: June 8, 1989 
Date: 1991 Volm: 339(8224) 
Volm: 19(16) Page: 408 
Page: 4557 
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572. 
Auth: 
Affl: Writer - Nature Magazine 

Till: New York State leads on genetic fingerprinting 
Type: journal article 
Area: technical or scientific 
Ttl2: Nature 
Date: September 14, 1989 
Volm: 341 
Page: 90 

573. 
Auth: McGourty, Christine 
Ttll: Profiles bank on the way 
Type: journal article 
Area: technical or scientific 
Ttl2: Nature 
Date: June i, 1989 
Volm: 339(6223) 
Page: 327 

574. 
Auth: McMahon, E. J. 
Ttll: Hearing opens on reliability of DNA fingerprinting test 
Type: journal article 
Area: legal 
Ttl2: New York Law Journal 
Plac: New York (State) 
Date: February 24, 1988 
Volm: 199(35) 
Page: 1 (col 3) 

575. 
Auth: McNally, Lorah//Baird, Michael//McElfresh, Kevin//Elsenberg, Arthur//Balazs, 
Ivan 
Affl: Lifecodes Corporation, Valhalla, NY 10595 
Till: Increased migration rate observed in DNA from evidentlary material precludes 
the use of sample mixing to resolve forensic cases of identity 
Type: journal 
Area: technical or scientific 
Ttl2: Applied Theoretical Electrophoresis 
Date: 1990 

576. 
Auth: McNally, Lorah//Shaler, Robert C.I/Balrd, Michael//Balazs, Ivan//Kobilinsky, 
Lawrence//De Forest,, Peter 
Affl: Lifecodes Corporation, Valhalla, NY 
Ttll: The effects of environment and substrata on deoxyribonucleic acid (DNA): the 
use of casework samples for New York City 
Type: journal article 
Area: technical or scientific 
Ttl2: Journal Forensic Science 
Date: September 1989 
Volm: 34(5) 
Page: 1070-1077 

: McNally, Lorah//Shaler, Robert C.//Balrd, Michael Balazs ,. Forest, 
Peter//Kobilinsky, Lawrence 
Affl: Lifecodes Corporation, Valhalla, NY 
Till: Evaluation of deoxyribonucleic acid (DNA) isolated from human bloodstains 
exposed to ultraviolet light, heat, humidity and soll contamination 
Type: journal article 
Area: technical or scientific 
Ttl2: Journal Forensic Science 
Date: Sepember 1989 
Volm: 34(5) 
Page: 1059-1069 

Area: 
Ttl2: 
Plac: 
Date: 
Volm: 
Page: 

579. 
Auth: 

578. 
Auth: Medeiros, Arnaldo C.//Macedo, Andrea H.//Fena, Sergio D. J. 
Affl: Department of Biochemistry and Immunology, Unlversldade Federal de Minas 
Gerais, Belo Horizonte, Brazil 
Till: M13 Bioprints: non-lsotoplc detection of Indlvidual-speciflc human DNA 
fingerprints with biotinylated M13 bacteriophage 
Type: journal article 

technical or scientific 
Forensic Science International 
Brazil 
December 1989 
43(3) 
275-280 

Medeiros, Arnaldo C.//Macedo, Andrea M.//Pena, Serglo D. J. 
Affl: Department of Biochemistry, Unlversldade Federal de Minas Gerals, Belo 
Horlzonte, Brazil 

Ttll: A simple non-isotopic method for DNA fingerprinting with M13 phade 
Type: journal article 
Area:technical or scientific 
Ttl2: Nucleic Acids Research 
Date: November ii, 1988 
Volm: 16(21) 
Page: 10394 

580. 
Auth: Merz, Beverly 
Till: DNA fingerprints come to court 
Type: journal article 
Area: technical or scientific 
Ttl2: Journal American Medical Association 
Date: April 15, 1988 
Volm: 259(15) 
Page: 2193-2194 
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581. 
Auth: Mic phen G. 

Ttll: DNA detectives. Genetic 'fingerprinting' may herald a revolution in law 
enforcement 
Type: newspaper article 
Area: laypress 
Ttl2: New York Times 
Plac: New York 
Date: November 21, 1988 
Volm: Sunday 

582. 
Auth: Michaud, Stephen G. 

Ttll: DNA fingerprints spawn law enforement revolution 
Type: journal article 
Area: legal 
Ttl2: Chicago Daily Law Bulletin 
Plac: United States; Great Britain 
Date: November 10, 1988 
Volm: 134(221) 
Page: 2 ( co l  3) 

583. 

Affl: 
Till: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

587. 
Auth: 
Affl: 
Till: 
Type: 
Area: 
BkAu: 

Monson, Keith L. 

Foresnic Science Research and Training Section, FBI Academy, Quantico, Va 
Semiautomated analysis of DNA autoradiograms 
journal article 
technical or scientific 
Crime Laboratory Digest 
October 1988 
15(4) 
i04-I05 

584. 

Auth: Moenssens , Andre A. 589. 

Affl: Law professor at the University of Richmond, senior co-author of "Scientific Auth: 
Evidence in Crlminal Cases" (3rd ed. 1988). Affl: 
Ttll: DNA evidence and its critics - how valid are the challenges? 

Monson, Keith L.//Budowle, Bruce 

Forensic Science Research and Training Section, FBI Academy, Quantico, VA 
A system for semlautomated analysis of DNA autoradlograms 
book chapter 
technical or scientific 
Hicks, John W. 

Ttl2: Proceedings of an International Symposium on the Forensic Aspects of DNA 
Analysis 
Date: June 19-23, 1989 
Page: 127-132 

Au£h: Min, Gao L.I/Bibbin, Jill/IArthur, Christopher//Apperley, Jane//Jeffreys, 588. 
Alac//Goldman, John Auth: 
Aff!: MRC Leukemia Unit, Royal Postgraduate Medical School, London Affl: 
Till: Use of minisatellite DNA probes for recognition and characterization of City 
relapseafter a~logeneic bone marrow transplantation Till: 
Type: journ~l article phage 
Area: techn{cal or scientific Type: 
Ttl2: Britis h Journal Haematology Area: 
Date: February 1~88 Ttl2: 
Volm: 68(2) Date: 
Page: 195-201 Volm: 

Page: 

Type: 
Area: 
Ttl2: 
Date: 
Page: 

585. 
Auth: 
Affl: 
Till: 
Type: 
Ttl2: 
Plac: 

journal article 
technical or scientific 
Jurimetrics Journal 
Fall, 1990 
IV80-IV101 

Monson, Kelth L. 

Forensic Science Research and Training Section, FBI Academy, Quantico, Va 
The FBI system for semiautomated analysis of DNA autoradiograms 
unpublished document 
Available from the FBI 
Quantico, Va 

Moreno, Ruben F.//Booth, Frank//Thomas, Stanley M.//Tilzer, Lowell L. 
Kansas University Medical Center, Department of Pathology and Oncology, Kansas 

Enchanced conditions for DNA fingerprinting with biotlnylated MI3 bacterio- 

journal article 
technical or scientific 
Journal Forensic Science 
July 1990 
35(4) 
831-837 

Morris, Jeffrey W.//Sanda, A. I.//Glassberg, Jeffrey 
Memorial Medical Center; Rockefeller University; Nucleics Inc. 

Till: Biostatistical evaluation of evidence from continuous allele frequency 
distribution deoxyribonucleic acid (DNA) probes in reference to disputed paternity 
and identity 
Type: journal article 
Area: technical or scientific 
Ttl2: Journal of Forensic Sciences 
Page: 1311-1317 

590. 

Auth: Morton, D. B.//Yaxley, R. E.//Patel, I.//Jeffreys, A. J.//Howea, S. J./- 
/Debenham, P. G. 

Affl: Unit of Biomedical Services, University of Leicester 
Till: Use of DNA fingerprint analysis in identification of the sire 
Type: journal article 
Area: technical or scientific 
Ttl2: Veterinary Record 
Date: December 19-28, 1987 
Vohn: 121(25-26) 
Page: 592-594 
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591. 
Auth: 
Affl: 
T tll: 
Type: 
Area: 
Ttl2: 
Date: 
v~ Im: 
Page: 

592. 
Auth: 
Ttll: 
Type: 
Area: 
Ttl2: 
Piac: 
Date:  
V01m: 
Page: 

593. 
Auth: 
Ttll: 
Type: 
Area: 
Ttl2: 
'Plac: 
Date: 
Volm: 
Page: 

594. 
Auth: 
Affl: 
Till: 
Type: 
Area: 
BkAu: 
Ttl2: 
Date: 
Page: 

Morton E. 
Southampton General Hospital, Southampton, U.K. 
Genetic structure of forensic populations 
journal article 
technical or scientific 
Proceedings National Academy of Science USA 
April 1992 
89 
2558-2580 

Moss, Debra Cassens 
DNA the new fingerprints 
journal article 
legal 
ABA Journal 
United States 
May 1, 1988 
74 
66(5) 

Moss, Debra Cassens 
Free at last 
journal article 
legal 
ABA Journal 
Illinois 
October 1989 
75 
!9(1) 

Motulsky, Arno G. 
Department of Medicine and of Genetics, University of Washington, Seattle, WA. 
Societal problems of forensic use of DNA techology 
book chapter 
technical or scientific 
Ballantyne, Jack//Sensabaugh , Gsorge//Witkowski, Jan 
Banbury Report 32: DNA Technology and Forensic Science 
1989 
3-12 

595. 
Auth: Mouri, Michae~ 
Till: The myth of the DNA fingerprint - is it for real? 
Type: journal article 
Area: legal 
Ttl2: Medical Trial Technique Quarterly 
Plac: United States 
Date: Spring 1991 
Volm: 37(3) 
Page: 337-359 

l: Mudd, James L. 
AffZ: FBI Laboratory, Quantico, VA. 
Ttll: Laboratory safety 
Type: book chapter 
Area: technical or scientific 
BkAu: Hicks, John W. 

Ttl2: Proceedings of the International Symposium on the Forensic Aspects of DNA 
Analysis 
Date: June 19-23, 1989 
Page: 87-91 

597. 
Auth: 
Affl: 
Tt!l: 
Type: 
Area: 
Ttl2: 
Date: 
VoLm: 
Page: 

Mudd, James L.//Presley, Lawrence A. 
Forensic Science Research and Training Section, FBI Academy, Quantico, VA 
Quality control in DNA typing: a proposed protocol 
journal article 
technical or scientific 
Crime Laboratory Digest 
October 1988 
15(4) 
109-113 

598. 
Au£h: Mueller, L. 

Affl: University of California, Department of Ecology and Evolutionary Biology, 
Irvine, CA. 
Ttll: Population genetics of hypervarlable human DNA 
Type: book Chapter 
Area: technical or scientific 
BkAu: Farley, Mark A.//Harrington~ James J. 
Ttl2: Forensic DNA Technology 
Date: 1991" 
Page: 51-62 

599. 

"Auth: Mulhare , Patricla//McQuillen, Eleanore//Colline, Cheryl//Helntz, Nicho- 
las//Howard~ Phillip 

Affl: University of Vermont Collage of Medicine; Vermont Dept. of Health, Burllng- 
ton, Vermon 5 

Till: An unusual case of using DNA polymorphisms to determine partentage of human 
remains 
Type: journal article 
Area: technical or scientific 
Ttl2: American Journal of Forensic Medicine and Pathology 
Date: i991 
Volm: 12(2) 
Page: 157-160 
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600. 
Auth: Mulle Angei//Buchmann, Albrecht//Bauer-Hofmann, Rich- 
ard//Bock, KarlWalter//Schwarz, Michael 
Affl: German Cancer Research Center, Im Neuenhelmer Feld, Heidelberg, Germany 
Till: Detection of genomlc alterations in carclnogen-induced mouse liver tumors by 
DNA fingerprint analysis 
Type: ~ournal article 
Area: technical or scientific 
Ttl2: Molecular Carcinogen 
Date: 1990 
Volm: 3 ( 6 )  
Page:  330-334  

601. 

Auth: Mullis, K.//Faloona, F.//Scharf, S.//Saiki, R.//Horn, G.//Erlich, H. 
Affl: Cetus Corporation, Dept. of Human Genetics, Emeryville, CA. 
Ttll: Specific enzymatic amplification of DNA in vitro: The polymerasa chain 
reaction 
Type: journal article 
Area: technical or scientific 
Ttl2: Cold Spring Harbor Symposia on Quantitative Biology 
Date: i986 
'Volm: L1 
Page: 263-273 

602. 
Auth: Mullis, Kary B.//Erlich, Henry A.//Arnhelm, Norman//Horn, Glenn T.//Salkl, 
Randall K.//Scharf, Stephen J. 
Affl: Cetus Corporation, Emeryville, CA. 
Till: Process for amplifying, detecting and/or cloning nucleic acid sequences 
Type:  
A rea :  
Ttl2: 
Date: 
Volm: 
Page: 

Public document  
technlcalor scientific 
United States Patent 
July 28, 1987 
Patent #4,683,195 
Application #828,144 

603. 
Auth: 
Ttll: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

Nalto, E.//Dewa, K.//Yamanouchi, H.//Mitani, K.//Kominami, R. 
DNA fingerprinting by means of a nonradioactive probe of sulfonated DNA 
journal article 
technical or scientific 
Nippon Hoigaku Zasshi 
June 1989 
43(3) 
243-245 

Nakamura, Y.//Culver, M.//Gill, J.//O'Connell, P.//Leppert, p, G. 
M.//Lalouel, J. M.//White, R. 

Affl: The Howard Hughes Medical Institute, University of Utah Medical School, Salt 
Lake City, UT. 

Ttll: Isolation and mapping of a polymorphic DNA sequence I~MLJI4 on chromosome 14 
[D14S13] 
Type: journal article 
Area: technical or scientific 
Ttl2: Nucleic Acids Research 
Date: January ii, 1988 
Volm: 16(1) 
Page: 381 

605. 

Auth :  Nakamura,  Y . / / G i l l i l a n ,  S . / / O ' C o n n e l l ,  P . / / L e p p e r t ,  M . / / L a t h r o p ,  G. M . / -  
/ L a l o u e l ,  J .  M . / / W h t t e ,  R. 
A f f l :  The Howard Hughes Med ica l  I n s t i t u t e ,  U n i v e r s i t y  o f  Utah  Med ica l  Schoo l ,  S a l t  
Lake C i t y ,  UT 
T t l l :  I s o l a t i o n  and mapping  o f  a po lymorph ic  DNA s e q u e n c e  pYNtt24 on chromosome 2 
(D2S44) 
Type: journal article 
Area: technical or scientific 
Ttl2: Nucleic Acids Research 
Date: December i0, 1987 
Volm: 15(23) 
Page: 10073 

606. 

Auth: Nakamura, Y.llLeppert, M.llO'Connell, P.llWolff, R.llHolm, T.llCulver, 

'i! 

L 

i! I~ lil i: 
' !FI i 

M.//Martin, C.llFujimoto, E.//Hoff, M.//Kumlin, E.//Whtte,  R. 
Affl: Howard Hughes Medical Institute, University of Utah School of Medicine, Salt 
Lake City, Utah 84132 ~ ~I 
Ttll: Variable number of tandem repeat (VNTR) markers for human gene mapping 
Type: ~ournal article 
Area: technical or scientific 
Ttl2: Science 
Date: March 27, 1987 
Volm: 235(4796) 
Page: 1616-1822 

607. 
Auth: 
Affl: 
Salt Lake City, Utah 84132 
Ttll: New approach for isolation of VNTR markers 
Type: journal article 
Area: technical or scientific 
Ttl2: American Journal Human Genetics 
Date: December 1988 
Volm: 43(6) 
Page: 854-859 

, ,p 

! ~ 

I 

I' 

Nakamura, Yusuke//Carlson, Mary//Krapcho, Karen//Kanamori, Masao//White , Ray 
Howard Hughes Medical Institute, University of Utah Health Sciences Center, i 
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608. 

Auth: Nanda, iit//Zischler, Hans//Epplen, Conny//Guttenbach, Martina//Schmid 
Michael 

Affl: University of Wurzburg; Max-Planck-Instltute for Psychiatry, Martinsried, 
Germany 

Till: Chromosomal organization of simple repeated DNA sequences used for DNA 
fingerprinting 
Type: journal chapter 
Area: technical or scientific 
BkAu: Epplen, J. T. 
Ttl2: Electrophoresis 
Date: February 3, 1991 
Volm: 12(2-3) 
Page: 193-203 

609. 
Auth: 
Ttll: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

610. 
Type: 
Area: 
"BkAu: 
Ttl2: 
Plao: 
Publ: 
Date: 
Volm: 
Page: 

611. 

Nata, M.//Yokoi, T.//Aoki, Y.//Sagisaka, K.//Hiraiwa, K.//Takatori, T. 
Paternity test with single locus DNA probes 
journal article 
technical or scientific 
Japan Journal Legal Medicine 
1991 
45 
138 

book 
technical or scientific 
National Research Council 
DNA Technology inForensic Science 
Washington, D. C. 
National Academy Press 
April 16, 1992 
ISBN 0-309-0458Y-8 
i-xiv, $1-$27, 1-1/8-14 

Auth: Neel, James V.//Satoh, Chiyoko//Smouse, Peter//Asakawa, Jun ichi//Takahashl, 
Norio//Gorikl, Kazuaki//Fujita, Miki0//Kageoka , T~eshi//Hazama, Ryuji 
Affl: University of Michigan Medical School, Ann Arbor; Radiation Effects Research 
Foundation, Hiroshima 

Ttll: Protein variants in Hiroshima and Nagasaki: Tale of Two Cities 
Type: journal article 
Area: technical or scientific 
Ttl2: American Journal Human Genetics 
Date: 1988 
Volm: 43 
Page: 870-893 

5h: 
Affl: 
Ttll: 
Type: 
Area: 
BkAu: 
Ttl2: 
Date: 
Page: 

Nelkin, Dorothy 
Department of Sociology, NY University, N.Y., N.Y. 
The social meaning of biological tests 
book chapter 
technical or scientific 

Ballantyne, Jack//Sensabaugh, George//Witkowski, Jan 
Banbury Report 32: DNA Technology and Forensic Science 
1989 
13-23 

613. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
BkAu: 
Ttl2: 
Date: 
Page: 

Neufeld, Peter J. 
56 Thomas Street, N.Y., N.Y. 10013 
Admissibility of new or novel scientific evidence in criminal cases 
book chapter 
technical or scientific 
Ballantyne, Jack//Sensabaugh, George//Witkowskl, Jan 
Banhury Report 32: DNA Technology and Forensic Science 
1989 
73-87 

614. 
Auth: 
Affl: 
Till: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

Neufeld, Peter J.//Colman, Neville 
FordhamUnlversity School of Law; Mount Sinai Medical Center, New York City 
When sciencei' takes the witness stand 
journal article 
technical or scientiflc 
Scientific American 
May 1990 
262(5) 
46-53 

615. 
Auth: Neufeld, Peter J.//Scheck, Barry C. 
Ttll: No: less thanmeets the eye 
Type: journal article 
Area: technical or scientific 
Ttl2: ABA Journal 
Date: September 1990 
Page: 35 

616. 

Auth: Neuweiler, John//Ruvolo, Vivian//Baum, Howard//Grzeschik, Karl Heinz//Balezs, 
Ivan 
Affl: Lifecodes Corporation, Valhalla, NY 10595 
Ttll! Isolation and characterization of a hypervariable region (D4S163) on chromo- 
"some 4 
Type: journal article 
Area: technical or scientific 
Ttl2: Nucleic Acids Research 
Date: February Ii, 1990 
Volm: 18(3) 
Page: 691 
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617. 
Auth: Newma: 

Till: Biotechnology: DNA fingerprints 8o commerical 
Type: journal article 
Area: technical or scientific 
Ttl2: Nature 
Date: May 8-14, 1986 
Volm: 321(6066) 
Page: 104 

Affl: 
Ttll: 
Type: 
Area: 
P l a t :  
Vohn: 

623. 
618. Auth: 
Auth: Newmark, Peter Affl: 
Ttll: Dispute over who should do DNA fingerprinting in murder hunt Ttll: 
Type: journal article Type: 
Area: technical or scientific Area: 
Ttl2: Nature Ttl2: 
Date: Janaury 8-14, 1987 Date: 
Volm: 325(7000) Volm: 
Page: 97 Page:  

619. 624. 
Auth: Newmark, Peter Auth: 
Ttll: DNA fingerprinting at a price ah ICI's UK laboratory Till: 
Type: journal article Type: 
Area: technical or scientific Area: 
Ttl2: Nature Ttl2: 
Date: June 18-24, 1987 Date: 
Volm: 327(6123) Volm: 
Page: 548 Page: 

620. 625. 
Auth: Newmark, Peter Auth: 
Till: DNA fingerprinting to be used for British immigrants? Till: 
Type: journal article Type: 
Area: technical or scientific Area: 
Ttl2: Nature Ttl2: 
Date: FebrUary 18, 1988 Date: 
Volm: 331(6157) Volm: 
Page: 556 Page: 

621. 626. 
Auth: Nichols, Richard A.//Balding, David J. Auth: 
Affl: Queen Mary and Estfield College, University of London, U.K. Till: 
Ttll: Effects of population structure on DNA flngerprint analysis in forensic Type: 
science Area: 
Type: journal article Ttl2: 
Area: technical or scientific Plac: 
Ttl2: Heredity Date: 
Date: 1991 Volm: 
Volm: 66 Page: 
Page: 297-302 

no author given 
National AudioVisual Center 
Focus on DNA Technology 
literature on video tapes 
technical or scientific 
8700 Edgeworth Drive, Capitol Heights, MD 20743 
video tapes 

Noppinger, K.//Duncan, G./IFerraro, D.//Watson, S.llBan, J. 
Broward County Sheriff's Crime Laboratory, DNA Unit, Ft. Lauderdale, FL. 
Evaluation of DNA probe removal from nylon membrane 
journal article 
technical or scientific 
Biotechniques 
October 1992 
13(4) 
572-575 

Norman, Colin 
Caution urged on DNA fingerprinting 
journal article 
technical or scientific 
Science 
August 18, 1989 
245(4919) 
699 

Norman, Colin 
Maine case deals blow to DNA fingerprinting 
journal article 
technical or scientific 
Science 
December 22, 1989 
246(4937) 
1556-1558 

Norman, Jeffrey A. 
DNA fingerprinting: is it ready for trial? 
journal article 
legal 
University of Miami Law Review 
United States 
September 1990 
45(1) 
243-259 
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627. 

Auth: Nurnb //Barth, I.//Fuhrmann, E.//Lenzner, C.//Losanova, T.//Peters, 
C.//Poche, H.//Thiel, G. 

Till: Monitoring genomic alterations with a panel of oligonucleotide probes specific 
for various simple repeat motifs 
Type: journal chapter Ttll: 
Area: technical or scientific Type: 
BkAu: Epplen, J.T. Area: 
Ttl2: Electrophoresis Ttl2: 
Date: February 3, 1991 Date: 
Volm: 12(2-3) Volm: 
Page: 186-192 Page: 

628. 

Auth: Nurnberg, P.//Roewer, L.//Neltzel, H.//Sperllng0 K.//Popperl, A.//Hundrieser, 
J.//Poche, H.//Epplen, C.//Zischler, H.//Epplen, J. T. 
Affl: Institut fur Medizinische Genetik des Bereichs Medizin der Charite, Humboldt 
Universitafi, Berlin, German Democratic Republic 
Ttll: DNA fingerprinting with the oligonucleotlde probe (CAC)5/(GTG)5: somatic 
stability and germline mutations 
Type: journal article 
Area: technical or scientific 
Ttl2: Human Genetics 
Date: December 1989 
Volm: 84(1) 
Page: 75-78 

6 2 9 .  
Auth: NYbom, H. 
Affl: Swedish University of Agricultural Sciences, Fjakestadsvagen, Kristianstad, 
Sweden 
Ttll: Applications of DNA fingerprinting in plant breeding 
Type: book chapter 
Area: technical or scientific 
BkAu: Burke, T.//Dolf, G.//Jeffreys, A. J.//Wolff, R. 
Ttl2: DNA Fingerprinting: Approaches and Applications 
Date: 1991 
Page: 294-311 

630. 
Auth: Odelberg, S. J.//Demers, D. B.//Westin, E. H.//Hossaini, A. A. 
Affl: University of Utah Medical Center, Salt Lake City, Utah 
Ttll: Establishing paternity using minisatellite DNA probes when the putative father 
is unavailable for testing 
Type: journal article 
Area: technical or s$ientific 
Ttl2: Journal of Forensic Sciences 
Date: July 1988 
Volm: 33(4) 
Page: 921-928 

Odelber8, S. J.I/Plaetke, R.//Eldridge, J. Ri//Ballard, I 
P.//Nakamura, Y.//Leppert, M.//Lalouel, J. M.//White, R. 
Affl: Department of Human Genetics, Universityof Utah Medical Center, Salt Lake 
City, 84132 

Characterization of eight VNTR loci by agarose gel electrophoresis 
journal article 
technical or scientific 
Genomics 
November 1989 
5(4) 
915-924 

532. 
Auth: Odelberg, Shannon J.//White, Ray 
Affl: Department of Human Genetics, The University of Utah School of Medicine, Salt 
Lake City, Utah 
Till: Repetitive DNA: molecular structure, polymorphisms and forensic applications 
Type: book chapter 
Area: technical or scientific 
BkAu: Lee, Henry C.//Gaensslen, R. E. 
Ttl2: DNA and Other Polymorphisms in Forensic Science 
Date:  1990 
Page: 28-44 

633. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
BkAu: 
Tt12: 
Date: 
Page: 

Odelber8, Shannon J.//White Ray 
University of Utah Medical Center, Salt Lake City, Utah 
Tandemly repeated DNA and its application in forensic biology 
book chapter 
technical or scientific 
Ballantyne, Jack//Sensabaugh, George//Witkowski, Jan" 
Banbury Report 32: DNA Technology and Forensic Science 
1989 
257-263 

634. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
Plac: 
Publ: 
Date: 
Volm: 

Office of Technology Assessment (OTA) 
U.S. Congress 
Genetic Witness: Forensic Uses of DNA Tests 
Report 
technical or scientific 
U.S. Government Printing Office, Washington~ DC 
OTA Publications Office 
1990 
052 003 01203 1 

635. 
Type: book 
Area: technical or scientific 
BkAu: Office of Technology Assessment, Congress of the United States 
Ttl2: Genetic Witness: Forensic Uses of DNA Tests 
Plac: Washington, D.C. 
Publ: U.S. Government Printing Office 
Date:  J u l y  1990 
Volm: OTA BA 438 
Page: i - v ,  1-178 
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636. 

Auth: Ogata, R.//Schnelder, P. M.//Schacker, U.//Kaufmann, T.//Rlttner 
C. 

Affl: Institute of Legal Medicine, Johannes Gutenberg University, Mainz, Federal 
Republic of Germany 

Ttli: Quantitative and qualitative analysis of DNA extracted from postmortem muscle 
tissues 
Type: journal article 
Area: technical or scientific 
Ttl2: Zeitschrift fur Rechtsmedizin 
Date: 1980 
Volm: 103(6) 
Page: 387-406 

637. 
Auth: Ohno, S.//Yomo, T. 
Ttll: The grammatical rule for all DNA: 
Type: journal chapter 
Area: technical or scientific 
BkAu: Epplen, J. T. 

Ttl2: Electrophoresis 
Date: February 3, 1991 
Volm: 12(2-3) 
Page: 103-108 

junk and coding sequences  

638. 
Aufih: Pakkala, Seppo//Helmlnen, Paivi//Saarinen, Ulla M.//Alitalo, Riitta//Peltonen, 
Leena 
Aff.l: Transplantation Laboratory, University of Helsinki, Finland 
Ttll:~Differences in DNA fingerprints between remission and relapse in childhood 
acute :lymphoblastic leukemia 
Type:~ijournal article 
Area: technical or scientific 
Ttl2: Leukemia Research 
Date: 1988 
Volm: 12(9) 
Page: 757-762 

639. 
Auth: 
Leena 
Affl: 
Ttll: 
phase 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

Pakkala, Seppo//Helminen, Faivi//Ruutu, Tapani//Saarinen, Ulla M.//Feltonen, 

Transplantation Laboratory, University of Helslnkl, Finland 
New molecular marker in AML: DNA fingerprint differences between leukemic 
and remission in acute myelold leukemia 
journal article 
technical or ~cientlflc 
Leukemia Research 
1989 
13(19)  
907-913 

Type: 
Area: 
BkAu: 
Ttl2: 
Date: 
Volm: 
Page: 

Paper Symposium: DNA Fingerprinting 
Journal 
technical or scientific 
Epplen, Jorg T. 
Electrophoresls 
February 3, 1991 
12(2-3) 
103-231 

641. 
Auth: 
Affl: 
Till: 
Type: 
Area: 
BkAu: 

Parkin, B. H. 

Metropolitan Police Forensic Science Laboratory, London, England 
DNA analysis in the metropolitan police forensic science laboratory 
book chapter 
technical or scientific 
Hicks, John W. 

Ttl2: Proceedings of the International Symposium on the Forensic Aspects of DNA 
Analysis 
Date: June 19-23, 1989 
Page: 163-167 

642. 
Auth: Parkin, David T. 
Affl: University of Nottingham, Nottingham, UK 
Till: Teach yourself fingerprinting. "DNA Fingerprinting: An Introduction" 
Type: book review 
Area: technical or scientific 
-Ttl2: Trends in Genetics 
Date: September 1991 
Volm: 7(9)  
Page: 305-306 

643. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

Pascal, O.//Aubert, D.//Gilbert E.//Moisan J.P. 
Ctr Hospital Re8 & Univ. Nantes, Biol Molecular Laboratory, Nantes, FR. 
Sexing of forensic samples using PCR 
journal article 
technical or scientific 
International Journal Legal Medicine 
1991 
104(4) 
250 

644. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

Pascal, O.//Aub?rt, D.//Henderson, R.//Molsan J. P. 
Molecular Biology Library, University Hospital of Nantes, Nantes, France 
Sexing of forensic samples by PCR 
journal article 
technical or scientific 
Crime Laboratory Digest 
October 1991 
18(4) 
177-178 
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645. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

Pas, L.//d'Aloja, E.//Dubosz, M.//Pescarmona, M. 
Universita Cattolica del S. Cuore, Largo, F. Vlto, Roma Italy 
Estimating allele frequencies of hypervarlable DNA systems 
journal article 
technical or scientific 
Forensic Science International 
1991 
51 
273-280 

h: 
C. 
Till: 
Type: 
Area: 
BkAu: 
Ttl2: 
Date: 
Volm: 
Page: 

645. 

Auth: Pascali, V. L.//d'Aloja, E.//Dobosz, M.//Spinella, A.//Quaresima, A. 651. 
Affl: Universita Catolica del S. Cuore; Servizlo di Polizia Sclentiflca, Rome, Italy Type: 
Till: Identification of genomlc digests from several somatic sources by multi-locus Area: 
and locus-specific DNA profiles. A survey of some criminal cases worked out in the BkAu: 
UCSC and SPS Laboratories Ttl2: 
Type: hook chapter Plac: 
Area: technical or scientific Puhl: 
BkAu: Hicks, John W. Date: 
Ttl2: Proceedings of the International Symposium on the Forensic Aspects of DNA Volm: 
Analysis Page: 
Date: June 19-23, 1989 
Page: 215-216 

647. 
Auth: Patton, Stephen M. 
Till: DNA finserprinting 
Type: journal article 
Area: legal 
Ttl2: Harvard Journal of Law & Technology 
Case: People v. Castro 545 
Cort: N.Y.S.2d 985 (App. Div. 1989) 
Plac: New York (State) 
Date: Spring 1990 
Volm: 3 
Page :  223-240  

Pearsall, Anthony 
DNA printing: the unexamined "witness" in criminal trials 
journal article 
legal 
California Law Review 
March I, 1989 
77 
665 

648. 
Auth: 
Till: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

Pemberton, Josephlne//Amos, Bill 

Dept. of Genetics, University of Cambridge, Downing Street, Cambridge, UK. 
DNA fingerprinting: a new dimension 
journal article 
technical or scientific 
Trends In Genetics 
April 1990 
6(4) 
101-103 

649. 
Auth: 
Affl: 
Till: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

Pena, S. D. J.//Macedo, A. M.//Gontijo, N. F.//Medelros, A.M. J.C. 

DNA bioprints: simple nonlsotoplc DNA fingerprints with hiotinylated probes 
journal chapter 
technical or scientific 
Epplen, J. T. 
Electrophoreis 
February 3, 1991 
12(2-3) 
146-152 

journal 
technical or scientific 
Perkin Elmer Cetus 
PCR Bibliography 

761 Main Avenue, Norwalk, CT. 08859-0251 
Perkln Elmer Cetus 
June 1990 
1(5) 
1-128 

652. 
Auth: Peters, C.//Schneider, V.//Epplen, J. T.//Poche, H. 
Affl: insfiitut fur Rechtsmedizin, Freie Unlversitat Berlin, Berlin, Max-Planck-- 
Institut fur Psychiatric, Marfilnsried, Germany 
Till: ;Indlvidual-specific DNA fingerprinting in man using the oligonucleotide probe 
(GTG)5/(CAC)5 
Type: journal article 
Area: technical or scientific 

Ttl2: European Journal of Clinical Chemistry and Clinical Biochemistry 
Date~ May 1991 
Volm: 29(5) 
Page: 321-325 

853. 
Auth: Peterson, Joseph L. 

Affl: Department of Criminal Justice, University of Illinois at Chicago, Chicago, 
IL. 

Ttll: Impact of biological evidence on the ad~udlcatlon of criminal cases: potential 
for DNA technology 
Type: book chapter 
Area: technical or scientific 
BkAu: Ballantyne, Jack//Sensabaugh, George//Wit/~owski, Jan 
Ttl2: Banbury Report 32: DNA Technology and Forensic Science 
Date :  1989 
Page: 55-70 
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654. 
Auth: 
Affl: 
T~ll: 
Type: 
Area: 
Ttl2: 
Date: 
Vohn: 
Page: 

Pet 'Schildkraut, Ira 
New Engl&nd Biolabs, 32 Tozer Road, Beverly, MA.01915 
Altered specificity of restriction endonuclease HinfI 
journal article 
technical or scientific 
Nucleic Acids Research 
1990 
18(12) 
3666 

655. 
Auth: Pefirosinelli, Jospeh G. 

Ttll: The admissibility of DNA typing: a new methodology 
Type: journal article 
Area: legal 
Ttl2: Geo. Law Journal 
Date: December 1990 
Volm: 79 
Page: 313 

656. 
Auth: Petrovich, Stephen C. 
Ttll: DNA typing: e rush to judgment 
Type: journal article 
Area: legal 
Till2: Ga. Law Review 
Date: 1990 
Volm: 24 
Page: 669 

: Proudfoot, Nicholas J.//Gil, Anna//Maniatis, Tom 
Affl: University of Oxford, Oxford, England; Harvard University, Cambridge, Mass. 
Till: The structure of the human zeta-globin gene and a closely linked, nearly 
identical pseudogene 
Type: journal article 
Area: technical or scientific 
Ttl2: Cell 
Date: December 1982 
Vohn: 31(3) 
Page: 553-563 

660. 
Auth: Purcell, W. Anthony 

Ttll: Criminal procedure -- match-game 1990's: the admissibility of DNA profiling 
Type: journal article 
Area: legal 
Ttl2: Campbell Law Review 
Case: State v. Pennington 
Date: Spring 1991 
Volm: 13 
Page: 209 

661. 
Auth: 
Ttll: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 657. 

Auth: Presley, L. A.//Adams, D. E. 
Affl: FBI Laboratory, Washington, D.C. 662. 
Till: Restriction fragment length polymorphism (RFLP) analysis of biological stain Auth: 
mixtures Ttll: 
Type: hook chapter Type: 
Area: technical or scientific Area: 
BkAu: Hicks, John W. Ttl2: 
Ttl2: Proceedings of the International Symposium on the Forensic Aspects of DNA Plac: 
Analysis Date: 
Date: June 19-23, 1989 Volm: 
Page: 219-222 Page: 

658. 
Auth: Prosniak, M. I.//Kartel, N. A.//Perebitiuk, A. N.//Limborskala, S. A.//Ryskov, 
A. P. 

Till: Nonisotope variant of genomic fingerprinting based on the phage MI3 DNA in 
kinship studies in man 
Type: journal article 
Area: technical or scientific 
Ttl2: Genetika 
Date: January 1999 
Volm: 26(1) 
Page: 134-137 

Rand, S.//Wiegnand, P.//Brinkmann, B. 
Problems associated with the DNA analysis of stains 
journal article 
technical or scientific 
International Journal of Legal Medicine 
1991 
104 
293 

Rankin, John J. 
DNA fingerprinting 
journal article 
legal 
Journal of the Law Society of Scotland 
Great Britain 
April 1988 
33(4) 
124-126 

663. 
Auth: Rassman, K.//Schlotterer, C.//Tautz, D. 
Till: Isolation of simple sequence loci for use in polymerase chain reaction based 
DNA fingerprinting 
Type: journal chapter 
Area: technical or scientific 
BkAu: Epplen, J. T. 
Ttl2: Electrophoresis 
Date: February 3, 1991 
Volm: 12(2-3) 
Page: 113-118 
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664. 
Auth: Rath, C.R. 
Affl: National Institute of Medical Health, Washington, D.C. 20032 
Ttll: Mitochondrial DNA and Itsforensic potential 
Type: book chapter 
Area: technical or scientific 
BkAu: Hicks, John W. 

Ttl2: Proceedings of the Internatinal Symposium on the Forensic Aspects of DNA 
Analysis 
Date: June 19-23, 1989 
Page: 113-120 

3. 

~h: Reilly, Philip 

Affl: University Affiliated Program Shriver Center for Mental Retardation, Inc., 
Waltham, Massachusetts 

Till: Reflections on the use of DNA forsensic science and privacy issues 
Type: book chapter 
Area: technical or scientific 

BkAu: Ballantyne, Jack//Sensabaugh, George//Witkowski, Jan 
Ttl2: Banbury Report 32: DNA Technology and Forensic Science 
Date: 1989 
Page: 43-54 

665. 670. 
Auth: Rathbun, Eaxaet A. Auth: 
Affl: National Crime Information Center, FBI, Washington, D.C. Till: 
Till: The NCIC experience Type: 
Type: book chapter Area: 
Area: technical or scientific Ttl2: 
BkAu: Ballantyne, Jack//Sensabaugh, George//Witkowski, Jan Plac: 
Ttl2: Banbury Report 32: DNA Technology and Forensic Science Date: 
Date: 1989 Volm: 
Page: 327-333 Page: 

666. 671. 
Auth: Reed, T. Edward Auth: 
Affl: University of Toronto, Toronto, Canada Affl: 
Ttll: Caucasian genes in American Negroes. Measurement of non-Afrlcan ancestry is Till: 
difficult, but it is worthwhile for several genetic reasons. Type: 
Type: journal article Area: 
Area: technical or scientific BkAu: 
Ttl2: Science 
Volm: 165 
Page: 762-765 

Renskers, Sally E. 

Trial by certainty: implications of genetic "DNA fingerprints*' 
journal article 
legal 
Emory Law Journal 
United States 
Winter 1990 
39(1) 
309-346 

667. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

Reynolds, R.//von Beroldlngen, C.//Sensabaugh, G. F. 
University of California, Berkeley, CA. 
Effects of DNA degradation on amplification by the polymerase chain reaction 
book chapter 
technical or scientific 
Hicks, John W. 

Ttl2: Proceedings of the International Symposium on the Forensic Aspects of DNA 
Analysis 
Date: June 19-23, 1989 
Page: 257 

Reeder, Dennis J.I/Kline, Margaret C. 672. 
National Institute of Standards and Technology, Gaithersburg, MD Auth: 
Questionable use of DNA standards for sizing PCR products in small-format gels Affl: 
journal article Ttll: 
technical or scientific Type: 
Crime Laboratory Digest Area: 
October 1991 Ttl2: 
18(4) Date: 
201 Volm: 

Page: 
668. 
Auth: Reeve, Husdon K.//Westneat, David F.//Noon, William A.//Sherman, Paul 
W.//Aquadro, Charles F. 

Affl: Section of Neurobiology and Behavior, Cornell University, Ithaca, NY 14853 
Till: DNA fingerprinting reveals hlgh levels of inbreeding in colonies of the 
eusoclal naked mole-rat 
Type: journal acticle 
Area: technical or scientific 
Ttl2: Proceedings National Academy of Sciences USA 
Date: April 1990 
Volm: 87(7)  
Page: 2496-2500 

Reynolds, Rebecca 
Cetus Corporation, Emeryville, CA. 
The development of new PCR markers for the analysis of forensic evidence 
journal article 
technical or scientific 
Crime Laboratory Digest 
October 1991 
18(4) 
132-133 

673. 

Auth: Reynolds, Rebecca//Sensahaugh, George//Blake, Edwards 
Affl: School of Public Health, Univ. of Ca., Berkeley, CA.; Forensic Science Assoc. 
Richmond, Ca. 

Ttll: Analysis of genetic markers in forensic DNA samples using the polymerase chain 
reaction 
Type: journal article 
Area: technical or scientific 
Ttl2: Analytical Chemistry 
Date: January 1, 1991 
Volm: 63(1) 
Page: 2-15 
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674. 

Auth: S.//Watkins, S. C.//Hoffman, E. P.//Schneider, N. R.//Milsark, 
W.//Katz, K. S.//Cook, J. D.//Kunkel, L. M.//Cortada, J. M. 
Affl: GeneScreen, Department of Pediatrics, University of Texas Southwestern Medical 
Center, Dallas 75207 

Ttll: Skewed X inactivation in a female MZ twin results in Duchenne muscular 
dystrophy 
Type: journal article 
Area: technical or scientific 
Ttl2: American Journal Human Genetics 
Date: April 1990 
Volm: 46(4) 
Page: 672-681 680. 

Auth: 
675. Affl: 
Auth: Richards, Ronald J. Ttll: 
Ttll: DNA fingerprinting and paternity testing Type: 
Type: journal article Area: 
Area: l e g a l  Ttl2: 
Ttl2: U.C. Davis Law Review Date: 
Plac: United States Volm: 
Date: Winter 1989 Page: 
Volm: 22(2) 
Page: 609-651 

676. 
Auth: Ridge, S. A.//Worwood, M. 

Affl: Dept. of Haematology, Univ. of Wales College of Medicine, Cardiff, UK 
Till: Comments on differences in DNA fingerprints between remission and relapse in 
childhood acute lymphoblastic leukemia 
Type: letter to editor 
Area: technical or scientific 
Ttl2: Leukemia Research 
Date: 1989 
Volm: 13(6) 

Page: 511-512 682. 

Ritter, H. 

Affl: Institut fur Anthropologie und Humangenetik der Universitat, Wilhe/mstrasse 
27, W-7400 Tubinsen, Fed. Republic of Germany 
Ttll: DNA fingerprinting: a further note on mutation rates 
Type: letter to editor 
Area: technical or scientific 
Ttl2: Human Genetics 
Date: May 1992 
Volm: 89(3) 
Page: 363 

Rittner, C.//Prager-Eberle, M.//Schneider, P. H. 
Institute of Legal Medicine, Mainz, Germany 
Application of HLA DQa typing in forensic casework 
journal article 
technical or scientific 
Crime Laboratory Digest 
October 1991 
18(4) 
160-162 

681. 
Auth: Robertson, J.//Ziegle, J.//Krnoick, M.//Madden, D.//Budowle, B. 
Affl: Forensic Science Research and Training Section, FBI Laboratory, Quantlco, Va.; 
Applied Biosystems, Inc., Foster City, CA. 

Ttll: Genetic typing using automated electrophoresis and fluorescence detection 
Type: book chapter 
Area: technical or scientific 
BkAu: Burke, T.//DoZf, G.//Jeffreys, A. J.//Wolff, R. 
Ttl2: DNA Fingerprinting: Approaches and Applications 
Date: 1991 
Page: 391-398 

Auth: Robertson, James M.//Kronick, Mal 
677. Affl: Applied Biosystems , Incorporated, Foster City, CA. 
Auth: Riley, John P. Ttll: Automating DNA fingerprinting - a multifluorophora approach to reduce chance 
Affl: Forensic Science Research and Training Section, FBI Academy, Quantico, VA in match calling 
Till: Radiation aspects of DNA analysis Type: journal article 

Type: journal article Area: technical or scientific 
Area: technical or scientific Ttl2: Crime Laboratory Digest 
Ttl2: Crime Laboratory Digest Date: October 1991 
Date: 1988 Volm: 18(4) 
Volm: 15 (supplement~ Page: 179-182 
Page: 12 

683. 
678. Auth: Roberts, Leslie 
Auth: Risch, Nell J.//Devlin, B. Affl: Writer - Science Magazine 
Affl: Department of Genetics, Yale University, New Haven, CT06510 Ttll: DNA fingerprinting: Academy reports 
Ttll: On the probability of matching DNA fingerprints Type: journal article 

Type: journal article Area: technical or scientific 
Area: technical or scientific Ttl2: Science 

Ttl2: Science Date: April 17, 1992 
Date: February 7, 1992 Volm: 256 
Volm: 255(2) Page: 300-301 
Page: 717-720 
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684. 
Auth: Rob 
Affl: Writer - Science magazine 
Ttll: Fight erupts over DNA fingerprinting 
Type: journal article 
Area: technical or scientific Type: 
Ttl2: Science Area: 
Date: December 20, 1991 Ttl2: 
Volm: 254 Date: 
Page: 1721-1723 Volm: 

685. Page: 

Auth: Roberts, Leslie 
Affl: Writer-Sclence Magazine 
Till: Science in Court: A culture clash 
Type: journal article 
Area: technical or scientific 
Ttl2: Science 
Date: August 7, 1992 
Volm: 257 
Page: 732-736 

686.  
Auth: Roewer, L.//Nurnberg , P.//Fuhrmann, E.//Rose, M.//Prokop, O.//Epplen J.T. 
Affl: Institut fur Gerichtliche Medlzin der Humboldt-Universltat zu Berlin 
Ttll: Stain analysisusing oligonucleotide probes specific for simple repetitive DNA 691. 
sequences Auth; 
Type: journal article Affl: 
Area: technical or scientific Ttlli 
Ttl2: Forensic Science International Type: 
Date: 1990 Area: 
VOlm: 47 BkAu: 
Page: 59-70 Ttl2: 

687. Date: 
Page: 

Auth: Roewer, L.//Rieb, O.//Prokop, O. 
Till: Hybridization and polymerase chain reaction amplification of simple repeated 692. 
DNA sequences for the anlaysls of forensic stains Auth: 
Type: journal chapter Affl: 
Area: technical or scientific Ttll:~ 
BkAu: Epplen, J.T. Type:i 
Ttl2: Electrophoresls Area: 
Date: February 3, 1991 Ttl2: 
Volm: 12(2-3) Date: 
Page: 181-185 Volm: 

Page: 
688.  

Auth: Roewer, L.//Rose, H.//Semm, K.//Corrans, A.//Epplen, J.T. 693. 
Till: Typing of stored, hemolyzed blood samples by DNA fingerprinting Auth: 
Type: journal article Affl: 
Area: technical or scientific Ttll: 
Ttl2: Arch Kriminol Type: 
Date: September-October 1989 Area: 
Volm: 184(3-4) Ttl2: 
Page: 103-107 Page: 

Ronningen, K~ersti S.//Spurkland, Anne//Harkussen, Gunnar//Iwe 
/~artdal, Frode//Thorsby, Erik 

Af£1: Institute of Transplantation Immunology, The National Hospital, Oslo, Norway 
Ttll: Distribution of HLA class II alleles among Norwegian caucasians 

journal article 
technical or scientific 
Human Immunology 
1990 
29 
275-281 

690. 

Auth: Rose, Hichael//Nagai, Tatsuo//Sato, Miwako//Prokop, Eberhard 
Affl: Institute of Forensic Medicine, School of Medicine (Charlte), Humboldt 
University Berlin, German Democratic Republic 
Till: DNA fingerprinting in a random sample of Japanese population with the 
mlnisatellite probe MZ 1.3 
Type: journal article 
Area: technical or scientific 
Ttl2: Experimental and Clinical Immunogenetics 
Date: 1990 
Volm: 7(2) 
Page: 136-140 

Rose, Stanley D.//Keith, Tim P. 
DNA Products and Services; Human Genetics Department, Bedford, Mass. 
Standardizatlon of systems: essential or desirable? 
book chapter 
technical or scientific 
Ballantyne, Jack//Sensabaugh//Wltkowskl, Jan 
Banbury Report 32: DNA Technology and Forensic Science 
1989 
319-326 

Ross, Alasteir M.//Harding, Harry W. J. 
Forensic ScienceCentre, Adelaide, South Australia 
DNA typing end forensic science 
journal artilcle 
technical or scientific 
Forensic Science International 
1989 
41 
197-203 

Rowe, Walter F. 
The George Washington University, Washington, D.C. 
DNA Testing not ready for court?! A tale of two surveys 
letter to editor 
journal article 
Journal of Forensic Sciences 
803-805 

,i 
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694. 
Type: 
Area: 
BkAu: 
Ttl2: 
Plac: 
Publ: 
Date: 
Volm: 

Pase: 

book 
technical or scientific 
Roychoudhury, Arun K.//Nei, Masatoshi 
Human Polymorphlc Genes. World Distribution 
200 Madison Ave., New York, N.Y. 10016 
Oxford University Press 
1988 
ISBN 0-19-505123-8 
i-viii,l-393 

695. 

Auth: Royle, Nicole J.//Clarkson, Richard E.//Wong, Zilla//Jeffreys, Alec J. 
Affl: Department of Genetics, Unlveristy of Leicester, UK 
Till: Clustering of hypervariable minisatellites in the proterminal regions of human 
autosomes 
Type: journal article 
Area: technical or scientific 
Ttl2: Genomics 
Date: November 1988 
Volm: 3(4) 
Page: 352-360 

: Ryskov, A. P.//Gaizov, T. K.//Allmov, A. M.//Romanova, E. A. 
Ttll: Genomic fingerprinting: new possibilities in determining the species identity 
of Brucella 
Type: journal article 
Area: technical or scientific 
Ttl2: Genetika 
Date: January 1990 
Volm: 26(1) 
Page: 130-133 

699. 
Auth: Ryskov, A. P.//Jincharadze, A. G. / /P rosnyak ,  M. I . / / I v a n o v ,  P. L . / -  
ILimborskaya, S. A. 

Affl: Institute of Molecular Biology, USSR Academy of Sciences, Moscow 
Ttll: M13 phage DNA as a universal marker for DNA fingerprinting of animals, plants 
and microorganisms 
Type: journal article 
Area: technical or scientific 
Ttl2: FEBS Letter 
Date: June 20, 1988 
Volm: 233(2) 
Page: 388-392 

696. 
Auth: Ruano, G.//Pagliaro, E, M.//Schwartz, T. R.//Lamy, K.//Messlna, D.//Gaensslen, 
R. E.//Lee, H. C. 
Affl: Conn. State Police Forensic Science Lab.; Yale Univ. School of Med.; Univ. of 
New Haven 

Ttll: Heat-soaked PCR: an efficient method for DNA amplification with applications phage 
to forensic analysis Type: 
Type: journal article Area: 
Area: technical or scientific Ttl2: 
Ttl2:BioTechniques Date: 
Date: August 1992 volm: 
Volm: 13(2) Page: 
Page: 266-274 

697. 
Auth: Ryskov, A. P.//Dzhincharadze, A. G.//Prosnik, M. I.//Ivanov, P. L./- 
/Lomborskaia, S. A. 
Till: Genomic fingerprints of organisms from different taxonomic groups: the use of 
phage M13 DNA as ahybridization probe 
Type: journal article 
Area: technical or scientific 
Ttl2: Genetika 
Date: Fehurary 1988 , 
Volm: 24(2) 
Page: 227-238 

700. 
Auth: Ryskov, A. P.//Tokarshaia, O. N.//Verbovaia, L. V.llDzhincharadze, A. 
G.//Gintsburg, A. L. 
Till: Genomic fingerprinting of microorganisms: its use as a hybridization prob~iof 

M13 DNA 
Journal article 
technical or scientific 
Genetika 
July i988 
24(7) 
13Z0-1313 

701. 

Auth: Saikl, Randall K.//Bugawan , Teodorica L.//Horn, Glenn T.//Mullis, Kary 
B.//Erlich, Henry A. 
Affl: Dept. of Human Genetics, Cetus Corp., Emeryville, CA. 
Ttll: Analysis of enzymatically amplified B-globin and HLA-DQa DNA with a11ele- 
-specific oligonucleotide probes 
Type: journal article 
Area: technical or scientific 
Ttl2: Nature 
Date: November 13, 1986 
Vo]_m: 324 
Pa8e: 163-166 

;[ 

\ 
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~ a l l  
702. 

Auth: Saiki, K.//Gelfand, David H.//Stoffel, Susanne//Scharf, Stephen 
J.//Higuchi, Russell//Horn, Glenn T.//Mullis, Kary B.//Erlich, Henry A. 
Affl: Cetus Corporation, Department of Human Genetics, Emeryville, CA. 94608 
Ttll: Primer-directed enzymatic amplification of DNA with a thermostable DNA 
polymerase 
Type: journal article 
Area: technical or scientific 
Ttl2: Science 
Date: January 29, 1988 
Volm: 239 
Page: 487-491 

703. 
Auth: Sa i k i ,  Randal l  K./ /Walsh, P. Sean//Leveneon, Corey H . / / E r l i c h ,  Henry A. 
Affl: Depart. of Human Genetics and Chemistry, Cetus Corp., Emeryville, CA. 
Till: Genetic analysis of amplified DNA with immobilized sequence specific oligonu- 
cleotide probes 
Type:journal article 
Area: technical of scientific 
Ttl2: Proceedings National Academy Science USA 
Date: August 1989 
V o l m :  86 
Page: 6230-6234 

704. 
Auth: 
AffI: 
Ttll: 
T y p e :  
Area: 
Tt12: 
Date: 
Volm: 
Page: 

Sajantila, A.//Helminen, P.//Syvanen, A. C.//Ehnholm, C.//Peltonen, L. 
National Public Health Institute , Helsinki, Finland 
Forensic applications of DNA amplification (PCR) 
Journal article 
technical or scientific 
Crime Laboratory Digest 
October 1991 
18(4) 
173-176 

705. 
Auth: S a j a n t i l a ,  A. / /Helminen,  P.//Ehnholm, C . / /Pe l tonen ,  L . / /Saukko,  P. / /Pakka la ,  
S. 
Affl: Nat'l Public Health Institute; Univ. of Oulu; Univ. of Helsinkl, Helslnki, 
Finland 

Ttll: Identification of individuals with multi and single locus probes: the effect 
of genetic isolation, autolysis and somatic mutations 
Type: book chapter 
Area: technical or scientific 
BkAu: Hicks, John W., 
Ttl2: Proceedings of the International Symposium on the Forensic Aspects of DNA 
Analysis 
Date: June 19-23, 198g 
Page: 243-246 

~. . ~ia~n// :h: Sajantila , Antti//Budowle, Bruce//Strom, Marjanne//Johnsson, Vi Lukka, 
Matti//Peltonen, Leena//Ehnholm, Christian 
Affi: National Public Health Institute; Dept. of Forensic Medicine, Univ. of 
Helsinki; FBI Academy, ~uantico, VA. 

Ttll: PCR amplification of alleles at the DIS80 locus: Comparison of a Finnish and a 
North American Caucasian Population sample, and forensic casework evaluation 
Type: j du rna l  article 
Area: technical or scientific 
Ttl2: American Journal Human Genetics 
Date: April 1992 
Volm: 50(4) 
Page: 816-825 

707.' 
Auth: Sajantila , Anttl//Makkonen, Kaisa//Ehnholm, Christlan//Peltonen, Leena 
Affl: Department of Forensic Medicine, Helsinki, Finland 
Ttll: DNA profiling in a genetically isolated population using three hypervariable 
DNAmarkers 
Type: journal article 
Area: technical or scientific 
Ttl2: Human Heredity 
Volm: (in press) 

708. i 
Auth: Sajantila, Antti//Strom, Marjanne//Budowle, Bruce//Tienari, P. J!!.//Ehnholm, 
Chrietian//Peltonen,~Leena i 
Affl: National Public Health Institute, Mannerheimintie, Helslnki, Fln!and 1 
TtU: The dlstrlbution of the HLA-DQalpha alleles and genotypes, in theIFlnnish 
population as determined by the use of DNA amplification and. al!ele specific 
oligonucleotides 
Type: journal article 
Area: technical or scientific 
Ttl2: International Journal Legal Medicine 
Date: 1991 
Volm: 104(4) 
Page: 181 

709. 
Auth: Sa j t ,  Fumttaka//Tokugawa , Yoshth i ro/ /Ktmura,  Tadasht//Kamiura , Sho j t / -  
/Nobunaga, Toshikatsu//Azuma, Chlhlro//Tanizawa, Osamu 
Affl: Department of Obstetrics and Gynecology, Osaka University Medical School, 
Fukushlma, Fukushima-ku, Osaka, Japan 

Ttll: A new approach using DNA fingerprinting for the determination of androgenesis 
as a cause of hydatidiform mole 
Type: journal article 
Area: technical or scientific 
Ttl2: Placenta 
Date: July-August 1989 
Volm: 10(4) 
Page: 399-405 

' i  

I I '  i 

i 
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710. 

Auth: Samani J.//Swales, John D.//Jeffreys, Alex J.//Morton, David B./- 
/Naftilan, Alan J.//Lindpaintner, Klaus//Ganten, Detlev//Brammar, W. J. 
Affli: Department of Medicine, University of Leicester, U.K. 
Till: DNA fingerprinting of spontaneously hypertensive and Wistar-Kyoto rats: 
implications for hypertension research 
Type: journal article 
Area: technical or scientific 
Ttl2: Journal Hypertension 
Date: October 1989 
Volm: 7(10) 
Page: 809-816 

711. ~ 

Auth: Schacker, U.//Schneider, P. M.//Holtkamp, B.//Bohnke, E.//Fimmers, R./- 
/Sonneborn, H. H.//Rittner, C. 
Affl: ,Institute of Legal Medicine, Johannes Gutenberg University, Mainz, Federal 
Republ:ic of Germany 
Ttll: ~solation of the DNA minisatellite probe MZ 1.3 and its application to DNA 
fingerprinting analysis 
Type: journal article 
Area: technical or scientific 
Ttl2: Forensic Science International 
Date: Feburary 1990 
Volm: 44(2-3) 
Page: 209-224 

712. 
Auth: 
Affl: 
Till: 
Type: 
Area: 
TtiZi 
Date: 
Volm: 
Page: 

Schafer, Renatel/Zlschler, Hans//Epplen, Jorg T. 
Max-Planck-Institut fur Psychiatrie, Martlnsrled, Federal Republic of Germany 
(CAC)5, a very informative oligonucleotlde probe for DNA fingerprinting 
journal article 
technical or scientific 
Nucleic Acids Research 
June 10, 1988 
16(I !) 
5196 

713. 
Auth: Schafer, Renata//Zischler, Hans//Epplen, Jorg T. 
Affl: Max-Planck-Institute fur Psychiatrie, Martinsried, Federal Republic of Germany 
Ttll: DNA fingerprinting using non-radioactlve oligonucleotide probes specific for 
simple repeats 
Type: journal article 
Area: technical or scientific 
Ttl2: Nucleic Acids ~esearch 
Date: October ii, 1988 
Volm: 16(19) 
Page: 9344 

Affl: 
Till: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

Schafer, Renate/IZischler, Hans//Birsner, Ulil/Becker, Jorg T. 
Max-Plank-Institut fur Psychiatrie, Martlnsrled, Federal Republic of Germany 
Optimized oligonucleotide probes for DNA fingerprinting 
journal article 
technical or scientific 
Electrophoresis 
August  1988 
9(8)  
369-374 

715. 

Auth: Scharf , Stephen J.llHorn, Glenn T.I/Erllch, Henry A. 
Affl: Cetus Corporation, Dept. of Human Genetics, Emeryvllle, CA. 
Till: Direct cloning and sequence analysis of anzymatically amplified 8enomic 
sequences 
Type: journal article • 
Area: technical or scientific 
Ttl2: Science 
Date: September 5, 1986 
Volm: 233 
Page: 1076-1078 

716. 
Auth: 
Affl: 
Type: 
Area: 
Ttl2: 
Plac: 
Publ: 
Date: 
Volm: 
Page: 

Scheck, Barry 
Director, Clinical Education, Benjamin N. Cardozo School of Law 
letter of response 
technical or scientific 
Professional Ethics Report 
1333 H Street, NW, Washington, DC 20005 
American Association for the Advancement of Science 
Spring 1992 
V(2) 
7-8 

717. 
Auth: Schelthauer, R.//Weisser, H. J. 
Ttll: DNA profiling of bloodstains on linen pretreated with remedies used for 
cleaning an d maintaining clothes 
Type: journal article 
Area: technical or scientific 
Ttl2: International Journal L?gal Medicine 
Date: 1991 
Volm: 104 
Page: 273 

718. 
Auth: Schelling, C. P.//Clavadetscher, E.//Scharer, E.//Thomann, P. E.//Kuenzle, C. 
C.//Hubscher, U. 
Affl: University of Zurich, Winterhurerstr, Zurich, Switzerland 
Till: Two dimensional DNA fingerprinting in animals 
Type: book chapter 
Area: technical or scientific 
BkAu: Burke, T.//Dolf, G~//Jeffreys, A. J.//Wolff, R. 
Ttl2: DNA Fingerprinting: Approaches and Applications 
Date: 1991 
Page: 283-293 
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719. 
Auth: 
Affl: 
Ttll: 
Type:  
Area :  
Ttl2: 
Plac: 
Date: 
Page: 

Schme, Harold M. 
New York Times 
DNA evidence faulted in a Bronx murder case 
newspaper 
lay press 
The New York Times 
New York 
May 25, 1989 
14 

720. 

Auth: Schmitter, H.//Herrmann, S.//Pflus0 W. 

Affl: Bundeskrlminalamt; Polizeitechnische Untersuchungsstelle; Landeskriminalamt, 
Federal Republic of Germany 

Ttll: The use of DNA polymorphisms in the police laboratories of the Federal 
Republic of Germany 
Type: book chapter 
Area: technical or scientific 
BkAu: Hicks, John W. 

Ttl2: Proceedings of the International Symposium on the Forensic Aspects of DNA 
Analysis 
Date: June 19-23, 1989 
Page: 169-172 

721. 
Auth: Schneider, P. M.//Fimmers, R.//Woodroffe, S.//Werrett, D. J.//et al. 
Affl: Institut of Legal Medicine, University of Malnz (F.R.G.) 
Ttll: Report of a European collaborative exercise comparing DNA typing results using 
a single locus VNTR probe 
Type: journal article 
Area: technical or scientific 
Ttl2: Forensic Science International 
Date: 1991 
Volm: 49 
Page :  1-15 

722. 

Auth: Schwartz, C. E.//Brown, A. M.//der Kaloustain, V. M.//McGill0 J. J.//Saul, R. 
A. 

Affl: Greenwood Genetic Center, S.C.; Montreal Children's Hospital, Montreal, 
Canada; Royal Children's Hospital, Australia 
Ttll: DNA fingerprinting: the utilization of minlsatellite probes to detect a 
somatic mutation in the Proteus syndrome 
Type: book chapter 
Area: technical or s~ientiflc 
BkAu: Burke, T.//Dolf, G.//Jeffreys, A. J.//Wolff, R. 
Ttl2: DNA Fingerprinting: Approaches and Applications 
Date: 1991 
Page: 95-105 

/ 
Schwartz, Ted R.//Schwartz, ~layne A.//Kobillnsky. Laura//McNal~orah/- 

/Kobilinsky, Lawrence 

Affl: Lifecodes, Corp.; Union County Prosecutor's Office, Westfield,NJ; City 
University of New York, NY 

Ttll: Characterization of deoxyribonucleic acid (DNA) obtained from teeth sub~ected 
to various environmental conditions 
Type: journal article 
Area: technical or scientific 
Ttl2: Journal of Forensic Sciences 
Date: July 1991 
Volm: 36(4) 
Page: 979-990 

724. 
Auth: Sealey, P. G. / /Southern,  E. M. 
Type: book 
Area: general reference 
BkAu: Rickwood, D.//Hames 

Ttl2: Gel Electrophoresis of DNA, In: Gel Electrophor~sis of Nucleic Acids, A 
Practical Approach 
Plac: Washington, D.C. ! 
Publ: IRL Press 
Date: 1987 
Page: 39-76 

i I i~ I 
k II 

725. 

Auth: Sensabaush, G.//Crim, D.//von Beroldingen, C. S: 
Affl: School of. Public Health, Univ. of CA., Berkeley; Oregon State Police Crime 
Detection Laboratory, Portland, Oregon 
Ttll: The polymerase chain reaction: application to the analysis of biological 
evidence 
Type: book chapter 
Area: technical or scientific 
BkAu: Farley, Mark A.//Harrington, James J. 
Ttl2: Forensic DNA Technology 
Date: 1991 
Page: 63-82 

'i: ;ii 
iJl 

726. 
Auth: Sensabaugh, George F. 
Affl: Universityof California, Berkeley, CA. 
Ttll: Consequences of nucleotide mlsincorporation during the polymerase chain 
reaction 
Type: book chapter 
Area: technical or scientific 
BkAu: Hicks, John W. 

Ttl2: Proceedings of the International Symposlum on theForensic Aspects of DNA 
Analysis 
Date: June 19-23, 1989 
Page: 263-264 

I 
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727. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

728. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
Plac: 
Date: 
Page: 

Sensa] 

School of Public Health, University of California, Berkeley, CA. 
Forensic biology - is recombinant DNA technology in its future? 
journal article 
technical or scientific 
Journal Forensic Science 
April 1986 
31(2) 
393-396 

Shaler, Robert C. 

Director of Forensic Training and Technical Support, Lifecodes Corp. 
DNA-Print(fim) identification test 
open letter 
technical or scientific 
Valhalla, NY 
August 21, 1989 
1-23 

729. 
Auth: Shapiro, E. Donald 
Till1: Dangers of DNA: it ain't just fingerprints 
Type: journal article 
Area: legal 
Ttl2: New York Law Journal 
Plac: United States 
Date: January 23, 1990 
Volm: 203(15) 
Page: 1 

730. 
Auth: Shapiro, Martin M. 
Affl: Department of Psychology, Emery University, Atlanta, GA. 
Till: Imprints on DNA fingerprints 
Type: journal article 
Area: technical or scientific 
Ttl2: Nature 
Date: September 12, 1991 
Volm: 353 
Page: 121-122 

Sheridan, K. T.//Cotton, R. W.//Foster, I. M. 
Affl: Cellmark Diagnostics, Germantown, Maryland; Baltimore County Health Depart- 
ment, Towson, Maryland 

Ttll: Effect of Nonoxynol-9 on recovery of DNA from sperm 
Type: book chapter 
Area: technical or scientific 
BkAu: Hicks, John W. 

Ttl2: Proceedings of the International Symposium on the Forensic Aspects of DNA 
Analysis 
Date: June 19-23, 1989 
Page: 235 

733. 
Auth: Sherman, Rorie 

Affl: National Law Journal Staff Reporter 
Ttll: DNA is on trail yet again 
Type: newspaper 
Area: lay press 
Ttl2: The National Law Journal 
Date: March 16, 1992 
Vohr: 14(28) 
Page: 1, 10 

734. 
Auth: 
AffI: 
Ttll: 
Type: 
Area: 
Ttl2: 
Date: 
Page: 

Sherman, Rorie 
Natfonal Law Journal staff reporter 
DNA typing - NAS's final report is released 
JOurnal article 
technical or scientific 
The National Law Journal 
April 27, 1992 
3, 35 

731. 
Auth: Sheard, Brian 
Affl: Metropolitan P@lice, Forensic Science Laboratory, London, UK 
Ttll: DNA profiling and the police 738. 
Type: journal article Auth: Sherman, Retie 
Area: technical or scientific Ttll: Lawyers attacking test's reliability 
Ttl2: Nature Type: journal article 
Date: February 20, 1992 Area: legal 

Volm: 355 Ttl2: Commonwealth Law Bulletlne 
Page: 667 Plac: United States 

Date: July 3, 1989 
Volm: 11(43) 
Page: 14 

735. 
Auth: Sherman, Retie 
Affl: National Law Journal staff reporter 

Ttll: Genetic Testing Critlcized - A draft report says DNA typing testimony should 
not be admitted. 
Type: j~urnal article 
Area: lqgal 
Ttl2: The National Law Journal 
Date: April 20, 1992 
Volm: 14(33) 
Page: i, 45-46 
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737. 
Auth: She~ 
Affl: National Law Journal staff reporter 
Till: Study endorses DNA evidence 
Type: newspaper 
Area: lay press 
Ttl2: The National Law Journal 
Date: August 13, 1990 
Page: 3, 12 

Qh: 

738. 

Auth: Shibata, Darryl//Kurosu, Mitsuyasu//Noguchl, Thomas T. 
Affl: Univ. of Southern California School of Medicine and Los Angeles County; Nippon 
Medical School, Toyoko; 

Ttll: Fixed human tissues: A resource for the identification of individuals 
Type: journal article 
Area: technical or scientific 
Ttl2: Journal of Forensic Sciences 
Date: July 1991 
Volm: 38(4) 
Page: 1204-1212 

739. 

Auth: Shibata, Darryl//Namlki, Thomas//Higuchi, Russell 
Affl: University of Southern California Medical Center, Los Angeles, CA; Cetus 
Corporation, Emeryville, CA 
Till: Identification of a mislabeled fixed specimen by DNA analysis 
Type: journal article 
Area: technical or scientific 
Ttl2: American Journal of Surgical Pathology 
Date: 1990 
Volm: 14(11) 
Page: 1978-1078 

740. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
Ttl2: 
Date: 
Vohn: 
Page: 

Shrlver, Mark D~//Daiger, Stephen P.//Chakraborty, Ranajit//Boerwinkle, Eric 
University of Texas Graduate School of Biomedical Sciences, Houston, Tx. 
Multimodal distribution of length variation in VNTR locl detected using PCR. 
journal article 
technical or scientific 
Proceedings International Seminar on the Forensic App. of PCR Technology 
1992 
18 
144-147 

741. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

Signer, Ester//Kuenzle, Clive C.//Thomann, Peter E.//Hubscher, Ulrich 
Department of Laboratory Animals, Unlverlsty of Zurich-Irchel, Switzerland 
DNA fingerprinting: improved DNA extraction from small blood samples 
journal article 
technical or scientific 
Nucleic Acids Research 
August 11, 1988 
16(15) 
7738 

Affl: 
Ttll: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

Signer, Esther//Kuenzle, Clive C.//Thomann, Peter E.//Hubscher 
Department of Laboratory Animals, University of Zurlch-Irchel, Switzerland 
Modified gel electrophoresis for higher resolution of DNA fingerprints 
journal article 
technical or scientific 
Nucleic Acids Research 
August 11, 1888 
16(15) 
7739 

743. 
Auth: Sinnock, Pomeroy//Sing, Charles F. 

Affl: Univ. Michigan Medical School, Ann Arbor; Univ. of Maine, Orono 
Till: Analysis of multiiocus genetic systems in Tecumseh, Michigan. I. Definition 
of the data set and tests for goodness-of-fit to expectations based on sane, gamete, 
and single locus phenotype frequencies 
Type: journal article 
Area: technical or scientific 
Ttl2: American Journal of Human Genetics 
Date: 1972 
Volm: 24 
Page: 381-382 

744. 
Auth: Slater, Nancy 
Ttll: DNA fingerprinting: Dick Tracy of the '90s 
Type: journal artiicle 
Area: legal 
Ttl2: St. John's Journal of Legal Commentary 
Plac: United States 
Date: Fall 1989 
Volm: 4(2) 
Page: 183-203 

745. 
Auth: Smit, Vincent  T . / / C o r n e l i s s e ,  Cees J . / / d e  Jong, Daphne/fDijkshoorn, Nel 
J.//Peters, Alex A.//Fleuren, Gert J. 
Affl: Department 0fPathology, University of Leiden, The Netherlands 
Ttll: Analysis of tumor heterogeneity in a patient with synchronously occurring 
female genital tract malignancies by DNA flow cytometry, DNA fingerprinting and 
immunohistochemistry 
Type: journal article 
Area: technical or scientific 
Ttl2: Cancer 
Date: September 15, 1988 
Volm: 82(6) 
Page: 1146-1152 
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746. 
Aubh: 
J. 
Affl: 
UK 
Till: 
rates 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

Smith R.//Riley, J.//Jenner, D.//Markham, A. F.//Jeffreys, A. 

ICI Diagnsstics, Gadbrook Park, Rudheath, Northwich; University of Leicester, 

Highly polymorphic minisatellite sequences: allele frequencies and mutation 
for five locus-specific probes in a caucasian population 
journal article 
technical or scientific 
Journal Forensic Science Soc. 
January-February 1990 
30(1) 
19-32 

747. 

Auth: Smith, J. C.//Newton, C. R.//Alves, A.//Anwar, R.//Jenner, D.//Markham, A. F. 
Affl: ICI Diagnostics, Gadbrook Park, Rudheath, Norflhwich, Cheshire, UK 
Ttll: Highly polymorphic minisatellite DNA probes. Further evaluation for individual 
identification and paternity testing. 
Type: journal article 
Area: technical or scientific 
Ttl2: Journal Forensic Science Soc 
Date: January-February 1990 
Volm: 30(1) 
Page: 3-18 

748. 
Auth: Smith, Ted A.//Frasca, Deborah L.//Alevy, Martin C.//Budowle, Bruce 
Affl: West Virginia Dept. of Public Safety, South Charleston, WV; Conn. Dept. of 
Health Services, Hartford, Conn.; FBI Laboratory, Quantico, CA. 
Till: PCR amplification of the VNTR polymorphism located 3' to the human Type II 
collagen gene 
Type: journal article 
Area: technical or scientific 
Ttl2: Crime Laboratory Digest 
Date: October 1991 
Volm: 18(4) 
Page: 203 

749. 
Auth: Southern, E. M. 
Affl: Dept. of Zoology, University of~Edinburgh, Edinburgh, Scotland 
Ttll: Detection of specific sequences among DNA fragments separated by gel electro- 
phoresis 
Type: journal article 
Area: technical or s~cientific 
Ttl2: Journal Molecular Biology 
Date: 1975 
Volm: 98 
Page :  503-517 

Speth, C.//Epplen, J. T.//Oberbaumer, I. 
Ttll: DNA fingerprinting with oligonucleotides can differentiate cell lines derived 
from the same tumor 
Type: journal article 
Area: technical or scientific 
Ttl2: In Vitro Cell Dev. Biol. 
Date: 1991 
Volm: 27A 
Page: 646-650 

751. 
Auth: Stacey, G. N.//Bolton, B. J.//Doyle, A. 

Affl: PHLS Centre for Applied Microbiology and Research, Porton Down, Salisbury, 
Wiltshire, UK 

Ttll: The quality control of cell banks using DNA fingerprinting 
Type: book chapter 
Area: technical or scientific 
BkAu: Burke, T.//Dolf, G.//Jeffreys, A. J.//Wolff, R. 
Ttl2: DNA Fingerprinting: Approaches and Applications 
Date: 1991 
Page: 361-370 

752. 
Auth: Stacey, Glyn N.//Bolton, Bryan J.//Doyle, Alan 
Affl:.Public Health Laboratory Service for Applied Microbiology and Research, 
Division of Biologics, Porton Down, Salisbury, Wiltshire, SP4 0JG, UK 
Till: DNA fingerprinting transforms the art of cell authentication 
Type: product review 
Area: technical or scientific 
Ttl2: Nature 
Date: May 21, 1992 
Volm: 357(6375) 
Page: 261-262 

753. 

Auth: Stacy, John E.//Ims, Roll A.//Stenseth, Nils C.//Jakobsen, I~etill S. 
Affl: University of Oslo, Norway 
Till: Fingerprint of diverse species with DNA probes generated from immobilized 
single-stranded DNA templates 
Type: journal article 
Area: technical or scientific 
Ttl2: Nucleic Acids Research 
Date: 1991 
Volm: 19(14) 
Page: 4004 

754. 
Auth: 
Affl: 
Till: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

Stafford, John H. 
Legal Counsel Division, FBI, Washington, D.C. 
Massachusetts rejects use of population statistics 
journal article 
technical or scientific 
Crime Laboratory Digest 
January 1991 
16(1) 
27-28 

L'i 
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755. 
Auth: Starrs 
Ttll: The forensic scientist and the open mind 
Type: journal article 
Area: technical or scientific 
Ttl2: Journal Forensic Science Society 
Date: 1991 
Volm: 31 
Page: 2 

756. 
Auth: Stenson, Suzanne Hickman 
Till: Admit it! DNA fingerprinting is reliable 
Type: journal article 
Area: legal 
Ttl2: Houston Law Review 
Plac: United States 
Date: July 1989 
Volm: 26(4)  
Page: 877-706 

757. 
Auth: 
Affl: 

Stoney, D. A. 
University of Illinois at Chicago, Chicago, Illinois 

Affl: 
Ttll: 
Type: 
Area: 
BkAu: 
Ttl2: 
Date: 
Page: 

Stuver0 Wiilard C.//Kahn, Roger 
Metro-Dade Police Department, Miami, FL. 
Establishing a DNA testing program in the Metro-Dade County crime laboratory 
book chapter 
technical or scientific 
Ballantyne, Jack//Sensabaugh, George//Witkowskl, Jan 
Banbury Report 32: DNA Technology and Forensic Science 
1989 
223-228 

761. 
Auth: Sullivan, K. H.//Pope, S.//Hopgood, R./IGIll, P. 
Affl: Home Office Forensic Science Service, Central Research and Support Establish- 
ment, Aldermaston, Reading, UK 

Till: The use of fluorescence labelling technology in the forensic analysis of PCR 
products 
Type: ~ournal article 
Area: technical or scientific 
Ttl2: Crime Laboratory Digest 
Date: October 1991 
Volm: 163-165 

762. 
Till: Description and evaluation of quantitative methods used to assess the strength Auth: 
of correspondence between many-banded patterns resulting from DNA typing AffZ: 
Type: book chapter Till: 
Area: technical or scientific Type: 
BkAu: Hicks, John W. Area: 
Ttl2: Proceedings of the International Symposium on the Forensic Aspects of DNA Ttl2: 
Analysis Date: 
Date :  June  19-23, 1989 Volm: 
Page: 253 Page: 

758. 753. 
Auth: Studer, R.//Kammerbauer, C.//Zischler, H.//Hinkkanen, A. Auth: 
Ttll: Highly instable (GATA)n containing sequences of the mouse during the cloning TtZl: 
process Type: 
Type: journal chapter Area: 
Area: technical or scientific Ttl2: 
BkAu: Epplen, J.T. Plac: 
Ttl2: Electrophoresis Date: 
Date: February 3, 1991 Volm: 
Volm: 12(2-3) Page: 
Page: 153-158 

759. 
Auth:  S tuve r ,  W i l l a r d  C . / /Kahn ,  Roger 
A f f l :  Metro-Dade Po l i ce  Department,  Miami, FL. 
T t l l :  DNA a n a l y s i s  i n  the Metro-Dade Po l i ce  Department Crime L a b o r a t o r y  Bureau 
Type: book chap te r  
Area:  t e c h n i c a l  o r  s c i e n t i f i c  
BkAu: Hicks, John W. 
Ttl2: Proceedings of the International Symposium on the Forensic Aspects of DNA 
Analysis 
Date: June 19-23, 1989 
Page: 179-181 

Sullivan, Patrick J. 
Senior Attorney, Asst. Hennepin County Public Defender, Minneapolis, MN. 
DNA fingerprint matches 
letter to editor 
technical or scientific 
Science 
June 26, 1992 
256 
1743-1746 

Sussking, Alanl/Eccles, Frances 
DNA fngerprlnting; implications for civil proceedings 
journal article 
legal 
Journal of the Law Society of Scotland 
Great Britain 
September 1988 
33(9) 
324-325 

764. 
Auth: Swafford, Lori L. 
Ttll: Admissibility of DNA genetic profiling evidence in criminal proceedings: 
case for caution 
Type: journal article 
Area: legal 
Ttl2: Pepperdlne Law Review 
Date: December 1990 
Volm: 18 
Page: 123 

the 
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765. r Q  
AuLh: swarne //Reynolds R.//Sensabaugh, G. F. 
Affl: University of California, Berkeley, CA. 
Ttll i :A comparative study of DNA extracted from seven postmortem tissues 
Type: !book chapter 
Area: technical or scientific 
BkAu: Hicks, John W. 
Ttl2: Proceedings of the International Symposium on the Forensic Aspects of DNA 
Analysis 
Date: June 19-23, 1989 
Page: 261 

766. 
Auth :  
Affl: 
Ttll: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

Affl: 
Tt11: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

Takahashi, H.//Goto, S.//Kobayashi, M.//Takeuchi, S. 
DePartment of Obstetrics and Gynecology, Niigafia University School of Medicine 
A method of differentlafiln8 between monozygofiic and dizygotic twins Till: 
journal article Type: 
technical or scientific Area: 
Nippon Sanka Fujinka Gakkai Zasshl Ttl2: 
December 1989 Date: 
41(12) Volm: 
2005-2009 Page: 

767. 772. 
Auth: Taylor, Charles E. Auth: 
Affl: Professor of Biology, UCLA, Los Angeles, CA. Ttll: 
Ttll: Survey of Population Geneticists Concerning Methods of Calculating Matches in Type: 
Forensic Applications of VNTRLocl Area: 
Area: technical or scientific Ttl2: 
Date: July 9, 1991 Date: 

Volm: 

768~ Page: 
Auth: Taylor, Graham 
Affl: Reg. DNA Laboratory, Leeds General Infirmary, Belmont Grove, Leeds, UK 

Templeton, Joe W. 
Professor of Genetics and Veterinary Pathology, Texas A&MUnlverslty 
Canine DNA fingerprinting: can it identify breeds? 
Journal article 
technical or scientific 
Journal American Veterinary Medical Association 
May 1, 1990 
196(9) 
1357,1359,1365 

771. 
Auth: Thein, S. L.//Jeffreys, A. J.//Gool, H. C.//Cotter, F.//Flint, J.//O'Connor, 
N. T.//Weatherall, D. J.//Wainscoat, J. S. 
AffL: MRC Molecular Haematology Unit, John Radcliffe Hospital, Oxford, UK 

Detection of somatic changes in human cancer DNA by DNA fingerprint analysis 
Journal article 
technical or scientific 
British Journal Cancer 
April 1987 
55(4)  
353-358 

Thein, S. L.//Jeffreys, A. J.//BLacklock, H. A. 
Identification of post transplant cell population by DNA fingerprint analysis 
Journal article 
technical or scientific 
Lancet 
July 5, 1986 
2(8497) 
37 

773. 
Till: DNA fingerprinting Auth: Thein, S. L.//Oscier, D. G.//Jeffreys, A. J.//Hesketh, C.//Pilkington, 
Type: letter to editor S.//Summers, C.//Fitchett, M.//Wainscoat, J. S. 
Area: technical or scientific Affl: Nuffield Department of Clinical Medicine, John Radcliffe Hospital~ Oxford, UK 
Ttl2: Nature Ttll: Detection of chromosomal 7 loss in myelodysplasia using an extremely polymor- 
Date: August 31, 1989 phic DNA probe 
Volm: 340(6236) Type: Journal article 
Page: 672 Area: technical or scientific 

Ttl2: British Journal Cancer 
769. Date: February 1988 
Auth: Taylor, Judge Volm: 57(2) 
Affl: Alabama Court of Criminal Appeals Page: 131-134 
Ttll: Appeal Court ~ecislon 
Type: legal document 774. 
Area: legal Auth: Thompson, Mark 
Case: TJ Yelder vs State of Alabama Ttll: Authorities moving toward use of DNA fingerprinting 
Cort: Alabama Courts of Criminal Appeals Type: journal article 
Date: October 11, 1991 Area: legal 
Page: 1,18-31 Ttl2: Criminal Justice Newsletter 
Srce: Alabama Court of Criminal Appeals, Judicial Department Plac: United States 

Date: February i, 1988 
Volm: 19(3) 
Page: 3-4 
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775. 
Auth: Thom~ 
Till: DNA wins in court; anticipating an age of genetic fingerprinting, police are 
planning their own high-tech labs 
Type: journal article 
Area: legal 
Ttl2: California Lawyer 
Plac: California 
Date: October 1989 
Volm: g(lO) 
Page: 36(1) 

776. 
Auth: Thompson, Mark 
Till: DNA's troubled debut: genetic fingerprinting promises to revolutionize law 
enforcement in California - if the technology can survive its inaugural run 
Type: journal article 
Area: legal 
Ttl2: California Lawyer 
Plac: United States 
Date: June 1988 
Volm: 8(5) 
Page: 36(7) 

777. 
Auth: Thompson, Mark 
Till: The myth of DNA fingerprints: the attorney general changed his mind about 
genetic evidence - just in time for a court challenge (CA.) 
Type: ~ournal article 
Area: legal 
Ttl2: California Lawyer 
Plac: California 
Date: April 1989 
Volm: 9(4) 
Page: 34(2) 

778. 
Auth: Thompson, William C.//Ford, Simon 
Affl: University of California, Irvine 
Till: DNA typing - promising forensic technique needs additional validation 
Type: journal article 
Area: technical or scientific 
Till2: Trial 
Date: September 1988 
Page: 56-6 

779. 
Auth: Thompson, William C.//Ford, Simon 
Till: DNA typing: acceptance and weight of the new genetic identification tests 
Type: journal article 
Area: legal 
Ttl2: Va. Law Review 
Date: February 1989 
Volm: 75 
Page: 45 

Thompson, William//Ford, Simon 
Affl: Program in Social Ecology; Public Policy Research Organization, Univ. of 
California, Irving, California 
Trill: The meaning of a match: sources of ambiguity in the interpretation of DNA 
prints 
Type: hook chapter 
Area: technical or scientific 
BkAu: Farley, Mark A.//Harrington, James J. 
Ttl2: Forensic DNA Technology 
Date: 1991 
Page: 93-152 

781. 
Auth:  
Affl: 
Till: 
Type!: 
Area: 
BkAu: 

Tilzer, L.//Moreno, R.//Booth, F. 
Kansas University Medical Center, Kansas City Police Department, Kansas City 
DNA fingerprinting with M13mp8 RF bacteriophage using nonradioactive methods 
book chapter 
technical or scientific 
Hicks, John W. 

Tt12: Proceedings of the International Symposium on the Forensic Aspects of DNA 
Analysis 
Date: June 19-23, 1989 
Page:229 

782. 
Auth: Tilzer, Lowell L.//M0reno, Ruben F.//Booth, Frank//Wilhur, Stephen//Thomas, 
Stanley M. 
Affl: Department of Pathology and Oncology, Kansas University Medical Center, Kansas 
City, 66103 
Till: DNA fingerprinting with nonradioactive gene probes 
Type: journal article 
Area: teghnical or scientific 
Till2: ClinicalChemistry 
Date: October 1989 
Volm: 35(10) 
Page: 2147 

783. 
Auth: Tonelli, Lois A.//Markowicz, Karen R.//Anderson, Mariane B.//Green, David 
J.//Herrin, George L.//Cotton, Robin W.//et al 
Ttll: Use of deoxyribonucleic acid (DNA) fingerprints for identity determination: 
comparison with traditional paternity testing methods (part 1) 
Type: journal article 
Area: legal 
Ttl2: Journal Forensic Sciences 
Plac: United States 
Date: November 1990 
Volm: 35(6) 
Page: 1265-1269 
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784. 
Auth: Track, K.//Ricciuti, Florence C.//Kidd, Kenneth K. 
Affl: HowardHughes Medical Institute Human Gene Mapping Library; Yale University 
School of Medicine, New Haven, Connecticut 
Ttll: Information of DNA polymorphisms in the human gene mapping library 
Type: book chapter 
Area: technical or scientific 
BkAu: Ballantyne, Jack//Sensabaugh, George//Witkowski, Jan 
Ttl2: Banbury Report 32: DNA Technology and Forensic Science 
Date: 1989 
Page: 335-345 

785. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
BkAu: 
Ttl2: 
Date: 
Page: 

786. 
Auth: 
Ttll: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

787. 
Auth:  

Trainor, George L.//Prober, James M.//Dam, Rudy J. 
E.I. du Pont de Nemours & Co., Inc., Wilmington, Delaware 
Fluorescence detection in nucleic acid analysis 
book chapter 
technical or scientific 
Ballantyne, Jack//Sensabaugh, George//Witkowski, Jan 
Banbury Report 32: DNA Technology and Forensic Science 
1989 
297-304 

Troyer, D.//Howard, D.//Leipold, H. W.//Smith, J. E. 
A human minisatellite sequence reveals DNA polymorphism in the equine species 
journal article 
technical or scientific 
Zentralbl Veterlnarmed 'A: 
February 1989 
36(2) 
81-83 

Turner, Bruce J.//Elder Jr., John F~//Laughlin, Thomas F.//Davis, William P. 
Affl: Department of Biology, Virginia Polytechnic Institute and State University, 
Blacksburg, VA. 24061 
Ttll: Genetic variation in clonal vertebrates detected by simple sequence DNA 
fingerprinting 
Type: journal article 
Area: technical or scientific 
Ttl2: proceedings National Academy Science USA 
Date: August 1990 
Volm: 87(15) 
Page: 5653-5657 

788. 
Auth: Ubell, Earl 
Till: Whodunit? Quick; Check the genes! 
Type: newspaper article 
Area: technical or scientific 
Ttl2: Parade Magazine 
Date: March 31, 1991 
Page: 10-13 

: Uitterlinden, Andre G.//Slagboom, Eline P.//Mullaart, Erick/j 
Ingrid//Vijg, Jan 

Af$1: Medscand Ingeny; TNO Institute for Experimental Gerontology, Rijswijk, The 
Neatherlands 

Till: Genome scanning by two dimensional DNA typing: the use of repetitive DNA 
sequences for rapid mapping of genetic traits 
Type: journal chapter 
Area: technical or scientific 
BkAu: Epplen, J. T. 
Ttl2: Electrophoresis 
Date: February 3, 1991 
Volm: 12(2-3) 
Page: 119-134 

790. 
Auth: Uitterlinden, Andre G.//Slagboom, P. E1aine//Knook, Dick L.//Vljg, Jan 
Affl: Department of Molecular Biology, TNO Institute for Experimental Gerontology, 
Rijswijk, The Netherlands 
Ttll: Two dimensional DNA fingerprinting of human individuals 
Type: journal article 
Area: technical or scientific 
Ttl2: Proceedings Natinal Academy Sciences USA 
Date: April 1989 
Volm: 86(8) 
Page: 2742-2746 

791. 
Auth: 
Affl: 
Ttll: 
phage 
Type: 
Area: 
Ttl2: 
Date: 
Volta: 
Page: 

Upcroft, ~.//Mitchell, R.//Boreham, P. F. 
Queenslan d Institute of Medical Research, Herston, Brisbane, Australia 
DNA fingerprinting of the intestinal parasite Giardia Duodenalis with the M13 
genome 
jourl~al article 
technical or scientific 
International Journal Parasitology 
May 1990 
20(3) 
319-323 

792. 
Auth: van Brunt, Jennifer 
Ttll: Are DNA fingerprints admissible in court? 
Type: journal article 
Area: technical or scientific 
Tt12: Biotechnology 
Date: November 1988 
Page: 1271 
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793. 
Auth: 
Affl: 
Ttll: 
probe 
-size 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

794. 

Van H.//Henke, L.//Fimmers, R.//Henke, J.//de Lange, G. D. 
Central Laboratory of the Netherlands Red Cross Blood Transfusion Service 
Size calculation of restriction enzyme HaeIII-generafied fragments detected by 
YNB24 by comparison of data from two laboratories: the generation of fragment- 
frequencies. 
journal article 
technical or scientific 
Forensic Science International 
January-February 1991 
49(1) 
21-31 

Auth: van Helden, Paul D.//Wild, Ian J.//Albrecht, Carl F.//Theron, Ellze//Thornley, 
Alan L.//Hoal-van Helden, Eileen G. 
Affl: Department of Medical Biochemistry, University of Stellenbosch Medical School, 
Tygerberg , South Africa 
Till: Cross-contamination of human eosophageal squamous carcinoma cell lines 
detected by DNA fingerprint analysis 
Type: journal article 

technical or scientific 
Cancer Research 
October 15, 1988 
48(20) 
5650-5662 

Area: 
Ttl2: 
Date: 
Volm: 
Page: 

795. 
Auth:  Vandenberghe, Antoon//Van Den Broeck, Mar leen / /Peeters ,  Inge 
Affl: Dept. of Biochemistry, University of Antwerp, Antwerp 
Ttll: Paternal Mafiation of YNH24 (D2S44), a probe frequently used in paternity 

testing 
Type: letter to editor 
Area: technical or scientific 
Ttl2: American Journal Human Genetics 
Date: June 1993 
Volm: 52 
Page: 206-207 

Veggeberg, S. 
Ttll: Report validating DNA fingerprint method could hasten growth in biotech - a 
recent document from the NRC is seen as a boost for entrepeneurs whose ventures 
center on the controversial technique 
Type: journal article 
Area: technical or scientific 
Ttl2: Scientist 
Date: 1992 
Volm: 6 
Page: 1 

798. 
Auth: Verbovaya, Lilya V.//Ivanov, Pavel L. 
Affl: U.S.S.R. Academy of Sciences; Russia Soviet Federative Socialist Republic 
Ministry of Health, Moscow, U.S.S.R. 
Ttll: "Sexing" deoxyribonucleic acid (DNA) on DNA fingerprint gel: an internal 
control for DNA fingerprint evidence 
Type: ~ournal article 
Area: technical or scientific 
Ttl2: Journal of Forensic Sciences 
Plac: Soviet Union 
Date: July 1991 
Volm: 36(4) 
Page: 991-998 

799. 
Auth: Vergnaud, G.//Mariat, D.//Zoroastro, M.//Lauthier, V. 
Till: Detection of single and multiple polymorphic loci by synthetic tandem repeats 

of short oligonucleotides 
Type: journal chapter 
Area: technical or scientific 
BkAu: Epplen, J. T. 
Ttl2: Electrophoresis 
Date: February 3, 1991 
Volm: 12(2- 3) 
Page: 134-140 

800. 

796. Type: 
Auth: Vassart, Gilbert//Georges, Michel//Monsieur, Rita//Brocas, Huguetfie//Lequarre, Area: 
Anne S.//Christophe, Daniel BkAu: 
Affl: Institut de Recherche Interdisciplinaire, University Libre de Bruxelles, Ttl2: 
Campu s Erasme Plac: 
Ttll~ A sequence in M13 phage detects hypervariable minisatellites in human and Publ: 
animal DNA Date: 
Type: journal article Volm: 
Area: technical or scientific Page: 
Ttl2: Science 
Date: February 6, 1987 
Volm: 235(4789) 
Page: 883-884 

book 
general reference 
Vogel, Frledrich//Motulsky, Arno G. 
Human Genetics. Second Edition. 
Berlin, Germany 
Springer-Verla8 
1986 
ISBN 3-540-16411-1 
i-xxxiv, l-gO7 

DNA Fingerprinting Bibliography, February 24, 1995 --- Dr. Stephen P. Daiger, Dr. Ranajit Chakraborty, Dr. Eric Boerwinkle --- The Univ. of Texas HSC at Houston --- page 88 



801. 
Auth: yon en, C. H.//Roby, R.//Sensabaugh, G. F.//Walsh, S. 
Affl: University of California, Berkeley, CA.; Dept. of Human Genetics, Cetus Corp., 
Emeryville, CA. 
Ttll: DNA in hair 
Type: book chapter 
Area: technical or scientific 
BI~Au: Hicks, John W. 
Ttl2: Proceedings of the International Symposium on the Forensic Aspects of DNA 

Analysis 
Date: June 19-23, 1989 
Page: 265-265 

Walsh, S.//Hlguchi, R.//Blake, E. 
Affl: Cetus Corporation; Forensic Science Assoc.; California 
Ttll: PCR inhibition and bloodstains 
Type: book chapter 
Area: technical or scientific 
BkAu: Hicks, John W. 
Ttl2: Proceedings of the International Symposium on the Forensic Aspects of DHA 
Analysis 
Date: June 19-23, 1989 
Page: 281-282 

806. 

802. Auth: 
Auth: Wainscoat, J. S.//Pilkington, S.//Peto, T. E. A.//BelI, J. I.//Higgs, D.R. Affl: 
Affl: John Radcliff Hospital, Headington, Oxford, UK; Stanford University School of Japan 
Medicine, Stanford, CA. Till: 
Till: Allele-specific DNA identity patterns Type: 
Type: journal article Area: 
Area: technical or scientific Ttl2: 
Ttl2: Human Genetics Date: 
Date: 1987 Volm: 
Vohn: 75 Page: 
Page: 384-387 

807. 
Auth: 

Walsh, P. Sean//Fildes, Nicola//Loule, Alan S.//Higuchi, Russell Affl: 
Cetus Corporation, Emeryville, CA. Ttll: 
Report of the blind trial of the Cetus AmpliType HLA-DQa forensic deoxyribonu- (DNA) 
acid (DNA) amplification and typing kit Type: 
journal article Area: 
technical or scientific TtI2: 
Journal of Forensic Sciences Date: 
September 1991 Volm: 
36(5) Page: 

1551-1555 

803. 
Auth: 
Affl: 
Ttll: 
cleic 
Type: 
Area: 
Ttl2: 
Date: 
Vohn: 
Page: 

808. 

804. Auth: 
Auth: Walsh, P. Sean//Metzger, David A.//Higucbi, Russell Affl: 
Affl: Cetus Corporation and Illinois State Police Ttll: 
Ttll: Chelex 100 as a medium for simple extraction of DNA for PCR-based typing from Type: 

forensic material Area: 
Type: journal article 
Area: technical or scientific 
Ttl2: BioTechniques 
Date: April 1991 
Volm: 10(4) 
Page: 506-513 

Washio, Keiko//Misawa, Shogo//Ueda, Shintaroh 
Department of Anthropology, Faculty of Science, University of Tokyo, Hongo, 

Probe walking: development of novel probes for DNA fingerprinting 

journal article 
technical or scientific 
Human Genetics 
October 1989 
83(3) 
223-226 

Washio, Keiko//Ueda, Shintaroh//Misawa, Shogo 
University of Tsukuba, Ibarakl; University of Tokyo; Japan 
Effects of cytosin methylation at restriction sites on deoxyribonucleic acid 

typing 
journal article 
technical or scientific 
Journal of Forensic Sciences 
November 1990 
35(6) 
1277-1283 

Waye, J. S.//Sbutler, G. G.//Monteith, N.//Bishop, L.//Fourney, R. M. 
Royal Canadian Mounted Police, Ottawa, Canada 
DNA typing using a panel of VNTRprobes 
book chapter 
technical or scientific 

BkAu: Hicks, John W. 
Ttl2: Proceedings of the International Symposium on the Forensic Aspects of DNA 

Analysis 
Date: June 19-23, 1989 
Page: 241 
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809. 
Auth: Waye, 
Affl: Royal Canadian Mounted Police, Ottawa, Ontario, Canada 
Till: Cloning and recombinant DNA technologies for the development of hybridization 
probes 
Type: book chapter 
Area: technical or scientific 
BkAu: Hicks, John W. 
Ttl2: Proceedings of the International Symposium on the Forensic Aspects of DNA 
An a!ysis 
Date: June 19-23, 1989 
Page:  47-56 

810. 
Auth :  Waye, John S. 
A f f l :  C e n t r a l  F o r e n s i c  L a b o r a t o r y ,  R o y a l  Canad ian  Mounted P o l i c e ,  Ot tawa ,  O n t a r i o ,  
Canada 
T t l l :  D i s c u s s i o n  o f  " R e p e t i t i v e  d e o x y r i b o n u c l e i c  a c i d  and human genome v a r i a t i o n  - a 
c o n c i s e  r e v i e w  r e l e v a n t  t o  f o r e n s i c  b i o l o g y "  
Type:  l e t t e r  t o  e d i t o r  
A r e a :  t e c h n i c a l  o r  s c i e n t i f i c  
T t l 2 :  J o u r n a l  o f  F o r e n s i c  S c i e n c e s  
Date: November 1989 
Volm: 34(6) 
Page: 1296-1299 

811. 
Auth:  
Affl: 

Waye, John S.//Fourney, R. M. 
Royal Canadian Mounted Police, Ottawa, Ontario, Canada 

Ttll~ Agarose gel electrophoresis of linear genomic DNA in the presence of ethidium 
bromide: band shifting and implications for forensic identity testing 
Type: journal article 
Area: technical or scientific 

Applied and Theoretical Electrophoresis 
1980 
1 
193 

Ttl2: 
Date :  
Volm: 

Page: 

812. 
Auth :  
Affl: 

Waye, John S.//Fourney, Ron H. 
Central Forensic Laboratory, Royal Canadian Mounted Police, Ottawa, Ontario 

Ttll: Identification of complex DNA polymorphisms based on variable number of tandem 
repeats (VNTR) and restriction site polymorphism 
Type: journal article 
Area: technical or scientific 
Ttl2: Human Genetics 
Date: Feburary 1990 
Volm: 84(3) 
Page: 223-227 

Waye, John S.//Michaud, Denis//Bowen, John H.//Fourney, Ron M. 
Affl: McMaster University, Hamilton; Central Forensic Lab., Royal Canadian Mounted 
Police, Ottawa, Ontario, Canada 
Till: Sensitive and specific quantification of human genomic deoxyrlbonucleic acid 
(DNA) in forensic science speciments: casework examples 
Type: journal article 
Area: technical or scientific 
Ttl2: Journal of Forensic Sciences 
Date: J u l y  1991 
Volm: 38 
Page: 1198-1203 

814. 
Auth: Waye, John S.//Presley, Lawrence A.//Budowle, Bruce//Shutler, Gary G./- 
/Fourney, Ron M. 
Affl: Central Forensic Laboratory, Royal Canadian Mounted Police 
Till: A simple and sensitive method for quantifying human genomic DNA in forensic 
specimen, extracts 
Type: journal article 
Area: technical or scientific 
Ttl2: BioTechniques 
Date: September 1989 
Volm: 7(8) 
Page:  852-855 

815. 
Auth: Weir, B. S. 
Affl: program in Statistical Genetics, Dept. of Statistics North Carolina State 
University, Raleigh 
Till: Book review ;'DNA on trail: Genetic identification and criminal justice. 
Type: book review ° 
Area: technical=or scientific 
Ttl2: American Journal Human Genetics 
Date: November 1993 
Vohn: 53(5) 
Page: 1158-1160 

816. 
Auth: Weir, B. S. 
Affl: Program in Statistic, Dept. of Statistics, North Carolina State University, 
Raleigh 
iTtll: Independence of VNTR alleles defined as fixed bins 
Type: journal article 
Area: technicallor scientific 
Ttl2: Genetics 
Date: April 1992 
Volm: 130 
Page: 873-887 
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817. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

Weir, 
Dept. of Statistics, North Carolina State University, Raleigh, N.C. 
Independence of VNTR alleles defined as floating bins 
journal article 
technical or scientific 
American Jouran Human Genetics 
November 1992 
51(5) 
992-997 

818. 
Auth: Weir, B. S. 
Affl: Program in Statistical Genetics, Dept. of Statistics, North Carolina State 
University, Raleigh 
Ttll: Independence tests for VNTR alleles defined as quantile bins 
Type: journal article 
Area: technical or scientific 
Ttl2: American Journal Human Genetics 
Date: November 1993 
Volm: 53(5) 
Page: 1107-1113 

819. 
Auth: Weir, B. S.//Evett, I. W. 
Affl: North Carolina University, Raleigh; Home Office Forensic Science Service, 
Aldermaston, Reading, England 
Till: Whose DNA? 
Type: letter to editor 
Area: technical or scientific 
Ttl2: American Journal Human Genetics 
Date: April 1992 
Volm: 50(4) 
Page: 869 

820. 
Auth: 
Affl: 
Till: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

821. 
Auth: 
Affl: 
Type: 
Area: 
Ttl2: 
Plac: 
Publ: 
Date: 

Page: 

Weir, Bruce S, 
Dept. of Statistics, North Carolina State Univ. Raleigh, NC 
Forensic Population Genetics and the Natlon@l Research Council (NRC) 
letter to editor 
technical or scientific 
American Journal Human Genetics 
June 1993 
52 
437-440 

Weir, Bruce S. 
Dept. of Statistics, North Carolina State University, Raleigh, N. C. 

book 
general reference 
Genetic Data Analysis 
Sunderland, Mass. 
Sinauer Associates 
1991 
377 + Xii 

Affl: 
Till: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

Weir, Bruce S. 
Dept. of Statistics, North Carolina State University, Raleigh, N.C. 
Inferences about linkage disequilibrium 
journal article 
technical or scientific 
Biometrics 
March 1979 
35 
235-254 

823. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
Ttl2: 
Date: 
Vohn: 
Page: 

Weir, Bruce S. 
Dept. of Statistics, North Carolina State Univ, Raleigh, NC 
Population genetics in the forensic DNA debate 
journal article 
technical or scientific 
Proceedings National Academy Science USA 
December 1992 
89 
11654-11859 

824. 
Auth: 
Affl: 
Till: 
Type: 
Area: 
Ttl2i 
Date: 
Volm: 
Page: 

Weir, Bruce S. 
Dept. of Statistics, North Carolina State University, Raleigh, NC 
Populationgenefiics in the forensic DNA debate 
journal article 
technical or scientific 
Proceedings National Academy Science USA 
December 1992 
89 
11854-11859 

825. 
Auth: 
Ttll: 
Type: 
Area: 
Case: 
Date: 
Page: 

Weir, Bruce S. 
State of Oregon vs. Herbert Jackson Futch 
unpublished document 
technical or scientific 
State of Oregon vs. Herbert Jackson Futch 
November 7, 1990 
1-7 

826. 
Auth: Weir, Bruce S.//Evett, I. W. 
Affl: Dept. of Statistics, North Carolina State Univ.; Home Office Forensic Science 
Service, Aldermasfion, Reading, England 
Ttll: Reply to Lewonfiin 
Type: letter to editor 
Area: technical or scientific 
Ttl2: American Journal Human Genetics 
Date: June 1993 
Volm: 52 
Page: 206 
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827. 
Auth: ,ermann, B.//Ramser, J.//Kahl, G. 
Till: Plant DNA fingerprinting with radioactive and digoxigenated oligonucleotide 
probes complementary to simple repetitive DNA sequences 
Type: journal chapter 
Area: technical or scientific 
BkAu: Epplen, J. T. 
Ttl2: Electrophoresis 
Date: February 3, 1991 
Volm: 12(2-3) 
Page: 159-168 

828. 
Auth: Weising, K.//Ramser, J.//Kaemmer, D.//Kahl, G.//Epplen, J. T. 
Affl: Johann Wolfgang Goethe-Universitat, Frankfurt; Max-Planck-Institut fur 
Psychiatrie, Martinsried, Germany 
TtU: Oli8onucleotide fingerprinting in plants and fungi 
Type: book chapter 
Area: technical or scientific 
BkAu: Burke, T.//Dolf, G.//Jeffreys, A. J.//Wolff, R. 
Ttl2: DNA Fingerprinting: Approaches and Applications 
Date: 1891 
Page: 312-328 

Q: Wells, Richard A.//Wonke, B.//Thein, Swee Lay 
Affl: MRC Molecular Haematology Unit, University of Oxford, John Radcliffe Hospital, 
Headington, UK 
Till: Prediction of consanguinity using human DNA fingerprints 
Type: journal article 
Area: technical or scientific 
Ttl2: Journal of Medical Genetics 
Date: October 1988 
Volm: 25(10) 
Page: 880-862 

832. 

829. 
Auth: Weitzel, Jeffrey N.//Hows, Jill M.//Jeffreys, Alec J.//Min, Gao L.//Goldman, 
John M. 833. 
Affl: Department of Haematology, HammersmithHospital, London Auth: 
Tflll: Use of a hypervariable minisatellite DNA probe (33.15) for evaluating AffL: 
engraftment two or more years after bone marrow transplantation for aplastic anaemia Ttli: 
Type: journal article ries 
Area: technical or scientific Type: 
Ttl2: British Journal Haematology Areai 
Date: September 1888 BkAu: 
Volm: 70(1) Tti2: 
Page: 81-97 Date: 

Page: 

'8i4.  
Auth: 
AffI: 

830. 
Auth: Wells, Richard A.//Green, Philip//Reeders, Stephen T. 
Affl: MRC Molecular Haematology Unit, University of Oxford, John Radcliffe Hospital, 

Headington, UK 
Till: Simultaneous genetic mapplng of multiple human minisatellite sequences using 

DNA fingerprinting 
Type: journal article 
Area: technical or scientific 
Ttl2: Genomics 
Date: November 1989 
Volm: 5(4) 
Page: 781-772 

Auth: Werrett, D. J.//Gill, P. D.//Evett, I. W.//Lygo, J. E.//Sullivan, K. M./- 
/Buckleton, J. 
Affl: Home Offfice Forensic Science Service, Aldermaston, UK 
Ttll: DNA analysis in home office laboratories: its introduction, immediate future 

and statistical assessment 
Type: book chapter 
Area: technical or scientific 
BkAu: Hicks, John W. 
Ttl2: Proceedings of the International Symposium on the Forensic Aspects of DNA 
Analysis 
Date: June 19-23, 1988 
Page: 147-162 

Werrett, David J.//Lygo, Joan E.//Sutton, John G. 
Home Office Forensic Science Service, Aldermaston, Reading, Berkshire, UK 
The introduction of DNA analysis into home office forensic science laborato- 

in England and Wales 
book chapter 
technical or scientific 
Ballantyne, Jack//Sensabaugh, George//Witkowski, Jan 
Banbury Report 32: DNA Technology and Forensic Science 

1989 
233-241 

Westin, Alan F. 
Columbia University, N.Y., N.Y. 

Ttll: A privacy analysis of the use of DNA techniques as evidence in courtroom 

proceedings 
Type: book chapter 
Area: technical or scientific 
BkAu: Ballantyne, Jack//Sensabaugh, George//Witkowski, Jan 
Ttl2: Banbury Report 32: DNA Technology and Forensic Science 
Date: 1989 
Page: 25-42 
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835. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 

Pa8e: 

F.llNoon, William A.llReeve, Hudson K.//Aquadro, Charles F. 
Section of Genetics and Development, Cornell University, Ithaca, NY 14853 Ttll: 
Improved hybridization conditions for DNA fingerprints probed with MI3 Type: 
journal article Area: 
technical or scientific Ttl2: 
Nucleic Acids Research Plat: 
May II, 1988 Date: 
16(9) Volm: 
4161 Page: 

836. 
Auth: 
Affl: 
Ttll: 
tions 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

841. 
Westwood, Sara A.//Werrett, David J. Auth: 
Home Office Forensic Science Service, Aldermaston, Reading, Berkshire, UK Till: 
An evaluation of the polymerase chain reaction method for forensic applica- Type: 

Area: 
journal article Ttl2: 
technical or scientific Plac: 
Forensic Science International Date: 
1990 Volm: 
45 Page: 
201-215 

837. 
Auth: 
AfrO: 
Ttll: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

842. 
Auth: 

Wetton, Jon H.//Carter, Royston E.//Parkin, David T.//Walters, David Affl: 
Department of Genetics, Medical School, Queen's Medical Centre, Nottingham, UK Cetus 
Demographic study of a wild house sparrow population by DNA fingerprinting Till: 
journal article Type: 
technical or scientific Area: 
Nature Ttl2: 
May 14-20, 1987 Date: 
327(6118) Volm: 
147-149 Page: 

838. 
Auth: White, John J.//Neuwirth, Harry//Miller , C. Dennis//Schneidar, Edward L. 
Affl: Gerontology Research Center, National Institute on Aging, Baltimore, IdD; 
University of California, UCLA School of Medicine, Los An8eles, CA 
Till: DNA alterations in prostatic adenocarcinoma and benign prostatic hyperplasia: 
detection by DNA fingerprint analyses 
Type: journal article 
Area: technical or scientific 
Ttl2: Mutation Research 
Date: January 1990 
Volm: 237(1) 
Page: 37-43 

839. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
BkAu: 

White, R.//Nakamura, Y.//Kasai, K.llOdelber8, S.//Wolff, R. 
University of Utah School of Medicine, Salt Lake City, UT 
DNA markers in forensic applications 
book chapter 
technical or scientific 
Hicks, John W. 

Ttl2: Proceedings of the International Symposium on the Forensic Aspects of DNA 
Analysis 
Date: June 19-23, 1989 
Page: 19-24 

White, Robin M. 
Developments in DNA fingerprinting and the law 
journal article 
legal 
Scolag 
Scot land 
February  1990 
161 
24-27 

White, Robin M.//Greenwood, Jeremy 
DNA fin8erprinting and the law 
journal article 
legal 
Modern Law Review 
Great Britain 
March 1988 
51(2) 
145-155 

White, Thomas J.//Arnheim, Norman//Erlich, Henry A. 
Diagnostic Research, Hoffmann-LaRoche, Inc.; Univ. of Southern California; 
Corporation , Emerville; CA 
The polymerase chain reaction 
journal article 
technical or scientific 
Trends in Genetics 
June 1989 
5(6) 
185-189 

843. 
Auth: Williams, Charles L. 
Till: DNA fingerprinting: a revolutionary technique in forensic science and its 
probable effects on criminal evidentiary law 
Type: journal article 
Area: legal 
Ttl2: Drake Law Review 
Plac: United States 
Date: Fall 1987 
Volm: 37(1) 
Page: 1-32 

844. 
Auth: Wills, Christopher 
Affl: Dept. of Biology, University of California, San Diego, La Jolla, CA. 92093 
Ttll: Forensic DNA typing 
Type: letter to editor 
Area: technical or scientific 
Ttl2: Science 
Date: February 26, 1992 
Volm: 255 
Page: 1050 
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845. 
Auth: John K. 
Affl: Lifecodes Corporation, Saw Mill River Road, Valhalla, N.Y. 
Till: DNA Fingerprinting 
Type: letter to editor 
Area: technical or scientific 
Ttl2: Science 
Date: March Z, 1990 
Volm: 247(4946) 
Page: 1018-1019 

846. Auth: Witkowski, J. A. 
Affl: The Banbury Center, Cold Spring Harbor Laboratory, Cold Spring Harbor, N.Y. 

Milestones in the development of DNA technology 
book chapter 
technical or scientific 
Farley, Mark A.//Harrington, James J. 
Forensic DNA Technology 
1991 
1-23 

Ttll: 
Type: 
Area: 
BkAu: 
Ttl2: 
Date: 
Page: 

867. 
Auth: 
A f f l :  
Tt11: 
Type: 
A/ea: 
Ttl2: 
Date: 
Volm: 
Page: 

848. 
Auth: 
Affl: 

Witkowski, Jan 
Banbury Center, Cold Spring Harbor Laboratory 
Fingerprint of the future? 
journal article 
technical or scientific 
The NEB Transcript 
December 1989 
2(1) 
2-8 

Witt, Michal//Erickson, Robert P. 
University of Michigan Medical School, Ann Arbor, MI. 

T611: Determination of the sex of origin of blood and bloodstains using recombinant 

DNA techniques 
Type: book chapter 
Area: technical or scientific 
BkAu: Lee, Henry C.//Gaensslen, R. E. 
Ttl2: DNA and Other Polymorphisms in Forensic Science 

Date: 1990 
Page: 98-113 

849. 
Auth: Wolfes, Rudiger//Mathe, Judlth//Seitz, Alfred 
Affl: Institut fur Zoologie I, Johannes Gutenberg Universifiafi Mainz, Germany 
Till: Forensics of birds of prey by DNA fingerpritlng with 32F-labeled oligonucleo- 

tide probes 
Type: journal chapter 
Area: technical or scientific 
BkAu: Epplen, J. T. 
Ttl2: Electrophoresis 
Date: February 3, 1991 
Volm: 12(2-3) 
Page: 175-180 

Wolff, R.llNakumura, Y.//Odelberg, S./IShiang, R.llWhite, R. 
Affl: Univ. of Utah Medical Center, Salt Lake Utah; Cancer Institute, Tokyo; 
University of Iowa City; 
Ttll: Generation of variability of VNTR locl in human DNA 
Type: book chapter 
Area: technical or scientific 
BkAu: Burke, T.//Dolf, G.//Jeffreys, A. J.//Wolff, R. 
Ttl2: DNA Fingerprinting: Approaches and Applications 
Date: 1991 
Page: 20-38 

851. 
Auth: Wolff, Roger K.//Nakamura, Yusuke//White, Ray 
Affl: Department of Cellular, Viral and Molecular Biology, University of Utah, Salt 
Lake City, Utah 84132 
Ttll: Molecular characterization of a spontaneously generated new allele at a VNTR 
locus: No exchange of flanking DNA sequence 
Type: journal article 
Area: technical or scientific 
Ttl2: Genomics 
Date: November 1988 
Volm: 3(4) 
Page: 347-351 

852. 
Auth: Wolff, Roger K.//Plaetke, Rosemarie//Jeffreys, Alec J.//White, Ray 
Affl: Department of Cellular, Viral and Molecular Biology, University of Utah, Salt 
Lake~City, Utah 84132 
Ttll: Unequal crossing over'between homologous chromosomes is not the major 
mechanism involved in the generation of new alleles at VNTR loci 
Type: journal article 
Area: technical or scientific 
Ttl2: Genomics 
Date: August 1989 
Volm: 5(2) 
Page: 382-384 

853. 
Auth: 
Affl: 
Ttll: 
human 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

Won8, Zilla//Wilson, Victoria//Patel, I.//Povey, S.//Jeffreys, Alec J. 
Department of Genetics, University of Leicester, UK 
Characterization of a panel of highly variable minisatellites cloned from 

DNA 
journal article 
technical or scientific 
Annals of Human Genetics 
October 1987 
51 (Ft 4) 
269-288 
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854. 
Auth: Wong, Victoria//Jeffreys, Aiec J.//Thein, Swee Lay 
Affl: Department of Genetics, University of Leicester, UK 
Till: Cloning a selected fragment from a human DNA fingerprint: isolation of an 
extremely polymorphic minisatellite 
Type: journal article 
Area: technical or scientific 
Ttl2: Nucleic Acids Research 
Date: June Ii, 1986 
Volm: 14(11) 
Page: 4605-4618 

855. 
Auth: Wood, N. A. P.//Clay, T. M.//Didwell, J. L. 
Till: HLA-DR/Dw matching by PCR fingerprinting: The origin of PCR fingerprints and 

further applications 
Type: journal article 
Area: technical or scientific 
Ttl2: Eur. J. Immunogenetic 
Date: 1991 
Volm: 18 
Page: 147-153 

858. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

Wooley, James R. 
Organized Crime Strike Force Division, Northern District of Ohio, Cleveland 
A response to Lander: the courtroom perspective 
letter to editor 
technical or scientific 
American Journal Human Genetics 
1991 
49 
892-893 

857. 
Auth: Wooley, James//Harmon, Rockne P. 
Affl: Asst. US Attorney, Dept. of Justice Strike Force, Cleveland; Senior Deputy 

District Attorney, Alameda County, CA. 
Till: The forensic DNA brouhaha: science or debate? 
Type: Letter to the editor 
Area: technical or scientific 
Ttl2: American Journal Human Genetics 
Date: November 1992 
Volm: 51(5) 
Page: 1164-1165 

858. 
Auth: 
Affl: 
Ttll: 
Type: 
Area: 
Ttl2: 
Date: 
Volm: 
Page: 

Wyman, Arlene R.//White Ray 
Dept. of Microbiology, Univ. of Mass. Medical School, Worcester, Mass. 
A highly polymorphlc locus in human DNA 
journal article 
technical or scientific 
Proceedings National Academy of Science, USA 
November 1980 
77(11) 
6754-6758 

Xiang, K. S. 
Ttll: A study of DNA fingerprinting in China 
Type: journal article 
Area: technical or scientific 
Ttl2: Chung Hua I Hsueh Tsa Chih 
Date: October 1989 
Volm: 69(10) 
Page: 569-572, 40 

860. 
Auth: Yarbrough, Lynwood R. 
Affl: Dept. of Biochemistry and Molecular Biology, University of Kansas Medical 
Center i Kansas City, KS. 66160-7421 
Type: letter to editor 
Area: technical or scientific 
Ttl2: Science 
Date: February 28, 1992 
Volm: 255 
Page: 1052 

881. 
Auth: 
Ttll: 
Type: 
Area; 
BkAu: 
Ttl2: 
Date: 
Volm: 
Page: 

Yassouridis, A.//Epplen, J. T. 
On Paternity determination from multilocus DNA profiles 
~ournal chapter 
technical or scientific 
iEpplen, J. T. 
Electrophoresis 
February3, 1991 
'12(2-3) 
221-225 

862. 
Auth: 
Ttll: 
Type: 
Area: 
Ttl2: 
Plac: 
Date: 
Volm: 
Page: 

Yaxley, Ron 
DNA fingerprinting 
journal article 
legal 
Commonwealth Law Bulletin 
Great Britain 
April 1989 
15(2) 
614-619 

883. 
Auth: 
Till: 
cases 
Type : 
Area: 
Ttl2: 
Date: 
Vohn: 
Page: 

Yokel, T.//Odaira, T.//Nata, M.//Aoki, Y.I/Sagisaka, K. 
Application of single-locus hypervariable region DNA probes to deficiency 

in paternity testing 
journal article 
technical or scientific 
International Journal of Legal Medicine 
1991 
104 
117 
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864. 
Auth: Yokoi, T.//Nata, M.//Sagisaka, K. 
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D e t e c t i n g  l o c i  f o r  oligogenic t r a i t •  by l i n k a g e  ana lys is .  
B.K. Seared*. P. Van Eerdewesh. C.L.  Hamn~. Vashington 
U n i v e r s i t y  School o f  Hed ic ine .  St .  Lou is ,  nO. USA. 

~ecent suc¢esses in  IMpping a v ide  v a r i e t y  of  simple 
d iseases o f  unknown e t i o l o g y  have engendered the hope tha~ 
s i m i l a r  techniques v i l l  prove equa l l y  e f f e c t i v e  f o r  complex 
p h e n o t ~ e s .  The bas ic  assulrpt ion i s  tha t  the complex pheno- 
type" ~l  not  de ta r~ i ned  by too many l o c i .  In  t h i s  ana lys is  we 
l n v e i ~ l g a t e  ~wo ques t ion .5 :  what iS the paver to  detect  a 
c o n t r i b u t i n g  o l i g a r c h i c  locus using ingot-nat ion on a l inked 
marke~  and. once each • locus ha• been detected.  What i s  the 

p r o b a b i l i t y  t h a t  the s a ~  luaus w i l l  be detec ted in  an inde- 
pendent r e p l i c a t i o n  study? 

In  o rder  to  answer these quest ions ,  ve hlve c a r r i e d  out a 
Ronte C a r l o  l [ l u l a t i o n  i n  f a m i l i e s  v i t h  a "CEPH-l ike"  s t r u c -  
t u r e  wherein between 2 to  1O lad•pendent lo¢1 c o n t r i b u t e  to a 
quas i -con t inuoue  t h resho ld  t r a i t .  Hodels v l t h  equal and 
unequa l  .genic  e f f e c t e  have been i n v e s t i g a t e d  u s l n g  t h r e e  d i f -  
f e r e n t  s t a t i s t i c a l  ~ethods ( the "mean s t a t i s t i c "  ( t  z) of  
g lack~e lde t  and g l s t o n ,  the a f f e c t e d  pedigree method of  Veeks 
and Lange.  and an a d m i t t e d l y  m isspec i£ ied  LOD score approach 
suggested by R l l c h ) .  Resu l ts  are repo r ted  f o r  the case where 
l I t udy  c o n s i s t s  o f  lO0 asce r ta ined  m u l t i p l e x  pedigrees. 
V l t h  t h i s  e a a p l e  s i z e .  three conc lus ions emerge: l )  The 
a b i l i t y  to  de tec t  a c o n t r i b u t i n g  locus improves as the 
t h r e s h o l d  becomes Bore dev i an t .  2) t/hen Bore than about s i x  
l o c i  d e t e i l i n e l i a b l l i t y ,  f eve r  than ~0t may be detec ted end. 
3) under  •uch c i rcumstances ,  a t tempts  to r e p l i c a t e  a 
p r e v i o u s l y  r epo r t ed  (c r~e)  l inkage c la im  I r e  l i k e l y  to f a i l  

C O N C U R R E N T  SLIDE SESSIONS-MONDAY, 7 OCTOBER 

S e s s i o n  16:  P o p u l a t i o n  

/ 
j , 4 

Genetics ~--C--~'tn'~ 

A new rr<xsme of s i m i t ~ i ~  of DNA fingerpnnls. C C. Li*. D E 
Weeks R E: Ferrell and A. Chakravar'd. Univem~,- of P. tsburgh.  
Pulsburgh. PA. 

Given the DNA fingerpnnts of ~ o  individua]s (x and .~). let n= and ny 

r c~scn l  ~ :  numl:x~r o f  bands of x and y, rcsp¢cuvei), and nxy bc the 

numb~ of bands shared by Ix~h individuals. The define of similanly 

bctw~:n these two individuals is m~liuonally mcasun~ b) 

S = 2nzyl(n~ ÷ n.v). However. if this usual S-n~&~ure ts used to 

c~culam ~ s~mil~'i~y benvc=n random pairs of thd/vidua~s m a randomJy 

mating IX~UJauon. the result does not a ~ c  with the following calculation: 

Given x has a band-i (with probabilily Pi). the condy lo id  probability thai 

y * ~ '1 ~ ~ h , ~ b~_ d-i is p7 + 2pi(|  - Pi) = p i (2"  piL SO the frequency of 

sharing band-i is p~(2 - Pi). Sumrmng over all alle~es v~lds U~ tomJ 

proposing a new measure of  simJJanIy 

.~n= n) J = 2L~  + n--., • 
which is the ~nthm¢fic ave)age of the iwo f~actions nx~,'n z and nxylny. 
This is ~Ulva~n i  m dividing nxv by th~ harmonic rncan o~" nx and nv. 
instead of t~ th~ ari thn~ot rncan as in the ~adJr~onal S-treasure. Tlle 
Sinulant~ ~ O ~ n  random paus calculated using our new S a~re~s with 
that o l~rg :d  by other rncL~(x~s. 

65 
Pdym~phisms at short tandem repeat (STR) ~ within mad between foe, 
ethnic popelaboes of Tees.  USA LJ in ' ( l ) .  R.Chs~eborty(l), H.A.Hammc~d 
{2)sndC.T~Caslmy(2). (1) Ge~et~s Ceases. Grad. Sch. of B~n~l .  Scicace$. 
Univ. ~ Texas; (2) last. I~k~. ~ 1  . Baylo~ Cdle ls  of Mnd;r~,e. Houston 
Ttxa,. USA, 

U~n|  PCR-baead Wotoads g ~ t ; (  I~ymorphisms at four trin~Jic e,~i 
tat/emenc STR ~ (Tho-l .  Re.a-4. Hprt-h and F•b-p) are detected in each 
of tNe f c~r ethnic g~oups. Orientals. BJacks. H]spanics and Caucasians of 
Texas. USA. "Ibis data ch•~acte~L~eS geettic variaUon wlthia a#d between 
these populatk~ns st STR loci. AUde numbers ~enge between 4 and 8: •nd 
heter~ygos~Uea (H) are between 36 end 80% per locus. Blacks shawthe 
highest beterozygbs~y and largest eemhe~ of elides, although thtse differences 
are not s~hstauLial. The'Reea-4 locus is the leas) variable (H = 36-76%) a,d 
the T I l l  locus is the most varLal~e (H = 16-77%). P u m u t a t ~  tests show 
that the | e ~ p e  freqnonoas •re at Hardy*We;abe~g equilil~ium end •Mdic 
aeaoaat~ous among ~ a~e not s~|siEcaat within each population. The Blachs 
Hispank'.s end Cant.asians share I~ger I~Oportlons (85%) of alleles, while the 
Orkenta~S slt4fe apprc~x~mate~y 74% o( the ;  slides ~Gth the other three ~oups 
The elides which i ra  sot found ~n common among the fou~ g~oups always 
have tmall (< 2%) frequencies. The I~,penics ere closest to the Caucasians 
(Nei's Standard D = 0.03) and even the larlest distance (0.20 between Bl•cks 
and Orkmtals) is l o t  appreciable for such k)parvari~bJe I~J. These pepulat~on 
gsout;c charecter~sbea substantiate the p r e v ~ s  claim that such STR lod a~e 
extremdy useful for focensic and paternity dete~minat]ou purposes. (Research 
supported by NU ~anta 90-U-CX- C037 end g0-1J-CX-0038). 

66 
Cene[:c reiationship between DNA polv~orph~ses in the apolipo- 
proteln S ~apo B) gene in individuals cf ~uropean and South 
asian or~!m - population-genetic aspects o~" :he spa g gene Vh~'R 
s l o e  ~ Ren~es * .  R Peacock. A Durmlr~z P Talmud and 
S Hu~h:~e~  A r t e r i a l  D i s e a s e s  Research  ~roup. CX Sunley  
Research Centre. London. UK. 

~e h~ve investigated the genetic relationship between 
spa E" ~ene polvmorphi~S : insertion/deletxcr. , L e u . , - A l a - L e u . ,  i 
Xbal (Th : ,~ , ' .  Ec0RI (Clu - Lys,,s,). Asn/Se:,.~ and VNT~ in  
samples cf South Asian (Indian) and Swedish individuals. The 
{reqUency d is t r ibu t ion  at a l l  these sites was ~ound to b* 
signi£zc•ntly d i f f e r e n t  between the Ir~an and the Swedish 
sampl'e t o e l e t i 0 n - a l l e l e :  0.20 V O.~l, p<O C.'~. X+ (preserece o~ 
Xbal s ~ e ' :  0.29 v 0 .5~.  p<O.OOl. R- (•ase~ce of BeaRS s i t e ) :  
0 . I 1  v O !9. p<O.O5, Set..: 0.46 v O . 1 8 .  ;><C 0-~I). Although the 
d~s t rzbu t lon  of  a l l e l e •  at  the VNT~ • i c e  ~•S bimodal i n  both 
papua•aloes, in Indians, the most common al~e~e was a 35-repeat 
unit a l i e : e ,  w h i l s t  in  the Swedish sample, and in a l l  other  
repor ts  ~ ro :  Caucasian sample• the 37-repeat ur,:t a l l e l e  was the 
most f r e q u e n t  Fur thermore.  fou r  new a l l e l e s  a: the spa g gene 
V~TR s t t e  were d i • c o v e r e d  in  South As i •ns .  1:',':. 17 and l~ repeat  
unit all 'eles; are well outside the bimndal d~s t r~bo t ion  indicat- 
ing • possible trimodal d is t r ibut :on.  S~ron~ i:r~age d isequi l ib-  
r iu~  and • l l e l i c  a s s o c i a t i o n  was detected be~vee~ a l l e l e s  et  the 
V ~  an. ~ the £coRI s i t e  in  both samples ~ogether w i t h  Lhe 
bimoci•i d ~ s t r l b u t i o n ,  t h i s  supports a mec~anis= f o r  gene ra t i on  
o~ new a l l e l e s  at  the spa g VWTR l ocus  tea:  noes not i n v o l v e  
unequal c ross ing -ove r  as a major ~ac tor  but ~avouts a mechanis~ 
of replication slippage and delet ion/ insert lon o~ repeat uni:s 

AaalyeAe of the  apolApopzotezn(a) gene structure ~a tvo  
p o p u l a t i o n •  wASh d i f f e r e n t  d A • t t l b u t i o n s  o f  plasma 
l£popro tu£h la )A 2 t i c  ~ r w i n k l e ~ l L  Car la  L e f f e r t  f2~. and 
H a i l s  Hobbs f 2 ; -  (1)  T h ~ n A v e r • A t y  o f  Texa•  Heal th  Science 
Center  An.Houeton,  Tmxa• and (2) The U n i v e r s i t y  o f  Texa• 
Souths~• te rn  ~ e d i c a l  Hchool ,  Da l lae ,  Texa• .  

In  CaucaeAane, e l eva ted  l e v e l e  o f  l xpopro teAn ia )  
[ L p l a ) ]  ace eeoociated wash cowonary a thero•c lmroeA• .  
A f r A c a n - ~ ¢ i c s n s  tend t o  have h ipher  plmsma concen t ra t i on •  
o f  Lp(a)  and ye t  do not  have a h igher  inc idence Of bears 
d lseaee,  we c tmparedp lasma lmvele  o f  Lp(a)  An lOS k f rAcan-  
~ r A c a n s  (mean.37 . •  i W / d l  ) t o  102 Caucaeiane ( Iman-19.3 
mg /d l ) .  Not o n l y  w e r e  l e v e l s  An A f r i can -amer i can •  
I A g n A f i c a n t l y  h i ghe r  (1=4.011) but  t h e i r  d i e t r i b u t A o n  wa• al•O 
more O I U I I A I n .  PrAor l t u d i l l  An C a u c l s i e n l  have ihovn  tha t  
the pll laWI L p ( I )  l l V l l l  l g l  L n V l ~ l l i  ~ r l ~ l t l  d tO t M  n~lllJ~g r 
o f  kzAIWle 4-en©odAn, r e p l • t e  An the  epolApoproteAn(• )  
[ epo (a ) ]  gene .i.o.o~h . . . .  1 . . ~ ' .  : ' : . : ~ " :  " ~ u l • . - , . ,  ,el epecAflc probe. We are 
Aaveat£gatAng the contrAbutAoa Of ~lecular vsrAatAon An the 
a p o l i p o p r o t e L n i e )  [ e p o ( a ) ]  9mne t o  d i f f e r e n c e •  An lp (e }  
l e v e l s  Mtw@41n {auceeAlne and A f r A c l n o ~ r A c a n s .  In 
Caucasians,  19 a l l e l e s  (48 t o  lqO k i l o b a l e S )  rep re •en tAn ;  
s i ze  v a r i a t i o n  An t he  apoI&)  , m n e ~ r e  found. El ,hLeen Of the 
19 I l l e l e l w e r e  a l i a  p r e l e n t  In  t h e  A f r i c s n - P ~ e r i c a n e ;  abeent 
was one cate  a l l e l e .  TheFe ~ l r e  no eA,nAfAcaat  d i f t e r e a c e s  
An s p o i l  I a l l e l e  f £ ~ e n C i l l  between g¢oup• I p . 3 z } .  We 
conclude tha t  t he  h i p h e r  plasma concen t ra t i ons  Of Lp(a)  in 
the A f r i c a n - ~ r i c e n p o p u l a t A o n  a=e n o t  due to  d i f f e renceB  
An the numbere OE )A t i ng le  • r epea t •  An the  s p o i l )  rend. To 
determine I f  the  obeerved d i f f e r e n c e d  An plasma Lp(a) 
c o n c e n t t a t A o n e  e r e  due t o  Im<i~ence dAEferencee at  the  spa(a} 
locue Or othmr 2etA0 f a J A l y  s t u d i e s  are bean, Per fo rmed .  
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63 
Detec t i ng  tool  for o l igo&en ic  t r a i t s  by ILnkaee analysis. 
g.K. Sumrez*. P. Van £erdevelh_ C.L. Hemn~. Washington 
U n i v e r s i t y  School of Medic ine,  St. ~ U i I  . MOt uSA. 

Recent successes in  I~pp lng • v ide  v a r i e t y  of  simple 
d iseases of  unknowen e t i o l o g y  have e~gendeted The hope that 
s im i l a r  techniques v i i 1  prove equa l l y  e f f e c t i v e  for  complex 
phenotT~pes. The bas ic  a s s ~ t i o n  i s  tha t  the complex pheno- 
ty~pe i s  not  determined by too many locL.  In  t h i s  mn~lysis ve 
i n v e s t i g a t e  two questiorLs: v h l t  i s  the power to  detect  a 

c o n t r i b u t i n g  o l i gogen i c  locus using In format iOn on a l inked 
marker ;  and. oncesuch  a locus has been detected,  what is  the 
p r o b a b i l i t y  t ha t  the s m  locus v i i i  be detected In  an inde- 
pendent r e p l i c a t i o n  study? 

In  orde~ to  answer these quest ions,  ve have c a r r i e d  out a 
Monte Car lo  s i m u l a t i o n  in  f a m i l i e s  w i t h  a "C£PH-l~ke" s t ruc-  
tu re  where in between 2 to  10 independent l o c i  c o n t r i b u t e  to a 
quas i -con t inuous  th resho ld  t r a i t ,  Models w i th  eq~al and 
unequal genic e f f e c t s  h ive been i nves t t gs ted  ~ l n  K three d i f -  
fermnt  s t a t i s t i c a l  l lethods ( the "mean s t a t i s t i c "  ( t  1) of 
gLackv~lder  mud & ls ton .  the a f f ec ted  pedigree Bathed o f  Weeks 
and l~nge . and an admi t t ed l y  B l s s p e c l f i e d  LOD score approach 
suggested by R lsch) .  Resu l ts  are repor ted  f o r  the case where 
a s tudy cons i s t s  o f  100 mscertained ~ l t i p l e x  pedigrees. 
Vith t h i s  s~aple s i z e .  three conc lus ions emerge: l )  The 
a b i l i t y  to de tec t  a c o n t r i b u t i n g  locus l~proves as the 
t h resho ld  becomes more dev ian t ,  2) ~ e n  more than about s i x  
l o c i  dm te~ ine  l i a b i l i t y ,  f eve r  then 50t  may be detected and, 
3) ~mder such c i rcumstances,  at tempts to r e p l i c a t e  a 
p r e v i o u s l y  r epo r t ed  ( t r ue )  l i nka ge  c la im are l l k e l y  to f a i l  

Session 16: Population Genetics ~ C_ C~: -  ~ 

A new rmJu~e of similarity of DNA ;qngerprinls. C. C. Li". D.E 
Weeks. R F Fe~m|l. and A Ch~varfi Univtrs~- of Pmsburgh 
Piusbuq[h. PA. 

Given the DNA tin,triDents of two iMlv iduals x and ~ ). let n, and n.y 

reprcscni the numher of  bands of x a~l  y. respecUvcl), and nxy be the 

number of bands shared by both individuals. The de W of sim~laniy 

between ~ s e  vwo individuals is tradiuona]ly measured b~ 

S = 2n:v/~n~ * nyL However. i f  this usual $-me&~ure ~s used to 

caJculate the s:milar~ty belv,~en t~.ndom pa~rs of u ~ c ~ w : ~  tn a tendency 

rnal-mg popu~auon, the result dots no! B~ee v~th the followin~ calculation: 

Givefl x has a band~i (with probability Pi). the cond~'uouaJ probability thai 

y wLll "also have band-i is p" + 2pi( I -Pi) = pif2 - p,), so the frequency of 

sharing band.i is p~'(2 - Pi). Surrm-ung over aJl a~eles .v~ids th~ m~l  

fmquenc} L~p~ - ~p~. Th~s c~sagl~rncnl may be elu'ruf'J.tcd bY 

proposing a new measure of simiJanty: 

S = ~ n ,  + nyJ = 2LE~ + n--,. 
which is ~e arithmetic avcragc'of the two fractions nx#n: and n:v/n~. 
This is eqmvaJem m dividing nxy by Ih¢ harmonic ~ of  n~ and ny. 
instead o( ~" ~e arhhmrdc mo~ as in the ~tio~| S-n'e.asure. The 
sinulanty c~tween random pairs calcu ated us ng our ~v," S a p e ,  s with 
that obt~ned by o ~ r  mctheds 

65 
P d y n m r ~ m s  et short tandem repeat (STR) k ~  ~th ie  end b e ~ n  fo~, 
ethnic i ~ l a t ~ e  of Texas. US~ LJ in ' ( l ) ,  R.Chak~aborty(l), HA.Hammed 
(2)andC,T.C~skey(2). (1) Gneebcs Centers. Grad. SeN. of Biomed, ,T~:k~nces. 
U ~ .  of T~xa~, (2) inst. ~ 1  G~aet.. B l y ~  Cdlele of Medicine. Houstom 
Texas. USA, 

Us~n$ PCR-based protocds |e~ t i c  pdymorphisms at four trirn¢~k end 
|tUame~: STR loci (Tho-l. Rena-4. Hprt-h and Fib-p) ere detected in eac~ 
of the fOUr ethnic ~roups. O r i e l s .  B~cks. H~span~cs and Caucasians of 
Texts. USA. This data ckarnct~-tres | u * ~ c  variation v~thln and between 
these populatk~s at STR Iod  Nlde numbers ra~e  betwttn 4 and 8: end 
heterozygo~Jbes (H) are behvnen 36 and 80% pet k)Cus. Blacks shmv the 
hi|hest heter~zy|oSity end latlrest numbs' o~ r aJleles, elthne|h these differences 
are eot eubstanthd. The Rent-4 locus is tb~ least ~r~ble (H : 3~-76%) and 
the T h a i  locus is the most n ~ b ~  (H = 7~77%) P~mutatio~ tests show 
that the le.otTpe frequencies are at HardpWe;nbet i equ;lilxium and audit 
esso¢~mtk)es amo~ I k~J ere not -;|nil@cant w~tk~e each po~uJation. The BLacks 
H~,pa~-.~ and Cavcasiane share lar|er prop~bons (85%) oi slides, while the 
Or~entaJs share approximatdy 74% ~ their a~des with Ihe other theee groups 
The i l l e l ,  which ere not found i~ comm~ among the fner | r ~ps  always 
have snarl (< 2~)  frequencies. Tke Hlspap~.cs ere closest to the Caucasians 
(Ne~'s standard O = 0.03) end eves the b l e s t  distanc~ (0.20 between Blanks 
and O t l e ~ l s ) i s  out epptecieble for such h)i~'va~Gmb~e k~.  These populatmn 
genetic C~ara~e~istics substant;.ata tee prewaus ~a;,m t l~ t  such STR h)c~ aR 
utreme~y;eneful kw forensic led paternity deietminetion purposes. (Research 
supported by NU IFaots 9~U-CX- 0037 aid g~lJ-CX-003$) 
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Genetic relationship between DNA polvmorphzsms i n  the apolipo- 
p ro te in  6 (apo ~) gene in  i n d i v i d u a l s  o. ~ European •nd South 
Asian o r ~ : ~  - popu la t i on -gene t i c  aspects o~ :~e ape g gent ~ 
s i t e .  ~ Re~uze s ~. R Peacoc~. A D~n ~. ~ z P Tel ~nzd and 

A r t e r i a l  Diseases Research Group. CX Sunl ey 
Research Centre.  London. U~. 

~e have l t l ves t i ga ted  the gene t i c  r e l a t i o n s h i p  between 
apo R ~ene po[vmorphisms: i n s e r t i o n / d e l e t l c T .  ;Leu. ;~-Ala-Leu. .~ .  
Xbal { T f . : ~ , : .  EcoRI (Glu - Lvs ,~ . ) .  Asn/Se:, ,~ and VNTR in  
s•mples c.* South Asian ( I n d i a n )  •nd Swed:s~. i n d i v i d u a l s .  The 
(requenc~" d i s t r i b u t i o n  at a l l  these s i t e s  yam found to  be 
s ign i f xcan t ' y  d i f f e ren t  betwee~ the Indi•~ and the Swedish 
sample (oeiet ion a l l e l e :  0.20 v O . ] l .  p<0,C:. ~. X+ (presence o( 
Xbal s i t e ' :  0.29 v 0 . ~ .  p<O.O01. R" (•bsence of  EcoRI s i t e ) :  
0.11 v 0 ~ .  p<0.0~. S e t . . :  0.46 v 0.1B. p<C.001). Although the 
d i s t r i b u t i o n  of  a l l e l e s  at the V~TR s i t e  was bimodal in  both 
populat ions•  in  Ind ians.  the Best c o . o n  • l l e : e  yes a 35- repeat  
un i t  a l i e ~ e ,  wh i l s t  in  the Swedish sample, and i n  a l l  other 
r e p o r t s  from Caucasian samples the 37-repeat  u~,~t a l l e l e  was the 
mOSt f requent .  Furthermore,  fou r  new a l l e l e s  a: the ape B gene 
VNTR s i t e  were d iscovered  in  South As ians .  i v :  . ] . l  and 15 repeat  
u n i t  • lZe ies~ are wel l  ou ts ide  the bimod•] d i s t r i b u t i o n  i n d i c a t -  
ing a possib~e tr lmodal d i s t r i b u t i o n .  Stron~ ~Inkage d i s e q u i l i h -  
r ium and a ~ i e l i c  a s s o c i a t i o n  was detec ted  between a l l e l e s  at the 

and the  EcoR] s i t e  in  both samples, ~o~ether Wi th the 
bimod•l  d i s t r i b u t i o n ,  t h i s  s'upports e alechanlsm f o r  gene ra t i on  
o{ new a~ ie les  at the ape g V ~  lOCUS the'. does not  i n v o l v e  
unequal c ross ing -ove r  as a Baser factor  but ~avou:s a ~echanism 
of rep l i ca t ion  slippage and d e l e t i o n / i n s e r t l o n  of repeat un l ; s  

J ~  
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AJlalym£e o f  the  al0olip<~peotain(a ) genm e t r u c t u t e  in  t ~  
p o ~ l & t ~ o n e  v£ th  d i f f e r e n t  d i s t C £ b u t i o n |  o f  p i l a u  
l i p o p ¢ o t m i n l a ) ,  E r i c ~ k ~ i n k l e ~ l } .  Car la  L e f f e r t  i 2 ) .  a~d 
Helen RDbbs 12), I1 )  T b e ~ n l v e r s i t y  o f  Texas Heal th Scimnce 
Center  An Hc~etOho Tmxae end (2) The U n i v e r s i t y  Ot Texas 
$ o u t h ~ l e t e r n  ~ d i c a l  8¢~>ol i  Dal las°  Texas. 

Zn Cauoenianef e leva ted  l eve l s  o f  l i p o p r o t e i n l a )  
| L p ( e ) )  aJre ase¢.=letad w i t h  coronary mthe~oscleronis.  
Xfwicam-~l~ricenu tend t o  hays h igher  p l a m  concen t ta t ions  
o f  Lp (a )  and ya t  do not  have t h igher  lnc~dance of  heart  
d i sease ,  we ctml~rtKI p l a m  l e v e l s  o !  Lp(a)  in  10S & f r i c a n -  
~ r L c a n s  ( l~ in , ,$?.S mg/d l )  t o  102 Caucasians ( M e n - I t . 3  
mg /d l ) .  Not on l y  ~ r e  l e v e l i  i n  A f ¢ i c a n - ~ r i ¢ a n s  
e i g n i f i c e n t l y  h ighe¢ (1~.011)  but tbeLr  d i n t r i b ~ t i o n  van a l | o  
18ore GaUl l i an .  Pa le r  s tud ies  in  C lUCal l lns  h ive  iho~n ths t  
the p l l l ~ l  ~ p | l )  l l V l i l  l i e  l n V l r l l l y  r e ; l a i d  tO the n ~ D I r  
o f  hJ~in~lo 4-encoding s e n i t i  i~  the l p O l l p o p ~ o t l i h i i )  
| aPo (a ) l  gmne dete¢lmined by pu lee ; f Le ld  9ml 
e l o c t r o p h o r m e i l  an~ I a kJr ing l l  4 s p e c i f i c  probe. We • re  
l n v e l t i g n t £ n g  the c o n t r i b u t i o n  o f  moimcula= v a r i a t i o n  An the 
s p o l l p o p r o t e i n ( s )  | a p e ( e l |  gsrm tO di f (etmncms i~  Ip (a)  
l e V l l l  b l t ~ l l n  C & U C I I i I n l  and AE¢ icen -A~ l r i tmn l .  In 
CIUCSIL In l ,  19 a l l S l e l  ( i s  tO 190 h i l O b l l l S )  rspreeentLng 
l i l t  va r ia t i on  in  the  apo(a) g e n e s e s  found. Righteen Of the 
19 a i l e i m l W r l  S i l o  present  in  the A f r i c a n - ~ r i c a n s ;  absent 
was one t a r e  a l l e l e .  There ~nlFs no s i g n i f i c a n t  d i~ le rences  
i n  s p o i l  ) a l l e l e  f r e q ~ e n c i e l  b ~ t ~ e n  groupn ( p . 3 1 } .  ~m 
conclude tha t  the h igher  p l l lM~  concentrntionl o~ Lp(a) in 
the Af¢ican-~meriean populntxon a te  not due eo di f ferencms 
£n the ~umb~tS Of ~ l ~ g i m  a repImtm in  the  s p e l l )  gent .  To 
dotmminm i f  the ob |e tved  d i f l e t e n c e l  i n  plamm~ Lpia)  
concen t ra t i ons  a te  due eo i l l . i n c a  d i f f e r e n c e s  at  the ape( is 
I¢~:Ul O¢ o the r  l o c i ,  fami ly  l e u d i e l  a r e ~ l n g ~ x l r ~ o r l m d .  
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Genetics of plasma lipoprotein (a) concentrations 
Eric Boerwinkle 

Cen te r  for D e m o g r a p h i c  a n d  Popula t ions  Genet ics ,  The-Univers i ty  of Texas Health Sc e n c e  Center  
in Hous ton ,  Houston,  USA 

Lipoprotein (a) [Lp(a)] is a low-density-like lipoprotein with the addition of a , 
Lp(a)-specific protein, apolipoprotein (a)[ap0(a)]. Plasma concentrat ionsof 
Lp(a) are a risk factor for premature coronary heart disease (CFID). Genetic • . 
studies have been key in developing an Underst~ani:ling - of LlS(~i ~n'cFi{g ......... 
association with CHD. Quantitative genetic studies have demonstrated 
that plasma Lp(a) concentrations are largely genetically determined. Using 
length variation in the apo(a) gene and gene product, it has been shown 
that the apo(a) gene has a large effect on Lp(a)levels, and in fact variation 
in this one gene is largely responsible for the high heritability of plasma 
Lp(a) concentrations. The data presented in this review, represent the most 
complete picture to date of the genetic architecture of a major CHD risk 
factor. 

Current Opinion in Lipidology 1992, 3:128-136 

Introduction 

In 1988, coronary heart disease (CHD) accounted for 
35.3% of all deaths in the USA [1]. Unlike the inborn 
errors of metabolism (for example cystic fibrosis) CHD is 
the result of lifelong interactions among numerous envi- 
ronmental and genetic factors. Therefore, no single gene 
is responsible for the high frequency of CHD. Rather, 
there are man}" genes, each making a relatively small con- 
tribution to the overall disease liability in the population. 
Genetic studies of CHD are also complicated by the fact 
that there may be different Causes in different indi,ddu- 
als, families and populations; i.e. there are niultiple paths 
to the same disease endpointl The multifactorial natui'e 
of CHD has slowed progress in understanding its eti- 
ology; howeveg progress has been best realized when 
researchers have focused on one or onb' a few facets of 
this ~omplex system. Since its discovery' by Berg [2] in 
I963, lipopr0tein(a) [~p(a)] has been at the forefront of 
research on the genetics of CHD and its risk factors. 

Lp(a) is a cholestery'l ester-rich plasma lipoprotein com- 
posed of two components: an LDL-like particle to which 
is attached a single large glycoprotein, apolipoprotein (a) 
[apo(a)]. Lp(a) is an important risk factor for atheroscle- 
rotic CHD. High plasma levels of t.p(a) are positively as- 
sociated with the development of p~emature atheroscle- 
rosis and other vascular diseases. The mechanism by 
which Lp(a) contributes to the atherosclerotic process 
is unknown, although it is probably med!ated through its 
close homology to the plasma zymogen plasminogen [3]. 

Lp(a) is distinct from other CHD risk factors associated 
with intermediary' metabolism in that plasma concentra- 
tions of Lp(,a) vary, over a very vide range ,'unong indi- 
xiduals but are extremely stable within a given individual 
[4]. Furthermore, man}, physiological, pharmacological 
and environmental factors that effect the levels of other 
plasma lipoproteins have no effect on Lp(a) concentra- 
tion. 

Our goals in studying the genetics of common chronic 
diseases such as CHD include a better understanding of 
their etiology and improved prediction. Such an under- 
standing will better position society and medicine for pre- 
ventative, rather than pharmacological, surgical or mere 
palliative measures. Throughout its relativeb," brief history', 
human genetics has led the way in studies of Lp(a) and 
its association with CHD. Knowledge accumulating about 
the genetics of plasma Lp(a) concentrations and the role 
of this lipoprotein in atherosclerosis will at least partially 
unveil the mechanisms of CHD initiation and progres- 
sion, and ~ill facilitate earl}' identification of individuals 
at increased risk. 

Structure of lipoprotein (a) 

A schematic diagram of a Lp(a) partiCle is shown in 
Fig. 1. In many respects, the Lp(a) lipoprotein particle 
resembles a LDL particle with the addition of a single 

Abbreviations 
apo~-apolipoprotein; CHD--coronary heart disease; FH--familial hypercholesterolemia; Lp(a)~[ipoprotein (a); 

mRNA--messenger RNA. 
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molecule of apo(a). The physicochemical properties of 
Lp(a) have been determined using a variety of techniques 
[5], and Table 1 compares these properties between 
Lp(a) and LDL. As in LDL, apolipoprotein (apo)B100 is 
present in Lp(a) [6] and, unlike LDL, is linked to apo(a) 
by a disulfide bond [7]. Lp(a) has a higher density and 
overall molecular weight than LDL, characteristics that 
make ultracentrifugation and gel filtration chromatogra- 
phy useful tools for its purification. The electrophoretic 
mobility of Lp(a) in agarose is to the pre-13 position, 
which is similar to VLDL, and its buoyant density is char- 
acteristic of HDL 2. The protein and lipid composition of 
Lp(a) differs only slightly with that of LDL, ~ t h  a protein: 
lipid ratio in Lp(a) and LDL of 1 • 2.2 and 1 : 3.5, respec- 
tively. Total lipid content repre.sents, approximately 69% 
in Lp(a) and 79% in LDL, but the amount of free choles- 
terol relative to total lipids is approximately the same in 
both particles (11.5 and 11.8%, respectively). 

Table 1. Physical and chemical properties of Lp(a) and LDL particles~ 

Lp(a) LDL 

£1ectrophoretic mobility pre-~ 

Buoyant density (g/mll 1.05-1.08 1.03-1.06 

Molecular weight ( x 106) 3.1-3.8 2.5-3.1 

Apolipoproteins apoBlo o, apo(a) apoB100 

% Composition as protein 26.0-35.7 20.7 

% Composition as lipid 64.3-74.0 79.3 . 

% Composition as cholesterol 33.6-45.4 52.3 
(free cholesterol) (7.6-10.2) (9.4) 

Data from Fless et al. 15] and Gaubatz et al. [7] 

N Ap°Bm° 

N S domain , ~ ~ / \ S ~ s  ~ Protease-like 

(-9 to -35 copies) 

Apo(a) 

Fig. 1. Schematic diagram of an Lp(a) lipoprotein particle. 

Data concerning the site of synthesis of Lp(a) in  hu- 
mans are scarce. The liver is thought to be involved in 
the production of Lp(a) because apo(a) messenger RNA 
(mRNA) has been detected by northern blot analysis in 
liver [8,9 ° ] and because liver damage is associated with 
reduced Lp(a) levels [10]. However, it is unclear whether 
apo(a) syrlthesized in hepatocytes is secreted }'or later 
production of Lp(a) in the interstitia or in circulation, 
or whether the hepatocytes secrete Lp(a) directly. Rain- 
water and Lanford [11] reported that cultured primary 
baboon hepatocytes synthesized an Lp(a) particle identi- 
cal to plasma Lp(a). In addition, the isoform gpe of the 

secreted Lp(a) was identical to the observed isoforms 
from the hepatocTt.e ~lbnb~ animal. T~5 investigate the 
tissue expression of apo(a) mRNA in rhesus monk~', 
Torrilinsksn-et~al. [12] analyzed i2 different tissues and 
detected apo(a)mRNA only ifi liver, brain, and testes. 
However, no apoB mRNA w~as present in the latter two 
tissues suggesting that apo(a) may function in some tis- 
sues independentb,, of the Lp(a) particle. 

Partial protein sequencing of purified plasma apo(a) re- 
vealed remarkable sequence similarity with that of plas- 
minogen [13], an observation which led to the cloning 
of the apo(a)complementary DNA by McLean et  al. [8]. 
The mature apo(a) mRNA encodes a 4529-amino-acid 
protein which ificludes a 19 bp Signal peptide, multiple 
copies of a kringle-4-1ike domain, one copy of a region 
homologou s to th e p!asminogen kringle 5, and a protease 
domain. Complementary. DNA sequences of the protease 
domain in apo(a) and plasminogen share 94% homology. 
This striking structural similarity with plasminogen led to 
the suggestion that Lp(a) might have Prothrombic action. 
However, because of two important amino acid substitu- 
tions in the activation site (Arg-Valmutated to Ser-Ile), 
apo(a); unlike plasminogen, cannot be transformed into 
an active fibrinob:'tic agent. Miles el al. [3] demonstrated 
that Lp(a) was able to bind to plasminogen receptors dis- 
tributed off peripheral blood cells and vascular endothe- 
lial cells, and postulated that Lp(a) competes with plas- 
minogen for these, receptors. Thus, by interfering with 
plasminogen binding, Lp(a) would prevent plasmin gen- 
eration. Consequently, thrombolysis would be inhibited 
and thrombosis promoted. However, at this time we can- 
not rule out the possibility that the homology between 
apo(a) and plasminogen may be functionally coincidental 
and the mechanism for the association between Lp(a) 
and CHD is by some as-yet-unidentified path. 
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Lipoprotein (a) as a risk factor for 
atherosclerosis 

The association between elevated plasma Lp(a) concen- 
trations and the occurrence of CHD has been reported 
by numerous investigators emplo}ing a broad range of 
study designs, disease definitions, and analytical methodg 
A positive but moderate relationship between plasma 
Lp(a) concentrations and the occurrence of CHD has 
been shown clearh'. The results of  several cross:sectional 
epidemiological studies establishing Lp(a) as a risk factor 
for CHD were reviewed by Morrisett e t a l .  [14]. Such 
a review will not be repeated here. Rather, two st-udies 
which help cultivate an appreciation for the complex re- 
lationship between tp(a)  and CHD are discussed below. 

To our  knowledge only one prospective study has ex- 
amined the relationship between plasma Lp(a) concen- 
trations and CHD. Rosengren et  al..[15"]- followed 776 
50-year-old Swedish men for 6 }'ears (for a total of 
4656 follow-up },ears) and noted all CHD events and 
deaths due to CHD (26 in this study). Each CHD case 
was matched with four controls who did not suffer an 
identified CHD event. In this sample,, the CHD-positive 
group had sigrfificantly higher Lp(a)  levels at baseline 
(mean = 27.8 mg/dl) compared with the control group 
(mean = 17.3mg/dl). In addition, those in the upper 
one-fifth of the population Lp(a) distribution had mice 
as much CHD than those in the lower four-fifths. These 
data underscore the role of Lp(a) as a risk factor for 
CHD in a well-designed prospective case-control study. 
Because Lp(a) levels were measured before the onset 
of  acute disease, these results counter  those tl~at argue 
that the association between CHD and Lp(a) is a conse- 
quence of the potential role of Lp(a) as an acute phase 
protein [16]. Ho~'ever, it should be kept in mind that 
the scope of the study was quite narrow. For example, 
it only investigated the role of Lp(a) as a risk factor for 
CHD in men of on e age. In fact, a review of  the literature 
indicates a dearth of data documenting a r01e for Lp(a) 
[n CHD in women or other groups. In addition, the con- 
trol group in this stud}, was not necessarily disease-free. 
There is a desperate need for a well:designed population- 
based prospective case--control study uSing angiographi- 
cally documented atherosclerotic vascular disease cases 
and disease-free controls. 

Lp(a), in its role as a risk factor for CHD, does not act 
",done. Armstrong et al. [17] reported that the associa- 
tion between elevated plasma Lp(a) levels and CHD was 
dependent  on plasma LDL cholesterol levels. Individu- 
als with both high Lp(a) and high LDL cholesterol had 
a sixfold increased risk of disease, whereas those with 
only one or the other risk factor had a 1.5- to twofold 
increased risk. These data suggest that there is interac- 
tion, either direct or indirect, be~-een these two lipo- 
protein particles at the metabolic or  cellular levels which 
increases CHD risk. 

Plasma Lp(a) concentrations are also associated with 
other disease states such as cerebrovascular disease [18], 
renal disease [19], and diabetes mellitus. It is now well 
accepted that atheroSclerotiC vascular disease is the most 

common complication of diabetes [20]. Although Lp(a) 
represents a potent marker for and physiological element 
in the formation of atherosclerosis in non-diabetics, it 
has not been shown to be a risk factor for CHD in dia- 
betics. Recent data suggest a relationship-bem'ee/l-dia- 
betes and serum 'Lp(a) levels .Tg'o indeP~fh-dent s-tud- 
ies [21,22] have reported high seruni levelsof Lp(a) in 
poorly controlled inSulih-depehde-ntdiRb~tics-~UO-m-p~Ye-d 
with non-diabetic individuals. Interestingly, Lp(a) levels 
were dramatically decreased with improved metabolic 
control. A study by Joven and Vilella [23] showed that 
Lp(a) levels were not increased in ~,ell-controlled non- 
insulin,dependent diabetics and the authbrs suggest a 
predominant role of exogenous insulin in the regula- 
tion of' Lp(a) levels in diabetic patients. LevitskT el al. 
[24] examined the relationship between iLp(a) levels, dia- 
betes, and glycemic control among groups of white and 
black non-diabetic and insulin-dependent diabetic chil- 
dren. They found that circulating Lp(a) levels were in- 
creased in hyperglycemic whites, but no such relation- 
ship was observed in blacks. Although our understanding 
of the relationship between glycemic control and plasma 
Lp(a) concentrations is meager, tp(a)  should be consid- 
ered as a factor contributing to CHD in this already-at-risk 
group. 

The genetics of lipoprotein (a) 

Biometrical genetic analyses 
Traditional biometrical genetic analyses follow a logical 
series of progressively more focused questions about the 
role of genes influencing a quantitative trait. First, is there 
significant familial aggregation for the trait of  interest and 
is this aggregation due to shared genes rather than shared 
emironmental effects? The latter point is particulark" im- 
portant when investigating the risk factors for CHD as 
they are usually influenced by a r i d e  varieg" of emiron- 
mental faqtors. Second, is there evidence that one gene 
has a larg~ influence on the quantitative phenonlae? Such 
'major gene' effects are usually detected using a method 
known as complex segregation anab'sis [25]. Finalb,, if 
there is a significant major gene effect, can it be local- 
ized in the human genome using linkage analysis? Each 
of these questions has been addressed for plasma Lp(a) 
concentrations. 

The genetic nature of the tp(a) phenoqDe was estab- 
lished shortly after its discover" [26]. Since that time, 
numerous studies have firmly established that Lp(a) levels 
are strongh' influenced by genetic factors [27-30]. Based 
on the similarig' of plasma Lp(a) concentration among 
related individuals, estimates o f  the pobgenic heritabil- 
itv of Lp(a) typically' range between 70% and 95%. In 
other words, between 70% and 95% of the interindividual 
~riation in plasma Lp(a) levels is attributable -to genetic 
differences among indi~,iduals. No other major CHD risk 
factor is influenced by genes to a greater extent. Such a 
high degree of genetic determination raises the question 
as to the nature of the responsible loci. Identiging and 
characterizing the loci underl}ing this high heritabili~" is 
an intense and fruitful field of investigation. 
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Using complex segregation analysis, two studies have de- 
termined that there is a single gene with a large effect on 
pl,-tsma Lp(a)concentrations. Morton et  al. [31] investi- 
gated the segregation of plasma Lp(a) levels among mem- 
bers of 227 Japanese-American families, and reported the 
existence of a dominant major gene with residual poly- 
genic effects. In addition, some evidence for a third allele 
"a-as indicated. Formal analysis incorporating three alleles 
affecting plasma Lp(a) concentrations was reported by 
Hasstedt ,and Williams [32] using a single large Utah pedi- 
gree. In this pedigree, a full 73% of the vaiiance of plasma 
Lp(a) concentrations ~,:as attributable to the effects of 
the major gene "a~th three alleles. An additional 26% was 
caused bv the effects of polygenes. Drayna et  al. [33] 
and Weitkamp et aL [34] reported that the major gene 
influencing plasma Lp(a) concentrations was genetically 
linked to a marker near the apo(a) structural gene. It 
is important to keep in mind that in all_ these biomet- 
fical genetic studies DNA variation in known genes was 
not measured or directly assessed. Rather, genetic effects 
were inferred by the pattern of aggregation or segrega- 
tion of the trait among family members. 

A measured genotype approach 
In 1986, Boerwinkle et al. [35] outlined a measured 
genotype approach whereby physiologically important 
variability in a candidate gene or gene product is directly 
employed in the genetic analysis of CHD and its risk fac- 
tors. For plasma Lp(a) concentrations, the p_ri'ma.ry goal 
of the measured genotyT~e approach has been to estab- 
lish the role of the apo(a) gene in determining interindi- 
vidual variation of Lp(a) levels, the extent of familial ag- 
gregation of Lp(a) levels and the segregation of Lp(a) 
levels in pedigrees. 

Using sodium dodecylsulfate polyacrylamide gel elec- 
trophoresis followed by immunoblotting with a poly- or 
monoclonal human anti-apo(a) antibody, several apo(a) 
isoforms are distinguishable in human plasma [36,37]. 
The isoforms range in apparent molecular weight be- 
~'een 400 and 700 kD; and plasma from a single individ- 
ual shows only" one or two major isoforms. Utermann et 
aZ [37] described six isoforms designated (from smallest 
to largest) F B, SI,-S2 $3, and S4. Because of the lim- 
ited sensitivity of the western blot assay, individuals with 
very low plasma Lp(a) levels exhibit no apo(a) isoforms. 
Therefore, an operational null allele was also postulated. 
In a sample of 473 individuals from the Tyrol region 
of Austria, no visible bands were observed in approx- 
imately 25% of the individuals [38]. Considering only 
the observed single band types, the B, SI, $2, $3, :i.6d 
$4 isoforms occurred at a frequency of 2%, 6%, 26%, 
25%, and 41%, respectively. In addition, the distribution 
of plasma Lp(a) concentrations was significantly different 
among Lp(a) isoform phenotypes [37,38]. The molecular 
weights of the apo(a) isoforms were, in general, inversely 
correlatd:~clwith p l~ma levels of circulating Lp(a). Again 
considering only the observed single band types, the B 
isoform individuals had the highest average Lp(a) level- 
(59 mg/dl), followed by the Sl individuals (28 mg/dl), the 
S2 indMduals (24 mg/dl), the S3 individuals (12mg/dl), 

and the $4 indi*Aduals (7.5 mg..'dl). Boerv, inlde el al. [38] 
determined that approximately 42% of the ~nriati0n in 
plasma Lp(a) levels was attributable to the genetically 
determined tp(a) protein isofomls. These studies clearly 
established that the apo(a) gene itself was an inlportant 
determinant of plasma Lp(a) concentrations. Variation in 
the apo(a) gene and protein is responsible for the un- 
measured major gene effect described by Morton et aL 
[31] and Hasstedt and Williams [32]. In addition there is 
some correspondence of frequency,, and effects between 
the measured apo(a) isoform described by Utermann et  
al. [37] and the major gene alleles inferred bv Hasstedt 
and Williams [32]. Similar frequencies and effects can 
be imagined between the null 'apo(a) isofoml and the 
low allele detected by segregation analysis, the S3 and 
$4 isoforms and the medium "allele, and the S1 and $2 
isoforms and the high allele. 

Sandholzer et al. [39"] recentb,, eh~iracterized the fre- 
quency and effects of the apo(a) protein isoforms in 
seven ethriic groups (Tyrolean, Icelandics, Hungarian, 
Maly, Chinese, Indian, and Black Sudanese). The distri- 
bution of plasma Lp(a) concentratioris was significantly 
different among these groups, with the Chinese having 
the lowest (7.0mg/dl) and the Sudanese the highest 
(4~ i'ng//:ll)-Lp(a) levels. Even though the frequent3." of the 
apO(a) size isoforms were' significantly different among 
the Seven populations, thei'r effects on plasma Lp(a) con- 
centrations were not different. The authors conclude that 
the observed differences in the distribution of plasma.. 
Lp(a) c oocentrations could not be accounted for by dif-_ 
ferences in the frequencies or effects of the apo(a) pro- 
tein :isoforms. 

Seed et aL [40] studied the association of Lp(a) con- 
centrations and apo(a) isoforms with CHD in patients 
with heterozygous familial hypercholesterolen-fia (FH). 
Heterozygotes for defects in the LDL receptor gene lead- 
ing to fmrdlial hypercholesterolemia have elevated LDL 
cholesterol levels and are at greatly incrmsed risk of pre- 
mature CHD. However, not all these indMduals have dia- 
gnosed CHD; there is considerable variabilit2," in both the 
age of onset and the severity of disease [41]. In a sam- 
pleof 115 F H hete~rozygotes plasma Lp(a)concentration 
was the best predictor of angiographically documented 
CHD. The median Lp(a) level in patients with CHD was 
57 mg/dl whereas it was only 18 mg/dl in those without 
disease. In addition, there ,a-as an increased frequency 
of. the apo(a) isoforms associated with elevated tp(a) 
levels in-FH-patients with CHD (Table 2). For exam- 
ple;-the $2 iSofofin, which is ~'pically associated with 
elevated tp(a) levels (see below), was found more fie- 
q~e--n-tlg=ifi~he - 13~/fien/s Vdth CHD, and the $4 isoform, 
WhiCh is typically associated with reduced l~p(a) levels, 
was found more frequently in the patients without CHD. 
Seed et  al. [40] conclude that Lp(a) is a genetically deter- 
mined risk factor for atherosclerosis in indMduals with 
elevated serum LDL cholesterol levels, and that the Lp(a) 
system is at least partially responsible for the variabil- 
i,ty in expression of LDL receptor mutations. The results 
from Seed: et al. [40] have been Supported by a study Of 
120 FH heterozygotes by Wiklund et al. [42]. In addition 
Wiklund et  al. show that cholesterol-lowering therapy in 
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the FH heteroz'y.L~otes had no effect in reducing plasma 
Lp(a) concentrations. However, these results have not 
been supported by Mbewu et aL [43] who show that 
in a san~ple of 60 Ft-I heteroz3.'gotes, those with CHI) did 
not have significantk" higher plasma Lp(a) concentrations 
than those without CHD. 

Table 2. Apolipoprotein (a) isoform frequencies in FH patients with 

and without CHD. 

Frequency 

Isoform CHD (n = 54) No CHD (n = 55) 

B 0.009 0.009 

51 0.048 0.000 

$2 0.325 0.117 

53 0.169 0.194 

$4 0.154 0.270 

'null' 0.294 0.410 

Data from Seed el al. [401. 

Considerable insight into the role of the apo(a) gene in 
determining plasma Lp(a) concentrations has been ob- 
tained using the apo(a) protein isoforms. However, these 
analyses were compromised by the fact that the immuno- 
blotting technique used to g'pe the gp(a) is~3forms was 
not sensitive enough to detect those associated with low 
plasma Lp(a) concentrations. In genemll and cOngiderii~g 
the limits of the sensitivi~' of the western blot assay, the 
apo(a) isoforms segreg~-ted in familiesas a Mendelian 
trait [37]. However, strict Mendelian segregation of-the 
Lp(a) protein isoforms has been questioned [44]. In ad- 
dition and undoubtedly because of the threshold of  sen- 
siti~-ity of the western blot assay, the observed pheno- 
type frequencies were significantly different from those 
expected under Hardy-Weinberg equilibrium..Clearly, a 
more sensitive and specific method of  typing the apo(a) 
potymorphism was needed. 

McLean et aL [8] proposed that the size differences ob -  
served in the apo(a) protein were due to variable num- 
bers  of kringle 4 repeats in the apo(a) gene. Various 
studies have provided experimental data which confirm 
this initial proposal [9",45,46,47°°]. Lackner et al. [47"]  
identified a single KpnI restriction fragment containing 
most, if not all, the kringle-4-encoding sequences of  the 
apo(a) gene. Using restriction enzymes that cut at a sin- 
gle place in the kringle-4-encoding region (for example  
Pvul l )  it was inferred that a single kringle 4-encoding do- 
main is approximately 5.5 kb in length. In contrast, KpnI 
digested genomic DNA yielded bands ranging from 40 to 
200 kb in length. Using carefully, controlled pulsed-field 

gel electrophoresis conditions, 19 different-sized apo(a) 
fragments were observed in a sample of 102 Caucasian 
Americans. The 19 alleles formed a ladder with ad_iacent 
bands usually differing by 5 to 6 kb in length. No individ- 
uals showed more than two bands and the bands were 
inherited in a manner consistent witfi autosomal-c'c~l;3m- 
inant segregation. The frequency distribution of apo(a) 
alleles observed in this sample is shown in Table 3. Alle- 
les 12-15 were the most common, making_up 50% of the 
total number of alleles. In general, smaller apo(a) alleles 
were not as frequent as larger alleles, giving the distri- 
bution a negatively skewed appearance. The Observed 
apo(a) genog'pe frequencies agreed with Har~-Wein- 
berg expectations. This latter result is important in light 
of the lack of fit of the Lp(a) isoform frequencies to 
Hardy-Weinberg [38], and it indicates that the pulsed 
field g,ping technique is sensitive enough to detect all 
apo(a) length alleles. Size variation in the apo(a) Kpnl 
fragment indicates that the number of kringle-4-encoding 
domains in the apo(a) gene ranges from approximately 
nine to 35 copies. Therefore, apo(a) is a highly pok'mor- 
phic gene with at least 19 alleles differing because of a 
variable number of tandemly repeated kringle-4-encoding 
intron-exon domains. A larger population-based surcey 
of apo(a) gene length is likely to reveal that more than 19 
alleles exist, as the san~ple used by Lackner el a t  [47 °°] 
was relatively Small and some adjacent bands differed by 
more than 5.5 kb,in length. Indeed, using high resolution 
sodium ,dodewlsulfate agarose electrophoresis K:u-nboh 
et aL [48] observed 23 different protein isoforms in a 
sample of 270 Caucasian individuals. 

Table 3. Apo(a) allele frequencies as determined by pulsed field gel 

electrophoresis. 

Allele size" Frequency 

1 0.005 

2 0.015 

3 0,010 

4 0.029 

5 0.044 

6 0.039 

7 0.029 

8 0.059 

9 0.044 

10 0.069 

11 0.049 

12 0.1'37 

13 0.118 

14 0.152 

15 0.093 

16 0.044 

17 0.025 

18 0.034 

19 0.005 

Data from Lackner el: al [45"'1, "Sizes 

from smallest to largest. 

are given in relative units 
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Lackner et  aL [4 "°°] also report an inverse relationship 
be~'een the size of the apo(a) allele and plasma Lp(a) 
levels. Figure 2 shows a three-dimen_sional grhph ol~.tbe: 
size of the apo(a) alleles as measured by pulsed-field gel 
electrophoresis and the level of plasma Lp(a). Individuals 
with at least one small apo(a) allele tend to have rela- 
tively high plasma Lp(a) levels; whereas indi'dduals with 
large apo(a') alleles have reduced Lp(a) levels. The rank 
correlation be~'een the length of the apo(a) alleles and 
plasma I,p(a) levels was -0.4..-ks is evident in Figure 
2, there are several notable exceptions to this general 
trend. For example, there is one 14/17 heteroDgote with 
an Lp(a) concentration of appro.'dmately 40 mg/dl. This 
concentration is tar greater than one would have pre- 
dic~md based, on th.e apo(a) geriotype alone. The factors 
resPonsible for!hesed!s~:i-ePancjeS may be environmen- 
tal in nature or the result of .other genetic detem~inants. 
In addition, if there are other genetic loci influencing 
Lp(a) levels they ni:~v be_w_i_thin the .ap~_o(a)_gene alQng:_ 
side the- length]variation or coded for by other genes. 

In order to quantimte the contribution of the  entire 
apo(a) gene tO plasma Lp(a) concentrations we have 
analyzed the segregation of the apo(a) gene and Lp(a) 
levels in several t~milies [47-]. Examination of the family 
data indicate that in addition to the number of kringle 4 
repeats there are other sites in the apo(a) gene which 
influence plasma Lp(a) concentrations.--Table 4 gives the 
apo(a) g'pes and Lp(a) levels in siblings with identical 

:rod discordant apo(a) tyDes. Sibling pairs with identi- 
cal aP0(a) B~pgs were highly concordant, wherea.s sibling 
p:~rs in the .same ram!lies who were discordant for their 
apo(a) types often had yew different tp (a )  levels. In a 
s:mlple .of_73 sibling p,-firs that share both apo(a) alleles 
identical by descent, the correlation of p l~ma Lp(a) con- 
centrations was veD, high (0.95; Boerwinkle E and Hobbs  
HH, ° unpublighTgd dat2,i)~ In contrast, in a sample of  52 
sibling pairs with noapo(a )  alleles identical by descent, 
the correlation: coefficient of plasma Lp(a) concentrations 
~ l s  low and negative ( -0 .23) .  The high degree of  sim: 
ilari .ty of Lp(a) levels m'nong sibling pairs ~ t h  identical 
apo(a) genog'pes suggests that factors at the apo(a) gene 
otherthan the num be r of kringle 4'repeat s are contribut- 
ing to plasma Ll~(a)levels: In other words, apo(a) al- 
leles of the Same lengt h (as determined by pulsed-field 
gel electr0phoresis) do  not necessarily have the same 
DNA sequence. There may be sequence differences in the 
apo(a) promoter that intluence the transcription of  the 
~-fie o f i n  0d-ier-gequ~nces ~hat altei" the transport and 
m~tabolism of the Lp(a) particle. The identig" of  these 

• sequence s is currently unknown. 

A synthesis 

Genetic architecture is defined as the number and ,t3~e 
(e.g. structural or regulator,) of polymorphic genes ~Lf- 
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Environment 
10% Apo(a) 

Other genes 89% 
1% 

Sequence 
variation 

22% 

Krin~le 
numoer 

78% 

Fig. 3. Summary of the genetic architec- 
ture of plasma Lp(a) concentrations. The 
entire pie represents the interindividual 
variance of plasma Lp(a) concentrations. 
Approximately 90% of this variance is 
attributable to genetic factors, and vir- 
tually all of this is due to effects of the 
apo(a) gene. Other genes, such as the 
LDL receptor gene [52], have a slight 
effect on Lp(a) concentrations. The re- 
maining 10% is due to environmental 
factors. The effects of the apo(a) gene 
may be partitioned into two compo- 
nents: length and sequence variation. 

Table 4-'Comparison of Lp(a) levels among sibling pairs . . . . .  

Concordant siblings Other siblings 

Family Apo(a) type Lp(a) (mg/dl) Apo(a) type Lp(a) (mgldl) 

1 4/10 

• 2 9/16 

3 12/14 

4 12/15 

5 14/17 

6 6/16 

7 2/18. 

8 11/15 

9 14/15 

41;42 10/14;6/14 < 1:16 

7;9 5/9;4/5 50;75 

6;9 8/12 < 1 

1;1 14/15,7/12 < 1;28 

1;1 14/15,15/17 2;3 

5;6 15/15 6 

<1 ;<1 '  15/18 <1 

< 1 ; < 1  15/17,8/11 <1;7 

<1;<1 15/18 <1 

Data from Lackner et al. [45"°]. 

fecting a trait, the number of alleles at each locus, the 
frequencies of the alleles, and the size of their effects 
[49,50]. Our understanding of the genetics of plasma 
Lp(a) concentrations has evolved in parallel wi~ the 
ability to measure accurately both the quahti-t3 ~- ~f ~L-p(a) " 
in plasma and characteristics of the apo(a) gene. The 
genetic architecture of plasma Lp(a) concentrations has 
been defined at three levels: polygenic heritability, role of 
in toto apo(a) gene variation, and effects of length vari- 
ation in the ap0(a) gene (Fig. 3). As already fiientioned , 
a number of investigators h_ave Concluded that the tp(a)  
phenot~e  and Lp(a) levels are highly genetically deter- 
mined. A consensus value for the polygenic heritability, 
of plasma Lp(a) concentrations is approximately 90%; 

most studies report estimates Close to this value. Hasstedt 
and Williams [32] conclude on the basis of segregation 
analysis of a large Utah pedigree that the majority" of this 
heritability" is attributable to the effects of a single ma- 
jor gene, and this gene is linked to the structural gene 
for plasminogen [33, 34]. This result takes on added 
importance with the knowledge that the structural gene 
for apo(a), the unique protein component of tp(a), is 
closely linked to plasminogen [51]. Utermann et al. [37] 
described several electrophoretically separable isoforms 
in Lp(a), and Boerwinkle et al. [38] estimated that these 
isofomls accounted for 42% of the interindi~dual varia- 
tion in plasma Lp(a) concentrations. Utermann et al. [521 
demonstrated that mutations in the LDL receptor gene 
also influence plasma Lp(a) levels. However, these are 
likely to have only a small effect in the general population 
because the!r frequenw jS rare_. The i_dentific_atio_n of a 
Kpnl restriction fragment containing most if not all the 
kringle-4-encoding domain of the apo(a) gene [47 "° ] and 
the demonstration that this fragment was highly pob,.mor- 
phic in length provided a powerful tool in the genetic 
analysis Of plasma l.p(a) concentrations. By examining 
the degree of resemblance of sibling pairs sharing both 
alleles identical by descent ~s Compared with siblings 
with no apo(a) alleles identical by descent, we can infer 
that virtuaUy all the variability of plasma Lp(a) levels is 
due to variation in the apo(a) gene. Most, but not all, 
of this can be attributed to differing number of kringle 
4 repeatS. However, cis-acting sequence variation in this 
gene also affects plasma Lp(a) concentrations. These data 
represent the most complete picture to date of the ge- 
netic architecture of a major CHD risk factor. 
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Genetics of plasma lipoprotein (a) concentrations 
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Lipoprotein (a) [Lp(a)] is a low-density-like lipoprotein with the addition of a 
Lp(a)-specific protein, ap01ipopr0tein (a) [apo(a)]. Plasma concentrations of 
Lp(a) are a risk factor for premature coronary hear{ disease (CHD). Genetic 
studies have been key in developing an understanding of Lp(a) and its 
association with CHD. Quantitative genetic studies have demonstrated 
that plasma Lp(a) concentrations are largely genetically determined. Using 
length variation in the apo(a) gene and gene product, it has been shown 
that the apo(a) gene has a large effect on Lp(a) levels, and in fact variation 
in this one gene is largely responsible for the high heritability of plasma 
Lp(a) concentrations. The data presented in this review, represent the most 
complete picture to date of the genetic architecture of a major CHD risk 
factor. 

Current Opinion in Lipidology 1992, 3:128-136 

Introduct ion 

In 1988, coronary heart disease (CHD) accounted for 
35.3% of all deaths in the USA [1]. Unlike the inborn 
errors of metabolism (for example cystic fibrosis) CHD is 
the result of lifelong interactions among numerous envi- 
ronmental and genetic factors. Therefore, no single gene. 
is responsible for the high frequency of CHD. Rather, 
there are many genes, each making a relatively Small con- 
tribution to the overall disease liabili~, in the popUl~/ion. 
Genetic studies of CHD are also complicated by the fact 
that there may be different causes in different individu- 
als, families and populations i.e. there are multiple paths 
to the same disease er~dpoint. The multifactorial-nature 
of CHD has slowed progress in understanding its eti- 
ology; however, progress has been best realized when 
researchers have focused on one or only a few facets of 
this complex system. Since its discovery by Berg [2] in 
1963, lipopr0tein(a) [~p(a)] has been at the forefront of 
research on the genetics of CHD and its risk factors. 

Lp(a) is a cholesteryl ester-rich plasma lipoprotein com- 
posed of two components: an LDL-like particle to which 
is attached a single large glycoprotein, apolipoprotein (a) 
[apo(a)]. tp(a) is an important risk factor for atheroscle- 
rotic CHD. High plasma levels of Lp(a) are positively as- 
sociated with the development of premature atheroscle- 
rosis and other vascular diseases. The mechanism by 
which Lp(a) contributes to the atherosClerotic process 
is unknown, although it is probably mediated through its 
close homology" to the plasma ~'mogen plasminogen [3]. 

Lp(a) is distinct from other CHD risk factors associated 
with intermediary metabolism in that plasma concentra- 
tions of Lp(a) vary over a veo" wide range among indi- 
viduals but are extremely stable within a given individual 
[4]. Furthermore, many physiological, pharmacological 
and environmental factors that effect the levels of other 
plasma lipoproteins have no effect on Lp(a) concentra- 
tion. 

Our goals in studying the genetics or: common chronic 
diseases such ,'ks CHD include a be{ter understanding of 
their etiology and improved prediction. Such an under- 
standing viii better position societ3" and medicine for pre- 
ventative, rather than pharmacological, surgical or mere 
palliative measures. Throughout its relatively brief history 
human genetics has led the way in studies of Lp(a) and 
its association v, ith CHD. Knowledge accumulating about 
the genetics of plasma Lp(a) concentrations and the role 
of this lipoprotein in atherosclerosis will at least partially 
unveil the mechanisms of CHD initiation and progres- 
sion, and will facilitate earb' identification of individuals 
at increased risk. 

Structure of l ipoprotein (a) 

A schematic diagram of a Lp(a) particle is shown in 
Fig. 1. In many respects, the Lp(a) lipoprotein particle 
resembles a LDL particle v, ith the addition of a single 

Abbreviations 
apo~apolipoprotein; CH~coronary heart disease; FH~familial hypercholesterolemia; Lp(a)--lipoprotein (a); 

mRNA--messenger RNA. 
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molecule of apo(a). The physicochemical properties of 
Lp(a) have been determined using a variew of techniques 
[5], and Table 1 compares these properties between 
Lp(a) and LDL. As in LDL, apolipoprotein (apo)Bm0 is 
present in Lp(a) [6] and, unlike LDL. is linked to apo(a) 
by a disulfide bond [7]. Lp(a) has a higher density and 
overall molecular weight than LDL, characteristics that 
make ultracentrifugation and gel filtration chromatogra- 
phy useful tools for its purification. The electrophoretic 
mobility of Lp(a) in agarose is to the pre-13 position, 
which.is similar to VLDL, and its buoyant density is char- 
acteristic Of HDL 2. The prote!n and lipid composition of 
Lp(a) differs only slightly with that of LDL, with a protein: 
lipid ratio in Lp(a) and LDL of 1 : 2.2 and 1 : 3.5, respec- 
tively. Total lipid content represents approximately 69% 
in tp(a)  and 79% in LDL, but the anlount of free choles- 
terol relative to total lipids is appr0~mately the same in 
both particles (11.5 and 11.8%, respectively). 

• N ApoBlm 

(-9 to -35 copies) 

Apo(a) 

Fig. 1. Schemat ic  d iagram of an Lp(a) l ipoprote in particle. 

Data concerning the site of ~sTnthesis o f  Lp(a) in hu- 
mans are scarce. The liver is thought to be involved in 
the production of Lp(a) because apo(a) messenger RNA 
(mRNA) has been detected by northern blot analysis in 
liver [8,9"] and because liver damage is associated with 
reduced Lp(a) levels [10]. However, it is unclear whether 
apo(a) synthesized in hepato%'tes is secreted for later 
production of  Lp(a) in the interstitia or in circulation, 
or whether the hepatocytes secrete Lp(a) directly. Rain- 
water and Lanford [11] reported that cultured primary 
baboon hepatocytes sTnthesized an Lp(a) particle identi- 
cal to plasma Lp(a). In addition, the isoform type of the 

Table 1. Physical and chemical properties of Lp(a) and LDL particles. 

Lp(a) LDL 

Electrophoretic mobility pre-13 

Buoyant density (g/ml} 1.05-1.08 1.03-1.06 

/ 
Molecular weight (x  1061 3.1-3.8 2.5-3.1 

Apolipoproteins apoB100` apo(a) apoBloo 

% Composition as protein 26.0-35.7 20.7 

% Composition as lipid 64.3-74.0 79.3 

% Composition as cholesterol 33.6--45.4 52.3 
Free cholesterol) (7.6-10.2) (9.4) 

Data from Fless et al. [5] and Gaubatz et a/. [7] 

secreted Lp(a) w~s identical to the observed isoforms 
f r o m  the hepaTtoc3"te don6r-animal. To investigate the 
tissue e.xpress_jon of apo(a) mRNA in rhesus monkey, 
Tomlinson et aL "[12] anak-zed 12 different tissues and 
detected apo(a) mRNA only in liver, brain, and testes. 
However, no apoB mRNA was present in the latter two 
tissues s!.Lggesting that apo(a) may function in some tis- 
sues independently Of the tp(a) particle. 

Partial protein sequencing o f  purified plasma:apo(a) re- 
vealed remarkable sequence similarity with that of plas- 
minogen [13], an observation w~hich led to the .cloning 
of the apo(a) complementary DNA by McLean et al. [8]- 
The mature apo(a) mRNA encodes a 4529-amino-acid 
protein which includes a 19 bp signal peptide, multiple 
copie~ Of a kringle-4-1ike domain, one copy of a region 
hom-ol0g6us to the plasminogen kringle 5, and a protease 
domain. Complementary DNA sequences of the protease 
domain in apo(a) and plasmifiogen share 94% homology. 
This s[riking structural simil,~rity with plasminogen led to 
the SuggestiOn that Lp(a) might have prothrombic action. 
Howevert because of ~ 'o  important amino acid substitu- 
tions in the activation site (Arg-Val mutated to Ser-Ile), 
apo(a), :unlike plasminogen, Cannot be transformed into 
an active fibrinolytic agent. Miles el aL [3] demonstrated 
that Lp(a) was able to bind to plasminogen receptors dis- 
tributed on peripheral blood Cells and vascular endothe- 
lial cells, and postulated that Lp(a) competes with plas- 
minogen for these receptors. Thus, by interfering with 
plasminogen binding, Lp(a) would prevent plasmin gen- 
eration. Consequently, thrombolysis would be inhibited 
and thLombosis promoted. However, at this time we can- 
not rule out the possibility that the homology, between 
apo(a) and plasminogen may be functionally coincidental 
and the mechanism for the association between Lp(a) 
and CHD is by some as-yet-unidentified path. 
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tipoprotein (a) as a risk factor for 
atherosclerosis 

The association between elevated plasma Lp(a) concen- 
trations and the occurrence of CHD has been reported 
by numerous investigators employing a broad range of 
study designs, disease definitions, an d analytical methods. 
A positive but moderate relationship between plasma 
Lp(a) concentrations and the occurrence o[CHD has 
been shown clearly. The results of several cm~s:s&{ional 
epidemiological studies establishing LP(a) a~ afis-k facf0r 
for CHD were reviewed by Morrisett et al. [i4]. Such 
a review will not be repeated here. Rather, two studies 
which help cultivate an appreciation for the complex re- 
lationshi p between Lp(a) and CHD are discussed below. 

To our knowledge only one prospective study has ex- 
amined the relationship between plasma Lp(a) concen- 
trations and CHD. Rosengren et aL [15"] followed 776 
50-year-old Swedish men for 6 years (for a total of 
4656 follow-up },'ears) and noted all CHD events and 
deaths due to CHD (26 in this study). Each CHD case 
was matched with four controls who did not suffer an 
identified CHD event.. In this sample, the CHD-positive 
group had significant b, higher Lp(a) levels at baseline 
(mean = 27.8mg/dl) compared with the control group 
(mean = 17.3mg/dl). In addition, those in the upper 
one-fifth of the population Lp(a) distribution had twice 
as much CHD than those in the lower four-fifths. These 
data underscore the role of  Lp(a) as a risk factor for 
CHD in a well-designed prospective case-control stud}'. 
Because Lp(a) le~:els were measured before the onset 
of acute disease, these results counter those that argue 
that the association be~,een CHD and Lp(a) is a conse- 
quence of the potential role of Lp(a) as an acute phase 
protein [16]. However,.it shoti M be kept,_in m.i_nd that 
the scope o f  the stu~, was quite narrow: For example, 
it only investigated the, role of Lp(a) as a risk factor for 
CHD in m e n o f  one age. in fact, a review of the literature 
indicates a dearth of data documenting a role for Lp(a) 
in CHD in women or other groups. In addition, the con- 
trol group in this study was not necessarily disease-free. 
There is a desperate need for a well-designed population- 
based prospective case--control stud}' using angiographi- 
cal ly documented atherosclerotic vascular disease cases 
and disease-free controls. 

Lp(a), in its role as a risk factor for CHD, does not act 
,alone. Armstrong et al. [17] reported that the associa- 
tion between elevated plasma Lp(a) levels and CHD was 
dependent on plasma LDL cholesterol levels. Individu- 
als vdth both high Lp(a) and.high LDL cholesterol had 
a sixfold increased risk of disease, whereas those with 
only one or the other risk factor had a 1.5- to ~'ofold 
increased risk. These data suggest that there is interac- 
tion, either direct or indirect, between these two lipo- 
protein particles at the metabolic or cellular levels which 
increases CHD risk. ~ • 

Plasma Lp(a) concentrations are also associated ~ith 
other disease states such as cerebrovascular disease [18], 
renal disease [19], and diabetes mellitus. It is now well 
accepted that atherosclerotic vascular disease is the most 

common complication of diabetes [20]. Although Lp(a) 
represents a potent marker for and physiological element 
in the formation of atherosclerosis in nofi-diabetics, it 
has not been shown to be a risk factor for CHD in dia- 
betics. Recent data suggest a rela{ionshif) be~'e~n dia- 
betes and serum Lp(a) levels. Two independent stud- 
ies [21,22] have reported high serum levels of Lp(a) in 
poorly controlled insulin-dependent di~ibetics compared 
with non-diabetic individualS, inieiestiiagl~ Lp(a) levels 
were dramatically decreased with impr6ved:rfletabolic 
control. A study by Joyen and Vileila] [23] =~laow&:t that 
tp(a) levels were not increased in .well-controlled non- 
insulin-dependent diabetics-arid-the atitli6rs suggeSt a 
predominant role of exogenous insulin in the regula- 
tion of Lp(a) levels in diabetic patients. Le,~itsky et al. 
{24] examined the relationship between Lp(a) levels, dia- 
betes, and glycemic control among groups of white and 
black non,diabetic and insulin-dependent diabetic chil- 
dren. The}, found that circulating Lp(a) levels were in- 
creased in h~erglycemic whites, but no such relation- 
ship was observed in blacks. Although our understanding 
of the relationship be~'een glycemic control and plasma 
Lp(a) concentrations is meager, Lp(a) should be consid- 
ered as a factor contributing to CHD in this already-at-risk 
group. 

The genetics of lipoprotein (a) 

Biometrical genetic analyses 
Traditional biometrical genetic analyses follow a logical 
series of progressively more focused questions about the 
role of genes influencing a quantitative trait. First, is there 
significant familial aggregation for the trait of interest and 
is thisaggregation due to shared genes rather than shared 

en~i(6nmental-effe~fs? The latter poir i t  is particularly im- 
portant when investigating the risk factors for CHD as 
the}" are usually influenced by a ,aide varie~" of emiron- 
mental factors. Second, is there ex~dence that one gene 
has a large influence on the quantitative phenotype? Such 
'major gene' effects are usually detected using a method 
know-a as complex segregation analysis [25]. Finally, if 
there is a significant major gene effect, can it be local- 
ized in the human genome using linkage anak'sis? Each 
of these questions has been addressed for plasma Lp(a) 
concentrations. 
The genetic nature of the Lp(a) phenotype was estab- 
fished shortly after its discover}," [26]. Since that time, 
numerous studies have firmly established that Lp(a) levels 
are strongly influenced by genetic factors [27-30]..Based 
on the similarity" of plasma L p(a) concentration among 
related individuals, estimates of the polygenic heritabil- 
it}.' of Lp(a) ~'pically range between 70% and 95%. In 
other words, between 70% and 95% of the intefindixidual 
variation in plasma Lp(a) levels is attributable to genetic 
differences among !ndi~iduals: No other major CHD risk 
factor is influenced by genes to a greater extent. Such a 
high degree of genetic deternaination raises the question 
as to the nature of the responsible loci. |dentif)ing and 
characterizing the loci underl}ing this high heritability is 
an intense and fruitful field of investigation. 
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Using complex segregation analysis, two studies ha~ieTde- 
tem~ined that there is a single gene with a large effect on 
plasma Lp(a) concentrations. Morton et al. [31] investi- 
gated the segregation of plasma Lp(a)levels among mem- 
bers of 227 Japanese-American families, and reported the 
existence of a dominant major gene with residual p0ly- 
genic effects. In addition, some evidence for a third allele 
was indicated. Formal analysis incorporating three alleles 
affecting-plasma Lp(a) Cohcentrations~,as i-eported by 
Hasstedt and Williams [32] using a single large Utah pedi- 
gree. In this pedigree, a full 73% of the varianceof plasma 
Lp(a) concentrations was attributable-to the effects of 
the major gene With three allek}s. An addi~nal  2-6% Was 
caused by the effects of p_olygenes. D_rayna et  al. [33] 
and Weitkamp et al. [34] reported thai themajor gene 
influencing plasma Lp(a) concentrations was geneticalb,, 
linked:-to: a marker h~-ar the apo(a):s{ructural gene. it 
is iml)ortant to keep in_mind that in all these biomet- 
rical genetic studies DNA variation in "known genes was 
not measured or directly assessed. Rather, genetic effects 
were inferred by the pattern of aggregation or segrega- 
tion of the trait among family members. 

A measured genotype approach 
In i9861--Boerwinkle e t a l .  [35] outlined a measured 
genotype approach whereby physiologically important 
variability in a candidate gene or gene product is directly 
employed in the genetic analysis Of CHD and its risk fac- 
tors. For plasma Lp(a) concentrations, the primary goal 
of the measured genotype approach has been to estab- 
lish the role of the apo(a) gene in determining interindi- 
vidual variation of Lp(a) levels, the extent of familial ag- 
gregation of Lp(a) levels and the segregation of Lp(a) 
levels in pedigrees. 

Using sodium dodecylsulfate polyacg'lamide gel elec- 
tr0phoresis followed= by immunoblotting with a poly- or 
monoclonal human anti-apo(a) antibody, several apo(a) 
isoforms are distinguishable in human plasma [36,37]. 
The isoforms range in apparent molecular weight be- 
tween 400_ and 700 kD, and plasma from a single individ- 
ual-shows only One or two major isc/formS. Utemlmln et  
al. [37] described six isoforms designated (from smallest 
to largest) F, B, S1, $2, $3, and $4. Because of the lim- 
ited sensitivity of the western blot assay, individuals with 
very low plasma Lp(a) levels exhibit no apo(a) isoforms. 
Therefore, an operational null allele was also postulated. 
In a sample of 473 individuals from the Tyrol region 
of Austria, no visible bands were observed in approx- 
imately 25% of the individuals [38]..Considering only 
the observed single band types, the B, S1, $2, $3, and 
$4 isoforms occurred at a frequency of 2%, 6%, 26%, 
25%, and 41%, respectively. In addition, the distribution 
of plasma Lp(a) concentrations was significantly different 
among tp(a) isoform phenotypes [37,38]. The molecular 
weights of the apo(a) isoforms were, in general, invers_e_!y 
correlated-with plasma levels of circulating. Lp(a). Again 
considering only the observed single band t31)es, the B'  
isoform individuals had the highest average Lp(a) level 
(59 mg/dl), followed by the Sl individuals (28 rag, all), the 
S2 individuals (24 mg/dl), the S3 individuals (12 mg/dl), 

an_-d_-the S_4_individuals (7.5 mg/dl). Boeminkle et. aL [38] 
demnnined that approximately" 42% of the variation in 
plasma Lp(a) levels was attributable to the genetically 
determined Lp(a) protein isofom~s. These smdie~ clearly 
established that the apo(a) gene itself was an important 
determinant of plasma Lp(a) concentrations. Variation in 
the apo(a) gene and protein is responsible for the un- 
measured major gene effect described by Morton et  aL 
[31] and Hasstedt and Williams [32]. In addition there is 
some correspondence of frequen W and effects between 
the measured apo(a) isoform described by Utem~ann et  
aL [37] and the malor gene alleles inferred by Hasstedt 
and Williams [32]: Similar frequencms and effects can 
be imagined between the null apo(a) isoform and the 
low Mlele detected by segregation analysis, the S3 and 
$4 isoforms and the medium .allele, and the S1 and $2 
isof6rms and tile high allele. 

Sandholzer et al. [39*] recently characterized the fre- 
quenc3' and effects of the apo(a) protein isoforms in 
seven ethnic groups (Tyrolean. Icelandics. Hungarian. 
M_al3',_ Chinese, In_dian, and Black Sudanese). The distri- 
bution of plasma Lp(a) concentrations was significantly 
differefit am6ng these gr6ups, ~ith the Chinese having 
the lowest (7.0mg/dl) and the Sudanese the highest 
(46 mg/dl) Lp(a) levels. Even though the frequent3" of the 
apo(a) size isoforms were significantly, different among 
the seven populations, their effects on plasma Lp(a) con- 
centrations were not different. The authors conclude that 
the obs~erved differences in the distribution of plasma 
Lp(R-)concentrations could not be accounted for by dif- 
ferences in the frequencies or effects of the apo(a).pro- 
rein -isoforms. 

Seed  et al. [40' studied the association of Lp(a) con- 
centrations and apo(a) isoforms with CHD in patients 
with heterozygous familial hypercholesterolemia (FH). 
HemrozTgotes for defects in the LDL receptor gene lead- 
ing to fanlilial hypercholesterolemia have elevated LDL 
cholesterol levels and are at greatly increased risk of pre- 
mature CHD. However; not all these individuals have dia- 
gnosed CHD;-there is considerable~variability in both the 
ag& of6nset-and-/he severity of disease-[41]. In a sam- 
ple of 115 FH'heteroz3'gotes, plasma Lp(a) concentration 
was the best predictor of angiographically .documented 
CHD. The median Lp(a) level in patients with CHD was 
57 mg/dl whereasit was only 18 mg/dl in those without 
disease. In additiori, there Wasan increased frequen W 
of the apo(a) isofomls associated with elevated Lp(a) 
levels in FH patients with CHD (Table 2). For exam- 
ple, the $2 isoform, which is tTpically associated with 
elevated Lp(a) levels-(s~}e below){ Was found more fre- 
quently in the patients with CHD, and the $4 isoform, 
which is typically associated ~ith reduced tp(a)  levels, 
~:a.s found more frequently i n the patients without CHD. 
Seed  et aL [40] conclude that Lp(a) is a genetically deter- 
mined risk factor for atherosclerosis in individuals with 
el~,,ated seriJ/n LDL Cholesterol levels, and that the Lp(a) 
s3;stem is :at least partiall~ responsible for the variabil- 
ity in expression of LDL receptor mutations. The results 
from Seed et al. [40] have been supported by a study, of 
120 FH heterozygotes by Wiklund et al. [42]. In addition 
Wildund et al. show that cholesterol-lowering therapy in 
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the FH heterozygote s had no effect in reducing plasma 
Lp(a) concentrations. However, these results have not 
been supported by Mbewu et al. [43] who show that 
in a sample of 60 FH heterozTgotes, those with CHD did 
not have significantly higher plasma Lp(a) concentrations 
than those without CHD. " 

Table 2. Apo!ipoprotein (a) isoform frequencies in FH patients~with" 

and without CHD. 

Frequency 

Isoform CHD (n = 541 No CHD (n = 55) 

B ,0.009 @009 

$1 0.048 0.000 

$2 0.325 0.117 

$3 0.169 0.194 

$4 0.154 0.270 

'null' 0.294 0.410 

Data from Seed et al. [401. 

Considerable insight into the role of the apo(a) gene in 
determining plasma Lp(a) concentrations has been ob- 
tained using the apo(.a) protein isoforms. However, these 
analyses were compromised by the fact that the immuno- 
blotting technique used to tTpe the tp(a) isoforms was 
not sensitive enough to detect those associated with low 
plasma Lp(a) concentrations. In generM, and considering 
the limits of the Sensitivity of the western blot assay, the 
apo(a) isofom~s segregated in .families as a Mendelian 
trait [37]. However, strict Mendelian segregation of the 
Lp(a) protein isoforms has been questioned [44]. In ad- 
dition and undoubtedb" because of the threshold of sen- 
sitMty of the westernblot  assay, the observed pheno- 
~lae frequencies were significantly different from those 
expected under Harcty-Weinberg equilibrium. Clearly, a 
more sensitive and specific method of typing the apo(a) 
polymorphism was needed. 

McLean et  al. [8] proposed that the size differences ob- 
served in the apo(a) protein were due to variable num- 
bers of kringle 4 repeats in the apo.(a) gene. Various 
studies have provided experimental data which confirm 
this initial proposal [9.,45,46,47"]. Lackner et  al. [47 -o] 
identified a single KpnI restfict-ion fragmen{ containing 
most, if not all, the kringle-4-encoding sequences of the 
apo(a) gene. Using restriction enz~Tnes that cut at a sin- 
gle place in the kringle.4-encoding region (for exa_mple 
Pvu l I )  it was inferred that a single kringle 4-encoding do- 
main is approximateh' 5.5kb in length. In contrast, Kpnl 
digested genomic D~'NA yielded bands ranging from 40 to 
200 kb in length. Using carefully controlled pulsed-field 

gel electrophoresis conditions, 19 different-sized apo(a) 
fragments were observed in a sample of 102 Cauc:tsian 
/unericans. The 19 alleles formed a ladder with adjacent 
bands usually diffe~ng by. 5 to 6 kb !n length...N9 in dMd- 
uats showed more than ~ 'o  bands and the bands Were 
inherited in a manne'r consistent with autosomal codom- 
inant segregation. The frequen W distribution of apo(a) 
alleles observed in this sample is shown in Table 3. Alle- 
les 12-15 were the most common, niaking Up:50%:of-the 
total number of alleles. In general, smaller _apo(a), ~tlleles 
were not as frequent ,as larger alleles gixing the distri- 
bution a negatively skewed appearance. The obser{'ed 
apo(a) genot3"pe frequencies agreed with Hardy-Wein- 
berg expectations. This latter result is important in light 
of the lack of fit of the Lp(a) isoform frequencies to 
Hardy-Weinberg [38], and it indica.tes that the pulsed 
field typing technique is Sensitive enough to detect all 
apo(a) length alleles. Size variation in the apo(a) Kpnl 
fragment indicates that the number of kringle-4-encoding 
domains in the apo(a) gene ranges from approximately 
nine to 35 copies. There/0re, apo(a) is a highly pol.vmor- 
phic gene with at least 19 alleles differing because of a 
variable number of tandemly repeated kringle-4-encoding 
intron-exon domains. A larger population-based survey 
of apo(a) gene length is likely to reveal that more than 19 
alleles exist, as the sample used by Lackner et  al. [47.'] 
was relatively small and some adjacent bands differed by 
more than 5.5 kb in lengtl-/. Indeed, using high resolution 
sodium dodec3isulfate agarose electrophoresis Kamboh 
et al. [48] observed 23 different protein isofomls in a 
sample of 270 Caucasian individuals. 

Table 3. Apo(a) allele frequencies as determined by pulsed field gel 

electrophoresis. 

Allele size" Frequency 

1 0.005 

2 0.015 

3 0.010 

4 0.029 

S 0.044 

6 0.039 

7 0.029 

8 0:059 

9 "0.044 

10 0.069 

11 0.049 

12 0.137 

13 0.118 

14 0.152 

15 0.093 

16 0.044 

17 0.025 

18 0.034 

19 0.005 

Data from Lackner et al. [45°']. "Sizes are given in relative units 

from smallest to largest. 
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lackner et aL [47"'] also report an inverse relationship 
bem'een the size of the apo(a) allele and plasn}a Lp(a) 

• levels, Figure 2. shows a three-dimensional graph of the 
size of the apo(a) alleles as measured by pdl.ged~field gel 
electrophoresis and the level of plasma Lp(a). Indixiduals 
with at least one sin:ill apo(a) allele tend to have rela- 
tively high plasma Lp(a) levels; whereas indMduals with 
large apo(a) "alleles have reduced Lp(a) levels. The rank 
correlation between the length of the apo(a) ,alleles and 
plasma Lp(a)levels was -0.4. ~ is evidentin Figure 
2, there are severzd notable exceptions to this general 
trend. For example, there is one 14/17 heterozTgote with 
an Lp(a) concentration of.approximately] 40 mg/dl. This 
cQncentr~{tion is far greater, than one would have pre- 
dicie-dlSas-ed'on theapo(a~Tgeno .type alone The factors 
responsible for theSe discrepancies may be emii'onmen- 
tal in nature or the result o f  other genetic :determinants. 
In addition, if there-are other genetic loci .influencing 
tff(a)" levels {hey ram" be within the  apo(a) gene along- 
side the length variation or coded for by other genes. 

In order to quantitate the contribution of the entire 
apo(a) gene to. plasma kp(a) concemrations we have 
analyzed the segregation of the apo(a) gene and Lp(a) 
levels in several families [47..]. Examination of the family 
data indicate that in addition to the number of kringle 4 
repeats there are other sites in the apo(a) gene Which 
influence pl,ksma Lp(a) concentrations. Table 4gives the 
apo(a) types and LpCt) levels in siblings with identical 

and discordant apo(a) types. Sibling pairs with identi- 
cal apo(a) types were high .l.l.ly concordant, whereas sibling 
pairs in the same families who were discordant for their 
apo(~) types often had very, different Lp(a) levels. In a 
sample of 73 sibling pairs that share both apo(a) ,alleles 
identical by descent, the correlation of plasma Lp(a) con- 
centrations was very higli (0.95; Boerwinkle E and Hobbs 
HH, unpublished data). In contrast, in a sample of 52 
sibling pairs with no apo(a)  alleles identical by descent, 
the correlation coelficient of plasma Lp(a) concentrations 
was low and neg-ati~;e ( - 023). The high degree of sim- 
ilariw of Lp(a) 16vel~ ,among sibling pairs with identical 
apo(a) genotypes sug, ges-ts that factors at the apo(a) gene 
other than the number of kringle 4 repeats are contribut- 
ing tolp[asn?a Lp(a) levels. In other words, apo(a) al. 
leles of the same length (as determined by pulsed-field 
gel el ectrophoresis) do not necessarily have the same 
DNA seqi.mnce. There may be sequence differences in the 
apo(a) promoter that influence the transcription of the 
gene o r  in othersequences that alter the transport and 
metabolism of the Lp(a) particle. The identity, of these 
sequences is currently unknown. 

A synthesis 

Genetic architecture is _defined as the number and type 
(e.g. structural or regulatoo,) of polD'norphic genes af- 
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Fig. 2. Association between apo(a) length genotypes and plasma Lp(a) levels, Each cartesian coordinate represents an apo(a) genotype 
and Lp(a) levels are plotted in the vertical axis. 
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Environment 
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Other genes 
1% 

89~/° 

Sequence 
variation 
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Krin~le 
numt~r ' 
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Fig. 3. Summary of the genetic architec- 
ture of plasma Lp(a) concentrations. The 
entire pie rep~'esents the interindividual 
variance of plasma Lp(a) concentrations. 
Approximately 90% of this variance is 
attr ibutable to genetic factors, and vir- 
tually all of this is due to effects of the 
apo(a) gene. Other  genes, such as the 
LDL receptor gene [52], have a slight 
effect on Lp(a) concentrations. The re- 
maining 10% is due to environmental  
factors. The effects of the apo(a) gene 
may be part i t ioned into two compo- 
nents: length and sequence variation. 

Table 4. Comparison of Lp(a) levels among sibling pairs• 

Concordant siblings Other siblings 

Family Apo(a) type Lp(a) (mg/dl) Apo(a) type Lp(a) (mg/dl) 

1 4/10 41 ;42  10/14;6/14 < 1;16 

2 9:'16 7;9 5/9;4/5 50;75 

2, 12,14 6;c) 8/12 < 1 

4 12.'15 1;1 14/15,7/12 < 1;28 

5 14"17 1;1 14/15,15/17 2:3 

6 6/16 5;6 15/15 6 

7 2/18 < 1; < 1 15/18 < 1 

8 11/15 <1 ;<1  15/17,8/11 <1;7 

9 14/15 < 1; < 1 15/18 < 1 

Data from Lackner et al. [45"]. 

fecting a trait, the number of alleles at each locus, the 
frequencies of the alleles, and the size o f  their effects 
[49,50]. Our understanding of the genetics of p l~ma 
Lp(a) concentrations has evoh'ed in parallel with the 
ability to measure accurately both the quantityof Lp(a) 
in plasma and characteristics.o{ the  aPo(a_) gen%The 
genetic architecture of plasma Lp(a) concentrations h_as 
been defined at three levels: poh'genicheritabili_g', role of 
in toto apo(a) gene variation, and effects- Of length vari- 
ation in the apo(a) gene (Fig. 3). As already mentioned, 
a number of investigators have concluded that the Lp(a) 
pheno~l~e and Lp(a) levels are highly genetically deter- 
mined. A consensus value for the polygenic heritability 
of plasma Lp(a) concentrations is approximately 90%; 

most studies report estimates close to this value. Hasstedt 
and .Williams [32] conclude o n  the basis of segregation 
anal}sis of a large Utah pedigree that the majority of this 
heritability is attributable to the effects of a single ma- 
jor gene, and this gene is linked to. the structural gene 
for plasminogen [33, 34]. This result takes on added 
importance with the knowledge that the structural gene 
for apo(a), the unique protein component of Lp(a), is 
closely linked to plasminogen [51]. Utemlann et aL [37] 
described several electrophoretically separable isoforms 
in Lp(a), and Boem,inkle et aL [38] estimated that these 
isoforms accounted for :i2% of the interindixidual ?t'aria- 
tion in plasma Lp(a) concentrations. Utermann et al. [52] 
demonstrated tha{ n~-utatiofig in the LDL receptor-gene 
also influence plasma Lp(a) levels. However, these are 
likely to have only a Small effect in the general population 
because their frequency is rare. The identification of a 
Kpnl restriction fragment containing most if not all the 
kringle-4-enc0ding domain of the apo(a) gene [47"] and 
the demonstration that this fragment was highly polymor- 
phic in length provided a powerful tool in the genetic 
analysis of plasma Lp(a) concentrations. By examining 
the degree of resemblance of  sibling pairs sharing both 
alleles identical by descent as compared with siblings 
with no apo(a) alleles identical by descent, we can infer 
that virtually all the variabili{y of plasma Lp(a) levels is 
due to variation in the apo(a) gene. Most, but not all, 
of this can be attributed to differing number of  kringle 
4 repeats. However, cis-acting sequence variation in this 
gene also affectsplasma Lp(a) concentrations. These data 
represent the most complete picture to date of  the ge- 
netic architecture of a major CHD risk factor. 
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Signal Peptide-Length Variation in 
-H m an ApoilpoproteinB Gene 
Molecular C:h racteristics and Association 
with Plasma Glucose Levels 
ERIC BOERWlNKLE, SAN-HWAN CHEN, SOPHIA VlSVlKIS, CRAIG L: HANIS, GERARD SIEST, AND 
LAWRENCE CHAN 

We studied the molecular characteristics of 
three naturally occurring variants in the human 
apolipoprotein B (apoB) signal peptide, their 
frequencies in non-insulin-dependent diabetic and 
random populations~ and their association with several 
measures of lipid and carbohydrate metabolism. In 
a random sample of 197 French whites, there were 
two common alleles, 5'13SP-24 and 5'J~SP-27, with 

'frequencies of 0.35ando.65; respectively:In a random 
sample of 181 Mexican Americans, there was an 
additional allele, 5'J3SP-29, with a frequency of 0.03. 
DNA sequence analysis indicated that the signal 
peptide alleles consisted of the following: 5'J3SP-29 
encoded 29 amino acids in the signal peptide 
containing two cop iesof  thesequenceCTG GCG CTG 
enc0ding=L_e=u:Ala~eu and a.consecutive run of eight 
Leu-encoding condons; 5'J3SP-27encoded 27 amino 
acids with a run of only six Leu condons; 5'J3SP-24 
encoded 24 amino acids and contained a single copy 
of CTG GCG CTG and a run of six Leu codons. In the 
sample of Frenchwhites, average apoAI and glucose 
levels were significantly different among s i g n a l  
peptide genotypes. 5'I3SP-24/24 homozygotes had 
higher apoA! levels than the two other signal 
peptide genotypes (1.59 vs. 1.42 g/L, respectively). 

homozygotes relative to the other genotypes. 
Correspondinglylaverage giycosylated hemoglobin 
levels were increased and C-peptide levels were 
decreased in homozygous 5'13SP-24/24 individuals. 
There were no significant differences in the frequency 
of the three signal peptide alleles between the random 
sample of Mexican Americans and a sample of 203 
non,insulin-dependent diabetic Mexican Americans. 
The cause of the association (e.g., chance, linkage- 
phase disequilibrium, causation) between signal 
peptide-length variation and plasma glucose levels 
is not known. Diabetes 40:1539-44, 1991 

g 

~ h , l  0n-insulin-dependent diabetes mellitus (NIDDM) 
-iS ~ Ile-ter0geneous disorder resulting from inter- 
actions of numerous genetic and environmental 
factors (1). Abnormalities in lipid metabolism in- 

~lu~ing elevated plasma triglyceride levels are associated 
with NIDDM, and cardiovascular disease is the primary 
cause ofcleath among diabetic individuals (2,3). Direct links 
between glucose and lipid metabolism are hypothesized to 
account'for altered lipid profiles in diabetic individuals (2). 
Finding structural variation in genes whose products are Heterozygous 5~13SP-24/27 individuals had the highest 

g!u~ose leye!s~ :In :_thle random samp!e_ofMexlcan., involved !n glucose and, lipid metabolism, such as the apo- 
Americans, average glucose levels were also lipoprotein B (apoB) gene, figures prominently in strategies 
significantly different among signal peptide genotypes. 
However, the rank order of average gltJcose levels 
was not the same between the two samples. In the 
sample of Mexican Americans, glucose levels were 
significantly elevated (6.14 mM) in the 5'13SP-24/24 
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to elucidate the role of genes in determining cardiovascular 
diseas e risk among diabetic individuals. ApoB :is the major 
apolipopr6fein in postprandial chylomicrons, very-low-den- 
sity lipoidrotein (VLDL), intermediate-density lipoprotein, low- 
density lipoprotein (LDL), and lipoprotein(a) particles. Me- 
tabolism of these apoB-containing lipoprotein particles is 
a~ered in dTabetic-inclividuals (2,3). 

Because of the potential association between apoB and 
cardiovascular complications of NIDDM, several laboratories 
have studied DNA p()lymorphisms in the apoB gene in di- 
abetic populations (4). We have described polymorphic 
length variation in the signal peptide of apoB (5). Its location 
suggests that this sequence polymorphism may affect apoB 
synthesis and secretion. Eukaryotic signal peptides are im- 
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portant elements of most secretory proteins and are required 
for the translocation ofthe nascent polypeptide chain into 
the lumen of the rough endoplasmic reticulum (6-8). Se- 
quence comparisons among known eukaryotic signal pep- 
tides revealed structural features that may be important both 
for the efficient transport of the peptide across the endo- 
plasmic reticulum membrane and the accurate cleavage 
of the signal peptides from the mature protein by signal 
peptidase. Numerous signal peptide mutants have been 
produced in the laboratory to study structure-function re- 
lationships. However, naturally occurring mutants in higher 
organisms have not been desc-ribed-unt~-I h-ow: TO oiJr knowl- 
edge, the apoB polymorphism that we described is the only 
such signal peptide-length polymorphism in humans (5). 
This study describes the molecular Characteristics of three 
naturally occurring, variants in the human apoB signal pep- 
tide, their frequency distribution in NIDDM and nondiabetic 
populations, and their association with altered lipid and glu- 
cose levels. 

RESEARCH DESIGN AND METHODS 
The frequencies of the apoB signal p eptide alleles and their 
association wiih plasma lipid'a~d ca:rbohydrate levels were 
investigated in three grouPs of individuals. The first group 
consisted of 197 unrelated adults taking part in systematic 
health examinations at the Center for Preventive Medicine in 
Nancy, France. This sample was composed of 98 men and 
99 women with an average age of 42 yr. The second group 
consisted of 181 unrelated Mexican-American adults from 
Starr County, Texas, a population with increased prevalence 
of NIDDM (9). This Mexican-American sample had 49 men 
and 132 wome n with an average age of 40 yr. In addition to 
these individuals, ascertained without regard fo r thei(dis ~ 
ease status, we characterized the-apoB signal .peptide in 
203 Mexican-American individuals with NIDDM and an av- 
erage age of 53 yr. . .  

Total plasma cholesterol in the French subjects was mea- 
sured enzymatically on an.SMA (Techr~ic6n~ Tair-,jtb~,n~-N¥) 
by the method of AIlain et al. (10)~ and triglycerides and 
plasma glucose' levels were measured enzymati_cally 
(11,12). In the samples from Mexican Americans; cholesterol 
and triglyceride levels were measured-enzymatically with 
commercially available kits (Boehringer Mannheim, !ndian- 
apolis, IN). High-density lipoprotein cholesterol (HDL-chol) 
and its subfl:actions HDL2-chol and HDL3-chol were mea- 
sured similarly after dextran sulfate-Mg 2+ precipitation 
(13). VLDL-chol levels were estimated as one-fifth of triglyc- 
eride levels, and LDL-chol was estimated by the method of 
Friedwald et al, (14). Plasma insulin and C-peptide levels 
was measured with commercially available radioimmunoas- 
says and monoclonal•antibodies (Coat-a, Count, Diagnostic 
Products, Los Angeles~ CA). 

Blood was collected into EDTA vacutainers, buffy-coat 
separated, and frozen until genomic DNA was purified. Oli- 
gonucleotide primers for the polymerase chain reaction 
(PCR) were 22 and 23 nu¢leo.t!des in length (15). The 5' 
oligonucleotide was 5'-CAGCTGGCGATGGACCCGCCGA- 
3' and the 3' oligonucleotide Was 5':-ACCGGCCC- 
TGGCGCCCGCCAGCA,3'. The PCR was-performed in a 
final volume of 100 ILl with ~0.5 p.g genom.ic DNA. The 
reaction mixture used was recommended by the manufac- 

turer with the addition of 10% DMSO. Before adding 1.5 U 
thermostable Taq polymerase (Perkin-ElmerCetus, Norwalk, 
CT), the reaction mixture was boiled for 6 rain and then 
allowed to cool briefly. Denaturation was performed at 94°C 
for 1 min. Annealing and extension were done simultaneously 
for 1.5 rain at 64°C. Amplified DNA was electrophoresed in 
8% polyacrylamide gels at 90 V for 4-5 h. PCR products 
were. directly visualized after ethidium .bromide staining of 
the acrylamide gels. 

To characterize the sequence variation responsible for the 
signal peptide polymorphism, PCR was performed with oli- 
gonucleotide primers that contained artificial 5 '  EcoRI and 
3' BamHI restriction sites. Gel purification products were 
subcloned into the plasmid pGEM-3Z. Multiple clones were 
sequenced directly with double-stranded DNA by the di- 
deoxy chain-termination technique (16). To determine 
whether both signal peptide alleles were expressed, we ex- 
tracted total RNA from cultured HepG2 cells, which syn- 
thesize apoB100 (17-19), by the guanidinium thiocyanate 
technique of Chirgwin et al. (20). PCR was performed on the 
RNA as described previously, except that the first-strand 
cDNA synthesis was performed at 42°C with reverse tran- 
scriptase. Subsequently, the standard PCB protocol was fol- 
lowed. PCR amplification products from the RNA were 
analyzed on a 3% agarose gel. 

Routi.ne statistical methods were used throughout. Allele 
frequencies were estimated by the gene-counting method. 
A contingency x. 2 test was used to test the homogeneity of 
genotype and allele frequencies between groups (21). Anal- 
ysis of covariance was used to test the quality of phenotypic 
levels among apoB signal peptide genotypes (22). The co- 
variates whose influence on variation o! thelipid and glucose 

• traits were considered include sex, age; height, weight, and 
body mass index. Variability of the lipid andglucose mea- 
sures was expressed as the square root of the mean square 
error from the analyses of covariance. This measure is anal- 
ogous to the common standard deviation and has the same 
units as the. variable itse!f (e.g., mM)_. Thelcli_s_tr!bu_tio_ns O f 
plasma triglyceride and insulin levels were skewed posi- 
tively. Therefore, the natural logarithm of these variables was 
also analyzed. 

RESULTS 
The electrophoresecl and ethidium bromide-stained ampli- 
fication products for each of the observed apoB signal 
peptide alleles are shown in Fig. 1. Individuals showed 
amplification products from one or two of three potential 
alleles. The alleles and their amplification products were 
named according to the number of amino acid residues in 
the apoB signal peptide, as determined bydirect DN,!~. se- 
quencing (see below). In whites, there were two alleles that 

SP-29--* 

SP-24  

1 2 

SP-27 

FIG. 1. Polymerase Chain reaction products from each of the 3 apoB 
signal peptide alleles. Lane 1, heterozygous 5'13SP-24 t29 individual. 
Lane 2, heterozygous 5'13SP-27/29 Individual; 
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FIG. 2. Sequence analysis of 5'1]SP-24, 5'13SP-27, and 5'~SP-29 polymerase chain reaction (PCR) products. PCR products from genomic DNA of 
individuals containing these alleles were produced and subcloned into plasmid pGEM3Z as described in METHODS. Multiple clones form each 
allele were sequenced by method of Sanger et al. (16). Representative autoradiograms of sequencing gels are shown. Note that in this region of 
sequence there is no adenine. A, alanine; G, glycine; L, leucine; P, proline. 

differed by three amino acids (9 base pairs [bp]). The am- 
plification product of 5'13SP-27, the larger allele of whites, 
was 93 bp and that of 5'13SP-24, the smaller allele, was 84 
bp. Heterozygous individuals yielded PCR products of both 
sizes in approximately equal molar amounts. In Mexican 
Americans, a third allele was observed, 5'13SP-29, whose 
amplification pr0_duct was 99 bp in length. The 5'13SP-29 
allele was not observed in the sample of whites from Nancy, 
France. 

Although the sizes of the PCR products were consistent 
with 24-, 27-, and 29-amino acid signal peptide alleles, we 
needed direct-sequence confirmation of the length and spe- 
cific codons involved. DNA sequence analyses indicated 
that the signal peptide alleles consisted of the following (Fig. 
2). The longest allele (5'13SP-29) encoded 29 amino acids 
in the signal peptide and contained two copies of._the se- 
quence CTG GCG CTG encoding Leu-Ala-Leu and a con- 
secutive run of eight CTG codons encoding eight Leu 
residues. The medium-sized allele 5'IBSP-27 encoded 27 
amino acids and contained two copies of CTG GCG CTG 
but has a run of only six CTG codons. The shortest allele 
(5'13SP-24) encoded 24 amino acids and contained a single 
copy of CTG GCG CTG and a run of six CTG codons. 

.The PCR analysis were performed on genomic DNA. It is 
difficult from genomic DNA alone to determine whether both 
alleles are actually expressed in humans. The human hep- 

atoma cell line HepG2 has been studied with respect to its 
apoB production and lipoprotein assembly (17-19). We ana- 
lyzed the genomic DNA from this cell line and found it to be 
heterozygous for the 5'1~SP-24 and 5'~SP-27 alleles. PCR 
analysis of RNA isolated from these cells indicated that both 
alleles are expressed at the mRNA level in roughly equal 
proportions (Fig. 3). Therefore, these alleles are probably 
also expressed in vivo. However, we have no information on 
the translational efficiency of the two mRNAs that are ex- 
pressed or the early signal peptide processing within the 
cell. The abser~ce of-an association between the polymor- 
phism and plasma apoB levels (see below) suggests that 
the biosynthetic rate of apoB100 is not affected by the dif- 
ference in the length of the signal peptide. Because these 
subjects were fasting, no data exist concerning the role of 
apoB_signal peptide-!ength variation in the synthesis and 
function of apoB48-containing postprandial lipoprotein par- 
ticles. 

The observed frequencies of each of the apoB signal pep- 
tide genotypes are given in Table 1. The apoB signal peptide 
was polymorphic, and the heterozygous 5'13SP-24/27 gen- 
otype was the most frequent type in each group. The 5'13SP- 
29 allele was found exclusively in the sample of Mexican 
Americans and was observed in both the random and 
NIDDM Mexican-American samples. No individuals homo- 
zygous for 5'13SP-29 allele were observed; this result is not 
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FIG. 3. Agarose gel analysis of apolipoprotein B polymerase chain 
reaction (PCR) products from HepG2 cells. PCR products amplified 
from signal peptide region of purified HepG2 RNA and DNA were 
fractionated on 3% agarose gel, Double band on Right indicates that 
HepG2 is heterozygous for 5'13SP-24 and 5'13SP-27; double band on 
left indicates that both alleles are expressed at RNA level. 

surprising given the low frequency of this allele (Table 1). 
The 5'13SP-27 allele is the most frequent allele in each of 
the three groups. The relative frequencies of the 5'13SP-24 
and 5'13SP-27 apoB signal peptide alleles in the French 
population were 0.355 and 0.645. respectively. The relative 
frequencies of the 5'13SP-24, -27, and -29 alleles in the Mex- 
ican-American population were 0.337, 0.630, and 0.033, re- 
spectively. The frequencies of the 5'13SP-24 and -27 alleles 
were not significantly different between the French and Mex- 
ican-American samples. The allele frequencies also were not 
significantly different between the sample of diabetic indi- 
viduals and the random sample of Mexican Americans.. 

In the sample from Nancy, France, average cholesterol, 
LDL-chol, and apoB levels were not different among signal 
peptide genotypes (Table 2). Average apoAI and glucose 
levels and, to a lesser extent, triglyceride levels were different 
among signal peptide genotypes (Table 2). Individuals 
homozygous for the 5'~SP-24 allele had significantly higher 

TABLE 1 
Observed frequencies of apolipoprotein B signal peptide variants 

Whites 
from 

Nancy, 
France 

(random) 

Mexican Americans 

Non-insulin-dependent 
Random diabetes mellitus 

Genotypes 
Total 1.0 (197) 1.0(181) 
5' 13SP-24/24 0.076 (15) 0.094(17) 
5' 13SP-24/27 0.558 (110) 0.464(84) 
5' 6SP-24/29 0 0.022 (4) 
5' 6SP-27/27 0.365 (72) 0.376(68) 
5' I~SP-27/29 0 0.044 (8) 

Alleles 
5' 6SP-24 0.355 0.337 
5' 13SP-27 0.645 0.630 
5' 13SP-29 0 0.033 

1.0 (203) 
0.108 (22) 
0.517 (105) 
0.020 (4) 
0.315 (64) 
0.040 (8) 

0.377 
0.594 
0.029 

n in parentheses. 

plasma apoAI levels than those with only one or no 5'13SP- 
24 allele (1.59 vs. 1.42 g/L, respectively). Heterozygous in- 
dividuals had average glucose levels that were significantly 
higher than the other two genotypes. Plasma triglyceride 
levels followed the same trend as apoAI levels; homozygous 
5'13SP-24/24 individuals had higher levels than the other two 
genotypes. 

To confirm and extend these suggestive findings, the 
sample of Mexican Americans was considered. Mexican 
Americans from Starr County, Texas, have an increased 
prevalence of NIDDM (9). Confirming the results obtained 
in the sample from Nancy, France. plasma cholesterol, LDL- 
chol, and apoB levels were not significantly different among 
signal peptide genotypes (Table 3). Due to the low frequency 
of the 5'13SP-29 allele, too few individuals were available for 
meaningful association studies. However, preliminary anal- 
yses indicated that this allele did not have a large effect on 
any of the laboratory measures (data not shown). In the 
random sample of Mexican Americans, ave'rage glucose lev- 
els were again significantly different among apoB signal pep- 
tide genotypes. However, the rank orders of average glucose 
levels were not the same in the sample of Mexican Americans 
and whites. In the Mexican Americans, average plasma glu- 
cose levels were elevated (6.14 mM) in the 5'13SP-24/24 
homozygotes and lower in the other signal peptide geno- 
types. Consistent with this result for plasma glucose levels, 
and probably a consequence of it, blood levels of glyco- 
sylated hemoglobin, a monitor of integrated plasma glucose 
levels in the previous 3 mo, were also elevated in the homo- 
zygous 5'13SP-24/24 individuals. Plasma concentrations of 
C-peptide levels, which have a longer half-life than insulin 
concentrations and are an index of pancreatic insulin re- 
serve, were different among the common genotypes. Homo- 
zygous 5'13SP-24/24 and heterozygous 5'13SP-24/27 in- 
dividuals had elevated C-peptide levels, and homozygous 
5'13SP-27/27 individuals had lower C.-peptide levels. Insulin 
levels were not significantly different among genotypes. 

DISCUSSION 
ApoB is initially synthesized with an NH2-terminal signal pep- 
tide sequence (23). This signal peptide is cleaved during 
transport of the polypeptide from the site of synthesis to the 
endoplasmic reticulum. Recently, it has been shown that 
apoB is translocated though the endoplasmic reticulum by 
a novel mechanism that maintains its solubility (24). Infor- 
mation specifying cellular or subcellular localization may also 
reside in the signal peptide sequence. Further studies on 
the role of apoB signal peptide variation on apoB synthesis 
and metabolism will shed light on the role of signal peptides 
in protein function and metabolism. As a cell that is heter- 
ozygous for the 5'13SP-24 and -27 alieles,-the-~lepG2-cell 
should serve as a useful model to study the effect of the 
different-length alleles on apoB expression. 

The nomenclature presented here for the signal peptide 
polymorphism (e.g., 5'6SP-24) indicates that the gene is 
apoB, specifies that the gene region is the signal peptide, 
and gives the length of the signal peptide in amino acids. 
We prefer this nomenclature over that suggested previously 
(5) because of its informativeness and flexibility and the fact 
that it is independent of the typing technique such as the 
position of the amplifying oligonucleotides. The previously 
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Average lipid, apolipoprotein, glucose and insulin levels in random sample of adults from Nancy, France 

5' BSP-24724 5'13SP-24/27 5'13SP-27/27. Total 
Variable (n = 15) (n - .1.1Q). _ .(n- 72)_ .(n = 1 9 7 )  \,/"M-"SE P 

Cholesterol (raM) 5.72 5.96 5.90 5.92 1.08 0.93 
Low-density lipoprotein cholesterol (mM) 4.28 4.46 4.32 4.40 1.13 0.79 
Triglycerides 

mM 1.63 1.27 1.11 1.24 0.93 0.08 
In mM 0.06 0.02 -0.03 0.01 0.21 0.12 

High-density lipoprotein cholesterol (mM) 1.46 1.27 1.36 1 32' 0.35 0.14 
Ap01ipoprotein B (g/L) 1.23 120 1.14 1.18 0.29 0.29 
Apolipoprotein A-I (g/L) 1.59 1.41 1.45 1.44 0.23 0.03 
Glucose (raM) 5.23 5.65 5.38 5.52 0.76 0.05 

~ ,  square root of mean square error from analysis of covariance; P probability of equality of adjusted means. 

suggested nomenclature referred to the 5'1~SP-24 allele as 
a deletion_and the 5'.13SP,27 allele_as.an !r~sertion (5). The 
nomenclature we use makes no assumptiOn about the mech- 
anism of_ origin of the signal peptide alleles: It also allows 
for the naming of additional sign@l peptide alleles should 
they be described later. 

The apoB signal peptide polymorphism was associated 
with altered levels of several measures of lipid and carbo- 
hydrate metabolism (Tables 2 and 3). What are the possible 
links between genetic variation in apoB and plasma triglyc- 
eride and glucose levels? One possible site of action of this 
polymorphism is in the production and secretion of VLDL 
tipoproteins by the liver. In individuals WithRITDOM, thereis 
an"overproduction of VLDL particles, possibl~/due to in- 
cYeEs~-d in-flux of free- fa-tt) aci-ds a-ncl-~:~-cSse or:asa d-l-rect 
consequence of hyperinsulinemia (2). A caveat to this path- 
way of-action is that we did notshow an effect of the apoB 
signal peptide on plasma apoB levels. It is also possible that 
the-apoB signal peptide potymorphism influences intestinal 
chylomicron production after a meal. These postprandial 
chylomicron particles contain apoB48 and not apoB100. 
Such effects on postprandial lipemia may be reflected by 
differences in fasting plasma glucose and triglyceride levels 
but not total apoB levels. 

Plasma glucose was the only variable in which the asso- 
ciation was significant in the random samples of whites and 

Mexican Americans. However, the direction of the associ- 
ation between the samples from Nancy, France, and Starr 
County, Texas, were not consistent. In the sample from 
Nancy, average glucose levels were elevated in the 5'13SP- 
24/27 heterozygotes relative to the two homozygous classes. 
In the-sample f romstarr  County, average glucose levels 
followed a consistent trend; they were elevated in the 5'13SP- 
24/24 homozygote genotype and reduced in the 5'13SP-27/ 
27 homozygote genotype. Xu et al. (25) reported that the 
apoB signal peptide genotypes were associated with plasma 
triglyceride levels in a sample of 106 individuals from North 
Karelia, Finland. In our study, the shorter 5'13SP-24 allele was 
only weakly associated with triglyceride levels in the sample 

. from NancY=Average tr!g!ycer!cle levels were.not significantly 
different among genotypes in the random sample of Mexican 
Americans. 

There are several possible reasons for these and.other 
discrepancies. First, the significant results reported here and 
elsewhere may be due to chance i.e., they represent sta- 
tistical type I errors (26). Although possible, we believe that 
this is unl!kely in light of the repeated significant associations 
with related measures (e.g., glucose,-triglycerides, C-pep- 
tide) among studies and the repeated nonsignificant asso- 
ciations with other variables (total cholesterol, LDL-chol, 
apoB) in these same studies. Second, the association is real 
but different among populations: One cause of such a dif- 

TABLE 3 
Average lipid, apolipoprotein, glucose, and insulin levels in random sample of adults from Starr County, Texas 

5'BSP-24/24 5'13SP-24/27 5'13SP-27/27 Total 
Variable (n = 17) (n = 84) (n = 68) (n = 181 )  ~ P 

Cholesterol (raM) 4.88 5.10 5.02 5.06 0.91 0.67 

j Low-density lipoprotein cholesterol (mM) 3.21 3.15 3.13 4.14 0.79 0.91 
Triglycerides 

mM 1.28 1.69 1.44 1.59 0,99 0.17 
In mM -2.46 -2.39 -2.47 -2.43 0.27 0.13 

High-density lipoprotein cholesterol (mM) 1.15 1.15 1.25 1.20 0.27 0.08 
Apolipoprotein B (g/L) 0.86 0.94 0.91 0.92 0.21 0.53 
Apolipoprotein AI (g/L) 1.25 1.12 1.17 1.16 0.22 0.27 
Glucose (mM) 6.14 5.63 5.34 5.59 1.02 0.01 
Insulin 

pM 102.60 104.40 90.00 99.90 62.4 0.20 
In pM 2.89 2.91 2.87 2.88 0.27 0.24 

C-peptide (nM) 1.00 1.09 0.91 1.01 0.53 0.05 
HbA,c (%) 6.60 5.90 6.10 6.10 0.92 0.05 

M ~ ,  square root of mean square error from analysis of covariance; P, probability of equality of adjusted means. 
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ference could be that there are unidentified factors inter- 
acting with the apoB signal peptide, and these factors are 
different among populations. Finally, we favor the possibility 
that the signal peptide polymorphism did not directly cause 
the observed effect but rather was in linkage disequilibrium 
with a second locus with a direct effect on glucose and 
triglyceride metabolism. In addition, the magnitude and di- 
rection of this disequilibrium was different among popula- 
tions. Regardless of the exact mechanisms, the apoB signal 
peptide should be included in any candidate-gene approach 
to the study of NIDDM and its complications. 
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Signal Peptide-Length Variation in 
HUman Apol poprote=n B Gene 
Molecular CharacteriStics and Association 
With-P laSma G-tu:CbS e Levets - 
ERIC BOERWINKLE, SAN-HWAN CHEN, SOPHIAVISVIKIS, CRAIG L. HANIS, GERARD SIEST, AND 
LAWRENCE CHAN 

We studied the molecular characteristics of 
three naturallyoccurring variants in the human 
apo!ipoprotein B (apoB) signal peptide, their 
frequencies in non-insulin-dependent diabetic and 
random populations, and their association with several 
measures of lipid and carbohydrate metabolism. In 
a random sample of 197 French whites, there were 
two common alleles, 5'13SP-24 and 5'~SP-27, with 
frequencies of 0.35 and 0.65, respectively. In a random 
sample of 181 Mexican Americans, there was an 
additional allele, 5'~SP-29, with a frequency of 0.03. 
DNA sequence analysis indicated that the signal 
peptide-alleles consisted of the following: 5'~SP-29 
encoded 29 amino acids in the signal peptide 
containing two copies of the sequence_CTGGCG ~CTG 
enco-d(ng'Leu-~,l~:Leu and ac0nsecutiVerun~of~eight 
L ed:en~bding condonS; 5'13SP-27 encoded 27 amino 
acids with a run of 0nly six Leu condons; 5'13SP-24 
encoded 24 amino acids and contained a Single copy 
of CTG GCG CTG and a run of six Leu codons: In the 
sample of French Whites, average apoAI and glucose 
ievelswere sigriificantly-differenVamong Signal 
peptide genotypes. 5'1~SP-24/24 homozygotes had 
higher apoAl levelsthan the twoother  signal 
peptide_genotypes (1.59 vs. 1A2 g/L, respectively). 
Heterozygous 5'~SP-24/27 individuals had the highest 
glucose levels. In the random sample of Mexican 
Ame_ d~ah~s, aVe~ag~glLi~s-e ieveis vJere also 
s ig-n i f i c--d-nt I ~' ~d i f f ~  nt--a~rn~ngsTg n a [ i~e pt i~ e genotypes. 
H0-~v~er~ tl~e-r-~nk order of average glucose levels 
was not the same between the two samples. In the 
sample of Mexiba-r~-Americans, glucose levels were 
significantly elevated (6.14 mM) in the 5'13SP-24/24 
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homozygotes relative to the other genotypeso 
Correspondingly, average g!ycosylated hemoglobin 
levels were increased and C-peptide levels were 
decreased in homozygous 5'13SP-24/24 individuals. 
There were no significant differences in the frequency 
of the three signal peptide alleles between the random 
sample of Mexican Americans and a sample of 203 
non-insulin-dependent diabetic Mexican Americans. 
The cause of the association (e.g., chance, linkage- 
phase disequilibrium, causation) between signal 
peptide-length variation and plasma glucose levels 
is not known, Diabetes 40:1539-44, 1991 

4 1 - a  6E-i-nsulin'd~isen~dent m' -~-~-~-  - ~ diabetes mellitus (NIDDM) 
[ ] ' ~ , _ , - i s  d heterogeneous disorder resulting from nter- 
B ~ - / ~ a c t i o n s  of -n~er0us genetic and environmental 
• I f a c i o r s  (1). Abnormalities in lipid metabolism in- 
cluding elevated plasma triglyceride levels are associated 
with NIDDM, and cardiovascular disease is the primary 
causeofdeath among diabetic individuals (2,3). Direct •links 
betweer~'glucose and lipid metabolism are hypothesized to 
Ecc:~56t-fbf ~lt~r~cI lipid profiles in diabetic individuals (2). 
FifidiSg-strudtiJ~l-V&ri&t0n n genes Whose products are 
involved in glucose and lipid metabolism, such as the apo- 
lip0Pr-otein B (apoB) gene, figures prominently in strategies 

• t b eluc!datethe role of genes ~n determining cardiovascular 
disease risk among diabetic individuals. ApoB is the major 
apolipoprotein in postprandial chylomicrons, very-low-den- 
sity lipoprotein (VLDL), intermediate-density lipoprotein, low- 
density lipoprotein (LDL), and lipoprotein(a) particles. Me- 
tabolism of these apoB-containing lipopi'otein particles is 
altered in diabetic individuals (2,3). 

Because of the poteritial association between apoB and 
cardiovascular complications of NIDDM, several laboratories 
have studied DNA polymorphisms in the apoB gene in di- 
abetic populations (4). We have described, polymorphic 
length variation in the signal peptide of apoB (5). Its location 
suggests that this sequence polymorphism may affect apoB 
synthesis and secretion. Eukaryotic signal peptides are im- 
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portant elements of most secretory proteins and are required 
for the translocation of the nascent polypeptide chain into 
the lumen of the rough endoplasmic reticulum (6-8). Se- 
quence comparisons among known eukaryotic signal pep- 
tides revealed structural features that may be important both 
for the efficient transport of the peptide across the endo- 
plasmic reticulum membrane and the accurate cleavage 
of the-~ignaL peptidesl from the mature protein by signal 
peptidase. Numerous signal peptide mutants have been 
produced inthe laboratory to study structure-function re- 
lationships. However, naturally occurring mutants in higher 
organisms have not b6en described until now. To our knowl- 
edge, the apoB polymorphism that we described is the only 
such signal peptide-length polymorphism in humans (5). 
This study describes the molecular characteristics of three 
naturally occurring variants in the human apoB signal pep- 
tide, their frequency distribution in NIDDM and nondiabetic 
populations, and their association with altered lipid and glu- 
cose levels. 

RESEARCH DESIGN AND METHODS 
The frequencies of the apoB signal peptide alleles and their 
association with plasma lipid and carbohydrate levels were 
investigated in three groups of individuals, The firs! .group 
consisted of 197 unrelated adults taking part in systematic 
health examinations at the Center for Preventive Medicine in 
Nancy, France. This sample was composed of 98-men and 
99 Women with an average~age of.42 yr..[he.second-group 
consisted of 181 Unrelated Mexican-American adults from 
Starr County, Texas, a ibOlSulation with increased prev~ilence 
of NIDDM (9). This Mexican-American Sample had 49 men 
and 132 women with an average age of 40 yr. In addition to 
these individuals, ascertained without regard for their dis- 
ease status, we characterized the apoB s!gnal peptide in 
203 Mexican-American.individuals With NIDDM and an av- 
erage age of 53 yr.. 

Total plasma cholesterol in the French subjects was mea- 
sured enzymatically on an SMA (Technicon, Tarrytown. NY) 
by the method of Allain etal. (10), and triglycerides and 
plasma glucose levels were measured enzymatically 
(11,12). In the samples from Mexican Americans, chqlesterol 
and triglyceride levels were measured enzymatically with 
commercially available kits (Boehringer Mannheim, Indian- 
apolis, IN). High-density lipoprotein cholesterol (HDL-chol) 
and its subfractions HDL2-chol and HDL3-chol were mea- 
sured similarly after dextran sulfate-Mg 2÷ precipitation 
(13). VLDL-chol levels were estimated as one-fifth of triglyc- 
eride levels, and LDL-chol was estimated by the method of 
Friedwald etal. (14). Plasma insulin and C-peptide levels 
was measured with commercially available radioimmunoas- 
says and monoclonal antibodies (Coat-a-Count, Diagnostic 
Products, Los Angeles, CA). 

Blood Was collected into EDTA vacutainers, buffy-coat 
separated, and frozen until genomic DNA was purified. Oli- 
gonucleotide primers for the polymerase chain reaction 
(PCR) were 22 and 23 nucleotides in length (15). The 5' 
oligonucleotide was 5'-CAGCTGGCGATGGACCCGCCGA- 
3' and the 3' oligonucleotide was 5'-ACCGGCCC- 
TGGCGCCCGCCAGCA-3'. The PCR was performed in a 
final volume of 100 i~1 with ~0.5 ~g genomic DNA. The 
reaction ~nixture used was recommended by the manufac- 

turer with the addition of 10% DMSO. Before adding 1.5 U 
thermostable Taq polymerase (Perkin-ElmerCetus, Norwalk, 
CT), the reaction mixture was boiled for 6 min and then 
allowed to cool briefly. Denaturation was performed at 94°C 
for 1 min. Annealing and extension were done simultaneously 
for 1.5 min at 64°C. Amplified DNA was electrophoresed in 
8% polyacrylamide gels'at 90 V for 4-5 h. PCR products 
were directly visualized after ethidium bromide staining of 
the acrylamide gels. 

To characterize the sequence variation responsible for the 
signal peptide polymorphism, PCR was performed with oli- 
gonucleotide primers that contained artificial 5' EcoRI and 
3' BamHI restriction sites. Gel purification products were 
subcloned into the plasmid pGEM-3Z. Multiple clones were 
sequenced directly with double-stranded DNA by the di- 
deoxy chain-termination technique (16). To determine 
whether both signal peptide alleles were expressed, we ex- 
tracted total RNA from cultured HepG2 cells, which syn- 
thesize apoB100 (17-19), by the guanidinium thiocyanate 
technique of Chirgwin etal. (20). PCR was performed on the 
RNA as described previously, except that the first-strand 
cDNA synthesis was performed at 42°C with reverse tran- 
scriptase. Subsequently, the standard PCR protocol was fol- 
lowed. PCR amplification products from the RNA were 
analyzed on a 3% agarose gel. 

Routine statistical methods were used throughout. Allele 
frequencies were estimated by the gene-counting method. 
A contingency ×2 test was used to test the homogeneity of 
genotype and allele frequencies between groups (21). Anal- 
ysis of covariance was used to test the quality o! phen0typic 
levels among apoB signal peptide genotypes (22). The co- 
variates whose influence on variation of the lipid and glucose 
traits were considered include sex, age. height, weight, and 
body mass index. Variability of the lipid and glucose mea- 
sures was expressed as the square root of the mean square 
error from the analyses of covariance. This measure is anal- 
ogous to the common standard deviation and has the same 
units as the variable itself (e.g., mM). The distributions of 
plasma triglyceride and insulin levels were skewed posi- 
tively. Therefore, the natural logarithm of these variables was 
also analyzed. 

RESULTS 
The electrophoresed and ethidium bromide-stained ampli- 
fication products for each of the observed apoB signal 
peptide alleles are shown in Fig. 1. Individuals showed 
amplification products from one or two of three potential 
alleles. The alleles and their 'amplification products were 
named according to the number of amino acid residues in 
the apoB signal peptide, as deterr:nined by direct DNA se- 
quencing (see below). In whites, there were two alleles that 

1 2 
SP-29---* 

SP-24--* 
'SP-27 

FIG. 1. Polymerase chain reaction products from each of the 3 apoB 
signal peptide alleles. Lane 1, heterozygous 5'~SP-24/29 individual. 
Lane 2, heterozygous 5'13SP-27/29 individual. 
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FIG. 2. Sequence analysis of 5"13SP-24, 5'~SP-27, and 5'13SP-29 polymerase chain reaction (PCR) products. PCR products from genomic DNA of 
individuals containing these alleles were produced and subcloned into plasmid pGEM3Z as described in METHODS. Multiple clones form each 
allele were sequenced by method of Sanger et al. (16). Representative autoradiograms of sequencing gels are shown. Note that in this region of 
sequence there is no adenine. A, alanine; G, glycine; L, leucine; P, proline. 

differed by three amino acids (9 base pairs [bp]). The am- 
plification product of 5'13SP-27, the larger allele of whites, 
was 93 bp and that of 5'1~SP-24, the smaller allele, was 84 
bp. Heterozygous individuals yielded PCR products of both 
sizes in approximately equal molar amounts. In Mexican 
Americans, a third allele was observed, 5'13SP-29, whose 
amplification product was 99 bP in length. The 5'13SP-29 
allele was not observed in the sample of whites from Nancy, 

atoma cell line HepG2 has been studied with respect to its 
apoB production and lipoprotein assembly (17-19). We ana- 
lyzed the genomic DNA from this cell line and found it to be 
heterozygous for the 5'1~SP-24 and 5'6sp-27 alleles. PCR 
analysis of RNA isolated from these cells indicated that both 
alleles are expressed at the mRNA level in roughly equal 
prQport!ons (Fig. 3). Therefore, these alleles are probably 
also expressed in vivo. However, we have no information on 

France. the_ translat!onal efficiency O f th e tWO mRNAs that are ex- 
Although the sizes of the PCR produc!s were_consiste.nt ~pr#sse- d_ or!he earlY signal peptide processing within the 

with 24-, 27-, and 29-amino acid signal peptide a!leles, we cell. The absence of an association between the polymor- 
needed direct-sequence confirmation of the lengthand spe, 
cific codons involved. DNA sequence analyses indicated 
that the signal peptide alleles Consisted of the f6110wing (Fig. 
2). The longest allele- (5'13SP-29) encoded 29 amino acids " 
in the signal peptide and contained two copies of the se- 
quence CTG GCG CTG encoding Leu-Ala-Leu and a con- 
secutive run of eight CTG codons encoding eight Leu 
residues. The medium-sized allele 5'6SP-27 encoded 27 
amino acids and contained two copies of CTG GCG CTG 
but has a run of only six CTG codons. The shortest allele 
(5'13SP-24) encoded 24 amino acids and contained a single 
copy of-CTG GCG CTG and a run of six CTG codons. 

The PCR analysis were performed on genomic DNA. It is 
difficult from genomic DNA alone to determine whether both 
alleles are actually, expressed in humans. The human hep- 

phism and plasma apoB levels (see below) suggests that 
the biosynthetic ra.te of apoBl.00 is not affected by the dif- 
ference in the length of the signal peptide. Because these 
subjects were fasting, no data exist concerning the role of 
apoB 'signal peptide-length variation in the synthesis and 
function of apoB48-containing postprandial lil3oprotein par- 
ticles. 

The observed frequencies of each of the apoB signal pep- 
tide genotypes are.giy.en in Table 1. The apoB signal peptide 
was polymorphic, and the heterozygous 5'13SP-24/27 gen- 
otype was the most frequent type in each group. The 5'13SP- 
29 allele was found exclusively in the sample of Mexican 
Americans and was observed in both the random and 
NIDDM Mexican-American samples. No individuals homo- 
zygous"f0r ~ 5'13SP-29 allele were observed; this result is not 
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FIG. 3. Agarose gel analysis of apolipoprotein B polymerase chain 
reaction (PCR) products from HepG2 cells, PCR products amplified 
from signal peptide region of purified HepG2 RNA and DNA we_[e 
fractionated on 3% agarose gel. Double band on Right indicates that 
HepG2 is heterozygous for 5'1~SP-24 and 5'13SP-27: double band on 
left indicates that both alleles are expressed at RNA level. 

surprising given the low frequency of this allele (Table 1). 
The 5'6SP-27 allele is the most frequent allele in each of 
the three groups. The relative frequencies of the 5'6SP-24 
and 5'13SP-27 apoB signal peptide alleles ~n the French 

plasma apoAI levels than those with only one or no 5'13SP- 
24 allele (1.59 vs. 1.42 g/L, respectively)• Heterozygous in- 
dividuals had average glucose levels that were significantly 
higher than the other two geqotypes. Plasma triglyceride 
levels followed the same trend as apoAI levels; homozygous 
5'13SP-24/24 individuals had higher levels than the other two 
genotypes. 

To confirm and extend these suggestive findings, the 
sample of Mexican Americans was considered. Mexican 
Americans from .Stair County,. Texas,:have_:an increased 
prevalence of NIDDM (9). Confirming the results obtained 
in the sam-151e f/'0rfi N~iifcy,-F~&hT~e-?~51~Cn~ ~l~01dste-(ol., LDL- 
chol, and ap0B !evel_s ',~ere_ n0t significantly different among 
signal peptide genotypes (Table 3). Due to the low frequency 
of the 5'13SP-29 allele too few individuals were available for 
meaningful association studies. However, preliminary anal- 
yses indicated "tha.t-this aliele did .-not have a large-e'ffect on 
any of the laboratory measures (data not shown). In the 
random sample of Mexican Americans. average glucose lev- 
els were again significantly different among a poB signal pep- 

- tidal g-an bS/p-e ~. H 5~ eve ~t h e~7~d I~-dr-d ~T~ 6f ~F,: i~e ~l~dS~e 
levels were not the same in the sample of Mexican Americans 
and whites, n the Mexican Americans. average plasma glu- 
cose levels were elevated (6.14 mM) in the-5'l?,SP:24-/24 
homozygotes and lower in the other signal peptide geno- 
types. Consistent with this result for plasma glucose:levels 
and probably a consequence, of it: blood levels:~o?glyco~ 

population were 0•355 and 0.645. respectively. Tile relative -sylated.[h#-~j61~ih~~e-~it.6~-r--Sf~iRt_~t~d-~ta~Pn~-gl~6~- _ 
frequencies.of the:5'13SP:24;-27, and-:29-a]leles:in }-he:lVle~-7 levels-in the:previoUs 3-too, were~also elevate-din t/3e-flo-mo- I 
ican-American population were 0:337, 0•630, and0.033, re- zygous .5_'13SP_-24/;~4_in c M d u als-.~P_] asma_conc'entrat]ons-_oi " 
spectively. The frequ~-deie~-ofth~-5 13SP2274-~i-]d-:27~ll~les - 
were no[ significantly different between the French ana Mex- C-Deptide levels which have a longer half-life than insulin 

iCan-Ame-rican sam pies• The alletefrequencies a~so-were-not 
s~gnificantly different between the sample-of diabetic"-ir~di- 
viduals and the random sample of Mexican Americans. 

n the sample from Nancy, France. average cholesterol 
LDL-chol, and apoB levels were not different among signal 
peptide genotypes (Table 2). Average apbAI and glucose 
levels and. to a lesser extent, triglyceride levels were different 
among signal F3eptide genotypes (Table 2). Individuals 
homozygous for the 5'13SP-24 allele had significantly highe r 

TABLE 1 
Observed flea Jencies of apolipoprotetn B signal peptide variants 

Whites 
from 

Nancy, 
France 

(random) 

Mexican Americans 

Non-insulin-dependent 
Random diabetes mellitus 

Genotypes 
Total 1.0 (197) 1.0(181) 1.0 (203) 
5' 13SP-24/24 0.076 (15) 0.094(17) 0.108 (22) 
5' 13SP-24/27 0.558 (110) 0.464(84) 0.517 (105) 
5' 13SP-24/29 0 0.022 (4) 0.020 (4) 
5' 13SP-27/27 0.365 (72) 0.376(68) 0•315 (64) 
5' 6SP-27/29 0 0.044 (8) 0•040 (8) 

Alleles 
5' 13SP-24 0.355 0.337 0.377 
5' 13SP-27 0.645 " 0.630 0.594 
5' 13SP-29 0 0.033 0.029 

n in parentheses. 

concentra_ti0ns - and are an index of Dancreatic insulin re- 
sewe, were different among the common gen0t.ypes.~Nomo- 
zygous 5'13SP-24/24 arfd- h-ete?ezy(:j-oo~--5'13sP:2472._7-:i~-- 
dividuals had elevated C°#eptide levels and homozygous 
5'13SP-27/27 individuals had lower C-peptide levels. Insulin 

.- levels were not significantly different- among gen0types.. 

-. B I S C U S S I O N  . . . . . . . . . . .  
ApoB is initially synthesized.with an NH2-terminal signal pep- 
tide sequence (23)• This~signal peptide is cleaved during 
transport of the polypeptide from the site of synthesis-to the 
endoplasmic reticulum. Recently, it has been shown that 
apoB is translocated though the endoplasmic reticulum by 
a novel mechanism that maintains its solubility (24). Infor- 
mation specifying cellular or subcellular localization may also 
reside in the signal peptide sequence. Further studies on 
the role of apoB signal peptide Variation on apoB synthesis 
and metabolism will shed light on the roleof signal peptides 
in protein function and metabolism. As a cell that is heter- 
ozygous for tile 5'-13SP--24 -ancl---2/-aileles the ,HepG2-cell 
should serve as a useful model to study the effect of the 
different-length alleles on apoB expression. 

The nomenclature presented here for the signal peptide 
polymorphism (e.g., 5'#SP-24) indicates that the gene is 
apoB, specifies that the gene region is the signal peptide, 
and gives the length of the signal peptide in amino acids. 
We prefer this nomenclature over that suggested previously 
(5) because of its informativeness and flexibility and the fact 
that it is independent of the typing technique such as the 
position of the amplifying oligonucleotides. The previously 
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TABLE 2 . - • 
Average lipid, apolipoprotein, glucose, and insulin levels in random sample of adults from Nancy, France 

5'~SP-24/24 5'[3SP-24/27 5'13SP;27/27 Total 
Variable (n = 15) (n = 110) (n = 72) (n = 197) V'MSE - P 

Cholesterol (raM) 572 5.96 5.90 5.92 1.08 0.93 
Low-density lipoprotein cholesterol (mM) 4.28 4.46 4.32 4.40 1.13 0.79 
Triglycerides 

mM 1.63 1.27 1.11 1.24 0.93 0.08 
In mM 0.06 0.02 -0.03 0.01 0.21 0.12 

High-density lipoprotein cholesterol (mM) 1.46 1.27 1.36 1.32 0.35 0.14 
Apolipoprotein B (g/L) 1.23 1.20 1.14 1.18 0.29 0.29 
Apolipoprotein A-I (g/L) 1.59 1.41 1.45 1.44 0.23 0.03 
Glucose (raM) 5.23 5.65 5.38 5.52 0.76 0.05 

M'C-MS-E, square root of mean square error from analysis of covariance; P, probability of equality of adjusted means. 

suggested nomenc!atur e referred to th.e_5'#SP-24 allele as 
a deletion and the 5'13SP-27 allele as an insertion (5). The 

.~nOr~enSlat6re we.u~/~ makes no assumption about the mech- 
anism of origin of thelgignal peptide alleles. It also allows 
for the naming of additional signal peptide alleles Shouid 
they be described later. 

The apoB signal peptide polymorphism was associated 
with altered levels of several measures of lipid and carbo- 
hydrate metabolism (Tables 2 and 3). What are the possible 
links between genetic variation in apoB and plasma triglyc- 
eride and glucose levels? One possible site of action of this 
polymorphism is in the production" and secretiSn of_VLDL 
lip6~proteins by the-liver. In individuals with NIDDM, there is 
an overproduction of VLDL particles, possibly due to in- 
creased influx of free fatty acids_and:glucose or as a direct 
consequence of hyperinsulinemia (2). A caveat to this path- 
way of action is that we did not show an effect of the apoB 
signal peptide on plasma apoB levels. It is also possible that 
the apoB signal peptide polymorphism influences intestinal 
chylomicron production after a meal. These postprandial 
chylomicron particles contain apoB48 and. not apoB100. 
Such effects on postprandial lipemia may be reflected by 
differences in fasting plasma glucose and triglyceride levels 
but not total apoB levels. 

Plasma glucose was the only variable in which the asso- 
ciation was significant in the random samples of whites and 

Mexican Americans. However, the direction of the associ- 
ation between the samples from Nancy, France, and Starr 
County, Texas, were n o t  consistent. In the sample from 
Nancyl average glucose levels were elevated in the 5'13SP- 
24/27 hete?oz,}goteS relative tO the twd homozygous classes. 
In the sample from Starr County, average glucose levels 
followed a consistent trend; they wereelevated in the 5'6SP- 
24/24 homozygote genotype and reduced in the 5'13SP,27/ 
27 homozygote genotype. Xu et al. (25) reported that the 
apoB signal peptide genotypes were associated with plasma 
triglyceride levels in a sampl e of 106 individuals from North 
Kar_eli~,. Finland. IhobUrstudy the shorter 5'13SP-24 allele was 
only weakly associated with triglyceride levels in the sample - 
from Nancy. Averagetriglyceride levels were not significantly. 
different among genotypes in the random sample of Mexican 
Americans. 

There are several possible reasons for these and other 
discrepancies. First, the significant results reported here and 
elsewhere may be due to chance, i.e., they represent sta- 
tistical type I errors (26). Although possible, we believe that 
this is unlikely in light of the repeated significant associations 
with related measures (e.g., glucose, triglycerides, C-pep- 
tide) among studies and the repeated nonsignificant asso- 
ciations with other variables (total cholesterol, LDL-chol, 
apoB) in these same studies. Second, the association is real 
but different among populations. One cause of such a dif- 

TABLE 3 
Average lipid, apolipoprotein, glucose, and insulin levels in random sample of adults from Starr County, Texas 

5'I3SP-24/24 5'13SP-24/27 5'13SP-27/27 Total 
Variable (n = 17) (n = 84) (n = 68) (n = 181)  ~ P 

Cholesterol (mM) 4.88 5.10 5.02 5.06 0.91 0.67 
Low-density tipoprotein cholesterol (mM) 3.21 3.15 3.13 4.14 0.79 0.91 
Triglycerides 

mM 1.28 1.69 1.44 1 59 0,99 0.17 
In mM -2.46 -2.39 -2.47 -2.43 0.27 0.13 

High-density lipoprotein cholesterol (raM) 1.15 1.15 1.25 1.20 0.27 0.08 
Apolipoprotein B (g/L) 0.86 0.94 0.91 0.92 0.21 0.53 
Apolipoprotein AI (g/L) 1.25 1.12 1.17 1.16 0.22 0.27 
Glucose (mM) 6.14 5.63 5.34 5.59 1.02 0.01 
Insulin 

pM 102.60 104.40 90.00 99.90 62.4 0.20 
In pM 2.89 2.91 2.87 2.88 0.27 0.24 

C-peptide (nM) 1.00 1.09 0.91 1.01 0.53 0.05 
HbA,c (%) 6.60 5.90 6.10 6.10 0.92 0.05 

./ 

~/M-SE, square root of mean square error from analysis of covariance; P, probability of equality of adjusted means. 
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ference could be that there are unidentified factors inter- 
acting with the apoB signal peptide, and these factors are 
different among populations. Finally, we favor tBe possibility 
that the signal peptide polymorphism did not directly cause 
the observed effect but rather was in linkage disequilibrium 
with a second locus with a direct effect on glucose and 
triglyceride metabolism. In addition, the magnitude and di- 
rection of this disequilibrium was different among popula- 
tions. Regardless of the exact mechanisms, the apoB signal 
peptide should be included in any candidate-gene approach 
to the study of NIDDM and its complications. 
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Apolipoprotein (a) Gene Accounts for Greater Than 90% 
of the Variation in Plasma Lipoprotein (a) Concentrations 
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Abst rac t  

Plasma iipoprotein(a) [Lp(a)], a low density lipoprotein parti- 
cle-with an attached apolipoprotein (a)  [apo (a)], varies widely 
in concentration between individuals. These concentration dif- 
ferences are heritable and inversely related to the number of 
kringle 4 repeats in the apn(a) gene. To define the genetic 
determinants of plasma Lp (a) levels, plasma Lp (a) concentra- 

tions and apo(a) genotypes were examined in 48 nuclear Cau- 
casian fami!!es. Apo(a)  genotypes were determined using a 

• newly developed pulsed-field gel e|ectrophoresis method which 
distinguished 19 different genotypes at the apo(a) locus. The 
apo(a) gene itself was found to account for virtually all the 
genetic variability in plasma Lp(a) levels. This conclusion was 
reached by analyzing plasma Lp(a) levels in siblings who 
shared zero, one, or two apo(a) genes that were identical by 
descent (ibd). Siblings with both apo(a) alleles ibd (n = 72) 
have strikingly similar Plasma Lp(a) levels (r = 0.95), 
whereas those who shared no apo(a) alleles (n = 52), had 
dissimilar concentrations (r = -~0.23). The apo(a)  gene was 
estimated t0~ be  responsible for 91% of th e variance of plasma 
Lp(a) concentration. The number Of kringle 4 repeats in the 
apo(~)  gene ~i~co~hted for 69% Of the variation, and yet to be 
defin~ed cis-~icting seiluences-~it t-he~apo(a)-]~us accounted for 
the remaining 22% of the inter-individual variation in plasma 
Lp(a) levels. During the course of these studies we observed 
the de novo generation of a new apo(a) allele, an event that 
occurred once in 376 meioses. (J. Clin. Invest. 1992. 90:52- 
60.) Key words: apolipoprotein (a) • iipoprotein (a) • low density 
lipoprotein 

In t roduct ion 

Lipoprotein(a) [Lp(a)] ~ is a cholesterol ester, rich plasma ii- 
p0pr0tein comprising two attached components: a low density 
lipoprotein (LDL) particle and a single large glycoprotein, apo- 
lipoprotein(a) [apo(a)] (1-3). High plasma levels of Lp(a) 
are associated with the development of coronary atherosclero- 
sis (4-6) and other vascular diseases (7). The mechanism by 
which Lp(a) expedites the atherosclerotic process is not 
known. Apo(a) strongly resembles plasminogen, and it may 
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competitively interfere with plasminogen action in fibrinolysis 
(8,9).  

Plasma concentrations of Lp(a) vary over a wide range 
among individuals, but are remarkably stable in any given indi- 
vidual (10). Many physiological, pharmacological, and envi- 
ronmental factors that affect the levels of other plasma lipopro- 
teins have no effect on the plasma concentration of Lp(a) 
(10). This lack of environmental and physiological influences 
suggests tha f  i~lasm~i Lp (a) levels are largely genetically deter- 
mined. Consistent with this formulation, early genetic studies 
suggested that the presence of Lp(a) in plasma was inherited as 
an autosomal dominant trait (11-13). When more sensitive 
immunoassays of plasma Lp(a) concentrations were used, it 
was found that plasma Lp(a) concentrations varied continu- 
ously among individuals (14), and the pattern of mhentance 
indicated that a major gene, as well as polygenic factors, con- 
tributed to plasma Lp(a) concentrations ( 15-17 ). 

Fless et al. (18) and Utermann et al. (19) found that the 
• apo(a) glyc0protein varied in s{ze among individualsJ In an 

important series of studies, Utermann and his colleagues dem- 
onstrated that the size of the apo(a) protein is inversely related 
to the level of plasma Lp (a), thus implicating the apo (a) gene 
as a ~ajpr  determinant of plasma Lp(a) concentrations (20- 
23). However, the immunoblotting technique used to type the 
apo (a) isoforms was not sensitive enough to detect low levels 
of apo(a) protein, and not all of the apo(a) isoforms were 
detected. As a result, the frequency distribution of the apo(a) 
isoforms failed to fit the expectations of Hardy-Weinberg equi- 
librium (22). In addition, when immunoblotting was em- 
ployed to examine the segregation of the apo(a) isoforms in 
families, the results were frequently uninformative, and occa- 
sionally inconsistent (24). Further progress required the devel- 
0pment of a technique that was more discriminating than im- 
mun0bl0tting in classifying apo(a) alleles. 

A potential method to study this polymorphism was sug- 
gested bythe findings of McLean et al. who discovered that the 
apo (a) cDNA contains multiple tandem copies of a sequence 
that encodes a cysteine-rich protein motif called a kringle. The 
repeated kringle in apo(a) is designated kringle 4 because it 
closely resembles the fourth kringle in plasminogen. McLean et 
al. proposed that the apo(a) isoforms are of different size be- 
cause of variations in the numbers of kringle 4-encoding re- 
peats in the apo(a) gene (25). This hypothesis was supported 
by studies of the apo(a) mRNA and gene structure (26-28). In 
attempt to devise a way tO measure the size of the apo (a) gene 
in different individuals, we previously identified a large restric- 
tion fragment from the apo(a) gene which contains most, if not 
all, of the kringle 4-encoding sequences (29). The size of this 
fragment was too large to be examined by standard electropho- 
resis techniques• Accordingly, we used pulsed-field gel electro- 
phoresis to size this large restriction fragment and 19 fragments 
of different length were identified. A total of 103 unrelated 
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Caucasians were eva lua ted  and 94% were heterozygous for 
fragments o f  two diff&ent gizes. The length polymorphisria Was 
used as a genetic marker  to analyze the segregation o f  the 
apo (a )  gene in 12 Caucasian families. It was found that within 
a given family, sibling pairs with identical apo(a)  genotypes 
tended to have very similar plasma Lp(a )  levels (29.). How-  
ever, individuals with the same apo(a )  genotypes who were 
members  o f  different families often had significantly different 
plasma concentrat ions o f  Lp-(a). Taken together, these obser- 
vations suggest that the  apo-(a) gene is the major determinant  
o f  plasma Lp(a )  levels and that cis-acting D N A  sequences at or  
near: the apo(a )  locus, other  than the number  of kringle 4 re- 
pe-atg, c0 i i f r ib i i te impor tan t ly  t0-plasma Lp (a)  concentrations. 

In the current study, we analyzed the segregation o f  the 
apo (a )  gene and Lp(a )  levels in 48 Caucasian pedigrees to 
determine- the-cont r ibut ion  o f t h e  a p o ( a )  gene- (or closely 
linked loci)  to the plasma concentrat ions  of  Lp(a) .  The genetic 
architecture (30)  o f  plasma Lp (a)  concentrations was defined 
at three levels: the polygenic heritability, the total geneuc con- 
t f ibut io  n o f  the apo(a )  gene, and the effects of  length variation 
in the apo (~i) gene. In addition, we describe the de novo genera- 
t ion o f  a new apo(a )  allele o f  different size within a family; 

Methods 

SubJects. Plasma Lp(a) concentrations were measured in a sample of 
288 fasting individuals from 48 Caucasian American families living in 
the greater Dallas. Texas area. Families ifi which both parents and at 
least three children were available for shmpling were selected for study. 
None of  t_he ramifies had evidence ofa  monogenic hyperlipidemia. In 
one farriily, F_ 153, ~yera ! members (who are denoted in Table II) had 
very_ _low_-_LDL.-c!aolesterol le.qels, suggesting t he.Aaossible existence of 
familial hypobetalipoproteinemia. For the i'andom effects analysis of 
variance (see below), the families were augmented with a sample of 
107 unrelated individuals. Preliminary findings on a subset of these 
unre_lated individuals have been reported previously (29). 

Ph_!_ebotomy w ~  can'ied out after an oven3ight fast. A total of 30 ml 
of blood was collected from each individual in vacutainer tubes con- 
taining sodium-EDTA. The plasma was separated within one hour of 
collection~b-y cent~fugation at 2,000 g for 15 rain at 4"C~ Multiple 50 ul 
aliquots of plasma were stored at -70°C and Lp(a) levels were assayed 
within 4 wks. 

Pulsed-field gel analysis of the aPo(a ) gene. A total of 15 ml of 
b l o ~  wa~ main/ained at room temperature prior to transfer to two 
LeucoPREP tUbeS (Becton, Dickinson & Co.. Lincoln Park. NJ). 
Lymphocytes were isolated and embedded in a~arose plugs as previ- 
ously described (29). The agarose-cellular plugs were incubated twice 
with 40 U ofKpnl in 170 #1 bfthi~ buffei" suggested bythe manufacturer 
(New England Biolabs, Beverly, MA). The digested cellular-agarose 
plugs~were subjected-to pulsed-field geFelectrophoresisqn~a-vertical 
submarine gel apparatus with a transverse alternating field (Geneline I, 
Beckman Instruments. Inc., Fullerton, CA) using low-endosmosis coef- 
ficient agarose, TAFE buffer, and h phage concatamer standards 
(Beckman Instruments, Inc.) as described by Lackner et al. (29). After 
18 hours ofelectrophoresis, the gel was stained with ethidium bromide 
and photographed. The DNA was transferred and fixed to nylon mem- 
brane(Biotrans, ICN Bibmedicals, Costa Mesa, CA). MP-I, a 1.5-kb 
Pstl genomic fragment from the kringle 4-encoding region of the 
apo(a) gene (29) which had been Subeloned into Ml3mpl8, was used 
to generate a J2P-radiolabeled single-stranded probe (31). The filter 
was incubated overnight at 420C in hybridization solution containing 5 
x 106 cpm/ml of the single-stranded apo (a)-specific probe. Hybridiza- 
tions were c~irfied or/tin a i'rtating incubator (model 310, Robbins 
Scientific Corp., Sunnyvale, CA). Filters were washed as described by 
Lackner et al. (29) and exposed to film. 

Immunoblotting of.plasma apo(a). An aliquot of frozen plasma 
(between 1 and 30 ~1) containing i ug of Lp(a) was brought up to a 
total volume of 30 ~1 using phosphate-buffered saline. The sample was 
mixed with 20 ~tl of buffer A which contained 15% filtered SDS (wt/ 
vol), 8 M uri~a, 5 mM dithiothreitol, and 62.5 mM Tris at pH 7.5 and 
with 50 ~1 buffer B (10% glycerol {vol/vol], 2.3% SDS [wt/vol],  
0.025% bromophenol blue [wt/vol],  5% B-mercaptoethanol [vol/ 
vol], and 50.0 mM Tris at pH 6.8). The samples were boiled for 10 
min before loading onto a 3-7% gradient polyacrylamide gel with SDS. 
A total of 1 ug of purified LDL { molecular weight of apo B is ~ 513 
kD) was used as a size standard. The electrophoresis, transfer to nitro- 
cellulose, and hybridization conditions were exactly as preciously de- 
scribed except that IgG- 1A 2, the apo ( a)-specific antibody, was radiola- 
beled directly with t2sI to a specific activity of 5 × 106 cpm/ml (29). 
Thefilte._rs were washed, dried and exposed to XAR-5 film (Eastman 
Kodak Co., Rochester, NY) a! -70°C with an intensifying ( Lightening 
Plus~Dupont Co., Wilmington, DE). 

Plasma lipid and lipolJrotein assa.vs. Measurement of plasma 
Lp(a) concentrations were performed at GeneScreen. Dallas. TX, us- 
ing a sensitive enzyme-linked immunosorbent sandwich assay 
(ELISA), as described (32). In this assay, Lp(a) was captured by a 
polyclonal rabbit anti-human Lp(a) antibody and then detected by a 
monoclonal anti-human Lp(a) antibody, IgG-IA 2. Plasma Lp(a) 
standards were obtained from lmmuno, Viefina, Austria. Total choles- 
terol and triglyceride levels were measured enzymatically using com- 
mercially av~iilable ki ts  (Boehdnger Mannheim, Indianapolis, IN; 
Sigm_a Chemical-Co., St. Eouis MO). Plasma lipoproteins were quan- 
tified in the laboratory of Dr. Scott Grundy (University of Texas South- 
w est~ern Medical Center) according to the procedures of the Lipid Re- 
search Clinic (33). 

Statistical methods. The distribution of plasma Lp( a] concentra- 
tion was positively skewed in these data. and thus all analyses were 
carried out both on the raw and square-root transformed data. For each 
analysis, the primary inferences were identical whether the raw or 
_transforr9. ed data Was-used. 

The Contribution of unmeasured polygenic variation to the inter-in- 
dividual variability of plasma Lp(a) concentrations (oLp(,) 2) was as- 
sessed from the extent of familial aggregation of Lp(a) levels in the 
sample of pedigrees. The ratio of the polygenic variance component 
((r~ 2) to trLp(,) 2 was estimated by maximum likelihood principles as 
implemented in the computer program PAP V3.0 (34). 

Siblifig-pair linkage methods were used to estimate the overall con- 
tribution of genetic variation in and around the apo(a) gene (o,~(,) 2) 
to plasma Lp(a) levels (35.36). These methods are most frequently 
emplt~ed to detect linkage be.tween a marker and a quantitative trait 
locus, but can also be used to define the overall contribution of a candi- 
date gene to a quantitative phenotype. For each sibling pair, three new 
variables were considered: yj, the squared difference of plasma Lp(a) 
concentrations in sibshipj,J~j, an indicator variable describing whether 
or not thejth sib ?air shares only 1 allele identical by descent (ibd l, and 
~rj, the proportion of alleles-ibd in sibship j. rj  can take On the values 0, 
'/2, or 1. E(yj) isthe expected value Of an individual's Lp(a) concentra- 
tion. Assuming there is no recombination as would be the case for a 
candidate gene, Haseman and Elston 130) show that: 

where 

E(yi) = a + ~rj + 3"fo ( 1 ) 

= 2a~( , )  2 + oc z (2) 

= -2a,po(,)2 (3) 

3' = -on .  2 (4) 

In Eqs. 2--4, ae 2 is a residual variance component describing the effects 
of factors other than the apo (a) gene on Lp(a) levels, and trd = describes 
the dominafice effrct~ at the apo(a) locus on Lp(a) levels: An estimate 
of the overall contribution of the apo (a) gene to plasma Lp (a) concen- 
trations can be made by examining the regression of the squared differ- 
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Table 1. Correlations of Plasma Lp(a) Concentrations between Family Members 

n Lp(a) VLp(a) 

Spouses 48 
Parent-offspring 400 
Midparent-offspring 200. 
Siblings Call) 284 
Siblings Sharing no alleles ibd 52 
Siblings sharing one allele ibd 159 
Siblings sharing two alleles ibd 73 

0.17 [-0.12, 0.43]* 
0.44 ~ [0.36, 0.52] 
0.59 ~ [0.49, 0.67] 
0.28 ~ [0.16, 0.39] 

-0.23 [-0.47, 0.05] 
0.15 [-0.16, 0.30] 
0.95 ~ [0.92, 0.97] 

0.17 [-0.12,0.43] 
0.48 ~ [0.40, 0.55] 
0.61 ~ [0.51, 0.69] 
0.32 ~ [0.21, 0.43] 

-0.25 [-0A8, 0.02] 
0.19' [0.04, 0.34] 
0.96 ~ [0.94, 0:97] 

* 95% confidence interval. * P < 0.05. § P < 0.001.' 

ence between the Lp(a) levels of siblings who share none, one, or all 
apo(a) alleles ibd. The ~'egression analyses were l~rformed both un- 
weighted and weighted, as suggested by Amos et al. (36), with nearly 
identical results. Therefore, only the results of the unweighted analyses 
are presented. Even though the sibships were typically larger then size 
two, the above method has been shown to be valid when overlapping 
sibling pairs are analyzed as though they were independent (36). 

The contribution of length variation in the apo(a) gene, as mea- 
sured by pulsed-field gel electrophoresis, to Lp(a) concentrations, 
a~¢,~ 2, was estimated using a random effects analysis of variance ( 37 ). 
A random effects or type II model was selected because of the large 
number of potential genotypes at the apo (a) locus (38). 

R e s u l t s  

Plasma Lp(a)concentrations were measured in 288 individ- 
uals from 48 pedigrees. There was no significant effect of age, 
sex, or the concentration of other plasma lipoproteins on t h e  
plasma level of  Lp(a),  so these factors were not. considered 
further in the family members (data not shown). There were 
significant correlations between the plasma Lp (a) levels of  p_ar- 
ents and offspring (r = 0.44), and siblings (r = 0.28), but not 
between spouses (r = O. ! 7) (Table 1 ). By using standard bio- 
metrical genetic analyses, it was estimated that 85% (+_8%) of 
the inter-individual variance of Lp(a)  concentrations was at- 
tributable to polygenic effects (a~2/atpt~2) (or 88% (+6.5) 
when the square-root of the plasma Lp(a)  levels was used). 

Pulsed-field gel electrophoresis and genomic blotting of  
KpnI digested-genomic DNA was performed to assess the size 
of  the kringle 4-encoding region of  the apo(a) alleles in each 
family member. 16of  the 19 previously described apo(a) al- 
leles were observed in the sample, and their frequencies did not 
differ significantly from those previously described from the 
same population (29). In general, there was an inverse rela- 
tionship between the size of  the apo(a)  allele and the plasma 
level of  Lp(a).  One way to illustrate this phenomenon is to 
examine the relationship between the plasma Lp (a) concentra- 
tions and the apo(a) allele size in the individuals who had one 
of  the two most commo n alleles, apo(a) 14 or apo(a) 15 plus a 
different allele (Fig. 1 ). Individuals with one copy ofapo(a) 14 
or apo (a) 15 plus one copy of apo (a) 2-apo (a) 4 tended to have 
high plasma Lp(a) levels (>-30 mg/dl) .  If the second allele 
was apo (a)5-apo(a) 7, the Lp (a) levels were lower ( 15-30 mg/  
di). If the second allele was larger than apo(a)8, theplasma 
concentrations of  Lp(a) were low [< 10 mg/dl, excluding 
apo(a) 10]. 

In the population as a whole, different apo(a) genotypes, as 
determined by pulsed-field gel electrophoresis, were associated 

with significantly different 9lasma levels o fLp(a ) . (P  < 0.001 
for both the raw and transformed data). A random effects anal- 
ysis of variance (37) was used to determine the contribution of  
the length variation in the apo(a)  gene to the distribution of  
plasma Lp(a) in 203 unrelated Caucasians. For the raw data, 
69% of the variation in Lp (a) concentrations was attributable 
to inter-individual differences in the number  of  kringle-4 re- 
peats. The square-root transformation had little effect on this 
value (66% vs. 69%). 

Although length variation in the apo(a)  gene had a pro- 
found influence on Lp(a)  concentrations, there were several 
exceptions to the general trend. Fig. 2 shows two pedigrees in 
which an apo (a) allele of  the same size, apo (a)6, segregates. I n 
the two pedigrees this allele gives rise to very different plasma 
concentrations of Lp(a).  In A, the apo(a)6 allele of the father 
(a),  is inherited by three of  his offspring (c, d, and f ) .  The 
father, as well as the three offspring, have modest plasma Lp (a) 
concentrations(6 mg/dl,  and 7, 5,.and 3 mg/dl,  respectively). 
In the family shown in B, individual h, who is also heterozy- 
gous for an allele the size of apo(a)6, and h ~  a h!gh plasma 
Lp(a) concentration (5i  mg/di)_ Of h~f f6-fir ~tiild]-eh, r filY '~ 
the second ch~ld(ji*~nh~fi)edlapq(q) 6"aa~l~she~s tli~_0hi):?~ff- 
spring with a comparable plasma level of  Lp(a) (51 mg/dl) .  
Therefore, in these two families, the same sized apo(a) allele 
(apo(a)6) segregated with ve ry  different plasma levels of 
Lp(a).  This was true even though the other alleles at the 
apo(a) locus- in  the families were similar (apo(a)13- 
apo(a) 17). These findings suggest that factors at the apo(a)  

50. 

40 

30 

g 
, °  ° 
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Other Apo(a) Allele 

Figure 1. Lp(a) levels in individuals heterozygous for ap0(a) 14 or 
apo(a) 15 allele. In the sample o( 288 £ami!y members and 107_ unre- 
lated individuals, there were 194 individuals with either apo(a) 14 
or apo(a)15. The average Lp(a) levels (y-axis) for individuals with 
each genotype are plotted against the other apo(a) allele(x-axis). 
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Figure 2. Genomic blot of the apo(a) gene 
from two unrelated families with apo(a)6. 
High molecular weight leukocyte DNA 
from members of two unrelated families 
was digested with Kpnl, size-fractionated 
on a pulsed-field gel, transferred to a nylon 
membrane, and hybridized with a single- 
stranded apo(a)-specific probe (MP-I) as 
described in the Methods. The filter was 
eXposed to Kodak XAR-5 film for 18 h 
with an intensifying screen. The plasma 
concentrations of Lp(a) were measured us- 
ing an ELISA assay as described in the 
Methods. The apo(a)6 allele segregates 
with a low (A) and high (B) plasma con- 
centration of Lp(a) in two different pedi- 
grees. 

locus, in addition+to the-number of kringle 4 repeats;.Strongly 
influence the plasma Lp(a)  concentration. 

Another instance in which apo(a)  alleles of the same size 
are associated with different amounts of circulating apo(a)  
protein, is shown in Fig. 3. In this family, the mother (b)  is 
homozygous for apo(a) 12, so all of the children (c- f )  are het- 
erozygous for that allele. Based on the genomic blot, it cannot 
be determined which of  the two apo(a)12 alleles each child 
inherited from their mother. However, analysis of the apo(a)  
protein isoforms reveals that three of the offspring (c, d, and f )  
have no detectable apo(a)  protein corresponding to apo(a) 12. 
Only offspring e has a band the same size as the isoform of  the 
mother. This suggests tha t the  mother is heterozygous and has 
one_ gzp_o(q)12 that produces no detectable circulating apo(a)  
protein which she gave to c, d, a n d f a n d  another that is asso- 
ciated with the production of a moderate amount of apo(a)  
protein which she donated to offspring e. 

To confirm that cis-acting sequences at the apo (a) locus are 

Apo(a) 14 12+14 12 14 12 
Genotype 8 1-212 8 12 8 

Pulsed'field • 0 1 8  + O O  + .  - -16 
Electrophoresis . ,  ~i:~ !o 

- - 4  

Immunoblot 
- -513  kD 

Lp(a) (mg/dl) 161816 I<119 I<11 
Figure 3. Genomic blot of apo(a) gene and immunoblot of apo(a) 
protein in a pedigree. The plasma Lp(a) concentrations were mea- 
sured and the genomic blot and immunoblot was performed as de- 
scribed in Fig. 2 and in the Methods. 

responsible for the observed differences in plasma L p ( a )  con- 
centrations in individuals with apo(a )  alleles of  the same size, 

t h e  plasma Lp(a)  concentrations were compared in .sibling, 
pairs who shared all, one, or no apo(a)  alleles ibd. In 40 o f  the 
48 families, all four.pai 'ental apo(a )  alleles could be differen- 
tiated using pulsed-field gel electrophoresis. In six families ( in- 
cluding the one shown in Fig. 3), the length polymorphism was 
uninformative because one of  the parents was apparently ho- 
mozygous for the same sized apo(a )  allele, and in two families 
one parent was not available for sampling; these eight families 
were not included in the sibling-pair analysis. The families 
were selected at random, so in some families all the p lasma 
concentrations of  Lp (a)  were low ( i.e.. < 5 mg/d l )  reflecting 
the highly skewed distribution of  plasma Lp(a)  levels in the 
Caucasian population. 

In the 40 families in which the segregation of each parental  
allele could be distinguished, 72 sibling pairs shared both, 52 
shared none, and 159 pairs shared one parental allele ibd. The 
apo (a) genotypes and plasma Lp (a) levels of these sibling pairs 
are given in Table II and can be compared to those of  the other 
siblings and parents. The sibling pairs who had plasma levels of  
Lp(a)  that were similar to each other and significantly different 
from the other siblings are denoted by an asterisk. In 24 fami- 
lies, at least one sibling pair had inherited identical a p o ( a )  
alleles and one sibling pair had  no apo(a)  alleles ibd (Table  
III). In 21 of  the 24 sibling pairs (denoted by asterisks), the 
mean difference between plasma Lp(a)  levels in the sibling 
pair who shared no apo(a )  alleles ibd was twice that of  the 
sibling pair who shared both apo (a) alleles ibd. 

Fig. 4 shows the scatter plot of  Lp(a)  levels of siblings pairs 
tla'at share (A) both or (B)  no apo(a )  alleles ibd. L p ( a )  levels 
for- the~lder  (sirlirig-J-) arid younge/" (sibling 2) sibling are 
plotted on the horizontal and vertical axis, respectively. T h e  
correlation coefficient for Lp(a )  levels between siblings who 
share both apo(a)  alleles ibd was very high (r  = 0.95 ), whereas 
there was a negative correlation ( r  = -0 .23)  between the L p ( a )  
concentration 0fsiblings who share no apo(a)  alleles ibd. Simi- 
lar results were obtained for the square-root transformed data 
(Table I). Owing to the highly Skewed distribution of  L p ( a )  in 
the popu!a~ti-0n, m a n y  of  the Sibling pairs had very low L p ( a )  
!evels. Therefore, the same comparison was made in the sibling 
pairs with apo(a)  alleles ibd (n = 48) who had plasma L p ( a )  
levels o~'er 5 mg/d l  and the correlation coefficient remained 
very high_(r = 0.94). - . + 
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Table II. Apo(a) Genotypes and Lp(a) Levels in Sibling Pairs with Apo(a) Alleles ibd and Their Family Members 

Sib with identical alx~(a) geaob~es Other Sibs 

Family Apo(a). Apo(a) Plasma 
no. genotype Pl~ma Ll~a) genotyl~s Lp(a) 

Parents (father, mother) 

Apo(a) 
genotype Lp(a) 

1. FI41 
2. F168 
3. F162 
4. F24 
5. F154 
6. F161 
7. F158 
8. F156 
9. F135 

10. F154 
11. F142 
12. F145 
13. F129 
14. F149 
15. F129 
16; F146 
17. F166 
18. FI50 
19. F146 
20. F124 
21. FI34 
22. F137 
23. F21 
24. F143 
25. F164 
26. F145 
27. F167 
28. F!38 
29. F152 
30. FI60 
31. F125 
32. F168 
33. F126 
34. F137 
35. F136 
36. F135 
37. F143 
38. FI31 
39. F132 
40. F165 
41. F157 
42. F159 
43. F153 
44. FI57 
45. F165 

2/13 26 
2/17 *40 
4/5 *44 
4/10 "41 

"4/10 58 
4/13 *49 
4/14 *36 
4/15 *47 
4/15 *55 
4/15 32 
5/9 *49 
5/12 64 
6/6 7 
6/13 5 
6/16 5 
7/11 *28 
8/12 5"; 
8/15 " 4 
9/11 5 
9/16 *7 
9/17 6 

10/13 < 1 
11/15 < 1 
11/15 1 
11/15 1 
11/16 *< 1 
12/13 "15 
12/14 1 
12/14 *< 1 
12/14 *3 
12/15 1 
12/17 *< 1 
12/18 < 1 
13/14 1 
13/15 4 
14/15 *3 
14/15 < 1 
14/15 < 1 
14/17 1 
14/18 8 
15/16 5 
15/17 I 
16/16 *1' 
16/17 3 
15/18 < 1 

mg/dl mg/dl 

*42 
*47 

*56 

6 

8 

1 

"t5 

41 13/16, 15/16, 2/15 1, 6, 32 2/16, 13/15 
*55 12/17, 12/17 < 1, < 1 6/17,2/12 
*58 5/14 21 5/15,4/14 
*42 10/14, 6 / 1 4  < 1, 16 4/14, 6/10 
34 12/15, 4/15, 4/15 14, 32, 43 10/15, 4/12 

*52 13/13 10 4/13, 13/14 
*48 8/14 10 4]8, 14/15 
*49 10/15 7 14/15,4/10 
*66 14/15, 14/15 3, 3 14/15, 4/14 
43 12/15, 4/10, 4/10. 14,34, 58 10/15,4/12 

*56 9 / 1 6  4 5/16, 9/10 
98 11/16, 11/16, 12/16,5/11 < 1 , 3 , 8 , 5 1  " 5/16, 11/12 

7 6/16, 6/16, 15/16 5, 6, 6 6/15, 6/16 
7 14/17,6[17 " ~ " " " 2,-3 - 6/14, 13/17 
6 15/16, 6/6, 6/6 6, 7, 7 6/15, 6/16 

*44 ° ~°9717~°9/1°1,=9/11 < 1, 5, 6 7/9, 11/17 
7 " 12/13, 13/15 T 17; 19 8/13, 12/15 
8 7/15 - 5 15/16, 7/8 
6 9/17, 7/11, 7 / I 1 .  , < l, 28, 44 7/9, l l /17 

*9 4/16, 5/9, 4/5 22, 50, 75 5/16, 4/9 
II 16/17, 9/18 12, 12 9/16, 17/18 
3 13/14, 13/14, 13/14 < 1, l, l lO/14, 13/15 

< l  15/17,8/11 : < 1,7 8/15,11/17 
2 14/15, 14/15, 14/15, 7/11 < 1, < l, < 1, 17 7/15, l l /14 
I 1 5 / 1 6  3 l l /16, 8/15 

*3 12/16, 5/11, 5/12, 5/12 8, 51, 64, 98 5/16, l l /12 
"21 12/17, 13/13 1, 5 13/17, 12/13 

5 13/15 I 14/15, 12/13 

*< 1 

*6 
i 

*< I 

' <1 
' - ]  " " < 1 

4 
*3 

<1 <1 
<1 4 

1 3 

5 
*4* 

8 

9 
2 

*5* 
5 
9 

8/13 ~ 16 . . . . . . .  12/13,-8/14= 
10/15, 10/14 21, 34 10/12, 14/15 
14/15, 7/12 < 1, 28 12/14, 7/15 
2/17, 2 / ! L 2 / ! 7 .  40, 42, 5 5  6/17, 2/12 
15/18 < 1 12/15, 9/18 

• 10/13,'10/13 < 1, 3 - 10/14, 13/15 
16/17, 15/17, 8/16 < 1, 3, 3 13/17, 15/16 
4/15, 4/15, 4/15 56, 56, 66 14/15, 4/14 
11/15, 11/15, 7/11 1, 2, 17 7/15,11/14 
15/18 " < 1 14/18, 5/15 
14/15, 15/17 2, 3 14/17, 14/15 
15/18, 15/18 < 1, 9 14/15, 10/18 
16/17, 16/17, 6/15 3, 5, 51 15/17, 6/16 
10/17 < 1 16/17, 10/15 
7/16 27 7/16, 12/16 
15/16, 15/16, 6/15 5, 9, 51 15/17, 6/16 
14/18, 14/18 8, 8 14/15, 10/18 

mg/dl 

36, 6 
40, 54 
38, 19 
31, 62 
32, 52 
50, 9 
48, 7 
4, 42 
4, 45 
32, 52 
72, 21 
47, 5 
4,15 
6,15 
4, 15 
22, 9 
9, 10 
5,5 
22, 9 
54, 27 

1 5 , 3  
< 1 , 2  
5 , < 1  
28,<1 
2,4 
47, 5 
12, 1 
4,2 
< 1, 30 
27, 10 
< 1,32 
40, 54 
3 , < 1  
< 1 , 2  
1,9 
4, 45 
28 ,<1  
< 1 , < 1  
8 , < 1  
16, < 1 
4,51 
< 1 , 6  
52, 1 
4, 51 
16, 1 

• . ÷ "  

* Sibling pairs with identical apo(a) genotypes who have LP(a) levels which are significant!yflifferent from a_ll the ot_her siblings. * These indi- 
viduals have a plasma LDL-cholesterol concentration less than the 5th percentile when compared to age and sex-matched controls. 

The overall cont r ibut ion  of  the apo(a)  gene_to plasma 
L p ( a )  concentrat ions was estimated by examining the regres- 
sion of  the squared difference of  Lp(a )  levels between siblings 
(yj) based on the proport ion of apo(a )  alleles shared ibd (~rj). 
The  dominance  deviat ions at the apo(a )  locus (3') was no t  

significantly different from zero (~, = 1.27 for .untransformed 
Lp(a)  levels) so was not  considered in further analyses. The 
simple linear regression of  the squared difference of Lp(a )  lev- 
els between siblings on  the proport ion of  apo(a )  alleles shared 
ibd is graphically presented in Fig. 5. The average squared dif- 
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. Table IlL Lp(a) Levels in Sibling Pairs in the Same Family 
Who Share Both or No Apo(a) Alleles Identical by Descent 

Siblings sharing both apo(a) 
alleles Siblings sharing no apo(a) alleles 

Lp(a) Genotype Lp(a) 

Family Genotype Sibl Sib2 Sibl Sib2 

141" 2/13 41 26 13/16 1 2/15 32 
24* 4/10 42 41 4/10 42 6/14 16 

154 4/10 58 34 12/15 14 4/10 34 
154" 4/15 32 43 12/15 14 4/10 58 
124" 4/16 22 36 5/9 50 4/16 22 
145" 5/12 98 64 11/16 1 5/12 98 
149" 6/13 7 5 6/13 7 14/17 2 
146" 7/11 44 28 7/11 44 9/117 1 
166" 8/12 5 7 8/12 5 13/15 19 
146" 9/11 5 6 9/17 I 7/11 28 
124" 9/16 9 7 9/16 9 4/5 75 
134 9/17 11 8 9/18 12 16/17 12 
21" 11/15 1 1 15/17 1 8/11 .7 

143" 11/15 2 1 7/11 17 14/15 1 
145" 11/16 1 3 12/16 8 5/11 51 
138 12/14 1 5 13/15 1 12/14 I 
160" 12/14 3 6 10/15 21 12/14 3 
152" 12/14 1 1 12/14 1 8/13 16 
125" 12/15 I 1 7/12 28 14/15 I 
136" 13/15 4 4 13/15 4 8/16 3 
143" 14/15 1 1 7/11 17 14/15 1 
143" 14/15 1 1 7/11 17 14/15 1 
157" 15/16 5 9 6/15 51 16/17 5 
157" 16/17 5 3 6/15 51 16/17 3 

* The difference in Lp(a) levels in the siblings sharing no apo(a) alleles 
is at least twice that of the siblings sharing both alleles. 

ferences are 1248, 654, and 58 (mg/dl )2  for those sibling pairs 
that share no, one, and both of their apo(a)  alleles ibd, respec- 
tively. There was a heteroscedastic distribution of  squared 
Lp(a )  differences among the thre e groups, so weighted regres- 
sion analysis was performed, as suggested by Amos et al. (36); 
theresults  were similar for the weighted and unweighted analy- 

A. Apo(a)  Al le les ibd 

ses (data not  shown). The linear regression line that best fits 
these data was equal to yj = 1249.2 - 1190.6~r i. These parame- 
ter estimates combined with algebraic manipulation of  Eqs. 2 
and 3 yield estimates of  Oapota) 2 and the residual variance com- 
ponent, 0"e 2. For the raw untransformed data, O'apo(a) 2 a n d  a ,  2 
were equal to 595.3 and 38.6, respectively. As a ratio, these 
results indicate that 91% of  the variation of  plasma Lp (a)  con- 
centrations among individuals was attributable tO genetic varia- 
tion in the apo(a )  g e n e  (tTapo(a)2/O'apo(a) 2 + 0"¢2). For the square- 
root transformed da ta  these values were 7.00%, 0.86%, and 
89%, respectively. 

-Finally; ~v~en the extensive degree of  size heterogeneity at 
the apo(a):]ocus, i iw0uld  have been expected that new a p o ( a )  
alleles would be  encountered if a sufficient number of  meioses 
were analyzed.•In this sample, a total of 376 meiosis were exam- 
ined and a single apo(a )  allele was found in an offspring that  
was not present in either parent (Fig. 6). The fourth child, 
individual f ,  has apo(a)16 and apo(a)9. Clearly, he inherited 
apo(a)16 from his  mother, but his father does not have 
apo(a)9. Paternity testing was performed using 7 unl inked 
varying number of  tandem repeat (VNTRs) ,  and in each case, 
the genotype of  individual f w a s  consistent with individual  f 
being the child of  individual a (39).  The calculated probabil i ty 
of individual a not being the true father was < 1 × 10 -6 (da ta  
not shown). Therefore, a mutat ion must have occurred in a 
paternal gamete which resulted in the generation of  an apo (a)  
allele of different size. 

D i s c u s s i o n  

In this article we have evaluated the segregation of  the apo (a)  
g_ene anti p_.las_ma L P ( a )  levels in 48 Caucasian families and 
found that virtually all the inter, individual Variation in plasma 
Lp(a)  levels was attributable to the genomic region encoding 
the apo(a)glycoprotein.  It had been clear from previous family 
studies that plasma Lp(a)  levels are largely genetically deter- 
mined: prior estimates of  the heritabi!ity of  plasma Lp (a)  lev- 
els have ranged from 0.75 to 0.98 (15, 17, 40, 41) which is  
comparable to our estimate of  0.85 (_+8%). Initially; L p ( a )  
could only be detected in the plasma of  Lp(a )  of  a third of  
individuals, and yet when family studies were performed, the 
inheritance pattern suggested a single autosomal dominan t  
gene ( 1-iLi3.-42-44).~Then more sensitive radioimmunoas-  

B. No Apo(a)  Al le les ibd 
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Figure 5. Squared difference between Lp(a) levels of siblings as a 
function of the proportion of apo(a) alleles shared identical by de- 
scent. The regression line for the squared difference on the proportion 
of apo(a) alleles shared identical by descent is given. 

says were employed to measure plasma Lp(a) concentrations 
in families, there was evidence for a major gene, as well as 
polygenic factors, contributing to the plasma Lp(a) level ( 16, 
17). In one large Caucasian pedigree, a major gene with three 
alleles was estimated to account for 73% of the variance in 
Lp(a) levels (16). • . . . . .  : 

The first molecular clue that the apo(a) gene played a key 
role in the genetics of plasma Lp(a) concentrations, was the 
observation that the size of the apo(a) glycoprotein was in, 
versely related to the plasma level of Lp(a) (19): Utermann 
and his colleagues estimated that differences in the size of the 
apo(a) glycoprotein accounted for 41% of the variation in 
inter-individual plasma Lp (a) levels ( 22 ).' Furiher support for 
the apo(a) gene being the major gene influencing Lp(a) levels 
came from linkage analyses between segregation of plasma 

I Apo(a) 
Genotype 

Lp(a) 
(mg/dl) 

17 1615  17 1 5 1 6 1 6  17 
13 1513 15 13 9 13 16 

1 9 4 3  4 3 1  4 

Figure 6. Genomic blot of kringle 4-encoding region of an apo(a) 
gene in a family in which there is generation of a new apo(a) allele 
of different length. Southern blotting of the kringle 4-encoding region 
of the apo(a) gene was perforihed as described in the Methods and 
Fig. 2. Individual fhas inberited apo(a) 16 from his mother, and 
apo(a) 9 from his father. Paternity was confirmed by analysis of seven 
different VNTR sequences, as described in Methods. 

Lp (a) concentrations and DNA sequences in the plasminogen 
gene which is closely linked to the apo(a) gene (45, 46). 

The present study is distinguished from prior family studies 
by the fact that the apo(a) gene, rather than~ the -expressed 
protein, was examined in relation to the level of Lp(a) in 
plasma. In prior studies the immunoblotting techniques used 
to examine apo(a) isoforms failed to detect protein products 
from all apo(a) alleles. Numerous exceptions to the inverse 
relationship between plasma Lp(a) levels and the size of the 
apo(a) protein were reported. It was suggested that these ex- 
ceptions were due to the fact that not all apo(a) alleles were 
detected using the immunoblotting assay. In this study, apo(a) 
alleles associated with little or no production ofapo(a) protein 
were included in the analysis. As a result, length variation 
within the kringle 4-encoding region of the apo(a) gene ac- 
counted for a greater proportion of the inter-individual varia- 
tion in plasma Lp(a) concentrations than had been previously 
estimated (69% vs. 41% [22]). 

The reason for the inverse correlation between the size of 
the apo(a) gene and the level of plasma Lp(a) is not known. 
Studies in primates have shown that there is-not always a con- 
sistent relationship between the abundance of apo(a) mRNA, 
and its size, suggesting that differences in apo(a) gene tran- 
scription can not entirely account for thiS inverse relationship 
(26, 47). The size of the apo(a) mRNA transcript or glycopro- 
tein may influence its rate oftransla!ign: o r  !iiifacellulai- trans- 
port, respectively. 

Alternatively, the observed inverse relationship may not be 
directly related to the number of kringle 4 repeats in the apo (a) 
gene, mRNA, or glycoprotein. The apo(a) alleles of different 
size might be in linkage disequilibrium with the actual se- 
quences at the apo(a) locus that mediate the effect on plasma 
Lp(a) concentrations. The number-of kringle 4 repeatsin the 
apo(a) gene may not have a direct effect on plasma Lp(a) 
concentrations. In the marmoset monkey, for example, ihe 
plasma Lp(a) concentrations vary over a 100-fold range'and 
yet there is only a single apo (a) is0form (48). In.the-durren~ 
study, the c0ntribution of theapo(a)  gene was partitioned into: 
two compOhefits-to ?demonstrate that sequences at the-apo(~/~) 
locus, other than the number of kringle 4 repeats; contribUte 
importantly to plasm a levels ofLp(a)i  If, however, ttie iafinaBer 
of kringle 4 repeats in the apo (a) gene are in linkage diseqtiilib- 
rium with the actual sequences responsible for mediating the 
effect of the apo(a) gene or plasma level of Lp(a), then the 
contribution of the length polymorphis_rn to the inter-individ- 
ual variation in plasma Lp(a) levels has been overestimated. 

Another possible cause for individuals with the same 
apo(a) genotypes having different plasma concentrations of 
Lp (a) is that alleles of the same size may differ in the composi- 
tion of kringle 4 sequences. Not all the kringle sequences are 
identical. The first, as well as the last eight kringle repeats, differ 
from the common kringle 4~¥~-pe~-(-tli~oTc~all~d~"A"'repeat) 
by between 4 and 35 amino acids (25). Due to the frequent 
recombinational events involving this locus, is it highly likely 
that apo(a) alleles vary in their kringle 4 composition, as well 
as number. Subtle differences in the kringle 4 sequences may 
impact importantly on the synthesis, and/or degradation 
of Lp(a). 

The length polymorphism in the apo(a) gene has a hetero- 
zygosity index comparable to that of number of tandem repeat 
(VNTR) loci employed in forensic and genetic linkage stud!_es 
(39, 49, 50). The mutation rate at VNTR loci is several magni- 
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tudes h igher  than  the usual  bi-allelic D N A  sequence polymor-  

ph i sms  (39,  51).  G i v e n  the  large n u m b e r  of  different sized 
alleles at  the  a p o ( a )  locus, a relatively high muta t ion  rate  was 
expected. Therefore,  it was ant ic ipa ted  that  muta t ions  in the  
gene would  be identified i f a  sufficient n u m b e r  of  families were 
analyzed. We  have observed  one  mu ta t i on  of  an  a p o ( a )  allele 
ou t  of  a total  o f  376 meioses,  and  this rate is of  the same order  
o f  magn i tude  as the f requency  of  newly generated alleles for 
V N T R  sequences  (39, 51 ). 

Most  length p o l y m o r p h i s m s  in the h u m a n  genome involve 
n o n c o d i n g  sequences.  T h e  coding  regions of  several m a m m a -  
lian genes have short  t a n d e m  repeats ( i.e., less the 50 basepairs)  
which are po lymorph ic  in  length  ( 5 2 - 5 6 ) .  There  are also exam-  
ples of  ent i re  genes be ing  t a n d e m l y  repeated, as is the  case wi th  
rDNA,  5S DNA,  arid the  h is tone  genes .  The  a p o ( a ) l e n g t h  
polYmorphis  m ~!s d i s t i ngu i shed  by the  fact tha t  the  repeated 
sequence  is large-(5~5 k b )  a n d  Contains bo th  coding and  n o n -  
coding sequences.  T he  po lyub iqu i t i n  gene ( U b C ) ,  con ta ins  a 
large length  p o l y m o r p h i s m  wi th in  its coding sequence, bu t  all 
0f31ae_ re_p_e_-at fdsequencesarecogtaine_din 9.he exon, and  e a c h  
0 f t h e  seven to. n ine  repeats  e n c o d e s t h e  entire protein (57)~. 
The  heterozygosity index  o f  this  length po lymorph ism is low 
(22%) c o m p a r e d  to the  a p o ( a )  gene (94%).  The  ext remely  
high degree of  heterozygosi ty at  the a p o ( a )  locus may  reflect 
the  fact tha t  it is u n d e r  less selective pressure. A physiological 
func t ion  for this en igmat ic  p ro te in  has yet to be identified (2 ) .  
Alternat ively,  there  m a y  be some th ing  in t r ins ic  to the  kringle 
4-encoding  sequences which  make  t h e m  more  susceptible to  
r e c o m b i n a t i o n a l  events.  

M u t a t i o n s  of  repeated Sequerice dom a i ns  result f rcm e i the r  
i n t r a c h r o m o s o m a l  or  i n t e r c h r o m o s o m a l  events .  Initially, it 
was proposed  that  the  m e c h a n i s m  pr imari ly  responsible for the  
high-de-gr~e-6f sike p-ol~cm6ijgtii~m-in VNTRS was due tO homol -  
ogous r e c o m b i n a t i o n  a n d  unequa l  exchange dur ing meiosis. 
However ,  molecula r  analysis  o f  several new muta t ions  re- 
vealed no  exchange o f  f lanking  genetic markers,  which_ suggests 
tha t  i n t r ach romosoma l ,  r a the r  t han  in te rchromosomal ,  events  
appear  to  be  p r e d o m i n a n t l y  responsible  (5 I. 58).  Similarly,  
recent  molecu la r  analysis  o f  t a n d e m  dupl icat ion within the  
D u c h e n n e  muscu la r  dys t rophy  gene d e m o n s t r a t e d  tha t  the  re- 
c o m b i n a t i o n a l  events  were due  to in t r ach romosomal  unequa l  
exchange be tween  sister c h r o m a t i d s  ra ther  than  involving ho-  
mologous  . . . . . . . . . . . .  c h r o m o s o m e s  (59,  60) .  Efforts are now being di- 
rected to identi~" p o l y m o r p h i s m s  f lanking the a p o ( a )  gene to 
analYze._th_e mitui-e o_f tfie m u t a t i o n a l  even t ( s )  responsible for 
the obse rved  size he terogenei ty  at  the a 'po(a)  locus. 
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A b s t r a c t  

Plasma lipoprotein (a) [ Lp (a) 1, a low density liimprotein parti- 
cle with an attached apoliimprotein (a) [ apo (a) ], varies widely 
in concentration between individuals. These concentration dif- 
ferences are heritable and inversely related to the number of 
kringle 4 repeats in the aim(a) gene. To define the genetic 
detdrminantS of plasma Lp (a) levels, plasma Lp (a) concentra- 
fions an d aim(a) genotypes were examined in 48 nuclear Can- 
easian families. Aim(a) genotypes were determined using a 
newly~developed pulsed-field gel electrophoresis method which 
distinguished 19 different genotypes at the aim(a) locus. The 
aim(a) gene itself was found to account for virtually all the 
genetic variability in plasma Lp(a) levels. This conclusion was 
reached by analyzing plasma Lp(a) levels in siblings who 
shared zero, one, or two aim(a) genes that were identical by 
descent (ibd). Siblings with both aim(a) alleles ibd (n = 72) 
have strikingly similar plasma Lp(a) levels (r -- 0.95), 
whereas those who shared no aim(a) alleles (n = 52), had 
dissimilar concentrations (r = -0.23) .  The aim(a) gene was 
estimated to be responsible for 91% of the variance of plasma 
Lp(a) concentration. The number of kringle 4 repeats in the 
apo(a)gene accounted for 69% of the variation, and yet to be 
defined cis-acting sequences at the apo(a) locus accounted for 
the remaining 22% of the inter-individual variation in plasma 
Lp(a) levels. During the course of these studies we observed 
the de novo generation of a new aim(a) allele, an event that 
occurred once in 376 meioses. (J. Clin. Invest. 1992.90:52- 
60.) Key words: apolipoprotein (a) • lipoprotein (a) • low density 
lipoprotein 

I n t r o d u c t i o n  

Lipoprotein(a) [Lp(a)] t is a cholesterol ester-rich plasma li- 
poprotein comprising two attache d components: a lowdensity 
lipoprotein (LDL) particle and a single large glycoprotein, apo- 
lipoprotein(a) [apo(a)] (1-3).  High plasma levels of Lp(a) 
are associated with the development of coronary atherosclero- 
sis (4-6) and other vascular diseases (7). The mechanism by 
which Lp(a) expedites the atherosclerotic process is not 
known. Apo(a) strongly resembles plasminogen, and it may 
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competitively interfere with plasminogen action in fibrinolysis 
(8,9).  

Plasma concentrations of Lp(a) vary over a wide range 
among individuals, but are remarkably stable in any given indi- 
vidual (10). Many physiological, pharmacological, and envi- 
ronmental factors that affect the levels of other plasma lipopro- 
teins have no effect on the plasma concentration of Lp(a) 
(10). This lackof environmental and physiological influences 
suggests that plasma Lp(a)  levels are largely genetically deter- 
mined. Consisfefit with- this formulation, early genetic studies 
suggested that the presence of Lp (a) in plasma was inherited as 
an autosomal dominant trait ( 11-13). When more sensitive 
immunoassays of plasma Lp(a) concentrations were used, it 
was found that plasma Lp(a) concentrations varied continu- 
ously among individuals (14), and the pattern of inheritance 
indicated that a major gene, as well as polygenic factors, con- 
tributed to plasma Lp (a) concentrations ( 15-17 ). 

Fless et al. (18) and Utermann et al. (19) found that the 
apo(a) glycoprotein varied in size among individuals. In an 
important series of studies, Utermann and his colleagues dem- 
onstrated that the size of the apo (a) protein is inversely related 
to the level of plasma Lp(a),  thus implicating the apo(a) gene 
as a major determinant o f  plasma Lp(a)  concentrations (20- 
23). However, the immunoblotting technique used to type the 
apo(a) isoforms was not sensitive enough to detect low levels 
of apo(a) protein, and not all of the apo(a) isoforms were 
detected. As a result, the frequency distribution of the apo(a) 
isoforms failed to fit the expectations of Hardy-Weinberg equi- 
librium (22). In addition, when immunoblotting was em- 
ployed to examine the segregation of the apo(a) isoforms i n  
families, the results were frequently uninformative, and occa- 
sionally inconsistent (24). Further progress required the devel- 
opment of a technique that was more discriminating than im- 
munoblotting in classifying apo (a) alleles. 

A potential method to study this polymorphism was sug- 
gested by the findings of McLean et al. who discovered that the 
apo(a) cDNA contains multiple tandem copies of a sequence 
that encodes a cysteine-rich protein motif called a kringle. The 
repeated kringle in apo(a) is designated kringle 4 because it 
closely resembles the fourth kringle in plasminogen. Mclean et 
al. proposed that the apo(a) isoforms are of different size be- 
cause Of variations in the numbers of kringle 4-encoding re- 
peats inthe apo(a) gene (25). This hypothesis was supported 
by studies of the apo(a)mRNA and gene structure (26-28). In 
attempt to devise a way to measure the size of the apo(a) gene 
in different individuals, we previously identified a large restric- 
tion fragment from the apo(a)gene which contains most, if not 
all, of the kringle 4--encoding sequences (29). The size of this 
fragment was too large to be examined by standard electropho- 
resis techniques. Accordingly, we used pulsed-field gel electro- 
phoresis to size this larg e restriction fragment and 19 fragments 
of different length were identified. A total of 103"unrelated 
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Caucasians  were evaluated and 94% were heterozygous for 
fragments of  two different sizes. The!ength polymorphism was 
used as a genetic marker to analyze the segregation of  the 
a p o ( a )  gene in ! 2 Caucasian families. It was found that within 
a given family, sibling pairs with identical apo(a)  genotypes 
tended tO have very similar plasma Lp(a)  levels (29). How- 
ever, individuals with the same apo(a)  gefiotypes Who were 
members  of  different families often had significantly different 
plasma concentrat ions of Lp(a ) .  Taken together, these obser- 
vat ions s@,g&t-that the apo(a )  gene is the major determinant  
o f  plasma Lp(a)  levels and that cis-acting DNA sequences at or 
near  the apo(a)  locus, other than  the number  of kringle 4 re- 
peats, contribute important ly to plasma Lp(a) concentrations. 

In the current study, we analyzed the segregation of  the 
a p o ( a )  gene and Lp-(~i.)!~veiSTin 48 Caucasian pedigrees tO 
de te rmine- the  ~contrihution of  the-apo(a)  gene ( o r  closely 
l inked loci) to the plasma concentrat ions of Lp(a).  The genetic 
architecture (30) of  plasma LO (a)  concentrations was defined 
at three levels: the polygenic heritability, the total genetic con- 
t r i b u t i o n  0 f the  a ~ ( a )  g_ene, and  the effects of length variation 
in the apo (a)  gen_e, In addition, we describe the de novo genera- 
t ion  o ( a  new a l ~  (a)a l le le  of  different.size Within a family. 

M e t h o d s  

Subjects. Plasma Lp(a) concentrations were measured in a sample of 
288 fasting individuals from 48 Caucasian American families living in 
the greater Dallas. Texas area. Families in which beth parents and at 
16..,~--thr~e-chiid~ri~e~ ~iV-aildbl~ foi~mPling~ere selected forstudy. 
None 0fthe families had evidence of a monogenic hyperlipidemia. In 
one family, F153, several members (who are denoted in Table 1I) had 
ve~  io6,'-:LDL-ch0iest~rnl ievels,-suggesting-the ~ i b f e - e ~ e n c e  of 
familial hypobetalipopr0teinemia. For the random effects analysis of 
variance (see below)~, the families were augmented with a sample of 
107 Unrdaied individuals. Preiiminary findings on a subset of these 
un__re__la_ted_jndividu,~lE_have been .reported~preyiqusly (29). 

Phlebotomy was carried out after an overnight fast. A total of 30 mi 
of blood was collected from each individual in vacutainer tubes con- 
taining sodium-EDTA. The plasma was separated within one hour of 
collec.ti.on by centrifugation at 2,000 g for 15 min at 4"C. Multiple 50 t~l 
aliquOts-ofplasma W-e-re strred at -70°C and Lp(a) levels were assayed 
within-4:wks. . . . . . . . . .  

Pulsed-field gel analysis of the apo(a) gene. A total of 15 ml of 
blood was maintained at room temperature prior to transfer to two 
LeucoPREP tubes (BectOn, Dickinson & Co., lincoln Park, NJ). 
Lymphocytes were isolated and embedded in agarose plugs as previ- 
ously described (29). The agarose-cellular plugs were incubated twice 
with 40 U of Kpnl in 170 t~! ofthe buffer suggested by the manufacturer 
(New England Biolabs, Beverly, MA). The digested cellular-agarose 
plugs were subjected to pulsed-field gel electrophoresis in a vertical 
sUfm--ai-i~e-g~l-apl~at:atus Wiih a imnsverse-aliem~tihg field (Genelinel, 
Beckman Instruments, Inc., Fullerton, CA) using low-endosmosis coef- 
ficient agarose, TAFE buffer, and }, phage coneatamer standards 
(Beckman Instruments, Inc.) as described by Lackner et al. (29). After 
18 hours of electrophoresis, the gel was stained with ethidium bromide 
and photographed. The DNA was transferred and fixed to nylon mem- 
brane (Biotrans, ICN Biomedicals, Costa Mesa, CA). MP-i, .a i.5-kb 
Pstl genomic fragment from the~kririgle 4-enceding region of the 
apo(a) gene (29) which had been subeloned into M 13mp ! 8, was used 
to generate a nP-radiolabeled single-stranded probe (31). The filter 
was incubated overnight at,42*C in hybridization solution containing 5 
x 10 ~ cpm/ml of, the sing!e,Stranded a Eg(a)-spe¢i'fic probe. Hybridiza- 
tions were carried out in a rotating incubator (model 310, Robbins 
Scientific Corp, SunnD'ale, CA). Filters were washed as described by 
Lackner et al. (29) and exposed to film. 

Immunoblotting of plasma apo(a). ,An aliquot of frozen plasma 
(between I and 30 ul) containing 1 ug of Lp(a) was brought up to a 
total volume of 30 t~l using phosphate-buffered saline. The sample was 
mixed w~th 20 ul.of buffer A which contained 15% filtered SDS (wt/ 
vol). 8 M urea, 5 mM dithiothreitol, and 62.5 mM Tris at pH 7.5 and 
with 50 ~1 buffer B (10% glycerol [vol/vol], 2.3% SDS [wt/vol], 
0.025% bromophenol blue [wl/vgl 1. 5% O-mercaptoethanol [vol/ 
vol], and 50.0 mM Tris at pH 6.8). The samples were boiled for 10 
min before loading onto a 3-7% gradien t polyacrylamide gel with SDS. 
A total of I ~tg of purified LDL (molecular weight ofapo B is ~ 513 
kD) w~s usedas asize standard'The e[ectrophoresis, transfer to nitro- 
cellulose, and hybridization conditions were exactly as preciously de- 
scribed except that lgG- IA 2.the apo( a)-specific antibody, was radiola- 
beled directly with ~'Sl to a specific activity of 5 x 106 cpm/ml (29). 
The filters were washed, dried and exposed to XAR-5 film ( Eastman 
Kodak Co., Rochester, NY ) at -70"C vdth an intensifying ( Lightening 
Plus, Dupont Co., Wilmington, DE). 

[PldsE~a lipid add lipoproiein assays~ Measfrement of plasma 
Lp(a)c:brice-ntrati0r/s were pefformed-af GeneScreen. Dallas, TX, us- 
ing a sensitive enZyme-linked immunosorbent sandwich assay 
(ELISA), as described (32). In this assay, Lp(a)was captured by a 
polyclonal rabbit anti-human Lp(a) antibody and then detected by a 
monoclonal anti-human Lp(a) antibody, IgG-.IA 2. Plasma Lp(a) 
standards were obtained from lmmuno. Vienna. Austria. Total choles- 
terol and triglyceride levels were measured enzymatically using com- 
mercially available kits (Boehfinger Mannheim. Indianapolis, IN; 
Sigma Chemical Co., St. Louis. MO). Plasma lipoproteins were quan- 
tified in the laboratory of Dr. Scott Grundy (University of Texas South- 
western Medical Center) according to the procedures of the Lipid Re- 
search Clinic (33). 

Statistical methods. The distribution of plasma Lp(a) concentra- 
tion Was Positively skewed in these data. and thus all analyses were 
carried out both on the raw and square-root transformed data. For each 
analysis, the primary inferences were identical whether the raw or 
transformed data was used. 

The contribution of unmeasured polygenic variation to the inter-in- 
d!vidual variability of plasma LP(a) c9ncentrati°ns (~rt~,~ 2) was as- 
sessed from the extent of familial aggregation of Lp(a) levels in the 
sample of pedigrees. The ratio of the polygenic variance component 
(tr~ 2) to ak.~,~ z was estimated by maximum likelihood principles as 
implemented in the computer program PAP V3.0 (34). 

Sibling-pair linkage methods were used to estimate the overall con- 
tribution of genetic variation in and around the apo(a)gene (o,~,~,~ 2) 
to plasma Lp(a) levels (35, 36). These methods are most frequently 
employed to detect linkage between a marker and a quantitative trait 
locus, but can also be used to define the overall contribution of a candi- 
date gene to a quantitative phenotype. For each sibling pair, three new 
variables were considered: yj, the squared difference of plasma Lp(a) 
concentrations in sibshipj.As, an indicator variable describing whether 
or not thejth sib pair shares only I allele identical by descent (ibd), and 
~rs, the proportion of alleles ibd in sibship j. r~ can take on the values 0, 
t/2, or 1. E(yj) is the expected value ofan individual's Lp(a) concentra- 
tion. Assuming there is no recombination as would be the case for a 
candidaie gene, i:iaseman and-Elst0n (30) show that: 

E(b )  = a + #rs + ~Aj ( 1 ) 

where 

a = 2o'.r,,~, ~' + ¢2  ( 2 )  

# = - 2 ~ . ~  (3) 

3' = --ad.' ( 4 )  

In Eqs. 2--4, o,' is a residual variance component describing the effects 
of factors ot her than the apo (a)gene on Lp (a) levels, and o,2 describes 
the dominance effects at the apo(a) locus on Lp(a) levels. An estimate 
of the overall contribution of the apo(a) gene to plasma Lp(a) concen- 
trations can be made by examining the regression of the squared differ- 
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Table l. Correlations of Plasma Lp(a) Concentrations between Family Members 

n Lp(a) d.-l:Xa) 

Spouses 
Parent-offspring 
Midparent-offspring 
Siblings {all) 
Siblings sharing no alleles ibd 
Siblings sharing one allele ibd 
Siblings sharing two alleles ibd 

48 0.17 [-0.12,0.43]* 0.17 [--0.12,0.43] 
400 0.44 ! [0.36, 0.52] 0.48 ~ [0.40, 0.55] 
200 0.590 [0.49, 0.67] 0.61 ~ [0.51, 0.691 
284 0.28 § [0.16, 0.39] 0.320 [0.21, 0.431 

52 -0.23 [-0,47, 0.051 -0.25 [-0.48, 0.02] 
159 0.15 [-0.16, 0.30] 0.19' [0.04, 0.34] 
73 0.95 ~ [0.92, 0.97] 0.960 [0.94, 0.97] 

* 95% confidence interval. ; P < 0.05. ~ P < 0.001. 

ence between the Lp(a) levels of siblings who share none, one, or all 
apo(a) alleles ibd. The regression analyses were performed both un- 
weighted and weighted, as suggested by Amoset al. (36)¢with nearly 
identical results. Therefore, only the results of the unweighted analyses 
are presented. Even.though the sibshilSs were typically larger then size 
two, the above method, has been shown to be valid when overlapping 
sibling pairs are analyzed as though they were independent (36). 

The contribution of length variation in the apo(a) gene, as mea- 
sured by pulsed-field gel electrophoresis, to Lp(a) concentrations, 
a ~.~',  was estimated using a random effects analysis of variance (37). 
A random effects Or type II model was selected because of the large 
number of potential genotypes at the apo(a) locus (38). 

R e s u l t s  

Plasma Lp(a) concentrations were measured in 288 individ- 
uals from 48 pedigrees. There was no significant effect of age, 
sex, or the concentration of other plasma lipoproteins on the 
plasma level of  Lp(a),  so these factors were not considered 
further in the family members (data not shown). There were 
significant correlations between the plasma Lp(a) levels of par- 
ents and offspring (r = 0.44), and siblings (r = 0.28), butnot  
between spouses (r = 0.17) (Table 1 ). By using standard bio- 
metrical genetic analyses, it was estimated that 85%(+_8%) of 
the inter-individual variance of Lp(a)  concentrations was at- 
tributable to polygenic effects (a~2/~rLp(.~) (or 88% (_+6.5) 
when the square-root of  the plasma Lp(a)  levels was used). 

Pulsed-field gel electrophoresis and genomic blotting of  
KpnI digested-genomic DNA was performed to assess the size 
of  the kringle 4-encoding region of  the apo(a) alleles in each 
family member. 16 of  the 19 previously described apo(a) al- 
leles were observed in the sample, and their frequencies did not 
differ significantly from those previously described from the 
same population (29). In general, there was an inverse rela- 
tionship between the size of the apo(a)  allele and the plasma 
level of Lp(a). One way to illustrate this phenomenon is to 
examine the relationship between the plasma Lp (a) concentra- 
tions and the apo(a) allele size in the individuals who had one 
of  the two most common a!!eles, apo(a) 14 or apo(a) 15 plus a 
different allele (Fig. 1 ). Individuals with one copy ofapo(a) 14 
or apo(a) 15 plus one copy of apo(a) 2-apo(a) 4 tended lo have 
high plasma Lp(a) levels (> 30 mg/dl ) .  If the second allele 
was apo(a)5-apo(a) 7, the Lp(a) levels were lower ( 15730 mg/ 
dl). If the second allele was larger than apo(a)8, the plasma 
concentrations" of  Lp(a) were l ow  [<  10 mg/dl, excluding 
apo (a) 101. 

I n the population as a whole, different apo (a)  genotypes, as 
determined by pulsed-field gel electrophoresis, were associated 
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with significantly different plasma levels of  Lp(a)  (P < 0.001 
for both the raw and transformed data). A random effects anal- 
ysis of variance (37) was used to determine the contribution of  
the length variation in the apo(a)  gene to the distribution of  
plasma Lp(a) in 203 unrelated Caucasians. For the raw data, 
69% of the variation in Lp (a) concentrations was attributable 
to inter-individual differences in the number  of  kringle-4 re- 
peats. The square-root transformation had tittle effect on this 
value (66% vs. 69%). 

Although length variation in the apo(a)  gene had a pro- 
found influence on Lp(a)  concentrations, there were several 
exceptions to the general trend. F i ~  2 s h o ~ t w o  pedigrees in 
which an apo(a) allele of  the same size, apo(a)6, segregates. In 
the two pedigrees this allele gives rise to veD' different plasma 
Concentrations o fLp(a ) .  I n A, the apo (a) 6 allele of the father 
(a), is inherited by three o f  his offspring (c, d, and f ) .  The 
father, as well as the three offspring, have modest plasma Lp (a) 
concentrations (6 mg/dl,  and 7, 5, and3  mg/dl ,  respectively). 
In the family shown in B, individual h, who is also heterozy- 
gous for an allele the size ofapo(a)6, and has a high plasma 
Lp(a) concentration (51 mg/all). Of  her four children, only 
the second child (j)  inherited apo(a)6 and she is the only off- 
spring with aeompa-rable plasma-level of  Lp(a-)-(51 mg/dl) .  
Therefore, in these ~ two families, the same sized apo(a)a l le le  
(apo(a)6) segregated with very different plasma levels of 
Lp(a).  This was true:even though ~ the o ther  alleles at  the 
apo(a) locus  in the families were similar (apo(a)13- 
apo(a)17). These findings suggest that factors at the apo(a) 

,,o i l  I n i n i i ,  
o 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 

Other Apo(a) Allele 

Figure !. Lp(a) levels in individualshete~'o~gou~ for apo(a) 14 or 
apo(a)15 allele, in the sami~le'of 288 family mC-'inbers and 107 unre- 
lated individuals, there were 194 individuals with'either apo(a) 14 
or apo(a)lS. The average Lp(a) lev~els (y.axis) for ihdividuals with 
each genotype are plotted against the other apo (a) allele (x-axis). 
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F~eziref Genomic blot of the apo(a) gene 
from-two unrelated families with apo(a)6. 
High molecular weight leukocyte DNA 
from members of two unrelated families 
was digested with KpnI. size-fractionated 
on a pulsed-field gel, transferred to a nylon 
membrane, and hybridized with a single- 
stranded apo(a)-specific probe (MP-I) as 
described in the Methods. The filter was 
exposed to Kodak XAR-5 film for 18 h 
with an intensi~'ing screen. The plasma 
concentrations of Lp(a)were measured us- 
ing an ELISA assay as described in the 
Methods. The apo(a)6 allele segregates 
~ith a low (A) and high (B) plasma con- 
centration of Lp(a)in two different pedi- 
grees. 

locus, in addition to the number  of  kringle 4 repeats, strongly 
influence the plasma Lp (a)_concentration. 

Another instance in which apo(a)  alleles of  the same size 
are ~ssori~ted-V/iili different amounts of  circulating apo(a)  
protein, is shown in Fig. 3. In this family, the mother (b)  i s 
homozygous for apo(a) 12. so all of  the children ( c - f )  are het- 
erozygous for that allele. Based on the genomic blot, it cannot 
be determined which of  the two apo(a) 12 alleles each child 
inherited from thei rmother .  However, analysis of the apo(a)  
protein isoforms reveals that three of the offspring (c. d. and f )  
have no detectable apo(a)  protein corresponding to apo(a)]2. 
Only Offspring e has a band the same size as-the-is0form of the  
mother. This suggests that the motherJs heterrzy-gous and has 
one apo(a)12 that produces no detectable circulating apo(a)  
proiein+wfiich she gave to C. d, a n d f  and another that is asso- 
ciated with the production of a moderate amount of  apo(a)  
protein which she donated to offspring e. 

To  confirm that cis-acting sequences at the apo (a) locus are 

1 

Apo(a) 14. 1214  1 2 1 4  12 
Genotype ~ i '2i"2'. '8"12 8 

Pulsed-f ield 
Electrophoresis 

• + • - - 1 6  
"  800- 
6 + 8 a 

- - 4  

Lp(a) (mg/dl)161816 I<119 I<11 
Figure 3. Genomic blot of apo(a) gene and immunobl0t of apo(a). 
protein in a pedigree+ The plasma Lp(a) concentrations were mea- 
Sured and the genomie blot and immunoblot was performed as de- 
scribed in Fig. 2 and in the Methods. 

responsible for the observed differences in plasma Lp(a )  con- 
centrationsin ifidi~"iduals with apo(a)  alleles of  the same size, 
the plasma Lp(a]  concentrations were compared in sibling 
pai~yvh 0 shared all, one. or no apo(a)  alleles ibd. In 40 of  the 
48 families, all four parental apo(a)  alleles could be differen- 
tiated using pulsed-field gel electrophoresis. In six families (in- 
cluding the one show n in Fig. 3 ), the length polymorphism was 
uninforrnativ~e ~ u s e  one of  the parents was apparently ho- 
mozygous for the same sized apo(a)  allele, and in two families 
one parent was not available for sampling; these eight families 
were not ]ncluded in the sibling-pair analysis. The families 
were selecied~at random, so in some families all the plasma 
concentrations,0f Lp (a) were low (i.e., < 5 mg /d l )  reflecting 
the highly skewed distribution of plasma Lp(a)  levels in the 
C_aucasian p.opbJ_ation/ 

• In the 40 families in ~hich the segregation ofeacla parental 
allele could be distinguished, 72 sibling pairs shared both, 52 
shared none. and 159 pairs shared one parental allele ibd. The 
apo(a)  genotypes and plasma Lp(a)  levels ofthese sibling pairs 
are given in Table II and can be compared to those of  the other 
siblings and Parents. The sibling pairs who had plasma levels of  
Lp(a)  that weresimilar to each other and significantly different 
from the other siblings are denoted by an asterisk. In 24 fami- 
lies, at least one sibling pair had inherited identical apo(a)  
alleles and one sibling pair had no apo(a)  alleles ibd (Table 
III). In 21 of the 24 sibling pairs (denoted by asterisks), the 
mean difference between plasma Lp(a)  levels in the sibling 
pair who shared no apo (a )  alleles ibd was twice that of  the 

sibii-ng pai rwho shared both apo(a)  alleles ibd. 
F!g. 4 shows the scatter plot of  Lp(a)  levels of  siblings pairs 

that sh~are (A)bo th  or (B)  no apo(a)  alleles ibd. Lp(a )  levels 
fog_ the_ older (sibling 1 ) and younger (sibling 2) sibling are 
plotted on the horizontal and vertical+axis, respectively. The 
correlation coefficient for Lp(a)  levels between siblings who 
share+both apb(:a) alleles ibd was very high (r  = 0.95), whereas 
there was a negative correlation ( r = ±0.23 ) between the Lp(a  ) 
concentration of  s ib l ing  s who share no apo(a)  alleles ibd. Simi- 
lar results were Obtained for the square-root transformed data 
(Table I).  Owing to the highly Skewed distribution of  Lp(a )  in 
the population, many_ o f  the sibling pairs had very low Lp(a )  
levels. Therefore, the same comparison was made in the sibling 
pairs with apo(a)  alleles ibd (n = 48) who had plasma Lp(a )  
leVels over  5 m g / d l  and the correlation coefficient remained 
very high (r  = 0.94).  
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Table II. Apo(a) Genotypes and Lp(a) Levels in Sibling Pairs with .4po(a) Alleles ibd and Their Family Members 

Sih with identical al:~(a) genov,.'pes Other Sibs Parents (father, mother) 

Family Apo(a) Aix~(a) Plasma Apo(a) 
no. genotyp¢ Plasma Ll~a) genotyl~'s Lp(a) genotype Lp(a) 

1. FI41 
2. F168 
3. F162 
4. 124 
5. FI54 
6. Fl61 
7. FI58 
8. FI56 
9. FI35 

10. FI54 
I I. F142 
12. F145 
13. FI29 
14. FI49 
15. F129 
16. FI46 
17. FI66 
18. FI50 
19. FI46 
20. FI24 
21. FI34 
22. F137 
23. 121 
24. F143 
25. F164 
26. FI45 
27. F167 
28. FI38 
29. FI52 
30. Fl60 
31. F125 
32. F168 
33. FI26 
34. F137 
35. F136 
36. F135 
37. F143 
38. Fl31 
39. F132 
40. FI65 
41. Fi57 
42. F159 
43. FI53 
44. F157 
45. FI65 

mg/dl mg/dl mg/dl 

2/13 26 41 13116, 15/16, 2/15 1, 6, 32 2/16. 13/15 36, 6 
2/17 *40 *42 *55 12/17, 12/17 < I, < 1 6/17, 2/12 40, 54 
4/5 *44 *47 *58 5/14 21 5/15.4/14 38, 19 
4/10 "41 *42 10/14.6/14 < 1 , 1 6  4/14, 6/10 31, 62 
4/10 58 34 12/15, 4/15, 4/15 14, 32, 43 10/15, 4/12 32, 52 
4/13 *49 *52 13/13 10 4/13, 13/14 50,9. 
4/14 *36 *48 8/14 10 4/8, 14/15 48, 7 
4/15 *47 *49 10/15 7 14/15, 4/10 4, 42 
4/15 *55 *56 *66 14/15, 14/15 3,3 14/15, 4/14 4, 45 
4/15 32 43 12/15, 4/10, 4/10 14,34, 58 10/15, 4/12 32, 52 
5/9 *49 *56 9 / 1 6  4 5/16.9/10 72, 21 
5/12 64 98 11/16, 11/16,12/16.5/11 < 1,3, 8, 51 5/16, 11/12 47, 5 
6/6 7 7 6/16, 6/16, 15/16 5,6, 6 6/15. 6/16 4, 15 
.6/13 5 7 14/17,6/17 2,3 6/14, 13/17 6, 15 
6/16 5 6 15/16, 6/6, 616 6,7, 7 6/15, 6/16 4, 15 
7/II *28 *44 9117, 9/11, 9/11 < I, 5, 6 719, 11/17 22, 9 
8]12 5 7 12113, 13/15 17,19 8/13. 12/15 9, I0 
8/15 4 6 8 7/15 5 15116, 7/8 5, 5 
9/II 5 6 9117, 7/11, 7/11 < I, 28,44 7/9, ll/17 22, 9 
9/16 *7 *9 4/16, 5/9, 4/5 22, 50, 75 5/16. 4/9 54, 27 
9/17 6 8 II 16/17, 9/18 12, 12 9/16, 17/18 15, 3 

10/13 < l 3 13/14, 13/14, 13/14 < l, l, l 10/14, 13/15 < I, 2 
ll/15 < I < l 15/17, 8 / l l  < 1,7 8/15. l l /17 5, < l 
l l /15 1 2 14/15, 14/15, 14/15.7/11 < l, < l, < I, 17 7/15. l l /14 28, < 1 
11/15 1 I I 15/16 3 11/16,8115 2,4 
II/16 *< 1 *3 12116,5/II, 5/12,5/12 8,51,64, 98 5/16. II/12 47, 5 
12/13 *15 "15 "21 12/17, 13/13 1,5 13/17. 12/13 12, I 
12/14 ! 5 13/15 1 14/15, 12/13 4, 2 
12/14 *< I *< I 8/13 16 12113,8/14 < l, 30 
12/14 *3 *6 10/15,10/14 21, 34 10/12, 14/15 27, 10 
12/15 1 I 14/15, 7/12 < 1, 28 12/14, 7/15 < i, 32 
12/17 *< f *< ! 2/17, 2/17, 2/17 40, 42, 55 6/17, 2/12 40, 54 
12/18 < 1 < 1 15/18 < 1 12/15, 9/18 3, < 1 
13/14 ! 1 < 1 10/13, 10/13 < 1,3 10/14, 13/15 < 1, 2 
13/15 4 4 16/17, 15/17,8/16 < 1,3,3 13117,15/16 1, 9 
14115 *3 *3 4/15, 4/15, 4/15 56,56,66 14/15,4114 4,45 
14/15 < 1 < i < 1 11/15, 11/15, 7/11 i ,2,  17 7/15, i l /14 28, < 1 
14/15 < 1 < 1 4 15/18 < 1 14118, 5/15 < 1, < 1 
14/17 1 1 3 14/15,15117 2, 3 14/17, 14115 8, < 1 
14/18 8 8 15/18,15/18 < 1,9 14/15, 10/18 16, < ! 
15/16 5 9 16/17, 16/17, 4/15 3,5,51 15117,6116 4, 51 
15/17. 1 5 2 10/17 <1 " 16117, 10/15 < 1,6 
16/16 *1' *4* *5* 7/16 27 7/16, 12116 52, 1 
16/17 " 3 5 15/16, 15/16,6/15 5,9, 51 [5/17, 6/16 4, 51 
15/18 < i 9 14/18, 14118 8, 8 14/15, 10/18 16, 1 

* Sibling pairs with identical apo(a) genotypes v~ho have Lp(a) level s which are significantly different from all the other siblings. * These indi- 
viduals have a plasma LDL-cholesterol concentration less than the 5th percentile when compared to age aqd sex:matched confrols. 

The overall cont r ibut ion  of  the apo(a )  gene to p lasma 
L p ( a )  concentrations was est imated by examin ing  the regres- 
sion of  the squared difference of  Lp (a)  levels _betw~n siblings 
(Tj) based on the proport ion o f a p o ( a )  alleles shared ibd (~rj). 
The  dominance  deviations at the a p o ( a ) l o c u s  ( ' t )  was no t  

significantly different from zero (~, = 1.27 for unt ransformed 
Lp(a )  levels) so was not  considered in  further analyses. The 
s imple  linear regression of  t he  squared diffei'e~ce o f  Lp (a)  lev- 
els between siblings on the propor t ion  0 f a p o ( a )  alleles ~la~ed 
ibd is graphically presented i n Fig. 5. The  average squared dif- 
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Table IlL Lp(a/ Levels in Sibling Pairs in the Same Family 
If 71o Share Both or No Apo(a) Alleles Identical by Descent 

Siblings sharing both alx~a) 
alleles 

Ll~a) 

Family G~tao .tylx Sibt Sib2 

Siblings sharing no apo~a) aJl¢les 

Genotype Lp<a) 

Sibl Sib2 

141" 2/13 41 26 13/16 
24 • 4/10 42 41 4/10 

154 4/10 58 34 12/15 
154* 4/15 32 43 12/15 
124" 4/16 22 36 5/9 
145 • 5/12 98 64 11/16 
149" 6/13 7 5 6/13 
146" 7/! 1 44 28 7[11 
166 • 8/12 5 7 8/12 
146" 9/11 5 6 9/17 
124'  9/16 9 7 9/16 
134 9/17 11 8 9/18 
21* 11/15 1 1 .I5/17 

143* 11/15 2 1 7/11 
145 • 11/16 ! 3 .12/16 
138 12/14 ! 5 +13/15 
160" 12/14 3 6 10/15 
152 • 12/14 1 I 12/1.4 
125" 12/15 ! I 7/12 
136" 13/15 4 4 13/15 
143" 14/15 1 I 7/11 
143* 14/15 1 1 7/11 
157. 15/16 5 9 6/15 
157" 16/17 5 3 6/15 

I 2/15 
42 6/14 
14 ~ / 1 0  
14 4/10 
50 4/16 

l 5112  
7 14/17 

44 9/! 7 
5 13/15 
1 7/11 
9 4/5 

12 16/17 
1 8/11 

17 14/15 
8 , 5 / 1 |  
I 12/14 

21 12/14 
1 8/13 

28 14/15 
4 8/16 

17 14/15 
17 14/15 
5! 16/17 
51 16/17 

32 
16 
34 
58 
22 
98 

2 
1 

19 
28 
75 
12 
7 
1 

51 
I 
3 

16 
1 
3 
1 
1 
5 
3 

* The difference in Lp(a) levels in the siblings sharing no apo(a) alleles 
is at least twice that of the siblings sharing both alleles. 

ferences are 1248, 654, and 58 (mg/dl)  2 for those sibling pairs 
that share no. one, and both of  their apo(a)  alleles ibd, respec- 
tively. There was a heteroscedastic distribution of squared 
LE(a) differences among the three grOUpS, so weighted regres- 
sip_n analysiswas performed, as suggest e d by Amos et al. (36); 
the results were similar for the weighted and unweighted analy- 

ses (data not shown). The linear regression line that best fits 
these data was equal to y~ = 12492 - 1190167rj. These parame- 
ter estimates combined with algebraic manipulation of  Eqs. 2 
and 3 Yield estimates of  a,po(,) 2 and the residual variance com- 
ponent, ac ~. For the raw untransformed data. a.po(,) 2 and 0= 5 
were equal to 595.3 and 58,6, respectively. As a ratio, these 
resui~ndicate that 9 t% of  the variation of  plasma Lp(a) con- 
centrations among individuals was attributable to genetic varia- 
tiofiln ihe also(h) g~ne (o,~o(,i2/cr,~.(.) 2 + at2), For the square- 
root transformed data these values were 7.0(~, 0.86%, and 
89%i -/'espectively. 

Finally, given the extensive degree of size heterogeneity at 
theapo(a)  locus, i~would have been expected that new apo (a) 
alleles would be encountered if a sufficient number of  meioses 
were analyzed. In this sample, a total of 376 meiosis were exam- 
ined and a single apo(a)  allele was found in an offspring that 
was not present in either parent (Fig, 6). The fourth child, 
individual f, has apo(a)16 and apo(a)9. Clearly, he inherited 
apo(a)16 from his mother, but his father does not have 
apo(a)9. Paternity testing was performed using 7 unlinked 
varying number of  tandem repeat (VNTRs),. and in each case, 
the genotype 0f  ind iv idua l fwas  consistent with individual f 
being the child of  individual a (39). The calculated probability 
of  individual a not being the true father was < 1 x 10 -6 (data 
not shown). Therefore, a mutation must have occurred in a 
pa+tgma[gamete_which resulted in the generation of  an apo(a) 
allele of different size. 

D i s c u s s i o n  

In this article we have evaluated the segregation of  the apo(a) 
gene and plasma Lp(a)  levels in 48 Caucasian families and 
found that virtually all the inter-individual variation in plasma 
Lp(a)  levels was attributable to the genomic region encoding 
the apo (a) glycoprotein: It had been clear from previous family 
studies that plasma Lp(a)  levels are largely genetically deter- 
mined: prior estimates of  the heritability of  plasma Lp(a) lev- 
els have ranged from 0.75 to 0.98 ( 15, 17, 40. 41 ) which is 
comparable to our estimate of  0.85 (+8%). Initially, Lp(a) 
could only be detected in" the plasma of  Lp(a) of  a third of  
individuals, and ye twhen family studies Were performed, the 
inheritance pattern suggested a single autosomal dominant 
gene ( 11_-] 3,  42--44). When_ more sensitive radioimmunoav 
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Figure 5. Squared difference bet~-en Lp(a) levels of siblings as a 
function of the proportion ofapo(a) alleles shared identical by de- 
scent. The regression line for the squared difference on the proportion 
ofapo(a) alleles shared identical by descent is given. 

says were employed to measure plasma Lp(a) concentrations 
in families, there was evidence for a major gene, as well as 
polygenic factors, contributing to the plasma Lp(a) level ( 16, 
17). In one large Caucasian pedigree, a major gene with three 
alleles was estimated to account for 73% of the variance in 
Lp(a) levels (16). 

The first molecular clue that the apo(a)  gene played a key 
role in the genetics of plasma Lp(a) concentrations, was the 
observation that the size of the apo(a) glycoprotein was in- 
versely related to the plasma level of Lp(a)  (19). Utermann 
and his colleagues estimated that differences in the size of the 
apo(a) glycoprotein accounted for 41% of thevariation jn 
inter-individual plasma Lp (a) levels ( 22 ). Further support for 
the apo(a) gene being the major gene influencing Lp(a) levels 
came from linkage analyses between ~ t i r n  Of p!~ma 

• ;_,ei:"z v- - -  '~ ".-:.~ '- L~.-~J: - . ;" :~:-'i~i "~" "~ 

] Apo(a)]17 16151715161617 I 
Genotype 13 1513 1513 9 131"6, 

Figure 6. Genomic blot of kringle 4-encoding region of an apo(a) 
gene in a family in which there is generation of a new apo(a) allele 
of different length. Southern blotting of the kringle 4-encoding region 
of the apo(a) gone was performed as described in the Methods and 
Fig. 2. Individual fhas inherited apo(a)16 from his mother, and 
ago (a) 9 from his father. Paternity was confirmed by analysis of seven 
different VNTR sequences; as describe d in Methods. 

Lp(a) concentrations and DNA sequences in the plasminogen 
gene which is closely linked to the apo(a) gene (45.46). 

The present study is distinguished from pi-irr family studies 
by the fact that the apo(a) gene, rather than the expressed 
protein, was examined in relation to the level of Lp(a) in 
plasma. In prior studies the immunoblotting techniques used 
to examine apo(a) isoforms failed to detect protein products 
from all apo(a) alleles. Numerous exceptions to the inverse 
relationship between plasma Lp(a) levels and ihe size of the 
apo(a) protein were reported. It was suggested that these ex- 
ceptions were due to the fact that not all apo(a) alleles were 
detected using the immunoblotting assay. In this study, apo(a) 
alleles associated with little or no production of apo (a)protein 
were included in the analysis. As a result, length variation 
within the kringle 4-encoding region of the apo(a) gene ac- 
counted for a greater proportion of the inter-individual varia- 
tion in plasma Lp(a) concentrations than had been previously 
estimated (69% vs. 41% [22]). 

The reason for the inverse correlation between the size of 
the apo(a) gene and the level of plasma Lp(a) is not known. 
Studies in primates have shown that there is not alwaysa con- 
sistent relationship between the abundance of apo(a) m RNA, 
and its size, suggesting that differences in apo(a)genetran-  
scription can not entirely account for this inverse relationship 
(26, 47). The size of the apo(a) mRNA transcript or glycopro- 
tein may influence its rate of translation, or intracellular trans- 
port, respectively. 

Alternatively, the observed inverse relationship may not be 
directly related to the number of kringle 4 repeats in the apo(a) 
gene, mRNA, or glycoprotein. The apo(a) alleles of different 
size might be in linkage disequilibrium with the actual se- 
quences at the apo(a) locus that mediate the effect on plasma 
Lp(a) concentration s._The number of kringle 4 repeats in the 
apo(a) gene may not have a dirk~ effect On plasma Lp(a) 
concentrations. In the ~ marrnrset-r~0nkey, for-example, the 
plasma Lp(a) concentrations vary. over a 100-fold range and 
yet there is only a single apo(a) isoform (48). In the current 
study, the contribution of the apo(a) gene was partitioned into 
two components tO demonstrate that sequ_ence-s at the apo(a ) 
locus, other than the number of kringle 4 repeats, contribute 
importantly to plasma levels ofLp(a).  If, however, the number 
of kringie 4 repeats in the apo (a) gene are in linkage disequilib- 
rium with the actualsequences responsible for mediating the 
effect of the apo(a) gene or Plasma level of Lp(a), then the 
contribution of the length polym0rph!sni to the intei'-individ- 
ual variation.in plasma Lp(a) levels has been overestimated_, 

Another possible cause for individuals with the same 
apo (a) genotypes having different p l ~ m a  Coffc-entratirn-s of 
Lp(a) is that alleles ofthe same size may differ in the composi- 
tion of kringle 4 sequences. Not all the kringle sequences are 
identical. The first, as well as the last eight kringle repeais, differ 
from the common kringle 4 repeat (the so-called "A" repeat) 
by between 4 and 35 amino acids (25). Due to the frequent 
recombinational events involving this locus, is it highly likely 
that apo(a) alleles vary in their kringle 4 composition, as well 
as number. Subtle differences in the kringle 4 sequences may 
impact importantly on the synthesis, and/or degradation 
of Lp(a). 

The length polymorphism in the apo (a) gene has a hetero- 
zygosity index comparable to that of  number of tandem repeat 
(VNTR) loci employed in forensic and genetic linkage studies 
(39, 49, 50). The mutation rate at VNTR loci is several magni- 
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tudes higher  than the  usual bi-allelic DNA seqtience polymor- 
phisms (39, 51 ). Given the large nufiaber of  differ_e-n(s~zed 
alleles at the apo (a )  locus, a relatively high mutation-rate was 
expec'ted. Therefore,  it was anticipated that mutations in the 
gene would  be identified i f a  sufficient number of  families were 
analyzed. We have observed one mutation of  an apo(a)  allele 
o u t o f a  total o f  376 meioses, and this rate is of  the same order 
of  magni tude  as the frequenc.v of  newly generated alleles for 
VNTR~sequences  (39, 51 ). 

- ~ ' l o s t l eng thpo lymorph i sms . in . the  human-genome involve 
non coLdir~g seque_nce s. The  coding regions.of several mamma-  
l ian-geneshave short t andemrepea t s  (i.e., less the 50 basepairs) 
which are po lymorph ic in  length (52-.56). There are also exam- 
ples o f e n t i r e  genesbeing tandemly repeated, as is the case with 
rDNA,  5S D N A ,  and the histone genes: The aPo(a)  !ength 
i561yiiaorphism is distinguished by the fact that the repeated 
sequence is large (5.5 kb)  and contains both Coding and non- 
coding sequences.  The  polyubiqui t in  gene (UbC) ,  contains a 
large length po lymorph i sm within its coding sequence, but all 
of  the repeated s e q u e n c ~  are contained in one exori, and each 
of  the sevefi: to,  f i ine  repeat~:encodes-(he_entirepr0tein (5:]). 
The-heterozygosi ty index-of  this length polymorphism is low 
(22%) compared  to the apo(a )  gene (94%), The extremely 
hig h degree o f  het_erozygbsit~, a t-th~ ~ipo(a)-locus may i-effect 
the fact  that  it is under  less selective pressure. A physiological 
funct ion for this enigmat ic  protein has yet to be identified (2).  
Altenaatively, . . . . . . . .  there n~ay-be something intrinsic to the kringle 
4-encoding sequences which make them more susceptible to 
recombina t iona l  events. 

Muta t ions  o f  repeated sequence domains result frcm either 
in t r achromosomal  or  interchromosomal  events. Initially, it 
was proposed  that the mechanism primarily responsible for the 
high-degree o f  size po lymorphism in V'NTRs was due to homol- 
ogous recombina t ion  and  unequal exchange during meiosis. 
However ,  molecular  analysis of  several new mutations re- 
vealed no exchange of  flanking genetic markers, which suggests 
tha t - in t rachromosomal ,  rather than interchromosomal: events 
a p ~ a r  to be predominant ly  i'esponsible ( 5 1 . 5 8 ) .  Similarly, 
recent  molecu la r  analysis o f  tandem duplication wit~iin the 
D u c h e n n e  muscular  dystrophy gen¢ demonstrated that the re- 
c o - ~ - l r i n a i - i ~ v e n t s ' w e ~  ~ue~to-intrachr0m0s0mal unequal 
exchange between sister chromatids  rather than involving ho- 
mologous  ch romosomes  (59, 60). Efforts are now being di- 
rected to identify polymorphisms flanking the apo(a)  gene to 
analyze the nature o f  t h e m u t a t i o n a i  event(s) responsible for 
the observed size heterogeneity at the apo(a)  locus. 
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- u e n c 7 0 f a F S l i  o~ non-aFso|  h •p l o lTpe l  ,;ear the cystic 
SIs (CF) locus In reist lon to •sccr ta lnment ,  •ncestr7 •nd 
:al type •mong 120 C•nadisn CF faml l leL/ .A.Buchanan.  M. 
~. B.Ker~rn. P.DuH¢. L.-C.T~ui. P.Rsv and M.BuchwskL The Ho~p/',~ 
ck C h i k ~ ,  (HSC) and Uoiven/r/o~ T o n ~ .  Tomr~o. OnL.Can~i~ 
C~ the al l ,every o( die CF gtne and common ~ mutation. ~F~ .  
~ have bee~ made e dezn~L~e how chin and oth~ C3F muUuiOm are di~ 
~ t  ~ m ~ i  vuio~n popu l i sm ,  and ~ t ~ s s  the ~ i n ~ l  clmir.xl si~nifi- 
• . Three group~ o f t e n  pa tens  were asked about their a n c ~ 7 :  
p A (49 f tm i l ~ )  comprised mu/tiplex CF ~..l~hjl~ who have l ~ . n  l~m 
~ u c h  ba~ since 19~S. Group B (16 families) was asc~r~n~  mrouan 
reafic s~fficient (PS) probands and gn)up C (55 families) ..t~ugh the 
cu~ I ) b t ~  ~ m H ~  t l ~  ~ fzom ~ HSC c ~ c  ard ~ 
. ~ m  o ~ t  Can~disn r~fcn~l c~n~n. P•fienu were cissslf'~d as r~  o~ 
~.a~c insu ff~'ient (Pl) tacl by wheu~r they were born with rneco~um i k ~  
• ~ 240 CP chromosomes were grouped :~:on~ng to the co~but ing 
~u" ancesuy: aJ~onhem F~mFexn (n=TT) b.Fr~nch Canadian rde~ed from 
0udm/, (~Je~n,,22) c . o ~ r  F~nch Canadian (n=16) cLCt.nmd European 
7) e.Sou~hem Europc&n (~=26) or f .mixed/ unknown/odor (n=82). 
~1, 6~% of CF chromosomes had ~F~0~, whh the fol lowing in a~cesmd 
~ :  L?4q~ b.45% C.69~ ,471% e.50~k f.6~%. Ar~/ysis by clink~J 
p showed 82% in MI, 71~ in Pl(win%out Mr) and 34%in PS. Non-~J=~ 

were then subdivided accon:Ung to d~ rna~0r haploo/pe groups of 
,m ~ tl. (ScOnce 245:1073,1989)` Among non~CF chromosomes of all 
i¢ groups, and among CF-PS chromosomes, group II haplowpes 
ominazd. In coneras~, group I I I / IV/V domina~:d the ~on-aFs~ CF 
mosome.* of Nonhera Europetn~ Among those ~ Chicoutimi and 
ng MI padenu, group I htplotypes wer~ mo~ I x t ~ L  Such tmd y ~  led 
c following obsesva~om: I) Aro-su7 of u%e-~ Camu~1 familks rcz~'c:ee a 
~-,o~ eu~p~.gr~'~. ~ ~e~= ~q~-y. 2) ~h~ ,t~. ~o~ ~ . ~  

those from C~k~unnu  I~ut not o 0 ~ r  Fre .nch Canad i~ )  w .u~  .~ve~y 
l due to the l~valenc~ of ocher CF muuUon(s) oa group i ~ap~/pe 
:~mmds. 3) Soud~-,u European anc~sw/wu common among PS push,,  
P$04 was most ~equenl among ~ probamil and i eu l  among PS. 
Ior~e~ fo~ ~oa-aP~0~ chromosomes ~bo wen~ d/ffcmn~a/ly, dls~b~ted 

Ihe 3 clincad group~ 5) Ascertainment through ~e d~g~osU¢ l a b ( x a ~  
~ed • mmewhat higher f~quency of MI and of  ~F~0S d~m ~ from C~ 
~ .  6) IAnkage dlsequih'mium was still appaxenz for non-eJF~c~ CF chromo- 
~ ~ ~b~=rv~fion di~P~cul t ~ mcor~'~le with ~he curr~m ind~:~6o~ ~u~ ~ : ~  
, . m ~ i h c r  common CF mutations. Supported by Cystic Fibrosis 
n d a d ~ Z n z d a  and US). 

A 1 2 9  

Diacret ized s l le l lc  data fo r  a t'l~R locus by ~pl i f ie<i  f rag-  
ment length polymorphlsu (A~(P-FLP) analysis, ~. Budowle am:l 
A. M. Gius t l ,  FSRTC. FBI Academy, Qusntico, VA and R. Chakrs- 
ber ry ,  Center for  Demographic and Populstloo G~netics, Univer- 
s i ty  Of Texas Graduate School of  ~ io~edical  Sciences, Rc~astos, 
TX. ( I n t r o .  by C. Comey). 

a l l e l i c  data [ o [  the DISg0 locus vas ob~sined by using the 
poiymerase chain reac t ion  a~d subsequent analysis  v i t h  s high 
resolut ion,  poly~¢rylaalde ge l  elsctrophore 's la  technique and 
s i l ve r  s t a in ing .  Compared v i t h  r e s t r i c t i o ~  fragment Inngch 
poly=orp~'ism (~rLP) analysis  of v a r l s b l e  number of t~md~ 
r e p e a t  (VIqTR)~ loc i  b~ SoutheL'u blo~ting,~this~ approach Offers 
cer ta in  advantages: l) d isc re te  a l l e l e  resolut ion,  2) min i -  
mal seasureme~t e r r o r ,  3) cor rec t  genotypins b f l i n g l e  band 
VI~TE pa t t e rns ,  4) s nonlsotoplc assay,  and 5) s permanent 
record of t h e  e l e c t r o p h o r e t l c  sepaFFtloo.. For s sample 
po~l~t lo-~-a~ i ly fe 'd-by ~his approach fo r  DISg0o the d l s t r ibu-  
t loo Of-pheoot~ypes is-ln ag ree~en tV l t h  expeCted-values 
according to the Bardy-~elnberg eqo l I l b r ium.  Koreover, the 
observed number o[  s l l e l e s ~ n d  ~he l eve l  of aerie d i ve rs i t y  
are congruent v i t h  I each other  in accordance trlth t h e  s p a r t a -  
f lea  of a mu[a t lon-dr i [ t  equILlbrlua model ~for s single 
homogeneous random sa t ing  population.  A/~-FI.P analysis  of 
V~rR loc i  way prove useful  as models for  population genetic 
issues for ~ l o c i  analyzed by RFL? typing via  Soothern 
b lo t t ing .  

503) 1.277 
StIC f i b r o s i s  in the Basque Country: European 
i g i n  o f  the F508  mutat ion. ~ ~ V-.L 

~ ~ .  Molecular Genetics Department, 
r~daclo d ' I n v e s t i g a c i 6  Sant Pau 080~5 Barcelona 

The ana lys is  o f  the ~F508 cys t i c  f i b r o s i s  ~EF) 
f a l l e n  in d i f e r l n t  populat ions sho~s frequer~:ies 

90~ in Danish, ?SX in B r i t i S h  and North 
,er ican,  50~ in Spanish an~ I t a l i a n .  and 30% in 
;hkenazic populat ions.  We have analysed the 

,sque Country populat ion f o r  DNA polymocDhism 
,plotypes a r~ l  f o r  the F508 mutation. The 
r thp laces  Of  parents and grandparents ~ere 

acedt  and CF chromosomes ~ere c l a s s i f i e d  by 
i g i n .  8lX of  CF chromosomes of  Basque o r ig :n  
: c r y  t h e  ~ F508 m u t a t i o n ,  and o n l y  51~ o f  non 
i s q u e  chromosomes h a v e  t h e  m u r a t | o n .  The 
~iqueness o f  the Basque popula t ion in respect tO 
ene t l c  d i f  feren~esdemonstr ated at other genetic 
)ca (ABO and HI.A}, and l i n g u i s t i c  Oif ferences Of 
~ e  Basque ia~guage tO the Indo-European 
ir~uages, suggests that  the Basque populat ion ~an 
e t t l e d  i n  t h e i r  t e r r i t o r y  b e f o r e  t h e  a r r i v a l ,  i n  
~ r o p e ,  o¢ t h e  I ndo-[uropeans. The high frequer~y 
£ the F508 mutation in the Basque Country 
~n t rao ic ts  the hypothesis that  the mutated CFTR 
en~ a r r i v e d  ~ i th  the migrants from the Middle 
ast to  the North-West o f  Europe, and suggests 
~at the FSO~ mutation was al ready present ~ i t h in  
ne l n h a D i t a n t e  o f  t h e  o l d  C o n t i n e n t ,  O s f o r e  t h i s  
i g r a t i o n ,  a b o u t  5 . 0 0 0  y e a r s  a g o .  I f  t h i s  i s  t h e  
a s s ,  t h e  I n d o - E u r o p e a n  m i g r a t i o n  d i l u t e d  the .  
he f r e q u e ~ y  o f  the mutation ~ F508 by pringing 
t h e r  CF ~ t a t i o n s  in to  Europe. 
CknOj~gments l  "Fondo de lnvest igac ion ls  
a n i ~  de la  Segurzda~ Socia l "  qOEI25~ and 
I n s t ~ C a t a l A  de la Salut"  . 
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E ~ r , ~ .  C~:~ia O:ntcnL. U ~  0/Tc.~u Grad~c Sd~d o/ 
B~mr3~d Sc~ct~ Hoa~o~ T ~  

S¢~.r aJ rel ics ot d~ human I~ ~ lu~  boca adenoid du~ c~ul~ a I~h 

DNA se~l~a~.~ ~ d~e u~Tw/oL t ~  V ~  I ~  ~ INca wedl p u l ~  

~gc .umber o~ rye .ru.lc~ (2) W,=mmpCi~,: Web ra~ d " m ~  ~, ud 
(3) possax~in¢O=l~C r c ~ , ~  ~ s=e aUc~ U ~  '~" 

w© u~ ~ h ~ ¢  ~ popula~ ~ u k  d ~ u ~ c x ~ a  o~ ~ VNTR a~d 
m.c~atcn~c k~  ~ s umpic o~ e~0 b~dua~,  m a d d ~  ~o cbe ~ Ivagal~ m 

S m ~  d ; ~ 4 , ~  x;"m .r~ ~ x ~ - - ' ~ ,  ~ a ~ c , . ~  ~ u  m ~ 

®c~hod is such that "n a.qclc~ ~n: ct~tbq~du~ (©~r~ ~ ~ q  c ~ e  3' 

kcocup~c ~c~utloa a(aUch~ (e,~, D2S44 VlqTR.) ~ l ~ u ~  ckpanurc~ from 
equiJib~ium czlx~uur~m au~ ~ In ~ wbc~ ¢omF~e nu~uucm 0t 

I rcq~-y ~ Wc proFo~ * nov mod~ o( ~ r u r a r d . ~  "mceadoual" 

v~r~R anel~ pla)~ ~ laqF ~k ;a d;c~mli ~e POP~u~x~ IFUC~ ~ea~rc~ m 

supportcd by ~ GM.4L,~g m:l H ~  ~ u  the US Nalkx~ Ins~ ~'~ ot 



0.. .275 

. . . . .  ///~ .~,-,,-~,*- 

Genetic Epidemiology and Population Genetics 

(0502) 1.276 

[uency o( aFS l !  Or non-aF50l hsplolTpes near the cyJt|(  
)sis (CF) Io¢u8 In relt t lon to 8scertalnment.  sneestr! ind 
cal type among 120 Canadian CF families. J.A.Buchanan. M. 
v. B.Ken~m. P.Du~ie. L-C.Tsui. P.Ray and M.BuchwalcL The Hqspiud 
~ck C~klren (HSC) and Urdvenie/of To~nm, Toronto, Onc,Cznad~. 
~e d~e discovery ~ she CY ~ e  8rid commoo usociau~J muU~n. ~F~ ,  
u have been made m detetmb~ bow ~is ~nd ocJ~er C:F muUU~Ons ~ d~v 
zd ~ v ~ s  pop.huJoos, and ,,', us~ss dr: ~ L ~  clini,~J sisnLfi- 
t. ~ ~ '0~p  M Cl .~ lUI t  pg~enLs ~ U ~  about d~ir an¢csw/ 
*p A (49 families) comprised mul~plez CF sibships who have been pan of 
~¢xrch ~ since 1985 Group B (16 fsmi]i¢O wzs a.~mdn~d ~ n ~ h  
resist suffic~nt (PS) prohands and group C ($5 families) through the 
~ h ~  Dia4rm)~c Labormory ,* HSC~HaI~ w~m b~m the HS~ clinic and U~e 
from oa.l'~f Canadian referTtl cedten. Padents were ChLSSE~d ~ PS oc 
~..ztic insuft~ieat (PI) tad by wh~thar 0gy were bm'n w ~  m e ~ i ~  ~ 
.. Tt~ 240 CF c h r o ~  wen ip~pcd according to the con~t~dng 
~x' anceslTy: LNOrU~'m European (n=77) b.French Canadian r~ferred born 
:oudmi, (~ . (n=~2)  c.ot~e.r Frcr~h C ~ a n  (n=16) d.Cenmd European 
77 e . S o u ~ m  Eumi~m (o=26) or Lmixed/ unknown/other in=S2). 
rail 65% of CF chroraosomes had ~F~0~ with the following in anc~Inl 
.M: t 74% b.45% c.69% d.71% e.5~ f.66%. Ans]y~sbyclini~d 
p showed 82% in ~ 71% ~ Pl(without M~) and 34% in PS. Non-~':~0t 
mosomes were Lhen sulx~vi~ed ~cording m ~ maj(x haplotype groups of 
:me t  aJ. (Science 24.~:I073,191~9). Among non-CF chromosomes of all 
~u: groups, and mong  CF-P$ chromosomes, group II haplotypes 
Iominaw.d. In consu l ,  group II//IV/V domirm~ed the non-sFs0, CF 
,mosomea of Northern Europe~ms. Among thos~ from Chicoutimi and 
ng MI  padenu, group I ha~o(yl:~s wc~ mo.~ prcy~.nt Such mudys~s I~d 
," fo~owin i observzncos: I) Aro.su T of ~ Cznadi~ fzmi];,', refk~xl a 
h-soud~ E.m~Jm ~p'adJc~ in ~ F ~  f~quensy. 2) The ~opor~co of ~FS0~ 
,rig those ~ (~icoudmi ('out no( other French Canadians) w u  relatively 

due Io tha pmvadence of other CF mutation(s) on ~oup I haplo~pe 
'c~n~ds. 3) Sou~:a Eurel~m m : ~ y  w u  common *song PS paden,, 
,F~ol w u  most h*equem ~mong M] prohands 8nd least among PS. 
)lorypes foe m~-aF~og chromosomes a l~  weae d~ffemnd*lly distributed 
mg the 3 clinc~ gn~p~ S) ~ t  duough [he diagnostic ~ t~xz~y 
dad a somewhat hi~her h~quenc./of MI a~d of ~tF~,O~ than thax from CF 

6) ~ dlsequi~'brium w u  still tl:~tr~nt for nom6J=~08 CF chromo- 
~es, tn observat~n ~ t  m m:onc~ with tha cur~m indicabo~ th~ the~ 
), not J ~ a d ~ r  common CF mutations. m ~ r ~  and US). Supported by Cyst~ Fibrosis 

A129 

Oiecret ised a l l e l i c  data for a V~TR locus by mtp l i f ied  f rag- 
ment length poly~orphlsu (A,~P-FLP) analys is ,  g. gudo~le sod 
A. N. G lus t i ,  FSRTC, FBI Academy, Q~aotico, YA ~md R. Chakra- 
borr~. Center fo r  Demographic and Population Genetics, U~iver- 
s i t y  of  Texas Graduate School o[ Biomedical Sciences, Houston, 
TX. ( In t ro .  by C. Comey). 

A l l e l i c  data for the blaB0 locus vas obtained by using the 
polymerase chain reac t ion  a.d subsequent analysts with I high 
reso lu t ion,  polyacrylaalde gel e lectrophoresis technique aM 
s l i ver  s ta in ing.  Compared v i t h  r e s t r i c t i o n  f r a ~ e n t  length 
pol3morphism (g~LP) analysis of var iab le  ouaber of sondes 
repeat (V~TR) loc i  by Southern b l o t t i n g ,  th is  approach o f fe rs  
cer ta in  advantages: l) d i sc re t e  a l l e l e  resolut ion,  2) sLtni-- 
mal measurement e r r o r ,  3) correc t  genotypln& of s1~81e band 
V~C~g:pacterns, 4) a nonisotoplc assay, and. S) a pentanent 
record, of the-e lec t rophoret ic  separa t ion .  For.s:sample 
popula~ion-am;lyzed by- th is  approACh f0r  DIS80, t h e ' d i s t r i b u -  
t ion of  pheootypes is  in a g r e ~ a e n t v i t h e x p e c t e d v a l u e s  
according to t h e  H~rdy-~einberg equl~lbrium. Horeover, the 
observed nu=ber of a l l e l es  and the leve l  of  gene divers i~y 
are congruent r i ch  each ocher io accordance t~th the expecta- 
tion of a mucat ion-dr l f t  equillbrl~m model for a sir~le 
homogeneous random mating populat ion. AJ~-FL? analys is  of 

l oc i  may prove useful as ao<lels ~or population genet ic  
issues for VN'Cg l oc i  analyzed by RFLP typing via  Southern 
b lo t t ing .  

503) 1.277 
_sttc f i b r o s i s  in t h e  BasQue Country! European 
" i g i n  o f  t h e  FSOB m u t a t i o n .  ~ ' ~ . ~ . . ~  V_~. 

~ ~ .  M o l e c u l a r  G e n e t i c s  Depar tmen t .  
~ndaclb d ' I n v e s t i g a c i 6  Sans Pau 080~5 Ba rce lona  
. The a n a l y s i s  o f  t h e  ~FSOB CySt iC  f i b r o s l s  (OF) 
~ t a t l o n  i n  d i f e r e n t  p o p u l a t i o n s  sho~s f r e Q u e r ~ l e s  

9OX i n  O a n ; s h ,  ?SX in  B r i t i S h  and Nor th  
\ ~ e r i c a n ,  5OX i n  S p a n i s h  and I t a l i a n ,  and 30% in  
;hken&z iC  , p o p u l & t i o n s .  We have  ana l ysed  the  
ISqUe C o u n t r y  populat ion f o r  DNA poIymorphism 
mplo t ypes  an~ f o r  t h e  F508 m u t a t i o n .  The 
t r t h p l a c e s  o f  p a r e n t s  and g r a n d p a r e n t s  . e r e  
" i c e d ,  and CF Chromosomes *ere c l a s s i f i e d  Oy 

" i g l n .  SiX of~CFchromosomes o f  Basque o r i g l n  
i r r y  t h e  ~ F508 m u t a t i o n ,  and o n l y  51% Of non 
i s q u I  chromoso~s have  the  m u t a t i o n .  The 
~iquef~ess o f  the-Basque populat ion in respect to 
rne t l c  d i f fe rences  demonstrated at other genetic 
:c i  (ABO and Ht.A)~ and l i n g u i s t i c  qtfYerences of  

BaSQUe language tO the | nqo -Eu ropean  
s ~ u a g e s ,  suggests t h a t  the Basque population was 
e t t l e d  i n  t h e i r  t e r r i t o r y  b e f o r e  t h e  a r r i v a l ,  i n  
J r o p e ,  o f  t h e  I n d o - E u r o p e a n s ,  The h i gh  f r e q u e n c y  
f t h e  F508 m u t a t i o n  i n  t h e  Basque Coun t r y  
o n t r a o i c t s - t h e  h y p o t h e s i s  t h a t  t h e  m~Jtated CFTR 
erie a r r i v e d  ~ i t h  t h e  migrants f r om the  M iqd |e  
ass t o  t h e  N o r t h - W e s t  o f  E u r o p e ,  and sugges ts  
~ a t  t h e  FSOe m u t a t i o n  ~as a l r e a d y  p r e s e n t  ~ l t h i n  
he i n h a b i t a n t s  o f  t h e  o l d  C o n t i n e n t ,  o l f o r e  t h i s  
i g r a t i o n ,  about 5.000 years ago. I f  th |s  is the  
ase, the Indo-European migrat ion d i lu ted the 
he frequency Of t he  mutation ~ FS0B by bringing 
t h e r  CF ~ t a t i o n s  i n t o  Eu rope .  

mental "Fondu de lnvestigaciones 
de la Segur:dad Social"  q0EI~5~ and 

Catala de la Sa lu t " .  
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r;~._~rJ:~l~. Graces Ccatsrt. Ua i~n~ or T ~  Grzduatc Scbc~ or 
Bic~m~ial Socac~ Hous~ca. Texzs. 

S ~ d  rqpom or cbc humu iFacm¢ ba~ tx~  a,.o~ad ,~-~ cxJul~ a b~h 

m~. " s c ~ -  ~ s c t ~ d , ~  ,=c e0o,~ .~c~mad t~==~ ~ (1) '~" 
laq~ =umber or am= , ~  (2) ixc~=iX~ ~ ,-,- or , ,u~o~ ; "-~ 
(3) ~ or ~=~- ,c -=~= o r , ~  ~ , , ~ _  u ~ . ~ .  

ws ~ ,.,adyL~ d~ pop~laaoo Sc~cdc cSarKtcmd~ or ~',,cr~ V'z'rrR aad 
mkrosalcllhc kxi in a sam p~ or 600 m~'v~dua~ m re:k[ itiO~ to tl~ dais avz~d~k= ia 

com=r~ti~ t .'~, m ' ¢ i ~  e~ ,t,.,* u.act muml:~u~ d L ~  of aumben or 
homoz~1~e~ ned ~croz,~es ;- s r,-~c uuml~e, vr~ca U~ e~og 

m~hod is ~ Uu( aU aUclcs arc ~ (e~g. PCR ~ or d~ Y 

aM no d'~cqull~xi~ u¢ obscr~.~l ~moe~ ~nE6]~ad V~'T~R. le¢~ la ~hc I~CSe~ ~ 

a~: L'-- sad IF=xx'y~:~ b ~ Lh¢ chuu~ m~.~,o,~-d~Xt ~ ' ~ s  a]]r.~) mndsJ 
~:~un~ focth~ ~ mo~m/or alklk c0vm~. 1"~ lack or ~ e  .:~,~udo. 

a~cquatcly. ( ~  ~ i n d i c  ~ ~ labor~o~ ~ l ~ q u c s  at~6cd for 

I/NTR loci. l&aoTr~ t hls%Isps~ mayn::n~ ' ;" s wroo~ ild'c'rr~ I'5°~ ~ x ) S ~  
~m~ur~. co~ucnt~ I ~ a d ~  tbc ~ u ~  or ~ ~ (Re.trek 
~xxlad  by ~ GM41399 ~d HL-4061~ boa: ~ ~ bia~oea] I ~ u ( ~  or 
H~h) .  
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Analysis of the VNTR Locus DIS80 by the PCR 
Followed by High-Resolution PAGE 

Bruce Budowle, ° Ranajit Chakraborty, T .Alan M. Giusti," Arthur J. Eisenberg,:l: 
and Robert C. Allen§ 

~Fo~ensk: science Research and Training Center. Laboratory Division, Federal Bureau of Investigation Academy, Quantico, VA:. tCenter {or 
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Summary 

All~ljc d~ta for the_ DIS89 locus was obt_aige~df by using th e pCR ~in_d subsequent analysis with a high- 
resolution, hofi'zontalPAGE technique and silver staining. Compared with RFLP analysis of VNTR loci by 
Southern blotting, the approach described in this paper offers certain advantages: (1) discrete allele resolu- 
tion, (2) minimal measurement error, (3) correct genotyping of single-band VNTR patterns, (4) a noniso- 
topic assay,~i5) a permanen( record of the electrophoretic separation, and (6) reduced assay time. In a 
sample of 99 unrelated Caucasians, the D1sg0 locus demonstrated a heterozygosity of 80.8% with 37 
phenotypes and 16 alleles. The distribution of genotypes is in agreement with expected values according to 
the Hardy-Weinberg equilibrium. Furthermore, the observed number of alleles and the level of heterozygos- 
ity, obtained through the protocol described here, were congruent with each other in accordance with the 
expectation of a mutation-drift equilibrium model for a single, homogeneous, random-mating population. 
Tl2erefore, ~ e  analysis of DISg0 and similar VNTR loci by amplified fragment length polymorphism 
( /~ :FL-P)  may prove useful as m0ddS for population genetic issues for VNTR loci analyzed by RFLP 
typing via Southern blotting. 

Introduction 

Identity tests, as performed in the fields of paternity 
and-f6~nsics, rely on the detectionof genetic differences 
among individuals. Atpresent, highly polymorphic loci 
whose alleles are the result of VNTRs are the most 
informative genetic markers for genetic characteriza- 
tion. Although extremely effective for VNTR analy- 
ses, the RFLP methodology via Southern blotting 
(Southern 1975) is time consuming and requires an iso- 
topic assay to achieve the sensitivity necessary to detect 
VNTR alleles in samples containing as little as 10-50 
ng of human DNA samples (Budowle and Baechtel 
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1990). Additionally, because of the inability of the RFLP 
techn61bb~i to resolve discretely the alleles of most 
VNTR !oci, statistical analyses that are different from 
those used for traditional genetic marker systems have 
been required (Budowle et al., in press). 

The PCR (Saiki eta!. !985) offers a viable alterna- 
tive to RFLP analysis of VNTR loci, particularly in 
situations where limited quantities of DNA are avail- 
able. The use of the PCR can obviate the need for iso- 
topic detection and reduce assay time and cost. With 
appropriate VNTR 10ci and high-resolution discontinu- 
ous buffer electrophoretic systems in polyacrylamide 
gels (AUen et al. 1989; Budowle and Allen 1990), am- 

.iplificati0n of specific DNA sequences by the PCR could 
prove useful for identity testing, population genetics, 
aiad disease susceptibility studies. In fact, the D17S30 
(also designated D17S5) locus (Horn et al. 1989) and 
the 3" hypervariable region of the apolipoprotein B gene 
(Boerwinkle et al. 1989; Ludwig et al. 1989) have been 
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analyzed using the PCR and subsequent electrophoretic 
separation of the amplified fragments. 

This paper describes the results of the analysis of PCR- 
amplified products of the VNTR locus DIS80 (Naka- 
mura et al. 1988). The procedure resolves alleles of 
D1S80 into discrete entities, uses an inexpensive silver 
stain for detection, and provides a permanent record 
of the electrophoretic separatiOn. With an analytical 
system that enables resolution of discrete-allele-s ~nd 
therefore permits correct genotyping of VNTR profiles, 
it will now be possible to apply the conventional for- 
mula of the Hardy-W¢inberg rule (i.e., g2 analysis on 
observed and expected genotype classes). This will al- 
low for an evaluation of the goodness of fit of the geno- 
type distributions of the particular VNTR locus for 
a sample population. Moreover, with the discrete reso- 
lution of alleles it will be possible to evaluate the ap- 
propriateness of classical population genetic models of 
allele frequency distributions at this locus to validate 
an assumption of genetic homogeneity of the popula- 
tion from which the sample is derived. 

Material and Methods 

Whole blood was obtained in EDTA Vacutainer tubes 
by venipuncture from 100 unrelated Caucasian donors 
at the FBI Academy. The DNA was extracted as de- 
scribed previously (Budowle and Baechtel 1990). 
Purified DNA from a two-generati0n (10 individuals) 
and a four-generation family (18 individuals) was 
provided by M. Skolnick (University of Utah, Salt Lake 
City, UT). 

Amplification of D1S80 was achieved using the 
primers described by Kasai et al. (in press). The primer s 
were 5'-GAAACTGGCCTCCAAACACTGCCCGCCG- 
3' and 5'-GTCTTGTTGGAGATGCACGTGCCCCTT- 
GC-3'. Each sample that was amplified contained 100 
ng DNA, 10 mM Tris-Cl, pH 8.3, 50 mM KCI, 1.5 
mM MgCI2, 0.01% gelation, 2.5 units of Amplitaq TM 

DNA polymerase (Perkin Elmer-Cetus), 1 IxM of each 
primer, and 200 IxM of each dNTP. The total volume 
of each sample was 50 lal. Each sample was overlaid 
with 50 lal of mineral oil, The PCR was carried out 
in a Perkin-Elmer Thermocycler for 25 cycles. Each cy- 
cle consisted of 1 min at 95°C for denaturation, 1 min 
at 65°C for primer annealing, and 8 min at 70°C for 
primer extension. After amplification, the mineral oil 
was removed and the samples were stored at either 4°C 
or -20°C prior to electrophoretic analysis. 

Ultrathin-layer polyacrylamide gels (5% T, 3% C; 

400 lain thick) were cast onto Gelbond (FMC, Roy_k - 
land, ME) Using the flap te~hniqu-e (Allen-1980).The 
gels were cross-linked with i~ipeiazine~diacryla~nide 
(Hochstrasser et al. I988) (Bio-Rad Laboratories, Rich- 
mond, CA). All gels contained 7.1% glycerol and 33 
mM Tris-sulfate buffer, pH 9.0. If rebydratable poly- 
acrylamide gels were used (Allen eral. 1989;-Budowle 
and Allen 1990), the) ~ we-re rehydrated in a s61ufiofi ~ n -  
raining 33 mM Tris-sulfate, I~H 9,0, andT'1% glycerol. 
The trailing ion, contained in 2% (wt/vol) agarose 
plugs, was 0.14 M Tris-borate, pH 9.0. Bromophenol 
blue (a final concentration-of 0.01%) was added to the 
electrode buffer to serve as a dye niarker for the discon- 
tinuous buffer boundary. The electrophoretic setup was 
similar to that described by Allen et al. (1989) and 
Budowle and Allen (1990). The distance between the 
edges of the agarose plugs was 10 cm. The amplified 
fragment length polymorphisms (AMP-FLPs) of DIS80 
were absorbed into fiberglass applicat0r_tabs (2.5 x 
5.0 mm, Pharmacia-LKB, catalog no. 1850-901), lightly 
blotted, and applied to the gel surface i ~cmfrom the 
cathode. The conditions for electrophoreti~ separation 
were similar to those described previously for rehydrata- 
ble polyacrylamide gels (Allen et al. 1989). Electro- 
phoretic separation was stopped when the bromophenol 
blue dye front reached the anodal wick. Following elec- 
trophoresis, the gels were stained with silver, according 
to the conditions described in table 1, so the pattern 
could be visualized directly. 

Hybridization analysis of the PCR-amplified prod- 
ucts (or AMP-FLPs) subsequent to ele~rophoresis in 
the ultrathin-layer polyacrylamide gels was accom- 
plished using a passive blotting procedure. After elec- 
trophoresis, the DNA in the gel was denatured by.wash- 
ing the gel in 0.4 M NaOH for 5 min. A nylon 
membrane (Zeta Probe, Bio-Rad Laboratories, Rich- 
mond, CA), prewetted in 0,4 M NaOH, was placed 
directly on the gel surface, and, subsequently, a blot 
pad (BRL, Gaithersburg, MD) was placed on the mere, 
brahe. Transfer time was 1 h at ambient temperature. 
After transfer, the membrane was washed briefly in a 
solution containing 2 x SSC (20 x SSC = 1,753 g 
NaCI and 88.2 g sodium citrate/l, pH 7.0) (Maniatis 
et al. 1982) and 0.2 M "Iris, pH 7.5. The membrane 
was blotted between two Whatmann 1 MMpapers and 
baked in an oven at 80°C for 30 rain. The membrane 
was wrappedinplastic wrap and stored at ~;-20°C:~e 
probe pMCT118 (for locus D1S80) was provided by Y. 
Nakamura and R. White (Howard Hughes Medical In- 
stitute, Salt Lake City, UT). Random primer labeling 
was accomplished according to the manufacturer's in- 
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T a b l e  I 

Protocol for Silver-Staining AMP-FLP Gels 

Step Time 

Place gel in 10% ethanol solution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Oxidize gel in 1% nitric acid solution . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Rinse gel in distilled water . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Place gel in 0.012 M silver nitrate solution . . . . . . . . . . . . . . . . . . . . . .  

Decant silver nitrate and rinse gel in distilled water . . . . . . . . . . . .  

Reduce gel in a solution containing 0.28 M sodium 
carbonate (anhydrous)and 0.019% formalin; several 
changes of reducing solution may b e  n e c e s s a r y . ;  the 
solution should be changed when it turns brown . . . . . . . . . . . .  

Stop reduction process with 10% glacial acetic acid . . . . . . . . . . .  

Place gel in distilled water . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Air dry gel for permanent record . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

5 rain 
3 rain 
A few seconds 
20 min 
A few seconds 

Will depend on desired 
intensity of image; image 
develops before eye 

2 rain 
2 min 
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structions contained within the BRL Random Primer 
DNA labeling system kit or according to the method 
of Feinberg and Vogelstein (1983, 1984). Hybridiza- 
tion and stringency washes were carried out according 

to the method of Budowle and Baechtel (1989). The 
labeled DNA duplex was detected by autoradi0graphy 
using Kodak XAR film and Dupont Cronex Lightning 
Plus intensifying screens. 
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F i g u r e  I Silver-stained AMP-FLP gel displaying D1sgo profiles. The D1sg0 types from left tOtight are 1-1, 2-1, 3-1, 4-1, 7-4, 5-1, 
12-5, 5-4, 10-6, 7-5, g-7, 9-1, 12-10, 11-11, 12-I, 13-11, 15-5, 16-1, and 17-1. C = constant band. The size standards are a combination 
of the 1-kb and 123-bp ladder (BRL, Gaithersburg, MD). The cathode is at the top. 
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Figure 2 Silver-stained AMP-FLP gel displaying a ladder of 
composite alleles and D1S80 profiles. The ladder (A) is composed 
of alleles 1, 3, 5, 7, 9, 11 and 13. The D1S80 types from left to right 
are 7-1, 10-5, 1-1, 3-1, and 15-1. The cathode is at the top. 

Results 

Figure 1 shows that AMP-FLPanalysis of DIS80 can 
be performed using the techniques described inthis pa- 
per. Sixteen different alleles were observed in 99 un- 
related Caucasians (one sample did not amplify by 
PCR). Each allele was completely resolved based on 
increments of the repeat unit of the VNTR locus, The 
length of the repeat unit has been determined to be 16 
base pairs (Y. Nakamura, Howard Hughes Medical In- 
stitute, and T. Holm, GenMark, Salt Lake City, UT, 
personal communications). The alleles havebeen desig- 
nated 1-17 (allele 14 has not yet been observed), where 
allele 1 is the smallest in length and allele 17 is the largest 
in length. (It should be noted that the allele designa- 
tions are temporary and will eventually be based on 
the number of repeats.) 

Figure 3 Autoradiogram of an AMP-FLP gel displaying the 
ladder of composite alleles (A) and I)1580 types. The pMCTII8 probe 
~ s  provided by Ray White and his colleagues (Howard Hughes Med- 
ical Institute,Salt Lake City, UT). 

With this system the alleles can be designated spe- 
cifically without determining base-pair size. Unknown 
samples can be compared with a "ladder" consisting 
of a Composite of DIS80 alleles; thus, allele designa- 
tions are much easier and measurement error is greatly 
reduced (fig. 2). 

It should be noted that a constant (or monomorphic) 
bandappears  in each amplified sample (indicated by 
the arrow at point C in fig. 1). The band does not hy- 
bridize with the pMCT118 probe (fig. 3) and thus is 
a sequence unrelated to DIS80. However, shifts in the  
position of the constant band can indicate unaligned 
positioning of the sample tabs at the sample origin. 
Therefore, the constant band dan serve an impo-rtant 
function as an internal marker to minimize errors in-- 
AMP-FLP typing of D1S80. 

The distributions of observable phenotypes and al- 
lelic frequencies for D1S80 in a Caucasian population 
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Table 2 

Distribution of D ISS0 Genotypes f rom 99 
Unrelated Caucasians 

G e n o t y p e  N u m b e r  O b s e r v e d  

1 - 1  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

2 - 1  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

3 - 1  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

4 ° 1  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

5 - 1  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

6 - 1  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

7 ° 1  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

8 - 1  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

9 - 1  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

I0-I ................................. 

11-1 ................................. 

12-I ................................. 

16-1 ................................. 

17-I ................................. 

7-2 ................................... 

8-3 ................................... 

5-4 ................................... 

7-4 ................................... 

10-4 ................................. 

7-5. .................................. 

10-5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

11-5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

12-5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

1 5 - 5  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

10-6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

7 - 7  . . . . . . . . .  : . . . . . . . . . . . . . . . . . . . . . . . . .  

8 - 7  . . . . . . . .  ~ . . . . . . . . . . . . . . . . . . . . . . . . . .  

10-7  : . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

11-7 . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . .  

12-7  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

1 3 - 7  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

1 5 - 7  . . . . . . .  , . . . . . . . . . . . . . . . . . . . . . . . . .  

1 0 - 8  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

12-8  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

12 -10  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

11-11 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

13-11 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

7 

1 
3 

2 

1 
2 

24 

1 
3 

1 
2 

2 

1 
1 
1 
1 
1 
1 
1 
2 

1 
2 

1 
1 
2 

10 

3 

3 

4 
5 

1 
1 
1 
1 
2 

2 

1 

sample of 99 unrelated individuals are shown in tables 
2 and 3, respectively. The observed heterozygosity is 
8 ~0.8~-Thedis~budon of the phenotypes is in Hardy- 
W e!nberg equilibrium (gz = 2.50; df = 1; .100 < P 
< .250; Hardy-Weinberg formulation was calculated 
by comparing observed and expected genotypes; all 
classes with less than four e'/'efits were pooled). Fur- 
ther, although not extremely informative (because of 
limited variation among family members), the two fam- 
ilies demonstrated Mendelian inheritance of the AMP- 
FLP alleles (data not shown). 

While hybridization assays do not appear to be neces- 

sary for routinely typing D1580 AMP-FLP profiles, it 
may be desirable, at times, to use a probe to confirm 
that the AMP-FLPs truly represent the described locus 
or to increase the level of sensitivity of detection provided 
by silver st~iifiing. Figuk~e 3 shows that the blotting ap- 
proach can be used. As expected, after the PCR there 
should be more than adequate quantities of DNA for 
hybridizationanalysis. Although the patterns are weak, 
there can still be enough residual DNA left in the poly- 
acrylamide gel for detection by silver staining (fig. 4). 

Discussion 

AMP-FLP analysis of the D1580 locus offers advan- 
tages over the typing of other highly polymorphic 
VNTR loci by Southern blotting. With routine South- 
ern blotting, the resolution of alleles that differ by one 
to a few repeat units may not possible. Therefore, the 
alleles from a sample population form a quasi-contin- 
uous distribution of allele sizes (Budowle et al., in press). 
Ho~ever, the alleles associated with the D1580 locus 
are resolved into discrete entities using the AMP-FLP 
analytical technique. This greatly reduces the chance 
of measurement error. In fact, typing of D1580 AMP- 
FLP profiles now is similar to that used for conventional 
protein genetic marker systems. The efficiency of am- 
plification or yield of PCR products is related to the 
lengt h of the target site between the primers. For exam- 
pl e, at the D17530 (also designated D1755) locus it was 
obser%d by Horn et al. (1989) that larger alleles could 
be amplified to a significantly less extent than smaller 
ones. However, all AMP-FLP D1580 alleles examined 
to date are less than 700 bp in length. There is no 
apparent difference in band intensity between the larg- 
est (number 17) and the smallest (number 1) alleles 
(fig. 1). Thus, AMP-FLP analysis of D1580 permits 
correct genotyping, not just phenotyping, of VNTR 
profiles. This is in contrast to the situation in RFLP 
analysis via Southern blotting, where correct genotyp- 
ing may not always be possible. Larger DNA fragments, 
which contain more repeat sequences, are more readily 
detectable by hybridization assays than smaller frag- 
ments. Thus, some small-sized VNTR alleles may go 
undetected by RFLP analysis. Also, small-sized alleles 
can migrate off the end of the gel and therefore be un- 
detectable (whereas, in AMP-FLP analysis, because of 
the versatility of the AMP-FLP gels, small-sized alleles 
need not migrate off the gel). Thus, single-band pat- 
terns, detected by RFLP analysis via Southern blotting, 
may or may not be true homozygotes (Budowle et al., 
in press). 
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Table 3 

DISS0 Allele Frequencies from 99 Unrelated Caucasians 

95% L o w e r  Point Estimate 95% Upper 
Allele Confidence Limit ° Frequency Confidence Limit* 

1 . . . . . . . . . . . . . . . . . . . . .  212 .293 .389 
2 . . . . . . . . . . . . . . . . . . . . .  002 .010 .055 
3 . . . . . . . . . . . . . . . . . . . . .  006 .020 .106 
4 . . . . . . . . . . . . . . . . . . . . .  008 .025 .078 
5 . . . . . . . . . . . . . . . . . . . . .  019 .045 .071 
6 . . . . . . . . . . . . . . . . . . . . .  006 .020 .071 
7 . . . . . . . . . . . . . . . . . . . . .  244 .328 .426 
8 . . . . . . . . . . . . . . . . . . . . .  013 .035 .093 
9 . . . . . . . . . . . . . . . . . . . . .  003 .015 .063 

10 . . . . . . . . . . . . . . . . . . .  025 .056 .120 
11 . . . . . . . . . . . . . . . . . . .  031 .066 .133 
12 . . . . . . . . . . . . . . . . . . .  025 .056 .120 
13 . . . . . . . . . . . . . . . . . . .  002 .010 .055 
14 . . . . . . . . . . . . . . . . . .  .000 .000 -047b 
15 . . . . . . . . . . . . . . . . . . .  002 .010 .055 
16 .... ' . . . . . . . . . . . . . .  .001 - .005 .047 
17 .................. " -.001 . . . . .  .oos -- ~- . . . . .  ~047- 

- _ .  . . . . . . . . . . .  7 .  

• Confidence limits were calculated a~ord ing  to Goodman (1965). 
b.Value cannot be determined; therefore, an upper confidence limit of one observation (or .047 

frequency) was used. 

Since alleles are resolved discretely, there is little or 
no measurement error, and correct genotyping isper- 
mitted, the conventional formula of the Hardy-Weinberg 
rule can be applied to assess the goodness of fit of the 
distribution of genotypes for D1S80 (X 2 = 2.50, df = 
1; .100 < P < .250; the Hardy-Weinberg formulation 
was calculated by comparing observed and expected 
genotypes [table 2] ; all classes with less than four events 
were pooled). Therefore, it can be stated that the alleles 
associate randomly with each other at this locus and 
there is no detectable population heterogeneity. Addi- 
tional evidence that the alleles associate iandomly can 
be obtained from the allele frequency distributions. For 
example, using the allele frequency distribution shown 
in table 3, the expected number of distinct homozygote 
and heterozygote genotypes (and standard errors) un- 
der the Hardy-Weinberg model (see Chakraborty et al. 
[1988] for the theory) were computed. In the sample 
of 99 individuals, three homozygote genotypes and 34 
different heterozygote genotypes (table 2) were observed, 
and the observed values are in close agreement wi th  
the expected values (3.37 + 1.03 and 30.84 ± 3.56, 
respectively). In addition, using the theory described 
by Chakraborty et al. (1988) and Chakraborty (1990) 
the expected heterozygosity (79.7% + 8.9%) was ob- 
tained for the given observed number of alleles (16) in 

the sample. Tl~e expected value is almost identical to 
the observed heterozygosity (80.8%) in the sample. Al- 
ternatively, if the heterozygosity were fixed at the ob- 
served level, 13.3 + 3.1 alleles would be expected for 
the 198 chromosomes sampled at this locus; this in turn 
shows that the observed number of alleles C16) is inclose 
agreement with this expected value (P = .236, using 
the theory of Chakraborty [1990]). Since the classical 
Hardy-Weinberg test is known to lackadequat~Rati~ti- 
cal power for detecting population heterogene:ty, par- 
ticularly when the number of alleles is as large as found 
in the context of VNTR studies (Ward and Singh 1970; 
Emigh 1980), these additional data provide further 
confidence that the VNTRpolymorphism at the D1S80 
locus in a Caucasian population satisfies the basic popu- 
lation genetic premises to make it usefu! for forensic 
applications. AMP-FLP analysis of DIS80 and similar 
VNTR loci may, therefore, be useful as models for popu- 
lation genetics issues for the more complex VNTR 
profiles detected by RFLP analysis via Southern blotting. 

In conclusion, a simple, discontinuous, horizontal 
PAGE approach followed by silver-staining techniques 
was used to type AMP-FLPs from the DIS80 locus. Sil- 
ver staining of AMP-FLP profiles offers an inexpensive, 
nonmutagenic assay that provides apermanent record 
of the actual electrophoretic separation (unlike ethidium 
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Figure 4 Silversstained AMP-FLP gel used to generate the au- 
toradiogram in fig. 3. Although the patterns ar~ ~ak, there is sufficient 
residualDNA contained within the polyacrylamide gel for detection 
by silver staining. 

bromide staining). The technique makes it possible to 
0btain discrete allelic data and to correctly genotype 
VNTRpr0fi!es forD1Sg0. Therefore, the conventional 
approaches for establishing goodness of fit of the pheno- 

• type distributions in population sample can be applied 
with confidence. 
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Followed by High-Resolution PAGE 

Bruce Budowle, ° Ranajit Chakraborty,t Alan M. Giusti, ° Arthur J. Eisenberg,:l: 
and Robert C. Allen§ 

"Fo~nsic Sc!ence Research and Training Center. LaboratOry Division, Federal Bureau of Investigation Academy. Quantico, VA: tCenter for 
De_m=og~phic ~and Population Genetics, U nNersity o_f Te)cas_GradtJate - Scho_01 Of Bi?med!cal= Sciences. Houston; ~DNA Identity Laboratory. 
Department of Pathology. Texas College of Osteopathic Medicine. Fort Worth; and §Department of Pathology, Medical Un i ve r~  of South 
Carolina, Charleston 

Summary 

Allelic data for the DIS80 locus was obtained by usingthe PCR and subsequent analysis with a ~gh- 
resolution, horizontal PAGE technique and silver staining. Compared with RFLP analysis of VNTR loci by 
Southern blotting, the approach described in this paper offers certain advantages: (1) discrete allele resolu, 
tion, (2) minimal measurement error, (3) correct genotyping of single-band VNTR patterns, (4) a noniso- 
topic assay, (5) a permanent record of the electrophoretic separation, and (6) reduced assay time. In a 
sample of 99 unrelatedCaucasians, the DISSOlocus demonstrated a heterozygosity of 80.8% with 37 
phenotypes and 16 alleles. The distribution of genotypes is in agreement with expected values according to 
the Hardy-Weinberg equilibrium. Furthermore, the observed number of alleles and the level of heterozygos- 
ity, obtained through the protocol described here, were congruent with each other in accordance with the 
expectation of a mutation-di~ft equilibrium model for a single, homogeneous, random-mating population. 
Therefore, the analysis of DIS80 and similar VNTR loci by amplified fragment length polymorphism 
(AMP-FLP) :may prove Useful as models for population genetic issues for VNTR loci analyzed by RFLP 
typing via Southern blotting. 

Introduction 

Identity tests, as performed in the fields of paternity 
and forensics, rely on the detection of genetic differences 
among individuals, At present, highly polymorphic loci 
whose alleles are the result of VNTRs are the most 
informative genetic markers for genetic characteriza- 
tion. Although extremely effective for VNTR analy- 
ses, the RFLP methodology via Southern blotting 
(Southern 1975) is time consuming and requires an iso- 
to p!c assaylto ach!eve the sensitivity necessary to detect 
VNTRalleles in samplesxontaining as little as 10_-5.0 
ng of human DNA samples (Budowle and Baechtel 

Received May 15, 1990; revision received August 24, 1990. 
Address for correspondence and reprints: Bruce Budowle, Foren- 

sic Science Research and Training Center, Federal Bureau of Inv~ti- 
gation Academy, Quantico, VA 22135. 
This material is in the public domain, and no copyright is claimed. 

1990). Additionally, because of the inability of the RFLP 
technology to resolve discretely the alleles of most 
VNTR loci, statistical analyses that are different from 
those used for traditional genetic marker systems have 
been required (Budowle et al., in press). 

The PCR (Saiki et al. 1985) offers a viable alterna- 
tive to RFLP analysis of VNTR loci, particularly in 
situations where limited quantities of DNA are avail- 
able. The use of the PCR can obviate the need for iso- 
topic detection and reduce assay time and cost. With 
appropriate VNTR loci and high-resolution discontinu- 
ous buffer electrophoretic systems in polyacrylamide 
gels (Allen et al. 1989; Budowle and Allen 1990)~ am- 
plification of specific DNA sequences by the PCR could 
prove useful for identity testing, population genetics, 
and disease susceptibility studies. In fact, the D17S30 
(also designated DI7S5) locus (Horn et al. 1989) and 
the 3' hypervariable region of the apolipoprotein B gene 
(Boerwinkle et al. 1989; Ludwig et al. 1989) have been 
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analyzed using the PCR and subsequent electrophoretic 
separation of the amplified fragments. 

This paper describes the results of the analysis of PCR- 
amplified products of the VNTR locus D1S80 (Naka- 
mura et al. 1988). The procedure resolves alleles of 
DIS80 into discrete entities, uses an inexpensive silver 
stain for detection, and provides a permanent record 
of the electrophoretic separation. With an analytical 
system that enables resolution Of discrete alleles and 
therefore permits correct genotyping of VNTR profiles, 
it will now be possible to apply the conventional for- 
mula of the Hardy-Weinberg rule (i.e., ~z analysis on 
observed and expected genotype classes), This will al- 
low for an evaluation of the goodness of fit of the geno- 
type distributions of the particular VNTR locus for 
a sample population. M0ieove~, vc i~h~h~di~t~eso--  
lution of alleles it will be possible to evaluate the ap- 
propriateness of classical population genetic models of 
allele frequency distributions at this locus to validate 
an assumption of genetic homogeneity Of the popula- 
tion from which the sample is derived. 

Material and Methods 

Whole blood was obtained in EDTA Vacutainer tubes 
by venipuncture from 100unrelated Caucasian donors 
at the FBI Academy. The DNA was extracted as de- 
scribed previously (Budowle and Baechtel 1990). 
Purified DNA from a two-generation (10 individuals) 
and a four-generation family (18 individuals)was 
provided by M. Skolnick (University of Utah, Salt Lake 
City, UT). 

Amplification 

the ultrathin-layer polyacry lamide~ g e l s  ~ a s - a ~ o m -  
. . . .  ~ - . . . . .  plightd ~gi~g-a~pa-ssive~blotting~prtcedure-~fte~rdec ' 

of D1S80 was achieved "uging-fhC --fftph~o-~is,'the:DNA-in:thegelwasdtrmturedbywash" 
primers described by Kasai et al. (in press). The primers 
were 5'-GAAACTGGCCTCCAAACACTGCCCGCCG- 
3' and 5'-GTCTTGTTGGAGATGCACGTGCCCCTT" 
GC-Y. Each sample that was amplified cisri-t-aiia-e-d I00 
ng DNA, 10 mM Tris-Cl, pH 8.3, 50 mM KCI, 1.5 
mM MgCI2, 0.0I% gelation, 2.5 units of Amplitaq TM 

DNA polymerase (Perkin Elmer-Cetus), 1 gM of each 
primer, and 200 gM of each dNTP. The total volume 
of each sample was 50 lal. Each sample was overlaid 
with 50 lal of mineral oil. The PCR was carried out 
in a Perkin-Elmer Thermocycler for 25 cycles. Each cy- 
cle consisted of 1 min at 95°C for denaturation, 1 min 
at 65°C for primer annealing, and 8 min at 70°C for 
primer extension. After amplification, the mineral oil 
was removed and the samples were stored at either 4°C 
or -20°C prior to electrophoretic analysis. 

Ultrathin-layer polyacrylamide gels (5% T, 3% C; 

400 ~tm thick) were cast onto Gelbond (FMC, Rock- 
land, ME) using the flap technique (Allen 1980). The 
gels Were :?.t~ss:liriked-with~piperazine=diacry lamide '-  
(Hochstrasser et al. 1988) (Bio-Rad Laboratories, Rich- 
mond, CA). All gels contained7.1% glyceroband~33 ~-~ 
mM Tris-sulfate bUffe~, p~9_0_ If~h~dY~bl~ ~1~,- ~- 
acrylamide gels were used(~leffet al. I989;Budowle 
and Allen 1990), they were rehydratedin a solution con: 
taining 33 mM Tris-sulfate, pH 9.0, and 7.1% glycerol. 
The trailing ion, contained in 2% (wt/vol) agarose 
plugs, was 0.14 M Tris-borate, pH 9.0. Bromophenol 
blue (a final concentration of0[0]% )was added-t0the 
electrode buffer to serve as adye marker for the discon- 
tinuous buffer boundary. The electrophoretic setup was 
similar to that described by Allen et al. (1989) _and 
Budowle and Allen (1990). The distance between the 
edges of the agarose plugs was 10 cm. The ampl{fied 
fragment length polymorphisms (AMP'FLPs) of D1S80 
were absorbed into fiberglass applicator tabs (2.5 x 
5.0 mm, Pharmacia-LKB, catalog no. 1850-901), lighdy 
blotted, and applied tothe gel surface 1 cm from the 
Cathode. The conditions for electrophoretic separation 

.... ffere- g i ~ i i l ~ h ~ - ~ - d ~ B : p ~ v i b i a g l f  fo r rehy~ta~ - 
ble polyacrylamidegels\(Alilenet-a!: -1989)/E lictro- 
phoretic separation ,~-as stopped w h ~  thebromophenol 
blue dye front reached the anodal wick. Following elec- 
trophoresis, the gels were stained with silver, according 
to the conditions described in table 1, so the pattern 
could be visualized directly. 

Hybridization analysis Of the PCR-amplified prod- 
ucts (or AMP-FLPs) subsequent to electrophoresis in 

ing the gel i n 0 . 4  M NaOH~foi S--rfiiia. A nylon 
membrane (Zeta Probe, Bio-Rad Laboratories, Rich- 
mond; CA), prewetted in 0.4 M NaOH, was :placed 
directly:on thegd:  surface,-and,-subsequently,- a blot 
pad (BRL, Gaithersburg, MD) was placed on the mem- 
brane. Transfer time was 1 h at ambient temperature. 
After transfer, the membrane was washed briefly in a 
solution containing 2 x SSC (20 x SSC = 1,753 g 
NaCI and 88.2 g sodium citrate/l, pH 7.0) (Maniatis 
et al. 1982) and 0.2 M "Iris, pH 7.5. The membrane 
was blotted between two Whatmann 1 MM papers and 
baked in an oven at 80°Cfoi " 30 rain. The membrane 
was wrapped in plastic wrap and stored at -20°C. The 
probe pMCTll8 (for locus D1S80) was provided by Y. 
Nakamura and R. Wlaite (Howard Hughes Medical In- 
stitute, Salt Lake City, UT). Random primer labeling 
was accomplishe d according to the manufacturer's in- 
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Table I 

Protocol for Silver-Staining AMP.FLP Gels 

Step Time 

Place gel in 10% ethanol solution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Oxidize gel in 1% nitric acid solution . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Rinse gel in distilled water . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Place gel in 0.012 M silver nitrate solution . . . . . . . . . . . . . . . . . . . . . .  

Decant silver nitrate and rinse gel in distilled water . . . . . . . . . . . .  

RedUce gel in a solution containing 0.28 M sodium 
c~a~lYofi~tte (anhydrous) and 0.019% formalin; several 
changes of reducing solution may be necessary; the 
solution should be changed when it turns brown . . . . . . . . . . . .  

Stop reduction process with 10% glacial acetic acid . . . . . . . . . . .  

Place gel in distilled water . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Air dry gel for permanent record . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

5 rain 
3 rain 
A few seconds 
20 min 
A few seconds 

Will depend on desired 
intensity of image; image 
develops before eye 

2 rain 
2 rain 
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structions contained within the BRL Random Primer 
DNA labeling system kit or according to the method 
of Feinberg and Vogelstein (1983, 1984). Hybridiza- 
tion and stringency washes were carried out according 

to the method of Budowle and Baechtel (1989). The 
labeled DNA duplex was detected by autoradiography 
using Kodak XAR film and Dupont Cronex Lightning 
Plus intensifying screens. 

17 

Or 

w q m a l j  

F i g u r e  I Silver-stained AMP-FLP gel di~pla~ihg D1SgO]~rofiles. The DIS80 types from left to right are 1-1, 2-1, 3-1, 4--1, 7-4, 5-1, 
12-~5, 5-4, 10-6,-7-5,~7,--9-1~2-]~ i1~11, 12'1, 13-11,15-5, 16-i, an~d 17-i~ C constant band. The Size standards are a combination 
of the 1-kb and 123-bp ladder (BRL, Gaitbersburg, MD). The cathode is at the top. 
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F i g u r e  3 Autoradiogram of an AMP-FLP gel displaying the 
F i g u r e  2 Silver-stained AMP-FLP gel displaying a ladder of ladder of composite alleles (A) and D1S80 types. The pMCT118 probe 
composite alleles and D1S80 profiles. The ladder (A) is composed was provided by Ray White and his colleagues (Howard Hughes Med- 
of alleles 1, 3, 5, 7, 9, 11 and 13. The D1S80 types from left to right ical Institute, sak _Lake City, UT). 
are 7-1, 10-5, 1-1, 3-1, and 15-1. The cathode is at the top. 

• _ =~ " _ 5 7 1 ~ . .  . . . . . . .  - - ~  

With this system ~lqealleles c~fi-b-6:d~gig~-t~-d gp~-- 
: T  

Results 

Figure I shows that AMP-FLP analysis of DIS80 can 
be performed using the techniques described i n this pa- 
per. Sixteen different alleles Were observed in 99 un- 
related Caucasians (one sample did not amplify by 
PCR). Each allele was completely resolved based on 
increments of the repeat unit of the VNTR locus. The 
length of the repeat unit has been determined to be 16 
base pairs (Y. Nakamura, Howard Hughes Medical In- 
stitute, and T. Holm, GenMark, Salt Lake City, UT, 
personal communications). The alleles have been desig- 
nated 1-17(allele 14 has not yet been observed), where 
allele I is the smallest in length and allele 17 is the largest 
in length. (It should be noted that the allele designa- 
tions are temporary and will eventually be based on 
the number of repeats.) 

cifically without determining base_,p0irsiz¢:=Unknown 
samples can be compared with a "ladder" consisting 
of a composite of D1S80 alleles; thus, allele designa- 
tions are much easier and measurement error is greatly 
reduced (fig. 2). 

It should be noted that a constant (or monomorphic) 
band appears in each amplified sample (indicated by 
the arrow at point C in fig. 1). Thdband does not hy- 
bridize with the pMCTll8 probe (fig. 3) and thus is 
a sequence unrelated to D1S80. However, shifts in the 
position of the constant band can indicate unaligned 
positioning of the sample tabs at the sample origin. 
Therefore, the constant band can serve an important 
function as an internal marker to minimize errors in 
AMP-FLP typing of D1S80. - 

The distributions of observable phenotypes and al- 
lelic frequencies for D1S80 in a Caucasian population 
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Table 2 

Distribution of DIS80 Genotypes from 99 
Unrelated Caucasians 

Number Observed Genotype 

1-1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

2 -1  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

3 -1  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

4 o l  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

5~1 ................................... 
6-1  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

7 - 1  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

9 -1  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

10-1 ................................. 
11-1 ................................. 
12-1 ................................. 
16-1 ................................. 
17-1 ................................. 

8 - 3  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  , . . . . . .  

7 - 4  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

10-4 ................................. 
7 - ~  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

10.5 ................................. 
11-5 ................................. 
12-5 ................................. 
15-5 ................................. 
10-6 .................................. 
7-7 ................................... 
8 - 7  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

10-7 ................................. 
11-7 ................................. 
1:7-7 ................................. 
13-7 ................................. 
15-7 ................................. 
10-8 ................................. 
12-8  ................................. 
12-10 ................................ 
11-11 ................................ 
13-11 ................................. 

7 
1 
3 
2 
1 
2 

24 
1 
3 
1 
2 
2 
1 
1 
1 
1 
1 
1 
1 
2 
1 
2 
1 
1 
2 

10 
3 
3 
4 
5 
1 
1 
1 
1 
2 
2 
1 

sample of 99 unrelated~ind ividuals are shown in tables 
2 ancl 3, respectively. The observed heterozygosity is 
80.8%. The distribution of the phenotypes is in Hardy- 
Weinberg equilibrium (~z = 2 .50;  df = 1; .100 < P 
< .250; Hardy-Weinberg formulation was calculated 
by comparing observed and expected genotypes; all 
classes with less than four events' were pooled). Fur- 
ther, although not extremely informative (because of 
l~te-d!variation among family members), the two fam- 
ilies demonstrated Mendelian inheritance of the AMP- 
FLP alleles (data not shown). 

While hybridization assays do not appear to be neces- 
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sary for routinely typing DIS80 AaMP-FLP profiles, it 
may be desirable, at times, to use a probe to confirm 
that the AMP-FLPs truly represent the described locus 
or to increase the level of sensitivity of detection provided 

• by silver staining. Figure 3 shows that the blotting ap- 
proach can beused As expected, after the PCR there 
should bem0re than adequate quantities of DNA for 
hybridizaiion anaiysis. Although the patterns are weak, 
there can still be enough residual DNA left in the poly- 
acrylamide gel for detection by silver staining (fig. 4). 

Discussion 

AMP-FLP analysisof the DIS80 locus offers advan- 
tages over the typing of other highly polymorphic 
VNTR loci by Southern blotting. With routine South- 
ern blotting, the resolution of alleles that differ by one 
to a few repeat units may not possible. Therefore, the 
alleles from a sample populationform a quasi-contin- 
uous distribution of  allele sizes (Budowle et al., in press). 
However, the alleles associated with the D1S80 locus 
are resolved into discrete entities using the AMP-FLP 
analytical technique. This greatly reduces the chance 
of measurement error. In fact, typing of D1S80 AMP- 
FLP profiles now is similar to that used for conventional 
protein genetic marker systems. The e~ciency of am- 
plification or yield of PCR products is related to the 
length Of the target Site between the primers. For exam, 
pie, at theO17S30 (also designated D17S5) locus it was 
observedby Horn etal. (1989) that larger alleles could 
be amplified to a significantly less extent than smaller 
ones. However, all AMP-FLP D1S80 alleles examined 
to date are less than 700 bp in length. There is no 
apparent difference in band intensity between the larg- 
est (number 17) and the smallest (number 1) alleles 
(fig. 1). Thus, AMP-FLP analysis of D1S80 permits 
correct genotyping, not just phenotyping, of VNTR 
profiles. This is in contrast to the situation in RFLP 
analysis via Southern blotting, where correct genotyp- 
ing may not always be possible. Larger DNA fragments, 
which contain more repeat sequences, are more readily 
detectable by hybridization assays than smaller frag- 
ments, Thus, some small-sized VNTR alleles may go 
undetected by RFLP analysis. Also, small-sized alleles 
can migrate off the end of the gel and therefore be un- 
detectable (whereas, in AMP'FLP analysis, because of 
the versatility of the AMP-FLP gels, small-sized alleles 
need not migrate off the gel). Thus, single,band pat- 
terns, detected by RFLP analysis via Southern blotting, 
may or may not be true homozygotes (Budowle et al., 

in press). 
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Table 3 

D ISS0 Allele Frequendes from 99 Unrelated Caucasians 

9 5 %  L o w e r  Point  E s t i m a t e  9 5 %  Upper  
Allele Conf idence  Limi t •  Frequency  Conf idence  Limit* 

1 . . . . . . . . . . . . . . . . . . . . .  212  .293 .389 

2 . . . . . . . . . . . . . . . . . . . . .  0 0 2  .010  .055 
3 . . . . . . . . . . . . . . . . . . . . .  006  .020  .106 

4 . . . . . . . . . . . . . . . . . . . . .  008  .025 .078 

5 . . . . . . . . . . . . . . . . . . . . .  019  .045 .071 

6 . . . . . . . . . . . . . . . . . . . . .  006  .020  .071 

7 . . . . . . . . . . . . . . . . . . .  244  .328 .426 

8 . . . . . . . . . . . . . . . . . . . . .  013  .035  .093 

9 . . . . . . . . . . . . . . . . . . . . .  003  .015 . 063 '  
10 . . . . . . . . . . . . . . . .  025  .056  .120 

11 . . . . . . . . . . . . . . . . . . .  031 .066  .133 

12 . . . . . . . . . . . . . . . . . . .  025  .056  .120 

13 . . . . . . . . . . . . . . . . . . .  0 0 2  . 0 1 0  .055 
14 . . . . . . . . . . . . . . . . . . .  0 0 0  .000  .047  b 

15 . . . . . . . . . . . . . . . . . . . .  002  .010  .055 

16 . . . . . . . . . . . . . . .  .=. - .001 " - -  .005  .047 
17 .001 .005  .047 

• Confidence l imi ts  were  ca l cu la t ed  a c c o r d i n g  to  G o o d m a n  i 1 9 6 5 ) .  - - " ~ - =  :~ 

b Value  canno t  be determined.;  t he re fo re ,  an  u p p e r  C o n f i d e n c e l i m i t  'of  one  0 b s e r v a t i o n  (or  . 0 4 7  
f requency)  was  used.  " 

Since alleles are resolved discretely, there is little or 
no measurement error, and correct_gengty;pjngis_per- 
mitred, the conventional formula of the Hardy-Weinberg 
rule can be applied to assess the goodness of fit of the 

• distribution of genotypes for D1S80 (g2 = ZS0, df = 
1; .100 < P < .250; the Hardy-Weinberg formulation 
was calculated by comparing observed and expected 
genotypes [table 2] ; all classes with less than four events 
were pooled). Therefore, it can be stated that the alleles 
associate randomly with each other at this locus and 
there is no detectable population heterogeneity. Addi- 
tional evidence that the alleles associate randomly can 
be obtained from the allele fi:equency distributions. For 
example, using the allele frequency distributionshown 
in table 3, the expected number of distinct homozygote 
and heterozygote genotypes (and standard errors) un- 
der the Hardy-Weinberg model (see Chakraborty et al. 
[1988] for the theory) were computed. In the  sample 
of 99 individuals, three homozygote genotypes and 34 
different heterozygote genotypes (table 2) were observed, 
and the observed values are in close agreement with 
the expected values (3.37 + 1.03 and 30.84 + 3.56, 
respectively). In addition, using the theory described 
by Chakraborty et al. (1988) and Chakrabor~y (1990) 
the expected heterozygosity (79.7% + 8.9%) was ob- 
tained for the given observed number of alleles (16) in 

the sample. Tl~e expected value is almost identical to 
the observed heterozygosity (80.89/0)in the sample. Al- 
ternatively, if the heterozygosity were fixed at the ob- 
served level, 13.3 + 3.1 alleles would be expected for 
the 198 chromosome s sampJed a t~ is  locus; this in turn 
shows that the observed number of alleles (16) is in close 
agreement with this expected value (P = .236, using 
the theory of Chakraborry [1990]). Since the classical 
Hardy-Weinberg test is known to lack adequate statisti- 
cal power for detecting population heterogeneity, par- 
ticularly when the number of alleles is as large as found 
in the context of VNTR studies (Wardand Singh 1970; 
Emigh 1980), these additional data  provide further 
confidence that the VNTR polymorphism atthe D1S80 
locus in a Caucasian population satisfies the basic popu- 
lation genetic premises to make it useful for forensic 
applications. AMP-FLP analysis of D1S80 and similar 
VNTR loci may, therefore, be usefulas m0dels for popu- 
lation genetics issues for the more complex VNTR 
profiles detected by RFLP analysis via Southern blotting. 

In conclusion, a simple, discontinuous, horizontal 
PAGE approach followed by silver-stai'ningtechniques 
was used to typeAMP-FLPs from the D1S80"locus. Sil- 
ver staining of AMP-FLP profiles Offers an inexpensive, 
nonmutagenic assay that provides a permanent record 
of the actual electrophoretic separation (unlike ethidium 
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Figure 4 Silver-stained AMP-FLP gel used to generate the au- 
toradiogram in fig. 3. Although the patterns are vc~ak, there is su~cient 
residual DNA contained within the polyacrylamide gel for detection 

by silver staining. 

bromide staining). The technique makes i t possible to 
obtain discrete allelic data and to correctly genotype 
VNTRprofiles for D1sg0. Therefore, the conventional 
approaches for establishing goodness of fit of the pheno- 
type distributions in population sample can be applied 
with confidence. 

Acknowledgments 
This is publication number 90-06 of the Laboratory Divi- 

sion of the Federal Bureau of Investigation. Names of com- 
mercial manufacturers are provided for identification only and 
inclusion does not imply endorsement by the Federal Bureau 
of Investigation. Parts of the statistical analyses were supported 
by grant GM41399 (to R.C.) from the National Institutes of 

Health. 

143 

References 
Allen RC (1980) Rapid isoelectric focusing and detection of 

nanogram amounts of proteins from body tissues and fluids. 
Electrophoresis 1:32-37 

Alien PC, Graves G, Budowie B (1989) Polymerase chain reac- 
tion amplification products separated on rehydratable poly- 
a cry!amide gds and stain_ed with silver. BioTechniques 7: 
736-744 

Boerwinkle E, Xiong W, Fourest E, Chart L (1989) Rapid 
typing of tandemly repeated hypervariable loci by the poly- 
merase chain reaction: app!ication to the apolipoprotein 
B 3' hypervariable region. Proc Natl Acad Sci USA 86: 
212-216: 

Budowle B, Allen PC. Discontinuous polyacrylamide gel elec- 
trophoresis of DNA fragments. In: Mathew, C (ed) Methods 
in molecular biology- molecular biology in medicine, vol. 
7. Humana, London (in press) 

Budowle B, Baechtel FS (1990) Modifications to improve the 
effectiveness of restriction fragment length polymorphism 
typing. Appl Theor Electrophoresis 1:181-187 

Budowle B, Giusti AM, Waye JS, Baechtel FS, Fourney RM, 
Adams DE, Presley LA, et al. Fixed bin analysis for statistical 
evaluation of continuous distributions of allelic data from 
VNTR loci for use in forensic comparisons. Am J Hum 
Genet (in press) 

Chakraborty R (1990) Mitochondrial DNA polymorphism 
reveals hidden heterogeneity within some Asian popula- 
tions. Am J Hum Genet 47:87-94 

Chakraborty R, Smouse PE, Neel JV (1988) Population amal- 
gamation and genetic variation: observations on artifidally 
agglomerated tribal populations of Central and South 
America. Am J Hum Genet 43:709-725 

Emigh TH (1980) A comparison of tests for Hardy-Weinberg 
equilibrium. Biometrics 36:627-642 

Feinberg AP, Vogelstein B (1983) A technique for radiolabel- 
ing DNA restriction endonuclease fragments to high specific 
activity. Anal Biochem 132:6-13 

-------(1984) Addendum. Anal Biochem 137:266-267 
Goodman LA (1965) On simultaneous confidence intervals 

for multinomial distributions. Technometrics 7:247-254 
Hochstrasser D, Patchornik A, Merril C (1988) Development 

of polyacrylamide gels that improve the separation of pro- 
teins and their detection by silver staining. Anal Biochem 
173:412-423 . 

HomGT, Richards B, Klinger KW (1989) Amplification of 
a highly p01),morphic VNTR segment by the polymerase 
chain reaction.Nucleic Acids Res 17:2140 

Kasai K, Naleamura Y, White R. Amplification of a VNTR 
locus by the polymerase chain reaction (PCR). In: Proceed- 
ings of an ir ternational symposium on the forensic aspects 
of DNA analysis. Government Printing Office, Washing- 
ton, DC (in press) 

Ludwig EH, Friedl W, McCarthy BJ (1989) High-resolution 
analysis of a hypervariable region in the human apolipo- 
protein B gene. Am J Hum Genet 45:458-464 



144 

Maniatis T, Fritsch El=, Sambrook J (1982) Molecular clon- 
ing: a laboratory manual. Cold Spring Harbor Laboratory,. 
Cold Spring Harbor, New York, pp 438-454 

Nakamura y, Carlson M, Krapcho V, White R (1988) Iso- 
lation and mapping of a polymorphic DNA sequence 
(pMCT118) on chromosome lp (D1S80). Nucleic Acids Res 
16:9364 

Saiki RK, Scharf S, Faloona F, Mullis KB, Horn GT, Erlich 
HA, Arnheim N (1985) Enzymatic amplification of beta- 

Budowle et al. 

globin genomic sequences and restriction analysis for di- 
agnosis of sickle cell anemia. Science ~ 23'0:1350-1354 

Southern EM (1975) Detection of specific sequences among 
DNA fragments separated by gel electrophorcsis. J Mol Biol 
98:503-517 

Ward RH, Sing CF (1970) A consideration of the power of 
the X 2 test to detect inbreeding effects in natural popuia- 
tions. Am Nat 104:355-363 



Genetic Structure of the Populations Migrating from San 
Luis Potosi and Zacatecas to Nuero Le6n in Mexico 

RIC.MRDO M. CERDA-FLORES, I~2 GAU'['AM K. KSHATRIYA, 2 SARA A. BARTON, 2 
CARLOS H. LEAL~ARZA. I RAUL GARZA-CHAPA. l WII..LL~Jd J. SCHULL. 2 AND 

R.~AJ IT CHAKRABORTY 2 

Abstract The Mexicans residing in the Monterrey metropolitan 
area in Nuevo Le6n, Mexico, were grouped by generation and birth- 
place [Monterrey Metropolitan Area (MMA), San Luis Potosi (SLP), 
and Zacatecas (ZAC)] of the four grandparents to determine the ex- 
tent of genetic variation within this population and the genetic differ- 
ences, if any, between the natives living in the MMA and the immi- 
grant populations from SLP and ZAC. Nine genetic marker systems 
were analyzed. The genetic distance analysis indicates that SLP and 
ZAC are similar to the MMA, irrespective of birthplace and genera- 
tion. Gene diversity analysis (Gs7) suggests that more than 96% of 
the ~)m~l-ge-ne c[iversity (HT) can be attributed to individual varia- 
tion wi_'thin the ppp.ulO_dom The genetic admixture analysis suggests 
that the Mexicans of the MMA, SLP, and ZAC, stratified by birth- 
place and generation, have received a predominantly Spanish contri- 
bution (78.5%), followed by a Mexican Indian contribution (21.5%). 
Similarly, adm~ture analysis, conducted on the population of Nuevo 
Ledn and stratified by generation, indicates a substantial contribution 
from the MMA (64.6%), followed by ZAC (22.1%) and SLP 03.3%). 
Finally, we demonstrate that there is no nonmndom association of 
alleles among the genetic marker systems (i.e., no cvidcncc ofgamctic 
disequilibrium) despite the Mestizo origin of this population. 

The state ofNuevo Le6n in northeastern Mexico (Figure 1) has an area of  
64,555 km 2, and in 1990 had a population of  4,492,500 inhabitants. The 
age distribution of this Mestizo population indicates that 72% of  the total 
population is under 30 years, 23% is between 30 and 59 years, and only 
5% exceeds 59 years of age (Direcci6n de Estadistica y Procesamiento de 
Datos del Gobierno de Nuevo Le6n, 1977). 

The Monterrey MetropoLitan Area (MMA) is located in the central 
v,estern section of the state o f  Nuevo Le6n and has an area of  2118 kin 2. 

~Subjefarum de Inv~stis~o, C',,.,,zific=, tnsdmto Mexic~o (kl Seguro Social, U~idad de 
lnvcstigacion Biomedica dcl Norcste, Apm'uLdo Posutl 020-E, 64720 Mon~rrcy, Nucvo L~n, Mexico. 

2Center for Demographic and Population G~eti~, ~ t e  School of Biomedical Sciences, 
L,'nJve~ity-~f Tex~, _ l ~ ~  20334, . H . ~ _ T e ~  7_7225; 

Human Biology, June 1991, VoL 63, No. 3, pp. 309-327. 
Copyright (~)-Wayue State Unive~r~ry Press, 1991 
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Figure 1. Location of the state of Nuevo LeOn in Mexico. 

7 " 

In 1940 Nuevo=Letn had=54~i~i47 ~abitants; of=~vhbm 39% resided 
in the MMA, whereas in 1960 the population was 1,078,845 and 67% 
resided in the MMA. At present, nearly 80% of the state's population 
is concentrated in the MMA (Direcci6n de Estadistica y l'rocesamiento., 
de Datos, 1977). This increase is princ/paIly due to the/mm/grat/on o{ 
people from several southern states of Mex/co to the MMA since 1910:' 
For example, in 1960 alone 400,000 people m/grated to the MMA ma/nly 
from the states of San Luis Potosi (28%), Coahuila-(24%), Tamaulipas 
(16%), Zacatecas (I I%), and the Federal Distr/ct (3%)rand some foreign 
countr/es, particular!~ theUn/tedoStates~ontemayor, Hem~mdez:_197_D. 
The explanauon for th/s mm~grat/on-is that_the MMA:is-~:imp0~n~: 
industr/al, commercial, and educational.zone:in:Mexico that~attracts 
people in search of jobs, I/veHh0od, business, and education. 

In the present study the Mexican population that resides in the 
MMA is grouped by generation and birthplace of the four-grandparents. 
Our aims are (I) to study the genetic variation among the Mex/can 
population of the MMA, stratified by generat/on and birthplace, and 
to determine whether the immigr~t population groups, for example, 
San Lu/s Potosi (SLP) and Zacatecas (ZAC), are different from the 
native Mexicans whose four grandparents were born in the MMA; (2) 
to compute the contr/but/on of the ancestral populations (i.e., Span/sh 
and Indians) to the Mex/cans of the MMA, stratified by generation 
and birthplace, and of the MMA, SLP, and ZAC populations to the 
population of Nuevo Letn, stratified by generation only; (3) to study 
the proportion of genes received from the ancestral populations; and (4) 
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to demonstrate whether there is any residual effect of population mixture 
on the nonrandom association of alleles. 

Materials and Methods 

From the 4680 people residing in the MMA who were randomly 
interviewed at the Instituto Mexicano del Seguro Social (IMSS), Mon- 
terrey, in 1985, 207 were selected who~ 4 grandparents were born in the 
MMA (Cerda.Flores and Garza-Chapa 1989), 151 were selected whose 
grandparents wer~ bornin_SLP: and!53 .wereselected whose grandpar- 
ents were born in ZAC, thereby constituting a total sample size of 511 
individuals. The frequencies of the phenotypes of the blood group sys- 
tems ABO, Rh, MNSs, Duffy (Fy), Kidd (Jk), Lutheran (Lu), P, Lewis 
(Le), and Secretor (Se) were analyzed using commercial antisera and the 
microplate meth0ddescribed by Crawford et aL (1970) and Lapinski et 
al. (1978), 

The data were subdivided by year of birth, and the number of 
generations was estimated assuming a generation time of 30 years. 
Accordingly, 13 human generations have elapsed sinca the MMA was 
colonized in 1596 (de1 Hoyo 1979). We consider the last three: (I) persons 
bom~between 1-896 and 1925 (generation 11), (2) persons born between 
1926 and 1955 (generation 12), and (3) persons born between 1956 and 
1985 (generation 13). 
...... Tfie~statisiical analysis was conducted in six parts. First' the gene 
frequen~es for different systems were computed using the maximum 
likelihood method (Reed and SchuU i 968). Next, the genetic distances 
among.~e Mexicans of the MMA, stratified by generation and birthplace 
of de grandparents, were-computed by Nei's standard genetic distance 
(Nei 1972), and their standard errors (SEs) were computed using the 
method of Nei and Roychoudhury (I 974). The gene frequency data were 
further subjected to the pairwise chi-square statistic to determine the 
s/atistic~tl significance of the genetic distance (Nei and Roychoudhury 
1974). Third, the extent of genetic variation between the subpopulations 
of Mexicans in the MMA (by generation and birthplace) was studied 
using the nested gene diversity computer program (N~ST) developed by 
Chakraborty (1980)andChakraborty et al. (1982). Next, the contribution 
(%) of Spanish and Mexican Indians to the population groups of the 
MMA and of the MMA, SLP, and ZAC groups to the population of 
Nuevo Le6n, stratified by three generations, was calculated following 
p rocures  detailed by~akraborty  (1985, 1986) using dihybdd and 
trihybrid models .... 

_ To determine whethcr~the proportions ofgcncsreceived by thc.Mc.x- 
ican~subpgpul_afiqns:of_ _thcMMA from their ancestral sources are slgnm- 
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candy different from each other, we next performed a regression analysis 
of heterozygosity on genetic distance, as proposed by Harpending and 
Ward (1982). The regression equation was subjected to a test of signif- 
icance, following the method of Snedecor and Cochran (1967). Finally, 
the computation for nonrandom association of alleles among different 
genetic loci was conducted following the methods of Brown et al. (198_0) 
and Chakraborty (1981, 1984) to examine whether any residual effects of 
admixture remain in the current MMA population that would make ibis 
population heterogeneous, 

Gene frequency data on the ancestral populations were obtained 
from Hanis et al. (1991) (see appendix). 

Results 

Genetic Distance. Table 1 provides the allele frequency estimates for 
the analyzed loci. Based on the allele frequency, we first deiermined the 
genetic differences within the Mexicans of the ~ sLgafified bY gener- 
ation and birthplace of the four grandparents. We estimated Nei's stan- 
dard genetic distances for all pairs of populations and their SEs (Table 
2). Table 2 also indicates average hctcrozygosity (/2/) among the subpol>- 
ulations. The subpopulations of the MMA, arranged by generation, have 
an/I that varies between 47.3% (generation 12) and 51.7% (generation 
l I) and between 45.3%(ZAC) and 49.4% (MMA) when the populations 
arc grouped according to the birthplace of the four grandparents. The 
genetic distance analysis (Table 3) does not reveal any significant level of 
differentiation, as reflected by the pairwisc chi-square statistic (Nci and 
Roychoudhury 1974). 

Gene Diversity AnalySis. ~ .... Table ~'p/csents-thC hie~hical g~nc diver- 
sity analysis (Gsr) among the subpopulati0ns of the MMA, The total 
average gcnc diversity (Hr) is 47.9%. Over 96%9f Hr,-c0mputcd 0n-the 
.basisof the 9 lociccanbc attributed to individual variation within-the 
population. However, a small contribution to the total variability (2.97%) 
comes from the bctwccn-bh-thplace variation of the four grandparents, 
suggesting that there is some genetic variation among the Mexicans that 
reside in the MMA. The generation difference in the extent of genetic 
variation is cvcn smaller (0.67% of the total) and probably not of any 
biologic significance. 

Genetic Admixture Analysis. Table 5 presents the estimated values 
of admixture based on nine polymorphic genetic loci. In the present 
investigation we considered the Mexicans of the MMA to bc the product 
of admixture of two parental populations having Spanish and Mexican 
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Indian ancestry. The allele frequencies of the ancestral populations are 
presented in the appendix. The results of fitting the dihybrid model show 
thatthe contribution from the Spanish ancestry to the Mexicans of the 
M ~ ,  sty_ tiffed by birthplace, varies from 66.21% in ZAC to 82.15% in 
the nafivcs o f  the MMA. However, the Spanish contribution, when the 
dataare_stiatified_by_generati0n, v-~'es_~o_m 52.26% in generation 13 of 
ZAC tO 95.8% in generation 11 of the natives of the MMA. 

The overall contribution of  the Spanish to the Mexicans of the 
MMA (total) is 78.46% and, when subdivided by generation, varies from 
70.47% in generation 12 to 91.14% in generation 11. Based on these 
results, it can be inferred that the Mexicans of the MMA, stratified 
by generation and birthplace, have received a predominantly Spanish 
contribution, followed by a Mexican Indian contribution. 

The MMA population increased from 44,808 in 1900 to 112,864 
in 1921, to 382,021 in 1950, and to 1,242,558 in 1970 (Di.recci6n de 
Estadistica y Proeesamiento de Datos, 1977). Therefore we thought it 
would be interesting to examine, USing a trihybrid model, the contribu- 
tion (%) ofthe MMA and the immigrant pop~ations of SLP and ZAC to 
the Nuevo Le6n population, stratified by generation, to see whether the 
percentage of genetic contribufioa and the percentage of immigration in 
each generation are similar. We found that the genetic contribution of the 
MMA population is larger than the immigrant population in the three 
generations (Table 6). That genetic contributions of 56.6% in generation 
12 and of 43.4% in the immigrant populations are found agrees with 
the historical account of Montemayor-Hernandez (1971), who reported 
that, of the 400;000 people who entered the MMA, an industrial region, 
156,000 (39%) were from SLP and ZAC. From these results it can be in- 
ferred that thepopulation ofNuevo Le6n has received predominantly an 
MMA contribution (64.5%), followed by contributions from ZAC (22.1%) 
and SLP (13.4%). 
Heterozygosity and Genetic Distance. Table 7 shows the average het- 
erozygosity (H~) for nine genetic loci and the genetic distance (r,) for each 
subpopulation along with its interlocus standard error. The regression of 
heterozygosity on genetic distance is consistent with linearity. H in the 
population pooled by generation and birthplace of grandparents (48.6% 
and 48.1%) does not differ significantly from the regression coefficient b 
(49.6% and 48.0%). This indicates that the Mexican populations of the 
MMA, SLP, and ZAC are similar in the proportion of the genes that they 
have received from the ancestral populations. This finding is consistent 
with the~similarity of admixture proportions estimated in the previous 
se~if0ia_ . . . .  -~ . . . . . . . . . . . . . . .  
Noarandom Assoclation among Genetic Loci. From the available geno- 
type data on each individual, we defined the multilocus genotype for each 



Table  1. Allele Frequencies  a m o n g  Mexicans  o f  the State o f N u e v o  Le6n G r o u p e d  by Genera t ion  
and Birthplace o f  the Four  Grandparen t s  

Birthplace of Birthplace of Birthplace Of 
Generation 11 Generation 12 Generation 13 Total 

MMA SIP ZAC Total MMA SLP ZAC Total MMA i SLP Z.4C Total MMA SLP ZAC Total 
System (n-45) (n-15) (n-19) (n-79) (n-34) (n--4.4)(n-72) (n-150) (n-128) (n-92) (n-62)(n-282) (n-207) (n-151) (n-153) (n-511) 

ABO 
AI .212 .177 .054 .165 
A2 .014 .000 .000 .008 
B .093 .067 .083 .085 
O .681 .756 .863 .742 
Rh 
DCE . (300 .000 .104 .000 
DCe .240 .300 .290 .339 
DcE ,128 .233 .265 .271 
Dce .207 .467 .340 .172 
dCE .053 .000 .000 .163 
dCe 
dcE 
dce 
M NSs 
MS 
Ms 
NS 
Ns 

.062 . 000  .001 .000 

.030 .000 .000 .000 
• 280 .000 .001 .055 

• 337 .324 .453 .360 
.297 .343 .153 .273 
.041 - .209 .205 .!14 
.325 .124 .189 .253 

I 

.143 .160 .126 .140 

.017 .013  .024 .020 
• 045 .011 .087 .055 
.795 .816 .763 .785 

, i ~ 

.079 i.053" .102 .072 

.201 ' .390 .377 .300 

.042 1.288 .155 .124 

.260 ',. [59 .366 .290 

.000 ~.000 .000 .012 
• 176 !000 .000 .082 
• 128 ! 000  .000 .078 
.I 13 b~.l~i0 .000 .041 

r 

.309 !308 .302 .301 
• 396 i374 .303 .349 
.058 I!01 .226 .155 
.237 !217 .169 .195 

• 143 , .157 .130 .145 
.042 1.045 I .038 .042 
.036 .044 i .041 .040 
• 779 .754 .791 •773 

.033 .027 .O90 .041 

.216 .347 , .330 .285 

.291 1.245 ~ .241 .265 

.228 .238 . 1 8 4  .218 

.015 .000 .000 .010 

.040 .045 .056 .044 

.000 .0~, .000 .000 
• i 77 .098 .099 .137 

I I 

' I 

.324 .268 .358 .313 

.320 i.379 .312 .338 

.137 ~.i~4 .118 .129 

.219 .229 .212 .220 

.158 .160 .118 .146 

.032 .031 .026 .030 

.050 .037 .068 .051 

.760 .772 .788 .773 

.000 .033 ~103 . 0 3 7  
• 263 .347 .328 .288 
.247 .255 .198 .209 
• 188 .231 .268 .239 
.060 .000 .000 .026 
• 034 .034 .036 .050 
.007 .000 .000 .025 
.201 .100 .067 .126 

• 323 .284 .343 .317 
• 329 .375 .288 .331 
• 105 .126 .180 .134 
.243 .215 .189 .218 

L ~  



Duffy 
Fy(a) .459 .507 .276 .413 .455 .489 .416 .444 
Fy{b) .459 .386 .489 .447 .428 .350 .359 .370 
Fy .082 . 1 0 7  . 2 3 5  .140 . i l7 .161 .225 .186 

Kidd 
Jk(a) .423 . 3 1 7  . 2 0 5  .344 .431 .397 .237 .322 
Jk(b)+Jk.577 . 6 8 3  . 7 9 5  .656 .569 . 6 0 3  .763 .678 
Lutheran ', 
Lua .144 .~.317 .173 .262 .109 .160 ,065 .102 
Lub .856 .683 . 8 2 7  .738 

P 
Pl ;506 . 5 5 3  .771  .564 
P2+p .494  . 4 4 7  . 2 2 9  .436 

Lewis 
Le .553 . 6 8 4  .622 .606 
le .447 .316 . 3 7 8  .394 

Secreto~ 
S¢ .646 1.00 . 592  .671 
se .354 0.00 . 4 0 8  .329 
n 2 0  10 14 44 

• 891 .840 .935 .898 

.657 . 7 0 3  .627 .576 
• 343 .297 .373 .424 

.564 .746 .663 .663 

.436 .254 .337 .337 

,758 . 7 3 7  i,00 .803 
.242 .263 0.00 .197 
21 31 44 96 

.401 .326 .372 .367 

.443 .614 .347 .464 

.156 .060 .281 .169 

.235 .278 .260 .254 

.765 .722 .740 .746 

.099 .134 .093 .109 

.901 .866 .907 .891 

.549 .546 . 4 9 2  .535 

.451 .454 .508 .465 

.575 .598 . 6 5 5  .603 

.425 .402 .345 .397 

.657 .717 1.00 .696 

.343 .283 0.00 .304 
83 62 42 187 

.422 .388 .379 .396 

.444, .503 .369 .433 

.134 .109 .252 .171 

.302 .314 .242 .287 

.698r .686 .758 .713 

.110 .158 .089 .117 

.890 .842 .911 .883 

.555 .518 .580 .551 

.445 .482 .420 .449 

.569 .645 .654 .610 

.431 .355 .346 .390 

.670 ,739 .842 .720 

.330 .261 .158 .280 
124 103 100 327 

a. The n values for Secretor are different from those for all other systems. 

U.Z 



T a b l e  2. S t a n d a r d  G e n e t i c  D i s t ances  a n d  Average  Hete rozygos i ty  w i t h i n  the  P o p u l a t i o n  o f  
N u e v o  Le6n G r o u p e d  by  G e n e r a t i o n  a n d ' B i r t h p l a c e  o f  the  F o u r  G r a n d p a r e n t s  • 

, i  

Birthplace of Four 
Generation Gratidparents 

Population !1 12. ,  13 MMA SLP ZAC Total 

m 

Genera t ion  : E 
I I 51.71 ± 4.38 
12 14.76 + 9.52 47.30 ± 6.35 
13 8.10 ± 5.64 8.06 ± 4.82 

Birlhplace of ,,I 
four grandparents ~ I 

MMA ' 5.70 ± 6.05 10.83 ± 7.95 
SLP 4.81 ± 3.92 3.81 ± 3.74 
ZAC 16.02 :~ 7.49 i.70 ± !.78 

Total : 6.70 ± 5.58 3.34 ± 2.43 

48.06 ± 5.95 

0.60 ± 1.01 49.38 ± 5.83 
0.50 ± 0,77 3.47 ± 2.41 48.58 ± 5.25 
5.61 ± 3.98 i 1.82 ± 6.66 4.49 ± 2.01 45.29 ± 6.60 
0.28 ± 0.44 0.89:1:1.34 0.12 ± 0.69 3.81 ± 2.57 

~" . q l . . . .  

a. Values on the dtagonal are the average heterozygostttes expressed m percentage (e.g. generatton 11 by 
, . ' ]  i . . . .  t 

i,I -- 51.7%); below the dtagonal are standai'd geneuc distances m 10 -3 codon dtfferences per locus. 

4 8 . 5 6  ± 5 .96  

I I 

The computations are done with nine polymorphic loci (ABO, Rh. MNSs, Duffy. Kidd, Lutheran, P. 
Lewis,'and Secretor). ' i 



Table 3. Test of  Significance o f  Genetic Distances among Populat ions of  the State o f  Nuevo 
Le6n Grouped by Generat ion and Birthplace of  the Four  Grandparents  Based on the Pairwise 

Chi.Square 

Generation I ! Generation 12 Generation 13 
. . . .  t 

Popfddtion !! , MMA SLP ZAC Total MMA SLP ZAC Total MMA SLP ZAC Total 

Birthplace of 
Four 

Grandparents 

MMA SLP ZAC 

Generfi'lion I Ii 
SLP 2.43 
ZAC ; 2.48 2.23 
Total 1.10 1.50 1.63 

Generation 12 
MMA i.07 2.48 2.32 2.31 
SLP 1.42 1.68 1.53 0.91 i.48 
ZAC 3.22 1.04 2.81 2.11 2.87 
Total !.38 1.31 1.36 !.30 0.55 

Generation ! 3 
MMA 0.89 1.94 !.i2 0.99 1.68 
SLP 1.04 1.49 i.20 0.84 1.39 
ZAC 2.07 1.38 3.00 1.72 1.98 
Total !.06 1.73 !.08 !.08 2. ! 6 

Birthplace of 
four grandparents 

MMA 0.41 1.95 2.44 0.59 2.12 
SLP 1.15 i.21 1.27 0.85 1.64 
ZAC 1.80 i.33 1.04 1.32 1.75 
Total 0.65 1.49 i .II  0.92 1.12 

1.87 
0.84 0.83 

0.84 1.58 0.8 I 
0.62 1.33 0.55 0.21 
1.35 0.72 0.76 0.92 
0.63 i.21 0.64 0.05 

0.97 1.88 0.9 i 0.22 
0.40 1.17 0.51 0.29 
0.76 0.51 0.37 0.57 
0.59 1.06 0.33 0.16 

0.77 
0.08 0.62 

0.35 1.22 
0.06 0.63 
0.37 0.39 
0.13 0.62 

0.24 
0.12 0.39 
0.36 0.83 0.35 
0.09 0.20 0.14 0.34 

q 3  

t "  - 

Pairwise chi-square matrix for all loci: d.£ - 19;p > 0.05 nonsignificant. ..~ 



318 / CFRDA.FLORES El" AI- 

Table 4. Gcne Diversity Analysis of Allele Frequency Dam from Populations Of 
Nucvo Le6n Grouped by Generations and Birthplace ofthe Four Grandparents 

Relative Gene Diversity (GsT) (%) 

Between 
Generation 

Between within Total 
Birthplace Birthplace Gene 

Within of Four of Four Diversity 
Locus Population Grandparents Grandparents (Hr) 

ABO 98.71 1.11 0.18 0.371 
Rh 95.74 3.51 0.75 0.778 
MNSs 98.13 1.52 0.36 0.724 
Duffy 97.86 1.62 0.52 0.484 
Kidd 96.85 2.40 0.75 0.427 
Lutheran 96.10 2.05 1.85 0.246 
P 96.66 2.08 1.25 0.480 
Lewis 98.45 1.36 O. 19 0.467 
Secretor 85.34 13.92 0174 . . . . . . . . . . . .  0.332 

Mean ± S,E. 96.36 -+ 1.03 2.97 :l: 0,99 0i67 ±,0.1-4 0A79 + 0.058 

individual for eight loci. Data on the secretor locus were excluded fi'om 
this analysis because of sample size limitations (see Table l). The num- 
ber of loci with respect to which the individual was heterozygous was 
determined. This generated an observed distribution of the number of 
hctcrozygous loci across 511 indifiduals. Chakrab-orty (1981)provided a 
numerical algorithm to compute ~e expected distribution for such ob- 
servations, assuming random association of alleles at the different loci. 
Table 8 shows the results for our sample. In general, the obse~ed=dis: 
tribution agrees with the expected one (X 2 = I 1.47,p > 0.05). In our 
data the mean number of heter0~g0us !qo" js 3.97~and tb._f__w~i'an~_ i s- 
1.59. Their cxpecLedyalue_s (under ~ e  £andom a ssg_ciation_ modelLare 
3.97 and 1.75, respectively. The 95% confidence limit of the variance 
is 1.55-1.96. Clearly, these values provide no evidence of nonrandom 
association of the alleles among the eight polymorphic loci in the total 
Mexican population that resides in b e  ~ .  

Discussion and Conclusion 

The results of genetic distance analysis between various Mexican 
subpopulations residing in the MMA indicate that ihese populations are 
similar to each other. The gene differentiation among the subpopulations 
suggests that overall the level of gene diversity(Gsr)is small and-more 
than 96% of the total gene diversity (Hr) is accounted for by individual 
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Table 5. Contribution (%) from Spanish and Mexican Indian Gene Pools to the 
Population of Nuevo Le6n Grouped by Generation and Birthplace of  the Four 
Grandparents 

A ncest rod Population 

Birthplace of the Mexican 
Four Grandparents Spanish Indians 

MMA 
Generation 11 95.80 :t: 7.28 4.20 :t: 7.28 
Generation 12 82.70 ± 6.35 17.30 :t: 6.35 
Generation 13 81.78 ± 5.75 18.22 ± 5.75 
Total 82.15 ± 5.51 17.85 ± 5.51 

SLP 
Generation 11 66.59 :t: 11.27 33.41 ± ! 1.27 
Generation 12 69.25 ± 3.34 30.75 ± 3.34 
Generation 13 80.40 ± 5.19 19.60 ± 5.19 
Total 75.64:1:5.42 24.60 ± 5.42 

ZAC 
Generation 11 94.21:1:7.12 5.79 ± 7.12 
Generation 12 53.49 4- 4.31 46.51 ± 4.31 
Generation 13 52.26 ± 3.36 47.74 ± 3.36 
Total 66.21 ± 4.49 33.79 ± 4.49 

Total 
Generation II 91.14 ± 9.63 8.86 ± 9.63 
Generation 12 70.47 ± 5.49 29.53 ± 5.49 
Generation 13 78.48 4- 4.62 21.52 ± 4.62 
Total 78.46 ± 5.56 21.54 4- 5.56 

The computations are done with nine polymorphic loci (ABO, Rh, MNSs, Duff-y, Kidd, Lu- 
theran, P, Lewis, and Sccretor). 

Tab le  6. Con t r ibu t ion  (%) from the M M A ,  SLP, and Z A C  G e n e  Poo l s  to the 
Populat ion o f N u e v o  Le6n Stratif ied by Gene ra t i on  

Population 

Generation MMA SIP ZAC 

11 71.61 _.+ 6.24 9.10 4- 7.52 19.29 __. 8.33 
12 56.58 4- 8.52 17.22 4- 11.48 26.20-t- 4.84 
13 76.26 +_. 6.62 16.14 +_ 7.40 7.60 ± 1.62 
Total 64.56 4- 8.70 13.37 4- 12.96 22.07 ± 4.77 

The computati0ns are done with nine polymorphic loci (ABO, Rh, MNSs, Duff-y, Kidd, Lu- 
theran, P, Lewis, an-d Scc~. for). 
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Table 7. Average Heterozygosity (1t,) and Genetic Distances from Ccntroid (r,) 
among the Populations of Nuevo Le6n Grouped by Generation and Birthplace of 
the Four Grandparents Based on Nine Polymorphic Loci 

Population Grouped by: - r# H i 

Generation 
11 0.0322 ± 0.0174 0.5133 ± 0.0436 
12 0.0117 ± 0.13045 , 0.4714 ± 0.0633 
13 0.0034 _+ 0.0009 0.4796 ± 0.0594 

Birthplace of 
four grandparents 

MMA 0.0074 ± 0.0035 0.4925 ± 0.0582 
SLP 0.0042 ± 0.0015 0.4841 + 0.0523 
ZAC 0.0126 ± 0.0051 0.4513 ± 0.0658 

Regression analysis: H, = b(l - r~i). H i plotted against 1 - r# through the odgim 
Generation: t = 2.70; d.f. = !, p >  0.05. 
Birthplace of four grandparents: t =" - 1.34; d.K = I, p > 0.05. 

Regression coefficient through the origin: 
Generation: b = 0.496 ± 0.029, d.f. = 2. 
Birthplace of four grandparents: b = 0.480 ± 0.020, d.f. = 2. 

Average hetcrqzygosity in pooled population: 
Generation: H = 0.486 ± 0.058. 
Birthplace of four grandparents-/7/_ 0.451 _ 0.059. 

variat ion within the populat ion.  However ,  the Mexicans stratified by 
birthplace of the four grandparents do contribute a small fraction (2.97%) 
of the genetic variation to Hr, suggesting that the geographic isolation 
of the population may bring about genetic variation over time. The 
subdivision by generations, on the contrary, provided little contribution 
(0.67%) to Hr. The overall pattern of gcnc differentiation conforms with 
the parental al~nitics between the subpopulations in the MMA. 

-The results obtained f rom the d ihybr id  mode l  showed 7&5%Span-  - 
ish and 21.5% Mexican Indian  ancestry. However,  the Spanish compo-  
nent is more  p ronounced  in the nat ives  o f  the M M A  and-in generation- - 
11 of  the total Mexicans. Fur thermore ,  we fOUnd that the populat ion 
o f  Nuevo  Le'dn, stratified b y  generat ion,  has-received predominant ly an  
M M A  contribution, followed by Z A C  a n d S L P .  The~:resul3~s are consis- 
tent with previous work on genetic admix tu re  in the population o f  the 
state o f N u c v o  Lc6n (Ccarza-Chapa 1983; Ccrda-Flores  et al. 1987; Ccrda- 
Flores and  Garza-Chapa 1989). Also, it is in tc r~ t ing  to note that  the 
computa t ions  of  genetic admix tu re  arc s imilar  to those obtained in our  
previous work based on 17 p o l y m o r p h i c  loci in Mexican-Americans o f  
Texas (with Spanish and A m e r i n d i a n  contr ibut ions  o f  70.1% and 29.9%, 
respectively (Ccrda-Florcs, Kshat r iya  e t  al. i991), . . . .  
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Table 8. Observed and Expected Distribution of the Number of Hcterozygous 
Loci in the Mexicans ofNuevo Le6n, Mexico 

Number of 
Hetero~gous 
Loci 

Number of lndividuals 

Observed Expected 

0 2 !.15 
I i ! 12.54 
2 38 53.63 
3 125 I 18.47 
4 168 150.16 
5 117 113.01 
6 43 49.49 
7 6 1 !.49 
8 1 1.07 

Total 511 511.00 

Mean 3.97 3.97 
Variance ~ 1.59 1.75 

Goodness of fit ~ ~ ! 1.48,/7 > 0.05, 
95% Confidence interval for variance ( !.55, 1.95). 

There are, however, some differences between our estimates of 
ancestral population contribution in these gene pools in the MMA 
_and those of Ljs.ker et al. (1986) in Mexico City (university student 
population) and Crawford et al. (1979) and Crawford and Devor (1980) 
in the Tlaxcala valley and the state of Coahuila (populations with 
indigenous influences). As we have mentioned previously, we selected 
people who knew the age and birthplace of their four grandparents 
(MMA, SLP, and ZAC) from the Mestizo population of the MMA. This 
is a different approach from other investigators. 

Historical evidence (Cossio 1925; Montemayor-Hermtndez 1971; 
del Hoyo 1979; HernCmdez-Crarza 1973) indicates that, when the Spanish, 
Portuguese, and ~bs'(Scphardic Jews) colonized Nuevo Lcdn in 1596, 
the native Indi~ins we~ forced to migrate because of the increasing 
Pressure from the colonizers, thus leaving the region primarily to the 
colonized populations. But ihcsc same historians do not mention the 
influence of black populations in any time period in the state of Nucvo 
Le6n, o/fly later Tlaxcalie~n Indian, French, German, and United States 
populations. :_:= =- 

Other studies also report little or no influence from African popu- 
lations (Garza-Chapa et al. 1982; Garza-Chapa 1983; Ccrda-Florcs ct al. 
1987; C, er;~2F]brcs and ~ ~ a p a  1988, i 989; Cerda-Flores, Arriaga- 
Rios et al. 1990; Cerda-Flores et al. 1991; Gonzalez-Quiroga et al. 1990). 
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This does not rule out the possibility that the MesiJzo p0l~ulation of the 
MMA is influenced by African genes; therefore we considered that this 
genetic influence could be from Arab-African admixture or from ances- 
tors from the Gulf of Mexico. Sandier et al. (1979) provide evidence of 
mixture of Africans with Arabs 900 years ago; they studied the DuffY sys- 
tem distribution in an Arab (Jewish) population. This Arab population 
dominated Spain for 400 years before the colonization ofNuevo Le6n 
(del Hoyo 1979). Alternatively, there could have been immigration of 
people whose grandparents were born on the coast of the Gulf of Mex- 
ico, where there was a major African influence; in 1610, 150,000 black 
slaves arrived at the Mexican coast (Lisker 1980). 

In another study, Gonzalez-Quiroga et al. (1985) found that 5 of 
752 male neonates in a Mestizo population in the MMA were deficient 
in G6PD. From the two maternal grandparent birthplaces, we can ex- 
plain the distribution of the 5 deficiencies: MMA (2/253), SLP (1/146), 
Coahuila (1/42), and Tamaulipas (1/35). Gonz~lez-Quiroga et al. (1985) 
compared the frequencies of Coal~uila and Tamaulipas and found them 
to be similar to those described by Lisker et al. (1969) for coastal pop= 
ulations of the Gulf o f  Mexico, w h e ~  the ~ c a n  gene w'as assumed 
to originate. Later, Gonzalez-Quiroga et al. (1990) reported 13 of 829 
male neonates with jaundice in a Mestizo population of the MMA; 10 of 
the 13 neonates had' variant A- ,  and their maternal grandparents were 
from the coast of the Gulf of Mexico. These results are similar to those 
published by Lisker et al. (1969). The interesting point of this study was 
that the three other deficiences were found to be B-  variant, and their 
maternal grandparents were born in the MMA, ZAC, and SLP. There- 
fore Gonz~ez-Quiroga et aL (1990) conclud6d that there was minimal 

_African influence on/hi-Mes1:izo-pb-pul~/t~0n-dfthe ~ Cerda-FI0-res, 
Arriaga-Rios et al. (1990) studied _se l~_NueYo ~ _ n  poP~a~ons:~:  _ 
which all four grandparents were born in Nuevo Le6n but. outside the 
MMA; no G6PD deficiencies were found in 428 children. Therefore the 

..... population 0ufside the MMA has a small Or /Ib A~'icaii'infl~eh-ce be- 
cause these populations are not from the industrial zone where there is 
a continuous immigration process, as in the MMA, 

One can argu e that our estimates could have been affected by the 
choice of gene frequency data- on the ancestral populations, ignoring 
the possibility of a third componen_t, namely, the black - copt£i'buti_ons 
in these gene pools. We contend that this is not the case. Although an 
exact specification of the ancestral allele frequencies is always difficult in 
any admixture study, our choice of the ancestral allele frequencies has 
been demonstrated to be adequate for populations of Mexican origin 
(Chakraborty et al. 1986; Hanis et al. 1991). In the present analysis we 
entertained a trihybrid model of admixture-, incorporating conL,-ibutions 
from blacks in addition to those from the Spanish and M exi'~n Indians. 
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The details of such an analysis are not presented here because the black 
admixture turned out to be negative in most cases, suggesting lirde 
con~b~tion of the black gene pool' to these populations. Crawford et al. 
(1979)_ and C~wford and Devor (1980) also found a small (4.2% ± 2.8.%) 
contribution of blacks to the Chamizal population. There are also some 
mic-di-allcl¢ frequency estimation errors "m the article by Crawford et 
~: _(19_79),, F_or_e_xm'n.p_Ic, the'_tr ~ t imatcs  o faUele frequencies at  the ABO 
!gcu~" (~ho~ ha Table 4 O f thch- a~dcle) do not sum to l, nor do the 
reported allele frequencies at the P locus agree with their maximum 
likclihood cstimation. To What cxtent these discrepancies contribute 
tO their black admixture c0mponcnt is not known. At any rate, our 
observation of a relatively more pronouncedSpanish contribution and an 
absence of a black componcnt may in part be explained by the medium 
and higher socioeconomic backgroun d of the study sample compared 
with the samples examined by Crawford ct al. (1979), Crawford and 
~8r-(1:980)~ a/id~Lisker ef~al, -{1986), 

The expected and observed distributions of the number of  heteroz'y- 
gous loci indicate that there is no residual effect of such admixture on the 
nonrandomness of  allelic associations at the polymorphic loci examined 
here. These findings suggest that the admixture occurred long enough 
ago that at present the Mexicans o f  the MMA are a homogeneous group. 

On the basis of  the genetic data presented here, we conclude that the 
Mexicans who reside in the MMA, stratified by generation and birthplace 
of the grandparents, are genetically similar. The findings of the genetic 
admixture analysis suggest that this population had a predominant influ- 
ence from the Spanish and a lesser contribution from Mexican Indians. 
We also observe a differential contribution of the MMA, SLP, and Z A C  
to ~popuiafi0n of Nucvo Lcdn, with the predominant contribution 
being from the MMA. Furthermore, the multilocus hctcrozygosity dis- 
tributic/fi suggests that the history of admixture is old enough that the 
present group of Mexicans in the MMA is homogcncous. 
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Appendix: Allele Frequencies 

System 

for 9 Genetic Loci 

Spanish Mexican Indian 

A 
B 
O 

DCE 
DCe 
DeE 
Dee 
dCE 
dCe 
deE 
dee 

MS 
Ms 
NS 
Ns 

Fy(a) 
Fy(b)+ Fy 
~(a) 
Ik{b)+Jk 

Lua 
Lub 

PI 
P2+p  

Le 
le 

Se 
$e 

o.310(1) 0.063{9) 
0.067 0.003 
0.623 0.934 

0.048(2) 0.022(9) 
0.418 0.626 
0.090 0.330 
0.049 0.000 
0.002 0.000 
0.011 0.000 
0.001 0.0(30 
0.381 0.022 

0.243(3) 0.346(9) 
0.311 0.444 
0.057 0.080 
0.389 0.130 

0.365(4) 0.820(9) 
0.635 0.180 

0.537(5) 0.360(9) 
0.463 0.640 

0.04 1 (6) 0.0(30(I0) 
0.959 1.000 

0.540(7) 0.367(7) 
0.460 0.633 

0.699(8) 0.6 ! 6(1 l) 
0.301 0.384 

0.517(8) 1.000(1 !) 
0.483 0.000 

Adapted from Hanis et aL (1991). 
Sources: The numbers in parentheses represent the source of the allele frequency data. (I) 
Mourant et at. (1976), Table I.I. Weighted average ofpop~tions from Extrcmadura Gali- 
cia and Leon. (2) Mourant et at. (1976), Table 4.[ 3.-Weightc~d~tvemge---on~nofi-Ba~ues ~-nd- 
Galicia (frequencies recompuicd from phenotypic counts). (3) Mourant et aL (1976)' Table 
2,7. Lugo, Galicia, Spain. (4) Tills et ~. (1983), Table 8.3.1, ~B,Moeloga: Spa~. (5) Tilh et at. 
(1983)' Table 9.3.1, Barcelona, Spain. (6) Mourant et aL (1976), Table 5.1, Basques. (7) 
Crawford et al. (1974)' Table 5. (8) Mourant et aL (1976), Table 7.7.4, Basques. (9) Niswan- 
der et at. (1970), Table 4. (10) Mourant el at. (1976), Table 5.1, Chiapas, Yucatan, Oaxaca, 
Veracruz. ( 11 ) Mourant et aL (1976)' Table 7.7.3, Chiapas. 
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Genetic. Structure of the Populations Migrating from San 
Luis Potosi and Zacatecas to Nuero Le6n in Mexico 

RICARDO M. CF.~RDA-FLORF-~ l~" GAUTAM K. KSHATRIYA, 2 SARA A. BARTON? 
CARLOS H. LEAI..-~ARZA. I PAUl. GA.RZ.A-CI-LtLPA, t WILLIAM J. SCHULL, 2 AND 
R.&NAJ IT CHAKP, ABORTY 2 

Abstract The Mexicans residing in the Monte rrey metropolitan 
area in Nuevo I.e6n, Mexico, were grouped by generation and birth- 
place [Monterrey Metropolitan Area (MMA), San Luis Pot0si (SLP), 
and Zacatecas (ZAC)] of the four grandparents to determine the ex- 
tent of genetic variation within this population and the genetic differ- 
ences, if any, between the natives living in the MMA and the immi- 
grant populations from SLP and ZAC. Nine genetic marker systems 
were analyzed. The genetic distance analysis indicates that SLP and 
ZAC are similar to the MMA, irrespective of birthplace and genera- 
tion. Gene diversity analysis (GsT) suggests that more than 96% of 
the total gene diversity (HT) can be attributed to individual varia- 
tion within the population. The genetic admixture analysis suggcsts 
that the Mexicans of the MMA, SLP, and ZAC, stratified by birth- 
place and generation, have received a predominandy Spanish contri- 
bution (78.5%), followed by a Mexican Indian contribution (21.5%). 
Similarly, admixture analysis, conducted on the population of Nucvo 
Ledn and stratified by generation, indicates a substantial contribution 
from the MMA (64.6%), followed by ZAC (22.1%) and SLP (13.3%). 
Finally, we demonstrate that there is no nonrandom association of 
alleles among the genetic marker systems (i.e., no evidence of gametic 
disequilibrium) despite the Mestizo origin of this population. 

The state ofNucvo Le6n in northeastern Mexico (Figure l) has'an area of 
64,555 km 2, and in 1990 had a population of 4,492,500 inhabitants. The 
age distribution of this Mcstizo population indicates that 72% of the total 
populafi0n is Under 30 years, 23% is between 30 and 59 years, and only 
5% excc~si59 years of age (Dirccci6n de Estadistica y Proccsamiento de 
Dat0s dcl Gobicrno de Nuevo Le6n, 1977). 

The Montcrrcy Metropolitan Area (MMA) is located in the central 
western section of the state of Nucv9 !-e6n and has an area of2118 km 2. 

~S~bjefaturi de I n ~ o a  Cientifica, ln~tuto Mexicano del Seguro Sociat, Uaidad de 
lnve~tig~-ion Biomedica del Noreste, Apartado Pond 020--E, 64720 Monterrey, Nuevo I.~t~ Mexico. 

2Center for Demographic and Population Genetics, Graduate School of Biomedical Sciences, 
University of Te~tx, PO Box 20334, Houston, Tex.a~ 77225. 

Human Biology, June 1991, VoL 63, No. 3, pp. 309.-327. 
Copyright © Wayne State University Pre~  1991 
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Figure I. Location ofthe state of Nuevo LeOn in Mexico. 

/ "  

In 1940 Nuevo Le6n had 541,147 inhabitants,- of whom 39% resided 
in the MMA; whereas in 1960 the popiilatidn ~ 1,078,848 and 67% 
resided in the MMA. At present, nearly 80% of the state's population 
~SeCOncentrated in the MMA (Direcci6n de Estadistica y Procesamiento.._ 

L)atos, 1977). This increase is principally due to the immigration O 
people from several southern states of Mexico to the MMA since 1910. ~ 
For example, in 1960 alone 400,000 people migrated to the MMA mainly 
from the states of San Luis Potosi (28%), Coahuila (24%), Tamaulipas 
(16%), Zacatecas (11%), and the Federal D i s ~  (3_%) and some_foreign 
countries, particularly the United_States~(Montemayor:Hernandez l_9_7. r l_) .  - 

.The ex.pl_anation 1'or i ~  ~nmigra~ion is-th//f ~ -~MM~isan~~  p_~nt  
mousmal, commercial, and- edu~tional zone iti- Me~di~-thai-/l~/a:C~- - 
people in search of jobs, live lflaood, business,_ and education. 

In the present study the Mexican population that resides in the 
MMA is grouped by generation and birthplace of the four grandparents. 
Our aims are (1) to study the genetic variation among the Mexican 
population of the MMA, stratified by generation and birthplace, and 
to determine whether the immigrant population groups;-for example, 
San Luis Potosi (SLP) and Zacatecas (ZAC), are different from-the.. 
native Mexicans whose four grandparents were born in the MMA, (2) 
to compute the contribution of the ancestral populations (i.e., Spanish 
and Indians) to the Mexicans of the MMA, stratified by generation 
and birthplace, and of the MMA, SLP, and ZAC p0pulations_to~_the ._ 
population of Nuevo Lc6n, stratificd by-~ generad0n Only.(3) to.:study 
the proportion of genes received from the ancestral populations; and (4) 
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to demonstrate whether there is any residual effect of population mixture 
on the nonrandom association of alleles. 

Materials and Methods 

From the 4680 people residing in the MMA who were randomly 
interviewed at the Instituto Mexicano del Seguro Social (IMSS), Mon- 
terrey, in 1985, 207 were.selected whose 4 grandparents were born in the 
MMA (Cerda-Flores and Crarza-Chapa 1989), 15I were selected whose 
grandparents were born in SLP, and 153 were selected whose grandpar- 
ents were born ~ ZAC, thereby constituting a total sample size of 511 
individuals. The frequencies of the phenotypes of the blood group sys- 
tems ABO, Rh, MNSs, Duffy (Fy), Kidd (Jk), Lutheran (Lu), P, Lewis 
(Le), and Secretor (Se) were analyzed using commercial antisera and the 
mic-roplate meila0d described by Crawford et al. (1970) and Lapinski et 

al. (1978). 
The data were subdivided by year Of birth, and the number of 

g e n e r a f i 0 n s ~  estimated ~suming  a generation time of 30 years. 
A c c o r ~ y , ~  13 h ~ a n  generations have elapsed since the MMA was 
colonized in 1596 (del Hoyo i979). We consider the last three: (1) persons 
born between 1896 and 1925 (generation 11), (2) persons born between 
1926andr1955_(genemtioh !2), an~d (3) persons born between 1956 and 
li985~(generation t3). . . . .  ~ ~-~ 

The statistical analysis was conducted in six parts. First, the gene 
frequencies for different systems were computed using the maximum 
likelihood method (Reed and SchuU 1968). Next, the genetic distances 
among the Mexicans of the MMA, stratified by generation and birthplace 
of the grandparents, were computed by Nei's standard genetic distance 
0Nei 1972), and their stand,~'d errors (SEs) were computed using the 
method of Nci and R0ychoudhury (1974). The gene frequency data were 
f-urther subjected to the pairwise chi-square statistic to determine the 
statistical significance of the genetic distance (Nei and Roychoudhury 
1974). Third, the extent of genetic variation between the subpopulations 
of Mexicans in the MMA (by generation and birthplace) was studied 
using the nested gcne diversity computer program (~.os'r) developed by 
Chakraborty (! 980) and Chakraborty et al. (1982). Next, the contribution 
(%) of Spanish and Mexican Indians to the population groups of the 
MMA and of the MMA, SLP, and ZAC groups to the population of 
Nuevo Le6n, stratified _.by. three generations, was calculated following 
pr0~cJur~cs de/ailed by Chakraborty (1985, 1986) using dihybrid and 
trihybrid models. 

_ To dctcrm'me Whether th~c proportions ofgcnesreceived by the Mex- 
i~tn-s~-pop~fions-of file MMA from/heir ancestral sources are signifi- 
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candy different from each other, we next performed a regression analysis 
of heterozygosity on genetic distance, as proposedby-Harpcndiiig a-nd 
Ward (1982). The regression equation-was sub j~ tcd~  a~tes{ 0f-si~f- 
icance, following the method of Snedecor and Cochran (1967). Finally, 
the computation for nonrandom a s ~ a ] i o ~ t ' ~ d ~ - - a m - ~ g  d i f f e ~ t  
genetic loci was conducted following the methods of Brown et al. (1980) 
and Chakraborty (1981, 1984) to examine whether any residual effectsof 
admixture remain in the cui'rent MMA popi}latiibfi that would make this 
population heterogeneous. 

Genc frequency data on the ancestral populations were obtained 
from Hanis ctal. (1991) (see appendix). 

Results 

Genetic Distance. Table 1 provides the allele frequency estimates for 
the analyzed loci. Based on the allele frequency, we first determined the 
genetic differences within the Mexicans of the MMA, stratified by gener- 
ation and birthplace of the four grandparents. We estimated Nei's stan- 
dard genetic distances for all pairs of populations and their SEs(Table 
2). Table 2 also indicates average heterozygosity (/:/)amOng . . . . . . .  the subpop- 
ulations. The subpopulations of the MMA,"firrang-ed b~? gcricrati0n~ have 
an R that varies between 47.3% (generation 12) and 51.7% (generation 
11) and between 45.3% (ZAC) and 49.4% (MMA) when the populations 
are grouped according to the birthplace of the four grandparents. The 
genetic distance analysis (Table 3) does not reveal any significant level of 
differentiation, as reflected by the pairwise chi-square statistic (Nei and 
Roychoudhury 1974). 

Gene Diversity Analysis. Table 4 presents the hierarchical gcnc diver- 
sity analysis (Gsr) among the subpopulations of the MMA. The total 
average gcnc diversity (Hr) is 47.9%, Over 96% of liT, computed on the 
basis of the 9 loci, can bc attributed to individual variation within the 
population. However, a small contribution to the total variability (2.97%) 
comes from the between-birthplace variation of thcfour grandparents, 
suggesting that there is some genetic variation among the Mexicans that 
reside in the MMA. The generation difference in the extent of genetic 
variation is cvcn smaller (0.67% of the total)and probably not of any 
biologic significance. 

Genetic Admixture Analysis. Table 5 presents the estimated values 
of admixture based On nine polyrnorph~c genetic I(~¢i. In the present 
investigation we considered the Mexicans of the :~ io bcthc product 
of admixture of two parental populations having Spanish and Mexican 
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Indian ancestry. The allele frequencies of the ancestral populations are 
presented in the appendix. The results of fitting the dihybrid model show 
that the contribution from ~e Spanish ancestry to the Mexicans of the 
MMA; stratified by birthplace, varies from 66.21% in ZAC to 82.15% in 
the natives of the MMA. However, the Spanish contribution, when the 
data are stratified by generation, varies from 52.26% in generation 13 of 
ZAC to 95.8% in generation H of the natives of the MMA. 

The overall contribution of the Spanish to the Mexicans of the 
MMA (total)As 78.4.6% and, when subdivided by generation, varies from 
70.47% in generation 12 to 91.14% in generation I1. Based on these 
results, it can be inferred that the Mexicans of the MMA, stratified 
by generation-and birth-place, have received a predominantly Spanish 
contribution, followed by a Mexican Indian contribution. 

The MMA_population increased from 44,808 in 1900 to 112,864 
in 1921, to 382,021 in 1950, and to 1,242,558 in 1970 (Direcci6n de 
Esta~distica y Procesamiento de Datos, 1977). Therefore we thought it 
would be interesting to examine, using a trihybrid model, the contribu- 
tion (%) of the MMA and the immigrant populations of SLP and ZAC to 
the Nuevo Le6n population, stratified by generation, to see whether the 
pc r~nmggofgcnc_tic cgn_~buu_'gn and the percentage of immigration in 
each generation ~c similar. BYe f0und that the genetic contribution of the 
MMA population i.~ lai-gcr than the immigrant population in the three 
generations (Table 6). That genetic contributions of 56.6% in generation 
12 and of 43.4._% in the immigrant populations are found agrees with 
the historical account of Montcmayor-Hcrn~dcz (1971), who reported 
tlaaC0f the 4~,000 pc0plc who entered the MMA, an industrial region, 
156,000 (39%) were from SLP and ZAC. From these results it can be in- 
fcrred that the population of Nucvo Le6n has received predominantly an 
MMA contribution (64.5%), followed by contributions from ZAC (22. I%) 
and SLP (I 3.4%). 

Heterozygosity and Genetic Distance. Table 7 shows the average bet- 
crozygosity (H~) for nine genetic loci and the genetic distance (r#~) for each 
subpopulation along with its intcrlocus standard error. The regression of 
hcterozygosi~ on genetic distance is consistent with linearity./~ in the 
population pooled by generation and birthplace of grandparents (48.6% 
and 48. i%) ~does not _differ sign~ canfly from the regression coefficient b 
(49.6% and 48.0%). This indicates that the Mexican populations of the 
MMA, SLP, and ZAC are similar in the proportion of the genes that they 
have received from the ancestral populations. This finding is consistent 
with the similarity of admixture proportions estimated in the previous 
s e c U o n .  " " " 

Nonrandom Association among Genetic Loci. From the available geno- 
type data on each individual, we defined the multilocus genotypc for each 



Table 1. Allele Frequencies among Mexicans o f  the State o f N u e v o  Le6n Grouped by Generation 
and Birthplace o f  the Four Grandparents 

Birthplace of Birthplace of Birthplace of 
Generation ! ! Generation 12 Generation 13 Total 

MMA SLP ZAC Total  MMA SLP ZAC Total MMA SLP ZAC Total MMA SLP ZAC Total 
System (n-45) (n-15) (n-19)(n-79) (n-34) (n-44)(n-72)(n-150) (n-128) (n-92) (n-62)(n-282) (n-207) (n-151)(n-153) (n-511) 

ABO 
AI .212 .177 .054 .165 
A2 .014 .000 .000 .008 
B .093 .O67 .083 .085 
O .68! .756 .863 .742 

Rh 
DCE .000 .000 .104 .000 
DCc .240 ;300 .290 .339 
DcE .128 , 2 3 3  . 2 6 5  .271 
ike  .207 . 4 6 7  .340 .172 
dCE .053 .000 .000 .163 
dCe 
dcE 
dee 

MNSs 
MS 
Ms 
NS 
Ns 

.O62 ,000 . 001  .000 

.030 :000 .000 .000 

.280 .000 .001 .055 

.337 .324 .453 .360 

.297 .343 .153 .273 

.041 .209 .205 .I14 

.325 .124 .189 .253 

.143 .160 .126 .140 

.017 .013 .024 .020 

.045 .0il .087 .055 

.795 .816 .763 .785 

.079 .053 .102 .072 

.201 .390 .377 .300 

.042 .288 .155 .124 

.260 .159 .366 .290 

.000 .000 .000 .012 

.176 .000 .0(30 .082 

.128 .0oo .o00 .078 

.i13 .11o .ooo .~1 

.309 .308 .302 .30i 

.396 .374 .303 .349 

.058 .101 .226 .155 

.237 . 2 1 7  . 1 6 9  .195 

.143 .157 .130 .145 

.042 .045 .038 .042 
• 036 .044 .041 .040 
.779 .754 .791 .773 

.033 .027 .090 .04L 

.216 .347 .330 .285 

.291 .245 .241 .265 
• 228 .238 .184 .218 
.015 .000 .000 .010 
.040 .045 .056 .044 
.000 .000 .000 .000 
.177 .098 .099 .137 

.324 .268 .358 .313 

.320 .379 .312 .338 

.137 .124 . 1 1 8  .129 

.219 .229 . 2 1 2  .220 

• 158 .160 .I18 .146 
.032 .031 .026 .030 
• 050 .037 .O68 .051 
.760 .772 .788 .773 

.000 .033 .103 .037 

.263 .347 .328 .288 

.247 .255 .198 .209 

.188 .231 .268 .239 

.060 .000 .000 .026 

.034 .034 .036 , .050 

.007 .000 .000 .025 

.201 .100 .067 .126 

• 323 .284 .343 .317 
.329 .375 .288 .331 
.105 .126 .180 .134 
.243 .215 .189 .218 



D u ~  
Fy(a) . 4 5 9  . 5 0 7  . 2 7 6  .413 .455 .489 .416 .444 
Fy(b) .459 . 3 8 6  .489 .447 .428 .350 .359 .370 
Fy .082 . 1 0 7  . 2 3 5  .140 .117 .161 . 2 2 5  .186 

Kidd 
Jk(a) . 4 2 3  . 3 1 7  . 2 0 5  .344 .431 .397 .237 .322 
Jk~)+Jk.577 . 6 8 3  . 7 9 5  .656 .569 .603 . 7 6 3  .678 

Lutheran 
Lua .144 .317 .173 .262 .109 .160 .065 .102: 
Lub .856 . 6 8 3  . 8 2 7  .738 .891 .840 .935 .898 

P 
PI .506 . 5 5 3  .771  .564 .657 . 7 0 3  .627 .576 
P2+p .494  . 4 4 7  . 2 2 9  .436 .343 .297 .373 .424 

Lewis 
Le .553 . 6 8 4  . 6 2 2  .606 .564 .746 .663 .663 
le .447 . 3 1 6  .378 .394 .436 .254 .337 .337 

SecretoP 
S¢ .646 !.00 . 5 9 2  .671 .758 . 7 3 7  1.00 .803 
se .354 0.00 . 4 0 8  .329 .242 .263 0.00 .197 
n 20 10 14 44 21 31 44 96 

.401 .326 . 3 7 2  .367 
A43 .614 .347 .464 
.1561 .060 .281 .169 

.235 .278 .260 .254 

.765 .722 .740 .746 

.099 .134 . 0 9 3  .109 

.901 .866 .907 .891 

.549 .546 .492 .535 

.451 .454 .508 .465 

.575 .598 .655 .603 

.425 .402 .345 .397 

.657 .717 1.00 .696 

.343 .283 0.00 .304 
83 62 42 187 

.422 .388 .379 .396 

.444 .503 .369 .433 

.134 .109 .252 .171 

.302 .314 .242 .287 

.698 .686 .758 .713 

. i l0  .158 .089 .117 

.890 .842 .911 .883 

.555 .518 .580 .551 

.445 .482 .420 .449 

.569 .645 .654 .610 

.431 .355 .346 .390 

.670 .739 .842 .720 

.330 .261 .158 .280 
124 103 100 327 

a. The n values for Secretor are different from throe for all other systems. 

3 

c~ 

~t 



Table  2. Standard  Genet ic  Distances  and Average  Heterozygosi ty  wi th in  the Popu la t ion  o f  
N u e v o  Le6n Grouped  by Genera t ion  and Birthplace o f t h e  Four  Grandpa ren t s  • 

Birthplace of  Four 
Generation Grandparents 

Population ! ! ! 2 13 MMA SLP ZAC Total 

o,, 

A 
,> 

Generation 
i I 51.71 ± 4.38 
12 14.76 ± 9.52 47.30 ± 6.35 
13 8.10 ± 5.64 8.06 ± 4.82 48.06 ± 5.95 

Birthplace of 
four grandparents 

MMA 5.70 ± 6.05 10.83 ± 7.95 0.60 ± 1.01 
SLP 4.81 ± 3.92 3.81 ± 3.74 0;50 ± 0.77 
ZAC 16.02 ± 7.49 i.70 :t: i.78 5.61 ± 3.98 

Total 6.70 + 5.58 3.34 ± 2.43 0.28 ± 0.44 

49.38 ± 5.83 
3.47 ± 2.41 48.58 ± 5.25 

11.82 ± 6.66 4.49 ± 2.01 
0.89 ± 1.34 0.12 ± 0.69 

45.29 ± 6.60 
3.81 ± 2.57 48.56 ± 5.96 

a. Values on the diagonal are the average heterozygosities expressed in percentage (e.g., generation I 1 by 
I 1 51.7%): below the diagonal are standard genetic distances in 10 -~ codon differences per locus. 
The computations are done with nine polymorphic loci (ABO, Rh, MNSs, Duffy, Kidd, Lutheran, P, 

Lewis, and Secretor). 



Table 3. Test of  Significance of Genetic Distances among Populations of the State of Nuevo 
Le6n Grouped by Generation and Birthplace of the Four Grandparents Based on the Pairwise 
Chi-Square 

Generation ! ! Generation 12 Generation 13 

Population MMA SLP ZAC Total MMA SLP ZAC Total "MMA SLP ZAC 

Birthplace of 
Four 

Grandparents 

Total MMA SLP ZAC 

Generation 11 
SLP 2.4'3 
ZAC 2.48 2.23 
Total 1.10 1.50 1.63 

Generation 12 
MMA 1.07 2.48 2.32 2.31 
SLP 1.42 1.68 1.53 0.91 i.48 
ZAC 3.22 1.04 2.81 2.11 2.87 1.87 
Total 1.38 1.31 1.36 1.30 0.5.5 0,84 

Generation i 3 
MMA 0.89 1.94 1.12 0.99 1.68 0.84 
SLP 1.04 1.49 1.20 0.84 1.39 0 . 6 2  
ZAC 2.07 1.38 3.00 1.72 1.98 1.35 
Total 1.06 i.73 1.08 ! .08 2.16 0.63 

Birlhplace of 
four grandparents 

MMA 0.41 1.95 2.44 0.59 2.12 0.97 
SLP 1.15 1.21 1.27 0.85 1.64 0.40 
ZAC 1.80 1.33 1.04 1.32 1.75 0.76 
Total 0.65 1.49 1.11 0.92 1.12 0.59 

0.83 

1.58 ' 0.81 
1.33 0.55 0.21 
0.72 '0.76 0.92 0.77 
1.21 0.64 0.05 0.08 

1.88 0.91 0.22 0.35 
1.17 0.51 0.29 0.06 
0.51 0 . 3 7  0.57 0.37 
1.06 0.33 0.16 0.13 

0.62 

! .22 
0.63 
0.39 
0.62 

0.24 
0.12 0.39 
0.36 0.83 0.35 
0.09 0.20 0.14 0.34 

4 .  

Pairwis¢ chi-squar¢ matrix for all loci: d.f. - 19; p > 0.05 nonsignificant. 
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Table 4. Gene Diversity Analysis of Allele FrequencY Data from Populations of 
Nuevo Le6n Grouped by Generations and BLrthplaceofthe Four Grandparents 

Re:mire Gene Diversity (Gyr) (%) 

Between 
Generation 

Between within Total 
Birthplace Birthplace Gene 

Within of Four of Four Diversity 
Locus Population Grandparents Grandparents (H r) 

ABO 98.71 1.11 0.18 0.371 
Rh 95.74 3.51 0.75 0.778 
MNSs 98.13 1.52 0.36 0.724 
Duffy 97.86 !.62 0.52 0.484 
Kidd 96.85 2.40 0.75 0.427 
Lutheran 96.10 2.05 1.85 0.246 
p 96.66 2.08 1.25 0.480 
Lewis 98.45 1.36 0.19 0,467 
Sccretor 85.34 13.92 0.74 0.332 
Mean ± S.E. 96.36 -+ 1.03 2.97 + 0.99 0.67 ± 0.14 0.479 + 0.058 

individual for eight loci. Data on the secretor locus were excluded from 
this analysis because of sample size limitations (sec Table 1). The num- 
ber of loci with respect to which tile indi~id,:~l was hetCrozygous was 
dctcrmincd. This gcncratcd an observed distribution of the number of 
hctcrozygous loci across 511 individuals. Chakraborty (198 I) provided a 
numcrical algorithm to compute the cxpcctcd distribution for such ob- 
servations, assuming-rand0m associafi6n-of allcl~Vthe different loci. 
Table 8 shows the results for our sample. In general, the observed dis- 
tribution agrees "with the expected one 0C 2 =I 1.47,p > 0.05). ~ In our 
data the mean number of hcterozygous loci is 3,97 and the variance is 
1.59. Their expected values (under the random association model) are 
3.97 and 1.75, respectively. The 95% confidcn~ limit of the variance 
is 1.55-1.96. Clearly, these values provide no cvidcncc of nonrandom 
association of the alleles among the eight polymorphic loci in the total 
Mexican population that resides in the MMA. 

Discussion and Conclusion 

The results of  genetic distance analysis between various Mexican 
subpopulations residing in the MMA indida~ fl~t=these populations are 
similar to each other. The gcnc diffcrentiation among the subpopulations 
suggests that overall the level of gcnc diversity (Gsr) is small and more 
than 96% of the total gcne diversity (Hr) is accounted for by individual 
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Table 5, Contribution (%) from Spanish and Mexican Indian Gene  Pools to the 
Population of  Nuevo l .e tn  Grouped by Generation and Birthplace of  the Four 
Grandparents 

Ancestral Population 

Birthplace of the Mexican 
Four Grandparents Spanish Indians 

MMA 
Generation 1 ! 
Generation 12 
Generation 13 
TOtal 

SLP 
Generation 11 
Generation 12 
Generation 13 
Total 

ZAC 
Generation I I 
Generation 12 
Generation 13 
Total 

Total 
Generation I I 
Generation 12 
Generation 13 
Total 

95.80 ± 7.28 4.20 ± 7.28 
82.70 ± 6.35 17.30 ± 6.35 
81.78 ± 5.75 18.22 2:5.75 
82.15 ± 5.51 17.85 :I: 5.51 

66.59 ± 1 !.27 33.41 ± ! 1.27 
69.25 ± 3.34 30.75 ± 3.34 
80.40 ± 5.19 19.60 ± 5.19 
75.64 ± 5.42 24.60 ± 5.42 

94.21 ±7.12 5.79 ± 7.12 
53.49 ± 4.31 46.51 ± 4.31 
52.26 ± 3.36 47.74 ± 3.36 
66.21 ± 4.49 33.79 ± 4.49 

91.14 + 9.63 8.86 ± 9.63 
70.47 _ 5.49 29.53 ± 5.49 
78.48 ± 4.62 21.52 ± 4.62 
78.46 ± 5.56 21.54 ± 5.56 

The computations ate done with nine polym0rphic loci (ABO, Rh, M'NSs, Duffy, Kidd, Lu- 
theran, P, Lewis, and Secretor). 

Table 6'~ C o n ~ b u t i o n  (%) from the MMA, SLP, and ZAC Gene Pools to the 
Population ofNuevo I.e6n S ~ t i f i e d  by Generation 

Population 

Generation MbIA SIP ZAC 

11 71.61 _ 6.24 9.10 _+ 7.52 19.29 _.+ 8.33 
12 56.58 + 8.52 17.22 _ 11.48 26.20 + 4.84 
13 76.26 ± 6.62 16.14 -*- 7.40 7.60 + 1.62 
Total 64~56 ± 8.70 13.37 _+ 12.96 22.07 ± 4.77 

The computauons are done with nine polyrnorphic loci (ABO, Rh, MNSs, Duff-y, K.idd, Lu- 
theran, P, Lewis, and Secretor). 
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Table 7. Average Heterozygosity (H,) and Genetic Distances from Centroid (r) 
among the Populations of Nuevo Lc6n Grouped by Generation and Birthplace of 
the Four Grandparents Based on Nine Polymorphic Loci 

Population Grouped by: ri~ H~ 

Generation 
II 0.0322 ± 0.0174 0.5133 ± 0.0436 
12 0.0117 ± 0.0045 0.4714 ± 0.0633 
13 0.0034 ± 0.0009 0.4796 ± 0.0594 

Birthplace of 
four grandpa~nts 
MMA 0.0074 ± 0.0035 0.4925 ± 0.0582 
SLP 0.0042 ± 0.0015 0.4841 ± 0.0523 
ZAC 0.0126 ± 0.0051 0.4513 ± 0.0658 

Regression anal)sis: H~ = b(l - ru). H i plotted against 1 - r# through the origin: 
Generation: t = 2.70;, d.f. =, I, p > 0.05. 
Birthplace of four grandparents: t =" - 1.34; d.f. ~ l,p > 0.05. 

Regression coefficient through the origin: 
Generation" b m 0.496 ± 0.029, d.f. - 2. 
Birthplace of  four grandparents: b - 0.480 + 0.020, d.f. - 2. 

Average heterozygosity in pooled population: 
Generation: H = 0.486 ± 0.058. 
B~hplace  of  four g randparen t~ / ; /~  0.481 ± 0.059. 

variation within the population. However, the Mexicans stratified by 
birthplace of the four grandparents do contribute a small fraction (2.97%) 
of the genetic variation to Hr, suggesting that the geographic isolation 
of the population may bring about genetic variation over time. The 
subdivision by generations, on the contrary, provided Little contribution 
(0.67%) to Hr.  The Overall pattern Ofgene differentiation conforms with 
the parental alRnities between the subpopulations in the MMA. 

The results obtained from the dihybrid model showed 78.5% Span- 
ish and 21.5% Mexican Indian ancestry. However, the Spanish compo- 
nent is more pronounced in the natives of the MMA and in generation 
11 of the  total Mexicans. Furthermore, we found tha t the population 
of Nuevo Le6n, stratified by generation; has received predominantly an 
MMA contribution, followed by ZAC and SLP. These results are consis- 
tent with previous work on genetic admixiure inthe p01~ulation of the 
state ofNucvo Ledn (Garza-Chapa 1983; Ccrda-Florcs ct al. 1987; Ccrda- 
Florcs and Garza-Chapa 1989). Also, it is interesting to note that the 
computations of genetic admixture arc similar to those obtained in our 
previous work based on 17 polymorphic loci in Mexican-Americans of 
Texas (with Spanish and Amerindian contributions of 70~!% an d 29.9%, 
respectively (Ccrda-Flores, Kshatriya ctal. 1991). 
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Table 8. Observed and Expected Distribution of the Number of Heterozygous 
Loci in the Mexicans ofNuevo Le6n, Mexico 

Number of 
Heterozygous 
Loc~ 

?,'umber o f l nd i v i d ual.s 

Observed Expected 

0 2 !.15 
1 I I 12.54 
2 38 53.63 
3 i 25 118.47 
4 168 150.16 
5 117 113.01 
6 43 49.49 
7 6 I 1.49 
8 1 1.07 

Total 511 511.00 

Mean 3.97 3.97 
Variance 1.59 1.75 

Goodness offit ~ = II.48, p > 0.05. 
95% Confidence interval for variance ( 1.55, 1.95). 

Thei-e are, however, some differences between our estimates of 
ancestral population contribution in these gene pools in the MMA 
and those Of LiSkcr et al. (1986) in Mexico City (university student 
population) and Crawfo-gd ct al. (1979)and Crawford and Devor (1980) 
in the Tlaxcala valley and the state of Coahuila (populations with 
indigenous influences). As we have mentioned previously, we selected 
pc-0plc who Imcw :the age and birthplace of their four grandparents 
(MMA, SLP, and_ZAC) from the Mestizo population of the MMA. This 
is a~d]fl'c~nt'approach from other investigators. 

:Historicai evidence (Cossio 1925; Montemayor-Hern~ndez 1971; 
del Hoyo 1979; Hern~mdez-Craxza 1973) indicates that, when the Spanish, 
Portuguese, and Arabs (Sephardic Jews) colonized Nuevo Ledn in 1596, 
the native Indians were forced to migrate because of the increasing 
pressure from the colonizers, thus leaving the region primarily to the 
colonized populations. But these same historians do not mention the 
influence of black populations in any time period in the state of Nuevo 
Ledn, only later Tlaxcaltecan Indian, French, German, and United States 

--Oihcr-sfudies also rei~ort little or no influence from African popu- 
lations (Garza-Chapa et al. 1982; Garza-Chapa 1983; C.erda,Flores et al. 
1987; Cerda:Florcs and Garza-Chapa 1988, 1989; Cerda-Flores, Arriaga- 
Rios et al. 1990;, Cerda-Flores ct al. 1991; Gonz~ez-Quiroga ct al. 1990). 
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This does not rule out the possibility that thc Mestizo population of the 
MMA is influenced by African genes; therefore we considered that this 
genetic influence could bc from Arab-~can admixture or from ances- 
tors from the Gulf of Mexico. Sandlcr et al. (1979) provide evidcnce of 
mixture of  Africans with Arabs 900 years ago; they s~di~Vth~ D~ffy~sys - 
tcm distribution in an Arab (Jewish) population. This Arab population 
dominated Spain for 400 years before the col0nizatibn df Nuevo I.edn 
(dcl Hoyo 1979). Alternatively, there could have bccn immigration of 
people whose grandparents were born on the coast ofthe Gulf of Mex- 
ico, where there was a major Afi'ican influence; in 1610, 150,000 black 
slaves arrived at the Mexican coast (Liskcr 1980). 

In another study, Gonzalcz-Quir~-ei aL (1985) found that 5 of 
752 male nconates in a Mestizo population in the ~-were deficient 
in G6PD. From the two maternal grandparent birthplaces, we can ex- 
plain the distribution of the 5 deficiencies: MMA(2/_253), SLP (I/146), 
Coahuila (I/42), and Tamaulipas (I/35). Gonz~cz-Quiroga ct al. (1985) 
compared the frequencies of Coah~ and Tamaulipas and found them 
to bc similar to those described by Liskcr et al. (1969) for coastal pop- 
ulations of the Gulf of Mexico, where the ~ genc ~s~ assuined 
to originate. Later, Gonzalcz-Quiroga ct al. (1990) reported 13 of 829 
male neonates with jaundice in a Mestizo population of the MMA; 10 of 
the 13 neonates had variant A-, and their maternal grandparcnts~were 
from the coast of the Gulf of Mcxic0. These results are similar to those 
published by Liskcr ct al. (1969). The intcresting point of this study was 
that the three other dcficiences were found to be B ~ variant, and their 
maternal grandparents were born in the MMA, ZAC, and SLP. There- 
fore Gonz,~cz.Quiroga el aL (1990) concluded that there was minimal 
African influence on the Mestizo population of the MMA. Ccrda-Fl0rcs, 
Arriaga-Rios et al. (1990) studied selected Nuev0 Ledn popula~p_~s in 
which all four grandparents were born in Nuevo Ledn but 0utsidC the 
MMA; no G6PD deficiencies were found in 428 children. Therefore the 
population outside the MMA has a small or no African influence be- 
cause these populations are not from the industrial zone where there is 
a continuous immigration process, as in the MMA. 

• One can argue that our estimates could have been affected by the 
choice of gene frequency data on the ancestral populations, ignoring 
the possibility of a third component, namely, the black contributions 
in these gene pools. We contend that this is not the case. Although an 
exact specification of the ancestral allele frequencies is always di~d~t in 
any admixture study, our choice of the ancestral allele frequencies has 
bccn demonstrated to be adequate for populations of Mexican origin 
(Chakraborty ct al. 1986; Hanis et al. 1991). In the present analysis we 
entertained a trihybrid model of admixture, incorporating contributions 
from blacks in addition to those from the Spanish and Mexican Indians. 
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The details of such an analysis are not presented here because the black 
adiriix-ture turned out to be negative in most cases, suggesting little 
contribution of the black gene pool to these populations. Crawford et al. 
(1979) and Crawford and Dev0r (1980) also found a small (4.2% 4-2.8%) 
contribution of blacks to the Chamizal population. There are also some 
minor allele frequency estimation errors in the article by Crawford et 
al. (1979). For example, their estimates of  aUele frequencies at the ABO 
locus (shown in Table 4 of  their article) do not sum to 1, nor do the 
reported allele frequencies at the P locus agree with their maximum 
likelihood estimation. To what extent these discrepancies contribute 
tO their:black admixture c o m p o n e n t  is not known. At any rate, our 
observation 0fa relatively more pronounced Spanish contribution and an 
absence of a black com_P?nen[ m a y  in part be explained by the medium 
and higher socioeconomic background of  the study sample compared 
with the "samples examined by Crawford et al. (1979), Crawford and 
I~vbr-(i-9-g0~, an~l ISis~-r- ei ai, (f986). 

The expected and observed distributions of the number ofheterozy- 
gous loci indicate that there is no residual effect of such admixture on the 
nourand0mness Of allelic assoL'iations at the polymorphic loci examined 
here. These findings suggest that the admixture occurred long enough 
ago that at present the Mexicans of  the MMA axe a homogeneous group. 

On the basis of  the genetic data presented here, we conclude that the 
Mexicans who reside in the MMA, stratified by generation and birthplace 
of  the grandparents, axe genetically similar. The findings of  the genetic 
admixture analysis suggest that this population had a predominant influ- 
ence from the Spanish and a lesser contribution from Mexican Indians. 
We also observe a differential contribution of the MMA, SLP, and ZAC 
to the population of  Nuevo LeOn, with the predominant contribution 
being from the MMA. Furthermore, the multilocus heterozygosity dis- 
tribution suggests that the history of  admixture is old enough that the 
present group of Mexicans in the MMA is homogeneous. 
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Appendix: Allele Frequencies 

Sy$ler?l 

( 

for 9 Genetic Loci 

Spanish Mexican Indian 

A 0.310(i) 0.063(9) 
B 0.067 0.003 
O 0.623 0.934 

DCE 0.048(2) 0.022(9) 
DC_.e 0.418 0.626 
DcE 0.090 0.330 
Dce 0.049 0.000 
dCE 0.002 0.000 
dCc 0.011 0.000 
dcE 0,001 0.000 
dee 0.381 0.022 

MS 0.243(3) 0.346(9) 
Ms 0.311 0.444 
NS 0.057 0.080 
Ns 0.389 0.130 

Fy(a) 0.365(4) 0.820(9) 
Fy(b)+Fy 0.635 0.180 
Jk(a) 0.537(5) 0.360(9) 
Jk(b)+Jk 0.463 0.640 

Lua 0.04 i(6) 0.000(1 O) 
Lub 0.959 1.000 

P I 0.540(7) 0.367(7) 
P2+p 0.460 0.633 

Le 0.699(8) 0.616(11) 
le 0.301 0.384 

Se 0.51~/(8) 1.000(I I) 
se 0.483 0.000 

Adapted from Hanis et al. (1991). 
Sources: The numbers in parentheses represent the sourve of the allele frequency data. (1) 
Mourant et al. (1976), Table 1.1. Weighted average of populations from Extremadm-a, Gali- 
cia and Leon. (2) Mourant et aL (1976), Table 4.13. Weighted average on non-Ba~ues and 
Galicia (frequencies recomputed from phenotypic counts). (3) Mourant et aL (1976), Table 
2.7, Lugo, Galicia, Spain. (4) Tills et aL (1983), Table 8.3.1, Barcelona, Spain. (5) Tills el aL 
(1983), Table 9.3.1, Barcelona, Spain. (6) Mourunt et aL (1976), Table 5.1, Basques. (7) 
Crawford et al. (1974), Table 5. (8) Mourant et aL (1976), Table 7.7.4, Basques. (9) Niswan- 
der et al. (1970), Table 4. (10) Mourant et aL (1976), Table 5.1, Chiapas, Yucatan, Oaxaca, 
Veracruz. (11) Mourant et aL (1976), Table 7.7.3, Chiapas. 
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Sumau~. ,The Mexican-Americans of Start County, Texas, classified by sex and birth- 
place, were-studied-to determine the extent of genetic variation and contributions from 
ancestral populations such as Spanish, Amerindian and West African. Using 21 genetic 
marker syslems, genetic distance and diversity analyses indicate that subpopulations of 
Mexican-Americans in Start County are similar, and that more than 99% of the total gene 
diversity (H T) can be attributed to individual variation within the population. Genetic 
admixture analysis shows the predominant influence comes from the Spanish, a lesser 
contribution from Ameriodians and a slight one from the West Africans. The contribution 
of the ancestral population to various subpopulatious of the Mexican-Americans of Start 
County is similar. The Mexican-Americans of Start County are similar to the Mexican 
population from northeastern Mexico. The history of admixture is apparently old enough 
to have brought the entire Mexican-American gene pool to Hardy-Weinberg equilibrium. 
Thereis no non-randomassociation of alleles among the genetic marker systems considered 
in thepresent study, in spite of the fact that this population is of admixed origin. These 
results, in aggregate, suggest genetic homogendty of the Mexican-Americans of Start 
County, Texas, and point towards the utility of this population for genetic and 

epidemiological studies. 

I. Introduction 
The first European contaa with Mexico occurred in 1519 with the an-ival of 

Hernan Cortez on the eastern coast of the Gulf of Mexico (del Hoyo 1979). In 1583 
Don Luis Carvajal founded a new administ/ative division, 'Nuev0 Reino de Ledn', in 
northern Mddco. Geographically this area, from 1583 to 1824, was composed of the 
states Of T.cxas, New Mexico, Nuevo Lc6n, Coahuila, Tamaulipas, Chihuahua, San 
Luis Potosi, zacatccas, Dm'ango. Nayarit and Sinaloa (Montemayor-Hernandcz 
1971). Later.in 1832 the State of Texas dissociated itself from Mexico. and became a 
~c~_dc~_dent State (Republic of Texas); only to be incorporated into the 

United States in.i845 ~r~ah~ez-oa rza i~3). - 

When~the Spanish (31-7~0), Po~guese and Sephardic Jews (68.3%), colonized 
the northeastern sectionof 'Nuevo Reino de Le6n' (dd Hoyo 1979), there was almost 
no admixture With the nomadic native populations of the region (estimated at 35,000 
inhabitants in Nuevo Lebn and 35,000 in Coahuila). The nativelndians were forced to 
leave Nuevo Lobn and Coahuila because of the increasing pressure from the 
colonizers, thereby abandoning the region principally to the Europeans. However, the 
Tlaxcaltecan Indians from Central Mexico migrated to this r e ,  on as a result of an 
agreement with the colonizers. Subsequently, a considerable degree of admixing of the 

• European and Tlaxcaltecan gene pools Occurred (Cossio 1925, Montemayor- 
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Hernandez 1971, del Hoyo 1979, Hernandez-Gar-za 1973, Crawford, Leyshon, Brown 
Less and Taylor 1974). 

The Mexican population (8,740,439) that reside in United States (Mexi- 
can=Americans) are distributed principally in the States of Texas (31 "5%), New 
Mexico (2-7070), Arizona (4.5%), Colorado (2.4%), California (41. 6070) and Illinois 
(4"7070) (US Census 1980). Start County, one of the 254 counties in Texas, is at least 

- 93-8% Mexican=American. Its Mexican population originated principally from the 
States of Nuevo Le6n and Coahuila before and after the independence of the State of 
Texas (Hernandez-Garza 1973). The majority of the Start County population (27,249) 
is concentrated in the towns of Rio Grande City, Roma-Los Saenz and La Grulla (US 
Census 1980)~ 

The contemporary gene pool of the Starr County population contains contributions 
of 61%, 31070 and 8070 from Spanish, Amerindian and Black, respectively, ancestral 
populations (Hanis, Chakraborty, FerreU and Schull 1986, Harris, Hewett-Emmett, 
Bertha and Schull 1991b). This study assesses the extent of heterogeneity of the genetic 
structure within the population classifiedby birthplace and sex. It is important to do so 
because of the known parallelism between the amount of Amerindian admixture and 
the prevalence of several common chronic diseases, including diabetes, gallbladder 
disease and obesity (Hanis et al. 1986; Weiss, Ferrell and Hanis 1984). 

2. Materials and methods 
Genetic data were collected as part of a larger investigation of the epidemiology of 

gallbladder disease; where 1004 randomly selected persons had complete physical 
examinations, during which blood specimens were obtained by Venipufi-cture, between 
April !985 and December: 1986,=Sampling protocols:have_been-described~previously 
(Hanis, Hewett,Emmett, Kubrusly, Maklad, Douglas, Mueller, Barton, Yoshimaru, 
Kubrusly, Oonzalez and Schull 1991). From the 1004 persons examined, 993 bloodlll lh  
samples were analysed; those missing were due to insulticient sample, sample!~. 
haemolysis or refusal to allow venous puncture. Venous blood samples weredrawn 
into two 10ml EDTA vacutainers (Bect0n-Dickinson, Rutherford~NJ); Cells and 
plasma were separated by centrifugation. Aliquots of plasma were transferred to 
screwtop vials and frozen within 2 h of collection in the field, and all sample fractions 
were deposited within 36 h of collection in laboratories in Houston. The samples were 
typed according to methods described by Ferrell, Bertin, Young, Barton, Murillo and 
Schull (1978), Ferrell, Chakrabony, Gershowitz, Laughlin and Schull (1981), Hanis, 
Douglas and Hewett-Emmett (1991a) and Itakura, Matsudate; SakUral;-Hashimoto, 
lto, Kanno, Hiram and Nakamura (1986). The following erythrocyte enzymes and 
plasma proteins were examined: the polymorphic systems ABO, Rh, MNSs, Duffy 
(Fy), Kell (K), Kidd (Jk), adenylate kinase (AK), haptogiobin (lip), 
phosphoglueomutase 1 (PGMI), glutamate pyruvate transaminase (GPT), giyoxalase 
I (GLO), phosphoglycolate phosphatase (PGP), esterase D (ESTD), acid phosphatas¢ 

. ~: (ACPI), 6-phosphogluconate dehydrogenase (POD), adenosine deaminase (ADA), 
--:i ~ group specific component (Go), apoIipoproteins E (APOE) and A-IV (APOAIV); and 

the monomorphic systems haemoglobin (Hb) and Kell-antigen (Kp). The study 
i~:i population, geographic area, and project are described in Hanis, FerreU, Barton, 

Aguilar, Ccarza-lbarra, Tulloch, Garciaand Schull (1983), Hanis, Ferrell, TuIloch and 
Schull (1985) and Hanis et al. (1990). The genetic marker data were subdivided by sex 
and into two groups by birthplace: (1) individuals born in Texas, and (2) individuals 
born in Mexico. Although the total population also includes Mexican-Americans born 
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outside Texas and Mexico, the Sample size was too small (37 individuals) to provide 

much information. 
The allele frequencies for different systems other than POMI were computed by the 

maximum-llkelihood method (Reed and SchuU 1968). Allele frequencies for PGMI 
were calculated by gene counting. Genetic distances among Mexican-Americans of 

"' d genetic Starr.County, classified by sex and birthplace, were computed by Nel s standar 
distance (Nei 1972),~ and their standard errors (SE) by Nei and Roychoudhury's (1974) 
method. To determine the significance of the genetic distances among the different 
subpopulatioris the gene frequency data were compared pairwise by the chi.square 
statistic CNei and RoychoudhurY 1974). The extent of genetic variation between the 
subpopulati°ns of Mexican-America-n.s was assessed using the nested gene diversity 
computer-pro~am (NEGST) developed by Chakraborty, Haag, Ryman and StAhl 
(19.82). The percentage c0ntd]aution of. ancestral populations to the hybrid 
popfilations ~(the :present-day Mexican-Americans) was calculated by the method of 
Chakraborty_(1985, 1986), each group being considered the pi-oductof the admixture 
of:three par.entM: populations, spanish, Amerindian, and West African. To determine 
whether the proportions of genes received by the subpopulations from their ancestral 
sources are Significantly different from each other, a regression analysis of 
heterozygosity on genetic distance (Harpending and Ward 1982) was carried out; and 
the si~plificance of the regressi0n equation was assessed by the method of Snedecor 
and Cochran (1967). Finally, examination of non-random association of alleles at 

different genetic loci by tl~e methods of Brown, Feldmanl and Nevo (1980) a n d  
Chakraborty (1981) was intended to show whether any residual effects of admixture 
remain in the current population, and so make it heterogeneous. 

Gene frequency data on the ancestral populations was obtained from the 
compilation of Mourant et al. (19"/6), the exact sourcesof which axe available in Hanis 

et al. (1991b). 

3. Results 
3.1. Allele frequency 

The allele frequency estimates for the 21 loci (table 1) were used for a goodness- 
of-fit chi-square test to determine whether the phenotype and genotype frequencies in 
the Mexican-Americans, and their sex and birthplace subgroups, depart from the 
Hardy-Weinberg proportions (table 2), omitting the cases where sample sizes were too 
small ( < 10 individuals). The phenotype (genotype) frequencies for most of the loci 
are in reasonable agreement with their respective Hardy-Weinberg expectations. 

Only 11 chi-squares values out of 189 are significant (at p <0.05). Some of these 
involve small;observed frequencies ( < 5 individuals) of specific phenotypes (e.g. KK 
phenotype of the KeU blood group in total; 2+2 ÷, 2 -1- ,  2-2- ,  2*2 -,  phenotype of 
PGMI in Texas males). The overall pattern of phenotype (genotype) distributions at 
these 21 loci is in accordance with the Hardy-Weinberg expectations. 

3.2. Genetic distance and heterozygasity 
Genetic differences among the groups of Mexican-Americans dasslfied by sex and 

birthplace, and then by birthplace only, were estimated using Nd's standard genetic 
distances among all pairs of populations and their respective standard errors (table 3). 
The average heterozygosity (/7) among the subpopulations of the Mexican-Americans 
varies between 33" 4070 (Texas males) and 34.3 07o (Texas femal~), and is 34.107o Overall. 
Since 90-007o of the 21 loci included in the present study are polymorphic, Rmay  not 
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Table 1. Allele frequencies among Mexican-Americans of Start County by sex and place of birth. 

System 

Birthplace 

Texas Mexico 

Males Fc'ma/es Total Males Females Total 

A@O- 
Ai 
A2 
B 
O 
/I  

Rh 

Dee 
d e e  
dee  

n 

MS 
MS 
NS 
Ns 
R 

Fy (a) 
Fy (b) 

R 

Ke// 
K 
k 
n 

K ~  

Jkb 
n 

~dCl 

n 

ADA 
ADA! 

R 

ESD! 
F_.SD2 
M 

0"153 
0"031 
0.070 
0"747 

156 

0"006 
0-440 
0-187 
0-077 
0"000 
0"000 
0"000 
0"291 

156 

0-297 
0-383 
0"072 
0" 249 

156 

0-463 
0"438 
0-099 

151 

0"010 
0-990 

156 

0-532 
0-468 

155 

0-962 
0.038 

156 

0.968 
O. 032 

156 

0-889 
0-111 

157 

0"!70 • 0"164 0-141 0"136 0"138 
0"038 0"036 0"018 0"027 0"024 
0.063 0.065 0.093 0"076 0.081 
0-730 0"735 0-748 0"761 0.757 

362 518 129 302 431 

0"015 
0"433 
0"168 
0"059 
0-000 
0"000 
0"008 
0"318 

362 

0.294 
0.382 
0"096 
0"227 

360 

0"399 
0"504 
0"097 

353 

0"014 
0"986 

362 

0"012 0"011 0-022 0"019 
0"435 0-414 0.461 0.447 
0" !73 0"204 0" 167 0" 178 
0"065 0- 050 0"057 0- 055 
0.000 0.000 0.0~0 0.000 
0.000 0.000 0.000 0.000 
0.006 0.0(30 0 . ~ 0  O.OGO 
0-309 0"321 0"293 0"301 

518 128 302 430 

0.296 0-280 0.296 0"291 
0"381 0"349 0.344 0"345 
0-088 0"068 0"066 0"067 
0.235 0.304 0-294 0.297 

516 128 301 429 

0"417 0"396 0"474 0"450 
"0.4.84 0-538 0"455 0"480 
0"099 0"066 0"070 0"070 

504 125 294 419 

0"014 0"016 
0.986 0-984 

518 129 

0.003 0.00"7 
0.997 0.993 

302 431 

0.504 0"513 0"395 0.454 0.436 
0-496 0.487 0-605 0"546 0.564 

359 514 129 302 431 

0-972 0"977 0.977 0.977 
0.028 0-023 0.023 0.023 

519 129 302 431 

0.977 
0-023 

363 

0.967 0.967 0-961 0.962 0.941 
0.033 0.033 0-039 0"038 0"059 

364 520 129 3O2 451 

0.863 0-840 
0.138 0.160 

5"20 128 

0.851 
O" 149 

363 

0"892 0-877 
0"108 0-123 

302 430 
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System Males Femaler Total Males Females Total 

ACP 
ACPa 0.229 0.256 0- 248 0.29~ 
ACPb 0"752 0"737 0"741 0.671 
ACPc 0.019 0.007 0.011 0.035 
n 157 363 520 129 

G/r/" 
GPT! 0.539 0.458 0.483 0- 480 
GPT2 0.461 0.542 0.517 0"520 
n 153 348 501 125 

GLO 
GLOI 0-385 0"385 0"385 0"395 
GLO2 0.615 0.615 0.615 0'605 
n 157 364 521 129 

POD 
PGDA 0"974 0,983 0" 981 0" 992 
PGDC 0.026 0"017 0"019 0.008 
n 155 362 517 128 

PUP 
PGPI 0.914 0.859 0.875 0.895 
PGP2 0.073 0.136 0" 117 0" 101 
PGP3 0-013 0.005 0.008 0.004 
n 156 365 522 129 

Ho 
Hpl 0.404 0.437 0.427 0.388 
Hp2 0"596 0"563 0"573 0"612 
n 156 365 522 129 

C,c 
OclS 0-510 0.521 0.517 0.547 
Go l f  0" 186 0.203 0" 198 0'213 
Go2 0-304 0.277 0-285 0-240 
n 153 365 518 129 

APOE 
APOE2 0"050 0.033 0-038 0"052 
APOE3 0.864 0.867 0.866 0-868 
APOE4 0,086 O" I01 0-096 0.080 
n 151 353 504 125 

APOIV 
ApoAIV! 0.884 0"938 0-918 0.926 
ApoAlV2 O" 105 0.062 0.076 0"074 
ApoAlV3 0.012 0.000 0-006 0.000 
n 43 121 165 34 

PGM! 
P G M I +  0.621 0.575 0.589 0-601 
PGM! - 0" 197 0"216 0"211 0"201 
PGM2 + 0" 115 0" 137 0-130 0" 132 
P G M 2 -  0.067 0.071 0-070 0.066 
n 157 365 522 129 

0" 276 0- 282 
0-712 0-700 
0.012 0.019 

302 431 

0.455 0 .463 
0.545 0" 537 

290 415 

o. 39~ o. 39~ 
O.604 O-604 
302 431 

0-980 0.984 
0.020 0-016 

301 429 

0-887 0 .890 
0-108 0-106 
0-005 0-005 

302 43i  

0-465 0 . 4 4 2  
0-535 0.558 

299 428 

0"493 0,509 
0-222 0"219 
0-285 0-272 

30O 429 

0-032 0.038 
0.847 0-853 
0" 121 0" 109 

298 423 

0.943 0-939 
0-057 0.061 
0.000 0.080 

123 157 

0"553 0"567 
0.229 0.221 
0-150 O- 144 
0"068 0.067 

301 430 

Kell-Kp and HB loci were monomorphic for Kpb and Hb-a allele, respectively, 
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Chi-.uluare test for est imating Hardy-Wcinbcrg equilibrium for the Mexican-Americans  of 
Start County, Texas by sex and birthplace. 

Te.tas Mexico Total 

Sy~em Mak~ Females Total MaJes Femal~ To(al Mtl~ Femtles Total 

ABO 
x 2 2.99 2-32 2-90 2.99 1.57 4.06 !.83 0-18 0.19 
m 156 362 SI8 129 302 431 298 691 

Rk 
x 3 2-39 3.94 1-95 6.74 6.07 8.57 2-13 4.65 3.25 
n 156 362 S18 128 302 430 297 691 988 

M N ~  
6.57 2-1.5 2-99 1"58 0"70 0"54 4"35 1"52 2.54 

n 156 360 516 128 301 , 429 297 687 984 

x~ 3.66 1-99 0-00 0.92 3-35 1.23 0.82 0.04 0.11 
m 151 353 504 123 294 419 288 674 962 
K ~  
X 2 0"01 10"361' 8"901' 0"03 0"02 0"02 0"05 12-42t 6"44t 
a 156 362 518 129 302 431 298 691 989 

K/dd 
0-02 0-07 0-04 0.09 0,~0 0-04 0.21 0.12 0.(]0 

m 155 359 514 129 302 431 297 688 985 

AK 
0-23 0-21 0.43 0-07 0.17 0-24 0-32 0.46 0.7"7 

n 156 363 519 129 302 431 29'8 692 990 

ADA 
0-17 0-99 0-38 0"21 0-47 i '76 0-36 0-05 0"02 

m 156 364 520 129 302 45 ! 298 693 99 I 

ESTD 
0-59 0-16 0.00 0.22 0-09 0"04 0"01 0.46 0-23 

m 157 363 520 128 302 430 298 692 990 

ACP 
X ~ 3"23 3-57 0.61 1.95 2-03 2.12 3-69 0.41 2.84 
n 157 363 520 129 302 431 299 692 991 

GP7" 
1.29 0-39 0,00 0-01 0-93 0.57 0-02 0.03 0.02 

n 153 348 501 125 290 415 291 665 9S6 

GLO 
x 2 0.19 0-72 0-91 i-36 0-00 0.48 1,71 0-36 1.48 
m 157 364 52i 129 302 431 299 692 991 

PGD 
x 2 0.11 0.10 0-20 0.01 0.12 0.12 0-09 0.23 0.32 
n 155 362 517 128 301 429 296 690 986 

POP 
X 2 0.38 0-66 1.21 0-21 0-15 0.83 0-~41 2.16 2,89 
m 156 " 365 522 129 302 431 299 694 993 

0.31 0-24 0-02 0.0~ 4.76t 4.27'1' 0-00 2.55 2.02 
R 156 36.5 522 129 299 428 299 691 990 

Gc 
X ~ 0.38 3-35 3-05 0.12 !-20 0-53 0-410 2.88 2.28 
a 153 365 518 129 3~0 429 295 692 987 

APO£ 
1.31 1-53 0.21 0.44 !.76 0.33 !-32 1.66 0"35 

m 151 353 ~ 4  123 298 423 2 ~  676 963 

APOIV 
0-74 0-53 6.13 0-21 0-45 0.6.5 0-88 0.95 7.59~ 

s 43 121 165 34 123 157 78 7.50 329 

PGM'! 
x 2 14.121' 10.72 18.74'1" 2-75 10-43 11.48 9.07 12.661' 20,971' 
m 157 365 522 129 301 430 299 692 991 

d.f.: ABO=2; Rh= I0; MNSs = 5; ACT, PGP, Gc, APOE, APOIV =3. Duly, Kell, Kidd, AK, ADA0 
ES'rD,  GPT,  GLO, PGD,  H p = l ;  P G M I = 6  
f x 2 significant at p<O.O~. 
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Males Females Total 

Texas Mexico- Texas Mexico Texas Mexico 

Males 
Tex~ 

Me,rico 

Females 
Texas 

Mexico 

Total 
Texas 

Mexico 

33.43 0-32 0.20 0.22 
± 5.50 

3.54 33.86 0-27 0.24 
± i .62 ± 5.49 

1.67 2"18 34.34 0.16 
±0.63 ±! -00  ±5.53 

2.18 2.20 i-35 33.90 
±0.81 ±0.77 ±0.49 ±5-59 

34"il 0"14 
±5.52 

i-13 34.14 
±0.51 ±5 .52  

1" Figures on the diagonal are the average heterozygosities expressed in percentage 
(e.g. Texas males = 33.43%); below the diagonal are standard genetic distances in 
10- 3 codon difference~ per locus and above the diagonal are ~ values (polymorphic 
loci) with d.f.=35, p>O.O$. 

All computations are based on 18 polymorphic loci (ABO, Rh, MNS$, Duffy, 
Keil, Kidd, AK, ADA, ~ D ,  ACP, GPT, GLO, PGD, PGP, Hp, Go, APOE, and 
PGMI) and two monomorphic loci (Kp and Hb). 

reflect the actual level of genetic variation generally found in human populations. The 
genetic distances show no significant differentiation, as examined palrwise by the chi- 
square statistic (Nei and Roychoudhury 1974). 

3.3. Gene diversity 
The total average gene diversity ( H  T) of 34.1~70 (including the two monomorphic 

loci) and 37.7c70 (over the polymorphic loci only) mainly (over 99°70) can be attributed 
to individual variation within the population. Only a small contribution to total 
variability (0"71°70)comes from the between-birthplaces level of subdivision. The sex 
difference is even smaller (0.21 ~7o of the total). 

3.4. Genetic admixture 
Table 5 presents the estimated values of admixture based on 17 polymorphic genetic 

loc i ,  fitting a trihybrid model us ing  the ancestral frequencies shown in the appendix. 
There is tittle difference among the Mexican-American subgroups. The Spanish 
contribution varies from 55" 9°70 for Texas males to 66.2~0 for Texas females, that from 
Amerindians varies from 27.6°7o in Texas females to 34.2a70 in Mexico females, and the 
African contribution varies from 5"9~7o in the Mexico total to I1.7~0 in Texas males. 
The Mexican-Americans of Start County, Texas appear to be hybrid populations with 
Spanish, Amerindian and West African admixture, with a predominantly Spanish 
contribution followed by Amerindian and a small West African contribution. 

Although the standard errors of these estimates are provided, no rigorous test of 
homogeneity is possible because of the unknown sampling distribution of the estimated 
admixture proportions to determine whether the gene-flow from outside is homogene- 
ons. The procedure of Harpending and Ward 0982) was therefore applied. The genetic 
distance (r~ of the/th subpopulation from a hypothetical centroid of all subpopul- 
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Table 4. Gene diversity anaJysis of allele frequency data from 
Me,can-Americans in Start County. Texas. 

Within 
Locus population 

G~t HTX 
Between Between se~ Total 

birthplaces within birthplaces gene diversity 

ABO 98.50 I- 13 0.37 0.418 
Rh 99.36 0- 59 0'  05 0" 696 
MNSs 98"31 1-40 0"29 0.699 
Duffy 99.15 0-84 0-01 0-550 
Kell 99.26 0-62 0" I I 0"033 
Kidd 99.14 0"81 0"05 0.497 
AK 98"78 1"15 0-07 0.074 
ADA 98.76 1.24 0.00 0.046 
ESTD 99-27 0-65 0-08 0.239 
ACP 98-67 1" 13 0-20 0"395 
GPT 99-46 0"!5 0"38 0.500 
GLO 99.98 0.02 0.00 0.474 
PGD 99"49 0-40 0" 10 0"030 
PGP 96.07 ! '88 2.04 0"211 
Hp 99"65 0"18 0.17 0.485 
Gc 99.04 0-82 0-13 0.592 
APOE 99-23 0"65 0" 12 0"261 
PGMi 99"73 0-15 0"12 0"592 

Mean{j 99.08 0.71 0.21 0.377 
s.c. +0.17 +0.13 +0.07 +0.054 

I" Expressed as percentage of total..  
Absolute total gene diversity in the entire sample. 

§ Excluding monomorphic loci OCp and Hb), the absolute total gene 
(diversity per locus (HT) including all 20 loci is 0-340+0.055. 

Table 5. Percentage contribution from Spanish, Amerindian a n d  
West African gene pooh to the contemporary Mexican-Americans of 

Start County by sex and birthplace. 

Spanish Amerindian West African 

Males 
Texas 55.95+2.74 32.33+2.36 11.72+1-24 
Me,co 64.08+1.42 29.33+1-23 6.$9+0.65 
Total 58.62+2.47 31-69+2.13 9.68+1.12 

Fema/~ 
Texas 66.25:1:0.21 27"$7+0"19 6"17+0.I0 
Mcxko 59-30+! '75 34"19+ I'$1 6"$1±0"79 
Tots/ 63"77+0-66 30-16+0-$7 6"08+0"30 

Total 
Texas 63.23+0.94 28.88+0.81 7.88+0.43 
Mexico 62-71.4-1.04 31.37+0-90 $.92+0-47 
Total 62-30+1.19 30-55+1-03 7.16+ 1.00 

The computations are done with 17 polymorphic loci (ABO, P,h, 
MNSs, Duffy, Kell, IGdd, AK, ADA, ESTD, ACP, GPT, GLO, 
PGD, PGP, Hp, Gc and PGMI). A.POE locus data are not used for 
admixn~e estimation because allele frequencie~ at this locus axe not 
available for the appropriate ancesu~ populations. 
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ations is related to the average heterozygosity (H~ of the /th subpopulatlon. If 
gene-flow from outside is uniform, then Hi = b(l - rD, with absolute value of b be ing  
equal to /7 ,  the average heterozygosity in the pooled population. Using 18 genetic loci 
(excluding the two monomorphic Hb and Kp loci, and the APOA IV locus for which a 
large number of individuals were not typed), analysis of the regression (table 6) of 
heterozygosity on genetic distance shows it to be consistent with linearity. /7 in the 
pooled populations (34.06070) does not differ significantly from the regression 
CO¢ffi~ent (33.97070). The various subpopulations of the Mexican-American popul. 
ation of Start County are therefore similar in the proportions of the genes they have 
received from the ancestral populations, which is consistent with the similarity of ad- 
mixture proportions estimated in the previous section. 

Table 6. Average heterozygosity (H~ and genetic 
distances from a centroid (rD among the 
Mexican-Americans of Starr County based on 18 

polymorphic loci. 

Pop~afion ~ ± S E  Hi±SE 

Males  

T e x a s  0-0038±0.0010 0"3343 ± 0.0550 
Mexico  0.0048±0.0015 0"3386±0.0549 

Females  

Texas 0.0012 ± 0-0003 0.3432 ± 0.0553 
Mexico  0.0016:1:0.0004 0-3390+0.0559 

Regression analy~s: H i = b( l = r~); H i plotted againsz 
1 - r~  through the origins has t= -0.901; d.f. =2, 
p>O-O~. 

Regression coeff3cient through origin 
(b) = 0"339"/+ 0.00J$. 

Average heterozygosity in pooled population 
(R)-- 0.3406 ± 0.0554. 

3.5. Non-random association among genetic loci 
It is well known that the mixture of populations with disparate allele frequencies 

can produce non-random association of alleles at two or more unlinked loci (Li 1955, 
Nei and Li 19"/3; Chakraborty and Weiss 1988). Employing the procedure suggested by 
Brown et al. (1980), from the available genotype data on each individual, we defined a 
multi-locns genotype for each individual excluding the monomorphic Hb and gp  loci 
and the APOA IV genotype, for which too few data were available. With respect to the 
remaining 18 loci, the number of loci was determined for which each of 862 individuals 
was heterozygous. Comparing the Observed distn'bution with that expe~ed, under the 
~ p _ t i o n  o f random association ofa l ldesat  different lociusingChakraborty, s (-1981) 
algorithm we find (table'/)that the observed distn'bution is in fair agreement with ~ the 
observed one (g~idess,of-fit  x3 wi~:9d:.t'.'= 19-96; p>0.01) .  Since the expected 
hdiSeterotribution~involves ~the ob~rved data a t  least partially (loons-specific observed 

zygosity values), thereare some technical difficulties for  determining the degrees 
of freedom of the above goodness-of-fit statistic, detailed in Chakraborty (1984). 
However, Brown et al. (1980) showed that t h e ~ o n s  of  mean and variance of the 
number of heterozygons loci can be written as functions o f  locus-specific 
heterozygosities under the assumption of random association of alleles, and the 95070 
confidence limit of the observed variance of the number of heterozygous loci can also 
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Table 7. Observed and expected distribution of the 
number  of heterozygous, loci in the 

Mexican-Americans of Start County, Texas. 

Number of individuals 

Number of 
heterozygous loci Observed Expected 

0-  2 6 5-72 
3 27 20.73 
4 81 $8"15 
5 125 115.96 
6 180 169"61 
7 167 185-10 
8 137  , 151.80 
9 86 93.48 

10 31 42"89 
11-18 . 22 18"56 

Total 862 862-00 

Mean 6" 630 6" 836 
Variance 3.540 3"331 

~ e ~ s - o f - f i t  ~ = 19-96, d.f. =9,  p > 0 . 0 1 .  
95% Confidence interval for variance (3.024, 3-638). 

be calculated. In the Mexican-American data the mean number of heterozygous loci 
was 6" 63 and the variance was 3.54. Their expected values (under random association) 
are 6.84 and 3.33, respectively. The 95~0 confidence limits of the variance axe 
3.02-3-64. Clearly, these suggest no evidence of non-random association of alleles 
among the 18 polymorphic loci in this population. 

4. Discussion and condusion 
The results of genetic distance analysis between various subpopulations of 

Mexican-Americans indicate that they are similar to each other. Overall, the level of 
gene diversity (Gsr) is small and more than 9907o of  total gene diversity (HT) is 
accounted for by individual variation within the population. 

The admixture results are largely comistent with reports for other 
Mexican-American groups in the United States. Reed (1974), using the Rh blood group 
system, estimated 32.0 + 5.6e70 Amerindian ancestry among the Mexican-Americans 
of California. Gottlieb and Kimbcrling's (1979) findings, from a small admixture study 
in Colorado, showed 60-0~0 Spanish contribution to the population, indicating a 
somewhat larg~ Amerindian component than seen in other studies. Population 
admixture estimates computed for the Mexican-Americans of San Antonio, Texas, 
based on skin reflectance (Relethford, Stern, Gaskill and Hazuda 1983), showed the 
Amerindian contribution to be 46.0e/0, 27.0°7o and 18.0%, respectively, amongthe 
Barrio, Transition and Suburban Mexican-American ncighbourhoods. Based on gcne 
frequency data on 18 genetic loci Chakraborty, Ferrell, Stern, Haffner, Hazuda and 
Rosenthal (1986) estimated 43.807o, 30.00/o and 18-7% Amerindian ancestry, 
respectively, in the same three social classes. 

The results obtained from the trihybrid model in the present investigation indicated 
around 62.0%, 30.0% and 8.00/o contribution from the Spanish, Amerindian and 
West African gene pools, respectively. Although various studies show some regional as 
well &~ social class variation regarding the contribution of  Amerindians to the 
Mexican-Americans of  the United States, there was no remarkable heterogeneity in 
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genetic admixture among subgroups of the Start" County population. Our estimates of 
admixture are similar to those obtained by Garza-Chapa (1983), Cerda-Flores; 
Ramirez-Fernandez and Garza-Chapa (198"0, Cerda-Flores and Garza-Chapa (1989) 
and Cerda-Hores, Kshatriya~ Barton, Leal-Garza, Garza-Chapa, Sehul] and 
Chakraborty (1991) for the Mexicans of Nuevo Le6n in northeastern Mexico. The chi- 
square statistic for the 21 genetic marker systems to fit the Hardy-Weinberg equilibrium 
indicates that intermixing is old enough to have eliminated any early non-random 
association of genes. 

In summary, on the basis of the genetic data presented, we conclude that the 
Mexican-Americans of Starr County, Texas, classified by sex and birthplace, are not 
genetically distinguishable. The findings on genetic admixture indicate a predominant 
influence from the Spanish, and lesser contn'butions from Amerindians and West 
Africans. The history of admixture is apparently old enough to have brought the entire 
Mexican-American gene pool to Hardy-Weinberg equilibrium. The multi-locus heter- 
ozygosity distribution also supports the inference of genetic homogeneity. 

These findings have a number of important implications with respect to the utility of 
such populations in anthropogenetic and epidemiological contexts. First, the 
demonstration of genetic homogeneity of the Mexican-Americans of Start County, 
Texas, in spite of their admixed origin, suggests that this population is suitable for 
studying disease-marker associations in the search of candidate genes of complex 
diseases; such an ~ a t i o n  cannot poss~ly arise from population mixture alone 
(Chakraborty and Weiss 1988). Secondly, inspite of the polyphyletic origin of the 
Mexican-Americans, their multi-locus genotypic distribution satisfies the premises of 
random segregation of unlinked loci. Therefore, the probability of finding a specific 
multiple-locus genotype in such a population can be determined by the product rule of 
locus-specific genotype probabilities, contrary to the recent claim of Cohen (1990). The 
862 individuals on which we had the IS-locus genotype data available constitute 862 
different multiple-locus genotypes; i.e. no repeat of any multiple-locus genotype was 
observed in the sample. Based on the allelic frequencies the most probable multiple- 
locus genotype in this population would be encountered once in every 885,764 
individuals. This shows that the discretized genotypic information in such a population 
is sufficient to determine the identity of individuals even when the population is of 
admixed origin. 
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Zanmmenfa.~eng. Die nach Geschlecht trod Gebutt~rt kla.~iflzienen Mexican-Americans yon S"tarr 
County, Texa~, wurden im Hinblick auf das Ausma0 ihrer genetischen Differenzierung und der Beitrage 
yon ancestralen Populationen, wie Spanier, amerikanischer Indianer und Westafrikaner tmtersucht. Unter 
Bc~rflc.k.~ichtigung yon 21 geneti~hen Markern zeigten genetische Abstandsam~ysen und C.ene Diversity- 
~ n ,  :da~ Subpopulationen der Mexican-Americans in Start" County einander genetisch ahnlich sind 
und dal3 mehr als 99% der insgesamt benbachteten Gene Diversity (HT) auf individuelle Variationen in der 
Population zur0ckgefohan werden kOnnen. Eine Analyse der genetischen Durchmischun 8 belegt einen 
prgdominanten EinfluO der Spanier, einen geringeren Beitrag der amerikanischen lndianer und einen 
geringfflg!gen der Westafrikaner. Der genetische lkitrag der ancestralen Populationen zu den 
vertchiedenen Subpopulationen der Mexican.Americans in Starr County ist lhniich. Die Mexican- 
Americans yon Start County sind den m ~ h e n  Populationen ans dem Nordosten Mexicns ghnlich. 
Der Proze8 der Durchrnischung reicht historisch offensichtlich soweit zun3ck, daft die Zeit ausreichcnd 
wax, um den gesamten Genpool der Mexican-Americans ins Hardy-Weinberg-Gieichgewicht zu bringen. 
Obwohl diese Population per Durchmischung enstanden i~. gibt es keine nichtzufllligen Assoziationen ~,~ 
der Allele twischen den geneuschen Markersystemen. die in dieser Studie berOcksichtigt wurden. 

-l~gcsamt belegen die Ergebnis~ die genetische Homogenitlt der Mexican-Americans yon Starr County. 
TP.J~. . . . . . .  • " " • und welsen auf die Bedeutung dieser Populauon g0r genetis~e und epidemiologische Studien hin. 

R~mn~. Les mexicains-am~h-icains du comt~ de Start au Texas, r~penori~ par sexe et lieu denai.mance. 
ont ~ ~tudi~s afro de d~terminer I'~tendue de leur variation g~n~tique ainsi que des contributions qu'ils out 
recues de populations ancestrales telles qu'espagnole, am~rindienne et ouest-africaine, Les distances 
g~t iques  et le~ analyses de diversit~ e f f e a ~ t ~  de 21 marqueurs g~x~tiquesi ind.:quent que les sous- 
groupes de mexicalns-am&-i~ du comt~ de Start sont similaires et que plus de 99% de la diversit~ 
g~tr'tique totale (H T) peuvent ~ attribu~s~-desvariatiOn~indi~duelles darts la population. Les analyses 
d'appons g~n~que montrent que I'inltuence dominante. . provient des espagnois, i un moindre degr~ des 
am~h~diem et darts une faible mesure des ouest.afncams. La contribution de la population ancestrale aux 
. d ~ y ~  sous-populations e~similalre. Les mexicah~-am~icah~ du comt~ de Start- sont ~.mblables aux 
populations mexicaines du nord-est du Mexique. L'hlstoire du m~tissage esx apparemment ~ ~ e  
pour avoir pcrmis I'atteinte de l*~luilibre d'Hardy-Weinberg, pax I'en.u:xnble du patrimoine g~tm~klue 
mcxicain,am~ricain. LI n'y a pa~ d'as.u~ation non-all~atoire d'alh~les parmi les syst/.hnes considch-~s darts 
cette ~tude, en de, pit de l'origine composite de cctte population. Ces rZcs-ttltat~ monttent l'liomog6n~'it~ 
Sb~klue des mexicain.~-am~.h:~dns du comt~ de Start au Texas et indiqu¢~t i'utilit~ de cette populaliod 
pour des ~[tudes t.tpid~miologiques et g~n~.iques. 
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Appendix. 

R. M. Cerda.Flores et al. - . . . . . . . . . .  

Allele frequencies for 17 genetic loci in Mexican=Americans of Start County and putative 
ancestral populadousq 

Allele 

M ~ - ~  . . . . . . .  

MMes F ~ e s  Total S ~ s h  Amerindian West African 

A 0.1"/4 0 . 1 ~  0.181 
B 0.077 0.~3 0-~4 
O . . . .  0-749 0.'/43 0-745 

DCE 0-011 0.020 0.017 
DC.e 0"4~ 0"443 0-438 
D¢.E 0.191 0.1~ 0-1'/4 
Dce 0.068 0.064 0.085 
dCE 0.000 0.000 0-C00 
dCe 0.000 0.000 0-000 

0.310 0.063 0.191 
0.06"/ 0.003 0-213 
0.623 . . . .  0,934 . . . .  0 i 5 9 6  -i~,~ i~ Z . ;  

0-048 0-022 0.002 
0.418 0-626 0.028 
0.090 0.330 0.084 
0.049 0.0O0 0.63"/ 
0-002 0.000 O.CCO 
0-011 0.000 0,00"/ 

....... 0,003 ...... 0.001 ..... dcE ........... 0-000 .... 0.004 
dce 0-302 0-303 0-503 0.380 0.022 0.242 

MS 0.287 0-299 0-296 0.243 0.346 0.088 
Ms 0-365 0-360 0-361 0.311 0-444 0.432 
NS 0.067 0.080 0-075 0.057 0.080 0-138 
Ns 0.282 0.262 0-268 0.389 0.130 0.342 

Fy (a) 0-436 0.434 0-435 0.365 0.820 0.002 
Fy Co) 0.484 0.482 0.483 0-635 0" 180 0.000 
Fy 02080 0.084 0.083 0.000 0.000 0-998 

.... 0-000 ............ 0-000 .... 

~ ~ :: :~:~ =':'" :" : ~  0 : 0 1 3  ~ : : ' : '  0"010 ~ ~,: ~ =0'011 -~: =~:,:=0,038:-=----==~0"000"~ ~---0"003----~ ....... :- ..... 

k 0"987 0"990 0"989 0"962 1-000 0"99/ 

Jka 0.468 0.480 0-476 0'~37 " 0-360 0-433 
Jkb 0"532 0-520 0-524 0.463 0-640 0'567 

- AKI " .0,9~ :0.9"/$ " ~- :~0--973:- ~-0~'978~*~------~1--" 000='%~ _~f_0-993~: ~-~-_~_-_---~ 

. . . . .  XX~A~ .... _ -_0:~i -~--~ --6:~s6 -=-~---6:~r~- --~-0~95i~I-000 ........ I=000 - 

- -ADA2 ....... 0.034. -- --0-6~---- 70=60~-_--.0-049 _ 0:000 -0~O00 ~ - -  - 

ESDI 0" 867 
ESD2 0" 133 

ACPa 0.254 0.265 0.262 0-298 
ACPb 0.721 0-725 0-724 0.666 
ACPc 0"025 0.009 0-014• 0"036 

G P~-I 0"$14 0.456 0-473 0-505 
GPT2 0.486 0.544 0-527 0-495 

GLO! 0-390 0"391 0-391 0.423 
GLO2 0"610 0.609 0-609 0.577 

PGDA 0-983 0"982 0.982 0.975 
PGDC 0"017 0"018 0-018 0"025 

PGPI 0.908 0.868 0-880 0.927 
PGP2 0.082 0-126 0-113 0.047 
PGP3 0"010 0.006 0-007 0.026 

Hpl 0,396 0.448 0-432 0.429 
Hp2 0.604 0"552 0-568 0-$71 

C, cl 0-725 0.720 0-721 0-641 
C¢2 0"275 0.280 0-279 0"359 

PGMI + 0"610 0.566 0"579 0-621 
P G M I -  0-199 0.223 0-215 0"!14 
PGM2+ 0.124 0"144 0-138 0"211 
PGM2 - 0"067 0"068 0"068 0"054 

0"132 0"132 0"121 0-284 0"062 

0-203 0.180 
0.797 0.820 
0.0(30 0.0(30 

0.442 0" 863 
0" $58 0- ! 37 

O.211 ~ 0.309 
0.789 0.691 

0.997 0-937 
0-003 0.063 

0-690 1.000 
0"310 0.000 
0,000 0-000 

0-452 0'654 
0.S48 0.346 

0"859 0-916 ; ~ 
.0"141 0.084 

o.48s o.Ts~ 
0;342 0-039 
0.020 0" 147 
O" 153 0"027 

1' The allele frequencies for the M ~ - A m e r i c a n s  are from the present survey (summing over all 
individuals) and those for the ancestral populations are compiled from the literature (see Hanh e/a/. 
1991b for exact sources from Mourant e~ a/.'s 1976 compilation). 
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Sammary. The Mexican-Americans of Start County, Texas, classified by sex and birth- 
place, were studied to determine the extent of genetic variation and contributions from 
ancestral populations such as Spanish, Amerindian and West African. Using 21 genes.it 
markez systems, genetic distance and diversity analys¢~ indicate that subpopulations of 
Mexicun-Americans in Start County are ~nilar, and that more than 99~ of the total gene 
diversity (H T) can be attributed to individual variation within the population. Genetic 
admixture analysis shows the predominant influence comes from the Spanish, a lesser 
contribution from Amerindians and a slight one from the West Africans. The contribution 
of the ancestral population to vaxiou~ subpopulations of the Mexican-Americans of Stair 
County is similar. The Mexican-Americans of Start County are similar to the Mexican 
population from northeastern Mexico. The history of admixture is apparently old enough 
to have brought the entire Mexican-American gene pool to Hardy-Weinberg equilibrium. 
There is no non-random association of alleles among the genetic marker s~-tems considered 
in the present study, in spite of the fact that this population is of admixed origin. These 
results, ~ in aggregate, suggest genetic homogeneity of the Mexican-Americans of Start 
County, Texas, and point towards the utility of th~ population for genetic and 

epidemJological studies. 

I. Introduction 
The first European contact with Mexico occurred in 1519 with the arrival of 

Hernan Cortez on the eastern coast of the Gulf of Mexico (del Hoyo 1979). In 1583 
Don Luis Carvajal founded a new administrative division, 'Nucvo Reino de Le6n', in 
northern Mexico. Geographically this area, from 1583 to 1824, was composed of the 
states of Texas, New Mexico, Nuevo Le6n, Coahuila, Tamaulipas, Chihuahua, San 
Luis Potosi, Zacatecas, Durango, Nayaxit and Sinaloa (Montemayor-Hernandez 
1971). Later in 1832 the State of Texas dissociated itself from Mexico, and became a 
separate independent State (Republic of Texas); only to be incorporated into the 
United States in 1845 (Hernandez-Gatza 1973). 

When the Spanish (31.7%), Portuguese and Sephardic Jews (68-3%), colonized 
the northeastern section of 'Nuevo Reino de Le6n' (del Hoyo 1979), there was almost 
no admixture with the nomadic native populations of the region (estimated at 35,000 
inhabitants in Nuevo Le6n and 35,000 in Coahuila), The native Indians were forced to 
leave Nuevo Le6n and Coahuila because of the increasing pressure from the 
colonizers, thereby abandoning the region principally to the Europeans. However, the 
Tlaxcaltecan Indians from Central Mexico migrated to this region as a result of an 
agreement with the colonizers. Subsequently, a considerable degree of admixing of the 

• European and Tlaxcaltecan gene pools occurred (Cossio 1925, Montemayor- 

¶ To whom correspondence should be addressed. 
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Hernandez 1971, del Hoyo 1979, Hernandez-Garza 1973, Crawford, Leyshon, Brown 
Less and Taylor 1974). D 

The Mexican population (8,740,439) that reside in United States (Mexi (. 
can-Americans) are distributed principally in the States of Texas (31"5070), New 
Mexico (2-7.70), Arizona (4.5070), Colorado (2-4*70), California (41.6°70) and Illinois 
(4.7070) (US Census 1980). Starr County, one of the 254 counties in Texas, is at least 
93-8070 Mexican-American. Its Mexican population originated principally from the 
States of Nuevo Le6n and Coahuila before and after the independence of the State of 
Texas (Hemandez-Garza 1973). The majority of the Starr Countypopulation (27,249) 
is concentrated in the towns of Rio Grande City, Roma-Los Saenz and La GruUa (US 
Census 1980). 

The contemporary gene pool of the Starr County population contains contributions 
of 61.70, 31070 and 8070 from Spanish, Amerindian and Black, respectively, ancestral 
populations (Harris, Chakraborty0 Ferrell and Schull 1986, Hanis, Hewett-Emmett, 
Bertha and Schull 1991b). This study assesses the extent of heterogeneity of the genetic 
structure within the population classified by birthplace and sex. It is important to do so 
because of the known parallelism between the amount of Amerindian admixture and 
the prevalence of several common chronic diseases, including diabetes, gallbladder 
disease and obesity (Hanis et al. 1986; Weiss, Ferrell and Hanis 1984). 

2. Materials and methods 
Genetic data were collected as part of a larger investigation of the epidemiology of 

gallbladder disease, where 1004 randomly selected persons had complete physical 
examinations, during which blood specimens were obtained by venipuncture, between 
April 1985 and December 1986. Sampling protocols have been described previously 
(Hanis, Hewett-Emmett, Kubrusly, Maldad, Douglas, Mueller, Barton, Yoshimaru, 
Kubrusly, Gonzalez and SchuU 19.91).. From the 1004 persons examined, 993 b l o o d ~  
samples were analysed; those rmssmg were due to insut~cient sample, s a m p l e r  
haemolysis or refusal to allow venous puncture. Venous blood samples were drawn 
into two 10ml EDTA vacutainers (Becton-Dickinson, Rutherford, N J). Cells and 
plasma were separated by centrifugation. Aliquots of plasma were transferred to 
screwtop vials and frozen within 2h of coUection in the field, and all sample fractions 
were deposited within 36 h of collection in laboratories in Houston. The samples were 
typed according to methods described by Ferrell, Benin, Young, Barton, Murillo and 
Schull (1978), Ferren, Chakraborty, Gershowitz, Laughlin and Schull (1981), Hanis, 
Douglas and Hewett-Emmett (1991a) and Itakura, Matsudate, Sakurai, Hashimoto, 
Ito, Kanno, Hirata and Nakamura (1986). The following erythrocyte enzymes and 
plasma proteins were examined: the polymorphic systems ABO, Rh0 MNSs, Duffy 
(Fy), Kell (K), Kidd (Jk), adenylate kinase (AK), haptoglobin flip), 
phosphoglucomutase 1 (PGMI), glutamate pyruvate transaminas¢ (GPT), glyoxalase 
I (GLO), phosphoglycolate phosphatase (PGP), esterase D (ESTD), acid phosphatas¢ 
(ACPI), 6-phosphogluconate dehydrogenase ('PGD), adenosine dcaminase (ADA), 
group specific component (C-c), apolipoproteins E (APOE) and A-IV (APOAIV); and 
the monomorphic systems haemoglobin (Hb) and Kdl-antigen CKp). The study 
population, geographic area, and project are described in Hanls, FerreU, Barton, 
Agm-lar, C.¢axza-lbarra, Tulloch, Garcia and Schull (1983), Hanls, Ferrell, Tulloch and 
Schull 0985) and Hanis et al. (1990). The genetic maxker data were subdivided by sex 
and into two groups by birthplace: (I) individuals born in Texas, and (2) individuals 
born in Mexico. Although the total population also includes Mexican-Americans born 

D 
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outside Texas and Mexico, the sample size was too small (37 individuals) to provide 

much information. 
The allele frequencies for different systems other than PGMI were computed by the 

maximum:~ik¢lihood method (Reed and Schull 1968). Allele frequencies for PGMI 
were calculated by gene counting. Genetic distances among Mexican-Americans of 
Starr County, classified by sex and birthplace, were computed by Nei's standard genetic 
distance (Nei 1972), and their standard errors (SE) by Nei and Roychoudhury's (1974) 
method. To determine the significance of the genetic distances among the different 
subpopulations the gene frequency data were compared palrwis¢ by the chi-square 
statistic (Nei and Roychoudhury 1974). The extent of genetic variation between the 
subpopulatious of Mexican-Americans was assessed using the nested gene diversity 
computer program (NEGST) developed by Chakraborty, Haag, Ryman and Suthl 
(1982). The percentage contribution of ancestral populations to  the hybrid 
populations (the present-day Mexican-Americans) was calculated by the method of 
Chakraborty (1985, 1986")i each group being considered the product of the admixture 
of three parental populations, Spanish, Amerindian, and West African. To determine 
whether the proportions of genes received by the subpopulations from their ancestral 
souxces axe+ significantly different from each other, a regression analysis of 
heterozygosity on genetic distance (Harpending and Ward 1982) was carried out, and 
the significance of the regression equation was assessed by the method+ of Snedccor 
and Cochran (1967). Finally, examination of non-random association of alleles at 
cfifferent genetic loci by the methods of Brown, Feldman and Nero (1980) and 
Chakraborty (i981) was intendedto show whether any residual effects of admixture 
remain in the current population, and so make it heterogeneous. 

Gene  frequency+ data on the ancestral populations was obtained from the 
compilation Of Mourant et al. (1976), the exact sources of which+are available in Hanis 

et al. (199Ib). 

3. Results 
3.1. Allele frequency 

The allele frequency estimates for the 21 loci (table 1) were used for a goodness- 
of=fit chi-square test to determine whether the phenotype and genotype frequencies in 
the Mexican-Americans, and their sex and birthplace subgroups, depart from the 
Hardy-Weinbcrg proportions (table 2), omitting the cases where sample sizes were too 
small ( < 10 individuals). The phenotype (genotype) frequencies for most of the loci 
are in reasonable agreement with their respective Hardy-Weinbcrg expcctatious. 

Only 11 chi-squares values out of 189 are sign~fica=nt_(~ p <0.05). Some of these 
involve small observed frequencies ( < 5 individuals) of specific phenot3~3eS (e.g. KK 
phenotype of the Kell blood group +in total; 2 + 2 ÷, 2-1 - ,  2,  2 - ,  2 + 2", phenotype of 
PGMI in Texas males). The overall pattern of phenotype (genotype) distributions at 
these 21 loci is in accordance with the Hardy-Weinberg expectations. 

3.2. Genetic distance and heteroz~gosity 
Genetic differences among+the groups of Mexican-Amen'~ classified by sex and 

birthplace, and then by birthplace only, were estimated using Nei's standard genetic 
distances among all pairs of populations and their respective standard errors (table 3). 
The average heterozygosity (R) among the subpopulations of the Mexican-Americaus 
varies between 33"4070 (Texas males) and 34" 3070 (Texas females), and is 34" 1% overall. 
Since 90.0% of the 21 loci included in the present study axe polymorphic, R may not 

~.-2 + 
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- . .. £ ' 3  _ 

Table I. Allele frequencies among Mexican-Americans of  Start County by sex andplace 0fbirth. 

Texas Mexico 

_ _ System . Males _ _Females.. Total__ .Males ___ Eemale~ ..... Total 

AI 0.153 0-170 0.164 0.141 0.136 0.138 

• A2 ............... 0~031 ........ 0:038 ....... 0,036 ..... ..~=0:018 ........ 0~0"Z7 .......... 0:024 .... _ _- : 

~ = ~ ' B  ~:~=~ " ~ - - ~ 0 ~ 0 7 0 - ~ 0 ~ 0 6 3 ~ - ' 0 ~ 0 6 5  " 0~093 . . . .  0~076 ..... ~0=081~--= '  ~ 
0"747 0"730 0"735 0"748 0"761 0"757 

156 362 .518 129 302 431 
O 

/I 

Rh 
DCE 
DCe 
DeE 
Dee 
dCE 
dCe 

0.006 0"015 0"012 0"01i 0-022 ....... 0.019 . . . . . . . . . .  
0.440 0-433 0-43.5 0.414 0.461 0.447 
0"187 0"168 0-173 0.204 0.167 0-178 
0.077 0"0~9 0.06.5 . . . . . . . . . . .  0.050 :: 0,05'7 : 0-055 . . . . . . . . .  
0.030 0.0(30 0.000 0.000 0.000 0.000 
0.000 0.000 0.000 0.000 0.000 0.000 

..... deE ............. 0:030 .... 0"_008 ...... 0-'006 ....... 0-000 ..... 0~000 .... 0"000 ..... 

dee ~ - 0-291 ....... 0"318 0-309 0.321 .... 0.293 -0.301 ~ - 

...... _ n ............ _ 156 3_62 ...... 518 __ _ __ _:128 ......... 302 ..... 430 ..... : 

MS 0-297 0 . 2 9 4  : :  -0-296 0 - 2 8 0  0 . 2 9 6 -  0.291 : 
. Ms:... ,- _ ~__0.383_~.-~ ~0,.382_:- 0,38L~_~ ~ 0-34% :_ ~_0.344~-___ _0~345~ _ / _~ 

, N s  . . . . . . . . . . . . . . . . . . . . .  -.-~=-:~:,0:227~ _::0~23.5=-.:: --.,:- :~0Y304==.~-_-~0/29~--~-_~.~:-0,~297-~ 

Fy (a) 0- 463 0.399 
Fy (b) 0-438 0.504 
Fy 0-099 0-097 
n 1.51 353 

Ke// 
K 0-010 0.014 
k 0-990 0.986 
n 156 362 

K/dd 
Jka 0.532 0.504 
Jkb  0.468 0.496 
n 1.5.5 3.59 

AK 
AK! 0-962 0.977 
AK2 0"038 0-033 
n 1.56 363 

ALDA 

ADAI 0.968 0.967 

ADA2 0~032 0.033 
n 156 364 

EST"D 

ESDI 0-889 0.851 

ESD2 0"111 0-149 
n 157 363 

0"417 0"3% 0"474 0"450 
0"484 0"538 0"455 0"480 
0"099 0"066 0"070 0"070 

504 125 294 419 

0-014 0"016 0.003 0.007 
0"986 0"984 0-997 0.993 

518 129 302 431 

0".513 0"3945 0"454 0"436 
0-487 0-605 0"546 0"564 

514 129 302 431 

0-972 0.977 0.977 0.977 
0.028 0-023 0.023 0.023 

.519 129 302 431 

0.967 0"%1 0"%2 0-941 
0"033 0-039 0"038 0"039 

520 129 302 4.51 

0.863 0.840 0"892 0.877 
0-138 0"160 0"i08 0.123 

520 - 128 302 430 
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Table 2. Continued 
Birthplace 

Texas Mexico 

System Males Female't Total-- Males Fen~les__ Total 

ACP 
ACPa 0.229 0.256 0.248 0.295 0.276 
ACPb 0.752 0.737 0.741 0.671 0-712 
ACPc 0.019 0.007 0.011 0.035 0-012 
n 157 363 520 129 302 

G/r/" 
GFTI 0" 539 0"458 0"483 0"480 0"455 
GPT2 0.461 0.542 0.517 0.520 0.545 
n 153 348 501 125 290 

GLO 
GLOI 0" 385 0" 38S 0" 385 O" 395 0" 396 
GLO2 0.615 0.615 0.615 0-605 0.604 
n 157 364 521 129 302 

PGD 
PGDA 0- 974 0"983 0"981 O. 992 0.980 
PGDC 0-026 0.017 0.019 0.008 0.020 
n 155 362 517 128 301 

POP 
PGPI 0-914 O" 859 0.8"75 0.895 0.887 
PGP2 0-073 0,136 0-117 0.101 O- 108 
.PGP3 0.013 0.005 0.008 0.004 0-005 
n 156 365 522 129 302 

Ho o.465 Hpt o.4o4 0.43-/ 0-42-/ 0 .3~  
Hp2 O" 596 0"563 0" 573 0-612 0" $35 
n ! 56 365 522 i 29 299 

GclS 0-510 0-521 0-517 0.547 0.493 
GciF O- 186 0.203 0-198 0-213 0-222 
Gc2 0-304 0.277 0.285 0.240 0-285 
n 153 36~; 518 129 300 

APOE 
APOE2 0-050 0.033 0-038 0-052 0.032 
APOE3 0-864 0.867 0.866 0-868 0-84"/ 
APOE4 0-086 O- 101 0.096 0.080 0"121 
n 151 353 504 125 298 

APOIV 
ApoAIV! 0-884 0.938 0.918 0.926 0.943 
ApoAIV2 0 - 105 O" 062 0" 076 0" 074 0"05-/ 
ApoAIV3 0-012 0.0(30 0-006 0.000 0-000 
n 43 121 165 34 123 

POM! 
PGM! + 0-621 0. S-/$ 0. $89 0.601 0.553 
PGMI - O" 197 0"216 0"211 0"201 0"229 
PGM2+ 0" ! I$ 0" 13-/ O" 130 0" 132 0" 150 
I ~ M 2 -  0.06-/ 0,0'71 0.070 0.066 0.068 
n 157 365 522 129 301 

0"282 
0.700 
0"019 

431 

0"463 
0"537 

415 

0"396 
0"604 

431 

0.984 
0-016 

429 

0.890 
0.106 
0.005 

431 

0.442 
0.558 

428 

0 .~9  
0"219 
0.272 

429 

0"038 
0"853 
0.109 

423 

0-939 
0.061 
0.000 

157 

0-567 
0.2.21 
0-144 
O.06'7 

43O 

Kell-Kp and HB loci were monomorphic for gpb and Hl>-a allele, r e ~ i v e l y .  
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Chi-squar¢ test for  estimating Hardy.Weinberg equilibrium for the Mexican-Americans of  
Start  County, Tex~ by sex and birthplace. 

Texas Mexko Total 

System Males Females  Total Miles Females Total MAles Fcmsks Total 

ABO 
X 2 2.99 2.32 2.90 2.99 
n ! ~  362 518 129 

RA 
l .J 2"39 3-94 1-95 6.74 
n 156 362 518 128 

MTV~ 
x ~ 657 2-15 2.99 1.58 
m 156 360 516 128 

~ '  3"66 1-99 0-00 0"92 
m 151 353 504 125 

ge0 
0.01 10"36t 8-9~' 0'03 

n 156 362 518 129 

o.oo o.o~ 0-04 o.o9 
m 15.5 359 514 129 

AK 
x 2 0.25 0-21 0"43 0-07 
n 156 363 519 129 

ADA 
0.17 0-99 0"38 0.21 

n 156 364 520 129 

E3"TD 
0.59 0.16 0"03 0.22 

n 157 363 520 128 

ACP 
3.2.5 3"57 0-61 1"95 

n IS'/ 363 520 129 

GPT 
1-29 0.39 0-03 0-01 

n 153 348 501 125 

GLO 
X z 0.19 0,72 0-91 1"36 
.q iY7 364 $21 129 

PGD 
x 2 0.11 0.10 0-20 0"01 
.e l$.q 362 .q17 17Jr 

PGP 
X 2 0.38 0-66 i-21 0"21 
m 156 • 365 5 ~  129 

X~o 0.31 0.24 0-02 0.05 
n 156 365 .522 129 
C~ 

0.38 3-3.5 3"05 0.12 
m 153 365 $18 129 

APOE 
x 2 !.31 I- .53 0-21 0.44 
as 151 3.53 ~ 125 

A/'O,qt 
0.74  0 . 5 3  6.13 0"21 

43 121 165 34 

PGM/ 
14. I~J ' 10.72 18.741 2.75 

m 15'7 ~ .522 129 

1"57 4"06 !.113 0"i8 0"!9 
302 431 298 691 989 

6.(F/  8"57 2-13 4"65 3"23 
302 430 29"7 691 988 

0.70 o.54 4.35 1-52 2 . ~  
301 429 297 687 984 

3"35 1"23 0-89 0"04 0-11 
294 419 ~ 674 962 

0-00 0"02 0"05 12"421' 6.44t 
302 431 298 691 989 

0.03 0"04 0"21 0"12 0.00 
302 431 29"7 688 985 

0"17 0"24 0-32 0.46 0.77 
302 431 291J 692 990 

0-47 I "76 0-36 0-05 0-02 
302 ' 451 298 693 991 

0 - ~  ~ 0 . ~  0-01 0 . ~  0.23 
4 ~  ~ ~ 990 

2-03 2"12 3"69 0-41 2-84 
302 431 299 692 991 

0"93 0"57 0-03 0"03 0.02 
290 415 291 665 956 

0"00 0-48 1-71 0-345 1.48 
302 431 299 692 991 

0"12 0-12 0-09 0"23 0"32 
301 429 296 690 986 

0"15 0"83 0-.58 2-16 2"89 
302 431 299 694 993 

4"761 4"271" O-(X) 2-55 2-02 
299 428 299 691 990 

1"20 0"$3 0"40 2"U 2.28 
300 429 2~  692 987 

1-76 0"33 1-32 i.66 0-35 
423 2:117 676 963 

0"45 0.65 0-8:l 0.95 7-59'1' 
123 157 71 2.50 329 

10"43 11"48 9-07 12"661' 20"971 
301 430 299 692 991 

d.f.: A B O =  2; Kh= 10; MNSs-- 5; ACP. PGP. Gc, APOE. A P O I V =  3. Duffy. Kell. Kidd, AK, ADA,  
ESTD. GPT, GLO, PGD. H p ~  1; PGMI = 6  
t ~ sisnificant at p < 0 - 0 5 .  
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3. Standard genetic distances, average heter6zygositY and Chi-~luare 
values among .Mexican=Americans of Start County by sex and birthplaceJ" . 
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Males Females Total 
Texas Mexico. Texas Mexico Texas . Mexico 

Males 
Texas 

Mexico 

Females 
Texas 

Mexico 

Total 
Texas 

Mexico 

33'43 0-32 0"20 0.22 
±5"50 

3-54 33.86 0.27 0.24 
±1.62 ±5 .49  

1"67 2.18 34.34 0"16 
±0-63 ± !-00 ±5-53 

2"18 2-20 1"35 33.90 
±0"81 ± 0 . 7 7  :1:0.49 :l: 5"59 

34-11 0.14 
±5.52 

1" 13 34" 14 
±0-51 ±5"52 

Figures on the diagonal axe the average heterozygosities expressed in percentage 
(e.g. Texas males = 33" 43°7,); below the diagonal are standard genetic distances in 
10-3 codon differences per locus and above the diagonal are X 2 values (polymorphic 
loci) with d.f. = 35, p>0'05. 

All computations axe based on 18 polymorphic loci (ABO, Rh, MNSs, Duffy, 
KelI, Kidd, AK. ADA, ESTD, ACP, GPT, GLO, PGD, PGP, Hp, C,c, APOE, and 
PGMi) and two monomorphic loci (Kp and Hb). 

reflect the actual level of  gene•  variation generally found in human populations. The 
genetic distances show no significant differentiation, as examined pairwise by the chi- 
square statistic (Nei and Roychoudhury 1974). 

3.3. Gene diversity 
The total average gene diversity (H T) of  34-1% (including the two monomorphic 

loci) and 37"7°70 (over the polymorphic loci only) mainly (over 99070) can be attributed 
to individual variation within the population. Only a small contribution to total 
variability (0.71070) comes from the between-birthplaces level of subdivision. The sex 
difference is even smaller (0.21070 of the total). 

3.4. Genetic admixture 
Table 5 presents the estimated values of  admixture based on 17 polymorphic genetic 

loci, fitting a tribybrid model using the ancestral frequencies shown in the appendix. 
There is little difference among the Mexican-American subgroups. The Spanish 
contributio_n yaries from 55 '9070 for Texas males to 66" 2070 for Texas females, that from 
Amerindians varies from 27.6070 in Texas females to 34-2070 in Mexico females, and the 
African contribution varies from 5'9% in the Mexico total tO 11.7070 in Texas males. 
The Mexican-~Americans of  Starr County, Texas appear to be hybrid populations with 
Spanish, ~ e ~ n d i a n  a n d  West African admixture, with a predominantly Spanish 
contribution followed by_Am_ erindian and a small West African contribution. 

Although the standard errors of  these estimates are-probed,--n0 rigorous test of 
homogeneity is possible because of  the unknown sampling dLstribution of  the estimated 
admixture proportions to determine whether the gene-flow from outside is homogene- 
ous. The procedure 6 f  HariSending and Ward (1982) was therefore applied. The genetic 
distance (r~) of the kh subpopulation from a hypothetical centroid of  all subpopul- 
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Table 4. Gene diversity analysh of allele frequency data from 
Mexican-Americans in Start County, Texas. 

o~t • HTt 
Within l~wcen  Betweensex Total + 

Locus population birthplaces within birthplaces gene diversity 

Pd~ 
MN~ 
Uu~ 
Kdl 
Kidd 
AK 
ADA 
ESI'D 
ACP 
GpT 
GLO 
PGD 
PGP 

• --Hp-- 

Gc 
APOE 
PGM! 

Mean~ 
S.C. 

98.50 1-13 0.37 0.418 
99.36 0-59 0.05 0.696 
98.31 ! -40 0.29 0.699 
99.15 0.84 0.01 0.550 
99.26 0-62 0.11 0.033 
99.14 0-81 0.05 0.497 
98-78 !.  15 0.07 0.074 
98.76 1.24 0.00 0.046 
99.27 0.65 0.08 0.239 
98-67 1.13 0 .20 0.395 
99.46 O" !$ 0"38 0"500 
99-98 0"02 0.00 0"474 
99.49 0"40 0" I0 0.030 
96.07 1-88 2"04 0.211 
99.65 0-18 0" 17 0.485 
99.04 0.82 0"13 0-592 
99.23 0-65 0.12 0'261 
99"73 0" 15 0" 12 0"592 

• 99"08 0"71 0-21 0"377 
±0"17  ±0-13 ±0-07 ±0"054 

1' Expressed as percentage of total. 
Absolute total-gene diversity in the entire sample. 

§ EkCh~din$ monomorphic loci (Kp and Hb), the absolute total gen¢ 
(diversity per locus(HT) includJnsan 20 loci is 0-340±0.055. 

Table 5. Percentage contribution from Spanish, Amerindian and 
West African geue pools to the contemporary Mexican-Americans of 

Start County by sex and birthplace. 

Spanish Amerindian West African 

Males 
Texas 55.95:1:2.74 32"33±2.36 !! .72±1.24 
Mexico 64.08±1.42 29-33+1.23 6-59:1:0-65 
Total $8-62±2.47 31-69±2.13 9.68±1.12 

Fenudes . . . .  
Texas 66.25:1:0-21 27-57±0.19 6"17±0.10 
Mexico 59"30--I-75 34-19±1.$1 6"$1±0.79 
Total 63.77±0-66 30-16±0-57 6-08±0.30 

Total 
Texas 63-25--0.94 28-88±0 .81  7.88±0.43 
Mexico 62.71±1.04 31-37±0.90 $.92±0.47 
Total 62"30:1:1"19 30.$$± 1-03 7"16±1.00 

The.computations are done with 17 polymorphic loci (ABO, Rh, 
MNSs, Duly, KeU, Kidd, A K , - ~ A ;  ESTD; ACP, GPT, GLO,- -_ , : .  . . . . . . . . . .  
PGD, PGP, Hp, Gc-andPGMl).:APOE16cus-data~areno{ U.~I. for . . . .  
admixture e~thnation because allele frequencies at this locus ate not 
available for the appropriate ancestral populations. 
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ations is related to the average heterozygosity (H,) of the /th subpopulation. If 
gene-flow from outside is uniform, then Hi = b(l - rD, with absolute value of b being 
equal to A, the average heterozygosity in the pooled population. Using 18 genetic loci 
(excluding the two monomorphic Fib andKp loci, and the APOA IV locus for Which a 
large number of individuals were not typed), analysis of the regression (table 6) of  
heterozygosityon genetic distance shows it to be consistent with linearity. H in the 
pooled populations (34.06°70) does not differ significantly from the regression 
coefficient (33.97o70). The various subpopulations of the Mexican-American popul- 
ation of Start County are therefore similar in the proportions of the genes they have 
received from the ancestral populations, which is consistent with the similarity of  ad- 
mixture proportions estimated in the previous section. 

Table 6. Average heterozygosity (H~ and genetic 
distances from a centroid (r-~ among the 
Mexican-Americans of Start County based on 18 

polymorphic loci. 
Population r~ ± SE H~ ± SE 

Males 
Texas 0 . 0 0 3 8 + 0 - 0 0 1 0  0"3343±0.0550 
Mexico 0.0048 ± 0~0015 0"3386±0-0549 

Females 
Texas 0"0012 +0-0003 0-3432 ± 0.0553 
Mexico 0 . 0 0 1 6 ± 0 . 0 0 0 4  0 .3390±0 .0559  

Regression analysis: H~ =/7(! - r~; H i plotted against 
1 -ra through the origin, has t= -0.901; d.f. =2, 
p>0.05. 

Regression co¢ff~ent through origin 
(b) = o- 3397 ± o. 0033. 

Average heterozygo$ity in pooled population 
(//)=0-3406±0.0554. 

3.5. Non-random association among genetic loci 
It is well known that the mixture of populations with disparate allele frequencies 

can produce non-random association of alleles at two or more unlinked loci (Li 1955, 
Nei and Li 19"/3; Chakraborty and Weiss 1988). Employing the procedure suggested by 
Brown eta/. (1980), from the available genotype data oneach individual, we defined a 
multi-locus genotype for each individual excluding the monomorpkic Hb and Kp loci 
and the APOA IV genotype, for~vhich too few clata were available. With respect to the 
remaining 18 loci, the number of loci was determined for which each of 862 individuals 
waslieter0zygous. Comparing the observed distn'bution with that expected, under the 
assumption of random association of alleles at different loci using Chakraborty's (1981) 
algorithm we find (table 7) that the observed distribution is in fair agreement with the 
observed one (g~xlness-~f-fit X2with 9d . f .=  19.96, p>0.01).  Since the expected 
distribution involves the observed data at least partially (locus-specific observed 
heterozygnsity values), there are some technical diliicUlties for determining the degrees 
of freedom of the above goodness-of-fit statistic, detailed in Chakraborty (1984). 
However, Brown et al. 0980) showedthat the expectations of mean and variance o f  the 
number of heterozygous loci can be written as functions of locus-specific 
heterozygosities under the assumption of random asso~tion of alleles, and the 95% 
confidence limit of the observed variance of the number of heterozygous loci can also 
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-~_ _ . . . . .  Table 7. - Obse-r~l-a~d-~xl~:t-ed-~dis~-rib~ti~-6f ~ ...... 

I . . . . . . .  n ~  ~ "of-- _:.heterozygous-.. _loci~_ _ in_ the - _= • 

-- Mexican-America~s of Star~County. Texas. 

----- -:=- = / -_- : ' = -:- ~NumlX'r-oUin-dividuah _-3-- . . . . . .  " : " - - ~- 

-Number of . . . . . . . . . . . . . . . . . . . . . .  

~-- " - o -  2 " - . .... ,6. . . . . .  S.~ . . . . . . . . .  

4- 8[ 58;15 . . . . . . . . . . . . . . . . . . . . . . .  

$ 125 115.96 . . . . . . . . .  

6 180 169"61 
. . . . . . . . . . . . . . . . . . . . . . . . .  7 ............... -:-167 : ~  - :  - " 185" I0 . . . . .  

--._~--- .... . -.-:---~_ .~ . . . . .  9 . . . . . . . . . . .  "86 - ...... 93~ . . . .  

" 10 . . . . . . . . . .  31 ........... -42;89 . . . . . . . . . . . . . . . . . . .  " ..... 

--_:- .... 862 .......... 

.................... --Mean . . . . . . . . . .  6 =~630 ......... ,6.836 ............... 
Variance. _ _ 3-" 540 . 3- 331. 

~e~l~-fit-~t2----.19"--96,.d, f..=9,-p ~0-'01. 

95% Confidence interval for variance (3.024, 3-638). 
. . . . . . . . . . . . . . . . . . . . . . . . . . . .  

be calculated. In the Mexican-American data the mean number of heterozygous loci 
was 6" 63 and the variance was 3.54. Their expected values (under random association) 
are 6.84 and 3"33, respectively. The 95% confidence limits of  the variance are 
3-02-3-64.-Clearly, these suggest no  evidence o f  non-random association of alleles 
among the 18 polymorphic loci in this population. 

4. ~ o n  and conclusion 
The results of  genetic distance analysis between various subpopulations of 

Mexican-Americans indicate that they are similar to each other. Overall, the level o f  
gene diversity (Gut) is small and more than 99% of  total gene diversity (HT) is 
accounted=for-by-individual-variation within the population. 

The admixture results are largely consistent with reports for other 
Mexican-American groups in the United States. Reed (1974), using the Rh blood group 
system, estimated 32-0+ 5.6% Amerindian ancestry among the Mexican-Americans 
o f  California. Gottlieb andKimberling's (1979) findings, from a small admixturestudy 
in Colorado, showed 60.0% Spanish contribution to the population, indicating a 
somewhat larger Amerindian component than seen in other studies. Population 
admixture estimates computed for the Mexican-Americans of San Antonio, TeJcas, 
based on skin reflectance (Relethford, Stern, Gask~ and Hazuda 1983), showed the 
Amerindian contribution to be 46.0%, 27.0% and 18-0%, respectively, among the 
Barrio, Transition and Suburban Mexican-American neighbourhoods. Based on gene 
frequency data on 18 genetic loci Chakraborty, Ferrell, Stern, Hafner, Hazuda and 
Rosenthal (1986) estimated 43.8%, 30.0% and 18.7% Amerindian ancestry, 
respectively, in the same three social classes. 

The results obtained from the trihybrid model in the present investigation indicated 
around 62-0%, 30'0% and 8.0% contribution from the Spanish, Amerindian and 
West African gene pools, respectively. Although various studies show some regional as 
well ~t~ social class variation regarding the contribution of  Amerindians to the 
Mexican-Americans of  the United States, there was no remarkable heterogeneity in 
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genetic admixture among subgroups of the Start County population. Our estimates of 
admixture are similar to those obta in~ by Garza-Chapa (1983), Cerda-Hores, 
Ramirez-Fernandez and Garza---Chapa (1987), Cerda-Flores and Garza-Chapa (1989) 
and Cerda-Flores, Kshatriya, Barton, Leal-Garza, Garza-Chapa, Schull and 
Chal~raborty (1991) for the Mexicans of Nuevo Le6n in northeastern Mexico. The chi- 
square statistic for the 21 genetic marker systems to fit the Hardy-Weinberg equilibrium 
indicates that intermixing is old enough to have eliminated any early non-random 
association of genes. 

In s ~ ,  on the basis of the genetic data presented, We conclude that the 
Mexican-Americans of Starr County, Texas, classified by sex and birthplace, are not 
genetically ~stinguishable. The findings on genetic admixture indicate a predominant 
influence from the  SpL, lish, and lesser contributions from Amerin~ans and West 
Africans. The history of admixture is apparently old enough to have brought the entire 
Mexican-American gene pool to Hardy=Weinberg equilibrium. The multi-locus heter- 
ozygosity distribution also supports the inference of genetic homogeneity. 

These findings have a numbei of importam implications with respect to the Utility of 
such  populations in anthrop0genetic and epidemiological contexts. First, the 
demonstration of genetic h o/nogeneity of the Mexican-Americaus of Start County, 
Texas, . . . . . . . . . .  in spite of their admixed origin, suggests that this population is suitable for 
studying disease-marker associations in the search of candidate genes of complex 
diseases; such an association cannot possibly arise from population mixture alone 
(Chakraborty and-Weiss 1988). Secondly, inspi te  Of the Ix~lyphyletic origin of the 
M ~ . c a n - A i n ~ r i ~ ,  their multi-lo~:us genotypic distribution satisfies the premises of 
random segregation 0f unlinked loci. Therefore, the probability of finding a specific 
multiple-locus genotype in such a population can be determined by the product rule of 
locus-specific genotyp¢ probabilities, contrary to the recent claim of Cohen (1990). The 
862 individuals on whichwe had the 18-1ocus genotype data available constitute 862 
different multiple-locus genotypes; i.e. no repeat of any multiple-locus genotype was 
observed in the sample. Based on the allelic frequencies the most probable muitiple- 
locus genotype in this population would be encountered once'in every 885,764 
individuals. This shows that the discretized genotypic information in such a population 
is sufficient to determine the identity of  individuals even when the population is of 
admixed origin. 
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~ u s u n g ,  Die nach~Geschlecht und Geburtsort klassifizierten Mexican-Americans yon Start 
County, Texas, warden im Hinblick auf das Ausma~ ihrer genetischen Differen2~erung und der Beitrgge 
yon ancestralen Populationen: wie Spanier. amerikanischer Indianer und Westafrikaner untersucht. Unter 
Be/'Q~chfigung von 2[ g~ i i sch~n  Maxkern zeigten genetische Abstandsaaalyr, en und Gene Diversity- 
AanlDen, dab Subpopulationen der Mexican-Americans in Start County einandex genethc~ ghniich find 
und daft mehr ah 99% der insgesamt beobachteten Gene Diversity (HT) auf individuelle Vaxiationen in der 
Popdafion :zur0ckgefohart w~fi-den kOrmen. Eine Analyse der genetischen Durchmischung belegt einen 
p r i d o ~ t e n  Eini]ul~ de~ Spanier. einen geringeren Beitrag der amerikanischen Indianer und einen 
geringf0g~gen der Wcstafrikaner. Der genetische Beitrag der ancestralen Populationen zu den 
verschiedenen Subpopulationen der Mexican-Americans in Starr County ~ ghntich. Die Mexica~- 
Am~'ricans Yon S ~  County sind den me~kanischen Populationen ans dem Nordosten Mexicos ahnlich. 
Der Proze~ der Durchmischung reicht historisch olfensichtlich soweit zur0ck, dab die Z¢it ausreichend 
wax, um den ge~araten Genpooi der Mexican-Americans ins Haxdy-Weinberg-GI¢ichgewicht zu bringen. 
Obwohl dies¢ Population per Durchmischung enstanden ist, gibt es keine nichtzufalligen Assoziationen 
der Allele zwischen den genetischen Maxkersystemen, die in dieser Studie ber0cksichtigt wurden. 
Insgesamt belegen die Ergebnisse die genetische Homogenitat der Mex/can-Americans yon Starr County, 
Texas, und weisen auf die Bedeutung dies¢~ Population g0r genetische und epidemiologische Studien lain. 

R ~ n u [ .  Les mexicnins-axn~t.ricains du comt~ de Start au Texas, r~perlori~ par sexe et lieu de na/s.sance, 
ont ~ ~tudi~s afin de d~terminer l'~tendue de leur variation g~n~tique alnd que des contributions qu'ils ont 
recues de populations ance~trales telles qu'e~p~i~ole, an-~i'indienne et ou¢~t-afri~ine. Les distances 
g6ntttiques et les analyses de diversit~ • ffeaub:s i panir de 21 maxqueurs g~ ' t iques ,  ind'quent que les sous- 
groupes de mexica.ins-amh-icains du comt~ de Staff sont similaites et que plus de 99% de la diversit~ 
~g~ntttique totale fliT) peuvent ~tre attvibu~ i des variations individuellns dans la population. Les analyses 

~d'apports g~t ique-mont tent  que I'inflUence-dOmih~ i~rovienf d¢~ espagn0L~ ~ un m0ifidre degr~ des 
am~-indiens et darts une falble mesure des ouest-africains. La contribution de la population ancestrale aux 

• diveru~ sous-p0pulations est similaire. Les mexicains-am~'ricains du comt~ de Sum- sont semblables aux 
~ ~l~ulations me~caines du nord-esi du Mexique. L'histoire du m~tissage est appaJremment assez ancienne 
~=_P0~ a.voir permis l'atteinte de l'~quilibee d'Haxdy-Weinberg, par l'ensemble du patrimoine g6n~'~ique 

mexicain-am~,ricaifi. II n 'y a pas d'association non-all~atoire d'alff:les parmi le~ t'y~.hnes consid&~t dans 
cette hude, en d~pit de I'origine composite de cette population. Ce~ r't.~'ultats montrent I'homog~n~t~ 

i: g~O.ique des mexicains-am~,~ricains du comt~ de Start au Texas et indiquent l'utilit~ de cette populatlori 
~l~OUr des ~tude~ ~tpid~miologiques et g~n~[tiqu~. / 
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Appendix. Allele frequencies for 17 genetic loci in Mexican-Americans of Start County and putative 
ancestral populationst 

...... Mexican-Amerio, n . . . .  

Allele Males Females Total Spaaish Amerindian West African 

A 
B 
0 

DCE 
DCe 
DeE 
Dce 
dCE 
ace 
dcE 
dce 

• MS 
Ms 

N S  
Ns 

Fy (a) 
Fy Co) 
Fy . 

K 
k 

Jka 
Jkb 

AKi 
AK2 

ADAI 
ADA2 

ESDI 
ESD2 

ACPa 
ACPb 
ACPc 

GPTI 
GWr2 
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0.975 
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0.485 0-78"7 
0" 342 0 - 039 
0.020 0"147 
O" 153 0"027 

t The allele frequencies for the Mexican-Americans are from the present survey (summing over all 
individuals) and those for the ancestral populations are compiled from the literature (see Hanis et  al.  
1991b for exact sources from Mourant et  aL's 1976 compilation). 
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Summary: Natural populations of many organisms exhibit excess of rare alleles in comparison 
with the prediction~s ofthe neutral mutat on hypothesis, it has been shown before that either a 
population bottleneck or the presence of slightly deleterious mutations can explain this 
phenomenon. A third explanation is presented in this work, showing that hidden subdivision 
within a population can also lead to an excess of rare alleles in the total population when the 
expectations of the" neutral model are based on the allele frequency profile of the entire 
population data. 

With two examples (mitrochondrial DNA-morph distribution and isozyme allele frequency 
distributions), it is shown that most cosmopolitan human populations exhibit excess of rare as 
well as total allele counts, when these are compared with the expectations of the neutral 
mutation hypothesis. The mitochondrial data demonstrate that such excesses can be detected 
from genetic variation at a single locus as well, and this is not due to stochastic error of allele 
frequency distributions. Contrast of the present observations with the allele frequency profiles 
in agglomerated tribal populations from South and Central America shows that even when the 
neutral expectations hold for individual subpopulations, if all subpopulations are grouped into 
a single population, the pooled data exhibit an excess of total number of alleles that is mainly 
due to the excess of rare alleles. Therefore, a primary cause of the excess number of rare alleles 
could be the hidden subdivision, and the magnitude of the excess indicates the extent of 
substructuring. The two components of hidden subdivision.are: 1) Number of subpopulations, 
and 2) the average genetic distance among them. The implications of this observation in 
estimating mutation rate are discussed indicating the difficulties of comparing mutation rates 
form different population surveys. 

Zusammenfassung: NatiMiche P0pulationen zahlreicher Organismen weisen einen Idber- 
schul~an seltenen Allelen auf, der nicht mit tier Hypothese neutraler Mutationen in l~lberein- 
stimmung steht. Es wurde zur Erkl~irung dieses Ph2inomens bisher angenommen, dal~ entweder 
.Bottleneck-Effekte ~ oder schwachnachteilige Mutationen in diesem Zusammenhang eine 
Rolle spielen. In diesel" Untersuchung wird eine di'itte Erkl~irungsm/Sglichkeit aufgezeigt, 
indem dargestellt wird, daf~ eine-:nicht offen erkennbare Strukturierung einer Population zu 
einem Oberschufl an seltenen Allelen in der (~esamtpopulation fiihren kann, und zwar dann, 
wenn die Erwartungen nach dem Modell neutralerMutationen auf dem Allelenfrequenzprofil 
fiir die Gesamtpopulation basleren. 

An . . . .  zwei Beispielen (mjto_chondyiale DNA-morph-Verteilung und Verteilung der Allelen- 
frequenzen yon Isoenzymen) wird gezeigt, daft die meisten menschlichen Grot~bev/51kerungen 
Uberschiisse sowohl seltener Allele als auch der Allelzahlen insgesamt zeigen, wenn diese mit 
den Erwartungswerten nach der Hypothese neutraler Mutationen verglichen werden. So lassen 
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die Daten fiir die mitochondriale DNA erkennen, daf~ ein solcher lDberschufl ebenso anhand 
der genetischen Variabilit~/t an einem einzigen Genlocus entdeckt werden kann, was nicht 
dutch stochastische Fehler der Allelenfrequenzverteilungen bedingt ist: Beobachtungen an 
zusammengesetzten slid- und mittelamerikanischen Stammesbev/Slkerungen zeigen, dal~ die 
Hypothese neutraler Mutationen fiir die einzelnen StammeSbev61kertingen dfirchaus zutreffen 
kann. Wenn jedoch alle Subpopulationen zu einer Gesaamtpopulation zusammengefal~t wet- 
den, lassen die gepoolten Frequenzdaten einen Obe~schiifl beziigli~h defGesamtallelenzahl 
erkennen, welcher haupts~ichlich dutch einen Oberschufl an seltenen Allelen bedingt ist. Eine 
wesentliche Ursache hierfLir ist offenbar in einer night offen erkennbaren Strukturierung der 
GesamtbeviSlkerung zu sehen, und das Ausmal~ des IJberschusses reflektiert den Grad dieser 
Strukturierung. Die beiden Komponenten der verborgenen BeviSlkerungsgliederung sind 1. die 
Zahl der Subpopulationen und 2. der durchschnittliche genetische Abstand zwischen ihnen. 
Die Bedeutung dieser Beol~achtung {fir die Sch~atzung yon Muta~onsraten wird diskutiert, 
wobei auch auf die Schwierigkeiten hinsichtlich des Vergleichs yon Mutationsraten eingegan- 
gen wird, die an verschiedenen Populationen ermittelt women find. 

I n t r o d u c t i o n  

In genetic analysis of population data, the genetic make-up of a population is 
generally studied in a variety of ways. The basic data for such analyses are frequencies 
of various alleles (or genotypes) at one or more loci, estimated from random samples 
drawn from a population. The population, in this context, is usually defined as a 
breeding unit, within which mating occurs with a well-specified pattern (generally 
assumed to be random). 

Over the history of population genetics, the technique of detecting genetic varia- 
tion has changed considerably. Initially, before the advent of serological techniques 
of blood grouping (Landsteiner & Levine 1928), morphological and physiological 
traits had been popular for studying genetic variations within and between popula- 
tions. Soon after the discovery of blood group systems in humans, anthropological 
and human genetic studies started using these techniques extensively. As a result, 
morphological data had been now replace d by voluminous gene frequency surveys in 
various ethnic groups around the world (Mourant et al. 1976). The development of 
electrophoretic techniques introducedanother set of traits which detect genetic 
variations based on charge and/or molecular size differences of protein-enzyme 
molecules. Since such changes are due to new mutations at the nucleotide level that 
are translated into mRNA during protein synthesis, the electrophoretically deter- 
mined genetic variations were the first step of studying evolution at a molecular level. 
Genetic variation detected by electrophoresis, furthermore, does not depend upon 
the antigen-aniibody specificiiywhicki is-essdfii~ialf6r-theiiei'616~i~l~/'n&hodS applied 
to detect the genetic variation at blood groups and immunological systems. Use of 
electrophoretic techniques, therefore, produced data not only ifi humans, but also on 
other organisms, ranging from E. coli (Milkman 1973) to priniates (King & Wilson 
1975, Bruce & Ayala 1979). It soon became apparent that gefietic Variation is 
widespread; its extent varies from organism to organism (Nei 1975), and for some 
organisms the extent of genetic variationvary h/idely~oVei'~iffe~en~ geogi'aphic 
regions, depending upon other factors such as populatioh siz~e;~reproductive isola- 
tion, and ecological Conditions. These assdi'fi0ffs-h~ve-b&n~6~m6r6~fir~l~) 6sta:~ 
blished by the recent molecular techniques of restriction fragment length poly- 

"morphisms (RFLPs), and nucleotide-sequencing technique, whereby the detection 
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of genetic variation is extended beyond the translated region of the DNA. Although 
these later techniques are far more powerful to study genetic variation at a molecular 

~ level, it should be noted that current knowledge of DNA polymorphism at a 
population level is still scanty ¢;ompared to the electrophoreticaUy determined 
polymorphisms (see Roychoudhury & Nei 1987 for a comparative compilation of the 

• ~ : e u r r e n t : - . d ~ a ) ; : : .  _ _  _ : . = - ~ . : ~ : ~ .  . . . . .  ~ - - - : - ~ % ~  - . . :  _ -  : ~ _  - - 

- :  - - ------=--Wl~il~s~ch~-aatac0n~ifiCi@y-estal~l~sBb~the ubiqfiity of genetic variationl there is 
stilla question as to which evolutionary factors play a dominant role in maintaining 
such variations in natural populations. In other words, it is not certain if the main 
cause of extensive genetic polymorphism is natural selection, nor it is clear whether 
or not the genetic variation is being maintained by counteracting forces of mutation 
and random genetic drift (Lewontin 1974, Ayala 1976, Nei 1975, 1987, Kimura 1983). 
This controversy, called the selectionist-neutralist controversy, still remains un- 
res-OD~d--f6r-thd re-a~bfi that there are several features of data on genetic poly- 
morphisms that cannot be rigorously explained by either of these hypotheses. For 
example, the observed average level of heterozygosity is generally too low in contrast 
with the predictions of the balancing selection hypothesis of genetic polymorphism 
(Nei & Graur 1984). At the same time there is a relative excess of the frequency of 
"ra.i'e'%ll~le~ incoinparison with the expectation of the neutral mutation hypothesis, 
which is particularly noteworthy in many species, ranging from Drosophila to human 
(Ohta 1976, Chakraborty et al. 1980). This later observation led Ohta (1973) to 
propose that many of the new mutations that occur in nature are deleterious, but 
they are quickly eliminated from the population because of the negative selection 
against them. However, there are some "slightly" deleterious mutants which are not 
so quickly eliminated from the population because of the weakness of selection 
intensity against them. Negative selection against them, however, prevents their 
frequencies to attain intermediate or high level. As a result, these slightly deleterious 
mutatioia~ accountfor th~ relafi~//~- excess of ~rare" alleles in a population. 

An alternative explanafion of  the excess of rare alleles is given by Nei et al. (1975), 
Chakraborty & Nei (1977), Maruyama & Fuerst (1984, 1985), and Watterson (1984) 
who proposed'that in nature manypopulations (or species) are subject to drastic 
flhctuations of population sizes over time due to ecological and/or environmental 
changes. When a population goes through a sudden redUction of its size, the genetic 
vari~ibility in thi~ gene pool is substantially reduced, and it takes a long time (of the 

-order Of the inverse of-mtitati6~i ~-~e,-ir/iJn~ts Of generation length) to recover from 
the loss of genetic variation. On the other hand, the population size may return to 
the resource capacity of the population/species comparatively much earlier. This 
phenomenon, called "bottleneck", can easily explain the apparent excess of rare 
alleles under the premises-of the neutral mutation hypothesis. 

WhilF both of {heseexl~lanat[ons are'~based On mathematical arguments that are 
difficult to refute, direct validations of "b0ttleneck"and/or %lightly_" deleterious 
mfitati0ns are not available from data of natural populations. This is so because of the 
lack ofi6ast historical data onpopulation sizes for many organisms, and the accurate 
measurement of selection coefficient for or against any specific allele is a difficult task 
(Lewontin & Cockerham 1959). In summary, it is not universally accepted that the 
population "bottleneck" is an wide-spread evolutionary phenomenon applicable for 
all species/populations in which an excess of  rare alleles is observed (Goodnight 
1987). In a similar vein, the hypothesis of slightly deleterious mutations has also its 
own caveat (Li 1978). 
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The purpose of this presentation is to show that there is another factor which can 
give rise to the same observation (excess of rare or total number of alleles compared 
to the expectations under the neutral mutation hypothesis). In an earlier publication 
(Cahkraborty et al. 1988) it is shown that when there is a hidden subdivision within a 
population, caused by microdifferentiation within a population, the allele frequency 
profile in the total population deviates from the neutral expectation in such a fashion 
that the total number of alleles exhibit an excess which mainly Occurs through an 
excess of rare alleles. TJaiS presentation extends the above study demonstrating that 
hidden subdivision possibly are present in many national (cosmopolitan) human 
populations which can Cause rare alleles robe observed in frequencies higher than the 
expectations of the mutation-drift model (n~utral mutation hypothesis). This is 
shown first with the mitochondrial DNA (mtDNA) survey data from several oriental 
populations (Harihara et al. 1988), which implies that the effects of hidden subdiVi- 
sion may be detected even with data from a singli~ locus, provided that it contains 
enough variability. Secondl;¢ it- is-gh-6wn thavthe-summary observations from-the 
three major cosmopolitan populations (Japanese, US Whites, and US Blacks), studied 
by Neel et al. (1988) and Mohrenweiser et al. (1987), also exhibit the same pheno- 
menon when several isozyme loci are simultaneously considered. This indicates that 
the observations from the mtDNA data are no~ artifacts of stochastic errors of 
single-locus data. A recapitulation of Chakraborty et al.'s~ (1,988) computations is 
presented to demonstrate that the relative excess of rare alleles present in a popula- 
tion, produced by the phenomenon of amalgamation, is determined by two factors: 
1) the number of subpopulations hidden within the population studied; and 2) their 
genetic dissimilarities (average genetic distances among them). Ther~efor e, the com- 
plexity of the population can be examined in terms of the observed: level of excess 
number of alleles encountered in any given survey. Lastly, it is argued that since the 
excess mainly occurs through the excess of rare alleles, unless the above factor is 
critically taken into consideration, the indirect estimate of mutation rate per locus 
per generation may be overestimated from the frequencies of rarealleles, as proposed 
by Nei (1977), Neel & Rothman (1978), Chakraborty (4981), and others. 

Gene t i c  d ivers i ty  at the m t D N A  g e n o m e  in some  
Or ien ta l  p o p u l a t i o n s  

The mitochondrial DNA (mtDNA) is particularly useful in evolutionary studies 
of ethnic origins of various human populations (e.g., Brown 1980, Denaro et al. 1981, 
Blanc et al. 1983, Johnson et al. 1:~)8S, Horai et al.: 1987,-Harihara et al. 1988): and in 
detecting DNA polymorl3hisms that ekisted~befb~e ~~he geographic dispersal of-the 
human species in the world (Cann et al. 1982, Cann & Wilson 1983, Cann et al. 1987). 
The mtDNA has a distinct advantage over nuclear DNA becauseothe substantial 
sequence variation present in the mtDNA that can be detected by the restriction 
fragment length polymorphisms (RFLPs) is produced.unequivocally by new muta- 
tions and no recombination is involved in~thege n~ratiOn of the mtDNA:m0rphs 
that can be defined by using various restriction enzymes (Brown & Goodman 1979, 
Horai et al. 1986, Horai & Matsunaga 1986). The molecular sequence variation at the 
mtDNA genome has also provided evidence for founder effects in several human 
populations (Wallace et al. 1985). 
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The power of resolution of sequence variability at the mtDNA genome, however, 
varies substantially from laboratory to laboratory, depending upon the restriction 
enzymes used and detectabilityof fragment size differences. In comparing mtDNA- 
morph frequency differences among various populations, therefore, the uniformity 
of laboratory methods must be taken into account. For the present purpose, here we 
consider the data from a recent survey Where mtDNA polymorphisms were detected 
using 13 restriction enzymes on the total DNA obtained from blood samples of five 
Asian populations; Japanese and Ainu 0f Northern Japan, Korean, Negrito (A~ta) of 
the Philippines, and Vedda ofSri Lanka (Harihara et al. 1988). In the total sample of 
243 individuals 20 different mtDNA-morphs were detected from the combination of 
28 different restrictionenzyme morphs. Since the rate of nucleotide substitutions 
and the extent of nucleotide diversity at the mtDNA genome, by and large, follow 
the pattern of the predictions of the neutral mutation hypothesis (for a review see 
Nei 1987), it is interesting to ask whether the mtDNA-morph distributions observed 
in the survey of Harihara et al. (1988) are in accordance with the sampling theory of 
neutral mutations (Ewens 1972, Chakraborty & Griffiths 1982). 

Estimation 
In a survey of n genes from a steady-state population of effective size No, the 

expected!number of alleles (morphs) that occur with r copies in the sample is given by 

E(k0 = 0_. n! r(n + 0-  r) (1) 
r (n - r)! F(n + 0) 

for r = 1, 2 . . . .  ; where 0 = 2N,10v, in which v is the mutation rate per generation (for 
mtDN?~ v = m/~, where # is the:mutation rate per nucleotide site per generation, and 
m is the length of the mtDNA genome ~ 16.5 kb in man)N~,~ is the effective female 
population size, and F(.) is a.Gamma function (Chakraborty & Griffiths 1982). 

In addition, the expectation and Variance of-the total number of alleles (mtDNA- 
morphs) in a sample of size n are given by Ewens (1972) 

and 

n-I 

E(k) = 0 • rE=O(0 + r)-' (2) 

n-I 
V(k) = 0 • X r / ( O + r )  2 (3) 

r=O 

: in which 0=is:the same as_defioed in equation (1). 
Obviously, evaluations of equations (1)-(3) require the knowledge of the composite 

parameter 0 = 2N,,)v, for which two alternatives are suggested in the literature. In 
the first, called the gene-diversity estimator, the observed mtDNA-morph frequency 
distrj_bution (kr; r77- 1, 2,. . .)  is used to generate an unbiased estimator of the function 
0/(1 + 0), the expected gene-diversity in the population. Nei (!978) has shown that 

~t=  n [ " n - 1  ] 1 - E r~kdn 2 
r=l • 

(4) 
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is an unbiased estimator of 0/(1 + e); i.e., E(IZt) = 0/(1 + e). Therefore, a candidate 
estimator of 0 is given by the gene-diversity estimator 

^ f ~ (  ^ 0Gs = 1 - H), ~ (5) 

for which an approximate sampling variance formula is given by Chakraborty & 
Schwartz (1990) as 

2_0(1 + 0) 2 2 (1 + 0)' (6) ^ 

V(0~s) ~ (2 + 0)(3 + 0) - n 

Alternatively, 0 can be estimated using the maximum likelihood (ML) method 
suggested by Ewens (1972), in which the ML-estimator of 0, denoted by 0MrE, 
satisfies the equation 

n - I  ^ ^ 

k = • r~= (0MLE "}- r) "~ (7) 
Ü M L E  = 0  

whose sampling variance has the close form (see Chakraborty & Schwartz 1990 for a 
derivation)" 

^ I I - ~  

v(oM~) ~ o / [~o~ / (o + r)'] (8) 

While the use of either of the above two alternative estimators of 0 can be used to 
evaluate the expected number of alleles (mtDNA-morphs) with a specified number 
of copies in a sample (equation'1), from a pure statistical consideration one might be 
inclined to use the MLE, ~MLE, because it is more efficient than 0~s (i.e., ~MLE has 
smaller sampling variance compared to 0~s). However, as we shall see below, when the 
observed distribution of kr is at discrepancy with the prediction of equation (1), ~ s  is 
a more realistic estimator, because problems such as hidden subdivision affects 0bILE 
tO deviate from the true value more substantially compared to ~ s  (Chakraborty et al. 
1988, Chakraborty & Schwartz 1990). It should also be stated that none of these 
estimators are unbiased estimator of 0, for which no formulation is available in the 
current literature. • 

For our purpose, we shall use both estimators (~os and ~SlLE) tO demonstrate that 
certain features of the allele frequency distribution always detect hidden subdivision 
in a population irrespective of the choice of estimators. 

Results 
Table 1 shows the summary statistics of the mtDNA survey reported by Harihara 

et al. (1988) for each of the five • Asian populations mentioned earlier, and for the 
pooled sample. In addition, this table also presents the two estimators of 0, (0SlLE 
from k through an iterative solution of equation 7, and 06s from H using equati6n 5), 

. ' . - . 

along with their standard err0fs. 
Two features of these estimates are notworthy. Fi/st, there is a direct positive 

association between the estimates of 0 from k (i.e., ~MLE) with the sample size, while 
this is not so for the estimate from H (i.e., bos). This feature is parallel to the 
observations noted by Chakraborty & Schwartz (1990) in the contextof  analyzing ~ 
the surname frequency distributions in Erigland andWales (Fox&Lasker 1983) and 
in Italy (Zei et al. 1983). This raises doubt as to whether the relative magnitude of the 

i 
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Table 1. Summary statistics of mtDNA surveys from five Asian populations (adapted from 
Harihara et al. 1988). 

Populations n k I2t 
Estimate of 0 = 2N~mv from 

I~I (~o~) k (~.~) 

Japanese 74 11 0.400 ± 0.072 0.681 ± 0.202 3.341±1,240 
Ainu 48 6 0.231 ± 0.081 0.309±0.136 1.588 ± 0.808 
Korean 64 7 0.332 ± 0,075 0.509 ±0.169 1.796 ± 0.832 
A&a 37 3 0A99 ± 0.086 0.257 ± 0.132 0.569 ± 0.434 
Vedda 20 4 0.510 ± 0.104 1.159 ± 0.462 1.209 ± 0.808 

Pooled 243 20 0.340 ± 0.040 0.517 ± 0.092 4.991 ± 1.307 

n = Number of individuals sampled. 
k = Observed number of different •mtDNA-morphs in the sample. 
H = Gene-diversity in the sample (computed by equation 4). 

^ • 

0MLE values for these five populations truly reflect their differences of effective sizes, 
as it shoul d, since the same mtDNA-genome has been examined in these surveys and 
hence the mutation rate component (v) should be the same, unless it varies across 
p0pu[ations, second, the estimate of 0 from k for the pooled sample is much larger 
than those of the individual samples, while the pooled estimate of 0 from I~I (pooled 
gene diversity in theentire sample) is within the range of the individual sample 
estimates. These two features suggest that the total number of mtDNA-morphs 
observed in the sample may not follow the prediction of equation (2), which is the 
prerrii-s~-6f the maximum likelihood estimator of 0 (0MLE, equation 5). 

To check this assertion, we substituted the stimators of 0in equation (1) to get the 
expectation k~ for all values of r = 1, 2 . . . . .  for each of the populations sampled by 
Harihara et al. (1988). These are shown in Tables 2 through 4 for the Japanese, the 
Ainu, ah=d~l~e Kbreans, respectivdy; and in Table 5 for t~he pooled sample. 

The standard errors of the estimates of . . . . . . .  kr, shown in these tables are computed by 
the formula given in Chakraborty & Griffiths (1982). A comparison of the expected 
values of k, with the observed frequencies show three features: 1) Within each 
population when 0 is estimated from H (i.e., 0os), the observed mtDNA-morph 
distributions show excess of the total number of mtDNA-morphs compared to the 
neutral expectation, and this excess is mainly due to the excess of rare morphs (i.e., 
those occurring with few number of copies in the samples); 2) this phenomenon is 
more conspicuous in the pooled sample suggesting that perhaps the reason of the 
above observation is the fact that within each of the defined populations there is 
hidden subdivision; and 3) 0 is estimated from the total number of observed 
mtDNA-morphs in the sample (i.e., 0MLE), although the expectation and observed 
for the total number of morphs agree with each other (as it should, because of 
equation 7), there are excesses of the rare morphs, compensated by deficiencies in the 
number of common m0rphs in thesample, and this phenomenon is more prominent 
in the pooled sample. In other wordsl irrespective of the estimator used for 0, these 
data exhibit a departure from the predictions of the neutral allele theory, suggesting 
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Table 2. mtDNA-morph profile in the Japanese population (based on data of Harihara et al. 
1988). 

Number  Frequencies 

of Expected based on 0 from 

copies Obs. I2t (Oos) k (OmLr) 

! 6 0.684 ± 0.827 3.238 + 1.798 
2 2 0.343 ± 0.586 1.569 ± 1.251 
3 1 0.230 ± 0.480 1.013 ± 1.004 
4 1 0.173 ± 0.416 0.736 ± 0.855 

57* 1 2.370 ± 1.556 4.444 ± 2.206 

Total 11 3.800 ± 2.434 11.000 + 2.693 

* The expected for this category represents frequencies for 5 or more copies. 

Table 3. mtDNA-morph profile in the Ainu population (based on data of Harihara et al. 1988). 

Number Frequencies 

of Expected based on 0 from 

copies Obs. Iq (~)6s) k (~)~LE) 

1 4 0.313 + 0.560 1.569 _+ 1.252 
2 1 0.159+ 0.399 0~775 ± 0.880 

42': 1 1.770 ± 1.346 3.656 +.2.013 

Total 6 2.243 + 1.067 6.000 + 1.965 

* The" expected for this category represents frequencies for 3 or more copies. 

Table 4. mtDNA-morph  profile in the Korean population (based on data of Harihara et al. 
1988). 

Number Frequencies 

of Expected based on 0 from 

copies Obs. I2t (~s) k (~MLE) 

1 3 0.513 + 0.716 1.774 ± 1.332 
2 1 0.259 ± 0.508 0.876 ± 0.936 
3 1 0.174 ± 0.416 0.576 ± 0.759 
4 1 0.131 ± 0.362 0.427 + 0.653 

52* 1 2.018 ± 1.542 3.346 ± 1.937 

Total 7 3.094 -- 1.363 7.000 ±2.160 

::" The expected for this category represents frequencies for 5 or more copies. 
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Table 5. mtDNA-morph profile in the pooled Asian population (based on data of Harihara et 
al. 1988). 

Number Frequencies 

of Expected based on 0 from 

copies Obs. ILl (O6s) 

1 8 0,519 + 0.720 4.910 ___ 2.216 
2 6 0.260 + 0.510 2.415 + 1.554 
3 1 0.174 + 0.417 1.584 + 1.258 
4 1 0.130 + 0.361 1.169 + 1.080 
5 2 0.105 + 0.323 0.920 + 0.958 
9 1 0.059 + 0.241 0.478 + 0.690 

197" 1 2.570 + 1.806 8.525 + 2.995 

Total 20 3.815 + 1.603 20.000 + 3.818 

* The expected for this category represents frequencies for 10 or more copies. 

that the mtDNA-morph  distributions in these Asian populations show excess of rare 
morphs, indicative of the presence of  hidden subdivisions within each of the popula- 
tions studied. 

As a consequence of thesi~ i'esults, if one uses bMLE as a valid estimator for 0 in such 
surveys, we further note that the expected gene diversity, 0,~LE/(1 + 0,~lLE), becomes 
much larger than the observed. This  is shown in Table 6 for each population sample, 
and for the pooled data; suggesting that if internal subdivision is the cause of the 
above-noted discrepancy, 0MLE may not be an appropriate" estimator of 0. On the 
contrary, there are some circumstances under which even in the presence of hidden 
subdivision, the estimator 0cs (from observed gene diversity) may not be in too much 
error, as argued in Chakraborty et al. (1988) and Chakraborty & Schwartz (1990). 

Table 6. Gene-diversity for the mtDNA genome for five Asianpopulations (from data of 
Harihara et al. 1988). 

Population n 
Heterozygosity (H) 

Obs. + s.e. Exp. (from ~MtE) 

Japanese 74 0.400 + 0.072 0.770 
Ainu 48 0.231 + 0.081 0.609 
Korean 64 0.332 + 0.075 0.642 
A~ta 37 0.199+ 0.086 0.363 
Vedda 20 0.510 __+ 0.104 0.547 

Pooled 243 0.340 + 0.040 0.833 
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Allele frequency profile at isozyme loci in three major races of man 

While the above section demonstrates that the presence of hidden subdivision may 
be detected by studying data from single locus, one criticism of such an analysis is 
that the theory used in this context is known to have a large sampling variance, due to 
stochastic error accumulated during evolution (Li & Nei 1975, Ne?1978). Therefore, 
data from a single locus may easily cause deviation due to this artifact. In this:section, 
therefore, we show that the observations noted above from the analysis of mtDNA 
data are not due to stochastic errors alone, which can be substantially reduced if a 
large number of loci areused together to perform similar analysis. This is done here 
using the isozyme surveys reported by Neel et al. (1988)and Mohrenweiser et al. 
(1987) who used uniform laboratory methods to detect isozyme variations in three 
cosmopolitan populations: US Whites and US Blacks from a survey of cord blood 
samples from new borns in Ann Arbor, Michigan; and Japanese from Hiroshima and 
Nagasaki, studied to examine the effect of radiation exposure during the atom-bomb 
exposure. Table 7 presents a summary of their findings, pertinent details of which 
can be found in the original reports. 

Table 7. Summary statistics from isozyme surveys in the three major racial groups of humans 
(adapted from Neel et al. 1988, Mohrenweiser et al. 1987). 

Statistics , Japanese US White US Black 

No. of loci surveyed 
No. of gene sampled/locus 
Av. heterozygosity/locus (in %) 
Av. no. of'~lleles/locus 
Av. no. of singleton alleles/locus 
Prop. of variant loci 

32 51 51 
29,272 4,435 374 
8.699 5.011 5.230 
5.531 2.608 1.667 
2.031 0.843 0.196 
0.875 0,667 0.471 

From these Summary statistics, we can use equations (5) and (7) to obtain the two 
alternative estimators of ~, and derive expectations for the number of alleles per locus 
for each specific allele frequency classes, substituting such parameter estimates in 
equation (1). Figs. ia, lb, and lc and Table 8 show the contrast of the observed allele 
frequency distributions for all loci pooled together in these three populations 
separately. For brevity, we show only the predictions based on the estimator 0os, 
since the qualitative results are similar for the other estimator (0MLE) as well. These 
figures and Table 8 clearly show that within each of the three major racial groups of 
man, there is a conspicuous excess of total number of alleles compared to the neutral 
expectation, and the excess is mainly due an increase in the number of rare alleles. 

Fig. 1. Observed (blank bars) and expected (black bars) allele frequency distributions from 
isozyme data in the three major racial g~oups of man: panel~(a)'~=fJapanese;q~anel:il~) = 
US White; and Panel (c) = US Black. The raw dataare given i~nM0hrenweis~r et a1.(1987) and 
Neel et al. (1988). The expectations are based on the parameter estimate Sos, and employs the 
theory of Chakraborty & Griffiths (1982). 
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Table 8. Allele frequency distributions per locus from isozyme data in the three major racial 
groups of man. 

Allele Japanese US White US Black 
frequency 

class Obs. Exp.* Obs. Exp.* Obs. Exp.* 

0 -0.005 4.156 0.783 1.353 0.270 0.196 0.052 
0.005-0.01 0.063 0.068 0.059 0.065 0.078 0.044 
0.01 -0.05 0.094 0.063 0.078 0.072 0.255 0.138 
0.05 -0.10 0.031 0.032 0.020 0.026 0.039 0.037 
0.10 -0.20 0.0 0.019 0.020 0.024 0.039 0.030 
0.20 -0.30 0.094 0.018 0.020 0.020 0.059 0.024 
0.30 -0.40 0.063 0.018 0.020 0.018 0.0 0.022 
0.40 -0.50 0.031 0.016 0.039 0.016 0.0 0.020 
0.50 -0.60 0.031 0.016 0;039 0.016 0.0 0.022 
0.60 -0.70 0.063 0.026 0.020 0.019 0.0 0.024 
0.70 -0.80 0.094 0.058 0.020 0.020 0.059 0.037 
0.80 -0.90 0.0 0.060 0.020 0.024 0.039 0.041 
0.90 -1.00 0.813 0.843 0.902 0.879 0.902 0.864 

Total 5.531 2.021 2.608 1.469 1.667 1.354 

* The expected number of alleles in a gene frequency class iscomputed by the theory 
of Chakrab0rtv & Griffiths (1982), Using the estimate Oos from the average gene-diversity. 
All expectations refer to the appropriate sample size of the relevant surveys (see Table 7). 

The distributions shown in these three figures suggest that such excess can be detected 
even by a graphic display of the data. An objective tes t  of significance of such 
departures (not attempted here) can be done using a result from the theory of 
Chakraborty & Griffit]hs (1982), who showed that the number of rare alleles (e.g., 
alleles with gene frequency in the range below 1% or 5 %) approximately follows a 
Poisson distribution, and hence appropriate exact tests may be conducted using the 
expected frequency of such alleles as the estimated parameter of the Poisson distribu- 
tion, with sample sizebeingthe number of loci involved in such calculations (e~g, the 
significance of the departure of the observed frequency of 4.156 alleles with gene 
frequency below 0.5 % per locus~in the Japanese population compared to its expecta- 
tion of 0.783 can be tested with a Poisson test assuming the parameter value of 0.783 
and sample size 32, the number of loci). 

In summary, these data show that the obsev,'ed isozyme allelefrequency profile in 
each of the three major races of man depart fi'orri the--h~i/f-ral~edic~ti6r~s,~xhibiting 
an excess of rare alleles, which is the main contributor of the apparent--exces-sof-tot-al ~ 
number of alleles per locus. In conjunction to this we also note that the proportion-df 
variant loci (i.e., the loci with at least one Variant allele observed)~is al~o in-excess-of 
the expectation. These summary observati6ni aresh0w~n-~Talsl~9,iSa~ti~la~l~- 
using the gene-diversity estimator, ~s .  • 

As in the case of mtDNA data, we also note thatwhen ~hLE isused as an~estimat0r 
of 0, the predicted level of heterozygosity (Iq) becomes too large compared 'tO t]ae 
observed in each of these three populations. This is shown in Table 10. 
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All of the findings of the single-locus analysis using m t D N A - m o r p h  distributions 
in the five Asian populations are comparable with the isozyme surveys in the major 
racial groups of man. In other words, the conclusions derived from the m t D N A  
survey are not due to an artifact of stochastic errors associated with single-locus data. 

Table 9. Summary statistics of departures from the neutral m0delin the is0zyme variation in 
three racial groups of man. 

Statistics Observed Expectd + s.e. 

Japanese (~as = 0.095; n = 29,272) 
Total no. of alleles/locus 
No. of singleton alleles/locus 
Proportion of variant loci 

US White (~os = 0.053; n = 4,435) 
Total no. of alleles/locus 
No. of singleton alleles/locus 
Proportion of variant loci 

US Black (~os = 0.055; n = 374) 
Total no. of alleles/locus 
No. of singleton alleles/locus 
Proportion of variant loci 

5.531 2.021 + 0.177 
2.031 0.095 +0.055 
0.875 0.625 + 0.086 

2.608 1.469 + 0.095 
0.843 0.053 + 0.032 
0.667 0.358 + 0.067 

1.667 1.354 +_ 0.083 
0.196 0.052 __.0.032 
0.471 0.279 + 0.063 

Table 10. Observed and expected gene-diversity from the MLE of ~ in the three major racial 
groups of man (from data of Mohrenweiser et al. 1987 and Ned et al. 1988). 

Populations n k bMLE 
Gene-diversity 

Obs. Exp. 

Japanese 29,272 5.531 0.440 0.087 + 0.026 0.305 
u s  White 4,435 2.608 0.185 0.050 + 0.018 0.156 
US Black 374 1.667 0.105 0.052 + 0.015 0.095 

C a u s e  a n d  i m p l i c a t i o n  o f  excess  o f  r a r e  a l l e l e s  in  c o s m o p o l i t a n  
p o p u l a t i o n s  

Having shown that  the excess of rare alleles is perhaps a general rule in many 
cosmopoli tan populations, several causal mechanisms may be proposed which may 
explain this phenomenon, indicated in the introductory section of this presentation. 
We argue that  hidden substructuring could be a major factor, although it cannot be 
clearly shown from these data alone. However,  if we examine the above observations 
in the light of the oatural experiment conducted in Chakrabor ty  et al. (1988), we can 
easily argue that  none of the populations examined here are probably single breeding 
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units within themselves, and hence the observed departure is an effect of hidden 
subdivision. The questions, the+refore,arei Hb-~¢-many stiblSopulations are necessary 
to explain the observed discrepancy, and v¢hat are the+irfipli~ations-6f-such disere- 
pancy. The first question cannot be unequivocally answei:ed from the above data 
alone, because there are two factors of hidden subdivision which pertains to the 
above-noted discrepancy, shown in Chakrab0Fty et ~11[-(1988). T6 i:eTccalSiFfila~-t h~i- 
analysis, this earlier study showed that within each of the individual ~ South and 
Central American Indian tribes, the allele-freciuenc~,iJ~filefoliows-the+prediction of 
the neutral allele theory suggesting that the genetic variations Of the isozymes used in 
the major racial group analysis here may indeed be selectively neutral. However, when 
the data from 12 tribes are pooled to compose a single hypothetical Amerindian 
population, the allele frequency profile in such a composite population departs from 
the expectations of the neutral model, all features of which parallel to the present 
observations. This is graphically shown in Fig. 2, where the expected allele frequency 
distributions (denoted by black bars) are derived based on the  gene-diversity 
estimator ~Gs. 

Chakraborty et al. (1988) further showed that the complexity of hidden sub- 
division is composed of two factors: 1) The number of subpopulations involved, and 
2) the average degree of genetic differentiation among them. A larger number of 
subpopulations with small degree of genetic divergence among them may have effect 
similar to a small number of subpoputations with large genetic distances among 
them. This result implies that unless there is any other independent information 
regarding the extent of subdivision, the number of subpopulations cannot be esti- 
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Fig. 2. Observed (blank bars) and expected (black bars) allele frequency distributions from 
isozyme data in 12 Amerindian tribes from South and Central America. The pooled distribution 
is from the allele frequency distribution in the total popuiation (pooled over 12 tribes), and the 
within tribe distribution is the average of the individual tribe-specific distributions. The raw 
data are given in Chakraborty et al. (1988). 
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mated precisely. However, some knowledge of the history of a population may 
provide information regarding the time depth of isolation of subpopulations within 
it. If-such:data are-avail~ble,oi~e-r/lighTg u-g~egt a reasonable value of effective genetic 
dista~-~mong thi: constituent subpopulations,from which an estimate of the 
necessary number of subpopul:iti6n-s maybe made to explain the observed excess of 
allele numbers. " 

This brings us to the second question, namely the implication of the observed 
excess of allele numbers in human populations. Note that a translation of the time 
depth.of isolation, to a genetic distance (see Nei 1975, 1987) is possible only when the 
murat,on rate estimates are available. The current indirect estimates of mutation rate 
from isozyme studies are all based on theories that depend upon the assertion that 
the observed'n~b~t; bf--raiZ~-(0r total), alleles is in accordance with the neutral 
expectations. This is Where the-hidden subdivision effect is most prominent. There- 
fore, if hidden subdivision is prevalent in most cosmpolitan populations, the indirect 
estimates of mutation rate may be grossly overestimated. Note that in the most 
recent attempt to provide an indirect estimate of mutation rate from human isozyme 
data, Chakraborty & Neel (1989) used the Amerindian populations that within 
themselves follow the neutral allele frequency profile, and these estimates are much 
closer to tlie direct estimates (although still differ b); a factor of tWO)i Comparison of 
mutation r~.{e estimates in different populations, therefore, should be made with 
caution, because the extent of hidden subdivisions may be substantially different 
among them. 

Conclus ion and discussion 

The main conclusion-oftHe ahoy-e- analyses of the mtDNA and isozyme data is that 
there is an appalling-excel-Of ff, e~dfal nu'mber of alleles or mtDNA-morphs in all 
populations analyzed. This excess is probably due to hidden subdivision within each 

population, sincethis observation is parallel to what is seen in the Amerindian study 
(Chakraborty etal, 1988) where such a discrepancy could be created artificially by 
amalgamating tribes with different degrees of genetic differentiation among them. 

Comparing the results of Tables 2 and 6, it is reassuring that the excess of total 
number of variants in the Japanese population is quite consistent between the 
mtDNA survey (2.89-fold increase in relation to the neutral expectation) and in the 
isozyme data (2.74-fold increase). This is somewhat larger than the excess seen in the 
Amerindian study where 12 tribes have been amalgamated (resulting in a 1.6-fold 
increase), Although'these numbers should not be interpreted at their face value, since 
the extent of excess is a complex function of average degree of po!ymorphism within 
a populatign, humber of cbffs~ituent subpopulations, and their genetic isolation. 
However, considering the three populations of the present isozyme data analysis, we 
see that the Japanese population exhibit a higher extent of the excess of total number 
of alleles. Even though the Japanese isozyme survey (Neel et al. 1988) involves a 
smaller set of loci (32) than the US Whites and US Blacks (Mohrenweiser et al. 1987; 
where 5110ci were sCored), and the average gene-diversity in the Japanese population 
is somewhat larger (8.7 %) in comparison with the US Whites or Blacks (approx- 
imately 5 %), the 2.7-fold excess in the Japanese population as compared to the 
1.8-fold excess in the US Whites, or !.3-fold excess in the US Blacks is reasonable, 
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since the US Blacks represent an admixed population formed by slave-trading from a 
smaller region of Africa (mostly West Afrii:a; see Adams & Ward 1973) and has the 
history of only five centuries of gehe,ad/fiixtufe%;/iththe Ca-uc~a-siar/~The US white 
population probably consists of substructuring due to their different European 
ancestry, where the genetic differences can be substantially smaller than the probable 
constituent Japanese subpopulations. 

These deductions are of c0urse tentative, because a firm conclusion in this regard 
should require an adjustment for sample size differences between the surveys, 
eliminate any possible bias due to differences ofthe loci employed in the analysis, and 
finally must adjust for probable differences of genetic distances among the con- 
stituent subpopulations. This issue will beconsidered in a greate[ details elsewhere 
(Chakraborty et al., in prep.). 

As mentioned earlier, 6/~e important implication of this demonstration is that the 
excess of allele numbers in comparison to the neutral expectation is dependent on the 
internal genetic structure of the population. Therefore, when an indirect estimate of 
mutation rate is based on the number of rare alleles, any inter-survey comparison of 
mutation rate estimates from different populations should be made with caution. 
While in the past there had been some suggestions for the possibility of primitive 
populations exhibiting larger mutation rates than the modern cosmopolitan popula- 
tions, in view of the present observation this postulation cannot be persued any 
longer vigorously (see Chakraborty & Neet 1989 for a different reason for this). 

Another implication of the present set of observations relates t6 thecomparability 
of molecular variation at the DNA level, detected by resti'iction fragment length 
polymorphisms (RFLPs) with that at the isozyme loci detected by electrophoresis. It 
is true that electrophoresisdetects only ~/fraction (between one~-third to one~f0urth) 
of molecular variati0fi becaug~ df~he-fa-cf fhat-r//acleotidechangesthatdo not change 
the charge of a protein molecule is not detected by electr0phoresis. In contrast, as 
long as the recognition sequence is altered, such'changefwillbe detected by the 
RFLP-technique. However, at present population data onRFEPs exist f0r-popula- 
tions that are very loosely defined, leaving enough scope of internal hidden subdivi- 
sions within them. Therefore, from the greater number of variant RFLP alleles(or 
haplotypes) alone one Cannot judge how enhanced is the degree of detection of 
genetic Variation by this impi, dved technique. The unit of population shouldbe 
precise for both technologies, should a more precise estimate of detectability of 
molecular polymorphism be made, even when we adjust for hidden variation in both 
techniques. 

The analyses presented hei'e also reflect that even if the populations of slightly 
deleterious mutations and population bottleneck do not apply to a particular popu- 
lation, there may be a more realistic factor (namely, hidden~subd ivision) that could 
cause specific departures of  the allele frequency profile from the prediction of the 
neutral mutation hypothesis. Hidden subdb)isidr/ig-~i~faT&-o r that can ~ be ~mg~'e 
incisively examined. For example, -enlarged: samplihg from different ge0graphic 
regions within a 150pulationmay reveal the exten't 0f Stibdiqigi6m Such geographic 
microdifferentiation has been demor/strated withallelefrequency data at specific loci 

Japan (e.g., Nei & Imaizumi 1966a, b), or by population structure analysis 
ienmploying Wright's F-statistics (e.g., Neel & Ward 1972). Therefore, should hidden 
subdivision be the only cause of departure of the allele frequeficy'l~i'bfil// from the 
• neutral expectations, this caia be easily tested. Such validations of the bottleneck 
hypothesis or slightly deleterious mutation model are not readily available. 
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Finally, it should be noted that while this presentation emphatically argues for the 
more thorough examination of the possibility that many cosmopolitan populations 
may indeed have internal hidden substructuring, causing its allele frequency profile 
to depart substantially from the neutral expectations, this does not negate the 
existence of other probable causes, which might simultaneously affect a population 
during the'course of its evolution. Nevertheless, since it is a testable proposition, 
hidden subdivision may be detected and validated. Even after this is done, if it cannot ~tccount 
for all the departures, other hypotheses may be entertained for understanding the 
evolutionary mechanisms that may generate the observed allele frequency structure 

of the population. 
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Summary: Natural populations °f many °rg anisms exhibit excess °f rare alleles in c°mparis°n 
with the predictions of theneutral mutation hypothesis. It has been shown before that either a 
population bottleneck or the presence of slightly deleterious mutations can explain this 
phenom-en~ri. Athird expla nation is presented in this work, showing that hidden subdivision 
within a population can also lead to an excess of rare alleles in the total population when the 
expectations of the neutral model ai'e based on the allele frequency profile of the entire 

population data. 
With two examples (mitrochondrial DNA~morph distribution and isozyme allele frequency 

distributions), it is shown that most cosmopolitan human populations exhibit excess of rare as 
well as total allele counts, when these are compared with the expectations of the neutral 
mutation hFpothesis. The mitochondrial data demonstrate that such excesses can be detected 
from genetic variationat a single locus as well, and this is not due to stochastic error of allele 
frequencyodistributions. Contrast of the present observations with the allele frequency profiles 
in agglomerated tribal populations from South and Central America shows that even when the 
neutral expectationshold for individual subpopulations, if all subpopulations are grouped into 
a single population, the pooled data exhibit an excess of total number of alleles that is mainly 
due to theexcess of rare alleles. Therefore, a primary cause of the excess number of rare alleles 

• could be the:hidden-subdivisi0n,,and the~magnitude o[ the excess indicates the extent of 
substi'ucturing. The two components of hidden subdivision are: 1) Number of subpopulations, 

. an& 2)~the average.genetic distance among them. The implications of this observation in 
estimating mutation rate are discussed indicating the difficulties of comparing mutation rates 
form differentpopulationsurveys- . : 

Zusammenfassung: Natiirliche Populati0nen zahlreicher Organismen weisen einen Uber- 
schuf~ an seltenen Allelen auf, der nicht mit der Hypothese neutraler blutationen in Uberein- 
stimmung steht, Es wurde zur Erkl~irung dieses Phiinomens bisher angenommen, daf~ entweder 
,Bottleneck_Effekte ~ oder~schwach nachteilige Mutationen in dlesem Zusammenhang eine 
Rolle spielen. In dieser Untersuchung wird eine dritte-Erkl~irungsm6glichkeit aufgezeigt, 
.indem dargestellt wird, dab eine nicht often erkennbare Strukturierung einer Population zu 
einem OberSchut] an seltenen Allelen in der Gesamtpopulation fLihren kann, und zwar dann, 
wenn d ie-E~[warlungen nach de~m_M_9_d_ell n eutralej" Mutationen auf - dem AUelenfrequenzprofil 
fiir die Gesamtpopulation basieren. 

An zweiBeispielen (miyochondriale DNA-morph-Verteilung und Verteilung der Allelen- 
frequenzen v6n Isoenzymen) wird gezeigt, dal~ die meisten menschlichen Grof~beviSlkerungen 
Oberschiisse s0w0hl seltener Allele als auch der Allelzahlen insgesamt zeigen, wenn diese mit 
den Erwartungswerten nach der Hypothese neutraler Mutationen verglichen werden. So lassen 
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die Daten fiir die mitochondriale DNA erkennen, daft ein solcher Oberschufl ebenso anhand 
der genetischen Variabilit~it an einem einzigen Genlocus entdeckt werden kann, was nicht 
durch stochastische Fehler der Allelenfrequenzverteilungen bedingt ist. Beobachtungen an 
zusammengesetzten siid- und mittelamerikanischen Stammesbev61kerungen zeigen, daft die 
Hypothese neutraler Mutationen fiir die einzelnen Stammesbev6lkerungen durchaus zutreffen 
kann. Wenn jedoch alle Subpopulationen zu einer Gesaamtpopulation:zusammengefaflt wer- 
den, lassen die gepoolten Frequenzdaten einen Uberschufl beziiglich der Gesamtallelenzahl 
erkennen, welcher haupts~ichlich durch einen lJberschufl an seltenen Allelen bedingt ist. Eine 
wesentliche Ursache hierfiir ist offenbar in einer nicht often erkennbaren Strukturierung der 
Gesamtbev/51kerung zu sehen, und das Ausmafl des l]berschusses reflektiert den Grad dieser 
Strukturierung. Die beiden Komponenten der verborgenen Bev/51kerfingsgliederiihg siiidll die 
Zahl der Subpopulationen und 2. der durchschnittliche genetische Abstand zwischen ihnen. 
Die Bedeutung dieser Beobachtung f/.ir die Schiitzung yon Mutationsraten wird diskutiert, 
wobei auch auf die Schwierigkeiten hinsichtlich des Vergleichs von Mutationsraten eingegan- 
gen wird, die an verschiedenen Populationen ermittelt worden sind. 

I n t r o d u c t i o n  

In geneti/: analysis of population data, the genetic make-up of a population is 
generally studied in a variety of ways. The basic data for such analyses are frequencies 
of various alleles (or genotypes) at one or more loci, estimated from random samples 
drawn from a population. The population, in this context, is usually defined as a 
breed!ng unit, within which mating occurs with a well-specified pattern (generally 
assumed to be random). 

Over the histoi'y of population genetics, the technique Of detecting genetic varia- 
tion has changed considerably. Initially, before the advent of serological:techniques 
of blood grouping (Landsteiner & Levine 1928), morphol6gic;il-~dphysi01ogical 
traits had been popular for studying genetic variations within and between popula- 
tions. Soon after the discovery of blood-group systems in humans, anthropological 
and human genetic studies started using these techniques extensively. As a result, 
morphological data had been now replaced by voluminous gene frequency surveys in 
various ethnic groups around the world (M0urant et al. 1976). The development of 
electrophoretic techniques introduced another set :of traits which detect genetic 
variations based on charge and/i~r moleciilai; ~ize differences 0f pr0tein-enzyme 
molecules. Since such changes are due to new mutations at the nUcleotide level that 
are translated into mRNA during protein synthesis, the electrophoretically deter- 
mined genetic variations were the first step of studying evolution at a molecular level. 
Genetic variation detected by electr0plioresis, furtlaermore,does not depend upon 
the antigen-antibody specificity which is essential for the serological methods applied 
to detect the genetic variation at blood groups and immunological systems. Use of 
electrophoretic techniques, therefore, produced data not only in humans, but also on 
other organisms, ranging from E. coli (Milkman 1973)to primates (King &:Wilson 
1975, Bruce & Ayala 1979). It soon became apparent thatgenetic variation is 
widespread; its extent varies from o~'ganism to organism (.Nei 1975), and for some 
orgamsms the extent of genetic variation vary widely over differene geographic 
regions, depending upon other factors such as population size, reproductive isola- 
tion, and ecological conditions. These assertions have been everi more firmly esta- 
blished by the recent molecular techniques of restriction fragment length poly- 
morphisms (RFLPs), and nucleotide-sequencing technique, whereby the detection 
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of genetic variation is extended beyond the translated region of the DNA. Although 
these later techniques are far more powerful to study genetic variation at a molecular 
level, it should be noted that current knowledge of DNA polymorphism at a 
populationlevel is still scanty compared to  the electrophoretically determined 
polymorphisms (see Roychoudhury & Nei 1987 for a comparative compilation of the 
current data). 

While such data convincingly established the Ubiquity of genetic variation, there is 
still a question as to which evolutionary factors play a dominant role in maintaining 
such variations in natural populations: In other words, it is not certain if the main 
cause ~of extensive genetic polymorphism is natural selection, nor it is clear whether 
or not the genetic vai'iation is being maintained by counteracting forces of mutation 
a n_d ra~_dpm genetic drift (Lewon_tin 19_74,Ayala 1976, Nei 1975, 1987, Kimura 1983). 
This cont;gversy, called the selectionist-neutralist controversy, still remains un- 
resolved~f6r=the reason that there are several features of data on genetic poly- 
morphJsms[that cannot be rigorously explained by either of these hypotheses. For 
exanaple, the observed average level of heterozygosity is generally too low in contrast 
with the predictions of the balancing selection hypothesis of genetic polymorphism 
(Nei&~ Graur 1984), At the same time there is a relative excess of the frequency of 
"rare" alleles in comparison with the expectation of the neutral mutation hypothesis, 
which i s particularly noteworthy in many species, ranging from Drosophila to human 
(Ohta 1976,Chakraborty et al. 1980). This later observation led Ohta (1973) to 
propose that many of the new mutations that occur in nature are deleterious, but 
they are quickly eliminated from the population because of the negative selection 
against them. However, there are some %lightly" deleterious mutants which are not 
so quickly eliminated from the population because of the weakness of selection 

" intensity against them. Negative selection against them, however, prevents their 
frequencies to attain intermediate or high level. As a result,.these slightly deleterious 
mutations account for the relative excess of "rare" alleles in a population. 

An alternative explanation of the excess of rare alleles is given by Nei et al. (1975), 
Chakraborty & Nei (1977), Maruyama & Fuerst (1984, 1985), and Watterson (1984) 
who proposed that in nature many populations (or species) are subject to drastic 
fluctuations of population sizes over time due toecological and/or environmental 
changes. When a population goes through a sudden reduction of its size, the genetic 
variabilky in the genepool is substantially reduced, and it takes a long time (of the 
order of the inverse of mutation rate, in units of generation length) to recover from 
the loss o f  genetic ~/ariation. On the other hand, the population size may return to 
the resource capacity of the population/species comparatively much earlier. This 
phefiom-dfi0h, d~ll~d"boftldn~ck", can easily explain the apparent excess of rare 
alleles under-the f3i~emises of the neutral: mutation hypothesis. 

While both of these explanations are based on mathematical arguments that are 
difficult to refute, direct validations of "bottleneck" and/or "slightly" deleterious 
mutations are not available from data of natural populations. This is so because of the 
lack of past historical data on population sizes for many organisms, and the accurate 
measurement of selection coefficient for or against any specific allele is a difficult task 
(Lewontin & Cockerham 1959). In summary, it is not universally accepted that the 
population ,bottleneck" is an wide-spread evolutionary phenomenon applicable for 
all species/populations in which an excess of rare alleles is observed (Goodnight 
1987)~ In a similai-i, ein, the hy~pothesig-of slightly deleterious mutations has also its 
own caveat (Li 1978). 
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The purpose of this presentation is to show that there is another factor which can 
give rise to the same observation (excess of rare or total n-fa~ixibe~-of alleles compared 
to the expectations under the neutral mutation hypothesis) . In an earlier publication 
(Cahkraborty et al. 1988) it is shown that when there is a hidden subdivision within a 
population, caused by microdifferentiatjon ~,ithin a population, the al!e!_e f reqiaency 
profile in the total population deviates fr0m the neutral expectaiion in fuch a-f~ghi~n 
that the total number of alleles exhibit an excess Which mainly/occii-rsillr-~-~gh~an 
excess of rare alleles. This presentation extends the above study demonstrating that 
hidden subdivision possibly are present in many national (cosmqpolitan_) human 
populations which can cause rare alleles to be observed in frequencies higher than the 
expectations of the mutation-drift model (neutral mutation hypothesis). This is 
shown first with the mitochondrial DNA (mtDNA) survey data from several oriental 
populations (Harihara et al. 1988), which implies that the effects of hidden subdivi- 
sion may be detected even with data from a single locus, provided that it contains 
enough variability. Secondly it is shown that the summary observations from the 
three major cosmopolitan populations (Japanese, US Whites, and Us Blacks), studied 
by Neel et al. (1988) and Mohrenweiser et al. (1987), also eXhibit the same pheno- 
menon when several isozyme loci aL:e simultaneously considered. This indicatesthat 
the observations from the mtDNA data are not artifacts of stochastic errors of 
single-locus data. A recapitulation of Chakraborty et al.'s (1988) computations is 
presented to demonstrate that the relative excess of rare alleles present m a popula- 
tion, produced by the phenomenon of amalgamation, is determined by two factors: 
1) the number of subpopulations hidden within the population studied; and 2)-their 
genetic dissimilarities (average genetic distances among them). Therefore, the com- 
plexity of the population can be examinedin terms of the observed level O f excess 
number of alleles encountei:ed in any gi'~en survey. Lastlyl it~is argued th_at since the 
excess mainly occurs through the excess of rare alleles; uriless the above factor is 
critically taken into consideration, the indirect estimate of mutation rate per locus 
per generation may be overestimated from the frequencies of rare alleles, as proposed 
by Nei (1977), Neel & Rothman.(1978), Chakraborty (1981), and others. 

Genetic diversity at the mtDNA genome in some 
Oriental populations 

The mitochondrial DNA (mtDNA) is particularly useful in evolutionary studies 
of ethnic origins of various human populations (e.g., Brown 1980, Denaro et al. 1981, 
Blanc et al. 1983, Johnson et al. 1983; Horai et al. 1987, Harihara etal. 1988) and in 
detecting DNA polymorphisms that existedbefore the geographic dispersal of-the 
human species in the world (Cann et al._198_2, Cann & Wilson 1983, Canner al. ~!987). 
The m t D N A  has a distinct advantage over nuclear I )NA because the substantial 
.sequence variation present in the mtDNA that Can bedetected-by th~ re-striction 
fragment length polymorphisms (RFLPs) is produced unequivocally by new muta- 
tions and no recombination is involved in the generation Of the mtDNA'-morphs 
that can be defined by using various restriction enzymes (Brown & Goodman 1979, 
Horai et al. 1986, Horai & Matsunaga 1986). The molecularseque-ncevariatibn-aFth~- 
mtDNA genome has also provided evidence for founder effects iia-several human 
populations (Wallace et al. 1985). : ~ ~ ~ - 
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The oower of resolution of sequence variability at the mtDNA genome, however, 
varies substantially from laboratory to laboratory, depending upon the restriction 
enzymes used and detectability of fragment size differences. In comparing mtDNA- 
morph frequency differences among various populations, therefore, the uniformity 
of laboratory methods must be taken into account. For the present purpose, here we 
consider the data from a recent survey where mtDNA polymorphisms were detected 
using 13 restriction enzymes on the total DNA obtained from blood samples of five 
Asian populations; Japanese and Ainu of Northern Japan, Korean, Negrito (A&a) of 
the Philippines, and Vedda of Sri Lanka (Harihara et al. 1988). In the total sample of 
2a,3 ir/di~idual~:20~different mtDNA.morphs were det.ected from the combination of 
28 different restriction enzyme morphs. Since the rate of nucleotide substitutions 
and the extent of nucleotide diversity at the mtDNA genome, by and lai'ge, follow 
thepa~tern 6f-thepredictions of the neutral mutation hypothesis (for a review see 
N~i~:i987), itis interesting to ask whether the mtDNA-morph distributions observed 
in the survey 6f Harihara et al. (1988) are in accordance.with the sampling theory of 
neutral mutations (Ewens 1972, Chakraborty & Griffiths 1982). 

Est imat ion  
In:a-survey of n genes from a steady-state population of effective size N0, the 

expected number of alleles (-morphs) that occur with r copies in the sample is given by 

0 n! F(n + 0 - r) (1) 
E(kr) = i--i."--(-~-7_~)! ". r ( n  + o) 

for r = 1,2 . . . .  ; where 0 = 2N0mv, in which v is the mutation rate per generation (for 
mtDNA v = m#, where > is the mutation rate per nucleotide site per generation, and 
m is the length of the mtDNA genome ~ i6.5 kb in man) N~it) is the effective female 
population size, and F(')iS a Gamma'function (Chakraborty & Griffiths 1982). 

In addition, the expectation and variance of the total number of alleles (mtDNA- 
morphs) in a sample of size n are given by Ewens (1972) 

.-1 (2) 
E(k) = 0 • r£__o(O + r)-' 

and 
.-~ (3) 

V(k) = 0 • £ r / ( O + r ) "  
r=O 

in which 0 is the same as defined in equation (1). 
Obviously,evaluations of equations (1)-(3) require the knowledge of the composite 

parameter 0 = 2N,(tlv, for which two alternatives are suggested in the literature. In 
the first, called the gene-diversity estimator, the observed mtDNA-morph frequency 
distribution (kr; r = 1, 2,. [.) is used to generate an unbiased estimator of the function 
0/(1 + 0), the expected gene-diversity in the population. Nei (1978) has shown that 

- r=l 
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is an unbiased estimator of 0/(1 + 0); i.e., E(I2t) = 0/(1 + 0). Therefore, a candidate 
estimator of 0 is given by the gene-diversity estimator 

^ I ~ (  ^ 0~s = 1 - H), (5) 

for which an approximate sampling variance formula is given by Chakraborty & 
Schwartz (1990) as 

^ 20(1 + 0)' 2 (1 + 0) 3 (6) 
v(O~s) ~ (2 + o) (3 + o) n 

Alternativelyl 0 can be estimated using the maximum likelihood (ML) method 
suggested by Ewens (1972), in which the ML-estimat0r of 0, denoted by 0MLE, 
satisfies the equation 

^ n - I  ^ 

k = OMLE " rX=o(OMLE + 0 4 (7) 

whose sampling variance has the close form (see Chakraborty & Schwartz 1990 for a 
derivation) 

^ n - I  

V(OMLE) ~ 0 / [E__or / (0 + r) 2] (8) 

While the use of either of the above two alternative estimators of 0 can be used to 
evaluate the expected number of alleles (mtDNA-morphs) with a specified number 
of copies in a sample (equation 1), from a pure statistical consideration one might be 
inclined to use the MLE, OMLE, because it is more efficient than Oas (i.e., ~JMLE has 
smaller sampling variance compared to 0os). Howeve~as we-shall see below, Wlienthe 
observed distribution ofk~ is at discrepancy with the prediction ofequation (1), 0~s is 
a more realistic estimator, because problems such as hidden Subdivision affects b.,aLE 
tO deviate from the true value more substantially Compared to O~S (Chakraborty et al. 
1988, Chakraborty & Schwartz 1990). It should als0 bestated that none of these 
estimators are unbiased estirfiatbr bfO;[f-6r-o~hl-ch-n-o~fbrnl~ala ~ion-is:availabl-e-:in-the 
current literature. 

For our purpose, we shall use both estimators (O~s and OM[E)tO demonstrate that 
certain features of the allele frequency distribution always detect hidden subdivision 
in a population irrespective of the choice of estimators. 

Results 

Table I shows the summary statistics of the mtDNA survey reported b'y Harihara 
et al. (1988) for each of the five Asian populations mentioned earlier, and for the 
pooled sample. In addition, this table also presents the two estimators of 0, (~MLE 
from k through anlterative s01uti0n of equation 7, and ~JGs from H using equation 5), 
along with their standard errors. ~ ....... " . . . . . . . . . . . . . . . . . .  

Two features of these estimates are notworthy. First, there is a direct positive 
association between the estimates of Ofrom k (i.e., ~JM[E) with the sample size, while 
this is not so for the estimate from H (i.e., Ocs). This featUre~ispa rallel:to,~the- 
observations noted by Chakraborty & Schwartz (1990)in ~he context Of analyzing; 
the surname frequency distributions in Englanc] and Wales (Fox &Lasker 1983) and 
in Italy (Zei et al. 1983). This raises doubt as to whether the relative magnitude of the 
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Table 1. Summary statistics of mtDNA surveys from five Asian populations (adapted from 
Harihara et al. 1988). 

Populations n k ILI Estimate of 0 = 2N,if,v from 

fi (~GS)- k (~MLE) 

Japanese 74 11 0.400 ± 0.072 0.681 ± 0.202 3.341 + 1.240 
Ainu 48 6 0.231 ± 0.081 0.309 ± 0.136 1.588 ± 0.808 
Korean 64 7 0.332 ± 0.075 0.509 ± 0.169 1.796 ± 0.832 
A&a 37 3 0.199 ± 0.086 0.257 ± 0.132 0.569 + 0.434 
Vedda 20 4 0.510 ± 0.104 1.159 4- 0.462 1.209 ± 0.808 

Pooled 243 20 0.340 ± 0.040 0.517 ± 0.092 4.991 ± 1.307 

n = Number of individuals sampled. 
k = Observed number of different mtDNA-morphs in the sample. 
H = Gene-diversity in the sample (computed by equation 4). 

0MLE values for these five populations truly reflect their differences of effective sizes, 
as it should, since the same mtDNA-genome has been examined in these surveys and 
hence the mutationratecomponefit (v) should be the same, unless it varies across 
populations. Second, the estimate of 0 from k for the pooled sample is much larger 
than those of the individual sam-pies, while the pooled estimate of 0 from l~I (pooled 
gene diversity in the entire sample ) is within the range of the individual sample 
estimates. These tWfffeatiires suggest that  the total number of mtDNA-morphs 

observed in the sampleomay not fo!low the prediction of equation (2), which is the 
pr~mi~e of the maximu~;likeliho0d estimator of 0 (0MLE, equation 5). 

To check this assertion, we substituted the stimators of 0 in equation (1) to get the 
expectation k, for all values of r = 1, 2 . . . . .  for each of the populations sampled by 
Harihara et al. (1988). These are shown in Tables 2 through 4 for the Japanese, the 
Ainu, and the Koreans, respectively; and in Table 5for  the pooled sample. 

The standard errors of the estimates of kr, shown in these tables are computed by 
the formula given in Chakraborty & Griffiths (1982). A comparison of the expected 
values of k,  with the obser;ced frequencies show three features: 1) Within each 
population when 0 is estimated from H (i.e., ~JGs), the observed mtDNA-morph 
distributions show excess of the total number of mtDNA-morphs compared to the 
neutral expectation, and this excess is mainly due to the excess of rare morphs (i.e., 
those occurring with few number of copies in the samples); 2) this phenomenon is 
more conspicuous in the pooled sample suggesting that perhaps the reason of the 
above observation is the fact that within each of the defined populations there is 
hidden subdivision; and 3) 0 is estimated from the total number of observed 
mtDNA-morphs in the sample (i.e., ~MLE), although the expectation and observed 
for the total number of morphs agree with each other (as it should, because of 
equation 7), there are excesses of the rare morphs, compensated by deficiencies in the 
number of common m0rphs in the~sample, and this l~henomenon is more prominent 
in the pooled sample.'In otherwords, irrespective of the estimator used for 0, these 
data exhibit a departure from the predictions of the neutral allele theory, suggesting 
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Table 2. mtDNA-morph  profile in the Japanese population (based on data of Harihara et al. 
1988). 

Number  

of 

copies 

Frequenc,es 

Expected based on 0 from 

Obs. I~I (~)os) k (~)Mtr) 

1 6 0.684 + 0.827 3.238 + 1.798 
2 2 0.343 + 0.586 1.569 + 1.251 
3 1 0.230 + 0.480 1.013 + 1.004 
4 1 0.173 + 0.416 0.736 + 0.855 

57* 1 2.370 + 1.556 4.444 + 2.206 

Total 11 3.800 + 2.434 11.000 + 2.693 

* The expected for this category represents frequencies for 5 or  more copies. 

Table 3. m tDNA-morph  profile in the Ain u population.(based on data of Harihara et aL 1988). 

Number  Frequencies 

of Expected based on 0 from 

copies Obs. fi (Oo~) k (OMLE) 

1 4 0.313 + 0.560 1.569 + 1.252 
2 1 0.159 + 0.399 0.775 + 0.880 

42:: 1 1.770 + 1.346 3.656 + 2.013 

Total 6 2.243 + 1.067 6.000 _ 1.965 

::" The expected for thiscateg0ry represents frequencies for3 or more copies. 

Table 4. m tDNA-morph  profile in the Korean population (based On data of Harihara et al. 
1988). 

Number  

o f  

copies 

Frequencies 

Expected based on 0 from 

Obs. I~I (O6s) k (0MLE) 

1 3 0.513 + 0,716 
2 1 0.259 + 0.508 
3 1 0.174 + 0,416 
4 1 0.131 + 0.362 

52* 1 2.018 + 1.542 

1.774 + 1.332 
0.876 + 0.936 
0.576 + 0.759 
0.427 + 0.653 
3.346 _+ 1.937 

. . . .  Total• 7 3.094 + 1.363 7.000 + 2.160 

* The expected for this category represents frequencies for 5 or  more copies. 
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Table 5. mtDNA-morph profile in the pooled Asian population (based on data of Harihara et 
al. 1988). 

Number Frequencies 

of Expected based on 8 from 

copies Obs. I2t (Ocs) k (•MLE) 

1 8 0.519 4- 0.720 4.910 4- 2.216 
2 6 0.260 + 0.510 2.415 ___ 1.554 
3 1 0.174+ 0.417 1.584 + 1.258 
4 1 0.130 + 0.361 1.169 4- 1.080 
5 2 0.105 4- 0.323 0.920 + 0.958 
9 1 0.059 + 0.241 0A78 + 0.690 

197::" 1 2.570+ 1.806 8.525 4- 2.995 

Total 20 3.815 + 1.603 20.000 + 3.818 

* The expected for this category represents frequencies for 10 or more copies. 

that  the m t D N A - m o r p h  distributions in these Asian populations show excess of rare 
morlShs, indicative 0f the presence of hidden subdivisions within each of the popula- 
tions studied. 

As  a consequence of these results, if-one uses OMLE as a valid estimator for 0 in such 
surveys, we further nofe that the expectedgene diversity, 0MLE/(1 + 0.~LE), becomes 
much lat:ger than the observed. This is shown in Table 6 for each population sample, 
and for the pooled data; suggesting that  if internal subdivision is the cause of the 
above-noted discrepancy , ~MLE may not be an appropriate estimator of 0. On  the 
contraryl there are some circumstances under which even in the presence of hidden 
subdivision, the estimator 0~s (from observed gene diversity) may not be in too much 
error, as argued in Chakraborty et al. (1988) and Chakraborty & Schwartz (1990). 

Table 6. Gene-diversity for the mtDNA genome for five Asian populations (from data of 
Harihara et al. 1988). 

Population n 
Heterozygosity (H) 

Obs.~_+ s.e. Exp. (from bMLE) 

Japanese 74 0.400 + 0.072 0.770 
Ainu 48 0.231 + 0.081 0.609 
Korean 64 0.332 + 0.075 0.642 
A~ta 37 0.199 + 0.086 0.363 
Vedda 20 0.510 + 0.104 0.547 

Pooled 243 0.340 + 0[040 0.833 
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• Allele frequencyprof i le  at isozyme loci in three major races of man 

While the above section demonstrates that the presence of hidden subdivision may 
be detected by studying data from single locus, one criticism of such an analysis is 
that the theory used in this context is known tO have a large sampling Variance, due to 
stochastic error accumulatgd during ey0!ution (Li & Nei !975, N.ei 1978). Therefore, 
data from a single locus may easily cause deviation due to this artifact. In this section, 
therefore, we show that the observations noted above fromtheanalysis of mtDNA 
data are not due to stochastic errors alone, which can be subst;n~i:illy-reduded ifa 
large number of loci are used together to perform similar analysis. This is done here 
using the isozyme surveys rep0rt~d bY Ned et al. (1988) and Mohrenweiser et al. 
(1987) who used uniform laboratory methods to detect isozyme variations in three 
cosmopolitan populations: US Whites and US Blacks from a survey of cord blood 
samples from new borns in Ann Arbor, Michigan; and Japanese from Hiroshima and 
Nagasaki, studied to examine the effect of radiation exposure during the atom-bomb 
exposure. Table 7 present s a summary of their findings, pertinent details of which 
can be found in the original reports. 

Table 7. Summary statistics from isozyme surveys in the three major racial groups of human s 
(adapted from Neel et al. 1988, Mohrenweiser et al. 1987). 

Statistics Japanese US White US Black 

No. of loci surveyed 
No. of gene sampled/locus 
Av. heterozygosity/locus (in %) 
Av. no. of alleles/locus 
Av. no. of singleton alleles/locus 

. . 

Prop. of variant loci 

32 51 51 
29,272 4,435 374 
8.699 5.011 5.230 
5.531 . 2.608 1.667 
2.031 0.843 0.196 
0.875 0.667 0.471 

From these summary statistics, we can use equations (5) and (7) to obtain the two 
alternative estimators of 0, and derive expectations for the number of alleles per locus 
for each specific allele frequency classes, substituting such parameter estimates in 
equation (1). Figs. 1 a, 1 b, and lc and Table 8 show the contrast of the observed allele 
frequency distributions for all loci poole-d togdther in these three populations 
separately. For brevity, we show only the predictions based on the estimator ~)cs, 
since the qualitative results are similar for the other estimator (OMLE) as well. These 
figures and Table 8 clearly show that within each of the three major racial groups of 
man, there is a conspicuous excess of total number of alleles compared to the neutral 
expectation, and the excess is mainly due an in&:ease in the number of rare alleles. 

Fig. 1. Observed (blank bars) and expected (blaCk bars) azllele' fi'e-qu~iacy distributions from 
isozyme data in the three major racial groups of man. Panel (a) = Japanese; panel (b) = 
US White; and Panel (c) -- US Black. The raw data are given in Mohrenweiser et al. (1:987) and 
Neel et al. (1988). The expectations are based on the parameter estimate O~s, and employs the 
theory of Chakraborty & Griffiths (1982). 
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Table 8. Allele frequency distributions per locus from isozyme data in the three major racial 
groups of man. 

Allele Japanese US White US Black 
frequency 

class Obs. Exp.* Obs. Exp.* Obs. Exp.* 

0 -0.005 4.156 0.783 1.353 0.270 0.196 0.052 
0.005-0.01 0.063 0.068 0.059 0.065 0,078 0.044 
0.01 -0.05 0.094 0.063 0.078 0.072 0.255 0.138 
0.05 -0.10 0.031 0.032 0.020 0.026 0.039 0.037 
0.10 -0.20 0.0 0.019 0.020 0.024 0.039 0.030 
0.20 -0.30 0.094 0.018 0.020 0.020 0.059 0.024 
0.30 -0.40 0.063 0.018 0.020 0.018 0.0 0.022 
0.40 -0.50 0.031 0.016 0.039 0.016 0.0 0.020 
0.50 -0.60 0.031 0.016 0.039 0.016 0.0 0.022 
0.60 -0.70 0.063 0.026 0.020 0.019 0.0 0.024 
0.70 -0.80 0.094 0.058 0.020 0.020 0.059 0.037 
0.80 -0.90 0.0 0.060 0.020 0.024 0.039 0.041 
0.90 -1.00 0.813 0.843 0.902 0.879 0.902 0.864 

Total 5.531 2.021 2.608 1.469 1.667 1.354 

* The  expected number of alleles in a gene frequency class is computed by the theory 
of Chakraborty & Griffiths (1982), using the estimate OGs from the average gene-diversity. 
All expectations refer to the appropriate sample size of the relevant surveys (see Table 7). 

The distributions shown in these three figures suggest that suchexcess can be detected 
even by a graphicdisplay of the data. An 0bject!ve. t_est of significance of such 
departures (not attempted here) can be done using a result f rom- the theory  of 
Chakraborty & Griffiths (1982), who showed that the number of rare alleles (e.g., 
alleles with gene frequency in therange[below 1 °k or 5 %) appL'oximately follows a 
Poisson distribution, and hence appropriate exact tests may be conducted using the 
expected frequency of such alleles as the estimated parameter of the Poisson distribu- 
tion, with sample size being the number of loci involved in such calculations (e.g., the 
significance of the departure of the observed frequency of 4.1,56 alleles with gene 
frequency below 0.5 ok per locus in the Japanesepop[ulation compared to its expecta- 
tion of 0.783 can be tested with a Poisson test assuming the parameter value of 0.783 
and sample size 32, the number of loci). 

In summary, these data show that the oFs~rved isozj, me allele frequency profile in 
each of the three major races of man depart from the neutr/fl ~ediction~s~ exhibiting 
an excess of rare alleles, which is the main contributor of the apparent excess_of total 
number of alleles per locus. In conjunction to this we also note that theproportion of 
variant loci (i.e., the loci with at least one Variant allele observed) is also in excess of 
the expectation. These summary observation s are shown in Table 9, particularly 

^ . . . . . . . . . . . . . . .  ; - 

using the gene-diversity estimator, ~os. 
As in the case of mtDNA data, we also note that when OMcE is used as an estimator 

of 8, the predicted level of heterozygosity (I~1) becomes too large compared to the 
observed in each of these three populations~ This is shown in Table 10. 

. °  
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All of  the findings of the single-locus analysis using m t D N A - m o r p h  distributions 
in the five Asian populations are comparable with the isozyme surveys in the major 
racial groups of man. In other words, the conclusions derived from the m t D N A  
survey are not due to an artifact of stochastic errors associated with single-locus data. 

Table 9. Summary statistics of departures from the neutral mode[in the isozyme variation in 
three racial groups of man. 

Statistics Observed Expectd 4- s.e. 

Japanese (i~6s = 0,095; n = 29,272) 
Total no. of alleles/locus 
No. of singleton alleles/locus 
Proportion of variant loci 

US White (0Gs = 0.053; n = 4,435) 
Total no. of alleles/locus 
No. of singleton alleles/locus 
Proportion of variant loci 

US Black (0Gs = 0.055; n = 374) 
Total no. of alleles/locus 
No. of singleton alleles/locus 
PropoMon of variant loci 

5.531 2.021 + 0.177 
2.031 0.095 + 0.055 
0.875 0.625 + 0.086 

2.608 1.469 4- 0.095 
0.843 0.053 _+ 0.032 
0,667 0.358 4- 0.067 

1.667 1.354 4- 0.083 
0.196 0.052 + 0.032 
0.471 0.279 + 0.063 

Table 10. Observed and expected gene-diversity from the MLE of 0 in the three major racial 
groups of man (from data of Mohrenweiser et al. 1987 and Neel et al. 1988). 

Populations n k ~MLE 
Gene-diversity 

Obs. Exp. 

Japanese 29,272 5.531 0.440 0.087 + 0.026 0.305 
US White 4,435 2.608 0.185 0.050 + 0~018 0.!56 
US Black 374 1.667 0.105 0.052 + 0.015 0.095 

C a u s e  a n d  i m p l i c a t i o n  o f  exce s s  o f  r a r e  a l l e l e s  in  c o s m o p o l i t a n  
• p o p u l a t i 0 n s  

Havifig shown that  the excesS~of ia rea l le les  is perhaps  a general rule in many 
cosmopol i tan populations, several causal mechanisms may be proposed which may 
explain this phenomenon,  indicated in the in t roductory section of this presentation. 
We argue that  hidden substructuring could be a major factor, although it cannot be 
clearly shown from these data alone. However ,  if we examine the above observations 
in the light of the natural experiment  conducted in Chakrabor ty  et al. (1988), we can 
easily argue that  none of the populat ions examined here are probably single breeding 
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units within themselves, and hence the observed departure is an effect of hidden 
subdivision. The questions, therefore, are: How many subpopulations are necessary 
to explain the observed discrepancy, and what are the implic~ltions 0f such discre- 
pancy. The first question cannot be unequivocally ansv~ered from the above data 
alone, because there are two factors of hidden subdivision which pertains to the 
above-noted discrepancy, shown in Chakraborty e t al. (!988). To re-capitulate that 
analysis, this earlier study showed that within each 0f the ~individual South and 
Central American Indian tribes, the allele frequency profile follows the'prediction of 
the neutral allele theory suggesting that the genetic variations of the isozymes used in 
the major racial group analysis here may indeed be selectively neutral.However, when 
the data from 12 tribes are pooled to compose a single hypothetical Amerindian 
population, the allele frequency profile in such a composite population departs from 
the expectations of the neutral model, all features of which parallel to the present 
observations. This is graphically shown in Fig. 2, where the expected allele frequency 
distributions (denoted by black bars) are derived based on the gene-diversity 
estimator OGs. 

Chakraborty et al. (1988) further showed that the complexity of hidden sub- 
division is composed of two factors: 1) The number of subpopulations involved, and 
2) the average degree of genetic differentiation among them. A larger number of 
subpopulations with small degree of genetic divergence among them may have effect 
similar to a small number of subpopulations with large genetic distances among 
them. This result-implies that Unless there is any other independent information 
regarding the extent of subdivision, the number of subpopulations cannot be esti- 
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Fig. 2. Observed (blank bars) and expected (black bars) allele frequency distributions from 
isozyme data in 12 Amerindian tribes from South and Central America. The pooled distribution 
is from the allele frequency distribution in the total population (pooled over f2 tribes), and-the 
within tribe distribution is the average of the individual tribe-specific distributions. The raw 
data are given in Chakraborty et al. (1988). 
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mated precisely. However, some knowledge of the history of a pOpulation may 
provide information regarding the time depth of isolation of subpopulations within 
it. If such data are available, one might suggest a reasonable value of effective genetic 
distance among the constituent subpopulations, from which an estimate of the 
necessary number of subpopulations may be made to explain the observedexcess of 
allele numbers. 

This brings us to the second question, namely the implication of the observed 
excess of allele numbers inhuman populations. Note that a translation of the time 
depth .of iso!ation to a genet'ic distance (see Nei 1975, 1987) is possible only when the 
mutauon rate~esurn-ates are ~vailable. The current indirect estimates of mutation rate 
from isozyme studies are all based on theories that depend upon the assertion that 
the observed number of rare (or total) alleles is in accordance with the neutral 
expectations. This is where the hidden subdivision effect is most prominent. There- 
fore, if hidden stibdivisiofi-is prevalent in most cosmpolitan populations, the indirect 
estimates of mutation rate may be- grossly overestimated. Note that in the most 
.recent attempt t 9 provide an indirectestimate of mutation rate from human isozyme 
data, Chakraboi~ty & Neel (1989) used the Amerindian populations that within 
-therriselves follow theneutral allele frequency profile, and these estimates are much 
closer to the-direct estimat& (althoUgh'still differ b); a factor of two). Comparison of 
mutati6n ~rate estimates in different populations, therefore, should be made with 
caution, because the extent of hidden subdivisions may be substantially different 
among them. 

Conc lus ion  and  discussion 

The main conclusion of the above analyses of the mtDNA and isozyme data is that 
there is an apparent excess of the total number ofalleles or mtDNA-morphs in all 
populations analyzed. This excess is probably due to hidden subdivision within each 
population, since this observation is parallel to what is seen in the Amerindian study 
(Chakrabqrty et al. 1988)where such a'discrepancy could be created artificially by 
amalgamating tribes with different degrees of genetic differentiation among them. 

Comparing the results of Tables 2 and 6, it is reassuring that the excess of total 
number of variants in the Japanese population is quite consistent between the 
mtDNA survey (2.89-fold increase in relation to the neutral expectation) and in the 

-isozyme data (2.74-fold increase). This is somewhat larger than the excess seen in the 
Amerindian study whet:e 12 tribes hay6 been amalgamated(resulting in a 1.6-fold 
increase). Although'these numbers should not be interpreted at their face value, since 
the extent of excess is a complex function of average degree of polymorphism within 
a population, number of constituent subpopulations, and their genetic isolation. 
However, considering the three populations of the present isozyme data analysis, we 
see that the Japanese population exhibit a higher extent of the excess of total number 
of alleles. Even though the Japanese isozyme survey (Neel et al. 1988) involves a 
smaller set of loci (32) than the US Whites and US Blacks (Mohrenweiser et al. 1987; 
where 51 li~ci wereiScordd), ~ind the average gene-diversity in the Japanese population 
is somewhat larger (8.7 %) in comparison with the US Whites or Blacks (approx- 
imately 5 ok), the 2.7-fold excess in the Jaisanese population as compared to the 
1.8-fold excess in the US Whites, or 1.3-fold excess in the US Blacks is reasonable, 
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since the US Blacks represent an ~ admixed population formed by slave-trading from a 
smaller region of Africa (mostly West Africa; see Adams & Ward 1973) and has the 
history of only five centuries-of gene-:admixture with the Caucasians~ The~US white 
population probably consists of substructuring due to their different European 
ancestry, where the genetic differences can be substantially smaller than the probable 
constituent Japanese subpopulations. 

These deductions are of course tentative, because a firm conclusion in this regard 
should require an adjustment for sample .size differences between the surveys, 
eliminate any possible bias due to differences of the loci employed in the analysis, and 
finally must adjust for probable differences'of-genetic distances among the~con, 
stituent subpopulations' This issue will be considered in a greater details elsewhere 
(Chakraborty et al., in prep.). 

As mentioned earlier, one important implication of this demonstration is that the 
excess of allele numbers in comparison to the neutral expectation is dependent on the 
internal genetic structure of the population. Therefore, when an indirect estimate of 
mutation rate is based on the number of rare alleles, any inter-survey comparison of 
mutation rate estimates from different populations should be made with caution. 
While in the past there had been some suggestions for the possibility of primitive 
populations exhibiting larger mutationrates than the m6dern cosi'nopolitan popula- 
tions, in view of the present observation this postulation cannot be persued any 
longer vigorously (see Chakraborty & Neel 1989 for a different reason for this). 

Another implication of the present set of observations relates to the comparability 
of molecular variation at the DNA level, d~tected by restriction fragment length 
polymorphisms (RFLPs) with that at the isozyme loci detected by electrophoresis. It 
is true that electrophoresis detects drily a fraction (between one-thirdto one,fourth) 
of molecular variation because 0fthe fact that nucleotide changes that donot  change 
the charge of a protein molecule is not detected byeleetrophoresis. In contrast, as 
long as the recognition sequence is altered, such changes will be detectecl by the 
RFLP-technique. However, at present population data on RFLPs exist for popula- 
tions that are very loosely defined; leaving enough scope of internal hidden subdiyi- 
sions within them. Therefore, from the greater number of variant RFLP alleles (or 
haplotypes) alone one cannot judge how enhanced is the degree of: detection of 
genetic variation by this improved technique. The unit of population should be 
precise for both technologies, should a more predse estimate of detectability of 
molecular polymorphism be made, even when we adjust for hidden variation in both 
techniques. 

The analyses presented here also reflect that even if the populations of slightly 
deleterious mutations and population bottleneck do not apply to a particular popu- 
lation, there may be a more realistic factor (namely, hidden subdivision) that could 
cause specific departures of the allele frequency profile from the prediction of the 
neutral mutation hypothesis. Hidden subdivision is a factor that can be more 
incisively examined. For example, enlarged sampling from different geographic 
regions within a population may reveal the extent Of subdivision. Stich geographic 
microdifferentiation has been demonstrated with :/llele frequency data at specific loci 
in Japan (e.g., Nei & Imaizumi i966a~ b), b f  by ~poF/tilatio n~ structure:analy sis=- 
employing Wright's F-statistics (e.g., Neel & Ward 1972). Therefore, should hidden 
subdivision be the only cause of departureof the allele frequency is~df ili~fr6rn~the 
fieutral expectations, this can be easily tested. Such ~/alidations of the~bottleneck 
hypothesis or slightly deleterious mutation model are not readily available. 

7 
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Finally, it should be noted that while this presentation emphatically argues for the 
more thorough examination of the possibility that many cosmopolitan populations 
may indeed have internal hidden substructuring, causing its allele frequency profile 
to depart substantially from the neutral expectations, this does not negate the 
existence of other probable causes, which might simultaneously affect a population 
during the course of its evolution. Nevertheless, since it is a testable proposition, 
hidden subdivision may be detected arid validated. Even after this is done, if it cannot account 
for all the departures, other hypotheses may be entertained for understanding the 
evolutionary mechanisms that may generate the observed allele frequency structure 
of the population. 
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Summary 

Use of data on mtDNA morph distributions from six Asian populations has shown that the observed 
number of different mtDNA moi'phs is too l~-rge when compared with the number expected on the basis 
of  the obser~ed-gene diversity in themtDNA genome. This excess number of morphs mainly occurs 
through :a n excess of rare morphs, a n d  this discrepancy is more pronounced in a pooled sample of five 
Asian populations. I t  is suggested that this discrepancy is probably due to internal heterogeneity in each of 
the anthfop016gicall~ defined populations. This analysis demonstrates the utility that population data for a 
single;locus, such ~ as the mtDNA genome, have for detecfing hidden heterogeneity in populations, provided 
that the locus has:subs-t~ntiai genetic variability, so that many variant alleles canbe  detected. 

I n t r o d u c t i o n  

Mitochondrial DNA (mtDNA)is particularly useful' 
in evolutionary studies of the ethnic originsof human 
populations (e.g., see Brown 1980; Denaro etal. 1981; 
Blanc et al. 1983; Johnson et al. 1983; Horai et al. 1987; 

-Hai'ihara et al. 1988) andin detecfihgDNA polymor- 
pl/is~s-that existed before the geographic dispersal of 
the humanspecies (Cannet  al. 1982, 1987; Cann and 
Wilson 1983). mtDNA has a distinct advantage over 
nuclear DNA for population genetic studies because 
(1) theevolutionary rate of nucleotide substitutions ap- 
pears to be larger in the mtDNA genome compared 
with the nuclear genes (e.g., see Nei 1987), (2) the de- 
termination of the various mtDNA morphs (haplotypes) 
is unequivocal'frcm popUlati6fi data, since mtDNA is 
maternally inherited, and (3) the generation of differ- 
ent mtDNA morphs can only occur through new mu- 
tations, and no recombination has to be invoked in 
studying the maintenance of mtDNA polymorphisms. 

In a recent study, Whittam et al. (1986) analyzed al- 
lelic variations in 145 human  mtDNAs representing 
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samples from five geographic regions. They concluded 
that while the allele frequency distributions at different 
loci in the mtDNA genome follow the general predic- 
tions of the equilibrium theory of  a mutation-drift 
model of selectively neutral mutations, certain devia- 
tions (e.g., observed gene diversity lower than that ex- 
pected and excesses in the frequencies of common al- 
leles and in the number of singleton alleles) can be 
attributed to possible bottleneck effect during recent 
human evolution and to the action of purifying selec- 
tion. Since such observations can also be explained by 
hidden substructuring of populations, as evidenced in 
the study of electrophoretic variations in South and Cen- 
tral American Indians (Chakraborty et al. 1988), the 
purpose Of the present paper is to demonstrate that the 
substantial variation of the mtDNA genome can be used 
to reveal hidden heterogeneity within anthropologically 
defined populations. This is shown by examining the 
mtDNA-morph distributions in several Asian popula- 
tions, studied by Brega et al. (1986) and Harihara et 
al. (1988), and by utilizing the sampling theory of selec- 
tively neutral alleles (Ewens 1972; Chakraborty and 
Griffiths 1982). It is suggested that the discrepancies 
betw&ffthe observedand expected distributions of the 
mtDNA morphs in most Asian populations are proba- 
bly due t0 tlaeir internal hidden heterogeneity, and this 
conclusion probably.applies to the populations exam- 
ined by Whittam et al. (1986) as well. 
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Material and Methods 

Data 

It is well known that the power of resolution of mo- 
lecular variability in the mtDNA genome varies in RFLP 
studies, depending on the l~estriction enzymes Used and 
the detectability of fragment size differences. Therefore, 
uniformity of laboratory methods must be established 
in comparing the mtDNA-morph distributions among 
different populations. Recently, Harihara et al. (1988) 
published mtDNA-morph distributions in five Asian 
populations-the Japanese and the Ainu from north- 
ern Japan, the Koreans, the Negrifo (Aeta) from the 
Philippines, and theVeddas of Sri Lanka-by using 13 
restriction enzymes and following uniformtaboratory 
conditions. Brega et al. (1986) used six enzymes from 
the above set to survey the mtDNA-morph distribution 
in the Tharu population of Nepal. These data form 
the basis of the present analysis. In the study of five 
Asian populations Harihara et al. (1988) observed 20 
different mtDNA morphs in a total sample of 243 indi- 
viduals, whereas in 91 individuals from theTharu popu- 
lation of Nepal Brega et al. (I986) observed 13 mtDNA 
morphs (haplotypes). 

Theory 

Since the rate Of nucleotide substitutions and the ex- 
tent of nucleotide diversity in the mtDNA genome 
roughly follow the predictions of the neutral mutation 
hypothesis (for a review, see Nei 1987), I ask whether 
the various aspects of the mtDNA distributions in these 
six populations are consistent with the expectations 
from the sampling theory of selectively neutral muta- 
tions (Ewens 1972; Chakraborty and Griffiths 1982), 
which are based on the assumption that the sampling 
has occurred from a single hbmog;eneoug-pbpulatitm 
in each case. This is accomplished by examining the 
expectations of two summary statistics of themtDNA- 
morph distributions- gene diversity (H) and the num- 
ber of different mtDNA morphs observed (k) in t h e  
samples in terms of a common parameter, 0 = 2Ne~t3v, 
where Ne0q is the effective female population size and 
where v is the mutation rate/generation/mtDNA ge- 
name. Suppose that an observed distribution is repre- 
sented by {kr; r = 1, 2 , . . .  }, where k, is the number 
of mtDNA morphs each of which occurs r times in a 
sample of size n. An unbiased estimate of the popula- 
tion H is given by 

H -  n ( 1 - ) ~  r2k,/n2), (1) 
n 1 ! r =  

(Nei 1978) and k becomes 

k = )~ k , .  : (2) 
r = l  

It is well known that the expected values of these two 
sample statistics are given by 

E(H) = 0/(1+0) , (3) 

(Kimura and Crow 1964; Ewens 1972) and 

n-1 
E(k) = 0" ~0 (0+r)-t  " (4) 

T =  

Equations (3) and (4) provide two alternative estima- 
tors of the composite parameter 0, equating the observed 
values of H and k to their respective expectations (yield- 
ing estimators OH, the gene-diversity estimator of 0 
from H, and Ok, which is also the maximum-likelihood 
estimator of 0 from k). Chakraborty and Schwartz 
(1990) derived the approximate sampling variances of 
these two estimators, which can be used to judge 
whether these two estimators are in accordance with 
each other. 

However, since the sampling distribution of k may 
not conform to a standard form (such as the normal 
distribution; Ewens i972), an alternative, and proba' 
bly more effective, way of judging the ¢ongruenc~e of 
these two estimators is to check whether the observed 
value Of k deviates substantially from its distribmiOn, 
when On is used to compute the expected distribution. 
This is done by computing the tail of the cumulative 
probability function, i.e., the probability of obserying 
k of-m6re- morphs'in-a'sampleofsizen;-g iven°0~= OH, 
which becomes 

k~r 
. P ( k ) =  1 - [F(O)O,n!B(r,n)/[F(O+n)r!l], (5) 

r = l  

where F(.) is a gamma function, and 

i = I  
(6) 

where ni, n2, . . . .  n ,  are partitions O f the integer n 
into r classes such that each ni is greater than zero and 
nl + n2 + • • • + nr = n. The summation in expres- 
sion (6) is over all permutations of (nt, nz, . . . .  n,). 
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This alternative form of Ewens's (1972) sampling dis- 
tribution of k is given by E M. Stewart (.see the appen- 
dix of Fuerst et al. 1977). This test allows one to judge 
whether the observed value ofk is too large for the given 
gene diversity. It should be noted that this test is in con- 
trast with Watterson•s (1978) test o f  selective neutral- 
ity, where the observed value of H (or its complement) 
is judged on the basis of its sampling property when 
0 is estimated from k (i.e., when the estimator 0k is 
usedto-represent the true value of 0). For the present 
purpose, 1 prefer the above test procedure as opposed 

! • to ~atterson s test, since, in the presence of hidden sub- 
division, 0H is a better estimator of 0 than is 0k 
(Chakraborty et al. 1988). 

Since this analysis reveals that the observed H in the 
mtD-NA is ificonsistent (~o0 low) for the observed k, 
I address thequest ion of whether this discrepancy is 

d u e  to the apparent excess of some Specific frequency 
classes o f / n ~ f p h s i 6 r  to uniform over all frequency 
classes. This is done by using the theory of Chakraborty 
and Griffiths (1982),where the expected k, is given by 

0 n! F(n+ 8- r) 
E(k,)_- r ' ( n - r ) ! "  F(n+O) (7) 

which can be contrasted with the observed values of 
k, for all r, to see whether the discrepancies of the ob- 
served k are due to some specific r value s only. Note 
that, because of equation (2), if 0 is estimated by 0k, 
even though the expected value of k will agree with 
the observed k, there is no guarantee that, for each r, 
the observed k, will agree with expected k,, given by 
equation (7). Therefore, the agreement of the observed 
and expected morph distributions can be checked ir- 
respective of the choice of parameters 0n or 0k. 

Finally, these tests are performed on the total sample 

of five Asian populations surveyed by Harihara et al. 
(1988) to show that the most likely explanation of the 
observed discrepancies of the mtDNA distribution in 
someof  the individual populations is heterogeneity in 
the populations• caused by hidden amalgamation of 
subpopulations. 

Resul ts  

Estimators of 0 for the mtDNA Genome in the Presence 
of Population Heterogeneity 

Table I shows the summary statistics (H and k) and 
n of the mtDNA survey reported by Brega et al. (1986) 
and Harihara et al. (1988) for six Asian populations. 
In addition, this table also presents the two estimators 
of 0 (OH based on H from eq. [3] and Ok based on k 
computed by an iterative Solution ofeq. [4]), along with 
their  standard errors based on the theory of Chakra- 
boiay and Schwar~ (1990). Since the restriction enzymes 
usdd by Harihara et al. (1988) for the first five popula- 
tjQn_s _aremore ex_tcn_sive than the ones employed by 
Brega et al. (1986) for the Thai-u population of Nepal, 
the last row of this table represents the pooled sample 
excluding the Tharu population, to avoid the problems 
associated with nonuniformity of laboratory methods 
in  interpreting_t_h e Present _results. 

Two features of  these estimates are noteworthy. First, 
theyalues of 0k are always larger than 0u, and this 
difference is more pronotinced in the pooled sample. 
Since the mtDNA genome behaves like a single genetic 
locus, and because the standard errors of these esti- 
mates theref6re are large because of stochastic factors 
(Nei and Roychoudhury 1974; Li and Nei 1975), these 
differences may not be statistically significant. How- 
ever, the larger values of 0k compared with OH, noted 
in this analysis, are contrary to the single-locus esti- 

T a b l e  I 

Parameter Estimates from the mtDNA Morph Distributions in Six Asian Populations 

ESTLV, ATE OF 0 = 4Nev FROM 

POPULATION (n) k H H(OH) k(Ok) 

Japanese (74) . . . . . .  11 .40 4. .07 .68 4- .20 3.34 :t: 1.24 
Ainu (48) . . . . . . . . .  6 .23 4- .08 .31 4- .14 1.59 ± .81 
Korean (64) . . . . . . .  7 .33 4- .08 .51 4- .17 1.80 + .83 
Aeta (37) . . . . . . . . .  3 .20 4- .09 .26 4- .13 .57 4. .43 
Vedda (20) . . . . . . . .  4 .51 4. .10 1.16 4. .46 1.21 4. .81 
Tharu (91) . . . . . . . .  13 .65 + .04 1.93 4. .37 3.92 -t- 1.33 

Pooled (243)  a . . . .  20 .34 4. .04 .52 4. .09 4 .99  + 1.31 

a Excluding the Tharu population (see text for details). 
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mates of 0, seen in the isozyme data analysis of Zouros 
(1979) and in the mtDNA data analysis of several Dr0- 
sopbila species (Nei 1987). Under the assumption that 
these samples are drawn from homogeneous equilib- 
rium populations, OH is an overestimate of the true pa- 
rameter 0, while 0k should be closer to the true value 
of 0, because it is the maximum-likelihood estimator. 
Given the present observation, I may SuSpect-thaf the 
above assumptions may not hold for these populations. 
Noting that the six populations are anthropologically 
distinct and that in the pooled sample the discrepancy 
between the two estimators is more pronounced, I could 
postulate that hidden heterogeneity in each population 
is probably one of the reasons for these observations, 
In view of this, the question is which estimator of 0 
should be regarded as more reliable when hidden amal- 
gamation is present in a sample. 

In order to address this question, I must consider the 
second noteworthy feature of these estimates-i.e.,  that 
there is a direct positive association between the esti- 
mates Ok and n, while this is not so for the estimator 
OH. Even though it is known that the statistic k is crit- 
ically dependent on n whereas H is comparatively more 
stable over differences of n (particularly when the un- 
biased estimator, eq. [1], is used), there isn0 apparent 
justification for the n dependency of  the estimator 0k, 
since its computation adjusts for the n employed in a 
survey (see eq. [4]). To check whether the observed 
differences of OH and Ok can be explained bythe differ- 
ences in n of the different populations, I recomputed 
the 0k estimators by using iterative solutions of equa- 
tion (4), after obtaining an adjusted value fork (kadi), 
reducing n from each population to the minimum value 
of 20 (equivalent to the n from the Veddas of Sri La-nka). 
k~di is computed from the equation • iChakrab0rty et  
al. 1988). 

k 
kadi  = k - ~ e-"P', 

i=1 (8) 

where the pi's are the relative frequencies of the differ- 
ent morphs in the original samples. Table 2 presents 
these k~di values for each of the six populations, as well 
as for the pooled sample (excluding th e Tharu popula- 
tion). Thesek~di valUes, along with an n of 20 are then 
substituted for iterative solutions of equation (4), to 
provide n-adjusted estimators 0k(adj), Which-Can be 
contrasted with the OH values of table 1, because the 
effect of variation in n is now completely removed from 
the 0k values of table 1. The last column of table 2 
shows the 0k (adj) values. Although these values no 

Table 2 

k.dl and 0~(ad D in Six Asian PopUlations 

Popula t ion  " k / /~i  a " Ok'(adj)  

. . . . .  1 I- .... 4.;47 .... 1.48" ± .94 Japanese ...... 
Ainu ......... 6 3.17 .80 :t: .61 

Korean ....... 7 3.59 1.00 + .71 

Aeta ......... 3 2.32 -.44 :k .41 

Vedda ........ 4 4.00 1.21 + .81 

Tharu ........ i3 5.43 2.09 :I: 1.22 

Pooled b . . . . .  20  4 . 2 4  1.34 -1-' .87 

* Based on n = 201 c o m p u t e d  by eq. (8). 
b Exc lud ing  the  T h a r u  popu la t ion .  

longer show any" correlation with the original n values, 
they still remain larger than the OH values both for each 
population and for the pooled sample. Therefore, I 
might conclude that the Ok estimators are affected by 
the hidden amalgamation within each population sam- 
ple and that this cannot be removed by simple adjust- 
ment of n alone. Even though amalgamation may also 
inflate the 0u estimates from their true values, the effect 
of amalgamation on OH values is comparatively 
smaller, since H is less affected by amalgamation 
(Chakraborty et al. 1988). These observations together 
suggest that, of the two estimators of 0, OH is the one 
preferred for the present data. 

Excess of Total k for the Obser~-~ Gene-Diversityin the~ 
mtDNA Genome 

Since the OH estimates are c0mparati,¢ely better than 
the Ok values, table3 presents- the -&~pectati6fis and 
standard errors of the k values in these different sam- 
ples, for their respectiyen values- In all cases, I See that 
the observed k is larger than the expected k. Simple 
t-tests should not be used to see whether there is an 
excess of k in each sample, because the sampling distri- 
bution of k is not normal. Using the cumulative distri- 
bution function, given in equation (5), the last column 
of table 3 shows the large deviation probabilities, P(k), 
for each sample and for the pooled data (excluding the 
Tharu sample). 

This analysis immediately reflects that thdre is anex- 
cess in the total k for the given H in'these populations. 
The excess is gtatistically gignificant at the 5% level in 
all of the populations except the Aetas of the Philip, 
pines and the Veddas ofSri Lanka: The e:~cessqs:con: 
spicuous in the Japanese (a large population) and in 
the Ainu population (which probably received genes-- 
from Outside recently). The nonsignificant excess is'the; 
Aeta and Vedda populations probably is due to the small 
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Table 3 

Observed and Expected k Values in Six Asian Populations 

P O P U L A T I O N  (n) Observed 

Japanese (74) . . . . . .  1 t 
Ainu (48) . . . . . . . . .  6 
Korean (64) . . . . . . .  7 
Aeta (37) . . . . . . . . .  3 
Vedda (20) . . . . . . . .  4 
Tharu (91) . . . . . . . .  13 

Pooled (243) b . . . .  20 

Expected :1: SE ~ P (k) 

3..80 ± 1.56 <.OOi 
2.24 ± 1.07 .006 
3.09 ± I,36 .014 
1.98 + .95 .256 
3.91 ± 1.48 .584 
8.02 ± 2.36 .035 
3.82 ± 1.60 < 1 0 - s  

Computed on the basis of H shown in table 1. 
b Excluding the Tharu population. 

number of individuals sampled fr0m these populations. 
Omoto et al. (1978) andEllepola and Wikramanayake 
(1986), in.their is6zyme surveys based on electropho- 
retically detected genetic vanation, suggested that these 
two populations are also probably affected by recent 
gene migration from outside. Although there are other 
alternative • explanations-for-theexcess k (see Discus- 
sion and Conclusion), the reason that heterogeneity is 
the most likely explanation is evident from the fact that 
the pooled sampl~showsa more c0nsp~cuous excess 
(P < lO-S). 

These results can also be alternatively stated as ob- 
served H being too low for the observed k seen in the 
sampl~-fr0m these populatio/is. For sh0wirig this, I 
computed the expected H from equation (3), using the 

morph class (i.e., the morphs with frequency less than 
1% or 5% in the population) consists mainly of the 
morphs with one or two copies each per sample. 
Chakraborty and Griffiths (1982) also evaluated the 
sampling variances of k~, which show that for small 
r=(such as 1 or 2) the asymptotic distribution of k, is 
Poisson, so that V(k~) = E(k,). Note that if 0k estimates 
are used inexpression (7) to evaluate the expected k,, 
their sum over all values of r = 1, 2, . . . , n should 
equal the.observed value of k, whereas when 0H is used 
the sum will be less than k. ThErefore, the congruence 
of the observed and expected values o f k, can be tested 
irrespective of the choice of 0 estimators.Table 4 shows 
these computations for each population separately, as 
well as for the pooled sample (excluding the Tharu sam- 

estimates of 0k for each population. Figure lb shows 
these results, and figure ha shows the contrast of ob- 
served k and the expected k based on H. These two t 
paneis together suggest that the observed H and the 
total k are not consistent with each other, as would 
tie predicted if these sampleswere drawn from homo- - - 
geneous equilibrium populations. ~ 

The-:F.xcess-in-k- Is: Due- to Excess 0f Rare Ones . .' 

Having shown that .there are too many different g.~. 
mtDNA morphs in several ~fi~hese poptilationsas corn, 
pared with the expected values based on H values, I 

0 

(a) 
~.o. 

• [Pooum ~ . ,  

O 

u 

askedwhethersuch excess is uniformly distributed over 
allfrequency classes of the mtDNA-morph distribu- 
tion. This is addressed with the help of equation (7), 
which can be evaluated for any value of r, once the 0 
parameter is suitablyestimated. Note that ro- 1 refers 
to the singleton morphs, i,e., the morphs with only one 
copy in a sample, and that r = 2 refers to the double- 
tons, i.e., the morphs with two copies in a sample. On 
the basis of the n values in the present data, the rare 

(b) 

. - . Expected Number - Expected 
of mtDNA Morpb~ Gene Diversity 

Figure I Relationship between observed and expeczed k values, 
on the basis of Observed H in six Asian populations (a) and relation- 
ship between observed and expected H, on the basis o f  observed k 
(b). JA = Japanese; AI = Ainu; KO = Korean; AE = Aeta; VE 
= Vedda; TH = Tharu.  The pooled data represent the total o f  the  
firsr five populations (excluding the Tharu sample). The vertical bars  

• represent + SE deviations. 
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Table 4 

Observed and Expected k, Values in Six Asian Populations 

OBSERVED 
POPULATION (n) r FREQUENCY 

Japanese (74) . . . . . . . .  1 6 .68 
2 2 .34 

Ainu (48) . . . . . . . . . . .  1 4 .31 
2 1 .16 

Korean (64) . . . . . . . . .  1 3 .51 
2 1 .26 

Aeta ~ (37) . . . . . . . . . . .  2 2 .13 
Vedda b (20) . . . . . . . . .  1 2 1.15 
Tharu (91) . . . . . . . . .  1 5 1.91 

2 5 .95 
Pooled ¢ (243) . . . . . .  1 8 .52 

2 6 .26 

No singleton morph  observed. 
b No doubleton morph  observed. 
c Excluding the "l-ham population. 

pie). The P shown in this table represents the probabil- 
ity of observing k, or more morphs for r = 1 (or 2), 
given the respective expected value of k,, in which a 
Poisson distribution of k, is assumed (Chakraborty 
and Gri~ths 1982).. 

h is clear from table 4 that the observed excess k 
is predominantly dueto an excess in the observed num- 
ber of rare morphs. When 0 is estimated from theob- 
served H, all populations except the Aetas of the Philip- 
pines show a significant (P< .05) excess of rare morphs, 
and this is more conspicuous in the pooled sample. 
When 0 is estimated from k, the excess in the number 
of rare morphs does not reach significance in mostcases,' 
but the observed values of kr are consistently larger 
than the expected values of k,, eventhough for this es- 
timator of 0 the expected total k values equal'the respec- 
tive observed total k values. It can therefore be con- 
cluded that, irrespective of the choice of the parameter 
0, there is an excess of rare mtDNA morphs in most 
of these samples, in contrast with the expectationsbased 
on the assumption that each sample is drawn from an 
equilibrium-homogenous population. Since this depar- 
ture from the expectation is more profound in the pooled 
sample, it may be suspected that the most likely expla- 
nation is that the majority of the populations are het- 
erogeneous in nature, so that they do not represent sin- 
gle homogeneous panmictic populations. 

Discussion and Conclusion 

The above findings indicate that mtDNA variability, 
as detected by the number of different RFLP morphs, 

EXPECTED FREQUENCY OF k, ± SE, P 

Based on OH Based on 8~ 

± .83 <10 -4 
± .59 .047 
+ .56 <10 "3 
+ .40 .147 
± .72 .015 
± .51 .228 
± .37 .008 
± 1.07 .319 
± 1.38, .045 
± .97, .003 
± .72, <10 "7 
± .51, <10 "6 

3.24 + 1.80, .110 
1.57 4- 1.25, .465 
1.57 ± 1 . 2 5 , . 0 7 5  

• 78 + .88, .540 
1.77 ::t: 1.33, .263 

.88 ± .94, .584 

.29 ± .54, .035 
1.20 ± 1.09,  .336 
3.80 ± 1.95,  .332 
1.84 ± 1.36,  .039 
4.91 ± 2.22,  .124 
2.42 :t: 1.55, .037 

t 

is too high for the observed H in this genome in most 
of the Asian populations sampled. This excess is mainly 
due to the increased frequencies of rare morphs and 
is more conspicuous in the pooled sample than in the 
small populations (Aeta and Vedda). These observations 
are parallel to the findings reported for Amerindian 
populations of South and Central America (Chakraborty 
et al. 1988), findings based on isozyme polymorphisms.. 
Also note that these Observations are.completely_paral~ 
lel to Whittam et al's (1986) findings based on mtDNA 
data ~. This - pa~alleligm indi~:~ife~ ~l~at~h~pre~enf ~-e~S~l t~ 
on the mtDNA genome are probably not an artifact 
of stochastic sam-piing ~rror~ d~ae- to data for-a single 
locus, Single-locus data generally would have produced 
a deviation i n th e 0ther direcfi09, s!nc_eZouros (1_979) 
has-shown that the single-locus estimate Of 0n is gefier- 
ally larger than that of Ok, just the opposite of the pres- 
ent findings. 

There are several other possible explanations for the 
excess number of alleles produci~d through an appar- 
ent increase in rare ones, Ohta (1973, 1976) argued that 
this can occur in the presence of slightly deleterious 
mutations, while Nei et al. (1975), Maruyama and 
Fuerst (1984, 1985), and Watterson (1984) have shown 
that recent population bottlenecks can also cause a dis- 
proportionate increase in the number of variant alleles, 
in contrast with the expectations based on observed 
H. Whittam et al. (1986) ascribed the observed devia- 
tions of the mtDNA allele frequency distributions to 
such causes, apparently not realizing that most of their 
population data are not really from any anthro ?ologi- 
cally well-defined populations (e.g., at least two Of their 
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five sampling units are quite heterogeneous: Asians 
[group II] and Europe, North Africa, and Middle East 
[group IV]). There are at least two lines of evidence 
Suggesting that hidden heterogeneity is'the most likely 
explanation in such contexts. First, the analysis~ per- 
formed in the present paper clearly demonstrates that 
the pooled sample (which is obviously an amalgamated 
sample consisting of five anthropo!ogical!y distinct 
populations) shows a more profound deviation in the 
direction seen in each individual population. Whittam 
et al. (i986)~1s0 found this, but they failedto interpret 
their findings accordingly. Second, Chakraborty et al. 
(1988) ~iave dem0fistrated that the isozYme loci reveal 
the ~ffect-of amalgamation when.data from relatively 

.homogeneous populations are~sequentia!!y agglomer- 
ate d,~producing.an_excess o f  allele numbers (total as 
well as rare), whose extent depends both onhow many 
subp0pulationsare amalgamated into a sample and on 
h0~ d~stinct the subld°pulat!°ns are (measured by the 
average genetic distance between them). 

Ln a_ddition, fog s_eyeral of these populationsthere is 
independent evidence oL!nternal substructuring.For 
example, Nei and Imaizumi (1966a, 1966b) showed that 
thec0eflicient Of gene cii-ff~re~i-ation w]tfiin t-h~-d~ffer- 
ent subpopulations in Japan is not negligible. Since their 
analysis_was.based~onblood:grou p genes,.their results 
cannot be directly compared with th e present findings. 

pie Qf Japanese.(Ned eta  I. 1988), however, corroborates 
the  pi-esent "finding, since ~in ~ th~it survey 5.53 alleles/ 
locus Were observed whereas the observed average H 
(.087) at these loci predicts only 2.02 + 0.18 al- 
leles/locus (Chakraborty, in press). A phylogenetic anal- 
ysis o fmtDNA RFLP variation, conducted by Horai 
and Matsunaga (1986), indicates that at least two dis- 
tinct lineages of mtDNA exist in the Japanese popula- 
tion. There is no such independent documentation of 
internal-fragmentation of-the other  population s ana-  
ly-zed here. Nevertheless, the isozyme studies of Omoto 
(1972) in the Ainu population of Japan, of Omoto et 
al. (19_78)in the Aeta population of  the Philippines, 
and of Ellepola and Wikramanay~ke (1986)in the Vedda 
p dpulationofSfi: Lanka suggest internal substructur- 
ing as ~ well as recent gene migration from the outside, 
both of which should have a net effect similar to that 
of amalgamation. The typological classification of the 
Tharu mtDNA morphs als o indicated some evidence 
of foreign-gene admixture (Brega et al. 1986), suggest- 
ing that the present evidence of heterogeneity in the 
Tharu population is not inconsistent with what is 
known about the genetic structure of this population. 

Finally, methodological differences between the pres- 

ent study and that of Whittam et al. (1986) should be 
noted; the earl!er study is based on the estimate of 0 
based on the total number of alleles (k), which is quite 
errorprone in the presenceof hidden substructuring 
within a population (Chakraborty et al. 1988; Chak- 
raborty and Schwartz 1990). On the contrary, use of 
OH as an estimator of 0 circumvents this problem. In 
addition, this approach avoid s tedious simulations em- 

: ployed by Whittam et al. (1986), since I can use analyt- 
ical expressions such as equations (S) and (7) to con- 

duct  the relevant statistical tests. In principle the present 
technique can be applied tO other broad sets of data; 
h0weyer, at presen t, the lack of  uniformity of labora- 
toryprotocols (as mentioned earlier) makes it difficult 
to use the reporteddata to establish allelic homologies 
as a means o~f limiting such analysis. Nevertheless, this 
analysis shos~-s that the effect of hidden heterogeneity 
within a population can be detected with allele fie- 
quency data from a single locus, provided that substan- 
tial genetic variation exists at the locus. Therefore, the 
hype~-ariable minisatellite loci - i.e., the VNTR loc i -  
should be useful in revealing the genetic structure of 
populations, because such loci generally exhibit sub- 
stan-tiail~ |~rg~fva/'iability thafi that seen in either the 
RFLP or the isozyme loci. 
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Heterogeneity within Some Asian Populations 
Ranajit Chakraborty 

Center for Demographic and Population Genetics, University of Texas Graduate School of Biomedical Sciences, Houston 

Summary 

Use of data on mtDNA morph distributions from six Asian populations has shown that the observed 
number of different mtDNA morphs is too large when compared with the number expected on the basis 
of the observed gene diversity in the mtDNA genome. This excess number of morphs mainly occurs 
through an excess of rare morphs, and this discrepancy ismore pronounced in a pooled sample of five 
Asiari-pi~p~la~fio-ns. ' It is fuggested that ttils discrc/pancy is probably due to internal heterogeneity in each of 

~ ihe~-fff~d~d!bgicfilly ddfified p0pul~/tions/This/m~/lysis demofistratesthe utility that population data for a 
--singl~ lo~us, ~such as the  mtDNA genbme, have for detecting hidden heterogeneity in populations, provided 
that: the locus-has substantial-genetic variability, so that many variant alleles can be detected. 

Introduction 

Mitochondrial DNA (mtDNA) is particularly useful 
in ev01utionary studies of the ethnic origins of human 
pop-ulations (e.gi~ se~ Brown 1980; Denaro et al. 1981; 
Blanket al. 1983;Johns0n et al. 1983; H0rai et al. 1987; 
Hariharaet al_ ]9~8i and-in ~detecting DNA polymor- 
phisms that existed before the geographic dispersal of 
the hum/in species (Cahn et al'. 1982, 1987; Cann and 
Wi-l~=fi~1983).TntDNA has a distinct advantage over 
nU~l~if D-NA for popi[iiation genetic studies because 
(1) the evolutionary rate of nucleotide substitutions ap- 
pe/iis fo be larger in the mtDNA genome compared 
with the nuclear genes (e.g.,-see Nei 1987), (2) the de- 
termination of flaevari0usmtDNA morphs (haplob/pes) 
is unequivocal from population data, since mtDNA is 
maternally inherited, and (3) the gen~eYation of differ: 
erifn~tD1q~~OrlSh-g-ca-n-bnly~bccur through new mu- 
t a lons ,  and-no recombination has to be invoked in 
studying the maintenance ofmtDNA polymorphisms. 

In a recent study, Whittam et al. (1986) analyzed al- 
lelic variations in 145 human mtDNAs representing 
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samples from five geographic regions. They concluded 
that while the allele frequency distributions at different 
loci in the mtDNA genome follow the general predic- 
tions of the equilibiium theory of a mutation-drift 
model of selectively neutral mutations, certain devia- 
tions (e.g., observed gene diversity lower than that ex- 
pected and excesses in the frequencies of common al- 
leles and in the number of singleton alleles) can be 
attributed to possible bottleneck effect during recent 
human evolution and to the action of purifying selec- 
tion. Since such observations can also be explained by 
hidden substructuring of populations, as evidenced in 
the study of electrophoretic variations in South and Cen- 
tral American Indians (Chakraborty et al. 1988), the 
purpose of the present paper is to demonstrate that the 
~;ubstantial variation of the mtDNA genome can be used 
to reveal hidden heterogeneity Within anthropologically 
defined populations. This is shown by examining the 
mtDNA-morph distributions in several Asian popula- 
tions, studied by Brega et al. (1986) and Harihara et 
al. (1988), and by utilizing the sampling theory of selec- 
tively neutral alleles (Ewens 1972; Chakraborty and 
Grit]]ths 1982). It is suggested that the discrepancies 
between the observed and expected distributions of the 
mtDNA morphs in most Asian populations are proba- 
bly due to their internal hidden heterogeneity, and this 
conclusion probably applies to the populations exam- 
ined by Whittam et al. (1986) as well. 

/ 
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Material and Methods 

Data 

It is well known that the power of resolution of mo- 
lecular variability in the mtDNA genome ~aries in RFLP 
studies, depending on the n:striction enzymes used and 
the detectability of fragment size differences. Therefore, 
uniformity of laboratory methods must be established 
in comparing the mtDNA-morph distributions among 
different populations. Recently, Harihara et al. (1988) 
published mtDNA-morph distributions in five Asian 
populations-the Japanese and the Ainu from north- 
ern Japan, the Koreans, the Negrito (Aeta) from the 
Philippines, and the Veddas of Sri Lanka-by  using 13 
restriction enzymes and following uniform laboratory 
conditions. Brega et al. (19-86) used six enzymes from 
the above set to survey the mtDNA-morph distribution 
in the Tharu population of Nepal. These data form 
the basis of the present analysis. In the study of five 
Asian populations Harihara et al. (1988) observed 20 
different mtDNA morphs in a total sample of 243 indi- 
viduals, whereas in 91 individuals from the Tharu popu- 
lation of Nepal Brega et al. (1986)observed 13 mtDNA 
morphs (haplotypes). 

Theory 
Since the rate of nucleotide substitutions and the ex- 

tent of nucleotide diversity in the mtDNA genome 
roughly follow the predictions of the neutral mutation 
hypothesis (for a review, see Nei 1987), I ask whether 
the various aspects of the mtDNA distributions in these 
six populations are consistent with the expectations 
from the sampling theory of selectively neutral muta- 
tions (Ewens 1972; Chakraborty and Griffiths 1982), 
which are based on the assumption that the sampling 
has occurred from a single homogeneous population 
in each case. This is accomplished by examining the 
expectations of two summary statistics of the mtDNA- 
morph distributions- gene diversity (H) and the num- 
ber of different mtDNA morphs observed (k) in the 
samples in terms of a common parameter, 0 = 2N,~v ,  
where N~,) is the effective female population size and 
where v is the mutation rate/generation/mtDNA ge- 
nome. Suppose that an observed distribution is repre- 
sented by {k,; r - 1, 2 , . . .  }, where k, is the number 
of mtDNA morphs each of which occurs r times in a 
sample of size n. An unbiased estimate of the popula- 
tion H is given by 

H -  --n ( 1 - ) ~  r2kr/n2), (1) 
n 1 r = l  

(Nei 1978) and k becomes 

k = E k , .  (2) 
r = l  

It is well kno~s~n that the expected yalues of these two 
sample statistics are given by 

E(H) = 0/(1+0), (3) 

(Kimura and Crow 1964; Ewens 1972) and 

n- I  
E(k) = 0. ,~0 (0+r)-I " (4) 

Equations (3) and (4) provide two alternative estima- 
tors of the composite parameter 0, equating the observed 
values of H and k to their respective expectations (yield- 
ing estimators OH, the gene-diversity estimator of 0 
from H, and Ok, which is also the maximum-likelihood 
estimator of 0 from k). Chakraborty and Schwartz 
(1990) derived the approximate sampling variances of 

• these two estimators, which can be used to judge 
whether these two estimators are in accordance with 
each other. 

However, since the sampling distribution of k may 
not conform to a standard form (such as the normal 
distribution; Ewens 1972), an alternative, and proba- 
bly more effective, way of judging the congruence of 
these two estimators is to check whether the observed 
value of k deviates substantially from its distribution, 
when On is Used to Compute tlae expected dis~bu~0n. 
This is done by computing the tail of the cumulative 
probability function, i.e., the probability of observing 
k or more morphs in a sample of size n, given 0 = 0H, 

• which becomes 

k~ 1 
P(k) 1 - [F(O)Orn!B(r,n)/[F(O+n)r!]] (5) 

r=l 

w h e r e  F(.) is a gamma function, and 

where nl,  n 2 , . .  ~ ,  n, are partitions of the integer n 
into r classes such that each ni is greater than zero and 
n~ + n2 + . . .  + n, -- n. The summation in expres- 
sion (6) is over all permutations of(n  !, n2,. • • , n,). 
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This alternative form of Ewens's (1972) sampling dis- 
tribution of k is given by E M. Stewart (see the appen. 
d ixo f  Fuerst et ai. 1977)~This test allows one to judge 
whether the.observ_ed y a!ueof k_ is too large for the given 
gene diversity. It should be noted that this test is in con- 
trast with Watterson's (1978) test of selective neutral- 
ity, where the observed value of H (or its complement) 
is judged on the basis of its sampling property when 
0 is estimated from k (i.e., when the estimator 0k is 
used to represent the true value of 0). For the present 
purpose, I prefer the above test procedure as opposed 
to Watterson's test, since, in the presence of hidden sub- 
division, 0H is a better estimator of 0 than is 0k 
(Chakrabor.ty et al. 1988). 

S incethisanalysis-reveals that the observed H in the 
mtl3NA ~ is i'ficonsistent (too low) for the •observed k, 
I address the question Of Whether this discrepancy is 
due to the apparent excess of some specific frequency 
_classes of morphs or to uniform over all frequency 
classes. This is doneby Using the theory of Chakraborty 
and Gril~ths (1982), where the expected k, isgiven by 

0 n! F(n+ 0-r)  
, (7) E(k,) -- - .  r ~ "  r(n+0) 

which can be contrasted with the observed values of 
k, for all r, to see whether the diScrepancies-of the ob- 
served k:ard dfJd-to some specific r yalues 0nly. Note 
that~ because of equation (2), if 0 is estimated by 0k, 
even though the expected value of k will agree with 
the observed k, there is no guarantee that, for each r, 
the observed k, will agree with expected k,, given by 
equation (7), Therefore, the agreement of the observed 
and expected morph distributions can be checked ir- 
respective of the choice of parameters 0 ,  or 0~. 

Finally, these tests are performed on the total sample 
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of five Asian populations surveyed by Harihara et al. 
(1988) to show that the most likely explanation of the 
observed discrepancies of the mtDNA distribution in 
some of the individual populations is heterogeneity in 
the populations,  caused by hidden amalgamation of 
subpopulations.  

R e s u l t s  

Estimators o[ 8 for the mtDNA Genome in the Presence 
of Popula6on Heterogeneity 

Tab|e.i shows the summary statistics (H and k) and 
n 0f the  m t D N A  survey reported by Brega et al. (1986) 
and Harilaara et al. (19881) for six Asian populations. 
In addition, this table also presents the two estimators 
of  0 (OH based on H-from eq. [3] and Ok based on k 
computed by aniterative solution of eq. [4]), along with 
their standard errors based on the theory of Chakra- 
borty and Schwartz (1990). Since the restriction enzymes 
used by Harihara et al. (1988) for the first five popula- 
tions are more extensive than the ones employed by" 
Brega et al. (1986) for the Tharu population of  Nepal ,  
the last row' of  this table represents the pooled sample 
excluding the Tharu population, to avoid the problems 
associated witl~ nonuniformity 0f  laboratory" methods  
in ~interpreting the presen t results. 

Two features of these estimates are noteworthy. First, 
the values 0 fO i  are always larger than OH, and this 
difference is more  pronounced in the pooled sample. 
Since the-mtDNA genome behaves like a single genetic 
locus, and because the standard errors Of these esti- 
mates therefore are large because o f  stochastic factors 
(Nei and Roychoudhury 1974; Li and Nei 1975), these 
differences may not be statistically significant. How-  
ever, the larger values of 0k compared with OH, noted 
in this analysis, are contrary to the single-locus esti- 

T a b l e  I 

Parameter Estimates from the mtDNA Morph Distributions in Six Asian Populations 

POPULATION (n) 

ESTIMATE OF 0 : 4Nev FROM 

H H(OH) k(Ok) 

Japanese (74) . . . . . .  11 .40 ± .07 .68:1:.20 3.34 ± 1.2,1 
Ainu (48) . . . . . . . . .  6 .23 ± .08 .31 ± .14 1.59 ± .81 
Korean (64) . . . . . . .  7 .33 ± .0g .51 ± .17 1.80 ± .83 
Aeta (37) . . . . . . . . . .  3 .20 ± .09 .26 ± .13 .57 ± .43 
Vedda (20) . . . . . . . .  4 .51 ± .10 1.16 ± .46 1.21 ± .81 
Tharu (91) . . . . . . . .  13 .65 ± .04 1.93 ± .37 3.92 ± 1.33 

Pooled (243) a . . . .  20 .34 ± .04 .52 ± .09 4.99 ± 1.31 

a Excluding the Tharu population (see text for details). 
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mates of 0, seen in the isozyme data analysis of Zouros 
(1979) and in the mtDNA data analysis of several Dro- 
sophila species (Nei 1987). Under the assump-tit~n that 
these samples are drawn from homogeneous equilib- 
rium populations, 0H is an overestimate of the true pa- 

. " . . . .  7 

rameter 0, while 0~ should be closer to the true value 
of 0, because it is the maximum:likelihood estimator. 
Given the present observation, I may suspect that the 
above assumptions may not hold for these populations. 
Noting that the six populations are anthropologically 
distinct and that in the pooled sample the discrepancy 
between the two estimators is more pronounced; I could 
postulate that hidden heterogeneity in each-population 
is probably one of the reasons for these observations, 
In view of this, the question is which estimator of 0 
should be regarded as more reliable when hidden amal- 
gamation is present in a sample. 

In order to address this question, I must consider the 
second noteworthy feature of these estimates-i.e., that 
there is a direct positive association between the esti- 
mates 0k and n, while this is not so for the estimator 
0H, Even though it is known that the statistic k is crit- 
ically dependent on n whereas H is comparatively more 
stable over differences of n (particularly when the un- 
biased estimator, eq. [1], is used), thereis no apparent 
justification for the n dependency of the estimator 0~, 
sinceits computation adjusts for the n employed in a 
survey (see eq. [4]). To check whether the observed 
differences of 0H and 0k can be explained by thed[ffer- 
ences in n of th e different populat!ons , !_recOmputed 
theOk estimators by usingiterative sdlutiohs of equa- 
tion (4), after obtaining an adjusted value for k (kadi), 
reducing n from each populatignt_o_o th_e_minimum - vaJue 
of 20 (equivalent to the n from the Veddasof Sri Lanka). 
k~di is computed from the equation (Chakraborty et 
al. 1988). 

k 
kadi  = k - ~ e - n p i ,  

i : i  (8) 

where the pi's are the relative frequencies of the differ- 
ent morphs in the original samples. Table 2 presents 
these kadi values for each of the six populations, as well 
as for the pooled sample (excluding the Tharu popula- 
tion). These k~di values, along with an n of 20 are then 
substituted for iterative solutions of equation (4), to 
provide n-adjusted estimators 0k(adD, which can be 
contrasted with the 0u values of table 1, because the 
effect of variation in n is now completely removed from 
the Ok values of table 1. The last column of table 2 
shows the Ok (adi) values. Although these values no 

Table 2 

kaal and Ojdadj) in Six Asian Populations 

Popula t ion  " k kadi a Ok(adj) 

Japanese  . . . . . .  11 4 . 4 7  1.48 4- .94 

Ainu . . . . . . . . .  6 3 .17  .80 4- .61 

Korean  . . . . . . .  7 3 .59  1 .00  4- .71 

Aeta  . . . . . . . . .  3 2 .32  . 4 4 : 1 : . 4 1  

Vedda  . . . . . . . .  4 4 . 0 0  1.21 + .81 

T h a r u  . . . . .  . . .- .  13 5 .43  2 . 0 9  4- 1 .22  
Pooled b . . . . . .  2 0  4 .24  1 .34  4- .87  

Based on n = 20 ,  c o m p u t e d  by eq. (8). 
b Exc lud ing  the T h a r u  p o p u l a t i o n .  

longer show any correlation with the original n values, 
they still remain larger than the OH values both for each 
population and for the pooled sample. Therefore, I 
might conclude that the Ok estimators are affected by 
the hidden amalgamation within each population sam- 
ple and that this cannot be removed by simple adjust- 
ment of'n alone. Even though amalgamation may also 
inflate the OH estimates from their true values, the effect 
of amalgamation on OH values is comparatively 
smaller, since H is less affected by amalgamation 
(Chakraborty et al. 1988). These observations together 
suggest that, of the t~.o estimators of 0, OH is the one 
preferred for the present data. 

Excess of Total k for the Observed Gene Diversity in the 
mtDNA Genome 

Since the OH estimates are comparatively better than 
the 0~ values, table 3 presents the expectations and 
standard errors of the k values in these different sam- 
ples, for their respective n values. In all cases,l see that 
the observed k is larger than the expected k. Simple 
t-tests should not be used to see whether there is an 
excess of k in each sample, because the sampling distri- 
bution of k is not normal  Using the cumulative distri- 
bution function, given in equation (S), the last column 
of table 3 shows the large deviation probabilities, P(k), 
for each sample and for the pooled data (excluding the 
Tharu sample) . . . . . . .  

This analysis immediately reflects that there is an ex- 
cess in the total k for the given Hin these populations. 
The excess is statisticallysignificant at the 5% level in 
all of the populations except the Aetas of the phil!p - 
pines and the Veddas of Sri Lanka. The excess is con- 
spicuous in the Japanese (a large population) and in 
the Ainu population (which probably received genes 
from outside recently). The nonsignificant excess is the 
Aeta and Vedda populations probably is due to the small 
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Table 3 

Observed and Expected k Values in Six Asian Populations 

POPULATION (el) Observed Expected ± SE~ P (k) 

Japanese (74) . . . . . .  11 3.80 ± ! .56 <.001 
Ainu (48) . . . . . . . . .  6 2.24 ± 1.07 .006 
Korean (64) . . . . . . .  7 3.09 :t: 1.36 .014 . 
Aeta (37) . . . . . . . . .  3 1.98 ± .95 .256 
Vedda (20) . . . . . . . .  4 3.91 ± 1.48 .584 
Tharu (91) . . . . . . . .  13 8.02 + 2.36 .035 

Pooled (243) b . . . .  20 3.82 ± 1.60 < 1 0 - s  

Computed on the basis of H shown iri table I. 
b Excluding the Tharu population. 

number of individuals sampled from these poPulations- 
Omoto et al_. (!.978) and Ellepola and Wikramanayake 
(1986), in their isozyme surveys based on electroph o- 
retically detected genetic-variation, suggested ~that these 
two populations are also probably affected by recent 
gene migration from outside. Although there are other 
alternative~explanatiQns for the-exce#s k (see Discus- 
sion_and_Conclusion),_the_reaso_n~ that heterogeneity is 

morph class (i.e., th e morphs with frequency less than 
1% or 5% in the population) consists mainly of the 
morphs with one or two copies each per sample. 
Chakraborty_h..n.d_G#iffit_hs (1982) also evaluated the 
samplingvariances of k,, which Show that for small 
r (such as 1 or 2) the asymptotic distribution of k, is 
Poisson, so that V(k,) = E(k,). Note that jf'0k estimates 
are used in expression (7) to evaluate the expected kr, 

themost,likely~explanation~ise~ident.fromthe.fact_that their sum over all values of r = 1, 2 , .  . , n should 
the pooled sample shows a more-conspicuous excess -" equal the observed value of k, whereas when 0H is used 
(P < }0" s). t h e  sum wilibelessthan k. Therefore, the congruence 

These results can also be alternatively stated as ob- 
served H being too low for the observed k seen in the 
samples from these populations. For showing this, I 
computed the expected H from equation (3), using the 
estimates of_0~ for~each.p9pu! ation- Figure lb shows 
these results, and figure ha shows the contrast of ob- 
served k- and the expected k based on H. These two 
panels together suggest that the observed H and the 
total k are not consistent with each other, as would 
be predicted if these samples were drawn from homo- 
geneous equilibrium populations. 

The ;~-cess in k -Is Dueto Excess of Rare Ones 
Havi~glsE;own that there are too many.different 

m t D N A  morphs in severa!ofthese populat-ion-~-a-s Com- 
pared with the expected values based on H values, I 
askedwhether such excess is uniformly distributed over 

' all frequency classes of the mtDNA-morph distribu- 
tion. This is addressed with the help of equation (7), 
which can be evaluated for any value of r, once the 0 
parameter is suitably estimated.Note that r = 1 refers 
to the  singleton morphs, i.e., the morphs with only one 
copy in a sample, and that r = 2 refers to the double- 
tons, i.e., the morphs with two copies in a sample. On 
the basis of the n values in the present data, the rare 

of the observed and expected values of k, can be tested 
irrespective of the choice of 0 estimators. Table 4 shows 
these computations for each population separately, as 
well as for the pooled sample (excluding the Tharu sam- 

i::l e ~  
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Figure I Relationship between observed and expected k values, 
on the basis of observed H in six Asian populations (a} and relation- 
ship between observed and expected H, on the basis of  observed k 
(b)~ JA = Japanese; AI = Ainu; KO = Korean; AE = Aeta; VE 
= Vedda; TH = Tharu. The pooled data represent the total of  the 
first five populations (excluding the Tharu sample). The vertical bars 

represent + SE deviations. 
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Table 4 

Observed and Expected k, Yalues in Six Asian Populations 

OBSERVED 
POPULATIO.~ (n) • FREQUENCY 

EXPECTED FREQUENCY OF k, ± SE, P 

Based on OH Based on O~ 

Japanese (74) . . . . . . . .  I 6 .68 + .83, <10 -4 
2 2 .34 ± .59, .047 

Ainu (48) . . . . . . . . . . .  1 4 .31 ± .56, <10 -3 
2 1 .16 ± .40, .147 

Korean (64) . . . . . . . . .  1 3 .51 ± .72, .015 
2 1 .26 ± .51, .228 

Aeta a (37) . . . . . . . . . .  2 2 .13 ± .37, .008 
Vedda b (20) . . . . . . . . .  1 2 1.15 ± 1.07, .319 
Tharu(91) . . . . . . . . .  1 5 1.91 + 1.38, .045 

2 5 .95 ± .97, .003 
Pooled ¢ (243) . . . . . .  1 8 .52 + .72, <10 -7 

2 6 .26 + .51, <10 -6 

3.24 ± 1.80 .110 
1.57 -t- 1.25 .465 
1.57 :t: 1.25 .075 
.78 ± .88 .540 

1.77 ± 1.33 .263 
.88 ± .94 .584 
.29 ± .54 .035 

i.20 ± 1.09 .336 
3.80 ± 1.95 .332 
1.84 ± 1.36 .039 
4.91 ± 2.22 .124 
2.42 ± 1.55 .037 

No singleton morph observed. 
b No doubleton morph observed. 
¢ Excluding the Tharu population. 

pie). The P shown in this table represents the probabil- 
it)" of observing k, or more morphs for r = 1 (or 2), 
given the respective expected value of k,, in which a 
Poisson distribution of k, is assumed (Chakraborty 
and Griffiths 1982). 

It is clear from table 4 that the observed excess k 
is predominantly due to an excess in the observed num- 
ber of rare morphs. When 0 is estimated from the ob- 
served H, all populations except the Aetas of the Philip- 
pines show a significant (P < .05) excess of rare morphs, 
and this is more conspicuous in the pooled sample. 
when  0 is estimated from k, the excess in the number 
of rare morphs does not reach significance in most cases, 
but the observed values of k, are consistently larger 
than the expected values of k;, even though for this es- 
timator of 0 the expected total k values equal the respec- 
tive observed total k values. It can therefore be con- 
cluded that, irrespective of  the choice of the parameter 
0, there is an excess of rare mtDNA morphs in most 
of these samples, in contrast with the expectations based 
on the assumption that each sample is drawn from an 
equilibrium-homogenous population. Since this depar- 
ture from the expectation is more profound in the pooled 
sample, it may be suspected that the most likely expla- 
nation is that the majori ty of the populations are het- 
erogeneous in nature, so that they do not represent sin- 
gle homogeneous panmictic populations. 

Discussion and Conclusion 

The above findings indicatethat mtDNA variability, 
as detected by the number of different RFLP morphs, 

is too high for the observed H in this genome in most 
of the Asian populations sampled. This excess is mainly 
due to the increased ~frequencies of rare morphs and 
is more conspicuous in the pooled sample than in the 
small populations (Aeta and Vedda). These observations 
are parallel to the findings reported for Amerindian 
populations of South and Central America (Chakraborty 
et al. 1988), findings based on isozyme polymorphisms. 
Also note that these observations are completely paral- 
lel to Wh ittam et al :s(1986) findings.base:d~on:mtDlblA 
data. This parallelismindicates that-the present results- 
on the mtDN A genq~ae~are~p_~obabJy not an~artj_fa_ct 

. of  stocha stic.samplinglerrors dueL-to datador--a-single ~ 
locus. Single-i_o,~-us__d_at_a gene!a/!y would ha_ye pr.oduced 
a de,~.iation in the othe-r direction, since Zouros-(197§) ~ 
has shown that the single-locus estimate of 0 ,  is gener- 
ally larger than that of Ok, just the opposite of the pres- 
ent findings. 

There are several other possible explanations for the 
excess number of alleles produced through an appar- 
ent increase in rare ones. Ohta (1973, 1976) argued that 
this can occur in the presence of  slightly deleterious 
mutations, while Nei et al. (1975), Maruyama and 
Fuerst (1984, 1985), and Watterson (]984) have shown 
that recent population bottlenecks can also cause a dis" 
proport ionate  increase in the-number of  var]antalleles, 
in contrast  ~ i th  the expectations based on obser~'ed 
H. Whittam et al. (1986) ascribed the observed devia- 
tions of  the mtDNA allele frequency distributions to 
such causes, apparently not realizing that most of  their 
populat ion data are not really from any anthropologi- 
cally well-defined populations (e.g., at least two of their 

I 
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five sampling un!t_s are quite heterogeneous: Asians 
[group_li] and Europe, North Africa, and Middle East 
[group IV]). There are at least two lines of evidence 
suggesting that hidden heterogeneity is the most likely 
explanation in such_ contexts. First, the analysis per- 
formed in-the presentpaper clearly demonstrates that 
the pooled?sample (whicli isobviously an amalgamated 
sa-m~e consi~ing,-fff-five anthr0p01ogically- distinct 
p0pulations) shows a more profound deviation in the 
direction seen in each individual population. Whittam 
et at. (i986) a!so found this, but they failed tO interpret 
thej{findifigsacc9rdingly. Second, Chakraborty et al. 
(1988) have demonstratedthat the isozyme loci reveal 
the effect o(amalgamation when-data from relatively 
homogeneous populations are sequentially agglomer- 
ated, producing an excess of allele numbers (total as 
well as rare), whoseextent-depends both on how many 
subpopulationsare amaigamated'inio a sample and on 

• h0~ distinct the subpopulations are(measured by the 
av&-agi/gen&ic_ djs tan_ce_be_tween them). 

I~n addition, for'several of these popuhtions there is 
independenv evidence'of internal substructuring._For 
example, Nei and lmaizumi (1966a, !966b) showed that 
the coefficient of gene differentiation within the differ- 
ent subpopulations in Japan isnot negligible. Since their 
analysis was based on bloodgroup genes, their results 
cannot be directly compared with the present findings. 
An~iy~i~:of-dat~-on 32 {~zy-me~ci:from aq-ar-ge:sam- 
pie of Japanese (Ned et'al. 1988), however, corroborates 
the present finding, sin~:e in that survey 5.53 alleles/ 
locus ~were obse~ed wlaereas the observed average H 
(.087) at these loci predicts only 2.02 +0~18  al- 
Ides/locus (Chakraborty, in press). A phylogenetic anal- 
ysis of mtDNA RFLP variation,conducted by Horai 
and~l~atsunaga (i986):; indicate-s ihat atleast two dis- 
tin-cf -l~nedge(of ~iD~A-~'2i~in ~he J~tp-~r~ese:popula- 
tion. There is no Such independent documentation of 
interiaai fragmentation of~the ~ other popuiatiofis ana- 
lyzed here. Nevertheless,the isozyme studies of Omoto 
(1972) in the Ainu population of Japan, of Omoto et 
al. (1978) in the Aeta population of the Philippines, 
and of Eliepola and Wikramanayake (1986) in the Vedda 
population of Sri Lanlcasuggest internal Substructur- 
ing as well as recent gene migration from the outside, 
both of which should have a net effect similar to that 
of amalgamati0n. Thewp01og ical classification of the  
Tlqafia-mtDNA morphs als0 indicated some evidence 
of foreign-gene admixture (Brega et al. 1986), suggest- 
ing that the present evidence of heterogeneity in the 
Tharu population is not inconsistent with what is 
known about the genetic structure of this population. 

Finally, methodological differences between the pres- 

ent study and that of Whittam et al. (1986) should be 
noted; the earlier study is based on the estimate o f  0 
based on the total number of alleles (k), which is quite 
error prone in the presence of hidden substructuring 
within a population (Chakraborty et al. 1988; Chak- 
raborty and,Schwartz 1990). On the contrary, use of 
OH as an estimator of 0 circumvents this problem. In 
addition, this approach avoids tedious simulations em- 
ployed by Whittam et al. (1986), since I can use analyt- 
ical expresstons such as equations (5) and (7) to con- 
duct the relevant statistical tests. In principle the present 
technique can be applied to other broad sets of data; 
however, at present, the lack of uniformity of labora- 
tory protocols (as mentioned earlier) makes it difficult 
to use the reported data to establish allelic homologies 
as a means of limiting such analysis. Nevertheless, this 
analysis~shows tbat~theeffect of hidden heterogeneity 
Within h popuiati0n can be detected with allele fre- 
quency data from a single locus, provided that substan- 
tial genetic variation exists at the locus. Therefore, the 
hypervariable minisatellite l oc i -  i.e., the VNTR loc i -  
should be use fu! in reyealing thegenet ic  structure of 
popu!_ations, becausesuch loci generally exhibk sub- 
stantiaiiy ia~er variability, than that seen in either the 
RFLP or the isozxme loci. 

A_cknowledgments 
This work was supported by U.S. Public Health Service 

research: grant GM 41399 from the National Institutes of 
Healthl I thank Drsl w. J. Schull and M. Nei for their helpful 
suggestions during the conduct of this study. 

R e f e r e n c e s  

BlancH, Chen K-lq, D',-~more MA, Wallace DC (1983) Amino 
acid change associated with the major polym0rphic Hinc 
Ilsite of Oriental and Caucasian mitochondrial DNAs. Am 
J Hum Genet 35:167,176 

Brega A, Gardella R, Semino O, Morpurgo G, Astaldi Ricotti 
GB, Wallace DC, Santachiara Benerecetti AS (1986) Genetic 
studies on the Tharu population of Nepal: restriction en- 
donuclease polymorphisms of mitochondrial DNA. Am 
j Hum Genet=39:502-=512 ~ 

Brown WM (1980) Polymorphism in mitochondrial DNA of 
humans as revealed by restriction endonuclease analysis. 
Proc Natl Acad Sci USA 77:3605-3609 

Cann RL, Brown WM, Wilson AC (1982) Evolution of hu- 
man mitochondrial DNA: a preliminary report. In: Bonne- 
Tamir B, Cohen P, Goodman RN (eds). Human Genetics. 
Part A: The Unfolding Genome. Alan R. Liss, New York, 
pp 157-166 

Cann RL, Stoneking M, Wilson AC (1987) Mitochondrial 
DNA and human evolution. Nature 325:31-36 



94 Chakraborty 

Cann RL, Wilson AC (1983) Length mutations in human mi- 
tochondrial DNA. Genetics 104:699-711 

Chakraborty R. Genetic profile of cosmopolitan populations: 
effects of hidden subdivision. Anthropol Anz (in press) 

Chakraborty R, Grifl~ths RC (1982) Correlation of heterozy- 
gosity and number of alleles in different frequency classes. 
TheOr Popul Biol 21:205-218 

Chakraborty R, Schwartz RJ (1990) Selective neutrality of sur- 
name distribution in an immigrant Indian community of 
Houston, Texas. Am J Hum Biol 2:1-15 

Chakraborty R, Smouse PE, Neel JV (1988) Population amal- 
gamation and genetic variation: Observations on artifically 
agglomerated tribal populations of Central and South 
America. Am J Hum Genet 43:709-725 

Denaro M, Blanc H, Johnson MJ, Chen KH, Wilmsen E, 
Cavalli-Sforza LL, Wallace DC (1981) Ethnic variation in 
Hpal endonuclease cleavage patterns of human mitochon- 
drial DNA. Proc Natl Acad Sci USA 78:5768-5772 

Ellepola SB, Wikramanayake ER (1986)A genetic studyof 
the Veddas and the Sinhalese. Ceylon J Med Sci 29:1-21 

Ewens WJ (1972) The sampling theory of selectively neutral 
alleles. Theor Popul Biol 3:87-112 

Fuerst PA, Chakraborty R, Nei M (1977) Statistical studies 
on protein polymorphism in natural populations. I. Distri- 
bution of single locus heterozygosity. GenetiCs 86:455-_483 

Harihara S, Saitou N, Hirai M, Gojobori T, Park KS, Mi- 
sawa S, Ellopola SB, et al (1988) Mitochondrial DNA poly- 
morphism among five Asian populations. Am J Hum Ge- 
net 43:134-143 

Horai S, Gojobori 1", Matsunaga E (1987) Evolutionary im- 
plications of mitochondrial DNA polymorphism in human 
populations. Hum Genet 74:]77-181 . . . . .  

Horai S, Matsunaga E (1986) Mitochondrial DNA polymor- 
phism in Japanese. 1I. Analysis with restriction enzymes 
of four or five base pair recognition' Hum Genet 72:105-117 

Johnson M J, Wallace DC, Ferris SD, Rattazzi MC, Cavalli- 
Sforza LL (1983) Radiation of human mitochondrial DNA 
types analyzed by restriction endonucleas# cleavage pat- 
terns. J Mol Evol 19:255-271 

Kimura M, Crow JF (1964) The number of alleles that can 
be maintained in a finite population. Genetics 49:725-738 

Li WH, Nei M (1975) Drift variances of heterozygosity and 
genetic distance in transient states. Genet Res 25:229-248 

Maruyama T, Fuerst PA (1984) Population bottlenecks and 
non-equilibrium models in population genetics. I. Allele 
numbers when populations evolve from zero variability. 
Genetics 108:745-763 

(1985) Population bottlenecks and non-equilibrium 
models in population genetics. I1. Number of alleles in a 
small population that was formed by a recent bottleneck. 
Genetics 111:691-703 

Ned JV, Satoh C, Smouse P, Asakawa J-I, Takahashi N, Goriki 
• K, Fujita M, et al (1988) Protein variants in Hirosh ma and 
Nagasaki: tales of two cities. Am J Hum Genet 43:870-893 

Nei M (1978) Estimation of average hete~zygo~ity and genetic 
distance from a small number of individuals. Genetics 
89:583-590 

- -  (1987) Molecular evolutionary genetics. Columbia 
University Press, New York 

Nei M, lmaizumi Y (1966a) Genetic structure of human popu- 
lations. I. Local differentiation of blood group frequencies 
in Japan. Heredity 21:9-25 

(1966b) Genetic structure of human populations. II. 
Differentiation of blood group gene frequencies among iso- 
lated populations. Heredity 21:183-190 

Nei M, Maruyama T, Chakraborty R (1975) The bottleneck 
effect and genetic variability in populations. Evolution 
29:1-10 

Nei M, Roychoudhury AK (1974) Sampling variance of het- 
erozygosity and genetic distance. Genetics 76:379-390 

Ohta T (1973) Slightly deleterious mutant substitutions in 
evolution. Nature 246:96-98 

(1976) Role of slightly deleterious mutations in mo- 
lecular evolution and polymorphism. Theor Popul Biol 
10:254-275 

Omoto K (1972) Polymorphism and geneticaffinities of the 
Ainu of Hokkaido. Hum Biol Oceania 1:278-288 

Omoto K, Misawa S, Harada S, Sumpaico JS, M edado PM, 
Ogonqkil-I (1978) Population genetic studies of the Philip- 
pine Negritos. I. A pilot survey of red cell enzyme and se- 

• rum protein groups. Am. J Hum Genet 30:190-201 
Watterson GA (1978) The h0mogygosity test of neutrality. 
• Genetics 88-405-4i7 .... 

(1984) Allele frequencies after a bdtdeneck. Theor 
PopUl Biol 26:387-407 ' o 

Whittam TS, Clark AG, Stoneking M,Cann RL, Wilson AC 
(1986) Allelic variation in human mitochondrial genes based 
on patternsof restriction site polymorphism. Proc iqatl Acad 
Sci USA 83:9611-9615 

Zouros E (1979) Mutation rates, population sizes, and 
amounts of electrophoretic variation of enzyme loci in nat- 
ural populations. Genetics 92:623-646 



t 
i 

t Book Reviews 

o[the text, deal with karyotype interpretation, with a brief 
synopsis of material fr6-m the Intehaational Sgstem for Cyto- 
genetic Nomenclature (ISCN~t985); with cell£ulture, main- 
tenannce, and Storage;-and With chromosomes in clinical medi- 
cine. The:authors havereproduced (from ISCN_1985) mitotic 
and rneiotic ideograms and have provided classification and 
nomenclature of-chromosomes. They briefly touch on the 
maintenance and storage of cell cultures and provide a cur- 
sory look at'the use of chromosomes for clinical medicine. 

Overall, the information on tissue culture technique, chro- 
mosome~preparation' banding techniques, and specialized 
techniques makes this a worthwhile book.for any cytogeneucs 
laboratory director, technologist, or student. 

STUART SCHWAgTZ 

University of  M;~ryland School of Medicine 
Baltimore 
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DNA Technology and Forensic Science. Banbury report 32. 
Edited'by J. BaUantyne, C. Sensabaugh, and J. Witkowski. 
Cold Spring Harb0r, N'Y." Cold Spring Harbor Laboratory 
Press, 1989. Pp, xiii + 368_-$95,00. 

The impact 0f academic research on society generally has a 
lag~t]me, which ~Sn0t often as short as the One being wit- 
neSsed'in the case of the development of DNA technology. 
It is the societal impact of this technology that constitutes 
the theme of~this volume, the proceedings of a conference 
held at the Banbury Center, Cold Spring Harbor Laboratory. 
It represents the opinions and views of panelists as diverse 
as molecular biologists,:legal :iuthorities, forensic scientists, 
and policy analysts. The editors rightly surmised that the pur- 
pose of this conference was to address some of the key ques- 
tions surrounding the legal application of DNA techniques, 
and hence the volume's focus is on the policy issues and not 
on the DNA technology per se. 

Organized in five sections, this volume starts with five es- 
says on legal and social issues arising in the use of genetic 
information in forensic applications. Section 2 addresses, 
through six presentations, the question of admissibility and 
interpretation of DNA data in a legal setting. The third sec- 
tion deals with the subject of the transfei of DNA technology 
to forensic laboratories and describes some general features 
of the implementation of~l~etechnofdgY in-a forensic setting. 
The five articles in t~e fourth section addi'ess the current and 
potential future approaches to the use of DNA techniques 
in identity determinations, and the last section discusses the 
relevant issues of establishment, construction, and manage- 
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merit of a DNA data bank. Each section contains the open 
discussions by the panelists and by other participants who 
voiced theiropinions on the main articles, as well as on rele- 
Vant ~assoc[ated~ problems. 

- - . • , i  " n The style of the ennre volume ~s truly freewheehng, ope , 
and informative" (p. xii). As a result, it contains a wealth 
of information regarding the technical aspects of the use of 
recombinant,DNA research, the opportunity it provides to 
the legal expert in handling criminal cases, and scenarios . 
through Which possible misuse of "pseudogenetic informa- 
tion" (to quote Motulsky [p. 3]) might occur in the unregu- 
lated application of this technology. The organizers and edi- 
tors should be congratulated for providing this forum, from 
which future advancement of this important interface of 
scierice a~id S6ciety will surely evolve. 

Without denigrating the importance and relevance of the 
main presentations, it should be stated that there are some 
aspects of the application 0f DNA technology in forensic 
science that did not receive the attention they deserve. For 
example, I do not believe that the mechanisms of generation 
and maintenance of new variation at the hypervariable loci 
is unrelated to the population issues raised by Lander. Al- 
though Jeffrey's article briefly addresses some of them, there 
is no explicit statement as to how departures of single-locus 
and multiple-locus genotype frequencies from their respec- 
tive equilibrium values can be related to factors such as in- 
complete resolutionof similar-size alleles and the undetecta- 
bility of alleles of  very small (or large) sizes. While it may 
be argued that such issues fall under the category of technol- 
ogy development and hence that discussion of them was not 
the focus of this presentation, some of the policy statements 
hinge critically on them. Therefore, some attempt to cover 
these aspects would have been at least academica!ly profita- 
ble to the practitioners of this area. Furthermore, the legal 
community should be informed about the multidisciplinary 
nature of human genetic research, in view o f which the"general 
acceptability" (p. 75) criterion of a scientific method (or con- 
cept) in a legal setting should be reassessed. It may not be 
prudent to state that time has come to reevaluate the Frye 
test, because that test does not seem to be tangible any longer. 

Evenwith these limitations, this volume certainly will have 
its place in the history of forensic applications of new scientific 
developments, and it will definitely spawn other volumes on 
this subject. For the futurists, Judge Boggs's closing article 
carries several important suggestions that are worth noting. 
It is almost an axiom that DNA technology is potentially 
a very powerful tool in the context of forensic science. The 
high degree of sensitivity and specificity offered by this tech- 
nic is unparalleled in comparison with the other available 
genetic tools. At the same time, the possibility of technical 
errors, as.well as other concerns (such as marker.indepen- 
dence and band-width reading), are substantive, and the 

witness stand is not an appropriate venue to resolve these 
concerns. Experiences gathered through extensive human popu- 
lation genetic studies can easily deal With such issues under 
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a scientific forum, and work is in progress in this direction 
in many institutions. Therefore, these concerns alone should 
not be used to label the application of DNA in forensic science 
"hasty" simply because of the current "expert" witnesses' in- 
abilities to deal with them. Just as in the case of a laboratory 
that performs the DNA tests, an assurance of the quality . of 
the expertise to examine these population genetic issues is 
urgently needed, Several times, the attorneys as well as the 
jury bench are mesmerized by numbers brought forward to 
them by "bootstrapping" and "jackknifing," and hence the 
mojo aspect of DNA is depicted. However, the same argu- 
ment can be presented in simpler terms without distorting 
the scientific basis, and this is crucially needed in the dissemi- 
nation of knowledge to the layman. 

In summary, the organizers of this conference must be con- 
gratulated for making this happen, and the editors deserve 
credit for bringing these pro~edings to the public. While there 

. . ' t°  are distinct possibilities of citations of these wrmngs by the 
pros and cons of DNA technology in a court setting, there 
is in this volume enough food for thought to satisfy the medico- 
legal geneticists who derive pleasure from doing science and 
properly advocating the utility of science in solving public 
problems. 

. . . .  RANAJ1T CHAKRABORTY 
Center for Demographic and Population Genetics 
University of .Texas Graduate School of Biomedical Sciences 
Houston 
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Back Door to EugenicS. By Troy Duster. New York and Lon- 
don: Routledge, Chapman Hall, 1990. Pp. 201. $39.95 
(cloth); $13.95 (paper). 

The author is a sociologist at the University of California, 
Berkeley. He addresses various social issues raised by the ap- 
plication of genetic testing and~screen]ng_Xs thetifl-e oftI~e- 
book implies, Duster is much worried that our new techno- 
logic capabilities carried out in the name of health, preven- 
tion, and treatment of genetic disease may bring back the 
"old eugenics," with its emphasis on race, class, and "inferior" 
human beings. In a far-ranging discussion of many recent 
developments, he points out the important role that the so- 
cial climate at a given historical period has in shaping scientific 
research and public polic): The author claims that costly high 
technology with emphasis ongenerics is encouraged by:'the 
medical establishment, research interests, the biotechnology 
lobby and insurance companies" and contrasts these trends 
with the need for less expensive programs, such as the provi- 
sion of better and more universal prenatal care, which could 

have a marked impact on public health. While Duster is cor- 
rect in deploring our society's unwillingness to use its resources 
for low-cost health care that would benefit millions of peo- 
ple, it is unlikely that the funds currently used for high- 
technology expenditures would be redirected. ~ 

The author cites several examples of his general thesis. Facul- 
ties involved in genetic counselor training (as at the Univer. 
sit), of California, Berkeley, program for_which he was an 
adviser) stress high grades and technical preparation in appli- 
cants over humane and empathic skills. The author does not 
consider that high academic ability does not preclude humanis- 
tic qualities. The general success of Tay-Sachs Screening pro- 
grams as compared with the failure of sickle cell screening 
programs is explained by participation of the Jewish commu- 
nit,/at all levels, as contrasted with failure to involve the black 
community in the screening programs~ The author documents 
that prenatal diagnosis is more widely used by women with 
higher incomes and adduces a variety of plausible reasons, 
including the role of the state health department bureaucracy 
which is not well attuned to poorer and minorky populations. 

The stress on genetic factors in multifactorial disorders is 
deplored, since emphasis on hereditary determinants will 
deflect attention from searching for and dealing with the many 
environmental factors in common diseases. Geneticists would 
counter that detection of those at high risk~ill identify those 
persons who will benefit maximally from treatments designed 
to manipulate the envirofime~fital Causes-0f t}fb~econdit~ons. 
Furthermore, the author (following Lewontin et.al, in Not 
in our Genes) takes issue with variousdata that as~'ibe a 
genetic basis to 1Q, schizophrenia, and propensity to crime. 
As an interesting example, the data showing a high frequency 
of low IQs among Jews in the early part of this century'are 
contrasted with more recent findings which demonstrate a 
significantly higher mean IQ as compared with the Cauca- 
sian U.S. population and are cited as an example of the futil- 
ity of this kind of investigation. 

As might be expected from the author's orientation, he 
gives no attention to the internal logic of modern biomedical 
science as compared with the role of social forces in shaping 
research and practice. Once medical geneticists learned about 
DNA and restriction, enzymes, the application of this molec- 
~ular L_eghn_gJogy_ tomonogenic hereditary_diseases_was inevita- 
ble and had little to do with social forceS. Once it is realized 
that undefined genetic factors play a role in many common 
diseases, the obvious next step is the utilization Of thenew 
biochemical and molecular methodol0gy in attempting to elu- 
cidatethe role of specific genes that predispose to these dis- 
eases. Again, the development of scienc e per se ieads~to such 
investigations. Similarly, various discoveries in molecular 
genetics and the neurosciences now allow us to search for 
specific genes that may affect normal and abnormal behavior. 

The book is valuable in depicting the many forces thai may 
shape research and practices in medical genetics. It reminds 
us that, withthe best intentions, abuses in the name of genetics 
could enter by the back door. Many facts cited in thii book 
point out the importance of ongoing dialogue regarding these 
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oi thetext ,  deal with I<aryotype~interpretation, with a brief 
synopsis of material fromthe International System for Cyto- 
genetic Nomenclature (ISCN 1985); with cell culture, main- 
tenance, and storage;and with chromosomes in clinical medi- 
cine. The authors have reproduced (from ISCN 1985)mitotic 
and meiotic~ideograms and have proyided classificauon and 
nomenclature of chromosomes. They b-riefly touch on the 
maintenance and storage of cell cultures and provide a cur- 
sory look at the use of chromosomes for clinical medicine. 

Overall, the informauon on tissue culture technique, chro- 
mosome preparation, banding techniques, and specialized 
techniques makes this a worthwhile book for any cytogenetics 
laboratory director, technologist, or student. 

STUART SCHWARTZ 

University of Maryland School of Medicine 
Baltimore 
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DNA Technology and Forensic Science. Banbury report 32. 
Edited byJ. Ballantyne, C, .Sensabaugh, and J. Witkowski. 
Cold Spring Harbor, NY: Cold Spring Harbor Laboratory 

• Press, !989. Pp. xiii + 368. $95.00. 

The impact of-academic research on society generally has a 
lag time, which is not often as short as the one being wit- 
nessed in the case-of the development of DNA technology. 
It is the so(:ietal impact of this technology that constitutes 
the theme of this volume, the proceedings of a conference 
held at the Banbury Center, Cold Spring Harbor Laboratory. 
It represents the opinions and views of panelists as diverse 
as molecular biologists, legal authorities, forensic scientists, 
and policy analysts. The editors rightly surmised that the pur- 
pose of this conference was to address some of the key ques- 
tions surrounding the legal application of DNA techniques, 
and hence the volume's focus is on the policy issues and not 
on the ;DNA technology per se. 

Organized in five sections, this volume starts with five es- 
says on legal and social issues arising in the use of genetic 
information in forenfic applications. Section 2 addresses, 
th r6ugh~ si~-x-p~sentatfons,~he~que-stidn Of adrifissibility and 
ititerpretation of DNAdataina legalsetting • The third sec- 
tion deals with the subject of the transfer of DNA technology 
to forensic laboratories.and describes some general features 
0flthe implementatioii of the~technol0gy in a forensic setting. 
The five artides in ihe fourth se~ion address the current and 
potential future approaches to the use of DNA techniques 
in identity determinations, and the last section discusses the 
relevant issues of establishment, construction, and manage- 
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ment of a DNA data bank. Each section contains the open 
discussions by the panelists and by other parucipants who 
voiced their opinions on the main articles, as well as on rele- 
vant associated problems. 

The-style of the entire volume is truly "freewheeling, open, 
and informative" (p. xii). As a result, it contains a wealth 
of information regarding the technical aspects of the use of 
recombinant-DNA research, the opportunity it provides to 
thelegal expert in handling criminal cases, and scenarios . 
through which possible misuse of "pseudogenetic informa- 
tion" (to quote Motulsky [p. 3]) might occur in the unregu- 
lated application of this technology. The organizers and edi- 
tors should be congratulated for providing this forum, from 
which future advancement of this important interface of 
science and society Will surely evolve. 

Without denigrating the importance and relevance of the 
main presentations, it should be stated that there are some 
aspects of the application of DNA technology in forensic 
science that did not receive the attention they deserve. For 
example, I do not believe that the mechanisms of generation 
and maintenance of new variation at the hypervariable loci 
is unrelated to the population issues raised by Lander. Al- 
though Jeffrey's article briefly addresses some of them, there 
is no explicit statement as to how departures of single-locus 
and multiple-locus genotype frequencies from their respec- 
tive equilibrium values can be related to factors such as in- 
complete resolution of similar-size alleles and the undetecta- 
bility of alleles of very small (or large) sizes. While it may 
be argued that such issues fall under the category of technol- 
ogy development and hence that discussion of them was not 
the focus of this presentation, some of the policy statements 
hinge critically on them. Therefore, some attempt to cover 
these aspegs wou!_d have been at least academically profita- 
ble to the practitioners of this area. Furthermore, the legal 
community should be informed about the multidisciplinary 
nature of human genetic research, in view of which the "general 
acceptability" (p. 75) criterion of a scientific method (or con- 
cept) in a legal setting should be reassessed. It may not be 
prudent to state that time has come to reevaluate the Frye 
test, because that test does not seem to be tangible any longer. 

Even with these limitations, this volume certainly will have 
its place in the history of forensic applications of new scientific 
developments, and it will definitely spawn other volumes on 
this subject. For the futurists, Judge Boggs's closing article 
carries several important suggestions that are worth noting. 
It is almost an axiom that DNA technology is potentially 
a very powerful tool- in the context of forensic science. The 
high degree of sensitivity and specificity offered by this tech- 
nic is unparalleled in comparison With the other available 
genetic tools. At the same time, the possibility of technical 
errors, as well as other concerns (such as marker, indepen- 
dence and band-width reading), are substantive, and the 
witness stand is not an appropriate venue to resolve these 
concerns. Experiences gathered through extensive human popu- 
lation genetic studies can easily deal with such issues under 
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a scientific forum, and work is in progress in this direction 
in many institutions. Therefore, these concerns al0ne sh.ofild 
not be used to label the application of DNA in forensic science 
"hasty" simply because of the current "expert" witnesls~¢ ~n-- 
abilities to deal with them. Just as in the case of a laboratory 
that performs the DNA tests, an assurance of the quality of 
the expertise to examine these population genetic issues is 
urgently needed. Several times, the attorneys as well as the 
jury bench are mesmerized by numbers brought forward to 
them by "bootstrapping" and "jackknifing, and hence the 
mojo aspect of DNA is depicted. However, the same argu- 
ment can be presented in simpler terms= without distorting 
the scientific basis, and this is crucially needed in the dissemi- 
nation of knowledge to the layman. 

In summary, the organizers o f  this conference must be c0nl 
gratulated for making this happen, and the editors deserve 
credit for bringing these proceedings-tb~ihe l~uglk. WhiJ~tl~ere 
are distinct possibilities of citations of these writings by the 
pros and cons of DNA technology in a court setting, there 
is in this volume enough food for thought to satisfy the medico- 
legal geneticists who derive pleasure from doing science and 
properly advocating the utility of science in solving public 
problems. 

RANAJIT CHAKILABORTY 
Center for Demographic and Population Genetics 
University of Texas Graduate School of Biomedical Sciences 
Houston 
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Back Door to Eugenics. By Troy Duster. New York and Lon- 
don: Routledge, Chapman Hall, 1990. Pp. 201. $39.95 
(cloth); $13,95 (pape'r). 

The author is a sociologist at the University of California, 
Berkeley. He addresses various social issues raised by the ap- 
plication of genetic testing and screening. As the title of the 
book implies, Duster is much worried that our new techno- 
logic capabilitiescarried out in the name of health, preven- 
tion, and treatment of genetic disease may bring back the 
"old eugenics, with its emphasis on race, class, and "inferior" 
human beings. In a far-ranging discussion of many recent 
developments, he points out the important role that the so- 
cial climate at a given historical period has in shaping scientific 
research and public policy The author claims that costly high 
technology with emphasis on genetics is encouraged by "the 
medical establishment, research interests, the b!otechnology 
lobby and insurance companies" and contrasts these trends 
with the need for less expensive programs, such as the provi- 
sion of better and more universal prenatal care, which could 

have a marked impact on public health. While Duster is cor- 
rect in eplormg our society s unwillingness to use its resources 
for low-cost health care that would benefif millions of 16eo- 
pie, it is unlikely that tlae tunds Currefitly used for high- 
technology expenditures would be redirected. 

The author cites several examples of his general thesis. Facul- 
ties involved in genetic counselor training (as at the Univer- 
sity of California, Berkeley, program for which he was an 
adviser) stress high grades and technical preparation in appli- 
cants over humane and empathic skills. The author does not 
consider that high academic abilit~ does n&-preclude humanis- 
tic qualities. The general success of Tay-Sachs screening pro- 
grams as compared with the failure of sickle cell screening 
programs is explained by parficip_atio n ofdae Jeydsh commu- 
nity at all levels, as Contrasted with failure to involve the black 
community in the screening programs. The author documents 
that prenatal diagfiosis is mbr6 Widel), fised by women with 
higher incomes and adduces a variety of plausible reasons, 
including the role of the state health department bureaucracy 
which is not well attuned to poorer and minority populations. 

The stress on genetic factors in multifactorial disorders is 
deplored, since emphasis on hereditary determinants will 
deflect attention from searching for and dealing with the many 
environmental factors in common diseases. Geneticists would 
counter that detection of those at high risk will identify those 
persons who will benefit maximally from treatments designed 
to manipulate the environmental-cafise-sbf tho~ c-ondkions. 
Furthermore, the author (following Lewontin et al. in Not 
in our Genes) takes issue with various data that ascribe a 
genetic basis to IQ, schizophrenia, and propensity to crime. 
As an interesting example, the data shgwing a high frequency 
of low IQs among Jews in the early part of this century are 
contrasted with more recent finding s which demonstrate a 
significantly higher mean IQ as compared with the Cauca- 
sian U.S. population and are cited as an example of the futil, 
ity of this kind of investigation. 

As might be expected from the author's orientation, he 
gives no attention to the internal !ogic of modern biomedical 
science as compared with the role of social forces in Shaping 
research and practice. Once medical geneticists learned about 
DNA and restriction enzymes, the ap~pliCation of this molec- 
ular technology to monogenic hereditary diseases was inevita- 
ble and had little to do with social forces. Once it is i-ealized 
that undefined genetic factors play a role in many common 
diseases, the obvious next step is the utilization of the new 
biochemical and molecular methodology in attempting to elu- 
cidate the role of specific genes that prediSpOse to these dis- 
eases. Again, the deyel~p._me_nA of science p_¢r semi earls to su_ch 
investigations. Similarly, various discoveries in molecular 
genetics and the neurosciences now allow us to search for 
specific genes that may affect normal and abnormal behavior. 

The book is valuable in depicting the many forces that may 
shape research and practices in medical genetics, l(rem-inds 
us that, with tl~e best intentions, abusesin-flaename-of ~en~cs 
coul d enter by the back door. Many ̀ f_acts el_ted_in t hjs_bgok 
point out the importance of ongoing dialogue regarding these 
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Genetic Data Analysis. By Bruce S. Weir. Sunderland, Mass.: Sinauer Associates, 
1990. Pp. 377 + xii. $48.00 (cloth); $27.00 (paper). 

One major impact that recent developments in molecular biology have had on 
population genetics is that the evolutionary processes can now be studied at the molecular 
level. The purpose of this book is to illustrate that classic statistical methodologies developed 
for population gerietic studies with serological and isozyme markers can also be applied 
to molecular data, with suitable modifications. In eight chapters, accompanied by tables 
of siandard statistical distributions, a-few computer programs, and notes on data random- 
ization, the author covers topics of interest that justify the title of the volume, particularly 
considering its subtitle--Met-hods for Discrete Population GeneticData. 

• I undertake this reviewing task with trepidation. Being a statistician by training, 
I obviously support the author's Viewthat rigorous statistics must accompany popu- 
lation genetic data reporting, even when the methods of gathering such data are as 
detailed as the molecular techniques currently in use. Therefore, the need of a book 
on this topic is well justifiedl to update the R. C. Elandt-Johnson and O. Kempthorne 

f,.f ro~tS published more than 2 decades back. On the other hand, being a data analyst 
-~20 years, I am firmly convinced that the role of statistics both in applied science 

in general and in biology, in particular should be to provide objective appraisals of 
certain hypotheses and to check whether the observed data are in conformity with 
such hypotheses. Mathematical models of data analysis and statistical methods of 
estimation and hypothesis testing must, therefore, strictly adhere to assumptions that 
are intrinsic to the biological processes that led to the observed data. Mathematical 
elegance and statistical sophistication is not a compromise of these premises, but 
mathematical rigor without valid assumptions can only introduce obscurity and in- 
timidate practical scientists. An elegant advocate of statistics, Professor P. C. Mahal- 
anobis, has argued that a statistician must approach an applied problem through four 
phases: (1) formulation of the problem, (2) data-collection design appropriate for 
answeringthe question, (3) methods for data analysis, and (4) inference. Statistical 
methods should be data driven, and avoidance of any of the above four phases can 
only make them infelicitous. 

Genetic Data Analysis, I suspect, has failed to guide the readers through the above 
four phases. It describes a widevarietY of methods covering gene frequency estimation, 
computations of disequiiibria indices and diversity measures, analysis of population 
structure and data gathered across genet'ations, analysis 0f molecular data on restriction 
sites,and~sequences, and, finally, phylogeny reconstruction. Although the introductory 
chapter briefly presents the nature and sampling procedures attendant to genetic data, 
clear statem-ents-regarding either ifie questions that can be answered by using the 
methods outlined or the biological interpretations of the numbers generated by these 
methods are critically lacking in the presentation. Furthermore, the readers are often 
kept at bay with regard t o ( a )  the assumptions underlying the methods and/or (b) 
their adequacy in the context of data from natural populations. In my opinion, this 
is a serious flaw, and readers with less statistical expertise may have ditficulty in un- 
derstanding the biological meaning of the statistics proposed by the author. Some may 
also wonder about the legitimacy~of assumptions, such as "replicate subpopulations,'" 
in the context of data on the evolution of a set of specific natural populations. 

The book is also marred by a score of mistakes, some gross and annoying, others 
subtle but critical for young readers who accept formulae as ex-cathedra statements. 
The errors and inconsistencies are too numerous to list exhaustively. However, some 
are noteworthy. For example, figure 1.1 (p. 3) mislabels the heterozygotes and one of  
the homozygotes for the first six loci. •Other errors include eight (not nine) possible" 
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sample values of a binomial distribution witheight trials (p. 29), wrong formula (e.g., 
p. 81 last equation), wrong source codes in the program (p. 309), missing references 
(p. 272), and wrong internal chapter citations (e.g., p. 256).. Probably most errors 
reflect a hastiness in the preparation of this book. ~ 

This is also a somewhat opinionated presentation. For example, an I l-page dis- 
cussion on the possibility of Mendel's data pruning is unwarranted. A 54-page-long 
description of the variance-component approach to diversity and population structure 
analysis, without any mention of the adequacy of the replicate-subpopulation as- 
sumption for nonexperimental natural populations, is unfair to students who would 
like to learn from this book the biology of population structure. The depth of treatment 
is also quite uneven from chapter to chap fe~It-]does--not tfik¢ !9ng to realize that  
disequilibria statistics are the forte of this author, while the topics covered in the last 
three chapters are quite superficial and depe~dbft-dfi ~ s e c 6 n d f f ~ F ~ f c i t - a - t i 0 f i .  
As a result, readers may be misguided by the g~ncral i:oncl~ug]6ns-of " '/~ese-ciaa-pters. 
For example, the discussion on the c0mparative performances of different methods 
of phylogeny reconstruction (chap. 8, p. 272) erroneously concludes that the UPGMA 
and Fitch-Margoliash methods do not fliffer_ much in the presence of a molecular 
clock, which is dem0nstratedto be wrong in some work published in MBE. 

In summary, it is difficult to rec0mmen~d this book in a self-study course on 
genetic data analysis. This edition imposes an onerous task on tutors who would like 
to equip their students with state-of-the-art methods of handling genetic data, because 
of both its lack of fair coverage of  these methods and numerous errors of presentations. 
The small typeface of the prints also makes the reading difficult. 

RANAJIT CHAKRABORTY 
Center for Demographic and Population Genetics 

University of Texas Graduate School of Biomedical Sciences 
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Genetic Data Analysis. By Bruce S. Weir. Sunderland, Mass.: Sinauer Associates, 
1990. Pp. 377 + xii. $48.00 (cloth); $27.00=(paper). 

One major impact that recent developments in molecular biology have had on 
population genetics is that the evolutionary processes can now be studied at the molecular 
level. The purpose ofthis book is to illustrate that classic statistical methodologies developed 
for population genetic studies with serological and isozyme markers can also be applied 
to molecular data, with suitable modifications. In eight chapters, accompanied by tables 
of standard statistical distributions, a few computer programs, and notes on data random- 
ization, the au/hor covers topics of interest that justify the title of the volume, particularly 
consideringits subtitle--Methods-for Discrete Population Genetic Data. 

I undertake this reviewing task with trepidation. Being a statistician by training, 
I obviously support the author's view that rigorous statistics must accompany popu- 
lation-genetic=data=rel~rting,;=ey~er~o-~hen the methods of gathering such data are as 
detailed as the molecular techniquescurrently in use. Therefore, the need of a book 
on this topic is well justified, to updatethe R. C. Elandt-Johnson and O. Kempthorne 

~ published more than 2 decades back. On the other hand, being a data analyst 
20 years, I am firmly convinced that the role of statistics both in applied science 

in ge neraLand in-biology, in particular should be to provide objective appraisals of 
certain hypotheses and to check whether the observed data are in conformity with 
such hypotheses. Mathematical models of data analysis and statistical methods of 
estimation and hypothesis testing must, therefore, strictly adhere to assumptions that 
are intrinsic to the biological processes that led to the observed data. Mathematical 
elegance and statistical sophistication is not a compromise of these premises, but 
mathematical rigor without valid assumptions can only introduce obscurity and in- 
timidate practical scientists. An elegant advocate of statistics, Professor P. C. Mahal- 
anobis, has argued that a statistician must approach.an applied problem through four 
phases: (1) formulation of the problem, (2) data-collection design appropriate for 
answering the question, (3) methods for data analysis, and (4) inference. Statistical 
methods should be data driven, and avoidance of any of the above four phases can 
only make them infelicitous. 

Genetic Data Analysis, I suspect, has failed to guide the readers through the above 
four ph~sesi-it describes a w~ide variety of methods covering gene frequency estimation, 
computations of disequilibria indices and diversity measures, analysis of population 
structure anddata gatheredacross=generations, analysis of molecular data on restriction 
sites andsequences, and, finally, phylogeny reconstruction. Although the introductory 
chapter, briefly presents the nature and sampling procedures attendant to genetic data, 
clear statements regarding either the questions that can be answered by using the 
methods outlined or the biological interpretations of the numbers generated by these 
methods are critically lacking in the presentation. Furthermore, the readers are often 
kept at bay with regard t o ( a )  the assumptions underlying the methods and/or (b) 
their adequacy in the context of data from natural populations. In my opinion, this 
is a serious flaw, and readers with less statistical expertise may have difficulty in un- 
derstanding the biological meaning of the statistics proposed by the author. Some may 
also wonder about the legitimacy of assumptions, such as "replicate subpopulations," 
in the context of data on the evolution of a set of specific natural populations. 

The book is also marred by a score of mistakes, some gross and annoying, others 
subtle but critical for young readers who accept formulae as ex-cathedra statements. 
The errors and inconsistencies are too numerous to list exhaustively. However, some 
are noteworthy. For example, figure 1.1 (p. 3) mislabels the heterozygotes and one of  
the homozygotes for the first six loci. Other errors include eight (not nine) possible' 
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sample values of a binomial distribution with eight trials (p. 29), wrong formula (e.g., 
p. 81 --last equation), wrong source codes in the program ( p. 309 ), missing references 
(p. 272), and wrong internal chapter citations (e.g., p. '256). Probably most errors 
reflect a hastiness in the preparation of this book. 

This is als0 a somewhat opinionated presentation. For example, an 1 l-page dis- 
cussion on the possibility of Mendel's data pruning is Unwarranted. A-54-15age-10rig 
description of the variance-component approach to diversity and Population structure 
analysis, without any mention of the adequacy of tlie fepli~atr-sfib-p2ipiil~iiiiSff as- 
sumption for nonexperimental natural populations, is unfair to students ~ ~hb would 
like to learn from this book the biology, of population structure. The depth of treatment 
is also quite uneven from chapter to chapter. It does not take long t o r~alize that 
disequilibria statistics are the forte of this author, while the topics covered in the last 
three chapters are quite supe.rficial and dep~e-nd often_0n ~condary_-squr~sgf_~c!tati_on. 
As a result, readers may be misguided by the general conclusions of these chapters. 
For example, the discussion on t_h e comparatixfe_peff_qrrnances (of diff_eren_t methods 
of phylogeny reconstruction (chap. 8, p. 272) erroneously concludes that the UPGMA 
and Fitch-Margoliash methods do not differ much in the presence of a molecular 
clock, which is demonstrated to be wrong in some work published in MBE.  

In summary, it is difficult to recommend this book~in a _se]f_-s_tu_dy - course on 
genetic data analysis. This edition imposes an onerous task on tutors who wguld like 
to equip their students with state-of-the-art methods of handling genetic data, because 
of both its lack of fair coverage ofthese methods and numerous errors of presentations. 
The small typefaceof the prints also makes the reading difficult. 

RANAJ1T CHAKRA BORTY 
Center for Demographic and Population Genetics 

University of Texas Graduate School of Biomedical Sciences 
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IN THE NEWS 

T ~ S  past February Voters in Switzerland rejected a pro- 
1 .  posed referendum.banning scientific experiments~usingo 
animals. Theban proposed by the Swiss Animal Protection 
League would have tightened existing restrictions for:oh -~ 
mining a license to experiment on animals. The Swiss gov- 
ernment, medical groups, and Swiss-based pharmaceutical 
companies all opposed the initiative, claiming that it could 
lead to the relocation of research facilities outside Switzer. 
~ ~ t h e r _  m~a__jqr_:~ _was,:the ban" s ,implications 
for:_co.mme~Tconfidendality. =Allowing-animal :fights:-- 
groups to challenge in court individual research projects 
presumably would require that companies release their de- 
tailed research plans. Another aspect of the proposal that 
worried researchers was a clause requiring the Swiss gov- 
ernment to enact an animal experimentation law within 
five years. Failure to do so could ban animal research 
completely. . . .= . . . . . . . . .  - _ - 

O n  April ~ i  the National Academy of Sciences is- 
sued its report on Responsible Science: Ensuring the lnteg- 
riO, of  the Research Process (see In PrinO by a special 
Panel on Scientific Responsibility and the Conduct of Re- 
search. The Panel made twelve rexx)mmendatiens, includ- 
ing the creation of an independent Sdentific Integrity Ad- 
.visory Board, which would serve as a clearinghouse for 
tl~_ ~ e x ~ g e  _0_f hfform#__tion and:expen_/enccs relate_ to~sci, 
enfif'~c misconduct and efforts to promote responsible re- 
search conduct, and one that called on scientific societies 
and jottmals to ,provide and expand resources and forums 
to_-f_oster ~nsib_le:reseatch practices.and-.to addressmis-_ _ 
c o ~ c t ,  in scicu~ and questionable research practices." 
"rbe Panelalso urged the.government to adopt a common 
definition of misconduct .in~science,and~eommon~policies. 
and procedures for :handling allegations of~sdcntific mis- 
conducL The report also draws a distinction-between mis- 
consluct)n science, which includes "fabrication; falsifica- 
tion or plagiarism in proposing, performing, or reporting 
~ , "  and "questionable re.search practices." The latter 
~_u~_= ~ ,actib'ns~ _t~- ~olatctraditlonal:xalues of :the re- 

search process," lint for which :tla _e~_ is currently "neither 

any consensus on standards for behavior in such mattea's." 

IN THE SOCIETIES 

T he re-vision-of the American Psychological 
_, Association's "Ethical Principles of Psychologists" is 

an~acti~ item on its Council of Representatives" agenda 
for the APA's August 1992 convention meeting. The revi- 
sion im'olves major changes from the current (1989) ver- 
sion. In particular, it involves a clear identification of  the 
aspirational versus enforceable sections. Contact Stanley 
E. Jones, Director, Office of Ethics, APA, 750 First Street, 
NE, Washington, DC 20002-4242; (202) 336-5500. 

.... At its May meeting, the Council of Scientific Society 
Presidents adopted several resolutions related to profes- 
sional ethics. Among them was one on "The Role of Pro- 
fessional Societies in Setting Ethical Standards in Sci- 
ence," which urges scientific societies to "develop mecha- 
nisms to educate mehabers regarding standards of research 
practice, the ethical conduct and reporting of  science, and 
the traditions, values, and paradigms of the discipline." 
Two other resolutions endorsed recommendations con- 
rained in the National Academy of Sciences" report Re- 
sponsible Science: Ensuring the Integrity o f  the Research 
Process - -  one caffmg for uniform federal policies and 
procedures for handling allegations of misconduct in sci- 
ence, and the other urging institutions to "assure both ac- 
cuse~ and accused the fundamental elements of due pro- 
tess....'" For m o ¢  details, conta~ CSSP at (202) 872-4452. 

CASES AND COMMENTARIES 

-In past isles,- PER iias-Wsed this- section to print in- 
vited commentaries on hypothetical cases. In this issue, we 
present a case that is currently unfolding in federat court. 
In recent years, scientists and attorneys have engaged in 
heated arguments--inside and outside the courtroom-- 
over the reliability of  DNA fingerprinting in criminal 
cases. The debate has encompassed a number of  issues: 
the techniques used to determine whether samples match, 
t ~  statistical methods used to interpret a match, and the 
"standards and practices of  quality control o f  the labora. 
torles that perform the analyses. 

Connected to this more public debate is a series of  
less visible, yet volatile skirmishes that lu'ghh'ght tensions 
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between law and science and raise issues of professional 
ethics for both the legal and scientific communities. In 
order to focus more attention on these matters and their 
implications for the relationship between law and science, 
PER has prepared this essay and invited all of the parties 
involved in the different incidents it describes to share 
their positions on the controversies with our readers. 
Those contributions received follow this essay. Readers of 
PER are invited to send us their reactions to the essay as 
well as to the responses that follow it for publication in 
our next issue. These should be received by August 1 5 . -  
Editor 

I n a motion for a new trial in the 1989 murder case, U.S. 
.v. Yee, et al., two New York defense_auomeys--Barry 

Scheck and Peter Neufeld--have fded an affglavit with a 
U.S. District Court in Ohio alleging misconduct by law 
enforcement officials and scientists in disputes over the re- 
liability of DNA fingerprinting in criminal cases. The two 
attorneys accuse federal and state law enforcement of ef- 
forts "to intimidate, harass, and deter expert wimesses 
from testifying against the FBI and other forensic DNA 
laboratories and publishing their views." They go on to de- 
scribe "the most troubling aspect of the government's cam- 
paign [as] its direct interference in the pubfication and peer 
review process...to prevent and undermine the publication 
of scientific opinions law enforcement does not like." 
They also accuse several scientists of conflicts of interest 
in providing testimony On the reliability of DNA finger- 
printing and in participating in the peer review process of 
scientific journals. In both published reports and additional 
motions and affidavits submitted to the Ohio com't, law 
enforcement officials and scientists named in the defense 
motion have refuted the allegations. 

The defense attorneys refer to a manuscript accepted 
inSeptember 1991 for publication in SCience in which two 
population geaeticists-Richard Lewi)ntin and D/mid 
Hartl-claimed that proponents of DNA fingerprinting have 
made unwarranted assumptions regarding the rarity of  ge- 
netic pauerns in populations. They concluded that DNA 
fingerprinting as currently practiced should not be admissi, 
He as evidence. Scheck and Neufeld mp0rt thal'Jaines 
Wooley, an Assistant U.S. Attorney, telephoned Hartl, 
pressuring him to withdraw the paper. "I'n¢ co-authors re- 
fused to do so, and Lewoutin wrote W_oo_ !ey, accusing 
of a "very serious breach of ethics and intimidation."" 
According to the affidavit, federal law eaforceme~t offi- 
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Iouathaz Knight. W'dliam bf~ddleton 
The Profesaonat Eth~ ~p,,a is published qutrterly undc~ the 
l~iees d the Committee oa Sd~tific Reedom and ~ t y  
and the Profe~oad Society Fahi~ ~ Americas Association 
for the Adva~emeut d S e ~  1333 H .f~ree~ NW, Wt£ai=gtm, 
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cials, in association with scientists who dispute the claims 
made in the manuscript (the affidavit mentions C. Thomas 
Caskey and Ranajit Chakratx~O, "succeeded in 
publication .... altering the content of the article, 
ring an unprecedented simultaneous publication of a rebut- 
tal article which did not go through the same peer review 
process." 

In a counter affidavit submitted to the court, Wooley 
accuses the defense affidavit of being a "vehicle through 
which to launch a vicious, mean-spirited and baseless at- 
tack on the character, ethics and actions of numerous FBI 
agents, prosecutorg and nationally prominent scientists,... 
who support the admissibility of DNA testing...." He con- 
firms speaking with Hartl, but denies intimidating or 
threatening him. He states that after the conversation with 
Hartl, he "took no action relative to the publication of the 
paper." 

The paper by Lewontia and ~ as well as the rebut- 
tal article were published in Science. In that same issue, 3 
the editor of Science, Daniel Koshland, is reported to have 
been "disturbed that the data did not support the paper's 
conclusions" and asked the coauthors to make revisions. 
Koshland denied having received any communications on 
the matter from government officials, although he did hear 
complaints from other scientists. He-defended hisdecision 
to solicit a rebuttal article, which, contrary to the claims of 
Scheck and Neufeld, was also peer-revieWed, "to give a 
more balanced view of the subject," although the normal 
procedure followed by Science is ~5 publish rebuttals in a 
subsequent issue and to give the authors of the origi 
article an oppoaunity to restmad. 

Another-example cited in the affidavit by Scheck and 
Neufeld is a paper criticizing the statistical methods used 
by forensic laboratories submitted to the American Journal 
of Human Genetics (AJI-IG) in November 1991 by Sey- 
mour Geisset, a Univerfity of Minhesota statistician. The 
paper had come-to the attention o f  Stephen I:. Redding;a 
prosecut~ in the Office of the Hennipen County Attorney 
in Minnesota, where the paper's author was scheduled to 
testify as a witness f0rthe de fensc"~ KDIq~t-admissibility 
hearing .in January 1992. Geissca- received a fax from 
Redding demanding that he lx'oduce in court any rnanu- 
sa'ipt he authored, whether accepted or under review, re- 
lated to DNA fingerprinting. According to the defense affi- 
davit, fifteen minutes after receiving that fax, the author 
received a fax from Charles Epstein, editor of AJHG, 
along with comments on his manuscript from three anony- 
mous reviewers, o~.  of whom strongly- recommended 
against publication. This latter review~ was later identi. 
fled as Ranajit Chakraborty, a scientist who has testifw.d 
for the prosecution in criminal eases and who c o a u ~  
the rebuttal article in Science referred to earlier.- -- : .... 

The affidavit quotes from Epstein's_ letter that ~s'mce - 
this work will certainly beused in court cases, the writing 
needs to be more careful, and the work must apply to the 
data in the way they axe actually used." Scheck and Neu- 
feld conclude that this series of events "tx'ovides compeb, l 
ring circumstantial evidence that the rules Of journal 
reviewerT.on-fidentiality were lxeached and that p r ~  
tots meddled in the process'They continue, "journals are 
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supposed to evaluate a...manuscri'Ix on its sCientifid meri~ 
~"b~ ~n the uses courts may make-of a socnttst s 
opinion." Epstein dcnies being influenced by anyone, and 
claims that he was unaware that Chakrab0rty w~ co-in- 
vcst iga~ on a Justice Departmeni grant intended to estab- 
lish-scicntiftc~ support f~r the FBI's statistical methods 
used in evaluating. DNA evi.d. 4nce when he asked him to 
review the C-~dsser ma~usc~pL " 

_ ~ i n c i d e n t s  rai~_ @oteatially sed0US-~co__n~_'c! of  in- 
terest ~Ixbblcms, as scicatistsi_wi_" _th s ~ g  ~ i t i ons  on the 
reliability of DNA fmgerpdnting and/or financial" interests 
in companies associated with the technique m'c caned on 
to tes-tifyin court-or to review r¢lated:jounml manus~'pes 
~- grant applications. Indeed, Schcck and Neufeld claim 
that two scicntists who gave expert testimony in a bearing 

. rc la ted_~the .Fee case failcdtodisc]ose re!ev~t financial 
f i ~ ,  a r g u e ~ t  bne ofthe~scientists, Stephe~ P,: Dab: 
get  of the Graduate School of Biomedical Sciences at the 
University of Texas at Houston, had a gran t application on 
DNA typing for forensic applications with the National In- 
stitute Of Justice that constitutes a "substantial financial 
bias and conflict of interest that should have been revealed 
to the court and counsel when be testified." They argue 
further that "testimony favorable to the FBI and the Justice 
Deparunent would no doubt preserve or enhance the pros- 
pect of receiving [the] $300,000 N]J grant.* 

In an affidavit submitmd.to the Ohio corn% Daiger ex- 
in-itafion a t ~  ~t icisms and insul~ contained" 

in the defense document. He notes that he did not stand to 
profit pcrsonally since grant funds go directly to his insti- 
tution for disbursement._He-adds :that ~At- no: lime during 
[the review] process was it stated or implied to me that my 
testimony in any legal case, or in any other forum, would 
have an effect on the review process." 

"me defense attorneys also accuse C. Thomas Caskey 
of  Baylor College of Medicine of simil~ coufiicts of inter- 
est. Like Daiger, Caskey had a grant application pearling 
at the Nil. The lxoposed resezr~ was intended to develop 
"a low cost,~ rapid analysis PCR based DNA IXofiling sys- 
tem...[that would] be a highly marketable producL" Caskey 
also has an agreement to license his diaguo~tic techniques 
m Cenmal  :I g ostics, I c.; a DN6  
company. The defense affidavit argues that "the failure ot 
the government and Dr. Caskcy to disclose his $200,000 
lustic#._- _I~partm~_at _-~t _~v .ed.~f~:-~ 0 f 

~t~witn~.~'~[~k~y's~..s~to CetimarkDiagnos t~cs~ 
16d to-;his redgnation=from _a committ~ of the. National 
Academy of Sciences established to report on the use of 
DNA technology in forensic science.] 

In his own affidavit to  the court, Caskey notes.that he 
=ngt pers0ually profited fxom the NIJ grant c~ from the 

]icens'mg of the newly developed personal identification 
technology to CeIlmark.._" He states further that he has 
"freely discussed the NIJ award and the Cellmark license 
with anyone who has asked about these matters and I 
would have responded truthfully.,.Y if questioned about 
them/at_the-heating. C0mmcnting more generally on po- 
~nt ia l  conflias of inteaest in court proceedings r~lated to 

PF..R has recei~d a letter ,from the Medical Faculty of 
Rije~ in Croatia requ~.ain& assonance in "rejuscitatiag 
ethics" in their cua-r~u1~m. Because of the war and poor 
economic condi~na, the facuby ia bacOy in need of litera- 
ture. Below are edited e.xcerpu from the letter: 

We'are wplying to you to help us with at least • sm~dl 
contn'bubon. You could tend us a book, magazine=, 
referenoe manual on medical ethic* (or medical mciol- 
o~) from ~ur ~tl library, with you~ dedication 

Your'institution could send ~ some books on medical 
ethics, or sub~ to g magazine for us dealing with 
medical ~hics (or forward m funds so that we can Ix~r- 

slum on theethicd aspects ot u~ war m L~orovav~ 
once.this unhappy wat~:gvey... ..... • : 

We kindly ~ yo9 in advance for yore" understs.m~g 
and support. , - 

' " Prof. ok./van .9~om 
Head, D o p s ~ t  of Soda/So'onc~ 

Me<~K~ Facu~ of FtT~ 
o. Ban ~ 51ooo lWe~ Croa~ 

DNA fiugcrpdn~ng, Caskcy added that he did "not feel 
that any scientist associated with an institution which is a 
recipient of competitive federal (or stats) financial support 
should automatically be disqualified from serving as a wit- 

for: the prosecution or defense in any case. To auto- 
matically exclude alL.grantees from serving as expert 
witnesses will deprive an interested parties of the services 
of highly_quafifi~ e -d .sci'en~_ Is." _ . 

t. Christopher Anderson, "DNA fingerprinting dLr, oo~" Nature, 
voL 54, ~be~ 1991, p. 500. 
2. R.C. Lewonfi.n and Daniel L. Har~, =Population Genetics in 
Forensic DNA Typing," $denc~, voL 254, ~ b e r  20, 1991, 
pp. 1745-50, and R. ~ aad ~ K. Kkkl, 
UfiIRy of DNA Typing in Foremio Work. /b/d, pp. 1735-39. 
3. L. Roberts, "Was Sc/ence Fair to its Authors'/"/b/d, p. 1722. 
4. ChdstolN~e=r Anderson. "Conflict comen= dis~p¢ paz~  cloud 
testimony." Nature. voL 355, February 27, 1992, p. 753-54. 
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• = Comrnentades 

Tbe m  nda, t of sch  
am] Neufcld rex]ueslmg ancw trial are nothing but unsub- 
stantiated innuendos. I was never involved in the Fee case 
as an experL NOV Careless, since my research deals with 
the subject of the effects of population substructure on ge- 
nelic variation, I ham read both Hanrs and I..cwontin's 
reports on this subject, which ate public records. I did not 
find their arguments convincing, nor did I find any support 
for their criticisms in o~ analysis of DNA typing.data on 
populations around the wodd." I had a draft vcruoa ot a 
rebuttal to their criticisms prepared even before they sub- 
mired thdr paper, to Sd, mc~. I first learned of their Sd- 



ence article in a court case around the third week of Sep- 
tember 1991 where it was submitted as a defense exhibit. 
In the first week of October 1991, at the 8th International 
Congress of Human Genetics in Washington, DC, I found 
that a large number of human geneticists knew of their 
forthcoming article, and I expressed my intent to publish a 
rebuttal, shodd their article appear in Science. Upon reOa'n 
from the Congress (second week of October 1991), I re- 
ceived a telephone request from the editorial office of Sc/- 
ence to submit my rebuttal. At that stage, I asked Dr. Ken- 
neth Kidd to co-author the rebuttal, .... At no stage in the 
preparation of our paper, did I encourage Science to 
"delay" the publication of Lewontin and Hartl's paper, nor 
did I attempt to "alter the content" of their article....our 
rebuttal was reviewed by at least two reviewea's. Scientists 
working in a forefront area should have no reason to be- 
lieve that this procedure was "unprecedented" since simul. 

.taneous publications of  controversial opinions are prsc. 
riced by several leading journals. 3 

The account t of the review of Dr. Geisser's manu- 
script submitted to the AJHG is also a misrepresentation of 
actual events. It is true that at the request of the AJHG 
editor I acted as a reviewer of that article. I sent my com- 
ments to the journal office by the end of December 1991. 
According to the regular pracdce of reviewers, I have 
never discussed this review nor the paper with anyone. I 
was critical of the manuscript, because I believed that it 
was unprofessionally written, it contained several fatal e.r- - 
rors, and it only reported parts of unpublished data from 
other laboratories without appropriate credit or consent of 
the data gatherers. My co-investigatorship in a NLI grant 
had no connection with my reviewing this manuscript, and 
my review was to the point of evaluating a "scientific 
manuscript on its scientific merit." In the last week of Jan- 
uary 1992, in a court case in Seattle, a defense exhibit pro- 
duced all reviews and Dr. Geisser's correspondence with 
the journal editor, through which I knew that his manu- 
script was being used in the courts. Since under a court 
order I revealed that I reviewed this manuscript for AJHG, 
I gave this information to the journal editor, Dr. Epstein, 
on February 4, 1992 .... 

In summary, such allegations are deliberate attempts 
to divert the scientif'le c o m m ~ ' s  attenti_'0n from the 
basic issues of validity--and ~'~. of DUAtyping~re- 
suits for forensic applicationsJ If active researchers who 
are engaged in DNA research are barred from reviewing 
work in this area, or are excluded from expressing scien- 
tific opinion based on their research because of possible 
"cotfflict of interest," it would constitute not only a disser. 
vice to the courts and society, but would also grossly com- 
promise the quality of scientific progress in this area of 
research. 

Ra, jft Cha abonS, Ph.D. 
Center for Demographic and Population Genetics 

Univ. of Texas Graduate School of BiomedicaI Sciences 

I. Christopher Anderson, "Conflict concerns disrupt panel~ cloud 
testimony," Nature, voL 355, Feh'tm~ 27, 1992, pp. 753-754, 
end C. Anderson, "Coincidence or conspiracy?"/b~, p. 753. 

2. Ranajit Chakraborty and Stephen p. Daiger , "Polymorphisms 
at VNTR loci suggest homogeneity of the white populatio 
Utah," Human B/o/ogy ' voL 63, October 1991, pp. 571. 
Ranjan Deka, Ranajit Chakraborty and Robert E. FerrelL "A 
ulation genetic study of six VI'CTR loci in three ethnically defined 
populations," General, vol. 11, 1991, pp. 83-92; and Ranajit 
Chala'aborty, "Sample size requi~.ments for addressing the popu- 
lation genetic issues of forensic use of DNA typing." Human 8i. 
elegy, vol. 64, April 1992. pp. 141-159. 
3. T~e ~r iccm $ o ~  of ~luz~ Ge~aetics, v0L 35, July i9~3, 
delayed publication of criticisms On path analysis by Samuel Kar- 
lin'~ al. (PP. 695:732) to accommo~tate simultaneous printing 0f 
a rebuttal from C.R. Cloainger'et el. (pp. 733-756)anda com. 
menlary by Sewall Wright (pp. 757-768). The same journal si- 
multaneously published an invited editorial (pp, 8-19-8"23) of E. 
Lander commenting on articles by AJ. Jeffreys et al. (pp. 823- 
824) and B. Budowle et al. (pp. 824-840) in voL 48; May 1991. 

+'¢'++66+~,@%¢-¢, 

In U.S. vs. lee, the evidence included the fact that 
blood found in the vehicle identified' with t he  crime 
matched to one of the defendants who managed to wound 
himself during the murder... 

• Following a lengthy, thorough, and costly...Frye 
hearing, Magistrate Judge James Can" ruled to 
admit the DNA evidence. 

• District Court Judge John Potter affirmed the ruling 
to admit the DNA evidence~ 

• The jury found the defendants guilty of  all charges. 

The  defendants and defense larders  have-had 
days in court and lost. They lost because the evidence 
cluding DNA, was persuasive to a jury of peers.- " 

Neufeld and Scheck, having 10st theircase based on 
their earlier defense positions, are attempting to discredit 
expert witnesses, myself included. This attempt to person- 
ally discredit expert witnesses is deplorable and reflects 
their desperate position in this case... 

It is significant that both the Office of Technology As- 
sessment and the National Academy of Sciences reports 
have. support~l the application of DNA teclmoio~),-to fo- 
rensic science. Furthermore, in the 'case  of US: v~. Ran, 
dolph Jakobetz;a ~'of ~ C.~t Court involving 

o er court rutmg on admiring DNA evidence and the 
conviction of lakobetz~ It is important to keep focus on the 
major substantive issues and not be diverted or manipu- 
lated by these defense lawyers, whose objective and re- 
sponsibility is to face their clients. No lofty objectives by 
Nenfeld and Schcck on the DNA issues arc credible given 
their client interest. 

C. Thomas Caskey, M.D. 
Director, lnsfftute for Molecular Genetics 

Baylor Conege of Meaici  
¢'¢'¢'¢"~66¢-6¢,+6 

What may be "cc~npelling evidence" to Scheck 
Neufeld is nothing bot sheer coincidence as far as I 
concerned. Their allegations concerning the handling of 
Dr. C, eisser's manuscript, which:is still under consideration 
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by the A.IHG .... are whoUy without merit. As Editor of the 
Journal, my staff and I have bent over badcwards to get a 
fair hcaring for Dr. Gcisser's manuscript, as we do for any 
manuscript submitted to us .... 

During the period that I have been Editor, the Journal 
has served as an open forum on the forensic use, of DNA 
technology. We have published highly "partisan" but nev- 
exthelcss carefully reviewed papers on all sides of the 
issue. The irony of all this, in the present context, is that 
the last time I was personally called to task and I felt it 
necessary to explain my position publicly is when I invited 
and published an editorial sympathetic to Schcck and 
Neufeld's cause. I take the past and current events together 
as constituting more than circtmastantial evidence that the 
Journal can not really be perceived as exercising bias in 
one direction or another. 

For all of the reasons cited in your article, it is becom- 
ing more and more difficult to secure unbiased reviews of 
papers dealing with the contentious issues surrounding the 
forensic uses of DNA technology. The fault is not 
with...my journal, or, I suspect,...othcr journals which are 
alre~y or will soon find themselves in a similar position, 
It lies, instead, in the obscenely polarized atmosphea'e 
which puts scientists, law enforcement officials, attorneys, 
and laboratory directors into two camps which are at log- 
gerhead with one another--those for and those againat. 
And while there may cerainly be ethical issues, including 
conflicts of interest, on both sides of the argument, I am 
even moie concemed with the ethics of how the two sides 
are d6aling With one another and with their vehicles for 
communication. What should be handled as matters of ra- 
tional scientific debate have taken on the tone of negative 
political campaigning. 

The motivations of the various members of legal, law 
enforcement, and DNA laboratory communities are reason- 
ably discernible and even understandable. To me, at least, 
they appear to be related to issues of who will gain and 
who will lose--in general, and in spedfic instances---if 
evidence based on DNA anaylsis is used for forensic pur- 
poses. I am, however, somewhat at a loss to explain the 
behavior of my genetic colleagues on either side of the 
argumenL What should be issues of science have become, 
in large measure, matters of philosophy and social policy. 
If this is not the case, the only conclusion that I can come 
to in the face of the shrill rhetoric eananating f~m distin- 
guished geneticists in both camps is that the logical basis 
of population and statistical genetics is more flawed than 
any of us would Like to believe. Let us hope that this is not 
truly the case. 

Charles J. Epstein, Editor 
American Journal of Human Genetics 

66++¢,.6,~¢.4F¢.+ 

The article referred to in your essay that Wesley John- 
son and I submitted in November 1991 presented some 
methods for testing statistical independence within a locus. 
The methods presented have applicatiotis to DNA profile 
data when allelic resolution is  subject to measurement 
error. The product rule, used by the various DNA lahora- 

torics for estimating certain relative frequendes, is a result 
of the assumption of statistical indepemience. 

You have mentioned Ranajit Chakrabcrty as a referee 
on our paper. The second referee was Bruce Weir. Both 
have fzequeutly submitted reports and testified for the 
prosecution when FBI DNA profiles were at issue. I have 
testified for the defense in some of these cases. They have 
collaborated with FBI forensic workers, gained access to 
their data, and have published iL Certainly thcy should 
haye recns~ theanselves from serving as referees, or at the 
very least informed the  editor of their situation. 
Chakraborty did neither, but continually attempted to con- 
ceal the facts so that he could deliver a blatantly deroga- 
tory referee's report, accusing me of ignorance and error, 
among otlmr things. His intent was to have me confronted 
with his "anonymous" referee's report in corm by the 
prosecution. However, his remarks were so transparently 
identifiable that he finally admitted that he refereed the 
paper. In what appeared to me to be a misguided effort to 
counterbalance the blatant attempt to discredit me, Bruce 
Weir recently sent me a paper by Chakraborty to referee 
for the journal Genetics. I declined to return the favor. 

Although the submitted article made no mention of 
the FBI, the referees" reports indicated that our paper was 
critical of the FBL I believe that this resulted from the fact 
that I was an author of the paper and the two referees 
worked so closely with the FBI that they did not perceive 
the larger issues that were addressed. 

As an illustration of the metlxxts, a statistical sum- 
mary of a selected subset of one of the FBI databases that 
were provided by a local Public Defender's office was 
used....without attribution to the FBI bccanse the intent 
was only to display the arithmetic of the methods proposed 
and not to reach a conclusion. It is our position that the 
methods, when applied to appropriate databases, can be 
used to guide cot~lasions concerning the use of the prod- 
uct rule by any laboratory that generates DNA profiles 
subject to measurement error. 

Tlm paper was returned to us by the editor stating that 
we should seek permission for using the subset of data 
from its generator. Further, the editor in telephone conver- 
satious stated that we should also provide an analysis of all 
FBI databases for this paper and resubmit such a revision. 
I told him that I strongly doubted that they would give us 
permission to make an independent analysis for publica- 
tion. They had continually balked at providing the dam in 
a utilizal)le form that allowed testing of the critical as- 
sumptions that they make. When they finaUy acceded to 
court orders to do so, they arranged to have the data sealed 
under a protective order. The editor suggested that I should 
prepare an analysis anyway. I asked him whether such a 
protective order could be l.cgally contravened. An opinion 
was solicited by the editor from his lawyer as to his poten- 
tial liability as wen as ours (authors) if such data w ue  
used without the generator's permission. The opinion by 
his lawyer clearly indicated no liability for the editor, but 
uncertain liability for the authors of such a publication. 

In the light Of this fact, the editor instructed me to 
seek permission from tim FBI to make such an analysis of 
their databases. With some reluctance., because of my past 
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experience with the FBI and prosecutors working cl<zely 
with them, I finally requested permission of Bruce 
Budowle. 

A response came about a month late, from James 
Kearny, head of the section on Forensic Science Re- 
search. After first expressing concern regarding the use of 
FBI databases by me, he also questioned my in~nL.._ He 
then criticized me for not seeking such permission earlier 
(as if it would have been granted). He went on to indicate 
that the FBI had already provided the data to Chakraborty, 
Devlin, Risch and Weir. Finally, he wrote "we are willing 
to approve your use of FBI population data with certain 
provisions. You must be sensitive to the fact that previous 
commitments have been made with other rcsearc~rs, and 
the particular study you are doing must not conflict with 
these projects. The FBI data may be used only in a joint 
collaboration with Dr. Budowle .... The use of the data is 
restricted to this one paper. All parties 0.e., authors) must 
agree to the entire contents of a final manuscript prior to 
submission to a journal. Any changes whatscever in the 
manuscript must be agreed upon by all collaborating par- 
ties." 

Obviously an independent study under such provisions 
would be totally compromised, if not impossible. It com- 
pletely violates the NAS report on DNA Technology in 
Forensic Science (page 3--23, section 3.73): "If scientific 
evidence is not yet ready for scientific scrutiny and public 
re-evaluation by others, it is not yet ready for court." By 
the way, Chakraborty, Devlin, Risch and Weir have all 
published articles based on the FBI databases without 
Budowle as a co-author. My analysis of the FBI dam ob- 
tained from court cases indicates that the assumption of 
statistical independence should be rejected for many of the 
Ixobes (loci) for the three major databases th~.y use----Can- 
casian, Black and Hispanic. 

Recently, I analyzed Ccllmark databases for a court 
case in Ann Arbor, Michigan. At the insistence of Cell- 
mark, the prosecutor requested that the judge rule that I 
not be allowed to submit my analysis of their data for pub- 
lication. So much for open science! 

Seymour Ge/sser, Ph.D. 
Director, School of Statistics 

University of Minnesota, Twin City Camp~ 

+¢,,¢,¢,+~+.¢.+,¢#.+ 

In July 1990, I testified as an expert Witness on DNA 
typing in a pretrial admissibility heating in the case of U.S. 
v. lee, et al. The DNA testing had been done by the FBI. 
One of the central arra~ of contention in the admission of 
DNA evidence is the validity of the calculation used to 
predict the chance that a randomly selected individual 
would match the DNA pattern of the forensic sample, that 
is, the "significance" of a match .... I expressed the view, 
which I still bold, that no matter how this calculation is 
made (within reason), the chance of a match by coinci- 
dence aloae is extremely small; thus the DNA evidence is 
pr~ve and significant.. • ..... 

Several mouths prior to my testimony in Yee, two col- 
leagues and I submitted agrant proposal for research on 

i 

DNA fingerprinting to the National Institutes of Justicc~ 
(NIJ). The grant application requested approximately 
$200,000 total direct costs to support two years of pro- 
posed research. [It was approved] in August of 1990 .... 
The grant supports the ~ c h  ofothree faculty-level~n- 
vestigators, myself included, but provides no salary or 
other personal benefits for us....the grant funds are admin- 
istexed by the University of Texas, not the investigators. 

Our proposed NLI grant was not discussed in my testi- 
mony in the Yee case. However, the appeals brief filed by 
Scheck and Neufeld alleges two types-of conflict arising 
from the granL F'trst, the brief states that I should have 
spontaneously reported that a grant had been submitted, 
even though nodirectly relevant qdestions were asked of 
me. I see this as a largely procedural issue, since the ad- 
versarial nature of testimony in criminal cases makes it ex- 
~rcmely-diffiCUR iS-%dluntee?' information, especially 
when its relevance to the particular case is unclear. 

The second alleged conflict, though, is...likely to be 
troubling to the scientific community. The appeals brief 
suggests that since our proposed research project was to be 
funded by a federal agency, and since that agency oversees 
an interested party in this case (the FBI), there was, a pr/- 
or/, a conflia of interest in my testimony. What makes this 
doctrine troubling is that by this standard any ~ c h  sci- 
enlist receiving support from a governmental agency might 
be precluded from providing expert testimony in a case to 
which the agency is party, however indirectly. If nothing 
else, this would severely limit the availability of expert ad- 
vice to the corms and the government. 

As your essay notes, there are still areas of contention 
on the admission of DNA typing results in criminal 
cas~....to limit the supply of expert testimony by exclud- 
ing individuals with research support in ~ area would be 
a disservice to the courts affd t0-society. 

Stephen P. Daiger, Ph.D. 
Professor, Medical Genetics Center 

The University of Texas Health ~ Center 

[F]oreasio DNA evidence...is now being used by law 
enforcement agencies throughout the world. Howevex,..a 
few vocal critics persist in their attempts to discredit the 
validity of DNA technology as a reliable and powerful fo- 
reusic tool. As these challenges have failed on legal and 
technical grounds, some critics have unfortunately resorted 
to vengeful personal anacks and political debate to distract 
and confuse the public and the courts. For a number of 
these critics who frequently appear as defense experts, 
their livelihood depends to some degree on keeping a con- 
trovcrsy alive. 

The primary area still being exploited by critics and 
defense experts is the interpretation of the population sta- 
tislics used to estimate the significance of a DNA match. 
However, the National Academy of Sciences'~ study en- 
dersed the current statistical methods used by forensic lab- 
oratories with tecommonded modifications in the procc- 
dm'es until the availability of additional wodd-wide popu- 
lation data.... 
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There are, of course, a number of other specific and 
general recommendations with respect to the forensic use 
of DNA technology. Two of those which are being studied 
carefu-lly de.al with developing appropriate models to con- 
trol and assure the reliability of DNA technology and al- 
ternative approaches to statistical interpretation of DNA 
results. These issues are being studied in consideration of 
federal and state legislative initiatives and ongoing efforts 
of other government agencies and professional groups .... 

D N A  analysis has been conducted in over 14,700 
criminal cases and admitted in over 612 criminal trials. 
DNA evidence has been rejexaed in only five reported 
cases and seven unreported cases. A few courts have al- 
lowed the evidence of a match to be introduced, but re- 
duced or excluded altogether the statistics associated with 
a match. 

There have been 53 appellate decisions in the United 
States directly addressing the admissibility of forensic 
DNA test results. Every appellate court addressing the 
general acceptance or relevancy/reliability of the Restric- 
tion Fragment Length Polymorphism (RFLP) technology 
has ruled that the technology met the applicable standard. 
Two appellate decisions have remanded the cases back to 
the trial court for failure of the prosecution to lay an ade- 
quate foundation for the admission of the population statis- 
tics. Only one appellate court has excluded DNA evidence. 
In that Minnesota case, the court cited the laboratory's 
failure to follow certain minimum guidelines it deemed 
necessary for the admission of DNA test results, as well as 
previous ease precedent which restricted the use of popula- 
tion frequencies in criminal cases. 

The forensic use of DNA technology will enhance the 
effectiveness of law enforcement throughout the United 
State.s .... For the full potential of the technology to be real- 
ized, a coordinated national effort is essential to establish 
testing standards which meet stringent criteria for compati. 
bility and reliability. This has been the cornerstone of the 
FBI's program for the nationwide implementation of DNA 
technology for use by law enforcement. In working with 
the foresnic community and other scientists, the FBI has 
facilitated a consensus in det'ming such standards .... 

John W. Hicks 
Assistant Director in Charge, Laboratory Division 

Federal Bureau of Investigation 

The FBI not only seeks to have its forensic DNA 
methods approved by courts as "generally accepted" 
among population geneticists and molecular geneticists, 
but, more importantly, i t asks Congress to pass legislation 
giving it ultimate authority to set scientific and quality as. 
surance standards for all forensic DNA laboratories that 
will contribute and receive genetic information from the 
Bureau's national DNA databank. This is the critical pol- 
icy issue of the day. It must inform any assessment of the 
controversy arising from the government's intrusion into 
the publication and peer review processes of scientific 
journals, the intimidation of scientists who have criticized 
the government's forensic DNA methods, and the failure 
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of prosecutors and scientist witnesses to make appropria~ 
disclosures to courts about substantial government grants 
being awarded to those witnesses. 

In this short space it is impossible to summarize all 
the relevant facts and documents contained in the U.S.v. 
Fee, et aL court papers. We will gladly make them avail- 
able upon request, and particularly suggest attention be 
paid to a lengthy affidavit submitted by Dr. Sheldon 
Krimsky, a leading authority on social and ethical ques- 
[ions in science and technology .... 

One example we cited of interference in the publica- 
tion and peer review process was the treatment accorded 
Dr. Seymour Geisser when he submitted a manuscript crib 
icizing statistical methods of forensic DNA laboratories to 
the AJHG. Three clear problems emerged: 1) There was 
strong evidence the confidentiality of the peer review pro- 
cess had been breached through disclosures to prosecutors; 
2) Dr. Charles Epstein, AIHG's editor, did not know that 
Dr. Ranjit Chakra~rty, the peer reviewer who vitupera- 
tively opposed publication, was a recipient of a Justice De- 
partmeat grant intended to establish scientific support for 
the statistical methods; and 3) Dr. Epstein's own evalua- 
tion was admittedly based on how the paper "would be 
used in 0ourt cases," as opposed to a strict consideration of 
the scientifiC merits. 

The saga of Dr. Geisser's papers has now, however, 
taken an even more troubling turn. Dr. Geisser was asked 
by AJttG to include in his paper an analysis of FBI popu- 
lation data that had been disclosed in numerous court 
cases. The FBI objected, taking the position that unpub- 
fished FBI population data could not be used by Dr. 
Oeisser unless he made Dr. Budowle of the FBI a co-an- 
thor, and that Dr. Budowle would then have the right to 
approve or disapprove every word in the Geisser paper__ 

The FBI's position reflects a mean spirited form of 
censorship. Most importantly, this position has been se- 
verely criticized by the National Academy of Sciences 
(HAS) in its recur report, DNA Technology in Forensic 
Sciences:. 

~ nl~APOlmlation databank used in support of forensic 
typing should be openly available for reasonable 

scientific inspection. Prese~ting scientific conclnsionffi 
in a criminal court is at least as seriom as presenting 
scientific conclusions in an academic paper. According 
to long-standing and wise scientific tradition, the data 
underlying an important scientific conclusioe must be 
freely available, so that others can evaluate the results 
and publish their own fuxfings, whether in ~3~rt  or 
disagreeanent. There is no excuse for secrecy m raw 
data...J.f scientific evidence is not yet ready for both 
scientific scrutiny and public re-evaluation by others, it 
is not yet ready for court. (NAS Rpt. at 3-23.) 

Another example of interference with the publication 
• and peer rev!ew process was the FBI's efforts to influence 
improperly the National Academy's DNA report. It is now 
undisputed that John Hicks, Director of the FBI Labor& 
tory, improperly obtained from two members of the NAS 
Committee a confidential draR of the repoa concerning 
statistical methods that was very critical of the FBI. Hicks 
subsequently wrote an tmsolicited reply that NAS staff s a y  
they did not dislribute to the Ccmmiuee. In an FBI crime 
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laboratory publication, Hicks writes that an "internal in- 
vcstigation" was conducted of out allegations, including 
presumably out allegations against him, and that no evi- 
dence of wrongdoing was found. We wonder who con- 
ducted that investigation and how it could reach such con- 
clusions given the clear evidence that Hicks himself inex- 
cusably violated the peer review and publication processes 
of tho NAS. 

Finally, as far as the Justice Department grants to Drs. 
Caskey and Daigcr are concerned, a few points need to be 
made: 1) FBI agent Kcarney sat on the panels that 
awarded these grants, so that any claim they were awarded 
in a fashion analogous to NIH grants is simply absm-d; 2) 

Drs. Daiger and Caskey did not feel compromised or 
eveu finandally rewarded by these grants is ethically irrel- 
evant to the obligation to disclose; and 3) "Fnere is no legal 
justification whatsoever for failing to disclose these grants 
to the court. 

The NAS pointedly rcomnn~nds the Department of 
Health .and Human Services, and not the Department of 
Justice (IX)D, be given responsa'bility for accrediting fo- 
rensic DNA laboratories, and that dfis be done through 
contracting with private, professional organizations. After 
concluding that the DOJ (i.e., the FBD "lacks expertise in 
quality assurance and quality control in molecular genet- 
ics," the NAS observed "the DOJ may be perceived as an 
advocate for application of the technology," and "[o]vct- 
sight by DOJ may not be pcrcoived as providing adequate 
assurance to the public or to a defendant facing prosecu- 
tion by DOJ." 0NAS P, pt., at 4-12.) 

" ~  rl[~[~Ol~rrlendatio[ k~r of t ~  HAS should be strongly 
supported in Congress by all in the legal and scientific 
communities who care about the rcspons~Ic, reliable, and 
ethical use of forensic DNA technology. 

Schect, 
Director, Clinical Education 

Benjamin N. Cardozo School of l.a  

RESOURCES 

SPOrtsible Science: Enaurin 8 the Integrity of the Re- 
arch Process (Washington, DC: National Academy 

of Sciences Press, 1992); $24.95 plus $3.00 shipping~ To 
order, call the Press at (800) 624-6242. 

The AAAS has published, The Genome, Ethics and 
the Law: Issues in Genetic Testing. The book includes an 
overview paper of the discussion that took place at a con- 
fercncc in Berkeley Springs, West Vh'ginia, June 14-16, 
1991, and three background papers addressing the scien- 
tific basis of genetic re, sting, the ethical implications of re- 
cent and anticipated advances, and the legal issues those 
advances raise. Single copies arc free. Contact Alexander 
Fowler, AAAS Science and Policy Programs, 1333 H 
Street NW, Washington, DC, 20005; (202) 326-6600. 
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IN THE NEWS 

T his past February voters in Switzerland rejected a pro- 
posed referendum banning scientific experiments using 

animals. The ban proposed by the Swiss Animal Protection 
League would have tightened existing restrictions for ob- 
taining a license to experiment on animals. The Swiss gov- 
ernment' medical groups, and Swiss-based pharmaceutical 
companies all opposed the initiative, Claiming that it could 
lead to the relocation of ~ c h  facilities outside Switzer- 
land. Another major concexn was the ban's implications 
for c o m m e ~  cofifidentiali/y. AIIo~king~animal rights 
groups to challenge in court individual research projects 
presumably would require that companies release their de- 
tailed research plans. Another aspect of the proposal that 
worried researchers was a clause requiring the Swiss gov- 
ernment to enact an animal experimentation law within 
five years. Failure to do so could ban animal research 
completely. 

On April 22, the National Academy of Sciences is- 
sued its report on Responsible Science: Ensuring the Integ- 
rity o f  the Research Process (see In PrinO by a special 
Panel on Scientific Responsibility and the Conduct of R.e- 
search. The Panel made twelve recommendations, includ- 
ing the creation of an Independent Sdeatific Integrity Ad- 
visory Board, which would serve as a clearinghouse for 
the exchange of information and experiences related to sci- 
en t i~  i'm!~,c0nduct and effoils to: prorhote responsible re, 
~.arch c~du_ct, and one that called on scientific societies 
and journals to "provide~d  exlmnd resources and fomms 
to foster responsible research practices and to address mis- 
con .duct "in ,science and questionable research practices." 
The Panel also urged the government to adopt a common 
defm!fion of misconduct in science and common policies 
and p ~ u r e s  for handling allegations of  scientific mis- 
conduct. Thereport also draws a distinction between mis- 
conduct in science, which includes "fabrication, falsifica- 
tion or plagiarism in proposing, performing, or reporting 
research," and "questionable research practices." The latter 
includes "actions that violate traditional values of the re- 
search enterprise and that may be detrimental to the re- 
search process,,' but for which there is currently "neither 
broad agreement as to the seriousness of these actions nor 
any consensus on standards for behavior in such matters." 

IN THE SOCIETIES 

T he revision of the American Psychological 
Association's "Ethical Principles of Psychologists" is 

an action item on its Council of Representatives' agenda 
for the APA's August 1992 convention meeting. The revi- 
sion involves major changes from the current (1989) ver- 
sion. In particular, it involves a clear identifw.afioo of the 
aspirational versus enforceable sections. Contact Stanley 
E. Jones, Director, Office of  Ethics, APA, 750 F'trst Street, 
NE, Washington, 13<2 20002-4242; (202) 336-5500. 

At its May meeting, the Council of Scientific Society 
Presidents adopted several resolutions related to profes- 
sional ethics. Among them was one ou "I'ne Role of Pro- 
fes.sional Societies in Setting Ethical Standards in Sci- 
ence," which urges scientific societies to =develop mecha- 
nisms to educate members regarding standards of research 
practice, the ethical conduct and repotting of science, and 
the traditions, values, and paradigms of the discipline." 
Two other resolutions endorsed recommendations con- 
mined in the National Academy of S d ~ ¢ ~ '  report Re. 
sponsible Science: Ensuring the Integrity of  the Research 
Process ~ one calling for uniform federal polities and 
procedures for handling allegations of miscot~uct in sci- 
enc~ and the other urging institutions to =assure both ac- 
cusers and accused the fundamental elements of due pro- 
cess...." For more details, contact CSSP at (202) 872-4452. 

CASES AND COMMENTARIES 

In past issues. PER has used this section to print in- 
vited commentaries on hypothetical cases. In this issue, we 
present a case that is currently unfolding in federal court. 
In recent years, scientists and attorneys have engaged in 
heated arguments--inside and outside the courtroom-- 
over the reliability of  DNA fingerprinting in criminal 
cases. The debate has encompassed a number of  issues: 
the techniques used to determine whether samples match, 
the statistical methods used to interpret a match, and the 
standards and practices of  quality control of  the labora. 
tories that perform the analyses. 

Connected to this more public debate is a series of  
less visible, yet volatile stdrmishes that highlight tensions 



between law and science and raise issues of professional 
ethics for both the legal and scientific communities. In 
order to focus more attention on these matters and their 
imptications for the relationship between low and science, 
PER has prepared this essay and invited all of the parties 
involved in the different incidents it describes to share 
their positions on the controversies with our readers. 
Those contributions received follow this essay. Readers of 
PER are invited to send us their reactions to the essay as 
well as to the responses that follow it for publication in 
our next issue. These should be received by August 1 5 . -  
Editor 

'n a motion for a new trial in the 1989 murder case, U.S. 
.v. lee, et al., two New York defense attorneys--Barry 

Scheck and Peter Nereid-have fded an affidavit with a 
U.S. District Court in Ohio alleging misconduct by law 
enforcement officials and scientists in disputes over the re- 
liability of DNA fingerprinting in criminal cases. The two 
attorneys accuse federal and state law enforcement of ef- 
forts "to intimidate" harass, and deter expert witnesses 
from testifying against the FBI and other forensic DNA 
laboratories and publishing their views." They go on to de- 
scribe "the most troubling aspect of the government's cam. 
paign [as] its direct interference in the publication and peer 
review process...to prevent and undermine the publication 
of scientific opinions law enforcement does not like." 
They also accuse several scientists of conflicts of interest 
in providing testimony on the reliability of DNA finger- 
printing and in participating in the peer review process of 
scientific journal s. In both published reports and: additional 
motions and affidavits submitted to the Ohio court, law 
enforcement officials and scientists named in the defense 
motion have refuted the allegations. 

The defense attorneys refer to a manuscript accepted 
inSeptember 1991 for publication in Science in which two 
population geneticists-Richard Lewontin and Daniel 
Hartl--claimed that proponents of DNA fingerprinting have 
made unwarranted assumptions regarding the rarity of ge- 
netic patterns in populations. They conduded that DNA 
fingerprinting as currently practiced should not be admissi- 
ble as evidence. $check and Neufeld report that James 
Wooley, an Assistant U.S. Attorney, telePhoned Hartl, 
pressuring him to withdraw the paper. The co-authors re.- 
fused ~ do so, and Lewontin wrote Wooley, accusing hi~ 
of a very serious breach of ethics" and "intimidation. "t 
According to the affidavit, federal law enforcexaent ofti- 

Editor: Mark S. Frankr.l 
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DC 2OOO5, (20"2)326679t 
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prop~,cknowledgemeut is gives. _ 

cials, in association with scientists who dispute the claims 
made in the manuscript (the affidavit mentions C: Thomas 
Caskey and Ranajit Chakrahorty), "succeeded in del~ 
publication .... altering the content of the article, ane 
ting an unprecedented simultaneous publication of a rebut- 
tal article which didnot go through the same peer review 
process." 

In a counter affidavit submitted to the court, Wooley 
accuses the defense affidavit of being a "vehicle through 
which to launch a vicious, m6un-s~kited angl~ basele,~s at- 
tack on the character, ethics and actions of  numerous FBI 
agents, prosecutors, and nationally prominent scientists,... 
who support the admissibility of DNA testing...." He con- 
firms speaking with Hartl, but denies intimidating or 
threatening him. He states that aftex the conversation with 
Hartl, he "took no action relative to the publication of the 
paper." 

The paper by Lewontin and Harg as well as the rebut- 
tal article were published in Science." In that same issue, 3 
the editor of Science, Daniel Koshland, is reported to have 
been "disturbed that the data did not support the paper's 
conclusions" and asked the coauthors to make revisions. 
Koshland denied having received any communications on 
the matter from government officials, although he did hear 
complaints from other scientists. He defended his decision 
to solicit a rebuttal article" which, contrary to the claims of 
$check and Neufeld, was also peer-reviewed, "to give a 
more balanced view of the subject," although the normal 
procedure followed by Science is to publish rebuttals in a 
subsequent issue and to give the authors of the 
article an oppoaunity to reslxxxl. 

Another example cited in the affidavit by Scheck and 
Neufeld is a paper criticizing the statistical methods used 
by forensic laboratories submitted to the American Journal 
of Human Genetics (AJHG) in November 1991 by Sey- 
mour Geisser, a University of Minnesota statistician. The 
paper had come to the attention of Stephen L. Redding, a 
prosecutor in the Office of the Hennipen County Attorney 
in Minnesota, where the paper's author was scheduled to 
testify as a witness for the defense at a DNA admissibility 
hearing in lanuary 1992. Geisser received a fax  from 
Redding demanding that he produce in court any manu- 
script he authored, whether accepted or under review, re. 
lated to DNA fmgerprintlng. According to the defense am. 
davit, fifteen minutes after receiving that fax, the author 
received a fax from Charles Eps~in, editor of AJHG, 
along with comments on his manuscript from three anony- 
mous reviewers, one of whom strongly recommended 
against publication This latter reviewer was later identi. 
fled as Ranajit Chakraborty, a scientist who has testified 
for the prosecution in criminal cases and who coauthored 
the rebutlal article in Science referred to earlier. 

The affidavit quotes from Epstein's letter that "since 
this work will certainly be used in court eases, the writing 
needs to be more careful, and the work must apply to the 
dam in the way they are actually used." Scheck and Nen- 
feld. conclude, that this series of events "provides com~l_. 
ling cn'cumstantial evidence that the rules of journal an 
reviewer confidentiality were breached arid that p rosecu-V 
tots meddled in the process." They continue, "journals are 
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supposed to evaluate a...manuscript on its scientific merits. 
not-based o n  the uses courts may make Of a scientist's 
opinion," Epstein denies being influedcedby anyone., and 
claims that he Was unaware, that Chakraborty was co-in- 
vestigator on a Justice Department grant intended to estab- 
li~=scicntifi~=suppor t ~for~ ..the: .:FBI':s:: s tat is t ical . :mcthods.  . . . / -  
used in evaluating DNA evidence when he asked him to 
review the C~eisser manuscript. -4 . . . .  

T h ~ i d e n t s  raise polzntially serious conflict of in- 
terest Ixoblen~ as scientists with strong Lx)s)tions on tl~ 
reliability of DNA fingerprinting and/or financial interests 
in companies associated with the technique are called on 

PER has received a le#er from the Medical Faculty of 
Rijeka m Croatia requestin& assLrtance in "re#uscitatin& 
ethics" in their cgrrlculgm. Becaua¢ of the war and poor 
economic ¢ondz'tlona, the faculty is ba~ in need of litera- 
tare. Belo~ are edited e~ce~U from the leu~r: 

We are applying to yoa to help us with at least • =hall 
contn'bufion. You could send us a took, magazines, or 
reference manual on medic~ ethics (or medk~ sociol- 
ogy) from your ~ I  ~rary, with your dedication 
era message of ~olid~tyon-it 

Your institution could ,end us some books on medical 

to_~_~_ "ti~ in courter ~ ~view related journal manusaipes , l I 

that two scientists who gave expert testimony in a hearing [ [ 
related to the lee case failed to disclose relevant financial ] l 
_tics._They_argue.that oneof the_scientists, Stephen P._Dai~. [ [ 
get-of the Graduate School of Biomedical Sciences at the [ [ 
University of Texas at Houston, had a grant application on I [ 
DNA typing for forensic applications with the National In- [ l 
stitute of Justice that constitutes a "substantial financial I I 
bias and conm,  Of interest ,  ,:should have been revealed l I 
to the court and counsel when he testified," They argue I I 
further mat "testimony favorable to the FBI and the Justice I I 
~ c n ~  wddld~-~o--d0u~-~d-or ~n-ce the pros- " -I 
peet of receiving [the] $300,000 N i l  grant, i 

In an affidavit submit~x~l tothe Ohio  court, Daiger ex- 
irritation at "the criticisms and insults contained" 

in the defense document. He notes that he did not stand to 
profit pcrsoually since grant funds go directly to his insti- 
tution for disbursement. He adds that "At no time during 
[the review] process was it stated or implied to me that my 
testimony in any. !cgal case, or in any'other forum, would 
have an e f f ~ t  bu-the review ixocess." 

The defense attorneys also accuse C. Tnomas Caskey 
of Baylor College_0f M edi'cin¢ of s:~ conflicts of inter- 
est. Like Daige~, C~ey--h~ a grant application pending 
at the NU. Thepmposed research was intended to develop 
"a low cost, rapid analysis PCR based DNA Ix~fding sys- 
tcm...[that would] bca highly marketable product." Caskcy 
also has an' agreement to license his diagnostic techniques 
to C e ~  ~ t i c s ,  Inc., a n~jor DNA fingerp~ting 
company. The defense affidavit argues that "the failme o f  

ethics, or subscribe to a magazine for us dealja$ with 
medical ethics (or f ~  "! funds so that we can ixu'- 

We ask you to support the idea of organizing a sympo- 
sium on the ethical as .l~tS of fl~s w~ in Dubrovavfr.. 
once )his unh~py war is over. 

We kindly thank you in advance for your ~ u L n d i n g  
and ~ppo~. 

Head, Depsmr~vt ot SodN $c/enoos 

O. Ban22, 51oooI~ioI~ Oro~t~ 

Contact Prof. Segom direc~y at the above oddre:x. 

DNA fingerprinting, Caddy added that he did "not feel 
that any scientist associated with an instittition which is a 
recipient of competitive federal (or state) financial support 
should automatically be disqualified f~xn serving as a wit- 
ness for the prosecution or defense in any case,. To auto-  
matically exclude a11,..grantees from serving as  expert 
wimesses will deprive all :interested parties of the services 
of highly qualified scientists." 

I. Christopher Anderson, "DNA fingerprinting discord," Nature, 
voL 54, Dooember 1991, p. 500. 
2. R.C. Lewonfin and Daniel L Hard, "Population Generics in 
Forensic DNA Typing," Sc/en~, voL 254, ~be~ 20, 1991, 
pp. 1745-50, and R. ~ and ~eth K. Kidd, 'q'h¢ 
Utility of DNA Typing in Forensic Work,"/b/d, pp. 1735-39. 
3. L. Roberts, "Was Sc/ence Fair to iU A~thonT" Ibid, p. 1722. 
4. Christopher Anderson, "Conflict concen~ disrupt panels, cloud 

the government and Dr, Caskey to disclose his $200,000 testimony," Nmure, vol. 355. February 27, 1992, p. 753-54. 
J_u.s6~ ~ . e . n t ~  ~gE~.~ _t ~ .p~_'ycd_ ~LI~..defem~ ~. ~ _ ~  .0 f _ . . . . . . . . . . .  
an!oppommity:to:exp!ore y  d fa ly me=bja , -    
of  interest, and financial motives of  the gov_ernment'sm.o~ 
important wimess.'" [Caskey'st ics to Cellmark Diagposlics 
led to-his resignati0n from a committee of the National 
Academy of  Sdences  established to report on the use of  
DNA technology in forensic science.] 

own amda, ito ihe caskey 
has "not personally profited from the NIJ grant or from the 
licens~g o f  ,the newly developed personal identification 
technol0gyto  C e ~ . . . "  He states further that he has 
"freely discussed the N i l  award and the Cellmark license 
with ~nyone Who has asked about these mam~rs and I 
would have responded truthfuly..,." if questioned about 
them at the hearing. Commenting more generally on po- 
tential conflicts of interest in court proceedin" gs related to 

. . . . . . .  C o m r n e n t a d - e s  - 

Tn_e reported allegations ! in the affidavit o f  $check 
and Neufeld requesting a new trial are nothing but tmsub- 
smntiatcd innuendos. I was never involved in the Fee case 
as an expert. N e v e r t h e l ~  since my research deals with 
the subjeot of  the effects of population substructure on ge- 
netic variation, I have read both Hatti's and Lewontin's 
reports on this subject, which are public ~ I did not 
find their arguments convincing, nor did I find any support 
for their criticisms in our _a~ ~sis of DNA typing data on 
populations around the world. I had a draft version of  a 
rebuttal to their criticisms [n'cpax~l even before they sub- 
mitred thek paper to Sc/ence. I first learned o f  their Sci- 

, |i 
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ence article in a court case around the third week o f  Sep- 
tember 1991 where it was submitted as a defenseexhibit. 
In the lust week of October 1991, ai the 8th Ih~ t io t i a l -  
Congress of Human Genetics in Washington, DC, I found 
that a large number of human geneticists knew of their 
forthcoming article, and I expressed my intent to publish a 
rebuttal, should their article appear in Science. Upon return 
from the Congress (second week of October 1991), I re: 
ceived a telephone request frvm the editorial office of Sci- 
ence to submit my rebuttal. At that stage, I asked Dr. Ken- 
neth Kidd to co-author the rebuttal, .... At no s~age hi- the  
preparation of our paper, did 1 encourage Scienceto 
"delay" the publication of Lewontin and Harti's paper , nor 
did I attempt to "alter the content" Of their article....our 
rebuttal was reviewed by at least two reviewerS-Scientists 
working in a forefront area should have no reason to be- 
lieve that this procedure was " u n p r ~ h t e d "  since simul. 
taneous publications of controversial opinions are prac, 
riced by several leading journals' 3 

The ~count I of the review of Dr. Geisser's manu- 
script submitted to the AJHG is also a misrepresentation of 
actual events. It is true that at the request of the AJHG 
editor I acted as a reviewer of that article. I sent my com- 
ments to the journal office by the end of December 1991. 
According to the regular practice of reviewers, I have 
never discussed this review nor the paper with anyone. I 
was critical of the manuscript, because I believed that it 
was unprofessionally written, it contained several fatal er- 
rors, and it only reported ~ :of unpublished data from 
ocher laboratories without appropriate credit or consent of 
the data gatherers. My co-~vestigat0rship in a NLI grant 
had no connection with my reviewing ~ mannscrip~ and 
my review was to the point of evaluating a_f~e_nfific 
manuscript on its scientific merit." In the last week of Jan- 
uary 1992, in a court case in Seattle, a defense exhibit pro- 
duced all reviews and Dr. Geisser's correspondence with 
the journal editor, through which I knew that his manu- 
script was being used in the courts. Since under a court 
order I revealed that I reviewed this manuscript for AJHG, 
I gave this information to the journal editor,-Dr. E~tein, 
on February 4, 1992 . . . . .  ~- ~- 

In sununary, such allegations are deliberate attempts 
to divert the scientific community's attention from the" 
basle issues of validity and r e ~ t y  of DNA typing re- 
suits for forensic applications. I f  active r6s~che~  who 
are engaged in DNA research are barred fix~n reviewing 
work in this area, or are excluded from expressing scien- 
tific opinion based on their research because of possible 
"conflict of interest," it would constitute not only a disser- 
vice to the courts and society, but would also grossly com- 
promise the quality of scientific progress in this area of 
research. 

P, anajit Cha~t~r~, Ph.D. 
Center for Demographic and Population Gen_etics 

Univ. of Texas Graduate School of Biomedical Sciences 

1. Christopher Anderson, "Conflict' concerns disrupt panels, cloud 
testimony," Nature, voL 355, Febmaff 27, 1992, pp. 753-754, 
and C. Asuterson, "Coincidecc¢ or conspiracy~/b~, p. 753. 

2. Ranajit Chak~r ty  and Stephea P.. Daigef, "Polymorphisms 
~ loci sugg~t~ hOmogeneit), of  ~ _  whit~ p0pulafio 

Utah.' Hu~,f~-Bi~fo-~,-vo-L63-,(~.~o-ffer-l-991, pp. 5--7-I- 
Ranian Deka, Ranajit Chakraborty and Robert E. Ferrell, "A 
Ulation genetic study of six VNTR loci in ~ ethnically dermed 
populations," Genomics, vol. 11, 1991, pp. 83-92; and Ranajit 
Chakraborty, "Sample size requirements for addressing the popu- 
lation genetic issues of forensic use of DNA typing." Human Bi- 
ology, vol. 64, April 1992, pp. 141-159. 
3. The American Journal of Human Genetics, voL 35. July 1983. 
delayed publication of cridcisms=onpath=analysis by_Samuel_K~- 
-l~ ~-al-. ~P'-695-732} to_ .acgo~a~ s'un~taneous printing of 
a rebuttal from C.R. C1oningcr exaL .(pp. 733-756) and a com- 
mentary by Sewall Wright (pp. 757-768). The same journal si- 
multaneously published an invited editorial (pp. 819'823) of E. 
Lander commenting o/C~clea by A.L ~ffreys et al.- (pp. 823- 
824) andB. Budowle et el, (pp, 824-840) in voL48, May 1991. 

In U.S. vs. Fee, the evidence included the fact that 
blood found in the vehicle identified with the crime 
matched to one of the defendants who managed to wound 
himself during the murder .... 

• Following a lengthy, thorough, and costly...Frye 
hearing, Magistrate Judge James Cart" ruled to 
admit the DNA evidence. 

• District Court Judge John Potter affirmed the ruling 
to admit the DNA evidence. 

• The jury found the det~endants guilty of  all charges. 

The defendan¢ mad defense lawyers have had 
days in court and lost. They lost because the evidence 

cind~g DNA, was perspire to a ;iury of p¢:~. 
Neufeld and Scheck. having lost their case based on 

their earlier defense positions, are attempting to discredit 
expert witnesses, myself included. This attempt to person- 
ally discredit expert witnesses is .deplorable and reflects 
their desperate position in this case... 

It is significant that both the Office of Technology As- 
sessment and the National- Academy: of Sciences reports 
have.-supported ~th¢:~appli~:of DNA technology-to fo- 
reas~c science. Furthermore, in the ,case of U.S. vs. Ran- 
dolph Jakobetz, a case of the 2hdC~cui t  Court ~volving 
DNA evidence, the Federal Court of Appeals...affirmed the 
low~ court ruling on admitting DNA evidence and the 
conviction of Jakobelz. It is important to keep focus on the 
major substantive issues and not be diverted or manipu- 
lated by these defense lawyers, whose objective and re- 
sponsibility is to free their clients. No lofty objectives by 
Neufeld and Sehei:k on the DNA issues are credible given 
their client interest. 

C. Thomas C~ke),, M.D. 
Director, Institute for Molecular Genetics 

Baylor College of Medicine 

+¢,¢,¢,¢,¢,+¢~¢~,¢, 

Neufeld is nothing but sheer coincidence as far as I 
conceme~ Their allegations concerning the handling of 
Dr. Geisser's manuscript, which is still under consideration 
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by the AJHG .... are wholly without merit. As Edit~ Of the 
Journal, my staff and I have bent over backwards to get a 
fair hearing forDr. Geisser's manuscript, as we do for any 
manuscript submitted to us .... 

During the period that I have been Editor, the Journal 
has served as an open forum on the foreusie uses of DNA 
technology. We have published highly "partisan" but nev- 
ertheless care(ully reviewed papers on all sides of the 
issue. The-irony-of all this; in the present context, isthat 
the last t{me I was personally called to task and I felt it 
~ = ~  cxpla~" my= _p~_ ifign pu_blicly is when I invited 
and published an editorial sympathetic to Sche& and 
Neufeld's cause. I take the past and cun'ent events together 
as constituting m~re than circumstantial evidence that the 
Journal can not real!y be perceiv~ as exercising bias in 
ooedirectiou of-another. - 

- of in  cle, it becom, 
ing more and more difficult to secure unbiased reviews of 
papers dealing with the contentious issues surrounding the 
forensic uses of .  DNA technology. The fault is not 
wi th ,my journal, or, I suspect,...other journals which are 
• ~ y  or wiU_~scon f i ~  t h r i v e s  :in: a slmi~r position. 
It lies, instead, i n  ~ e  ob~ely .polarized atmosphere 
which puts scientists, law enfo~.emedfbffici~-aftdrneys, 
and |~oratory directors into two camps which are at log- 
ge_rh_ead with one another--rthese for and those against. 

conflic~ Ofin~-re.~t, 0n ~b~th sideg 6f:/th-e argument, I ~  
even~m~ concerned with the ethics of how the two sides 
are dealing with one another and with their vehicles for 
communication. What should be handed as matters of ra- 
tiooal scientific debate have taken on the tone of negative 

_ . . 'me  motivations of  t~_. various members of legal, taw 
enforcement, and DNA laboratory communities are reason- 
~ly" discernible and even understandable. To me, at least' 
they__a~= ~_.~ related_to issues of who will gain and 
whgL:wi l l : l~ in  general, :and in _specific instances--if 
evidence based on DNA anaylsis is used for forensic pur- 
poses. I am, however, somewhat at a loss to explain the 
behavior of my genetic colleagues on either side of the 
argument. What should be issues of science have become,, 
in large measure, matters of philosophy and social poficy. 
If this is not the case, the only conclusion that I can come 
to in the face of the shrill rhetoric emanating from distin- 
guished geneticists in both camps is that the logical basis 
of  population and statistical genetics is more flawed than 
any of.us ~ would like to believe. LeA us hope that this is not 
truly the case, " 

Charles ]. Epstein, Editor 
American [ournal of Human Genetics 

The article referred to in your essay that Wesley John- 
son and I submitted in November 1991 presented some 
methods for testing statistical independence within a locus. 
The methods presented have applications to DNA profile 
data v~hen allelie resolution is subject to measurement 
error. The product rule, used by the variou s D N A ~ -  

tories for es-timafing~-n-relative Dequencies, is a result 
of the assumption of statistical independence. 

You have mentioned Ranajit Chakraborty as a referee 
on our paper. The second referee was Bruce Weir. Both 
have frequently submitted reports and testified for the 
prosecution when FBI DNA profiles were at issue. I have 
testified for the defense in some of these cases. They have 
collaborated with FBI forensic workers, gained access to 
their data, and have published it. Certainly. they should 
have recused t h r i v e s  from serving as referees, or at the 
~Cry !e,3.~t "_mf~ the: ~tor of their situation. 
Chakrahorty did neither, but continually attempted to con- 
ceal the facts so that he could deliver a blatantly deroga- 
tory referee's report, accusing me of ignorance and error, 
among other things. His intent was to have me confronted 
with his "anonymous" referee's report in court by the 
prosecution. However, his remarks were so ~ntly 
identil'tablc that he f'mally admitted that he refereed the 
paper. In what appeared to me to be a misguided effort to 
counterbalance the blatant attempt to discredit me, Bruce 
Weir recently sent me a paper by Chakraborty to referee 
for the journal Genetics. I declined to reUn-n the favor. 

Although the submitted article made no mention of 
the~I-l'I-~ l ' ~ f ~ ¢ ~ "  i n d i ~  t h a t  ~ p ~ p e ~  w a s  

critical of the FBL I believe that this resulted from the fact 
that I was an author of the paper and the two referees 
worked so closely with the FBI that they did not perceive 

As an illustration of the methods, a statistical sum- 
mary of a selected subset of one of the FBI databases that 
were provided by a local PubUc Defender's office was 
used....without attribution to the FBI because the intent 
was only to display the arithmetic of the methods proposed 
and not to reach a conclusion. It is our position that the 
methods, when applied to appropriate databases, can be 
used to guide conclusions concerning the use of  the prod- 
uct rule by any laboratory that generates DNA prot'des 
subject to measurement error. 

The paper was rcarned to us by the editor stating that 
we should seek permission for using the subset of data 
from its generator. Further, the editor in telephone conver- 
sations stated that we should also provide an analysis of all 
FBI databases for this paper and resubmit such a revision. 
I told him that I strongly doubted that they would give us 
permission to make an independent analysis for publica- 
tion. They bad continually balked at providing the data in 
a utilizable form that allowed testing of the critical as- 
sumptious that they make. When they finally acceded to 
court orders to do so, they arranged to have the data sealed 
under a protective order. The editor suggested that I should 
prepare an analysis anyway. I asked him whether such a 
protective order could be legally contravened. An opinion 
was solicited by the editor from his lawyer as to his poten- 
tial liability as well as ours (anfluxs) if such data w e ~  
used without the generator's permission. The opinion by 
his lawyer clearly indicated no liability for the editor, but 
uncertain liability for theauthors of such a publication. 

In the fight Of this fact, the editor insa'ucted me to 
see.k p e ~ m  ~ the FBI to make such an analysis of 
their databases. With some reluctance, because of my past 
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experience with the FBI and prosecutors working closely 
with them. I finally requested ~tmission o f  Bruce 
Budowle. - . . . . . . .  

A response came about a month later from James: 
Keamey, head of the section on Forensic Science Re- 
search. After first expressing concern regarding the use of 
FBI databases by me, he also questioned my intent.... He 
then criticized me for not seeking such permission earlier 
(as if it would have be2a granted). He went on to indicate 
that the FBI had already provided the data to Chakraborty, 
Dcvlin, Risch and Weir. Finally. he wrote "we are willing 
to approve your use of FBI populatiofi d ~ t h - ~  
provisions. You must be sensitive to the fact that previous 
commitments have beea made with other researchers, and 
the particular study yem are doing must not conflict with 
these projects. The FBI data may be used only in a joint 
collaboration with Dr. Budowle .... The use of the data is 
restricted to this one paper. All parties (i.e., authors) must 
agree to the entire contents of a final manuscript prior to 
submission to a journal. Any changes whatsoever in the 
manuscript must be agreed upon by all collaborating par. 
tics." 

Obviously an independent study under such provisions 
would be totally c o m l ~  i F n o t ' i m ~  ible~ I(o0m- 
plctcly violates the NAS report on DNA Technology in 
Forensic Science (page 3-23, secfidn '3,73)~ ""If 'scientific 
evidence is not yet ready for scientific ~f-Ufiny-and-public 
re-evaluation by others, it is not yet ready for court." By 
the way, Chakraborty, I~vlin, Risch and Weir.have all 
published articles based on the FBI databases without 
Budowle as a co-author. My analysis of the FBI data ob- 
tained from court cases indicates that the assumption of 
statistical independence should be rejected for many of the 
Ix0bes 0oci) for the three major databases:tl~.y use~u- 
cashm, Black and Hispanic. 

Recendy, I analyzed c.cnmark datab~ for a court 
case in Ann Arbor, Michigan. At the insistence of Cell- 
mark, the prosecutor rcq-ucsted that :the- judge  rule-that I 
not be allowed to submit my analysis of their data for pub- 
lication. So much for opca science! 

Seymour Gasser, Ph. D. 
Director, School of Statistics 

University of Minnesota, Twin City Campus 

In July 1990, I testified as an expert witness on DNA 
typing in a pretrial admissibility hearing in the case of U.$. 
v. Yee, et aL The DNA testing had been done by the FBI. 
One of the central areas of contention in the admission of 
DNA evidence is the validity of the calculation used to 
predict the chance that a randomly selected individual 
would match the DNA pattern of the forensic sample, that 
is, the "significance" of a match .... I expressed the view, 
which I still hold, that no matter how this calculation is 
made (within reason), the chance of a match by coinci- 
dence alone is extremely small; thus the DNA evidence is 
probative and significant. 

Several months prior to my testimony in Fee, two col- 
leagues and I submitted a grant prolxx~ for research on 

DNA fingerprinting to the National Institutes of Justice 
(NU). "me grafit application requested approximately 
$200,000 total direct costs to support two ycars of pro- 
posed ~ c h .  [It was approved] in August o f  1990 .... 
The grant supports the re.search of three faculty-level in- 
vesfigatc~, myself included, but provides no salary or 
other personal benefits for us....the grant funds arc admin- 
istered by the University of Texas, nee the investigators. 

Our proposed NU grant waSnot discussed in my testi- 
mony inthe Yee case. However, the~appcalsbrief filedby 
Schcck and Ncufeld alleges two types of conflict ariking 

+from the- grant. First, the~brief states that-I+ _should~have 
Spontaneously reported that a ~ C l ~ d :  IX~-it -s~bmitt~d, 
even thdugh no dircct11¢ r e l ev~ t q6cs t i o~ : W~ ask~d Of 
me. I see tiffs as a largely + procedural issue, since the ad- 
versarial nature of testimony in o'imina! cases makes it ex- 
tremely difficult to "volunteer" information, especially 
when its relevance to the particular case:is unclear. 

The second alleged conflict, though, is...likely to be 
troubling to the scientific community. The appeals brief 
suggests that since our proposed research project was to be 
funded by a federal agency, and since that agency oversee~ 
an interested party in this case (the FBD, there was, a pr/- 
or/, a conflia of interest in my testimony.What makes this 
doctrine troubling is that by this standard any research sci- 
entist recciving~support+ fr0m°a°goVcrnmental'agehcymight 
:bc precludcdTmm-providingexpa't!~0ny:in a ~case to 
which the agency is party, however i f i ~ ) , . - I f  ~othing 
else, ~ wo~d severelylimit-the availability:of expert ad~: 
vice to the courts and the government. " 

As your essay notes, there are still areas of contention 
on the admission of DNA typing results in criminal 
cascs....to limit the supply of expert testimony by +exclud- 
ing individuals ~th-research sUpporfin ~ area" would 
a disservice to the c0tirt.g a~dtosok: i~.  ~ - ...... 

Stephen P. Daiger, Ph.D. 
Professor; Medical Genetics Center 

The University of Texas Health Science Center 

[F]orensic DNA evidcncc...is now being used by law 
enforcement agencies througho6t the world. However,..~ 
few ~ critics p<~sist in their attempts to discredit the 
validity of DNA technology as a reliable and powerful fo- 
rensic tool. As these challenges have failed on legal and 
texJmical grounds, some critics have unfortunately resorted 
to vengeful pcrsotml attacks and political debate to distract 
and confuse tim public and t h c _ ~  _Fqr_a number o_f 
t h e  a-itics ~ l i 0  ff&i~d-fitly appeal as -d~c-nse--cx-pt~- 
their livelihood depends to some degree on keeping a con, 
trovcrsyalive. + : - -_ : 

The primary area still being exploited by critics and 
dsfense experts i.s the interpretation of the population sta- 
tistics used to estimate the significance of a DNA match, 
However, the National Acadcany of Sciences' study en- 
dorsed the current statistical methods used by forensic lab. 
oratories with recommended modifications in the proce. 
dures until the availab)lity a addidgml World-wide popu- 
lation data.... 
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: ~ e r e  are, of course, a numticr of other s~c and 
general recommendations with respect to the forensic use 
of DNA ~ology; Two of those whichare~being studied 
carefully deal with tleveloping appr6isi~e-models tO con-- 
trol and assm'e the reliability of DNA technology and al- 
ternative approaches to statistical interpretation of DNA 
results. These issues are being studied in consideration o f  
federal and state legislative initiatives and ongoing efforts 
of  other government agencies and professional groups .... 

--- DNA-;analySis-has been condu-dtixl: :in over 14,700 
~-~-an~d:-ad~tted/in = OVa- 6i2 ~ ~ :  trials. 
DNA evidence has been rejected in only five reported 
cases and seven unreported cases. A few courts have al- 
lowed the evidence of a match to be introduced, but re- 
duced or excluded altogether the statistics associated with 
a.match. " " " ~ 

There have been 53 appellate decisions in the United 
States directly addressing the admissibility of forensic 
D N A  test results. Every appellate court addressing the 
general acceptance or relevancy/reliability of the Restric- 
tion Fragment Length Polymorphism (RFLP) technology 
has ruled that the technology met the applicable standard. 
Two appellate decisions have remanded the cases back to 
the trial court for failure of the prosecution to lay an ade- 
quate foundation fonthe admission of the population statis- 
tics, Only-one appellate court.has excluded DNA evidence. 
In that Minnesota case, the court cited the laboratory's 
failure to 'follow certain minimum guidelines it docmed 
~Ssa~ for the admission of DNA test results, as well as 
previoUs case precedent which restricted the use of popula- 
tion frequencies in criminal cases. 

The forensic use ofDNA technology will enhance the 
effectiveness of law enforcement throughout the United 
States.,.. For the full potential of the technology to be real- 
ized, a coordinated national effort is essential to establish 
testing standards which meet stringent criteria for compati- 
bility and reliability. This has been the cornerstone of the 
FBI 's  program for the nationwide implementation of DNA 
technology for use by law enforcement. In working with 
thei=foiesnic community and oth~ scientists, the FBI has 
facilitated a consensus in defining such standards .... 

lohn W. Hicks 
Assistant Director in Charge, Laboratory l~2~sion 

Federal Bureau of Investigation 

The FBI noi 6aly seeks to have its forensic-DNA • 
methods_.-approv~ed by::courts: as "generally accepted. 
among p~p_~tio n :gepcticists and molecular geneticists, 
but, more tmportantly, it asks Congress topass !eg~lation 
giving it ultimate-atRhOd--ty to set scientific and quality as- 
surancce standards for all forensic DNA laboratories that 
will ctm~b-u-te~ai~ receive genetic information from the 
Bureau's national DNA datalxink. This is the critical pol- 
icy issue of  the day. It must inform any assessment of the 
controversy arising from the government's intrusion into 
the publication and peer review processes of scientific 
journals, the intimidation of scientists who have criticized 
the government's forensic DNA methods, and the failure 

of prosecutors ahd scientist witnesses to make appropriate 
disclosures to courts about substantial government grants 
being awarded to those witnesses. 

In this short space it is impossible to s~nmarize all 
the relevant facts and documents contained in the U.S.v .  
Yee, et al. court papers. We wiLl gladly make them avail- 
able upon request, and particularly suggest atlentioa be 
paid to a lengthy affidavit submitted by Dr. Sheldon 
Kximsky, a leading authority on social and ethical ques- 
tions in science and tex.hnology ..... 

One example we Cited of interference in the publica- 
tio0 and peer ieview process was the treatment accorded 
Dr. Seymour Geisser when be submitted a manuscript crit- 
icizing statistical methods of forensic DNA latx:natories to 
the AJHG. Three clear problems emerged: 1) There was 
strong evidence the confidentiality of the peer review pro- 
cess had been breached through disclosures to prosecutors; 
2) Dr. Charles Epstein, AJHG' s editor, did not know that 
Dr. Ranjit C halgaborty, the peer reviewer who vitupexa. 
lively opposed publication, was a recipient of a Justice De- 
partment grant intended to establish scientific suplx~ for 
the statistical methods; and 3) Dr. Epstein's own evalua- 
lion was admittedly based on how the paper "would be 
used in court cases," as opposed to a strict consideration of  
the Scientific merits. 

The saga of Dr. Geisser's papers has now, however, 
taken an even more troubling ram. Dr. Gcissea" was asked 
by AJHG to include in his paper an analysis of FBI popu- 
lation data that had been disclosed in nmnexous court 
cases. The FBI objected, taking the position that unpub- 
lished FBI population data could not be used by Dr. 
Geisser unless be ~ Dr. Budowle of the FBI a co-an- .  
thor, and that Dr. Budowle would then have the right to 
approve or disapprove every word in the Geisser paper.._ 

The FBI's position reflects a mean spirited form of 
censorship. Mo6t importantly, this position has been s~- 
verely criticized by the National Academy of Sciences 
(NAS) in its recent report, DNA Technology in Forensic 

Any pot~. orion databank used in support of forensic 
DNA typtng Idmuld be openly avaihd:~le for reasonable 
~ienlifie inspection. Fmseming scientific conclusions 
in a criminal court is st least as seriom as preseming 

~ll ntifi¢ conclusions in an academic paper. According ong-standin.g and wise scientific traditio~ the data 
underlying, an maportant scientific conclusion must be 
freely available, so that others can evaluate the results 
and pub//sh their own findings, whether in mppot't or 
disagreement There is no excuse for secrecy m raw 
data...M scientific evidence is not yet ready for both 
scientific scrutiny and public re-evaluation by others, it 
is halt-yet ready for court. (NAS Rig, at 3-23.) 

Another example of interference with the publication 
and peer review process was the FBI's efforts to influence 
improperly the National Academy's DNA report. It is now 
undisputed that John Hicks, Director of the FBI Lalxxa- 
tory, improperly obtained from two members of the NAS 
Committee a confidential draR of the report concerning 
statistical methods that was very critical of the FBI. Hicks 
subsequently wrote an unsolicited reply that NAS staff say 
they did not distribute to the OxnmiUee. In an FBI crime 
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laboratory publication, Hicks writes that an =internal in- 
vestigation" was conducted of our allegations, including 
presumably our allegations against him, and that no evi- 
dence of wrongdoing wasfound. We wonder- who con- 
ductext that investigation and how it could reach such con- 
dusions given the clear evidence that Hicks himself inex- 
cusably violated the peer review and publication p r c c c s ~  
of the NAS. 

Pmally, as far as the Justice Detxtrtmcnt grants to Drs. 
Caskey and Daigcr are concemcd, a few points need to be 
made: I) FBI agent Kcamey sat on the. panels that 
awarded these grants, so that any claim they wcr~ awarded 
in a fashion analogous to NIH grants is simply absm'd; 2) 
That Drs; Daiger and Caskey did not feel compromised or 
even financially rewarded by these'~-~nts is ethically irrel- 
evant to the obligation to disclose; and 3) There is no legal 
justification whatsoever for failing to disclose thc.se grants 
to the court. 

The NAS pointedly ~ n d s  the ~ n t  of 
Health and Human Services, and not the Depm'tmeat of 
Justice (DO~), be given responsibility for a ~ t i n g  fo- 
rensic DNA laboratories, and that this be done through 
contracting with pdva~ professional organizations. After 
concluding that the DOJ (i.e., the FBD "lacks expertise in 
quality assurance an d quality, c o n ~ l  in tool .eatlar genet- 
ics," the NAS observed "the DOJ may be perc~vod _~ an 
advocate for application of the technology," and "[o]vcr- 
sight by DOJ may not be pcrceive~d as providing adequate 
assur, mce to the public or m a defendant facing ~ :  
tion by DOJ." (NAS P, pt., at 4-12.) 

The recommendations of the NAS should be strongly 
supported in Congress by all in the legal and scientific 
communities who cam about the respons~le., reliable., and 
ethical use of forensic DNA tex.hnology. 

Barry Schect, ~ ,  
Director, Clinical Education 

Benjamin N. Cardozo School of Law 

RESOURCES 
SpOnsible Science: En~uring the Integrity of the Re- 
arch Process (W~.~hi~gton, DC: National Academy 

of Sciences Pre.ss, 1992); $24.95 plus $3.00 shipping. To 
order, call the Press at (800) 624-6242. 

The AAAS has published, The Genome, Ethics and 
the Law: Issues in Genetic Testing. The book includes an 
overview paper of the discussion that took place at a con- 
fercnce_ in Berkeley Springs, West Virginia, June 14-16, 
1991, and three background papers addressing the scien- 
tific basis of genetic testing, the ethical implications of re- 
cent and antidpatcd advances, and ~ e  legal issues thbsc 
advances raise. Single ~iCS are free. Cbd~=Ale~dcr 
Fowler, AAAS Science and Policy Pr0~s, 1333 H 
Street NW, Washington, DC, 20005; (202) 326-6600. 
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Generalized Occupancy Problem and 

Its Applications in Population Genetics 

RANAJIT CHAKRABORTY 

Analysis of categorical observations constitutes one of the principal ways of 
handling genetic data, evidenced in the contributions of the honoree of this 
symposium in relation to his studies on inbreeding effects (Schull and Neel, 
1965), genetic effects of radiation exposure (Schull et al., 1981) and adaptation 
effects of high altitude hypoxia (Schull and Rothhammer, 1990). In the context 
of hypothesis testing based on specific genetic models in such data analysis, 
often we need to contrast frequencies of different endpoints in samples of 
unequal sizes or predict expected frequencies in populations from observ- 
ations in samples of small sampling proportions. For example, Neel 
(Chapter 4, this volume) illustrates one such problem where the frequencies 
of different genetic variants are contrasted in two Japanese cities, Hiroshima 
and Nagasaki, where the sample sizes are widely different. In a previous 
study (Chakraborty et al., 1988) the issue of sample size adjustment was 
addressed by deriving the expectation and variance of the observed number 
of alleles in samples of fixed sizes. 

In this chapter, a more complete solution will be given from a combinatorial 
approach, whereby the sampling distribution can be completely specified for 
an arbitrary sample size. Although the problem is formulated and solved in 
general terms of a multinomial distribution with known number of classes, 
it will be illustrated that the general theory can be used in solving several 
types of genetic problems, such as, non-randomness of mutagen-induced 
mutations across loci; tests of Hardy-Weinberg equilibrium in the presence 
of a large number of alleles in samples of comparatively moderate sizes; 
and global tests of gametic phase disequilibria within a defined DNA segment. 
Because the combinatorial approach used in this context emerges from the 
combinatorics of the classical occupancy problem, I call this class of problems 
Generalized Occupancy Problems in population genetics. 

FORMULATION OF THE GENERALIZED OCCUPANCY PROBLEM 

Consider a multinomial distribution with K classes (K can be arbitrarily 
large), with class probabilities represented by the vector re'= (xt, x2 ... . .  nx). 
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Obviously, the elements of n form a simplex on a K-dimensional space 
satisfying 

K 

0 < h i < l ,  and ~ n i = l .  1-12.1] 
1 = 1  

When a random sample (with replacement) of size n is drawn from such 
a distribution, several characteristics of the sample are of interest; e.g., the 
number of classes represented in the sample, or the number of classes are 
represented with a specified number of sampling units in each of these classes; 
and the sampling distributions of such variables. For  brevity, I shall only 
discuss the sampling distribution of the observed number of classes, although 

._ the combinatorial solution can be easily extended to many other variables. 
+ . . . . . . .  - -  _-- - - - D ~ t ~ t h ~ b - s ~ d ~ n ~ b ~ f ~ l ~ t h - g t ~ t e - d - i ~ t h - e T s a m p l e ~ : - - -  ~:~:- . . . .  

. . . . . . .  b)' -X: Ob~/iSu~l~/, X-i~ a- ~fidiS~ ~afiAbl~-th~t-eg~t~k~w-alu-e-s-between-I . . . . . .  
~ . . . . . . .  - . . . . . . .  and min (K,n),  since in the event K >n, .we cannot observe more than n 
.i~-.-:- , ~_~:- :~ classesin any sample of sizen. Before~attem~-ing-to-~oix;~tlae~bl-~emm~n__o.te ~ 
. . . . . . . . . . . . . . . . .  severak interesting proper ties_ofjhe=rand_om _v_ .ariable_X . . . . . . . . . . . . . . . . . . . .  

First, when all ni's are equal (n~ = 1/K for all i), a situation more commonly 
known as the classical occupancy problem, Arnold and Beaver (1988) showed 
that X is a sufficient statistic for the parameter K, and its sampling 
distribution is given by 

Pt"l = Pr°b'(X = m) = ( K ) m! St'''K" ' 1-12.2] .... 
t 

i ~ - i f  or m = 1 , 2 ,  ,mintK, n),.where S'm? is a Stirlingnumberiof_the sec0n~dkind-. :~_ ~i~ii I i:i 
! ~ 2 : _ - ~ / . : -  _ -- : - : : : - : ~ :  . . . .  e - ~ . :  ~ x - .  - -  - - . . . .  n = - -  . . . . . .  ~ . . . .  - - : - = -  : -  

!~:_ _ ._ _ _:~(A~k, ramowitz_and__Stcgu__nn, 196___ __ 5;=p. 4). Also_note_that_in [fi-e-_ ca__sd-of t _ ~ _ h e  __- 
i . . . . . . . . . . . . . . . . .  classical~occupancy ;problem~-°a~value of~X-.together-with.theo sample~size~nr ~ ; 2_  _'::-L- 

and number of possible classes K, uniquely determines the number (R) of 
sampling units tha ta re  ,repeated" within the observed.classes jn .a  sa~pJe . . . . . .  
In this context, a sampling unit is called a "repeat" if the class in which this 
sampling unit belongs already contains another sampling unit in a given 
sample, Therefore, the sampling distribution of R can be uniquely specified 

:i - f f r i f i - ih~f~f-X,~f i -d~gri -ngt~h -~h~ co m P ~ f i B ~ f  ~ i ~ r i ~  [ 12-2] =is . . . . .  
preferable, since X is a sufficient statistic for the only parameter (K) of the 
multinomial distribution with equi-probable classes. 

These abstract definitions may be better understood through the following 
example. Consider an experiment where 20 ( = n) mutants are observed which 
could belong to 3 0 (=  K) loci numbered from 1 through 30. Suppose that 
there are 3 loci each containing 4 mutants (i.e., n~ = nz = n 3 = 4) ,  tWO loci 
containing 2 mutants each (n4 = ns = 2), and four loci containing one mutant 
each (n6 = n7 = ns = t19 = 1). The remaining loci (10 through 30) do not 
contain any mutants (i.e., nto . . . . .  n3o = 0). In this example, the observed 

. . . . .  number  of loci containing at least one mutant (X) is 9, and the number of 
"repeat" mutants is 11. Noting that 11 = 2 0 - 9 ,  (i.e., R = n - X ,  more 
generally), it is clear that the probability distribution of R is completely 
specified by that of X for any fixed sample size (n). 

Second, in the general case of unequal n~'s, the expectation and variance 
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here. 
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COMBINATORIAL SOLUTION OF THE PROBABILITY FUNCTION OF X 

Instead of working with the variable~X,-the observed number of non-empty 
classes, it is easier to work with it~ complemenL Y =  K - X ;  Which is 
equivalent to the number of classes riot re[xegented in a sample ofsize n. 
Define events A1,A2 . . . . .  AK, such that Ai is the collection of all partitions 
of n into K segm_ents, such that ni = 0 (but Y'.n/= n). In other words, A~ 
represents the collection of  sample points where the ith class (i = 1, 2 . . . . .  K) 
remains empty in a specific sample. Note that Ai's are not exclusive of each 
other; i.e., there can be sample configurations where more than one ni can 

be simultaneously zero. :" 
For sampling with replacement, the following equations hold: 

Pi = Prob (A~) = (1 - rq)", [12.3a] 

P i j  = Prob(Ai Aj) = (1 - r q -  rtj)", [12.3b] 

Pijk = Prob (Ai Aj A g )  = (1 - ni - nj - rck)", [12.3c] 

etc., for all i :/:j ~ k = 1, 2 . . . . .  K. 
Following Feller (1968, p 99), define a sequence of summations {TI, T2 . . . . .  

Tr} where 

T, = E P', T2 = E E Pij, 7"3 = E • E P,jk, etc. 
i i j i j k  

where the summations are taken such that i < j  < k < "" ~ K-, so that each 
combination appears once and only once; hence, the summation T,(1 .N< r ~< K) 
contains KC, terms. The last term Tr reduces to only one term, 

T r = Prob (AI A2""Ar) = P12a...K, 

which is the probability of simultaneous occurrences of all K events A~ 
through As. Invoking condition [12.11 on equations [12.3a-c], we note that 
Tr = 0, and furthermore, 

K 

Tr-1 = ~ n~', [12.4a] 
i = l  

K K 

= Y Y  + 
i > j = l  

K K K  
TK_3 _= 2 2 ~ "  ~ (lt i q- 7[j -t- 7Ik) n, [12.4C] 

i > j > k  = 1 

[12.4b] 

etc. 



POPULATION VARIABILITY 182 

Applying Feller's theorem (Feller, 1968, p 106), we obtain 

Ptr-,,,I = Prob(X = K - rn) = Prob (Y = m) 

(m') = ~ ( -1 )  '-m T,, [12.5] 
i=m 

for K - min (K, n) ~< m ~< K - 1, giving the sampling distribution of X, the 
number of non-empty classes in a sample of size n. Note that in [12.5], To is 
conventionally defined as unity (see also Feller, 1968). 

EXPECTATION AND VARIANCE OF THE NUMBER 
OF NON-EMPTY CLASSES IN A SAMPLE 

As mentioned before, the expectation and variance of X can be derived by 
an indicator variable approach. For this we define K indicator variables, 
Y~, Y2,-.., YK, so that 

yi = ~ L if the ith class is unobserved in thesample, 

I0, otherwise. 

r 
Note that X = K - Y, and Y= Y. y~. 

i = l  

Therefore, the expectation of X is given by 
K 

: ~ ( x ) =  K: -E(Y)  .... K - ~  E~Y,) . . . . . . . . . . . . . . . .  

i = !  

K 

= K -  ~ Prob(Y~= 1) 
i = l  

K 

= K - ~ (1 - hi)" = K - V~ ,  [ 1 2 . 6 ]  
i = l  

derived by Emigh (1983) and Chakraborty et al. (1988). 
Furthermore, the variance of X is given by 

K K K  

V(X) = V(Y) = ~ V(Y,) + ~ Cov(Y,, Yj). [12.7] 
i= I i # j = i  

Since Y[s are Bernoulli variables, 

V(Yi)=E(y2)-EE(Y,)]2=(I - ni)"[l - (1  - rq)"], [12.8] 

and 

Cov(Yi, Y;)= E(Yi Yi)- E(Y~)'E(Yi) 

= (1 - 7ti- ~j)"~-- (1 ~-- n~)"(1 ~ 7t j)". - [1-2:9] . . . . . . . .  
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Substituting equations [12.8] and [12.9] into equation [12.7], we obtain 

- V(X) = ~ (1 - ~i)" [1 - (1 - ~3"3 + [ (1  - rq r~j)" - (1 - rtl)"(1 - ~j)"3 
i ~ j = t  

i = l  
K K 

K 
= ~ ( 1 _ , ~ , ) . . [ l - Z ( 1 - ~ , ) " 3  + ~ Z  [ ( 1 - , ~ , -  ~)" 

i = l  i -¢j= l 
[12.103 

= T l ( l  - -  T t )  + T2. 
Note that when n is large, and each g~ small, we may approximate each term 

of the summations T,'s [12.3a-c] by (1 - r~i)" "~ e . . . .  , (1 - ~ -  gj)" ~ e- "(~' +"~), 
etc., so that the variance of X can be approximated by 

K [12.11] 
v ( x )  ~ ~ e-""'(l - e-""'), 

i = l  

as shown in Chakraborty et al. (1988). Equation [12.10] is, however, exact, 
and not difficult to compute numerically even if the number of classes is large. 

Let us now establish that equations [12.6] and [12.10] are compatible 
with the probability function [12.5]. To do this, first note that invoking 

equation [12.5] we have 

Z Prob (Y = m) = ~ ( -  1)/- " Ti 
m i = n l  

m 

i = O k _  m = O  

C)I 
i = 1  m = 0  711 

since To = 1. Furthermore, the summation within the parenthesis is the 
binomial expansion of (t - 1) i, for i = 1, 2 . . . . .  K. Therefore, we establish that 
[12.5] is a proper probability function since the entire probability mass equals 

unity. 
The expectation of Y, from [12.5], then becomes 

E( Y) = ~ m" Prob (Y = m) 
m 

= Z  E ( - l ) ' - " m  T, 
m i =ra 

- ~ - ~ m l i ~ = m ( - - l ) i - m 1 7 1 1 ) i T i l  

= T I +  ( -  
i f f i 2  [ . . m -  1 = 0  

= T t , 

[12.123 
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since the summation within the parenthesis vanishes for all i =  2, 3 . . . . .  K. 
Similar algebraic manipulations show that the second moment of Y can be 

written as 

E(y2) = E ( Y )  + ~ m ( m ,  1)" Prob (Y = m) 

= Tt + 2T2. [12.13] 

Since X = K - Y, I therefore complete the proof of equations [12.6] and 
[12.10] starting from [12.5]. Furthermore, this computational logic also 
yields the rth factorial moment of Y,/~t,l(Y), given by 

/lt,l(Y ) = E [ Y ( Y  - l )" ' (Y - r + 1)] = r!" T,, [12.14] 

for any r >/1, giving the complete characterization of the probability function 
[12.5] through its moments. 

When all ~i's are equal (i.e., 7t~ = 1 /K  for all i), note that 

Tt  = K [ ( K  - 1)/K]", and 7"2 = K ( K  - 1)-[(K - 2)/K]"/2 ,  

and hence, 

E ( x )  - { ( K  - 1 ) /K}"] ,  [12.153 

and 

V ( X )  = K.{(K - 1)/K}"'[I - K.{(K - 1)/K}"] 

+ K ( K  - 1)" {(K - 2)/K}", [12.16] 

which are derived in Arnold and Beaver (1988) while studying the sampling 
properties of the observed number of classes in the context of the classical 
occupancy problem. When ni = 1/K,  note also that the summations { Ti} take 

the form 

so that the probability function [12.5] reduces to 

(;)(:) P t r - , . l  = ~ ( -  1)i-m ( K  - i)"/K" 
i = , .  

i=,. K m ~ , i - m /  

( ) ' "  K . m!S~  - 

K - rn K" 
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in~okingJthe~definition d a-Si-iriing numl~er-of ilae s ~  am0ffitz- 

. . . .  ~ - - - ~  

~-ffdaSte~,--t965;zp-824):~-_-=__ :-=-_- : :  ~- - _--._ = : - - - - .  -:- . . . . .  
--_T.h-e_-y~bove2derivations;-therefore, show that_the_sampling di_st_ribution of 
the?numberofobser~la-~ses~n-a-fi-n]te sariaple a~fflse aiiNytie~llyspecified 7- . . 

-~f6-i.~a/~arbi~-r~m~-ifiiao-miaEdis~ribution.~This:generalizes:tile speci~it.case . . . .  
~.s~uti~n:~f-the-pr~b~em-d fs~us~e-d;i~J~gn~d ah~d~Be~ ~6- ~( :~988 )Zi~[h~r-@. nte xt  :-- . 
of the classical occupancy problem. The algebraic solutions of Other relevant 
random-variab_les (e.g:, the-number of classes containing a specified number 

76f_sarnpljngTunits_within2eac;h_of___them)_are_.also~similar, althou_gh mqre 
~iN~e-rsb-mesto compute numerically. 

~f 

" .  " l l J  

APPLICATIONS 

I mention here three applications of this generalized occupancy problem, 
each of which has considerable genetic implications. 

Are mutagen-induce d ~mutati°ns equaHy likely ta occur at all loci? 

Hanashe t  al. (1988)recently- demonstrated_that somatic cell gene mutations 
alteringprotein-structure do' no t--O~ur2~i~h)e_~Ual~r:olb~i~ifit y_~at-all; [0ci When• 
cultured human lymphoblasto[d Cell l-ines are: treate~l-:w~ia mufagens like " 
ethylnitrosourea. To show this, they used the technique of two-dimensional 
polyacrylamide~gel:eleetrophoresis,, and. found .65 mutants occurring at 49 
of tile 263 loci scored, in their experiments. The 10cu-s-gise~ific distributions 
of the mutat ion frequencies in their work were: three mutants observed at 
each of five loci (nl = n2 = n3 - n4 = n5 = 3), two mutants at each of six loci 
(n6 = "" = n~  = 2), and one mutant at each of 38 loci (n~2 = "'" = n49 = 1). No 

n 0) mutation was detected at each of the remaining 214 loci (nso = "'" = 26s = • 
The total number of mutations (n = 65) was, thus, distributed in K = 263 
classes. The null hypothesis to be tested in Ho: {n~= the probability of 
mutation occurring at the ith locus = 1/K = 1/263, for all i}. In their work, 
the authors defined the concept of"repeat  '' mutations (R), noting that 16 
mutations occurred at loci each of which contained already one mutation 
(i.e., R = n - X, where X is the number of loci containing at least one mutant). 
Under the null hypothesis of equiprobable mutation frequencies across loci, 
the number of "repeat" mutations should be small, since K = 263 is much 
larger than the sample size n = 65~ Through a simulation experiment of the 
occupancy problem, they determined that the probability of 16 or more 
"repeat" mutants is below 010005, and hence, they conclude that mutagen- 
induced mutations are not equally likely to occur at all loci. 

The theory described above provides a complete analyt ical  solution, 
avoiding any simulation. Note that the observed value~ of X in the above 
experiment is m = 49, and hence the observed number_ of:empty classes 
(number of loci having no occurrences of mutations, Y) is 214 ( =  263 -:-49). 
With n = 65, and K = 263, the range of possible X values in this experiment 
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:- : : : c~sse~ar~  f i o m  i98( = - 2 6 3 -  65)-t tirough:Z62!~P:gureq2:1-~sti25W-s~h-e:e~adf ------ :: " - - ~ - - - - -  
-- probabil i ty :distgibution-~(shown -by .the histogram)~of non,empty classes (-X,~ 
--- the number  of loci at which one or more mutants can Occur) under-the null ' 

hyp6thesis of equipr0bable~mutati6ng a-6gb ~Tt h~- 263q~i_ T h~o 15~e--d ~ 16( ~ 
of X (m = 49) is marked with an arrow, the area below which is the total 
probabil i ty (P = 0.0005) of all other sample configurations which represent 
deviations from the hypothesis more extreme under the null hypothesis. Note 
that Hanash et al.'s simulation also resulted in a P-value consistent with the 
present result, suggesting that the qualitative conclusion of their analysis is 
the same as the one obtained by the present analytical solution. 

Since under the null hypothesis (rq = I / K  = 1/263 for all i) the observed 
number  of non-empty classes (X) is the sufficient statistic for K, I further 
checked to see if the exact distribution of X can be approximated by any 

• : -  . . . . . . . . .  :- - - s t a n d a : r d - d i s t . r ! b u t ~ i ~ n : - E ~ m p ~ y ~ . g - e q : u a t i ~ n s - [ - ~ - 2 . ~ 5 : ] - a n d ~ [ ~ 2 ~ 6 ] ~ t h e : ~ e a n ~  : : ~- i!_: 

"i . . . . . . . .  and variance of X for this experiment are~give~by:-E(X)~--57.687 ~and 
V ( X )  = 5.289. The smooth curve of Figure 12.1 represents the density function 

i = 

G 

i : = 

N u m b e r  

i: 
t: 

I 

:_!. : ~-~!1 

I 

I 
6O 

of Non-Empty 
Classes 

Figure 12.1. The sampling distribution of the number of non-empty classes in a sample 
of 65 observations drawn from a multinomial distribution with 263 equi-frequent 
classes. The histogram shows the exact analytical distribution evaluated from equation 
['12.5] and the smooth curve is the normal approximation using the expectation and 
variance given in equations [12.6] and [12.10]. The arrow indicates the observed 
value m = 49 (See text for details). 

vb 
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of a normal distribution with these mean and •variance values. Note that 
the normal deviate for m = 49, then becomes z = - 3.78, giving a correspond- 
ingP value_ofO.00002, which is somewhat smaller than the p value Obtained 
fffoFn the-exact distributirn~ Nevertl~eless;:the:normal approximation is quite 
satisfactory, when compared with the his!ogram shown in Figure 12.1. 

T e s t . o f  Hardy-Weinberg expectatio n based on t h e  observed numbers 

of distinct genotyeps in a finite sample 
The generalized occupancy problem can-also be used to examine whether 
or not the genotype distribution of a given number of alleles follows the 
Hardy-Weinberg expectation (HWE). Generally, this is done by either a 
likelihood ratio test or a goodness of fit chi-square test, contrasting the 
observed and expected frequencies of all possible genotypes. However, there 
are occasions when the number of alleles are so large that many of the 
genotypes are either not observed in a sample, or the observed frequencies 
of several genotypes are so small that the large sample approximation of 
these test statistics in unwarranted. The recently discovered VNTR poly- 
morphisms provide examples of this nature, where the number of possible 
alleles is often so large that no reasonably sized survey can encompass all 
possible genotypes in any given sample. Assuming that there are K segregat- 
ir/g alleles at a locus, there are K possible homozygote genotypes and 
K(K - 1)/2 possible distinct heterozygote genotypes that can be encountered. 
One might ask, what would be the distribution of the numbers of distinct 
genotypes (of homozygote and heterozygote types, separately) observed in a 
sample of n individuals. Under the Hardy-Weinberg expectation of genotypic 
probabilities given by p~ for homozygotes and 2p~ps for heterozygotes, where 
p~ represents the allele frequencies in the population, we can use the above 
analytical formulation to compute the exact distributions of the distinct 
numbers of homozygote and heterozygote genotypes seen in a sample. 

Figure 12.2 shows a numerical example of such computations. Deka et al. 
(1.991) recently surveyed the New Guinea population for VNTR polymor- 
phisms at six loci. At the D1S76 locus, they discovered 6 alleles in a sample 
of 35 individuals. Gene counting showed that in the sample of 70 genes at 
this locus, the allele counts of these 6 alleles are 1, 3, 7, 9, 25, and 25. In total 
they observed 20 heterozygous individuals (consisting of 7 distinct genotypes). 
However, under the HWE assumption, the expected frequency of hereto- 
zygotes from the above allele counts is 25.4, showing a significant deficiency 
of heterozygotes (p<0.05). Since the observed numbers of distinct 
homozygote and heterozygote genotypes in their sample were 4 and 7, 
respectively, we can ask if these observations deviate from their respective 
expectations under the HWE assumption. Figure 12.2a shows the exact 
distribution of the observed number of distinct homozygote genotypes (drawn 
as histogram) and Figure 12.2b gives the same for the observed number of 
distinct heterozygote genotypes, under the HWE assumption for the given 
allele frequencies. The arrows represent the observed statistics. Clearly, the 

!- 

i 
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observed number of distinct homozygote genotypes (m = 4) is not at variance 
with the HWE, since the probability of observing four or more distinct 
homozygote genotypes is 0.411. Under HWE the probability of observing 
seven or less distinct heterozygote genotypes is 0.017, suggesting that a 
significant deficiency is observed in the total number of heterozygotes as well 
as in the number of distinct heterozygote genotypes. Of course, as in the 
case of traditional likelihood ratio or chi-square tests, this test cannot 
ascertain the real cause of such heterozygote deficiency. 

From equations [12.6] and [12.10], the mean and variance of the number 
of distinct genotypes were computed as 3.329 and 0.578 for the homozygotes, 
and 10.106 and 1.652 for the heterozygote genotypes, respectively. The 
expected distributions under the normality approximation are also shown 
by the smooth curves in both panels of Figure 12.2. As in the earlier case, 
it shows that the normal approximation is fairly adequate for the distribution 
of distinct heterozygote genotypes. This is not so for the homozygotes because 
of the narrow range of variation in the number of distinct homozygote 
genotypes. Under the normality approximation, the normal deviate corres- 
ponding to observing seven or less distinct heterozygote genotypes is 
z = -2.41, with a P-value of 0.008, which is again smaller than the exact 
P-value shown above. 

Global test ol disequilibrium based on multiple-locus haplotype data 

As a third application, consider the haplotype frequency data surveyed by 
Wainscoat et al. (1986) at the fl-globin gene cluster detected by five poly- 
morphic restriction sites, at each of which there are two segregating alleles. 
This results in 25 = 32 possible haplotypes at this gene region, but in a sample 
of 55 chromosomes sampled from a Polynesian population, these authors 
found only 5 observed haplotypes (see Table 1 of Wainscoat et al., 1986). 
One might ask, what is the expected distribution ofthe number of haplotypes . . . . . . .  
given that these five sites are independently segregating. Figure 12.3 shows 
the exact distribution (represented by histogram), following the general 
analytical formulation (equation 12.5), where the expected haplotype 
frequencies are assumed to follow the independent segregation rule. Clearly, 
almost the entire distribution is to the right of the observed number (m = 5) 
of haplotypes, giving a rare probability of observing five or less haplotypes 
(P < 10-5), suggesting that the observed number of haplotypes is incom- 
patible with the assumption of independent segregation. Under independent 

Figure 12.2. The sampling distributions of the number of distinct homozygote (A) 
and heterozygote (B) genotypes at the DIS76 VNTR locus in a sample of 35 individuals 
from Papua New Guinea (Deka et al., 1990) under the assumption of Hardy-Weinberg 
equilibrium frequencies of genotypic proportions. The histograms are exact computa- 
tions (equation 12.5) and the smooth curves are the normal approximations based 
on mean and variance, given in equations [12.6] and [12.10]. The arrows indicate 
the observed numbers of distinct homozygote (4) and heterozygote genotypes (7) 
found in the sample. 
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as su~rn-p i {~-n~ co ~ - ~  ~ ~ i ~  h ~ d  ~ r  i b~fi b-n . . . . . . . .  
i based on equation [12.5] and the smooth curve is its normal approximation based . . . . . . . .  

on mean and variance given by equations [12.6] and [12.10]. The arrow indicates the 
. . . . . . .  Obsdr~-e-d n-timber'of 5~different haplotypes found in the sample 

segregation, the expected mean and variance of the observed number of 
haplotypeg in a~arn~l~ 5F55-chrOrnOsomes ar~H-059and~2.4777respectively - . . . . . . . . . . .  
The normal approximation of the sampling distribution is again shown by . . . . . . .  
the smooth  curve of  Figure 12.3. While the normal approximation appears 
satisfactory, the normal deviate corresponding to the observed number 5 is 

. . . . . . . . . . . . . . . . . . . .  z . . . .  3.85,~giving~a:P_-~value~of~0.00006,~which~isAarger_than-the_ex a_ct . . . . . . . . . . . . . . . .  P-value 
N o t e  that Blanton and Chakravarti (1987) suggested this global test for 
disequilibrium, although un!ik~.b~r,e their samp!.jng distribution was obta ined  

DISCUSSION 

The analytical theory presented here along with the specific applications 
indicate that the generalized occupancy problem has a number of interesting 
applications in population genetics. This is particularly true in the context 
of  sparse data, where by the very nature of the problem, the exact sampling 
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distribution must be evaluated and no adequate large sample approximation 
is available. This theory enables comparison of occurrences of several 
biological endpoints in cross-survey comparisons, adjusting for sample size 
differences, asshown in Chakraborty et al. (1988), and in this chapter three 
other applications are mentioned. In the first application, no loss of informa- 
tion is attendent to the consideration of the sample statistic X, the observed 
number of non-empty classes, since under the equiprobable mutation rate 
(across loci), X is a sufficient statistic of the only parameter of the underlying 
distribution. In the other two cases, the consideration of observed number 
of classes raise the possibility of some loss of information, since the fre- 
quencies of the different observed categories do not enter into the present 
analysis. However, when the number of categories is large compared to the 
sample size, most of the observed categories are likely to have one or a few 
sample points in them and such loss of information is not critical. As shown 
through the applications here, the exact distribution evaluation does indeed 
detect deviations from the null hypothesis even when the sample size is larger 
than the total number of possible classes. A comprehensive power analysis 
of this approach to deal with such specific genetic applications will be 

attempted in the future. 
In closing I should note the close resemblance of the methodology of this 

at ion with a percentage testing problem that Schull and I resolved 
years ago (Chakraborty and Schull, 1976), where we evaluated the 

sampling distribution of the numbr of loci with reference to which a randomly 
accused man could be excluded if this man is not the father of a child born 
to a specific mother. Although all of these problems can be resolved by 
simulation, the real advantage of the present theory is that such problems 
can be addressed analytically, avoiding the natural bias and tediousness of 

computer simulations. 

! 
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Generalized Occupancy Problem and 

Its Applications in Population Genetics 

RANAJIT CHAKRABORTY 

Analysis of categorical observations constitutes one of the principal ways of 
handling genetic data, evidenced in the contributions of the honoree of this 
symposium in relation to his studies on inbreeding effects (Schull and Neel, 
1965), genetic effects of radiation exposure (Schull et al., 1981) and adaptation 
effects of high altitude hypoxia (Schull and Rothhammer, 1990). In the context 
of hypothesis testing based on specific genetic models in such data analysis, 
often we need to contrast frequencies of different endpoints in samples of 
unequal sizes or predict expected frequencies in populations from observ- 
ations in samples of small sampling proportions. For example, Neel 
(Chapter 4, this volume) illustrates one such problem where the frequencies 
of different genetic variants are contrasted in two Japanese cities, Hiroshima 
and Nagasaki, where the sample sizes are widely different. In a previous 
study (Chakraborty et al., 1988) the issue of sample size adjustment was 
addressed by deriving the expectation and variance of the observed number 
of alleles in samples of fixed sizes. 

In this chapter, a more complete solution will be given from a combinatorial 
approach, whereby the sampling distribution can be completely specified for 
an arbitrary sample size. Although the problem is formulated and solved in 
general terms of a multinomial distribution with known number of classes, 
it will be illustrated that the general theory can be used in solving several 
types of genetic problems, such as, non-randomness of mutagen-induced 
mutations across loci; tests of Hardy-Weinberg equilibrium in the presence 
of a large number of alleles in samples of comparatively moderate sizes; 
and global tests ofgametic phase disequilibria within a defined DNA segment. 
Because the combinatorial approach used in this context emerges from the 
combinatorics of the classical occupancy problem, I call this class of problems 
Generalized Occupancy Problems in population genetics. 

FORMULATION OF THE GENERALIZED OCCUPANCY PROBLEM 

Consider a multinomial distribution with K classes (K can be arbitrarily 
large), with class probabilities represented by the vector zt'= (xx, x z . . . . .  rrr). 

| i 

! 

I 
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Obvious ly ,  the elements  of  n fo rm a simplex on  a K - d i m e n s i o n a l  space 
sat isfying 

-" 0 < n ( <  1 ,  a n d  ~ ni - 1-.- [-12.-1] . . . . .  
i = 1  

W h e n  a r a n d o m  sample  (with r e p l a c e m e n t ) o f  size n is d r a w n  f r o m  such 
~ ~;++ +== - - - ~ -  t i . . . . . . . . . . .  5_?+/?di+ffib~-fi~, sever~l---6h-aYa-ct~i+ti~f:th-e-~-afia+p.le_-ffre:~f-interest;+eTg~ h e - - + +  
: - - -  . . . .  7-numberofclas_s_es-representedqn-the:+am-ple~±or--- then~umber~of~classes~are + - - -  - =++ ; Y 
+ . . . . .  ep esented wi - specified ~g'afnplifi-g+-u + ~ ) f + t ~ ~ s ; : ~  " i : r r thai n U m b e f o f  fiit+g in~a~ti  - ~: 

i : - • a n d  the sampl ing  dis t r ibut ions  o f  such-vaTi+ibles,-Fof-br6vit~;-I-~hall+0~ly-  . + - 
. . . .  discuss the sampl ing  d is t r ibu t ion  of+the obse rved  n u m b e r  of  classes, a_lthough 
i the c o m b i n a t o r i a l  so lut ion can be easily ex tended  to m a n y  o t h e r  variables.  
i D e n o t e  the observed  n u m b e r  o f  classes tha t  are  r epresen ted  in the  s amp le  - - - -  
: -  - - • by -  X -Ob~/ioiJsly, X=ig-.a-=r-ahdo--rffva-ri~ble:that: can~take%'a lUes-be tween  t = . . - -  . = -  

-i . . . .  ;? _ 7-_- ' 7 --_ --_and? m i n ~ (  K~:n)+_.~nce _ i n ~ h e S e v ~ n ~ Y i , [ _ ~ ~ ~ t f i h ~ = ? = : ~  . . . .  _ . . . .  
~: . . . . .  ~ . . . . . . . . .  classes i n a n y  sample-of  size n . -Beforea t t empt ing- to - so lve_ the  p tob lem,_note  
i several  interest ing proper t ies  of  the r a n d o m  var iable  X. 

First,  when  all ?t~'s are  equal (rq = 1 / K  for  all i), a s i tua t ion  m o r e  c o m m o n l y  
i k n o w n  as the classical o c c u p a n c y  p rob lem,  A r n o l d  a n d  Beaver  (1988) showed  

__ that  X is a sufficient statistic for the p a r a m e t e r  K,  a n d  its s ampl ing  
~- d i s t r ibu t ion  is g iven by . . . . . . . .  - - . . . . . . . . . . .  - 

: - +  - - - - .  - - . +  : . . . . .  + + - - . + + + . - ~ +  - fig+'~;:mt+s,,++ + _ :  . . . . .  - . . . . .  + 

i i + - = - +  . . . .  + 
L_  --_ 7 _ +. --. . . . .  for+m =--1,2]+ ~ +,- .mih(K; .n)Tf~Yte feSS~ ~ iT_=a_Sfii'li~ig]hffr~ber-Of ttie-le+cdn-d-kind 

q ,+z  . . . . . .  - _  ~ -~  z+ -+ - -  : : + . -~ - - . -  - + -  ~z+  ' " ' = ' - ~  : : : =  - Z - - : . _ -  . . . .  - - ~ - - ~ - ~ - _ L ~ - . ~ +  Z~ : - - -  ~ -~+~ -Z<~ '~  = -  ~+~ - - . - - - - _ -~ -~7 [~ : -= - - -~~ .~+_ -=  - - " . . . .  

=i . . . . . . . . .  -- -(Abramowitz--and= Stegun,-196-5_p=824)+--Also-note +-tlfat-m--the-case-of--tlSe--- 
:i7 . . . . . . . .  ~--=v-. cfasTicdl-:-occ-up~ari+):~-~3r06l+-m, a - v ~ u e - ~ f  ~ X = = t o - ~ d t f i ~ i t ~ £ h ~ s ~ i s i + ~ i z + ~  7-: : - = " 
i - '~ . and .num_ber  -i5[]poslible~classes___~7~uni_ quely_?-determinesLthe~number_=(~)=_of-~ :-: -:~t-/ 
i I- . _-_ . . . . .  s a m p ~ i n g + - u . n . i ~ s L ~ a t - a r e ? - ~ r e i ~ t e ~ ` ~ - ~ ' ~ i + ~ ~ ~ ; : ~ ~ ~ . p + ~ ? - ~ - ~ : ~ + ~ : ~  
-! . . . . . . .  In  this context ,  a sampl ing  unit  is called a " r epea t "  if the class in which  this 
i s ampl ing  unit belongs a l ready con ta in s  a n o t h e r  s a m p l i n g  unit  in a gwen  ~" 

: :!. . . . . . .  - . . . . . .  sa -mi~ , -Tlqere f0~ , -~-~+sa i rS i~ | i~g- -d i s -~ i f~ i~f?R c a n - _ b ~ n i ~ l ~ i f i E d  . . . . . . .  l = -  
i +': . - f r o m  t h a t o f - X , - a n d - g o i n g  t h r o u g h - . t h e  computat . ion-+of-equation-E1-2,2}-is  .-+ . . . .  ~ 

-]+-i + - - -  - :- + -z-~preferal~fe, si-nc-e~X - q - ~ - a - ~ u f f i ~ i ~ n - i s { ~ i - ~ i ~ - f b ¥ ~ h - ~ - d - 6 1 ~ ( K ) - - - 6 f - t h E Z - - - 5 - -  --~_Z.---: 
1 ' . m u l t i n o m i a l  d is t r ibut ion  with e q u i - p r o b a b l e  classes. 

These  abs t rac t  defini t ions m a y b e  be t te r  u n d e r s t o o d  t h r o u g h  the following- = -  - 
example .  Cons ide r  an exper iment  where  20 ( = n} m u t a n t s  are  obse rved  which  
could  be long  to 3 0 ( =  K) loci n u m b e r e d  from-1-th+roug_h ~30_._Suppo_se t_hat 

=the~e-are 3 loci each-cohta in i f ig  4 mutants-(i.e.,=h-f~:-~2-=-n~-----4),t+v(sloei . . . . . . . . . .  
- -  c0 r i f a in i ng2  mut-ant~ ea-6h- (n-~-- h~-~-2), a--fid+f6iaP-IO_~i-~dnt~!~i~-g--q~_-e-m ut_ant 

each (n+ = n +  =ns---n9----1) .  The  r e m a i n i n g  loci ( 1 0  t h r o u g h  3 0 ) - d o  no t  
+- c o n t a i n  any  m i J ~ a n f ~ + ( i . e T ; + ~ - o = - ' - - - ~ 0 ) 7 I f i ~ t l S i ~ l S l ~ t ~ e ~ 6 1 f ~ - - r v e d  . . . . .  " . . . .  - -  

n u m b e r  o f  loci con ta in ing  _at least one  m u t a n t  (+X) is 9+ a n d  the n u m b e r . o f  
- " r epea t "  mu t an t s  is 11. N o t i n g  tha t  11 = 2 0 - 9 ,  (i.e., R ~ - ~ , ,  ~ e  - -  

generally),  it is clear th-at the p robab i l i ty  d i s t r ibu t ion  of  R is complete ly-  
specified by  tha t  of X for any  fixed sample  size (n). 

Second ,  in the general  case of  uneq ua l  rq's, the expec t a t i on  and  var iance  

- i 
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of X have been derived using the indicator variable approach (Chakraborty 
et al., 1988), which are simple functions of n,K, and the n{s. I shall show in 
the following that both of these properties are compatible with the general 
probability distribution function derived by the combinatorial approach used 

here . . . . . . . .  

COMBINATORIAL SOLUTION OF THE PROBABILITY FUNCTION OF X 

Instead of  working with the variableX, (he observed number of non-empty 
classes, it is easier to work with its complement, Y = K - X ,  which is 
equivalent to the number of classes not represented in a sample of size n. 
Define events A1,A2,. . . ,  At ,  such that Ai is the collection of all partitions 
of:n {nto K segments, Such tha t  n ~ - 0  (but:Y.ni= n): In-other words, Ai 
represents the collection of sample poiiats-where the ith class (i = 1, 2 . . . . .  K) 
remains empty in a specific sample. Note that A{s are not exclusive of each  
other; i.e., there can be sample configurations where more than one ni can 

be simultaneously zero. 
For sampling with replacement, the following equations hold: 

Pi = Prob(Ai) = (1 - n~)", [12.3a] 

Pi; = Prob (Ai A j) = (1 - n i -  ns)", [12.3b] 

Pijk = Prob (Ai Ai Ak)= (1 -- ni -- n i -- nk)", [12.3C] 

etc., for all i # j  # k = 1, 2 . . . . .  K. 
Following Feller (1968, p 99), define a sequence of summations {Tz, T2 . . . . .  

Tr} where 

TI = EPi ,  T2 = E ~", P'i' Ta = EEEpi sk ,  etc. 
i i j  i j k  

where the summations are taken such ihat i< j  < k < "" <~ K, so that each 
combination appears once and only once; hence, the summation T,(1 ~< r ~< K) 
contains rC, terms. The last term TK reduces to only one term, 

Tr = Prob(Az A2""Ar) = PI23...r, 

which is the probability of simultaneous occurrences of all K events A~ 
through At. Invoking condition [12.1] on equations [12.3a-c], we note that 
TK = 0, and furthermore, 

r [12.4a] 
Tr-z  = E n'~, 

i = l  

K K  
Tx-2 = E E  (rq + nS)", [12.4b3 

i > j : l  

K K K  
Tr-3 = E E E  (n, + ~ + nk)", [12.4C] 

i > S > k = l  

etc. 
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Applying Feller's theorem (Feller, 1968, p 106), we obtain 

Ptr-, ,l  = Prob (X = K - m) = Prob (Y = m) 

= ~ ( -  1)'-" ( / )  T,, ,=,, [12.5] 

for K -  min (K, n)~< m ~< K -  1, giving the sampling distribution of X, the 
number of non-empty classes in a sample of size n. Note that in [12.5,1, To is 
conventionally defined as unity (see also Feller, 1968). 

EXPECTATION AND VARIANCE OF THE NUMBER 
OF NON-EMPTY CLASSES IN A SAMPLE 

As mentioned before, the expectation and variance of X can be derived by 
an indicator variable • approach. For this we define K indicator variables, 
Y~, ?'2 . . . . .  YK, so that 

'1, if the ith class is unobserved in the sample, 

Y~ = [0, otherwise. 

K 

Note that X = K -  Y, and Y= ~ Yi. 
i = 1  

Therefore, the expectation of X is given by 
K 

. . . . . . . .  E(X)= K -  E ( ¥ ) = K  --= ~ E(Y,) . . . . . . . . . . . . . . . . . .  
i=1 

K 

= K -  ~ P r o b ( r , =  1) 
i = 1  

K 

= K - ~ (1 - rq)" = K - T1, [12.6] 
i = 1  

derived by Emigh (1983) and Chakraborty et al. (1988), 
Furthermore, the variance of X is given by 

K K K  

V(X) = v ( r )  = ~ v(Y,)  + ~ . .  Coy(Y,, Yj). [12.7,1 
i = l  i # j = i  

Since Yi's are Bernoulli variables . . . . . . . . . . . . . . . . . . . . . .  

V(Y,) = E(Y~) - [E(Y,)] 2 = (1 - n,)"[1 - ( 1  - rt,)"], [12.8] 

and 

Cov(Y~, Yj) = E(Y~ Yj) - E(Y~)'E(Yj) 

= ( 1 -  ~ - -  ~j)" ~(1 --~)"('1 - rcj)": - -~ - [-1Z9-1 - = 
= 

= - . . . . . . . . . . .  = . . . . . . . .  : 

• o = . . . . . . . .  
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Substituting equations [12.8] and [12.9] into equation [12.7], we obtain 
K K " 1 - ~ j ) " ]  

K v(x) ~ (,I - =,)" [I - (1 - =,)"3 + ~ [(I - =, =7 - {l - =,) ( 
i # j = l  

i = l  
K g 

Z ( ,1 -~ , r . [ t -EI l -~ , r ]+ZZ [(,1 ~, ~j)" 
~--- i # j = l  

i = t  [12.10] 

= T t ( , t  - Tt) + T2. 
Note that when n is large, and each ni small, we may approximate each term 

o f  the summations T,'s [12.3a-c] by (1 - hi)" -~ e-"~', (1 - zq -  rti)" "~ e-"C~'+ ~J~' 
etc., so that the variance of X can be approximated by 

K [12.11] 
V(X) ..~ ~ e . . . .  (,1 - e .... ), 

i = I  

as shown in Chakraborty et al. (,,1-988). Equation [12.10] is, however, exact, 
and not difficult to compute numerically even if the number of classes is large. 

Let us now establish that equations [12.6] and [12.10] are compatible 
with the probability function [12.5]. To do this, first note that invoking 

equation [12.5] we have 

E P r o b ( r  = m ) = ~  ~ (_1), -m T, 
ra i = n l  

K i i -  m 1 Ti  
= 1) m 

i =OL  - 

= 1 [ " v ,  
. . . . .  i = t L r a = O  

since To = l. Furthermore, the summation within the parenthesis is the 
binomial expansion of (1 - 1)', for i = 112,..., K. Therefore, we establish that 
[i2.5]iS a proper probability function since the entire probability mass equals 

unity. The expectation of Y, from [12.5], then becomes 

E(,Y) ___ ~ m-Prob(,y = m) 
m 

= ~  (,-l)'-'m(im) T' 
m i = m  

= , ~ , ( _  l ) i - -  iT, 

~' (,_ 1),-m iT, 
= T t  + ,=2L, ._t=o m-- 1 

= T 1 ,  

[12.123 
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since the s u m m a t i o n  within the parenthes is  vanishes for all i =  2, 3 . . . . .  K. 
S imi la r  a lgebra ic  m a n i p u l a t i o n s  show that  the second m o m e n t  of  Y can be 
wri t ten  as 

E(Y  2) = E(Y) + ~ m ( m  - 1 ) ' P r o b ( Y  = m) 
m 

= T, + 2Tz. [12.133 

Since X = K - Y, I therefore  comple te  the p r o o f  of  equa t ions  [12.6] and  
[_12_10 ] s t a r t ing  f r o m  [_1.2,53..Fur_t_herm_ore,_ this._cornpmational__logic . a l so  

: - . . . . . . . . . .  ~[,_3(:Y--):=--E[:Y--(~Y~.-A:)':'-(:Y=-:r:+A-)]==S."~Tz,~-~ --.-.--[t:2A:4] , ~: - . 

-: .... ~ for any- r .> /1 ,g iv ing  the complete~character izat iomof~the:probabi l i t ,ySunct ion~ , 
~- [-1.2~-5] th gh it . . . . . . .  ~ . . . . .  rou  - s -moments ,  - - - - : ~ -  

( - - - ] W : h - C f f z ~ l l ~ - ~ s z a r e ~ e q - u a l ~ ( i ~ i ~ K - - . f ~ i i ~ ~ l a a t ~  -:) ~ ~ _ ~ - - ~ C  F_-. --~: Z 

~ . . . . . . . . . .  Ti.;_ K [ ( K ~ 3 ) / K ] n , ' ~ d  T ~ - - ' K ( K ~ I ~ [ ( K ~ - - 2 ) ~ / K ] " / 2 ~  . . . .  

and  hence, 

. . . . . . . . . .  E ( ~ )  -_ .K[  1 -_ { ( K - I ) / K } " ]  . . . . . .  [_12.15]~_ _ 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  : ~ _ . .  _ - - : ~ - - _ - :  

,L~ ..5 ~-5-: . . . . . . . .  . -  . . . .  E ( X ) - - K .  ~ { . ( K -  1)/K:}"'[_!)--K-{:(K-- !)tK..}".-] _-.. 

+ K ( K  - 1).{(K - 2)/K}", [12.161 

which are de r ived  in A r n o l d  and Beaver  (1988) while s tudy ing  the sampl ing  
p roper t i e s  of  the observed  number  of classes in the contex t  of the classical 

O C C U  = = . . . . . . . . . . . . . . . .  _ ~ p a n c L p r o b l e m .  W h e n  ni = l / K ,  not_ e also that  the summat ions  { Ti} t a k e  . . . . . . .  

the  form 

. . . . . . . . . . . . . . . . . . . .  i 

so that  the p r o b a b i l i t y  funct ion [12.5] reduces to ! 

! ( )c x 1) i_  = K K - m  =E(-- 
=m K - m  \ i - m  / ( K  i)n/K n 

( )m,S,-" 
= K m K n ' 
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invoking the definition of a Stirling number of the second kind (Abramowitz 

and Stegun, 1965; p 824). 
The above derivations, therefore, show that the sampling distribution of 

the number of observed classes in a finite sample can be analytically specified 
for any arbitrary multinomial distribution. This generalizes the special case 
solution of the problem discussed in Arnold and Beaver (1988) in the context 
of the classical occupancy problem. The algebraic solutions of other relevant 
random variables (e.g., the number of classes containing a specified number 
of sampling units within each of them) are also similar, although more 

cumbersome to compute numerically. 

APPLICATIONS 

I mention here three applications of this generalized occupancy problem, 
each of which has considerable genetic implications. 

Are mutagen-induced mutations equally likely to occur at all loci? 

Hanash et al. (1988) recently demonstrated that somatic cell gene mutations 
altering protein structure do not occur with equal probability at all loci when 
cultured human lymphoblastoid cell lines are treated with mutagens like 
ethylnitrosourea. To show this, they used the technique of two-dimensional 
polyacrylamide gel electrophorcsis, and found 65 mutants occurring at 49 
of the 263 loci scored in their experiments. The locus-specific distributions 
of the mutation frequencies in their work were: three mutants observed at 
each of five loci (n~ = n2 = n3 = n4 = n~ = 3), two mutants at each of.six loci 
(n6 = "'" = nt~ = 2), and one mutant at each of 38 loci (n~2 - . . . .  n49 = 1) .  No 
mutation was detected at each-of the remaining214 loci (nso = "'" = n263 = 0 ) .  

The total- number of mutations (n = 65) was, thus, distributed in K =  263 
classes, The null hypothesis to be tested in Ho: {rti= the probability of 
mutation occurring at the ith locus = 1/K = 1/263, for all i}.. In their work, 
the authors defined the concept of "repeat" mutations (R), noting that 16 
mutations occurred at loci each of which contained already one mutation 
(i.e., R = n - X, where X is the number of loci containing at least one mutant). 
Under the null hypothesis of equiprobable mutation frequencies across loci, 
the number of "repeat" mutations should be small, since K = 263 is much 
larger than the sample size n = 65. Through a simulation experiment of the 
occupancy problem, they determined that the probability of 16 or more 
"repeat" mutants is below 0.0005, and hence, they conclude that mutagen- 
induced mutations are not equally likely to occur at all loci. 

The theory described above provides a complete analytical solution, 
avoiding any simulation. Note that the observed value of X in the above 
experiment is m = 49, and hence the observed number of empty classes 
(number of loci having no occurrences of mutations, Y) is 214 ( = 263 -49).  
With n = 65, and K = 263, the range of possible X values in this experiment 

r 

1 
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is 1 through 65, and consequently the possible values of Y (number of, empty 
classes) are from 198 ( = 263 - 65) through 262. Figure 12.1 shows the exact 
probabili ty distribution (shown by the histogram) of non-empty classes (X, 
the number  of loci at which one or more mutants can occur) under the null 
hypothesis ofequiprobable mutations across the 263 loci. The observed value 
of X (m = 49) is marked with an arrow, the area below which is the total 
probabili ty (P = 0.0005) of all other sample configurations which represent 
deviations from the hypothesis more extreme under the null hypothesis. Note 
that Hanash et al.'s simulation also resulted in a P-value consistent with the 
present result, suggesting that the qualitative conclusion of their analysis is 
the same as the one obtained by the present analytical solution. 

Since under the null hypothesis (hi = IlK = 1/263 for all i) the observed 
number  of non-empty classes (X) is the sufficient statistic for K, I further 
checked to see if the exact distribution of X can be approximated by any 
standard distribution. Employing equations [12.15] and [ 12.16], the mean 
and variance of X for this experiment are given by E(X)= 57.687 and 
V(X) = 5.289. The smooth curve of Figure 12.1 represents the density function 

. . . .  --~ ~ -_-~--u---_~L _- z ~ : ~ -  - ~  ...... 

/ i 
! 

Number of Non-Empty 
Classes 

Figure 12.1. The sampling distribution of the number of non-empty classes in a sample 
of 65 observations drawn from a multinomial distribution with 263 equi-frequent 
classes. The histogram shows the exact analytical distribution evaluated from equation 
[12.5] and the smooth curve is the normal approximation using the expectation and 
variance given in equations [12.6] and [12.10]. The arrow indicates the observed 
value m = 49 (See text for details). 
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of a normal distribution with these mean and variance values. Note that 
the normal deviate for m = 49, then becomes z = - 3.78, giving a correspond- 
ing P value of 0.00002, which is somewhat smaller than the p value obtained 
from the exact distribution. Nevertheless, the normal approximation is quite : i 
satisfactory, when compared with the histogram shown in Figure 12.1. i ~' 

Test of Hardy-Weinberg expectation based on the observed numbers l 

of distinct genotyeps in a finite sample 
The generalized occupancy problem can also be used to examine whether 
or not the genotype distribution of a given number of alleles follows the 
Hardy-Weinberg expectation (HWE). Generally, this is done  by either a 
likelihood ratio test or a goodness of fit chi-square test, contrasting the 
observed and expected frequenc~ies of all possible genotypes. However, there 
are occasions when the number of alleles are so large that many of the 
genotypes are either not observed in a sample, or the observed frequencies 
of several genotypes are so small that the large sample appr°ximaf°n of ',: 
these test statistics in unwarranted. The recently discovered VNTR poly- 
morphisms provide examples of this nature, where the number of possible 
alleles is often so large that no reasona.blY sized survey can encompass all 
possible genotypes in any given sample. Assuming that there are K segregat- 
ing alleles at a locus, there are K possible homozygote genotypes and 
K(K ~ 1)/2 possibledistinct heterozygote genotypes that can be encountered- 

would be the distribution of the numbers of distinct 
One might ask, what , heterozygote types, separately) observed in a 

enotypes (of homozygote and _ ~ , ,~ , ,  we'  ber~ expectauon of genotypic 
g~.~,,,I,~ ,~r, individfials, under  the ~,,L,,j- ,,.-m . . . . . .  where 
probabilities given by p~ for homozygotes and 2p~p~ for heterozygotes, 
p~ represents the allele frequencies in the population, we can use the above 
analytical formulation to compute the exact distributions of the distinct 
numbers of homozygote and heterozygote genotypes seen in a sample. 

Figure 12.2 shows a numerical example of such computations. Deka eta!; 
(1991) recently surveyed the New Guinea population for VNTR polymor-' 
phisms at six loci. At the D1S76 locus, they discovered 6 alleles in a sample 
of 35 individuals. Gene counting showed that in the sample of 70 genes at 
this locus, the allele counts of these 6 alleles are 1, 3, 7, 9, 25, and 25. In total 
they observed 20 heterozygous individuals (consisting of 7 distinct genotypes). 
However, under the HWE assumption, the expected frequency of hetero- 
zygotes from the above allele counts is 25.4, showing a significant deficiency 
of heterozygotes (p<0.05). Since the observed numbers of distinct 
homozygote and heterozygote genotypes in their sample were 4 and 7, 
respectively, we can ask if these observations deviate from their respective 
expectations under the HWE assumption. Figure 12.2a shows the exact 
distribution of the observed number of distinct homozygote genotypes (drawn 
as histogram) and Figure 12.2b gives the same for the observed number of 
distinct heterozygote genotypes, under the HWE assumption for the given 
allele frequencies. The arrows represent the observed statistics. Clearly, the 

t 
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observed number of distinct homozygote genotypes (m = 4) is not at variance 
with the HWE, since the probability of observing four or more distinct 
homozygote genotypes is 0.411. Under HWE the probability of observing 
seven or less distinct heterozygote genotypes is 0.017, suggesting that a 
significani deficiency is observed in the total numberOf heterozygotes as well 
as i n th_e n umber_2-of distinct heterozyg0te genotypes. Of-course,- as-in-the 
case of traditional likelihood ratio or chi-square tests, this test cannot 
ascertain the real cause of such heterozygote deficiency. 

From equations 1-12.6] :and [ 12. i0], the mean and variance of the number 
of distinct genotypes were Computedas 3 329 and 0.578 for the homozygotes, 
and 10.106 and 1.652 for the  heterozygote genotypes, respectively. The 
expected distributions under the normality_, approximation=are=also=shown._ 
by-/fie~s m o o ~ h ~  s ~ i ~ ~ n e i ~ i g u  re ~ . ~ s ] ~ ÷ ~ e = ~ c ~ ,  ? 
it shows that the normal approximation is fairiyadequaie forthe distribution 
of distinct heterozygote genotypes. This is not so for the homozygotes because 
of the narrow range of variation in the number of distinct homozygote 
genotypes. Under the normality approximation, the normal deviate corres- 
ponding to observing seven Or less distinct heterozygote genotypes is 
z = -2.41, with a P-value of 0.008, which is again smaller than the exact 
P-value shown above. 

I 
! 

1' i ...... 

Global test of disequilibrium based on multiple-locus haplotype data . . . . . . . . . .  

" A s  'a=thii'-d ~ p i S l i ~ a ~ i ~ , - - ~ 6 ~ i a e r - t ~ = t i : ~ ] ~ t ~ - ~ - f ? ~ - ~ ~ ~ v - e y ~ :  bY 
Wainscoat et al. (1986) at the fl-globin gene cluster detected by five poly- 
morphic restriction sites, at each of which there are two segregating alleles. 
This results in 25 = 32 possible haplotypes at this gene region, but in a sample 
of 55 chromosomes sampled from a Polynesian population, these authors 

found only 5-6bse-tved' 'h~pl~-t~-0~:(~'T~ble- 1-0f-Wfii/ascoat et al., 1986). 
One might ask, what is the expected distribution of the number of haplotypes 
given that these five sites are independently segregating. Figure 12.3 shows 
the exact distribution (represented by histogram), following the general 
~analytical--form ulation--(equatio-n-12-5)S-~he--~the expected--fi~plotype 
frequencies are assumed to follow the independent segregation rule. Clearly, 
almost the entire distribution is to the right of the observed number (m = 5) 

. . . . . . .  .~-f-hap~9.types~giyjng~aÈrare~pr~ba~ilit.y=~f=~bser.ving=~ve~r~less=hapl~types 
(P < lO-S), suggesting that the observed number of haplotypes is incom- 
patible with the assumption of independent segregation. Under independent 

) 

Figure 12.2. The sampling distributions of the number of distinct homozygote (A) 
and heterozygote (B) genotypes at the D1 $76 VNTR locus in a sample of 35 individuals 
from Papua New Guinea (Deka et al., 1990) under the assumption of Hardy-Weinberg 
equilibrium frequencies of genotypic proportions. The histograms are exact computa- 
tions (equation 12.5) and the smooth curves are the normal approximations based 
on mean and variance, given in equations [12.6] and 112.10"1. The arrows indicate 
the observed numbers of distinct homozygote (4) and heterozygote genotypes (7) 
found in the sample. 
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N u m b e r  of Haplo t .ypes  

Figure 12.3. The sampling distribution of the number of DNA haplotypes at the 
i fl-globin gene cluster; defined by 5restriction site polymorphisms (Wainscoat et al., 
i7 1986), in a sample of 55 chromosomes from a Polynesian population under the 

i =-~ . . . . . .  ~assumption o f - c o m p l e t e q i f i k ~ a g ~ : e c O i l i l S f i ~ - F n . ~ T h - e ~ f f i ~ i ~ - i ~ - ~ d ~ i f f - 6 f i o n  . - . . . . . . . . . . . .  

i ~ . ~ ? _ " ,  t t . . ¢ 6 ~ : m e - d f f a - i i = d - ~ - ~ ; i a - ~ c ~ . g i v e n  byequations [12:6]~and\[r2:10]_Th~ arr6w-ihdi~aq~hT--~-)  - 7_- -:7 _--. 
. . . . . . .  observed number of 5 different' hapl6typeS fourid in the~Sample. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

] segregat ion,  the expected mean  and v a r i a n c e o f  the 9 b s e r y e d ~ n u r n b e r o f  
i hap lo types  in a sample  of 55 c h r o m o s o m e s  are  11.059 and  2.477, respectively.~ . . . . . . . . .  
~.I . . . . . . . .  The  n o r m a l  approximation:  . . . .  of_the±sampling:distfib.uti6hLis~a~i~a~=sho--~n~by__ _ _ ~ ~ : i : ~ = ~  -___i~ 

! . . . . . . . . .  the  s m 0 0 t h  c u r v e o f  Figure 12.3 ~W_hile~the no rma l  app~oximat ion~appears  . . . . . . . . . . . . . . . . . .  _ 
~ . . . . . . . . . . . . . . . . .  : : sa t iSfa~tb~: t t i~ i f i~ l~d6~igt~--corresp~6~d _i~6-Zi-h-6---6~e-r~ed. '-number~5-is._ _ - . . . . . . .  : . . . . .  i 

z = - 3.85, giving a P-value of 0.00006, which is larger than  the exact  P-value.  " ~ " 
No te  that  Blanton_an_d:Cha_kyayarti~(~198Y_)~suggested~.t.his~global=test_for ~ ' ~ : 
disequi l ibr ium, a l though unlike here their sampl ing  dis t r ibut ion was obta ined  
by s imulat ion.  

DISCUSSION 

The  analyt ical  theory  presented here a long  with the specific appl ica t ions  
indicate tha t  the generalized occupancy  p rob l em has a n u m b e r  of  interesting 
appl ica t ions  in popula t ion  genetics. This is par t icular ly  t rue in the context  
of  sparse  data ,  where by the very nature  of  the problem,  the exact  sampl ing  
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distribution must be evaluated and no adequate large sample approximation 
is available. This theory enables comparison of occurrences of several 
biological endpoints in cross-survey comparisons, adjusting for sample size 
differences, as shown in Chakraborty et al. (1988), and in this chapter three 
other applications are mentioned. In the first application, no loss of informa- 
tion is attendent to the consideration of the sample statistic X, the observed 
number of non-empty classes, since under the equiprobable mutation rate 
(across loci), X is a sufficient statistic of the only parameter of the underly!ng 
distribution. In the other two cases, the consideration of observed number 
of classes raise the possibility of some loss of information, since the fre- 
quencies of the different observed categories do not enter into the present 
analysis. However, when the number of categories is large compared to the 
sample size, most of the observed categories are likely to have one or a few 
sample.points in them and such loss of information is not critical. As shown 
through the applications here, the exact distribution evaluation does indeed 
detect deviations from the null hypothesis even when the sample s~ze is liirger 
than the total number of possible classes. A comprehensive power analy sis 

al with such specific genetic applications will be 

°ftt-~t~-s ta~P~-~hft t t id;  " tin nroblem that Schull and l resolved 
p~- ~ . . . .  '~  . . . . . . .  of the-meth-0dology of this 

In closing I should note the close resemblance 
• tauon w~th a percentage t e s  g_L..u ~ a ~  where we evaluated the @~ s e n  u t L  L - ' - - ~ J ,  

eralyEars agog( Chakrab°rty ano ok- , 
samplingdistribution of the numbr of loci with reference to which a, randomly 

this-man iis not the father of a child born 
accused man could b e excluded 'f~'l of these problems can be resolved by 

to a sp.ec'ficthme°rtena~ra~nntaUg?of'the present theory _i:sthaadst;d~opr°n~lsesmJf 
=simu_La~tlon,j ~. , . . . . . . . . . . . . . . .  ~ai,,o the natural o 
can be~addressea analyucany,,~ . . . . . . .  ~' 
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Simp0si0s 
ORIGEN DEL HUMANO 

Coordinador." Dr. Ch'sti~n Orrego . 

EdEOGRAFIA 6E)4ICA DE SI.ID.fl'ERICA : CI]NTRAST~NI](} 
MODELOS i ~  DESPI_A Z,C~q I ENTO POBLAC I ~  
PI~EPM~I_(2PI~ I NO~.  ( ~ = n e  g e o g r a p h y  o f  S o u t h  
America : t e s t i n g  models o~ p r e - C o l  u ~ b i  aun 
p o p u l a t i o n  d i r ~ o l a c e m ~ n t s ) ,  F .  Rothhausmer . ,  C_j_. 
Si l va  y E.L~.~I_I_I_I~. Departamento B i o l o g l a  Celula~ 
y 6en~tica, F a c u l £ a ~ l  d e  Medicina, Unive~$idad 
de Chi le y De1~artamento de Matem~tica y 
C o e ~ u t a c i 6 n ,  F a c u l t ~ d  de Ciencias,  Unive~s i -  
dad de Santiago. 

Aprovechando avances rec len tes  de la 
gra~icaci0n computarizada se har t  presentaOo 
los resul tados del t ra tamien to  e s t a d l s t l c o  
multlvarxado de f recuenctas g~nxcas para 
determ~nadas Areas geogrA~icas en  ~or~a ~e 
mapas s i n t ~ t i c o s  de variac~On gen~t lca.  Estos 
mapas ~an s~do u t i l i = a d o s  para ppner a prueba 
hlpOteszs s0bre la d~us i~n  de la  agr, i c u l t u r a  
en Europa como tambi~n sobre la  ac t i on  Oe 
+actores evolut ivos0 tan to  a n i ve l  mundial 
como tamPi~n para Norte, Centro y Sudamerica. 
Los resul tados obtentdos para America en 
general son poco conc luyentes de~ido al 
peque~o numero de sistemas gen~ticos i n c l u i -  
dos en el anA l i s i s .  En esta ocasiOn presenta-  
remos mapas s i n t e t i c o s  de ~recuenclas g~nicas 
para Su~america u t i l i z a n d o  el mayor nbmero 
posible de s is teeas.  Poster iormente u t i l i z a -  
remos estas representaciones gra~icas para 
porter a prue~a mo~elos de desplazamiento 
poblaclonai precolombinos. 

IRPACT OF HOLECIJLAR GENETrCS IN STUDYING O~[RIR OF H424AN 
POPIJLAT IONS. 

R.~naj i t  C3~akraborty. C e n t e r  . f o r  Demograq~hlc and 
P o p u l a t i o n  G e n e t i c s .  The U ~ i v e r s i t y  o f  Texas ~rad~ate 
S¢:hool o f  B iomedica l  Scier~.e~.  Rousto~, Te-.~a~. 

The o r i 8 i n  o f  s p e c i f i c  human p o l ~ l a t i o r m  has 
a [ v a y s  ~ an i n t r i g u i ~  q ~ t i o n  t o  b i o l o g i c a l  
a n t h o p o l o g i s t s .  Mhi le  ~ r | y  ~ r k s  on t h i s  s u b j ~  r ~ l i ~ d  
f~  t y p o l o g i c a l  p a t t e n ~  o f  h~m.m v a r i a t i ~ ,  r e c e n t  
. ~ n ~  i n  m o i ~ o a l a r  g e n e t i c s  make such  s t u d i ~  far 
more incisive: the [e~e| at which 8~ic variatio~ ca~ 
n ~  be  s t u d i e d  i s  ~ h  c l o s e r  t o  the u n d e r l y i n 8  
• o l e c ~ l a r  t y p i r ~  can  now be_ done  o~ p e o p l e  w4~o e x i s t e d  
s e v e r a l  thousand y e a r s  back ,  d a t i n 8  t h e  o r i g i n s  o f  
W~pu la t i  _o~s._ ca~- ~ . b e . ~  v i t h  a pr~cisio~ t h a t  was 
n o t  f e a ~ i b l e 4 r ~ m  t h e  t r a d i t l o n a I  b i o l o g i c a l  t r a i t s .  I n  
t h i s  W~s~ntati0~, p r e s e n t ' a t { m ,  p r e l i s i n a r y  d a t a  on  
m o l e c u l a r  v a r . i a t i o o  in  h e m  v i i i  be  ~ to ~ that 
p o ~ l a t i o n  g e n e t i c  t h ~ o r i A " : a r e  a v a i i a ~ l - e '  to u t i l i z e  
b i o c h e m i c a l  v a r i a t i o n  d ~ t ~ c t e d  a t  a m o l e c u l a r  l e v e l ,  
f r ~  @ i c h  p r e c i s e  g e n e t i c - p r o f i i ~ s  o f  p o p u l a t i o n s  can  
b~_ d e t e r m i n e d .  A n t h r o p o l o s i s t s ,  buma~ b i o l o s i s t s ,  a s  
w e l l  f o r e n s i c  s c i e n t i s t  can  p r o f i t a b l y  u s e  t he 
o ~ c e ~ .  ~ o f  8e~ic v a r i a t i o n s  - ~ o r ~ -  individuals, 
aiiovir~ reconstruction of past events of colonization 
.~d exlx~ion of po~ulations, from vhich ori8im of 
s r ~ i f i c  ~ p u l a t i c ~ s  o m  be p r e d i c t e d .  ( R e s e a r c h  
s , ~ p o r t e d  by RIH g r a n t  CN4-41399 

N* 9 1 - 1 1 1 0  FOI'~DECYT. 

HOHINIZACIOW I.'NA PERSPECTIVA BIOANTROPOLOG[CA E,*g~nio 
Aspi l |asa, ~,.~rt.~ento de. Antrf~o|osia y D~,ar#.~to 
de Anatoaw~ Nor~a|, U~iversidad de. CJlile. P.'~r,'~ urbl ma~ 
¢.~T,eensi¢~ d#lJ p~-~ de H~miniz~cid~ ~s r~sarlo 
r~xit.Jrse .~[ origm de |os prim.-Ites ~ gn~0 i ~ e  
<.o~o iJ1r~ 70  l i | [ o r ~  de .lf'w,s; y d i . ~ c u t i r  ~rl tor l r lo  a |.lkS 
.'~J.'Ipt .'~: i o r+~  y c.lr .~Tt.er i s t  i t :as cJ~- d ic{~o gru lK) ,  (@)e 
c<m.sLri l~)vm'~n a |a genes i s  de |a  ~wvJp ieda~s  b io lo1~ ic~s  
II+i3 [~Dt¢~'iO de~| ~ b r e  y qlle elrl Sll origcen <+~+~Ist. i t . u y +  
,m +*mj,mto de p rop ied .~ les  r~c . e sa r i a+  par,+ l a  . w ~ r i c i d ~  
de _ekst.e y de t  fez~;~en¢, ad,-~ptativo e x t r a  s ~ a t i m  <p~ 
[ l .m*+m o * I t u r a .  Es f ~ s i b l e  ~Je  i,~s r ~ s t r i c t i v a ~  
c f ~ J i c ' i q * l ~  d~.| medio arbores*,  pr*~.ici,'~r.=J i.-~ s e l e ~ c i c ~  
de v . ~ r i a b i | i d a d  b i o | f ~ i c a  ~f~n~sistente ~ *ma v i d a  
~+× i tos,~ ~ ,  d i c'~'~ merJ i o :  e.~ a s i  e¢~¢~ ,'ss[~ec:t.O~ I.,'S'I 

c~arrv,|[ad.~ d.W,.)cid~ d~. mi'~. y visif~ de. cwlor~s, 
e l  d e ~ a r r ~ l l o  de  .ire.l~ a .~mi :~ t iv . t s  + ,  e l  ceret*r~, .mi  
~ o  *m c~re4~. |o i ~ s  o - ~ l e j o  y o t r ~  c a r . ~ . t ~ r i s t i c ~  
rel.~.ion.-#d.-~S, l ~ , ~ ,  f:o~pr~rwJerSe eejor si se ~ a l i z a  
Los prestmtos -requ~ri~imtos vitales de l m  f~r imates 
p r i m i t i v ¢ ~  ~ su r e l , ~ . i d ~  c¢~ 1.'= v i d a  a r b o r e a ,  

A l i s t r a l o p h e d u s  a f m i s .  ~ 4 ) a b i e s e ~ , t e  f , ~  e l  
[ , r imer  nc~ in ido~  dcx~l~ todas l:*s pro~:,i#.dades b i o l d ~ i c ~  
ne :msar i :~s  pa ra  l.~ a p a r i c i c m  d e l  ~**bre  y l a  o ~ I t u r a  
e s t . ~ . m  ya ~sbozadas .  ha~.e , ~ * s  3 . 5  a #* e i l l ~ x ~ s  d~ 
.w'~s. ~ i~has $~op ied.~J~s se a s ~ t . a r . m  ,~r*a v e z  
" g . i t i l | . ~ , "  e l  f e ~ n < . ,  de+ l a  c s J l t u r a ,  prrg~-~blelente  po~ 
e l  ho~o n ~ b i l i s ,  h,'~.e ,Jr~s 2 , 8  a i l l r # ~ e s  d ~ . . - ~ .  L.~ 
c~J l t . l ra  .~ce lerarA e l  pr~e-a~, e r w n e ~ e ~ l t e .  ~ o ~ t r i f * J y ~ n d o  
:s h.'¢:c~r e x ~ ¢ : i . l l  e l  i ~c . re~e~to  de [a c a l f s | d a d  
£ ' r a n e . ~  h.lsf.a .'J Jc,lc~zar ~n i~rl p [ azo I U y  b r ~ . .  en 
tr~rmirw~s s ; # . ' r f ~ l u t i v , ~ s .  If~s | | s i t e s  de  r ~ s t r a  ~ r o p i a  
e s ~ c i e .  Es ta  , J l t i e a  en su v a r i e d a d  Homo s ~ p i ~  s a p i e n s  
se  ~n~.arg~r.i d~. o c ~ . ~ r  ca~si f.od~s los  ,'~p-w:.i,~. de 
r . J e s t r o  pL.meta ,  ir~..lmido "m+~str~ o r ~ t i n ~ t e .  A ~ r i c a .  
e l  c ~ l  cv~enzd a ~ i s t a r  h.~c.e ~ 4 ~ . 0 0 0  m y 
, ~ r ~ .  han t e n | d o .  I u s a r  i n t e r e ~ a n t e s  f ~  de. t i l ~  
• i c r o e ~ o l u t  i v o .  
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Simposios 
ORIGEN DEL HUMANO 

Coordinador: Dr. Cn'stidn Orrego 

SEO~RAFIA 6E~IC~ DE ~ I C A  : C/31qTRASTAND~ 
MODELO~ DE DESPLAZAMIENTO POBLAC I ON~L 
PRECOLOI~B I NI]~. ( S a n e  geoqraphy of South 
America : tes t ing  model s o~ pre-Col u~bi an 
populat ion displacements). F. Rothhamme~, C_~. 
S i l va  y E.Lloo. D~partae~nto B io log la  Celu lar  
y 6enet ica,  Facultad de Medic|ha, U~iversidad 
de Chi le  y Departamento de Mate~Atica y 
Computaci6n~ Facultad de Cleric|as, Us |ve rs t -  
dad de Santiago. 

Aprovechando avances rec len tes  ~e la  
g ra l i cac i0n  comoutarizada se han presentado 
Ins resultados del t ra tamiento e s t a ~ i s t i c o  
mul t ivar iado de ~recuencias g~nxcas pars 
determznadas Areas geogrAficas en Torts 0e 
mapas s in t~ t i cos  de var iac i6n gen@tica. Estos 
mapas ban sido u t i l i z a d o s  para poner a prueba 
h ;o~tes is  sobre la dxfusidn de la a g r i c u l t u r a  
en Europa como t ambien sobre la  acci6n Oe 
~actores evo lu t ivos ,  tanto  a n i ve l  mundial 
como tambi~n para Norte, Centro y Suda~r i ca .  
Los resultados obtenidos para America en 
general son poco concluyentes debi~o al 
pequeRo numero de sistemas genet lcos i n c l u i -  
dos en el anAl |s is .  En esta ocasi6n presenta- 
remos mapas s i n t e t i c o s  de Trecuencxas genicas 
pars Sudamerica u t i l i z a n d o  el mayor n0mero 
posxble de sistemas. Posteriormente u t i l i z a -  
ramps estas representaciones grA~icas para 
poner a prue~a modelos de desplazamiento 
poblacional precolombinos. 

D4PACT OF N)LECIJLAR GENE'I"I~S lld STUDYING ( ~ I G l l l  OF ~24A~ 
POPULAT IO~S. 

R.m.zj i t  O ,akra lx~r ty .  C e n t e r  f o r  D e t o ~ r @ i c  .~zl 
P ~ , ~ l a t i o n  G e n e t i c s .  The l J ~ i v e r s i t y  o f  Texas  G r a d u a t e  
S¢:#w~ol o f  B i o m e d i c a l  Sc. iev~.e~. Nou~t~. Texas .  

The. o r i 8 i n  o f  s p e c i f i c  htman p o p u l a t i ~  ham 
.~lw.'~ys beer, ~ i n t r i g u i n 8  q u e ~ t i c ~  t o  b i o l o l g i c a l  
. m t . b c ~ o l o s i s t s .  Mhi le  e ~ r l y  works cm t h i s  s u b j ~  r e l i a d  
r~ t y ~ l o 8 i c a l  p a t t e r n s  o f  htman v a r i a t i o n ,  r e ~ e ~ t  
• ~a#v~nces in  m o l e c u l a r  g e n e t i c s  wake such  - s t u d i e ~  f a r  
s¢~-e i r ¢ i s i v e ;  t h e  l e v e l  a t  which 8ene~ ic  v a r i a t i o n  c a n  
now be s t u d i e d  i s  B ~ h  c l o s e r  t o  t h e  t m d ~ r l y i n ~  
so le~-~ la r  t y p i ~  c ~  now be. done  on p e o p l e  who e x i s t e d  
s e v e r a l  t ~ a n d  y e a r s  b~ck, d a t i ~  t h e  o r i s i m  o f  
Wav,~lat ions  car,  now be done  w i t h  a p r ~ c i s i o ~  t h a t  was 
n o t  f e a s i b l e  from t h e  t r a d i t i o n a l  b i o l o g i c a l  t r a i t s .  I n  
t h i s  p r e s e n t a t i o n .  " p r e s e n t a t i o n ,  p r e l i m i n a r y  d a t a  on 
w ~ l e c u l a r  v a r i a t i o n  i n  h tmm~ w i l l  be  used  t o  show t h a t  
W ~ l : s t i o n  g e n e t i c  t h e o r i e s  a r e  a v a i l a b l e  t o  u t i l i z e  
b i ~ i c a l  v a r i a t i o n  d e t e c t e d  a t  a a o l e c ~ I m -  l e v e l ,  
f r o *  ~ i c h  tm-ecise g e n e t i c  p r o f i l e s  o f  I x ~ u l a t i o n s  can  
be. d e t e r m i n e d .  A n t h r o p o l o g i s t s ,  human b i o l o g i s t s ,  a s  
w e l l  as " f o r e - - s i C  s c i e r l t i S t  c m  p r o f i t a b l y  use  the 
concep t  o f  8 e n e t i c  v a r i a t i o n s  amon~ i n d i v i d u a l s ,  
,~1 lo~ ing  r e c o n s t r u c t i o n  o f  p a s t  e v e n t s  o f  c ~ l o n i z a t i o n  
• ~ e x p a n s i o n  o f  I ~ p u l a t i ~ r ~ ,  from ~ h i c h  o r i g i n s  o f  
specific p o p u l a r i z e r s  c,m be predicted. (Rases-oh 
s,Jpport.ed by NIH 8 r a ~ t  61~b-A1399 

S~J~NT N" 91-1110 FONDECY'r .  

HOHI~IZ.~.IO~ L'NA PERSPECT[VA 8IOANTROPOLOGICA Eugenio 
Asp i | i a8 .1 .  D~,~rt . .~e~to d~. AntrrA~Jlosia  y D~,art .a~ento 
de Anatoal.~ N~>rbal. L~ivers id ,~d de. C h i l e .  Pa rs  ;Jllrl*) S a y ~  
¢~*t~rensidn d*F p ~  de Hc~siniz~cid~ es  n e c e s a r i o  
r e ~ x , t : , r s e  .-,l o r i s e n  de los  p r i s . ' , t e~  crmo gr~#~>, h a t e  
co.J.  , n ~ s  70 s i l l r .~-es  de .-iw~s; y d i s ~ J t i r  e~, t~-1~r~ .I l.~s 
:~l,'~pt.w:ior~ y c . l r . ~ . t ~ v i s t i c a s  r ~  d i c h o  8 r ~ , o .  qq~e. 
~Jo.strib.wes.Tm a la g e n e s i s  de  la  prf.~,ied.wJes b i o D ~ s i ¢ ~  
m.i~ r , 6 t o r i o  d~l  hrmbre y q1~e "e~n szJ ori~e~rz c~r.,nst, it.uye~rAn 
,#n (+anj,jr,l.o de prv, pied.~de~ necesar i .~s  p a r s  la  a p a r i c i d ~  
de ~ f . e  y d e l  fer~mevwJ ,~'J.~f,t,:ttivo ex t . ra  .~rm&tioo 
I l , ~ * . ~ s  £~Jl tura.  F_.~ f,cxsible q*~e | a s  r e ~ s t . r i c t i v ~  

c~x~Jici~x,e'~ de l  s ~ i o  arboreta, prr~,ici.~rA la  s e l e c t i o n  
de v a r i a b i l  id.zd b io log ic -a  cYx~siste~t.e c ~  *ms v i d a  
e×itos.-~ ~* dicf~o s ~ J i o :  e l  a s i  ~ .'*sf~c:tos t .m 
c',~r.w:t.eYrist i o r~  d e l  F I r ~ e  c * ~  s~'~ s,J e.~p.~-_idad 

d,~.~rr-~l l .~da c.~p.~.idad de e~toq,~, y v i s i ~  de o01orem. 
e l  d e S a r r . ) l l o  de .~re,~s ,~*c i . '~ t ivas  e~, e l  c a r e t s .  .mi 

• I ~  cvmf,lejo y otr~ car,~-teristicas 

Ins ~reltmtf~ requer imievz tos  v i t a l e s  de I ~  [~rimate~ 
prisitiw~s eo su reiacid~ c~m l.-~ vida .'srbdre.~. 

A l i s t r a l o p h e d u m  a f a r e ~ s i s ,  p r ~ b l e s e ~ , t e  t',~. e l  
p r i s ~ r  n ~ i n i r ~  dr~wk t o d . ~  1:~ p ~ r ~ i ~ . w J ~  b i o l o s i c a ~  
n~c.e~.~ri.~s p.~r.l la  a p a r i c i ~ n  ~.1 I ~ s b r e  y I.'~ c ~ l t u r a  
e l t . ~ n  ya ~ b o z a d a s ,  h a t e  ,m~m 3..5 a 4 * i l l ~  de 
. - i~s .  ~ ichas  ~r*~, i ed.~-a~ s e  a s e ~ t  a r . ~  ,m.! v~z 
" s a t i l l . ~ , "  e l  t'e~¢~emo de. la ~ l t u r a .  p r o b ~ b l ~ n t e  po~ 
e l  hoao . . ~ b i l l s .  h,'~e urms 2 , 8  n i l l ~  de . ' ~ s .  L.J 

c~dt.*ma ,~'ele~rar& e l  p~Tc.e~j erw~r~e~e~te. ~ m t . r i f ~ y e v w t o  
.'* h.-~,..e~r extw~er~:ial el ira.re,seato de la  c'.'~p.'~id.~d 
c'rane:m~ hast . )  a l c a z a r  ~n ,m p i . l z o  ,suy t~reve. ,m 
t.er~ir,o.s s. '~"roew'Hutiw~s, l¢~s l iwite~s de  r~e~tr ,~ p r o ~ i a  
e ~ . i e .  Es ta  , i l t i s a  e~ su varied.~d Homo s ~ p i ~ - ~  s ~ p i e ~ s  
se e~c..~rSar, t de ~ e~si todos  l os  e~p~ . io~  de 
r~aestr~ p I . m e t a ,  in~. lu ido n u ~ t r o  c o n t i r ~ t t e .  Am~ric.). 
e l  o ~ ) I  crme~zd  a ~ i s t a r  h.~:e urtos ~ 0 . 0 0 0  .m~os" v 
~ w ~  h.m t e n i d o  i u s a r  in tere.~.~nte l  f ~ e r ~ s  de t i l ~  
s i c r o e v o  fur . ivy.  
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Inclusion of Data on Relatives for Estimation 
of Allele Frequencies 

T0 the Editor: 

In a recent issue of the Journal,  Boehnke (1991) sug- 
gests a general method for estimating allele (or haplo- 
type) frequencies from data on relatives. He provides 
the maximum likelihood estimates of allele frequen- 

-cies foi" any arbitrary structure of pedigree relation- 
ships among relatives. It is a clever application of the 
maximum i~kelihood method originally designed for 
pedigree analysis. Nevertheless, in support o f  this 
method a few remarks may be added that might be 
particularly helpful-t0 the users who are unfamiliar 
with the literature in this area of research. 

First, it may be not e_d that the inclusion of relatives 
for estimating allelefrequencies at a locus has a com- 
paratively long history in human genetics. Fisher 
(1940) examined the effect that inclusion of relatives 
had on the estimate Of the proportion of recessives in 
the poi~ulation; for estimating allele frequencies and 
their precision Cotterman C1947) developed a weight- 
ing_system from family data by using the maximum 
like!ihgod_pringjpl_e. Fin__ney: (19_48a , 1948b ! and 
Smith (1957) suggested alternative methods to address 
the same problem. Finally, Chakraborty (1978), in an 
appendix to the work of Ferrell et al. (1978), suggested 
a combinatorial approach, showing that, in addition 
to the estimation of allele frequencies, one can esti- 
mate the number of independent genes sampled in a 
survey that includes data on relatives. In principle, 
While Boehnke's (1991) method is based on similar 
logic , none of the above developments of this subject 
is referred to in his work. 

Second, the versatility of the computer algorithms, 
such as MENDEL (Lange e t  al. 1988), yields allele 
frequency estimates at any locus even if the latter has 
a complex mode of inheritance, while all previous at- 
tempts deal wfth simple Mendelian cransmission rules 
and specific family structures. However, the estimate 
of the equivalent number of alleles, given by Boehnke 
(1991), needs an extra Cautionary remark. It should 
not be equated to the number of independent genes 
sampled, derived by Chakraborty (1978). In a set of 
family data the number of independent genes sampled 
is truly a random variable (let us denote it by N), 
whose expectation and variance can be analytically 
obtained from therelationshipsamong individuals in- 
cluded in the analysis. Chakraborty (1978) showed 
that the distribution of N in family data is dependent 
on the family structure and size. For example, in a 
nuclear family with genotype information available on 
both parents and s children, N becomes 4, irrespective 
of s, and hence the offspring genotypes do not give any 
extra information when all alleles are codominara. In 
fact, for a codominant 10cus,the inclusion of offspring 
genotypes when both parental genotypes are known 
introduces_err0rs of random fluctuation of Mendelian 
segregation ratios. 

When genotypic data are available'only on s (>/1) 
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sibs, N can take values 2, 3, and 4, with mean and 
variance given by 

E(N) = 4 (2 ' -  1)/2', (i) 

and 

V(N) = 16-(28/2')+(8/4"),EZ(N), (2) 

so that the ratio of the expected number of indepen- 
dent genes sampled to the total nurr/ber of alleles as- 
sayed, E(N)/2s, can be quite small, because E(N)~4 
as s ~oo. Chakraborty (1978) also considered more 
complex situations, such as the inclusion of individu- 
als with one parent, s -  1 of his/her sibs, and k off- 
spring tested. On the basis of such evaluations, it was 
shown that it might be n-ecessary to attach~differ~nt 
weights to genotype data on individuals belonging to 
different generations, to arrive at a statistically consis- 
tent estimator of allele frequencies. Although Boehn- 
ke's (1991 ) likelihood function (represented by his eq. 
[1]) accomplishes that, his n* (equivalent number of 
alleles sampled) does not truly represent N. This is so 
because n" depends on the estimated allele frequency 
as well as on the family structure and size, while N is 
independent of the allele frequency estimates. There- 
fore, for a given data structure, N will remain the same 
for all alleles, while n* can vary substantially over 
alleles. 

Furthermore, a more intricate p rob_lem - relate s to  
the reference population for which allele frequency 
estimatesare being sought: Is it the entire collection of 
individuals in a given space at a given point0f  time, 
or does it relate to individuals of different generations 
recorded at a particular point of time? Population biol- 
ogists interested in allele frequency estimates may ap- 
proach the task of estimating allele frequencies by de- 
pending on the definition of the reference population 
used. Some might prefer to ignore the relationship 
structure altogether, and others may prefer to fol- 
low either the weighting schemes suggested earlier or 
Boehnke's suggested algorithm. 

Boehnke's (1991) work is reassuring in the sense 
that, like his predecessor s , he also concludes that ig- 
noring the familial relationship does nofintroduce any 
systematic bias into allele frequency estimates; it only 
makes the allele frequency estimates appear more pre- 
cise than they actually are. Therefore, inclusion of 
relatedness might be extremely important when one 
compares allele frequencies between samples that have 
large differences in their family structures, particularly 

when the'alleles are rare, such as is the case with re- 
cently arisen mutations (e.g., see Neel et al. 1988). 

RANAII'I" CHAKRABORTY 
Center for Demographic and PopulationGenetics 
University of Texas Graduate School of 

Biomedical Sciences 
Houston 
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Reply to Chakraborty 

To the Editor: 

I thank Dr. Chakraborty for pointing out several refer- 
ences that describe other methods for allele frequency 
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Inclusion of Data on Relatives for Estimation 
of Allele Frequencies 

To the Editor: 

In a recent issue of the Journal, Boehnke (1991) sug- 
gests a general method for estimating allele (or haplo- 
type) frequencies from data on relatives. He provides 
the maximum likelihood estimates of allele frequen- 

cies for any arbitrary structure of pedigree relation- 
ships among relatives. It is a clever application of the 
maximum likelihood method originally' designed for 
pedigree analysis. Nevertheless, in support of this 
method a few remarks may be added that might be 
particularly helpful to the users who are unfamiliar 
with the literature in this area of research. 

First, it may be noted that the inclusion of relatives 
for estimating allele frequencies at a locus has a com- 
paratively long history in human genetics. Fisher 
(1940) examined the effect that inclusion of relatives 
had on the estimate of the proportion of recessives in 
the population; for estimating allele frequencies and 
their precision Cotterman (1947) developed a weight- 
ing system from family data by using the maximum 
likelihood principle. Finney (1948a, 1948b) and 
Smith (1957) suggested ahernative methods to address 
the same problem. Finally, Chakraborty (1978), in an 
appendix to the work of Ferrell et al. (1978), suggested 
a combinatorial approach, showing that, in addition 
to the estimation of allele frequencies, one can esti- 
mate the number of independent genes sampled in a 
survey that includes data on relatives. In principle, 
while Boehnke's (1991) method is based on similar 
logic, none of the above developments of this subject 
is referred to in his work. 

Second, the versatility of the computer algorithms, 
such as MENDEL (Lange et al. 1988), yields allele 
frequency estimates at any locus even if the latter has 
a complex mode of inheritance, while all previous at- 
tempts deal with simple Mendelian eransmission rules 
and specific family structures. However, the estimate 
of the equivalent number of alleles, given by Boehnke 
(1991), needs an extra cautionary remark. It should 
not be equated to the number of independent genes 
sampled, derived by Chakraborty (1978). In a set of 
family data the number of independent genes sampled 
is truly a random variable (let us denote it by N), 
whose expectation and variance can-be analytically 
obtained from the relationships among individuals in- 
cluded in the analysis. Chakraborty (1978) showed 
that the distribution of N in family data is dependent 
on the family structure and size. For example, in a 
nuclear family with genotype information available on 
both parents and s children, N becomes 4, irrespective 
of s, and hence the offspring genotypes do not give any 
extra information when all alleles are codominarrt. In 
fact, for a cod0minant locus, the inclusion of offspring 
genotypes when both parental genotypes are known 
introduces errors of random fluctuation of Mendelian 
segregation ratios. 

When genotypic data are available only on s (>11) 
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sibs, N can take values 2, 3, and 4, with mean and 
variance given by 

E,(N) = 4(2'- 1)/2', (i) 

and 

V(N) = 16-(28/2')+(8/4')-EZ(N), (2) 

so that the ratio of the expected number of indepen- 
dent genes sampled to the total number of alleles as- 
sayed, E(N)/2s, can be quite small, because E(N)~4 
as s "~°°. Chakraborty (1978) also considered more 
complex situations, such as the inclusion of individu- 
als with one parent, s :- 1 of  his/her sibs, and k off- 
spring tested. On the basis of such evaluations, it was 
shown that it might be necessary to attach different 
weights to genotype data on individuals belonging to 
different generations, to arrive at a statistically consis- 
tent estimator of allele frequencies, Although Boehn- 
ke's (1991 ) likelihood function (represented by his eq. 
[1]) accomplishes that, his n* (equivalent number of 
alleles sampled) does not truly represent N. This is so 
because n* depends on the estimated allele frequency 
as well as on the family Structure and size, while N is 
independent of the allele frequency estimates. There- 
fore, for a given data structure, N will remain the same 
for all alleles, while n* can vary substantially over 
alleles. 

Furthermore, a more intricate problem relates to 
the reference population for which allele frequency 
estimates are being sought. Is it the entire collection of 
individuals in a given space at a given point 0f time, 
or does it relate to individuals of different generations 
recorded at a particula r point of time? Population biol- 
ogists interested in allele frequency estimates may ap- 
proach the task of estimating allele frequencies by de- 
pending on the definition of the reference population 
used. Some might prefer to ignore the relationship 
structure altogether, and others may prefer to fol- 
low either the weighting schemes suggested earlier or 
Boehnke's suggested algorithm. 

Boehnke's (1991.) work is reassuring in the sense 
that, like his predecessors, he also c0ncludesthat ig- 
noring the familial relationship does_not - introduce any 
systematic bias into allele frequency estimates; it only 
makes the allele frequency estimates appear more pre- 
cise than they actually are. Therefore, inclusion of 
relatedness might be extremely important when One 
compares allele frequencies between samples that have 
large differences in their family structures, particularly 

when the alleles are rare, such as is the case with re- 
cently arisen mutations (e.g., see Neel et al. 1988). 

RANAI1T CHAKRABORTY 
Center for Demographic and Population Genetics 
University of Texas Graduate School of 

Biomedical Sciences 
Houston 
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Reply to Chakraborty 

To the Editor: 

I thank Dr. Chakraborty for pointing out several refer- 
ences that describe other methods for allele frequency 
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Statistical Interpertation of DlqA Typing Data 

To The Editor: 

Both the invited editorial by Lander (1991) and similar 
earlier commentaries on the subject of courtroom ap- 
plications of DNA typing data have led to numerous 
argumentsthat simply defy well-known human popu- 
lation-genetic principles. In such criticisms, the au- 
thorsemlpl6y_a !ogicthat may be called "reverse logic," 
whose mathematical validity is highly questionable. It 
is true that population substructure leads to genotypic 
proportions that deviate from Hardy-Weinberg expec- 
tations (HWE). Population substructure also pro- 
duces gametic (as well as nongametic) disequilibria. 
These are well-known population-genetic principles. 
But Lander (1989a, 1989b, 1991) and others (e.g., 
see Cohen 1990) fail to recognize that there are other 
factors, particulai:l~)~fele~.;ant-t6 ~fie RFLP ~ahalysis of 
DNA typing, which may produce these end results. 
Therefore, from the 0bserved deviation from HWE 
and from an observed linkage disequilibrium, one can- 
not necessarily infer" population substructure. It is 
unfortunate that in the peer-reviewed journals the 
above-mentioned authors have been allowed to make 
this inference without validating whether other associ- 
ated features of DNA typing data conform to the sub- 
structuring hypothesis. 

First, one might note that deviations from HWE, in 
the direction of deficiency of overall proportions of 
heterozygotes, have been noted in the DNA typing 
data in binned classification of alleles (Budowle et al. 

1991). In contrast, it is demonstrated that, when we 
consider both the incomplete resolution of similar- 
sized alleles and measuremental errors of allele sizing, 
no deviation from HWE is detected (Devlin et al. 
1990). One could argue that such tests do not have 
sufficient statistical power for detection of deviation 
from HWE. To ameliorate this problem, population 
data . . . . . .  frO/n several law-enforcement agencies have been 
subjected to nonparametric correlation analyses to 
check whether alleles of different sizes aggregate in any 
nonrandom fashion to form DNA types of individuals. 
Sgch test-s, when properly applied (considering that 
the paternal and materal alleles cannot be distin- 
giai~h-ed- iri individuals in a p-opialation data base), 
resul~ in no deviation from HWE. A correlation mea- 
sure, briginaliy devised for any general continuous 
trait with unknown (and possibly complex-shape) dis- 
tribution (Karlin 1981), has substantially more power 
for detection of deviation from HWE. It can also be 
Shown-that Karlin's (1981 ) nonparametric correlation 
measure applies for quasi-continuous traits such as 
allele sizes at VNTR loci; it is distribution free, and 
its expectation can be derived even if nonrandom ag- 
gregation of alleles within individauls occurs because 
of population substructuring. These results indicate 
that, even if populations such as U.S. Caucasians, 
U~S. blacks, or Hispanics are truly substructured, 
their consequence on deviations from HWE is only 
trivial and cannot produce effects as gross as the ones 
indicated in the fictitious examples given (e.g., see Co- 
hen 1990). Furthermore, even though it is well known 
that in RFLP analysis by Southern blot protocol the 
p dssibility exfsts that certain alleles of extreme sizes 
may remain undetected, Lander and others pay no 
attention to this in explaining the observed heterozy - 
gote deficiency. There is a voluminous literature (e.g., 
see Skibinski et al. 1983; Gart and Namm 1984; and 
citffd-r~f~-r6fice~) th-a~ deals with Such issues. It can 
be shown that even an extent of 6%-10% overall 
heterozygote deficiency can be explained if the fre- 
quency of such "nondetectable" alleles is 3 % - 6 % .  
Samples of quite large sizes (e.g., more than 1,500- 
5,000 individuals/population) would be required for 
one to observe any single homozygote individual both 
of whose alleles are nondetectable. Even if this is 
found, there is no way to distinguish this type from 
those due to other vagaries of DNA typing (such as 
DNA degradation, insufficient DNA, etc.). Therefore, 
covert non-detectability of extreme-size alleles is a 
much simpler explanation of heterozygote deficiency 
of binned allele data. 
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Second, if the observed deviations from HWE were 
truly due to subst[uctu_ ring,_~[h3t natur_e _o_f_subs__t_ruct- 
uring (in terms of both the number of subpopulations 
and their evolutionary time of divergence)cari p-rod~lce 
such an extent of deviation can be shown. Such analy- 
ses reveal that, if we were to generate a 10% propor- 
tional heterozygote deficiency at a VNTR locus that 
has 90% heterozygosity, we have to invoke more than 
20-30 subpopulations each of which should not have 
exchanged any gene among them for more than 
40,000 years since their divergence from a common 
ancestry. This is clearly contrary t'o the origin and 
demography of the U.S. populations, where even 
among the orthodox religious populations the  gene 
migration has been rather substantial (at least of the 
order of 10%/generation during the last century; e.g., 
see Kennedy 1944). Lander also fails to note that Lew- 
ontin's (1972) observat ion- i .e . ,  that mean genetic 
difference between populations is far too small com- 
pared with genetic variation within popula t ions-has  
been validated with a concept of populations that is 
much narrower than that of racial classification (e.g., 
see Chakraborty and Leimer 1986; Nei' 1987). 

Third, although Lander and others (e.g., see Cohen 
1990) claim that there are substantial linkage disequi- 
libria among VNTR alleles of unlinked loci, no spe- 
cific data has been shown to this effect. Because of 
the presence of multiple alleles at  such loci, 5his is 
particularly important, sincethe methods Of estima- 
tion and detection of such multiallelic disequilibria 
are on a relatively softer ground. Applications of a 
recently proposed method (Hermindez and Weir 
1989) in specific case studies (for qourtroom ~!pEljca- 
tions) reveal no disequilibria. Therefore, in the ab- 
sence of any solid data on the extent of djs eqqilib_ria, 
the claim that nonrandom aggregation of alleles of 
unlinked loci exists in individuals should not have 
been published in any peer-reviewed journal. In anal- 
ogy with the departure from HWE, one Can easily 
show that, for subpopulations that diverged from their 
common ancestry during the past I0,000-15,000 
year s (which would be the extreme for U.S. Cauca- 
sians, U.S. blacks, and U.S. Hispanics) and that ex- 
changed genes among themselves, linkage disequilib- 
ria cannot a t ta inany significant value at all. Cohen's 
(1990) numerical illustration requires linkage disequi:- 
libria that can b-e produced only if tke subpopulations 
represent different species~ I do not think that any 
human genetics will support such a statistical view! 

Finally, if there are technical limitations to the RFLP 
analysis of DNA typing that generate deviation from 

the square law (HWE) or multiplication rule (linkage 
equilibria), the question is, Can we devise any modifi- 
cation to guard against biased probability calculation? 
The answer is yes! This is so, becadse, first, if there are 
covert nondetectable alleles, the gene-count method of 
estimating allele frequencies already gives overesti- 
mates of allele fre.quende_s,~Second,_ b inning:p_rovide s 
further cushions for allele-frequency estimates, cush- 
ions that are much larger than the expected devia- 
t i o n s -  and, when binning is used inconjunction with 
the use of 2p for the frequency of homozygotes 
(single-band patterns), this cushion is even greater .  
All these lead to estimations of chance occurrence of 
specific DNA types that can be biased only in the up- 
ward direction, establishing an objectivity in statistical 
interpretation of DNA typing d a t a -  an objectivity not 
portrayed in Lander's editorial. 

RANAIIT CHAKRABORTY 

Center for Demographic and Population Genetics 
University of Texas Graduate School 

of Biomedical Sciences 
Houston 
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Statistical Interpertation of DNA Typing Data 

To The Editor: 

Both the invited editorial by Lander (1991) and similar 
earlier commentaries on the subject of courtroom ap- 
plications of DNA-typing datahave led to numerous 
a/gtiments ih~-~'simply def~ well-known human popu- 
lation-genetic principles~ In suc h criticisms, the au- 
thors employ a logic thatmay be called "reverse logic," 
whose mathematical validity is highly questionable. It 
is true that population substructure leads to genotypic 
proportions that deviate from Hardy-Weinberg expec- 
tations (HWE). Population substructure also pro- 
duces gametic (as well as nongametic) disequilibria. 
These are well-known population-genetic principles. 
But Lander (1989a, 1989b, 1991) and others (e.g., 
see Cohen I990) fail to recognize that there are other 
factors, particularly relevant to the RFLP analysis of 
DNA typing, which may produce these end results. 
Therefore, from the Observed deviation from HWE 
and fro m anobserved linkage disequilibrium, one can- 
not necessarily infer population substructure. It is 
unfortunate that in the peer-reviewed journals the 
above-mentioned authors have been allowed to make 
this inference without validating whether other associ- 
ated features of DNA tyibing data conform to the sub- 
structuring hypothesis. 

First, one might note that deviations from HWE, in 
the direction of deficiency of Overall proportions of 
heterozygotes, have been notedin the DNA typing 
data in binned classification of alleles (Budowle et al. 

1991). In contrast, it is demonstrated that, when we 
c0nsider both the incomplete resolution of similar- 
sized alleles and measuremental errors of allele sizing, 
no deviation from HWE is detected (Devlin et al. 
1990). One could argue that such tests do not have 
sumcient statistical power for detection of deviation 
from HWE. To ameliorate thi s problem, population 
data from several law-enforcement agencies have been 
subjected to nonparametric correlation analyses to 

check whether alleles of different sizes aggregate in any 
nonrandom fashion to form DNA types of individuals. 
Such tests, when properly applied (considering that 
the paternal and materal alleles cannot be distin- 
guished in individuals in a population data base), 
result in no deviation from HWE. A correlation mea- 
sure, brtginally devised for any general continuous 
trait with unknown (and possibly complex-shape) dis- 
tribution ii<ar]in 1 §8-fi,has.substantially more power 
for detection of" deviation from HWE. It can also be 
shown that Karlin's (198 ] ) nonparametric correlation 
measure applies for quasi-continuous traits such as 
allele sizes at VNTR loci; it is distribution free, and 
its expectation can be derived even if nonrandom ag- 
gregation of alleles within individauls occurs because 
of population substructuring. These results indicate 
that, even if populations such as U.S. Caucasians, 
[I.S. blacks, or Hispamcs are truly substructured, 
their, consequence on deviations from HWE is only 
trivial and cannot produce effects as gross as the ones 
indicated in the fictinous examples given (e.g., see Co- 
hen 1990). Furthermore, even though it is well known 
that in RFLP analysis by Sout_hern blot protocol the 
possibility exists that certain alleles of extreme sizes 
may remajn[u_ndetected, Lander and others pay no 
attention to this in explaining the observed heterozy- 
gote deficiency. There is a voluminous literature (e.g., 
see Skibinski et al. 1983; Gart and Namm 1984; and 
cited refei'ences) that deals with such issues. It can 
be shown that even an extent of 6%-10% overall 
heterozygote deficiency can be explained if the fre- 
quency of such "nondetectable" alleles is 3%-6%.  
Samples of quite large sizes (e.g., more than 1,500- 
5,000 individuals/population) would be required for 
one to observe any single homozygote individual both 
of whose alleles are nondetectable. Even if this is 
found, there is no way to distinguish this type from 
those due to othei" vagaries Of DNA typing (such as 
DNA degradation, insufficient DNA, etc.). Therefore, 
covert nondetectability of ext/'eme-size alleles is a 
much simplerexplanation of heterozygote deficiency 
of binned allele data. 
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Second, if the observed deviations from HWE were 
truly due to substructuring, what nature of substruct- 
uring (in terms of both th/~ ntihlbei'-of~gubpopfil~tiOi-is 
and their evohltionary time of divergence ) can prodUce 
such an extent of deviation can be shown. Such ~ihaly- 
ses reveal that, if we were to generate a 10% propor- 
tional heterozygote deficiency at a VNTR locus that 
has 90% heter0zygosity, We haveto invoke more than 
20-30 subpopulations each of which should not have 
I/xchanged any gene among them for more than 
40,000 years since their divergence from a common 
ancestry. This is clearly contrary to the origin and 
demography of the U.S. populations, where even 
among the orthodox religious populations the gene 
migration has been rather substantial (at least of the 
order of 10%/generation during the last century; e:g., 
see Kennedy 1944). Lander also fails to note that Lew- 
ontin's (1972) observation-i .e . ,  that mean genetic 
difference between populations is far too small com- 
pared with genetic variation within populations= has 
been validated with a concept of populations that is 
much narrower than that of racial classification (e.g., 
see Chakraborty and Leimer 1986; Nei 1987). 

Third, although Lander and others (e.g., see Cohen 
1990) claim that there are substantial linkage disequi- 
libria among VNTR alleles Of unlinked loci, no spe- 
cific data has been shown to this effect. Because of 
the presence of multiple alleles at such loci, this is 
particularly important, since the methods of estima- 
tion and detection of such multiallelic disequilibria 
are on a relatively softer ground. Applications of a 
recently proposed method (Hernfindez and Weir 
1989) in specific case studies (for courtroom applica- 
tions) reveal no disequilibria. Therefore, in the ab- 
sence of any solid data off the extent of disequilibria, 
the claim that nonrafidom aggregation of alleles of 
unlinked loci exists in individuals should not have 
been published in any peer-reviewed journal. In anal- 
ogy with the departure from HWE, one can easily 
show that, for subpopulations that diverged from their 
common ancestry during thepas t  10,000-15,000 
years (which would be the extreme for U.S. Cauca- 
sians, U.S. blacks, and U.S. Hispanics) and that ex- 
changedgenes among themselves, linkage disequilib- 
ria cannot attain any significant value at all. Cohen's 
(1990) numerical illustration requires linkagedisequi- 
libria that can be produced only if the subpopulations 
represent different species. 1 do not think that any 
human genetics will support such a statistical view! 

Finally, if there are technical limitations to the RFLP 
analysis of DNA typing that generate deviation from 

the square law (HWE) or multiplication rule (linkage 
equilibria), the question is, Can we devise any modifi- 
cation t6 guard agaiia~t-tSi a-s-e=d-p=folSabili~, c-alculh t ion ? 
The answer is yes! This is so, because, first, if there are 
covert nondetectable alleles, the gene-count method of 
estimating allele frequencies already gives overesti- 
mates of allele frequencies. Second, binning provides 
further cushions for allele-frequency estimates, cush- 
ions that are much larger than the expected devia- 
t i ons -  and, when binning is used in conjunction with 
the use of 2p for the frequency of homozygotes 
(single-band patterns), this cushion is even greater. 
All these lead to estimations of chance occurrence of 
specific DNA types that can be biased only in the up- 
ward direction, establishing an objectivity in statistical 
interpretation of DNA typing d a t a -  an objectivity not 
portrayed in Lander's editorial. 

RANAIIT CHAKRABORTY 

Center for  Demographic and Population Genetics 
University of Texas Graduate School 

of Biomedical Sciences" 
Houston 
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-pop.latio~.~e.ei;ea d-hyper~,ariable l~.i.R.Cha~m~.-Gen~twJ Centw, 
Graduatg Scho~ ~ ~om4~r.al Sc~e~c~. Univ. of T ~ s  Health Soe~ Centre. 

Houston, Texas. USA. 
*T~n human aenome coeta;ns • lar$~ number of Io~ •t whirl= t~  k=vd of 

polymorphism is exUemeq hlgh (often exceeding US%). This-hyl>ervanal~l;ty 
i~ produced by'copy numc, er vari•6o, of tandem repeats of core S~q~K=S t)at 
vary from locos to locus, ano are dttectal~ eitker b) Southern |ld etecuo~hor~s~s 
or by pdymerase chain reaction (PCR)-based methods. PCR-I~s~d mctho4s 
make all~li¢ varialions Ms~t to deleCt. The mechanisms ol i~odlKI)oe of new 
alleles at such hypervarlable loci differ substanUally from those at bradilional 
i~otein-coding loci. Nevertheless. emph'ical observatlol~s on |emeUc varlat~l 
wlthm and between human IFOUpS as weft as int~specific comoa~iso~s betw~n 
man and chimpanzee suggest that the evoJuUonary models used foe p~o(ein data 
provide ~mportant ins~|ht about population structure and genetic differen1~tuo* 
from data on hypervatiaMe loci. In comparison with the pro;me IocJ. the 
hypervariable io~ exhil:~t • greater extent of inter.locus va.at~ caused by 
their high mutatio~ ratos, about 10- to SO-fold larger than that at the ~rotmn- 
coding loci The PCR-based protocols fo* assaying genetic varuatme at such 
loci are better suited for evolutionary studies, although Soulhern |d data •l=o 
can be used provided ixecautionsry measures are adopted to take mccoont of 
impedect resolution of alleles in such data. (Research supported by grant Gld 
4139g from NIH and 90-U-CX-O038 from NIJ) 
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~utatlons In t~e GePO molecule and their population 
J'.stribution. ~ Instituto National Oe la Nutrici6n 
Salvador Zubir~n, ~ x i c 0  Ci ty,  H~xtC0. 

Around 400 supposeoe|y un~0ue vat|ants of GePD have been 
~iocnemlcally cnaracterizeO. Most of tne~ were ident i f ied by 
i standardized methodology recommended in 1967 by the W.H.0. 
in spite of t~e above t~ere is some unavoidable degree of 
interiaborat0ry va r iab i l i t y  sucn as differences in commerclal 
reaqentS or In the degree of enzyme denaturation during 
storage and purification, and t~e Question of how many of 
these variants are truly unique is a real one. The cloning 
and sequencing of G-6-PD has made possible and entirely new 
approach for it's study and it Is alreaOy clear that variants 
t~at were suoposedely different are really identical and some 
tnougnt to be the same are heterogeneous. 

G-6-PD variants are distributed world wide and the most 
co, non one, A+, present )n 20$ of hlac~ African males has an A 
t) G transition at nuc|eotide 376. Ninety $ of the A- variants 
nave ~n addition a G to A transttlo~ at nucleotide 202 and tn 
a few DatIents the second mutation occurs at nucleotides 680 
:r %8. It has now been proven t~at G-6-PD's Betica {Spain), 
~atera (Italy), Alabama (U.S.A.). Teplc, Castilla and Distrtto 
:ederai (H~xicol are identical t: the A-, indicating t~e 
.~oespreaQ distribution of this African gene, Similar findings 
.~re Oetng encountered in G-6-PD Mediterranean, also widely 
~.) str;buted. 
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H i s t o r y  and g e o g r a p h y  o f  human g e n e s ,  A, P i a z z a *  
(11." P. Menozzi  (21. and L.L. C a v a l l i - S f o r z a  (3}. 
(1) Dpt. o f  G e n e t i c s ,  T o r i n o  U n i v e r s i t y ,  T o r i n v ,  
Italy, (2) I n s t ~  o f  Eco logy ,  Parma U n i v e r s i t y ,  
parma, Italy and (3) Dl~t. Of Genetics, Stanford 
University, Stenford, Cal£fornke0 USA. 

The geographical distribution of gene 
frequencies can provide insight into the 
e v o l u t i o n  of the various human populations. A 
major  problem o f  interpretation iS that g e n e t i c  
similarity may p o i n t  to a c o = m o n h i s t o r i c e l  
o r £ g i n ,  b u t  i t  may a l e o  be due t o  exper ience  o¢ 
similar geographical e n v i r o n m e n t s .  Nor should we 
forget that similar cultural ways of life may 
favour the su~ival of the same genes. 

Geography of human genes - as more thoroughly 
discussed in a forthcoming book by princeton 
U h i v e r s i t y  Press - seem t o  show a remarkable 
c o r r e l a t i o n  with a r c h a e o l o g i c a l  and linguistic 
dats. This means that a great deal of human 
divereity achieves a very simple explanation in 
history itself. As Gould (1989) pointed out "the 
primery signature o f  time and history i s  not 
effaced by immediate adaptation to ~ r e v a i l i n g  
c i r c u m s t a n c e s  o r  by r e c e n t  ep isodes  o f  conquest  
and amalgamation: we remain  the children o f  our 
psst'. In fact an interesting result of our 
analyses is that this past has been mostly f rozen  
in the memory o f  all ou r  genes. 
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Genetics and the peopling of the ;mertcas. £. J. E. S z a t ~ r y .  
Univers£cy of Western Ontario, LoBdoo, Canada. 

D=putod q u ~ o m  regm,-flL~ | Ib~ peopling of North 
concern ~'~ timing and location of htcmm crazy to the continent A single 
plat= of entry (Bcnngia) is likely, but coQuovcnly over the timing of cnzn/ 
mmaim. One ~ fan, ours early mmgraC~oe Ix:lichen 25-20,000 yean ego. 
.~olhcr posits three d~crcnl times of ~U~. 

Tl~ hypo~h~is of th r~  di=tin= ~ o m  k maid m I~ auppormd 
by biololpc and lingumtic data. In fact. evidonce based on nuclear gtz~s 
• t many k~ci can support ~ di=tmct eau~ models. One posiu m si~gk: 
occuFying Populadoe migrating mo~ tba. ~0,000 ycan ago. tl~ 
desc~od•nts of which tx~arr~ ~p~,~d by coalesr.~g gl=:atn dur~g ~be 
lasl gl~:Lel ma~amum. C~nelk: d~c~=uadon Ix:m~.a And wi~bm U~e 
scpa~alcd groupS U~cn occurn~ ~ modal a~:o~n', for U~e ob~-,od 
gcnc~ ~ e ,  ess of A g ~ p m l u m - ~ g  Indians to ~ m 
oompamo~ to that of ocher Indian=. Ho~-vcr. the modal of d~ce 
migr=tiom is Oclually suppon~ by the muldlccm nuclIaur data if o~e 
a~sum~s three different urea= of mill~uo~ 

AlU:ml~ to rczolvo th~ mine i~¢Juck: ~malysb of patmn~ of 
a~ni~, rc..¢ak~i by singk: "loci', e.g. [mmunoglobuLliS ~ and mtDN,~ 
Gm data rJ~ow closenc~ of Ad;apts~u~ to P~lam~. and mtDNA ~bo 
r¢.~.al the At ha pmkan- Eeldmo link (5:~dds. 1991). "l'bc aKude¢= 
by mtDNA and Om data make ~ ~r d~ effer.~-ve ~ of ~ ~mc~md 
population indudod all the peoples of Bcr~ngia. the I~mup ~ g  
~octhv,~sl of the g i v e n .  T'tmc dep(hs of mIDNA dh~rgc.~=s witt~ 
od~.r N=tive Amine.am support the .ouoo of larger effective Popu~uo= 
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C.~ haplotype distribution in Amerindians. P. M. 5alzano'(1) 

and S. M. Callegari-Jacques(1)(2). (1) Genetics ~eot., Fed. 
Univ. Rio Grande do Sul, Porto Alegre, RS, Brazil :  
(2) Statistics 0cot . .  Fed. Univ.Rio Grande do 5ul .~orto Alegre 
RS, Brazil 
A review was made of all available data on tne ~ system in 

Amerindians. The mOst informative set included 60 Indian 
~.roups with less than 5~ of non-lndian acbnixture, tested for 
at least 6 antigens. Two hapiotypes Gm*l;21 and )'I.2 Zl 
constitute in average 95 "t of this gene poo-~T. But ~-'~-~3~'~ -. 
Gin°Jail.15,16 and Gin*Is5 also contribute to !~ou~ 
discrimination. The amount of genetic diversity ~et~en 
groups, as evaluated by F. is almOst identical in "¢orth and 
South American Indians (0.II and 0.10. respectively) There 
is a significant association between the Gm distribution and 
the languages spoken by these individuals. Axis I of a 
correspondence analysis,  strongly influenced (52t) by 
Cvn'1,2;21 shows a clear geographical gradient. Starts with 
very oTow-values in St. lawrence island. Alaska, :ncreases to 
a maximum in Panama, and afterwards decreases to ~edium 
numOers in soutrnwestern South America. A factor associated 
in some way with climate may be responsible for this trend. 
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HLA class I I  genes and hapIotypes: a molecular analysis 
of the colonization of the Pacif ic. 

Human Genetics Group. John Curtin Schoo| of Redtcal 
ReSearch, Australian National University. C~mberra. 
Austral ia.  

The re lat ive d is t r ibut ions of DR.OQ haplotypes have 
been detemined in Austral ian Aborigines. Papua New 
Guinea highlanders, coastal Helanesians, Hicronesians, 
Polynesians. Javanese and Southern and Northern 
Chinese. Using sequence-specific oltgonucleotides 
(SSOs) fo r  hybridizat ion of  PCR products from ORal, 
ORB3, ORBS, OQAI and I~BI genes, more than 2,ZOO 
haplotypes have been examined. Many hapiotypes were 
unique to Oceania. For instance, the predoainant OR2 
haplotype in Oceania involves a novel cumbtnation of  
ORBl*lSO2. ORBS*OIOi a l le les ;  this haplotype occurs 
sporadically in Java, but not in China. [n Southern 
China. the most frequent OR2 hapIotype has the unusual 
arrangement ORBI*ie02, ORSS*010h Novel reaction 
patterns with SSOs have led to the ident i f ica t ion of  
several new OR4 and DR~6 ORS] al le les,  as confirmed by 
ONA sequencing, and the dist r ibut ions of these provide 
nev insights into population a f f i n i t i e s  in Asia- 
Oceania. 
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Popolati~ ganetics of hypervariabk~ loci. R.Cha~,sborty'. Ge~acs Centers. 
Graduate ScEoe~ ol Biomedical SCienCeS. Univ. of Texas Health Soe~e Center. 
Houston. Texas. USA. 

The human |anoma contains a large numb~ of loci at which the I~vel of 
p,dym~phism is uUemdy high (often exceeding 95%). This hy~nm~l~lity 
is I~odvced by copy number variation of tandem repeats of cme ~lme~c~s that 
vary from k~cus to kxus. and are detectalde either by Southern g*l e~zo~hmes4s 
m by polymerase chain ruct~t  (PCR).based methods. PCR-besod methods 
make alkilc variations easier to detect, The mechanisms of produc1~oe o( new 
alleles st such hypervar~ble ioc@ differ substanUany from those at Lrsd;tional 
i~ot~n-codin~ Iod. Nev~heless. empir~.al obe~vatioes o. ge~Oc variation 
within and between human ~roups as well as interspeciflc comp~wisons hetween 
man and chimpanzee suuest that the evoluUonary models used fo* p~otein data 
provide important insight about population stcvcture and genatlc differentiation 
from data on hyparvana~e IOCi. In comparison with the pro~esa lOC~. tha 
hypervar~able Ioc~ exhibit a greater extant of inter-locus wr~zt~ caused by 
their high mutation rates, about 10- to SO-fo;d larger than that at *lie ~o~ei~ 
coding io<i. The PCR-basod protocols for assaying Ienetic v~rkltkxI at such 
loci are batter suited I'c~ avo|utioua~y studies, although Southern gd data also 
can be used provided i~ecautionary measures are adopted to t ~  account of 
impe~ect resolution of alleles in such data. (Research supported by grant GM 
413~ from NIH and 90-U-CX-0038 from NIJ). 
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~ut~ations in the G6PO molecule and their population 
O~.strlbution. ~ lnstituto National de la NutrlciSn 
Salvador Zubir~n. N~xico City,  MOxico. 

Around 400 suoposedeiy unique variants of G6PO have been 
biochemica[ly characterized. Most of them were identified by 

standardized methodology recommended in Ig67 by the N.H.O. 
In spite of the above there is some unavoidable degree of 
interlaboratory variability such as differences in commercial 
-~agents or in the degree of enzyme denaturation during 
storage and purification, and the question of how many of 
these variants are truly unique is a real one. The cloning 
~nd sequencing of G-6-PO has made possible and entirely new 
aooroach for it's study and it is already clear that variants 
that were supposedely different are really identical and sOme 
~nought tO be the same are heterogeneous. 

G-6-PO variants are distributed world wide and the most 
:omon one, A+. present in ZO% of black African maies hos an A 
to G transition at nucleotide 376. Ninety % of the A- variants 
have in addition a G to A transition at nucleotide 202 and in 
a few patients the second mutation occurs at nucleotides 680 
:r 968. It has now been proven that G-6-FO's Betica (Spain), 
4atera (Italy), Alabama (U.S.A.), Tepic, Castilla and Distrito 
:ederal (~xico) are identical to the A-, indicating the 
.~despread distribution of this African gene. Similar findings 
~re being encountered in G-6-PD Mediterranean, also widely 
~istributed. 
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History and geography o~ human genes. A. P i a z z a *  
~1l. p. Menozz£ (21. and L.L. Cavalli-Sforza f3]. 
(1) Dpt. o f  Genetics, Torino University, Torino, 
Italy, (2) Inst. of Ecology, Parma Unxversity, 
Parma, Ital7 and (3) Dpt. of Genetics, Stanford 
University, Stanford, Caiifocnia, USA. 

The geographical distribution of gene 
frequencies can provide insight into the 
evolution Of the various human populations. A 
major problem Of interpretation is that genetic 
similarity may point to a common historical 
origin, but it may also be due to experzence of 
similar geographical environments. Nor should we 
forget that similar cultural ways o~ Life may 
favour the survival of the same genes. 

Geography of human genes - as more thoroughly 
discussed in ~ forthcoming book by Princeton 
University Pre s - seem to show a remarkable 
correlation with archaeological and Linguistic 
data. This means that a great deal of human 
diversit~ achieves a very simple explanation in 
history itself. As Gould (1989) pointed out "the 
primary signature of time and history is not 
effaced by immediate adaptation to prevailing 
circumstances or by recent episodes of conquest 
and amalgamation: we remain the children of our 
p a s t " .  In fact an interesting r e s u l t  of our 
analyses is that this past has been mostly frozen 
in the memory of all our genes. 
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Genetlcs and the peopling of the AlmerIcal. E. J. E. Szathlmary. 
~:niversity o[ Western Ontario, London, Canada, 

Disputed qucfJJom rcg~ding ~ peopling of Nonh Amcric~ 
concern ~c timing ~)d location of human out~/to the c~ntincnt. A single 
place of entry (~rJn~a) is likely, but coGLf~cny ~ th~ timing of entry 
rcm~n~ One ~ favours early mil~uo~ bct~cca 2~20.000 )man ago. 
A~othcr posi~ ~hrc~ di~c~.m times bE eau 7. 

The hy~xhc~is of three dmUn~ mil~tiom is said to be supponc~l 
by biok~l,fc and lingu=u¢ dau~ in f ~  evidence baud on nuc~.ar g e ~  
at many k:~ can suppor~ r*o distinct eauy modcb. One posils a single 
occup~ng populatio~ migrating more ~ 20,000 ym~m~ ago. the 
d~c~ndaou of wh~h became ~par~d by c~lescing ~lac~en during 
last glacial uuuumum. Genetic diffe.a~lmuon bepvee.o and within tl~ 
s~p~at~d l~oup~ tbcn ~ r r e d .  ~ motel accounts for th~ 
g~netic closeness o~ .~hapaslum-speaki~ Indians to Eskimm. i- 
compamon to t~t of mhcr ~ Ho~v~r, d~ modaJ o6 thz~ distine# 
m!gr~_~.mns is c q ~  supporu:d by ~c mululocus .uclc~ da" i[ one 
assumm~ threa diffc~olUm~ o{ ~ilp~tma. 

At,apes to ~ the rune indude ~ o[" patterns o( 
at~nity re~.aled by aingle "loci', e.g., Immunoglobulin Gin. and .eDNA. 
Gm da~ ~ow c k ~ n ~  o4" Atbu~ to Eskimos, and mIDNA ~so 
rcv~l th~ Azb~ ~-P~kimo llnk (Shick~ 1991 ~ TI~ zFm~tle~ 
by mtDNA and Gm dam mak~ ~ s ~  ~ ~ effec'U~ d-~ o~ th~ ~nc~Lntl 
popula|ion mc|ud~d ~JI tbe peopk~ o~ Be~ng~ the group remaining 
northwest of ~ giacle~ "l-une d~p~s o( ,eDNA d i ~ r ~  wit~a 
ocher Nat~ Am~rVJ~s support ~ m>uoa o4" large~ effccU~: Fopu~tioa 
su~s. 
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G~ haplotype d is t r ibu t ion  in An~rindians. F. H. Salzano*(I) 

and 5. M. Callegari-Jacques(])(2). (1) Genetics ~Ot . ,  Fed. 
Univ. Rio Grands do 5u10 Porto Alegre, RS, Brazil :  
(?) S ta t is t i cs  Oe0t.. Fed. Univ.Rio Grands do Sui.~0rt0 Alegr~ 
RS, Brazil . 

A review was made of  a l l  available data on the ~ system in 
A~rindians. The most informative set included 60 Indian 
n.roups with less than S~. of non-Indian admixture, tested for 
at least 6 antigens. Two haplotypes Gm°1121 and '1~°1.2"21 
consti tute in average 95" of t h i s  g e n t .  E~t ~-~-~'J~"~': - .  
Gm*l;ll ,1S,;6 and Gm*l 15 also contribute to p o ~  
discrimination. T b e ~ n t  of genetic d ivers i ty  ~etween 
groups, as evaluated by F. is almost identical ;n 'iorth and 
South American Indians (0.11 and 0.10. respectively). There 
is a s ign i f icant  association between the Gm distr~Oution and 
the languages spoken by these individuals. Axis 1 of a 
correspondence analysis,  strongly influenced (S.~t ~ by 
Gm'1.2;21 shows a clear geographical gradient. Starts with 
very-"~y-l-6-~-values in St. Lawrence island. AlasNa. ~ncreases to 
a maximum in Panama. and afterwards decreases to medium 
numbers in southwestern South A~rica. A factor associated 
in some way with climate may be responsible for t~is trend. 
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HLA class H genes and haplotybes: a molecular analysis 
of the colonization of the Pacif ic.  ~.W. Serieantsont 
lo~L~LJu~. 
Human Genetics Group, John Curtin School of  Medici] 
Research, Australian National University, Canberra, 
Austral ia. 

The re lat ive d is t r ibut ions of DR,OQ hapl0types have 
been determined in Austral ian Aborigines, Papua New 
Guinea highlanders, c0astal Helanesians, Microneslans, 
Polynesians, Javanese and Southern and Northern 
Chinese. Using sequence-specific oligonucleotides 
(5505) for hybridization of  PeR products from ORE|, 
ORE3, DRES, OOA| and bOB] genes, more than 2,200 
haplotypes have been examined. Nany haplotypes were 
unique to Oceania. For instance, the predominant DR2 
haplotype in Oceania involves a novel combination of  
0R81*1502. ORBS*OIO| a l le les ;  this hapiotype occurs 
sporadically in Java, but not in China. in Southern 
China, the most frequent DR2 haplotype has the unusual 
arrangement ORBI*I602, DRBS*O|O|. Novel reaction 
patterns with SSOs have led to the ident i f i ca t ion of  
several new 0R4 and 0Rw6 ORBI al le les,  as con f i r~d  by 
ONA sequencing, and the d is t r ibut ions of  these provide 
new insights into population a f f i n i t i e s  in Asia- 
Oceania. 
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Book Reviews 
Biomechanics and Exercise Physiology. By 

Arthur P. Johnson, xv + 493 pp. New York: 
John Wiley-& Sons, 199i. $85.00 (cloth). 

This book is a refreshing change from the 
usual texts on the biomechanics of sport fo- 
cusing primarily on the physics of human 
movement. Arthur Johnson's Biomechanics 
and Exercise Physiology focuses on the me- 
chanics of the cardiovascular, respiratory, 
and thermoregulatory systems; relatively 
little attention is given to the physics of 
movement. The text neatly integrates con- 
cepts of applied physiology with those of en- 
gineering and emphasizes the mathematical 
quantification of cardiorespiratory physiol- 
ogy under the stressful conditions of exer- 
cise. 

The author has taken a quantitative ap- 
proach to describing physiological processes 
and provides many mathematical models 
that  Can be used for predicting physiological 
responses to a variety of exercise conditions. 
Units of measurement for physiological pro- 

cesses are given considerable attention. 
Because units of measurement vary consid- 
erably among the subdivisions of the disci- 
plines of physiology and engineering, the au- 
thor has staridardized the- models presented 
to metric units. 

The book begins with a chapter on exer- 
cise limitations that includes a discussion of 
the role of models in describing how physio- 
logical systems work. Models for exercise in- 
tensity and duration, muscle metabolism 
during exercise, recovery from exercise, lac- 
tate threshold, and oxygen uptake kinetics 
are included. The traditional biomechanics 
of exercise (e.g., physics of human move- 
ment) are presented on a limited basis in 
Chapter 2. The remainder of  the book in- 
cludes chapters on cardiovascular re- 
sponses, respiratory responses, and thermal 
response to exercise. Detailed attention is 
given to the control and regulation of these 
systems, and these three chapters make up 
the bulk of the book. Skeletal muscle physi- 
ology and the mechanism of muscular con- 
traction are not considered. 

This book is de£mitely written from the 
viewpoint of an engineer. It is not suitable as 
an introductory text for either exercise phys- 

AMERICAN JOURNAL OF HUMAN BIOLOGY 4:421-428 (1992) 

iology or biomechanics students. Other 
sources must be relied on to obtain basic 
information about these disciplines. This 
book could serve as a sole text in a graduate- 
level course in biomechanics and exercise 
physiology or as a supplementary text in 
course.~ in exercise physiology, biomechan- 
ics, biophysics, or bioengineering. The ad- 
vanced nature of the book makes it best 
suited for graduate-level course work. A 
background in human physiology, physics, 
and mathematics is required to grasp fully 
many of the concepts presented. 

Parts of the book may serve as a valuable 
reference source for applied physiologists 
and biomechanists. However, due to the 
broad scope of the material, it is doubtful 
tha t  the researcher would find the entire 
text useful as a reference source. Because of 
the unique content of this book, I recom- 
mend it highly as a reference source for ap- 
plied physiologists, biomechanists, and 
bioengineers. 

J~v~s E. GRAvEs 
Center for Exercise Science 
University of Florida 
Gainesville, Florida 

Convergent Issues in Genetics and Demogra- 
phy. Edited by J.A. Adams, A. Hermalin, D. 
Lam, and P.E. Smouse. xii + 361 pp. New 
York: Oxford University Press. 1990. $49.95 
(cloth). 

The Malthusian theory of population 
growth is a common denominator in many 
research themes of social as well as popula- 
tion biological sciences. This alone justifies 
Malthus' place as a common ancestor of the 
disciplines of population biology and demog- 
raphy. However,. it is also true that demog.- 
raphers and population biologists took 
rather diverse paths for almost two centu- 
ries in spite of sharing some common goals. 
Even though this was caused mainly by dif- 
ferent departmental affiliations of the de- 
mographers and population biologists, it 
would be wrong to assert that  the conver- 
gent issues of demography and population 
biology remained unnoticed during the past 
two centuries. The institutional affiliation of 
this reveiwer, the Center for Demographic 
and population Genetics, suggests that  an 
integrative approach of studying the demo- 

© 1992 Wiley-I iss, Inc. 
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graphic and genetic aspects of population bi- 
ology might bring a synergistic development 
of these two disciplines. The academic suc- 
cess of our twenty year-old center, however, 
does not imply that the congruent issues of 
(population) genetics and demography have 
been completely resolved. This yolume rep- 
resents statements ~on some key congruent 
issues, how they are addressed by demogra- 
phers and geneticists, where their appar- 
ently divergent paths intersect, and what 
can be learned from the experiences gath- 
ered to solve the current problems. 

Convergent Issues in Genetics and Demog- 
raphy is an outgrowth of a series of papers 
presented at an international conference 
held at the University of Michigan, Ann Ar- 
bor, October 7--8, 1988. Unlike many sympo- 
sia volumes, this is much more than a sim- 
ple collection of loosely connected chapters. 
Organized in four sections, the theme al- 
ways remains the major points of congru- 
ence between the areas of interest to demog- 
raphers and geneticists. This is clearly 
stated in the prefatory notes of the editors, 
but I would go further to state that there is 
sufficient food for thought in this volume for 
economists, health practioners, and epide- 
miologists when demographic and popula- 
tion genetic principles can be effectively uti- 
lized. 

This book begins with five contributions 
in the first section in which the utility of 
historical information in demographic and 
genetic investigations is explored. Do histor- 
ical records explain the population genetic 
and demographic patterns of extant popula- 
tions, or with the help of historical data can 
we reconstruct the past genetic or demo- 
graphic patterns from those observed at 
present? These are some of the questions 
addressed by contributors in this section. 

Variation among individuals is a corner- 
stone observation in population biology, 
which would be called heterogeneity in de- 
mography. The second section, consisting of 
five contributions, deals with this issue. In 
my opinion, this subject is  of great impor- 
tance because it serves as the stepping stone 
for an area that  needs further exploration. 
Without a clear understanding of the varia- 
tion of individual contributions to the next 
generation or chance of survival until repro- 
duction, the role of the nature-nurture inter- 
action in determining the quality of life or 
disease burden in a population cannot be 
fully depicted. While this section provides 

several lucid discussions on the frailty mod- 
els applicable to genetics and demography, a 
clearer statement of the need for correlated 
frailty models would have been helpful. This 
is so because, for many chronic disease stud- 
ies, when the involvement of genes is of in- 
terest to geneticists, the definition of the 
penetrance function (frailty) should incorpo- 
rate familial correlations with regard to 
common family background in addition to 
their dependence on genotypes. 

The third section consists of four contribu- 
tions exploring the interface of demography 
and genetics in epidemiological research. 
Human populations exhibit substantial dif- 
ferences with regard to health detriments, 
no matter what metric is used to measure 
such detriments. As Schull (in Chapter 14) 
points out, there are countless questions, ge- 
netic and nongenetic, that  arise in the 
search for an understanding of the origin of 
these differences. While the basic scientists 
are trying to unravel the biological basis of 
the repair mechanisms of expesures to envi- 
ronmental insults, and thereby characterize 
the basis of individual variation of the  ca- 
pacities to repair damages, the applicability 
of such findings in predicting risk and in 
policy making for the betterment of the 
quality of life has been rather limited. The 
interdisciplinary subject of genetic epidemi- 
ology, therefore, stands at the crossroads of 
genetics and demography, having a tremen- 
dous prognostic value for future work in this 
direction (see Chapter 14). 

The final section consists of four papers in 
which some =persistent" issues of genetics 
and demography are discussed. Although 
this is not explicitly stated, these papers are 
closely related to the subject of conservation 
biology, in which both genetics and demog- 
raphy play a pivotal role in examining what 
features would make a population viable or 
stable. Even though Ewens (Chapter 20) 
discusses the concept of minimum viable 
population (MVP) size, except for Chris- 
tiansen's discussion (Chapter 19) on the nat- 
ural populations of a marine fish species 
(Zoarces viviparus), no other nonhuman or- 
ganism is discussed at length in this volume. 

In the abc, ve count, I intentionally did not 
enumerate the opening chapters of each sec- 
tion, where the editors provide additional 
notes on the chapters. I view this as a strong 
point of this volume, because the introduc- 
tory comments of the editors establish a co- 
hesiveness for the subsequent presenta- 

tiom, 
cont: 
rent 
The 
tribt 
read 
spec 

Tc 
this 
nar 
sinc. 
men 
gem 
a go 
Obv 
COVE 

nor 
witl 
asm 
pap 
don 
the 
ref¢ 
cus~  

eml 
turn 
dia! 
fiel 
u m ~  

whi 
E 
( 

Sa~ 
? 

( 
F 
1 

r 

h a  

th~ 
bit 
of 
tot 
th, 
a n  

so]  

Br 



BOOK REVIEWS 423 

tions. These comments also place the 
contributions in the framework of the cur- 
rent problems in these areas of research. 
The cross referencing of the individual con- 
tributions, similarly, should also be useful to 
readers to :place each in appropriate per- 
spective. 
-To the human biologists, I recommend 

this Volume as valuable material for a semi- 
nar  course for advanced graduate students, 
since it contains not only a current state- 
ment of the problem areas of the interface of 
genetics and demography but also provides 
a good listing of future areas for exploration. 
Obviously, as indicated above, the topics 
covered in the volume are not exhaustive, 
nor was the volume intended to be so. Not- 
~ th s t and ing  this minor defect, my enthusi- 
asm about" rec0mmendifig this collection of 
papers is high, because the editors have 
done their homework wel l  The quality of 
the production is good, and there are ample 
references to.other areas of researchnot dis- 
cussed at length in this work. Uniform type- 
setting, -clear _and_concise_present_at~igA 9_f 
theory, and discussion of relevant data pro- 
vide h: good balance'between analytical and 
empirical findings, With the hope that fu, 
ture attempts at continuing such a fruitful 
dialogue~amongthe experts in the divergent 
fields of dgm.ography and genetics, this vol- 
ume could become a strong fotindation from 
wlaich 0ne-canbuild a successful synthesis. 

RANAJIT C HAKRABORTY 
Centdr for Demographic and Population 
Genetics 
University of Texas Graduate School of 
Biomedical Sciences 
Houston, Texas ° 

Sant~ Communautaire et Soins de Sant6 
PrimaireslCommunity Health and Primary 
Health Care. xii + 82 pp. Les Bulletins du 
Centre International de rEnfance No. 1. 
Paris: Centre International de rEnfance. 
1991. $40.00 for four issues (paper). 

This small volume published by the Inter- 
national Children's Centre (ICC) in Paris is 
the first of its series. Its aim is to provide a 
bibliographic bulletin with brief summaries 
of international research published on the 
topics of health care. The contents reflect 
the journals received by the ICC in 1990, 
and thus, as noted in the volume itself, it is 
somewhat selective and nonexhaustive. 
Brief synopses are provided for the selected 

publications, bilingually in French and En- 
glish. The publishers offer the service of 
sending xerox copies of articles reviewed in 
the bulletin at the rate of three dollars per 
ten pages. 

The 66 reviews in this issue are ofvariable 
quality and range in content from descrip- 
tions of professional, traditional and family 
health care providers; to reports of the so- 
cial, economic, and political contexts in 
which health care providers function; to the 
anthropological, economic, and social rela- 
tionships between populations and health 
care providers, An index of research by 
country and author is provided, and the pub- 
lications are classified by four main themes: 
1) professionalheal th services, 2) other 
health resources; 3) social processes (includ- 
ing macroeconomic aspects, sociocultural 
aspects, and epidemiological aspects), and 4) 
the interfaces between health services and 
society (which includes health-seeking be- 
havior, community participation, linkages 
between cultural models, financing of 
health services, health economic models, 
and dlZugs). 

~While much of the contents can be ac- 
cessed by Medline, one of the advantages of 
such a bulletin for the U.S. community is the 
coverage of research reports from French 
journals, many Of which present interesting 
data collected from Francophone Africa. I 
found the bulletin to be a particularly useful 
reference in identifying research reports of 
interest in medical anthropology. One of the 
weaker.aspects of the present bulletin is 
that a number of the publications included 
were published from 1986 to 1988. However, 
in that this is the first volume in the series, 
it is understandable that there is a need to 
be comprehensive in terms of inclusive re- 
porting from the journals at hand. I would 
recommend the publication as a library re- 
source rather than for a personal subscrip- 
tion. 

It should be noted that the International 
Children's Centre publishes a number of 
bibliographical bulletins of interest to medi- 
cal anthropologists and public health ~pe- 
cialists and has set up a bibliographical da- 
tabase on maternal and child health that 
can be accessed by correspondence or in per- 
son and is cited as being available on laser 
disc. In addition, the ICC has a library for 
researchers, which includes documentation 
from international agencies working in de- 
veloping countries and documents from un- 
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; i o m e t r i c s  Biomechanics and Exercise Physiology. By 
Arthur P: Jbhnson: xv :+ 493pp: New YORE: 
John Wiley & Sons. 199t. $85.00 (cloth). - 

• A M E R I C A N  J O U R N A L  O F  H U M A N  B IOLOGY-  4 : 4 2 1 - 4 2 8 . ( 1 9 9 2 )  

iology or biomechanics students. Other 
sources must be relied on to obtain basic 
information about these disciplines. This 
book could s e r e  as a sole text in a graduate- 
level course in biomechanics and exercise 
physiology or as a supplementary, text in 
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This book is a refreshing change from the courses in exercise physiology, biomechan. 
usual texts on the biomechanics of sport fo= " ics, biophysics, or bioengineering, The ad- 
cusing primari!y~on the  physics of h u m a n  vanced nature of the book makes i t  best 
movement. ArthdrJohnson!s Biomechanics suited for graduate-level course work A 
and Exerc~sePhys[oio-gy ~focuSes on the me- baci~ground in hUm~mphysi01ogy, physics, 
chanics of the cardiovaschlar, respiratory, and mathematics is required to grasp fully 
and: thermoregulato-ry- systems; relatively many ofthe-cdn6~iits-iSre~sented. 
little attention is given to the physics of 
movement. The text neatly integrates con- 
cepts:of applie&physiology with those of en- 
ginee~ing.hrid:emtihasizes:the mathematical 
quantification:of~cardiorespiratory physiol- 
ogy :under:the- stressful:conditions :of-exer- 
cise. 

The author has taken a quantitative ap- 
proach to describing physiological processes 
and provides many mathematical models 
that can be used f0r-predicting physiological 
responses to a variety 0fexercise conditions. 
Units of measurement for physiological pro- 
cesses are given considerable attention. 
Because units of measurement vary consid- 
erably among the subdivisions of the disci- 
plines of physiology and engineering, the au- 
thor has standardized the models presented 
to metric units. 

The book begins with a chapter on exer- 
cise limitations that includes a discussion of 
the role of models in describing how physio- 
logical systems work. Models for exercise in- 
tensity and duration, muscle metabolism 
during exercise, recovery from exercise, lac- 
tate threshold, and oxygen uptake kinetics 
are included. The traditional biomechanics 
of exercise (e.g., physics of human move- 
ment) are presented on a limited basis in 
Chapter 2. The remainder of the book in- 
cludes chapters on cardiovascular re- 
sponses, respiratory responses, and thermal 
response to exercise. Detailed attention is 
given to the control and regulation of these 
systems, and these three chapters make up 
the bulk of the book. Skeletal muscle physi- 
ology and the mechanism of muscular con- 
traction are not considered. 

This book is definitely written from the 
viewpoint ofan engineer. It is not suitable as 
an introductory text for either exercise phys- 

Parts of the book may serve as a valuable 
reference source for applied physiologists 
and biomechanists.- However,_ due to- the 
broad :scope of the  material, it is doubtful 
that: t h e  researcher .would_find_the entire 
:text:useful=as:a=reference-source=Because-of 
the-unique content of this-book, I recom- 
mend=it:highly:as-a-reference=source for ap- 
plied physiologists, biomechanists, and 
bioengineers. 

J~.~ms:E. GRAVES 
Center for Exercise Sc&nce 
University of Florida 
Gainesville, Florida 

Convergent Issues in Genetics and Demogra- 
phy. Edited by J.A~ Adams, A. Hermalin, D. 
Lam, and P.E. Smouse. xii + 361 pp. New 
York: Oxford University Press. 1990. $49.95 
(cloth). 

The Malthusian theory of population 
growth is a common denominator in many 
research themes of social as well as popula- 
tion biological sciences. This alone justifies 
Malthus' place as a common ancestor of the 
disciplines of population biology and demog- 

phy u . . . . . . . . .  :. :_ ^,^^ .L_, 
raphers and population biologists took 
rather diverse paths for almost two centu- 
lies in spite of sharing some common goals. 
Even though this was caused mainly by dif- 
ferent departmental affiliations of the de- 
mographers and population biologists, it 
would be wrong to assert that the conver- 
gent issues of demography and population 
biology remained unnoticed during the past 
two centuries. The institutional affiliation of 
this reveiwer, the Center for Demographic 
and population Genetics, suggests that an 
integrative approach of studying the demo- 

© 1 9 9 2  Wiley-I..Jss, Inc. 
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tions. These comments also-place the 
contributions in the framework of the cur- 
r en t  problems in these areas of research. 
The cross referencing of the individual con- 
t~;ibuti0ns, similarly, should also be useful to 
read_ers to place each in appropriate per- 
spective. 

To the human biologists, I recommend 
this volume as valuable material for a semi- 
nar course for advanced graduate students, 
since it contains not only a current state- 
ment of the problem areas of the interface of 
genetics and demography but also provides 
a good listing of future areas for exploration. 
Obviously, as indicated above, the topics 
covered in the volume are not exhaustive, 
nor was the volume intended to be so. Not- 
withstanding this minor defect, my enthusi- 
asm about recommending this collection of 
papers is high, because the editors have 
done their homework well. The quality of 
the production is good, and there are ample 
references to other areas of research not dis- 
cussed a t  length in this work. Uniform type- 
setting, clear and concise presentation of 
theory, and discussion of relevant data pro- 
vide a good balance between analytical and 
empirical findings. With the hope tha t  fu- 
ture attempts at continuing such a fruitful 
dialogue among the experts in the divergent 
fields of demography and genetics, this vol- 
ume copld become a strong foundation from 
which one can build a successful synthesis. 

. . . . . . . . . . . . . . . . . . . . . . .  

RANAJIT C HAXRABORTY 
Center for Demographic and Population 
GeKe-tics . . . .  
University of Texas Graduate School of 
Biomedical-Sciences 
Houston, Texas 

Santd Communautaire et Soins de Sante 
Primaires/Community Health and Primary 
Health Care. xii + 82 pp. Les Bulletins du 
Centre International_ de I'Enfance No. 1. 

publications, bilingually in French and En- 
glish. The .publishers offer the service of 
sending xerox copies of articles reviewed in 
the bulletin at the rate of three dollars per 
ten pages. 

The 66 reviews in this issue are of variable 
quality and range in content from descrip- 
tions of profe~ional, traditional and family 
health care providers; to reports of the so- 
cial, economic, and political contexts in 
which health care providers function; to the 
anthropological, economic, and social rela- 
tionships between populations and health 
care providers. An index of research by 
country and author is provided, and the pub- 
lications are classified by four main themes: 
1) professional health services, 2) other 
health resources; 3) social processes (includ- 
ing macroeconomic aspects, sociocultural 
aspects, and epidemiological aspects), and 4) 
the interfaces between health services and 
society (which includes health-seeking be- 
havior, community participation, linkages 
between cultural models, financing of 
health services, health economic models, 
and drugs). 

While much of the contents can be ac- 
cessed by Medline, one of the advantages of 
such a bulletin for the U.S. community is the 
coverage of research reports from French 
journals, many of which present interesting 
data collected from Francophone Africa. I 
found the bulletin to be.a particularly useful 
reference in identifying research reports of 
interest in medical anthropology. One of the 
weaker aspects of the present bulletin is 
-that a number of the publications included 
were published from 1986to 1988. However, 
in that  this is the first volume in the series, 
it is understandable that there is a need to 
be comprehensive in terms of inclusive re- 
porting from the journals at hand. I would 
recommend the publication as a library re, 
source rather than for a personal subscrip- 

Paris: Centre I~er.national de_ I'_Enfance. tion. 
1991. $40.00 for four issues {paper). It should be noted that the International 

This small volume published by the Inter- 
national Children's Centre (ICC) in Paris is 
the first of its series. Its aim is to provide a 
bibliographic bulletin with brief summaries 
of international resear_ch published on the 
topics of health care. The contents reflect 
the journals received by the ICC in 1990, 
and thus, as noted in the volume itself, it is 
somewhat selective and nonexhausti~/e. 
Brief synopses are provided for the selected 

Children's Centre publishes a number of 
bibliographical bulletins of interest to medi- 
cal antl~ropologists and public health spe- 
cialists and has set up a bibliographical da- 
tabase on maternal and child health that 
can be accessed by correspondence or in per- 
son and-is ci'ted as being available on laser 
disc. In addition, the ICC has a library for 
researchers, which includes documentation 
from international agencies working in de- 
veloping countries and documents from un- 
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Letters. to the Editor 

Multiple Alleles and Estimation of Genetic Parameters: Computational 
Equations Showing Involvement of All Alleles 

Genetic loci that exhibit multiple (more than two) 
segregating alleles are generally more useful than bi- 
allelic ones for population genetic studies simply be- 
cause they offer greater potential f o r  var!ation in 
observed number of alleles as well as allele frequency 
differences across populations. Since allele frequen- 
cies at a locus in a population are structurally con- 
strained (they always add to one), a matrix treatment 
of  allele frequency data at a multi-allelic locus requires 
deleting one allele from the analysis. Hence the re- 
sultant estimator may be construed as dependent on 
which allele is being eliminated in the process of 
estimation (BAL-~KRISHNAN 1973). Such situations 
have been faced by BALAKRISHNAN and SANGHVI 
(1968) and SMOUSE and SPtELMAN (1977) when they 
attempted to estimate genetic distances between pop- 
ulations by statistics parallel to Mahalanobis-D "~ (MA- 
HALANOmS 1936) for multivariate data. ROBERTS and 
HIORNS (1962) also suggested a method of estimating 
genetic admixture in a hybrid population using allele 
frequency data that requires elimination of one allele 
of  a multiallelic locus. Recently, this issue has resur- 
faced in the least-square estimation of admixture com- 
ponents in a hybrid population (LONG 1991). Since 
these investigators generally presented their estimat- 
ing equations in terms of "shortened" vectors of allele 
frequencies (by deleting one allele from each locus) 
and the variance-covariance matrix of such "short- 
ened" vectors of sampled allele frequencies, in general 
it is not obvious whether or  not the resultant esti- 
mators depend upon the allele that is eliminated from 
the analysis. As a result, such methods are criticized 
on the ground of the subjectivity involved in selecting 
the allele to be eliminated (BALAKRISHN.-XN 1973) al- 
though in some applications algebraic verifications are 
given to show that any allele can be dropped without 
affecting the estimate (LONG 1991). The purpose of 
this communication is to show that by exploiting a 
well-known property of the variance-covariance ma- 
trix of the cell frequencies of  a multinomiai distribu- 
tion (KuRczYNSKI 1970) a simple translation of the 
matrix estimators can be obtained, which indicates 
that even though the formal representation requires 
deleting one allele, the computational equation truly 
needs the frequencies of all alleles. Therefore; such 
estimators are functions of  the full array of allele 
frequencies. 

This simple exercise has at least three implications. 

First. it shows that the resultant estimators can be 
computed by algebraic operations involving all allele 
frequencies (which consequently results in numeri- 
cally more accurate estimates, because matrix inver- 
sions generally introduce round off errors, which can 
be substantial particularly when the array size is large). 
Second. analytical relationships between different es- 
timators of  genetic parameters (e.g., distance, fixation 
indices, or admixture components) can be studied with 
greater ease with such representations (see e.g., CHAK- 
RABORTY and RAO 1991). Finally, genetic polymor- 
phisms detected by DNA markers such as the variable 
number of tandem repeat (VNTR) loci often involve 
allele numbers (per locus) exceeding several dozen, 
and tre~iting diem with-matrix operations requires a 
large array size, and even with that numerical inac- 
curacies cannot be avoided. On the contrary, algebraic 
expressions such as the ones presented here should 
make the analysis of  such allele frequency data easier 
and certainly numerically more accurate. 

Although the technique sugges tedhere  has wider 
applications, I consider only two specific estimation 
problems. 

Genetic distance with multiple alleles: Denoting 
P0k as the frequency of  the kth allele (k = 1, 2 . . . . .  s t 
+ 1) of t h e j t h  locus (j  = 1, 2 . . . . .  r) in the ith 
population (i = 1, 2), estimated from nij/2 individuals 
sampled from the ith population for the j th  locus, 

BALAKRISHNAN and SANGHVI (1968) suggested an es- 
timator of the genetic distance between the two pop- 
ulations, given b y  

r 

G~ -- ~ d i 'Cf'd j, (1) 
j = l  

where dj is a column vector of  dimension s) (one less 
than the number of  segregating alleles at thej th locus, 
s t + 1) whose kth element is djh = pl# -- p2j,, and Cj is 
a square matrix of  size s i x sj whose elements are 

[ pjh(l - pjl), for k = I. 
Cjk, = (2) 

[.-p.ikpjt, for k # l 

for k. l = 1, 2 . . . . .  sj; in which pj, is the average of  
the kth allele frequency at the j th  locus across popu- 
lations: i.e., 

p,, = X ,, ,podZ "o. (3) 
i i 

(;clwtic~, 1 3 0 : 2 3 1 - 2 3 4  (January. 1992) 
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Obviously, the quadr:ltic form of eqt, ation (1) is the 
analog of Mahalanobis-D ~ (.MAHALAXOmS 1936) since 
Cj, given by (2), is the common dispersion matrix of 
the "shortened" vector of  allele frequencies, estimated 
from the average allele frequencies across popula- 
tions. Equation 1 may be written in the algebraic form 

r s, L 

= - p2#)Cj (pl/t - PziO, (4) 
/ = 1  k = l  /=1 

where Cj 't is the (k,l)th element of  the C 7' matrix. 
In order to show that G~ z is dependent on all allele 

frequencies, KURCZYNSKI (1970) noted that the in- 
verse of the matrix C; (of Equation 2) has the form 

- 1  
PT~' + Pi.,,+l, for k = l, 

c~' = (5) 
- 1  Pi.~:+t, for k #- l, 

fork, l =  1.2 . . . . .  sj. 
Inserting (5) in (4) and noting that 

Z (p l#  - p2#) 2 + 2 2  (P,# - Pw)(P ' ) '  - p2),) 
k = l  k#.l= l 

we obtain 

= (p ,#  - pz#) 
L k = l  

= (Pu%+l - p_%:,+l)'-', 

t J .*l  

G~ = Z ~ ( P , # -  P"-i~)'/P#, (6) 
J = l  k = l  

which depends on frequencies of  every segregating 
allele, irrespective of which alleles are being dropped 
in the definition of the d?vectors or C i matrices. 
Equation 6 not only shows the involvement of all allele 
frequencies in the estinaation, but also it is numerically 
simpler to compute than Equation 4. Note that the 
above proof also applies to SMOUSE and ~VlLLIAM'S 
(1982) measure of disease-gene association, where 
such equivalence is stated without a formal derivation. 
Furthermore, it demonstrates that BALAKRISHNAN 
and SANGHVI's (1968) measure is equivalent to the 
original estimator of SANGHVI (1953), except a mul- 
tiplication factor. In addition, the above derivation 
shows that the alternative two estimators (G~ and G~) 
proposed by BALAKRISHYAN and SANGHW (1968)are 
mathematically identical. 

Another advantage of  the representation of Equa- 
tion 6 is that it clearly shows how SANGHVI'S estimator 
of  genetic distance is related to others. For example, 
considering the allele frequencies at a single locus 
(say, the j th locus), BHATTACHARVYA (1946) defined 
a distance statistic, 0 "~, between populations, which 
satisfies the relationship 

s j . t  

Cos 0 = Y~ Ip,ikp.i~l '/'-, (7) 
k = l  

which can be 

1 
Cos0 =-~. 

written as 

$1÷ I 

[(P,# + p l# )  z - (p ,#  - p!j,)z] '/~ 
I f  ! 

1 "÷' [ (p,?_ p~#)~.],/2 
=~-" k=l y~ (Puk+Pzjk) 1 --(p,ik+p2ik)~ j (8) 

1 '~ (pt? - p!?)" 
= 1 - - 4  . k=1 Puk + P2# 

However, since Cos 0 = 1 - 01/2, for small 0, Equation 
8 approximates to 

1 'J*' 
0" .~ - Y. (Puk = Pl jd2 / (Puk  + p2jk), (9) 

2 k=] 

showing that for genetically close populations (i.e., for 
small 0), SANC_,nVI's (1953) and BHATTACHARVYA'S 
(1946) distance estimators are equivalent, barring a 
multiplication factor. Equivalence of Equations 9 and 
6 with 4 further shows that they are analogs of  Ma- 
halanobis-D z for categorial data. Several other such 
equivalence relationships between various distance 
functions are discussed in CHAKRABORTY and RAO 
(1991) who utilize representations such as Equation 
6. 

The same logic provides a formal proof  of  the 
assertion that in the absence of  disequilibria (WEt / 
1979), SMOUSE and SPIELMAN'S (1977) multivariatelW 
distance function based on multiple-allele genotype 
score vectors reduces to the form of Equation 6. 

Weighted least square estimate o f  admix ture  propor-  
tions: For a dihybrid population whose gene pool 
consists of  a fraction M of genes from a parental 
population 1 and a fraction (l - M) from parental 
population 2, Lost;  (1991) recen t ly  suggested a 
weighted least square estimator of  M, which in matrix 
notation takes the form 

m~ = ( x ; V F % ) - ! x ; V ; % ,  (10) 

where xj and yj are column vectors of  dimension sj 
(one less than the number of segregating alleles, sj+l, 
at thej th locus), with their kth elements defined by x# 
= ptji -- p'a.# and y# = phjk -- P2#, for k = 1, 2 . . . . .  sj, 
and Vj is a s jx  sj matrix with elements 

E(phik)'[1 -- E(ph#)], for k = l 
l)k, = (1 l)  

-E (ph# ) .E (ph j t ) ,  for k # 1 

in which PO is the frequency of  the kth allele (k = 1, 
2 . . . . .  sj÷,) at t he j th  locus in the ith population (i = 
1 or 2 for the parental populations) and E(ph#) is the 
expected allele frequency in the admixed populatior 
under the admixture model. 

The estimator mj (Equation 10) is based on the 
"shortened" vectors of  allele frequency differences 
(dropping the (sj÷0th allele). However, noting that the 
elements of the V) -I matrix are given by 
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[ 1 / E ( p ~ )  + 1/E(phj., ,÷,),  for k = l, 
t m -  (12) 

" J -  1/E(ph~.,~÷l), f o r  k # l ,  

for k. l = 1, 2 . . . . .  sj, LONG (1991) verified that the 
est imator m~ of  Equation 10 is invariant of  the allele 
d ropped  from the analysis. To  show explicitly that 
Equation 10 does not depict that it depends on all 
allele frequencies, first note that 

and 

~. sj 

xfVj- 'xj = ~ ~ (Pu~ - p2~,)X"~(p,# - pzj,), (13a) 
k=l  l=1 

and 

x f V j - l y j  = X X ( P l #  - -  p 2 j , ) l , ~ 2 ( p ~ #  - -  P2#)-  ( 1 3 b )  
k= l  l=1 

Invoking (12) in (13a) and (13b), and noting that 

P~I.~,-,~ - P2j.,;+t = - ~  (pq, - po.j,), (14a) 
i=1 

and 

P~j.,;+I - p.%,,+, = - ~ (p~j, - p2#), (14b) 
i=1 

we can rewrite (13a) and (13b) as 
s~+l 

x jVf ' x j  = ~, (Pu,  - P°-~,)~/E(P~#), (15a) 
' = 1  

and 

s,+l 

x]VT'YJ = ~ (Pu ,  - P~j,)(Phj, - p~q,)/E(p~j~), (15b) 
k= l  

so that Equation 10 becomes 
s..¢- I 

X (Pt#  -- P~.#)(Ph# -- p~#) /E(ph) , )  
k= l  

mj = ,,+l , (16) 
Y~ (P.#  - p 2 # f ' / E ( p h # )  

k = l  

which is an equation of  scalers. Expressed in this' 
fashion, mj involves each of  the sj+/segregating allele 
frequenting of  bofh wir-6fital populati0ns and ~ . . . . . . .  . . . . . . . . .  the ad- 
mjx~edone. -~ ' i  - :~ - . . . .  

This representation (-Equation 16) of  the weighted 
least squares (WLS), estimator o f  LONG (1991 ) fur ther  
shows that mj (the WLS estimator) is identical to the 
classical BERNSTEIN (1931) estimator o f  admixture 
propor t ion  for a bi-allelic locus, noted in LONG and 
SMOUSE (1983). With the notation pv. and q~j = (1 - 
P0) o f  the two allele frequencies at a locus the numer- 
a tor  and  denominator  of  Equation 16 become 

(P. i  -- p2j)(p ,  i - p2 i )  + (qq  - q~i)(q~ i - q~i) ~ 
E(pn~) E(q~j)  

= ( P ' i  - P ~ ) ) ( P ~ i  - P°- i )  
E(pn)) .E(qn))  ' 
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(Pt) - po./)" + (ql) - qzj)2 = .(PIj  - P"i)" 
E(phi)  E(qhj)  E (ph j ) .E (qh j ) '  

so that the cancellation of  their common denomina- 
tors results in 

rnj = (phi - p ,2j) / (pu - P2i) = (qhj - q~-~)/(qu - q2j), 

establishing the identity of  the WLS and Bernstein's 
estimators for bi-allelic loci. 

The combined estimator for allele frequency data 
on r loci, based on LONG's (1991) method, becomes 

r s~+l 

X X (Pljk -- P~q~)(Ph# - p2jk) /E(phj , )  j=l , = l  

m = , ,~+l (17) 

j = l  ' = 1  

which avoids matrix manipulations of  even bigger 
dimension. 

The  sampling error  o f  m also has a corresponding 
scalar form. In LONG'S notation, the sampling variance 
is 

V(m) = MSE. (x 'V- 'x )  -1, (18) 

where the mean square error  (MSE) of  the admixture  
model is 

r 

MSE = (y - mx)'V-I(y - m x ) / ~  sj. (19) 

Invoking (12) in these quadratic forms, and using the 
identities (14a) and (i 4b), we can rewrite (I 9) as 

MSE = 

• S]÷ I 

X [(phi, - P2#) - m(p , j ,  - p2j ,)]°-/E(pnj,) .  (20) J.ffil ' f f i l  

r 

./=1 

which yields the sampling variance of  m, 

V(m) 

.- - . ,  - 5+ i . . . .  

2 2 [(p_hj, -- #o.j,) -- m ( p , #  - - p 2 # ) l ~ / E ( p n j , )  
~-- j=l kffil 

r _ r sl+l 

~ (pl j ,  - p2ji)~/E(phj,)  
' = 1  

(21) 

The  variance o f  the admixture estimate based on the 
j t b  locus data is 

I-,,- ] 
V(mj) = M S E . [ , ~  (p,# - p~jk)2 /E(p ,k )  - ' ,  (22) 

in which the expression (20) is used for evaluating the 
MSE. 

In addition to the demonstrat ion that Equations 16 
and 22, or 17 and 21 invoh'e all allele frequencies 
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from each population, their computat ional  simplicity 
remain unaltered even if the sample sizes tor different  
loci are different. Since the V matrix, refers to the 
expected allele frequencies in the admixed  popula- 
tion. all terms of  the summation ove r )  will have to be 
weighted bv nh~, the number  o f  g_enes~_samlSIi(_d-for_the 
j t h  locus from the admixed populat ion.  For example.  
the co mbined estimator- becomes  

r s j +  I . " . . . . . . .  

RANAJIT CHAKRABORTY 
C e n t e r  fo r  D e m o g r a p h i c  a n d  

P o p u l a t i o n  G e n e t i c s  
U n i v e r s i t y  o f  T e x a s  G r a d u a t e  Scho(  

o f  B iomedica l  Sc i ences  

P. O.  Box 2 0 3 3 4  

H o u s t o n .  T e x a s  7 7 2 2 5  

L I T E R A T U R E  C I T E D . - - .  

COeK-E-I~H AM-l-9 84) . . . . . . . . . .  
T o  close this c0mment~/ry, F must. mention-that--the ~ .  

algebraic reduct ions  of  the matrix .estimators such as 
the- ones fhent-ii3ned above are-n0t mean t  to  denigrate  
the utility of  matrix notations in populat ion genetics.  - 
Matrix representations of  funet ions .ofa l le le  frequen- 
cies at multiallelic Iocihave ~heir inipoi;tance aridfflh~e 
that::cann0t ~beZden-ied T_hey '_serv~_d_~t:h_e_:~purp_o_Se of  
establishing the basis of  the m e t h o d  of  estimation that 
is not always obvious in the closed form algebraic 
expression. In some instances matrix est imators are 
unavoidable. For example, the est imator  o f  admixture  
contributions from multiple (more  than two) ancestral 
populations is straightforward in matrix notat ion (ELS- 
TON 1971: CHAKRABORTY 1986) and the incorpora- 
tion of  all orders of  disequilibria (WEIR 1979) in 
estimating parameters of  popula t ion s t ructure  and 
genetic distance analyses requires  matrix notations, 
al though nearly equivalent algebraic fo rms  are also 
available (see e.g., WEIR and  COCKERHAM 1984). 
Nevertheless, the primary intent o f  this note  has been 
to demonstrate  that the principle that these are inde- 
pendent  of  which allele is d r o p p e d  from the analysis. 
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Multiple Alleles and Estimation of  Genetic Parameters: Computational 
Equations Showing Involvement of All Alleles 

Genetic loci that exhibit multiple (more than two) 
segregating alleles are generally more useful than bi- 
allelic ones for population genetic studies simply be- 
cause they offer greater potential for variation in 
observed number of  alleles as well as allele frequency 
differences across populations. Since allele frequen- 
cies at a locus in a population are structurally con- 
strained (they alwavs add to one), a matrix treatment 
of  allele frequency data at a multi-allelic locus requires 
deleting one allele from the analysis. Hence the re- 
sultant estimator may be construed as dependent on 
which allele is being eliminated in the process of  
estimation (BALAKRISHNAN 1973). Such situations 
have been faced by BALAKRISHNAN and SANGHVI 
(1968) and SMOUSE and Sr'tELMAN (1977) when they 
at tempted to estimate genetic distances between pop- 
ulations bv statistics parallel to Mahalanobis-D 2 (MA- 
H.¢LANOBIS 1936) for multivariate data. ROBERTS and 
HIORNS (1962) also suggested a method of estimating 
genetic admixture in a hybrid population using allele 
frequency data that requires elimination of  one allele 
of  a multiallelic locus. Recently, this issue has resur- 
faced in the least-square estimation of admixture com- 
ponents in a hybrid population (LONG 1991). Since 
these investigators generally presented their estimat- 
ing equations in terms of  "shortened" vectors of  allele 
frequencies (by deleting one allele from each locus) 
and the variance-covariance matrix of such "short- 
ened" vectors of sampled allele frequencies, in general 
it is not obvious whether or not the resultant esti- 
mators depend upon the allele that is eliminated from 
the analysis. As a result, such methods are criticized 
on the ground of the subjectivity involved in selecting 
the allele to be eliminated (BALAKRISHNAN 1973) al- 
though in-some applications algebraic verifications are 
given to sho',~: tha~ am¢ allele can be dropped Without 
affecting the estimate (LONG 1991). The purpose of  
this communication is to show that by exploiting a 
well-known property of  the variance-covariance ma- 
trix of  the cell frequencies of a multinomial distribu- 
tion (KL'RCZYYSKI 1970) a simple translation of  the 
matrix estimators can be obtained, which indicates 
that even though the formal representation requires 
deleting one allele, the computational equation truly 
needs the frequencies of  all alleles. Therefore,  such 
estimators are functions of  the full arras" of allele 
frequencies. 

This simple exercise has at least three implications. 

First, it shows that the resultant estimators can be 
computed by algebraic operations involving all allele 
frequencies (which consequently results in numeri- 
cally more accurate estimates, because matrix inver- 
sions generally introduce round off errors, which can 
be substantial particularly when the array size is large). 
Second, analytical relationships between different es- 
timators of genetic parameters (e.g., distance, fixation 
indices, or admixture components) can be studied with 
greater easewith such representations (see e.g., CHAK- 
RA-BORTV and RAO 1991). Finally, genetic polymor- 
phisms detected bv DNA markers such as the variable 
number of tandem repeat (VNTR) loci often involve 
allele numbers (per locus) exceeding several dozen, 
and treating them with matrix operations requires a 
large array size, and even with that numerical inac- 
curacies cannot be avoided, On the contrary, algebraic 
expressions such as the ones presented here should 
make the analysis of  such allele frequency data easier 
and certainly numerically more accurate. 

Although the technique suggested here has wider 
applications, I consider only two specific estimation 
problems. 

Genetic distance with multiple alleles: Denoting 
P0k as the frequency of the kth allele (k = 1, 2 . . . . .  s t 
+ 1) of the j th  locus (j -- 1, 2 . . . . .  r) in the ith 
population (i = 1, 2); estimated from nii/2 individuals 
sampled from the ith population for the j th  locus, 
BALAKRISHNAN and S.,,NGHVI (1968) suggested an es- 
timator of  the genetic distance between the two pop. 
ulations, given bv 

G~ = Z djC~-'dj, (1) 

where_d t isLa column vector of dimension sj (one less 
than the number of segregating alleles at thej th locus, 
s) + 1) whose kth element is dth = Pltk -- P-~tk, and C./is 
a square matrix of  size s t x s t whose elements are 

I ptk(l - Pt~), for k = l, 
= (2) 

L--PjkPtt, for k ¢ l 

for k. l = 1, 2 . . . . .  st; in which Pth is the average of  
the kth allele frequency at the j th  locus across popu- 
lations: i.e., 

t't  = Z , 0 00 /Z n,,. (3) 
i m 

( ;enetic, 130. 231-234 ~anuarv. 1992) 
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Obviously, the quadratic form of equation (1) is the 
analog of Mahalanobis-D e (MAHAI.AXOmS 1936) since 
Cj, given by (2), is the common dispersion matrix of 
the "shortened" vector of  allele frequencies,  estimated 
from the average allele frequencies across popula- 
tions. Equation 1 may be written in the algebraic form 

G~ = 2 Z ~ (P't~ - P2j~)C.":(PtJ t - p2/~), (4) 
]=1 k = l  lffil  

where C~ t is the (k,l)tla element of  the Cj "-~ matrix. 
In order  to show that G~ is dependen t  on all allele 

fi'equencies, Kt'RCZVYSKI (1970) noted  that the in- 
verse of the matrix C t (of Equation 2) has the form [ - '  p51 + pj.,.+|, for k = l, 

= ' <5) 
- I  Pt.,:÷', for k # l, 

f o r k , / = l , 2  . . . . .  s t. 
Inserting (5) in (4) and noting that 

(p,# - po.j,)'-' + E ~  (P|,~ - P2~)(Pttt - Port) 
k = l  k~jffil 

= (pl# - p2ji = (Ptj.,,+~ - P2t.,,*,)", 
[_h= I 

we obtain 

r ~° i  

G~ = ~ ~ ( p | J k -  p"-.,~)2/pJk, (6) 
j f f i l  k = l  

which depends on frequencies of  every segregating 
allele, irrespective of  which alleles are being d ropped  
in the definition of  the dfvec tors  or  C t matrices. 
Equation 6 not only shows the involvement  o f  all allele 
frequencies in the estimation, but also it is numerically 
simpler to compute  than Equation 4. Note  that the 
above proof  also applies to SMOL'SE and ~,VlLLIA.M'S 
(1982) measure of  disease-gene association, where 
such equivalence is stated without a formal derivation. 
Fur thermore ,  it demonstrates  that BALAKRISHNAN 
and SANC.HW's (1968) measure is equivalent  to the 
original estimator of  SAYC;HV~ (1953), except  a mul- 
tiplication factor. In addition, the above  derivation 
shows that the alternative two estimators (GO and G~) 
proposed  by BALAKmSHYAN and SA.~GHV~ ( 1 9 6 8 ) a r e  
mathematically identical. 

Ano:her  advantage of  the representa t ion o f  Equa- 
tion 6 is that it clearly shows how SANGHVI'S estinaator 
o f  genetic distance is related to others.  For example,  
considering the allele frequencies at a single locus 
(say, the j t h  locus), BHATTACHARYYA (1946) defined 
a distance statistic, 0 ~, between populat ions,  which 
satisfies the relationship 

Cos 0 = ~ {p,t~p,.~l '/'', (7) 

which can be 

1 
Cos 0 = 7~ " 

wri t ten as 
$/* [ 

+ P-°t )2 - - P2t )2] ' j "  
k = |  

1 " '  [ p2j )2] 
= 7~ " ~ (p |#  + po.,~) 1 - (8) 

- ~=, (p,~k + p2#)2_] 

1 ' ~  (p,)~ - p2#) 2 

However.  since Cos 0 = 1 - 02/2, for small 0, Equation 
8 approximates  to 

1 ~-~*' 
- " ~ (P|t~ - P2#)2/(P,t~ + P2tk), (9) 02 ~ 2 k=| 

showing that for genetically close populations (i.e., for 
small 0), SAYGHVfS (1953) and BHATTACHARYYA'S 
(1946) distance est imators are equivalent, barr ing a 
multiplication factor.  Equivalence of  Equations 9 and 
6 with 4 fur ther  shows that they are analogs of  Ma- 
halanobis-D ~ for categorial  data. Several o ther  such 
equivalence relationships between various distance 
functions are discussed in CHAKRABORTY and RAO 
(199 I) who utilize representat ions such as Equation 
6. 

The  same logic provides a formal p roof  of  the 
assertion that in the absence o f  disequilibria (WEt 
1979), SXIOUSE and  S~'IEL~tAN'S (1977) multivariat 
distance function based on multiple-allele genotype 
score vectors reduces  to the form of  Equation 6. 

Weighted least square estimate of  admixture propor- 
tions: For a d ihybr id  populat ion whose gene pool 
consists o f  a fraction M of  genes from a parental 
population 1 and a f rac t ion  (1 - M) from parental 
population 2, LONC, (1991) recently suggested a 
weighted least square  est imator of  M, which in matrix 
notation takes the form 

t - - I  - - I  • - I  m, = (xtV) x,) x,V) y,, (10) 

where xj and yj a re  column vectors of  dimension b 
(one less than the n u m b e r  of  segregating alleles, st+|, 
at t he j th  locus), with their kth elements defined by xtk 
= P|tk - P~-lk and ))k = Phi* - p2jA, for k = 1, 2 . . . . .  sj, 
and V t is a s t × sj matrix with elements 

E(p^th ).[ 1 - E(p^t~)], for k = l 
I )~ l  = ( 1 1 )  

--E(Pht~)" E(phjt), for k # l 

in which Pvk is the f requency of  the kth allele (k = 1, 
2 . . . . .  st . |)  at t h e j t h  locus in the ith population (i = 
1 or 2 for the parental  populations) and E(Phtk) is the 
expected allele f requency in the admixed populatio 1 
under  the admix tu re  model.  

The  est imator  m i (Equation 10) is based on the 
"shortened" vectors of  allele frequency differences 
(dropping the (sj÷|)th allele). However,  noting that the 
elements o f  the V) -I matrix are given by 
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~ ~ I/E(p~j~) + l /E(p~.~+~),  for k = l, and 

V~ = [ I/Efp,:.,,+,), f o r  k # l ,  (12) 

• for k, l = 1, 2 . . . . .  sj, LONG (1991) verified that the 
estimator rn: of  Equation 10 is invariant of the allele 
d ropped  from the analysis. T o  show explicitly that 
Equation 10 does not clepict that it depends on all 
allele frequencies, first note that 

s.. Jl 

x;V;% = E E ' "  - P~j,)'~ j (P~, - Pzj,), (13a) 
k=l  l = l  

and 

kffil l f l  

Invoking (12) in (13a) and (13b), and noting that 

Pij.t:,~ - P2ja~+l = - 2 (pi# - Pzj~), (14a) 
iffi I 

and 

P~J.,:'~ - P~J.,:~ = -2 (P,: - P~j,), (14b) 
iffil 

we can rewrite (13a) and (13b)as  
s~+l 

k = l  

and 

(15a) 

s , + l  

xfV)-~YJ - X (Pu'  - p2#)(pa# - p : j , ) /E (p , j , ) ,  (15b) 
kffil 

so that Equation 10 becomes 
s.¢-I 

X (P~# -- P2#)(ph# -- po.#)/E(ph#) 
k = l  

mj = - ,,+l , (16) 
Y~ (Puk - P~.j~)°'/E(p~:~) 

k = i  

which is an equation o f  scalers. Expressed in this 
fashion, mj involves each of  the sj+j segregating allele 
frequencies of  both parental populations and the ad- 
mixed one. 

This representation (Equation 16) of  the weighted 
least squares (WLS) estimator o f  LOnG (1991) further 
shows that mj (the WLS estimator) is identical to the 
classical BERNSTEtN (1931) estimator of  admixture 
propor t ion for a bi-allelic locus, noted in LONG and 
SMOUSE (1983). With the notation p~j and q~l = (1 - 
PO) of  the two allele frequencies at a locus the numer- 
a tor  and denominator  of  Equation 16 become 

(P'J - P~J)(P~i - P~)  + (qt: - q~:)(q~: - q..j) 
E(p~:)  E(qh./) 

= ( P ' i  - P~I)(P~: - p o ) )  

E(pnj ) .E(qnj )  ' 
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(Plj - P21)" + (qq  -- q2i) ~ = (pz: -- p~i) 2 
E(phj)  E(q^:)  E ( p ^ j ) .  E ( q ^ j ) '  

so that the cancellation of  their c o m m o n  denomina-  
tors results in 

m: = (phi - P'2j)/(Pu - Po4) = (qhj - q"-i) /(q ' j  - q2j), 

establishing the identity of  the WLS and Bernstein 's  
estimators for bi-allelic loci. 

T h e ' c o m b i n e d  est imator for allele f r equency  data 
on r loci, based on LONG'S (1 99 I) me thod ,  becomes  

r s~+l 

Y~ Y~ (Puk - P~.j~)(Ph: - p 2 : ) / E ( p h j ~ )  
j=1 k=l 

m = , ,,+l ( 1 7 )  

~ (Pl#  - p2j,)e/E(ph:) 
j= l  k=i 

which avoids matrix manipulations of  even  bigger  
dimension. 

The  sampling er ror  o f  m also has a co r r e spond ing  
scalar form. In LONG'S notation, the  sampling variance 
is 

V ( m )  = M S E . ( x ' V - l x )  -1, (18) 

where the mean square er ror  (MSE) of  the  admix tu re  
model is 

r 

MSE = (y - mx)'V-~(y - m x ) / ~  sj. (19) 
, ~ 1  

htvoking (12) in these quadrat ic ' forms,  and  using the 
identities (14a) and (14b), we can rewri te  (19) as 

MSE = 
r sl÷ I 

Y~ E [(P^j~ - p2jk) - m(p~jk - p~jk)]2/E(phj~) (20) 
j = l  k---I 

r 

E , ,  
j = |  

which yields the sampling variance of  m, 

V ( m )  

r s : + l  

Y~ Y~ [(Ph# - po.jk) -- m(p l j ,  -- p~j , )]2/E(phjk ) 
j = l  k = l  

'l sj • Z (P ,#  - P~ ik f ' /E (pn# )  
ffi k =  1 

The  variance o f  the admixture  est imate based  on  the 
j t h  locus data is _1-"+' ] 

V(mj )  = MSE.fk ~ (p,j, - p2#)2 /E (ph j , )  - ' ,  (22) 

in which the expression (20) is used for eva lua t ing  the 
MSE. 

In addit ion to the demonst ra t ion  that Equat ions  16 
and 22. or  17 and 21 involve all allele f requencies  

(21) 
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are als0.similar. - -- 
Other population genetic applications of  algebraic 

representations of  quadratic forms involving inverses 
of  multinomial variance-covariance matrices include 
the estimation of  Wright's fixation indices in the con- 
text of  analysis of  population structure. Using ap- 
proaches similar to the above, LONC,'s (1986) multial- 
lelic generalizations of COCKERHA.WS (1969, 1973) 
variance-covariance estimators of  the fixation indices 
can also be reduced to algebraic forms, which indicate 
their relationship with some existing estimators sug- 
gested earlier (see e.g., LI and HORVITZ 1953; CURIE- 
COHEN 1982; ROBERTSON and HILL 1984; WEXR and 
COCKERHAM 1984). 

To  close this commentary, I must mention that the 
algebraic reductions of the matrix estimators such as 
the ones mentioned above are not meant to denigrate 
the utility of  matrix notations in population genetics. 
Matrix representations of  functions of allele frequen- 
cies at multiallelic loci have their importance and place 
that cannot be denied. They serve the purpose of 
establishing the basis of the method of estimation that 
is not always obvious in the closed form algebraic 
expression. In some instances matrix estimators are 
unavoidable. For example, the estimator of  admixture 
contributions from multiple (more than two) ancestral 
populations is straightforward in matrix notation (ELS- 
TON 1971 ; CHAKRABORTY 1986) and the incorpora- 
tion of  all orders of disequilibria (WEIR 1979) in 
estimating parameters of  population structure and 
genetic distance analyses requires matrix notations, 
although nearly equivalent algebraic forms are also 
available (see e.g., WEIR and COCKERHAM 1984). 
Nevertheless, the primary intent of  this note has been 
to demonstrate that the principle that these are inde- 
pendent of  which allele is dropped from the analysis. 
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Sample Size Requirements for Addressing the 
Population Genetic Issues of Forensic Use of 
DNA Typing 

RANAJIT CHAKRABORTY I 

Abstract DNA typing offers a unique opportunity to identify in- 
dividuals for medical and forensic purposes. Probabilistic inference 
regarding the chance occurrence of  a match between the DNA type 
of an evidentiary sample and that of  an accused suspect, however, 
requires reliable estimation of  genotype and allele frequencies in the 
population. Although population-based data on DNA typing at sev- 
eral hypervariable loci are being accumulated at various laborato- 
ries, a rigorous treatment of  the sample size needed for such pur- 
poses has not been made from population genetic considerations. It 
is shown here that the loci that are potentially most useful for fo- 
re_nsic_ ide_n_tifi_cation of  individuals hav e the intrinsic property that 
they involve a large number of  segregating alleles, and a great ma- 
jOrity Of thege alleles-are rare. As a Consequence, because of  the 
large number of possible genotypes at the hypervariable loci that 
offer the maximum potential for individualization, the sample size 
needed to observe all possible genotypes in a sample is large. In 
fact, the size is so large that even if such a huge number of indi- 
viduals could be sampled, it could not be guaranteed that such a 
sample was drawn from a single homogeneous population. There- 
fore adequate estimatton of  genotypic probabilities must be based 
on allele fre/:luencies, and the sample size needed to represent all 
possible alleles is far more reasonable. Further economization of  
sample size is possible if one wants to have representation of  only 
the frequent alleles in the sample, so that the rare allele frequencies 
can be approximated by an upper bound for forensic applications.+ 

It is now well known_ that interspersed in the human  g e n o m e  are nu- 
merous  D N A  regions that have  genet ic  variation whose  magni tude  is 
m u c h  larger than that coded  by  the tradit ional  serological  loci (Jeffreys 
et al. 1985a,b;  N~tk/i~u~-a-et~al~ 1987). Such  genetic  hypervar iabi l i ty  can 
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be used profitably to identify specific individuals by DNA typing at such 
.regions of the genome. In recent years, therefore, civil and criminal courts 
in the United states and Europe have been admitting DNA typing evi- 
dence in resolving legal controversiesinvolved in both paternity disputes 
and criminal cases [see, for example, Ballantyne et al. (1989)]. Because 
DNA typing technology is relatively new and because population-based 
surveys on variability at such genetic loci are less abundant compared 
to the classical serological markers, concerns have been raised about their 
general applicability for legal purposes (Lander 1989a,b, 1991; Cohen 
1990). 

The criticisms With regard to admitting DNA typing evidence in 
legal cases include the inappropriateness of using population data from 
small samples (Lander 1989b). It is therefore necessary to determine how 
large a sample must be fo r the statistical analYsiS of DNA typing-data 
to be regarded as appropriate for legal applications. Note that forforensic_ 
use DNA typing data can berepresented in terms of-multinomial distri- 
butions with a large number of possible.c!asses [see, . for _example, Bu- 
d0wle, Giusti et al. (1991)] whose theory is completely characterized 
(Rao 1957, 1958; Johnson and Kotz 1969). However, there is no sys- 
tematic discussion.on this subject in the context of allele and genotype 
frequencies generally observed at the hypervariable loci that currently 
are being used for forensic cases. 

My purpose here is to address this issue by asking what sample 
sizes are adequate for conservative evaluation of genotype or allele fre- 
quencies. Based on the population geneticchai'acteristics of the hyper- 
variable loci, I show that the large heterozygos!ties at such loci neces- 
sarily imply that the expected number of alleles at each of these loci is 
generally quite large(Oftenqarger t_h_an_ 50)and.lt_hat there i sa  predomi- 
nance of rare alleles (i.e., alleles that-occur in frequencies-as .small-as 
0.01) at such loci. Furthermore, the total number of alleles and the num- 
ber of rare alleles are increasing functions of.sample size. Consequently, 
if we want to detei-/nine- a minimum sample size based on the criterion 
that all possible genotypes must be represetitedin the sample, the needed 
sample size would be so large that it would be impractical to test that 
many individuals from a single homogeneous population. It therefore 
becomes necessary to evaluate genotype ftequenciesffom allele-fre- 
quency data, and the sample size requirements can be derived by esti- 
mating allele frequencies from the sample. Based on representation-of 
all alleles in the sample, feasible sample sizes can be obtained from well- 
defined homogeneous populations. However, be~atise man-~, of the al~ 
leles are characteristically of~rare i~reciuefi(y ' (ff s~-defii~ed befrre), s£fri~l~ 
size requirements still can be severe. It might be more economical to 
ask for a sample size whereby the frequencies of more frequent alleles 
are estimated with reliable precision and to determine a threshold for the 

i 

. i  
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frequencies of rare alleles for which an upper bound can be prescribed 
based On Sffch- thresh01d valuesl This procedure should yield a conser- 
vative estimate (biased in the upward direction) of probabilities of ob- 
taininga-matc-h-for cases=involving rare g~notypes, even when the exact 
e"?idfati6n~ 6f c-fiance occurrence of a matcfi becomes impossible based 
on the sampled allele frequencies. 

Throughout this paper I call the class of loc i  that are shown to be 
useful for forensic purposes VNTR (variable number of tandem repeat) 
loci, following Nakamura~et al. (1987), although various other names 
for such loci, have been proposed depending on the core motifs of their 
nucleotide sequent:es [see,-for example, Edwards et al. (1991)]. I also 
assume that the al-lelic distinctions at such loci are made without ambi- 
guity, so that thedifferent alleles are discrete and no measurement error 
is involved in the size classification of alleles. When allele sizes are 
quasi-continuous~qn a-population, thepresent  theory can be applied with 
suitable b!nning of alleles [e.g., Budowle, Giusti et al. (1991)] without 
any major changes in-the qualitative conclusions of the present results. 
The theory also assumes that VNTR loci have an autosomal codominant 
mode of transmission and that the genotype frequencies satisfy Hardy- 
Weinberg equilibrium (HWE) expectations. Note that, in the absence of  
measurementerror, :data ot~ such 10cF~ollected from well-defined pop- 
ulations generally show that this assumption is appropriate [see, for ex- 
ample, Boerwinkle et al. (1989), Ludwig et al. (1989), Budowle, Chak- 
raborty et al. (1991), Chakraborty, Fornage et al. (1991), Deka et al. 
(199i), and Edwards et al. (1991)]. Polymorphisms at VNTR loci with 
discretized allelic distinctions also have been shown to follow the pre- 
dictibns 0f~tiae neu~tral mutation model of the infinite allele model [e.g., 
Jeffreys et al. (1988), Budowle, Chakraborty et al. (1991), Chakraborty, 
Fornage et~.al. (1991), Chakraborty and Daiger (1991), Deka et al. (1991), 
and Edwardseffal. (1991)], which is assumed to generate the expected 
number of alleles at VNTR loci. 

Throughout this article the sample size is defined as the number of  
individuals sampled from the population (designated by n) so that, when- 
ever sample size is considered with regard to the number of alleles sam- 
pled, it .is equated, to. 2n (because of autosomal inheritance of the loci 
arid diploidy of the human genome). 

Theory and Resul t s  

Expected Total Number of Alleles and Number of Rare Alleles in a 
Sample from anEqui!ibrium Population. Although the high degree 
of p61~'moq6hism ai. VNTR loci has been noted in almost all human pop- 
ulations--and this is characterized in terms of high heterozygosity at 

J 
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these loci and by a large number of alleles--it  is not possible to deter- 
mine the exact number of alleles that can occur at VNTR loci in any 
population. This is because the allelic possibilities are truly infinite for 
such loci, and hence predictions can be made only with regard to the 
sampling distribution of the number of alleles found in any sample of 
alleles drawn from a population. By assuming selective neutrality of VNTR 
alleles, one can employ the sampling theory of selectively neutral alleles 
(Ewens 1972; Chakraborty and Griffiths 1982) to determine the expected 
total number of alleles and the expected number of alleles for any spe- 
cific allele frequency class. In a sample of 2n alleles (n individuals) ran- 
domly drawn from a population that is at mutation-drift equilibrium, Ew- 
ens (1972) showed  that the expected total number of  alleles can be 
expressed in terms of  an unknown parameter (0) and the sample size (n) 
by the equation 

2n-  I 

E(k) = 0 ~ (0 + i)-~, (1) 
i=O 

where 0 = 4Nv, in which N is the effective size of the population and 
v is the mutation rate at the locus per generation. Chakraborty (1981) 
and Chakraborty and Griffiths (1982) further showed that the expected 
number of  alleles whose frequencylies in the range Pl to P2 (0 -< p~ < 
p_, -< 1) in such a sample is given by 

[2np_-I 
E[k(p~, p_,)] = ~ 0 n! F(n + 0 - i) 

i=E:,p,l+l i (n- -  i)---~ l-'(n + 0) ' (2) 

where F(.) is the gamm a function and. [n].is the largest integer contained 
in n. Equation (2) immedia.tely proscribes the expected number of  rare 
alleles in a sample by substituting p l =  0 and P2 = p for any small p 
(say, p = 0.001, 0.O1, or 0.05). Therefore the expected number of rare 
alleles in a sample of  n iridividuals becomes 

[2np] 0 n !  I"(tl + 0 -- i) 
E[k(p)] = ~ (3) 

i=l i ( n - i ) !  F(n + 0) ' 

which can be approximated with good precision (Chakraborty 1981) by 

E[k(p)] ~ AO - B02, (4) 

where 
[2np] 

A = ~ ( l / i )  and 
i=1 

12np] 

B = ~ ( 2 n -  i) -I (5) 
i=!  

are constants depending on the sample size n and the definition of  rare 
alleles (p = 0.001, 0 .01 ,0 .05 ,  or any arbitrary small number). It should 
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T a b l e  1. Expec ted  Tota l  N u m b e r  o f  Al le les  in a S a m p l e  o f  n Ind iv idua l s  for  a 
G i v e n  Leve l  o f  Hc t e rozygos i t y  

Heterozygosit)' 

n 0.20 0.50 O. 75 O. 90 O. 95 

50 2.2 5.2 11.1 22.9 35.3 
100 2.4 5.9 13.2 28.8 46.9 
500 2.8 7.5 18.0 43.0 76.2 

1,000 . 3.0 8.2 20.0 49.2 89.2 
10,000 3.5 10.5 26.9 69.9 132.7 

be noted that both k (the total number of alleles) and k(p) (the number 
of rare alleles) in a sample are random variables and hence do not have 
fixed values, but their sampling distributions are known. Ewens (1972) 
gave the exact sampling distribution for k [which is quite complex but 
can be numerically evaluated; see Stewart's algorithm in the appendix 
ofFuerst  et al. (1977)], and Chakraborty and Griffiths (1982) showed 
that for small va!ues0fp (such as the ones noted here), the variable k(p) 
f011oq,,-s-~i Poisson distribution so- tliat-expression (3) or (4) also gives the 
vafi-a-nc-e ~f~-th~ fifimbe-r of iareal le les  in a sa/nple. 

Equations (1) and (4) can be Used to evaluate the exloected numbers 
of-rare alleles for any Selecti~'ely ne-utral locus, for which we must know 
the composite parameter 0. one  way of estimating this parameter is from 
the level Of heterozygosity at the locus, which is relatively less sensitive 
to sample size Denote the sample value of heterozygosity by H. It is 
kh~Sq~a-that Under th~ assump2ion of equilibriuiiithe expectation of H is 
0/(1 q- 0) so that the moment estimator, of 0 is given by H/(I  - H). 
Yfi-e jus-tifications l~or-i-h]s-momeni estimator o f  0 in the present context 
are givenby Cliakraboriy (l-990a, bi and Chakraborty and Schwartz (1990). 
Therefore Eqs. (1) and (4) can be used to predict roughly how many 
alleles a/e expec]ed at any select~veiy neutral locus-if the sample is drawn 
from an equilibrium population and how many rare alleles there may be 
in Such a sample. 

Table 1 presents the expected total number of alleles for some rep- 
resentative heterozygosity values that are generally seen at VNTR loci 
for several sample sizes (number of individuals). It-is clear from this 
table that the obse~ed number of alleles is an increasing function of 
heterozygosity and of sample size, and.  in particular, when the hetero- 
zygosity ishigh (say, 95%), the number of alleles can easily exceed 40 
when more than-100 individUals ~ii'e sampled from the population. There- 
fore a large-number of alleles at any VNTR locus is an intrinsic propert,y 
of such polymorphisms. 
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T a b l e  2. E x p e c t e d  N u m b e r  of  Rare A l l e l e s  in a S a m p l e  of  n I n d i v i d u a l s  for Se-  

l ec t ed  L e v e l s  o f  H e t e r o z y g o s i t y  at a Locus  

H P 50 100 500 1,000 10,000 

0.20 0.001 - '  - 0.3 0.4 0.9 
0.01 0.3 0.4 0.7 0.9 1.5 

0.05 0.6 0.7 1.1 1,3 1.9 

0.50 0.001 - - 1.0 1.5 3.6 
0.01 1.0 1.5 2.9 3.6 5.9 

0.05 2.2 2.9 4,5 5.1 7.4 

0.75 0,001 - - 3,0 4,5 10.8 
0.01 2.9 4.4 8.7 10,7 17.5 

0.05 6.4 8.3 13.0 15.1 22.0 

0.90 0.001 - - 8.9 13.4 32.3 
0.01 8.2 12.7 25.6 31.6 52,1 

0.05 16.4 22.2 36.3 42.5 63.2 

0.95 0.001 - - 18.6 28. I 68.0 
0.01 15.4 24.9 52.0 64.7 108.1 

0.05 24.8 37.1 67.0 80.0 123.7 

a. Dash denotes cases where this definition of rare alleles is inappropriate. 

Such a large number of alleles is also observed in many empirical 
surveys in accordance with this theory. For example, Boerwinkle et al. 
(1989) observed 12 alleles at the ApoB VNTR locus .in a French pop- 
ulation of 125 unrelated individuals, and Ludwig et al. (1989) found 14 
alleles at the same locus in a survey of 3i8 US ~whites.-Because ~their 
observed heterozygosi_ty_ values were 75% and 78%, respectively, by us- 
ing Eq. (1), we get expectations for the total number of alleles for these 
sample sizes of 13.8 and 18.9, respectively, which are in fair agreement 
with the observations [particularly because k, thetotal number of alleles, 
also has a large variance; see Ewens (1972)], An even higher number 
of alleles was observed in the Utah white population at several VNTR 
loci (Odelberg et al. 1989). This can be explained by the high hetero- 
zygosity (75-95%) at the loci surveyed. The largest number of alleles 
observed by Odelberg et ai.-(1989) was 67 at the D2S44 ~ locus, which 
was reported as having a heteroZygosity of 95%. All-these results in- 
dicate that high heterozygosity at VNTR loci necessarily leads to a large 
number of segregating alleles, and this is consistent with the exlSectatio-ns 
of the pattern of polymorphism at these I oc i. . 

Table 2 shows another important feature of such p01ymorphisms. 
Using Eq. (4), one can compute the expected number of rare alleles for 
any given level of heterozygosity in a sample of size n. In the compu, 
tations presented in Table 2, I used three definitions of rare alleles (p  
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= 0.001, 0.01, and 0.05), noting that, when less than 50 individuals 
were surveyed, rare alleles could not be defined with the criterion p < 
0.01. The general implications of the results shown in this table are: (1) 
Many of the segregating alleles at VNTR loci are rare; (2) like the total 
number of alleles, the number of rare alleles is also an increasing func- 
tion of heterozygosity and sample size; and (3) the proportion of rare 
alleles increases with increasing sample size and heter0zygosity. For ex- 
ample, when H = 90%, in a sample of 50 individuals 16.4 of the 23 
alleles will have a frequenCy below 5%, whereas in a sample of 10,000 
individuals 63 of the 70 alleles at the locus are expected to have an allele 
frequency b~/ow 5%. For:higher heterozygosities the rare alleles will 
constitute an even larger fraction of the total number of alleles. Analysis 
of the empirical survey data [e.g., Odelberg et al. (1989)] indicates that 
such theoretical expectations are congruent with the observations. For 
example, at the D2S44 locus Odelberg et al. (1989) observed 37 of the 
67 alleles with a.frequency less than ° 1% (p = 0.01), although 42.5 -+ 
6_5:~re expe-cted t ° be in this class using Eq. (4) and assuming a Poisson 
distribution of  rare alleles. -~ 

The features of polymorphism seen in the computations of Tables 
1 and 2 have important implications for sample size requirements in VNTR 
surveys. These- resulfs indicaie that, given large heterozygosities, the 
number of possible genotypes at VNTR loci often can be large. For ex- 
ample, wh-e-fiH - 0-.95, we can easily expect as many as 90 alleles (for 
n = 1000), and the number of possible genotypes at a VNTR locus will 
be 4095. Furthermore, because at a VNTR locus there can be 80 alleles 
with frequency 5% or less, 3240 of these genotypes should have a fre- 
quency less than 0.5% should the population be in Hardy-Weinberg equi- 
librium with respect to the genotype frequencies. Obviously, we would 
like to know what sample size will be required to represent all these 
genotypes in the sample if we are to use genotype data to estimate all 
genotype frequencies directly. 

. . . . . . . . .  - _ - ; ~ -  ~ _ L ~  ~ - - . . . .  " 

PrObability-of Observing All Possible Genotypes in a Sample of Fixed 
Size and Minimum Sample Size Requi rement  for Representation of 
All Genotypes in a Sample.  The minimum sample size requirement 
can be addressed in two alternative ways. First, we can evaluate the 
probability that all possible genotypes are represented in a sample of a 
given siz e. Elsewhere I have shown that this probability can be evaluated 
only when the number of  alleles and their frequencies in the population 
ai-e Known (Ch:~hborty 1991), Consider a locus for which there are k 
segfegating-~illeles, where Pi, P2 . . . .  p~ (the p-vector) represent the true. 
allele~frequencies. If we assume that in the population the genotype fre- 
quencies follow Hardy-Weinberg expectations, the vector of genotype 
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frequencies is of dimension K = k(k + I) /2 .  and it can be represented 
by ql, q2 . . . . .  qr, where the qi are either of ihe form p~ or 2 p ~ j  de- 
pending on the specific genotypes.-In a sample o f  n-individuals scored 
for such a locus, the probability that all genotypes are represented is 
given by [see Chakraborty (1991) for derivation] 

K 

P = 1 - E (--1)r- 'sr ,  (6) 
. r = |  

where Sr is the probability that at least r of the K genotypes are not 
observed in the sample; that is, 

K K 

S| = E ( 1  - q i ) " ,  $2 = E 2 ( I  - q i - q j ) ~ . e t c .  (7) 
i = 1 i > j  = I 

Although Eq. (6) can be numericfilly evaluated for any given values 
of k and p-vector, it involves tedious enumerations of a large number of 
Summations, particularly for k as large as the ones noted earlier. How- 
ever, Chakraborty (1991) derived the exact sampling distribution of the 
random variable X, the number of distinct genotypes observed in a sam- 
ple for known values of k and p-vector, and this distribution also can be 
approximated by a normal distribution with mean tx and variance cr 2, 

where "~ 

k(k  + 1) 
Ix - - -  - S | ,  ( 8 a )  

2 

cr ~- = St(I - S0 + 2S2, (8b) 

and St  and $2 are as defined in E_qs..(7). 
Therefore the probability.P of Eq. (6) can be approximated by 

P ~ 1 - ~ (S~ /cr ) ,  (9) 

where ~(x) is the cumulative probability of a standard normal variate up 
to x .  

Table 3 shows the result of such a computation for some short tan- 
dem repeat (STR) loci, where the number of alleles and their frequencies 
are taken from the survey of 40 or more unrelated white individuals re- 
ported by Edwards et al. (1991). li is clear from this table that, at these 
STR loci (where the number oi ~ alleles gener~illyY~iflgeg from 6 to 17) 
and because many of the alleles are rare, all possible genotypes may not 
generally be observed even in an extremely larg e Sample. For example, 
for the (AGAT)n (HUMHPRTB) locus, even in a sample of 1 .milli°n 
individuals, the probability of observing all possible genotypes is only 
0.5. Therefore in any sample of a fixed size n the chance of observing 
all possible genotypes in general is very small. 
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Table  3, Probability of Observing All Possible Gcnotypes in Samples of Fixed 
Size for Some Representative Short Tandem Repeat Loci 

Loci b 

n" (AGAT), (AATGL (AC,4G), (AATj, (AGC), 

50 2.06 X 1 0  - 3 7  4.83 x 10 -7 0.025 2.72 x 10 -~" (c) 
100 2.51 x 10 -~" 7.05 × 10 r~ 0;106 3.37 x 10-': 2.97 x 10 -j" 
200 1.03 x 10 - '~'  2.13-× 10 -3 ~ 0.243 -I.97 × 10 -~ 8.45 × 10 -" 
500 1.26 x 10 -'~ 0.019 0.414 1-12 x 10 -~ 1.03 x 10 -~ 

1,000 1.67 x 10 -L~ 0;029 0.482 3.09 x 10 -~ 3.96 x 10 -3 
10,000 1.04 × 10--' 0.317 1.0 " 0.014 0.364 

100,000 0.174 0.500 1.0 0.204 1.0 
1,000,000 0.500 1.0 1.0 0.496 1.0 

a. Number of individuals typed. 

b. Data on allele frequencies and number Of alleles on these short tandem repeat loci are taken 
from the white sample examined by Edwards et aL (199:1). 

c. Sample size is smaller than the number of possible genotypes givine a zero probability for 
observing all possible genist3,~ies in the sarfilSle. " - 

" These computations, fiowever, do not prescribe any well-defined 
mifiimum sample size requirement for observing all possible genotypes: 
nor can the minimum Sample size be evaluated analytically by any direct 

~ ?method_ A crude ° conservative sample size estimate can be obtained by 
the . fQ!16wing  a l t e r n a t i v e  m e t h o d .  B y  using.  Eq .  (6),  the  p r o b a b i l i t y  P o f  

obSei4cing all- p o s s i b l e - g e n o t y p e s  in a s a m p l e  o f  n i nd iv idua l s  s a t i s f i e s  
the  i n e q u a l i t y  

k k k 

P > 1 -  ~ (1 P~)" = ~ ~ (1 P i P j ) ,  - - - 2 " 
i =  l i > j  = 1 

(10) 

in which the right-hand side is at a maximum when all allele frequencies 
are  e q u a l ,  that  is, w h e n  p ,  = l / k  fo r  all  i. T h e r e f o r e  a c o n s e r v a t i v e  
e s t i m a t e  o f  the m i n i m u m  s a m p l e  s i ze  r e q u i r e m e n t  for  e n s u r i n g  that  a l l  

g e n o t y p e s  are  r e p r e s e n t e d  in the  s a m p l e  w i t h  c o n f i d e n c e  ( l  - or) is g i v e n  
by  the  i n e q u a l i t y  

1 - k ( l  - k:-2) ;' - ½k(k - I ) (1  - 2k -2 )  " ~ 1 - ix, ( l l )  

( -) in w h i c h  the s u b s t i t u t i o n s  ( l  - k-Z) " ~ e -"/k a n d ( l  - 2 k - - ) "  ~ e -2"/k 
y i e l d  

'k + 2otk(k - 1) - k ]  
n > - k  2 In k ' ~ - -  D " ( t2)  
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T a b l e  4. Conservat ive  Estimates of the Number  of  Individuals Needed to Rep- 
resent All Possible Genotypes  in a Sample for a k-Allelic Codominant  Locus 

M i n i m u m  S a m p l e  S i ze '  N e e d e d  f o r :  

k a = 0 . 0 0 1  a = 0 .01  a = 0 . 0 5  a = 0 . 1 0  c~ = 0 .25  

5 213 156 116 99 77 
10 921 691 532 465 379 
15 2.164 1,647 1,288 1,137 944 
20 3,962 3,043 2,406 2,137 1.794 
25 6,330 4,893 3,899 3,479 2,943 
30 9,279 7.210 5,778 5,174 4.402 
40 16,955 ' 13,278 10,733 9,659 8.287 
50 27,051 21,305 17,329 15,651 13,507 

100 115,134 92,153 76,248 69,539 60,970 

a. Sample size in these computations refers to the number of individuals to be typed for each 
k-allelic codominant locus. The values of et = 0.001,0.01, 0.05~ 0.10, and 0.25 represent 

. 99.9%, 99%, 95%, 90%, and 75% confidence, respectively, of being assured that all pos- 
sible genotypes are represented in the sample'. 

When the allele frequencies are not equal (as is the case for all 
VNTR loci), sample size requirements for representation of all possible 
genotypes can far exceed the bound pi-escribed by expression (12), and 
numerical evaluation of this expression is instructive enough to show that 
it is not feasible to collect samples large enough to encompass all pos- 
sible genotypes for any VNTR locus in any population. Table 4 presents 
numerical evaluations of expression (12) for some representatwe values 
of  k, the number of alleles that are in the general range seen in Table 
1. It is clear that, even with this conservative minimum sample size es- 
timate, a sample of 15,651 individuals is required+to encompass all pos- 
sible genotypes with 90% confidence if there are 50 alleles segregating 
at a VNTR locus. This is generally too much to ask in a survey study, 
and even if such a large sample could be collected, there is no guarantee 
that the individuals trulYcamefr0m a single homogeneous population. 

The analysis Clearly establishes that, if we-are to use the observed 
relative frequencies of all genotypes as the estimates of genotypic prob- 
abilities in the population, a sample of adequate size cannot be collected 
because from any reasonable homogeneous population this large a sam- 
ple cannot be gathered. An appropriate alternatixse~w-ay--/d+es'ti-mate/he 
genotype frequencies is therefore to use the'estimate of  alie]e frcqu+~_n~ies 
and to invoke assumptions through Whicfi genotype probabilities:can:be 
derived based on allele frequency estimat_es ~(rSU+Ch a_s3be._Hardy-Wei+nberg _ 
equilibrium assumption). 

Sample Size Requirement Based on Allele Frequencies. Having 
shown that the only practical and reliable way to estimate genotypic 
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Table 5. Minimum Number of  Individuals Needed to Represent All Alleles in a 
Sample for-a k~Allelic C0dominant  LOcus 

_ _  M i n i m u m  S a m p l e  S i z e  ~ N e e d e d  f o r :  

k a = 0 . 0 0 1  a = 0 . 0 1  a = 0 : 0 5  a = 0 . 1 0  a = 0 . 2 5  

5 22 16 12 10 8 
10 46 35 27 23 19 
15 72 55 43 38 31 
20 99 76 60 53 44 
25 127 98 78 69 58 
30 155 120 96 86 72 
40 212 166 134 120 102 
50 271 213 171 156 133 

100 576 461 380 346 " 300 

a. Number ofindividuals to betyped. 

probabilities at VNTR loci is from the allele frequencies, I can now turn 
to th e evaluation of the minimum sample size requirement based on allele 
frequencies. Again the logic of deriving expression (12) can be used to 
determine a crude conservative estimate of minimum sample size. For a 
locus with k segregating alleles whose frequencies in a population are 
Pi ,p2,  etc., the probability that all alleles are represented in a sample o f n  individuals should exceed the quantity 

I - E ( 1  - p  f". 
i=l (13) 

In order for expression (13) to exceed the level of  confidence (1 - o0, 
we must ensure that 

l - k ( 1  - k - l )  2"_> 1 -o~, 
(14) 

or  

1 

n >_ -~ ln(et/k)/ ln(l  - k-l) .  (15) 

Admittedly, this bound of minimum sample size is too crude because, 
when the allele frequencies are not  equal, far larger sample sizes are 
needed for_all alleles to  be-represented in a sample. Nevertheless, Table 
5 shows that use of expression (15) leads to sample size estimates that 
are feasible to collect from any well-defined population. For example, 
to ensure that all 5Oequifrequent alleles are represented in a sample with 

95% confidence (~ = 0.05), we need to type 171 individuals from the 
population. In practice, ~however, the required sample Size may be larger, 
because these computations do not represent the reality of the situation, 
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Table 6. Minimum Number of Individuals Needed to Have r Alleles with Fre- 
quency p or Above Represented in the Sample 

M i n i m u m  S a m p l e  S i z e N e e d e d f o r . .  

r P a = 0 . 0 0 1  a = 0 . 0 1  a = 0 . 0 5  ~ = 0 . 1 0  a = 0 . 2 5  

1 0.001 3452 2302 1498 1151 693 
0.01 344 230 150 115 69 
0.05 68 45 30 23 14 

2 0.001 3798 2647 i838 1485 1005 
0.01 379 264 183 148 100 
0.05 74 52 36 29 20 

5 0.001 4257 3104 2292 1935 1442 
0.01 - 424 309 229 193 144 
0.05 84 61 45 38" 29 

10 0.001 4603 3450 2637 2278 1781 
0.01 459 344 263 227 178 
0.05 90 68 52 45 35 

namely, the allele frequencies are not equal, and thus such a direct eval- 
uation of minimum sample size is not possible. 

Alternatively, we might ask whatsahiple size would be required if 
we want to ensure that all alleles with frequencies above a certain small 
value will be represented in the sample with a proscribed level of con- 
fidence. Because the probability that an,allele ~ i th  frequency2p remains 
unobserved in a sample of n individualslis given by (1 - p ) - ,  if there 
are r alleles at a locus that have frequenciespor above in the population 
[reasonable values of  r can be obtained from k - k ( p ) ,  from the first 
section of the previous analysis], in order for all these common alleles 
to be represented in the sample, we must have 

[1  - ( 1  - p ) Z . ] r  > 1 - a ,  ( 1 6 )  

o r  

n ___ ln[l - (1 - O01/r]/2 ln(l --p).  (17) 

Table 6 presents sample size estimates based on this inequality. As 
seen in Tables 1 and 2, for most VNTR loci, even when the total number 
of alleles is large, the expected number of alleles having frequency p o r  
above is generally below l0 for p, = 0.001, 0.01, or 0,05. Therefore in 
Table 6 the minimum sample size requirement is presented for values of 
r _< 10. It is clear from this table that, if we sacrifice the alleles of  
frequency below 0.01, a sample of 300 individuais will ensure that all 
common alleles (alleles with frequency :greater than 1%) will-be re_pre- 
sented in a sample with at least 95% confidence. This is a much more 
feasible sampling strategy and should guarantee reliable estimation of 
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Tab le  7. Frequency of  Alleles That Will Be Represented in a Sample  of n Indi- 
viduals with a Given Level of  Confidence 

Al l e l e  F r e q u e n c i e s  for." 

r = l  r = 5  r = l O  

n a = 0 .01  a = 0 . 0 5  a = 0 . 0 1  a = 0 . 0 5  a = 0 . 0 1  a = 0 . 0 5  

50 0.0450 0.0295 0.0602 0.0448 0.0667 0.0514 
100 0.0228 0.0149 0.0306 0.0227 0.0339 0.0260 
200 0.0114 0.0075 0,0154 0.0114 0.0171 0.0131 
500 0.0046 0.0030 0.0062 0,0046 0.0069 0.0053 

1000 0.0023 0.0015 0.0003 0.0002 0.0003 0.0003 

the frequencies of common a!le]e_s i n a population. Note that the sample 
size estimates of Table 6 are even more economical if we sacrifice all 
alleles haying frequency 0.05 or less, ~n which case 50 individuals may 
be suffiCi~rff~t0 ensure the presence of all common alleles in the sample 
with 95% confidence. 

The inequality (17) can also be written in the form 

p >-- 1 - [1 - (1 - o t ) l l r ]  112n, (18) 

which can be used to examine which allele frequencies are reliably es- 
timated in a sur_ey of  n: individuals. This bound also proscribes a thresh- 
old value for the rare allele frequencies that would yield a conservative 
probability Of a match in forensic cases involving previously unseen DNA 
types. Table 7 presents some representative values of such minimum 
bounds of allele frequencies. It shows that in the VNTR surveys in- 
volving 200 or more individuals the alleles with frequency above 1% are 
generally represented, and even when the sample size is 50, alleles with 
frequency above 5% should be encompassed in the sample. 

Discussion and Conclusion 

,~ The final_ step in using DNA typing data in forensic applications 
consists in using estimates of specifiC genotype frequencies to determine 
how often by chance alone tw 0 biological specimens from two different 
indiyidua!s have identical DNA type results. Obviously, reliable con- 
ser_vative estimates of genotype probabilities are required for such a pur- 
pose, and population-based data must provide such estimates. Activities 
at various= ia.boratofies~ are cu~ent!y geared toward providing such data. 
It is intuitively clear that a hypervariab!e locus that provides greater het- 
erozygosity is also more efficient for resolving a forensic case, because 
the chance of a match by chance alone decreases as heterozygosity in- 
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creases. Therefore from a strategic point of view hypervariable loci that 
contain larger heterozygosities Should be considered first for gathering 
population data. Of course, the cost efficiency and techn-icai reproduc- 
ibility of typing results also must be considered in selecting the loci that 
serve the purpose better. 

Here, I first show that one of the intrinsic population genet icchar ,  
acteristics of VNTR polymorphisms is that VNTR loci generally contain 
a large number of segregating alleles whose exact number  in any pop- 
ulation is a random variable and hence is strictly unl~nown. The expected 
number of alleles , however, can be derived by assuming that the pattern 
of VNTR polymorphism follows the predictions o f  the infinite allele model 
of selectively neutral alleles. Validation of this assumption is provided 
by several recent articles [see, for example, Jeffreys et al. (1988), Bu- 
dowle, Chakraborty ' de Andrade et al. (1991), Chakraborty, Fornage et 
al. (1991), Edwards et al. (1991), and Deka et al. (1991)], particularly 
when the DNA typing protocol can discretize the-allehc diStihctions by 
techniques such as high-resolution Southern gel electrophoresis follow- 
ing polymerase chain reaction (PCR) techniques. 

In view of the recent article by Jeffreys et al. (1990) that VNTR 
alleles of identical size may not always be iso-allelic at a molecular level 
and that generation of new alleles at VNTR loci may not exactly cor- 
respond to the infinite allele model, one might question the applicability 
of Ewens's sampling theory invoked in.the present analysis. To this e(- 
fect several comments are noteworthy. First, earlier studies in relation 
to protein variation have ShoWn th-at:in the presence of hidden variation 
(within allelic classes) the proportion of rare alleles in any given sample 
is even more elevated compared to theprediction of Ewens's sampling 
theory (Chakraborty et al. 1980). Therefore the minimum sample size 
requirements established here should serve as adequate guidelines even 
if the size classification of alleles by agarose gel electrophoresis involves 
undetected hidden Variation. Sec6h~l,-Jeffreys et al. 's (1990) study also 
indicatesthat the rate of mutation (and therefore 0) may not be constant 
for all same-size alleles. Nei et al. (1976) entertained such a model, 
called the variable mutation i:ate model, the consequences of which are 
again seen in the preponderance of rare alleles, more than that predicted 
by Ewens's sampling-theory. Therefore variability of mutation rate also 
does not preclude use of the theory discussed here. Moreover, Clark's 
(1987) and Flint et al.'s (19891 empirical studies of allele:frequency_dis- 
tributions with quasi-continuous size classification of VNTR alleles jus- 
tify the adequacy of Ewens's sampling theory in the present context. 

These comments together with the observation of the preponder= 
ance of rare alleles noted in surveys such as that of Odelberg et al. (1989), 
Boerwinkle et al. (1989), and Ludwig et al. (1989) imply that the n, umber 
of possible genotypes at VNTR loci is generally quite large (easily of 
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the order- Of thousan-ds) and that many of these genotypes should occur 
in a population with minute probabilities. In fact, some of the genotypes 
may not even exist in a population at any specific time (generation). 

Remember that, if .we want to determine a minimum sample size 
so that the direct estimation of all possible genotype frequencies is pos- 
sible from-their observed relative frequencies in a sample, we must en- 
sure that all possible genotypes are represented in the sample. But the 
noted characteristics dictate that this is not feasible because the sample 
size needed to encompass all possible genotypes in the sample is quite 
large. Sonietimes it can be so large that, even if that many individuals 
could 15e tested,~there is no guarantee that all of them would belong t o  
a-single:h_-6~gefl~eou-~p0pulatib~. Because of this, it can be concluded 
that sample size determination should not be decided using criteria based 
on direct estimation of genotypic probabilities. In fact, the nature of VNTR 
polymorphisms necessarily dictates that genotypic probabilities be eval- 
uated from the frequenc!e s of segregating alleles. 

This is possibl e by assuming the HWE law, which should finst be 
validated. Tests for HWE can be varied in nature, although it is claimed 
flaa~--ho{a'e ~t~em--general ly haveadequate  statistical power [see, for 
example, Ward and Sing .(1970)-and Emigh (1980)]. Although there are 
some concerns-that VNTR genotype data sometimes fail to conform to 
HWE predictions (Lander 1989a,b; Cohen 1990), elsewhere it has been 
shown that, when the allelic distinctions are of a discrete nature, in 
general, assumptionof HW--E]s r--e-asonable (Boerwinkle et al. 1989; Lud- 
wig e~ all. 19=_89~;.Qd~_e_l~_~___rg e_t..a!. 1989; B udowle, Chakraborty et al. 1991 ; 
Chakraborty, de Andrade et al. 1991; Edwards et al. 1991" Deka et 
al. 199!), particularly when the samples are drawn from well-defined 
populations. 

Earlier claims of  deviation of genotype frequencies from HWE pre- 
dictions in DNA typing data in the presence of quasi-continuous allele 
frequencies have been recently disproved by the development of an ap- 
propriate test criterion (Devlin et al. 1990). Furthermore, Chakraborty, 
de Andrade et al. (!991) have shown that other factors, such as the pos- 
sibility of' incomplete resolution of nearly similar size alleles, the pres- 
enceof  sho~-alie]es-that-~e not detectable by RFLP (restriction fragment 
lengthpolymorphism) analysis, and measurement error, must be taken 
iiit0 account befoi-e ascribing the presence of population structure and 
inbreeding to the source of the apparent heterozygote deficiency seen in 
RFLP typing of VNTR data. Chakraborty and Jin (1991 ) have also dem- 
o~Sti'ated that the a ~ p ~ f i ~  heter0zygbte deficiencies observed in some 
VNTR surveys emp!oying RFLP analysis o f  allele size determinations 
[e.g., Budowle, Giusti et al. (1991)] cannot be due to the presence of 
population substructure within the populations sampled. Failure to detect 
deviations from HWE in such tests does not arise from the low statistical 
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power of the tests employed in these studies, and the tact that such tests 
do indeed detect deviations from HWE resulting from population het- 
erogeneity is empirically shown by Chakraborty et al. (1988) and Chak- 
raborty (1990b). 

The results here show that the sample size requirements for reliable 
estimation of allele frequencies are relatively more modest. In particular, 
because most segregating alleles at any VNTR locus are likely to be rare, 
a sample that encompasses all common alleles with a certain level of 
confidence and that substitutes an upper bound for the rare allele fre- 
quencies is required. This economizes the sample size requirement fur- 
ther. For example, because the number of alleles whose frequency ex- 
ceeds 1% in a population is generally 10 or less, we can ask for a sample 
size that Will ensure that all these alleles are represented in the sample. 
Numerical evaluations presented in Table 6 indicate that samples of 300 
individuals may be adequate for such purposes. 

An issue that needs Special attention is that appropriate populations 
must be studied so that for any given forensic case the relevant popu- 
lation-based data are used. This brings up the issue of allele frequency 
differences across populations at VNTR loci. One might note that Since 
the discovery of protein-enzyme Variations three decades ago, there are 
still several gaps of population-based allele frequency studies at such loci 
(Roychoudhury and Nei 1988), and it will take a great deal of effort to 
come to this stage of allele frequency surveys for VNTR polymorphisms. 
Therefore, at present, one may have to substitute the most genetically 
similar population for any specific case study. The question, therefore, 
is what sample size is adequate for studying interpopulational distances 
with respect to VNTR polymorphisms. The present results are instructive 
in this respect as well. BecaUse the rare alleles contribute little to the 
heterozygosity or genetic distance, one might concludethat, if we sac, 
rifice the rare alleles and concentrate only on reliable estimation of c0m- 
mon allele frequencies, the samp:[e size needed Would not be Very large. 
Even 50 individuals per population might be enough if we are ready to 
substitute the frequencies of all rare alleles with an upper bound, such 
as 0.05. Note that these results are in direct agreement with Nei:s (1978) 
suggestions, which established general guidelines of sample size eval- 
uations in the context of electroph6retic surveys for evolutionary studies. 

In summary, population-based VNTR surveys will serve forensics 
and evolutionary studies of population genetics better if we concentrate 
on developing more VNTR 10ci that-can:be reliably-ty[sed. Alth~tigh the- 
present theory ideally requires an accurate estimation Of heterQzygo_sity~ 
the discussion indicates that some underestimation of heterozyg0sity is- 
of no concern, and hence sacrificing some rare alleles can be ~t01er-ated 
at the expense of cost reduction of sampling: Therefore I conclude that 
for conservative estimates of allele and genotype frequencies at VNTR 
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loci, 100-150 individuals per population may be adequate for such sur- 
veys. Allele frequency data generated in this pi'ocess can be used to pro- 
vide statistical evaluations of false matching for most forensic cases, par- 
ticul~ly because all rare events will be cushioned with a higher probability, 
reducing the chance of biased accusation. 
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Sample Size Requirements for Addressing the 
Population Genetic Issues of Forensic Use of 
DNA Typing 

RANAJIT CHAKRABORTY I 

Abstract DNA typing offers a unique opportunity to identify in- 
dividuals for medical and forensic purposes. Probabilistic inference 
regarding the chance occurrence of  a match between the DNA type 
of  an evidentiary sample and that of  an .accused suspect, however, 
requires reliable estimation of  genotype and allele frequencies in the 
population. A!though popUlatiofi~baSed data on DNA typing at sev- 
eral hypervariable loci are being accumulated at various laborato- 
ries, a rigorous treatment of  the sample size needed for such pur- 
poses has not been made from populhtion genetic considerations. It 
is shown here that the loci that are potentially most useful for fo- 
rensic identification of  individuals have the intrinsic property that 
they involve a large number o f  segregating alleles, and a great ma- 
jority of these alleles are rare. As a Consequence. because of the 
large number of  possible genotypes at the hypervariable loci that 
offer the maximum poten!ial for individualization, the sample size 
needed to observe all possible genotypes in a sample is large. In 
fact, the size is so large that even if such a huge number of indi- 
viduals could be sampled, it could not.be guaranteed that such a 
sample was drawfi fri3m a single homogeneous population. There- 
fore adequate estimation of  genotypic probabilities must be based 
on allele frequencies, and the sample size needed to represent all 
possible alleles-is far more reasonable. Further economization of 
sample size is possible if one wa0ts to have representation of only • 
the frequent alleles in the sample, so t.hat the rare allele frequencies 
can be approximated by an upper bound for forensic applications. 

It is now well i<nown thai interspersed in the human genome  are nu- 
merous  D N A  regions that have  genet ic  variation ~ h o s e  magni tude  is 
much larger than~ that coded  b y  the traditional serological loci (Jeffreys 
et al. 1 9 8 5 a , b ; N a k a m u r a  et al. 1987). Such  genetic hypervariabi l! ty can 
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be used profitably to identify specific individuals by DNA typing at such 
regions of the genome. In recent years, therefore, civil and criminal courts 
in the United States and Europe have been admitting DNA typing evi- 
dence in resolving legal, controversies involved in both paternity disputes 
and criminal cases [see, forexan_ap_le, B.all_an!yne et al. (1989)]. Because 
DNA typing technology is relatively new and because population-based 
surveys on variability at such genetic loci are less abundant compared 
to the classical serological markers, concerns have been raised about their 
general applicability for legal purposes (Lander 1989a,b, 1991; Cohen 
1990). 

The criticisms with regard to admitting [)NA typing evidence in 
legal cases include the inappropriateness of using population data from 
small samples (Lander 1989b). It is therefore necessary to determine how 
large a sample ' must  be for the statistical analysis of DNA typing data 
to be regarded as appropriate for legal-applications: Note that-for-forensic- 
use DNA typing datacan be represented in te rms0f  m~u]tinomial-digtri - 
butions with a large number~f-prss ibfe-~l~-~[~-ee,  for -example-,--Bu~ 
dowle, Giusti et all (i9§1)] whoge[th~6~ is~-c-o~plete]y:~charac(erized 
(Rao 1957, 1958; Johnson and Kotz 19~59). Hrwever , there  is no-sys- 
tematic discussion on this subject in the context of allele and genotype 
frequencies generally observed at the hypervariable loci that currently 
are being used for forensic cases. 

My purpose here is to address this issue by asking what sample 
sizes are adequate for conservative evaluation of genotype or allele fre- 
quencies. Based on the population genetic characteristics of the hyper- 
variable loci, I show that the large heterozygosities at such loci neces- 
sarily imply that the expected number of alleles at each of these loci is 
generally quite large. (often larger than 50) and that-there is a predomi- 
nance of rare alleles (i.e., alleles that occur in frequencies as small as 
0.01 ) at such loci. Furthermo-?e, .the tot~i~ifib-eT~f-allel~g-~fid the- n-um- 
ber of rare alleles are increasing functions of-sample size. Consequently, 
if we want to determine a minimum sample size based on the criterion 
that all possible genotypes must be represented in the sample, the needed 
sample size would be so large that it would be impractical to test that 
many individuals from a single homogeneous population. It therefore 
becomes necessary to evaluate genotype frequencies from allele fre- 
quency data, and the Sample s~ize requiremems can-be-derived ~3f-esti- 
mating allele frequencies from the sample. Based on representation of 
all alleles in the sample, feasible sample sizes can be obtained from well- 
defined homogeneous popu]atiohs. However, becaiis-e many of the al- 
leles are characteristically of rare frequency, (as defined before), sample 
size requirements still can be severe. It might be more economiCal to 
ask for a sample size whereby the frequencies of more frequent alleles 
are estimated With reliable precision and to determine a threshold for the 
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frequencies of rare alleles for which an upper bound can be prescribed 
based on such threshold values. This procedure should yield a conser- 
vative estimate (biased in the  upward direction) of probabilities of ob- 

taining_ a match for.cases involving.rare genotypes, even when the exact 
evaluation of chance occurrence of a match becomes impossible based 
on the sampled allele frequencies. 

Throughout this paper I call the class of loci that are shown to be 
useful for f6r6nsi~=pfirposes VNTR (variable number of tandem repeat) 
loci, foilowing~Nakamura e t  al: (1987), although various other names 
for such-loci~have-~been~proposed depehdin~-on the core motifs of their 
nucleotide sequences [see, for example; Edwards et al. (1991)]. I also 
assume thavthe alleli~: ~fstincti6ns at such loci are made without ambi- 
gmty, so that the different alleles are discrete and no measurement error 
is involved in the Size classification of alleles. ~,~,~en allele sizes are 
quasi-continuous in a population, the present theory can be applied with 
suitable binning of alleles [e.g., Budowle, Giusti et al. (1991)] without 
any major changes in the qualitative conclusions of the present results. 
The theory also assumes that VNTR loci have an autosomal codominant 
mode of transmission and that the genotype frequencies satisfy Hardy- 
Weinberg equilibrium (HWE) expectations. Note that, in the absence of 
measurement error, data on such loci collected from well-defined pop- 
ulations generally show that this assumption is appropriate [see, for ex- 
ample, Boerwinkle et al. (1989), Ludwig et al. (1989), Budowle, Chak- 
1aborty et al. (1991:), Cha-~abort3~" Fornage et al. (1991), Deka et al. 
(1991), and Edwards et al. (1991)]. Polymorphisms at VNTR loci with 
discretized fillelic-dist-ini:ti0ns aiso have been shown to follow the pre- 
dictions of the neutral mutation model of the infinite allele model [e.g., 
Jeffreys et al. (1988), Budowle, Chakraborty et al. (1991), Chakraborty, 
Fornage et al. ( 1991 ),  Chakraborty and Daiger ( 1991 ), Deka et al. ( 199 l), 
and Edwards et al. (1991)], which is assumed to generate the expected 
number of alleles at VNTR loci. 

Throughout this article the sample size is defined as the number of 
individuals sampled from the population (designated by n) so that, when- 
ever sample size is considered with regard to the number of alleles sam- 
pled, it is equated to 2n (because of autosomal inheritance of the loci 
and diploid3, of the human genome). 

Theory and Results 

Expected Total Number of Alleles and Number of Rare Alleles in a 
Sample from an Equilib-rium~ Population. Although the high degree 
of polymorphism at VNTR 10ci has been noted in almost all human pop- 
ulations--and this is characterized in terms of high heterozygosity at 

• , 
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these loci and by a large number of al leles--i t  is not possible to deter- 
mine the exact number of aileles that can occur at VNTR loci in any 
population. This is because the allelic possibilities are truly infinite for 
such loci, and hence predictions, can be made only with regard tO the 
sampling distribution of the number of  alleles found in any sample of 
alleles drawn from a population. By assuming selective neutrality of VNTR 
alleles, one can employ the sanipling theory of  selectively neutral alleles 
(Ewens 1972; Chakraborty and Griffiths 1982i to determine the expected 
total number of alleles and the expected number of alleles for any spe- 
cific allele frequency class. In a sample of 2n alleles (n individuals) ran- 
domly drawn from a-p0pulation that is at mutation-drift equilibrium, Ew- 
ens (1972) showed that the expected total number of alleles can b e  
expressed in terms of  an unknown parameter (0) and the sample size (n) 
by the equation 

2n- I 

E(k) = 0 E (0 + i) -j  (1) 
i=0 

where 0 = 4Nv, in which N is the effective size of the population and 
v is the mutation rate a t the  locus per generation. Chakraborty (1981) 
and Chakraborty and Griffiths (1982) further showed that the expected 
number of alleles whose frequency lies in the range p, to P2 (0 --- p~ < 
P2 -< 1) in such a sample is given by 

[2np:l 

E[k(P~,P2)] = E 0 nr F(n + 0 - i) 
• ( 2 )  i=12,,p.~l+l i (n - i)! . F(n + 0) 

where ['(.) is the gamma function and [n] is the largest integer contained 
in n. Equation (2) immediate!y proscribes-the eXisecte-a-num-Ber~ofrare " 
alleles in a sample  by. substitu~ing p_, .= 0_and P2-~- p- for. any small-p 
(say, p = 0.001, 0.-_0:12 or_6~5~ii[~herefore_the expectednumber of rare 
alleles in a sample of  n individuals becomes 

I:"Pl 0 n! F(n * 0 - i) 
E[k(p)] = E -- 

i=l i ( n  i)! F ( n +  0) ' (3) 

which can be approximated with good precision (Chakraborty 1981) by 

E[k(p)] ~ AO - BO 2, (4) 

where 
[2npl 

A = E ( l / i )  -and 
i :1 

[2rip] ' 

B = E ( 2 n - i )  -I (5) 
i=1 

are constants depending on the sample size n and the definition of  rare 
alleles (p  = 0 .001 ,0 .01 ,0 .05 ,  or any arbitrary small number). It should 
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Table  1. Expected Total Number  of  Alleles in a Sample of  n Individuals for a 
Given Level of  Heterozygosity 

Heterozygosit 3. 

n 0.20 0.50 0.75 0.90 0.95 

50 2.2 5.2 I 1.1 22.9 35.3 
100 2.4 5.9 13.2 28.8 46.9 
500 2.8 7.5 18.0 43.0 76.2 

1 ,000  3.0 8.2 20.0 49.2 89.2 
10,000 3.5 10.5 26.9 69.9 132.7 

be noted that both k (the total number of alleles) and k(p) (the number 
of rare alleles) in a sample are random variables and hence do not have 
fixed values, but their sampling distributions are known. Ewens (1972) 
gave the exact sampling distribution for k [which is quite complex but 
can be numerically evaluated; see Stewart's algorithm in the appendix 
of Fuerst et al. (1977)], and Chakraborty and Griffiths (1982) showed 
that for small values o f p  (such as the ones noted here), the variable k(p) 
follows a Poisson distribution so that expression (3) or (4) also gives the 
variance of the number of rare alleles in a sample. 

Equations (1)-and (4) can be used to evaluate the expected numbers 
of rare alleles for an3i Selectively neut/'al locus, for which we must know 
the composite parameter 0. Ofie way of estimating this parameter is from 
the level of heterozyg0sity at the locus, which is relatively less sensitive 
to sample size. Denote the sample value of  heterozygosity by H. It is 
known that under t he~ a ssu_mption of equilibriUm the expectation of H is 
0/(1 + 0) so that the moment estimator of  0 is given by H/(1 - H). 
The justifications for this moment estimator of 0 in the present context 
are given by Chakraborty (1990a,b) and Chakraborty and Schwartz (1990). 
Therefore Eqs. (1) and (4) can be used to predict roughly how many 
alleles are expected at any selectivel), neutral -locus if the sample is drawn 
froman equilibrium population and how many rare alleles there may be 
in-stieh ~i ~n~ le .  - . . . . . . . . . . .  " " - 

-: Table -:1: presents :the'-expected total nu~nber of alleles for some rep- 
resentative heterozygosity values that are generally seen at VNTR loci 
for seve-ral sample gizes (number of individuals). It is clear from this 
table that the observed number of  alleles is an increasing function of 
heteroZygoslty and of sample size, and, in particular, when the hetero- 
zygosity is high' (say, 95%), the number of  ~alleles can easily exceed 40 
when more than-lOOindividuals are Sampled from the population. There- 
fore a large number o f  alleles at any VNTR locus is an intrinsic property 
of such polymorphisms. 
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T a b l e  2. Expec ted  N u m b e r  of  Rare Alleles in a Sample  of  n Individuals  for Se- 

lected Levels  o f  He te rozygos i ty  at a Locus  

H p 50 100 500 1.000 10.000 

- 0.3 0.4 0.9 0.20 0.001 - '  
0.01 0.3 0.4 0.7 0.9 1.5 
0.05 0.6 0.7 1.1 1.3 1.9 

- ' 1.0 1.5 3.6 0.50 0.001 - 
0.01 1.0 1.5 2.9 3.6 5.9 
0.05 2.2 2.9 4.5 5.1 7.4 

- 3.0 4.5 10.8 0.75 0.001 - 
0.01 2.9 4.4 8.7 10.7 17.5 
0.05 6.4 8.3 13.0 15.1 22.0 

- 8.9 13.4 32.3 0.90 0.001 - 
0.01 8.2 12.7 25.6 31.6 52.1 
0.05 16.4 22.2 36.3 42.5 63.2 

0.95 0.001 18.6 28.1 68.0 
0,01 15.4 24.9 52.0 64.7 108. I 
0.05 24.8 37.1 67.0 80.0 123.7 

a. Dash denotes cases where this definition of rare alleles is inappropriate. 

Such a large number of alleles is also observed in many empirical 
surveys in accordance with th_is_ theory. For example, Boerwinkle et al. 
(1989) observed 12 alleles at the ApoB VNTR locus in a French pop- 
ulation of 125 unrelated individuals, and Ludwig et al. (1989) found 14 
alleles at the same-locus in a survey of 318 US whites. Becausetheir 
observed heterozyg0si-/y:vaiues iwer~7~5,% a-ffd 78~ofi-r~lSe-ctive/y,_-byus- 
ing Eq. ( l ) , w e  get expectations for the total numberof.alleles for-_these 
sample s izes0f  13.8 and i 8.9,~respectively-, whici~_are-in:?f~iif~gfee-frient 
wiih the observations [particulaHy-lse-c~ffs(k, =the-tOtal: number~0f-alleles' 
also has a large Variance; seeEwens (1972)]. An even-higher number 
of alleles was observed in the Utah white population at several VNTR 
loci (Odelberg et al. 1989). This can be explained by the high hetero- 
zygosity (75-95%) at the loci surveyed. The largest number-of alleles 
observed by Odelberg et al. (1989) was 67 at the D2S44 locus, which 
was reported as having a heterozyg0sity of 95%. All these results in- 
dicate that high heterozygosity at VNTR loci necessarily leads to a large 
number of segregating alleles, and this is consistent with the expectations 
of the pattern of polymorphism at these loci.- . ' . . . . .  

Table 2 shows another important f.eature-0f~such polymorphis ms. 
Using Eq. (4), one can compute the expected number of rare alleles for 
any given level of heterozygosiiy in a s-ample of size n. In the compu, 
tations presented in Table 2, I Used'three definitions of rare alleles (p 
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= 0.001, 0.01, and 0.05), noting that, when less than 50 individuals 
were surveyed, rare alleles could not be  defined with the criterion p < 
0.01. The general implications of the results_shown in this table are: (1) 
Many of the Segregating~alleles at V/~TR-loci are rare; (2) like the total 
number of alleles, the number of rare alleles is also an increasing func- 
tion of-heterozygosity and sample size; and (3) the proportion of rare 
alleles increases with increasing sample size and heterozygosity. For ex- 
ample, when H = 90%, in a sample of 50 individuals 16.4 of the 23 
alleles will have a frequency below 5%, whereas in a sample of 10,000 
individuals 63 of the 70 alleles at the locus are expected to have an allele 
frequency below 5%. -For  higher heterozygosities the rare alleles will 
constitute an even larger fraction Of the total number of alleles. Analvsis 
of the empirical sfirvey data [e.g~, Odelberg et al. (1989)] indicates ihat 
such theoretical expectations are congruent with the observations. For 
example, at the D2S44 locus Odelberg et al. (1989) observed 37 of the 
67 alleles with a frequency less than 1% (p = 0.01), although 42.5 ___ 
6.5 are expected tO be in this class using Eq. (4) and assuming a Poisson 
distribution of rare alleles. 

~'lae features of  p0iyniorphism seen in the computations of Tables 
l~and 2-h~,~e imp~i't~ft-impli~a~i0-nsfor sample size requirements in VNTR 
surveys. These results .indicate that, given large heterozygosities, the 
number of possible genotypes at VNTR loci often can be large. For ex- 
ample, WhenT4 = 0.95, we can easily expec-t as many as 90 alleles (for 
n.= 1000), and the number of possible genotypes at a VNTR locus will 
be 4095. Furthermore, because at a VNTR- locus there can be 80 alleles 
wit h frequency 5%-or less, 3240 of these genotypes should have a fre- 
quen-cy less than 0.5% should the population be in Hardy-Weinberg equi- 
l ibrium Witfi respect to-the genotype frequencies. Obviously, we would 
l ike io  know what sample size will be required to represent all these 
genotypes in the sample if we are to use gen0type data to estimate all 
genotype frequencies directly. 

Probability o f  Observing All Possible Genotypes in a Sample of Fixed 
Size and Minimum sample Size Requirement for Representation of 
All Genotypes in a Sample.  The minimum sample size requirement 
can be addressed in tWO ~dltem~/tive ways. First, we can evaluate the 
probability t h~/t all posgibl~genotypes are represented in a sample of a 
given size. Elsewhere I have shown that this probability can be evaluated 
only when the number of alleles~ and their frequencies in the population 
are known (Chakraborty 1991). Consider a locus for which there are k 
segregating alleles, where p~, P2 . . . . .  p,  (the p-vector) represent the true 
allele frequencies. If.we assume that in the population the genotype fre- 
quencies follow Hardy-Weinberg expectations, the vector of genotype 
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frequencies is of dimension K = k(k + 1)/2, and it can be represented 
by qt, q,- . . . . .  q~, where the qi are either of the form p~ or 2p~oj de- 
pending on the specifiC genotypes. In a sample of n individuals scored 
for such a locus, the probability that all genotypes are represented is 
given by [see Chakrab0rty (1991) for derivation] 

K 

P = 1 - Z ( - l ) ' - I S r '  (6) 
r = |  

where Sr is the probability that at least r of the K genotypes are not 

observed in the sample; that is, 
K K 

SI : Z ( I  - q i ) " ,  $ 2 :  Z Z ( I  - q i - q j ) " , e t c .  (7) 
i = 1 i > j  = I 

Although Eq. (6) can be numerically evaluated for any given values 
of k and p-vector, it involves-tedious enumerations of a large number of 
summations, particularly for k as large-as the ones noted earlier• How- 
ever, Chakraborty-(1991) derived the exact sampling distribution of the 
random variable X, the number of distinctgenotypes observed in a sam- 
ple for known values of k and p-vector, and this distribution also can be 
approximated by a normal distribution with mean p. and variance 0.', 

where 

k(k + 1) (8a) 
I-t - - $ 1 ,  

2 

0 .2 = St(l - $1) + 2S2, (8b) 

and St and $2 are as defined in Eqs. (7). 
Therefore the probability P of Eq. (6) can be approximated by 

P 1 - alP(St/0.), (9) 

where ~(x) is the cumulative probability of a standard normal variate up 

to x. 
• Table 3 shows the result of such a computation for some short tan- 

dem repeat (STR) loci, where the number of alleles and theirfrequencies 
are taken from the survey of 40 or more unrelated white individu/fls re- 
ported by Edwards et al. (1991). It is clear from this table that, at these 
STR loci (where the number of alleles generally ranges from 6 to 17) 
and because many of the alleles are rare; all possible genotypes may not 
generally be observed eve~n in 'an extremely large~samp le: For example,. 
for the (AGAT), (HUMHPRTB) locus, even in a sample of 1 million 
individuals, the probabiiity of observing all posgible genotypes is only 
0.5. Therefore in any sample of a-fixed Siz-e:-n the-chance of 
all possible genotypes in general is ve ry  small• 

- -  ~ - ~. _ _  

observing ~ 
. . . . . . . . . . . . .  } . . . .  = _ _ .  
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Table 3. Probability of Observing All Possible Genotypes in Samples of Fixed 
Size for Some Representative Short Tandem Repeat Loci 

L o c i  ~ 

n" ( A G A T ) .  ( A A T G ) .  ( A C A G ) .  ( A A T j ,  ( A G C ) .  

50 2.06 X 1 0  -3r  4 .83  x 10 -r 0 .025 2.72 x 10 -I~ (c) 

100 2.51 x 10 -n  7 .05  x 10--' 0 .106  3 .37  x 10 -j-" 2 .97 x I0 ~"  

200 1.03 × 10 --'~' 2 .13  × 10-:  0 .243  1.97 × 10 -~ 8.45 x 10 -~ 

500 1.26 × 10 -'~ 0 .019  0 .414  1.12 x 10 --~ 1.03 x 10 -~ 
1,000 1,67 × I0  -r '  0 .029  0 .482  3 .09  X 10 -~ 3 .96  x 10 -s 

10,000 1 . 0 4 x  10-" 0 .317  1.0 0 .014 0 .364  
100,000 0 .174  0 .500  1.0 0 .204 1.0 

1,000,000 0 . 5 0 0  1.0 1.0 0 .496  1.0 

a. Number  of  ind iv idua l s  typed.  

b. Data on al lel  e f requencies  and  n u m b e r  of  a l le les  on these short  tandem repeat loci are taken 
froth ttie white  s a m P l e l e x a m i n e d  by Edv,ards  et al. (1991).  

c. Sample  size is sma l l e r  than the number  of  poss ib le  geno types  g iv ing  a zero p robab i l i ty  for 
observ ing  all  poss ib le  g e n o t y p e s ,  in the sample .  

These computations, however, do not prescribe any well-defined 
minimum Sample size requirement for observing all possible gen0types; 
nor ca-fi :the minimum sample size be evaluated analytically by any direct 
method. A crude conservative sample size estimate can be obtained by 
thelf011owing aJter~ative method. 

" obs~-r~ing alip=ossi-ble genotypes By. using Eq. (6), the probability P of 
in a sample of n individuals satisfies 

the inequality 

k k k 

P >  1 - E (l - p ] ) " - . E  E (l 9 - - -  - -  - P I P ) )  , 
i =  1 i > j  = 1 

(lO) 

in which the right-hand side is at a maximum when all allele frequencies 
are- equal, that is, when Pi = I l k  for all i. Therefore a conservative 
estimate of the minimum sample size requirement for ensuring that all 

:genotypegaie representedin t]ae sample with confidence (1 " ct) is given 
by the inequality 

l - k(l - k-")" . , l k ( k  - l).(l - 2k-2)" _> 1 - ~x, (1 l) 

in which the substitutions (1 - k-2)" ~ e-n/~an d (1 -2k-2)n  ~ e-2n/~ 
yield 

'z: 2 + 2, k(k - l )  - k ]  
n_> - k : l n  k-~ --- 1) " (12) 
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Table 4, Conservative Estimates of the Number of Individuals Needed to Rep- 
resent All Possible Genotypes in a Sample for a k-Allelic Codominant Locus 

M i n i m u m  S a m p l e  Size"  N e e d e d  f o r :  

k c~ = 0 . 0 0 1  a = 0 . 0 1  a = 0 . 0 5  a = 0 . 1 0  a = 0 . 2 5  

5 213 156 116 99 77 
10 921 691 532 465 379 
15 2,164 1,647 1,288 1,137 944 
20 3,962 3,043 2,406 2,137 1,794 
25 6,330 4,893 3,899 3,479 2,943 
30 9,279 7,210 5,278 5,174 4.402 
40 16,955 13,278 10,733 9,659 8,287 
50 27,051 21,305 17,329 15,651 13,507 

I00 115,134 92,153 76,248 69,539 60,970 

a. Sample size in these computations refers to the number of individuals to be typed for each 
k-allelic codominant locus. The values of a = 0.001,0.01, 0.05, 0.10, and 0.25 represent 
99.9%, 99%, 95%, 90%, and 75% confidence, respectively, of being assured that all pos- 
sible genotypes are represented in the sample. 

When the allele frequencies are not equal (as is the case for all 
VNTR loci), sample size requirements for representation of  all possible 
genotypes can far exceed the bound prescribed by expression (12), and 
numerical evaluat ion o f  this expression is instructive enough to show that 
it is not feasible to collect  samples large enough to encompass all pos- 
sible genotypes  for any VNTR locus in any population. Table 4 presents 
numerical evaluat ions o f  expression (12) for som.erepresentative values 
of  k, the n u m b e r o f  alleles that are in-tl'ie gefienil ~:ange seen in Table 
1. It is clear that, even  with this conservative minimum sample size es- 
timate, a sample o f  15,65 1 individuals is reqUired to-enc0mpass all pos- 
sible genotypes  with 90% confidence if there are 50 alleles segregating 
at a VNTR locus. This is generally too much to ask in a survey study, 
and even if such a large sample could be collected, there is no guarantee 
that the individuals truly came from a single homogeneous  population. 

The analysis clearly establishes that, i f  we are to use the observed 
relative frequencies o f  all genotypes as the estimates o f  genotypic prob- 
abilities in the populat ion,  a sample of  adequate size cannot be collected 
because from any reasonable homogeneous popula t ionth is  large a sam: 
ple cannot  be gathered.  An appropriate alternative way to estimhte~ithe 
genotype frequencies  is therefore to use,the estimate of  allele frequencies 
and to invoke assumptions  througi~ wh ichgeno type  probabilities can be 
derived based on allele frequenc-y eSiimates (such~a~-tiae--Iqa~d~'~i-nt~erg 
equil ibrium assumption) .  

Sample  Size Requirement Based on Allele Frequencies. Having 
shown that the o n l y  practical and reliable way to estimate genotypic 
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Table 5. Minimum Number of Individuals Needed to Represent All Alleles in a 
Sample for a k-Allelic Codominant Locus 

M i n i m u m  S a n ~ l e  S i c e ' N e e d e d f o r . .  

k a = 0 .001  a = 0 . 0 1  a = 0 . 0 5  ~ = 0 . 1 0  ~ = 0 . 2 5  

5 22 16 12 10 8 
10 46 35 27 23 19 
15 72 55 43 38 31 
20 99 76 60 53 44 
25 127 98 78 69 58 
30 155 120 96 86 72 

40 212 166 134 120 102 
50 271 213 171 156 133 

100 576 461 380 346 300 

a. Number  ofindividuals  to be.typed. 

probabilities at VNTR loci is from the allele frequencies, I can now turn 
to the evaluation of the minimum sample size requirement based on allele 
frequencies. Again the logic of deriving expression (12) can be used to 
determine a crude conservative estimate of minimum sample size. For a 
locus with k segregating alleles Whose frequencies in a population are 
Pl, p2, etc., the probability that all alleles are. represented in a sample 
of n individtaals sfiould exceed the quantity 

k 
J 

1 - Z  (1 - p i )  2~. 
i=l (13) 

In order for.expression (13) to exceed the level of confidence (1 t~), 
we must ensure that 

1 - k ( l  - k - I )  2"> 1 - a ,  

o r  

1 
n >_ ~ ln(a /k ) / ln ( l  - k-l) .  

(14) 

_ (15) 

Admjt t_edly, this bound:of minimum sample size is too crude because, 
when the allele frequencies are not equal, far larger sample sizes are 
needed for all alleles to be represented in a sample. Nevertheless, Table 
5 shows that use of expression (15) leads to sample size estimates that 
are feasible to collect from any well-defined population. For example, 
to ensure that all 50 equifrequent alleles are represented in a sample with 
95% confidence (a = 0.05), we need to type 171 individuals from the 
populafion. In practice, however, the required sample size may be larger, 
because these computations do not represent the reality of the situation, 

• _ .  . . 
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Table 6. Minimum Number of Individuals Needed to Have r Alleles with Fre- 
quency p or Above Represented in the Sample 

M i n i m u m  S a m p l e  S i z e  N e e d e d  f o r : .  

r p a = 0 . 0 0 1  a = 0 . 0 1  a = 0 . 0 5  a = 0 . 1 0  a = 0 . 2 5  

I 0.001 3452 2302 1498 1151 693 
0.01 344 230 150 115 69 
0.05 68 45 30 23 14 

2 0.001 3798 2647 1838 1485 1005 
0.01 379 264 183 148 100 
0.05 74 52 36 29 20 

5 0.001 4257 3104 2292 1935 1442 
0.01 424 309 229 193 144 
0.05 84 61 45 38 29 

10 0.001 4603 3450 2637 2278 1781 
0.01 459 344 263 227 178 
0.05 90 68 52 45 35 

namely, the allele frequencies are not equal, and thus such a direct eval- 
uation of minimum sample size is not possible. 

Alternatively, we might ask what sample size would be required if 
we want to ensure that all alleles with frequencies above a certain small 
value will be represented in the sample with a proscribed level of con- 
fidence. Because the probability that an allele with frequency p remains 
unobserved in a sample of n individuals is given by (1 - p).,n, if there 
are r alleles at a locus that have frequencies p Or above in the population 
[reasonable values of r can be obtained.from k - k ( p ) ,  from the first 
section of the previous analysis], in order for all these common alleles 
to be represented in the sample, we must have 

[ I  - ( 1  - p ) ' -" ]"  _> 1 - a ,  ( 1 6 )  

o r  

n -> ln[l , (1 - ~ ) l / r ] / 2  In(1 - p ) .  (17) 

Table 6 presents sample size estimates based on this inequality. As 
seen in Tables 1 and 2, for most VNTR loci, even when the total number 
of alleles is large, the expected number of alleles having frequency p or 
above is generally below 10 for p " 0.001, 0.01, or 0.05. Therefore in 
Table 6 the minimum sample size requirement is presented for values Of 
r _< 10. It is clear from this table that,-if we .sacrifice the~aileies of 
frequency below 0.01, a sample of-300 incfividuals wi l (ensure  that' all 
common alleles (alleles with frequency greater than 1%) will i~e repre- 
sented in a sample with at least 95% confidence. This is a much more 
feasible sampling strategy and should guarantee reliable estimatiOn o f  
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Table 7. Frequency of Alleles That Will Be Represented in a Sample of n Indi- 
viduals with a Given Level of Confidence 

Al le le  F r e q u e n c i e s  for." 

r 1 r = 5  r =  10 

n a = 0 .01  a = 0 . 0 5  a. = 0 . 0 1  a = 0 . 0 5  a = 0 . 0 1  a = 0 . 0 5  

50 0.0450 0.0295 0.0602 0.0448 0.0667 0.0514 
100 0.0228 0.0149 0.0306 0.0227 0.0339 0.0260 
200 0.0114 0.0075 0.0154 0.0114 0.0171 0.0131 
500 0.0046 0.0030 0.0062 0.0046 0.0069 0.0053 

1000 0.0023 0.0015 0.0003 0.0002 0.0003 0.0003 

the frequencies of common alleles in a population. Note that the sample 
size estimates of  Table• 6 are even more economical if we sacrifice all 
alleles having freqi.iency 0.05 or  less, in which case 50 individuals may 
be sufficient to ensure the presence of all common alleles in the sample 
with 95% confidence. 

The inequality (17) can also be written in the form 

p > 1 - [1 - (1 - -  OL)i/r] 112n, (18) 

which can be used to examine wh!ch allele frequencies are reliably es- 
timated in a survey of n individuals. This bound als0 proscribes a thresh- 
old value for the rare allele frequencies that would yield a conservative 
probabili!y of a match i n forensic ~agesl involving pi:eviously Unseen DNA 
types. Table 7 .presents S °me representative values of such minimum 
bounds of allele frequencie s. it shows that in the VNTR surveys in- 
volv!ng 200 or more individuals the alleles with frequency above 1% are 
generally represented, and even when the sample size is 50, alleles with 
frequency above 5% should be encompassed in the sample. 

D i s c u s s i o n  a n d  C o n c l u s i o n  

The final step in uSing DNA typing data in forensic applications 
consiStS in usiiig estimates ~of specific genotype frequencies to determine 
how often by chance alone two biological specimens from two different 
indiyiduals have identical DNA type results. Obviously, reliable con- 
serva/ive esiimates of  genotype probabilities are required for such a pur- 
pose, and population-based data must provide such estimates. Activities 
at variouS laboratories are currently geared toward pr0viding such data. 
It is i nt~i-tjfely_ c l e ~  tfi~ii ~i-hyl~e~a!-ia-blelocus ihat provides greater het- 
erozygosity is also more efficient for resolving a forensic case, because 
the chance of a match by chance alone decreases as heterozygosity' in- 
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creases. Therefore from a strategic point of view hypervariable loci that 
contain larger heterozygosities should be considered first for gathering 
population data. Of course, the cost efficiency and technical reproduc- 
ibility of typing results also must be considered in selecting the loci that 
serve the purpose better. 

Here, I first show that one of the intrinsic population genetic char- 
acteristics of VNTR polymorphisms is that VNTR loci generally contain 
a large number of segregating alleles whose exact number in any pop- 
ulation is a random variable and hence is strictly unknown. The expected 
number of alleles, however, can I~e d-efived-by assuming ihat the pattern 
of VNTR polymorphism follows the predictions of the infinite allele model 
of selectively neutral alleles. Validation of this assumption is provided 
by several recent articles [see, for example, Jeffreys et al. (1988), Bu- 
dowle, Chakraborty, de Andrade et al. (1991), Chakraborty, Fornage et 
al. (1991), Edwards et al. (1991.), and Deka et al. (-1991)], particularly 
when the DNA typing protocol can discretize the allelic distinctions by 
techniques such as high-resolution Southern gel electrophoresis follow- 
ing polymet:ase chain reaction (PCR) techniques. 

In view of the recent article by Jeffreys et al. (1990) that VNTR 
alleles of identical size may not always be iso-allelic at a molecular level 
and that generation of new alleles at VNTR loci may not exactly cor- 
respond to the infinite allele model, one might question the applicability 
of Ewens's sampling theory invoked in the present analysis. To this ef- 
fect several comments are noteworthy. First, earlier studies in relation 
to protein variation have shown that in the presence of hidden variation 
(within allelic classes) the proportion of rare alleles in any given sample 
is even more 6!e~ate_d ComPared to the prediction of Ewens's sampling 
theory (Chakraborty et al. 1980). Therefore the minimum sample size 
requirements established here should serve as adequate guidelines even 
if the size classification of alleles by agarose gel electrophoresis involves 
undetected hidden variation. Second, Jeffreys et al.'s (1990) study also 
indicates that the rate of mutation (and therefore 0) may not be constant 
for all same-size alleles. Nei et al. (1976) entertained such a model, 
called the variable mutation rate model, the consequences of which are 
again seen in the preponderance of rare alleles, more than that predicted 
by Ewens's  sampling theory. Theref6f~ variability of mutation rate also 
does not preclude use of the theory discussed here. Moreover, Clark's 
(1987) and Flint et al.'s (1989)empirical studies of allele frequency dis- 
tributions with quasi-continuous size classification of VNTR alleles jus- 
tify the adequacy of Ewens's sampling theory in the present context. 

These comments together With the observation of the-p~eporidei'- 
ance of rare alleles noted in surveys such as that of Odeiberg et al. (1989), 
Boerwinkle et al. (1989), and Ludwig et al. (1989) imply that the qumber 
of possible genotypes at VNTR loci is generally quite large (easil~¢ of 
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the order of thousands) and that many of these genotypes should occur 
in a population with minute probabilities. In fact, some of the genotypes 
may not even exist in a population at any specific time (generation). 

Remember that, if we want to determine a minimum sample size 
so that the direct estimation of all possible genotype frequencies is pos- 
sible from their observed relative frequencies in a sample; we must en- 
sure that all possible genotypes arerepresented in the sample. But the 
noted chara~teristics'd~c~ate ~tha/-this-is-not (easible because the sample 
size needed to encompass all POSSible gen0typeS in the sample is quite 
large. Someiimes it can be so large that, even if that many individuals 
could be tested,there-is no guarantee that all of them would belong to 
a :giiigle hbm0ge-ne0us population. Because of this, it can be concluded 
that sample size determination should not be decided using criteria based 
on direct estimation of genotypic probabilities. In fact, the nature of VNTR 
p01ym-orphism~ nece-s~afily dictates that genotypi~ probabilities be eval- 
uated from the frequencies o f  segregating alleles. 

This is possible by assuming the HWE law, which should first be 
validated. Tests-for HWE can be v~-ied in nature, although it is claimed 
that none of them generally have adequate statistical power [see, for 
example, W~d-and Sing(1970)and Emigh (1980)]. Although there are 
some concerns that VNTR gen0type data sometimes fail to conform to 
HWE predictions (Lander 1989a,b; Cohen 1990), elsewhere it has been 
shown -that, when the allelic distinctions are of a discrete nature, in 
g~feral, assumption 0f-I4VVE ~sreasonabl-e (Boerwinkle et al. 1989; Lud- 
wig et al. 1989; Odelberg et al. 1989; Budowle, Chakraborty et al. 1991; 
Chakraborty, de Andrade et al. 1991; Edwards et al. 1991; Deka et 
al. 1991), particularly when the samples are drawn from well-defined 
populations. 

Earlier claims of deviation of genotype frequencies from HWE pre- 
dictions in DNA typing data in the presence of quasi-continuous allele 
freqfiencies have ~ e n  recently disproved by the development of an ap- 
propriate test criterion (Devlin et al. 1990). Furthermore, Chakraborty, 
de-Andrade et al. (1991) have shown that other factors, such as the pos- 
sibility of  incomplete resolution of nearly similar size alleles, the pres- 
ence o f  Shoi-t alleles ~h~t ale not detectable by RFLP (restriction fragment 
length polymorphism) analysis, and measurement error, must be taken 
into account before ascribing the presence of population structure and 
inbreeding to the source of the apparent heterozygote deficiency seen in 
RFLP typing of VNTR data. Chakraborty and Jin (1991) have also dem- 
onstrated that the apparent heterozygote deficiencies observed in some 
VNTR surveys employing RFLP analysis Of allele size determinations 

[e.g~, Budbwle, G]ust iet  al. (1991)] cannot be due to the presence of  
p0pulati~n---~stiFgffu~tdre v¢iihihthe ~pUl~ii0ns sampled. •Failure to detect 
deviations from HWE in such tests does not arise from the low statistical 
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power of the tests employed in these studies, and the fact that such tests 
do indeed detect deviations from HWE resialting frdm-popdlation het- 
erogeneity is empirically shown by Chakraborty et al. (1-988) and Chak- 

raborty (1990b). 
The results here show that the sample size requirements for reliable 

estimation of allele frequencles are relatively m-or~ ~6cle-sLqff-partit:ular, 
because most segregating alleles at any VNTR locus are likely to be rare, 

a sample that enconipasses all common alleles with a certain,level of 
confidence and that substitutes an upper bound for the rare allele fre- 
quencies is required. This economizes the sample size requirement fur- 
ther. For example, because the number of alleles whose frequency ex- 
ceeds 1% in a population is generally 10 or less, we can ask for a sample 
size that will ensure that all these alleles are represented in the sample. 
Numerical evaluations presented in Table 6 indicate that samples of 300 
individuals may be adequate tbr such purposes. 

An issue that needs special atteniion is that appropriate populations 
must be studied so that for any g.ive-n forensic case the relevant popu- 
lation-based data are used. This brings up the issue of allele frequency 
differences across populations at VNTR ioci. One might note that since 
the discovery of  protein-enzyme variations three decades ago,. there are 
still several gaps of population-based allele frequency studies at such loci 
(Roychoudhury and Nei 1988), and it will take a great deal of effort to 
come to this stage of allele frequency surve};s for VNTR polymorphisms. 
Thereforel at present, one may have to substitute the most genetically 
similar population for any specific case study. The question, therefore, 
is what sample size is adequate for studying interpopulational distances 
with respeizt to VNTR polymorphisms. The present results are instructive 
in this respect as well.-Because the rare alleles contribute little to the 
heterozygosity or genetic distance, one might conclude that, if we sac- 
rifice the rare allelesand concen-trate only o n reliable estimation of com~ 
mon allele frequencies, the sample size needed would not be very large. 
Even 50 individuals per p0puiati6n:mig]at be enough if we fire ready to 
substitute the frequencies of all rare alleles with an upper bound, such 
as 0.05. Note •that these results are in direct agreement with Nei's (1978) 
suggestions, which estabfished general guidelines of sample size eval- 
uations in the context of electroph0/-etic surveys for evolutionary studies. 

In summary, p0pulation-based VNTR surveys will serve forensics 
and evolutionary studies of population-genetics-B~tterTif we concentrate 
on developing more VNTR loci that can: be reliably t)~ped. Although the 
present theory ideally requires anaccur~it+ egtimation of heterozygosity, 
the discussion indicates that some underestimation of heterozygosity is 
of no concern, and hence sacrificing some rare alleles can be :tolerated . 
at the expense of cost reduction Of sampling. Therefore I conclUde" ih~t . . . . .  :~ 
for conservative estimates of allele and gefioi~pe frequencies at VNTR 
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loci, 100-150 individuals per population may be adequate for such sur- 
veys. Allele frequency data generated in this process can be used to pro- 
vide statistical evaluations of false matching for most forensic cases, par- 
ticularly because all rare events willbe cushioned with a higher probability, 
reducing the chance of biased accusation. 
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Several regions of the human genome have been identified that rata'bit a high 
degree of polymorphism due to a variable number of tandemly repeated (VNTR) 
DNA sequences. While the utility of these VNTR iocl have been well publicized, 
their population genetic characteristics are poorly understood because of: (1) the 
large number of rare alleles; (2) presumptive high rate of "mutation'; and 
(3) pos~'bility of incomplete resolution of similar size alleles. Understanding the 
population genetic characterislics is necessary for oi~imal util;7~tion of these highly 
informative loci for gene mapping and geaetlc identification p ~  

We are studying the population genetic characteristics of several VNTR and 
microsatellite loci in a sample of 600 individuals, in addition to the data available in 
the published literature. Because of the large number of alleles and a relatively 
moderate sample fize, standard tests of Hardy-Weinberg equih'brium (HWE) and 
gametic disequilibrium are inadequate., and alternative tests are proposed. These 
conservative tesls are based on the exact sampling distributions of numbers of 
observed homozygotes and heterozygoces in a finite sample. When the typing 
method is such that all alleles are d~inguishable (e.g., PCR typing of the 3' 
apolipoprotein-B VNTR), the genotype distribution fits the predictions of HWE, 
and no disequilibria are observed among unlinked VNTR loci. In the presence of 
incomplete resolution of alleles (e.g., D2S44 VNTR) significant departures from 
equilibrium ex'pec/ations are observed. In addition, when complete resolution of 
alleles and getmtypes is achieved, the classic mutation-drift (inrmite allele) model 
accounts for the large amount of allelic diversity. The lack of complete resolution 
causes conspicuous discrependes between the observed and expected allele 
frequency profdes. We propose a new model of forward-backw~d "mutational" 
changes that represents the population dynamics of VNTR allelic diversity more 
adequately. Our results indicate that the hboratory techniques applied for typing 
VNTR alleles plays a large role in,dictating thepopulation genetic features-of 
VNTR loci. Ignoring this aspect may result in a wrong inference about population 
structure, consequently handicapping the optimal utility of these loci. (Research 
supported by grants GM.41399 and HL-40613 from the US National Institutes of 
Health). 
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Biomedical Sc/encns, Houston, Texa.~ USA. 

Several regions of the human genome have been identified that exhibit a high 
degree of polymorphi.un due to a variable number of tandemly repeated (VNTR) 
DHA sequences. While the utility of these VNTR loci have been well publicized, 
thelt population genetic characteri~ies are poorly understood because of: (1) the 
large number of rare alleles; (2) presumptive high rate of "mutation'; and 
(3) pos~'bility of incomplete re.solution of similar size alleles. Understanding the 
population genetic character~ics is necessary for optimal utilization of these highly 
informative loci for gen¢ mappln 8 and genetic identification purposes. 

We are studying the population genetic characteristics of several VNTR and 
mkznsatellite Iocl in a sample of 600 individuals, in addition to the data available in 
the published literature. Because of the large number of alleles and a relatively 
moderate sample size, standard tests of Hardy-Weinberg equlh'brium (HWE) and 
gametic disequilibrium are inadequate, and alternative tests are proposed. These 
conserv,qlve tests are based on the exact sampling distributions of numbers of 
observed homozygotes and heterozygut~ in a finite sample. When the typing 
method is such that all alleles are distinguishable (e.g., PCR typing of the 3' 
apolipoprotein-B VNTR), the genotype distribution fits the predictions of HWE, 
and no disequilibria are observed among unlinked VNTR loci. In the presence of 
incomplete resolution of alleles (e.g., D2S44 VNTR) significant departures from 
equilibrium expec~tions are observed. In addition, when complete resolution of 
alleles and genotypes is achieved, the classic mutation-drift (infinite allele) model 
accounts for the large amount Of allelic diversity. The lack of complete resolution 
causes conspicuous discrependes between the observed and expected allele 
frequency prot'des. We propose a new model of forward-backward "mutational" 
changes that represents the population dynamics of VNTR allelic diversity more 
adequately. Our results indicate that the laboratory techniques applied for typing 
VI, ZTR alleles plays a large role in dictating the population genetic features of 
VNTR loci. Ignoring this aspect may result in a wrong inference about population 
r,~ructure" consequently handicapping the optimal utility of these loci. (Research 
supported by grants GM-41399 and HL-40613 from the US National Institutes of 
Health). 



Polymorphisms at VNTR Loci Suggest Homogeneity of the 
White Population of Utah 
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Abstrac t Apparent departure from e qu~b_n'um of genetic param- 
eters measured for multiallelic single-locus markers such as VNTR 
(variable number of tandem repeat) loci has been suggested as ev- 
idence of underlying heterogeneity of the tested population. Using 
allele frequency distributions at eight VNTR loci from the white 
population of Utah, we show that the observed number of alleles 
and the gene diversity at each locus are congruent according to ex- 
pectations of the neutral mutation model. This demonstrates the ge- 
netic homogeneity of the white population of Utah with reference 
to the allele (total and rare) frequency distribution at eight VNTR 
loci. The importance of such procedures is discussed in the context 
of using VNTR polymorphism data for forensic and medicolegal ap- 
plications. Recommendations for reporting population data for by- 
pe r t ' ab le  loci are also made to aid potential users in conducting 
similar analyses. 

The discovery of hypervariabie loci was one of  the significant achieve- 
ments of human genetics in the 1980s because of  the impact of  such 
polymorphisms on gene mapping, parentage ascertainment, and forensic 
identity determination. Although numerous hypervariable loci have been 
described [e.g., Wyman and White (1980), Bell et al. (1982), Proudfoot 
etal.  (1982), Jeifreys et al. (1985, 1988), Nakamum et al. (1987), Wong et 
a1.(1987), and Chimera etal ;  (1989)], large-scale population data on such 
loci are relatively scarce or not  reported in a useful fashion. The alleles 
found at Such loci vary in the number of  tandem repeats of  a specific 
DNA sequence. The characteristics of  such variable number of  tandem 
repeat (VNTR) loci include (1) a near continuum of  allelic diversity ac- 
cording to mbl~ l i l~  size"in a l l  pbpiflations tested, (2) low frequency 
of each individufiVallele, (3)high hetei'0zygosity, and (4) mutation rates 
several-fold higher than those of  traditional protein-coding loci. 
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Although the practical utility of VNTR loci is enhanced enormously 
by these four characteristics, there are attendant limitations as well. For 
example, the nearly continuous allelic vadati0n iff molecular weight 
implies that the assessment of different alleles recluiresfilgh-resoluti0n 
laboratory protocols to resolve alleles that differby only a Single repeating 
unit. Because the length of the repeating unit may be smallin relation 
to allele length [e.g., 30 bp, as in the case of the D2S44 locus on 
human chromosome 2q; see Odelberg et al. (1989)], assessment can be a 
technically difficult task for large-scale population surveys. The current 
method of describing alleles by their length is also comprofi~i~sed 135;~s 
limitation. Furthermore, because each individual allele occurs with low 
frequency in any population, reporting allele frequencies is cumbersome. 
Also, without a large sample size th~ estimated frequencies of such 
alleles are not generally reliable. With a few exception s published data on 
polymorphisms at such loci generally are not suitable for conventional 
methods of genetic analyses, which can take into account the great extent 
of genetic variability displayed by such loci. 

Recently, Lander (1989) and Cohen (1990) raised some of these is- 
sues and asked for establishment of standards for proper utilization of 
such data. They also called for appropriate statistical tests for validating 
several population genetic assumptions inherent in forensic and medi- 
colegal applications of VNTR polymorphisms. Our purpose here is to 
demonstrate that the necessary theoretical tools for such analyses exist 
and that they can be routinely practiced, provided that laboratory pro- 
tocols are adequately describedan d that the. data are appropriate for 
such analyses. We use the allele frequency da.ta reposed by Odelbe~et 
al. (1989) to show that ~ e  sampling theory of selectively nefitral alleles 
(Ewens 1972; Chakraborty and Griffiths 1982) is applicable to VNTR 
loci. We find that the White population in Utah is genetically homoge- 
neous according to these tests. Because the allelic diversity at VNTR loci 
is much greater than that at,the-traditional protein:coding loci, guide- 
lines for minimum sample size for such loci are suggested. Some general 
recommendations regarding data requirements are also made for future 
applications of the present theory. 

Materials and Methods 

Odelberg et al. (1989) characterized eight VNTR loci (D17S5, 
D2S44, D9S7, D14S13, D19S20, D16S83, DIS74, and D3S42). Each 
locus exhibits a high degree of polymorphism in human population s, 
Allelic variability at these loci was detected by agarose gel electrophoresis. 
Alleles differing by a single repeating unit can be detected at the D! 7S5, 
D2S44, and D9S7 loci. For the remaining five loci the resolving power 
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is lower [see Odelberg et al. (1989) for details]. By examining 78-151 
unrelated individuals from the white population of Utah, Odelberg 
and co-workers detected allehc variation ranging from 13 to 67 distinct 
alleles per locus and locus heterozygosity ranging from 75.5% to 97.8%. 
The individuals included in Odelberg's study consisted of the unrelated 
parents or grandparents of 46 large, three-generation Utah Mormon 
pedigrees (part of the Utah panel of human hnkage studies), and therefore 
the sa _mple____can be regarded as representative of the white population of 
Utah (Odelberget aI. I989; White etal. 1985). 

Results: Theory 

Odd berg and co-workers tested the concordance of the observed 
genotypic proportions with expectations based on Hardy-Weinberg equi- 
librium (HWE) by combining the frequencies of all heterozygotes and 
homozygotes. Although demonstration of departures from HWE predic- 
tions are one approach for detecting population substructure, in the the- 
ory described in what follows we show an alternative approach in which 
only allelic counts are used to examine the genetic homogeneity of the 
population from suc_h data. This suggested test avoids the problem of 
combining data over all alleles, necessitated by their small counts, and 
circumvents the problem of resolution of heterozygosity and homozygos- 
ity of nearly equal size alleles (Devhn et al. 1990). 

Test Based on Total Number of Alleles. Under the premises of the 
neutral mutation hypothesis, when each mutation yields a new allele 
(infinite allele model; Wright 1949), the expected gene diversity, defined 
by H (Kimura and crow 1964), in a population is given by 

H=0/(I+0) ,  (1) 

whereO = 4 N e t ,  in which N e  is the effective population size and v is the 
rate of mutation per locus per generation. In a sample of n genes drawn 
from a population, the expectation of the total number of alleles (k) is 
given by (Ewens 1972) 

n - I  

E ( k )  = 0 ~ ' ~ ( 0  + O -  ~. (2) 

Equations (1) and (2) are characteristics of a single random mating 
populatiofi that reached a Steady state (equilibrium) under mutation- 
drift balance. Because the gene diversity (or heterozygosity in a random 
mating population) in Eq. (1) is equivalent to the complement of the 
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sum of the squares of allele frequencies and because the variable k can 
be observed directly, it is possible to examine whether the observed gene 
diversity and the number of alleles are congruent, satisfying Eq. (1) and 
(2). This can be done in two ways. 

First, an estimate of 0 is obtained from the gene diversity H 
calculated from observed allele frequencies. If x~, x2 . . . .  , x k denote the 
observed frequencies of k different alleles in a sample of n genes drawn 
at random from a population, an unbiased estimate of gene diversity is 
given by (Nei 1978) 

(3) 

Although in previous works 0 has been estimated from gene diversity as 
t = [//(1 - [/) [see, e.g., Fuerst et a_l. (1~77), Chakraborty et al. (1988), 
and Chakraborty (1990a,b)], Zouros (1979) has shown that this estimator 
is biased in the upward direction, because 

E[/I/(I H)]~-,0[i " 2(1+0) 
- + (2 + 0)(3 + 0) 

( 4 )  

is larger than 0. Therefore a more reasonable estimator of 0 from 
gene diversity can be obtained by equating the observed value of t = 
[//(1 - [ / )  to its expectation given by the right-hand side of Eq. (4). This 
is equivalent to solving the cubic equation 

0 3 + (7 -- 002 + (8 -- 500 -- 6t = 0 (5) 

for any observed value of t = [//(1 - / / ) .  This equation can be solved by 
iteration, and it always provides one real root greater than 0. We denote 
the solution of this equation by 0H, the gene diversity estimator of 0. A 
Taylor series approximation of Eq. (4) provides an approximate standard 
error of this estimate: 

(2 + O)2(3 + 0)2s([/) (6) 
( 1 -  [1)2(1 + 0)[(2 ÷ 0)(3 + 0)!4 + q) + 10(2 + 0) + 4]' 

in which s([/) denotes the standard error of the esthnaie [ /  [see Nei 
(1978) for the computational formula of s(H)]. ~ - t J a ~ - e s - f i n i a t e d  
value of 0 is substituted in Eq. (2) to  compute the expected number 
of alleles, hidden subdivision within a population results in an excess of 
the observed number of alleles; that is, k > E(k) .  The  amount of excess 
depends on the number of subpopulations ~ithi~-th~P~p~lati6n~a~n-d~the --  
degree of genetic divergence among them [see Chakraborty et al. (1'988, 
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Figure 4)]. A formal test of the discrepancy between k and E(k) can be 
obtained from the distribution of k. 

Following Ewens (1972), the probability of observing k or more 
alleles in a sample of n genes can be written 

k - I  

? ( k )  = 1 - r(o)Orn!B(r,  n ) / [ r ! r ( n  +0)l, 
r=l 

(7) 

where F(.) is a gamma function and 

B(r, n) = y ~  n i , (8) 

in w~ch nl, n2,~. . . . .  n r  ~ e  partitions of the integer n into r classes such 
that each ni is greater than 0 and nl + n2 + . . .  + nr = n. The summation 
in this expression is over all permutations of the n i [see the appendix 
by Stewart in Fuerst et al. (1977) and Chakraborty (1990b)]. When the 
estimate 0/~ is substituted for 0 in F_Xl. (7), it allows a test of whether or 
not the observed value of k is too large for the given gene diversity. 

Beaus  ~ ~the~gene ~verslty estimator of 0 may not be the most 
efficient one (Ewens 1972), alternatively one might ask whether the 
observed gene diversity is in congruence with its expectation when the 
estimate of 0 is obtained from other features of the allele frequency 
distribution. Ewens (1972) showed that the right-hand side of Eq. (2), 
when equated to the observed number of alleles in a sample, provides 
the maximUm likelihood estimate o f  0 (denoted by 0k). Although a 
closed-form expression of this estimate does not exist, Chakraborty and 
Schwartz (1990) showed that this estimate can be obtained iteratively 
a0d that i~ appr0ximate s t a n ~ d  error also can be obtained from given 
vaiues of k and n. ~ a b o r t q y  (1990a,b) showed that, if the sample 
is drawn from a genetically heterogeneous population, the observed 
gene diversi ty/ / is  generally _smaller than its expectation based on the 
estimator 0t, [i,e., when E(H) is computed by substituting the estimator 
O k for 0 in Eq. (1)]. However, a formal test of the discrepancy between the 
observed and the expected H is tedious because an analytical sampling 
distribution of H is not available (Watterson 1978). 

Test Based on Rare Alleles. A test for substructuring in a population 
can also include examination of the numbers of alleles in different 
gene frequency classes. Chakraborty et al. (1988) showed that in the 
presence of heterogeneity there is an excess of the total number of alleles, 
which is largely the result of an excess of rare alleles. More recently, 
Chakraborty (1990a,b) demonstrated that hidden heterogeneity can be 
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revealed through an excess of rare alleles irrespective of which estimator 
(#n or 0k) is chosen for computing the expected number of rare alleles. 
To conduct this test, with any defined criteria of rare alleles (such as 
alleles that occur with frequency q or less, with q generaUy~takenas0! 01- 
or 0.05), one computes the observed number of  rare alleles by summing 
(over r) the number of alleles (k,), each of which occurs with r copies in 
a sample. Chakraborty and Griffiths (1982) showed that the expectation 

of k~ is 

o n! r(n + o - r) (9) 
E(k,)  - r (n - r)! ~ F ( n  + O) ' 

for r = 1, 2, . . . .  n, where 0 is defined as in Eqs. (1) and (2). Furthermore, 
for rare alleles (i.e., when r is much smaller than n), the distribution of 
kr is a Poisson distribution (Chakraborty and Griffiths 1982). Therefore 
the deviation of observed kr from E(k , )  can be tested by computing :the 

Poissofi probabilities simply from the knowledge of  E(k,) .  
cumulative . - - ,--~-'----: . . . .  either o f  the t w o  altematiye 

e corn urea oy SUO 51Atul'tltlb . . . . . . . .  This can b P • ," "r~--" ̂ ~*imatot d- is  preferred for-this 
estimators of  0 mentionea earner. ~nc ~ , ,  
purpose because it is generally larger than the estimator On, and our 
intent is to look for deviation in tile direction kr > E(kr), which is 
expected in the presence of hidden heterogeneity. 

Results:  D a t a  Analysis  
Table 1 shows the allele frequency distributions at the eight VNTR 

loci in the white population of Utah, as su/-veyed by Odelberg et al. 
(1989). No te  that this table is a convenient form for presenting the 
basic data on allele frequency dis t r ibut i0n/even when the-observed 
number of alleles is large. Of course, the specific allele designations 
cannot be represented in such a table. Nevertheless, such  summary ! 
information is enough to compute any statistics of allele frequency 
distribution (e.g., number of alleles in each gene-frequency class~and 
total and expected homozygosity or heterozygosity). With ibis notation 
the observed estimate of gene diversity based on the allele frequency 

distribution (/:/) becomes 

r=-I 

where kr is the number of alleles with r copies in a sample of n genes i 
a o ulation The estimates of H obtained from Eq. (10) are i 

drawn from p P . " . . . .  ,~ h-, r~a~lber* et al (i989, Table i 
slightly different from the ones reponc-  -~  . . . .  o " ~ - ' 
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Table 1. Allele Frequency Distribution at Eight VNTR Loci in the White Popu- 

lation of Utah 

Number Observed Number of Alleles (k r) 
of Copies DIS74 D3S42 ( r) Di7s5 D2S44 D9S7 D14S13 D19S20 D16S83 DIS74 

1 1 17 1 3 2 3 4 7 

2 2 11 1 3 1 2 3 1 
3 - 9 4 5 - - 1 1 
4 1 4 1 5 - 1 1 - 
5 - 4 1 2 1 1 - 1 
6 - 5 - 4 1 1 1 - 
7 - 2 - 1 3 - 2 - 
8 1 5 - 4 2 1 2 1 

- -  2 - -  

10 1 2 - - - - -  - -  [ o 

11 6 1 - 
12 - _ - 1 1 
13 - 1 l - 
15 1 2 - - 

- -  2 - -  

16 I - - - 

17 I - I I I - - - 

_ - I - l - - 

18 - 2 ¢ 3 d 3 e 

> 18 5 a - 5b - 
Total 14 67 16 30 13 15 22 15 

a. Includes 3 alleles that have 25, 51, and 87 copies and 2 alleles with 32 copies each. 
h. Includes 5 alleles that have 25, 33, 3g, 42, and 71 copies. 
c. Includes 2 alleles that have 38 and 61 copies. 
d. includes I allele with 30 copies, and 2 alleles with 27 copies each. 
e. Includes 3 alleles that have 24, 36, and 70 copies. 

3) becauseOde lbe rg  e t a l .  ignored the bias correct ion factor n/(n - 1) in  

their computat ions.  
Table-2 p r o ~ d e s  ~ e  est imates  o f  0 based o n / : / a n d  k and thei r  

s tandarderrors .  N o t e  that  t he  gene diversi ty est imators  of  0 are generally 
larger than the maximf im l ikel ihood est imators  (0k) b ased on /c, the 
only exception is the locus D3S42. This  is so despite our use o f  a new 
b ias -cor rec t inga lgor i thm to av o id  the upward bias o f  the tradi t ional  
gene diversity es t imator  t o f  0. Approx imate  heterogeneity tests o f  the 
difference o f  the two es t imators  (data  not  shown here) suggest that  a t  
t h r ee  loci, D2S44, D14S131 and DIS74, the estimate 0H is significantly 
larger than Ok, whereas for  the remain ing  five loci their difference is 
not  significant. On the contrary,  had  this sample been drawn f rom a 
genetically heterogeneous popula t ion ,  we would have found the opposi te ,  
namely, the m a x i m u m  l ikel ihood es t imators  o f  0 (0 k) larger than thei r  
respective gone divers i ty  es t imators  (OH). This  effect had been not iced  
by Chakraborty  et al. (1988), Chakrabor ty  and Schwartz (1990), a n d  
Chakrabor ty  (1990a,b). W h e n  da ta  f rom the 8 loci are combined, the  
estimat0rs~of_0jfrom_the average_gene diversi ty per  locus and the average 
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Table 2. 
of Utah 

Parameter Estimates from Eight VNTR Loci in the White Population 

Sample Number of Gene Estimates ofO ( +_ l s.e.) 
Size a Alleles Diversity b 

Locus (n) (k) (H) On Ok 

D17S5 302 14 0.851 +_ 0.011 4.70 +-- 0.46 2.89 --- 0.89 
D2S44 302 67 0.978 +- 0.002 43.13 + 3.59 26.39 ± 4.06 
D9S7 272 16 0.870 +- 0.010 5.07 ± 0.47 "3.56 ± 1.03 
D14S13 164 30 0.954 ± 0.005 19.05 ± 2.49 10.51 ± 2.37 
D19S20 168 13 0.799 --- 0.021 3.16 ± 0.46 3.12 ± 1.02 
D16S83 156 15 0.877 +- 0.010 5.94 ± 0.61 3.90 ± 1.20 
DIS74 154 22 0.937 +-- 0.005 13.40 ± 1.23 6.76 ± 1.75 
D3S42 168 15 0.755 --- 0.024 2.39 --- 0.33 3.80 ± 1.16 

Average 211 24 0.876 ~- 0.010 5.93 ± 0.62 6.77 ± 1.61 

a. Sample size refers to the number of genes sampled. 
b. Calculated from observed'allele frequencies using Eq.-(10). . 

number of alleles per locusare fairly close (5193 versus 6.77; heterogeneity 
×2 =.0.24 with 1 d.f.; p > 0.58), suggesting that the assumption of genetic 
homogeneity of the sample is quite reasonable based on the pooled data 

on these 8 loci. Table 3 compares the observed total number of alleles with the 
expected number based on"the estimator 0n for each locus and for the 
average of the eight loci. For each locus,• except D3S42, the observed 
number of alleles is smaller than its expectation, and hence no excess in 
the total number of alleles is demonstrated in this analysis. Th6 average 
number of alleles-per locus observed at-these 8 1od(24_)is in clo~ 
agreement with its expectation [21.86; computed by using Eel. (2), where 
0 is estimated from the average betero~gosi~, fir = 0.876, of the 8 loci, 
substituted into Eq. (5) and by using n =  211, the average num_be r_ 9 f 
genes per locus; seeTable2], suggesting that the sample isprobably drawn 
from a homogeneous population. This is so because, in the presence of 
genetic heterogeneity, we would expect an excess number of alleles, and 
therefore the observed values of k would be larger than theirexpectations 
E(k), with a probability [given by Eq. (7)] smaller than Usual levels of 

statistical significance (0.05 or 0.01). 
Table 4 shows the observed and expected (based on the estimator 

0k) gene diversity values. Also Shown in this table are the proportions of 
the actual number of heterozygotes reported by Odelberg et aJ. (1989). 
Unlike the test of the number of alleles, no formal tests of significance 
can be done for these statistics because thesampling distribution-of gene 
diversity is not known. Nevertheless, because hidden heterogeneity in a 
population results in an observed g smaller than E(/:/) based on the 
estimator 0k (Chakraborty 1990a,b) and because this is not generally 

? 
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Table 3. Observed and Expected Total  Number  o f  Alleles at Eight VNTR Loci 
in the White  Population o f  Utah 

Number of Alleles 

Locus Observed Expected a Probabilityb 

D17S5 14 20.13 __. 3.87 0.963 
D2S44 67 90.13 ± 7.20 >0.999 
D9S7 16 20.81 _ 3.91 0.917 
D14S13 30 43.56 ± 5.10 0.998 
D19S20 13 13.13 ± 3.08 0.567 
D16S83 15 20.13 ± 3.73 0.940 
DIS74 22 34.46 ± 4.65 0.998 
D3S42 15 10.73 ± 2.79 0.093 

Average 24 21.86 ± 3.94 0.330 

a. Based on the gene diversity estimator of 0 (0x). 
b. Probability that the number of alleles in a sample is equal to or less than the one ob- 

served, computed by substituting 0 = ~h' in Eq. (7). 

Table 4. Observed and Expected Gene Diversi ty at Eight VNTR Loci in the 
White  Population o f  Utah  

Gene Diversity Observed 
Proportion of 

Locus Calculateda Expected b Heterozygotes ¢ 

D17S5 0.851 + 0.011 0.743 ± 0.059 0.861 ± 0.028 
D2S44 0.978 ± 0.002 0.964 ± 0.005 0.947 ± 0.018 
D9S7 0.870 ± 0.010 0.781 _+ 0.050 0.824 + 0.033 
D14S13 0.954 ± 0.005 0.913 ± 0.018 0.854 ± 0.039 
D19S20 0.799 ± 0.021 0.757 ± 0.060 0.810 ± 0.043 
D16S83 0.877 ± 0.010 0.796 ± 0.050 0.897 ± 0.034 
DIS74 0.937 ± 0.005 0.871 ± 0,029 0.872 ± 0.038 
D3S42 0.755 ± 0.024 0.792 ± 0.050 0.786 ± 0.045 

Average 0.876 ± 0.010 0.871 ± 0.024 0.856 ± 0.034 

a. Calculated from the 9bserved allele frequencies, using Eq. (10). 
b. Based On the maximum lil~elihood estimator of 0 (0k). 
c. Obtained from the actual number ofheterozygotes observed, reported in Table 3 of 

Odelberg et al. (1989). 

seen in these computations, we surmise that the gene diversity test also 
suggests genetic homogeneity of the sampled population. 

Table 5 presents a test of genetic equilibrium based on the frequency 
of rare alleles. Because the sample size (number of genes sampled) per 
locus varies between 156 and 302 in this survey, we used the criteria of 
1% and 5% for defining rare alleles. For example, with n = 302, rare 
alleles with a 1% criterion represent those alleles that have counts of 
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Table 5. Observed and Expected Number of Rare Alleles at Eight VNTR Loci in 
the White Population of Utah 

Number of Alldes Number of Alleles 
with Frequency <_0.01 with Frequency --<0.05 

Locus Observed Expected ~ Probability b Observed Expected a Probabilityb 

D17S5 3 5.25 + 2.29 0.232 7 9.33 + 3.06 0.286 
D2S44 37 42.47 + 6.52 0.226 67 63.46 - 7.97 0.345 
D9S7 2 5.27 +- 2.30 0.103 10 10.90 3:3.30 0.472 
D14S13 3 9.93 + 3.15 0.011 27 24.32 - 4.93 0.320 
D19S20 2 3.08 + 1.75 0.406 10 8.16 + 2.86 0.304 
D16S83 3 3.83 + 1.96 0.467 8 9.63 +- 3.10 0.376 
DIS74 4 6.52 -+ 2.55 0.221 12 15.92 +- 3.99 0.199 
D3S42 7 3.74 + i.93 0.085 11 9.84 +_ 3.14 0.397 

Average 7.75 9.80 +- 3.13 0.239 18.38 18.12 +- 4.26 0.551 _ 

a .  Computed from Eq (8) using the maximum likelihood estimator of 0 (0k)' O bserved and 
expected numbers for the average reflect per locus estimates. 

b. Probability of deviation from expectation; based On P0igson distribi~tion, That is, these 
are probabilities of a value less than or equal to the observed value when the actual ob- 
served value is less than the expected, or of a value greater than or equal to the observed 
value when the actual observed value is greater than the expected. 

3 or less in the sample. Although the observed numbers of such rare 
alleles can be obtained directly from the data in Table 1, the expected 
numbers are based on Eq. (9), summing over relevant r values (3 or 
less, for the given example), in which the estimate0k is substituted for 
0. Because the number of rare alleles follows a Pois~son distribution, 
the congruence of the expected and observed numbers in this table is 
tested by computing the tail probability o f a  Poisson distribution. The 
probability column shows the exact significance values reached in each 
case. With the exceptionof tl~e Dl4Slflocus,, th~0b~rved~u~ber  of  
rare alleles is in statistical agreement with the expectations. For D14S13, 
with the 1% cdieridti o f~ re  ~illel6-ff.-we-fihd~ deficiency of:rare-alleles. 
Therefore this test also suggests that there is no hidden substructuring 
in the population. As in the case of total number of alleles, hidden 
heterogeneity would have produced excess rare alleles. 

Discussion and Conclusion 
The analyses indicate that, even though the genetic variation re- 

vealed by the eight VNTR loci is extensive, there is no general indica- 
tion of hidden subdivision within the whitepopulation of  Utah. Jorde 
(1982) came to a similar conclusion by studying migPation- patterns tff 
the founders of this population. Although our present study does not 
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provide a new anthropologic conclusion, several features of the analyses 
are of general significance in understanding the population genetic char- 
acteristicsof l ~ y p ~ b l e - 1 0 c i .  Fii'st, unlike P[otein-coding loci, data 
from even a single VNTR locus can be subjected to this type of analysis 
because of the extensive number of alleles found at such loci. Second, 
although the mechanisms producing new variants in VNTR loci [e.g., 
nonhomologous sister chromatid exchange, unequal crossover, gene con- 
version, replication slippage; see Jeffreys et al. (1988)] are different from 
those producing variation in the protein-coding loci (mainly point mu- 
tation or small deletion), the infinite allele model of selectively neutral 
alleles applies equally well to population data for both types ofpolymor- 
phic loci. This observation is also consistent with the pattern of allele 
frequency distributions at other VNTR and short tandem repeat (STR) 
loci found in recent population surveys (Deka et al. 1991; Edwards et al. 
1991). Third, iilthougl~-the pooled data on the eight loci satisfy the pre- 
dictions from the hypothesis o f  a single homogeneous population rather 
strikingly, we observe some deviations for the individual loci, but these 
deviations are in the direction opposite to the ones that can be caused by 
genetic heterogeneity within a population. 

Our results apparently contradict Odelberg et al.'s (1989) analysis 
of deviations from HWE based on the comparison of observed and 
expected homozygosity and heterozygosity at these loci. Odelberg and 
co-workers found excess homozygosity at three loci (D2844, D14S13, 
and DIS74), which might be construed as evidence of heterogeneity. A 
likely explanation for this apparent excess homozygosity is the technical 
dilSculty of distinguishing closely spaced alleles on Southern gels (Devlin 
et al. 1990). We note that the same three loci exhibit significant differences 
in the two estimators of 0 (OH and Ok). Hidden subdivision is not the cause 
of these deviations because, as noted earlier, the direction of deviation 
is opposite to what would be expected under heterogeneity. 

To examine a possible cause of these discrepancies, we note some 
sample size consideratioiis. Recall that at each VNTR locus a substantial 
number of alleles are detected, and almost all alleles occur at low 
frequencies in the population. Of the 192 alleles detected in this survey, 
there are only 3 alleles at these 8 loci that have frequencies exceeding 25%. 
Given this extensive allelic diversi~, one might ask whether the available 
sample sizes are enough to capture all possible genotypes in these 
samples. With k alleles at a locus, there are k(k + 1)/2 possible different 
genotypes, k of which are homozygotes, and k ( k -  1)/2 heterozygotes. 
Hence, ff the sample size (number of individuals surveyed) is less than 
k(k + 1)/2, several of these different genotypes will not be recorded in 
the sample. Exactly how many distinct genotypes were encountered in the 
survey was not reported by Odelberg et al. (1989). Nevertheless, under the 
assumption of HWE we can compute the minimum sample size required 
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tO have all genotypes detected in the sample based on the observed allele 
frequencies. For example, if Pi is the true frequency of the ith allele at a 
locus, the probability that each of the K = k(k + 1)/2 possible genotypes 
will be found in a sample of n individuals is 

k k k 

-II ) o,,1-II-l 2p,p r', P = ~ - t  k k 
I 'I  nii I" l . . [ i . i n i j l  i= t i > j : = t  
i= l  i>j =1 

• summation is over all nil and nij values such that none is 0 
where the • ex ression 
and such that they add to the total sample stze (n). Although P 
(11) is tedious to compute numerically when k and n are both large, it 

is easy to show that 

k k k (12) 
p : - dr - E E (t - Ephor. 

i=l  i>j =1 

The right-hand side of expression (12)is at a maximum when all allele 
frequencies are equal, that is, when Pi = Ilk for all i. Therefore a 
conservative estimate of the minimum sample size requirement for 
ensuring that all genotypes are represented in the sample with confidence 

(1 - a) is given by the inequality 
(13) 

1 - -  k ( l  - k - 2 )  n - 2 k (  k - 1)(1 - 2 k - 2 )  n >-- 1 - a ,  

which reduces to 

n>_k21ogeIVCk2+2ak(k-1)-k I (14) - -  ° 

- k ( k -  i), 

Table 6 shows the values of n for a = 0.10, 0.05, and 0.01 that 
represent the minimum sample size required for the specific 8 loci in 
the present data. Note that, because the observed allele frequencies are 
not all equal at these loci, the actual sample size requirement may be 
even more stringent. Nevertheless, these computations indicate that with 
the available sample sizes it is unlikely that all possible genotypes are 
included in the data collected in this specific survey. 

In terms of these minimum sample size requirements, it is clear 
that the smallest sample sizes are for the three loci D2S44, D14S13, and 
DIS74, which showed significant excess homozygosity in the analysis 
of Odelberg et al. (1989) and which exhibited significant differences in 
the two estimators of 0. Because the allele frequency distributions at 
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Table 6. Min imum N u m b e r  o f  Ind iv idua ls  Needed  to Detect  all V N T R  Geno-  
types in a Population Sample  G iven  the Obse rved  Al le le 'Frequencies  

Observed Actual 
Numb.er of Sam. pie Minimum Sample Size Needed a 

Locus Alleles 3ize ¢t = 0 .10  a --- 0.05 ct = 0.01 

D17S5 14 151 _ 97_7 . 1,107 1,421 
D2S44 67 151 29,418 32,430 39,570 
D9S7 16 136 1,311 1,483 1,890 
D14S13 30 82 5,174 5,778 7,210 
D19S20 13 84 830 944 1,213 
D16S83 15 78 1,137 ' 1,289 1,647 
DIS74 22 78 2,632 2,957 3,727 
D3S42 .... 15 - 84 1,137 1,289 1,647 

Average. . 24 =. ~ . l_06: . .3,!83 . 3,570 4,486 

a. Sample fizes.in these computations refer to the number of  individuals to be typed for 
each locus. The values o f a  = 0.I0, 0.05, and 0.01 represent 90%, 95%, and 99% confi- 
dence ofbeing assured that all possible genotypos are represented in the sample. 

these loci are in a direction opposite to that expected in the presence of 
hidden heterogeneity, we Suspect that the bbserved excess homozygosity 
at these loci is an artifact ofinadequate :sample size alone and cannot be 
attributed to a Wahlund effect or population substructure. 

We a/so note that, even though a formal power analysis of the tests 
proposed here is not yet available, previous applications of this method 
have succeeded ifi detecting hidden heterogeneity, evidenced by analysis 
of distributions of protein polymorphism (Chakrabony et al. 1988) and 
mit°c_hgnd _rialm0_rp_h_s (Ch _akrabort~ 1990a, b). 

We should note that the present methodology rests On the assump- 
tion that the allelic diversity revealed by VNTR polymorphism obeys 
the infinite allele model. This approximation has been justified by Ohta 
(1986) and is borne out in the present analysis. Other population surveys 
on VNTR and STR lod  also demonstrate that this model is appropriate 
for predicting allele frequency distributions at such loci (Budowle et al. 
1991; Deka et al. 1991; Edwards et al. 199 l). 

Another characteristic feature of VNTR loci is also revealed through 
our present calculations. Because the parameter 0 equals 4Nev, the 
relative values of the estimates of 0 at the 8 VNTR loci when compared 
with protein-coding loci provide an indirect estimate of mutation rates 
for the VNTR loci. Mohrenweiser et al. (1987) estimated gene diversity 
at general protein-coding loci of 0.08 for the white population. By using 
the present gene diversity estimator of 0 [solution of Eq. (5)], this leads 
to ~H = 0.0651. A recent estimate of mutation rate at protein-coding loci 
is 1.I x 10 -s per locus per generation (Chakraborty and Ned 1989). By 

~ ~ . . . . . . . . . .  = * ~ - ~  . .  
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using the gene diversity estimates of 0 from Table 2 and calibrating them 
against the estimate from protein-coding 10ci, we obtain mutation rates 
at the 8 VNTR loci ranging from 4.0 x 10 -4 (for the locus D3S42) to 
7.3 x 10 -3 (for the locus D2S44) per locus per ge-rie~ratir-n. The average 
mutation rate over the 8 loci is approximately 1.0 x 10 -3 per locus per  
generation. In other words, !hese 8 VNTR l~ci are subject t0 rrititatiisnal 
alterations at a rate 35-660 times (average 90 times) higher than protein- 
coding loci. These indirect estimates of the mutation rate at VNTR loci 
are almost an order of magnitude smaller than JeffTeys et al?s (1988) 
estimate (average 0.012 per locus pef~fi~~ti6-n for the 5 10ci D5S43, 
D12Sll, D7S22, D7S21, and D!ST)but are Clrse to the estimate reported 
by Wolff et ai. (1988). These observations are also in accordance with 
the indirect mutation rate estimates derived for 5 STR loci (average 
6.1 x 10 -5 per!ocus per generation; Edwards et al. 199i) ...... 

Although high mutation rates-at:VNTRq0ci--~ire n-ot~relevant to-  
the use of these loci in forensic identification problems,= a ~equenc-y~-of 
1 mutant per 1000 cases can have a substantial impact on parentage 
testing. Statistical methods to circumvent this ibrbSlen'i~frr~o-nWdntional 
genetic markers have been discussed elsewhere [e.g., Chakraborty and 
Schull (1976) and Chakraborty and Ryman (1981)]; these methods can 
be reformulated easily for VNTR loci. ~ . . . . . . . . . .  

Finally, we must close with a note of caution. Even though there are 
several claims of population subheter0geneity based on a simple demon- 
stration of heterozygote deficiency at VNTR loci (Lander 1989; Cohen 
1990), the results described here indicate that _ad__cfi'tiona_l-gepet_ic__p__a~a_ m_er 
ters must be examined before it is valid to conclude that subheterogeneity 
exists. This is necessary because heterozygote deficiency alone can result 
from causes other than _subhe_te_ro_genejw~_s-ucfi~ as incompl~t_~ re~sbiui~n 
of similar size alleles (Devlin et al. 1990) an d loss of allen c ba_nds result- 
ing from very small (or very large) alleles (Skibinski et al. 1983). Lack 
of congruence between gene dive rsity_a_nd nu _mb e_r of a!eles_can also be 
produced by evolutionary events [such as the bottleneck effect and the 
fluctuation of  population size (Nei et al. 1975; Maruyama and Fuerst 
1984, 1985; Watterson 1984)], which can be checked by examining the 
relationship of H and E(k) with Ne [Eqs. (1) and (2)]. Ewens (1972) pro- 
vided extensive tables of relationship between E(k)-and Ne (or 0 ) f o r  
an equilibrium population, and Nei et al. (1975), Mar~y-a-ma-and Fuerst 
(1984, 1985), and Watterson (1984) showed that, Wlaen a po'p-ti|/a-ti0ia goes 
through a severe bottleneck, the expected relationship between H and k 
is disturbed (in the direction of excess allele numbers compared with 
expectation) and the effect persists for a long tim_e (of _the 6(der_of the . 
inverse of mutation rate). 

We suggest that each specific survey should b e-sui~ject~d: t~ztests 
similar to the ones suggested here. If the observed liefert)~z37gbt~-defi~ie~icy 

i 

!I 

? 
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is due to factors other than population subheterogeneity, there should be 
a d~fi-die~ ofallele~uiiibers (t0ial and rare) in contrast to the excess ex- 
pect~d]n ihe presence &popula t ion  heterogeneity. Data requirements for 
such testsrdight incli]-de (i)-a-statement regarding the resolving power of  
the gel system used, inparticUlar, whether'even a single repeating unit can 
be detected; (2) tabulation of the observed allele frequency distribution 
in a form similar to our Table 1; (3) documentation of the exact number  
of distinct genotypes (both homozygotes and heterozygotes) observed in 
the sample; (4) an at tempt  to type a sufficient number of individuals so 
that a substantial fraction of  all possible genotypes are detected; and (5) 
use of  a well-defined (geographically or culturally homogeneous) sample 
population. Admittedly, several of  these desiderata are compromised in 
the data  analyzed here,  and some are difficult to achieve in practice. For 
example, it is possible that allelic diversity will increase with an increase 
in sample size so that a substantial fraction of all genotypes can never be 
seen in any sample of  feasible size. So longas only rare alleles (say, with 
a frequency less t h a n  0.5%) are missed in a sample, the  gene diversity 
estimator should be relatively insensitive to sample size. Our analysis of  
the Odelberg et al. (1989) data demonstrates that such analysis is feasible 
even when the requirements are met only approximately. Further empir- 
ical studies in appropriate populat ions are needed to capitalize fully on 
the forensic utility of  VNTR popymorphisms.  
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Polymorphisms at VNTR Loci Suggest Homogeneity of the 
White Population of Utah 

RANAJIT CHAKRABORTY ! AND STEPHEN E DAIGER 2 

Abstract Apparent departure fi'om equilibrium of genetic param- 
ere ~ m~surcd for multiallelic single-locus markers such as VNTR 
(variable number of tandem repeat) loci has been suggested as ev- 
idence of underlying heterogeneity of the tested population. Using 

.allele frequency distributions at eight VNTR loci from the white 
popul_a io  of:Utah, - show that the observed number o f  aUeles 
and the genc diversity at each locus are congruent according to ex- 
pectations of the neutral mutation model. This demonstraies the ge- 
netic homoge~iiy of tlie whiie population of Utah with reference 
to the allele (total and rare) frequency distribution at eight VNTR 
loci. The importance of such procedures is discussed in the context 
of using VNTR polymorphism data for forensic and medicolegal ap- 
plications. Recommendations for reporting population data for hy- 
pervariable loci are also made to aid potential users in conducting 
similar analyse s . 

The discovery of hypervafiable loci was one of the significant achieve- 
ments oi~ human genetics in the 1980s because of the impact of such 
polymorphisms on gene mapping, parentage ascertainment, and forensic 
identity determination. Although numerous hypervariable loci have been 
cie-s-cdbed ~ [e.$, W~man and ~ t e  (i 980), Bell et al~ (1982), Proudfoot 
et al. (i98:2), Jetfreys et al. (1985, 1988), Nakamura et aL (1987), Wong et 
al. (1987), andChimera  et al. (1989)], large-scale population data on such 
loci are relatively scarce or not reported in a useful fashion. The alleles 
found at such loci vary in the number  of  tandem repeats of  a specific 
DNA sequence. The characteristics of  such variable number of tandem 
repeat (VNTR) loci include (1) a near continuum of allehc diversity ac- 
cording to molecular size i n a l l  populations tested, (2) low frequency 
of  each individual  allele, (3) high heterozygosity, and (4) mutation rates 
severai-fold highe r than those Of traditional protein-coding 10ci. 

1Center for Demographic and Population Genetics, Graduate School of Biomedical Sciences, 
University of Texas Health Science Center, PO-Box 20334, Houston, TX 77225. 

2Medical Genetics Center, Graduate School of Biomedical Sciences, University of Texas Health 
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Although the practical utility of VNTR loci is enhanced enormously 
by these four characteristics, there are attendant limitations as well. Foi" 
example, the nearly continuous allelic variation in  molecul~ weight 
implies that the assessment of different alleles requires high-resolution 
laboratory protocols to resolve alleles that differ by only a single repeating 
unit. Because the length of the rej~eating unit may be small in relation 
to allele length [e.g., 30 bp, as in the case of the D2S44 locus on 
human chromosome 2q; see Odelberg et al. (!989)], assessment can be a 
technically di~cult task for large-scale population surveys. The current 
method of describing alleles by their length is also compromised by this 
limitation. Furthermore, because each individual allele occurs with low 
frequency in any population, reportingallele frequencies is cumbersome. 
Also, without a large sample sizeAhe i estimated frequencies of such 
alleles are not generally reliable. With a few exceptions published data on 
polymorphisms at such loci generally are not suitable for conventional 
methods of genetic an~ilyses~ ~Vh~ch)~n /~i~e [n-io, a~-ount/-h-egreat ~ t ~ ¼  

- o f  geneticwariabiiity displayedby;sucli loci~ ~ :~ :~- - - :  ; ~ - ~ 
. ~ ecently, Lander (1989) and Coheff(1990) raised some of t heseis- 

" sues and asked for establis-limen[ of-shandards~r-pr~p6f~fi l~io~of 
such data. They also called for appropriate Statistical tests for validating 
several population genetic assumptions inherent in forensic and medi- 
colegal applications of VNTR polymorphisms. Our purpose here- is to 
demonstrate that the necessary theoretical tools for such analyses exist 
and that they can be routilnely practiced, provided that laboratory pro- 
tocols are adequately described and that the data are appropriate for 
such analyses. We use the allele frequency data reported by Odelberg et 
al. (1989) tO show that t h_e samphng_~theory_6t ~ sei~tiYeiy~neutral alleles 
(Ewens 1972; Chakraborty and Grifliths 1982)is applicable to VNTR 
loci. We find that the white poptilation iiYutatf'is geii~fic~ly fi0m-0ge- 
neous according to these tests. Because tbe .allelic diversity at ~ R  loci 
is much greater than that at the traditional protein-coding loci, guide- 
lines for minimum sample size for such ]oei-a]'e suggested. S0me general 
recommendations regarding data requirements are also made for future 
applications of the present theory. 

Materials and Methods 

Odelberg et al. (1989) characterized eight VNTR loci (D17S5, 
D2S44, D9S7, D14S13, D19S20, D16S83, DIS74, and D3S42). Each. 
locus exhibits a high degree of polymorphism in human populations. 
Allelic variability at these loci was detected by agarose gel electrophoresis. 
Alleles differing by a single repeating unit can be detected at the D17S5, 
D2S44, and D9S7 loci. For the remaining five loci the resolving power 
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is lower [see Odelberg et al. (1989) for details]. By examining 78-151 
unrelated individuals from the white population of Utah, Odelberg 
and co-workers detected allelic variation ranging from 13 to 67 distinct 
alldes per locus and locus heterozygosity ranging from 75.5% to 97.8%. 
The individuals included in Odelberg's study consisted of the unrelated 
parents or grandparents of 46 large, three-generation Utah M o r m o n  
pedigrees (part of the Utah panel of human linkage studies), and therefore 
the sample can be regarded as representative of the white population of 
Ut~a~(Odelberget~ali~i989i ~te:et:al.~:1985); - 

Results: Theory 
.... 'Odelberg and co-workers tested the concordance of the observed 

genotypic proportions with expectations based on Hardy-Weinberg equi- 
librium (HWE) by combining the frequencies of all heterozygotes and 
homozygotes. Although demonstration of departures from HWE predic- 
tions are one approach for detecting population substructure, in the the- 
ory described in what follows we show an alternative approach in which 
only allelic counts are used to examine the genetic homogeneity, of the 
population from such data. This suggested test avoids the problem of 
.combiningdatao~ver.all .alleles, necessitated by their small counts, and 
circumvents ;he problem of resolution of heterozygosity and homozygos- 
ity of nearly equal size alleles (Devlin el al. 1990). 

Test Based on Total Number of Alleles. Under the premises of the 
neutral mutation hypothesis, when each mutation yields a new allele 
(infinite allele model; Wright 1949), theexpected gene diversity, defined 
by H (Kimura and Crow 1964), in a population is given by 

H = o/(1 + o), ( l )  

where 0 = 4Nev, in which Ne is the effective population size and v is the 
rate of.mutation.per.locus per gene~tion. In a sample of n genes drawn 
~0m_a p_opuJa_ti_on,:~the expectation of the total number of alleles (k) is 
g iven  13y- (E~/ens-1972) . . . .  • 

n - l  
.~: ~ . 2 -  ? , ~ z - t : J  . i -  ? - (2 )  

Equa t ions  ( I )  and  (2) are charac te r i s t i cs  o f  a single r a n d o m  m a t i n g  
population that reached a steady state (equilibrium) under mutation- 
drift balance. Because the gene diversi~ (or heterozygosity in a random 
mating population) inEq.  (1)is  equivalent to the complement o f  the 
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sum of the squares of allele frequencies and because the variable k can 
be observed directly, it is possible to examinewffether the ol~served gene 
diversity and the number of alleles are congruent, satisfying Eq. (1) and 
(2). This can be done in two ways. 

First, an estimate of O is obtained from the gene diversity H 
calculated from observe d a ll_ele_ ~equencies. If~xl,X2, ...~, Xk denote the 
observed frequencies of k different alleles in a sample of n genes drawn 
at random from a population, an unbiased estimate of gene diversity is 
given by (Nei 1978) 

(3) 

Although in previous works 0 has been estimated from gene diversity as 
t =/2//(1 - H )  [see, e.g., Fuerst etal. (i977),/Chakraborty et al. (1988), 
and Chakraborty (1990a,b)] , Zour0S (1979)has shown that this estimator 
is biased in the upwarddirecti0n, because 

E[H/(1 - n) ]  ~ 0 [1 + ._ 2(!.~ 0) _. 1 (4) 
~ ' -  ; . -  ~ L --: l z ~ ÷  U ) [ J - - F . - O ) . J  -_ . . . .  ; . .  - . . 

is larger than 0: Therefore a more reasonable estimator of $ from 
gene diversity can be obtained by equating the observed value of t = 
H/( I  -t7/) to its expectation ~ven by the fight-hand side of Eq. (4). This 
is equivalent to solving the cubic equation 

' .  ~ : . 

03 + (7 - t)02 -t- ( 8 - 5 0 f l  - 6_t .-- 0 _ (5)  

for any 9bSel~edval~ue_offt- ~ / ( !  =/I).-Ttiis equation can be solved by 
iteration, and it always provides one real root greater than 0..We denote 
the solution of this equation by On, the gene diversity-estima~ of  0. A 
Taylor series approximation of Eq. (4) provides an appi'o~dmate stanclard- 
error of this estimate: 

(2 + 0)2(3 + 0)2s(/:/) 
s.e.(On) ~ (!. - / / ) 2 ( 1  + 0)[(2 ~ 0)(3 + 0)(4 + 0) + 10(2 + 0) + 4]' (6) 

in which s(//) denotes the standard error of the estimate1:/ [see Nei 
0978) for the computational formula of s( / t ) ] .~enAhis_est imated 
value of O is substitute ~ i n F_~. (2) t O compute the expected number 
of alleles, hidden subdivision within a population results in an excess of 
the observed number of alleles; that is, k > E(k). The amount of excess 
depends on the number ofsubpopulations withi n the population and the 
degree of genetic divergence among them [see Chakraborty et al. (1988, 
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Figure 4)]. A formal test of the discrepancy between k and E(k)  can be 
obtained from_thedistributio_n of k: 

Following Ewens (1972), the probability of observing k or more 
alleles in a sample of n genes can be written 

k - t  

P(k)  = 1 - y ~  r(O)O'n!B(r, n) /[r!r(n + 0)1, 
r=l 

where F(.) is a gamma function and 

(7) 

) B(r, n) = ~ ni , (8) 

in which nt, n2, .... nr are partitions of the integer n into r classes such 
that each n i is greater than 0 and n~ + n2 + . . .  + nr = n. The summation 
in this; expression-is over all permutations of the n i [see the appendix 
by Stewart in Fuerst et al, (1977) and Chakraborty (1990b)]. When the 
estimate #n is substituted for 0 in Eq. (7), it aliows a test of whether or 
not the observed value of k is too large for the given gene diversity. 

Because the gene diversity estimator of 0 may not be the most 
efficient one (Ewens 1972), alternatively one might ask whether the 
observed gene diversity is in congruence with its expectation when the 
estimate of 0 is obtained from other features of the allele frequency 
distribution. Ewens (1972) showed that the right-hand side of Ecl. (2), 
when~equated to the observed number of alleles in a sample, provides 
ih~rriaxim/am likelihood estimate of 0 (denoted by ~k)- Although a 
C10se/i~i%rfii express~on~of this estimate does not exist, Chakraborty and 
Schwartz (1990) showed_that th i s  estimate can be obtained iteratively 
and that its approximate standard error also can be obtained from given 
values of k and n. Chakraborty (1990a,b) showed that, if the sample 
is drawn from a genetically heterogeneous population, the observed 
gene diversity/:/isg-efierally smaller than its expectation based on the 
estimator ~k [i .e., when E(H)  is: computed by substituting the estimator 
(~k for-0 in Eq. (1)]. Howeyer, a f0rrnal test of the discrepancy between the 
observed and the expected H is tedi0us because an analytical sampling 
distribution of H is not ayailabl¢ (Watterson 1978). 

Test Based on Rare Alleles. A test for substructuring in a population 
can also include examination of  the numbers of alleles in different 
gene frequency classes. Chakraborty et al. (1988) showed that in the 
presence of heterogeneity there is an excess of the total number of alleles, 
which is largely the result o f  an excess of rare alleles. More recently, 
Chakraborty (1990a,b) demonstrated that hidden heterogeneity can be 
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revealed through an excess of rare alleles irrespective of which estimator 
(0n or Ok) is chosen for computing the expected number of rare alleles. 
To conduct this test, with any defined criteria of rare alleles (such as 
alleles that occur with frequency q or less, with q generally taken as0.01 
or 0.05), one computes the observed number of rare alleles by summing 
(over r) the number Of alleles (kr), each of which occurs with r copies in 
a sample. Chakraborty and Grittiths (1982) showed that the expectation 

of kr is 

0 n! r ( n  + 0 - r) (9) 
E ( k r ) = r ~  F(n+0) ? 

for r = 1, 2, ..., n, where 0 is defined as in Eqs. (1) and (2). Furthermore, 
for rare alleles (i.e., When r;is niu~h smaller than n), the distribution-of 
kr is a Poisson clistfibuti0n (Cimkraborty and~ Gritfiths~i982)~Tiae~f°r--e~ 
the deviation of observed kr from E(kr) can be tested by computing tlae 
cumulative Poisson probabilities simply fr0~ (he. ki~owledg~ Of/E(kr). 
This c a n  be~ compUted by_ sulJstitutii3g either ~of the-two ~alternative 
estimators of 0 mentioned earlier- Th~e-eg~fdat°~OFis-p~6f6frr~d:fOr~this~ - i 
purpose because it is generally larger than the estimator 0~, and our 
intent is to look for deviation in the direction kr > E(kr), which is • 
expected in the presence of hidden heterogeneity. ~ 

Results: Data Analysis 
Table I Shows the allele frequency distributions at the eight VNTR 

loci in the white population-0f-Utah, as-surveyed, by Odelberg et_al. 
(1989). Note that this table is a convenient form for presenting-the 
basic data on allele frequency distribution even when the observed 
n u m b e r  of alleles is large. Of course, the  specific alleledesignations 
cannot b e r e p r e  s~n~d~i~n sfch=~-=i~bld-:Ne~i'th-eless;:such~summary~ 
in formhtio ~ ~ig ~n~6~ff~gh~t~i~compute~ any ~ statistics~Of-~ allele a fi'ec~iiOicy- 
distribution (e.g., number o f  alleles in each gcne frequency class and 
total and expected homozygosity or hcterozygosity). With this notation 
the observed estimate of gene diversity based on the allele frequency 
distribution (/:/) becomes 

/ t  = n l r kdF / ( n -  1), 
r=l  / 

where kr is the number of alleles with r copies in a sample of n genes 
drawn from a population. The estimates of H obtained from Eq. (10) are 
slightly different from the ones reported by Odelberg et al. (1989,-Table 
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Table 1. AUcle Frequency Distribution at Eight VNTR Loci in the White Popu- 
lation of Utah 

Number Observed Number of Alleles (k r) 
of Copies _ 

(r) DI 7S5 D2S44 D9S7 D14S13 D19S20 DI6S83 DIS74 D3S42 

1 1 1 7  1 3 2 3 4 7 

2 2 11 1 3 1 2 3 1 
3 - 9 4 5 - - 1 1 
4 1 4 1 5 - 1 1 - 

5 . - 4 I 2 I I - I 

6 - 5 - 4 l I ! - 
7 - 2 - 1 3 - 2 - 

8 I 5 - 4 2 I 2 I 

9 . . . . . .  I - - 

1 0  1 2 . . . .  2 - 

11 - 6 1 - - - 1 - 

1 2  _ _ - 1 - - 1 - 
13 . . . . . .  I 1 
15 l 2 - - - I I - 

16 I . . . . .  2 - 
17 I - I I I - - - 

1 8  _ _ - 1 - 1 - - 
> 18 5 ~ - 5b - 2c 3d - 3e 

Total 14 67 16 30 13 15 22 15 

a. Includes 3 alleles that have 25, 51, and 87 copies and 2 alleles with 32 copies each. 
b. Includes 5 alleles that have 25, 33, 38, 42, and 71 copies. 
c. Includes 2 alleles that have 38 and 61 copies. 
d. Includes I allele with 30 copies, and 2 alleles with 27 copies each. 
e. Includes 3 alleles that have 24, 36, and 70 copies. 

3) because Odelberg et al. ignored the bias correction factor n](n - 1) in 

their computat ions.  
Table 2 p r o v i d ~  the est imates o f  0 based  on [ / a n d  k and their  

standard errors. Note  that  the gcne diversity est imators  of  0 axe generally 
larger than the m a x i m u m  likelihood es t imators  (Ok) based on /c, the 
only  exception is the l o c u s  D3S42. This  is so despite our use of  a new 
bias-correcting algorithm t o  avoid the upward bias  of  the traditional 
gene diversity es t imator  i o f  0. Approximate  heterogeneity tests o f  the 
difference of  the two est imators  (data  not  shown here) suggest that  at  
three loci, D2S44, D14S13, and DIS74,  the est imate 0u is significantly 
larger than 0k, whereas for the remaining five loci their differenc~ is 
not  significant. O n  the contrary, had  this sample been  drawn f rom a 
genetically heterogeneous populat ion,  we would  have found the opposite ,  
namely, the m a x i m u m  likel ihood est imators  o f  0 (Ok) larger than  their 
respective gene diversity est imators  (OH). This  effect had been  not iced 
by Chakraborty et ai. (1988), Chakrabor ty  and Schwartz (1990), and  
Chakraborty (I 990a, b).~ When data from the 8 loci are combined, the 

estimators of 0 from the average gcne diversity per locus and the average 
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Table 2. 
of Utah 

L o c u s  

D17S5 302 

Parameter Estimates from Eight V N T R  Loci  in the White Population 

Sample Number of Gene Estimates ofO ( +_ I s.e.) 
Sizea Alleles Diversityb 
(n) (k) (H) OH Ok 

14 0.851 + 0.011 4.70 ± 0.46 2.89 +- 0.89 
- 26.39 + 4.06 

D2S44 
D9S7 
D14S13 
D19S20 
D16S83 
DIS74 
D3S42 

Average -- 

3.56 +- 1.03 
10.51 + 2.37 

3.12 + 1.02 
3.90 +- 1.20 
6.76 ± 1.75 
3.80 + 1.16 

6,77 +- 1.61 

302 67 0.978 - 0.002 43.13 ± 3.59 
272 16 0.870 + 0.010 5.07 -+ 0.47 
164 30 0.954 + 0.005 19.05 ± 2.49 
168 13 0.799 +- 0.021 3.16 +- 0:46 
156 15 0.877 +-- 0.010 5.94 +- 0.61 
154 22 0.937 -+ 0.005 13.40 +- 1.23 
168 15 0.755 +- 0.024 2.39 ± 0.33 

211 24_  0.876 ± 0.010 5.93 ± 0.62 _ _  

a. Sample size refers to the number of genes sampled. 
b. Calculated from observed, allele frequencies using Eq~ (1 O) . . . . .  

number of alleles per locus are fairly close (5.93 versus 6.77; heterogenei.ty 
×2 = 0 .24  w i t h  1 d . f . ;  P > 0 .58) ,  suggesting that the assumption ofgeneUc 
homogeneity of the sample is quite reasonable based on the pooled data 

on these 8 loci. Table 3 compares the observed total number of alleles with the 
expected number based on the estimator ~ for each locus and for the 
average of the eight loci. For each locus, except D3S42, the observed 
number of alleles is smaller than its expectation, and-hence no excess in 
the total number of alleles is demonstrated in this analysis. The average 

s - ~ F 1 6 c u s  observed at 4hese 8 loci~ (24): isAn close 
number of allele p . : .  , , .  ~=:.;^~:byffsiiioEq_(-2),where ~ 
agreement with its expectatmn [21 .~o ,  c o m p m ~ a  J c, 
0 is estimated from the average heterozygosity, R = 0.876, of the 8 loci, 
substituted into Eq. (5) and by using n = 2H,  the average number of 
genes per locus; see Table 21, suggesting that the saml~le is probably ~ w n  
from a homogeneous population. This is so because, in the presence of 
genetic heterogeneity, we would expect an excess number of alleles, and 
therefore the observed values ofk would belarger than their.eXpectations 
E(k), with a probability [given by Eq. (7)] smaller than usual levels of 

statistical significance (0.05 or 0.01). 
Table 4 shows the observed and expected (based on the estim~t0r 

~k) gene diversity values. Also shown in this table are the proportions of 
the actual number of heterozygotes reported by Odelberg et al. (1989). 
Unlike the test of the number of alleles, no formal tests of significance 
can be done for these statistics because the sampling distribution of gene 
diversity is not known. Nevertheless, because hidden heterogeneity in a 
population results in an observed/:/smaller than E(/:/) based-on _the 
estimator Ok (Chakraborty 1990a,b) and because this is not generally 

? 
? 

¢ 

/ 

i • 

! 
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Table 3. Observed and Expected Total Number of Alleles at Eight VNTR Loci 
in the White Population of Utah 

Number of Alleles 

Locus Observed Expected a Probabilityb 

D17S5 14 20.13 ± 3,87 01963 
D2S44 67 90.13 ± %20 >0.999 
D9S7 16 20.81 ± 3.91 0.917 
D14S13 30 43,56 ± 5.10 0.998 
D19S20 13 13.13 ± 3.08 0.567 
D16S83 15 20.13 ± 3.73 0.940 
DIS74 22 34.46 ± 4.65 0.998 
D3S42 15 10.73 ± 2.79 0.093 

Average 24 2i.86 ± 3.94 0.330 

a. Based on the gene diversity estimator of 0 (§H)" 
b. Probability that the number of alleles in a sample is equal to or less than the one ob- 

served, computed by substituting 0 = O h' in Eq. (7). 

Table 4. Observed and Expected Gene Diversity at Eight VNTR Loci in the 
White Population of Utah 

Gene Diversity Observed 
Proportion of  

Locus Calculated a Expected b Heteroz.ygotes c 

D17S5 0.851 + 0,011 0.743 ± 0.059 0.861 ± 0.028 
D2S44 0.978 ± 0.002 0.964 ± 0.005 0.947 ± 0.018 
D9S7 0.870 ± 0.0!0 0.781 ± 0.050 0.824 ± 0.033 
D14S13 "0.954 ± 0.005 0,913 ± 0.018 0.854 ± 0.039 
D19S20 0.799 ± 0.021 0.757 ± 0.060 0.810 _ 0.043 
D16S83 0.877 ± 0.010 0.796 ± 0.050 0.897 ± 0.034 
DIS74 0.937 ± 0,005 0.871 ± 0.029 0.872 ± 0.038 
D3S42 0.755 ± 0.024 0.792 ± 0.050 0.786 ± 0:045 

Average 0.876 ± 0.010 0.871 ± 0.024 0.856 ± 0.034 

a. Calculated from the observed allele frequencies, using Eq. (10). 
b. Based on the maximum likelihood estimator of 0 (Ok). 
c. Obtained from the actual number ofheterozygotes observed, reported in Table 3 of 

Odelberg et al. (1989). 

seen in these computations, we surmise that the gene diversity test also 
suggests genetic homogeneity of the sampled population. 

Table 5 presents a test ofgenetic equilibrium based on the frequency 
of rare alleles. Because the sample size (number of genes sampled) per 
locus varies between 156 and 302 in this survey, we used the criteria of 
1% and 5% for defining rare alleles. For example, with n = 302, rare 
alleles with a 196 criterion represent those alleles that have counts of 
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Table 5. Observed and Expected Number of Rare Alleles at Eight VNTR Loci in 
the White Population of Utah 

Number of  Alleles Number of Alleles 
with Frequency <_0.01 with Frequency <0.05 

Locus Observed Expected a Probability b Observed Expected a Probability b 

D17S5 3 5.25 + 2.29 0.232 7 9.33 ± 3.06 0.286 
D2S44 37 42.47 + 6.52 0.226 67 63.46 ± 7.97 0.345 
D9S7 2 5.27 + 2 .30 0.103 10 10.90 ± 3.30 0.472 
DI4SI3 3 9.93 +- 3.15 0.011 27 24.32 ± 4.93 0.320 
D19S20 2 3.08 + 1.75 0.406 10 8.16 + 2.86 0.304 
D16S83 3 3.83 ± i.96 0.467 8 9.63 -+ 3.10 0.376 
DIS74 4 6.52 ± 2.55 0.221 12 15.92 ± 3.99 0.199 
D3S42 7 3.74 _+-1.93 0.085 11 9.84 + 3.14 0.397 

Average 7.75 9.80 + 3.13 0.239 18.38 18.12 + 4.26 0.551 

a. Computed from Eq. (8) using the maximum likeLihood estiraatorofO-(0k)~.Obsei'ved and  
expected numbers for the average reflect per locus estimates: 

b. ,Probability of deviation from expectation; based dn Poisson distribution. That is, these 
are probabilities of a value less than or equal to ihe ob~e~ l -v~ue  wh~ii~ih--e-~ct~°b: 
served value is less than the expected, or of a Value greater than or equal to the observed 
value when the actual observed value is greater than the expected. 

3 or less in the sample. Although the observed numbers of such rare 
alleles can be obtained directly from-the data  in Table 1., the expected 
numbers are based on Eq. (9), summing Over relevant r values (3 or 
less, for the given example), in which the estimate Ok is substituted for 
0. Because the number of rare alleles follows a Poisson distribution, 
the congruence of the expected and observed numbers in this table is 
tested by computing the tail probability o f a  poisson distribution. The 
probability column shows the exact significance values reached-in each 
case. With the exception of the D14S13 locus, the-obse r~'ed~ number of 
rare alleles is in statistical agreement witi~ the 6Xt)~(a-tions. F6t-DI-4SI3, 
with the 1% criteri6n of rare alleles, we find a deficiency Of rare alleles. 
Therefore this test also suggests that there is no hidden substructuring 
in the population. As in the case of total number of alleles, hidden 
heterogeneity would have produced excess rare alleles. 

Discussion and Conclusion . . . . . .  

The analyses indicate that, even though the  genetic variation re, 
vealed by the eight VNTR loci is extensive,-there is no general indica- 
tion of hidden subdivision within the white population of Utah. Jorde 
(1982) came to a similar conclusion by studying migration patterns of 
the founders of this population. Although our present study does not 

O 
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provide a new anthropologic conclusion, several features of the analyses 
are of general significance in understanding the population genetic char- 
acteristics of hypervariable loci. First, unlike protein-coding loci, data 
from even a single VNTR locus can be subjected to this type of analysis 
because of the extensive number of alleles found at such loci. Second, 
although the mechanisms producing new variants in VNTR loci [e.g., 
nonhomologous sister chromatid exchange, unequal crossover, gene con- 
version, replication slippage; see Jetfreys et al. (1988)] are different from 
those producing variation in the protein-coding loci (mainly point mu- 
tation or small deletion), the infinite allele model of selectively neutral 
alleles applies equally well to population data for both types ofpolymor- 
phic loci. This observation is also consistent with the pattern of allele 
frequency distributions at other VNTR and short tandem repeat (STR) 
loci found in recent population surveys (De~ et al. 1991; Edwards et al. 
1991). Third, although the pooled data on the eight loci satisfy the pre- 
dictions from the hypothesis of a single homogeneous population rather 
stri~ngly, we observe some deviations for the individual loci, but these 
deviations are in the direction oppositeto the ones that can be caused by 
genetic heterogeneity within a population. 

Our results apparently contradict Odelberg et al.'s (1989) analysis 
of deviations from ~H~-based  on the comparison of observed and 
expected homozygosity and heterozygosity at these loci. Odelberg and 
co-workers found excess homozygosity at three loci (D2S44, D14S13, 
and DIS74); which might be construed as evidence of heterogeneity. A 
likely explanation for this apparent excess homozygosity is the technical 
difficulty of distinguishing closely spaced alleles on Southern gels (Devlin 
et al. 1990). We note that the same three loci exhibit significant differences 
in the two estimators of 0 (#n and 0k). Hidden subdivision is not the cause 
of these i:leviations because, as noted earlier, the direction of deviation 
is opposite to what would be expected under heterogeneity. 

To examine a possible cause of these discrepancies, we note some 
sample size c0nsiderations, Recall that at each VNTR locus a substantial 
number of alleles are detected, and almost all alleles occur at low 
frequencies in the population. Of the 192 alleles detected in this survey, 

-there areonly 3alleles atthese 8 loci that have frequencies exceeding 25%. 
Given this extensive allelic diversity, one might ask whether the available 
sample sizes are enough to capture all possible genotypes in these 
samples. With k alleles at a locus, there are k(k + 1)/2 possible different 
genotypes, k of which are homozygotes, and k ( k -  1)/2 heterozygotes. 
Hence, if the sample size (number of individuals surveyed)is less than 
k(k + 1)/2, several of these different genotypes will not be recorded in 
the sample. Exactly how many distinct genotypes were encountered in the 
survey was not reported by Odelberg et al. (1989). Nevertheless, under the 
assumption of HWE we can compute the minimum sample size required 
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to have all genotypes detected in the sample based on the observed allele 
frequencies. For example, if p~ is the true frequency of the ith allele at a 
locus, the probability that each of the K = k(k + 1)/2 possible genotypes 
will be found in a sample of n individuals is 

k k k 

-II r"IIIIc2p,  r"' 
P = E k  k k 

11 n.! 1111 n0! 
r=l i>j =1 

where the summation is over all nii and n 0 values such that none is 0 
and such that they add to the total sample size (n). Although expression 
(11) is tedious to compute numerically when k-and n are both large, it 

is easy to show that 

k k k (12) 

i=1 i>j =l 

The right-hand side of expression (12) isat  a maximum when all allele 
frequencies arc equal, that is, when pi = 1/k for all i. Therefore a 
conservative estimate of the minimum sample size requirement for 
ensuring that all genotypes arc represented in the sample with confidence 

(1 - a) is given by the inequality 

1 - - k ( l - k ' 2 )  " -  k (k - lX1  2k-2) " > - l - a '  (13) 

which reduces to 

n>_.k21ogelxlrk2+2ak(k_~-kl (14) ! 
- k ( k . l )  " 

Table 6 shosvs the values of n for a = 0.10, 0.05, and 0.01 that 
represent the minimum sample size required for the specific 8 loci in 
the present data. Note that, because the observed allele frequencies are 
not all equal at these loci, the actual sample size requirement may be 
even more stringent. Nevertheless, these computations indicate that with 
the available sample sizes it is unlikely that all possible genotypes are 
included in the data collected in this specific survey. 

In terms of these minimum sample size requirements, it is clear 
that the smallest sample sizes are for the three loci D2S44, D14S13, and 

which showed significant excess homozygosity i n  the analysis D1S74, " __. , " .,.:^~. °v~,;bitcd significant.differences m 
of Odelberget ~al:- (19_89) anu w_m_~,.~"~lel e' f~equency:digtributi-?ns-at k_ . :  
the two estimators of 0. Because m~ ~ : - - :  . . . .  7- 
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Table 6. Min imum Number  of Individuals Needed to Detect all VNTR Geno- 
types in a Population Sample G~ven the Observed Allele Frequencies 

Observed Actual 
Number of  Sample Minimum Sample Size Needed a 

Locus Alleles Size ¢t = 0,10 ¢t = 0.05 ct = 0,01 

D17S5 14 151 977 1,107 1,421 
D2S44 67 151 29,418 32,430 39,570 
D9S7 16 136 1,311 1,483 1,890 
D14S13 30 82 5,174 5,778 7,210 
DI 9S20 13 84 830 944 1,213 
D16S83 15 78 1,137 1,289 1,647 
D1S74 22 78 2,¢~32 2,957 3,727 
D3S42 ! 5 84 . 1,137 1,289 1,647 

Average 24 106 3,183 3,570 4,486 

• a. Sample sizes in these computations refer to the number of individuals to be typed for 
~each locus.-Thevalues ofct = 0,10, 0:05, and 0.01 represent 90%, 95%, and 99% confi- 
- dence ofbeing assured that all possible genotypes are represented in the sample. 

these loci are in a direction opposite to that expected in the presence of 
hidden heterogeneity, we suspect that the observed excess homozygosity 
at these loci is an artifact of inadequate sample size alone and cannot be 
attributed to a Wahlund effect or population substructure. 

We also note that, even though a formal power analysis of the tests 
proposed here is not yet available, previous applications of this method 
have-succeeded in detecting hidden heterogeneity, evidenced by analysis 
of distributions of protein polymorphism (Chakraborty et al. 1988) and 
mitochondrial~m0~hs (Chakgaborty 1990a, b). 

:W~ ~h-ou[d:n~bte th-at th-epresen~ methodology rests on the assump- 
tion that the allelic diversity revealed by VNTR polymorphism obeys 
the-infinite allele model.-This approximation has been justified by Ohta 
(1986) ~ffd~is~b6rh-e biif~in ihe present analysis. Other population surveys 
on VNTR andSTR-toci als0 demonstrate that this model is appropriate 
for predicting allele frequency distributions at such loci (Budowie et al. 
1991; Deka et al. 1991; Edwards et al. 1991). 

Another characteristic feature of VNTR loci is also revealed through 
our present calculations. Because the parameter 0 equals 4Nev, the 
relative values Oftheestimates 0fOat the 8 VNTR loci when compared 
with protein-coding loci provide an indirect estimate of mutation rates 
for the VNTR loci. Mohrenweiser et al. (I 987) estimated gene diversity 
at general protein-coding loci of 0.08 for the white population. By using 
the present gene diversity estimator of 0 [solution of Eq. (5)], this leads 
to 0u = 0.0651. A recent estimate of mutation rate at protein-coding loci 
is 1.1 x 10 -s per locus per  generation (Chakrfiborty and Neel 1989). By 
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using the gene diversity estimates of 0 from Table 2 and calibrating them 
against the estimate from protein-c0ding !0c_i, we obtain mutation rates 
at the 8 VNTR loci ranging from 4.0 x 10 -4 (for the locus D3S42) to 
7.3 x 10 -3 (for the locus D2S44) per locus per generation. The average 
mutation rate over the-8 loci is-approximately l~0 x 10 -:3 per locus per 
generation. In other words, these 8 VNTR loci are subject to mutational 
alterations at a rate 35-660 times (average 90 times) higher than protein- 
coding loci. These indirect estimates of the mutation rate at VNTR loci 
are almost an order of magnitude smaller than Jeffreys et al.'s (1988) 
estimate (average 0.012 per locus per generation for the 5 loci D5S43, 
DI2Sll, D7S22, D7S21, and D1ST) but arc-close-t6 the estimate reported 
by Wolff et al. (1988). These observations are also in accordance with 
the indirect mutation rate estimates ¢iefived for  5-Si~R ioci-(aver~age 
6.1 x 10 -5 per locus per generation; Edwards et al. 1991). 

Although high mutation rates _at VNT_~R loci are not relevant t ° 
the use of these loci in forensic identification problems ~ a frequency_of 
1 mutant per 1000 cases cab have a substantial impact on-parentage 
testing. Statistical methods to circumveni this ~)r0blerhTor-convcntional 
genetic markers have been .discussed elsewhcrc [e.g., Chakraborty and 
Schull (1976) and Chakraborty and Ryrnan (1981)]; these methods can 
be reformulated easily for VNTR loci. 

Finally, we must close with a note of caution. Even though there are 
several claims of population subheterogeneity based on a simple demon- 
stration of heterozygote deficiency at VNTR loci (Lander 1989; Cohen 
1990), the results described here indicate that additional genetic pai~me- 

• ters must bc examined before it is valid to conclude that subheterogenei W 
exists.This is nedessary becau"s~ hetb¥~,Y~t~d~fi~i~y:al~eca~n-~r~lf ~- 
from causes other than subheterogcneity, sticli as in-co-m~plete-resolution 

" -  of s~rnflar size afieie~(i)ev-li~ei-al_| 99~0)and lb-~s~of~ill~elie baiads-re-stilt , 
ing from very small (or very large) alleles (Skibinski et al. 1983). Lack 
of congruence between geiie diVei-sity and  number tif allele~s-~n- also-be- 
produced by evolutionary events [such as the bottleneck effect and the 
fluctuation of population size .(Nei et al. 1975; Maruyama and Fuerst 
1984, 1985; Watterson 1984)], which can be checked by examining the 
relationship of H and E(k) with N~ [Fxls. (1) and (2)]. Ewens (1972) pro- 
vided extensive tables of relationship between E(/0"and Ne(6? ~ 0)-for 
an equilibrium population,-and Nei et ~al. (1975), Mariiy~ima-and Fuerst 
(1984, 1985), and Watterson (1984) showed that, when a population goes 
through a severe bottleneck, the expected relationship between H and k 
is disturbed (in the direction of excess allele numbers compared with 
expectation) and the effect persists for a long time (of the order of the 
inverse of mutation rate). 

We suggest that each specific survey should be subjected.to?tests 
similar to the ones suggested here. If the observed heterozygote deficiency 
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is due to factors other than populat ion subheterogeneity, there should be 
a deficiency of allele numbers (total and rare) in contrast to the excess ex- 
pected in the presence of  population heterogeneity. Data requirements for 
such-!ests-might-ih-cl~ide (i)-a Statemeiit regfirding the resolving power o f  
the gel system used, in particular, whether even a single repeating unit can 
be detected; (2) tabulation of  the observed allele frequency distribution 
in a form similar to our Table 1; (3) documenta t ion of the exact number  
of distinct genotypes (both homozygotes and  heterozygotes) observed in 
the sample; (4) an a t tempt  to type a sufficient number of individuals so 
that a substantial fraction of  all possible genotypes are detected; and (5) 
use of  a well-defined (geographically or culturally homogeneous) sample 
population. ~ Admittedly, several of  these desiderata are compromised in 
the data analyzed here, and some are difficult to achieve in practice. For 
example, it is possible that allelic diversity will increase with an increase 
in sample sizr~o t f ia ta  subs~ntial  fraction of  all genotypes can never be 
seen in any sample 0f  feasible size. So long as only rare alleles (say, with 
a frequency less than O.5%) are missed in a sample, t he  gene diversity 
estimator should be relatively insensitive to sample size. Our analysis o f  
the Odelberget al. (I 989)data dem0nstrates that  such analysis is feasible 
evenwhen  the requirements are met  only approximately. Further empir- 
ical studies in aPI~i'opriate PoPulations are needed to capitalize fully on 
the forensic utility o f  VNTR popymorphisms.  

Acknowledgments We thank A. F_21wards for his comments on the manuscript. 
This work was supported by the National Institutes of Health under grant GM 
4'1399 and by the NatiOnal InStitutes:of Justice, Office of Justice Programs, US 
Department o f  Justice, under grant 90--IJ-CX--0038. Points of view or opinions 
in this document fire ]hOse of the authors and do not necessarily represent the 
official position or policies of the US Department of Justice. 

Received 17 December 1990; revision received 1 March 1991. 

Literature Cited 

Bell, G.I., M.J. Selby, and-W.J. Rutter. ! 982. The highly polymorphic region near the insulin 
gene is compo~d of Simpl~ tandemly repeating sequences. Nature 295:31-35. 

Budowle, B., R. Chakraborty, A.M. Giusti, A.E. Eisenberg, and R.C. Allen. 1991, Analysis of  
the variable number oftandem repeats locus DIS80 by the polymerase chain reaction 
followed by high resolution polyacrylamide gel electrophoresis. Am. J. Hum. Genet. 

48:1:37,=144. .... ~-= 
C h U b - o i l -  1~' 1990a.=Genetic profile of cosmopolitan populations: Effects of hidden 

subdivision=-Anth-~opol. :Affz. 48:313.331.== 
Chakraborty, R. 1990b. Mitochondrial DNA polyrnorphism reveals hidden heterogeneity 

within some Asian populations. Am. J. Hum. Genet. 47:87-94. 



586 / CI-L-~KRABORTY AND DAIGER 

Chakraborty, R., and R.C. Griffiths. 1982. Correlation of heterozygosity and number of 
alleles in different frequency classes. Theor. Popul. Biol. 21:205-218. 

Chakraborty, R., and J.V. Neel. 1989. Description and validation of a method for simulta- 
neous estimation of effective population size and mutation rate from human popu- 
lation data. Proc. Natl. Acad. Sci. USA 86:9407-9411. 

Chakraborty, R., and N. Ryman. 1981. Use of odds of paternity computations in determin- 
ing the reliability of single exclusions in patemit~ testing. Hum. Hered. 31:363-369. 

Chakraborty, R., and W.J. Schull. 1976. A note on the distribution of the number of 
exclusions to be expected in paternity testing. Am. J. Hum. Genet. 28i615-618. 

Chakraborty, R., and R.J. Schwartz. 1990. Selective neutrality of surname distribution in 
an immigrant Indian community of Houston, Texas. Am. J. Hum. Biol: 2:1-~15. 

Chakraborty, R., EE. Smouse, and J.V. NeeL 1988. Population amalgamation and genetic 
variation: Observations on artificially agglomerated tribal populations of Central and 

Genet. 43:709-725. 
South America. Am. J. HUm.Litt:_1989_Population genetics of the highly polymor- 

Chimera, J.A., C.R. Harris, and-M. • 
phic locus D16S7 and its use in Patc.mity evaluation. Am. J. Hum. Genet- 45:926-- 

931 . . . . . . . . . . . . . . . .  rensic identification' Potential eff~ts of da ta_  
f i n  e nnung Ior t o  . " . . . .  

Cohen, J.E. 1990: DNA . . . .  g"f~-,rak,~,~ heterogeneity and band number vanabihty. Am. J. 
interpretauon o] suul.,,-,Fu,--~n ~ ~- . . . . . . . . .  

m. Genet 46 358 368 " :r .... : _  - -  ~ - Hu " : - " ~ - ,~ - ,  D,,-,~t~tion ~etaetics of hypervariable 10ci 
Deka, R., R. Chakraborty, and R.E. Ferreu. l ~  ~vv . . . .  

• u s Genomics (in press). . . . . . .  in three ethmc gro P • , ,A,,^ x,.. ,,~,k~e ~fht~ OZV~OSity at-toci=used~for 
Devlin B. N. Risch, and K. Roeoer. t ~ :  x~, . . . . . . . . .  m _ _  

DNA fingerprinting. Science 249:1416-1420. 
Edwards, A., H.A. Hammond, C.T. Caskey, L. Jin, and R. Chakraborty. 1991. Population 

genetics of trimeric and tetrameric tandem repeats in four human ethnic groups. 

Genomics (in press). 
Ewens, W.J. 1972• The sampling theory of selectively neutral alleles. Theor. Popul. Biol. 

3:87-112. . - Fuerst, P.A., R. Chakraborty, and M. Nei. 1977. Statistical studies on protein polymorphism 
in natural populations• I. Distribution of single locus heterozygosity. Genetics 

86:455-483. . . . .  Jeffreys, A.J., V. Wilson, and S.L. Thein. 1985. Hypervariable -rmmsatellite regions of 

human DNA. Nature 314~.67 73. - - 
Jeffreys, A.J., N.J. Royle, V. Wilson, and 7_. Wong. 1988. Spontaneous mutation rates to . . . . . . . .  DNA. Nature 

new length alleles at tand em.repetitive-hyperwanable 1oo m human . . . . .  

- Jorde, L.B. 1982. The genetic structure oItae t~taa ~vAv, . . . . . . . . . .  - 
Biol. 54:583--597. Kimura, M., and J.F. Crow. 1964. The number of alleles that can be maintained in a finite 

population. Genetics 49:725-738. 
Lander, E.S. 1989. DNA fingerprinting on trial. Nature 339:501-505. 
Maruyama, T., and P.A. Fuerst. 1984. Population bottlenecks and nonequilibrium models 

in population genetics. I. Allele numbers when-populations evolve from zero 

variability. Genetics 108:745-763. 
Maruyama, T., and EA. Fuerst. 1985. Population bottlenecks and noncquilibrium models 

in population genetics. II. Number of alleles in small population that-was formod 

by a recent bottleneck. Genetics 111:691-703. 
Mohrenweiser, H.W., ICH. Wurzinger, and J.V. Heel. 1987. Frequency and dish-ibuiion Of 

rare electrophoretic mobility variants in apopulat ion of newborns in Ann Arbor, 

Michigan. Ann Hum. Genet. 51:303-316. 
Nakamura, Y., M. Leppert, P. O'ConneU et aL 1987. Variable num ber of tandem repeat 

(VNTR) markers for human gene mapping. Science 235:i616-1622 --" 

): 



VNTR Polymorphisms in Utah Whites / 587 

Nei, M. 1978. Estimation of average heterozygosity and genetic distance from a small 
number of individuals. Genetics 89:583-590. 

Nei, M., T. Maruyama, and R. Chakraborty. 1975. The bottleneck effect and genetic 
variability in populations. Evolution 29:1-10. 

Odelberg, S.J., R. Platke, J.R. Eldridge, L. BaIlard, P. O'Connell, y. Nakamuta, M. Leppert, 
J.-M. Lalouel, and R. White. 1989. Characterization of eight VNTR loci by agarose 
gel electrophoresis. Genomics 5:915-924. 

Ohta, T, 1986.-Actual-number ofalleles~c0ntained in a multigene family Genet 
123. . • • Res. 48:119- 

Proud(oot, N.J., A. Gil, and T. Maniatis. 1982. The structure of the human zeta-globin 
gene and a closely linked, nearly identical pseudogene. Cell 31:553-563. 

Skibinski, D.0.F., J.A. Beardmore, and.T:F. Cross. 1983. Aspects of the population genetics 
ofMytilus (Mytilidae; Mollusc_a) in the British Isles. Biol. J. Linn. Soc. 19:137-183. 

Watterson, G.A. 1978. The homozygosity test of neutrality. Genetics 88:405-417. 
.Watterson, G.A, 1984. Allele frequencies after a bottleneck. Tht~or. Popul. Biol. 26:387-407. 
White, R., M. Leppcrt, D.T. Bishop, D. Barker, J. Bcrkowitz, C. Brown, p. Callahan, T. 

Holm, and L. Jerominski. 1985. Construction of linkage maps with DNA markers 
for human chromosomes. Nature 313:101-105. 

Wolff, R.K., Y. Nakamura, and R. White. 1988. Molecular characterization of a spon- 
taneously generated new allele at a VNTR locus: No exchange of flanking DNA 
sequences. Genomics 3:347-351. 

Wong, Z., V. Wilson, I .  Patel, S. Povey, and A.J. Jeffreys. 1987. Characterization of a 
panel of highly variable minisateUites cloned from human DNA. Ann. Hum. Genet. 
51:269-288. 

Wright, S. 1949. Genetics of populations. In Encyclopaedia Britannica, 14th ed., v. 10, 
111-112. 

Wyman, A.R., and R. White. 1980. A highly polyrn0rphic locus in human DNA. Proc. 
Natl. Acad. ScL USA 771675~--6758. 

Zouros, E. 1979, Mutation rates, population sizes, and amounts ofelectrophoretic variation 
of enzyme loci in natural populations. Genetics 92:623-646. 



Patterns of Genetic Variation Within and Between 
Populations Detected by PCR-Based VNTR 
Polymorphisms 

RanaJit Chakraborty, Stephen P. Daiger and Eric Boerwinkle 
University of Texas Health Science Center 

Houston, Texas 

the 

It is now well establishedthat dispersed in the human gen0me.there are many hypervar- 
iable loci where the polymorphism is due to the copy number variation of tandemly repeated 
Cons ervednucleotide sequences. Depending upon the length of the core sequences (from two 

bases to several kilobases), such loci are called microsatellites, or short tandem repeat (STR) loci 
and minisatellites, or variable number of tandem repeat (VNTR) loci. They have the following 
characteristics: 1) quasi-continuous distributions of allele sizes (determined by the total length of 
the alleles), 2) large number of alleles per locus (sometimes exceeding 50), and 3) high hetero- 
zygosity (often in excess of 95%). Due to these characteristics, such hypervariable loci have been 
proven to be quite effective for gene mapping, genetic counseling when they are closely located 
toa disease susceptibility locus, forensic identification of individuals, determination of related- 
ness among individuals, and strategic policy making~n ' conversation biology. 

For efficient use of STR and~VNTR polymorphisms it is; however, imperative to know 
following: . . . . . . .  

1) the measured variation at these loci are inherited in a Mendelian fashion; 
2) howmany different alleles are segregating within a population; 
3) their allele frequency distributions in populations of diverse origin; 
4) the~effective methods of prediction of genotype frequencies from their respective 

allele frequencies; 
5) features of randomness Of allele frequency distributions at different loci within 

po~uiat-ibns;- . . . . . . . . . . . . . . . . . .  " ' 
6) st/ibiiity Of the alleles over generations, so as to assert biological relatedness between 

indNiduals from their allele sharing acc0rdlngto the identity by descent rule; 
7) ho_w~similar (or dissimilar) differ6nt.~p~ukati6fiS are with regard to the allele frequencies 

so that appropriate reference population database can be used for specific applications; 
and 

8) what is the pattern of evolutionary dynamics of such polymorphisms. 

The purpose of this paper is to discuss several issues that are important for the analysis of 
the pattern of within and between popuhti0n variation at hypervariable loci, each of which in 
turn relates to the previously mentioned features of genetic variation. The ensuing discussions 
are specifically made in the context of data generated by the polymerase chain reaction (PCR)- 
based protocols. In principle, however, they should also apply to data gathered by means of the 
traditional Southern blot restriction fragment length polymorph~sm (RFLP) analysis. 

SOUTHERN BLOT GENERATED DATA vERsus PCR-BASED DATA 

Before discussing the methods of data analysis, it is worthwhile to consider some 
distinctive features of data that are generated by the Southern blot data and PCR-based data. 
Since m-os't population genetic methods of analyzing genotype frequency data require complete 
resoluHon of all alleles, data generated by a S0uthernbl0t RFLP analysis may be considered 
sometimes inappropriate. Therefore, it is not always possible by an RFLP analysis to distinguish 
between copy number variation of tandem repeats of short bore sequences when the repeat units 
vary by one or a few copieS. Thi~iskh0wn to  introduce pseudohomozygosity (i.e., heterozygote 
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individuals carrying two nearly similar Sige a l!¢les may_ be c!~sifjed as homozyg0te~). Further- 
more, when RFLP analysis is specifically designed for high resoiutidfi of" al~es,so-m-eafle-lesof 
extreme sizes (high as well as low size alleles) may not be d~tected on a Sbutfiefn-g-e|_ ~l-h addl- 
tion, the determination of allele sizes is not perfectly accurate even with ladderlaneSon the gel, 
Comparison of allelic homology by size determination from different gelsis even more 
problematic. _ . . . . .  ~ _  ~_ ~ ~ : .  _ . - = - : - - -  ~ ~ _ .  

Since PCR-based protocols are designed for discretization of alleles,.ithtough P_CR~studies. 
it is possible to examine the sequence homology of identical size alleles as .well as Se.quence iden- 
tity of different copies of core sequences for specific individuals. This in turn results in deter- 
mination of allelie identity by descent between relatives with greater accuracy. The PC_R-based 
studies on several STR loci in populations of-diverse origin indicate thata~ltelic distinctions with 
a single repeat variation when the core motif is only two bases long ~are als0°i~iirly reliable ~ 
(Chakraborty e t  a l .  1991; Edwards e t  a l .  199!a). Inshort, even with the current kn0wiedge of 
PCR technology, the limitations of Southern blot RFLP analysis for the detectio n of hypervar= 
iable polymorphisms can be greatly CirCumvented, making such data~amenable for population 
genetic analysis. 

ASPECTS OF WITHIN POPULATION VARIATION 

Once the allelic distinctions are made and the allele frequencies are determined from a 
random sample of individuals drawn from a population, the next important question regarding 
the features of within population variation is whether or not the genotype frequencies can_be 
reliably predicted from allele frequencies assuming the traditional Hardy-Weinberg (or the 
Square) rule. This is needed particularly with regard to hypervariable loci. Unlike the traditional 
blood group and protein polymorphisms, direct estimation of genotype probabilities from relative 
counts of different genotypesat a hypervariab!e locus is not recommended, sin~e foo inaKy- 
possible genotypes exist at almost all such locL Further, many of them will remain unobserved 
even when the sample size is respectable. For example; with 50 allelessegregating at a locus, 
there are 1,275 possible distinct genotypes. The prospect of finding all of them in a sample is 
quite low even if the sample size is increased to 5,000 individuals sampled from the population 
(Chakraborty and Daiger 1991). Therefore, application of the Hardy-Weinberg rule is also 
essential for genotypic probability calculations at hypervariable loci. The tests of checking the 
appropriateness of such calculations has been recently questioned (Lander 1989; 1991). Such 
criticisms, however, seem to disregard the fact that the context of applications of the traditional 
statistical tests for Hardy-Weinberg rule to hypei-variable l~i-ni~s~t t/ileal;h f6 ffccoL/nt-the-sl~arse 
nature of data. This is important since alleles numbers are large, and many alleles occur in low 
frequencies, resulting in too many missing genotypes existing in a sample even when the sample 
size is respectable and the fluctuations of observed genotype frequencies from their Hai'dy- 
Weinberg expectations become asymmetric 

The validity of Hardy-WeinbergexPectati0ns of genotype distributions can be checked 
from data on unrelated individdals as Wellas from data on relatives. The available test proce- 
dures applicable to the genotype frequency data on unrelated individuals can~be broadly classi- 
fied as: 1) observed versus expected frequencies of all heterozygote (or homozygote) individuals, 
2) observed versus expected numbers of distinct genotypes seen in a sample (heterozygote as well 
as homozygote genotypes examined separately), 3) congruence of observed number of alleles with 
its prediction based on heterozygosity at the locus, 4) likelihood ratio test based on contrasts of 
observed versus expected frequencies of each possible genotype, 5)intraclass correlation of allele 
sizes (or copy numbers) within individuals (Karlin e t  a l .  1981), and 6) association array analysis 
(Karlin 1983). Based on genotype data on nuclear families (both parents and one or more chil- 
dren), tests of Hardy-Weinberg equilibrium (HWE) may be constructed by:. 1) tests based on 
genotypic association of spouse dichotomized by heterozygosity and homozygosity and numbers 
of shared alleles, 2) tests based on Mendelian segregation of alleles in children, subdividing the 
data by parental mating classes based on heterozygosity status and shared alleles, 3JJnterclass 
correlation of allele sizes (or copy numbers) between spouses, and 4) ass0ciatiofi array analysis 
of allele sizes observed in spouses. This multiplicity of tests is particularly meaningful in the 
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context of studies on hypervariable loci, since each of these tests individually does not generally 
have an appreciable power of detecting deviation from the Hardy-Weinberg rule. Together, they 
emphasize different aspects of the genotype frequency distribution in a population. In particular, 
one should recognize that because of the sparse nature of the data instead of the traditional large 
sample distribution of the test statistics (such as the Chi-square or the normal distribution), one 
must determine the level of significance of the test statistics by empirical means of suffling the 
observed alleles across individuals to from new gen0types (permutation methods). • 

• App!ications of~sucl~ permutation_methods~demonstr~ate that the nonparametric approaches 
of intraclass and interclass correlations and association array analysis (Karlin et al. 1981; Karlin 
1983) are particularly suited for VNTR data. Accordingly, the allele size distributions are often 
complex (Shriver et al. 1991), and they generally provide a greater statistical power should there 
exist any deviation from the Hardy-Weinberg rule because of the presence of population sub- 
structuring and/or the presence of pseudohomozygosity due to incomplete resolution of alleles. 

These test procedures, when applied to population data on the apolipoprotein B (Apo B) 
and D1Sg0 VNTR loci, and on 5 STR loci and a (CA)-repeat locus at the apolipoprotein C ! l  
(Apo C lI) gene, all scored by PCR-based studies, suggest no deviation from the HWE (Budowle 
et al. 1991; Chakraborty et al. !991; Edwards et a l .  1991b). Hence, we conclude that the esti- 
mation:of genotype :frequencies from allele frequencies by the use of HWE assumption is quite 
reliable. 

Another aspect of within population vaHafidn at  hypervarlable loci relates to the esti- 
mation of multilocus genotype frequencies from the single locus genotype frequencies. This is 
generally done by multiplying the respective ~irigle~ locu~ genotype frequencles across all loci, on 
the grounds that_the loci under investlgaLi¢n are independently segregating. Hence, there is no 
cosegi~egation (if/dle-l~s leadin~to gametic- ~e-;d]seqei l ibr ium, The criticism against the appli- 
cation of this product rule is that in the presence of population substructuring, there will be a 
gametic phase disequilibria even among alleles of unlinked genes. Tests for appropriateness of 
the product rule may be based on: 1) the distribution of a number of heterozygous loci among 
individuals each scored for multiple loci, 2) computation of linkage disequilibria for every pair of 
locu=allele combinations, 3) interclass correlation of allele sizes (or copy numbers) between pairs 
of loci, and 4) association array analysis. As in the case of HWE tests, simulation analysis sug- 
gests )hat the interclass correlation approach or an association array analysis has a comparatively 
greater power of detecting deviations from the muRiplication rule. This is particularly true when 
a large number-(greater than 10) alleles are segregaiin-g at each locus. Of the previously men- 
tioned alternative test procedures, the distribution of the number of heterozygous loci has the 
flexibility_that i t  can_handle anynumber of 19ci simultaneously 9yen_ though it condenses the 
genotype data into two classes (heterozygote and homozygote). Whilein all other test procedures 
the appropriateness of the multiplication rule is checked by testing the pairwise independence of 
loci, it should be noted that the interdependence of genotype frequencies among loci caused by 
population substructure is generally such that most of the dependence can be explained only by 
(locus) pairwise dependence parameters. Hence, the test for higher order gametic phase disequi- 
!!bria produce d by mixtures of populations is not critical for judging the appropriatenes s of the 
mLiltiplication rule. " - ~ : ~- ~-~ ~: . . . . . . . . .  

Applications of these test procedures to FCR=based studies on two VNTR loci (Apo Band 
Apo CII) and 5 $TR loci suggest that in populations defined by major racial classifications (such 
as American Caucasians, French Caucasians, Texas Blacks, Texas Mexican=Americans or Asians 
of Texas), the multiplication rule is quite adequate for estimating multilocus genotype frequencies 
(Chakraborty et al.  1991; Edwards et al. !991b). 

ASPECTS OF BETWEEN POPULATION VARIATION 

Genetic variation among populations of different origin is a geological truism and should 
exist for hypervariable loci. Therefore, when we study the allele frequency differences across 
populations and examine their significance, two questions become important: 1) IS the d i f fe r -  
ence statistically significant? and 2) Is the pattern of allele frequency differences consistent with 
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the ethnohistory of populations? Studies done on anthropologica!ly definedpopulati0ns reveal 
that significant allele frequency differences among diverse populations exist. However, their 
pattern is quite congruent with the ones found at the traditional blood groups and protein loci 
and these are consistent with the ethnohistory of populations (Deka etal. 1991). Even more 
broadly defined populations satisfy these characteristics, observed in a study of 5 STR lo¢i in 
four major racial groups (Edwards etal. 1991b). . . . . .  ~.  

In this context, it is worth noting that summary measures of allele frequency differences such 
as coefficient of gone differentiation (Nei 1973), genetic diSfance (Ne i  1978), or Pi-0p0hio-n 0-f 
shared alleles across populations in relation to the average frequencies o~f such alleleS-are also 
meaningful concepts in the context of hypervariableloci. However, the length polymorphism of 
repeat core sequences does not reveal the total nucleotide diversity seen at these loci (Chakraborty 
et ai. 1991; Jin etal .  1991). : . - :  

It should be noted, however, that hypervariability at VNTR andSTR loci generally leads 
to larger interpopulational differences compared to that at the traditional serological and bio- 
chemical loci. This is due tO larger rates of mutations at VNTR and STR 10Ci, who~se~-elative 
magnitude in relation to the p-r0tein ~utati0r~ rate canbe  indirectly, estimated: This- h-as-been 
attempted for several VNTR and STR loci (Chakraborty and Daiger 1991; Deka et al. 1991; 
Edwards et al. 1991b), which indicates that the rate of mutation at VNTR and STR loci are 
generally higher (by 6- to 50-fold, sometimes up to 500-fold) than that at the protein loci. 

IMPLICATIONS FOR FORENSIC IDENTIFICATION 

Such issues of intra- and interpopulational variation at VNTR and STR loci, when ana- 
lyzed appropriately, suggest that the population genetic assumptions of HWE and product rule are 
quite adequately validated. When departures are noted, they could be explained by the technical. 
limitations (such as nondetectability of alleles of extreme size in Southern bl0t analysis or pseudo- 
homozygosity due to incomplete resolution of alleles). Several of these technical limitations can 
be circumvented by PCR-based studies, and even though data on PCR-based allele frequencies 
are not as widely available at present (in comparison to protein variation), a general picture of 
interpopulational differences is quite evident even from the limited studies. In several cases of 
forensic applications when match probability was estimated for a specific multilocus genotype 
profile, using data of allele frequencies from a variety of populations, it is seen that the estimates 

• are quite consistent; their differences may proportionally differ by. Several f01d, b u t  in no Case 
does a genotype profile that was rare for a population data become common for  another ..... : 
population. - . . . . .  : :~-~: . . . . .  - :  ~ : : : :~:  _ 

- r ~ . - ~ ' -  " -  " - " - 

From theseconsiderations, we conclude that hypervariable polymorphism studied by,PCR- 
based protocol meets the standard of population genetic analysis. Further, their use in the 
applications mentioned pre~,iousl~, is justifiable on the basis of biological as well. as statistical 
characteristics of these polymorphic systems. 
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Patterns of Genetic Variation Within and Between 
Populations Detected by PCR-Based VNTR 
Polymorphisms 

Ranajit Chakraborty, Stephen P. Dalger and Eric Boerwinkle 
University of Texas Health Science Center 

Houston, Texas 

It is now well established that dispersed in the human genome there are many hypervar- 
iable loci where the polymorphism is due to the copy number variation of tandemly repeated 
conserved nucleotide sequences. Depending upon the length of the core sequences (from two 
bases to several kilobases), such loci are called microsatellites, or short tandem repeat (STR) loci 
and minisatellites, or variable number of tandem repeat (VNTR) loci. They have the following 
characteristics: 1) quasi-continuous distributions of allele sizes (determined by the total length of 
the alleles), 2) large number of alleles per locus (sometimes exceeding 50), and 3) high hetero- 
zygosity (often in excess of 95%). Due to these characteristics, such hypervariable loci have been 
proven to be quite effective for gene mapping, genetic counseling when they are closely located 
to a disease susceptibility locus, forensic identification of individuals, determination of related- 
ness among indivi~fu&|s, fnd strategic policy making~in ~bnversation biology. 

For efficient use of STR and VNTR polymorphisms it is; however, imperatiye to know 
the following: ~ 

1) t h e  measured variation at these 10ci are iniierited in a Mendeiian fashion; 
2) how many differentalleles are segregating within a population; 
3) their allele frequency distributions inpopulations of diverse origin; 
4) the effective methods di" predictibn 0t" genotype frequencies from their respective 

allele frequencies; 
5) features of randomness of allele frequency distributions at different loci within 

populations; 
6) stability of the alleles• over generations, so as to assert biological relatedness between 

ii/di,~id~als fromtheir  allele sharing according to the identity by descent rule; 
7) hb~similar  (or = dissimilar) different populations are with regard to the allele frequencies 

so thatl appropria-t¢-referenc¢ P0p~lation database can be used for specific applications; 
and 

8) What is the pattern of evolutionary dynamics of such polymorphisms. 

The purpose of this paper is to discuss several issues that are important for the analysis of 
the pattern of within and between population variation at hypervariable loci, each of which in  
turn relates to the previously mentioned features of genetic variation. The ensuing discussions 
a-re specifically made in the context of d~ta generated by the polymerase chain reaction (PCR)- 
based protocols. In principle, however, they should also apply to data gathered by means of the 
trad!tional Southern blot restriction fragment length polymorph~sm (RFLP) analysis. 

SOUTHERN BLOT GENERATED DATA VERSUS PCR-BASED DATA 

Before discussing the methods of:dataanalysis, it isworthwhile to consider some 
distinctive features of data that are generated by the Southern blot data and PCR-based data. 
Since most population genetic methods of analyzing genotyp¢ frequency, data require complete 
resolution of all alleles, data generated by a Southern blot RFLP analysis may be considered 
sometimes inappropriate. Therefore, it is not always possible by an RFLP analysis to distinguish 
between copy number variati6n of tandem repeats of shoit Core sequences when the repeat units 
vary by one or a few copies. This is known to introduce pseudohomozygosity (i.e., heterozygote 
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individuals carrying two nearly similar size alleles may be classified as homozygotes). Further- 
more, when RFLP analysis is specifically designed for high resolution of alleles, som e alleles o f  
extreme sizes (high as well as low size alleles) may not be detected on a Southern gel. In addi- 
tion, the determination of allele sizes is not perfectly accurate even with ladder lanes on the gel. 
Comparison of allelic homology by size determination f rom different  gels is even more 
problematic. . . . . . . .  

Since PCR-based protocols are designed for discretization of alleles, through PCR studies 
it is possible to examine the sequence homology of identical size alleles as well as sequence iden- 
tity of different copies of  core sequences for specific individuals. This in turn results in deter-- 
ruination of allelic identity by descent between relatives with greater accuracy. The PCR-based 
studies on several STR loci in populations of diverse origin indicate that allelic distinctions with 
a single repeat variation when the core motif is on|y_ two bases long areals0 fairly reliable 
(Chakraborty et al. 1991; Edwards et al. 1991a). In short, even_with the~current knowledge of 
PCR technology, the limitations of Southern blot RFLP analysis foi: the detection of hypervar- 
iable polymorphisms can be greatly circumvented, making such data amenable for population 
genetic analysis. 

ASPECTS OF WITHIN POPULATION VARIATION 

Once the allelic distinctions are made and the allele frequencies are determined from a 
random sample of individuals drawn from a population, the next important question regarding 
the features of within population variation is whether or not the genotype frequencies can be 
reliably predicted from allele frequencies assuming the traditional Hardy-Weinberg (or the 
Square) rule. This is needed particularlywith regard to hypervariable loci. Unlike t h e  traditional 
blood group and protein polymorphisms, direct estimation o f  genotype probabilities from relative 
counts of different genotypes at a hyperVariable l~fiS~is not r_ecommended,sinc e too many 
possible genotypes exist at almost all such loci. Further, many of them Will~ren'iai~h un6bserved 
even when 'the sample size is respectable. For example, with 50 alleles segregatihg at aLlocus, 
there are 1,275 possible distinct genotypes. The prospect Of finding all Of them in ~.~ s~a~ple is 
quite low even if the sample size is increased to 5,000 individuals sampled from the population 
(Chakraborty and Daiger 1991). Therefore, application of the Hardy-Weinberg rule is also 
essential for genotypic probability calculations at hypervariable loci. The tests of checking the 
appropriateness of such calculations has been recently questioned (Lander 1989; 1991). Such 
criticisms, however, seem to disregard the fact that the context of applications of the traditional 
statistical tests for Hardy-Weinberg rule to hypervariable loci must take into account the sparse 
nature of data. This is important since alleles numbers are large, and many alleles occur  in low 
frequencies, resulting in too many missing genotypes/~isting i n  a-Sarh-151~ e-~e~ ~ti~/:fh6 sample 
size is respectable and the fluctuations of observed genotype frequencies from their Hardy- 
Weinberg expectations become asymmetric. ~ 

The validity of Hardy-Weinberg expectations of  genotype distributions can be checked 
from data on unrelated individuals as well as from data on relatives. The available test proce- 
dures applicable to the genotype frequency data on unrelated individuals can be broadly classi- 
fied as: l) observed versus expected frequencies of all heterozygote (or homozygote) individuals, 
2) observed versus expected numbers of distinct genotypes seen in a sample (heter0zygote as well 
as homozygote genotypes examined separately), 3) congruence of observed number of  alleles with 
its prediction based on heterozygosity at the locus, 4) likelihood ratio test based on contrasts of 
observed versus expected frequencies of  each possiblegenotype,5)intraclass~correlation-of allele 
sizes (or copy numbers) within individuals (Karlin et al. 1981), and 6) association array analysis 
(Karlin 1983). Based on genotype data on nuclear families (both parents and one or more chil- 
dren), tests of Hardy-Weinberg equilibrium (HWE) may be constructed by:. I) tests based on 
genotypic association of spouse dichotomized by heterozygosity and homozygosity and numbers 
of shared alleles, 2) tests based on Mendelian segregation of alleles in children, subdividing the 
data by parental mating classes based on heterozygosity status and shared alleles, 3) interclass 
correlation of allele sizes (or copy numbers) between spouses, and 4) = association array analysis 
of allele sizes obsei-ved in spouse s. This multiplicity of  tests is particularly meaningful in the 
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context Of studies on hypet:v~iriable loci, ' since each of these tests individually does not generally 
~ ; e  an aPi:ireciab|e ~)bwer of detecting deviation from the Hardy-Weinberg rule. Together, they 
emphasize different aspects of the genotype frequency distribution in a population. In particular, 
one should recognize that because of the sparse nature of the data instead of the traditional large 
sample distribution of the test statistics (such as the Chi-square or the normal distribution), one 
must determine the level of significance of the test statistics by empirical means of suffling the 
observed alleles across indiyiduals to from new genotypes (permutation methods). 

Applications of such permutation methods demonstrate that the nonparametrJc approaches 
Of intraclass and interclass correlations and association array analysis (Karlin et al. 1981; Karlin 
1983) are particularly suited for VNTR data. Accordingly, the allele size distributions are often 
complex (Shriver et at,. 1991), and they generally provide a greater statistical power should there 
exist any deviation from the Hardy-Weinberg rule because of the presence of population sub- 
structuring and/or the presence of pseudohomozygosity due to incomplete resolution of alleles. 

Thesetest-Procedures, when applied to population data on the apolipoprotein B (Apo B) 
and DIS80 VNTR loci, and on 5 STR loci and a (CA)-repeat locus at the apolipoprotein C~II 
(Apo C II) gene, all scored by PCR-based studies, suggest no deviation from the HWE (Budowle 
et al. 1991; Chakraborty e ta / .  1991; Edwards et al .  1991b). Hence, we conclude that the esti- 
mation ofgen0type frequencies from allele frequencies by the use of HWE assumption is quite 
reliable. • . . . . . . . . . .  " --'~ ' " 

Another aspect of within population variation at hypervariable loci relates to the esti- 
mation of multilocus genotype frequencies from the single locus genotype frequencies. This is 
generally done by multiplying the respective single locus genotype frequencies across all loci, on 
the grounds that the loci under investigation are independently segregating. Hence, there is no 
cosegregation of alleles leading to gametic phase disequilibrium. The criticism against the appli- 
cation of this product rule is that in the presence of population substructuring, there will be a 
gametic phase disequilibria even among alleles Of unlinked genes. Tests for appropriateness of 
the product rule may be based on: 1) the distribution of a number of heterozygous loci among 
individuals each scored for multiple loci, 2) computation of linkage disequilibria for every pair of 
locu=allele combinations, 3) interclass correlation of allele sizes (or copy numbers) between pairs 
of loci, and 4) association array analysis. As in the case of HWE tests, simulation analysis sug- 
gests that the interclass correlation approach or an association array analysis has a comparatively 
greater power of detecting deviations from the multiplicat!on rule. This is particularly true when 
a large number(greater than 10) alleles are segregating at each locus. Of the previously men- 
tioned aliefn/~tiee test procedures, the distribution of the number of heterozygous loci has the 
flexibility that it can handle any number of loci simultaneously even though it condenses the 
genotype data into two classes (heterozygote and homozygote). While in all other test procedures 
the appropriateness of the multiplication rule is checked by testing the pairwise independence of 
loci, it shofild be noted that the interdependence of genotype frequencies among loci caused by 
population substructure is generally such that most of the dependence can be explained only by 
(locus) pairwise dependence parameters. Hence, the test for higher order gametic phase disequi- 
libria produced.by mixtures of populations is not critical for judging the appropriateness of the 
multiplication rule. . . . . . . . . . . . . . . . .  

Applications of these testprocedures to PCR-based studies on two VNTR loci (Apo B and 
Apo CII) and 5 STR loci suggest that in populations defined by major racial classifications (such 
as American Caucasians, French Caucasians, Texas .Blacks,.Tex~ Mexican-Americans or Asians 
of Te~xas), the multiplication rule is q¢ite adequate, for estimating multil0cus genotype frequencies 
(Chakraborty et  a l .  1991; Edwards et  at`. 1991b). 

ASPECTS OF BETWEEN POPULATION VARIATION 

Genetic variation among populations of different origin is a geological truism and should 
exist for hypervariable loci. Therefore, when we Study-the allele frequency differences across 
populations and examine their significance, two questions become important: 1) Is the differ- 
ence statistically significant? and 2) Is the pattern of allele frequency differences consistent with" 
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the ethnohistory of populations? Studies done on anthropologically defined p0p~|ations reyeal 
that significant allele frequency differences among diverse populations exist. However, their 
pattern is quite congruent with the ones found at the traditional blood groups and protein loci 
and these are consistent with the ethnohistory Of populations (Deka et al. 1991). Even more 
broadly defined populations satisfy these characteristics, observed in a study of 5 STR loci in 
four major racial groups (Edwards et al. 1991b). 

• In this context; it is worth noting that summary measures of allele frequency differences such 
as coefficient of gene differentiation (Nei 1973), genetic distance (Nei 1978), or proportion of 
shared alleles across populations in relation to the average frequencies of such alleles are also 
meaningful concepts in the context of hypervariable loci. However,  the length polymorphism of 
repeat core sequences does not reveal the total nucleotide diversity seen at these loci (Chakraborty 
et al. 1991; Jin et al. 1991), 

It should be noted,  however, that hypervariability at VNTR and STR .loci generally leads 
to larger interpopulational differences compared to that at the traditional serological and bio- 
chemical loci. This is due to larger rates of mutations at VNTR and STR loci, whose relative 
magnitude in relation to the protein mutation rate can be indirectly estimated, This has been 
attempted for several VNTR and STR loei'(Chakrab0rty and Daiger 1991; Deka et al. 1991; 
Edwards et al. 1991b), which indicates that the rate of mutation at VNTR and STR loci are 
generally higher (by 6- to 50-fold, sometimes up to 500-fold) than that at the protein loci. 

IMPUCATIONS FOR FORENSIC •IDENTIFICATION 

Such issues of intra,  and interpopulational variation at VNTR and STR loci, when ana- 
lyzed appropriately, suggest that the popUlation genetic assumptions of HWE and-product rule are 
quite adequately validated. When departures are noted, they could be explained by the technical 
limitations (such as nondetectability of alleles of extreme size in Southern blot analysis or pseudo- 
homozygosity due to incomplete resolution of alleles). Several of these technical limitations can 
be circumvented by PCR-based studies, and even though data on PCR-based allele frequencies 
are not as widely available at present (in comparison to protein variation), a general picture of 
interpopulational differences is quite evident even from the limited studies. In several cases of 
forensic applications when match probability was estimated for a specific multilocus genotype 
profile, using data of allele frequencies from a variety of populations, it is Seen that the estimates 
are quite consistent; their differences may proportionally differby,  several fold,:~but~in n0 Case : 
does a genotype profile that was rare for  a population data become coram6nfor:anofher 
population. _ ~ :T ~ = ~ = .... : _ " ~ 

From these considerations, we conclude that hypervariable polymorphism studied by PCR- 
based protocol meets the standard of population genetic analysis. Further, their use in the 
applications mentioned previously is justifiable on the basis of biological as well as statistical 
characteristics of these polymorphic systems. 
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Analysis of Population Structure" A Comparative 
Study of Different Estimators of Wright's Fixation 
Indices 

Ranajit Chakraborty and Heidi Danker-Hopfe 

1. Introduction 

Computations of Wright's fixation indices (Fix, Fs- r, and F~s) are pivotal for 
studying the genetic differentiation of populations. It is well known that these 
indices can be conceptually defined in terms of correlations between uniting 
gametes (Wright, 19.43, 1951); as functions of heterozygosities and their 
Hardy--Weinberg expectations (Nei, 1973, 1977), or as functions of variance 
components from a nested analysis of variance (Cockerham: 1969, 1973; Weir 
and Cockerham, 198~1; Long, 1986). Nei (1977) and Nei and Chesser (1983) 
considered the question of estimating the fixati0n indices through a decomposition 
of gene diversity in the total population, while Cockerham (1969, 1973) and Weir 
and Cockerham (1984) provided estimation procedures by a variance component 
analysis. Long (1986) extended the variance component approach of estimation 
to the case of multiple (greater than two) allelic 10ci, which gives numerically 
different results from the Weir-Cockerham estimates (see equation (10)of  Weir 
and Cockerham, 1984 vs. equations (9a), (10a) and (l la)  of Long, 1986). 
Althoug h there are several studies drawing comparisons of these different esti- 
mates in simulated da-ta (van Den Bussche et al., 1986; Chakraborty and Leimar, 
1987; Slatkin and Barton, 1989), it is not generally known how these different 
estimates-differ in real data in practice. Furthermore, there is no comprehensive 
computer algorithm which computes all of these estimates simultaneously. 

The( purpose of this chapter .is twofold: 
(1) tp_r_eview the d!fferen_t conceptualizations of Wright's fixation indices using 

an uniform set of notations, and to examine the question of estimation of 
parameters and hypothesis testing in the context of an analysis of categorical 
data ;_and 

(2) to document a computational algorithm for deriving the different estimators 
(with their standard errors, and test criteria)developed here (called WRIGHT, with 
three components: NEI, CLARK, and LOr~G) that can be used for any given data 
for population structure analysis. 
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In doing so, we provide the description of the parameters and express the 
estimators as functions of the observed data statistics; since there is a miscon- 
ception that some of the formulations are in terms of the da ta  statistics, and not 
the underlying parameters. The estimation equations are given encompassing the 
situations where the genotype or the allele frequencies are available. Note that 
when allele frequencies are used as observed data_:characteristics (which is usually 
the case for loci involving dominance relationships among alleles at a locus or in 
analysis of data col lectedfromthe literature), because of the lack of information 
on observed heterozygosities within populations, the two fixation indices Frr and 
F~s cannot be estimated, hence the only parameter that needs estimation is FST. 

Empirical comparisons of these different estimators are provided with a gene 
diversity analysis of the populations of Sikkim, India published by Bhasin et al. 
(1986). Finally, we discuss the relative merits of these different estimators in terms 
of their complexity of computation, and generality in various practical situations. 
While there are several recent reviews of the difficulties of the estimators of F~s, 
Fsx, and Frr " in the literature (see, e.g., Curie-Cohen, 1982; Robertson and Hill, 
1984; Weir and Cockerham, 1984), they do not encompass all of the different 
estimators as fully as presented here. Consequently, these reviews do not explicitly 
demonstrate why the different methods of estimation produce numerically 
different results, or how different they can be in practice. Therefore, this review, 
together with the documentation of a single computer program (available from the 
authors upon request) should serve as an up-to-date description of the appli- 
cability of the estimators of Wright's fixation indices-to the analysis of any 
combination of immunologicai (blood groups, immunoglobulin-Gm, HLA), 
biochemical (red-cell isozymes and serum proteins), 'and DNA polymorphism 

-(Restriction Fragment Ler/gth PolymorphiSm, RFLP's) data in the study of the 
genetic structure of a subdivided population. 

2. Parameters of population structure 

2.1. Wright's fixation indices and Nefs gene diversity 

When Ftv and F~s are defined as correlations between two uniting gametes to 
produce the individuals relative to the total population and relative to the sub- 
populations, respectively, the correlation between two gametes drawn a t  random 
for each subpopulation (FsT) is known to satisfy the identity (Wright, 1943, 1951) 

1 - FiT ~= (l - F,s) (1 - FST ) . . (2.1) 

Consider a population which is subdivided into s subpopulations .i n each of 
which Hardy-Weinberg equilibrium ( H W E ) d o e s  not necessari!~hold_(i.e.,  
F~s #-0). For a locus with r alleles (denoted as 'Al,  A2, -.~-A;),-deviation-from 
HWE can be fully specified by ½r(r-1) Fts parameters (Rao et al. 1973). 
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However, if only the homozygotes are considered, r F~s parameters are enough 
to specify deviations from HWE. 

in the latter event, the frequency of the homozygotes for the k-th allele (A~,Ai,) 

in the i-th subpopulation may be written as 

Pit = P~ + Fl s it Pik ( 1 - Pik) , (2.2) 

where P~t is the frequency of the A~, allele in the i-th subpopulation for 
i = 1, 2 . . . . .  s; k = 1, 2 . . . . .  r. Therefore the allele-specific F~s in the i-th sub- 
population can be written as 

Fts,k = (Pik - P~)/[  P,t( 1 - Pu,)] • (2.3) 

The deviation from HWE in the total population, with reference to the same 
homozygote frequency, can be parameterized in the same fashion, giving 

P.k  = P2.t + F, x k P . t ( l  - P . t ) ,  (2.4) 

where 

P.k  = YI= i w~Pit is the proportion of A t A  k genotypes in the total population, 
P.k  = X~= ~ wjp~t is the frequency of the A k allele in the total population, and 
w~ = weight of the i-th subpopulation relative to the total population size, which 

yields 

Ftvk  = ( P . k  - fi2t)/[fi-t(l - fi.t)] • (2.5) 

With these notations the average Fxs (within population deviation from HWE) 
over all subpopulations for the k-th allele, takes the form 

= ( P . k  - P2. k ) / ( f i . k  -- P2.k), (2.6) 
where 

From equation (2.1), we therefore have 

Fs_r, = (p2. k --  p 2 k ) / ( p ,  k --  p 2 k ) .  (2.7) 

Note that, in this formulation, the definitions of allele-specific F~s, Fvr,  and Fsw 
values are indeed parameters defined in terms of allele frequencies in the popula- 
tion. 

Furthermore, to obtain the locus specific values of these fixation indices, we can 
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sum the numerators and denominators over all alleles at a locus (k = 1, 2 . . . . .  r) 
to get the following formulae. From equation (2.6), we have 

gls ~ [ ~"~k=l i=l~wi(eik~pi2k)l/[~k=l i=l~Wipik(1--'ik)? 

]-' 
x wi Pik (1 -- Pig) 

i=l k=l 
= (H s _ H o ) / H s  ' (2.8) 

where 

ns"=~ ~ Wi ~ Pik( 1 --Pik) ~ ~ winsi 
i = 1  k = l  i = 1  

is the average within population heterozygosity expected under HWE, and 

Ho= w~ 1 - P i k  = 1 - w i P i k  
i= I k =  I i=  1 k =  I 

is the actual proportion of heterozygotes in the total population. Similarly, from 

equation (2.5), 

F , T  = ( P . k  - p3k)  i -k(  1 -- if.k) 
k = l  k I 

where 

. . . . .  = (HT . H o ) / H  ¢ , (2.9) 

k = l  k = l  

is the heterozygosity in the total population (expected under HWE). 
Lastly, from equation (2.7), we have 

Fs-~ = (HT - H s ) / H ~ .  (2.10) 

Therefore, estimation of the fixation indices are equivalent to estimation of the 
parameters H x,  Hs, and H o for a locus (Nei, 1973, 1977). Note that these 
parametric relationships also hold when the fixation indices are defined by pooling. 
over several loci. In this case, H s, H x ,  and H o are the respective heterozygosities 



Estimation of  fixation indices 207 

averaged over all loci. The criticism that the relationship between fixation indices 
with heterozygosities is true for data statistics (and not for parameters) is not 
valid. Weir and Cockerham's (1984) comments are perhaPs due to the mis- 
conception that under the mutation-drift model, the expectation of Fs- r in a 
population with a finite number of subpopulations (expectation under the evolu- 
tionary process) is a function of the number of subpopulations as well. Two 
comments are worth noting at this point. 

Eirst, the above parameterization does not depend~upon the evolutionary model 
of genetic differentiation among subpopulations, and hence the relationships 
(2.8)-(2.10) hold for any general mating system, irrespective of the selective 
differentials that may exist among the alleles. Second, even though Nei (1977) 
defined the pooled F~s in terms of a weighted average of the subpopulation- 
specific Fmi-values (equation (_4.) of Nei, 1977), with Wright's (1965) and Kirby's 
(1975) weight functions, such weighfs are not needed if we first define Fls, Frr, 
and I s -  c as allele-specific parameters and obtain the locus-specific parameters by 
summing numerators and denominators over all alleles at a locus. It is also clear 
from equations (2.8)-(2.10) that while estinaation of Fts and FIT would require 
sampling of genotypes from all subpopulations (as they are functions of the actual 
prrportion of heterozygot_es in the subpoPUlations, Ho), Fs-r can be estimated with 
allele frequency data alone without making any assumption regarding F~s. Fur- 
thermore, estimates of Fs-r from genotype or allele frequency data should be 
identical, -as long as the  allele frequencies are obtained by the gene counting 
method. These issues will be detailed in the estimation section to follow. 

2.2. Fixation indices and Cockerham's variance component representation 

Cockerham (1969, 1973) redefined the fixation indices in terms of intra-class 
correlation derived from an analysis of variance of allele frequencies. In this 
formulation, indicator variables are defined for both alleles of a random individual 
sampled, which are in turn expressed as a linear model of additive effects of 
between-subpopulations (a), between-individuals within a subP0Pulation (b), and 
within-individual (c or w) vari-afions~ Following the classical analysis of variance 
model _0f_random effects, where th_e su_bpopulations are treated as replicates of 
each other (Weir and Cockerham, 1984), Cockerham (1969, 1973) showed 4hat 
the component of variance ascribed to the above factors (a, b and c) yield a 
parametric relationship with the_ fixation indices. Inv p_ar~icular,~ Cockerham's re- 
suits for a specific allele can be written in terms of our notation as 

FtT k = (a k + bk)/(ak + b k + ck) ,  

F i s  k = bJ(bk  + Ck), 

FS-rk = ak/(ak + bk + Ck), 

(2.11) 

(2.12) 

(2.13) 

where ak, bk,  and c k are the variance components associated with the above 
factors, in which the genotype frequencies in the population are tabulated with 
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regard to a specific allele, A k (and thus only the frequencies of the three genotypes 
A k A  k, A k A  k, and A k A  k enter into the analysis, Ak being a combination of all 
alleles of type other than Ak). 

Before reviewing the estimation equations for these varia-fce coriip0nents, it is 
worthwhile to examine how these variance component parameters translate into 
the gene frequency parameters in a subdivided population, 

It is easy to note that 

ak + bk + Ck = ~ k ( l  -- ~ - k ) ,  (2.14) 

where P-k = ~ = ,  w~P~k, as defined in equation (2.4). Invoking equation (2.13) 
into equation (2.2), we also have 

ak = p~.k l p2. k = Z w,(p~k -- p.k) 2, (2.15) 
i=I 

and similarly, from equations (2.4) and (2.12), we have 

6~ = P ~ - p:k = ~ w,(8~ - p~)  
i = 1  

± = wiFIsikPik(1 - Pik) ,  
i = l  

(2.16) 

since P~k = p 2  + F~sikPgk(1 --P~k), according to our equation (2.2). 
Putting equations (2.15) and (2.16) in equation (2.14), we get 

ck = ~ .~  - P .k  = ~ w,(p,~ - 8 D .  (2.17) 
i = 1  

Since - -p i k / ( l  - p i , ) ~ F i s ~ k ~  1 for all i =  1, 2 . . . . .  s and all k, it is easy to see 
that c k >/0. Because of equation (2.15), it is also ensured that a k >/0. However, 
there~is no guarantee that b k is non-negative. It is, therefore, peculiar that even 
a parametric value of the variance component due to between individual variation 
can assume negative values in this formulation. Cockerham (1969) acknowledged 
this feature, and ascribed this to either a mating system where mates are less 
related than the average within a subpopulation, or to certain types of selection 
(Cockerham, 1969, p. 74). S!nc e this arises for Fs-r> Fxv (0>  F, in Cockerham's 
1969 notation), this occurs whenever F i s  takes negative values (see 
equation (2.1)). 

The above translation of parameters reveals that the negative value of b may 
not necessarily arise only in estimation; it is an inherent feature 9f_t_he]pr0posed 
linear model itself (Cockerham, 1969, 1973). It is particularly uncomfortable, since_ 
the linear model is not supposed to produce negative ~ari,~nc-e comp0n~nts. , 

In Cockerham's formulation, the locus-specific parameters are defined by 

4.7, 
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summing a~., b k, and c~ values over all alleles, and expressmg the fixation indices 
a s  respective rat!os: of_su_ms, anal0ggus . t °  equations (2.11)-(2•13). The same 
pooling algorithm is suggested for definition of parameters pooled over all loci 
studied (see VCeir and C0ckerham, i984, equation (10)). 

2.3. Longs  extension of  Cockerham's. model 

Long (1986) and' Smouse andLong  (1'988) provided a multivariate extension of 
the Cockerham model, where a pair of (r :- 1)-dimensional indicator vectors is 
defined for a r-allelic genotypic system• This yields a multivariate decomposition 
of the total dispersion matrix; Z, ,  Z b, Z¢ in the analogy of a, b, and c of a bi-allelic 
lOehs.- With X= Z~ + Z b +- Z~, the locus-specific fixation indices take the form of 

Fta- = (r - 1)-i  t r [Z-  I/z(E o + F,b)Z-1/2], (2.18) 

Fsa . = ( r -  1)- l t r [Z-  t /2Z~Z-  t/2], (2.19) 

Fls = (r - 1) - t  tr[(Z b + Zc)- ' /2 Zb(Z' b + Z¢)- , /2] ,  (2.20) 

where tr denotes the trace of a matrix• In this formulation, again, while F. o and 
Z',. are positive semi-definite matrices, the parametric form of Z b can be negative- 
definite, introducing peculiarities in the interpreting of the decomposition of dis- 
persion matrices• 

Note that for r - -2 ,  equations (2.18)-(2•20) are mathematically identical to 
Cockerham's definition of parameters; but for r >  2, since equations (2.18)-(2•20) 
involve covariances of allele or genotype fr~:quencies ~within and between subpopu- 
lations (off-diagonal elements of the Z-matrices), the locus-specific fixation in- 
dices, according to Long's approach, are parametrically different from Weir- 
Cockerham's-parameters. A multi-locus extension of L0ng's formulation is also 
available, where the respective Z matrices for a group of loci are written as 
block-diagonal locus-specific ~mat r ices  (see Long, 1986, equation (8)). 

In summary, the abO~e p~rameterizat!on Of the genetic structure of a subdivided 
pOpfll~tioh indic~ite~ that Wi'ight's fixati0fi ihdices ban be expressed in terms of 
the actual proportion of heterozygotes (Ho) and its expectation (under HWE) in 
the total poPulation (Ha-) and within subpopulations (Hs), without invoking any 
specific model of the mating system or gene differentiation between or within 
subpopulations. This mathematical equivalence is shown'in the form of parame- 
terS, and tfiey are consistent with Wright's identity (equation (2.1)), while the 
variance-component parameterization is more complex in nature, and could yield 
possible inconsistencie(s (e.g:, b < 0, whenever Fls is negative) for certain 
evolutionary factors (selection) or social structure of subdivision. Having defined 
the parameters, let us now turn to estimation and hypothesis testing issues. 
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3. Estimation of fixation indices 

The above discussion indicates that while the heterozygosities or variance com- 
ponents are quadratic functions of allele and/or genotype frequencies within each 
subpopulation, and their weighted (by relative subpopulation size) averages, the 
fixation indices are ratios of functions of parameters. While estimation of a ratio 
of parametric functionsis  an unpleasant statistical problem for categorical data, 
to the extent that we may approximate the expectation of a ratio by the ratio of 
expectations, reasonable estimators of fixation indices may be obtained. Weir and 
Cockerham (1984) called such estimators (ratio of unbiased estimators of a nu- 
merator and a denominator) 'unbiased', while in the strict statistical sense, such 
estimators are at best consistent (i.e., approach the true value in terms of proba- 
bility in large samples). A further problem arises, because of the categorical nature 
of the observations (allele frequencies, or genotype frequencies). The properties of 
ratio estimators are gefierally studied in the statistical literature for continuous 
traits which have Gaussian probabilit~¢ distributions. Even those who are con- 
cerned with distinctions between parameters and statistics have been rather 
cavalier about this aspect of the problem. 

In this section we consider some estimators and present estimating equations 
in terms of the observed frequencies, which in turn indicate how much bias might 
arise in using these estimating equations. We might also mention that the defini- 
tion of sample size has been quite elusive in the literature; because it is not always 
explicit whether it refers to the number of genes sampled, or that of individuals 
(see, e.g., Weir and Cockerham, 1984). 

3.1. Estimation from genotkpe data 

Let us first consider the case where all genotypes are recognizable, so that 
unequivocally all different alleles can be counted in a sample. As noted before, 

• the Fix, Fis, and Fsv parameters depend on the sizes of subpopUlations, relative 
to the total population size. In practice these are unknown, and furthermore, 
subpopulation sizes generally fluctuate over an evolutionary time period. The 
temporal change in population sizes has a substantial effect on the coefficients of 
gene-differentiation as well as heterozygosity (see, e.g., Nei et al., 1975; 
Chakraborty and Nei, 1977). Therefore, we shall assume all subpopulations to 
have equal size. This assumption is also explicitly made in Weir and Cockerham 
(1984, p. 1359). This, however, does not imply that the numbers of individuals 
sampled from the subpopulations are all equal. 

3.2. EstOnators of fixation indices by Nei's approach 

As before consider a r-allelic locus, and define N,.kt to be the number of individuals 
of genotype AkA t in the i-th subpopiJl/ttion ( k =  1, 2 . . . . .  r; l = k  . . . . . .  r ;  
i = 1, 2 . . . . .  s). Let At,. be the total number of individuals (sample size) sampled 
from the i-th subpopulation. The total sample size (number of individuals) 
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sampled from the entire subdivided population is 

N =  N i ,  where N,= ~ ~ Nit  ̀  . 
i = !  k~.~l=l 

When (N~t/; k =.1, 2 . . . . .  r; l =  k . . . . .  r) is a genotype-specific categorized 
subdivision of a random sample of N~ indiv.iduals from the i-th subpopulation, it 
is easy to note that 

and 

x,t = U,~ / N, (3.1) 

X ~ k = ( 2 N ~ t t +  ~. N~tt)/2N~, (3.2) 
. / > k = l  

are unbiased estimates of P~t and P~k, the proportion of A t A  t homozygotes, and 
the allele frequency of A t in the i-th subpopulati0n. 

An unbiased estimator for p~ can be obtained as 

A 

p 2  = x i t ( 2 N ~ x i t _  1)/(2N,.- 1), (3.3) 

which in turn, provides an unbiased estimator of p;t(1 -P; t ) ,  namely, 

2N, 
- - -  x i t (1  - x i t ) .  (3.4) 
2 A ~ -  1 

Note that if xit(1 - xa, ) is used as an estimator for pig(1 - P i t ) ,  the extent of bias 
is 

b = [(2N~- I)/(2N~)- l ]p~t (1-  P~k) 

= - P , t ( I  - p , t ) / ( 2N ~) ,  (3.4a) 

i.e., xik(1 - X~k ) is an under-estimator of p,.t(1 - P~t), with proportional bias being 
1/2N,. 

With equations (3.2)-(3.4), the estimator of Fls~k (given by equation (2.3) is 

P.s , t  = x , t  - x , A 2 N ,  x i t -  O / (2N,  - l ) ,  0 .5 )  
2N,  x , t (1  - x ,k ) / (2N,  - 1) 

which is a consistent estimator to the  extent that the numerator and denominator 
of the ratio are estimated by their respective unbiased estimators. 

Note that if x~ is used as an estimator for p~ (with a negative bias of the order 
1/2N,.), the estimator for Fis~k becomes 

P~S,k' = (Xik - X~) / [Xu , ( l  - Xik)] ,  (3.5a) 
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which is identical to Curie-Cohen's (1982) estimator f = 1 - (y /x ) ,  where y is the 
observed heterozygosity for the A k allele in the sample, and x = 2N~Xik(l - X~k), 

an estimator of its expectation under HWE. 
It might be further noted that Nei's unbiased estimator (equation (3.5)) takes 

the form 

P,s,, = 1 - [ 1 -  l . l ( 2 N , ) l y l x ,  (3.5b) 

which will be useful in deriving its standard error, shown in the next section. 
Curie-Cohen (1982) showed that these equations have a natural multiple-allele 

extension, when y and x are interpreted as the total observed (Ho) and expected 
(H E, under HWE) heterozygosity for all alleles at a locus. He, however, did not 
note the equivalence of:his f~ estimator with Nei's estimate, written in terms of 

Ho and H s, at a locus (Nei, 1977). 
Let us now consider the joint analysis of data from several subpopulations. 

Since P.k = 5-~= I wiPik' we have 

s 

P-.k = Wi" Pik + ~ ~ wiwi '  Pik P, 'k 
i = l  i # i ' = l  

and hence, when the samples f rom the subpopulations are drawn independently 
of each other (as usually is the case), we obtain an unbiased estimator of ft.2 k, 

given by 

~ wi 2 x , k ( 2 N i x u , -  1) " p ? ,  = + ~ ~, WiWcXikXi'k 

= wix( k _ w2 Xik(l -- Xik) 
i = l  i = l  2 N  i - 1 

Therefore, estimating the numerators and denominators in an unbiased fashion, 
we obtain the following estimators of the allele-specific fixation indices at a 

particular locus: 

P t s ,  = E ~ : ,  w,(X,k - x~ )  + E ~ : ,  w ,x ,k ( l  - x ,k) l (2Ni - 1) , (3.6) 

E~ : l  w,2N,  x,k(1 - x,k)l(ZN, - 1) 

PIT,< = E ~ : ,  w,X,,< - (E~: ,  w , x , D  z + Y.~=, w~x, , , (1  - x,D/(2N, - l )  
X ~ :  I wiXik - (~~= I WiXik )2 + E~=l W?Xik ( i  -- X ' k ) l ( 2N '  i )  (3.7) 

Psi-, = Z;=, w , . , : ~  - (E;=, w , x , , )  2 - Z; : ,  w , ( 1  - w , ) x , , ( 1  - x ~ ) l ( 2 N ,  - 1 )  (3.8) 
Y . ~ : ,  w ,x ,k  - (E~: ,  w,x,D 2 + E~=, w,: x,k(1 - xu<) l (2N,  - 1) 
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Note that while all of these estimators are consistent, to the extent that the 
numerators and denominators of the parameters defined in equations (2.4)-(2.6) 
are estimated with their respective unbiased estimators, in applying these 
equations we need the relative sizes (w,.'s) for all subpopulations. These are, 
however not known in practice; nor can they always be reliably substituted by 
relative sample sizes. Nei (-1977) and Nei and Chesser (1983), therefore assumed 
that the w/s are all equal, wi = 1/s for all i. In tfiat event, equations (3.6)-(3.8) 
take the f o r m  

P~S~ = 2~=, [(X~ - x 2) + x~k(l - x~k)/(2N~- 1)1 , (3.6a) 

Z',= , 2N,  x ,~( l  - x , k ) / (2N,  - 1) 

ff'~-rk Y ~ ; = t X s ~ - ( 1 / s ) ( ~ = ' x ~ k ) Z  +( l / ' s )~ ' "  X~k(1 - -X ik ) / (2N~-  1) = i= I , (3.7a) 

i= , xik - (l/s) (Z,= 1Xik) 2 + (l/s) ~= , Xik(l xi~)/(2N i 1) 
and 
Fsxk =E~=, .,'~ - ( l /s)(  ,=, x,k) z -- (1 -- 1/S)E~= X,k(1 -- X , k ) / ( S N , -  1) 

• (3.8a) 
E~=l Xik  -- (I/s)(E~= i X i k )  2 + (I/s) "~=l X i k ( 1  -- X i k ) / ( 2 N i  -- 1) 

When the sample sizes are large enough, so that 2 N ~ . ~ 2 N e - 1  and 
Y.~=, xik(l -x~k)/(2N e - 1) is negligible, these eciuations take a much simpler 
form: 

t = l  ] i = 1  
(3.6b) 

[ )"l/r y] F~rk ~" £ X,~-I(  £ "v,k Z x ,k - l ( -£  xik , ( 3 . 7 b )  
i = 1  S k ,  i = l  / l / h i =  1 S \ i = l  

'( Psx~ ~ .,:~ _ 1_ xsk £ X,k -- - £ X~k . (3.8b) 
i = 1  S \ i = l  i = 1  S i = 1  

Note that equation (3.8b) takes the well-known form 

P~rk  ~ s g / x . k ( 1  - x . D ,  (3.8c) 

where s~ is the variance of the A),-allele frequency over all subpopuiations, 
s 2 Y.7= ~ (xik - -d.k)2/s, with ~-k representing the average frequency of the A k- 
allele over all s ubp0pulations,: ~.'k = Y:~= i Xik/S, 

When the investigators have sufficient reason to believe that the sampling from 
each subpopulationhag been-Conducted in such a manner that the relative sample 
sizes (NI./N) reflect their respective relative sizes (population values), one might 
replace the w/s in equations (3.6)-(3.8).by their respective sample size weights, 
% = N J N ,  and obtain the allele-specific estimates of the fixation indices. However, 
note that while this weighting may serve the purpose of taking into account the 
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relative contribution of each subpopulation in the total population in the current 
generation, they are not evolutionary stable, as N~'s can fluctuate drastically over 

time. 
Pooling over all alleles at a locus, the locus-specific estimates of Fts, F~T and 

FST values can be obtained easily, since the respective parameter values have been 
defined by summing the numerators and denominators over all alleles at a locus 
(see equations (2.8)-(2.10). Since these equations are represented in terms of 
heterozygosities in the population, it may be worthwhile to express the unbiased 
estimators of H s, Ho, and HT explicitly. Nei and Chesser (1983) obtained such 
estimators, with the assumption that all ~)'s are equal (= l/s). 

In our terminology, with any general weight (w~'s une__e_qual), we may use the 
above mentioned unbiased estimators of p~,, P~, and P?k to obtain 

and 

Ho = 1 -  i 
i = 1  k : l  

= -- . wiPik 
i : 1  k = l  

~ = l -  
i : ,  *=t 2 - 1 

i W'P~k=l- i i w'Xik' (3.9) 
i : 1  k : l  

. 3 . 0 .  

k = l  

: 
k = l  i : 1  i : 1  i = 1  

(3.11) 

/71- 

as respective unbiased estimators of Ho,. Hs, and H-r. Substitution of these 
estimators in equations (2.8)-(2.10) provide consistent estimators of the locus 

specific fixation indices. 
When the w/s are all equal, equations (3.9)-(3.11) reduce to 

where 

/-I~ = I - I  ~- i Xik, (3.9a) 
S i = 1  k : l  

• / / Is  I ~J2Nfi-ls, (2N, - I) ,  (3. lOa) 
S i = 1  

• i [ | ~  Xik(l-- 'Xik) ( 2 N i - I )  , tT~ : : ~ . , ( I  - ~ . , )  + ~ , 
i =  k = l  

(3.11a) 

k = !  i = I  

Note that these estimators are exact unbiased estimators of Ho, Hs, and H-r 
when all subpopulations are of equal size (but N;'s need not be equal), whereas 
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the estimators given by Nei and Chesser (1983) involve some approximations (see 
their equation (8) in particular). As before, when the N~.~s are large, we may equate 
2N~/(2N~- 1) to unity, and neglect the last term of H~-, to get 

and 

~ ~ 1 i /4s, (3.10bi 
S i = l  

H~-~ 1 - i 2"2k" (3.11b) 
k = l  

Thus, when all genotypes are recognizable, unbiased estimators of H o, H s, and 
H~r can be obtained simply by enumerating all allele frequencies in each subpopu- 
lation (by gene counting) and evaluating the sum total of all homozygotes (Xtk's). 
The resulting estimators 

and 

FIs = 1 - / t o / / t s  , (3.12) 

P'T = 1 (3.13) 

P r = 1 - Bs/B , (3.14)  

are again consistent, to the extent that in these the numerators and denominators 
are estimated by their respective unbiased statistics. 

Estimation of parameters pooled over several loci can be achieved exactly in 
the same manner, by defining the heterozygosities (H o, H s, H r )  as averages over 
all loci. 

• "3"~:-.. 

3.3. Estimators by Cockerham's approach 

As shown J n  equations (2.111)-(.2 _. 13), C_qckerham-(1973) derived the allele-specific 
fixation indices in terms of components of variance in a nested analysis of. 
variance. In this approach, the estimation of fixation indices reduces to the 
problem of estimating the components a k, bk, and c k. Weir and Cockerham (1984) 
gave the explicit forms of these estimators, they are 

and 

d*=~N s2(~) N-1 [~*(~ ' )  (1 - ~'k(~)) - s - 1 s2(~) - ~h0V)] ' 1  s 

(3.15) 

^ - -  s -  1 2 N  1 - 
b k = _ A t  ~ .k (~ ) [ l  -- ~.k(~)] - - - -  S2(~) __ h(~),  (3.16) 

N -  1 s 4 N  

d, = ½h(~), (3.17) 
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where 

-N = ~ =  ~ N j s  is the average number of individuals sampled per subpopulation, 
N,. = [ s N - ~ = 1  Ni2/sN]/(  s - 1 ) =  ~ ' ( 1 -  C2/s), where C is the coefficient of 

variation of sample sizes (N~'s), 
7 f ~ ( ~ )  = Y.~=, Nix~k/sN,  the weighted average allele frequency ofA k per subpopu- 

lation, 
s~(~') = Y-~=l N,(Xgk - --f-k(W))2/( s -- I)N, is the variance of A k allele frequencies 

over subpopulations, 
-h(~i') = ~ = ,  A~h~(~,)/s-N, the average observed heterozygote frequency for allele A k. 

In parallel to equations (2.11)-(2.13), the estimators Fvr k, Fis  k, and Fs-r~. 
become 

and £'lSk = bk/ (  k + Ck), 

= + + 

(3.15a) 

(3.16a) 

(3.17a) 

Note that these expressions are defined in terms of weighted variance com- 
ponents, where sample sizes from the subpopulations are taken as weights, 
irrespective of their true relative population sizes (i.e., ~'i = N J N ) .  These explicit 
forms are obtained by algebraic manipulations of the estimated mean square 
errors in Table 3 (Cockerham, 1973). It should be noted that Cockerham's 
Table 3 (Cockerham, 1973, p. 688) has an inadvertant error ,  where the ex- 
pressions S o and S' a should have an additional coefficient 2, which is missing. 

Cockerham (1973) also gave an explicit estimator for Ftsik,  the F~s estimator for 
a specific allele (Ak) in the i-th subpopulation, which has the form 

P, si~ = 1 -  4 ( N ~ -  1 ) [ N i X i k -  Nikk] , (3.18) 

4Ni2xik(1 - Xik ) - 2(Nixik - N i ~  ) 

that can be computed from the respective subpopulation-specific genotype data. 
A pooled estimator of Fxs, pooled over all alleles at a locus, can be obtained by 
summing the numerator and the denominator of equation (3.18), as done in the 
other cases. 

In particular, when Ni is large, the pooled estimator over all alieles at a locus 
takes the form 

1 [i=~,h.kl/I1-~ x21 (3.18a) f l s i  = 1 - 2--~i i= I ' 

where hik is the observed number of heterozygotes carrying the A k allele in the i-th 
subpopulation. 

While equation (3.18)can be derived even without invoking the variance corn- 
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ponents (see Cockerham, 1969, pp. 689-690), this is different from Nei's estima- 
tor (our equation (3.5)), which estimates Fts~k as a ratio estimator, based on 
equation (2.3). Both estimators are asymptotically unbiased (since each of them 
estimates the numerator and denominator by their respective unbiased statistics). 

Setting up the equivalence of Cockerham's (1973) and Curie-Cohen's (1982) 
notations, it may be shown that the above estimator takes the form 

t01s~k = [2N~(x - y) + y ] / ( 2 N ~ x  - y ) ,  (3.18b) 

where x = 2Ngxgk(l - x~k ), and y ( = Y'~:,k Nua) is the observed heterozygosity for 
the Ak-allele in a particular subpopulation. This equivalence will also be useful in 
deriving the standard error of this estimator (discussed in the next section). 

At this stage, since we have three alternative estimators of Ftslk: Nei's unbiased 
(equation (3.5)), biased (equation (3.5a)), and Cockerham's (equation (3.18)), it 
might be worthwhile to study how they behave for a given sample. 

It can be shown that 

F,  sik - P t s i k  = (X~k -- X i k ) / 2 N ~ x ~ k ( l  - x i k ) ,  (3.19) 

where '~ls,~ is from equation (3.5) an d iP~s~k is from equation (3.5a). 
Since x ,  k >1 X~k in any given sample, we have the inequality 

Nei's unbiased estimator t> Nei's biased estimator, (3.20) 

over the entire sample space. 
Furthermore, the expected difference of these two estimators, 

E[PlS~k --P~su,] ~ (1 - F l s i k ) / ( 2 N  ~ - 1), (3.21) 

which is usually very small, of the order (2N~ - 1)- i 
Similarly, we can show that 

Cockerham's estimator (equation (3.18))> Nei's biased estimator 
(equation (3.5a)), (3.22) 

over the entire sample space. 
The relationship between Nei's unbiased and Cockerham's estimator is a little 

bit more involved. For simplicity, using Curie-Cohen's notation [y = observed 
number of heterozygotes and x = an estimator of the expected number of hetero- 
zygotes, for a specific allele = 2 N i x i k ( 1  - x~)], we get 

Cockerham's estimator (equation (3 .18) -  Nei's unbiased estimator 
(equation 3.5) -- y / ( 2 N i x  ) .  Cockerham's estimator (equation (3.18)). 

(3.23) 
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Hence, when Cockerham's estimator is negative we have the string of ine- 

qualities 

equation (3.5)>/equation (3.18)>/equation (3.5a), (3.24) 

i.e., Cockerham's estimator is bounded by Nei's biased and unbiased estimators. 
However, when Cockerham's estinaator is positive, from equation (3.23) we 

have 

equation (3.18)>/equation (3.5)>t equation (3.5a), (3.25) 

i.e., Nei's unbiased estimator is bounded by his biased estimator and that of 

Cockerharri. 
These inequalities also hold for locus-specific estimators, irrespective of the 

number of  alleles and allele frequencies. To our knowledge, this mathematical 
relationship among these three estimators has not been demonstrated before. 
Since the expected differences are of the order of inverse of the number of genes 
sampled (2N~) in a subpopulation, they are generally much smaller than their 
standard errors, which will be shown later. 

It is worthwhile to note that while Nei's (1977) or Nei and Chesser's (1983) 
estimate of  FSTk (see equation (3.8) or (3.8a)) is only a function of allele fre- 
quencies in all subpopulations, Weir and Cockerham's (1984) estimator of F s v  k 
also depends on the frequencies of obser~'ed heterozygosity for the Ak allele in the 

sample. 
Weir and Cockerham (1984) also gave explicit expressions for approximations 

for these general estimators under several special cases. In particular, they note 
that when the N~'s are large, the above estimators take the form 

P~Tk = 1 - 
[1 - C 2 / s ] ~ ( ~  ') 

211 - C2/s]Tf.~Oi ) {1 - -~.kO~,')} + 211 + (S -- I)/S" C2]s~(a') /s  
(3.15b) 

and 

F~Sk = 1-- 
27~.k(~' ) {1 -- 3:.k(~')} -- 2(S -- I)S~(a')/S 

s,~ ( . , )  

[!  - C~/sl:~.A~,) {1 - .~ .~00}  + [1 + (s -, l)/s. C~]s~, (~)/s 

(3.16b) 

(3.17b) 

in which ~' FST k can be calculated only from allele frequency data. In addition to 
the Ni's being large, if s (the number of subpopulations) is also large, Weir- 
Cockerham's estimate o f  Fs-rk takes the well known-form of 

FSTk S k / X . k ( I  -- X .k ) "  
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Note that, while the general estimator of Fsvg in Cockerham's approach de- 
pends upon the genotype frequencies (equation (3.17a)), its large sample approxi- 
mation (equation (3.17b)) is only dependent on allele frequencies. 

Weir and Cockerham (1984) suggested that locus-specific estimators for Fss, Fn-, 
and Fs- r can be derived-by summing zig, bk, and Ck over all alleles, so that 

and 

^ ,-~ 

FIs = b, (bk + dk), 
k = l  k I 

PIT = (~lg + bg (ak + bg + Ok) , 
k = l  k I 

FST = ~=1 CIg ({lg + bg q- (g). 
k k I 

(3.26) 

(3.27) 

(3.28) 

Although other methods of pooling da ta  of multiple alleles exist (e.g,, Wright, 
1965; Kirby, 1975; Robertson and Hill, 1984), Weir and Cockerham (1984) 

-ad~c0cate - that {h-e methodpresented above (equations (3.26)-(3.28)) is more ap- 
propriate for  ratio estimators :(see also Reynolds et al., 1983). 

Note that since the parametric value of b k can be negative (see equation (2.16)), 
it is quite pogsible that in-~ this approach /0st can often exceed idlx. 
Van Den Bussche et al. (1986) also noted that negative estimates of Fsr k (or 
Fsx) can arise in Weir-Cockerham's approach when the following inequality 
holds: 

s2(~ ') < - -  2.k0,;') {1 -- 2.k(k)} -- S -- 1 S2(~,) _ ~(¢.,) . (3.29) 
N - I  s 

While it is possibie that Nei and Chesser's (1983)estimator of Fsx can also be 
negative (where Hs > H-r occur), several simulation studies show that the negative 
estimates of Fsa- are more common in the variance component approach 
(Chakraborty and Leimar, 1987; Van Den Bussche et al., 1986; Slatkin and 
Barton, 1989). 

Finally, equations (3.26)-(3.28) can be extended to obtain pooled estimators of 
all indices, summing the numerators and denominators over all alleles over several 
loci (see equation (10) of Weir and Cockerham, 1984, p. 1364). 

3.4. Long's estimators for multiple alleles and multiple loci 

Long :('1986) provided=an interesting extension of Cockerham's approach for mul- 
tiple alleles. H e  noted that when multiple alleles ( r >  2) are involved at a locus, 
summation of a k, bk, and c k over alleles (as suggested by Weir and Cockerham, 
-198;4)-igriores the correlation of allele and genotype frequencies (that is inherent 
in a inultihomial sampling of genotypes) within subpopulations. Although this idea 
is  imbedded in Weir-Cockerham's work (see their Appendix, termed as matrix 
estimation method), the formulation is explicitly stated in Long (1986) in terms 
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of the decomposition of multivariate dispersion matrices. The parameters, as 
defined by  equations (2.18)-(2.20), can be estimated_ s u_bstituting the estimators 
for the ,dr o, Z" b, and •,. matrices. Long (1986) provided computational formulae for 
such estimators (see Appendix of Long, 1986)-which involye the genotype and 
allele counts within each subpopulati0n and their t_otals-o_yer/allLsubpop ulations. 

Since there are several misprints in the formulae in Long's (1986) paper (see 
pp. 646-647), we present the general estimation procedure for a r-allelic 
codominant locus. This has two purposes: first, this expos_itiQn clearly indicates 
how Weir and Cockerham's (1984) expressions have their natural multivariate 
extensions and, second, it will indicate why Long's algorithm gives numerical 
results different from those of Weir and Cockerham for a multiallelic locus (r > 2). 
Furthermore, we derive her(the:explicit ciosed expressions for the Z~; Z" b, and 
Z'. matrices, that are not available in Long (1986). For a single subpopulation, 
closed expressions for ~r b + Z' c matrixare also shown through this exposition. 

For a specific subpopulation, when an estimator for Fts is sought (in parallel to 
F~s~t estimator, as done for Nei's and Cockerham's method earlier--only differ- 
ence being in Long's procedure we need a different pooling algorithm over all 
alleles), a multivariate variance-covariance decomposition can be done in analogy 
of Table 3 of Cockerham (1973). The within-individual mean-square cross-pro- 
duct matrix (MSCP) Sc (equivalent to S , . t  of Cockerham) for the i-th subpopu- 
lation takes the form, whose k-th diagonal element, 

hik/2Ni ,  where hit = ~ Nik I , 
I > k = l  

is the observed number of heterozygotes with reference to the At-allele in the i-th 
subpopulation, and the (k,/)-th off-diagonal element of the Sc matrix is - h~kt/2N ~, 

where hit ~ = Nikt,  the observed number of A k A  t heterozygotes in the i-th subpopu- 
lation. 

Algebraic manipulation of the MSCP matrix for between individual source of 
variation, S b matrix has: 

and 

k-th diagonal element = 
4Nix i k (1  - Xik ) -- hik 

2(N~- 1) 

(k, l)-th off-diagonal element = 
h~k I - 4 N i x i k  xu  

2(N,- 1) 

(3.30a) 

(3.30b) 

where the X~k'S are as defined in equation (3.2) . . . . . . .  
These matrices are square matrices of dimension r - ! ,  since the linear 

constraint of allele frequencies (summation of all-allele frequencies at a particular 
locus being one) has to be used in order to make sucb~_matrices non-singular (a 
requirement needed for the computations done !n the-sequel). . . . . . . . . .  

Estimator of 2;~ matrix (variance-covariance component due to between- 

~ - -  

.7t 
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individual source of  variation) is obtained as 

since 
2 b = 2[MSCP(b)  - MSCP(c)]  = ' ~ [ S ~ ,  - S ~ ] ,  

E[MSCP(b) ]  = Z~ + 2 Z  b and E[MSCP(c ) ]  = Z,. 

(3.31) 

(see Cockerham (1973~ p. 688). 
^ 

Therefore, Z b matrix has the form, whose 

and 

k-th diagonal element = 4Ni2Xik(1  - x i k )  - (2N~ - 1)h~k 
4 N , ( N  i - 1) 

(k, l)-th element = h ~ k t ( 2 N i -  1) - 4N~Zx ,kx i t  

4 N , ( N , -  1) 

(3.32a) 

(3.32b) 

for k, 1= 1, 2 . . . . .  r - 1 .  
In order to estimate F~s i, we need the matrix ~b + '~¢, whose 

and 

k-th diagonal element = 4Nfxik( l  - x ~ k )  - hik (3.33a) 
4 N , ( N , -  1) 

(k, / )- th element = h~ l  - 4Ni2xikxil 
4 N , ( N , -  1) 

I 

(3.33b) 

for k, 1= 1, 2 . . . . .  r - l .  
With these computations, the estinaator for F~s ~ is 

: , s ,  - 1 tr[(~b + ~c) - , /2  ~b(~;b + / ~ ) - , / 2 ] .  (3.34) 
r - I  

Although no closed explicit expression for /~s t ;  c a n  be ~ven in ~eneral (for 
r >  2), the explicit expressions for the elements of  Z b + Z c and Z c matrices 
are instructive to unders!and ~qchy the ffumerical values of  Long's estimators are 
different from Wei r -Cockerham's  estimators. For  example, even if all off-diagonal 
elements are neglected, equation (3.34) would yield 

., I "£' r4Ni2xu,(l -_x~- (2Ni'- l)hik I 
F I s i  - r - 1 k= I L 4Ni2Xik(l - -  X t k )  - -  hik d 

- 1 , (3.34a) 
r -  l k= I L 4 N i 2 x i k ( l  Xik ) - h  
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whereas Weir and Cockerham's (1984) algorithm would suggest the computation 

of 

A ir 

F i s  i = 1 - 2(N~ - 1)h,k [4NF'x~k(1 - X~k) - hJk] • 
k=i I, i 

(3.34b) 

While for a bi-allelic locus (r = 2), equations (3.34), (3.34a), and (3.34b) are 
identical, there are a number of practical limitations of equation (3.34) which are 
worth noting. For instance, suppose that there are multiple alleles (r > 2) in the 
total population, but in each subpopulation one or several are not present (either 
in the sample, or in the subpopulation as a whole), and the missing alleles vary 
across subpopulations. In such an event, for each subpopulation the S b and S C 
matrices will be of different dimension, and would refer to different sets of alleles. 
Therefore, in the strict sense F~s ~ values computed from equation (3.34) cannot 
be contrasted across subpopulations, since they are based on different sets of 
alleles even when they belong to the same locus. 

Nevertheless, the large sample estimator for Fts;, following the matrix method 
has a closed form, not noted by Weir and Cockerham (1984) or Long (1986). 
Note that when the Nj's are  large, ignoring terms of the order N C 2, we have 

~Xik(1 -- Xik ) for k = 1, (3.33c) Lk, + 
"~l -- xikxit for k ~ l ,  (3.33d) 

for k, l =  1, 2 . . . . .  r -  1 at a locus .  
The (k, l)-th element of  the (~b + ~c)-  t matrix has the form 

( ~ + ~,~)~ ~ = {1/xek + 1/x,, for k = l ,  

l/x~r for k ~ 1, 

for k , l =  1, 2 . . . . .  r - l .  
Therefore, if We estimate F, si by 

fits, = (r - 1 ) - '  tr[(~b + "~c)- ' ,'~b], 

it has a closed form 

FISi, = 1 -- [ 2 N i ( r -  1 ) ] - I  ~ h i k / x i  k 
k = l  

while Cockerham's estimator, pooled over alleles has a larg e sample form given 

in equation (3,18a). 
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Note that equation (3.35) is identical to the estimator f2 used by Curie-Cohen 
(1982), although he arrived at this estimator by a different logic. 

When several subpopulations are analysed together, nested multivariate 
variance-covariance analysis was performed by Long (1986), to obtain the esti- 
mators for three variance-covariance component matrices (VCCM's) as 

S c = MSCP(c), (3.36) 

S b = ½[MSCP(b) - MSCP(c)] ,  (3.37) 

S,, = (l/2N~) [MSCP(a) - MSCP(b)] ,  (3.38) 

where Arc is as defined in equations (3.15)-(3.17). Here again, each of these 
matrices are square matrices of dimension ( r -  1). As in the univariate case 
(equations (3.15)-(3.17)), eXplicit closed forms of these three matrices can be 
written which are not given in Long (1986). Long's equation for the MSCP(c) 
matrix (called MSCP(W) in-Long, 1.986) for a three allelic locus has a misprint 
(see his equation on_top of p: .647) which fails to show how such a matrix can 
be computed for a multi~allelic IOCusl If We write the (k,/)-th element of So, Sb, 
and S c as act, b~t, and ck~, respectively, algebraic manipulation yields 

al, k" = ~N {s~(~,) 1 [2:.k(ff) {1 - X'k(V~')} 
~'c N -  1 

- [ ( s - 1 ) l s ] s ~ ( ~ ) - ¼ h ~ ( , ~ . ) ] } ,  (3.37a) 

N {  sj,,(~) 1 [~:. ~, (~,)?f. ,(~:,) 
6kl 

+ [(S--1)/S]Skt(~')-- ~hk,(¢,')]}, (3.37b) 

/~kk -- N-l-- ~ {X.j,(¢,') {1 - 7f.k(~')} - [(s - l)/s]sd(¢') 

- [ ( 2 N -  1)/4U]h,O~')}, (3.38a) 

gk, - JN- I  { [ (2N 1)/4N]hkz(~, ) - X.k(¢')?f.t(~, ) 

- [ ( s  - 

J 
= 

A I D • 

cj,/= ~hk/(w), 

.(3.38b) 

(3.39a) 

(3.39b) 

for k, 1 = 1, 2, . . , ,  r -  1, where 2.k(~,) and s~(~,) are as defined in the context 
of equations (3.15)-(3.17), and 

~ a  ~ :. 
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is the covariance of the allele frequencies of A k and Az over all subpopulations: 
hk(~::), the observed heterozygote frequency of the A/, allele over subpopulations 
(= sN ~17=, hgk), and hk,(~')= Y~=~ hikffs_N_is the average observed frequency of 
a specific heterozygote A k A  t over al ! subpopu!atjons. 

Note that equations (3.37a_), (3.38a), and (3.39a) are identical to the A:allele 
specific variance components described by Weir and Cockerham (1984), while 
equations (3.37b), (3.38b), and (3.39b) are direct extensions of these with mul- 
tinomial sampling of genotypes. 

With these explicit general closed form expressions of the elements of S~, S o, 
and S,. matrices one can compute the F~s, F~t, and Fs t  estimators: 

FIs -- - - 1  tr[(S b + S ~ ) - 1 2 S b ( S  b + S~)- I;2] , (3.40) 
r -  1 

and 

/ ~ S T  -- 1 
r -  1 

F I T  - 1 
r - 1  

- - -  tr[(S o ~- S o + S,.)- L'zs~(s~ + S b + S~)-~ '2] ,  (3.41) 

- - -  t r  [ ( S .  + Sb + S~)- .2 (S~ + Sb) 

× (So + Sb + S~)- t/z], (3.42) 

with far more ease than following Long's (1986) suggestion. Note that like the 
one-subpopulation situation, even if the off-diagonal elements (6kt, bgt, dkt) are 
neglected, instead of Weir-Cockerham's estimates (equations (3.26)-(3.28)), 
equations (3.40)-(3.42) take the respective forms 

Pls- 1 "~ b~ 
- 5 ;  ' r 1 ~=1 (b (.~) 

(3.40a) 

1 r -  I Qkk  
P~T _ E ^ , (3.41a) 

r -  1 /,= ( d a +  b ~ + d ~ )  

:; _ i 

r 1 k=l ( (~ ,+ b ~ + ~ )  
(3.42a) 

which perform worse than the estimators (3.26)-(3.28) in Weir andCockerham's  
(1984) simulation experiments. Furthermore; the FIs estimator Obtained from 
equation (3.40) is not a weighted average of t_he subpopulat!on-specific Pls; values 
obtained from equation (3.34) sinc e fo_r each_specific su_bpop_ul_-_atjo_n_t_he_Srgat_r~ce_s 
can have different dimensions for re~asons stated e~liei-. " " -- " " - - 

At this point it is worthwhile to mention that this multivariate extension has not 
been presented explicitly before. Alth6tig, h W ~ i f ~ d ~ C i s c k - e t h ~ - ( 1 9 8 4 )  found that 
the estimators by such matrix method have the smallest standard errors in com, 
parison with various other estimators the~¢ examined, their computations of the 

. ~-,.. 

:: . .  
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matrix estimators are somewhat different from those of  Long (1986). Instead of 
Z-  j, ~" Z~ Z-  ~,2 Weir and Cockerham used Z'- ~ Z~. Since the Z matrices, as well 
as their estimators, are always symmetric square matrices, it is not clear why 
Long's procedure of pre- and post-multiplication with -½ power of the 
S~ + S b + S, .or Sb + S,. matrices is needed. In fact, since such estimators can be 
computed only for non-singular S,, + S b + S~ and S o + S~ matrices, if we define 
the fixation indices by 

Frr = (r - 1) - '  tr[_r- '(Z',, + Z'b)], (2.18a) 

Fsx = ( r ,  1)- i t r [Z-  ' Z,,], (2.19a) 

r~s = (r - 1)''. tr[(Z~, + Z,c)-'~,b] , (2.20a) 

instead of equations (2.18)-(2.20), only matrix-inversion routines are needed as 
opposed to the evaluation of eigen values and eigen vectors and inverse compu- 
tations of the eigen vector matrices that are required in Long's algorithm. 

Like the Weir and Cockerham estimator of Fsx (equation (3.28)), the estimator 
given 15~, ~ equation (3.41) a lso 'depends6ff the observed frequency of heterozygotes 
(see equations (3.37a) and (3.3715))ifi addition to allele frequency data, which 
makes these estimators qualitatively different from that in Nei's approach 
(equation (3:8a)). Sitice in moff'~racfi6~l si~hh~ioii-S the off-diagonal elements (a~t, 
bk-~,qkt for k 4:/) are small, because the subpopulations are sampled indepen- 
dently; the complexity of computations can be greatly reduced when Weir- 
Cockerham estimators are computed (according to equations (3.26)-(3.28)) for 
multi-allelic loci in the variance-component approach to estimation. 

3.5. Estimation where genot)pe data are not available 

Sometimes population structure analyses may have to be done in the absence of 
genotype data. Such is the case where the population structure is to be inferred 
from the allele frequency data reported in the literature, or the allele frequencies 
are estimated from phenotypic data at loci whel:e complex dominance relation- 
ships exist among various alleles or haplotypes (e.g., ABO, Rh, and HLA system 
in man). Obviously , since such data do not provide any direct information 
regarding-the observed number (or proportion) ~f homozygotes or heterozygotesl 
a gbme~hat different estimati6n=pr6~edure m~st be adop[ed 

In this case, Nei's approach can be easily adopted for estimating FsT , since H s 
and H x parameters can be obtained simply from the estimated allele frequencies 
(with the assumption that the X~k'S are multinomial proportions from a sample of 
2N~ genes sampled from the i-th subpopulation). Equation (3.8) or its variant, 
equation (3.8a) with w; -- l /s ,  is the estimator of preference here: Since F m is 
defined in terms of the deviation of genotype frequencies from their HWE expec- 
tations, no direct estimation Of this qffantity is possible. However,  some approxi- 
mate theory of estimation may be suggested. 

Note that in the case of genotype data, the goodness-of-fit ~2 statistic (of 
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testing for deviation from HWE expectations) for a r-allelic locus is 
Z 2 = N, ( r  - l)F~s j (Li, 1955), and hence an approximate absolute value of Fts can 
be obtained from ,d:z2/N~(r - I) where N~ is the number of individuals sampled 
from the i-th subpopulation. However, this suggested estimator~!s quite' approxi- 
mate, since for the loci in a dominance system; the, goodness-0f-fit statistic has 
a more complex parametric form (see Rao and Chakraborty, 1974). Furthermore, 
the sign of r l s  cannotbe  directiy inferred t'rom th_e~)( -2 siafisdcs. We-advocate that 
for such data, only Fsv estimation is iegi(imate. 

"If one prefers the analysis of variance approach even the exact estimation of 
F s x  is not possible, unless-large sample approximations are made. This is so 
because Weir and Cockerham's (1984) estimator of Fsv requires estimation of the 
observed heterozygosity for each allele (see equation (3.15) and so is the case with 
Long's approach (see equations (3.37a), (3.37b) and (3.41)). Under the assump- 
tion F~s = 0 (random union of gamet6s within subpopulations), since F I T  = F S T ,  

Weir and Cockerham (1984, 1963) obtained the estimator 

• 5'f: ~.. 

F S T k  = 

s;-(*) [ s-1 ]/ 
- - s ~ ( ~ , )  [ 2 ~ -  11 

$ 
2 

{ { 2-N(s-I)C2~ s~(¢~') 
1 (2N2NC-'- l)s)~Yk(~'){1 - Y k ( k ) }  + 1 + (2 - - -~  - ~ ) s 

(3.43) 

where Y.,(k) and s~(~ ' )a re  the weighted mean  and variance of the Aj,-allele 
frequency over all subpopulations (defined in equations (3.15)-(3.17)), and C 2 is 
the coefficient of variation Of N/'s over all subpopulations (note that 
1 - C 2 / s  = N,., where N c is as defined in equations (3.15)-(3.17)). Clearly this 
estimator depends onlY on allele frequency data. Therefore, the analysis of 
variance approach, when applied to allele frequency data, also yields a consistent 
estimator for FST under the assumption that Fis = 0. For large sample sizes, this 
assumption is, however, not needed (see equation (3.17b). 

When all subpopulations have the same sample size (i.e., N;=N) ,  
equation (3.43) takes the form 

/~STk = S/? -- { Y . k ( l  -- Y .k)  -- [(S -- I)/sls~}/(2-N- 1) , (3.43a) 
X.k( 1 -- X.k) + S~/S 

which reduces to the well known formula s ~ / Y . , ( l  - Y.k) when N and sare large. 
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4. Standard errors and hypothesis testing 

The discussions in the earlier sections clearly indicate that the problem of esti- 
mation of the fixation indices arises because these are defined as ratios of 
functions of allele and genotype frequencies in the subpopulations, and hence, 
strictly speaking none of the estimators suggested above can be claimed most 
efficient. We arrived at consistent estimators by estimating the numerators and 
denominators by their respective unbiased statistics. Although several expressions 
for the standard errors of these estimators are suggested, and the question of 
hypo{hesis testing has been addressed in a variety of ways, we agree with 
Cockerham (1973) that such procedures are on much less sound grounds than 
estimation. Nevertheless, since all estimators derived above are of the general 
form 0 = t , / t  2, where t t and t 2 are the estimators of the numerators and the 
denominators of the respective fixation index parameters, using Taylor's ex- 
pansion- (Kendall and S£ua£t, 1977, p. 247), an approximate formula for the 
variance of 0 can be written as 

LE~(/~) 
V(t2) 2 Cov(tl, t2) ] E2(,:) z t j' (4.1) 

where E( ' ) ,  V(.), and C o v ( . , ' )  represent the expectation, variance, and co- 
variance of  the respective statistics. 

For Xhe analysis of data (rom a single subpopulation, where only F~s is to be 
estimated, Curie.-Cohen (1982) derived the sampling variance of such estimators: 
As shown eariier, the estimators by Nei's and Cockerham's approach (equations 
(3.5) _and (3.18)) are related to Curie-Cohen's (1982) estimator f l  = 1 - (y /x) ,  
for which he_ derived a general expression for V a r ( f )  at a multi-alleleic 
codominant locus. His expression (_equation (5); Curie,Cohen, 1982, p. 345) can 
be further reduced to 

V ( j ~ ) = (  1 - F , s ) [ ( l  -/~2) + ( l - F t s ) ( 1 - / ~ 2 ) 2 - ( i - F t s ) 2 ( t ~ 3 - # 2 ) ]  , (4.2) 

n(l - ~/2) 2 

where /a 2 = Y~k=* P;~ and/a 3 = Ek= r p3, are parameters that depend upon the 
true allele frequencies at a locus. In practice the estimates of F~s,/~2, and/a 3 based 
on sample statistics can be used to estimate V(~) .  Using our equation (3.5b), 
we may immediately note that  Net's unbiased estimator of FlS~, has a sampling 

variance - 

[ 1 - l /(2Ni)] 2 V ( A  ) (4.2a) 

while, Cockerham's estimator (equation (3.18))has the variance 

(l - F~ s) [(/a2 - 2~A 3 + ~2 2) -I- F,s(1 - 2it2 + 4/~3 - 3/a 2) - 2F~s(/a3 " #22)] , (4.2b) 

Ni( l - it2) 2 



228 R. Chakraborty and H. Danker-Hopfe 

in which terms of the order (2Ni)-2 or less are neglected. 
As mentioned earlier, for large samples F~s; at a locus, estimated by Long's 

procedure, is identical to the estimator f : ,  used by Curie-Cohen (1982). Since 
he derived its sampling variance (equation (7); Curie-Cohen, 1982, p. 346), in our 
notation for Long's estimator we get 

1 - Fis [ 
V(F,s) - 23~.(~-~) 2 2(r - 1) - 2(2r - l)Fis + rZF~2s 

+ F's(2 - F 's)  k=' ~ I/Pik] " (4.2c) 

Equations (4.2), (4.2a), (4.2b), and (4.2c), therefore provide the approximate 
sampling variance of Nei's biased, Nei's unbiased, Cockerham's and Long's esti- 
mator for Fts for a specific subpopulation, for any general multi-allelic codominant 
locus. When estimators of a specific allele are sought, the equations (4.2), (4.2a), 
and (4.2b) can be used taking r = 2, as shown for a specific case by Curie-Cohen 
(1982). 

Although for a given sample, these sampling variances are to be evaluated with 
sample estimates of F~sik, /~2, and /a3; it is possible to compare the = relative 
efficiencies Of Nei's unbiased ~(equation (3.5)), Nei's biased (equation (3.5a)), 
Cockerham's estimates (equation (3.-18)), _ and its multivariate, extension 
(equation (3.35)) by  con~rastihg-tfieii- sai~i~li~g v~i-aii~-s=for known-p-aran~-eiric 
values of Fls, P2, and/a 3. 

Equation (4.2a) suggests that when these parameters are fixed, Nei's unbiased 
estimator has a smaller sampling variance than the biased estimator. Of course, 
in reality, when estimates are used in variance evaluation this might not occur in 
a given set of data (since F~s estimates would differ for ~these two estimators). 

Note that for a bi=allelic locus (with allele frequencies p and q), equations (4.2), 
(4.2b), and (4.2c) all take the common form 

1 -- F i s  
N i V(F,s) ~ - -  [2pq + 2(1 - 3pq)F~s - (p  - q)2FtZs], (4.3) 

2pq 

suggesting that the large-sample standard errors of Nei's biased estimator 
Cockerham's estimator, and Long's estimator are all identical to the extent that 
the terms of the order ( I /2N/)- '  or less are neglected. Equation (4.3) is also 
identical to equation (3 )o f  Curie-Cohen (1982), 

To our knowledge, this equivalence of the standard errors.of the.different Fts 
estimators has not been demonstrated before. In view of this mathematical equi- 
valence, one might wonder why the empirical values of thestandat 'd errors of the 

• different estimators vary in the simulation experiments of Weir and Cockerham 
(1984), Van Den Busche et al. (1986), and Chakraborty and Leimar (1987). Note 
that the standard error of F~s is dependent on.the true value of Fls and the allele 
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frequencies at a locus (equation (4.3)). Hence, in the computation of the empirical 
values of the standard errors it is customary A to replace the true values of the 
parameters by their respective estimates (i.e., F~s is substituted for Fts). Since we 
have shown earlier that the estimates differ depending upon the method of esti- 
mation satisfying the inequalities (3.24) and (3.25), it is obvious that the same 
analytical formula for variance (evaluated by equation (4.3)) will give different 
values when E~s~Js~replaced by its different estimates. 

In order to study the empirical differences in the standard e~ors, it is therefore 
important to see how expression (4.3) varies as a function of Fis. Curie-Cohen 
(1~982) examined this in his Figure 1 (for a two allelic locus) and Figures 5 and 
7 (for two different three, allelic loci). His Figure 1 is somewhat confusing, since 
expression (4~3) does not decrease to zero as Fls approaches its lower limit ( - p / q  
for q > p). Substituting Fis -p/q,  it reduces to p(q - p)/2q 4, which is zero only 
if p = q. In Figure 1, we  therefore plotted {NeV(P,s)} t/2 as a function of F,s for 
four values of p (p = 0.01. 0.1, 0.25, and 0:5). It is clear that for Fts = 0, 
V(-~S ) =g I/N~, irrespi~cti~,e Of the-allele frequencies at a bi-alle!ic locus. In general. 
V(~,s ) is:a cubic.function o f  Fls, -which attains its maximum at a value of F,s 
depending upon the allele frequencies at the locus. When the allele frequencies are 
very skewed (p c!ose tO ze~'o or  one), the curve rises very fast for negative values 
of_.F,s,_and similarly_ drops fast when F ,s  approaches one. Since Cockerham's 
estimator (equation (3.18))is always larger than Nei's biased estimator (equa- 
tion (3.5a)), unless the true value of F~s is large, substitution of the respective 
estimates will yield smaller standard error for Nei's biased estimator as compared 
to that of Cockerham's estimator. The nature of the curves in Figure 1 indicate 
that such is the case for negative values of F,s, irrespective of the allele fre- 
quencies at the locus. In theory, the situation can be reversed for large positive 
F,s. But. since large positive estimates of F,s are rare in natural populations 
(unless the orgamsm is highly inbred), this theoretical possibility is not commonly 
seen..For skewed allele frequen_cies, the .difference in the empirical values of the 
standard errors can be substantial, because of the sharp rise of the curve. We 
therefore claim that the observed discrepancies in the standard errors of the 
various estimators-0f F,s_are the artifacts o f  substituting the estimates in the 
variance_formula_(equa tion (4.3)). Indeed, there is no inherent difference in the 
standard errors, as seen in the anaiytical formulae established here. 

Another comment regarding the standard error evaluation of Long's large- 
sample estimator of~F,s (or f2 of Curie-Cohen~ 1982) is worth mentioning at this 
point. Note that for a multi-allelic locus, this estimator is defined by contrasting 
the observed proportion of the homozygosity of each allele with the respective 
allele frequency (equation (3.35)). However, when equation (4.2c) is used to 
evaluate its standard error { V(Fts)} t/2, substituting P~ for p;k and Fts for Fls, one 
might encounter negative variance esumators, particularly when one (or more) 
allele is rare in the population, and/ '~s is_negative. In the application section to 
follow, we have several situations when it occurred. There does not appear to be 
any simple solution to circumvent this problem of a negative variance estimate. 
We simply note that the substitution of estimates for parameters (e.g., -¢ts for F~s 

:: , .  
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Fig. 1. Relationship between the sampling error of the large-sample estimate of F~s and the true 
value of parameter (Fis), as studied by plotting {n Var(Fts)} ~/2 versus Fis~'for a bi-alldic codominant 

locus with allele frequencies p and q ( =  1 - p ) .  

and ,0ik for pit) in equation (4.2c) yields a poor estimate of V(.,els) because of the 
inverse function of p;~'s (last term of equation (4.2c)). 

One solution to this problem, admittedly an ad-hoc one, i s t o  note that when 
some alleles are rare, since they generally appear in a sample only as heterozy- 
gotes, they do not contribute to the estimate of Fxs (equation (3.35)). They can 
be deleted in the variance computation, which is equivalent to computing the 
Z (|/Pik) term only foi" alleleS that contribute to the estimate of  FIS. This avoids 
the occurrence of anegat ive variance estimate, as seen in our empirical study. 
Obviously, more work is needed to provide a justifiable estimator for the standard 
error of F~s in such situations. 

The mathematical equivalence' of the standard errors shown here apply only for 
bi-allelic loci. For a general multi=allelic locus such comparisons are more difficult, 
since the variances also depend on the sum of squares and cubes- of allele 
frequencies (see equations (4.2), (4.2b), and (4.2c)). Nevertheless, for a r-allelic 
locus with equal gene frequencies (i.e., p/~= 1/r for all k),-we have  

=-- ,  ,Vt/$sl = (1 - F t s ) [ l  + ( r -  l)F,s ] n 
r - 1  

(4.4) 

which holds for all of these estimators. 
When data from several subpopulations are jointly used for parameter esti- 

mation, equation (4.1) can again be used to obtain approximate variances of these 
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estinaators, in which case the variances and covariances reflect the inter-locus 
variation and covariation of the observed statistics. Chakraborty (1974) was the 
first to use this idea to evaluate the sampling variance of Fsx, which he repre- 

sented by 

, FV( / - )S )  P(/~X' 2 C o v ( / t  s ,  .HT) 1 (4.5) 

where the variances and. covariances of /)s and /tV [V(/)s)" V(/-)T)' and 
Cov(/-)s, /tT)] are obiained from inter-locus variations of these statistics. While 
Nei and Chakravarti (1977) demonstrated that the equation (4.5) is approximately 
adequate, Weir and Cockerham (1984)'advocated a jackknife procedure in this 
context (Miller, 1974; Efron, 1982). In prjnc!ple_: if 0 represents an estimator 
of ~/parameter 0 (not to be confused with Cockerham's notation), based on n 
observations, then the jackknife variance of 0 can be expressed as 

V(b) = (i) - - 0 (i) , (4.6) 
I1 i = l  n i=1 

where 0(i) is the estimator based on ( n -  1) observations, omitting the i-th 
observation. If /7 involves some bias in estimating 0 (as is the case with ratio 
estimators), a less biased estimator of 0 is 

b *  = - [ ( ,  - 1) / , ,1  0 ( ; ) .  ( 4 . 7 )  
i = l  

This technique is adopted in estimating the standard errors of  the Fts, Frr, FST 
estimators of the variance-component approach by Weir and Cockerham (1984), 
where jackknifing was done over loci (i.e., estimators of a, b, and c components 
were ~computed omitting one-locus-at :a-time),__In particular, when the L-th locus 
data is omitted, the respective estimators for Fis, Frr, and Fsx used are 

"~'T(L)--I ~ ~ (atk+ 'tk)]/I ~L ~(atk+ 'tk+('k)] ' (4.8' 
I ' `  L k I k 

F's(L)= I ~L ~btk]/I ~ t- ~ (btk+(tk)l' (4.9' 
I 1 k 

and 
=r s (4.10) 

L,,,~ , J IL I , , L  -~ . 
Note that the same approach can be adopted fo~: Nei's estimation procedure 

as well, where/4s(L), HT(L), and Ho(L) values are to be evaluated omitting the 

L-th locus data. 
While the jackknifing over loci may provide standard errors of the estimator, 
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pooled over loci, there has been no explicit-formulation for evaluating the sampling 
errors of individual allele-specific estimators. There is no simple formula for the 
standard errors of the variance-comPonent estimators for-a particular allele, 
although the sampling theory of categorical analysfs -of v-ariance (CAtANOVA) 
developed by Light and Margolin (!971), or analysis of diversity (ANODIV) of Rao 
(1982), indicated in Nayak (1983) may be adopted in this context. Further work 
is needed to provide computational-formulae in this regard. 

In principle, under multinomial sampling of genotypes, sampling variances of 
estimators Frr k, Fis~, and Fsvk (equations (3.6)-(3.8)) can be derived, following 
Nei and Roychoudhury (1974) and Nei (1978) which refer to the sampling variance 
computations of heterozygosities and genetic distance. No explicit form of the 
intra-locus standard errors of the fixation indices are yet available. 

Although the utility of the estimators is greatly increased when such standard 
error evaluation is available, .this does not immediately resolve hypothesis testing 
problems, because with categorical data such ratio estimators do not have simple 
sampling distributions. Nayak (1983) showed that while exact sampling distribu- 
tions of the variance components (or sum of squares)are not available, in large 
samples (N~'s large), the mean square error terms can be represented by linear 
combinations of ;(2 variables. However, the coefficients of such linear combi- 
nations are again not estimable, and hence such theoD' is difficult to apply in 
practice. 

Cockerham (1973) suggested some heuristic test criteria for specific hypotheses. 
His test criteria require notations somewhat different from the rest of this paper. 
In order to avoid confusion, let us introduce for each allele (Ak)  at a locus, three 
genotypes A~A k, A k A  fl, and AkA k, where Ak is the combination of alleles except 
the A k allele. Let M~k 2, Ma. ~, and M~k o be the observed frequencies of these three 
genotypes in a sample of Ni individuals fi'om the i-th subpopulation. Note that 
.~1~ represents the number of individuals with l copies (! = 0, 1, 2) of the A k allele 
in the i-th subpopulation, and Mik o + M~k~ + M~k2 = N~ for i = 1, 2 . . . . .  s. As 
before let N---N, + N2 + " '"  + N~, the total number of individuals in the entire 
survey. 

Furthermore, let X~k represent the estimated allele frequency of A k in the i-th 
subpopulation, given by. our equation (3.2), which is equivalent to 

Xi k = (21~V[ik2 + Mik t ) /2Ni ,  (3. la) 

Under the hypothesis that Fs-r = 0 and F,s~k = 0 for all i and k, the expectations 
of Mud'S are given by Cockerham (1973) as:. 

q~a, = E(M~k,)= 2 N ~ [ 2 N ] ( 2 N -  1)]X.k(l --X-k), (4.11) 

where X-k = ~ =  * N~X~k/N, the weighted average frequency of the A k allele over all 
subpopulations, 

O,'k2 E(Mu,2) = N-.'£.1, I-  = - 5qikl (4.12) 



Estimation of fixation indices 2 3 3  

and 
~;~-o E(Mia .o )  = N ( 1  - : C k )  - ' -  = ~ r]i£. 1 , (4.13) 

so that the deviation from F sx  = 0 and Fis,. k = 0 can be measured by the 
goodness-of-fit  statistic 

. 2  = ( 4 . 1 4 )  ;(, ~ (Ma, t -  -~a,t)2/-qa, t ,  
i = I  I=0 

which has a Z: distribution with d.f. 2s - 1 (2s independent genotypes, and one 
parameter ,  P.k being estimated). 

The  test-statistic for F~s~& = 0 for all i and k, given by Cockerham (1973) is the 
sum-total  of  sz'- values measuring deviations from H W E  within individual sub- 
populations. However,  since t he  unbiased est imator of  the AkA k heterozygote 
proport ions in the i-th subpopulat ion,  is 2N~xu,(1 : -xa,) / (2,¥, . -  1), under this 
hypothesis the expectations o f  Mu,~'s are given by 

~ik~ = E(M,~t) = 4Ni2x;k( 1 x,k)/(2N~ - 1), 

f/ik2 E(Mi~2) = Nixik t ^  = - 5 t l i k l  , 

fLa-o = E(M,ko) = N,( I  - xik) - ½ qiki- 

(4.15) 

(4.16) 

(4.17) 

Departure  from this hypothesis can be tested by the ;(2 statistic 

;(2 = ( M i k ! -  ~ikl) 2 qik;' (4.18) 
i =  I / = 0  

with s d.f. 
Cockerham (1973) suggested ;(t 2 - Zz z as the test criterion with d.f. s - 1 for 

testing the hypothesis Fsv = 0. While this may approximately hold for large 
samples,  when the A~-allele is rare in one or more subpopulations, because of  
small values of Mik t, or ~li,t, or t/u,t this approximation may not be accurate. 
Workman  and Niswander (1970) suggested a more direct test for Fsv  = 0 by the 
usual X 2 test of heterogeneity (Rao,  1965, p. 323) which is commonly employed 
in most  anthropogenetic studies (see, e.g., Chakrabor ty  et al., 1977). 

When F.isik is assumed to be equal in all subpopulations,  the  test for F~s=  0 
( common vaiue over all subpopulat ions)  can also be tested with a ;(2 statistic. In 
this case, the expectations of  Mik;'s are computed  as 

f), = E Az/;k , = 4N ~ xik(l - x ; k ) / ( 2 N -  s ) ,  (4.19) 
i = l  

tl,. E Mi~2 = N-d.k - ½ql , (4.20) 
I 

' ~ D  .: ' 
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which yields 

;(i = Mik/- ql ~h, (4.22) 
I =  i = 1  

which also has a Z z distribution with one d.f. 
In a similar vein, Cockerham (1973) suggested a test criterion for FST k -- 0 from 

allele frequency data, which takes the form 

{X.k(W) [1 17. k(~)] } (4.23) Z£ = 2Ni[X,k - ?~.k(W)l - - , 
i = l  

with ( s -  1) d.f., for each specific allele A k. Although for genotypic data, several 
alternative test criteria for FST exist, there i s  no definitive theory that suggests 
which should be t he  preferred one: We might note that expression (4.23) is the 
most commonly employed test criterion for Fsx ~ in empirical studies of population 
structure (see also Workman and N[swander, 1970). 

Although the test criteria (4.13), (4.18), (4.22) and (4.23). have their own 
intuitive appeal, Rao (1982) and Nayak-(=1983) showed that when the Ni's are not 
equal, these ;(2 statistics do not quite reflect an 0rthogonal decomposition of the 
total sum of squares in terms of a categorical analysis of variance. Further 
investigation is needed to address the question of most powerful test criteria in 
the analysis of such data. Furthermore, since these statistics refer to a single allele 
(Ak), a combined analysis for multiple allelic loci is not provided by these test 
criteria. 

Long (1986) approached this problem while providing locus-specific, estimates 
of the fixation indices. As shown earlier, Long's (1986) estimators are derived in 
terms of the three MSCP matrices: MSCP(a), MSCP(b),  and MSCP(c), respec- 
tively (in Long's notat!qn MSCP(c) = MSCP(W)). He suggested that the signifi- 
cance of F~s, Frr can be tested by 

A* d e t [ M S C P ( c ) ] / d e t [ M S C P ( b ) ]  ,~ A ( G ,  N -  s, N ) ,  (4.24) 

A~ = d e t [ M S C P ( b ) l / d e t [ M S C P ( a ) ]  ~ A ( G ,  s - 1, N - s ) ,  (4.25) 

and 
A~ = det[(N - 2) MSCP(b) + 2 M S C P ( a ) ] / d e t [ N  MSCP(c)] 

,~ A ( G , N -  I , N ) ,  (4.26) 

respectively, where det(Z) is the determinant of a matrix Z, G is the dimension 
of S-matrices (number of independent alleles); and A(df~, df2, dr3) is a Wilkes A 
variate with d.f. df~, df 2, and df 3 (Anderson, 1984, p. 299). 

Although the rationale of these test criteria results from the convergence of the 
multinomial to the multivariate normal distribution for fairly large sample sizes, 
there are several problems with these test statistics. First, for unequal sample sizes 
S~, Sb, and S c are no t  independently distributed (and so too are their respective 
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MSCP matrices). Nayak (1983) showed that their correlations can be quite sub- 
stantial, and hence, the criteria A~', A*, and Aj ~ do not satisfy the conditions 
under which Wilk's A distribution is Valid (see equation (3) of Anderson, 1984, 
p. 299). Second, the ass umpti0n that a MSCP matrix follows a Wishart distribu- 
tion is true for multivai'iate normal variates. A multinomial sampling of genotypes 
where one or more alleles are rarel in the population and iz0nsequently may be 
absent in one or more subpopulations, will not approach multivariate normality 
unlessthe sample sizes are very large. Third, Wilk's A distribution approximation 
will also require a Large number of subpopulations in addition to large N~ values. 
Since, in the earlier sections we showed that a great deal of work is needed to 
reduce biasdue to small N~ and s values in estimating the fixation indices, the 
attempt to sweep out all these troubles by using such approximations cannot be 
generally advocated. Fourth and lastly, as indicated earlier, the variance-compo- 
nent approach may yield a negative-definite MSCP(B) matrix (see Cockerham, 
1969; p 74 for the un!variate resuli), which also makes the A-distribution approxi- 
mation invalid. 

In summary, we argue that a rigorous test procedure for studying the signifi- 
cance.of the~fixation indices is not ~et available. All suggested test criteria are only 
appr0ximate, and-caufion must be exercised in  interpreting their results. 

- ;  . . . . . . . . . . . . . . . . . . . . . . .  2 ~ ' .  - S " .  . . . . .  

5.  A n  a p p l i c a t i o n  ~ ~i' 

Bhasin et al. (1986) studied the genetic structure of the people of Sikkim of North 
India in order to determine the extent of genetic differentiation among the various 
subdivisions of their social uniis. They recognized 13 social groups in this popula- 
tion: North Sikkim, Sherpas, Tamangs, Gurungs, Rais, Limboos, Pradhans, 
Brahmins, Chhetris, and Scheduled Castes who are ethnohistorically as well as 
socially isolated to a certain extent. They studied 17 polymorphic blood groups 
and protein 10ci in each of these subpopulations. Of these loci, 11 are codominant. 
Haptoglobin~Hp),:Group~SpecificCompgnent (Gc), Transferrin (Tf), Acid phos- 

• phatase (aP_), Ph0_sphoglucomutase-1 (PGMI), 6-phosphogluconate dehydro- 
genase (6_-PGD),~Esterase D (EsD), Adenylate kinase (Ak), Hemoglobin (Hb), 
Duffy (-Fy), an~f Kidd (lk), at which the number of detected alleles vary from 2 
to 5 (Gc and aP have 3 alleles each, Tf has 5 alleles, all of the remaining having 
2 alleles each). The remain ing~six Ioci--AB0, MNSs, Rh, Kell and lmmunoglo- 
bulin Gm and l(m~---have ~vafiable cieg/ees of complex dominant relationships 
among their alleles/haplotypes, so that at each of these loci not all gen0types are 
distinguishable, The-ge_notypelphenotype data at these loci for each subpopulation 
are pi-eserited in B._hasj~iei ai. (1986). -~ 

We consider this su~eY for illustrating empirically the differences in the various 
estimators for several reasons. First, as part of a larger study of the extent of 
genet-ic differenfi~a-tion among th-e°~populati0ns of Sikkim, the estimates of the 
fixation indices provide the basis ofour further studies, and hence it is important 
to determine their stability over different estimation~meth0d s employed. Second, 
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as the sample sizes of this study drastically differ over subpopulations as well as 
over loci, this example should also provide insight regarding the stability of 
parameter estimates with or without invoking the large sample approximations 
discussed in our theoretical exposition. Finally, the availability of loci with and 
without dominance relationships in this study will help us to examine some 
features of the statistical properties of the parameter estimates based on genotype 
vs. allele frequency data, not commonly found in all applications of this nature. 
Notwithstanding these issues, we should note that since this review deals with a 
comparative study of the various estimation procedures, and not the population 
structure of the Sikkimese people, only the results pertaining to the comparative 
analyses are reported here. 

5.1. Comparison of the estimates of Fts in a single subpopulation 

We have seen earlier that estimation of F~s is possible from genotype data by 
several methods. Since only codominant loci can be used for this purpose, 
Table 1 contrasts the estimates of F~s in the Lepchas of North Sikkim for 11 loci, 
as computed using•equations (3.5) (Nei's unbiased estimator), (3.5a) (Nei's biased 
estimator) and (3.i8) (Cockerham's estimator). Although several other estimators 
of F~s are available in such situations (Li and Horvitz, 1953; Curie-Cohen, 1982" 
Robertson and Hill, 1984), we contend that the data presented in Table 1 are 
sufficient to contrast most o f  the theoretically justifiable estimators. Note that 
Curie-Cohen's (1982) estimafo~ f ] - i s  identical to Nei's biased estimator, and 
his f', is exactly the same as the multivariate large sample estimate at a locus, 
while his f~ estimator can be computed from the "Z z values presented in this 
table. We computed twq_diffgre,_nt ;(2 val_ues_ ~ o necorresponding t.0 N.ei's unbiased 
estimator (evaluated by equation (4.18) with s = 1), and the other corresponding 
to the biased estimator (where the expected genotype frequencies are computed 
by i ~x,7, for the genotvpe AkA k and 2NiXikXi t for the genotype AkAI). The 
;(2 values for Cockerham's estimator are identical to those of Nei's unbiased 
estimator, and hence, they ate_not repeated in~_t_he )able.  The allele-specific ;(:'s 
have a singie d.f. in every case, while the locus,specific ;(2's have d.f. r ( r -  1)/2, 
where r is the number of segregating alleles at a locus in the specific subpopu- 
lation. Since for  the bi-allelic loci the estimators and ;(2 values are identical for 
both alleles, and heric~ ttieii 10cus-speCific-values are exactly the same as those 
based on any specific allele, only allelespecifiC estimates are given for such loci 
(Hp, PGM~, PGD,  EsD, Ak, Hb, Duffy, and Kidd in our example). Further note 
that although the transferrin locus has 5 segregating alleles in the total Sikkim 
population, in Lepchas of North Sikkim only 3 segregating alleles were found 
(Bhasin et al., 1986), and hence-ihis was tre~te d as a 3-allelic locus for this 
computation. 

We chose not to present the estimafor Of F~s based on ;(" values for two 
reasons. First,' since Z 2 values represent cteviati0ri from~HWE~for the two-sided 
alternative F~s 4: 0, the sign of F~s cannot be inferred from the value of ;(2 (Li and 
Horvitz, 1953; Curie-Cohen, 1982), and second, the ~2 values can be greatly 



Table I 
Allele-specific estimates of  Fts,~ for the Lepchas sampled in North  Sikkim 

Locus Allele N Frequency Nei's unbiased estimate 
Nei'~; biased estimate Cockerham's  Long's estimate 

Fts,k +s .e .  Z 2 d.f. 
i 

Hp Hp I 65 0.1154. 0.177 + 0.162 2.18 1 

Fis, ,  -+ s.e. ~12 d.f. 

0.171 + 0.163 1.90 1 

estimate 

F | s i k  4- S i e .  a 

0.179 +- 0.i64 

Weighted h Large sample" 

0.179 + 0.127 0.171 I: 0.163 

. ,& 

Gc Gc tv 0.6129 
Gct S 0.2581 
Ge " 0.1290 
Pooled 33 

Tf  Tf  O 0.7097 
TfC 2 0.2823 
Tf  D 0.0081 
Pooled 6 2  

AP P~ 0.1638 
"pb 0:8190 
p" 0.0172 
Pooled 58 

PGM t PGMt~ 50 0.6600 

P G D  PGi )  ^ 53 0.8679 

EsD EsD ( 511 0.7400 

AK AK t " 58 .0.9914 

Hb " Hb A 61 0.9754 

Duffy Fy ~ 66 0.8485 

Kidd lk" 47 0.4681 

values for Cockcrham's  estinaate 

1 0:395 +- 0.120 
1 0.417 +_ 0.131 
I 0.1104 + 0.128 
3 0.322 _ 0.107 

I -0 .088  + 0.121 
I - 0.067 + 0.12.2 
1 0.000 + 0.127 
3 - 0.076 +- 0. I i 8 

1 -0.061 +-0.:116 
I 0.020 4-o:1,35 
I " - 0.009 +- 0.094 

01393 +- 0.119 9.75 f I 0.388'+- 0 .120  9.34 r 
0.415 ± 0.130 10.97 g I 0.410 +- ().'131 10:44 ~ 
0 .004÷ 0.127 0.00 I -0 .005  _ 01126, 0.00 
0~320-7- 0.106 13.70 f 3 0 .314+ 0.107 13A4" 

-0 .087  + 0.i20 0.48 1 -0.096~_+ 0:120 .. 0'.57 
, 0 . 0 6 6 + 0 . 1 2 1  0.28 1 - 0.075 ~_ 0-122 0:35 

0.000 + 0.126 0.00 1 -0 .008  + 0 0 0 8 ,  0:00 
- 0.75 + 0.117 0.74 3 - 0:084 + 0.117 0.82 

- 0,061 +_ 0.115 0.22 1 - 0 . 0 7 0 +  0.113 0.28 
().020 4- 0.i34 0.02 I 0.012 +- 0.133 0.01 

-0 .009  4- 0.093 0.01 I -0 .018+-0 .012  0.02 
- 0 . 0 ! 8  _+ 0.116 1.79 3 -0 .027+-  0.115 1.86 

-0 .324+-0 .115  5.37 ~ I - 0 . 3 3 7 + 0 . 1 1 4  5.68 * 

11.022 4- 0.143 11.113 I 0.012 +_ 0.141 0.01 

0.485 +0.139 12.17 s I 0 .480+ 0.!41 11.53 ~ 

0.000 + O. 130 0.00 I -0 .009  ~± 01009 0.00 

-0 .017  _+ 0.075 0.03 I -0 .025  + 0.015 0.04 

0.181 + 0.149 2.27 I 0A75 +- 0.149 2.02 

- 0 . 2 6 8  _+ 0.139 3.45 1 -0 .282  + 0.139 3.73 

of Fts k are exactly the same as that  for 

0.233 0.225 __ 0.108 

- 0.037 - 0.047 +- 0.124 d 

-0 .018  +0.117 -0 .028  -0 .037  4-. 0A22 d 

- 0 . 3 2 8 + 0 . 1 1 5  - 0 . 3 2 8 + 0 . 1 1 5  - 0 . 3 3 7 + 0 . 1 1 4  

0.022 4- 0.144 0.022 + 0.144 0.012 +- 0.141 

0.488 +- 0.141 0.488..+_ 0.141 11.4811 + 0.141 

0.000 + 0.131 0.000 _+ 0.131 - 0.009 + 0.009 

- 0.017 + 0.675 - 0.017 +_ 0.075 - 0.025 +_ 0.015 

0.182 +_ 0.150 0.182 _+ 0.150 0.175 _+ 0.149 

-0 .272  4- 0.140 -0 .272  +- 0.140 -0 .282  +_ 0.139 

Nei's unbiased estimates. 
The X 2 

b Long's weighted estimates are locus-specific estimates,  which are identical to Cockerham's  est imator  for two-alldic ~ loci. 
" Long's large sample est imator is identical to that  of Curie-Cohen's  11982) est imator fz,  and hence their s tandard errors are also the same (see text for 

details). a These s.e. values are computed deleting the alleles that do not contribute to the estimate (see text for details). 

~ p < 0.05. 
r p < 0.01. 

p < 0.001. 

e ,  

3 

e ,  
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affected by rare genotypes and their expected values, giving unstable estimates in 
specific situations, an example of which will be discussed later in this section. 

The standard errors of the three estimators are evaluated by equation (4.2) (for 
Nei's biased estimator), (4.23) (for Nei's unbiased estimator) and (4.2b) (for 
Cockerham's estimator), where r = 2 is used for allele specific values, and the 
entire locus data used for.locus,specific standard errors (represented by s.e. in the 
table). 

In terms of the values of the estimates, it is clear that Nei's unbiased, biased, 
and Cockerham's estimates of F1s are quite close to each other, with biased 
estimates always being the smallest. The differences of these estimates (the allele- 
specific ones as well as.their pooled values over all alleles at a locus) are always 
encompassed by their respective standard errors (see Table l). 

The standard errors of Nei's unbiased and Cockerham's estimates are also very 
similar, while fo r  negativel Flsik (or P~s;) values Cockerham's estimators have 
slightly larger standard errors, the situation reverses when the estimates are 
positive. The differences in the standard errors are however-very small, and in no 
case change the qualitative results of hypothesis testing.(F~s = 0) either by the 
Z 2 value shown i n  the table, or by a crude test of the normal deviate 
[F~s~k/S.e.(Fisik)]-the latter test not explictly shown in this table. As noted earlier, 
for the bi-allelic loci the differences in the standard errors are produced only 
because of substituting the respective estimates of Fis in equation (4.3). Curie- 
Cohen (1982) also showed that in multiallelic loci the standard errors of the 
various estimators are only slightly different (see Figure 5 of Curie-Cohen, 1982, 
p. 352). 

A comment regarding the standard errors of Nei's biased estimators is worth 
noting. While these are quite close to those of Nei's unbiased and Cockerham's 
estimators, where the allele frequency is close to 0 or l :(e.g., Tf D, pC, Ak ~, and 
Hb A) the s.e.'s of the biased estimators are substantially smaller than those of 
Nei's unbiased and Cockerham's estimators. This feature may not be intuitively 
clear. Nevertheless, Figure l indicates that for skewed allele frequencies (p, 
small), the s.e. of Nei's biased estimate, sharply rises from.a very smallvalue in 
the range of  negative F~s values, Since we evaluated the s.e. of each estimate by 
substituting the obtained F~s estimates of the same method, these computations 
are indeed a comparison- of different trajectories. For  exaiiiple, in the case of the 
Tf ° allele at the Transferrin locus, the standard error of Nei's unbiased estimator 
is evaluated at Fis = -:0.008, while that of Nei's unbiased and Cockerham's 
estimates is evaluated for Fis = 0.0. The frequency of this allele in the Lepcha 
subpopulation is 0.008. For thisallele, frequency, even for the biased estimato? of 
Nei, the s.e. rises from 0.008 .to 0.127 as Fxs is changed from -0.008 to 0.0. 
Therefore, the differences in the standard errors noticed inTable 1 are largely due 
to the fact that the estimates are somewhat different in these three methods. When 
allele frequencies are at an intermediate-range,-.sma]l djffer~ri~es bet~;een .parame- 
ter estimates do not substantially cha0ge the  standard errors, but. for skewed]aiiele 
frequencies even minute ch~ges  in the estimate-s can induce a large difference in 
standard errors, particularly when the F m estimate is negative. In spite of such 
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differences, there is no change in the conclusion regarding hypothesis testing either 
from the ;(2 values or from normal deviates. Even though we do not present 
similar analyses for the other 12 subpopulations studied by Bhasin et al. (1986), 
this statement is valid in general. 

Table 1 further shows that of the 17 allele-specific tests performed, significant 
deviation from Fis = 0 is found in 4 cases, due to 3 loci (Gc, PGMI,  and EsD). 
One of  these significant deviations is due to a negative F~s (at the PGM~ locus). 
This finding is consistent for all three methods employed in this analysis. We also 
have evidence of negative significant Fls values for the Tf c~ allele in Tamangs and 
Scheduled Castes, Tf c2 allele in Rais, Gurungs and Scheduled Castes and for the 
Kidd-Dcus (either allele) in~Rais_and G.urungs: - :  i ~ - 

Table 2 presents a summary of the significant (at 5~'o level) positive and 
negatiye /~s;k (or  P~s~) values in 158 independent allele-specifiC and 127 locus- 
specific tests in the total data on 11 loci in the 13 subpopulations mentioned earlier. 
For  allele,specific tests five test procedures are-considered in this table: 2 ;(2 tests 
(one based o n  biased estimates of genotype frequencies, and the other based on 
unbiased estimates), and 3 normal deviate_s (based on Nei's biased and unbiased 
estimators, and that of Cockerham). For locus-specific tests, in addition to the 
above five test procedures, normal deviates based o n  Long's large-sample esti- 
mates of F~s~ (which is_identical to the estimator ~ of Curie-Cohen, 1982) are 
also used, since the standard error of such estimators is known (see 

equation (4.2c)). 
The total number of significant deviations from F~s = 0 is almost the same for 

each ;(2 statistic.The normal deviates based on Nei's unbiased and Cockerham's 
estimators also behave identically, as do the normal deviates based on Nei's 
biased and Long's large-sample estimates in the case of locus-specific tests. Fur- 
thermore, the numbers of-positive and negative significant F~s values according 
to the ;(2 statistics are not equal; there are far more positive significant values 

than negative ones. 

Table 2 
Number of significant (p  < 0.05) Fxs values in the Sikkim survey as detected by various estimators 

Test criterion Allele-specific tests Locus-specific tests 
with F, sik value a with Fts j value b 

Positive Negative Poitive Negative 

~2: Unbiased 22 7 12 5 
Biased 20 10" 10 7 

Normal Deviate based on 
Nei's unbiased estimate 16 17 8 14 
Nei's biased estimate 17 29 18 27 
Cockerham's estimate 16 18 9 13 

- 18 25 
Long's large sample est. 

Total number of  independent allele-specific tests = 158. 
b Total number of  independent locus-specific tests = 127. 
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These features are not unique to this data alone, and can be explained on the 
basis of the theory we presented before. First, note that ;(" statistics only detect 
deviation in either direction, and since the range of negative F~s is narrower 
(F~s~k >1 --P~k/(l = P~k) for every allele A~) than the range of  positive Fts ( F i s ~  < 1), 
it is expected that more significant positive Fts valueswill  be encountered based 
on ;(z goodness-of-fit. SeCond, since Nei's biased estimator has empirically 

smal ler  sampling variance than that of Cockerham's estimator for negative Fts 
(Figure 1) for all allele frequencies (unless the alleles are equi-frequent), it is 
expected that this will pick up more significant negative -Fts values than the 
normal deviates based on Cockerham's estimator. This is also predicted from 
Figure 1, which shows that the sampling variance sharply drops off even if the 
/O~S~k values are slightly decreased, particularly when f'~Sik is negative. Since in all 
cases Nei's biased estiniate is smaller than all other estimates, a normal deviate 
based on this estimator would necessarily pick up more significant negative F~s 
values as compared to any other'test criteria, 

The estimate of F~s for a single subpopulation, combining all alleles at a locus 
• shows exactly the same picture. We have not explicitlY .shown the behavior of the 
test criteria based on Long's weighted estimator for the reason that its sampling 
variance is not yet available. However, its large-sample variance can be computed 
based on (4.2c), which is used in the computations shown in this table. 

5.2. Comparison of Ffr, Fis, and FsT estimates over all subpopulations 

In Tables 3, 4, and 5 we provide a comparative study of the estimators of the 
three fixation indices over all 13 subpopulations of Sikkim. Nei's weighted, 
Unweighted, and large sample estimates are computed by equations (3.6)-(3.8), 
(3.6a)-(3.8a), and (3.6b)-(3,8b), respectively. While the standard errors of these 
estimators for allele- and locus-specific cases cannot be evaluated, approximate 
tests for allele-specific F~s and Fs-r values may be conducted by Z: statistics, 
according to equations (4.22), and (4.23), respectively. These results are shown in 
Table 3. In Table 4 computations of Cockerham's estimators are shown for the 
same data. In addition to the weighted (equations (3.15a), (3.16a), and (3.17a)) 
and large sample estimates (equations (3.15b), (3.16b), and (3.17b)), Cockerham's 
estimators of Fsx are also obtained under the assumption of Fts = 0  
(equation (3.43)) whose values and ;(2 test criteria are shown in this table. It 
should be noted that the ;(z test criteria for F~s and FST for Cockerham's general 
estimates are exactly the same as those of Nei's weighted estimators (shown in 
Table 3), and hence they are not repeated in Table 4. Multivariate estimators, 
according to the generalized formulation of variance component analysis 
(equations (2.18a)-(2.20a)), are presented in Table 5. Only  locus-specific esti- 
mates are needed here; and for two,allelic loci these estimates are identical to 
those of Cockerham's weighted analysis, as shown earlier: ~-~ 

Several interesting findingsemerge t'rom-~hese c~Sifi~tifhtirn-g7-. Firgt--the-weig h t e d  
estimators of each fixation index are near lythe same for Cockerham's- and Nei's 
method. Second, while the Fs-r estimates of Ne i ' s  :weighted and  unweighted 
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Tab le  3 

Nei ' s  allele- a n d  locus-specif ic  F r r ,  F | s ,  a n d  FST es t ima te s  

Locus  Allele W e i g h t e d  U n w e i g h t e d  

FIT F is  X 2 d.~ FST X 2 d.~ F i r  F t s  FST 

Large  N 

F r j  FIs Fs.i 

H p  l-lp I - 0 .007 - 0.021 0.25 

G c  G c  'F 0.278 0 .214 23.48 ~ 
G c  ' s  0 .238 0 .192 19.76 ¢ 
G c  2 0.188 0.1CJ 14.08 ~ 
Pooled  0 .240 0 .192 

T f  T f  ~'' - 0 . 1 5 1  - 0 . 1 6 3  14.62 ~ 
T f  ~'2 - 0 . 1 6 6  - 0 . 1 7 6  17.20 ~ 
T f  c~ - 0 .009 - 0~017 0. I I 
T f  e l2  - 0.003 - 0 .009 0.03 
T f  D - 0.003 - 0 .003 0.00 
Poo led  - 0 . 1 5 2  - 0 . 1 6 3  

a P  pA 0.080 0 .067 2.28 
p a  0.088 0 .077 2.98 
p c  0.193 0 .187 9.40 h 
Poo led  0.087 0.075 

P G M  i P G M  I I 0.025 0.025 0.27 

P G D  P G D  A 0.150 0.127~ 6.09"  

EsD E s D  ~ 0.145 0.143 I 1.19" 

A k  Ak ' 0 .097 0 .067 1.24 

H b  H b  ^ - 0 . 0 0 7  - 0 .016 0 , 0 8  

Duffy F y "  0.152 0 .122 3.52 

K idd  lk ~ - 0 .204 - 0 .210 11.30 ~ 

I 
I 
I 
1 
1 

0.013 23.96"  12 - 0 . 0 1 3  - 0 . 0 2 9  0.016 - 0 . 0 1 4  - -0 .042 0.027 

0.081 133.39 ¢ 12 0.261 0 .190 0.087 0 .260 0.181 0.097 
0.057 92.08 c 12 0!207 0.161 0.055 0 .206 0.151 0.066 
0.031 43.86 ¢ 12 0.193 0 .166 0.032 0.192 0.156 0.043 
0.059 0.224 0.173 0.061 0.223 0.163 0.072 

0 .010 26.20 ~ 12 - 0 . 1 6 2  - 0 . 1 7 7  0.013 - 0 . 1 6 3  - 0 , 1 9 3  0.025 
0.009 22.72 ~ 12 - (} .179 - 0 .192 0.011 - 0 . 1 8 0  - 0 . 2 0 9  0.024 
0.008 24.78 ~ 12 - 0.011 - 0 .018 0.006 - 0.013 - 0:034 0.021 
0.006 23.39"  12 - 0.004 - 0 .010 0.006 - 0.005 - 0.027 0.022 
0 .000 7.66 12 - 0.002 - 0 .002 - 0 .000 - 0 .002 - 0.011 0.008 
0 .009 - 0 . 1 6 3  - 0 .177 0 .012 - 0 . 1 6 4  - 0 . 1 9 3  0.024 

0.013 29.55 )' 12 0.055 0.039 0 .016 0.054 0.026 0.029 
0 .012 28.81 b 12 0.065 0.051 0.014 0.064 0.038 0.027 
0.008 458.95 ~ 12 0.253 0.246 0.010 0.252 0.234 0.024 
0.013 0.066 0.052 0.015 0.065 0.039 0.028 

0 .000 11.98 12 0.070 0 .074 - 0 .005 0.068 0.057 0.013 

0.26 30.95 ° 12 0.176 0.147 0.034 0.175 0.133 0.048 

0.003 13.78 12 0.134 0.132 0.003 0.134. 0.121 0.015 

0.032 188.82 ~ 12 0.126 0.100 0.029 0.125 0.088 0.041 

0.008 22.21 ~ 12 - 0.007 - 0 .019 0.011 - 0 .008 - 0.031 0.022 

0 .034 46.81 ~ 12 0.1811 0.142 0.045 0.179 0.114 0.072 

0.005 12.67 12 - 0 . 2 1 0  - 0 . 2 1 8  0.007 - 0 . 2 1 3  - 0 . 2 5 9  0.037 

p < 0.05. 
b p < 0 . 0 1 .  

" p < 0.001. 
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Table 4 
Cockerham's allele- and locus-specific F~r. Fis, and FST estimates 

Locus Allele Weighted ~ Under Fis = 0 Large N 

FIT Fts FST FsT Z 2 d.~ FIT Fis Fsr  

Hp Hp I -0.006 -0.021 0.015 0.014 27.72 ¢ 12 -0.006 -0.032 0.025 

Gc Gc ~F 0.284 0.216 0.086 0.088 108.84 d 12 0.284 0.206 0.098 
Gc ~s 0.242 0.193 0.061 0.063 80.96 d 12 0.242 0.183 0.073 
Gc-" 0.190 0.163 0.032 0.034 49.15 d 12 0.191 0.153 0.044 
Pooled 0.245 0.194 0,063' 0.065 0.245 0.184 0.075 

Tf Tf cl -0.150 -0.165 0.014 0.012 23.71 b 12 -0.149 -0.177 0023 
Tf c-" -0.165 -0.179 0.012 0.010 22.18 b 12 -0.164 -0.190 0.022 
Tf ~-'~ -0.008 -0.021 0.012 0.012 24.37 b 12 -0.008 -0.032 0.024 
Tf cL-" -0.002 -0.013 0.011 0,011 23.26 u 12 -0.001 -0.025 0.023 
Tf ° -0.003 0 . 0 0 1  -0.004 -0.004 7.62 12 -0.003 -0.010 0.007 
Pooled -0,151 -0,166 0.013 0,011 -0.151 -0.177 0.022 

aP pA 0.081 0.068 0.014 0.015 26.23 ~ 12 0.081 0.0560.027 
pB 0.089 0.077 0.013 0.014 25.08 ~' 12 0.089 0.065 0.026 
pC 0.194 0.187 0.009 0.011 22.41 ~' 12 0.194 0.175 0,023 
Pooled 0.088 0.076 0,013 0.014 0.088 0.064 0.026 

PGM~ PGM I 0.025 0.025 -0.000 0.000 12.30 12 0.025 0.010 0.015 

PGD PGD A 0.152 0 . 1 3 1  0.025 0 . 0 2 7 3 2 . 1 9  ~ 12 0.152 0.115 0.042 

EsD EsD t 0.145 0.144 0.002 0.003 15.38 12 0.146 0.132 0,015 

Ak Ak ~ 0.100 0.067 0.036 0.036 5'1.88 a 12 0.101 0.056 0.047 

Hb Hb "~ -0.007 -0.016 0.009 0.009 21..91 b 12 -0.006 -0.027 0.020 

Duffy Fy ~ 0.156 0.126 0.035 0.038 29.76 ~ 12 0.157 0 .101  0.062 

Kidd Ik ~ - 0,203 - 0.216 0.011 0.005 14.41 12 - 0.202 - 0.241 0.031 

The ;(-" for Cockerham's weighted estimates of F~s and 
weighted estimates (see Table 2). 

~' p < 0.05. 
p ,~ 0:01. 

d p < 0.01. 

Fsr are exactly the same as those for Nei's 

analyses are almost identical, there are some differences in the corresponding Ftr 
and Fts estimates. Third, the large sample FST estimates of  Nei and Cockerham 
are almost identical, eve n though these two methods yield somewhat different Frr 
and F~s values in large samples. Fourth, eve n when theest imate of alleler and 
locus-specific Fts is significantly different from zero (testecl byl-/tie X 2 values), 
Cockerham's special case estimate of Fsv (equation (3.43) under FST = 0) is 
almost identical to that of his weigiited anal-ysls (-Table-20_ Fii't-h,~hile the large 
sample values of  FtT are very similar to those based on weighted analysis (in Nei's 
as well as Cockerham's approaches), the Fsx values do not behave similarly. 
Indeed, FST values are generally larger when large sample approximations are 
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Table 5 
Locus-specific estimates of F~T, F~s, and F s r  by the multivariate technique of Long (1986) 

Locus Weighted estimators 
Large sample estimators 

FIr FIs Fsx FIT Fts FsT 

Hp - 0.006 - 0.021 0.015 - 0.006 0.032 0.025 
Gc 0~238 0.185 0.065 0.233 0:164 0.083 
Tf - 0.156 - 0.182 0.022 - 0.167 - 0.204 0.03 I 
AP 0.081 0.063 0.019 0.073 0.045 0.029 

PGM i 0.025 0.025 0.000 0.025 0.010 0.015 
PGD 0.152 0.131 0.025 0.152 0.115 0.042 
EsD 0.145 0.144 0.002 0.146 0.132 0.015 
AK 0.100 0.067 0.036 0.101 0.056 0.047 
Hb - 0.007 - 0.016 0.009 - 0.006 - 0.027 0.020 
Duffy 0.156 0.126 0.035 0.157 0.101 0.062 
Kidd - 0.203 - 0.216 0,011 - 0.202 - 0.241 0.031 

made. Because of equation (2.1), the F~s should be under-estimated in large 
sample approximations (since Fix does not change substantially). This is the case 
for every comparison of Cockerham's estimators, while there are some minor 
discrepancies in Nei's approach. These differences are due to changes in F~T 
values in large sample vs. weighted analysis. Sixth, the multivariate estimators are 
the most deviant ones. There is no general trend of these estimators as compared 
to Nei's and Cockerham's estimators. This is also theoretically justifiable, since 
the wieghting scheme in the multivariate approach is quite different (equa- 

tions (2.18a)-(2.20a)). 

5.3. Comparison of the estimates pooled over loci 

Table 6 presents the estimates and their standard errors pooled over all co- 
dominant loci. As mentioned before, pooling over loci can be done in two ways 

for every method of estimation: 
(1) by taking the ratio of sums of locus-specific estimates, and 

(2) by the technique of jackknifing. 
Since each fixation index is described as a function of ratios of parameters 
(population allele frequencies and their inter-locus variances across subpopu- 
lations), Weir and Cockerham (1984) advocated the jackknifing procedure sug- 
gesting that this might reduce the bias of estimation and in turn make the stan- 
dard errors more reliable (Miller, 1974; Efron, 1982). We, however, do not see 
any substantial change in the estimates as well as in their standard errors through 
jackknifing. In fact, there is a tendency for the jackknife estimators to have 
somewhat larger s.e.'s for each fixation index. This table also shows that while 

as well as large 
Cockerham s and Nei's estimators are virtually identical (weighted 
s-ample), the large sample approximations involve over-estimation of Fs-r and 
under-estimation of F~s, Frr remaining very similar. The small difference of 



. , ,da 

Table 6 

Estimates of F~t, Fjs, and Fsv pooled over loci and their standard errors by the three different methods 

Ratio of sums Jackknife 

Frr Fis Fs- r Fz. M Fis Fsl. t-,, 

Nei's estimates 

Weighted . 0.045 + 0.060 0.025 + 0.055 0.020 _+0.009 0.045 _+ 0.064 
Unweighted 0.044 +__ 0.060 0.023 _+ 0.055 0.022 + 0.009 0.044 -+ 0.063 
Large N 0.043 + 0.060 0.005 + 0.058 0.038 + 0.008 0.043 -+ 0.063 

Cockerham's estimates 

Weighted 0.047 +_ 0.060 0.025 -+ 0.056 0.022 + 0.009 0.047 -+ 0.064 
Under F,s = 0 0.022 _+.0.009 
l.argc N {1.1)47 ± 0.060 0.011 ± 0.057 0.037 ±- 0.009 0.048 ± 0.{164 

Long's estimates 

Weighted 0.048 _+ 0.063 0.028 + 0.059 0.021 _+ 0.011 0.048 + 0.064 

Large N 0.046 +_ 0.062 0.011 _+ 0.058 0.036 _+ 0.010 0.047 _+ 0.063 

0.025 _+ 0.058 
0.023 _+ 0.058 
0.005 + 0.061 

0.025 _+ 0.059 

, 0.011 ± I).060 

0.029 + 0.060 
0.010 _+ 0.059 

0.020 _+ 0.009 
0.022 + 0.010 
0.038 + 0.009 

0.022 + 0.010 
O.022 _+ 0.010 
0.037 _t 0.009 

0.023 + 0.011 
0,038 _+ 0.009 

,3 
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Long's estimators as compared with others is mainly produced by the difference 
of the pooling algorithm in his procedure, as noted earlier. However, unless a 
survey has a large number of multi-allelic loci, this method is likely to produce 
an almost identical qualitative conclusion about the genetic structure of the popu- 
lation, as seen in this example. 

5.4. Comparison of the estimates of FST from allele frequency data 

As mentibned earlier, analysis of population structure is sometimes necessary from 
allele frequency data alone. This occurs-when either the'loci involves dominance 
relationships amongtheir  alle.!e s, or ' the allele frequency data are collected from 
the lite[ature for comparative studies. In such cases, the only estimable parameter 
is FSTI It i F shown earlier, that in Ners gene diversity approach, the "estimators 
(weighted-or unweighted) remain the same even if allele frequencies are used in 
estinaation instead of genotype data (see equations (3.8) and (3.8a)). Cockerham's 
estimator of Fsx takes the f6rm of equation (3.43), whose multivariate extension 
(Long's approach) is obvious from equation (3.41). The variance-component 
approach (univariate or multivariate) of estimation of Fsx from allele frequency 
data is therefore mathematically equivalent to the estimation of the same parame- 
tei" from genotype data with the additional assumption that F~s = 0. In order to 
compare the empirical values o f  these estimators from allele frequency data, we 
computed Ners weighted unbiased, Cockerham's, and Long's estimates of FST for 
all 17 loci studied by Bhasin et a.l. (1986): The' allele frequencies used in these 

e gkCl 1°aI d m:fn ]hi b P L o n g ' s  q~ 

e gk 1.i.C~ [ ~ n h ]  b P Cockerham's 

0.'00 0~02 

b D • N e i ' s  

0.'04 0.'06 0.'08 0~10 

FST 

Key: a HD g EsD m MNs 
b Gc h AK n Rh 
c Tf 1 Hb o K e l l  
d AP j Ou f f y  D Gm 
• PGM! k Ktdd q~ Km 
f PGD 1 ABO 

Fig. 2. A comparison of three locus-specific estimators of F~T from allele frequency data on 17 loci 
in 13 subpopulati0ns of Sikkim, Ind ~/i(Bhasin ~t al., 1986). The  loci are indexed alphabaticaUy (see 
Key). The averages over loci are indicated by arrow, and the boxes around these means represent 

_+ s.e. range of the estima,es (see text for the explanation of the estimators). 
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computations are the sameas theones reported in Bhasin et al. (1986). Figure 2 
shows a diagramatical comparison of these locus-specific estimates, where the loci 
are indexed as a to q (see Key of Figure 2). The pooled estimates of  FST over 
loci are indicated by an arrow, the box around Which indicates the range with 

+ s.e. 
It is clear that the estimates are again empirically very similar. Long's estimates 

are identical to the Cockerham estimates for  all,bi,allelic loci, although for mul- 
tiallelic loci (Gc, Tf, AP, AB0, MNSs, Rh, and Gm) some discrepancies are 
noticable due to the different pooling (over alleles) algorithm employed in this 
method, as noted earlier. Nevertheless, the-pooled estimates over loci are strik- 
ingly similar. Finally, we note that while the computation of the  standard errors 
shown in this figure are based on equation (4.5), the jackknife estimates 
(equation (4.6)) of these standard errors are almost identical to the ones shown 
here. Hence, as in the case of genotype data, estimates' of FST from allele fre- 
quency data also have similar empirical properties: 

6. Discussion 

As mentioned in Section 1, the purpose of this paper is to make a comprehensive 
comparative analysis of estimation of fixation indices by Nei's gene diversity 
approach with .that of the variance component approach developed by 
Cockerham, or its multivariate extension. Keeping a distinction of parameters and 
sample statistics, throughout our presentation we have shown that these methods 
yield empirically very similar results. Even though these approaches have been 
described in a number of publications (See, ~ e.g., Cockerham, 1969, 1973; 
Cockerham and Weir, 1986, 1988; Weir and Cockerham, 1984;~Nei, - 1973; !977; 
Nei and Chesser, 1983; Chakraborty, 1974; Chakraborty and Leimar, 1874 Long, 
1986; Smouse and Long, 1988) and several other related statistics have been 
developed by others (Haldane, 1954; Li and Horvitz, 1953; Smith, 1970, 1977; 
Curie-Cohen, 1982~ Robertson and Hill, 1984), to our knowledge, the analytical 
relationships between the two major approaches have not been studied explicitly 
before. In this discussion, first we re-iterate the new results presented here; and 
then we provide some arguments regarding-the method we would suggest to 
practioners. Nevertheless, since during the conduct of this study, we developed a 
comprehensive computer-program for analyzing data on population structure, 
every estimator discussed in this-paper can be computed by our computer 
algorithm. Interested readers, can obtain a copy of the FORTRAN source codes of 
these programs by writing to the authors (compatible for IBM,AT type computers 

with a numerical co-ptOces6r). - 
Our new results are as follows. First, the string of  inequalities for the Fts 

estimators in a single subpopulation shows that the expected differences among 
the estimators are of the order 1/2N, N being the number of individuals sampled. 
While Nei's biased estimator of Fts is always the smallest for any allele, 
Cockerham's variance-component estimator can be larger (when positive) or 
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smaller (when negative) than Nei's unbiased estimator. Second, even though Long 
(1986) and Smouse and Long (1988) generalized Cockerham's approach for a 

:multivariate case (three or more alleles at a locus), they fai ledto note that their 
method yields Fxs estimators mathematically identical to Curie-Cohen's f2 
(based on the ratio of observed and expected homozygote frequencies), in large 
samples. Third, for a single subpopulation, Nei's unbiased, biased (identical to 

jq  of:Curie-Cohen, 1982-although not stated by him) and Cockerham's estima- 
tors of-Fls haveclosed form expressions of standard errors, for specific alleles as 
well as-for the locus as a Whole, which are_also documented here for the first time. 
Much of the ground work for these derivations was, however, done by Curie- 
Cohen (1982) and Robertson and Hill (1984). 

These new findings allow more rigorous comparative analyses of the different 
estimators, than the on_es done before. Our empirical data analysis shows the 
closeness of the different estimators, which are. based on somewhat different 
prem!ses. There haye been a number of misconceptions about the gene diversity 
approach, which should be clarified in this context. Note that the gene diversity 
approach does not need the correlation interpretation of the fixation indices. The 
t-otal-hei.erozygosi-ty in subdivided populations is decomposed here on the basis 
of the number of extant subpopulations. No assumption of the replicative nature 
of subpopulations is needed. While Cockerham's linear model (of random effects) 
makes the assumption that the subpopulations studied are replicates from the 
universe Of all subpopulations ttiat exist within the total population, a situation 
that might apply to experimental .populations, in the context of evolutionary 
significance, it is not clear if this assumption is realistic. In the specific example 
considered here, Sikkimese people are indeed subdivided into the present 13 
subpopulations which during their history have assembled in this geographic 
region by following different migration routes (Bhasin et al.. 1986). They are not 
replicates of each other, and indeed there may not be any further subpopulation 
among tile people of Sikkim. If a statistical framework forms the basis of the 
variance-comp0nent analysis, the.question is: should we treat the underlying 
linear_model (Cockerham, 1969, 1973) as a random effects model in such a 
sit_ua_tign?_ Our answe~ - to this .question would be no as this subdivided structure 
represents a fixed-effect model. On the contrary, our exposition clearly indicates 
that Nei's gene diversity approach has a formal statistical basis, since all compo- 
nents of the decomposition.of heterozygosity can be represented in terms of the 
underlying-p-arameters, and  they can-be related with Wright's fixation indices 
wi-ihom- invol~ing -their inierpretation through con:dhtions. 

At this point it is worthwhile to note that for a single subpopulation the 
probabilistic interpretanon of Fis has been used by Haldane and Moshinsky 
(1939),~Cotterman (1940), and Mal6cot (1948), where Fls is interpreted as the 
probability that the two genes at a locus in an individual are identical. This 
probabilistic interpretation implicitly implies that the F~s can take only non- 
negative values in the unit interval. Similar-probabilistic interpretations of Fvr and 
Fsw are also used by Crow and Kimura (1970, pp. 105-106) to prove the Wright's 
identity (equation (2.1)). They, however, note that since Fvr and F~s can be 
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negative, correlational interpretations of these fixation indices also yield the 
• Wright's identity (Crow and Kimura, 1970, pp. 107-108). It is apparently implicit 
in their derivation • that the subpopulations do not exchange migrants during the 
process of gene differentiation, so that the allele frequency variations across 
subpopulations do not depend upon the F~s values within the subpopulations. In 
contrast, in Nei~s formulation of  gene -diversity -analysis- the -Wright's identity is 
established simply by the notion that F~s and FiT represent summary measures 
of deviations from the Hardy-Weifiberge~pec-t~.ti6ris-ih-the-s-tib-populations and 
in the total population, respectively; and Fs- r represents the extent of genetic 
differentiation (standardized variance of allele frequencies across subpopulations). 
No assumption regarding migration and selection is needed in such derivation 
(Nei, 1973, 1977). The Wright's identity (equation (2.1)) simply becomes a 
mathematical consequence of the parametric definitions of Frr (equation (2.5)), 
F~s (equation (2.6)), and FST (equation (2.7)). 

When the parameters are so defined, our equations (2.8), (2.9), and (2.10) 
suggest that all fixation indices have their natural bounds, namely Fsx lies between 
0 and 1, while Fis and Frr can take positive as well as negative values, depending 
on H s being smaller or larger than H o for F~s (equation (2.8)) and Ha- being 
smaller or larger than H o for F~T (equation (2.9))..In such formulations no as- 
sumption is needed regarding the evolutionary mechanism that determines the 
process of genetic differentiation within and between subpopulations. 

Since the variance-component approach can yield a negative value for the 
variance component b (equation (2.16)), in order to  interprete the linear-model 
(equation (16) of Cockerham, 1969) one must assume that Y~, =, wiFlstkP~k(l -- P~k) 
must be positive. Cockerham (1969, 1973) recognized this featUre of_his.model, 
and yet justified it on the ground that evolutionary factors that generally produce 
negative F~s values are not usually strong enough to produce large negative F~s 
(or F~a-) values. Our data analysis provides evidence contrary to this argument. 
We indeed found several negative estimates of F~s (Tables 1 and 2). Even if their 
significance is discounted, because the normal deviates or the Zz statistics may 
not attain their large sample distribution in samples of the size analyzed here, it 
is unpleasant to deal with a linear model with negative• variance components (not 
only theestimates,  but also in parametric form). 

Nei (1986) addressed some of these issues along with other evidences where the 
implicit assumptions of  the variance component formulations are unrealistic for 
natural populations. He also noted that his original definition of Fsx (= DsT/H-r, 
called Gs- r by Nei, 1973) has one deficiency, since it is dependent on the num- 
ber of subpopulations (s). He suggested one modification, defining 
D'sx = sDs-r/(S- 1), to take into account this deficiency (Ne~, 1986). According 
to this suggestion, H x, the gene diversity in tile total  population is defined as 
D~-r + Hs, yielding the three fixation indices r , s  =HO-/H s (uricfian~ged'fr6m-the 
previous definition), F~-r = Ho/H:r, and F~;-r = D'sr/H:r, for which the estimation 
technique presented here works with only minor modifications (See-als0 Nei arid 
Cilesser, 1983). When s is large (say, 10 or more), these re-defined fixation indices 
change only slightly, and hence they a?e not computed iri~our appli~zafi0n-(since 

-':-D 
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for the present example s = 13). However, when s is small, it is preferable to 
calculate these modified indices with the above modifications. Also note that the 
re-defined FST is identical to the parameter ,8 defined by Cockerham and Weir 
(1988), not recognized by these authors. Therefore an estimator of/~ can also be 
obtained by estimating Fsv in the gene diversity approach without the intraclass 
correlation interpretation. Nevertheless. we must reiterate the point that adjust- 
ment l:or the number of subpopulations does not necessarily help in comparing the 
coefficient of  gene differentiation estimates in different data sets from different 
natural populations. An extrapolation of such estimates .from one set of popu- 
lations to another can be misleading, since their evolutionary histories are usually 
different. Cockerham's approach is more ideally suited for experimental popu- 
lations, where ttie number of subpopulatiofis represent the replicate of populations 
designed with agiven e~perimeritalsiiuation, and hence extrapolation from one 
experiment to another must need adjustments for variations in number of replicate 
subpopulations within each experiment. 

Nbt~,;i~.hstanding these philosophical differences, given the  empirical similarity 
of the various estimators, a recommendation regarding the choice of estimators 
should be of interest to investigators who deal with real data. On the basis of 
sta't!stical principles, unfortfinately, there is no generaJ recommendation. We claim 
this for several reasons. First, in eve~'y formulation, we have shown that consistent 
esumators can be derived. The study of large-sample variances either by theoreti- 
cal variances evaluated with intra-locus data, or by empirical evaluation of inter- 
locus variation shows that all estimators are subjected to similar sampling fluc- 
tuations. Second, even though with the aid of computer-algorithms the numerical 
task of computation can be left to computers, the choice is simply a matter of 
taste. 

Since the gene diversity approach relates Fsx to the average genetic distances 
among subpopulations (Nei's minimum distance; Nei, 1972) a genetic distance 
interpretation of the coefficient of gene differentiation is also possible. Note that 
this interpretation does not assume, again, any evolutionary mechanism, and 
hence this ihtei~p/etaiion-should-fiold ~/ith o r  without mutation and selection. 
While Cockerham's FST parameters, and its multivariate extension have been 

-stiown-[o have: a genetic disiance interpretation as well (Reynolds et al., 1983; 
Long et al., 1987) in order for the measures of co-ancestry to be interpreted as 
genetic distances one must assume that genetic differentiation occurs without the 
aid of mutation and selection (Reynolds et al., 1983; Weir and Cockerham, 1984). 
Furthermore, inthis latter p aper.!hey a!so assume that the same population size 
is-maintained for all subp0pu!ations and _f°r all generations: While these as- 
sumptions are not needed in formulating Nei's genetic distances, thus far the 
evolutionary expectation and di'ift variahces of genetic' distances have been 
worked out under the neutral model of evolution without constant population size 
(Li and Nei, 1976; Nei and Chakravarti, 197-7). 

We advocate the use of the gene diversity approach for its simplicity and 
generality for natural populations. No loss of statistical rigor is attendant to this 
recommendation, as explicitly shown here--because we did not make use of any 
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evolutionary model in this presentation, and as a method of estimation, what we 
used can be called the method of moments in the terminology of statistical 
inference. This is the only appropriate estimation technique that yields analytically 
closed form estimators._ We might add here that Curie-Cohen (1982) and 
Robertson and Hill (1984) investigated the properties of the maximum likelihood 
estimators of F~s based on multinomial sampling of genotypes, which behave 
worse than. Nei's biased estimator in most practical situations (Curie-Cohen, 
1982). 

Although we presented analytically closed form expressions of intra-locus 
variances of F~s estimators, these are applicable only for single-locus data. 
Generally, large sample sizes are needed to apply these formulae, since the estima- 
tors are rather unstable (the drift variance is quite large; as shown by Li and Nei, 
1976--for heterozygosities, Nei and Chakravarti, 1978--for Gs. r ~ FST), and the 
power of detection of significant deviations of these indices is generally low 
(Brown, 1970; Ward and Sing, 1970; Chakraborty_ and Raol 1972; Hab_er, 1980; 
Emigh, 1980). Evolutionary interpretation of the coefficients of gene differentiation 
or deviations from F~s = 0, Fix = 0 should be based on data on multiple loci. We 
have shown that multi-allelic and/or multiple-loci can be analyzed easily without 
the aid of Long's (1986)multivariate extensions. Indeed Nei's formulation of the 
decomposition of gene diversity is philosophically based on samples of genomes 
drawn from the population. He defined gene diversity as the complement of the 
probability that the two genomes are identical at each locus. Therefore, he com- 
puted gene diversity based on a sample of loci (polymorphic and monomorphic, 
see Nei, 1975, 1987). Even though the parameter Fsx (in Nei's terminology, Gs-r) 
or its estimate does not change even if the monomorphicloci are excluded, the 
absolute value of H T, H s, .and H o (averaged over all locjjn a genome) changes. 
Even with a limited number of loci, we have shown that the variances of these 
quantities can be exani]ned by studying their inter-locus variation, which yields 
inter-locus variances of the fixation indices as well. Since the inter-locus variance 
is the major component of the total sampling variance (Nei and Roychoudhury, 
1974; Nei, 1978), jackknifing helps a little to provide a more reliable estimate of 
the extent of sampling variance. This finding is in disagreement with Mueller's 
study (Mueller, 1979) on genetic distance, but it is consistent with our own 
simulation results published before (Chakraborty, 1985). Weir and Cockerham 
(1984) claimed that jackknifing worked 'satisfactorily' in the two-population si- 
tuation in their simulations (Reynolds et al., 1983), while we find that jackknifing 
does not add any-particular advantage in-terms~of parameter estimates-or-their- 
standard errors (Table 6). . - . . . . . . .  

Finally, we should return to the issue of hypothesis testing in the context of 
population structure data analysisl Considerable labor-is needed-t 0 pr6,¢ide-esti- 
mators adjusting for the effect of limited sample sizes. It is seen that when sample 
sizes are small (of the order of 100 or less individuals per ioc~is-per subpopulation,- 
in the specific example given ~fiere),-the use of large sample a p p Y 6 ~ i ~ i ~ i ~ l i : l  
over-estimates of FsT and under-estimates of Fts (Frr remaining almost identical), 
irrespective of the method of analysis (Nei's vs. Cockerham's). Since such esti- 
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mates are invoked in evaluating standard .errors or for computing test criteria, the 
question is: are these test criteria reliable, and can we justit 'y the large sample 
properties of these test criteria? Our answer, although we cannot prove it analyti- 
cally,_is=a probable no. We say so, for the reason that if the normal deviates are 
to be regar_ded~a s reliable,~we must e:caluate the standard errors accurately. We 
have seen that in some region of the parametric space, the Standard errors can 
be drastically affected, even by a minute change in the parameter estimates. For 
the ;(2 tests, on-the other h_and, we must regard the variance components as 
independently distributed. This assumption, we might note, is also needed in 
Long's (1986) Wilk's A-test criteria. Nayak (1983) has shown that when the 
gen0tvpe data from several subpopulations are represented in the form of an 
analysis_of variance of categorical data (Light and Margolin, 1971), the mean 
square errors of the different sources of  variation are not independently distri- 
buted. The correlations between them can often be substantial, Furthermore, for 
every source of variation, the large sample distribution of the mean square errors 
is of the form of composite:;( ' 's, where the coefficients are also functions of 
unknown parameters. They cannot be~simply .equated to. a 2(2 statistics as is done 
commonly invoking large sample theory of continuously distributed random var- 
iables. Therefore, we argue that the test statistics generally suggested for popula- 
tion structure analysis have much poorer statistical justifiability than the parame- 
ter-estimates. Cockerham_(1973) arrived at this general conclusion, although the 
sampling theorY of weighted categorical data analysis was not available at that 

time. 

7. Summary 

A comprehensive comparative study of  the various estimators of the fixation 
indices (FIT, Fis, and FST) shows that the properties of the estimators based on 
Nei's gene diversity and Cockerham's variance component analysis are very 
similar, in spite of their philosophical differences. In the analysis of genotypic data 
from a single population, a string of inequalities of the different estimators of F~s 
is mathematically established, with regard to which the discrepancies in the 
sampling precision of these estimators can be reconciled. The analytical expres- 
sion for the large sample variance of these estimators suggests that the parametric 
value of their sampling variance is identical. Empirical evaluation of the bias and 
standard errors of the three fixation indices from a genetic survey of 17 loci from 
13 subpopuiations of Sikkim, India suggests that for these ratio estimators the 
JaCkknife method and Taylor's series approximation yield almost identical bias 
and standard-error. These conclusions also hold for the estimation of FST from 
allele frequency data alone. A comprehensive computer program for obtaining all 
estimators has been developed, and is available from the authors upon request. 
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mates are invoked in evaluating standard errors or for computing test criteria, the 
question is: are these test criteria reliable, and can we justify the large sample 
properties of these test criteria? Our answer, although we cannot prove it ~arialy~i~- - 
cally, is a probable no. We say so, for the reason that if the normal deviates are 
to be regarded as reliable, we must: evaluate the ~standard errors accurately. We 
have seen that in some region of the parametric space, the standard errors can 
bedrastically affected, even by a minute change in the parameter estimates. For 
the Z 2 tests, on the other hand, we must regard the variance components as 
independently distributed. This assumption, we might note, is .also needed in 
Long's (1986) Wilk's A,test criteria. Nayak (1983) has_shown-that when the 
genotype data from several subpopulations are represented in the form of an 
analysis of variance of categorical data (Light and M arg01in, 19.71)_i. the mean 
square errors of the different sources=of variation are not independently distri- 
buted. The correlations between them can often be substantial. Furthermore, for 
every source of variation, the large sample distribution of the mean square errors 
is of the form of composite Zz'S, where the coefficients are  also functions of 
unknown parameters. They cannot be stmply equated to a _gz statistics as ~s done 
commonly invoking large sample theory of continuously distributed random var- 
iables. Therefore, we argue that the test statistics generally_ suggested for popula- 
tion structure analysis have much poorer statistical justifiability than the parame- 
ter estimates. Cockerham (1973) arrived at this genera! conclusion, although the 
sampling theory of weighted categorical data analysis was not available at that 

time. 

7. Summary 

A comprehensive Comparative study of the various estimators of~the _fixation 
indices (FtT, Fls, and Fsx)shows that the properties of  the estimators based on 
Nei's gene diversity and Cockerham's varianc e component analysis are very 
similar, in spite of their philosophical differences. In the analysis of genotypic data 
from a single population, a string of inequalities of the different est!mators of F~s 
is mathematically established, with regard to which the discrepancies in the 
sampling precision of these estimators can be reconciled. The analytical-expres- 
sion for the large sample variance of these estimators suggests that the parametric 
value of their sampling variance is identical. Empirical evaluation of the bias and 
standard errors of the three fixation indices from a genetic survey of 17 loci from 
13 subpopulations of Sikkim, India suggests that for these ratio estimators the 
Jackknife method and Taylor's series approximation yield almost identical bias 
and standard error. These conclusions also ~ hold ~for the~:estimation of- Fsx from 
allele frequency data alone. A comprehensive computer program fo-r..015taining all 
estimators has been developed, and is availabie from the aU-thors up0n-request. 



254 R. Chakraborty and H. Danker-Hopfe 

Smith, C. A. B. (1977). A note on genetic distance. Ann. Hum. Genet. 40, 463-479. 
Smouse, .P.E. a_n d Long _J. C. (1988). A comparative F-statistics analysis of the genetic structure 

of human populations from the Lowland South Americ~t and Highland New Guinea. In: Quantita- 
tive Genetics, B. S. Weir, E. J. Eison, M. M. Goodman and G..Namkoong (eds.). Sinaur Asso- 
ciation Inc., Sunderland, 32-46. 

Van Den Bussche, R. A., Hamilton, M. J. and Chesser0 R. K. (1986). Problems of estimating gene 
diversity among populations. The Texas Journal of Science 38, 281-287. 

Weir B. S. and Cockerham, C. C. (1984). Estimating F-statistics for the analysis of population 
structure. Evolution 38, 1358-1370. 

Workman, P. L. and Niswander, J. D. (1970). Population studies on-Southwestern Indian tribes. 
I1. Local genetic differentiation in the Papago. Am. J. Hum. Genet. 22, 24-49. 

Wright, S. (1943). Isolation by distance. Genetics 28, 114-138. 
Wright, S. (1951). The genetical structure ofpopulations..Ann. Eugenics 15, 323-354. 
Wright, S. (1965). The interpretation of population structure by F-statistics with special regard to 

systems of mating. Evolution 19, 395-420. 



C. R. Rao and R. Chakraborty, eds., Handbook of Statistics, Vol. 8 
© Elsevier Science Publishers B.V. (1991) 203-254 7 

Analysis of Population Structure" A Comparative 
Study of Different Estimators of Wright's Fixation 
Indices 

Ranajit Chakraborty and Heidi Danker-Hopfe 

1. Introduction 

Computations of Wright's fixation indices (FIT , FST , and Fls ) are pivotal for 
Studying toe genetic differentiation of pop-hlai, ions. It is well known that these 
indices can be conceptually defined in terms of correlations between uniting 
gametes (Wright, 1943, 1951); as functions of heterozygosities and their 
Ha_rdY-Weinberg expectation s (Nei, 1973, 1977), or as functions of variance 
components from a nested analysis of variance (Cockerham, 1969, 1973; Weir 
and_.C~ckerham, !984-; Long, 1986). Nei (1977) and Nei and Chesser (1983) 
considered the question of estimating the fixation indices through a decomposition 
of gene diversity in the total population, while Cockerham (1969, 1973) and Weir 
and Cockerham (1984) pi-ovided estimation procedures by a variance component 
analysis. Long - (!9_86)_extended the variance component approach of estimation 
to the case of multiple (greater than two) allelic loci, which gives numerically 
different results from the Weir-Cockerham estimates (see equation (10) of Weir 
and-Co_ckerham, 1984 vs. equations (9a), (10a) and ( l la)  of Long, 1986). 
AlthoUgh there are general studiesdrawing comparisons of these different esti- 
mates in simulated data (Van Den Bussche et al., 1986:, Chakrabo~y and Leimar, 
1987; Slatki n and Barton, 1989), it is not generally known how these different 
estimates differ in real data in practice. Furthermore, there is no comprehensive 
coin-~-titer algorithrff v~tiicti-c-omputes all of these estimates simultaneously. 

The~pu~pose-bf t~fi~~f~3~<'?twofold: ' -- . . 
(I) to re'¢iew the different crnCeptualization.~ of Wright's fixation indices using 

an uniform set ofnofat ions,-and to ' examine"- the question of estimation of 
parame)ers and hypothesis testing in the context of an analysis of categorical 
data; and _ 

(2) to document a computational algorithm for deriving the different estimators 
(with their standard e.rrors, and test criteria) developed here (called WRIGHT, with 
three components: NEI, CLARK, and LONG) that can be used for any given data 
for population structure analysis. 
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In doing so, we provide the description o f  the parameters"and express the 
estimators as functions of the observed data statistics, since there is a miscon- 
ception that some of ihe f0rmialatigns are-_in-terrns 0fthe_ data statistics, and not 
the underlying parameters. The estimation equations are given encompassing the 
situations where the genotype or the allele frequencies are available. Note that 

• . + . . . . .  

when allele frequencies are used as observed data characteristics (which is usually 
the case for loci involving dominance relationships among alleles at a locus or in 
analysis of data collected from the literature), because of the lack of information 
on observed heterozygosities w!thin+ pop u!ati_ons, - th_e_ tw 0 fixati.o_n_ indices Frr and 
Fts cannot be estimated, hence the only parameter that needs-estimation is Fsx. 

Empirical comparisons of these different estimators are provided with a gene 
diversity analysis of the populations of Sikkim, India published by Bhasin et al. 
(1986). Finally, we discuss the relative merits of these different estimatOrs in terms 
of their complexity of computation, and generality in various practical situations. 
While there are several recent reviews of the difficulties of the estimators of.E~s, 
Fsx, and FIT in the literature (see, e:g., Curie-Cohen, 1982; Robertson and Hill, 
1984; Weir and Cockerham, 1984), they do not encompass all of the different 
estimators as fully as presented here. Consequently, these reviews do not explicitly 
demonstrate why the different methods of estimation produce numerically 
different results, or how different they can be in practice. Therefore, this review, 
together with the docUmentation of a single computer program (available from the 
authors upon request) should serve as an up:to-date description of the appli- 
Cability of the estimators of Wright+s fixation indices to the analysis of any 
combination of immunological (blood groups, immunoglobulin-Gm, HLA), 
biochemical (red-cell isozym_es and[ serum_ p_rot_eins), and DNA polymorphism 
(Restriction Fragment Length+Pglymbrph=j~m~ ~ RFLP+s) data in the+study of the 
genetic structure of a subdivided p0puJ~iti0fil . . . . . . . . . .  

2. Parameters of population structure 

2.1. Wright's fixation indices and Nei's gene diversity 

When Fxx and F m are defined as correlations between two uniting gametes to 
produce the individuals relative to the total population and relative to the sub- 
populations, respectively, the correlation between two gametes drawn at random 
for each subpopulation (Fsr) is known to satisfy the identity (Wright, 1943,. 1951) 

1 - -  F I T  ~-" ( 1  - -  F l s  ) ( 1  - -  F S T  ) . (2.1) 

Consider a population which is subdivided into s subpopulations in each of 
which Hardy-Weinberg equilibrium ( H W E ) d 9 e s  not necessarily hq!d (i.e., 
Fts # 0). For a locus with r alleles (denoted' as A n, A 2, . . . ,  At), deyiation from 
HWE can be fully specified by ½r(r-1) Fxs parameters (Ran et al. 1973). 
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However, if only the homozygotes are considered, r F~s parameters are enough 
to specify deviations from HWE. 

In the latter event, the frequency of the homozygotes for the k-th allele ( A k A k )  

in the i-th subpopulation may be written as 

Pik = P ~  + F i  s ia Pik ( 1 - P i k ) ,  (2.2) 

__where Pi t  is the frequency of the A k allele in the i-th subpopulation for 
i = 1, 2 . . . . .  s; k = 1, 2 . . . . .  r. Therefore the allele-specific Fxs in the i-th sub- 
population can be written as 

F,s~k = (P~k - p 2 ) l [  p,,(1 - P~t)] . (2.3) 

The deviation from HWE in the total population, with reference to the same 
homozygote frequency, can be parameterized in the same fashion, giving 

P . k  = P2k + F r r t f i . t ( 1  - P . k ) ,  (2.4) 

where 

P'k ~s = ~= ~ w f i  t is the proportion of A k A  t genotypes in the total population, 
~.k Y: = ~= m W d i k  is the frequency of the A t allele i n th e  total population, and 
w~ = weight of the i-th subpopulation relative to the total population size, which 

yields 

F, vk = (P-k - ~?k)/l~.k(l - ,~.k)] • (2.5) 

~:- .+. 

With these notations the average F~s (within population deviation from HWE) 
over all subpopulations for the k,th allele, takes the form 

Fis~=,=l~ wi(Pik--P~)l[ ~ 
= ( e . k  - P Z . k ) / ( P . k  -- P2. t ) ,  (2.6) 

where 

i = 1  

From equation (2.1), we therefore have 

m 

F~T~ = (p.~ - g ~ ) / ( ~ . ~  - g ~ ) .  (2.7) 

Note that, in this formulation, the definitions of allele,specific Fxs, FIT , and FST 
values are indeed parameters defined in terms of allele frequencies in the popula- 
tion. 

Furthermore, to obtain the locus specific values of these fixation indices, we can 
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sum the numerators and denominators over all alleles at a locus (k = 1, 2 . . . . .  r) 
to get the following formulae. From equation (2.6), we have 

FI s = wi(Pik _ p 2 )  wiP,k( 1 -- Pig) 
k I i = 1  k I i = 1  

• = (H s H o ) / H s  ' (2.8) 

where 

H s =  ~ we ~ P~k(1-p~k) = ~ w~Hs~ 
i = 1  k = l  i l l  

is the average within population heterozygosity expected under HWE, and 

i = l  k = l  i= l  k = l  

is the actual proportion of heterozygotes in the total population. Similarly, from 

equation (2.5), 

= (Ha- - Ho)/Ha- ,  (2.9) 

where 

,,a-= 5; 5; 
k = l  k = l  

is the heterozygosity in the total population (expected under HWE). 
Lastly, from equation (2.7), we have 

Fsa- = (Ha- - Hs)114+. (2.10) 

Therefore, estimation of the fixation indices are equivalent to-estimation-of the~ 
parameters Ha-, Hs,  and H o for a locus (Nei, 1973, 1977), Note tha t  these 
parametric relationships also hold when the fixation indices are defined by pooling 
over several loci. In this case, H s, Ha-, and H o are the respective heterozygosities 



Estimation of fixation indices 207 

averaged over all loci. The criticism that the relationship between fixation indices 
with heterozygosities is true for data statistics (and not for parameters) is not 
valid. Weir and Cockerham's (1984) comments are perhaps due to the mis- 
conception that under the mutation-drift model, the expectation of Fs- r in a 
population with a finite number of subpopulations (expectation under the evolu- 
tionary .process) is a function of the number of subpopulations as well. Two 
conlments are worth noting at this point. 

First, the_abgyeparameterization does not depend upon the evolutionary model 
of genetic differentiation among subpopulations, a n d  hence the relationships 
(2.8)-(2.10) tiold for any general mating system, irrespective of the selective 
differentials that_may exist among the alleles. Second, even though Nei (1977) 
defined the pooled F~s in terms of a ~veighted average of the subpopulation- 
specific F, si values (equation (4) of Nei, 1977), with Wright's (1965) and Kirby's 
(1975) weight functions, such weights are not needed if we first define Fzs, Fxa-, 
and Fs~ r as allele-@ecific parameters and obtain the locus-specific parameters by 
summing numerators and denominators over all alleles at a locus. It is also clear 
from equations (2.8)-(2.10) that while estimation of Fis and FIT would require 
sampling of genotypes from all subpopulations (as they are functions of the actual 
proportion of heterozygotes in the subpopulations, Ho), FsT can be estimated with 
allele frequency data alone without making any assumption regarding F m. Fur- 
thermore, estimates of FsT from genotype or allele frequency data should be 
identical, a s long  as the allele frequencies are obtained by the gene counting 
method. These issues will be detailed in the estimation section to follow. 

2.2. Fixation #1dices and Cockerham's variance component representation 

Cockerham (1969, 1973) redefined the fixation indices in terms of intra.class 
9_orrel_ati_on_.d_erived from an an_a]ysis of y ariance of allele frequencies. In this 
formulation, indicator Variables aredefined for both alleles of a random individual 
sampled, which are in turn expressed as a linear model of additive effects of 
between-subp0pu!ations (a), between-individuals within a subpopulation (b), and 
within-individual (c or w) variations. Following the classical analysis of variance 
model of random effects, where the subpopulations are treated as replicates of 
each other _(Weir a n d  Co.ckerham, 1984), Cockerham (1969, 1973) showed that 
the component of variance ascribed to the above factors (a, b and c) yield a 
parametric relationship with the fixation indices. In particular, Cockerham's re- 
sults for a specific allele can- be WrittEn in terms of our notation as 

Fivk = (ak + b~)/(ak + bk + Ck), 

Fzs k = bk/(b k + Ck), 

Fsr  k = ak/(ak + b~ + Ck), 

(2.11) 

(2.12) 

(2.13) 

where ak, bk, and c k are the variance components associated with the above 
factors, in which the genotype frequencies in the population are tabulated with 
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regard to a specific allele, A k (and thus only the frequencies of the three genotypes 
AkAk) h k A k ,  and A k A  k enter into the analysis, A k being a combination of all 
alleles of type other than A~). 

Before reviewing the estimation equations for these variance components, it is 
worthwhile to examine how these variance component parameters translate into 
the gene frequency parameters in a subdivided population. 

It is easy to note that 

a~ + b k + c k = ff.k(l --.V.k), (2.14) 

s 
where fi.~ = ~g= i w~p~k, as defined in 'equation (2.4). Invoking equation (2.13) 
into equation (2.2), we also have 

(2.15) 
i=l 

and similarly, from equations (2.4) and (2.12), we have 

i = l  

= ~ wiFIs i kP ik ( l  - P~k), 
i = l  

since P,k = P~ + FIs~kP~k(1 -P~k), according to our equation (2.2). 
Putting equations (2.15) and (2.16) in equation (2.14), we get 

(2.16) 

ck = P . k  -- P . k  = ~ wi(pik -- Pik)" (2.17) 

Since --pik/( l  - Pik) ~ Flsik ~ 1 for all i = 1, 2 . . . . .  s and all k, it is easy to see 
that c k >10. Because of  equation (2.15), it is also ensured that a~ >/0. However, 
there is no guarantee that bk is non-negative. It is, therefore, peculiar that even 
a parametric value of the variance component due to between individual variation 
can assume negative values in this formulation. Cockerham (1969) acknowledged 
this feature, and ascribed this to either a mating system where mates are less 
related than the average within a subpopulation, or to certain types of selectiQn 
(Cockerham, 1969, p. 74). Since this ,arises for FsT > FXT ( 0 >  F, in Cockerham's 
1969 notation), this occurs whenever-°Fls - takes  negative values "(see 
equation (2.1)). . . . . . . . . . . . . . . . . . . . . .  

The above translation of parameters reveals that the negative value of b may 
not necessarily arise only in estimation; it is an inherent fea tureof  the proposed 
linear model itself (Cockerham, |969,-1-973)_ It is paxtjCular-]~h]ni:8~r~BleT- sihce + 
the linear model is not supposed to produce negative:-varian6e corhponen~i 

In Cockerham's formulation, the locus-specific parameters are defined by 
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summing a k, b k. and c~ values over all alleles, and expressing the fixation indices 
as respective-ratios of sums, analogous to equations (2.11)-(2.13). The same 
pooling algorithm is suggested for definition of parameters pooled over all loci 
studied (see Weir and Cockerham, 1984, equation (10)). 

2.3. Long's extension of Cockerham"s model 

Long (1986) and Smouse and Long (1988)provided a multivariate extension of 
the Cockerham model, w h e r e a  pair of ( r -  1)-dimensional indicator vectors is 
defined for a r-allelic genotypic system. This yields a multivariaie decomposition 
6fihe t6tal dispersion ~ matrixi: ,r~, ~b, ~r in the analogy of a, b, and c of a bi-allelic 
locus. With ~-- Z~ + ~v b + ~r, the locus-specific fixation indices take the form of 

FXT = (r - 1) - '  tr[~v- '/2(~ a + Zo)~v- ,/21, (2.18) 

Fsv=  (r - 1 ) - '  tr[Z'- ' /2 Z',, ~ - , / 2 ] ,  (2.19) 

F,s = ( r -  1) - '  tr[(Zb + ~.vc)- '/2 Zb(Z" b + ~vc)-,/2], (2.20) 

where tr denotes the trace of a matrix. In this formulation, again, while Z',, and 
~,. are positive semi-definite matrices, the parametric form of Z" b can be negative- 
defnite, introducing peculiarities in the interpreting of  the decomposition of dis- 
_persion matrices. 

'N6 te  that-for r = 2, •equations (2.18)~(2.20) are mathematically identical to 
C6ckerham's definition of parameters; but for r > 2, since equations (2.18)-(2.20) 
inv-61ve c0variances of allele or genotype frequencies within and between subpopu- 
lafi0_ns (off-diag0nal elements of the ~-matrices), the 10cus-specific fixation in- 
dices, according to Long's approach, are parametrically different from Weir- 
Cgckerham's parameters. A multi-locus extension of Long's formulation is also 
awfilable, where the respective Z' matrices for a group of loci are written as 

.,- blQck-djagonal locus.specific Z" matrices (see Long, 1986, equation (8)), 
In summary, the above parameterization of the genetic structure of a subdivided 

population indicates that Wright's fixation indices can be expressed in terms of 
the actual proportion of heterozygotes (Ho) and its expectation (under HWE) in 
the total population (HT) and within subpopulations (Hs) ,  without invoking any 
specific model of the mating system or gene differentiation between or within 
subpopulations. This mathematical equivalence is shown in the form of parame- 
ters, and they are consistent with Wright's identity (equation (2.1)), while the 
variance-component parameterization is more complex in nature, and could yield 
possible :inc6hsistencies (e.g., '-b < 0,- Whenever Fis is negative) for certain 
evolutionary factors (selectiofi) o-r social s-((rfi~fii'e 6fsubdivision. Having defined 
the parameters, let us now turn to estimation a/id hypothesis testing issues. 
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3. Estimation of  fixation indices 

The above discussion indicates that while the heterozygosities or variance com- 
ponents are quadratic functions of allele and/or genotype frequencies within each 
subpopulation, and their weighted (by relative subpopulation size) averages, the 
fixation indices are ratios of functions of parameters, While estimation of a ratio 
of paranaetric functions is an unpleasant statistical problem for categorical data, 
to the extent that we may approximate the expectation of a ratio by the ratio of 
expectations, reasonable estimators of fixation indicesmay be obtained. Weir and 
Cockerham (19.84) called such estimators (ratio of unbiased estimators of a nu- 
merator and a denominator) 'unbiased', while in the strict statistical sense, such 
estimators are at best consistent (i.e., approach the true value in terms of proba- 
bility in large samples).A further problem arises, because of the categorical nature 
of the observations (allele frequencies, or genotype frequencies). The properties of 
ratio estimators are generally studied in the statistical literature for continuous 
traits which have Gaussian probability distributions. Even those who are con- 
cerned with distinctions between parameters and statistics have been rather 
cavalier about this aspect Of the problem. 

In this section we consider some estimators and present estimating equations 
in terms of the observed frequencies, which in turn indicate how much bias might 
arise in using these estimating equations. We might also mention that the defini- 
tion of sample size has been quite elusive in the literature; because it is not always 
explicit whether it refers to the number of genes sampled, or that of individuals 
(see, e.g., Weir and Cockerham, 1984). 

3.1. Estimationfrom genoOpe data 

Let us first consider the case where all genotypes are recognizable, so that 
unequivocally all different alleles can be counted in a sample. As noted before, 
the Frr, F~s, and FST parameters depend on the Sizes of subpopulations, relative 
to the total population size. In practice these are unknown, and furthermore, 
subpopulation sizes generally fluctuate over an evolutionary t ime period. The 
temporal change in population sizes has a substantial effect on the coefficients of 
gene-differentiation as well as heterozygosity (see, e.g., Nei et al., 1975; 
Chakraborty and Nei, 1977). Therefore, we shall assume all subpopulations to 
have equal size. This assumption is also explicitly made in Weir and Cockerham 
(1984, p. 1359)~ This, however, does not imply that the numbers of individuals 
sampled from the subpopulations are all equal. 

3.2. Estimators of  fixation indices by Nefs approach ~ 

As before consider a r-allelic locus, and define N~, t to be the number of individuals 
of genotype AkA l in the i-th subpopulation ( k = l ,  2, . . . ,  r; l = k  . . . . .  r; 
i = 1, 2 . . . .  , s). Let AT,. be the total number of individuals (sample size) sampled 
from the i-th subpopulation. The total sample size (number of  individuals) 

:, .., 
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sampled from the entire subdivided population is 

N=  ~ Ni, where N,.= X~X N;k , .  
i = l  k > ~ l = l  

When (Ni~;' k---1, 2, , . . ,  r; 1= k' . . . .  r) is a genotype-specific categorized 
subdivision of a random sample of N~ individuals from the i-th subpopulation, it 
is easy to note that 

and 

X,k = N ikk /N i  ( 3 . 1 )  

are unbiased estimates of Pik and Pik,  the proportion of AkA k homozygotes, and 
the allele frequency of A k in the i-th subpopulation. 

An unbiased estimator for p~ can be obtained as 

A 

p ~  = x ~ ( 2 N i x ~ k  - I)/(2N~ - 1), (3.3) 

which in turn, provides an unbiased estimator of pig(1 --P;k), namely, 

2N, 
2 N  i - 1 
- -  x i~(1  - x i k ) .  (3.4) 

Note that if x~k(1 - x~) is used as an estimator for P i k ( 1  - - p ~ , ) ,  the extent of bias 
is 

b = [(2N; - 1)/(2Ni) - l]P,k(l -- PU,) 

= = P~k( l  -- p i k ) / ( 2 N ~ ) ,  (3.4a) 

i.e., x~(l  - x~k ) is an under-estimator of p~k(l -p~,),  with proportional bias being 
I / 2N~ .  

With equations (3.2)-(3.4), the estimator of  Fls~ (given by equation (2.3) is 

,eS~k = X~k -- X~k(2N~x~k -- 1)/(2N~ - 1) , (3.5) 
2 N i x ~ k ( 1  - X ~ k ) / ( 2 N  i -- 1) 

which is a consistent estimator to the extent that the numerator and denominator 
of the ratio are estimated ,by their-respective unbiased estimators. 

2 is used as an estimator for p~ (with a negative bias of the order Note that if X~k 

I/2N~), the estimator for Ftsik becomes 

Pis,k, = ( x , k  - x ~ ) / [ x ~ ( 1  - x , , , ) ] ,  (3.5a) 
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^ 

• ' " r which is identical to Curte-Cohen s (1982) esumato f~ = 1 - ( y / x ) ,  where y is the 
observed heterozygosity for the A k allele in the sample, and x = 2N,-Xtk(1 - x~k), 
an estimator of its expectation under HWE. 

It might be further noted that Nei's' unbiased estimator (equation (3.5)) takes 

the form 

/e, Sek = 1 --'[1 -- l / ( 2 N ~ ) l y / x ,  (3.5b) 

which will be useful in deriving its standard error, shown in the next section. 
Curie-Cohen (1982) showed that these equations have a natural multiple-allele 

extension, when v and x are interpreted as the total observed (Ho) and expected 
(HE, under HWI~) heterozygosity for all alleles at a locus. He, however, did not 
note the equivalence o f  his f t  estimator with Nei's estimate, written in terms of 

H o and H s. at a locus (Nei, 1977). 
Let us now consider the joint analysis of data from several subpopulations. 

Since ,~. k = 5~= t wiPik, we have 

"-~ = w? pa + Y. E w,w, p,~ p,.~,, 
i=l  i # i ' = l  

and hence, when the samples from the subpopulations are drawn independently 
of each other (as usually is the case), we obtain an unbiased estimator of P?k, 

given by 

g. xu (2N~X,k- 1) ~ * ~  W/ + WiWi, XikXi'k p7 k = 2.  L . / .  
i=l  2 N , -  1 i # i ' = l  

= w , x , k  - w '  ~ x , k ( l  - x , D  

i=l ~=l 2N~- 1 

Therefore, estimating the numerators and denominators in an unbiased fashion, 
we obtain the following estimators of the allele-specific fixation indices at a 

particular locus: 

F, sk = ~ = '  wi(X'k - x 2 )  + 2~=t W,X,k(I -- X,k)/( 2N,  1) , (3.6) 

y.~=, wi2U, x , k ( l  - X,k)/(2Ni - 1) 

F, xk = y ~ = '  w'Xik - (2~=,  WiX,k) 2 + ~ = ,  W2X~k( l -- X~k)/(2N~ -- 1) , (3.7) 

X~=[ WiXik -- ( ~ = 1  WiXik) 2 + )"~= I w2xik(  l ' -  X,k)/( 2N' - 1) 

/~STk = ~ = '  w ' x 2  -- (~"~=' W'X"k)2 -- ~ ' '  W,-(1 -- wi)xa,(1 - Xik)/(2N~ - 1). (3.8) 
~--~=l wiXik -- ( ~ = l  WiXik) 2 + E~=l  W2Xik( 1 -- X~k)/(2Ni -- | )  
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Note that while all of  these estimators are consistent, to the  extent that the 
numerators and denominators of the parameters defined in equations (2.4)-(2.6) 
are estimated with -their respective unbiased estimators, in applying these 
equations we need the relative s'izes (w~'s) for all subpopulations. These are, 
however not known in practice; nor.can they always be reliably substituted by 
relative sample sizes. Nei (!977) and Nei and Chesser (1983), therefore assumed 
thaVflSe wi's-are ~ll-equal, w, = - l l s f0 r  ~ ~ill 7; In that event, equations (3.6)-(3.8) 
take the form 

,.,=,v" [(X~k - x 2) + x,k(1 - x,~)/(2Ni - 1)] (3.6a) p, 
- , s ~  = 

E',=l 2Nix,k(1 - x , k ) l ( 2 N  , - 1) 

P~w =Z;: 'x '*-( l ls)(Z~:'x'D:+(l ls)Z~:'x"<(l-x,<)l(2Ni- l )  , ( 3 . 7 a )  

~ s  _ 
i = , X g ,  ( I / s ) ( Y ~ ; : = i x t k l Z  + ( l l s ) ~ . ~ = i X i k ( 1 - - X u , ) / ( 2 N i  1) 

and 
~ s . . . .  

i =  i = 1  Ps-rk = , x,.]. - ( i / s ) ( Y ~ : ,  x ik )  2 (1 1/s) E: x,k{1 xu,)l(2Ni 1) • (3.8a) 
s 

Y~=", .r~, - (l/s) (Y-',L., X~k) 2 + (l/s) Y~,=, Xik(1 -- -Xu,)I(2N~ - 1) 

When the sample sizes are large enough, so that 2N1~ 2 N t - 1  and 
~ =  ~ x~k(l-  x , k ) / ( 2 N  ~ - 1) is negligible, these equations take a much simpler 
form: 

f lSk ~ (Xik - x ik)  2 X i k ( l  - X i k ) ,  (3.6b) 
i = 1  i I 

I ~ T ~  ~ -- - Xik Xik -- - Xik , (3.7b) 

[ ( 7 ] / [  '( )2} - '  ± ± . 
i = 1  S i = 1  i = 1  S i = l  

(3.8b) 

Note that equation (3.8b) takes the well-known form 

P ~  ~ s~/x.~(1 - x . D ,  ( 3 . 8 c )  

where s,2 is the variance . . . . .  of the Aj,-allele frequency over all subpopulations, 
s ~  = ~ s  (x ik  - -£ .~ )2 / s ,  with -'/.k representing the average frequency of the ,4 k- 

i - ~ l  $ 

allele over all subpopu!ations, 2.j, = ~j= ~Xik /S .  

When the investigators h~ive sufficient reason to believe that the sampling from 
each subpopulatio n has been conducted in such a manner that the relative sample 
sizes ( N i / N )  reflect their respective relative sizes (population values), one might 
replace the wi's in equations (3.6)-(3.8) by their respective sample size weights, 
¢6 = N g N ,  and obtain the allele-specific estimates of the fixation indices. However, 
note that while this weighting may serve the purpose of taking into account the 
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relative contribution of each subpopulation in the total population in the current 
generation, they are not evolutionary stable, as N~'s can fluctuate drastically over 

time. 
Pooling over all alleles at a locus, the locus-specific estimates of Fis, Frr and 

Fs-r values can be obtained easily, since the respective parameter values have been 
defined by summing the numerators and denominators over all alleles at a locus 
(see equations (2.8)-(2.10). Since these equations are  represented in terms of 
heterozygosities in the populatiofi, it may be worthwhile to express the unbiased 
estimators of H s, Ho, and H x explicitly. Nei and Chesser (1983) obtained such 
estimators, with the assumption.that all w~'s are equal (.-- l / s ) .  

In our terminology, with any general weight (w;'s unequal), we may use the 
above mentioned unbiased estimators of Pig, P ~ ,  and p2. k to obtain 

and 

/70 =1- ~ k wi'°'k= 1- k k wiXik' (3.9) 
i ~ l  k = l  i f f i l  k = l  

= - Wi P ik  
i=  1 k =  I 

k [2Ni ~ x~- 1} " (3.10) 
i = l  k = l  

=k=lk [ k WiXik( 1 - i = 1  ,'=,k WiXik) + ,=lk Wi2Xik(l--Xik)/(2Ni- l)} 
(3.11) 

& 

as respective unbiased estimators of H o, H s, and H T. Substitution of these 
estimators in equations (2.8)-(2.10) provide consistent estimators of the locus 
specific fixation indices. 

When the wTs are all equal, equations (3.9)-(3.11) reduce to 

where 

/ 7 o = 1 - 1  k k Xik' (3.9a) 
S i = 1  k = l  

/7; = -s,=,l k 2Ni/Ts;/(2N;- 1) , (3.10a) 

HT'' = X.k( 1 - "£.k) + -~ , X,k(1 -- Xik ) (2N i - 1) , 
i=  k = l  

(3.11a) 

/7s, : 1 -  5:; and : 
k = l  / = 1  

Note that these estimators are exact unbiased estimators of H o, Hs, and HT 
when all subpopulations ai'e of equal size (but Nt's need not be equal), whereas 

• ~ < , -  
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the estimators given by Nei and Chesser (1983) involve some approximations (scc 
their equation (8) in particular). As before, when the Nj~s are large, we may equate 
2N/(2Nj- 1) to unity, and neglect the last term of H~-, to get 

and 

#~  ~ - Hs, (3.10b) 
S i = l  

H T ~ 1 ~ X2k . (3. IIb) 
k = l  

Thus, when all genotypes are recognizable, unbiased estimators of Ho, Hs, and 
H T can be obtained simply by enumerating all allele frequencies in each subpopu- 
lation (by gene counting) and evaluating the sum total of all homozygotes (X,,'s). 
The resulting estimators 

P , s  = 1 - J q o / B s ,  I 2 . t 2 )  

and PIT = 1 -- Ho//4T, (2.12) 

P ~ :  = I - # ~ / # : ,  (2114) 

are again consistent, totheJextent that in these the numerators and denominators 
are estimated by their respective unbiased statistics. 

Estimation of parameters pooled over several loci can be achieved exactly in 
the same manner, by defining the heterozygosities (Ho, Hs,  HT) as averages over 

all loci. 

~',:-. 

3.3. Estimators by Cockerham's approach 

As shown in equations (2.11)-(2.13), Cockerham (1973) derived the allele-spccilic 
fixation indices in terms of components of variance in a nested analysis of 
variance. In this approach, the estimation of fixation indices reduces to thc 
prbblemof estimating the components ak, bk, and Ck. Weir and Cockerham (19~4) 
gave the explicit forms of these estimators, they are 

[ l =~ -~55- i :"(*)(:-:"(*))-~---[, s~(*)-l~(*) , 
: (2.15) 

and 

bk N ~.k(~ , ) [ l_~ .k(g , ) ]  S-- 1 s~(~,)- 
2 N - 1  

^ = ~  - = h ( ¢ 0 ,  ( 2 . 1 6 )  
N -  1 s 4 N  

e k = ½h(v~), (3.17) 
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where 

~' = ~.~= ~ N j s  is the average number of individuals sampled per subpopulation, 
N,. = [ s ~ ' - ~ = t  N i Z / s N ] / (  s - 1 ) =  N ( I -  C2/s) ,  where C is the coefficient of 

variation of sample sizes (N~'s), 
7 f k ( k  ) = ~.~= ~ NiX~k/S-N, the weighted average allele frequency ofA k per subpopu- 

lation, 
s 2 ( ~ )  = Z~= i Ni (x ik  - 7f .k(g'))Z/(s  - I)N, is the variance of A~. allele frequencies 

over subpopulations, 
-h(~) = ~.~'= ~ N~h~(~,)/s-~', the average observed heterozygote frequency for allele A~. 

In parallel to equations (2.11)-(2.13), the estimators FIx k, F~sk, and Fsv ~ 
become 

and 

Prrk = (ak + bk)/(6j, + /~k + ?k), (3.15a) 

P . s k  = b k / ( b k  + ?k), (3.16a) 

FSTk = 6~/(~ + /~k + (k)" (3.17a) 

Note that these expressions are defined in terms of weighted variance com- 
ponents, where sample sizes from the subpopulations are taken as weights, 
irrespective of  their true relative population sizes (i.e., ~,~ = N~/N).  These explicit 
forms are obtained by algebraic manipulations of the estimated mean square 
errors in ~ Table 3 (Cockerham;. 1973): I t  should be noted that Cockerham's 
Table 3 (Cockerham, 1973, p. 688) has an inadvertant error, where the ex- 
pressions Sa and S,~ should have an additional coefficient 2, which is missing. 

Cockerham (1973) also gave an explicit estimator for Fts ~, the Fts estimator for 
a specific allele (At) in the i-th subpopulation, which has the form 

F , s , k  = 1 - 4 (N~  - 1) [ N ~ x , k  - N,~] , ( 3 . 1 8 )  

4 N i 2 x i k ( 1  - Xik ) - 2 ( N i x i k  -- N i ~  ) 

that can be computed from the respective subpopulation-specific genotype data: 
A pooled estimator of F m, pooled over all alleles at a locus, can be obtained by 
summing the numerator and the denominator of equation (3.i8), as done in the 

o ther  cases. 
In particular, when N~ is large~ flae-pooied-esfimator over al] alleles at a locus 

takes the form 

1 - 1 x~] ,  ( 3 . 1 8 a )  

where hik is the observed number of heterozygotes carrying the A k allele in the i-th 
subpopulation. 

While equation (3.18) can be derived even without invoking the variance c o m -  
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ponents (see Cockerham, 1969, pp. 689-690), this is different from Nei's estima- 
tor (our equation (3.5)), which estimates Fts~k as a ratio estimator, based on 
equation (2.3). Both estimators are asymptotically unbiased (since each of them 
estimates the numerator and denominator by their respective unbiased statistics). 

:Setting up the equivalence of Cockerham's (1973) and Curie-Cohen's (1982) 
n6t~itions, it may be shown that the above estimator takes the form 

Ptsi~ = [2Ne(x -Y) + Y ] / ( 2 N t x  - Y ) ,  (3.18b) 

where x = 2Nix~k(1 - x,k),  and y (= Y'~>k Nikt)  is the observed heterozygosity for 
the Ak-allele.in a particular subpopulation. This equivalence will also be useful in 
deriving the standard error of this estimator (diScussed in the next section). 

At this stage, since we have three alternative estimators of F~s~ k : Nei's unbiased 
(equation (3.5)), biased (&tuation (3.5a)), and Cockerham's (equation (3.18)), it 
might be worthwhile to studio how-they behave for a given sample. 

It can be shown that 

f'lSik At - F t s , k  = (X,k -- X i k ) / 2 N ,  x i k ( l  - X,k ) 

where /~is~k is from equation (3.5) and /~sik is from equation (3.5a). 
Since .v~k >/Xik in any given sample, we have the inequality 

(3.19) 

Nei's unbiased estimator >/Nei's biased estimator, 

over the entire sample space. 
Furthermore, the expected difference of these two estimators, 

E [ P t s i  k ", - F i s ik  ] ~ (1 - F i s i k ) / ( 2 N  i - 1), 

which is usually very small, of the Order (2Ni -  1)-i .  
Similarly, we can show that 

(3.20) 

(3.21) 

Cockerham's estimator (equation (3.18))>Nei 's  biased estimator 
(equation (3.5a)), -(3.22) 

over the entire sample space. 
The rdationship between Nei's unbiased and.Cockerham's estimator is a little 

bit more involved. For simplicity, using Curie-Cohen's notation [y = observed 
number of heterozygotes and x = an estimator Of the expected number of hetero- 
zygotes, for a specific allele = 2Nixi~(l - Xik)], we get 

Cockerham's estimator (equation (3.18)-  Nei's unbiased estimator 
(equation3.5) = y / ( 2 N i x ) . C o c k e r h a m ' s  estimator (equation (3.18)). 

(3.23) 
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Hence, when Cockerham's estimator is negative we have the string of ine- 

qualities 

equation (3.5)/> equation (3.18) >/equation (3.5a), (3.24) 

i.e., Cockerham's estimator is bounded by Nei's biased and unbiased estimators. 
However, when Cockerham's estimator is positive, from equation (3.23) we 

have 

equation (3.18) >/equation (3.5) >/equation (3.5a), (3.25) 

i.e., Nei's unbiased estimator is bounded by his biased estimator and that of 

Cockerham. 
These inequalities also hold for locus-specific estimators, irrespective of the 

number of alleles and allele frequencies. To our knowledge, this mathematical 
relationship among these three estimators has not been demonstrated before. 
Since the expected differences are of the order of inverse of the number of genes 
sampled (2N~) in a subpopulation, they are generally much smaller than their 
standard errors, which will be shown later. 

It is worthwhile to note that while Nei's (1977) or Nei and Chesser's (1983) 
estimate of FSTk (see equation (3.8) or (3.8a)) is only a function of allele fre- 
quencies in all subpopulations, Weir and Cockerham's (1984) estimator of Fs-rk 
also depends on the frequencies of observed heterozygosity for the A k allele in the 

sample. 
Weir and Cockerham (1984) also gave explicit expressions for approximations 

for these general estimators under several special cases. In particular, they note 
that when the Ni's are large, the above estimators take the form 

F[xk = 1 - 
I t  - c'-/s]-~(,~) 

_ " - ¢ 211 + (s 1)Is" CZls~(~')/s 211 C ' / s l x . k (  v) { l -2.k(~ ')} + 
(3.15b) 

and 

P ~ s k  = 1 - 
~ ( ~ )  

2 : e . k ( ~ )  {l - x . ~ ( ~ ) }  - 2 ( s  - 1 ) s ~ O ~ , ) / s  

FSTk = 
s ,~(~)  

(3.16b) 

[1 - C:/sl-~ k(~){1 - x  k(,¢,)} + [1 + ( s -  O/s.C21sg(a')/s ' 
(3.17b) 

in which E'ST k can be calculated only from allele frequency data. In addition to 
the N;'s being large, if s (the number of subpopulations) is also large, Weir- 
Cockerham's estimate of  FSTk takes the well known form of 

FsT,,'" = s ~ / X . , , ( l  - - ~ . , , ) .  

v ~ , .  

:: " _ .  
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• Nofe that, while the general estimator of  Fs-r, in Cockerham's approach de- 
" pends'hpon the genotype frequencies (equation (3.17a)), its large sample approxi- 

mat!0.n (equation (3.17b)) is only dePendent on allele frequencies. 
Weir and Cockerham (1984) suggested that locus-specific estimators for F~s, Frr, 

a n d  Esx can b e  deriv_edlbYSUffamingrk,ilbk, and eJ, over all alleles, so that 

= c'~), (3.26) FIs b k k 

T , . F, (cik+ bk) (ak + ;k  + dk'), (3.27) 
k = l  • and /, = l 

FST = a~ (ak + bk + 0k). (3.28) 
~ = J  k i 

Alth0ugh 6tlier-~met-ho-ds0f'-pooiing da ta  "of multiple alleles exist (e.g., Wright, 
1965; Kirby, 1975; Roberts0n a nd  Hill~ i984), Weir and Cockerham (1984) 
advo-cat~ihat"fl~e---m~rth-0-d ~res~-ntrdabrv~ (eqiiatirns (3.26)-(3.28))is more ap- 
propriatefor 'ratio estimators (see a i soReynolds  et al., 1983). 

Note that since;:tl~e parameiric%alue of bkcan be negative (see equation (2.16)), 
it is qui te  possible that in this approach FST can often exceed /01x. 
Van Den Bussche et al. (1986) also noted that negative estimates of Fs+ ~ (or 
Fsx) can arise in Weii '-Cockerham's approach when the following inequality 
holds: 

- ] s ~ ( f f ) < - -  2 .k( f f ){1- -~ .k(g ' )}  S-- 1 s~(~;')-¼h(~') . (3.29) 
N - I  s 

While it is possible that • Nei and Chesser's (1983) estimator of Fsx can also be 
negative (where/4s >/ f - r  occur), several simulation-studies show that the negative 
estimates of FsT are more common in the variance component approach 
(Chakraborty and Leimar, 1987; Van Den Bussche et al., 1986; Slatkin and 
Barton~ 1989), - : . . . .  ~ - - 

Fin-ally, equatiOn~ (3.26)-(3.28):can be extended to obtain pooled estimators of 
all indices, summing the numerators and denominators over all alleles over several 
loci (see equation (10) of Weir and Cockerham, 1984, p. 1364). 

3.4. Long's estimators for multiple alleles and multiple loci 

Long (1986) provided an interesting extension of  Cockerham's approach for mul- 
tiple alleles. He noted that when multiple alleles (r > 2) are involved at a locus, 
summation of a k, b k, and c k OVer alleles (as suggested by Weir and Cockerham, 
1984) ignores the correlation of allele and genotype frequencies (that is inherent 
in a multinomial sampling of genotypes) within subpopulations. Although this idea 
is imbedded in Weir-Cockerham's work (see their Appendix, termed as matrix 
estimation method), the formulation is explicitly stated in Long (1986) in terms 
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of the decomposition of multivariate dispersion matrices. The parameters, as 
defined by equations (2.18)-(2.20), can be estimated substituting the estimators 
for the Z" a, -r b, and Z c matrices. Long (1986) provided computational formulae for 
such estimators (see Appendix of Long, 1986) which involve the genotype and 
allele counts within each subigopulation and their totals over all subpopulations. 

Since there are severa! misprints in the formulae in Long's (1986) paper (see 
pp. 646-647), we present the general estimation procedure for a r-allelic 
codominant locus. This has two purposes: first, this exposition clearly indicates 
how Weir and Cockerham's (1984) expressions have their natural multivariate 
extensions and, second, it will indicate why Long's algorithm gives numerical 
results different from those of Weir and Cockerham for a multiallelic locus (r > 2). 
Furthermore, we derive here the explicit closed expressions for the Za, Zb, and 
Z,. matrices, that are not available in Long (1986). For a single subpopulation, 
closed expressions for Zb -~ Zc matrix are also shown through this exposition. 

For a specific subpopulation, when an estimator for Fts is sought (in parallel to 
F~sik estimator, as done for Nei's and Cockerham's method earlier--only differ- 
ence being in Long's procedure we need a different pooling algorithm over all 
alleles), a multivariate variance-covariance decomposition can be done in analogy 
of Table 3 of Cockerham (1973). The within-individual mean-square cross-pro- 
duct matrix (MSCP) S,. (equivalent to Swk of Cockerham) for the i-th subpopu- 
lation takes the form, whose k-th diagonal element, 

h ,k /2N, ,  where h,k = L N k t ,  
l > k = l  

is the observed number of heterozygotes with reference to the Ak-allele in the i-th 
subpopulation, and the (k, l)-th off-diagonal element of the S~ matrix is - h~.kt/2N i, 
where/'/~k/= N~kt, the observed number of AkA I heterozygotes in the i-th subpopu- 
lation. 

Algebraic manipulation of the MSCP matrix for between individual source of 
variation, S b matrix has: 

and 

k-th diagonal element = 4NiXik(1 - xik) - hik (3.30a) 
2(N,- 1) 

(k, l)-th off-diagonal element = 
hik t - 4N~XikX u 

2(Ni-  1) 
(3.30b) 

where the xi~'s are as defined in equation (3.2). 
These matrices are square matrices of dimension r - 1 ,  since the linear 

constraint of allele frequencies (summation of all allele frequencies at a particular 
locus being one) has to be used in order to make such matrices non-singular (a 
requirement needed for the computations done in the Sequel). 

Estimator of Z b matrix (variance-covariance component due to between- 
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individual source of variation) is obtained as 

since 
'Sb = ½[MSCP(b) - MSCP(c) ]  = ' ~ [ S ~  - S ~ ] ,  

E[MSCP(b) ]  -- Zc + 2 Z  b and E[MSCP(c ) ]  = Z¢ 

(3.31) 

(see Cockerham (1973, p. 688). 
^ 

Therefore, Z b matrix has the form, whose 

and 

k-th diagonal element = 4N~:x~k(1 - x~)  - (2N~ - l)h~k 
4A; . (N,-  1) 

(k, l)-th element = hikt(2Ni - 1) - 4N~:xikx u 
4 N , ( N , -  1) 

(3.32a) 

(3.32b) 

for k, 1= 1, 2 . . . . .  r - l .  
^ ^ 

In order to estimate F~s ~, we need the matrix Z b + Z~, whose 

and 

k-th diagonal element = 4Ni:x~k(l - x~k) - h~k (3.33a) 
4 N , ( N , -  l) 

(k, / )- th element = h i k t -  4NtZxikxu , (3.33b) 
4 N , ( N , -  1) 

f o r k ,  l =  1, 2 . . . . .  r - l .  
With these computations,  the es t imator  for F~s ~ is 

fts~ - 1 tr[(,~ b + ~¢)~ t;2 ,~b(,~ b + , ~ ) - , / 2 ] .  (3.34) 
r - I  

Although no closed explicit expression for Psl; c a n  be given in ~eneral (for 
r >  2), the explicit expression_s_for t h e  e!em_e_nts of  Z" b + Z c and Zc matrices 
are instructive to understand Why the nfimerical values of  Long 's  est imators  are 
different from Wei r -Cocke rham ' s  est imators.  For example, even if all off-diagonal 
elements are neglected, equation (3.34) would yield 

1 [4NiZxik(l- Xik)- (2Ni- 1)h k] 
, , - ,  L _1 

- I , ( 3 . 3 4 a )  
r -  1 k= I L 4 N f X i k ( 1  x i k ) -  h 

• 2;~: ̧ --- 
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whereas Weir and Cockerham's (1984) algorithm would suggest the computation 
of 

F i s  i = 1 - 2 ( N i  - 1)hik [ 4 N i 2 x i k (  1 - x i k )  - ik] • 
k = l  k 1 

(3.34b) ~,,~:... 

While for a bi-allelic locus (r = 2), equations (3.34). (3.34a), and (3.34b) are 
identical, there are a number of practical limitations of equation (3.34) which are 
worth noting. For instance, suppose that there are multiple alleles (r > 2) in the 
total population, but in each subpopulation one or several are not present (either 
in the sample, or in the subpopulation as a whole), and the missing alleles vary 
across subpopulations. In such an event, for each subpopulation the Sb and S c 
matrices will be of different dimension, and would refer to different sets of alleles. 
Therefore, in the strict sense F~s ~ values computed from equation (3.34) cannot 
be contrasted across subpopulations, since they are based on different sets of 
alleles even when they belong to the same locus. 

Nevertheless, the large sample estimator for F~s ;, following the matrix method 
has a closed form, not noted by Weir and Cockerham (1984) or Long (1986). 
Note that when the Nj's are large, ignoring terms of the order Ni-2 we have 

j'xi~(l - xik) for k = l ,  (3.33c) 
+ 

t - x~kxi t  for k :/: 1, (3.33d) 

for k, l =  1, 2 . . . . .  r -  1 at a locus .  
The (k, l)-th element of the (~b + Zc)-  t matrix has the form 

S l / x i k  + 1/xi" for k = 1, ( irb I + 
t l / x i r  for k 4= l ,  

for k, 1= 1, 2 . . . . .  r -  1. 
Therefore, if we estimate F~s i by 

P~si = ( r -  1 ) - '  tr[(~o + Zc) - I  '~o1, 

it has a closed form 

/0~s ,. = 1 - [ 2 N , ( r -  1)1- '  ]~ h,k /Xa,  
k = l  

= ( / " -  1) 1 (Xik/Pik) - -  1 , ( 3 . 3 5 )  
k = l  

while Cockerham's estimator, pooled over alleles has a large sample form given 
in equation (3.18a). 
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Note that equation (3.35) is identical to the estima[or f2 used by Curie-Cohen 
(1982), al!houg h he arri-ved at thisestimator by a different logic. 

When several subpopulations are analysed together, nested muhivariate 
variance-covariance fi.nalysis was performed by Long (1986), to obtain the esti- 
mat0rs for ifiree variance-covariance component matrices (VCCM's) as 

S~ = MSCP(c), (3.36) 

So = ½[MSCp(b) .  MSCP(c)],  (3.37) 

S~, = (I/2N~) [MSCP(a) - MSCP(b)], (3.38) 

-where N~-is-as defined in--equations (3.15)-(3.17). Here again, each of these 
matrices--are-square matrices of dimension ( r -  1). As in the univariate case 
(equations (3.15_)-(3.17)),-e-xplicit cl0sed forms of these three matrices can be 
written which-are nof-give~i iri: Lotig (1986). Long's equation for the MSCP(c) 
matrix (cal!ed. MSCP(W) in Long; 1986) for a three allelic locus has a misprint 
(see hisequation on toj9 of p. 647) which fails to show how such a matrix can 
be computed for a multballelic locus.-If we .write the (k, l)-th element of S,, S b, 
and S~ as akz, b,/, and ckl, respectively, algebraic:manipulation yields 

{s~(,~.) 1 
d ~ = N c  N -  I 

6J, t = ~  s~,10:') N -  I 

~) k k  -- 
N r - 1  

b ~ , , - -  1 [ (2N-  l)/4N]hk,(~, ) -  

- [(s  - 1)lsls, .(~)I , 
J 

e~ = ½~(~,), 

_ _ _  [ : k ( , : , ) ~ { 1  _ x.k(~,)} 

-[(s-1)/slsZ~(~)-~-hkO~,)]}, (3.37a) 

_ _ _  [:~. ~ (~')~. ~(~.) 

+ [(s - l)ls]s,t(~') - ~-hk,(~)]}, (3.37b) 

U { : ~ ( ~ , )  {1 - : ~ ( ~ , ) }  - [(s - l)/s]s~(,~,) 

- [ (2N-  1)14N]hk(~)} ' (3.38a) 

ckl = ~hkt(w), 

(3.38b) 

(3.39a) 

(3.39b) 

for k, l = I, 2 . . . . .  r -  1, where ~.k(g,)and s~(~) are as defined in the context 
of equations (3.15)-(3.17), and 

S, " .  
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is the covariance of the allele frequencies of A k and A t over all subpopulations: 
hk(~:'), the observed heterozygote frequency of the A k allele over subpopulations 

$ 
( = s~V 2~= I h/h), and hkt(~) = Y~,= i h~k/S-lq is the average observed frequency of 
a specific heterozygote A k A  t over all subpopulations. 

Note that equations (3.37a); (3.38a), and (3.39a) are identical to the Ak-allele 
specific variance components described by Weir and Cockerham (1984), while 
equations (3.37b), (3.38b), and (3.39b) are direct extensions of these with mul- 
tinomial sampling of genotypes. 

With these explicit general closed form expressions of the elements of S,,  S h. 
and S,. matrices one can compute the Fis-, FIx, and FST estimators: 

/OlS _- _ _ 1  tr[(Sb + S<)- 1/2So(S b + S ~ ) -  1/2] , (3.40) 
r - l  

and 

0 s  T _ 1 
r - I  

J01T _ 1 
r -  1 

- - -  tr[(S~ + S b + S ~ ) -  I /2Sa(S  ~ + S o + S ~ ) -  i/2], (3.41) 

- - -  tr[(Sa + S b + S ¢ ) - 1 / 2 ( S , ,  + Sb) 

x ( S  a + S b + S ¢ ) -  I/2] , (3.42) 

with far more ease than following Long's (1986) suggestion. Note that like the 
one-subpopulation situation, even if the off-diagonal elements (~ikt, /~k/, Ckt) are 
neglected, instead of Weir-Cockerham's estimates (equations (3.26)-(3.28)), 
equations (3.40)-(3.42) take the respective forms 

r -  I bk.k P s- -1 5:. ^ 
r 1 ,= t  ( b ~ + ( ~ )  

r -  1 k=l (a:k + b . ~ + ( ~ )  

1 r 6 '  

r 1 k=t ( ~ +  b ~ + ( ~ , )  

(3.40a) 

(3.41a) 

(3.42a) 

which perform worse than the estimators (3.26)-(3.28) in-Weir and Cockerham's 
(1984) simulation experiments. Furthermore, the Fis estimator obtained from 
equation (3.40) is not a weighted average of the subpopulation-specific tSis ,. values 
obtained from equation (3.34) since for each specific subpopulation the matrices 
can have different dimensions for reasons stated earlier. 

At this point it is worthwhile to mention that this multivariate extension has not 
been presented explicitly before. Although Weir and Cockerham (1984) found that 
the estimators by such matrix method have the_ sm_al!est standard errors in_ cgm~ . " 
parison with various other estimators they examined, their computations of:the 
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matrix estimators are somewhat different from those of Long (1986). Instead of 
.5~ L,2,Z,X- ,:2 Weir and Cockerham used r - ,  Z~. Since the Z matrices, as well 
as tl{elr"esti/hators; are always symmetric square matrices, it is not clear why 
Long's p~oc~d~fe-~f:~Fe-zT~hfid ~ I~dst~multiplication with -½ power of the 
S,, ' ~ S / +  S / o r ~  + S~ mafficesqs needed, in: fact/Since such estimators can be 
computed 0nly for- n0n-Singular S a + St, + S~ and St, + S¢ matrices, if we define 
thefi~ati0n indices- by ~ - . . . . . . . .  

Frr = (r - 1 ) - '  t r [X-  ' (Z',~ +_ Z't,)]~, (2.18a) 

FST = (r - 1 ) - '  t r [Z ' - '  Z',,], (2.19a) 

Fts = (r - 1)- ' tr[(Z h + Z'c)- ' Z  b] ,  (2.20a) 

instead of equations (2.18)-(2.20), only matrix-inversion routines are needed as 
opposed to the evaluation of eigen values and eigen vectors and inverse compu- 
tations of the eigen vector matrices that are required in Long's algorithm. 

Like the Weir and Cockerham estimator of FST (equation (3.28)), the estimator 
given by equation (3.41) also depends on the observed frequency of heterozygotes 
(see equations (3.37a) and (3.37b))in addition to allele frequency data, which 
makes these estimators qualitatively different from that in Nei's approach 
(equation (3.8a)). Since in most practical situations the off-diagonal elements (akt , 
bkz, c~t for k ~ / )  are small, because the subpopulations are sampled indepen- 
dently; the complexity of computations can be greatly reduced when Weir- 
Cockerham estimators a r e c o m p u t e d  (according to equations (3.26)-(3.28)) for 
multi-allelic loci in the varianc-e-~:6mpohen~ fippr0ach to estimation. 

3.5. Esthnation where genot)pe data are not available 

Sometimes population structure analyses may have to be done in the absence of 
genotype data. Such is the case• where the  population structui'e is to be inferred 
from the allele frequency data reported in the literature, or the allele frequencies 
are estimated from phenotypic data at loci where complex dominance relation- 
ships exist among various alleles or haplotypes (e.g., ABO, Rh, and HLA system 
in man). Obviously, since such data do not provide any direct information 
regarding the observed number (or proportion) of homozygotes or heterozygotes, 
a somewhat different estimation procedure must be adopted. 

In this case,-NeFs-approach carl be:eaSily ~idbpted for estimating FST , since H s 
and H T parameters can be obtained simply from the estimated allele frequencies 
(with the assumption that the x;k's are multinomial proportions from a sample of 
2Nj genes sampled from the i-th subpopulation). Equation (3.8) or its variant, 
equation (3.8a) with "w~ = 1/s, is the estimator of preference here. Since F,s is 
defined in terms of  the deviation of  genotype frequencies from their HWE expec- 
tations, no direct estimation of this quantity is possible. However, some approxi- 
mate theory of estimation may b e sugge_sted. 

Note that in the case of genotype data, the goodness-of-fit Z2 statistic (of 
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testing for deviation from HWE expectations) for a r-allelic locus is 
~2 = N~(r - l)F, sj (Li, 1955), and hence an approximate absolute value of Fls can 
be obtained from , , /z2/N~(r- 1) where N~ is the number of individuals sampled 
from the i-th subpopulation. However, this suggested estimator is quite approxi- 
mate, since for the loci in a'dominance system, ifie goodness-of-fit statistic has 
a more complex parametric form (see-Rao and Chakraborty, 1974). Furthermore, 
the sign of F~s cannot be directly inferred from the X 2 statistics. We advocate that 
for such data, only Fs-r estimation is legitimate. 

If one prefers the analysis of variance approach even the exact estinaation of 
FST is not possible, Unless large sample approximations are made. This is so 
because Weir and Cockerham's (1984) estimator of FST requires estimation of the 
observed heterozygosity for each allele (see equation (3.15) and so is the case with 
Long's approach (see equations (3.37a), (3.37b) and (3.41)). Under the assump- 
tion Fts = 0 (rand6m-u-nigh of g~imetes within subpopulations), since For = Fsv, 
Weir and Cockerham (1984, 1963) obtained the estimator 

• 7 A - .  -- 

FSTk = 

s ~ ( W ) - [  x k ( a ' ) ( l - X k ( ~ ' ) )  s - 1  s Z k ( ~ ' ) l / [ 2 - N - s  II 

2NC2 ~2.k(~i,){l -- X.k(~')} + 1 + (2N-  l)s .} - s 
I ( 2 ~ -  l ) s }  

(3.43) 

where ~:.k(~') and sk2(~ ') are the weighted mean and variance of the Ak-allele 
frequency over all subpopulations (defined in equations (3.!5)-(3.17)), and:C2-is 
the coefficient o (  var(ai]-on of i,~[s?--0ver all subpopulations (note that 
1 - C2/s =,N,.,  where i_N,.__i.s~as__d_defined i_n_-e_qu_afio_-ns=(_3-15-)~(-3-' 17)). Clearly this 
estimator d~pend~ -oril;¢ -6n-~llEl~-ffe-quency data.-Therefore,: the analysis~ of 
variance approach, when ?~tpplied/t0 all_e/e freqtiency d_ata(also y ield_s a consistent 
estimator for Fs: r under the assumption that F~s = 0. For large sample sizes, this 
assumption is, however, not needed (see equation (3.17b). 

When all  subpopulations have the same sample size (i.e., N;=N),  
equation (3.43) takes the form 

F s v k  = S~ - { ~ . k ( 1  -- 2 . , )  -- [(S -- 1 ) / s l s ~ } / ( 2 - N  - 1) , ( 3 . 4 3 a )  

- ~ . k ( l  - :~ ~) + s~,/s  

which reduces to the well known formula S2k/-g.k(1 -- -~.k) when N and s are large. 
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4. Standard errors and hypothesis testing 

The discussions in the earlier sections clearly indicate that the problem of esti- 
mation, of the fixation indices arises because these are defined as ratios of 
functions-of allele and gen0type frequencies in the subpopulations, and hence, 
strictly speaking none of the estimators suggested above can be claimed most 
efficienL We arrived at consis~tem eStimators by eStimating the numerators and 
denominators by their respective unbiased statistics. Although several expressions 
for the standard errors of these estimators are suggested, and the question of 
laypo~hes[g~ testing has  been addressed in a variety of ways, we agree with 
C0~k'erhafii ( i 973) tba t  such procedures are on much less sound grounds than 
esfin'aatior~ Nevertheless, since'all estimators derived above are of the general 
form t)= t,/t2, where t~ and t 2 are the estimators of, the numerators and the 
denominators of the respective fixation index parameters, using Taylor's ex- 
pansion (Kendall and Stuart, 1977, p. 247), an approximate formula for the 
variance of /~ can be written as 

V ( ~ ) ~ F E ( t ' ) 1 2 F V ( t ' )  

LE(t2)_J L ~  + 

V(t2) 2 Cov(tl,  t2)] ,  (4.1) 

E2(/2) E(t,)" E(/2)_] 

where E( ' ) ,  V(.),  and C o v ( - , . )  represent the expectation, variance, and co- 
variance of the respective statistics. 

For the analysis of  data from a single subpopulation, where only F~s is to be 
estimated, Curie-Cohen (1.982) derived the sampling variance ` of such estimators. 
As shown earlier,, the estimators by Nei's and Cockerham's approach (equations 
(3.5) and (3.18)) are related to Curie-Cohen's (1982) estimator ft = 1 -O ' /x ) ,  
for which he derived a general expression for V a r ( f )  at a multi-alleleic 
codominant locus. His expression (equation (5); Curie-Cohen, 1982, p. 345) can 
be further reduced to 

V(J~) = (1 - F ' s ) [ ( l  - / 2 2 ) + ( 1  - F ' s ) ( 1 - / 2 2 ) 2 - ( 1  - F ' s ) 2 ( / 2 3  - / 2~ )1  , (4.2) 
n(l -/22) 2 

where /22 = E~,=, p~ and /23 = E~,=, p3, are parameters that depend upon the 
true allele frequencies at a locus: In prac_tice the estimates of Fis,/22, and/23 based 
on sample statisiics can be used to estimate V[J]). using our equation (3.5b), 
w_e m_ay immediately note that N e F s  unbiased estimatoi" of Flstk has a sampling 
variance . . . . . .  

__ ~[ 1_- 1/(2N~)]Z_V(f]) _ - _ _ (4.2a) 

while, Cockerham's estimator (equation (3.18)) has the variance 

(1 - F,s) [ (#2  - 2/23 +/222) + F I s ( ! . -  2/22.* 4/23 - 3/222) - 2F~s(/23 -/222)1 

, (4.2b) 
N (1 - 

- . £  . . . . . . . . . . .  
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in which terms of the order (2N~)-2 or less are neglected. 
As mentioned earlier, for large samples Fts ~ at a locus, estimated by Long's 

procedure, is identical to the estimator f2, used by Curie-Cohen (1982). Since 
he derived its sampling variance (equation (7); Curie,Cohen, 1982: p. 346), in our 
notation for Long's estimator we get 

1 - F~s [2(r  - 1) - 2(2r - 1)Fis + r2F2s 

+ Fts(2 - Fts) f UP,k] 
k = l  

(4.2c) 

Equations (4.2), (4.2a), (4.2b), and (4.2c), therefore provide the approximate 
sampling variance of Nei's biased, Nei's unbiased, .Cockerham's and Long's esti- 
mator for F~s for a:s_pecificsubpopu!_ation,_fo__r_an~v g~n_era!_m_._u!ti-_allelic codominant 
locus. When estimators of  a.specific allele are sought, the equations (4.2), (4.2a), 
and (4.2b) can be used taking r = 2, as shown for a specific case by Curie-Cohen 
(1982). 

Although for a-given ~sample, 4fiese-sampling-variances =ar-e_to_be~e~aluated-with 
sample estimates of Flsik, ~2, and /~3; i t i s possible to compare the relatiye 
emciencies of Nei's unbiased (eq~uatio./~-(3~.5)K Ner~b~a~ed_(~quat)on-(-3~5a?)F-~= 
Cockerham's- estimates (equation-(-3:lS)), and its - multi~)afiate -extension - 
(equation (3.35)) by contrasting their sampling variances for known parametric 

values of F~s, /~2, and/~3. 
Equation (4.2a) suggests that when these parameters are fixed, Nei's unbiased 

estimator has a smaller sampling variance than the biased estimator. Of course, 
in reality, when estimates are Used in variance evaluation this might not occur in 
a given set of da t a  (since F~s estimates would differ., for. these two estimators). 

Note that for a bi-allelic locus (with allele frequencies p and q), equations (4,2), 
(4.2b), and (4.2c)all  take the common-form 

N~V(/e s ) ~ 1 - F , s  [2pq ÷'2(1 ~'- 3pq)Fts ~ (p -- q)2F(s] ,: (4.3) 
. . . . . . . . . . .  ~ 2 p q  ....... • 

suggesting that the large-sample standard errors of Nei's biased estimator 
Cockerham's estimator, and Long's estimator are all identical to the extent that 
the terms of the order (I/2N~)-~ or less are neglected. Equation (4.3) is also 
identical to equation (3) of Curie-C0hen (1982). 

To our knowledge, this equivalence of the standard errors of the different Fts 
estimators has not been demonstrated before. In view of this mathematical equi- 
valence, one might wonder-wh3/tile efiipirical v-fil~tes bf-th-e-~t~-n-d~-d-e-rro-rs of the 
different estimators vary in the-simfila-(i()n-e~eiSfneii-tg ~f~Weir-~nd Cockerham 
(1984), Van Den Busche et al. (1986), and Chakraborty and Leimar (1987). Note 
that the standard error of F~s is. dependent on the true value of F~s and the allele 
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frequencies at a locus (equation (4.3)). Hence, in the computation of the empirical 
values of the standard errors it is customary to replace the true values of the 
parameters by their respective estimates (i.e.,/0~s is substituted for Fts). Since we 
have sh0~n earlier that the estimates differ depending upon the method of esti- 
mation satisfying the inequalities (3.24) and (3.25), it is obvious that the same 
analytical formula for variance (evaluated by equation (4.3)) will give different 
values, when F~ s is replaced by its different estimates. 

In order to study the empirical differences in the standard errors, it is therefore 
important-tr-see how expression (4.3) varies as a function of Fis. Curie-Cohen 
(1982)~iexamqned tl~is inhis Figure 1 (for a two allelic locus) and Figures 5 and 
7 (for iwo dqfferent three alieiic loci). His Figure 1 is Somewhat confusing, since 

• expression (4.3) does not decrease to zero as Fls approaches its lower limit ( -  p/q 
for q > p). Substituting Fls = -p/q, it reduces to p(q -p)/2q 4, which is zero only 
if p = q. In Figure 1, we therefore plotted {N~V(Pls)} t;2 as a function of Fis for 
four values of p (p = 0.01, 0.1, 0.25, and 0.5). It is clear that for F~s = 0, 
V(Pls ) = I/N~, irrespective of the allele frequencies at a bi-allelic locus. In general, 
V(Fts ) is a cubic function of F~s, which attains its maximum at a value of Fts 
depending upon the allele frequencies at the locus. When the allele frequencies are 
very skewed (p close to zero or one), the curve rises very fast for negative values 
of ~'~s, and similarly drops fast when Fts approaches one. Since Cockerham's 
estinaator (equation (3.18)) is always larger than Nei's biased estimator (equa- 
tion (3.5a)), unless the true value of Fts is large, substitution of the respective 
estimates will yield smaller standard error foi" Nei's biased estimator as compared 
to that of Cockerham's estinaator. The nature of the curves in Figure I indicate 
that such is the case for negative values of F~s, irrespective of the allele fre- 
quencies at the locus. In theory, the situation can be reversed for large positive 
Fts. But, since large positive estimates of Fls are rare in natural populations 
(unless the organism is highly inbred), this theoretical possibility is not commonly 
seen. For skewed allele frequencies, the difference in the empirical values of the 
standard errors can be substantial, because of the sharp rise of the curve. We 
therefore claim that the observed discrepancies in the standard errors of the 
various estinaators of F~s are the artifacts of substituting the estimates in the 
variance formula (equation (4.3)). Indeed, there is no inherent difference in the 
standard errors, as seen in the analytical formulae established here. 

Another comment regarding the standard error evaluation of Long's large- 
sample estimator of'Ets (_or f2 of Curie-Cohen, 1982) is worth mentioning at this 
point. Note that for a multi-allelic locus, this estimator is defined by contrasting 
the observed proportion of the homozygosity of each allele with the respective 
ailele frequency (equation (3.35)). However, when equation (4.2c) is used to 
evaluate its standard error {V(/Ots)} t/2,substituting Pa, for P,k and J~iS for Fls, one 
might encounter negative variance estimators, particularly when one (or more) 
allele is rare in the populati6n,-and F~s is negative. In the application section to 
follow, we have several situations when it occurred. There does not appear to be 
any simple solution to circumvent this problem of a negative variance estimate. 
We simply note that the substitution of estimates for parameters (e.g., Fts for Fts 
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Fig. I. Relationship between the sampling error of the large-sample:estirnate of F, s and the true 
value of parameter (Fis), as studied by plotting {n Var(/~,s)} z/-" versus Fls .for a bi-allelic cottominant 

locus with allele frequencies p and q (= 1 -p). 

z:.~-:~ ... 

a n d  P~k for Pik) in equation (4.2c) yields a poor estimate of V(Fis ) because of the 
inverse function of p~k'S (last term of equation (4.2c)). 

One solution to this problem, admittedly an ad-hoc one, is to note that when 
some alleles are rare, since they generally appear in a sample only as heterozy- 
gotes, they do not contribute to the estimate of F~s (equation (3.35)). They can 
be deleted in the variance Computation, which is equivalent to computing the 
~. (i/P~k) term 6nly.fdr alleles that contribtite tO-the~¢stim;ite 6f---.Fls--ThisVa~,~id~s.-. 
the occurrence of  a neg-ativevar~ance-estimate, ~s~-seen- in-~our em~h'ical-s(ud~. 
Obviously, more .workis needed tg_~tg~-de a:ju~ft]a-ble esti~mator fo~-the staqdard 
error o f  F~s in such situations. : - - - - - :  _ - _ ± _ -  -. 

The maihematicalequivalence of. the s-tandard er{ors stiown here app y oniyfor 
-bi-allelic loci. :For a general mulfi~all61ic~locus-sucfi~c6mp~ifid6ns~are,more;di~6ui-t,_~ 
since the variances also depend on the sum of squares and cubes-of allele 
frequencies (see equations (4.2), (4.2b), and (4.2c)). Nevertheless, for a r-allelic 
locus with equal gene frequencies (i.e., P~k = 1/r for all k), we have 

Vi/~s ~ . _ ,  , =  (1 - F t s  )[1 + ( r -  l)F,s ] 
n (4.4) 

r - l  

which holds for all of these estimators. 
When data from several subpopulations are jointly used for parameter esti- 

mation, equation (4.1) can again be used to obtain approximate variances of these 

~ D  
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estimators, in which case the variances and covariances reflect the inter-locus 
variation and covariation of the observed statistics. Chakraborty (1974) was the 
first to use this idea to evaluate the sampling variance of FsT, which he repre- 
sented by 

V(ps:)  + . j ,  (4.5) 

where the variances and covariances of Hs and Ha- [V(Hs), V(Ha-), and 
Cov(/4s, HT)] are obtained from inter-locus variations of these statistics. While 
Nei and Chakravarti (1977) demonstrated that the equation (4.5) is approximately 
adequate, Wei¢ and Cockerham (1984) advocated a jackknife procedure in this 
context (Miller; 1974; Efron, 1982). In .principle, if 0 represents an estinaator 
of a parameter 0 (not to be confused with Cockerham's notation), based on n 
observations, then the jackknife variance of 0 can be expressed as 

V ( 0 ) ~  0 ( i ) - -  0(i) , (4.6) 
n i = 1  n i = l  

where 0(i) is the estimator based on ( n -  1) observations, omitting the i-th 
observation. If 0 involves some bias in estimating 0 (as is the case with ratio 
estimators), a less biased estimator of 0 is 

O *  = n O  - [ (n  - l)/n] ~ b(i). (4.7) 
i = 1  

This technique is adopted in estimating the standard errors of the F~s, FIT, FST 
estimators of the variance-component approach by Weir and Cockerham (1984), 
where jackknifing was done over loci (i.e., estimators of a, b, and c components 
were computed omitting one locus at a time). In particular, when the L-th locus 
data is omitied, the respective estimators for Fts, FIT, and Fs-r used are 

and 

J 0 ' : ( L ) = I t ~  k b tk) lJ l  ~ k ~tk+ctk)l' (4.8) 

]t[ ] F,s(L) = btk ~ ~ (btk + dtk) ' (4.9) 
l I ~ L  k 

1/ r  ,, ] ~PsT(L) =- ~ a,k E E (d'k + btk + eta) (4.10) 
t k J I l _ t ~ t .  k 

Note that the same approach can be adopted for Nei's estimation procedure 
as well, where Hs(L),  /4-r(L), and/-)o(L) values are to be evaluated omitting the 
L-th locus data. 

While the jackknifing over loci may provide standard errors of the estimator, 
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pooled over loci, there has been no explicit formulation for evaluating the sampling 
errors of individual allele-specific estimators. There is no simple formula for the 
standard errors of the variance-component estimators for a particular allele, 
although the sampling theory of categorical analysis of variance (CATANOVA) 
developed by Light and Margolin (1971), or analysis Of diversity (ANODW) of Rao 
(1982), indicated in Nayak (1983) may be adopted in this context. Further work 
is needed to provide computational formulae in this regard. 

In principle, under multinomial sampling of gen0types, sampling variances of 
estimators JetT k. PtSk, and J~s-r~, (equations (3.6)-(3.8)) can be derived, following 
Nei and Roychoudhury (19"74) and Nei (1978)-which refer'to the sampling variance 
computations of heterozygosities and genetic distance. No explicit form of the 
intra-locus standard errors o f  the fixation indices tare yet available. 

Although the  utility of the estimators is greatly increased when such standard 
eri'or evaluation is available, this does not immediately resolve hypothesis testing 
problems, because with categorical data such ratio estimators do not have simple 
sampling distributions. Nayak (1983) showed that while exact sampling distribu- 
tions of the variance components (or sum of squares) are not available, in large 
samples (N;'s large), the rnean square error~ terrfis:~can be represented-by linear 
combinations of 7. 2 variables. However, the coefficients of such linear combi- 
nations are again no t  estimable, and tienci: such theory is difficult to apply in 
practice. 

Cockerham (1973) suggested some heuristic test criteria for specific hypotheses. 
His test criteria require notations somewhat different from the rest of this paper. 
In order to avoid confusion, let us introduce for each allele (Ak) at a locus, three 
genotypes AkAk,  Ak-Ak, and AkAk, where Ak is the combination of alleles except 
the A k allele. Let M~j,,, Msk~, and Msko be the observed frequencies of these three 
genotypes in a sample of N~ individuals from the i-th subpopulation. Note that 
Mu, ~ represents the number of individuals with I copies (1 = 0, 1, 2) of the A~ allele 
in the i-th subpopulation, and Mgko + Mjk~ ÷ Mu,2 = N,- for i = 1, 2 . . . . .  s. As 
before let N = N~ + N z + ". .  + N,' the total number of individuals in the entire 
survey. 

Furthermore, .let Xa, represent~ the~e-stim/~ted ~aliele!frequenCy:of A/, in the i-th. 
subpopulation, given by our equation-(3.2); which !s-;equ!valent~to 

• = 

xi k = (2M,~2 + M,~I)/2Ni, (3. la) 

Under the hypothesis that FST = 0 and F,s~k = 0 for all i and k, the expectations 
of Mik/S are given by Cockerham (1973) as: 

q,k, = E(M~k,) = 2Ni[2N/(2N - 1)1.7.,(1 - .7.,,), (4.11) 

x 
where .7. k ~ -  ~'~'i= I NiXik /N ,  the weighted average frequency of the A k allele over all 
subpopulations, 

- I -  ( 4 . 1 2 )  I~ik2 = E(Mik2) -- N.7.k - 2qikl 

• t .'-2 



Estimation of fixation indices 233 

and 
~iko = E(M,ko) = N(I  - "if.k) -- iqiktl-- , (4.13) 

so that the deviation from Fs.  c = 0 and F~su, = 0 can be measured by the 
goodness-of-fit statistic 

Zz~ = L ~ (M, k t -  -O, kt)Z/-O'kt" (4.14) 
t =  I / ~ 0  

which has a Z-" distribution with d.f. 2s - 1 (2s independent  genotypes,  and one 
parameter, P.k being estimated). 

The test-statistic for F~sst. = 0 for all i and k, given by Cockerham (1973)is  the 
sum-total of  sz'- values measuring deviations from H W E  within individual sub- 
populations. However, ' since the unbiased es t imator  of  the AkA k heterozygote 
proportions in the i-th subpopulat ion,  is 2A~xu,(l - x u , ) / ( 2 N  , - 1), under this 
hypothesis the expectaiions of  M~kz'S are given by 

~hkl = E(Mikl) = 4Ni 'x ik ( l  - Xik)/(2?V;" -- 1), 
^ 

~/tk2 = E(M/k2) = A;txi~- - ~-~k, ,  

~/,~-0 = E(M~ko)= N,(1 - x,./,) - ~ r/,k, • 

(4.15) 

(4.16) 

(4.17) 

Departure from this hypothesis can be tested by the Z z statistic 

Z-'z= i=,L t=oL (Mikt--~ik,)2/Cla, , ,  (4.18) 

with s d.f. 
Cockerham (1973) suggested Zt z - Z ]  as the test criterion with d.f. s -  1 for 

testing the hypothesis FsT = 0. While this may approximately hold for large 
samples, when the At-allele is rare in one or more subpopulat ions,  because of  
small values of M~k t, or rhk/, or q;k/ this approximat ion  may not be accurate.  
Workman and Niswander (1970) suggested a more  direct test for Fsv  = 0 by the 
usual ;(2 test of heterogeneity (Rao,  1965, p. 323) which is commonly  employed 
in most anthropogenetic studies (see, e.g., Chakrabor ty  et al., 1977). 

When F~s~k is assumed to be equal in all subpopulat ions,  the test for F~s = 0 
(common value over all subpopulat ions)  can also be tested with a g 2 statistic. In 
this case, the expectations of  M~k~'s are computed  as 

q2 = E M~, 2 = Ni~.,  - i t / t ,  (4.20) 
i = 1  

q ° = E ( i = , L  M i k o ) = N ( 1 - T f . k ) - ½ ~ l , ,  (4.21, 
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which yields 

I = 0  i = 1  

(4.22) 

which also has a Z z distribution with one d.f. 
In a similar vein, Cockerham (1973) suggested a test criterion for Fs-rk 

allele frequency data, which takes the form 

z;, = 2 X , [ x , ~  - x ~ ( w ) ] -  v ~ . A ~ ' ) [ 1  - :e ~ ( ~ . ) 1 } ,  
i = l  

-- 0 from 

(4.23) 

with (s - 1) d.f., for each specific allele A k. Although for genotypic data, several 
alternative test criteria for Fs-r exist, there is no definitive theory that suggests 
which should be the preferred one. We might note that expression (4.23) is the 
most commonly employed test criterion for Fsx  k in empirical studies of population 
stcucture (see also Workman and Niswander, 1970). 

Although the test criteria (4.13), (4.18), (4.22) and (4.23)_ have. their own 
intuitive appeal, Rao (.1982) and Nayak (1983) showed that when the Ni's are not 
equal, these Z 2 statistics do not quite reflect an orthogonal decomposition of the 
total sum of  squares in terms o f a  caiegorical anaiysis of variance. Further 
investigation is needed to-~addi'ess the question of most powerful test criteria in 
the analysis of such data~ Ftirthermore, ~ s-ince these-stai~sticsrefer to a single allele 
(A,), a combined analysis for multiple allelic loci is not provided by these test 
criteria. 

Long (1986) approached this problem while providing locus-specific estimates 
of the fixation indices. As shown earlier, Long's (1986) estimators are derived in 
terms of the three MSCP matrices: MSCP(a), MSCP(b), and MSCP(c), respec- 
tively (in Long's notation MSCP(c) = MSCP(W)). He suggested that the signifi- 
cance of Fts,  FiT can be tested by 

and 

A~ = det[MSCP(()]/detlMSC_P(b)] ~ A(_G, N - s, N )  , 

A (  " d e t [ M S C P ( b ) ] / d e t [ M S C P ( a ) ]  ~ A ( G , s  - I , N -  s ) ,  

a~' = d e t [ ( N -  2)MSCP(b) + 2MSCP(a)]/det[N MSCP(c)] 

(4.24) 

(4.25) 

A ( G ,  N - 1, N ) ,  (4.26) 

respectively, where det(Z) is the determinant of a matrix Z, G is the dimension 
of S-matrices (number of independent alleles); and A(df I, df 2, df3) is a Wilk's A 
variate with d.f. df I, df2, and df 3 (Anderson, 1984, p. 299). 

Although the rationale of these test criteria results from the convergence of the 
multinomial to the multivariate normal distribution for fairly large sample sizes, 
there are several problems with these teststatistics. First, for unequal sample sizes 
Sa, Sb, and Sc ~ are not independently disfribUted ~ (and s o  too are-their respective 

. ~ i - - . -  

~ p  
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MSCP matrices). Nayak (1983) showed that their correlations can be quite sub- 
stantial,-and hence, the criteria A~', A*,.and A~' do not satisfy the conditions 
under which Wilk's A dis(ribution is valid (see equation (3) of Anderson, 1984, 
p. 299). Second, the assumption that a MSCP matrix follows a Wishart distribu- 
ti0-n is trufffrr-m--fil{ivariate normal variates. A multinomial sampling of genotypes 
where one or more alleles are rare in the population and consequently may be 
absent in one~0r moresubpopulations, will not approach multivariate normality 
unless-the sa_mple sizes are_ verylarge. Thir d, Wilk's A distribution approximation 
will also require a large number of subpopulations in addition to large N,. values. 
Since, in the earlier~sections we showed that a great deal of work is needed to 
reduce bias-d-tie-to small N I anci s values in estimating the fixation indices, the 
attempt-io sweep out all these troubles by using such approximations.cann0t be 
genera!ly advocated. Fourth and lastly, as indicated earlier, the variance-compo- 
nent approach may yield a negative-definite MSCP(B) matrix (see Cockerham, 
1969, p. 74 for the univariate res-ult), which alsoiilakes the A-distribution approxi- 
mation invalid. 

In summary, we argue that a rigorous test procedure for studying the signifi- 
cance of the fixation indices is not yet available. All suggested test criteria are only 
approximate, and caution must be exercised in interpreting their results. 

5. An application 

Bhasin et al. (1986) studied the genetic structure of the people of Sikkim of North 
India in order to determine the extent of genetic differentiation among the various 
subdiviSions of their social units. They recognized 13 social groups in this popula- 
tion: North Sikkim, Sherpas, Tamangs, Gurungs, Rais, Limboos, Pradhans, 
Brahmins, Chhetris, and Scheduled Castes who are ethnohistorically as well as 
socially isolated to a certain extent. They studied 17 polymorphic blood groups 
and protein loci in each of these subpopulations. Of these loci, 11 are codominant. 
Haptoglobin (Hp), Group-Specific Component (Gc), Transferrin (Tf), Acid phos- 
phatase (aP), Phosphoglucomutase-1 (PGMt), 6-phosphogluconate dehydro- 
genase(6-PGD), Esterase D (EsD), Adenylate kinase (Ak), Hemoglobin (Hb), 
Duffy (Fy), and Kidd (Ik), at which the number of detected alleles vary from 2 
to 5 (Gc and aP have 3 alleles each, Tf has 5 alleles, all of the remaining having 
2 alleles each). The remaining six-loci--AB0, MNSs, Rh, Kell and lmmunoglo- 
bulin Gm and Km--have variable degrees of complex dominant relationships 
among their alleles/hap.lotypes, so that at each of these loci not all genotypes are 
distinguishable. The genotype/phenotype data at these loci for each subpopulation 

;~:~presented in Bhasin~_et- a1.:,(--_!,~86!~i . --: ~_--~- . . . . . . . . . .  
We consider this survey for illustrating empirically the differences in the various 

estimators for several reasons. First, as part of a larger study of the extent of 
genetic_diffe_r-entia~o~._a_mo_n_g_ tfie~populations of Sikkim, the estimates of the 
fixation indices provide the basis of our further studies, and hence it is important 
to determine their stability over different estimation methods employed. Second, 

5'D 
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as the sample sizes of this study drastically differ over subpopulations as well as 
over loci, this example should also provide insight regarding the stability of 
parameter estimates with or without invoking the large sample approximations 
discussed in our theoretical "exposition. Finally, the availability of loci with and 
without dominance relationships in this study will help us to examine some 

• features of the statistical prgperties of the parameter estimates based on genotype 
vs. allele frequency data, not commonly found in all applications of this nature. 
Notwithstanding these issues, we should note that since this review deals with a 
comparative study of the various estimation procedures, and not the population 
structure of the Sikkimese people, only the results pertaining to the comparative 
analyses are reported here. 

5.1. Comparison of the estimates of Fis in a single subpopulation 

We have seen earlier that estimation of F~s is possible from genotype data by 
several methods..Since only codominant loci-can be .used for this purpose, 
Table 1 Cohff~ists-ih-~-e-sfi~n-fft~f FisTin - tlS.e E~pcl~as-~ffNo-rth-Sikkim--forq I loci, 
as computed using equati0ns (3.5)'(Nei's unbiased estimator), (3,5a)(Nei's biased 
estimator) and (3.18) (Cockerham's estimator). Although several other estimators 
of Fts are available in such situations (Li and Horvitz, 1953; Curie-Cohen, 1982" 
Robertson and Hill, 1984), we contend that the data presented in Table 1 are 
sufficient to contrast most of the theoretically justifiable estimators. Note that 
Curie-Cohen's (1982) estimator fl is identical to Nei's biased estimator, and 
his f2 is exactly the same as the multivariate large sample estimate at a locus, 
while his f~ estimator can.be computed from the Z 2 values presented in this 
table. We computed two different Z 2 values, one corresponding to Nei's unbiased 
estimator (evaluated by equation (4.18) with s = 1), andthe other corresponding 
to the biased estimator (where the expected genotype frequencies are computed 
by N~x,~ for the genotype AkA ~ and. 2N~x~x~t for.the genotype AkAl). The 
.(2 values for Cockerham S estimator are-:id~ntiea] to-!thosk~f-~N:ei's~ufibiasrcl 
estimator, and hence they are n0t repeafect ~n" the~tabl~-:-The allele,specific ;(-"s 

ha '~f ~ih~l~d-f.--i~i~=c~-s-~-~hil~the~lbcu~pe~ifi-c2-:} -z-;~have~d-i'-r~r~± ¢)/2, 
where r is the number of segregating-alleles at a locus in the specific subpopu- 
lation. Since for the bi-allelic loci the estimators and ;(2 values are identical for 
both alleles, and hence their Iocus~specific values are exactly the same as those 
based on any specific allele, only allele~specific estimates are given-for such loci 
(Hp, PGM~, PGD, EsD, Ak, Hb, Duffy, and Kidd in our example). Further note 
that although the transferrin locus has 5 segregating alleles in the total Sikkim 
population, in Lepchas of North Sikkim only 3 segregating alleles were found 
(Bhasin et al., 1986), and hence th iswas  treated as a 3-allelicq0cus for this 

computation. - )~2 
We chose not to present the estimator of F~s based on values-for two- 

reasons. First, since ,~2 values represent deviation from HWE for the two-sided 
alternative Fts ~ 0, the sign of Fis cannot be inferred from the value of  ;(2 (Li and 
Horvitz, 1953; Curie-Cohen, 1982), and second, the ;(2 values can be  greatly 
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Table I 
Allele-specific estimates of Fts,~ lbr the Lepchas sampled in North Sikkim 

Locus Allele N Frequency Nei's unbiased estimate 

Fis,k + s.e. y2 d.f. 

l ip  I-Ip I 65 0.1154 0.177 -+ 0.162 2.18 1 

Nei's biased estimate Cockerham's  Long's estimate 
estimate 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Fisi~ + s.e. y2 d.f: Fts~k + s.e. ~ Weighted" l.arge sample" 

0.171 + 0.163 1.90 0.179 + 0.164 0.179 + 0.127 0.171 + 0.163 

_ &  

Gc 

Tf  

AP 

PGMt 

P G D  

EsD 

AK 

Hb 

Duffy 

Kidd 

Gc IF 0.6129 0.393 +- 0.119 9.75 r 
Gc Is 0.2581 0.415 -+ 0.130 10.97 ~ 
GC 2 0.1290 0.004 _+ 0.127 0.00 
Pooled 331 0.320 _+ 0.106 13.70 r 

Tf  ct 0.7097 - 0.087 + 0.120 0.48 
Tf  c2', 0.2823 -0 .066  _+ 0.121 0.28 
Tfl ) 0.0081 0.000 _+ 0.126 0.00 
Pooled 62 -0 .75  +_ 0.117 0.74 

p~ 0.1638 -0 .061  -+ 0.115 0.22 
"eb 0.8190 0.020 +_ 0.134 0.02 
p': . 0.0172 -0 .009  +_ 0.093 0.01 
Pooled 58 -0 .018  _+ 0.116 1.79 

PGMtt 50 0:6600 - 0.324 -+ 0.115 5.37" 

P G D 5  53 0.8679 0.022 _+ 0.143 0.03 

EsD! 50 0.7400 0.485 -+ 0.139 12.17 ~ 

AK ~' 58 0.9914 0.000 _+ 0.130 0.00 

Elb A 61 0.9754 . -0 .017  _+ 0.075 0.03 

Fy • 66 0.8485 0.181 _+_ 0.149 2.27 

ik ~ 47 0.4681 -0 .268  _+ 0.139 3.45 

0~388. +- 0.120 9.34 r 
0.410._+ 0.131 10.44 ~ 

- 0.005 +_ 0.126 0.00 
0:314_+ 0.107 13.44 t" 

-0 .096  _+ 0.120 0.57 
-0 .075  +_ 0.122 0.35 
- 0 . 0 0 8  +_ 0.008 0.00 
- 0.084 _+ 0.1 !7 0.82 

-0 .070  + 0.113 0.28 
0.012 _+ 0.133 0.01 

-0 .018  +_ 0.012 0.02 
-0.027_+ 0.115 1.86 

- 0.337 _+ 0.114 5.68 ~ 

0.012 _+ 0.141 0.01 

0.480 -+ 0.141 11.53 ~ 

-0 .009  +_. 0.009 0.00 

-0 .025  + 0.015 0.04 

0.175 + 0.149 2.02 

- 0.282 -+ 0.139 3.73 

0.395 + 0.120 
0.417 _+ 0.131 
0.004 _+ 0.128 
0.322 + 0.107 0.233 0.225 + 0.108 

-0 .088  + 0.121 
-0 .067  ._+ 0.122 

0.000 ~+ 0.127 
- 0.076 ~_ 0.118 - 0~037 - 0.047 +_ 0.124 d 

-0.061 + 0.116 
0.020 -+ 0.135 

- 0.009 + 0.094 
-0.018;_+ 0.117• -01028 -0 .037 + 0.122 'j 

-0.328_+0.115 -0 ,328  -+ 0AI5 -0.337+_0.114 

0.022 _+ 0.144 0.022 -+ 0:144 0.01"J _+ 0.141 

0.488 _+ 0.141 0,488 _+ 01141 0.480 _+ 0.141 

0.000 _+ 0.131 0.000 +_ 0113! -0 .009  _+ 0.009 

-0 .017 _+ 0.075 -0 .017  +_ 0'.075 -0 .025  _+ 0.015 

0.182 + 0.150 0.182 _+ 0.150 0.175 _+ 0.149 

-0 .272  _+ 0.140 -0 .272  _+ 0.140 -0 .282  _+ 0.139 

9 

e ,  

The ;(2 values for Cockerham's  estimate of  Fts,A are exactly the same as that for Nei's unbiased estimates. 
b Long's weighted estimates are locus-specific estimates,  which are identical to Cockerham's  est imator  for two-allelic loci. 

Long's large sample est imator  is identical to that of Curie-Cohen's  (1982) estitnator ]~, and hence their s tandard errors are also the same (see text for 

details). 
d These s.e. values are computed deleting the alleles that do not contribute to the estimate (see text for details). 

p < 0.05. 
r p < 0.01. 

p < 0 .001 .  

....4 
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affected by rare genotypes and their expected values, giving unstable estimates in 
specific situations, an example of which will be discussed later in this section. 

The standard errors of the three estimators are evaluated by equation (4.2) (for 
Nei's biased estimator), (4.2a) (for Nei's unbiased estimator) and (4.2b) (for 
Cockerham's estimator), where r = 2 is used for allele specific values, and the 
entire locus data used for locus-specific standard errors (represented by s.e. in the 
table). 

In terms of the values of the estimates, it is clear that Nei's unbiased, biased, 
and Cockerham's estimates of F~S are quite close to each other, with biased 
estimates always being the smallest. The differences of these estimates (the allele- 
specific ones as well as their pooled values over all alleles at a locus) are always 
encompassed by their respective standard errors (see Table 1). 

The standard errors of Nei's unbiased and Cockerham's estimates are also very 
similar, whi!e for negative P~Sik (or Pts;) values Cockerham's estimators have 
slightly larger standard errors, the situation reverses when the estimates are 
positive. The differences in the standard errorg are however very small, and in no 
case change the qualitative results of hypothesis testing (Fm = 0) either by the 
Z 2 value shown fin the table, o r - b y  a -c rude- - tes t -o f - the  normal:-deviate 
[P~S;),/s.e.(/01S;k)]--the latter test not explictly shown in this table. As noted earlier, 
for the bi-allelic loci .-the differe-nces-i~iffttiel-stahd~d_ei-rgrs:~afei~prpduced:_only 
b~cause of-substituting-th~T~s~fiv-~--e~tifia~V-6f-F~s m eqfi-~fib-ff-(4.3)_Cfffi~-- 
Cohen (1982) also showed that in multiallelic loci the standard errors of the 
various estimators are only slightly different (see Figure 5 of Curie-Cohen, 1982, 
p. 352). 

A comment regard!ng the standard errors of Nei's biased estimators is worth 
noting. While these are quite close to those of Nei's unbiased and Cockerham's 
estimators, where the allele frequency is close to 0 or 1 (e.g., Tf °,  pC, Ak ~, and 
Hb A) the s.e.'s of the biased estimators are substantially smaller than those of 
Nei's unbiased and Cockerham's estimators. This feature may not be intuitively 
clear. Nevertheless, Figure 1 indicates that for skewed allele frequencies (p, 
small),.the s.e. of Nei's biased estimate sharply rises from a very small value in 
the range of negative F~s values. Since we evaluated the s.e. of each estimate by 
substituting the obtalned!F~s estimates ~of-t-lae -same-~ei~ocl-,:ihese computations-- 
are indeed a Comparis0n of different trajectories_ f'or 6xampie, {fftheca~e: 6f~he 
Tf0  allele at  ~theTransferrin !ocus,_the_stand~d e r r0 ro f  N_ ei's unbiasedestimator 
is evaluated at F~s = -0.008, while that of Nei 's  unbiased and Cockerham's 
estimates is evaluated for F m = 0.0. The frequency of this allele in the Lepcha 
subpopulation is 0.008. For this allele frequency, even for the biased estimator of 
Nei, the s.e. rises from 0.008 to 0.127 as Fts is changed from -0.008 to 0.0. 
Therefore, the differences in the standard errors noticed in Table 1 are largely due 
to the fact that the estimates are somewhat different in these three methods. When 
allele frequencies are at an intermediate range, small differences between parame- 
ter estimates do not substantially change the standard errors, but for skewed allele 
frequencies even minute changes in the estimates can induce a large difference {n 
standard errors, particul~ly 'whenthe Fts estimate is n~g~ifi,¢e, lh *glSite 6 t ' ~ i z h  
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differences, there is no change in the conclusion regarding hypothesis testing either 
from the Z 2 values or from normal deviates. Even though we do not present 
similar analyses for the other 12 subpopulations studied by Bhasin et al. (1986), 
this statement is valid in general. 

Table 1 further shows that of the 17 allele-specific tests performed, significant 
deviation From Fts = 0 is found in 4. cases, due to 3 loci (Gc. PGM~, and EsD). 
One-of these significant deviations is due to a negative F~s (at the PGMt locus). 
T.his:finding ts consistent for :all three methods employed in this analysis. We also 
h a,,.e evidence of negative significant Fis values for the Tf ct~ allele in Tamangs and 
Scheduied Casies, T f  ¢2  allele in Rais, Gurungs and Scheduled Castes and for the 
Kidd locus (either allele) i?l Rais and Gurungs. 
" Table 2 presents a summary of the significan.t (at 5°o level) positive and 

ri:ega.tix/e ,~ts~,-~(0r--F'~s~) values, in 158 independent allele-specific and 127 locus- 
specific tests m the total data__on 11 loci in the 13 subpopulations mentioned earlier. 
For allele-specific tests five test procedures are considered in this table: 2 ;(2 tests 
(one based 0n_biased estimates of gen0type frequencies, and the other based on 
unbiased_estimates), and 3 no rmal.deviaLes (based on Nei's biased and unbiased 
estimators, and that of Cockerham). For locus-specific tests, in addition to the 
above five test proced_u_res,=oorr~_a] deviates based on Long's large-sample esti- 
mates-of Fis~o(which is identical to the estimator ~ of Curie-Cohen, 1982) are 
also used. since the standard eri'or of such estimators is known (see 

equation (4.2c)). 
The to~.al number of significant ~te,/,iations from Fts = 0 is almost the same for 

each;(-" stausuc. The normal deviates based on Nei's unbiased and Cockerham's 
estimators also behave identically, as do the normal deviates based on Nei's 
biased and L ong'~a_rge-sample estimates in the case of locus-specific tests. Fur- 
thermore, the numbers of positive and negative significant F~s values according 
to the ~-" statistics are not equal; there are far more positive significant values 

than negative ones. 

Table 2 
Number  of significant (p < 0.05) F~s values in the Sikkim survey as detected by various estimators 

Test criterion Allele-specific tests Locus-specif ic  tests 
w i t h  Fisik v a l u e  ~ with FIs i value b 

Positive Negative Poitive Negative 

;~2: Unbiased 22 7 12 5 
Biased 20 l0 10 7 

Normal Deviate based on 
Nei's unbiased estimate 16 17 8 14 
Nei's biased estimate 17 29 18 27 
Cockerham's estimate 16 18 9 13 
Long's large sample est. - - 18 25 

Total number of  independent allele-specific tests  = 158. 
b Total number of  independent locus-specific tests  = 127. 
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These features are not unique to this data alone, and can be explained on the 
basis of the theor2¢ we presented before -~ First, note that ;(2 statistics only detect 
deviation in either direction, and since the--range-of-negative-E~s is narro~'er 
(Fls~k >t -pik/(l ~- P~k) for every allele Ak) than the range of positive Fts (Fts ~< 1), 
it is expected that more significant positive F~s values will be encountered based 
on ;(2 goodness-of-fit. SecOnd, since Nei's biased estimator has empirically 
smaller sampling variance than that of Cockerham's estimator for-negative F~s 
(Figure I) for all allele frequencies (unless the alleles are equi-frequent), it is 
expected that this will pick up more significant negative f t s  values than the 
normal deviates based on Cockerham's estimator. This is also predicted from 
Figure 1, which shows that thesampling variance sharply drops off even if the 
Plsi, values are SlightlY decreased, particularly when-Fts;k is negative. Since in all 
cases Nei's biased estimate is smaller thari all other estimates, a normal deviate 
based on this estimator would necessarily pick up more significant negative Fts 
values as compared to any other test criteria. 

The estimate of Fts for a single subpopulation, combining all alleles at a locus 
shows exactly the same picture. We have not explicitly shown the behavior of the 
test criteria I~ased on Long's weighted estimator for the reason that its sampling 
variance is not yet available. However, its large-sample variance can be computed 
based on (4.2c), which is used in the computations shown in this table. 

5.2. Comparison of Frr, FIs, and FST estimates Over all subpopulations 

In Tables 3, 4, and 5 we provide a comparative study of the estimators of the 
three fixation indices over all 13 subpopulations of Sikkim. Nei's weighted, 
unweighted, and large sample estimates are computed by equations (3.6)-(3.8), 
(3.6a)-(3.8a), and (3.6b)-(3.8b), respectively. While the standard errors of these 
estimators for allele- and locus-specific cases cannot be evaluated, approximate 
tests for allele-specific F~s and FsT values may be conducted by Z z statistics, ~ 
according to equations (4.22), and (4.23), respectively. These results are shown in 
Table 3. In Table 4 computations of Cockerham's estimators are shown for the 
same data. In addition to tlae weighted (equations (3.15a), (3.16a), and (3.17a)) 
and large sample estimates (equations (3.15b), (3.16b), and (3.17b)), Cockerham's 
estimators of FsT are also obtained under the asstimption of Fts = 0 
(equation (3.43)) whose values and ;(z test criteria are shown in this table. It 
should be noted that the ;(2 test criteria for £~s and FST for Cockerham's general 
estimates are exactly the same as those of Nei's weighted estimators (shown in 
Table 3), and hence they are not repeated in Table 4. Multivariate estinaators, 
according to the generalized formu lati0n ~bf variaiace component~ analysis 
(equations (2.18a)-(2.20a)), are presented in Table 5, Only locus-sPecific esti- 
mates are needed here, and for two-allelic loci these estimates are identical to 
those of Cockerham's weighted analysis, as shown earlier. 

Several interesting findings emerge from these computations. First, the weighted 
estimators of each fixation index ~are ne~irly the same for Cockerham's and Nei's 
method. Second, while the Fsv estimates of Nei's weighted and unweighted 



T a b l e  3 

Nei 's  allele- a n d  locus-specif ic  F r r  , F j s  , a n d  Fsx es t ima te s  

Locus  Allele Weigh ted  

F r r  Fis  X 2 d.£ Fs. r X 2 

U n w e i g h t e d  La rge  N 

d.C " F r r  Fis  FsT F r r  Fi s Fs  T 

H p  H p '  - 0:007 - 0.021 0.25 

G c  G c  ~F 0.278 0.214 23.48 ~ 
G c  js  0:238 0 .192 19.76 ¢ 
G c  2 0.188 0.162 14.08" 
Pooled  0 .240 0.192 

T f  T f  c l  - 0 . 1 5 1  - 0 . 1 6 3  14.62 ~ 
T f  c :  - 0~166 - 0 . 1 7 6  17.20 ~ 
Tfq~ - :0 .009  - 0 ~ 0 1 7  0.11 
TfCl  2 - 01003 - 0 .009 0.03 
T f  D - 0 1 0 0 3  - 0 ,003 0.00 
Poo led  - 0 .152 - 0 .163 

a P  P ^  0 .080 0.067 2.28 
P a  0.088 0i077 2.98 
p c  0.193 0:187 9.40 b 
Poo led  0.087 0,075 

PGM~ P G M  I 0.025 0,025 0.27 

P G D  P G D  A 0.150 0 .127 6.09 ~ 

EsD EsD I 0.145 0.143 11.19" 

Ak  Ak I 0.097 0.067 1.24 

H b  H b  A - 0 .007 - 0 .016 0.08 

Duffy Fy"  0.152 0 .122 3.52 

K idd  ik ~ - 0 .204 - 0 .210 11.30 ~ 

I 0 .013 23.96"  

1 0.081 133.39 c 
1 0.057 92.08"  
I 0.031 43.86 ~ 

0.059 

I 0 .010 26.20"  
I 0 .009 22.72 a 
1 0.008 24.78 a 
1 0.006 23 .39"  
1 - 0 .000 7.66 

0 .009 

I 0 .013 29~55 b' 
I 0 .012 28.81 b 
1 0:008 458.95 ~ 

0.013 

- 0 . 0 0 0  1 1 . 9 8  

0.26 30.95 b 

0.003 13.78 

0.032 188.82" 

0.008 22 .21"  

0 .034 46 .8  I': 

0 .005 12.67 

12 - 0.013 - 0 .029 0.0.!6 - 0 .014 - 0 .042 0.027 

12 0.261 0.190 0.087 0.260 0.181 0.097 
12 0.207 0.161 0.055 0.206 0.151 0 .066 
12 0.193 0 .166 0.032 0.192 0.156 0.043 

0.224 0.173 0.061 0.223 0.163 0.072 

12 - 0 . 1 6 2  - 0 . 1 7 7  0.013 - 0 . 1 6 3  - 0 . 1 9 3  0.025 
12 - 0 . 1 7 9  - 0 . 1 9 2  0.011 - 0 . 1 8 0  - 0 . 2 0 9  0.024 
12 - 0 . 0 1 1  - 0 . 0 1 8  0:006 - 0 . 0 1 3  - 0 . 0 3 4  0.021 
12 - 0 .004 - O.OlO 0.006 - 0.005 - 0.027 0.022 
1 2  - 0.002 - 0 .002 - 0 .000 - 0 .002 - 0.01 I 0 .008 

- 0 . 1 6 3  - 0 . 1 7 7  0.0'12 - 0 . 1 6 4  - 0 . 1 9 3  0.024 

12 0.055 0.039 0 .016 0~054 0.026 0.029 
12 0.065 0.051 0 .014 0:064 0.038 0.027 
12 0.253 0.246 0 .010 0.252 0.234 0.024 

0.066 0.052 0.015 0.065 0.039 0.028 

12 0 .070 0.074 - 0.005 @068 0.057 0.013 

12 0.176 0.147 0 .034 0:175 0.133 0.048 

12 0.134 0.132 0.003 0.134 0.121 01015 

12 0.126 11.100 0.029 0.125 0.088 0.041 

12 - 0 .007 - 0 .019 0.011 - 0 .008 - 0.031 0.022 

12 0 .180 0.142 0.045 0.179 0.114 0.072 

12 - 0 . 2 1 0  - 0 . 2 1 8  0.007 - 0 . 2 1 3  - 0 . 2 5 9  0.037 

? 

" p < 0.05. 
h p < 0.01. 

¢ p < 0.001. 
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Table 4 
Cockerham's allele- and locus-specific F~r. F~s, and Fsx estimates 

Locus Allele Weighted ~ Under Fis = 0 Large N 

FI T Fi s Fs T Fs t 7.z d.~ Fit  Fis Fsr  

Hp Hp I -0.006 -0.021 0.015 0.014 27.72 ~ 12 -0.006 -0.032 0.025 

Gc Gc tv 0.284 0.216 0.086 0.088 108.84 d 12 0.284 0.206 0.098 
Gc ~s 0.242 0.193 0.061 0.063 80.96 d 12 0.242 0.183 0.073 
Gc 2 0.190 0.163 0.032 0.034 49.15 a 12 0.191 0.153 0.044 
Pooled 0.245 0.194 0.063 0.065 0.245 0.184 0.075 

Tf Tf cl -0.150 -0.165 0.014 0.012 23.71 b 12 -0.149 -0.177 0.023 
Tf c2 -0.165 -0.179 0.012 0.010 22.18 b 12 -0.164 -0.190 0.022 
Tf c-~ -0.008 -0.021 0.012 0.012 24.37 b 12 -0.008 -0.032 0.024 
Tf cl2 -0.002 -0.013 0.011 0.0It 23.26 b 12 -0.001 -0.025 0.023 
Tf D -0.003 0 . 0 0 1  -0.004 -0,004 7.62 12 -0.003 -0.010 0.007 
Pooled -0.151 -0.166 0.013 0.011 -0.151 -0.177 0.022 

aP P:' 0.081 " 0.068 0.014 0.015 26.23 ~ 12 0.081 0.056 0.027 
pa 0.089 0.077 0.013 0.014 25.08 b 12 0.089 0.065 0.026 
pC 0.194 0.187 0.009 0.0It 22.41 b 12 0.194 0.175 0.023 

Pooled 0.088 0.076 0.013 0.014 0.088 0.064 0.026 

PGM I PGMlt 0.025 0.025 -0.000 0.000 12.30 12 0.025 0.010 0.015 
\ 

PGD PGD ~' 0.152 0.131 0.025 0.027 32.19" 12 0.152 0.115 0.042 

EsD EsD I 0.145 0.144 0.002 0.003 15.38 12 0.146 0.132 0.015 

Ak Ak ~ 0.100 0.067 0.036 0.036 51.88 d 12 0.101 0.056 0.047 

H b  Hb ~ -0.007 -0.016 0.009 0.009 21.91 b 12 -0.006 -0.027 0.020 

Duffy Fy ~ 0.156 0.126 0.035 0.038 29.76 ~ 12 0.157 0 .101  0.062 

Kidd lk ~ -0.203 -0.216 0.011 0.005 14.41 12 -0.202 -0.241 0.031 

The 7." for Cockerham's weighted estimates 
weighted estimates (see Table 2). 

b p < 0.05. 

p < 0.01. 
d p < 0.01. 

of Ft s and Fsx are exactly the same as those for Nei's 

analyses are almost identical, there are some differences in the corresponding Frr 
and Fis estimates. Third, the large sample Fs- r estimates of Nei and Cockerham 
are almost identical, even though these two methods yield somewhat different Frr 
and Fts values in large samples. Fourth, even when the estimate of allele- and 
locus-specific F~s is significantly different from zero (tested by the ;t z values), 
Cockerham's special case estimate of Fsx (equation ~(3,43) under Fsx = 0) is 
almost identical to that of his weighted analysis (Table 4.). Fifth, wtiil~-the large: 
sample values of  Fix are very' similar to those based on weighted ~an~lysis (!n Nei's 
as well as Cockerham's approaches), the FST values do not behave similarly. 
Indeed, Fsv values are generally larger when large sample approximations are 

:: ... 
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Table 5 
Locus-specific estimates of F~T, F~s. and Fs-r by the multivariate technique of Long (.1986) 

Locus Weighted estimators 
Large sample estimators 

FI T FI s Fsx Fix Fts Fsr  

Hp - 0.006 - 0.021 0.015 - 0.006 0.032 0.025 
Gc 0.238 0.185 0.065 0.233 0.164 0.083 
Tf - 0.156 - 0.182 0.022 - 0.167 - 0.204 0.031 
AP 0.081 0.063 0;019 0;073 0.045 0.029 
PGM i 0.025 0.025 0.000 0.025 0;010 0.015 
PGD 0.152 0.131 0.025 0.152 0.115 0.042 
EsD 0.145 0.144 0.002 0.146 0.132 0.015 
A K 0. 100 0.067 0.036 0. I 01 0.056 0.047 
Hb - 0.007 - 0.016 0.009 - 0.006 - 0.027 0.020 
Duffy 0.156 0.126 0.035 0.157 0.101 0.062 
Kidd - 0.203 - 0.216 0.011 - 0.202 - 0.241 0.031 

/ 

made. Because of equation (2.1), the Fis should be under-estimated in large 
sample approximations (since Frr does not change substantially). This is the case 
for  every comparison of Cockerham's estimators, while there are some minor 
discrepancies in Nei's approach. These differences are due to changes in FIT 
values in large sample vs. weighted analysis. Sixth, the multivariate estimators are 
the, mostdeviant ones. There is no general trend of these estimators as compared 
to Nei's and Cockerham's estimators. This is also theoretically justifiable, since 
the wieghting scheme in the multivariate approach is quite different (equa- 

tions (2.18a)-(2.20a)). 

5.3. Comparison of the estimates pooled over loci 

Table 6 presents the estimates and their standard errors pooled over all co- 
dominant loci. As mentioned before, pooling over loci can be done in two ways 

for every method of estimation: 
(1) by taking the ratio of sums of locus-specific estimates, and 
(2) by the technique of jackknifing. 

Since each fixation index is described as a function of ratios of parameters 
(population allele frequencies and their inter-locus variances across subpopu- 
lations), Weir and Cockerham (1984) advocated the jackknifing procedure sug- 
gesting that this might reduce the bias of estimation and in turn make the stan- 
dard: errors more reliable (Miller, 1974; Efron, 1982). We, however, do not see 
any substantial change in the estimates as well as in their standard errors through 
jackknifing. In fact, there is a tendency for the jackknife estimators to have 
somewhat larger s.e.'s for each fixation index. This table also shows that while 
Cockerham's and Nei's estimators are virtually identical (weighted as well as large 
sample), t_he large sample approximations involve over-estimation of FST and 
under-estimation of Fis, JTt~r remaining very similar. The small difference of 



Table 6 
Estimates of FiT, Fts, and Fs. r pooled over loci and their standard errors by the three different methods 

,..,,~ 
Ratio of sums Jackkni~ 

FIT Ft s Fs T Fr l  FI s Fs'l" 

Nei's estimates 
Weighted 0.045 +_ 0.060 0.025 4. 0.055 0.020 +_ 0.009 0.045 ± 0.064 0.025 4. 0.058 0.020 +_ 0.009 
Unweighted 0.044 + 0.060 0.023 ± 0.055 0.022 4..0.009 0.044 + 0.063 0.023 + 0.058 0.022 _+ 0.010 
Large N 0.043 + 0.060 0.005 + 0.058 0.038 ± 0.008 0.043 ± 0.063 0.005 _+ 0.061 0.038 4. 0.009 

Cockerham's estimates 
Weighted 0.047 ± 0.060 0.025 _+ 0.056 0.022 ± 0.009 0.047 _+ 0.064 0.025 _+ 0.059 0.022 ± 0.010 
Under F,s = 0 0.022 + 0.009 0.022 4- 0.010 
Large N 0.047 4- 0.060 0.011 _+ 0.057 0.037 _+ 0.009 ' 0.048 _+ 0.064 0.011 _+ 0.060 0.037 4. 01009 

Long's estimates 
Weighted 0.048 _+ 0.063 0.028 + 0.059 0.021 + 0.011 0.048 4. 0.064 0.029 +_ 0.060 0.023 _+ 0.011 
Large N 0.046 + 0.062 0.011 _+ 0.058 0.036 +_ 0.010 0.047 +_ 0.063 0.010 4- 0.059 0.038 _ 0.009 
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Long's estimators as compared with others is mainly produced by the difference 
of the pooling algorithm in his procedure, as noted earlier. However, unless a 
survey has a large number of multi-allelic loci, this method is likely to produce 
an almost identical qualitative conclusion about the genetic structure of the popu- 
lation, as seen in this example. 

5.4. Comparison of the estimates of FST from allele frequency data 

As mentioned earlier, analysis of population structure is sometimes necessary from 
all~le-fr~qt/~:37 datE-aleh-e-. This oc~:urs when either the loci involves dominance 
r eLatio_05hiP.s.am_Q0g.their alleles, or the allele frequency data are collected from 
the literature for comparative studies. In such cases, the only estimable parameter 
is FST. It is Shown earlier, that:in Nei's gene diversity approach, the estimators 
(weighted or unweighted) remain tile same even if allele frequencies are used in 
estimatio n instead of genotype data_(see equati0ns (3.8) and (3.8a)). Cockerham's 
estimator of FST takes the form of equation (3.43), whose multivariate extension 
(Long's approach) is ob,)ious from equation (3.41). The variance-component 
approach (univariate or multivariate) of estimation of Fsx from allele frequency 
data i s therefore mathematically equivalent to the estimation of the same parame- 
ter from genotype data with the additional assumption that F , s =  0. In order to 
compare the empirical values of these estimators from allele frequency data. we 
computed Nei's weighted unbiased. Cockerham's, and Long's estimates of FST for 
all 17 loci studied by Bhasin et al. (1986). The allele frequencies used in these 

e gkci Pal .d ®"fn lh~ b P Long's ,,p 

e gk ~c~ ~ n h ]  b ~ Cockerham's 

e gkZiC ~ J ~ [ ~ j  b o N e i ' s  

o.'oo o:o2 o.'o4 o:os O:Oa OJCO 

FST 

Key: a Hp g EsD m MNs 
b 8c h AK n Rh 
c Tf i Hb o Kell 
d AP j Duf fy  p Gm 
e PGMI k Kidd q Km 
f PGD l AB0 

Fig. 2. A comparison of  three locus-specific estimators o f  FST from allele frequency data on 17 loci 
in 13 subpopulations of  Sikkim, India (Bhasin ct al., |986). The loci are indexed alphabatically (see 
Key). The averages over loci are indicated by arrow, and the boxes around • these means represent 

_+ s.c. range o f  the estimates (see text for the explanation o f  the estimators). 
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computations are the same as the ones reported in Bhasin et al. (1986). Figure 2 
shows a diagramatical comparison of these locus-specific estimates, where the loci 
are indexed as a to q (see Key of  Figure 2). The pooled estimates of Fs-r over 
loci are indicated by an arrow, the box around which indicates the range with 

-t- s.e. 
It is clear that the estimates are again empirically very similar. Long's estimates 

are identical to the Cockerham estimates for all bi-allelic loci, although for mtil- 
tiallelic loci (Gc, Tf, AP, AB0, MNSs, Rh, and Gin) some discrepancies are 
noticable due to thedifferent pooling (over alleles) algorithm_employed in this 
method, as noted earlier. Nevertheless, the pooled estimates over loci are strik- 
ingly similar. Finally, we note that while the computation of the standard errors 
shown in this figure are based on equation (4.5), the jackknife estimates 
(equation (4.6)) of these standard errors are almost identical to the ones shown 
here. Hence, as in the case of genotype data, estimates of Fs-r from allele fre- 
quency data also have similar empirical properties. 

6. Discussion 

As mentioned in Section 1, the purpose of this paper is to make a comprehensive 
comparative analysis of estimation o f  fixation indices by Nei's gene diversity 
approach with that of the variance component approach developed by 
Cockerham, or its multivariate extension. Keeping a distinction of parameters and 
sample statistics, throughout our presentation we have shown that these methods 
yield empirically very similar results._.Even though these approaches have been 
described in a number of publications (see, e~g., Cockerham, 1969, 1973; 
Cockerham and Weir, 1986, 1988; Weir and Cockerham, 1984; Nei, 1973, 1977; 
Nei and Chesser, 1983; Chakraborty, 1974; Chakrabortv and-Leim-ar, 187; g0flg,_- 
1986; Smouse arid Long, 1988) and several other related :statistics_ha~e_ been 
developed by others (Haldane~- 1954; Li--andYlqo-~iiz, ~i953.-:Sniii.h; 19701: i977; - 
Curie,Cohen, i982; Robertson and Hill, 1984),' to ou~ knowledge, the analytical 
relationships between the two major approaches have not been studied- explicitly 
before. In this discussion, first we re-iterate the new results presented here; and 
then we pro,¢ide some arguments regarding the method we would suggest to 
practioners. Nevertheless, since during the conduct of this study, we developed a 
comprehensive computer-program for analyzing data on population structure, 
every estimator discussed in this paper can be computed by our computer 
algorithm. Interested readers can obtain a copy of the FORTRAN source codes of 
these programs by writing to the authors (compatlble for IBM-AT type :computers 
with a numerical co-procesor). . . . . .  

Our new results are as follows. First, the string'bfinequiiliti~g~for 'the~:Ft~ --- 
estimators in a single subpopulation Sho~;s' that the exp-eeted-differences:among 
the estimators are of the order 1/2N, N b e i n g  the number 0f individuals'sampled. 
While Nei's biased estimator of Fis is always th-~ smallest for any allele, 
Cockerham's variance-component estimatOr can be large?=-(_wheff=~iti~) -:O-r" 
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smaller (when negative) than Nei's unbiased estimator. Second, even though Long 
(1986) and Sm0use and Long (1988) generalized Cockerham's approach for a 
multivariate case (three or__m0re a_l!e!_es at ..a locus), they failed to note that theirs, 
method yields Fis estimators mathematically-i-dent[-ca-I t0 Curie-Cohen's .J~ 
(based Oh the ratio of observed and expected homozygote frequencies), in large 
samlbles. Third, for a single subl~oPulation, Nei's unbiased, biased (identical to 
f~ of Curie-Cohen, 1982-although n0t_stated_by_him)and Cockerham's estima- 
_tors of E~s_have closed form exPress_ig_ns of standard_ errors, for specific alleles as 
well as for__the_loc_us as a wh91e, whic.h are also documented here for the first time. 
Much of the-ground work_ for :these derivations was, however, done by Curie- 
Cohen (1982) and Robertson and Hill (1984). 

The_se new findings allow mgre rigorOus comParative analyses of the different 
estimators, than the ones done before. Our empirical data analysis shows the 
Closeness of the different estimators, which are based on somewhat different 
premises. There have been a n_umber of  misconceptions about the gene diversity 
approach, which should be clarified in this context. Note that the gene diversity 
approach does not need the COrrelation interpretation of the fixation indices. The 
total heterozygosity i n subd_ivide_d_p0pulations is decomposed here on the basis 
of the numberof  extant subpopulations. No assumption of the replicative nature 
of Sub-poptilatigns is needed. While C0ckerham's linear model (of random effects) 

• makes the assumption that the subpopulations studied are replicates from the 
universe of all subpopulations that exist within the total poPulatiori, a situation 
that might apply' to experimental populations, in the.-context of evolutionary 
Significance, it is not clear if this assumption is realistic. In the specific example 
considered here, Sikkimese people are indeed subdivided into the present 13 
subpopulations which during their history have assembled in this geographic 
region by following different migration routes (Bhasin et al., 1986). They are not 
replicates of each other, and .indeed there-may not be any further subpopulation 
among the people of Sikkim: If a statistical,framework forms the basis of the 
variance-component analysis, ̀  the question is: should we treat the underlying 
linear model (Cockerham,_ 1969, 1973) as a random effects model in such a 
situation?Our answer to thj~ questi0n--w0uldbe no a s  this subdivided structure 
represents a fixed-effect model. On the contrary, our exposition clearly indicates 
that Nei's gene diversity approach has a fot:mal StatistiCal b-asis, since all Compo- 
nents of the decomposition of heterozygosity can be represented in terms of the 
under.lYing parameters, and they Can be related with Wright's fixation indices 
without invoking their interpretation thr0ugh correlations. 

- At this point it is worthwhile to note that  for a single subpopulation the 
probabilistic interpretation of Fts has been used by Haldane and Moshinsky 
(1939),. Cotterman (1940), and Mal6cot (1948), where Fts is interpreted as the 
prol~al~ility that the two genes at a locus in an individual are identical. This 
probabilistic interpretation implicitly implies that the F~s can take only non- 
negative values in the unit interval, Similar probabilistic interpretations of FtT and 
FsT are also used by Crow and Kimura (1970, pp. 105-106) to prove the Wright's 
identity (equation (2.1)). They, however, note that since F~T and Fts can be 
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negative, correlational interpretations of these fixation indices also yield the 
Wright's identity (Crow and Kimura, 1970, pp. 107-108). It is apparently implicit 
in their derivation that the subpopulations do not exchange migrants during the 
process of gene differentiation, so that the allele frequency variations across 
subpopulations do not depend upon the F~s values within the subpopulations. In 
contrast, in Nei's formulation of gene diversity analysis the Wright,s identity is 
established simply by the notion that F~s and Fvr represent summary measures 
of deviations from the Hardy-Weinberg expectations in the subpopulations and 
in the total population, respectively, and FST represents the extent of genetic 
differentiation (standardized Variance of allele frequencies across subpopulations). 
No assumption regarding migration and selection is needed in such derivation 
(Nei, 1973, 1977). The Wright's identity (equation (2.1)) simply becomes a 
mathematical consequence of the parametric definitions of Frr (equation (2.5)), 
Fis (equation (2.6)), and Fsv (equation (2.7)). 

When the parameters are so defined, our equations (2.8), (2.9), and (2.10) 
suggest that all fixation indices have their natural bounds, namely FST lies between 
0 and 1, while'F, s and Frr can take positive as well as negative values, depending 
on H s being smaller or larger than H o for Fls (equation (2.8)) and Ha- being 
smaller or larger than Ho for Fvr (equation (2.9)). In such formulations no as- 
sumption is needed regarding the. evolutionary mechanism that determines the 
process of genetic differentiation within and between subpopulations. 

Since the variance-component approach can yield a negative value for the 
variance component b (equation (2.16)), in order to interprete the linear model 
(equation (16) of Cockerham, 1969) one must assume that Y_~, = i w~F~sik Pik (1 -- P~k) 
must be positive. Cockerham (1969, 1973) recognized this feature of his model, 
and yet justified it on the ground that evolutionary factors that generally produce 
negative Fis values are not usually strong enough to.produce large negative F~s 
(or FIT ) values. Our data .analysisprovides evidence contrary tothis argument. 
We indeed found several negative estimates of Fis (Tables 1 and 2). Even if their 
significance is discounted, because the normal deviates or the Z2 statistics may 
not attain their large sample distribution in samples of the size analyzed here, it 
is unpleasant to deal with a linear model with negative variance components (not 
only the estimates, but also in parametric form). 

Nei (1986) addressed some of these issues along with other.evidences where the 
implicit assumptions of the variance component formulations are unrealistic for 
natural populations. Healso noted that his original definition of FST (= DsTtH T, 
called GST by Nei, 1973) has one deficiency, since it is dependent on the num- 
ber of subpopulations (s). He suggested one modification, defining 
D'ST = SDsT/(S- 1), to take int0-aizizru-nt this-d~fi~i~ffr~'~(N~i,-l'986).-A~ccordiiag- 
to this suggestion, H x, the gene diversity in the total population is defined as 
D~;-r + Hs, yielding the three fixation indices Fts = Ho/H s (unchanged from the 
previous definition), F~T = Ho/W r, and F~T =.D~T-/H- ~, for which the estimation 
technique presented here works with only minor modifications (see also Nei and 
Chesser, 1983). When s is large (say, 10 or more); these rerdefinedfixatirh iiadices 
change only slightly, and hence they are not computed in our application (since 
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for the present example s = 13). However, when s is small, it is preferable to 
calculate these modified indices with the above modifications. Also note that the 
r6-de0ned Us-r_ is identical to the paramete_r /~ defined by Cockerham and Weir 
(1988), not recognized by these authors. T-herefore an estimator of/i '  can also be 
obf~iined:b2~ e~finiating F'sx!n th~ gene diversity approach without the intraclass 
corre[atioffinterpretation. Nevi:rtheless, we must reiterate the point thai adjust- 
h~e-fit for-thee-number of subp0tSuiafions does not necessarily help in comparing the 
cgeffic_ent _of ge_nq differentiatio n estimates in different data sets from different 
nat~i'-al poptilations. An extrapolation of such estimates, from one set of popu- 
lations to another can be misleading, since their evolutionary histories are usually 
d-ifferent. Cockerham's approach is more ideally suited for experimental popu- 
lations, where the number of subpopulations represent the replicate of populations 

.c!esjgn_¢d with a given experimental ~ituation, and hence extrapolation from one 
- ex~e?ifi]ent to another must need adjustments for variations in number of replicate 

subpopulations within each experiment. 
Notwittistanding these philosophical differences, given the empirical similarity 

of the-various estimators, a recommendation regarding the choice of estinaators 
should, be of interest to investigators who deal with real data. On the basis of 
st_a_t-isG~a) p_rincipleS, unfortunately, there is no general recommendation. We claim 
this for several reasons. FirstTi~ne~very formulation, we have shown that consistent 
estimators canbe  der!yed. The study of large sample variances either by theoreti- 
cal variances evaluated with intra-locus data. or bv empirical evaluation of inter- 
locus variation shows that all estinaators are subjected to similarsampling fluc- 
tuations. Secofid. even though With the a i d o f  computer-algorithms the numerical 
task 0["c0mputation can be [eft to computers, thechoiize is simply a matter of 
taste. 

Sincethe gene diversity appt~0at:h re!ares FST tO the average genetic distances 
among subpopu[ations (Nei's minimum distance; Nei, 1972) a genetic distance 
interpretation of the c0efficient, of gene differentiation is also possible. Note that 
t hi_s_interl~reta~ti0n does - -~ ta s~ume ,  again, any evolutionary mechanism, and 

-hefice _thig ifitefpret-ati0n sl~fiuld hold With, or without mutation and selection. 
While Cockerham's FsT.parameters,  and its multivariate extension have been 
shown to have a genetic distance in!erpretation as well (Reynolds et al., 1983; 
Long et all, 1987) in order for the measures of co-ancestry to be interpreted as 
genetiC distances one must assume that genetic differentiation occurs without the 
aid of mutation and selection (Reynolds et al., 1983; Weir and Cockerham, 1984). 
iCt~rthe~ore,in thi~ l a i ~ r ~ a p e r  they also assumethat  the same population size 
is maintained, for all subpopulations - and for allgenerations. While these as- 
sumpiions are not needed in formulating Nei's genetic distances,, thus far the 
ev01iJtionary expectation and drift variances of genetic distances have been 
worked out under the neutral model of evolution without constant population size 
(Li and Nei, 1976; Nei and Chakravarti, 1977). 

We advocate the use of the gene diversity approach for its simplicity and 
generality for natural populations. No loss of statistical rigor is attendant to this 
recommendation, as explicitly shown here~because we did not make use of any 
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evolutionary model in this presentation, and as a method of estimation, what we 
used can be called the method of moments in the terminology of statistical 
inference. This is the only appropriate estimation technique that yields analytically 
closed form estimators. We might add here that Curie-Cohen (1982) and 
Robertson and Hill (1984) investigated the properties of the maximum likelihood 
estimators of Fis based on multinomial sampling of genotypes, which behave 
worse than Nei's biased estimator in most practical situations (Curie-Cohen, 
1982). 

Although. we presented analytically closed form expressions of intra-locus 
variances of Fis estimators, these are applicable only for single-locus data. 
Generally, large sample sizes are needed to apply these formulae, since the estima- 
tors are rather unstable (the drift variance is quite large; as shown by Li and Nei, 
1976~for heterozygosities, Nei and Chakravarti, 1978--for Gs- r ~ Fsx), and the 
power of detection of significant deviations of these indices is generally low 
(Brown, 1970; Ward and Sing, 1970; Chakrabort2¢ and Rar/1~972; - Habe-r, 1980; 
Emigh, 1980). Evolutionary interpretation of the coefficients of gene differentiation 
or deviations from F~s = 0, Frr = 0 should be based on data on. multiple loci. We 
have shown that multi-allelic and/or multiple-loci can b e  analyzed easily without 
the aid of Long's (!986) mtiltivariate extensions. Indeed Nei's formulation of the 
decomposition of gene diversity is philosophically based on samples of genomes 
drawn from the population. He defined gene diver sky as the complement of the 
probability l~hat th e two genomes are identical at eakh locus. Therefore,. he com- 
puted gene diversity based on a sample of loci (polymorphic and monomorphic, 
see Nei. 1975, 1987). Even though the parameter Fsx (in Nei's terminology, Gsa-) 
or its estimate does not change even if the' monomorphic loci are excluded, the 
absolute value of Ha-, Hs, and H o (averaged over all loci in a genome) changes. 
Even with a limited number of loci, we have shown that the variances of these 
quantities can be examined.by..study_ing their inter-locus variation, which yields 
inter-locus variances of the: f i X ~ i i ~ s n  ~irid~ic~/s " as well. Since the inter-locus variance 
is the major component of the total sampling variance (Nei and Roychoudhury, 
1974; Nei, 1978), jackknifing helps a little to provide a more reliable estimate of 
the extent of sampling variance. This finding is in disagreement with Mueller's 
study (Mueller, 1979) on genetic distance, but it is consistent with our own 
simulation results published before ((~hakrabo~y, 1985). Wei r and Cockerham 
(1984) claimed that jackknifing worked 'satisfactorily' in the two-population si- 
tuation in their simulations (Reynolds et al., 1983), while we. find that jackknifing 
does not add any particular advantage in terms of parameter estimates or their 
standard errors (Table 6). 

Finally, we should return to the issue of hypothesis testin-g in the context of 
population structure data analysis~ Considerable labor is needed to provide esti- 
maiors adjusting for the effect- of llmiied s~mpie--size-s~+Ii~i~e~-that wheri ~Saniple 
sizes are small (of the order of 100 or less individuals.per locus per subpopulation, 
in the specific example given here), the use of large sample approximations yield 
over-estimates of Fsx and under-estimates of Fts (F~r remainihg almost identical), 
irrespective of the method of analysis (Nei's vs. C0ckerham's). Since such esti- 
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tes are-invoked in evaluating standard errors or for computing test criteria, the 
-~ . . .  .... ma . . . . .  ~--se test criteria reliable, and can we justify the large sample 

- . . . :  ~uestlon is" are t,~ . " 
..pmpe~ies of these !est criteria? Our answer, although we cannot prove it analyti- 
cally, is a probable no.'We say so, for the reason that if the normal deviates are 
to be regarded as reliable, we must evaluate the standard errors accurately. We 
have seen thatin some:region of. the~parametric space, the standard errors can 
be drastically affected, even by a minute change in the parameter estimates. For 
the-Z2-tests~ on the other hand, we must regard the variance components as 
independently distributed. This assumption, we might note,-is also needed in 
Long'~s_:(A_986):_W_=ilk'_s: a'tesL criteria~ Nayak-(1983) has shown that when the 
genotype data from several subpopulauo_ns are.represented in the form of an 
analysiS~6f 9ariaffc-e of categorical data. (Light and Margoiin,~ 1971), the mean 
sqffare--e~rovs~ofztlae different so_urc_e_s o f  variation are not independently distri- 
buted. Th-e:c0rrelati0ns. between them can often be Substantial. Furthermore, for 
every source: of variation, the large sample distribution of the mean square errors 
is of the form of composite ;(2's, where the coefficients are also functions of 
unknown parameters: They cannot be simply equated to a ;(2 statistics as is done 
commonly invoking large sample theory of continuously distributed random var- 
i, bles.=Therefore,~-we, m'gue that-the test statistics generally suggested for popula- 
a . . . . . .  l~,i~ have much~-v0or e( statistical justifiability than the parame- 

t lon-  structure-,, .... j . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
ter estimates. Cockerham (1973-) arrived at this general Conclusion, although the 
sampling theor3' of weighted categorical data analysis was not available at that 

time. 

"L---- 

7. Summary. 

A comprehensive comparative study of the various estimators of the fixation 
indices (FIT, F~s, and FST) shows that the properties of the estimators based on 
Nei's gene diversity and Cocker ham's variance component analysis are very 
similar, in spite of their philosophical differences. In the analysis of genotypic data 
from a single population, a string of inequalities of the different estimators of F,s 
ismathemati~=ally established, with regard to which the discrepancies in the 
sampling precision of these estimators can be reconciled. The anal~icai expres- 
sion for the large sample variance of these estimators suggests that the parametric 
value of their sampling variance is identical. Empirical evaluhtion of the bias and 
standard errors of the three fixation indices from a genetic survey of 17 loci from 
13 subpopulations0f Sikkim, India suggests that for these ratio estimators the 
Jackknife .method and Taylor's series approximation yield almost identical bias 
and standard error. These conclusions also hold for the estimation of FST from 
allele frequency data alone. A comprehensive computer program for obtaining all 
estimators has been developed, and is available from the authors upon request. 
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mates are invoked in evaluating standard errors or for computing test criteria, the 
question is: are these test criteria reliable, and can we justify the large sample 
properties of these test criteria? Our answer, although we cannot prove it analyti- 
cally, is a probable no. We-say so, for the reason that if the normal deviates are 
to be regarded as reliable, we must evaluate the standard errors accurately. We 
have seen that in some region of the Parametric space, the standard errors can 
be drastically affected, even by a minute change in the parameter estimates. For 
the ;(2 tests, on the other hand, we must regard the variance components as 
independently distributed. This assumption, we might note, is also needed in 
Long's (1986) Wilk's A-test criteria. Nayak (1983) has shown that when the  
genotype data from several subpopulations are represented in the form of an 
analysis of variance of categorical data (Light and Margolin, 1971), the mean 
square errors of  the different sources of variation are not independently distri- 
buted. The correlations between them can often be substantial. Furthermore, for 
every source of variation, the large sample distribution of the mean square errors 
is of the form of  composite Z2's, where the coefficients are also functions of 
unknown parameters. They cannot be simply equated to a ;(2 statistics as is done 
commonly invoking large sample theory of continuously distributed random var- 
iables. Therefore, we argue that the test statistics generally suggested for popula- 
tion structure analysis have much poorer statistical justifiability than the parame- 
ter estimates. Cockerham (1973) arrived at this general conclusion, although the 
sampling theory of weighted categorical data analysis was not available at that 

time. 

• ~ ' , ~ = - . -  

7. Summary 

A comprehensive comparative study of the various estimators of the fixation 
indices (F~T, F~s, arid FST) shows that the properties of the estimators:based, on- 
Nei's gene diversity and Cockerham's variance component analysis are very 
similar, in spite of their philosophical differences. In theanalysisof genotypic-data 
from a single population, a string of inequalities of the different estimators of F~s 
is mathematically established, with regard to which the discrepancies in the 
sampling precision of these estimators can be reconciled. The analytical expres- 
sion for the large sample variance of these estinaators suggests that the parametric 
value of their sampling variance is identical. Empirical evaluation of  the bias and 
standard'errors of the three fixation indices from a genetic survey of 17 loci from 
13 subpopulations of Sikkim, India suggests that for these ratio estimators the 
Jackknife method and Taylor'S series a~pp-roxih~afi~ff-~/iela~al/fi~s~i~fi:ti~l ~16i~ . . . .  
and standard error. These conclusions also hold for the estimationof FST from 
allele frequency data alone. A comprehensive comPuter program for obtaining all 
estimators has been developed, and is available fr-oifi_ :the~ut_h~f~_upohlrequest- 
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SUMMARY 

Restriction fragment length polymorphisms (RFLP) analysis using the Southern blot 
technique can be used to recognize copy number variation of variable number of tandem 
repeats (VNTR) of conserved core sequences at several regions of the human genome. This new 
class of polymorphisms reveals a high degree of genetic variation, useful for individual 
identification purposes. Criticisms against forensic applications of such DNA typing data 
include the limitation of employing Hardy-Weinberg expectation of genotype frequencies, 
since several surveys indicate apparent deficiency of heterozygosity (or excess homozygosity) 
in comparison with Hardy-Weinberg expectations. This research postulates an alternative 
explanation of deficiency of apparent hetet~ozygosity which is caused by the inability to detect 
extremely small-sized alleles (called 'non-detectable' alleles) due to the sensitivity of Southern 
gel electrophoresis. We show that the presence of 'non-detectable" alleles can produce pseudo- 
homozygosity and their frequencies can be predicted from the observed proportional 
heterozygote deficiency. Furthermore, in the covei't-presence of such 'n0n-detectable' alleles, 
we show that the gene-count method provides over-estimates of allele frequencies in the sample 
population, and hence the Hardy-Weinberg predictions of genotype frequencies avoid wrongful 
bias against suspects in forensic applications of DNA typing data. Applications of this theory 
to population data on six VNTR loci in US Caucasians and US Blacks suggest that the presence 
of 'non-detectable' alleles could be the major cause of apparent heterozygote deficiency, and 
the current approaches of predicting the population frequency of specific DNA phenotypes are 
practically free of the possible wrongful bias in courtroom applications of DNA typing data. 

INTRODUCTION 

Scientific as well as social implications of the discovery of hypervariable VNTR loci in the 
human genome are by now well-recognized (Wyman & White, 1980; Jeffreys et al. 1985; 
Nakamura et al. 1987 ; Ballantyne et al. 1989). While the general criteria of the presence of large 
numbers of alleles and high heterozygosities at.most VNTR loci make them ideal candidates for 
genetic 'fingerprinting' of individuals, ensuing controversies (Lander, 1989, 1991; Thompson & 
Ford, 1989; Cohen, 1990) with regard to tLeir forensic applications prompted careful attention 

* Correspondence to: Ranajit Chakraborty, Ph.D., Center for Demographic and Population Genetics, 
University of Texas. Graduate School of Biomedical Sciences, P.O. Box 20334, Houston, TX 77225, U.S.A. 
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to--various-statistical.as well_as_population genetic charact:eristics of such hypervariable loci 
(Devlin e-tal. I-9~)0 ;Cl~-ak-raborty-&Daigcr, 199i ,Chakraborty et al. 1991). In a realistic as well 

" asr~igoroU~s stud~ii:Dcviin et al. (199~) dem_o_n_st_rated _t_h_a_t t_he quasi-continuous variations of 
allele: sizes:at manv-VNTR loci could be produced at least in part  by mcasurcmental  errors of 
aiie~-size: d_eier:mination. Indiv]dflals-~vho exhibit both alleles_of similar (but different) sizes 
may be wrong_ly typed as homozygotes, and therefore l:he population data may indicate 

" e.~:idence-_of heterozvgote deficiency (or equivalently, excess of homozygosi ty) in  comparison 
with ihe predictions o f  Hardy-Weinberg equilibrium (HWE) law. Since most genotypes at  
~:N~R.are rare. it hasbeen demonstrated that bv necessity genotype frequencies at VNTR loci 
best: be_ p redict_ed fromtheir  allele f re_q:~encie s (Chakraborty et al. 1991). As a matter  of fact, for 

-forensic applications it may be enough to presc~'ibe an upper bound for every genotype 
probability, since this will avoid wrongful bias in criminal offense cases (Ballantyne et al. 1989 ; 
Budowle et al. 1991a). Since under the assumption of HWE the probability of observing a pair 
of alleles constituting an individual's geno_type is g!ven by th e pr_oduct of the respective alleles 
in the population or multiplying this product by a factor of two if" the alleles are dissimilar, it 
may also be called a 'product rule' of genotype probability determination. The most common 
cause-of deviation-from the above product rule (in the direction of excess homozygozity) 
observed in the content of the VNTR polymorphism is claimed to be population subdivision 
(Lander, 1989; Cohen, 1990). The purpose of this communication is to examine the plausibility 
of another important ' technical'  causal factor, the non-detectability of a class of small-sized 
alleles. This is analytically equivalent to the problem of 'null" alleles that  exist in human and 
other organisms at protcin-coding loci (Martin, 1983; Foltz, 1986a, b). The objectives of this 
research are : (1) to show that the presence of such ' non-detectable'  alleles produces pseudo- 
homozygosity, and their frequencies in a population can be predicted from the proportional 
heterozygote deficiency, although other rigoro.us methods of estimation of such allele 
frequencies are available in the literature (Gart & Nam, 1984a); (2) to demonstrate that  their  
presence may remain covert, although there might be considerable numbers of he t e rozygo te  
individuals in the sample, where such 'non-detectable '  alleles are found in combination with 
other alleles so that such individuals are observed as apparent homozygotes (for the detected 
alleles) because of their single-band Southern-gel profiles; and finally, (3) to show that in the 
presence of such alleles, the gene-count method of estimation of allele frequencies over- 
est imates  the actual frequencies of all detectable alleles, and hence the product-rule gives 
enough cushion in the prediction of genotype probabilities, avoiding bias against suspects in 

forensic applications of DNA typing data. 
:~:nal):tical e~plorations of this technical problem is followed by an analysis of population 

data on six VNTR loci (D2S44, D14S13, D4S139, D17S79, D1S7 and D16S85) in US Caucasians 
and US Blacks, classified by the fixed:bin approach suggested earlier (Budowle et al. 1991 a). I t  
has been shown earlier that the fixed-bin approach of allele classification greatly circumvents 
the problem of measuremental error of allele size determination, and hence analytical strategies 
of detecting pseudo-homozygosity by the approach of Devlin et al. {1990) do not have to be 

involved in this study (Budowle et al. 1991a). 
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FREQUENCY CONSEQUENCES OF ' N O N - D E T E C T A B L E '  ALLELES 

Consider the case o f k  de tec table  alleles (A~, A 2 . . . . .  Ak) and a class of  'non-de tec tab le"  alleles 

(i.e. alleles of  too small sizes) tha t  may  t ru ly  conta in  alleles of  dissimilar sizes, each of  which 

remains unde tec ted  on a Southern  gel. We designate  this class of  alleles by A 0. This scenario is 

reminiscent  of the HLA sys tem in humans,  where A 0 is the blank allele and A~s arc the ones 

detec ted  by  the specific HLA-allel ic  antisera.  We can therefore  designate the different geno type  

and pheno tvpe  frequencies and their  respect ive probabi l i t ies  under  H W E  as shown in Table  1, 

where pi is the f requency of  the allele A i (i = 1, 2 . . . . .  k) and r is the f requency of  ' non-  

de tec tab le '  class of  alleles (A0). 
The H W E  probabil i t ies  of  the observed  pheno types ,  condi t ioned on the observed absence of  

homozygotes  for the ' non -de tec t ab le '  alleles (A 0' A0), then,  become 

(p~+2p~r) for i = 1,2 . . . . .  k. (1) P r ( A i -  ) - ( l _ r 2 )  ' 

2p~pj for  j > i = 1,2 . . . . .  k. (2) and Pr(A i A j) = ( 1 - r 2)' 

In cont ras t ,  if we ignore the existence o f '  non -de t ec t ab l e '  alleles a! together ,  we would regard  

each A ~ -  pheno type  as the true homozygo te  A~A i (for i = 1, 2 . . . . .  /ci and A~Aj pheno type  as 

he terozygote ,  so tha t  the gene-count  es t imators  (which are also the m a x i m u m  likelihood 

es t imators)  of  allele frequencies are 

2ni-+Zi*in~J  for i =  1,2 . . . . .  k. (3) 
P i  = 2 n  ' 

where n = Z~_, n i_ "Ji-Zk>i=l nij. 
The  expec ta t ions  of 15~ in the condit ional  da t a  set, in the presence of A 0 allelels) are 

2n[p~ + 2p~ r] + 2npi Y~.i Pl 
E(/50 = 2n( 1 -- r 2) 

= p2+2p~r+p~(1 --p~--r)  
1 - -  r 2 

_ Pi(  1 + r)  
1 - - r  2 

= - P ~  ( 4 )  
1 - r  

f o r i =  1 ,2  . . . . .  k. 
For  r > 0, obviously  15~ is an over -es t imate  of  the  t rue  allele f requency,  Pi, in the sampled 

popula t ion.  
Ignor ing  the non-de tec tab le  alleles (A0), one would assert  t ha t  under  H W E  the expec t ed  

he te rozygos i ty ,  H E, is 
k 

HE Z 15t/Sj 1 -  Z -2 = = P t ,  ( 5 )  
i:~j i=l 
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Table 1. Genotypes, phenotypes and frequencies of a b~\:TR locus in the presence of 

' 7wn-detectable' alleles 

Genotype 

A~A, 

A~A s 

Observed Probabil i ty  
Phenotype  frequency under H W E  

A~ - n I p~, + 2pir 
f o r . / =  1,2 . . . . .  k 

A, Aj n~s 2p, Ps 
f o r i < j =  1,2 .. . . .  k 

Blank noo r 2 AoAo 
Note: A , -  phenotype appears as a single-band-lane on a Southern gel (for i = 1,2 . . . . .  k), the size of which can 

be de tec ted  on a control ladder-lane. 
A~As phenotype (genotype) is the unequivocal  two-banded lane, sizes of both alleles being detectable. 
Blank phenotypes are rare, showing no band in the lane; often ignored because they can also be caused by 

insufficient DNA or other  factors (such as DNA degradation,  etc.). 

i 

e. 

2 0.75 
2 

ID 

O 

~ 0.5 

I i  

~0.25 

Q, 

a ,  

0 I I I l 

0 0.25 0.5 0.75 t 

Frequency of "non.detectable" allele ( r )  

Fig. 1. Proportional heterozygote deficiency as a function of the frequency o f '  non-detectable '  alleles. 

which would be contrasted with the observed heterozygosity, Ho, given by 

H o = Z~*~P~Ps 
1 - -  r 2 

Note that  1 - r  ~ = ( 1 - r ) ( l + r )  > ( l - r )  2, hence from equation (6) we have 

~*1 t .1  

k 

= 1 -  I; ~ = HE, 
g--1  

(6) 

(7) 



Helerozygote deficiency at V N T R  loci 49 
c 

showing that in conditional data (with homozygosity for non-detectable alleles absent.), non- 
detectable alleles can produce an observed apparent heterozygote  deficiency (or equivalently. 
excess homozygosity) in comparison with the H W E  prediction. 

Fur thermore ,  invoking (4) in (5) and (6) we get the expected heterozygote deficiency 
proportional to expected heterozygosity 

D = H E - H °  2r 
- -  = - -  ( 8 )  

H E l + r '  

since H o - H  E = Z~*/PtP~_ ~ ~ j  
1 - - r  2 

i*1  

[, ,] 
-- Z P ~ P ~  1 r 2 (1 r) 2 

i . 1  

-- 2 PtPj [  (1 + r ) ( l - - r )  2 ] 
1 .1  

2r 
- 1 +r~,~ i~/~j" 

(9) 

Therefore, the expected frequency of the non-detectable alleles (r) that  can produce an observed 
level of proportional heterozygote deficiency (D) can be evaluated as 

D 
r.  (2 -D)"  (10) 

Figure 1 shows the value of D as function ofr .  The concavity of the curve indicates that  the 
proportional heterozygote deficiency (D) is at least as large as r (since D/> r, the equality 
holding only in the extreme cases when r = 0 or 1). In other words, even a rare occurrence 
of non-detectable allele would produce a noticeable amount  of heterozygote deficiency, 
particularly when the expected heterozygosity at the locus is 70 % or greater (which is usually 

the case with most VNTR loci). 

C O V E R T N E S S  O F  N O N - D E T E C T A B L E  A L L E L E S  

The algebra of the preceding section demonstrates  that  the existence of rare 'non- 
detectable '  alleles could produce an appreciable amount  of observed heterozygote deficiency 
(or, excess homozygosity); the frequency of such alleles can be predicted from the observed 
proportional heterozygote deficiency (D). One might then ask, if this were the case why do such 
alleles remain covert; i.e. not seen in homozygote form ? There is the possibility that  a blank 
lane on a Southern gel might often be a t t r ibuted to other technical problems, such as 
insufficient DNA and/or DNA degradation. Therefore, even i f ' non-de tec tab le '  alleles appear 
in homozygous form they would not necessarily be scored. Further  reasoning on statistical 
grounds can be given from the expected frequency of homozygosity for the non-detectable 
alleles (nr 2) and the probability of observing at least one homozygote of the type for a given 

sample size. 
4 HGE 56 
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Frequency of 'non-detectable' allele (r) 

Fig. 2. Minimum sample size (n)~ needed to_ 9b_serx~e_ _h_.omozygotes for "non-detectable' alleles as 
functions of frequency" of such alleles (r) for different levels of significance (~). 

The  expected number  of homozygotes  for the non-detectable  alleles is 

n D  2 
F = nr2, - (2_D)2,  (11) 

which can remain very  low even i f D  is large. For  example,  f o r D  --- 0"10 F becomes l in a sample 

of  100 individuals, 5 in 500 individuals. Therefore,  there is a high chance tha t  such individuals 

might  be missed in a survey. The  probabi l i ty  tha t  no such homozygotes  would be seen in a 

sample of  n individuals is given by  

Po(n)  = (1--r~) n, (12) 

f rom a simple binomial dis t r ibut ion t rea tment .  

Al ternat ively ,  the sample size needed (n) to observe at least one such homozygote  in a survey 

wi th  a confidence of 1'00(1- a ) %  must  satisfy the inequal i ty  

l - - ( l - - r 2 )  a /> l--at ,  

or (1--r2) n ~ a, 

or nlog (1 - - r  2) ~ log (a), 

or  n >/ log(a) (13) 
log (l -- r2) ' 
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Table 2. Obser~'ed heterozygote deficiencies at six VNTR loci in US Caucasians and Blacks and 
the frequencies of'non-detectable' alleles that explain these deficiencies 

Obs. freq. Exp. freq. 
Sample Prop. hetero. Pred. value 

Locus size (n) Homo. Hetero. Homo. Hetero.  def. (D) in % of r in % 

US Caucasians 

D2S44 218 19 [ 99 17"49 200"5 t 0"753 o'378 
D14S13 218 2 2  [96 x9"x8 I98"82 1"4x8 o'714 
D4S 139 144 18 126 14"26 129"74 2"883 I"462 
D17S79 2o9 61 148"* 43"x7 165"83 Io'752 5"681 
DIS7 2Io [9 19[* I2"o7 [97"93 3"5 ° [  o'416 
D 16S85 2 [ o 2 [ [ 89 [ 9"42 [ 90"58 o'829 0"4 [ 6 

US Blacks 

D2S44 295 35 260** 19"4[ 275"59 5"657 2"9I I 
D 14S 13 258 24 234* 15'46 242"54 3"521 I "792 
D4S 139 304 28 276 22'46 28 ['54 ['968 0"994 
Di7S79 28[ 54 227* 39"76 ~ 24I'24 5"903 3"04 [ 
DIS7 268 23 245* I5"24 252"76 3"070 ['559 
D 16S85 2 t 2 47 [ 65" 34"53 177"47 7'027 3"64 [ 

* P  < 0"05; * * P  < 0"01 by a X 2 test with 1 O.F. 

Figure 2 shows plots of such minimum sample size requirement n = log (a)/<log ( l -  r2), when 

n is plotted in logarithmic scale as function of r for a = 0"01, 0"05 and 0"10. Clearly, the sample 
size requirement is rather stringent. For example, for r = 0"10 [which would produce almost 

18% proportional heterozygote deficiency, see equation (I3)] we would need at least 1000 
individuals to be screened before encountering at least one 'non-detectable'  homozvgote 
genotype with a confidence of 95 %. When r = 0-01, the 95 % confidence minimum sample size 
for observing at least one such individual is 29995. It is no surprise, therefore, that  'non- 
detectable '  alleles remain covert in samples observed. 

ANALYSIS OF SIX VNTR LOCI IN U S  CAUCASIANS AND U S  BLACKS 

Budowle et al. (1991 a) recently presented the analysis of phenotypes at six VNTR loci (DIS7, 
D2S44, D4S139, D14S13, D16S85 and D17S79) for the US Caucasians and US Blacks that exist 
in the FBI  data base. Fixed bin approach (Budowle el al. 19912) gives allele counts of binned 
alleles from which concordance of the observed numbers of heterozygotes (or homozygotes) 
with their H W E  _predictions can be examined (see Table 9 or Budowle et al. 1991a). Table 2 
presents the Summary of their computations. At each locus heterozygote deficiency is noticed in 
both populations, and inseveral cases (e.g. DIS7 and D17S79 in US Caucasians, and at all loci 
except the D4S139 locus in US Blacks) the Observed heterozvgote deficiencies are significant (at 
least 5 %  level). Ordinarily, one would have asserted the presence O f substantial population 
substructuring in both populations from such data. The computations of Table 2 indicate that  
the heterozygote deficiency observed at each locus in this data  can be easily explained by the 

nominal presence of 'non-detectable 'alleles.  Even the most deviant locus (D17S79 in the US 
Caucasians) exhibiting more than l0 % proportional heterozygote deficiency could be regarded 

4-2  
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'(, Tablc 3. ,Sumple .size needed to observe at least one 'non-delectable" homozygote 

Sample  size requi red  to observe a t  
Prop. Exp.  freq. of least  one non-de tee ,  homo. for 

Sample hetero, homo. non-detec.  
Locus size (n) def. (D) in % alleles (nr~l z~ = 0-01 :z = 0"05 ~ = 0"!0 

US Caucasians 

D2S44 2*8 0'753 0"003 322 365 209703 I6I  I83 
D14S13 218 I '418 o 'o l  I 90268 5 8 7 2 t  45 134 
D4S 139 t44 2"883 0"031 21 53 1 14006 xO 765 
D17S79 209 ~o'752 0'675 t 425 927 713 
DIS7 21o 3"5ox 0"067 t45o3 9435 7 252 
D 16885 2IO 0"829 0"004 265 787 172 899 132 894 

US Blacks 

D2S44 295 5'657 0"250 5 433 3 535 2 717 
DI4SI3 258 3"52t o'o83 14337 9327 7 169 
D4S139 304 1"968 0'030 46 640 30 340 23 32o 
D 17S79 28 x 5"9o 3 o'26o 4 977 3 238 2 489 
D 1 $7 268 3"070 0-065 18 946 x 2 325 9 475 
D16S85 212 7"027 0"281 3 472 2 259 1 726 

as sat isfying the H W E  predict ions with ' non-de tec tab le '  alleles t h a t  have  a combined 

f requency  below 6%.  Frequencies of  such alleles required to  expla in  the o ther  observed 

he terozygote  deficiencies are even smaller  (see Table 2, last column).  

The supposit ion tha t  these frequencies (r) of ' non-de tec tab le '  alleles are reasonable can be 

judged from the computat ion presented  in Table  3. We note tha t  with these predic ted  r values. 

the expected  frequency of homozygotes  for ' non-de tec tab le '  alleles in this da tabase  does not 

exceed one in any case (the m a x i m u m  value of nr 2 is 0"675 for the D17879 locus for the US 

Caucasian sample), and hence it is not  a surprise tha t  n o s u c h  h o m o zy g o t e  was detected.  The 

sample size required to observe at  least one such homozygote  is also ve ry  large, as shown in the 

last three columns of Table 3. For  example ,  even in the worst  case (D17879 in Caucasians) we 

would have needed 713 individuals to be 9 0 %  sure of get t ing at  least one ' b l a n k '  phenotvpe .  

We m a y  therefore conclude tha t  even the case of a substant ia l  he te rozygo te  deficiency can be 

expla ined easily by covertness of ' non -de t ec t ab l e '  alleles due to Sou the rn  gel electrophoresis.  

IMPLICATIONS FOR FORENSIC APPLICATIONS OF VNTR TI°PING DATA 

As ment ioned before, VNTR polymorphisms  are useful for  ident if icat ion of individuals 

because the number  of possible genotypes  at  V N T R  loci is large, and  most  of  them are rare 

e n o u g h  in a population, so t h a t  the p r o b a b i l i t y  tha t  two individuals  will  have identical 

genotypes  (particulaHy_for-muifipl~::numbers 9f_~uCh :lpci) by  c h a n c e  alone is ve ry  low. The 

rareness of the genotypes,  however,  poses a limi-t~i-on, in the sense t h a t  the chance occurrenc¢ 

of  ger ibtypes m u s t _ b e  evalUated f rom a populat ion da ta  base  using popula t ion  genetics 

principles such as the H W E  (or the p roduc t  rule). The theory  and  da ta  analysis  presented  above 

suggest tha t  in the presence of  ' non -de t ec t ab l e '  alleles such a rule of  es t imat ing  genotype  

frequencies from allele-frequency d a t a  should not  apply,  because the  combined  f requency  of  
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hcterozygotcs will fall below the predicted one. We argue that  this should not be of any concern 
in the use of such allele frequency data for forensic application, because all that  is necessary 
to establish that  the chance occurrence of a specific genotype is rare is to prescribe an upper 
bound for the frequency of every conceivable genotype. If  'non-detectable '  alleles are the 
predominant source of observed heterozygote deficiency, then gene-count estimates of all 
detectable alleles provide enough cushion to prescribe such upper bounds. 

For example, if the Southern gel profile for a par t icular .VNTR locus depicts genotype A~Aj 
(bands of size i and j arc detected), the true probability of this genotype in the population 
(under HWE)  is 2p~pi,. but based on the allele-count data  on conditional data (no 'b lank '  
homozygote found) is 2/5i15 j (/~ is estimated from equation (3)). 

Note that  

E(2iS~/SJ) = ( l - r ) 2 [  l l 

and hence 

E(  2 ( 2 n -  1)i5~ PJ) 2pipJ 
2n - ~ - -  7(2 >~ 2p, pj 

so that  2 ( 2 n -  1)t34 iSj/(2n) is an over-estimaf( ~ o f  the true f requency O f the genotype A~Aj in the 
population. When n is larger than 100 t 2~iSj. should reasonably serve as an adequate upper 
bound for the true heterozygote frequency in the population. 

For the apparent  homozygotes (single-band pa t te rn .of  type  A~) the situation is somewhat 

more involved. Since the actual probability of the A~ - phenotype in the population is p~ + 2pi r 
(under H W E  in the presence of 'non-detectable '  alleles), we cannot guarantee that ~ will 

always be an over-estimate of p~+2p~r. However, Budowle et al. (1991a) suggested 2i5~ as an 
est imator of the probability of A~-  phenotype in the population. Now note that E(/3~)= 

pJ(1 -r) ,  and p~ + 2p~ r = pi(p~+2r) < 2pi(pi + r) ~ 2p i, since p~ +r ~ 1. Therefore, 

E(2i5~) >/p~ + 2p~ r, 

establishing that  Budowle et al's (1991 a) estimator always over-estimates the chance occurrence 

of A i -  phenotypes in the population. Therefore, as long as 'non-detectable '  alleles are the 
predominant  source of causing deviation of the observed phenotype frequencies from the H W E  
predictions, use of 2/3 i for the probability of A i -  phenotype,  and 2:~ii5 j for the probability of 
heterozygote A~AI should cause no concern for the forensic applications of VNTR typing data. 

Even though our discussion thus far focused On dear ly  distinguished alleles, on a practical 

level, with_ b in~ng  of quasi:contin.uous allele size data  (Budow!e et al. 1991a) an additional 
cushion is placed on the bin frequenc~ estimates. Some O f the single-band patterns may not be 
true homozygotes;  however, double alleli_c c0qnts are placed in bins that  contain single-band 
patterns.  Those b in  frequencies are likely to be  over-estimated: In contrast, the bin that  
contains the 'non-detectable '  alleles will have its frequency under-estimated. That  is generally 
the bin which contMns the smallest-sized alleles (Budowle et al. 1991a). Since probability 
calculations for such bins are generally not done, the under-estimation is of no concern. I t  might 
also be noted that  Budowle et al's fixed bin method is deliberately an excessively conservative 
approach unless the heterozygosity approaches 1. 
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Multit)lication of such gcnotype (phcnotype) frequencies over independent segregating loci is 
also justifiable when the VNTR alleles are non-syntenic, or far apart on a chromosome. Since 
'blank '  alleles at such alleles should not be co-segregating in a population, this also should be 

of no concern. 

CONCLUSION 

The theory discussed here assumes clearly distinguished alleles, although V N T R  allelic 
designations by size-classification of Southern gel banding patterns do not exact ly produce 
discrete alleles. We resorted to an analysis of binned allele data  (Budowle et al. 1991a) to 
circumvent this problem. These suggest tha t  the deficiency of combined heterozygotes observed 
in the VXTR polymorphism surveys conducted by Southern gel electrophoresis can be 
explained simply b~ the~ presence of :non-detectable '  alleles. The combined frequencies of such 

alleles in a-population do:not have to be large to produce  substantial apparent deficiency of 
heter0zygosity. This situation is equivalent to the occurrence of null alleles at protein coding 
loci (Martin, 1983; Foltz, 1986a, b ; Skibinski et al. 1983 ; Milkman & Beat ty.  1970~ and their 

implication s in caus!ng deviat!bfis f~6m HX, VE expectations 0f genotype frequencies have been 
studied extensively (Gart & Nam, 1984a. b: Nam & Gir t ,  1985, 1987). We provide an estimate 
of the combined frequencies of such 'non-detec table '  alleles (r) from the observed proportional 
heterozygote deficiency (D); it. is possible to obtain more refined estimators from the full array 

of data on all specific phenotypes (Gart & Nam, 1984b). 
The demonstration that  the usual gene-count estimators of allele frequencies (/5i) over- 

estinaate the true allele frequencies in the presence of 'non-de tec tab le '  alleles is helpful in the 
forensic context, because liberal over-est imates of actual genotype probabilities can be obtained 
from them (by the 2/~ rule prescribed by  Budowle et al. 1991a), without knowing the true 

frequencies of 'non-detectable'  alleles. 
The main emphasis of this work is to demonst ra te  the possibility o f ' non-de tec t ab le '  alleles 

as the principal cause of an apparent, heterozygote deficiency. A rigorous s tudy has not  yet been 
done on the population databases to a t t empt  to determine whether or not single-band pat terns  
are operationally true homozygotesor pseudo-homozygotes  (by using a restriction endonuclease 
that yields larger DNA fragments than H a e I I I - d i g e s t e d  DNA and/or  increasing the quant i ty  
of DNA analysed). However, there is intuitive and empirical evidence that  supports  the 
existence of covert alleles. First, the size of a VNTR fragment generally is dictated by the 
number of repeat units it contains. Since the probes (used to detect genetic variation at the loci 

described in this-paper) hybridize to the repeat, regions, the larger fragment of a heterozygote  
profile usually is more intense or more readily detectable than the smaller fragment. Due to the 
quanti ty of DNA subjected to RFLP-ana lys i s ,  hybridization efficiency, and /or  autoradio- 
graphic exposure times, it can :be anticipated, that  some alleles will go undetected.  In fact, 
multiple analyses of the same samples have shown that  several heterozygote individuals have 
appeared as single-bandhomozygotes, the smaller, weaker band being the differenoe (data not 
shown). Second, Budowle et al. (199.1a) demonst ra ted  for the D16S85 locus that  some H a e I I I -  

digested DNA showed that single-banded profiles were heterozygotes when digested with the 
restriction enzyme Pcu l I .  Third~ Eisenberg (Texas College of Osteopathic Medicine, personal 

communication) observed for D2S44 in the  Texas Black population that  there was a class of 
small-sized alleles (approximately 300 bp  in length) that were difficult to detect  by 
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hybridization since there were very few repeat units within the fragments. Fourth. Jeffrevs 
et al. (199 l) present other data and cite examples of true 'non-detectable '  alleles, although from 
such initial studies their population frequencies are not precisely known. Fornage et ell. (1991) 
also present direct evidence of small-sized alleles at the Apo-CII VNTR locus which are 
detectable by PCR but would have remained undetected by a traditional R F L P  analysis. 

It  is true that. in principle the possibility of heterogeneity within a population (population 
• substruCturing) cannot be distinguished from the scenario presented here. However.  it can be 
argued that  the presence of 'non-detectable '  alleles by size-classifications of Southern gel 
banding iiatterns is more plausible. First, if population substructuring is responsible for causing 

t he  observed heterozygote deficiency, we should have seen tha t  for other loci as well. 

Tra-d_itional b!ood_groups and protein polymorphisms do no_t generally.reveal such a high degree 
of h-et-0r~Vgbte defi6iene3". 'Null '  alleles ai'e_, tare for such ioci. and therefore it is expected. On 
the  contrary, even if we were to assume that deviations from Hx, VE expectations are difficult 
to detect. (Ward & Sing, 1970; Chakraborty & Rao, 1972) with loci where variability is limited 
(as in the case 0t ~ blood groups and protein polym0rphisms), hypervariable VNTR loci scored by 
polymerase chain reaction (PCR)-based protocols do not reveal heterozygote deficiency of  the 

amount shown in Table 2. PCR protocols do not provide any scope o f ' non-de tec tab i l i ty '  and 
a!l alleles should be clearly defined by th_!s _me!hod ~ Published population data on PCR-based 
studiesl . . . . . . .  such as the DIS80 locus studied for Caucasians (Budowle et al. 1991 b) or the Apo-B and 
Apo-CII VNTR loci studied for US caiacasians and Europeans (Boerwinkle et al. 1989; Ludwig 
et al. 1989: Chakraborty et al. 1991) ex_hibit nodeviat!on_fro_m HV~E frequencies. If  population 
structure was to be an issue, we would have expected heterozygote deficiency even in the case 
of PCR-based studies. Second, under the hy'pothesis that. population structure is the cause of 
the observed heterozygote deficiency at VNTR loci (such as the ones shown in Tables 2 and 3), 
Chakrabortv & Jin (1992) have shown that  the observed proportional heterozygote deficiency 
is equivalent to the coefficient, ofgene differentiation, GST (Nei, 1973), among subpopulations of 
a substructured population. This expectation of this coefficient is a composite function of.s, the 
number of subpopulations, and their evolutionary time of divergence measured in units of  2N 

generations (T = t/~V, N is the effective size, assumed constant for all subpopulations over their 
evolution), and the amount of heterozygosity within subpopulations, H (see Nei, 1975). Isolines 
of Gsv for different combinations ofs  and T computed for different H (Chakrabortv & Jin, 1992) 
suggest that when within-population heterozygosity is of the level > 70% (as in the case of 
VNTR loci), GST of thb  range of 1-10% can be gerie~ated only when T = t/2aV is large when s is 
small, or t / ' )V is small when s is large. Furthermore, this assumes no gene-flow between 
populations. Only a small amount of gene-flow substantially retards the accumulation of GsT 
(Nei & Feldman, 1972 ; Chakraborty & Nei, 1974). Since the history of US Caucasian and US 
Black populations shows ample evidence of gene-flow, even in the religiously or thodox 
communities (Kennedy, 1944; Spuhler & Clark, 1961), we argue tha t  a level of 10% 
proportional heterozygote deficiency is virtually inconsistent with the hypothesis of population 
substructure being the cause of the deficiency. On the other hand, 6 %  frequency of 'non- 
detectab~.e ' alleles quite reasonably explains 10% proportional heterozygote deficiency. 

In principle, measuremental errors of band sizes may still affect accurate classification of  
alleles by a fixed bin approach (Budowle et al. 1991a). Quality control experiments (data not 
shown) suggest that this is not a critical concern, because sizing errors are small for small size 
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alleles whe re  bin wid ths  are nar row,  and  wide  w i d t h  o f  the  large size bins  can easi ly  e n c o m p a s s  

up to  5 %  sizing error.  I n  such cases, the/3~ va lue  for  the  a d j a c e n t  bins t h a t  have  h ighe r  allele 

f r e q u e n c y  shou ld  be used. Since the  2/5 i a l r e a d y  g ives  e n o u g h  cushion  in o v e r e s t i m a t i n g  the  

ac t  ual  g e n o t y p e  f r e q u e n c y  for single b a n d  profiles,  B u d o w l e  el a r s  (1991 a) liberal sugges t ion  is 

more  t h a n  sufficient to  encompass  sizing e r ro r s  so t h a t  the  de ta i l ed  t r e a t m e n t  o f  m e a s u r e m e n t a l  

e r r o r s  wi th  add i t i ona l  a s sumpt ions ,  such  as the  ones s u g g e s t e d  by  Devl in  et al. (1990), a re  no t  

c r i t ica l ly  needed.  

This work was supported by a grant 90-IJ-CX-tX)38 from the National Institute of Justice. The conclusions 
reached in this work. however, are solely the opinion of the authors and are not endorsements of the granting 
agencies supporting this research. 
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SUMMARY 

Restriction-fragment length polymorphisms (RFLP) analysis using the Southern blot 
technique can be used to recognize cop)" number variation of variable number of tandem 
repeats (VNTR) of conserved core sequences at several regions of the human genome. This new 
class of polymorphisms reveals a high degree of genetic ~:ariation, useful for individual 
identification purposes. Criticisms against, forensic applications of such DNA typing data 
include the limitation of employing Hardy-Weinberg expectation of genotype frequencies, 
since several surveys indicate apparent deficiency of heterozygosity (or excess homozygosity) 
in comparison with Hardy-Weinberg_expectat_.ions ~ This research postulates an alternative 
explanation of deficiency of apparent heterozygosity which is caused by the inability to detect. 
extremely small-sized alleles (called 'non-detectable' alleles) due to the sensitivity of Southern 
gel electrophoresis. We show that the presence of 'non-detectable'  alleles can produce pseudo- 
homozygosity and their frequencies can be predicted from the observed proportional 
heterozygote deficiency. Furthermore, in the covert presence of such 'non-detectable' alleles, 
we show that the gene-count method provides over-estimates of allele frequencies in the sample 
population, and hence the Hardy-Weinberg predictions of genotype frequencies avoid wrongful 
bias against suspects in forensic applications of DNA typing data. Applications of this theory 
to population data on six VNTR loci in US Caucasians and US Blacks suggest that the presence 
of 'non-detectable' alleles could be the major cause of apparent heterozygote deficiency, and 
the current approaches of predicting the population frequency of specific DNA phenotypes are 
practically free of the possible wrongful bias in courtroom applications of DNA typing data. 

INTRODUCTION 

Scientific as well as social implications of the discover)- of hypervariable VNTR loci in the 
human genome are by now well=recognized (Wyman & White, 1980; Jeffreys et al. i985; 
Nakamura et al. 1987 ; Ballahtyn~et a/21989). While the general criteria of the presence of large 
numbers of alleles and high heterozygosities at most VNTR loci make them ideal candidates for 
genetic 'fingerprinting' of individffals, ensuing controversies (Lander, 1989, 199i ; Thompson & 
Ford, 1989" Cohen, 1990) with regard to their forensic applications prompted careful attention 

* Correspondence to: Ranaji t  Chakraborty, Ph.D.. Center for Demographic and Population Genetics, 
University of Texas. Graduate School of Biomedical Sciences, P.O. Box 20334, Houston, TX 77225, U.S.A. 
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to' various statistical as well as population genetic characteristics of such hypervariable loci 
(Dcvlin et al. 1990; Chakraborty & Daiger, 1991 ; Chakraborty et al. 199l). In a realistic as Well 
as rigorous study, Devlin et al. (1990) demonstrated that  the quasi-continuous variations of 
allele sizes a t  many VNTR loci could be produced at least in part  by measurcmental errors of- 
allele-size determination. Individuals who .exhibit both alleles of similar (but different) sizes 

_ _m_ay _bel wr_o_ngl,,-t:~(ped a s _homozygotes, and therefore the population data may indicate 
evidence of heterozygote deficiency ior equivalently, excess of h0mozygosity) in comparison 
wit-iaJ the-predicl~ions o f  Hardv_-Weinberg.equilibrium (HWE) l~aw. Since most genotypes at. 
V-N.TR ar_e ~rare, it has been demonstrated that. by necessity genotype frequencies at. VNTR loci 
best be predicted from their allele frequencies (Chakraborty et al. 1991). As a matter  of fact, for 
forensic applications it may be enough to prescribe an upper bound for every  genotype 
probability, since this will avoid wrongful bias in criminal offense cases (Ballantyne et al. 1989; 
Budowle et al. 1991 a). Since under the assumption of HWE the probability of observing a pair 
of alleles constituting an i-ndividual's genotype is give n by the product of the respective alleles 
in the population or multiplying this product_by a factor of tw6 if the alleles are dissimilar, it 
may also be~calied a 'product  r~i!e" of-genotype probability determination. The most common 
cause Of devia:tion from the abox~e product  rule (in the direction of excess homozygozity) 
observed in the content, of the VNTR polymorphism is claimed to be population subdivision 
(Lander, 1989; Cohen, 1990). The purpose of this communication is to examine the plausibility 
of another important ' technical '  causal factor, the non-detectability of a class of small-sized 
alleles. This is analytically equivalent to the problem of 'null '  alleles that. exist, in human and 
other organisms at protein-coding loci (Martin, 1983: Foltz, 1986a, b). The objectives of this 
research are: (1) to show that the presence ofgu~:h 'non-detectable '  alleles produces pseudo- 
homozygosity, and their frequencies in a population can be predicted from the proportional 
heterozygote deficiency, although other rigorous methods of estimation of such allele 
frequencies are available in the literature (Gart & Nam, 1984a); (2) to demonstrate that. their 
presence may remain covert, although there might be considerable numbers of heterozygote 
individuals in the sample, where such 'non-detectable '  alleles are found in combination with 
other alleles so that such individuals_'are o_bser_v_e_d as apparent homozygotes (for t.he detected 
alleles) because of-thei-r Sin~gie:band Southern-gel profiles" and finally, (3) to show that in the 
presence of such, alleles, the gene-count, method of estimation of allele frequencies over- 
estimates the acttial frequencies of all detectable alieles, and hence the product-rule gives 
enough cushion in the prediction of genotype probabilities, avoiding bias against suspects in 

forensic applications of DNA -typing data . . . .  
Analytical explorations of this technical, problem is followed by an analysis of population 

data on six VNTR loci (D2S44, D14S13, D4S139, D1.7S79 D1S7 and D16S85) in US Caucasians 
and US Blacks, classified by the-fixed-bin:approach suggested earlier (Budowle et al. 1991 a). I t  
has been shown earlier that the fixed-bin approach of allele classification greatly circumvents 
the problem of measuremental error of allele size determination, and hence analytical strategies 
of detecting pseudo-homozygosity by the approach of Devlin et al. (1990) do not have to be 

involved in this s tudy (Budowle et al. 1991a). 
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FREQUENCY CONSEQUENCES O F ' N O N - D E T E C T A B L E '  ALLELES 

Consider the case of k detectable  alleles (A~, A 2 . . . . .  Ak) and a class o f ' n o n - d e t e c t a b l e "  alleles 

(i.e. alleles of too small sizes) t ha t  may  t ru ly  contain alleles of dissimilar sizes, each of which 

remains  undetec ted  on a Southern  gel. We designate this class o f  alleles by A o. This scenario is 

reminiscent  of  the HLA system in-humans,  where A 0 is the blank allele and A #  are the ones 

de tec ted-by  thespecific HI~A-aHelic antisera.  We cantherefore :dcs ignate  the different g e n o t y p e  

and pheno type  frequencies and their  respect ive probabili t ies under  H W E  as shown in Table  l ,  

where p, is the frequency of the allele Af (i = l, 2 . . . . .  k) and r is the f requency of ' non-  
de t ec t ab l e '  class of alleles (A0). 

The  H W E  probabilities of the_observed phenotypes ,  condi t ioned on the observed absence o f  

homozygotes  for the 'non-de tec tab le '  alleles (A0, Ao) , then, become 

Pr(A,-)  - (P~+2pir) for i = 1 ") . . ,k.  ( t)  
(1 - r  2) . . . . .  

and Pr(AiAj) = ~ for j > i = 1.2 . . . . .  k. (2) 
(1 - r 2 )  ' 

In contras t ,  if we ignore the existence o f ' n o n - d e t e c t a b l e '  alleles a l together ,  we would regard  

each A i -  _phenotype as the t~'ue hom0zygote  A,A,  (for i = l, 2 . . . . .  k) and A~A~ p h e n o t y p e  as 

he terozygotc ,  so that  the gene-count  e s t ima to r s  (which are also the m a x i m u m  likelihood 
es t imators)  of allele frequencies are 

P* = 2n~-+Yi*Jn#2n , for i = t , 2  . . . . .  k. (3) 

where n = X:~= 1 n,_+X~>~= 1 n,j. 

The  expecta t ions  of t5 i in the condit ional  da t a  set, in the presence of A o allele(s) are 

E(~) = 2n[p~ + 2p~ r] + 2np~ Z;.~p~ 
2n(1 - - r  2) 

_ p~+2pi r +p~(l  -p~--r) 
1 - -  r 2 

_ p~( 1 + r)  

I - - r  2 

P~ 
- -  l - - r  ( 4 )  

f o r i =  I, 2 . . . . .  k. 

F o r  r > 0, obviously 15~ is an over-es t imate  of  the true allele f requency,  pl, in the sampled  
popula t ion .  

Ignor ing  the non-detectable alleles (A0), one would assert t h a t  under  H W E  the expec ted  
he te rozygos i ty ,  HE, is 

k 

HE = X ~,~j = t -  X ~ ,  (5) 
i * j  i=l 
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T a b l e  1. Genotypes, phenotypes and frequencies of a ~VTR locus in the presence of 
' non-detectable' alleles 

Observed Probabil i ty 
Genotype Phenotype frequency under HWE 

A~A, A,-- n~ p2 + 2p,r 
for i = 1,2 .. . . .  k 

A, A j A, A j n~ 2p~ pj 
f o r i ~ j =  1,2 .. . . .  k 

A o A o Blank noo r 2 

Note: A~- phenotype appears as a s ingle-band lane on a Southern gel (for i = 1,2 . . . . .  k), the size of  which can 
be detected on a control ladder-lane. 

A~A~ phenotype (genotype) is the unequivocal  two-banded  lane, sizes of both alleles being de tec table .  
Blank phenotypes are rare. showing no band in the lane;  often ignored because they can also be caused by 

insufficient DNA or other  factors (such as D N A  degradat ion ,  etc.). 
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Fig. 1. Proport ional  heterozygote deficiency as a funct ion of  the frequency" o f ' n o n - d e t e c t a b l e '  alleles. 

w h i c h  w o u l d  be c o n t r a s t e d  w i th  t h e  o b s e r v e d  h e t e r o z y g o s i t y ,  H o, g iven  b y  

Ho = Z~.~p~pj 
I - -  r 2 

N o t e  t h a t  1 -  r 2 = ( 1 -  r ) (1  + r) > ( I -  r) 2, h e n c e  f r o m  e q u a t i o n  (6) we h a v e  

k 
= 1 - -  Z IS~ ---- H E ,  

i--1 

(6) 

(7) 
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showing that in conditional data (with homozygosjty for non-detectable alleles absent), non- 
detectable alleles can produce an observed apparent  heterozygote deficiency (or equivalently, 
excess homozygosity) in comparison with t:he i:['~,-r~2 prediction. 

Furthermpre, i_nvoking (4:) in _(5) and (6) we get the expected heterozygote deficiency 
proportional to expected heterozygosity 

D - H E - - H °  - 2r 
H E 1 + r '  

(8) 

since Ho_H~.  = Z~, jp~p~_ Z P ~  
l - - r  2 i . j  

f 1 1 ] 
= ~ P~Pl  r 2 - - r ) 2  ~,j ~ (1 

+ r) -- (1-- r)] 

2r 
- Z P~Pj .  l q-r~. i (9) 

Therefore, the expected frequency of the non-detectable alleles (r) that  can produce an observed 
level of proportional heterozygote deficiency (D) can be evaluated as 

D 
r ,  -- (2--D)" (10) 

Figure 1 shows the value of D as function of r .  The concavity of the curve indicates that  the 
proportional heterozygote deficiency (D) is at  least as large as r (since D/> r, the equali ty 
holding only in the extreme cases when r = 0 or 1). In other words, even a rare occurrence 
of non-detectable allele would produce a noticeable amount  of heterozygote deficiency, 
particularly when the expected heterozygosity at the locus isT0 % or greater (which is usually 
the case with most VNTR loci). 

COVERTNESS OF N O N - D E T E C T A B L E  A L L E L E S  

The algebra of the preceding section demonstrates  that  the existence of rare 'non- 
detectable '  alleles could produce an appreciable amoun/~ o f  observed heterozygote deficiency 
(or, excess homozygosity); the frequency of  such alleles can-be predicted from the observed 
proportional heterozygote deficiency (D). One might then ask, if this were the case why do such 
alleles remain covert; i.e. not seen in homozygote form ?There  is the possibility that  a blank 

lane on a Southern gel might often be a t t r ibuted  to other technical problems, such as 
insufficient DNA and/or  DNA degradation. Therefore, even i f ' non ,de t ec t ab l e '  alleles appear 

in homozygous form they would not necessarily be scored. Further  reasoning on statistical 
grounds can be given from the expected frequency of homozygosity for the non-detectable 
alleles (nr 2) and the probability of observing at  least one homozygote of the type for a given 
sample size. 

4 H G E  56  
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Fig. 2. Minimum sample size (n) needed to observe homozygotes for "non-detectable" alleles as 
functions of frequency of such alleles (r) for different levels of significance (~}. 

The expected number  of  homozygotes  for the non-de tec tab le  alleles is 

.nD 2 
F = nr~ (2_D)2  , (11) 

which can remain very  low even i fD  is large. For  example ,  f o r D  = 0-10 F becomes 1 in a sample  

of  100 individuals. 5 in 500 individuals. Therefore ,  there  is a high chance tha t  such individuals  

might  be missed in a survey.  Th e  probabi l i ty  tha t  no such homozygo tes  would be seen in a 
sample of  n individuals is given by 

Po(n) = ( l - r ~ )  n, (12) 

f rom a simple binomial d is t r ibut ion t r ea tmen t .  

Al ternat ively ,  the sample size needed (n) to observe at  least one such homozygote  in a s u rvey  

with a confidence of 1 0 0 ( 1 - a ) %  must  sat isfy the inequa l i ty  

1-- (1-- r~)  n >/ 1--c~, 

or (1--r2)" ~< a, 

or n log (I - - r  2) ~< log (a), 

or  n >/ log (~) 
log (1 -- r2)" 

(13) 



Helerozygole deficiency al V X T R  loci 51 

Tahle "2. Obserced heterozygote deficiencies at six I'NTR loci in US Caucasians and Blacks and 
the fl'equencies of'non-detectable' alleles that e.rplain these deficiencies 

Obs. freq. Exp. freq. 
Sample Prop. hetero. Pred. value 

Locus size in) H o m o .  H e t e r o .  H o m o .  Hetero. def. (D) in % of r in % 
US C.aueasians 

D2S44 2 x 8 19 199 17"49 200"51 0"753 0 '378 
D14SI3  218 22 I96 t 9 ' I 8  198"82 1'418 o ' 7 t 4  
D4S 139 144 x 8 126 14"26 129" 74 2"883 t "462 
D17S79 209 61 I48"* 43"I7 i65.83 lO.752 5.681 
DIS7 2Io 19 I9I*  12'o7 197"93 3"5 O1 o ' 4 r6  
D 16S85 21 o 21 189 19"42 190" 58 o '829 0"416 

US Blacks 

D2S44 295 35 260** 19'41 275"59 5"657 2"91 t 
D14S13 258 24 234* .15"46 242"54 3"521 1-792 
D4S139 304 28 276 22"46 28 I '54 I"968 o '994 
D17S79 281 54 227* 39"76 24I '24  5"903 3'o41 
D 1 $7 268 23 245 * 15"24 252"76 3"o7o i "559 
DI 6S85 212 47 165" 34"53 x 77'47 7'027 3"641 

* P  < 0'05: * * P  < 0"01 bv  a X 2 tes t  with  I D.F. 

Figure 2 shows plots of such minimum sample size requirement n = log (c0/log ( I -  &), when 

n is plotted in logarithmic scale as function o f r  for ct = 0"01, 0"05 and 0"10. Clearly, the sample 

size requirement is rather stringent. For example, for r = 0"10 [which would produce almost 

18% proportional heterozygote deficiency, see equation (13).] we would need at least 1000 
individuals to be screened before encountering at least one 'non-detectable '  homozygote 

genotype with a confidence of 9,5 %. When r = 0-01, the 95 % confidence minimum sample size 

for observing at least one such individual is 29995. It is no surprise, therefore, that  'non- 
detectable' alleles remain covert in samples observed. 

ANALYSIS OF SIX VNTR LOCI IN U S  CAUCASIANS AND U S  BLACKS 

Budowle et al. ( 1991 a) recently presented the analysis of phenotypes at six VNTR loci (D1S7, 

D2S44, D4S139, Dl4Sl3, D16S85 and D17S79) for the [,_ Caucasians and US Blacks that  exist 

in the FBI data base. Fixed bin approach (Budowle et al. 1991 a) gives allele counts of binned 
alleles from which concordance of the observed numbers of heterozygotes (or h0mozygotes) 

with their HWE predictions can be eXamined (see Table 9 dr Bfldowle el al. 1991a). Table 2 

presents thesummary of their epmphtati_0ns. At  eaeh locus heterozygote deficiency is noticed in 

both populations, and in several eases (e.g. D1S7 and D17S79 in US Caucasians, and at all loci 

except the D4S139 locus in US Blacks) the observed heterozygote deficiencies are significant (at 

least. 5% level). Ordinarily, one would have asserted the presence of substantial population 

substrueturing in both populations from such data. The computations of Table 2 indicate tha t  
the heterozygote deficiency observed at each locus in this data can be easily explained by the 

nominal presence of 'non-detectable' alleles. Even the most deviant locus (D17S79 in the US 

Caucasians) exhibiting more than 10 % proportional heterozygote deficiency could be regarded 
4 - 2  
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Tablc 3. Sample si:e needed to observe at least one 'non-detectable' homo:ygote 

-- s a m p l e  size r e q u i r e d  to o b s e r v e  a t  
. . . .  P r o p .  E x p .  freq.  o f  l ea s t  one  n o n - d e t e c ,  h o m o .  for  

S a m p l e  - -= hetbi"o: h o m o .  n o n , d e t e c .  - 
L o c u s  size .(n) def.  (D) in % al le les  (nr ~) a = 0"01 ~t = 0-05 a = 0-10 

US C a u c a s i a n s  

D 2 S 4 4  2 t 8  0"753 0 '003 322 365 2 0 9 7 0 3  x61 t83 
D i 4 S I 3  2 t 8  I ' 4x8  o 'ox z 9 o 2 6 8  5 8 7 2 1  45 t 3 4  
D4S  139 I44 2"883 0"031 2 t 53 t t 4 006  z o 765 
D I 7 S T 9  209 t o ' 752  0"675 t 425 927 7 t 3  
D I S 7  2 t o  3"5oI 0"067 145o3  9 4 3 5  7252 
D 16S85 2 x o 0"829 0"004 2'65 787 i 72 899 x 32 894 

US Blacks 
D2S44 295 5"657 0'250 5 433 3 535 2 7x7 
D14S13 258 3"52x 0"083 I4337 9327 7 t69 
D4S 139 304 1'968 0"030 46 640 3 ° 340 23 320 
D 17S79 281 5"9o3 0"260 4 977 3 238 2 489 
D 1 $7 268 3"o7o 0"065 t 8 946 t 2 3 z 5 9 475 
D 1 6 , $ 8 5  2 x 2 7"027 0"281 3 4 7 2  2 2 5 9  x 726 

as satisL'ing the HWE predictions with 'non=detectable' alleles that  have a combined 

frequency below 6%. Frequencies of such alleles required to explain the other observed 

heterozygote deficiencies are even smaller (see Table 2, last column). 

The supposition that  these frequencies (r) of 'non-detectable'  alleles are reasonable can be 

judged from the computation presented in Table 3. We note that  with these predicted r values, 

the expected frequency of homozygotes for "non-detectable' alleles in this database does not 

exceed one in any case (the maximum value of nr 2 is 0"675 for the D17S79 locus for the US 

Caucasian sample), and hence it is not a surprise that  no such homozygote was detected. The 

sample size required to observe at least one such homozygote is also very large, as shown in the 

last three columns of Table 3. For example, even in the worst case (D17S79 in Caucasians) we 

would have needed 71_3 indL:idual_s to b e 9 0 %  sure of getting at least one 'blank'  phenotype. 
We may therefore conclude that  even the case of a substantial heterozygote deficiency can be 

explained easily by covertness of 'non:detectable '  alleles due to Southern gel electrophoresis. 

IMPLICATIONS FOR FORENSIC  APPLICATIONS OF V N T R  TYPING DATA 

As mentioned before, ~,~NTR poiym-or=pl~isms are useful for identification of individuals 
because the number of possible genotypes a t  VNTR 10ci is large, and most of them are rare 

enough in a population, so tha t  the probability that  two individuals will have identical 

genotypes (particularly for multiple numbers of such loci) by chance alone is very low. The 

rareness of the genotypes, however, poses a limitation, in the sense that  the chance occurrence 
of genotypes must-be evaluated from a population data base using population genetics 

principles such as the HWE (or the product rule): The theory and data a:aalysis presented above 

suggest that  in the presence of 'non-detectable'  alleles such a rule of estimating genotype 

frequencies from allele-frequency data should not apply, because the combined frequency of 
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hetcrozygotcs will fall below the predicted one. Wc argue that• this should not be of any concern 
in the use of such allele frequency data for forensic application, because all that is necessary 
to establish that  the chance occurrence of a specific genotype is rare is to prescribe an upper 
bound for the frequency of every conceivable genotype. If  'non-detectable'  alleles are the 
predominant source of observed hcterozygote deficiency, then gene-count estimates of all 

detectable alleles provide enough cushion to prescribe such upper bounds. 
_F~r~e~xamp~e,_H~the_Southern~gel prof i lcfora  particular VNTRlocus  depicts genotype A , A j  

(bands-of s~z-e ~a~dj are detected), the true probability of-this genotype in the population 
(~nd=er I-!~_'E-)I is 2p_,p~, bu t  based on the allele-count data on conditional data (no 'b lank '  

homozygote found) is 2/3iib ~ (ib~ is estimated from equation (3)). 

Note that 

' ]  
E(2i5,i5,) = ~ [ l - ~ n  n (1-r)~i 

and hence 

E(2(2n- - l )  ~i~j) 2p, pj 
\ 2n " - ( l - r )  2 >~ 2pip1 

so that  2 ( 2 n -  1)/5 i pJ(2n)  is an over-estimate of the true frequency of the genotype A i A 1 in the 
population. When n is larger than 100, 2~5~i5 j should reasonably serve as an adequate upper 

bound for the true heterozygote frequency in the population. 
For the apparent homozygotes (single-band pattern of type A~) the situation is somewhat 

more involved. Since the actual probability of the A~-  phenotype in the population is p~ + 2p~ r 
(under H W E  in the presence of 'non-detectable '  alleles), we cannot guarantee that 15~ will 
always be an over-estimate of p~ +2pit .  However, Budowle et al, (1991 a) suggested 2/5 i as an 

est imator of the probability of A i -  phenotype in the population. Now note that E(/~i) = 
p J ( 1 - r ) ,  and p~ + 2p~r = p~(p~ + 2r) < 2p~(pi + r) <~ 2pi, since p~ +r ~< 1. Therefore, 

E(2i5~) >/p~+2pir ,  

establishing that  Budowle et al's (1991 a) estimator always over-estimates the chance occurrence 

of A , -  phenotypes in the population. Therefore, as long as 'non-detectable'  alleles are the 
predominant source of causing deviation of the observed phenotype frequencies from the H W E  
predictions, use of 2/5, for the probability of A i -  phenotype, and 2i5,p j for the probability of 
heterozygote A~Aj should cause no concern for the forensic applications of VNTR typing data.  

Even though our discussion thus far fbcused on clearly distinguished alleles, on a practical 

level, with binning of quasi-continuous allele size data (Budowle et al. 1991a) an additional 
cushion is placed on,.the bin frequency estimates. Some~oLthe single-band patterns may not  be 
true homozygotes;  however, double all elic counts are placed in bins that contain single-band 
patterns.  Those bin Srequencies are likely• to- be over-estimated. In contrast, the bin that  
contains the ' non-detectable '  alleles wil lhave its frequency under-estimated. That is generally 
the bin which contains the smallest-sized alleles (Budowle et al. 1991a), Since probability 
calculations for such bins are generally not done, the under-estimation is of no concern. I t  might 
also be noted that  Budowle et al's fixed bin method is deliberately an excessively conservative 

approach unless the heterozygosity approaches 1. 

. . . . .  ~ -  ~ 3 . . . .  ~ - ~ s  =-• . . . . . .  ~ .  - 
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Multiplication of such genotype (phenotype) frequencies over independent segregating loci is 
also justifiable when the VNTR alleles are non-syntenic, or far apart on a chromosome. Since 
'blank" alleles at such alleles should not be co-segregating in 'a population, this also should be 
of no concern. 

CONCLUSION 

The theory discussed here assumes clearly distinguished alleles, although V N T R  allelic 
designations by size-classification of Southern gel banding patterns do not exactly produce 
discrete alleles. We resorted to an analysis of binned allele data (Budowle et al. 1991a) to 
circumvent this problem. These suggest tha t  the deficiency of combined heterozygotes observed 
in the VNTR polymorphism surveys conducted by Southern gel electrophoresis can be 
explained simply by the presence o f 'non-de tec tab le '  alleles. The combined frequencies of such 

alleles ill a population do not have to be large to produce substantial apparent deficiency of 
heterozygosity. This situation is equivalent to the occurrence of null alleles at protein coding 
loci (Martin, 1983; Foltz, 1986a, b; Skibinski et al. 1983; Milkman & Beat ty,  1970) and their 
implications in causing deviations from H W E  expectations of genotype frequencies have been 
studied extensively (Gart& Nam, 1984a. b; Nam & Gart, 1985, 1987). We provide an estinaate 

of the combined frequencies of such ' non-detectable '  alleles (r) from the observed proportional 
heterozygote deficiency (D): it is possible to obtain more refined estimators from the full array 
of data  on all specific phenotypes (Gart & Nam. 1984b). 

The demonstration that the usual gene-count estimators of allele frequencies (/30 over- 

estinaate the true allele frequencies in the presence of 'non-detectable '  alleles is helpful in the 
forensic context, because liberal over-estimates of actual genotype probabilities can be obtained 

h'om them (by the 2t34 rule prescribed by Budowle et al. 1991a), without knowing the true 
frequencies of 'non-detectable" alleles. 

The main emphasis of this work is to demonstrate the possibility of 'non-de tec tab le '  alleles 
as the principal cause of an apparent heterozygote deficiency. A rigorous s tudy has not. yet been 
done on the population databases to a t tempt  to determine whether or not single-band patterns 
are operationally true homozvgotes or pseudo-homozygotes (by using a restriction endonuclease 
that yields larger DNA fragments than Hael I I -d iges t ed  DNA and/or  increasing the quant i ty  
of DNA analysed). However. there is intuitive and empirical evidence that  supports the 
existence of covert alleles. First, the size of a VNTR fragment generally is dictated by the 
number of repeat units it contains. Since the probes (used to detect genetic variation at the loci 
described in this paper) hybridize to the repeat regions, the larger fragment of a heterozygote 
profile usually is more intense or more readily detectable than the smaller fragment. Due to the 

quant i ty  of DNA subj_ected to R F L P  analysis., hybr!dization efficiency, and/or  autoradio- 
graphic exposure times, it can be anticipated t h a t  some alleles will go undetected. In fact, 
multiple analyses of the same samples have shown that several heterozygote individuals have 
appeared as single-band homozygotes, the smaller, weaker band being the difference (data not 
shown). Second, Budowle et al. (1991a) demonstrated for the D16S85 locus that  some H a e l I I -  

digested DNA showed that single-banded profiles were heterozygotes when digested with the 
restriction enzyme Pvul I .  Third, Eisenberg (Texas College of Osteopathic Medicine, personal 
communication) observed for D2S44 in the Texas Black population that  there was a class of 
small-sized alleles (approximately 300 bp in length) that were difficult to detect by 
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hvbridization since there were very few repeat units within the fragments. Fourth, Jeffreys 
et al: (199,1) present other data  and cite examples of true "non-detectable" alleles, although from 
such initial studies their population frequencies are not precisely known. Fornage et al. (1991) 
also present direct evidence of small-sized alleles at the Apo-CII VNTR locus which are 
detectable by PCR but would have remained undetected by a traditional RFLP analysis. 

~t._i2 t rue that in. principle the possibility of heterogeneity within a population (population 
substructuring) Cdnnot be distinguished from the scenario presented here. However, it can be 

_argue~ that~the presence o f '  " ' __ non-detectable allele~ by size-classifications of Southern gel 
b ~ - ~ e r n s  is ~mo-~ep-[ausib---le-~ l~irstl ~if l~)t~iJl~t-ti0nsubstrficturing is responsible for causing 

_-th~_~b~£,~dd~heteroz~:gote deficiency, w e s h g u ! d  have seen that for other loci as well. 
Traditional blood groups and protein polymorphisms do not generally reveal such a high degree 
of heterozygote deficiency. 'Null '  alleles are rare for such loci, and therefore it is expected. On 
the contrary, even if v,'e were to assume that  deviations from HWE expectations are difficult 
to detect (Ward & Sing, 1970" Chakraborty & Rao, 19725 with loci where variability is limited 
(as in the case of blood groups and protein polymorphisms), hypervariable VNTR loci scored by 
polymerase chain reaction (PCR)-based protocols do not reveal heterozygote deficiency of the 
amount shown in Table 2. PCR protocols do not provide an 5" scope of 'non-detectabili ty '  and 
all alleles should be clearly defined by this method. Published population data on PCR-based 
studies, such as the DIS80 locus studied for Caucasians (Budowle et al. 1991b) or the Apo-B and 
Apo-CII VNTR loci studied for US Caucasians and Europeans (Boerwinkle et al. 1989; Ludwig 
et al. 1989; Chakraborty et al. 1991) exhibit no deviation from HWE frequencies. If population 
structure was to be an issue, we would have expected heterozygote deficiency even in the case 
of PCR-based studies. Second, under the hypothesis that population structure is the cause of 
the observed heterozygote deficiency at VNTR loci (such as the ones shown in Tables 2 and 3), 
Chakraborty & Jin (19925 have shown that  the observed proportional heterozygote deficiency 
is equivalent to the coefficient ofgene differentiation, Gsr (Nei, 19735. among subpopulations of 
a substructured population. This expectation of this coefficient, is a composite function of 8, the 
number of subpopulations, and their evolutionary time of divergence measured in units of 2N 

generations (T = t/2N, N is the effective size, assumed constant, for all subpopulations over their 
evolution), and the amount of heterozygosity within subpopulations, H (see Nei, 19755. Isolines 
of Gsr for different combinations o f s  and T computed for different. H (Chakraborty & Jin, 1992) 
suggest that when within-population heterozygosity is of the level > 70% (as in the case of 
VNTR loci), Gsr of the range of 1-10 °/o can be generated only when T = t /~V is large when s is 
small, or t /~V is small when s is large. FUrthermore, this assumes no gene-flow between 
16opulations. Orily a small amount of gene-flow substantially retards the accumulation of Gsr 

(Nei & Feldman, 1972 ; Chakraborty & Nei, i974). Since the history of US Caucasian and US 
Black populations shows a m p l e  ev!denee of gene-flow, even in the religiously ort.hodox 
communities (Kennedv, 1944; Spuhler & ClarK, i9615, we argue that  a level of 10% 
proportional h eterozygote deficiency i s virtually inconsistent, with the hypothesis of population 
sub~r_u.-~tffr_e b e_ihg ~he cause  ~ of the de-fic~enc2~< -On t?he~0-t-he-r hand,  6 % frequency of 'non- 
de-tectat~ie' alleie~ qu!t_6 feas0n~tiiy :expl_ains 10°/_o pr_bportional heteroz~igote deficiency. 

In principlC in6~tg-Urerfierital drrot;s-6f-b~a-nd7 size-s may sti l l  affect, accurate classification of 
alleles by a fixed bin-approach (Budowle et dl. 1991a). Quality control experiments (data not 
shown) suggest, that  this is not a critical concern, because sizing errors are small for small size 
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alleles where  bin wid ths  are nar row,  and  wide  w i d t h  o f  the  large  size b ins  can  eas i ly  e n c o m p a s s  

up to 5 % sizing error.  In  such cases, the /3 ;  va lue  for  the  a d j a c e n t  bins  t h a t  h a v e  h igher  allele 

f r equency  should  be used. Since the  2/5 i a l r e a d y  g ives  e n o u g h  cush ion  in o v e r e s t i m a t i n g  the  

ac tua l  g e n o t y p c  f r equency  for single b a n d  profiles.  B u d o w l e  et al 's  (1991 a) l iberal  sugges t ion  is 

more  t h a n  sufficient to  encompass  sizing e r ro r s  so t h a t  the  de ta i l ed  t r e a t m e n t  o f  m e a s u r e m e n t a l  

errors  wi th  add i t iona l  assumpt ions ,  such  as the  ones  s u g g e s t e d  by  Devl in  et al. (1990),  are  no t  

cr i t ical ly  needed.  

-Tlii.~-~:6i'tt ~v~ts-sU~)p0rted by a gi, afit 90-IJ-CX-0038 from the Nation-al Institute/0f Justice The conclusions 
reached in this work. however, are solely the opinion of the authors and are not endorsements of the granting 
agencies supporting this research. 
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~ In r f i s ,  I .): P C R  R A N A J I T  C H A K R A B O R  TYI , R A N J A N  DEKA 2, LI J I N  1 , ~rD 
-166.  I R O B E R T  E. F E R R E L L  2 
m a l y s i s  i I I Center for Demographic and Population Genetics, University of Texas 
r ing t h e  . . . . .  . . . . . . . .  Graduate School of Biornedical Sciences,=Houston, Texas77225; ~Depart,. 
15. ment of Human Genetics, University of Pittsburgh Graduate School of 
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,Erlich l ABSTRACT Because of their high degree of polymorphisms, the variable 
f i ca t ion  .ibn-site ' number of tandem repeat (VNTR) loci have  become extremely useful in studies 
Science. " involving gene mapping, determination of identity and relatedness of individuals, 
L): New and evolutionary relationships among populations. However, there are some con- 

cerns regarding whether or not the patterns of such genetic variation can be 
'human studied by the classical population models that are developed for studying genetic 
; ing t he  variation at blood groups and protein loci, since VNTR alleles detected by molecu- 

Genet. lar size may not always be identical by descent. Although theoretical and empiri- . 
a n t h r ~  i cal studies demonstrate that this concern is overstated, this study provides fur- 

ther Support of the application of the traditional mutation-drift models to predict 
"reys AJ the pattern 0fintra- and inter-populational variation at VNTR loci. By comparing 
var i ab le  
n..Hum, genetic variation at six VNTR loci with that at 16 blood groups and protein loci in 

i three ethnically defined populations, we show that the patterns of variability at 
these two sets of loci are in general parallel to each other. Shared VNTR alleles 

! among populations are generally more frequent than the ones which are not 
present in every population; the proportion of shared alleles among populations 
increases with increasing genetic similarity of populations; and the number of 
VNTR alleles is positively correlated with gene diversity at these loci. All of these 
observations are in agreement with the prediction of the mutation-drift models, 
part icularlywhen the possibility of forward:backward mutations are taken = into 
account. This parallelism of genetic variation at VNTR loci and blood groups/ 
protein loci further asserts the potential of using such hypervariable loci for 
microevolutionary studies, where closely related populations may exhibit consid- 
erably less allele frequency differences at the classical blood group and protein 

- : :  -C:-  -: - : - I  . . . .  
I 

~loci. © 1992 Wfley-Liss, Inc: " 

The discovery of the presence of tandemly 
repeated DNA sequences at several regions 
of the human genome has led to the charac- 
terization of a new class of polymorphic loci, 
known as variable number of tandem repeat 
(VNTR) loci. These loci are becoming in- 
creasingly popular in studies involving gene 
mapping, identification of individuals or fa- 
milial relatedness, and evolutionary rela- 
tionships between populations (see Burke et 
al., 1991). Several single locus VNTR probes 
have been developed (Wyman and White, 
1980; Jeffreys et al., 1985; Nakamura et al., 
1987) and their characterizations with re- 
gard to intra- and inter-populational genetic 
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variation are also now available (Jeffreys 
et al., 1988; Clark, 1987; Flint et al., 1989; 
Odelberg et al., 1989; Deka et al., 1991}. 
However, since this class of polymorphism 
reflects copy number  variation of short  con- 
served core sequences (ranging in length 
from one to hundreds ofnucleotides) and the 
molecular mechanism of production and 
maintenance of VNTR alleles is still ob- 
scure, there are some concerns as to whether  
or not the pat terns ofVNTR polymorphisms 

© 
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can be studied by the classical population netic variation at VNTR loci and blood 
genetic models developed for studying the groups and enzyme loci, along with the fact 

:: blood group and protein variation (Lander, that the genetic distances among these pop- 
. . . . .  i98-9;~l-9.~ti~Kidd: et~:al.;-1991:).::E~n~i~i~il :-- :ulafiofi~aSdete-cted:by the V~TR~lod:are-in 

~ . . . . . . . . .  ~ :  :aa~a=-on~mtra~:population-=variation~d t - s e v ~ d ~ i t h ~ t  h ~ i ~ l ~ i ~ t b ~ i ~ l ~ d ~ - ~ = ~  
!!i . . . . . . . . . . . .  eral-VNTR loci h~i-~d~0fi~t~-a~ed ~ h - ~ t = t h ~ h ~ e ~  f,.~h-~fi=_.h~erxariableJoc~are~ex . . . .  
-:~ . . . . . . . .  t~di~io~l~=p-o-p~l~ibh-:ge-ffdtic-m~-d~l~- a~eY~-'t~ha~ly-~e-ft]l-f~{ffdyang g~h~fiUdiffer---e~-- :-- 7 
~ i = - - : :  : applicable =tosuch:loci:(s.ee-Clark,--1987, Jef---tiation=between=human-_ populations.::Since: : 

i!: I . . . . . . . . . . . . .  raborty~and~Daig~ff,=l"991.~::CH~k~i56~]) . . . . . .  ~ . _ ~--ti6fl-u~-d-f~-~h-e VNTR study (Deka et al ,  
. i~ #t~a!.,;1991). Our earlier work~on.six VNTR ~-1991)were all from~individuals.belongingto, 

i ...... loci studied in three ethnically defined popu- the Sonowal subgroup of Kacharis, the Ka- 
. lations exhibited the utility of VNTR poly- ~chari allele frequencies at the blood group 

i .......... morphisms for inter-populational genetic.: : and protein loci used in the present compar . . . . . . . . .  
differentiation as well. ative analysis (reproduced in Appendix A), 

i .__ :. ~ ~ne~hara~teristi~feature~of~q`T`R~p~y~are~t~e~nes~represented~as-thrat~f~th~e ~ - : :  
....... --morplaism is that these loci are generally. Sono_wals~(Sandv~alsJn_Walter=et:al., 1 9 8 6 ) -  

I :~ . . . .  groups and:protein: loci;~reflected~in:higher:-thedata:so~urce),~ 
~" ' l e ~ l s - ~ - 6 f h - ~ t ~ ~ p ~ i  asia- . . . . . . . . . . . . . .  

i larger number of alleles. Jeffreys et al. MATERIALS AND METHODS ' 
(1988) showed that these are caused by a 
higher rate of mutation at the VNTR loci in 
comparison to traditional loci. Such hyper- 
variability, of course, necessitates certain 
modifications of statistical analyses of 
VNTR polymorphism data (see Chakraborty 
et al., 1991; Deka et al., 1991), but these are 
not sufficient reason to invalidate the appli- 
cation of the classic mutation-drift models of 
population genetics to analyze such data. 

The purpose of this paper is to provide 
further evidence of comparability of intra- 
and inter-populational variation at the 
VNTR loci with those at traditional blood 
group and protein loci. Using a previous sur- 
vey (Deka et al., 1991) of genetic variation at 
six VNTR loci (D1S57, D1S61, D1S76, 
D1S77, RB1, and a-globin 5' HVR) in three 
ethnically defined populations (Kachari o f  
Northeaste'rn India, New Guinea Highland- 
ers of Papua New Guinea, and Dogrib Indi- 
ans of Canada), we show that among these 
populations the pattern of allele sharing is 
identical with that at 16 blood groups and 
protein loci studied previously in these pop- 
ulations. This pattern is also in accord with 
the prediction of a mutation-drift model of 
gene differentiation. Furthermore, we show 
that the proportion of shared alleles be- 
tween populations is also parallel to their 
genetic similarities. Finally, the empirical 
relationship between the number of alleles 
and gene diversity at the six VNTR loci is 
also in agreement with the prediction of the 
mutation-drift model. These observations on 
the parallelism between th e pattern of ge- 

Populations 
For the study of comparability of patterns 

of polymorphisms at VNTR loci and blood 
groups and enzyme loci, three ethnically de- 
fined diverse human populations were se- 
lected: the Kachari of Northeastern India, 
Kalam and Gainj speaking New Guinea 
Highlanders of Papua New Guinea, and 
Dogrib Indians of Canada, • who have been 
previously examined for genetic variation at 
several blood groups and protein loci. The 
Kachari is a distinct Mongoloid tribal group 
who live in the plains of the northeast In- 
dian state of Assam. They belong to the Bodo 
subgroup of the Tibetoburman language 
family, and are known to have a population 
size exceeding 50,000 during the present 
century (B.M. Das, personal communica- 
tion). Kalam and Gainj speaking New 
Guinea Highlanders represent a culturally 
inter-related interbreeding group of inhabit- 
ants of the northern fringe of Papua New 
Guinea's central highlands. They are one of 
the least acculturated, genetically unad- 
mixed populations of the South Pacific 
(Wood et al., 1982). Although the precise es- 
timate of the size of this population is un- 
known, in 1978 the de facto population size 
was a little over 1,100 (Long et al., 1986) and 
their demographic profile appears quite sta- 
ble (Wood and Smouse, 1982). The Dogrib 
Indians are one of the 16 Athapaskan- 
speaking Amerindian tribes, and they reside 
in the Northwest Territories of Canada. Ge- 
netically, linguistically, and anthropologi- 
cally, thi_s isawell-characterized population~ 
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with low levels of non-Amerindian admix- 
ture (Szathmary et al., 1983) and from a de- 
mographic perspective they resemble to 
some extent the New Guinea Highlanders 
insofar as their current population size is 
concerned (Szathmary, 1983). From the re- 
cent~history of migration, tkiei, e are sugges- 
tions that the Kacharis might have in their 
gene pool, genes of Polynesian origin, sug- 
gesting genetic proximity with the New 
Guinea Highlanders (Walter et al., 1986). 

Data 

Togenerate-data on-VNTR poly~h-5-r]~h~irfis, 
high-molecular-weight DNA was isolated 
from buffy coats of 45 Kachari, 46  New 
Guinea Highlanders, and 30 Dogrib Indians 
by phenol-chloroform extraction (Aldridge 
et al., 1984). Further details of restriction 
endonuclease digestion, Southern blot tech- 
nique of restriction fragment length poly- 
morphism (RFLP) analysis to detect the dif- 
ferent V-NTR alleles, and the degree of 
resolution o f  allele" size determinations, 
along with the chromosomal localization of 
the six VNTR loci (D1S57, D1S61, D1S76, 
D1S77, RB1, and ~-globin 5' HVR) are given 
in Deka et al. (1991). With the exception 
that the two loci DIS76 and D1S77 are 
closely linked (0= 0.043 ~, O'Connell et al.i 
1989), the six loci represent a set of indepen- 
dently se~6g~ifing 16ci-ht each bf whicl~ ge- 
netic variation is~ gov~-rned:~by ~ ~615~ ffumber :" 
variation of tandemly repeated core se- 
quences. Deka et al. (1991)present the allele 
frequency distributions of e.ach of these loci 
in the three populations examined here. 

To contrast the pattern ofVNTR polymor- 
phisms at these six VNTR loci with that at 
the blood groups and protein loci, allele fre- 
quency data at 16 blood groups and protein 
loci which were pl=eviously published were 
extracted. While the New Guinea Highland- 
ers and the Dogrib Indians were examined 
for a comparatively larger set of blood 
groups and protein loci (see Long et al., 
1986; Szathmary, 1983; Szathmary et al., 
1983), data on the traditional loci in the Ka- 
chari-population-are more ~limited:This led 
to the consideration of data at 16 .blood 
groups and protein loci (ABO, Rh, MNSs, 
Diego, and Duffy blood groups, and AK, 
ADA, TF, ESD, GC, HP, ACP, LDH-A, 
HB-13, Gm, and Km protein loci) for the 
present analysis. Appendix A gives a compi- 
lation of allele frequencies at these loci for 
the three populations used in this analysis, 

along with their respective sample sizes 
(number of individuals sampled) and source 
of data. 

Statistical methods 

Patterns of polymorphism studied in this 
paper use several summary measures of ge- 
netic variation: (1) number of alleles, (2) 
gene diversity (Nei, 1973), and (3) genetic 
distance (bias-corrected estimate of Nei's 
standard genetic distance; Nei, 1978). These 
are directly computed from the allele fre- 
quency data (see Deka e t a ! ,  1_98!, and Ap- 
p-gfdix A): If1 order to analyze the pattern of 
allele sharing, the mean frequencies (and 
standard errors) were computed for the al- 
leles that are present in all three, in two of 
the three, and in one of the three popula- 
tions for both sets of loci (VNTR versus the 
traditional ones). The expectation is that  the 
alleles that are present in all three popula- 
tions should be more frequent than the ones 
which are not found in all of them. This is 
expected under a mutation-drift model, 
since Watterson and Guess (1977) have 
shown that the oldest allele is also likely to 
be the most frequent in a population, and 
hence, an allele which is present in all three 
populations is likely to have existed before 
the split of these three diverse populations, 
and thereby might also be more frequent 
than the newer ones which might not be 
sharedby all. Second, for the three pairwise 
contrasts of populations, we computed the 
proportion of shared alleles, using the for- 
mula 

PxY = 2kxx/(kx + ky) (1) 

where kx and kvare the number of alleles in 
populations X and Y, and kxx is the number 
of alleles present in both populations X and 
Y. The values of PxY were computed for the 
six VNTR loci jointly and contrasted with 
that of the 16 blood groups and protein loci. 
For each choice of X and Y, the PxY values 
were contrasted with Nei's gene identity for 
the  corresponding loci (Nei, 1978), because 
under the-iia-utat~ioh:di-ift model of gene dif- 
ferentiatib-n~ th~pr0portionof:shared alleles 
is expected_to be:pos_itj_v~ly_:cbi're!dt~d:v~ith 
gene i(ienii-i~; (a measure of genetic similar- 
ity) between populations. Finally, the rela- 
tionship between the number of alleles and 
gene diversity (heterozygosity) is studied for 
the six VNTR loci by plotting a scatter dia- 
gram of these two variables to examine 
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TABLE 1. Frequencies of shared alleles at VNTR and blood group and protein loci 

For six VNTR loci For 16 blood group/protein loci 
Frequency Frequency 

Alleles present  in - -  Number  Mean 2: S.E. Number  Mean 2: S.E. 

3 populations 15 0.276 + 0.052 30 0,488 2:0.062 
2 populations 15 0.166 + 0.048 7 0.247 2:0.088 
1 population 17 0.041 + 0.013 7 0.i01 + 0.063 

TABLE 2. Relationship between the proportion of shared alleles (Pxr) and Nei's Gene Identity (Ixy) at the VNTR 
and blood groups/protein loci 

VNTR loci Blood groups/protein loci 
Populations Ixv PxY Ixv Pxv 

Kachari  vs. New Guinea 0.846 0.712 0.891 0.883 
Kachari  vs. Dogrib 0.654 0.581 0.870 0.892 
Dogrib vs. New Guinea 0.760 0.653 0.855 0.873 

whether or not these two measures of ge- 
netic variation are positively correlated. Un- 
der the mutation-drift model, the~e two 
quantities are positively correlated whose 
magnitude can be predicted from the ob- 
served average heterozygosity at the 16ci 
scored (Chakraborty and Griffiths, 1982). 

RESULTS 
Frequencies of shared and non-shared alleles 

Table 1 shows the numbers and mean fre- 

identity and proportion of shared alleles is 
perfect, reflecting that genetically similar 
populations a re  also sharing a proportion- 
ally larger number of VNTR alleles. On the 
contrary, for-the blood groups and protein 
loci~ Siich cdrrCspdSdence is e(tuivocal. For 
example, even though the Kacharis are ge- 
netically closer to the New Guinea High- 
landers, the proportion of shared blood 
groups/protein alleles between them is com- 
paratively smaller than what they share 

quencies (_ S.E.) of all alleles observed at with the D0gribs. There are two possible ex- 
the six VNTR loci and 16 blood groups and ._ planafions for;this discordance. First~ since 
protein loci, categorized by their presence in a great majority of the blood~groups/protein 
all three, two of the three, and only in one of loci are 2-allele .s_ystems (9 out  of 16), the 
the three populations. It is clear that for variati0n of tlae p~roportion of shared alleles 
both sets of loci, the pattern is identical; the is rather limited even among populations 
alleles that are present in'all three pop ula= that are very di,~erse genetically. Second, 
tions are more frequ-ent than thd:dnes which the-differences of the gene identity values 
are  present in two of the three populati0ns, amongl th~se~ populations detected_at the 
which are in turn more frequent than the blood grp~p~and_proteinlocido not appear 
alleles that are present in only one-of tiae 
three populations. The differences of aver- 
age frequencies of these three classes of al- 
leles appear to be greater for the blood 
groups and protein loci, compared with the 
VNTR loci, which is expected, because the 
larger extent of polymorphism at the VNTR 
loci makes the individual allele frequencies 
generally smaller for each VNTR allele, in 
comparison to the blood group and protein 
alleles. 

Relationship between proportion of shared 
alleles and gene identity 

Table 2 shows the relationshjp__betwe_e_n 

_.to be significant, as can be seen from the 
standard errors of the corresponding genetic 
distances (discussed later). In Spite of these, 
the pattern of allele sharing at the VNTR 
loci indicates that even though the designa- 
tion of allelic distinctions by copy •number 
variation =at these ibc~-raises the l~9ss~bility 
that twq similat:-sizea]leJes: may not be of 
identical by de~cent, the present data shows 
that such allelic ~d~stinSfi0i/S ~ are qu~te ade- 
quate for the purpose of genetic comparisons 
between populations. 

Relationship between gene diversity and 
number of alleles 

the proportion of shared ailele~ and gene Deka et al: (199i) demonstrated that the 
identity for the two groups of loci. For the genotype_ distributions_at_these: Six VNTR 
VNTR loci the correspondence between gene loci are in accordance with the Hardy-Wein- 

~..-,  
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Fig. 1. Relationship between gene diversity (H) and number of alleles at six VNTR loci in three 
ethnically deemed populations (Kachari, Dogrib, and New Guinea Highlander). The observed correlation, 
r = 0.526, is statistically.significant (P < 0.05) and is in approximate agreement with the prediction of 
the classical infinite allele model (expected r = 0.562). 

berg proportions for each of these three pop- 
ulations. Therefore, Nei's measure of gene 
diversity (estimated by the bias-correction 
method suggested in Nei, 1978) provides an 
adequate estimate of the heterozygosity at 
these loci. Figure 1 shows the scat ter  dia- 
gram of the number of alleles (k) and gene 
diversity (H) for the 18 population-loci com- 
binations for the VNTR loci. It  is clear that  
there is a positive trend in the scatter  plot. 
Chakraborty and Griffiths (1982) have 
shown that ,  while gene diversity (H) and 
number of alleles (k) should be positively 
correlated under a mutation-drift  model, 

one observed. This also reflects tha t  desig- 
nation of VNTR allelic distinctions by the i r  
lengths (or copy numbers)  does not compro- 
mise the  utility of such polymorphisms for 
evolut ionary studies. 

Genetic distances among populations at 
VNTR loci 

Table 3 shows the comparison of genetic 
distances among these populations detected 
at  the VNTR loci and the blood groups/  
protein loci. Both sets of loci demons t ra te  
tha t  the  Kacharis  and the New Guinea  
Highlanders  are t h e  cl6sest of three  con- 

their  cpyre!atipn is no tpe r f ec t  an_dis_criti- t ras ts  tha t  can _be m a d e - f r o m t h i s  data.  
cal ly:dependent  on sample  size.-_The ob. From a n  anthropological-view-point, th i s  is 
servedcorrelation-for thedata-shown.in-Fig . . . .  re-assuringr-since -the-. : D o , b - I n d i a n s  ~are 
are  1 is=0.53,  which~ js_--_stat-isti_cally ~thedescendantsofM_ongoJoidtribes=thaten- 
significant(P~<{).O5)eventhough:the-n~- tered -the:-New Wor-!d:~through ~the Ber ing  
ber ([8) of.datapoints: is  :limited. U s i n g t h e  land-bridge around 12,000 to 15,000 years  
average-gene d i v e r s i t y a t t h e s e  six-loci a s  ago (at the =latest); whi le~the migra t ion- to  
thebase  line of estimation, t h e  expected cor- New Guinea  was  much:more-recent  and its 
relation under  the infinite allele model contact  with the mainland Asia was hard ly  
(Chakraborty and Griffiths, 1982) is 0.562, un in te r rup ted  dur ing  the history of-civiliza- 
which is not statistically different from the tion (Kirk and Sza thmary ,  1985). There  are  
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TABLE 3. Genetic distances among the three mutation model (Kimura and Ohta, 1978). 
populations for the six VNTR and 16 blood The second model takes into account the 

groups~protein Loci hidden variation within alleles that have 
Nei's standard distance the same copy number oftandemly repeated 

(+S.E.) for core sequences. For this reason, a strict ad- 
blood g r o u p s /  herence to the inifinite allele model for ev- 

P o p u l a t i o n s  VNTR Loci protein loci ery VNTR locus is not recommendable. Un- 
K a c h a r i  vs.  N e w  G u i n e a  0 .167 ± 0 .067 0.115 ± 0 .050 til the molecular mechanism of production of 
Kachari vs. D o g r i b  0.424 ± 0.290 0.140 ± 0.062 new VNTR alleles is precisely known, the 
Dogr ib  vs. N e w  G u i n e a  0 .275 ± 0 .137 0.157 ± 0 .078 exact calibration of the pattern of VNTR 

polymorphism data cannot be made. How- 
ever, the above two models prescribe two 
limits of calibration, e.g., with regard to evo- 

some apparent discordances in the other es- lutionary time of divergence, rate of muta- 
timates shown in Table 3. For example, the tion, etc. As shown by Jeffreys et al. (1988), 
VNTR loci show that the Dogribs are the the correspondence betweefi heterozygosity 
farthest from the Kacharis, while the blood (determined b y  the proportion of two- 
group/protein loci predicts that the New banded genotype profiles detected by the 
Guinea and Dogrib distance is the largest. RFLP analysis of single-locus VNTR probes) 
Upon a closer examination, these discret)an- and ~nutation rate at several VNTR loci as- 
cies can be ascribed to small number of loci sures that  such population genetic models 
used in both analyses. For both sets of loci, are appropriate for using VNTR polymor- 
the genetic distances of the Dogribs from the phism data in evolutionary studi_es. 
Kacharis and New Guineans are statisti: _ Eye_n_ though the_pr_esent_study_is the_first 
cally similar, because of their large standard direct demonstration of parallelism between 
errors. These standard errors, it should be the patterns of genetic variation at VNTR 
noted, are more critically dependent on the loci and bloodgroups/protein loci-in ethni= 
number of loci used in the analysis, rather cally defined populatjo_ns, the results sho_uld 
than the number of individuals surveyed be treated with some caution because of 
(Nei, 1978). With this in mind, we may con- their preliminary nature. First, the sample 
clude that the genetic distance analysis of sizes (number of ir~dividuals) for the VNTR 
the VNTR allele frequency data is in agree- assays are rather limited (30 to 46), which 
ment with that  of the_blpod_gk:oups/protein c om_p.romises ti~-e ~)-r_d_ c~sio-n_dl'_the~allel~-ff6-_ 
loci data. quencies estimates. However, theoretical 

andempirical studies of sample size require- 
DISCUSSION ments for VNTR polymorphism indicate 

The results indicate that  even when the that the sample size limitations affect r the 
.. VNTR allele designations are'made from the- precision-of frequencies of only_ rare alleleS, 

RFLP analysis of allele sizing,the pattern-of be-ca-use when a iifx~ted numbero~ndividu- 
genetic variation observed at t l ibge-hy~r- als are sampled, rare alleles may not be ob- 
variable loci are almost parallerto the ones served (E,/ett and Gill, 1991; Chakraborty, 
found at blood groups and protein loci. Non- 1992). Since the_rare alleles do not  contrib- 
identity by descent of identical size VNTR ute much to the estimation of summary 
alleles, which is a possibility, does not there- measures such as gene diversity, gene iden- 
fore compromise the utility of VNTR poly- tit:?, or genetic distance (Nei, 1978, 1987), 
morphisms for evolutionary studies, al- small sample size does not constitute a ma- 

~:~ though Kidd et al. (1991) mentioned this as jor drawback of the qualitative conclUsions 
~: a limitation of VNTR polymorphism de- reaghed i n t h e  present ana_!y_sis._ S.econd, 

tected through the RFLP analysis. It is true there are also concerns that the RFLP anal- 
iil that designation of alleles by only copy num- ysis of allele detection results in incomplete 

ber variation does not detect the allelic dis- resolution of true alleles. Although some 
~ tinctions at the molecular level. Indeed, critics advocate that  a discrete allele theory 
~ Deka et al. (1991) showed that  the six loci is not applicable to such quasi-continuous 
!ii~ . . . .  studied here  conform to a mutation-drift variation of allele sizes, we argue that  we 

model, somewhere in between the classic in- followed a uniform protocol of allelic resolu- 
~i.. finite allele model (Kimura and Crow, 1964) tion for all sampled individuals, enabling us 
,,~, and one-step forward-backward stepwise to detect-~ute differen-ces between even 
~i : 

. . . . . .  - -  ~ _  
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closely spaced fragments, which would have 
been missed by simply comparing different 
autoradiograms (see Deka et al., 1991 for 
d~t~il~).-Th-ds, th-e data-c~an be treated~fa~rly 
accurately with a discrete allele model, com- 
pletely:parallel t_o the treatment of the blood 
groups-and protein alleles. 

393 

evolutionary history of the populations ex- 
amined and the biology of the loci studied. 

First, the Kacharis appear_to be the most 
varial~ie-of ihe three populations studied at 
both sets of loci. Since the above contrasts 
are based on a set of common loci examined 

We postulated that the alleles that are 
present -in-all-three-populations-examined 
here  have supp-osedly existed b ~ f o r e  the 
split of these populations. This conclusion 
should also be treated with some caution, 
since there are suggestions that should the 
molecular mechanism of production of copy 
numSer variation of VNTR alleles behave in 
some form of forward-backward events, the 
hidden variability is expected to be more 
pronounced in the frequent alleles (Nei and 
Chakraborty, 1976; Chakraborty and Nei, 
1976). Since the shared alleles are seen 
more frequently in our analysis (see Table 
1), further experimental studies are needed 
to establish their molecular identity. To this 
end, we might note that Boerwinkle et al. 
(1989) and Jeffreys et al. (1990) have noted 
molecular heterogeneity of identical size 
VNTR alleles. Our speculation is that such 
molecular heterogeneity should exist more 
among these ancestral frequent alleles, for 
which internal mapping of shared VNTR al- 
leles are currently being attempted with 
polymerase-chain-reaction (PCR) based se- 
quencing studies. If this speculation is cor- 
rect, the utility of VNTR polymorphism will 
be even greater for studying micro-evolu- 
tionary divergence between genetically 
closely related_populations . . . .  

The present study als0 indicates that in 
spite of the caveats of allelic designations 
achieved by RFLP analysis of VNTR alleles, 
the degree of genetic variation detected by 
VNTR loci is larger than that at the blood 
groups/protein loci. This is reflected in higher 
genetic distance for these loci as well (Table 
3). As a comparison, the average gene diver- 
sity for the 16 blood groups/protein loci for 
the. three populations are 0.338 -+ 0.050 
(Kachari), 0.213 -+ 0.051 (Dogrib), and 
0.194 _+ 0.056 (New Guinea Highlander). 
Theseare considerably lower than th_e levels 
of-gene diversity at t h e  six VNTR loci 
(0 .670-  + 0:024, 0.439/±O~071, and 0.576 _+ 
0.043, "respectiVely). Although these values 
should not be interpreted in absolute terms, 
since the loci are heavily biased towards be- 
ing polymorphic, they provide a number of 
interesting implications with regard to the 

for each populations, they reflect that per- 
haps the  Kachai~is have a larger effective 

- --population-size--compared-w_ith-:the others. 
The::hist0r3/of these populations support 
this view, since at least during the past cen- 
tury the Kacharis maintained a consider- 
ably larger census size than the other two 
populations. The larger effective size in the 
Kacharis may also have been caused by a 
substantial amount of gene admixture in 
this population. Being situated in the north- 
eastern corridor of the Indian subcontinent, 
this population received genes of Caucasian 
as well as Mongoloid ancestry (Walter et al., 
1986, 1987), while the other two populations 
are relatively less admixed. Szathmary 
(1983) estimated that the maximum amount 
of non-Amerindian admixture in the Dogrib 
population could be 8.7%, while Long et al. 
(1986) asserted that the New Guinea High- 
landers are perhaps the most unaccultrated. 
Although the average gene diversity levels 
at.the six VNTR loci in the Dogrib and New 
Guinea Highlander populations are not sig- 
nificantly different (at 5% level), Szathmary 
et al.'s (1983) estimate of average gene di- 
versity (12.8 _+ 3.0%) in  the Dogribs for a 
larger set of blood groups/protein loci (36 
loci) is almost 2.5-times larger than that for 
the New Guinea Highlanders (5.3 _+ 1.4%) 
estimated by  Long et al. (1986) at a n  even 
larger set of 39 loci. This indicates that per- 
haps some VNTR variants may have been 
either missed in our survey of 30 Dogrib in- 
dividuals analyzed here, or because of small 
size of this population, there had been a true 
loss of genetic variation in this tribal popu- 
lation. Second, under some restrictive as- 
sumptions these comparative data provide 
indirect estimate of the mutation rate at the 
VNTR loci as well. For example, under the 
two extreme mutation models, the expected 
gene diversities in an equilibrium popula- 
tion.are g ivenby ~ 

H = 

4Nev/(1 + 4N~v), for the infinite 
allele model, (2.1) 

[(1 + 8Nev) ~"z - 1]/(1 + 8Nev) I/2, 
for the stepwise mutation (2.2) 
model. 
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TABLE 4. Estimates of  relative mutation rate at VNTR loci compared with blood groups and protein (BG/P) loci 

Average gene diversity Estimates of relative mutation rate 

Populations VNTR loci BG/P__Loci ~ Using Equation 2.1 Using Equation 2.2 

New Guinea 0.576 0.053 24.3 39.7 
Kachari 0.670 0.139 12.6 23.5 
Dogrib 0.432 0A 18 5.7 7.3 

tThese estimates are adjusted assuming that the additional loci surveyed in Long et al. (1986) would be monomorphic in the Dogrib and 
Kachari populations. 

N~ being the effective size and v, the mu, mixed with larger Caucasian as well as 
tation rate per locus per generation (Kimura Mongoloid gene pools. For the additional 
and Crow, 1964; Ohta and Kimura, 1973), analyses we assumed that the three popula- 
from which the relative mutation rate at tions are, within themselves, homogeneous. 
these two sets of loci can be crudely esti- Although; Szathmary (1983), Szathmary et 
mated following Zouros (1979). Table 4 pre- al. (1983) and Long et al. (1986) examined 
sents the result of such computations, where the extent of substructuring within the 
for uniformity all estimates ofgene diversity Dogribs and New Guineans, the coefficient 
are adjusted for the largest set of 39 loci of gene diversity •(either by Nei's measure, 
(examined in Long et al., 1986), assuming -Gsw,Nei•,l'973; or by Wright's-F§w;~Weir and 
that these additional loci would be mono- Cockerham, 1984; Long, 1986) are not large 
morphic in the Kachari and Dogrib popula- enough to substantially change-the above i 
tions as well. qualitative conclusions with regard to either i 

Although these estimates are quite crude, the rdat ive ~ mutati0n- ratel or the relative 
they reflect that  the rate of mutation at effective size. In fact, the allele frequency 
these six VNTR loci is between 6- and 40- spectra in the total population data:satisfies 
fold of that at the blood groups and protein the premises of homogeneity~within eachof 
loci. Assuming that the traditional loci mu~ these three populations(details-ofsuch data 
tate at a rate of 1.1 x 10-S/locus/generation not shown; but:c~n be in-ferredTrbm ~h~ ~l: 
(Chakraborty and Neel, 1989), the rate of lele frequency data of Deka et al., 1991 and i 
VNTR mutability would become somewhere Appen~dix/~), for :both=sets~of loci: - - : ~ ! 
between 6.6 x 10 -° to 4.4 × 10 -4 per locus In conclusion, this preliminary compara- 
per generation. While these estimates are tive study of genetic variation a t  the six_ . . . . . .  i 
considerably lower thafi t he  r-ate bf~p0fita:---VNTR loci-~and 16-bl0od-groUps/proteih:loci - 
neous mutations at the VNTR loci, as re- exhibits that thepat tern  ofgeneticvariation 
ported by Jeffreys et al. (1988), these are in at the VNTRloci, with allelic designations 
the  range seen in the studies of Wolff et al. determined by RFLP analysis, is parallel.to 
(1988), Chakraborty and Daiger (1991) and that~ of blood groups and protein variation. 
Edwards et al. (1992). In a~ldition to this empirical support of the 

Using the same equations (2.1 and 2.2), application of a mutation-drift model to ex- 
we can also estimate the relative effective amine the •fea~u~e~ ofVNTR polymorphism 
sizes of the Dogrib and New Guinea po-pula- data, we might note that Ohta (1986) pro- 
tions in comparison to that of the Kacharis. vides a theoretical treatment, suggesting 
Such calculations suggest that when the that  the infinite allele model may also be 
VNTR data are used, the effective size of the appropriate to study genetic variation de- 
New Guinea Highlanders appear to be about tected by copy number variation of repeated 
56 to 67% of that  of the Kacharis, while the short DNA sequences. While th e theoretical 
Dogrib size is about 26 to 37% of that of the predictions of the summary measures of ge- 
Kacharis. The estimates for the blood netic variation are dependent on the as- 
groups/protein data are about 33 to 35% and sumption that the populations are at equi- 
82 to 84%, respectively. Although these esti- librium due to mutation-drift balance, 
mates are rather variable (and perhaps, previous analysis of allele frequency distri- 
quite imprecise), qualitatively we may con- butions at the loci studied here suggests 
dude  that the Kacharis have a compara- that this assumption approximately holds 
tively larger effective population size, for the VNTR polymorphisms in these popu- 
achieved due to the fact that they have inter- lations (Deka et al., 1991). The caveats of the 

l!ii 
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RFLP typing of VNTR alleles, mentioned 
here, can b-e circumvented by more refined 
methods (such as PCR-based techniques, 
and internal mapping of specific VNTR al- 
leles), and in fact, the above discussions in- 
dicate that such future studies should 
strengthen the notion that the hypervari- 
ability present at the VNTR loci will be ex- 
tremely useful for microevohtionary stud- 
ies, where gene frequency variation at 
traditional blood groups and protein loci 
may give equivocal results. 
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APPENDIX A. Allele frequency data at 16 blood 
groups an d protein loci in the Kacharis, New Guinea 

Highlanders, and Dogrib Indians 

APPENDIX A. Allele frequency data at 16 blood 
groups and protein loci in the Kacharis, New Guinea 

Highlanders, and Dogrib Indians ~ (continued) 

Locus Allele Dogrib New Guinea Kachari 

ABO A~ 0.177 0.347 0.171 HP 
A2 --  --  0.04 1 
B --  0.126 0.186 
O 0.823 0.527 0.602 ACP 
(n) 158 415 107 

Rh CDe 0.221 0.933 0.812 
cDE 0.695 0.021 0.064 ADA 
CDE 0.014 0.010 0.047 
cDe 0.023 0.036 0.040 
cde 0:047 -- 0.037 
(n) 158 412 107 HB-B 

MNSs MS 0.095 0.015 0.071 
M s  0 . 8 2 0  - -  0.672 
NS 0.022 0.111 0.023 LDH-A 
Ns 0.063 0.874 0:234 
(n) 158 229 I07 Gm 

Diego Di a - -  --  0.028 
Di b 1.0 1.0 0.972 
(n) 158 54 107 

Duffy Fy a 0.953 0.994 0.744 
Fy b 0.047 0.006 0.256 
(n) 158 390 107 

AK AK~ 1.0 1.0 0.948 Km 
AK2 --  --  0.052 
~ C  158 277 106 

TF 1.0 0.946 1.0 
TfD - -  0.054 - -  
(n) 158 575 64 

ESD ESD~ 0.826 0.934 0.617 
ESD2 0.174 0.066 0.383 
(n) 158 570 107 

GC Gc ~ 0.930 0.825 0.769 
Gc 2 0.070 0.152 0.231 
Gc Ab - -  0.023 - -  
(n) 158 522 104 

Locus Allele Dogrib New Guinea Kachari 

Hp~ 0.361 0.739 0.240 
Hp2 0.639 0.261 0.760 
(n~ 158 470 104 
p 0.462 0.270 0.262 
pS 0.538 0.730 0.738 
(n) 158 570 107 
ADAI 0.997 0.973 0.723 

_ADA2 0.003 0.026 0.277 
ADA~ --  0.001 - -  
(n) 158 570 83 
HbA 1.0 1.0 0.493 
Hbz --  --  0.507 
(n) 158 588 1082 
Normal 1.0 1.0 1.0 
(n) 158 .589 107 
a;g 0.789 0.398 0.021 
a,x:g 0.066 0.045 0.117 
f;b0, 1, 3 0.010 - -  0.201 
a;b 0.135 0.126 - -  
f,a;b - -  0.311 0.523 
Others - -  0.120 0.138 
(n) 156 513 76 
Km~ 0.596 0.040 0.186 
Km3 0.404 0.960 0.814 
(n) 156 512 77 

1The sources of allele frequency data are as follows: 
Dogribs--Szathmary (1983) and Szathmary et al. (1983); 
New Guinea--Long et al. (1986); Kachari--Walter et al. 
(1986, 1987), Das et al. (1987), Deka et al. (1987), and 
Mukherjee et al. (1989). The chromosome frequendes for 
the MNSs locus in the New Guinea Highlanders were 
recomputed from the total phenotype data of Long et al.'s 
(1986) Table 3 considering the MNSs typing only. (n) 
refers to the No. of individuals sampled. 
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Erlich ABSTRACT _ Because of thdir high degree of polymorphisms, the variable 
~ication number of tandem-repeat-(VNTR)ioci-l~ave become extremely useful in studies 
i o n  s i t e  
Science involving gene mapping, determination of identity and relatedness of individuals, 

and evolutionary relationships among populations. H0wever~.there are some con- 
.): New cerns regar__djng whether or not the patterns of such genetic ~variation can be 
human s~u~ied~l~'~h-~-~l~i=c~l=~6p~i~fib-ff ~Gd~l~tli~t ~redeveloped'forstudying genetic 
ing the variation at blood grOups and protein loci, since VNTR alleles detected by molecu- 
Genet. lar size may not always be identical by descent. Although theoretical and empiri- 

anthro- ~ cal studies demonstrate that this concern is overstated, this study provides fur- 
ther support of the application of the traditional mutation-drift models to predict 

reys AJ 
~ariable the pattern of intra-_andJn~-p_opp_latiq_n_al variation at VNTR loci. By comparing 
L Hum. " genetic variation at six VNTR loci with that at 16 blood groups and protein loci in 

three ethnically deemed populations, we show that the patterns of variability at 
these two sets of loci are in general parallel to each other• Shared VNTR alleles 
among populations are gene~ally more frequent than the ones which are not 
present in every population; the proportion of shared alleles among populations 
increases with increasing genetic similarity of populations; and the number of 
VNTR alleles is positively correlated with gene diversity at these loci. All of these 
observations are in agreement with the prediction of the mutation-drift models, 

, particularly when the possibility of forward-backward mutations are taken into 
account. This parallelism of genetic variation at VNTR loci .and blood groups/ 
protein-loci further asserts the potential of using such hypervariable loci for 
microev01utionary studies, where closely related populations may exhibit consid- 
erably less allele frequency differences at the classical blood group and protein 
loci. © 1 9 9 2  W i l e y - l A s s ,  I n c .  

The discovery of the presence of tandemly 
repg~t~d-DN,~6qu6h-~es aC:several~ regions 
of the h_umangenome has led:to thecharac- 
terization of a~new c!ass-dfpolymorphic loci, 
k n o ~  asyari~ble iihrnber bftand.em repeat 
(VNT-R): -loci.~ ~ e s e  loci_ are :becoming_in= 
creaslngly_ pol~ul~r~ ~tudies inv01ving gene 
mapping, ideiitifidation oi':ind~viduals or :fa- 
milial relatedness, and evolutionary rela- 
tionships between populations'(see Burke et 
al., 1991). Several single locus VNTR probes 
have been developed (Wyman and White, 
1980; Jeffreys et al., 1985; Nakamura et al., 
1987) and their characterizations with re- 
gard to intra- and inter-populational genetic 

variation are also now available (Jeffreys 
et al., 1988; Clark, 1987;-Flint~et:al., 1989; 
Odelberg e t  al., 1989, Deka et al., 1991). 
Howevei'. since this Class of polvmorphiSm 
reflects copy number variation of short con- 
serv~ed.~0re seg~en _ces.(r/~_ ging in length 
from one ~o~undre-ds-of-nucledfides) atidthe 
rnolectilai mechanism of production and 
maintenance of VNTR alleles is still ob- 
scure, there are-sorn-e concerns:as to whether 
or not the pa1~terns ofVNTR polymorphisms 

R e c e i v e d  S e p t e m b e r  2 4 ,  1 9 9 1 ;  a c c e p t e d  N o v e m b e r  1 2 ,  1 9 9 1 .  
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can be studied by the classical population netic variation at VNTR loci and blood 
genetic models developed for studying the groups and enzyme loci, along with the fact 
blood group and protein variation (Lander, that the genetic distances among these pop- 
1989, 1991; Ki'dd et al=, 1991)_-Empirical ulations-as detected by:the VNTRloci are in 

-- _ . . . . .  z ---data--~n-intra-p~pu~ati~n-~ariati~n~at-~-~acd~rd~nce-with-their-histbrica~-record- s,= -__- :_ 
. . . . . .  eral::VNTR ~16ci~has-de-mdEstr~t~d~th~t -tl~e sugg~t-th~ts-ffch-hypervariable loci are ex- 
. . . . . . . . . . . . .  traditional-population .genetic ~models ~are .... tremely'useful'forstudyinggenetic differen- . . . . . . . .  

. . . .  applicable to. such loci (seeClark,•1987;Jef- ...... tiation between human populati0ns:~Since 
freys et al., 1988; Flint et al., 1989; Chak- 
raborty and Daiger, 1991; Chakraborty 
et al., 1991). Our earlier work on six VNTR 

! - , y  - ~  y -  - 

!i . . . .  . . .  • . .  

loci studied in three ethnically defined popu- 
lations exhibited the utility of VNTR poly- 
morphisms for inter-populational genetic 
differentiation as well. 

One characteristic feature of VNTR poly- 
morphism is that these loci are generally 
more variable than the traditional blood 
groups and protein loci, reflected in higher• 
levels of heterozygosity per locus as well as a 
larger number of alleles. Jeffreys et al. 
(1988) showed that  these are caused by a 
higher rate of mutation at the VNTR loci in 
comparison to traditional loci. Such hyper- 
variability, of course, necessitates certain 
modifications of statistical analyses of 
VNTR polymorphism data (see Chakraborty 
et al., 1991; Deka et al., 1991), but these are 
not sufficient reason to invalidate the appli- 
cation of the classic mutation-drift models of 
population genetics to analyze such data. 

The purpose of this paper is to provide 
further evidence of comparability of intra- 
and inter-populational variation at the 
VNTR loci with those at traditional blood 
group and protein loci. Using a previous sur- 
vey (Deka et al., 1991) of genetic variation at 
six VNTR loci (D1S57, D1S61, D1S76, 
D1S77, RB1, and a-globin 5' HVR) in three 
ethnically defined populations (Kachari of 
Northeastern India, New Guinea Highland- 
ers of Papua New Guinea, and Dogrib Indi- 
ans of Canada), we show that among these 
populations the pattern of allele sharing is 
identical with that at 16 blood groups and 
protein loci studied previously in these pop- 
ulations. This pattern is also in accord with 
the prediction of a mutation-drift model of 
gene differentiation. Furthermore, we show 
that the proportion of shared alleles be- 
tween populations is also parallel to their • 
genetic similarities. Finally, the empirical 
relationship between the number of alleles 
and gene diversity at  the six VNTR loci is 
also in agreement with the prediction of the 
mutation-drift model. These observations on 
the parallelism between the pattern of ge- 

the DNA materials for the Kachari popula- 
tion used for the VNTR study (Deka et al., 
1991) were all from individuals belonging to 
the Sonowal Subgroup of Kacharis, the Ka- 
chari allele frequencies at the blood group 
and protein loci used in the present compar- 
ative analysis (reproduced in Appendix A), 
are the ones represented as that of the 
Sonowals (Sandwals in Walter et al., 1986) 
in the original papers (see Appendix A for 
the data source). 

; t 

MATERIALS AND METHODS 
Populations 

For the study of comparability of patterns 
of polymorphisms at VNTR loci and blood 
groups and enzyme loci, three ethnically de- 
fined diverse human populations were se- 
lected: the Kachari of Northeastern India, 
Kalam and Gainj speaking New Guinea 
Highlanders of Papua New Guinea, and 
Dogrib Indians of Canada, who have been 
previously examined for genetic variation at 
several blood groups and protein loci. The 
Kachari is a distinct Mongoloid tribal group 
who live in the  plains of the northeast In- 
dian state of Assam. They belong to the Bodo 
subgroup of the Tibetoburman language 
family, and are known to have a population 
size exceeding 50,000 during the present 
century (B.M. Das, personal communica- 
tion). Kalam and Gainj speaking New 
Guinea Highlanders represent a culturally 
inter-related interbreeding group of inhabit- 
ants of the northern fringe of Papua New 
Guinea's central highlands. They are one of 
the least acculturated, genetically unad- 
mixed populations of the South Pacific 
(Wood et al., 1982). Although the precise es- ~ 
timate of the size of this population is un- :~: 
known, in 1978 the de facto population size ~:: 
was a little over 1,100 (Long et al., 1986) and ~:~ 
their demographic profile appears quite sta- i~ 
ble (Wood and Smouse, 1982). The Dogrib 
Indians are one of the 16 Athapaskan- ~ii 
speaking Amerindian tribes, and they reside 
in the Northwest Territories of Canada. Ge- !:~ i 
netically, linguistically, and anthropologi- ~ 
cally, this is a well-characterized population ~ ! 
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:: ALLELE SHARING AT VNTR LOCI 

1 low levels of non-Amerindian adm'.Lx- 
(Szathmary et al., 1983) and from a de- 

,~aphic perspective they resemble to 
Le extent the New Guinea Highlanders 
~far as their current population size is 
cerned (Szathmary, 1983). From the re- 
t history of migration, there are sugges- 

that the Kacharis might have in their 
e po01, genes of Polynesian origin, sug- 
~ting genetic proximity with the New 
inea Highlanders (Walter et al., 1986). 

Data 
I?o generate data on VNTR polymorphims, 
,h-molecular-weight DNA was isolated 
~m buffy coats of 45 Kachari, 46 New 
6nea Highlanders, and 30 Dogrib Indians 
phenol-chloroform extraction (Aldridge 
al., 1984). Further details of restriction 
donuclease digestion, Southern blot tech- 
que of restriction fragment length poly- 
~rphism (RFLP) analysis to detect the dif- 
rent VNTR alleles, and the degree of 
solution of allele size determinations, 
ong with the chromosomal localization of 
e six VNTR loci (D1S57, D1S61, D1S76, 
IS77, RB1, and a-globin 5' HVR) are given 
I Deka et al. (1991). With the exception 
at the two loci D1S76 and D1S77 are 
~sely linked (O = 0.043; O'Connell et al., 

989), the six loci represent a set of indepen- 
ently segregating loci at each of which ge- 
netic variation is governed by copy number 
ariation of tandemly repeated core se- 
luences. Deka et al. (1991) l~resent the allele 
requency distributions of each of these loci 
n the three populations examined here. 
~ To contrast the pattern of VNTR polymor- 
~hisms at these six VNTR loci with that at 
he blood groups and protein loci, allele fre- 
iuency data at 16 blood groups and protein 
oci which were previously published were 
~xtracted. While the New Guinea Highland- 
~rs and the Dogrib Indians were  examined 
For a comparatively larger set of blood 
groups and protein loci (see Long et al., 
1986; Szathmary, 1983; Szathmary et al., 
1983), data on the traditional loci in the Ka- 
chari population are more limited. This led 

the consideration of data at 16 blood to 
~roups and protein loci (ABO, tth, MNSSH./~ ~ 

*iego, and Duffy blood groups, and 
ABDA, TF, ESD, GC, HP, ACP, LD -A, 

[B-13, Gin, and Km protein loci) for the 
present analysis. Appendix A gives a compi- 
lation of allele frequencies at these loci for 
:the three populations used in this analysis, 
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along with their respective sample sizes 
(number of individuals sampled) and source 
of data. 

Statistical methods 
Patterns of polymorphism studied in this 

paper use several summary measures of ge- 
netic variation: (1) number of alleles, (2) 
gene diversity (Nei, 1973), and (3) genetic 
distance (bias-corrected estimate of Nei's 
standard genetic distance; Nei, 1978). These 
are directly computed from the allele fre- 
quency data (see Deka et al., 1991, and Ap- 
pendix A). In order to analyze the pat tern of 
allele sharing, the mean frequencies (and 
standard errors) were computed for the al- 
leles that are present in all three, in two of 
the three, and in one of the three popula- 
tions for both sets of loci (VNTR versus the 
traditional ones). The expectation is tha t  the 
alleles that are present in all three popula- 
tions should be more frequent than the  ones 
which are not found in all 'of them. This is 
expected under a mutation-drift model, 
since Watterson and Guess (1977) have 
shown that the oldest allele is also likely to 
be the most frequent in a population, and 
hence, an allele which is present in all three 
populations is likely to have existed before 
the split of these three diverse popUlations, 
and thereby might also be more frequent 
than the newer ones which might not be 
shared by all. Second, for the three pairwise 
contrasts of populations, we computed the 
proportion of shared alleles, using the for- 
mula 

PxY = 2kxx/(kx + kv) (1) 

where kx and ky are the number of alleles in 
populations X and Y, and kxy is the number 
of alleles present in both populations X and 
Y. The values of Pxx were computed for the 
six VNTR loci jointly and contrasted with 
that of the 16 blood groups and protein loci. 
For each choice of X and Y. the ~ values 
were contrasted with Nei's gene identity for 
the corresponding loci (Nei, 1978), because 
under the mutation-drift model of gene dif- 
ferentiation, the proportion of shared alleles 
is expected to be positively correlated with 
gene identity (a measure of genetic similar- 
ity) between populations. Finally, the  rela- 
tionship between the number of alleles and 
gene diversity (heterozygosity) is studied for 
the six VNTR loci by plotting a scatter dia- 
gram of these two variables to examine 

i 
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TABLE I. Frequencies of shared alleles at VNTR and blood group and protein loci 

For six VNTR loci For 16 blood group/protein loci 
Frequency Frequency 

Alleles present in-- Numl~er Mean 4- S.E. Number Mean 4- S.E. 

3 populations 15 0.276 4- 0.052 30 0.488 + 0.062 
2 populations 15 0.166=k 0.048 7 0.247 4- 0.088 
1 population 17 0.041 4- 0.013 7 0.101 ± 0.063 

TABLE 2. Relationship between the proportion of shared alleles (PxY) and Nei's Gene Identity (Ixy) at the VNTR 
and blood groups~protein loci 

VNTR loci Blood groups/protein loci 

Populations Ixy PXY IXy PXY 

Kachari vs. New Guinea 0.846 0.712 0.891 0.883 : 
Kacl~ari vs. Dogrib 0.654 0.581 0.870 0.892 • 
Dogrib vs. New Guinea 0.760 0.653 0.855 0.873 ~i 

q 

whether or not these two measures of ge- 
netic variation are positively correlated. Un- 
der the mutation-drift model, these two 
quantities are positively correlated whose 
magnitude can be predicted from the ob- 
served average heterozygosity at the loci 
scored (Chakraborty and Griffiths, 1982). 

RESULTS 
Frequencies of shared and non-shared alleles 

Table 1 shows the numbers and mean fre- 
quencies (+-- S.E.) of all alleles observed at 
the six VNTR loci and 16 blood groups and 
protein loci, categorized by their presence in 
all three, two of the three, and only in one of 
the three populations. It is clear that for 
both sets of loci, the pattern is identical; the 
alleles that are present in all three popula- 
tions are more frequent than the ones which 
are present in two of the three populations, 
which are in turn more frequent than the 
alleles that are present in only one of the 
three populations. The differences of aver- 
age frequencies of these three classes of al- 
leles appear to be greater for the blood 
groups and protein loci, compared with the 
VNTR loci, which is expected, because the 
larger extent of polymorphism at the VNTR 
loci makes the individual allele frequencies 
generally smaller for each VNTR allele, in 
comparison to the blood group and protein 
alleles. 

Relationship between proportion of shared 
alleles and gene identity 

Table 2 shows the relationship between 
the proportion of shared alleles and gene 
identity for the two groups of loci. For the 
VNTR loci the correspondence between gene 

identity and proportion of shared alleles is 
perfect, reflecting that  genetically similar 
populations are also sharing a proportion- 
ally larger number of VNTR alleles. On the 
contrary, for the blood groups and protein 
loci, such correspondence is equivocal. For 
example, even though the Kacharis are ge- 
netically closer to the New Guinea High- 
landers, the proportion of shared blood 
groups/protein alleles between them is com- 
paratively smaller than what  they share 
with the Dogribs. There are two possible ex- 
planations for this discordance. First, since 
a great majority of the blood groups/protein 
loci are 2-allele systems (9 out of 16), the 
variation of the proportion of shared alleles 
is rather limited even among populations 
that are very diverse genetically. Second, 
the differences of the gene identity values 
among these populations detected at the 
blood groups and protein loci do not appear 
to be significant, as can be seen from the 
standard errors of the corresponding genetic 
distances (discussed later). In spite of these, 
the pattern of allele sharing at the VNTR 
loci indicates that even though the designa- 
tion of allelic distinctions by copy number  
variation at these loci raises the possibility 
that two similar size alleles may not be of 
identical by descent, the present data shows 
that such allelic distinctions are qUite ade- 
quate for the purpose of genetic comparisons 
between populations. 

Relationship between gene diversity and 
number of alleles 

Deka et al: (1991) demonstrated that  the 
genotype distributions at these six VNTR 
loci are in accordance with the Hardy-Wein- 

4 

4 

t 

l 



80 

6O 

40 ~J 

O 

20 

A L L E L E  S H A R I N G  A T  V N T R  L O C I  

+ 
+ 

4- 

+ + , 
+ 

+ 

+ r ----- 0 . 5 3  (p  < 0 . 0 5 )  

+ 

+ 

391 

I I I I ! 

2 4 6 I] I0 

N u m b e r  o f  alleles 

Fig. 1. Relationship between gene diversity (H) and number of alleles at six VNTR loci in three 
ethnically defined populations (Kachari, Dogrib, and New Guinea Highlander). The observed correlation, 
r = 0.526, is statistically significant (P < 0.05) and is in approximate agreement with the prediction of 
the classical infinite allele model (expected r = 0.562). 

berg proportions for each of these three pop- 
ulations. Therefore, Nei's measure of gene 
diversity (estimated by the bias-correction 
method suggested in Nei, 1978) provides an 
adequate estimate of the heterozygosity at 
these loci. Figure 1 shows the scatter dia- 
gram of the number of alleles (k) and gene 
diversity (H) for the 18 population-loci com- 
binations for the VNTR loci. It is clear that 
there is a positivetrend in the scatter plot. 
Chakrab-orty and Griffiths (1982) have 
shown that, While gene diversity (H) and 
ndmBe~r of ~ll~l~k; (k)sh=duld 5e-positively 
correlated under a mutat{on-d~ft-model, 
their correlation is not perfect and is criti- 
cally dependent on sample size~ The ob- 
served correlation for the data shown in Fig- 
u r e l  is 0.53, 'which is statistically 
significant (P < 0.05) even though the num- 
ber (18) of data points is limited. Using the 
average gene divm'sity at these Six loci as 
the base line of estimation, tlle expected cor- 
relation under the infinite allele model 
(Chakraborty and Griffiths, 1982) is 0.562, 
which is not statistically different from the 

one observed. This also reflects that desig- 
nation of VNTR allelic distinctions by their 
lengths (or copy numbers) does not compro- 
mise the utility of such polymorphisms for 
evolutionary studies. 

Genebc distances among populations at 
VNTR loci 

Table 3 shows the comparison of genetic 
distances amongthese populations detected 
at the VNTR loci and the blood groups/ 
protein loci. Both sets of loci demonstrate 

" that tl:/e-~Kacharis and the New Guinea 
Highlanders are the closest of three con- 
trasts that can be made from this data. 
From an anthropological view point, this is 
re-assuring, since the Dogrib Indians are 
the descendants of Mongoloid tribes that en- 
tered the New World through the Bering 
land-bridge around 12,000 to 15,000 years 
ago (at the latest), while the migration to 
New Guinea was much more recent and its 
contact with the mainland Asia was hardly 
uninterrupted during the history of civiliza- 
tion (Kirk and Szathmary, 1985). There are 
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TABLE 3. Genetic distances among the three 
populations for the six VNTR and 16 blood 

groups~protein Loci 

Nei's standard distance 
(±S.E.) for 

blood groups/ 
Populations VNTR Loci protein loci 

Kachari vs. New Guinea 0.167 + 0.067 0.115 ± 0.050 
Kachari vs. Dogrib 0.424 + 0.290 0.140 ± 0.062 
Dogrib vs. New Guinea 0.275 ± 0.137 0.157 ± 0.078 

some apparent discordances in the other es- 
timates shown in Table 3. For example, the 
VNTR loci show that  the Dogribs are the 
farthest from the Kacharis, while the blood 
group/protein loci predicts that the New 
Guinea and Dogrib distance is_the largest. 
Upon a closer examination, these discrepan- 
cies can be ascribed to small number of loci 
used in both analyses. For both sets of loci, 
the genetic distances of the Dogribs~from-th-e 
Kacharis and New Guineans are statisti- 
cally similar, because of their large standard 
errors. These standard errors, it should be 
noted, are more critically dependent on the 
number of loci used in the analysis, rather 
than the number of individuals surveyed 
(Nei, 1978). With this in mind, we may con- 
clude that the genetic distance analysis of 
the VNTR allele frequency data is in agree- 
ment with that  of the blgod group~protein 
loci data. 

D I S C U S S I O N  " 

The results indicate that  even when the 
VNTR allele designations are made from the 
RFLP analysis of allele sizing, the pattern of 
genetic variation observed, at these hyper- 
variable loci are almost parallel to the ones 
found at blood groups and protein loci. Non- 
identity by descent of identical size VNTR 
alleles, which is a possibility, does not there- 
fore compromise the utility of VNTR poly- 
morphisms for evolutionary studies, al- 
though Kidd et al. (1991) mentioned this as 
a limitation of VNTR polymorphism deo 
tected through the RFLP analysis. It is true 
that  designation of alleles by only copy num- 
ber variation does not detect the allelic dis- 
tinctions at the molecular level. Indeed, 
Deka et al. (1991) showed that  the six loci 
studied here conform to a mutation-drift 
model, somewhere in between the classic in_- 
finite allele model (Kimura and Crow, 1964) 
and one-step forward-backward stepwise 

mutation model (Kimura and Ohta, 1978). 
The second model takes into account the 
hidden variation within alleles that have 
the same copy number of tandemly repeated 
core sequences. For this reason, a strict ad- 
herence to the inifinite allele model for ev- 
ery VNTR locus is not recommendable. Un- 
til the molecular mechanism ofproduction of 
new VNTR alleles is precisely known, the 
exact calibration of the pattern of VNTR 
polymorphism data cannot be made. How- 
ever, the above two models prescribe two 
limits of calibration, e.g., with regard to evo- 
lutionary time of divergence, rate of muta- 
tion, etc. As shown by Jeffreys et al. (1988), 
the correspondence between heterozygosity 
(determined by the proportion of two- 
banded genotype profiles detected by the 
RFLP analysis of single-locus VNTRprobes) 
and mutation rate at several VNTR:loci as- 
sures that such population genetic models 
are appropriate for using V N T R  p01ymor- 
phism data inevolUtionary studies. 

Even though the present study is the first 
direct demonstration of parallelism between 
the patterns of genetic variation at VNTR 
loci and blood groups/pr0tein loci in ethni- 
cally defined populations, the results should 
be treated with some caution because of 
their prelimirmry nature. First, the sample 
sizes (number of ind.ividua!s) for theVNTR 
assays are rather limited (30 to 46); Which 
c0mpron:/ises the pr~cisiSn~.fflhg-~l#l# ~r~, 
quencies estimatesJ-H0Weveri theofetic-al-- 
and empirical studies ofsamplesize require- 
ments- :for VNTR _ p olymorphism - indicate- 
that the sample si~e limitations affect the 
precision of frequencies of only rare-alleles, 
because when a limit~ed number of individu- 
als are sampled, rare alleles may not be ob- 
served (Evett a_nd_Gil!, L991; Chakraborty, 
1992). Since the rare alleles do not contrib- 
ute much to the estimation of summary 
measures such as gene diversity, gene iden- 
tity, or genetic distance (Nei, 1978, 1987), 
small sample size does not constitute a ma- 
jor drawback of the qualitative conclusions 
reached in the present analysis. Second, 
there are also concerns that the RFLP anal- 
ysis of allele detection results in incomplete 
resolution of true alleles. Although some 
critics advocate thatoadiscrete_allele_theor~ 
m not applicable to such quasi-continuous 
variation of allele sizes, we argue that  we 
followed a uniform protocol of allelicre&olu- 
tionfor all sampled individuals, enabling US 
to detect minute differences between even 

J 
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closely spaced fragments, which would have 
been missed by simply comparing different 
autoradiograms (see Deka et al., 1991 for 
details). Thus, the data can be treated fairly 
accurately with a discrete allele model, com- 
pletely parallel to the treatment of the blood 
groups and protein alleles. 

We:postulated tha t  the-alleles,that are 
present in all three populations examined 

-: h~]ia~-~p-pd~-e-dly-~i~te~d:--before: the 
s~i:it---~f ~hese: :~opulations.:Whi~- Conclusion 
-sh-ofild~alE5 be -t'rea--ted- with~mecaui/~on:  
since there are suggestions that should the 
molecular mechanism of production of copy 
number variation of VNTR alleles behave in 
some form of forward-backward events, the 
hidden variability is expected to be more 
pronounced in the frequent alleles (Nei and 
Chakraborty, 1976; Chakraborty and Nei, 
1976). Since the shared alleles are seen 
more frequently in our analysis (see Table 
1), further experimental studies are needed 
to establish their molecular identity. TO this 
end, we migh¢ note that Boerwinkle et al. 
(1989) and Jeffreys et al. (1990) have noted 
molecular heterogeneity of identical size 
VNTR alleles. Our speculation is that such 
molecular heterogeneity should exist more 
among these ancestral frequent alleles, for 
which internal mapping of shared VNTR al- 
leles are currently being attempted with 
polymerase-chain-reaetion (PCR) based se- 
quencing studies. If this speculation is cor- 
rect, the utility of VNTR polymorphism will 
be even greater for studying micro-evolu- 
tionary divergence between genetically 
closely related populations. 

The present study also indicates that  in 
spite of the caveats of allelic designations 
achieved by RFLP analysis of VNTR alleles, 
the degree of genetic variation detected by 
VNTR loci is larger than that at the blood 
groups/protein loci. This is reflected in higher 
genetic distance for these loci as well (Table 
3). As a comparison, the average gene diver- 
sity for the 16 blood gr_oups/protein loci for 
the three populations are 0.338 +--0.050 
(Kachari), 0.213 _+ 0.051 (Dogrib), and 
0.194 _+ 0.056 (New Guinea Highlander). 
These are considerably lower than the levels 
of gehe diversity at the six VNTR loci 
(0.67_0.- +_ 0.024, .0.432 -+ 0.071, and 0.576 _.+ 
0.043, respectively). Although these values 
should not be interpreted in absolute te rms ,  
since the loci are heavily biased towards be- 
mg polymorphic, they provide a number of 
interesting implications with regard to the 
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evolutionary history of the populations ex- 
amined and the biology of the loci studied. 

First, the Kacharis appear to be the most 
variable of the three populations studied at 
both sets of loci. Since the above .contrasts 
are based on a set of common loci examined 
for each populations~ they reflect that per- 
haps~the-Kacharis have a larger effective 

~populati0n size compared .with the others. 
The. history of~ these_popu|ations support 
this yiew,:sir~ce.at3east duringthe past cen- 
tury the Kacharis maintained a consider- 
ably larger census size than the o ther  two 
populations. The larger effective size in the 
Kacharis may also have been caused by a 
substantial amount of gene admixture in 
this population. Being situated in the north- 
eastern corridor of the Indian subcontinent, 
this population received genes of Caucasian 
as well as Mongoloid ancestry (Walter et al., 
1986, 1987), while the other two populations 
are relatively less admixed. Szathmary 
(1983) estimated that the maximum amount 
of non-Amerindian admixture in the Dogrib 
population could be 8.7%, while Long et al. 
(1986) asserted that the New Guinea High- 
landers are perhaps the most unaccultrated. 
Although the average gene diversity levels 
at the six VNTR loci in the Dogrib and New 
Guinea Highlander populations are not sig- 
nificantly different (at 5% level), Szathmary 
et al.'s (1983) estimate of average gene di- 
versity (12.8 ___ 3.0%) in the Dogribs for a 
larger set of blood groups/protein loci (36 
loci) is almost2.5-times larger than that for 
the New Guinea Highlanders (5.3 - 1.4%) 
estimated by Long et al. (1986) at an even 
larger set of 39 loci, This indicates that per- 
haps some VNTR variants may have been 
either missed in our survey of 30 Dogrib in- 
dividuals analyzed here, or because of small 
size of this population, there had been a true 
loss of genetic variation in this tribal popu- 
lation. Second, under some restrictive as- 
sumptions these comparative data provide 
• . .d . . .~  . . . . . . . . . . . .  ~,,~ mutation rate at the 
VNTR loci as well. For example, under the 
two extreme mutation models, the expected 
gene diversities in an equilibrium popula- 
tion are given by 

4Nev/(1 + 4N~v), for the infinite 
allele model, (2.1) 

H =  
[(1 + 8Nev) 1/2 - 1]/(1 + 8Nev) I/2, 
for the stepwise mutation (2.2) 
model. 
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TABLE 4. Estimates of relative mutation rate at VNTR loci compared with blood groups and protein (BG/P) loci 

Average gene diversity Estimates of relative mutation rate 
Populations VNTR loci BG/P Loci I Using Equation 2.1 Using Equation 2.2 

New Guinea 0.576 0.053 24.3 39.7 
Kachari 0.670 0.139 12.6 23.5 
Dogrib 0.432 0.118 5.7 7.3 
IThese estimates are adjusted assuming that the additional loci surveyed in Long et al. (1986) would be monomorphic in the Dogrib and 
Kachari populations. 

N~ being the effective size and v, the mu- 
tation rate per locus per generation (Kimura 
and Crow, 1964; Ohta and Kimura, 1973), 
from which the relative mutation rate at 
these two sets of loci can be crudely esti- 
mated following Zouros (1979). Table 4 pre- 
sents the result of such computations, where 
for uniformity all estimatesofgene diversity 
are adjusted for the largest set of 39 loci 
(examined in Long et al., 1986), assuming 
that  these additional loci would be mono- 
morphic in the Kachari and Dogrib poPula- 
tions as well. 

Although these estimates are quite crude, 
they reflect that  the rate of mutation a t  
these  six VNTR loci is between 6- and 40- 
fold of that at the 'blood groups and protein 
loci. Assuming that  the traditional loci mu- 
tate at a rate of 1.1 × 10-S/locus/generation 
(Chakraborty and Neel, 1989), the rate of  
VNTR mutability would become somewhere 
between 6.6 x 10 "s to 4.4 × 10 -4 per locus 
per generation. While these estimates are 
considerably lower than the rate of sponta- 
neous mutations at the VNTR loci, as re- 
ported by Jeffreys et al. (1988), these are in 
the range seen in the studies of Wolff et al. 
(1988), Chakraborty and Daiger (1991) and 
Edwards et al. (1992). 

Using the same equations (2.1 and 2.2), 
we can also estimate the relative effective 
sizes of the Dogrib and New Guinea popula- 
tions in comparison to that of the Kacharis. 
Such calculations suggest that  when the 
VNTR data are used, the effective size of the 
New Guinea Highlanders appear to be about 
56 to 67% of that  of the Kacharis, while the 
Dogrib size is about 26 to 37% of that of the 
Kacharis: The estimates for the blood 
groups/protein data are about 33 to 35% and 
82 to 84%, respectively. Although these esti- 
mates are rather variable (and perhaps, 
quite imprecise), qualitatively we may con- 
clude that the Kacharis have a compara- 
tively larger effective population raze, 
achieved due to the fact that they have inter- 

mixed with larger Caucasian as well as 
Mongoloid gene pools. For the additional 
analyses we assumed that  the three popula- 
tions are, within themselves, homogeneous. 
Although, Szathmary (1983), Szathmary et 

a l .  (1983) and Longet  al. (i986) examined 
the extent of substructuring within the 
Dogribs and New Guineans, the coefficient 

- of gene diversity (either 5y Nei's h/easure, 
Gsw; Nei, 1973; or by Wright's FST; Weir and 
Cockerham,1984; Long, 1986) are not large 
enough to substantially change the above 
qualitative conclusions with regard to either 
the relative mutation rate, or the relative 
effective size. In fact, the allele frequency 
spectra in the total population data satisfies 
the premises of homogeneity within each' of 
these three populations (details of such data 
not shown, but can be inferred from the al- 

• lele frequency data of Deka et al., 1991 and 
'Appendix A), for both sets of loci. 

In conclusion, this preliminary compara- 
tive study of genetic variation a t - the  six 
VNTR loci and 16 blood groups/protein loci 
exhibits-that the patternofgeneticvariation 
at the VNTR loci, with allelic designations 
determined by RFLP analysis, is -parallel to 
that of blood groups and pr0tein variation. 
In addition to this empirical support Of the 
application:of a mutation-drift model to ex- 
amine the features of VNTR polymorphism 
data, we might note that: Ohta (1986) pro- 
vides a theoretical treatment, suggesting 
that the infiiiite allele model may alsobe 
appropriate to study genetic variation de- 
tected by copy number variation of repeated 
short DNA sequences. While the theoretical 
predictions of the summary measures of ge- 
netic variation are dependent on the as- 
sumption that  the populations are at equi- 
librium due to mutation-drift balance, 
previous analysis of allele frequency distri- 
butions at  the loci studied here suggests 
that this assumption approximately holds 
for theVNTR polymorphisms in  these popu- 
lations (Deka et-al., 1991-). The caveatsofthe 
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RFLP tYping of VNTR alleles, mentioned 
here, can be circumvented by more refined 
methods (such as PCR-based techniques, 
and internal mapping of specific VNTR al- 
leles), and in fact, the above discussions in- 

-dicate that  such future studies should 
strengthen the n0ti0nthat the hypervari. 
ability present at the VNTR loci will be ex- 
tremely useful for microevolutionary stud- 
ies, where gene frequency variation at 
traditional blood groups and pro~in loci 
may give equi~cocal~esults. .... 
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APPENDIX A. Allele frequency data at 16 blood 
groups and protein loci in the Kacharis, New Guinea 

Highlanders, and Dogrib Indians ! 
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APPENDIX A. Allele frequency data at 16 blood 
groups and protein loci in the Kacharis, New Guinea 

Highlanders, and Dogrib Indians 1 (continued) 

Locus Allele Dogrib New Guinea Kachari  Locus Allele Dogrib New Guinea Kachari  

ABO At 0.177 0.347 0.171 HP Hp~ 0.361 0.739 0.240 
A2 - -  - -  0.041 Hp2 0.639 0.261 0.760 
B - -  0.126 0.186 (pn~ 158 470 104 
O 0:823 0.527 0.602 ACP 0.462 0.270 0.262 
(n) 158 415 107 pB 0.538 0.730 0.738 

Rh CDe 0.221 0.933 0.812 (n) 158 570 107 
cDE 0.695 0.021 0.064 ADA ADA~ 0.997 0.973 0.723 
CDE 0.014 0.010 0.047 ADA2 0.003 0.026 0.277 
cDe 0.023 0.036 0.040 ADAs - -  0.001 - -  
ede 0.047 - -  0.037 (n) 158 570 83 
(n) 158 412 107 HB-B HbA 1.0 1.0 0.493 

MNSs MS 0.095 0.015 0.071 Hb~. - -  - -  0.507 
Ms 0.820 - -  0.672 (n) 158 588 1082 
NS 0.022 0.111 0.023 LDH-A Normal 1.0 1.0 1.0 
Ns 0.063 0.874 0.234 (n) 158 589 107 
(n) 158 229 107 Gm a;g 0.789 0.398 0.021 

Diego Di a - -  - -  0.028 a,x:g 0.066 0.045 0.117 
Di b 1.0 1.0 0~972 f;b0, 1, 3 0.010 - -  0.201 
(n) 158 54 107 a;b 0.135 0.126 - -  

Dully Fy a 0.953 0.994 0,744 f,a;b - -  0.311 0.523 
Fy b 0.047 0.006 0.256 Others  - -  0.120 0.138 
(n) 158 390 107 (n) 156 513 76 

AK AKt 1.0 1.0 0.948 Km Kml 0.596 0.040 0.186 
AK2 - -  - -  0.052 Km3 0.404 0.960 0.814 
~ c  158 277 106 (n) 156 512 77 

TF 1.0 0.946 1.0 
T f D  - -  0.054 - -  IThe sources of  allele frequency data  are as follows: 
(n) 158 575 64 Dogr ibs- -Sza thmary  (1983) and Szathmary et al. (1983); 

ESD ESD1 0.826 0.934 0.617 New Guinea- -Long  et al. (1986); Kachari--Walter  et al. 
ESD2 0.174 0.066 0.383 (1986, 1987), Das et al. (1987), Deka et al. (1987), and  
(n) 158 570 107 Mukherjee et al. (1989). The chromosome frequencies for 

GC Gc I 0.930 0.825 0.769 the MNSs locus in the New Guinea Highlanders were 
Gc 2 0.070 0.152 0.231 recomputed from the total phenotype data of Long et al. 's 
G c  A b  - -  0.023 _ (1986) Table 3 considering the MNSs typing only. (n) 
(n) 158 522 104 refers to the No. of individuals sampled. 
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Population Genetics of Hypervariable Loci: 
Analysis of PCR Based VNTR Polymorphism 
Within a Population 
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Summary 
Using a'polymerase chain reaction (PCR) based method, genotypes at two hypervariable loci 
(3' to the Apo-B-structural gene and at the ApoC-ll gene) were determined=by size classifica- 
tion of alleles: Genotype data at the Apo-B locus (Apo-B VNTR) were obtained on 1240 
French Caucasians; the sample size for the ApoC-II VNTR was-i62. For 160 individuals 
two-locus genotype data were available. Applications of some recently developed statistical 
methods to ~these data indicate-that-both of these loci_are at Hardy-Weinbergequi!i_b_rium 
(HWE) and there is no indication of allelic associations between these two unlinked-loci. In 
addition, the observed numbers of alleles (12 for the Apo-B and 11 for the ApoC-ll VNTR 
loci) are also consistent with their respective expectations based on the observed heterozygos- 
ities (76.9% for the Apo-B and 85.9% for the ApoC-ll loci) suggesting genetic homogeneity 
of this population-based sample. The multimodal distribution of allele sizes observed for both 
loci indicate that the production of new alleles at such VNTR loci may be caused by more 
than one molecular mechanism. The utility of such highly polymorphic loci for human genetic 
research and forensic applications are discussed in the context of these findings. 

Introduction 

A large number of DNA segments in the human genome contain a 
variable number of short tandemly repeated sequences. To varying 
degree, the core repeat unit is conserved from one repeat to another. 
The core sequence may also vary among such loci from 2 bases to 
several kilobases. The copy number of such core sequences reveals 
genetic variation several orders larger than that detected by classical 
serologic and biochemical genetic markers. Since the first demonstration 
of such a highly polymorphlc, locus-specmc sequcr,~c , ,  - ~  . . . . . . . . .  
genome by Wyman and White (1980), numerous hypervariable regions 
have been described that flank structural loci in the human genome 
(e.g., Bell et-al . ,  1982; Capon et al., 1983; Goodbourn et al., 1983; 
Jeffreys et al., 1985; Boerwinkle et al., 1989; Ludwig et al., 1989; 
reviewed also by Jeffreys and Wolff, this volume). It is now well-recog- 
nized that the human genome contains a large number of these poly- 
morphic segments, numbering possibly in the thousands. Several 
acronyms of such polymorphic systems are proposed. Jeffreys et al. 
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(1985) suggested locus-specifiC 'minisatellites'; N~ik~fnUi'fi-~t ~l: =(1987)" :- 
coined the term 'VNTR' (Variable Number of Tandem Repeats), while 
several others (e.g., Balazs et al., 1989; Ludwig et aL, i989) used the ~: 
terminology 'HVR' (Hypervariable Region) to describe [his type of 

. . . .  genetic variation-When_ the core unit is small (.di=,_tri, or_tetra-nucle- 
otide), Edwards et al. (1991) called them 'STR'-Ioci (Short Tandemly 
Repeated loci). 

Since the allelic designation at these VNTR loci can be conveniently 
defined by the number of repeat units of the core sequence and each 
locus conforms to simple codominant Mendelian mode of inheritance, 
such loci are extremely useful for human genetic research. Recent 
tabulation of genetic markers used for human gene mapping indicates 
that collectively nearly 50 per cent of all genetic markers belong to 
this category (Kidd et al., 1989). The increased efficiency of VNTR 

~loci;-compare@~to- classical~biochemical~"and~RFlzP~ma.rkefs_arises ~- :: 
. . . . . . . .  ~ , ~=from the~fact~that=the~number~Q~d~fferent=alleles=found__at~anyWN~R~:~ ~ ~ ..... 

locus is generally much larger. In addition, these VNTR loci have 
. . . . . . . .  a -~l i i~h=h~t~rrz~6~i t~-(s-~imes approacliing--l~v~l~-~-lii~h as 

95-99 percent). As a consequence, detection of recombination be- 
tween a VNTR locus and a disease gene or other genetic markers is 
simple because both parents can be heterozygous and provide four 
distinct alleles at such loci far more commonly than other classical 
markers. 
__ _The__presence_ of_large_numbers_of_alleles .at-~N-T-R -loci=also=makes_--~jh ' 
the-m- us~ui in t ~  c0n te~  o f  paterni(y_ testing and-f0rensic medicine. A 
growing body of literature suggests that their utility is not only limited 
to academic circles and biomedical research; criminal justice and social 
welfare agencies can also benefit immensely from the application of such 
loci (Craig et aL 1988). 

These advantages notwithstanding, concerns have been raised with 
regard to the population genetic characteristics of such polymorphisms 
(Lander, 1989; Cohen, 1990). In part this is caused by limited popula- 
tion data of VNTR polymorphisms from genetically well-characterized 
populations. Five studies in this regard are noteworthy. Baird et al. 
(1986) have shown extensive variation at  two VNTR loci, HRAS'I and 
D14S1, in three major ethnic groups. Using such data, Clark (1987) 
postulated that allelic variation at these loci follow the mutation-drift 

" :model of genetic variation-(Kimura and  Cr0w, 1964)~ Jeffreyset al .  . . . .  ' - -~ : - : -  
(1988) entertained other models of allele frequency distribution such a s  
a finite allele mutation model or a stepwise mutation model toexplain 
the relationship between heterozygosity and mutation rate at such loci. 
Flint et  al. (1989) showed that the differences of heterozygosity levels of 
specific VNTR loci across populations can be used to postulate whether 
o r  not events such as a population bottleneck could have occurred 
during the geographic dispersal of humans. Chakraborty (1990a, b) 

i 
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argued that even a single VNTR locus can provide information con- 
cerning substructuring within a population with a statistical power far 
greater than several classical genetic markers studied simultaneously. 

The well known advantages of VNTR loci such as their high het- 
erozygosity and a large number of alleles also poses problems in the 
statistical interpretation of population data. For example, the presence 
of a large number of alleles increases sample size requirements for 
population survey studies, since even with respectable sample sizes all 
possible genotypes can not be generally detected. As a result, precisions 
of allele frequency estimates are compromised which subsequently hin- 
ders statistical calculations based on classical text book methods of 
analysis. Since all genotypes are not observed, and even the ones 
observed occur in low frequencies, the application of the large sample 
theory of chi-square goodness-of-fit test is not valid for checking 
whether or not the observed genotypic distribution conforms to their 
Hardy-Weinberg expectations. Similarly, the association among alleles 
at multiple loci cannot be adequately determined from their genotypic 
distributions by standard summary measures such as linkage disequi- 
librium. In addition, a single VNTR locus may exhibit more than one 
allele of similar size and incomplete resolution of distinct alleles by 
Southern gel electrophoresis is not uncommon. Such inescapable lab- 
oratory phenomena can not be overlooked in the statistical interpreta- 

f VNTR population data (Devlin et al., 1990). There are also 
that the hypervariability at these loci is caused by 'mutational' 

changes whose rate is high in comparison with other classical markers. 
Hence, when used singly, a VNTR locus may lead to a wrong conclu- 
sion regarding biological relationships between individuals (Odelberg et 
al., 1989). Furthermore, very little is known about the molecular mech- 
anism of production of new alleles at VNTR loci, although it has been 
suggested that replication slippage, sister chr0matid exchange, and/or 
unequal recombination may be involved in this process. Virtually noth- 
ing is known regarding the functional requirements of such loci in 
general, even though DNA-binding proteins which appear to bind 
specifically to VNTR loci-are ~known to exist (Collick and Jeffreys, 
1990). In view of these uncerthint~s,it is difficult to determine the mode 
and rate of evolution of genetic variation at VNTR loci. 

In spite of these difficulties, we believe that . . . . . . .  :-':^~ 
of VNTR polymorphism data is not an insurmountable problem. Certain 
modificati0iis Of classic population genetic methods of  data analysis can 
be introduced which lead to rigorous and legitimate estimation and 
hypothesis-testing principles for analyzing such data. Such methods 
also_may_ Su_gg_e_s__t_ mo_lecula r_ mechanisms that generate and main- 

~ :  tai:n~geia~tie~varia~ion at~these~loci..We~h~/"/eAnitiated a series of studies 
on tl~-p-o~la-tiofi-g~tietie-s-~f :~lNT-R:-P ~OiymO~-hism a~ Our center ,  and 
this presentation is a preliminary summary of several results from 

. . . . . . . . . . . . . . . . . . . . . . . . .  

_ 1  
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these studies. Two VNTR 10ci have been typed by PCR-based experi- 
mental protocols which can be employed for population surveys at such 
loci and which minimize the problem of incomplete resolution of alleles 
(Boerwinkle et al., 1989). Here we describe the genotype and allele 
frequency distributions at two VNTR loci; one locus is 3' to the 
apolipoprotein.B (ApoB) gene and the other is within the ApoC-II gene, \ 
which havebeen scored on.individuals belonging~to 12.1. nuclear families. 
Several alternative methods-are suggested-for examining-the conformity 
of the genotypic distribution of YNTR_data _with H-WE and for testing 
independent segregation of alleles at= unlinked loci in the presence of large 
number of alleles. Futhermore, the allele frequency distributions of these 
loci are used to predict possible molecular mechanisms thatgenerate and 
maintain such genetic variation. Characterization-of ~uch~opfllati0n 
genetic features implies that VNTR polymorphisms detected through 
PCR-based_studies c0nform-to-classic,population.genetie-prin¢ipiesrand_-- 
hence a r e - u s e f u i : ~ ~ i ~ ~ - - a - p ~ l i ~ a t i 6  ~s_ -----~ " 

I 

i '  

! 

Materials and Methods 

The genotype data analyzed here were obtained from a random sample 
of 121 nuclear families taking part in routine health examinations at the 
Center for Preventive Medicine in Nancy, France. Genomic DNA was 
isolated by phenol/chloroform extraction of proteinase K treated crude 
buffy coat preparations. Two VNTR loci with different core sequences 
were selected for the present analyses. The first is an  AT-rich VNTR 3' 
to the human apolipoprotein B gene on chromosome 2 (Huang and 
Breslow, 1987). Detailed PCR-based methods for typing this VNTR 
have been previously presented (Boerwinkle et  al., 1989). Our previous 
results indicate that this locus differs in the number of copies (from 29 
to 51) of a conserved core sequence 14 or 15 base pair long (Boerwinkle 
et  al., 1989). The second VNTR locus is a microsatellite located in 
the first intron of the human apolipoprotein C-II gene on chromo- 
some 19 (Fojo et al., 1987). This ApoC-II VNTR consists of a 
(TG),(AG)m core motif repeated from 16 to 34 times. The oligo- 
nucleotides used for priming the PCR bind immediately adjacent to 
the (TG),(AG)m block. One member of the pair of primers was 5' 
end-labeled using bacteriophage T4 kinase. The PCR was carried out in 
a 50/~l volume containing approximately 0.5/~g of genomic DNA and 
samples were processed through 30 temperature cycles consisting of 1 
minute at 92°C (denaturation), 1 minute at 55°C (annealing), and 1.5 
minutes at 72°C (elongation). After 10 cycles with only cold oligo- 
nucleotide the reaction mixture was spiked with the end-labeled oligonu- 
cleotide for the remaining 20 cycles. The amplified DNA was analyzed 
after being electrophoresed on 8% denaturing polyacrylami'fle gels a n d  . 

! 
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exposed to X-ray film for 20 hours. Size standards were created by 
dideoxy sequencing using M 13 mpl8 as a template. The size of the PCR 
products were directly determined from the size of the co-migrating 
M I3 fragment in the ladder (data not shown). 

The family data were used to verify Mendelian segregation of the 
identified alleles at the ApoB and ApoC-II VNTR loci. The parents of 
these families represent a sample of unrelated individuals and were used 
for allele frequency estimation and other calculations. Therefore, these 
data can be regarded as from a random sample of Caucasian individuals 
of French ancestry. Genotype data on 240 individuals for the ApoB 
locus and 162 individuals for the ApoC-II locus were used for the 
analyses presented here. Two locus genotype data were available for 160 

individuals. 
Because one purpose of this paper is to describe the analytical tools 

for the analysis of allele and genotype frequency data at VNTR loci, the 
statistical methods are not presented in this section but rather are given 
along with a corresponding question and resulting inference in the next 
section. Statistical analyses consist of: (1) analysis of genotype and allele 
frequency distribution for each locus individually to test whether or not 
HWE predictions hold for these two loci, (2) joint analysis of two-locus 
genotype data to determine independent segregation of alleles at these 
two unlinked loci; (3) examination of the relationship between het- 
erozygosity and the number of alleles at each locus to determine the 

ring mechanism of production of new alleles at these loci, and 
(4) to postulate possible reasons for the shape of the allele size 

distributions at these loci. 

Results 

Single-Locus Genotypic Distributions 

Typically VNTR locus variation is codominant and multi-allelic. Let- 
ting k be the number of segregating alleles, there are k(k + 1)/2 possible 
genotypes at a locus, k of which are homozygous AiA~ (i = l, 2 , . . . ,  k) 
and k(k - 1)/2 are heterozygous A~Aj (i < j  = 2, 3 , . . . ,  k). It should be 
possible to observe all possible k(k + 1)/2 genotypes in any given 

--11 ~ o ~ 1 ~  *~r~nc'~-  
d l . !  sample. However, the sample size needed to observe 

types is generally large when k is large. 
We observed 12 different alleles at the ApoB VNTR locus and 11 at 

the ApoC-II VNTR locus in a sample of 240 and 162 individuals, 
respectively. The number of possible genotypes (k(k + 1)/2), therefore, 
are 78 and 66, respectively. Table 1 shows the observed genotype and 
allele frequency distributions at the ApoB locus, demonstrating that 
even though the sample size (n = 240) is much larger than the number 
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of possible genotypes, we observed only 42 distinct genotypes. Of the 
possible 12 homozygote genotypes only 8 are observed and of the 
possible 66 heterozygote genotypes only 34 are observed. A large 
fraction of the observed genotypes have frequencies below 5 individuals 
per genotype. 

Obviously, such data cannot be subjected to a classical goodness-of- 
fit test examining whether or not the genotypic distribution conforms to 
HWE predictions. This is so because a chi-square approximation is 
inaccurate when the observed frequencies are small, and also we cannot 
assign any well-defined degrees of freedom because of the absence of a 
large fraction of genotypes in the sample. Three alternative test statistics 
are used for this purpose. First, grouping the entire data of the genotype 
table (Tab. l) into two classes, heterozygotes and homozygotes (irre- 
spective of the allele types, observed), we found that there are 59 
individuals that are homozygous at  this locus and 181 heterozygous. 
The expected numbers of individuals in these two categories, based on 
the observed allele frequencies (shown on the last column of Tab. l), are 
55.38 and 184.62, respectively, and their difference from the observed 
ones is not significant by a chi-square test with 1 d.f. (P > 0.55). Second, 
using the theoryof  Chakraborty et al. (1988) and Chakraborty (1991), 
we also determined' the expectations (and their standard errors) of the 
number of distinct heterozygous and homozygous genotypes that can 
be observed in a sample of 240 individuals at the ApoB VNTR locus 
when the alleles unite at random to form the genotypes of these 
individuals. The sampling distributions of these statistics, under the 
HWE assumption, can be evaluated exactly (Chakraborty, 1991). In 
particular, denoting the expected genotype frequencies (under HWE) by 
Q~, Q, . . . . .  Qr, the mean and variance of the number of distinct 

T a b l e  I. G e n o t y p e  a n d  allele f r equency  d i s t r i b u t i o n s  a t  the  A p o B  V N T R  L o c u s  in a r a n d o m  
s a m p l e  o f  240  ind iv idua l s  f r o m  N a n c y ,  F r a n c e  

Al le les  

29 31 33 35 37 39 41 43 45 47 49 51 F req .  

29 - -  1 1 . . . . . . . . .  2 
31 3 2 7 6 1 2 1 - -  2 2 1 31 
33 2 2 10 2 - -  - -  - -  1 3 1 26 
35 12 50 ! 2 - -  - -  10 6 2 104 
37 36 II  4 - -  2 16 17 6 194 
39 2 I - -  - -  - -  3 2 25 
41 1 . . . . .  I I  
43 . . . . .  l 
45 . . . .  2 

47 I 2 I 34 

49 2 -- 37 

51 -- 13 

f 
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genotypes observed in a sample of n individuals are given by 

~ = K - T ~ ,  and a2=T~(I -T~)+2T2,  (la) 

respectively, where 
K K 

T l =  ~ ( I - Q , ) " ,  and 7 , =  ~ ( 1 - Q , - Q j )  n. (lb) 
i =  I i > j =  i 

Note that in equations (1) and (2) K = k for the homozygous and 
Q~ = p2, the square of the i-th allele frequency, and K = k(k - 1)/2 for 
the heterozygous genotypes, with Q,'s being an array of k ( k -  1)/2 
probabilities representing each heterozygote genotypes (2pipj). Applica- 
tion of this method to the present data showed that the observed 
numbers of distinct homozygous and heterozygous genotypes for the 
ApoB locus, 8 and 34, are not significantly different from their expecta- 
tions, 6.37 and 32.98. Therefore, we conclude that the observed num- 
bers of distinct genotypes are also in concordance with HWE 
predictions. 

Since all of these statistics disregard the specific allele types observed 
in the sample, and hence these tests do not detect deviations of each 
specific genotype frequency from its HWE prediction, we used a third 
test criterion which does not have this limitation. This is the G-statistic 
(Sokal and Rohlf, 1969), a likelihood ratio, which should not be 
significant if the HWE prediction is correct. Unfortunately, although 
the G-statistic is a contrast of every observed genotype frequencies with 
their respective expectations, no standard statistical distribution can be 
applied to determine the significance level of the G-statistic because of 
the absence (or small frequencies) of several genotypes. We employed a 
shuffling algorithm to determine the empirical distribution of the G- 
statistic, by randomly permuting the 480 allele labels (12 of them, since 
there are 12 different observed alleles) and reconstructing genotypes by 
pairing the shuffled alleles at random. The observed value of G in the 
given data (of Tab. 1) was 60.18, and its empirical probability level was 
0.62, suggesting that by chance 62% times we could have observed 
G-values larger than the one observed under the assumption of HwE.  
Therefore, none of the three alternative tests offered any suggestion of 
non-random association of alleles at the ApoB VNTR locus. In conclu- 
sion, the genotype distribution at this locus among the French Cau- 
casians can be assumed to satisfy the HWE predictions. The observed 
heterozygosity at this locus is 0.745 + 0.028, and its expectation based 
on the estimated allele frequencies is 0.769 __+ 0.014. 

Table 2 shows the observed genotypic and allele frequency distribu- 
tions at the ApoC-lI VNTR locus. Eleven segregating alleles are found 
at this locus, but of the possible 66 genotypes only 42 are observed. As 
in the case of the ApoB VNTR, each of the three alternative test criteria 
shows that the observed genotypic distribution is in accordance with the 
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Table  2. G e n o t y p e  and allele f requency d i s t r ibu t ions  at  the A p o C - l l  V N T R  Locus  in a 
r a n d o m  sample  o f  162 indiv iduals  f rom Nancy,  France  

Alleles 

16 20 24 25 26 27 28 29 30 31 34 Freq. 

16 3 3 3 I 1 6 6 5 7 1 1 40 
20 2 I - -  - -  6 7 4 8 - -  I 34 
24 - -  - -  - -  I 1 5 - -  1 - -  12 
25 2 - -  - -  - -  I 1 - -  - -  7 
26 - -  4 I 2 - -  - -  - -  8 
27 13 14 10 4 1 - -  72 
28 5 3 10 1 2 55 
29 4 7 1 - -  46 
30 2 - -  - -  41 
31 - -  - -  5 
34 - -  4 

HWE predictions, based on the observed allele frequencies. The overall 
heterozygosity at this locus is 0.809 + 0.031, while its expectation based 
on the allele frequencies is 0.859 ___ 0.007. 

Table 3 summarizes each of the three test statistics mentioned above. 
Even though the statistics based on the total number of heterozygotes 
or homozygotes or the number of distinct genotypes of these two 
categories disregard each specific genotypic combinations, their use in 
testing departures from HWE predictions is not invalid when the 
number of alleles is large and the sample size is inadequate to observe 

Table  3. Tests  for H a r d y - W e i n b e r g  Equ i l i b r ium ( H W E )  of  geno type  frequencies  a t  the A p o B  
and  A p o C - I I  V N T R  Loci 

Expec ted  _+ s.e. 
Locus  and  s ta t is t ics  Observed  value  ( u n d e r  H W E )  P 

A p o B  V N T R :  
N u m b e r  o f  

be te rozygotes  181 184.62 + 6.53 
homozygo t e s  59 55.38 + 6.53 

N u m b e r  of  d i s t inc t  
he te rozygo te  geno types  34 32.98 +_ 2.56 
h o m o z y g o t e  genotypes  8 6.37 + 1.17 

L ike l i hood  ra t io  60.18 - -  

A p o C - I I  V N T R i  
N u m b e r  of  

heter0zygotes 131 139.19 + 4.43 
h o m o z y g o t e s  31 22.81 + 4.43 

N u m b e r  o f  d i s t inc t  
he t e rozygo te  geno types  35 34.89 + 2.61 
h o m o z y g o t e  geno types  - 7 6.06 + 0.83 

L ike l i hood  ra t io  65.38 - -  

>0.55 
'>0.55 

0.689 
O. 162 
0.621 

>0.55 
>0.55 

0.968 
0.258 
0.234 
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all possible genotypes in a given sample. The inference regarding the fit 
of  the data to HWE prediction is identical when these simple test 
statistics are contrasted with the more complex likelihood ratio test 
(G-statistics). The latter is presumably the most powerful statistical test 
because no data summarization is involved in evaluating this statistic 
nor in computing its empirical significance level. The first two summary 
statistics have the advantage in the sense that standard large sample 
theory can be invoked in judging whether or not they reflect a departure 
from HWE, whereas tedious permutation tests are needed to determine 
the significance level of  the G-statistic. 

Two-Locus Genotypic Distribution 

As mentioned earlier, information on the joint distribution of genotypes 
at the ApoB and ApoC-1I VNTR loci is available for 160 unrelated 
individuals in the present sample. A complete tabulation of this joint 
distribution was made to determine whether or not there is any evidence 
of  non-random association of alleles at these loci. We expect no associ- 
ation, since these two loci are not syntenic, and hence they should 
segregate independently of each other. Evidence of non-random associa- 
tion, on the contrary, would signify that the population from which this 
sample is derived is heterogeneous, since it is known that a pseudo-link- 
age disequilibrium can be generated due to mixture of two or more 
populations (Nei and Li, 1973). 

In principle, the two-locus genotype data is a contingency table of 
categorical data. But, due to the sparse nature of data, the traditional 
large sample contingency chi-square test cannot be applied since many 
of  the classes are not represented in the sample. Among the 160 
individuals for which two-locus genotypic information is available, 
there are 31 different genotypes at the ApoB VNTR locus and 41 
different genotypes at the ApoC-II VNTR locus, giving a total of  1271 
possible gentoypes that could have been observed. We observed only 
132 different two-locus genotypes among the 160 individuals. The 
likelihood ratio test statistic, G, for the observed genotypic combina- 
tions is 227.86, which is not significant (P = 0.428), after 1000 random 
permutations. Two alternative statistics are also computed to illustrate 
that some particular summary of such data can be used to check 
independence of their segregations. Individuals may be classified into 
heterozygous or homozygous types at each locus to form a standard 
2 × 2 contigency table (Tab. 4). The expected frequencies of each of the 
four classes can be obtained from the heterozygosity values of each 
locus, under the assumption of independent segregation. These are 
shown in the third column of Tab. 4. Clearly, the observed frequencies 
are in agreement with the expected ones (~(2 with 1 d.f. is 0.34, P >0.55), 
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Table 4. Tests for independence of genotypic frequencies at the ApoB and ApoC-H VNTR 
Loci 

(A) Test based on two-locus homozygosity/heterozygosity: 

ApoC-II Locus 

ApoB Locus Homozygous Heterozygous 

Homozygous obs 9 32 
exp 7.52 31.81 

Heterozygous obs 22 97 
exp 23.09 97.58 

12 with I d.f. =0,34 (P >0.55) 

(B) Test based on variance of number of heterozygous loci: 

Observed Expected 

Mean: 1.55 + 0.05 t.56 + 0.05 
Variance: 0.36 0.34 + 

+ 95% Confidence interval for variance is (0.27-0.41) 

(C) Test based on likelihood ratio test criterion: 

- 2 I n ( L o / L  ~ ) = 227.86 (Empirical probability = 0.428) 

are in agreement with the expected ones (Z 2 with 1 d.f. is 0.34, P>0.55) ,  
suggesting again that there is no evidence of allelic association between 
these two unlinked loci. 

Data from Tab. 4 can also be subjected to an alternative test, 
originally ~suggested by Brown et al. (1980) and examined in further 
detail by Chakraborty (1984). In this test, a variable representing the 
number o f  loci for which the individual is heterozygous is defined from 
the two-locus genotype data for each individual. In this specific case, 
this variable can take values 0, 1, or 2, corresponding to homozygosity 
at both loci, homozygosity for one-_locus an d_heter9zygosi_ty_ at ~the 
other, or heterozygosity at both loci; respectively. Er6m.the~obse~ed_~. ~- . . . . . . .  
distribution of/this statist!c, w_ecan_detern3ine t he_m_ean_~and~v._afiance~_of 
riumber of heterozygous locj~ Brown etal.  (1980) suggested=thatothe 
variance of this statistic can be used to test whether or not the two loci 
are in linkage equilibrium. In the middle panel (B) of Tab. 4 we present 
the observed mean and variance of this statistic, and their expectations 
based on the hypothesis of linkage equilibrium. Also shown is the 95% 
confidence limit of the variance. Clearly, there is no departure from the 
expectation under the null hypothesis of  linkage equilibrium. Therefore, 
we conclude that the  ApoB and ApoC-II  VNTR loci are at linkage 
equilibrium in this French Caucasian population. Intuitively, this result 
is expected because the two loci are unlinked. Indirectly, this also 
establishes that the population is homogeneous and there is no evidence 

i : 
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of internal substructuring large enough to produce departure from 
HWE or linkage equilibrium. 

Allele Size Distributions and Relationship Between Heterozygosity and 
Number of  Alleles 

Having shown that the genotype distributions at the ApoB and ApoC-II 
VNTR loci_, confor ~ to their Hardy-Weinberg equilibrium predictions 

:~-•and-these two-loci are at linkage equilibrium, some additional informa- 
tion regarding-the production of new alleles may be extracted from, the 
allele size distributions. Figures 1 and 2 show the Size distributions of 
alleles for the ApoB and ApoC-II VNTR, respectively. Alleles are 
designated by the copy numb_ers_of their respective core-sequences of 
length 14 or 15 bp for the ApoB locus and 2 for the ApoC-IIVNTR 
locus. Both distributions show multiple modes; the ApoB distribution is 
bimodal, while there are apparently three modal classes for the Apoc-II 
locus. 

Size distributions of alleles at these and other VNTR loci show 
multiple modes. In the literature there is no clear indication as to how 
such multiple modes can be generated. Boerwinkle et al. (1989) argued 
that the presence of multiple modes cannot be readily explained by 
"mutational events' such as unequal recombination resulting from mis- 

of repeat units or from replication slippage. Two possible 
e explanations may be offered. First, presence of multiple 

modes may indicate some form of genetic heterogeneity within the 
. . . . . . . .  _ =  . . . . .  : . . . . . . .  _ - -  - .  

- : :  _ . .  : - :  p o - B - . A . i e l e s  - - . . . . . . . . . . . .  

Frequency_ 
0.6 ~=- ~ . . . . . . . . .  

0,4 k 

0.8 - 

I i 
0.2? 

o:_1_1_ 
2g Sl  8,3 88  37 8g  41 43  48 47 4g  81 

Length (#  of repeats )  

l _ _ _ _ i i .  
Figure I. Size distributions of VNTR alleles at the ApoB Locus in the French Caucasian 
:)opulation (sizes are equivalent to the number of copies of a core sequence of length 14/15 bp) 
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Ftequenoy _ _ 

. . . . . . . .  oi;  . . . . . . . . . . . .  : . . . . . . . . .  

. . . . . . .  F i g u r e  2 .  S i z e  ~ t ~ n s  o ~ - ~ C ~ i - L ~ i ~ - t h ~ F r ~ h = C ~ u c a s l a n  

• ~ ~ ~ p o p u l ~ t t i o n ~ . ( s i z e s  a r e ~ e q U i f f i l i f n t T t b ~ t t i r - n ~ f f i ~ - r = O f ~ c r p i e s ~ o f ~ a ~ d i n u c l e o t i d e ~ c ° r e : s e q  u e n c e )  : I 

populat ion~However,=such heterogeneity would-have p r o d ~ d q i g n i f i 7  . . . . . . . .  7 .... 

and would have shown significant assoc ia t ionsamong a l l ~ l ~ h e  two . . . . . . . . . .  ! 
~ _ _ - - - _ - ~  . . . .  _: ~ l ~ c i ~ S i ~ S s t m h ~ d e ~ a r t u r e ~ w . a s ~ f o u n d _ w . e ~ d o ~ n o t ~ - b e l i e v e ~ t h a t  . . . . . . . . . .  , 

~ - ~ : : : - : - ~ -  ~ c ~ - f i - d ~ e ~ i a n - ~ t i : ~ - ~ i ~ " - t = t h - e - - c f a - r r e ~ - d i s ~ t ~ ~  °r~-fi~-~t~l~dir~: ~-- ~ - ~ ± •  1 i 
evolut ionary antiquity,  and therefore, it could be assumed that  the 
modal  classes reflect alleles that are older than the others. The sugges- i i 

. . . . . . . . . . . . . . . . . . . . . . .  - t i o ~ o f  this possibility comes from the theory - t h a ~ - d e ~ h T i S - f i ~ i W  . . . . . . . . . . . .  !~ 
allele model ,  the age o f  an allele can be predicted from its frequency, in i 

• the sense that  the most  common allele is likely to be the oldest has a i 
probabil i ty that  equals its frequency (Watterson and Guess, 1977). 

. . . . . . . . . . . . . . . . . . . . . . . . . .  Such~allele~frequency~profiles=can~be~used=to=examine=the=relationship - - 
between heterozygosity and the observed number  of  alleles. In the 
context o f  electrophoretic loci, two mutat ion models have been pro- 
posed that  can maintain  genetic variation in a population. In one 
model, called the Infinite Allele Model (IAM), every mutat ional  event is 
assumed to produce a new allele. When a populat ion is at steady-state 
under  the forces of  such mutat ional  events and random genetic drift, 

, there is an expected relationship between heterozygosity and the ob- 
served number  of  alleles at a locus (Ewens, 1972; Chakrabor ty  et al., 
1978; Chakrabor ty  and  Griffiths, 1982). Chakrabor ty  and Weiss (1991) 
also showed that  the sampling distribution of  the observed number  of  

" .. alleles can be analytically evaluated. Table 5 shows the summary results 
of  such computa t ions  for both loci. 

The ApoB V N T R  locus has an expected heterozygosity o f  76.9%. 
Given this heterozygosity,  we expect to find 14.13 + 2.05 alleles in a 

i ,  
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Table 5. Relationship between heterozygosity and number of alleles at the ApoB and ApoC-II 
VNTR Loci 

ApoB Locus ApoC-lI Locus 

Heterozygosity obs ~ 0.754 + 0.028 0.819 + 0.030 
exp b 0.769 + 0.014 0.859 4- 0.007 

Sample size (n) c 480 324 
Number of. alleles obs 12 I 1 

exp d (IAM) 14.13 4- 2.05 21.53 4- 1.79 
exp" (SMM) 5.88 8.71 

~The observed (obs) heterozygosity is from the actual genotype counts; 
b'l'he expected (exp) heterozygosity is based on the estimated allele frequencies; 
q'he sample size (n) refers to the number of genes sampled; 
a-¢The expected (exp) number of alleles under the Infinite Allele Model (IAM) and Stepwise 
Mutation Model (SMM) are based on the expected heterozygosity and sample size, n. 

sample  o f  480 genes (240 individuals), whereas the observed n u m b e r  o f  
alleles at this locus is 12. The  predict ion of  the Infinite Allele Mode l  
( I A M )  is in statistical agreement  with the observat ion;  the p robab i l i ty  
of  observing 12 or less alleles is 0.783 and the probabi l i ty  o f  observ ing  

12 or  more  alleles is 0.321. 
The  expected heterozygosi ty  at the A p o C - I I  V N T R  locus is 85.9%. 

Given this level o f  heterozygosi ty ,  we would have expected 24.86 _+ 1.73 
alleles to be observed in the sample  o f  324 genes (162 individuals).  We  
actual ly observed only 11 alleles. Since the probabi l i ty  o f  observ ing  l l 
or less alleles in such a sample  under  the Infinite Allele Mode l  is 0.003, 
we infer that  there are too  few alleles observed at this locus for  the given 
heterozygosi ty.  T w o  possible reasons could explain this d iscrepancy.  
First, since this V N T R  locus has a dinucleotide core repeat  unit,  
similar sized alleles migra te  close to one another  on a gel. W h e n  copy  
numbers  are large, some  rare alleles appear ing in he te rozygous  s tate  
in c o m b i n a t i o n  with more  c o m m o n  and similar size alleles m a y  have  
been er roneously  neglected. Such individuals m a y  easily be scored 
h o m o z y g o u s  f o r - t h e : - c o m m o n - t y p e  allele_T-his:-can~-account for-- the  
observed deficiency in - the-number  o f  alleles, wi thou t  ma rked ly  reducing 
the heterozygo~sity l e v e l o f  the:locus, since such unscored alleles are rare 

in the popuv, u u , . . . , ~  vu~,u, , , , j  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
zygote-deficiency 0f :our-HWi~: tes t  procedure as ~,ell. Al though ~,e 
did not detect  any Significant departure of genotypegrequenciesa t this 
locus from the HWE predictions, there is a slight indication that the 
observed number of  heterozygotes is somewhat lower  (131 versus 
!_39:19) than its expectation. The second rea_spn could be that the 
infinite Allele Model may not apply to such VNTR loci. w h e n  the core 
sequence is small, every 'mutational' event may not necessarily yield a 
new allele. A T0rm of  forward-backward mutation, called Step,Wise 
Mutation Model, may be more relevant in such a case. In the context of  

i~c. ' :  . . . .  : :i~;i~ ~. " • 
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i~ electrophoretic studies, such a model has been proposed, where it is 
ass~fi-med that through a mutation the allelic state can either change by 

- - -  -~ single step in the forward or backward direction~-or-can-~keep-the 
. .alleliC_st-ate_unaltered_Under=such_ a=model,-Kimura=and-:OhtaL:(-qg=7.8)-- . . . .  
-~:--:-~ ~- derived the relationship between 'number of alleles and-heterozygosity. 
~---  - - [  .. . . . . . . . . . . . .  Applying-ttieir=theory :to:-th~vdata---oh~-the~ApoC-I:IT-V-:NzT:R-=locus~-w--.-e~----z::~---:  :7 . 
~ : - - -  - . -- found that for the givenheterozygosi tyof85[9%, we e x p e ' c t - 8 : 7 t : t d l e l e s  ~:- -' • i 
~U~- . . . . . . . .  in a_sample ot~-3.24 geiies (-162iiidNidtials).-~The 66seiw(d:-~humbe-rof 
--------~ - i : -  alleles, 11~ is in betw&r~-ihe:: ~ p e ~ ~ f - - ~ h = e ~ - - ~ - - : - w i ~  : ~ i 6 ~ :  - -  " - i. 

~ __ _ In_summary,_the:relationship bet_ween_h_etero_zyggsjty- a_nd number of 
~: __alleles=aL~these=t_wo loci indicates, tha t - the  genetic variat ion-at  such 
- -  effects~6f:Zmutation and:genetic-drfft', . . . . . . .  ~ -: :V.-NTR~I oci_is-:m-aitit:ain-ed:by_=j 0i n t: . . . . . .  : " 
- ~  . . . . .  -- -~- = . . . . .  h--f~l--ihc presenC~l~'fi~r--~~_fe~c[o_n_-gi~l_e~d~to:_-'-_-lS--_e~'t'~a~te-- ~-d_-ygst= a-re=:-- __ .~:--:-==-~!S- 
~--[-/..[[-- . . . . . . . .  ~under t h e s e ~ t w o ~ c o f i n t - e r a c f i f i g S f o r c & . Y ; . - . . - [ - - = £ . ~ - ~ . : - : ~ 5 ~ - ~ ~  ~ 3-_=== :--:\['~ ' =1':- 

. . . . . . .  Discussion and Conclusion [ 
i 

The above analyses of-dh~ on two V N T R = l ~ i ~ f ~ d = S W t h - ~ - ~ m e "  [ 
• set of  individuals from a genetically well-defined population showed 

thatclassic population geneticprinciples;areapplicable forLunciei's tand-  
ing genetic characteristics of VNTR polymorphisms. The problems 
introduced by the large number of alleles can be circumvented by 
defining appropriate summary measures, such as the total number of 
heterozygotes, or the number of distinct genotypes observed in a sam- 
ple. The sampling distributions of these summary measures are tractible 
and appropriate for hypothesis testing purposes. Alternatively, if one 
wishes to conduct genotype specific hypothesis testing, permutation 

. . . . . . . . . . .  tests~can~_be:per_fo.rrr~ed._o_n_statistics relating expectations and observa- . 
tions of  each specific genotype. Such permutation tests avoi~t-p-F651e-m~ 
inherent in sparse data (Efron, 1982). These alternative methods were 
shown here to result in identical conclusions. 

Furthermore, our analyses also show that an apparent deficiency 
of  observed, heterozygosity should not be readily taken as evidence 
of  substructuring within a population. This is so, because in the pres- . 
ence of  substructuring we would have expected larger than expected . 
number of alleles for the given value of heterozygosity (Chakraborty e t  
al . ,  1988; Chakraborty, 1990a, b). On the contrary, if incomplete resolu- 
tion of  alleles is responsible for an observed deficiency of  heterozygos- 

• ity, then it is generally accompanied with a smaller observed numbers of 
• alleles. . 

Lastly, we note an important difference between the allele frequency 
distributions at the ApoB and ApoC-II VNTR loci. For the ApoB 

i locus, the allele frequency distriSt/tibn is ifi-a-g-fceifi~-fft:~itti-th~-15~e-dic= _ 

K~ . . . . . . . .  r 
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tions-of the infinite allele model, while this model does not apparently 
hold for the ApoC-II locus. The core sequence for the ApoB locus is 
substantially longer (14 or 15bp) than that at the ApoC-II locus. 
When the core sequence is long, it may be true that replication slip- 
page is relatiCzely uncommon, while some form of unequal recombina- 

. . . . .  --tion~gr~s_ister:chromatid--exehange~may: be :th_e:underlyi_n_g-mecha nism o f  
_production_oLne_w.allele_s_. In either of these two cases, recurrent muta- 

tunmg ti0ns---ma~; not :exacfl3/;-revert allele-sizes, because a fine "---- o f  such 
_crossing-over events will_be needed for generating an exact step-wise 

- _ .for.ward=bacl(~ard--formlof-muta-t~n-~-T-laerefore, f o r V N T R  loci char- 
acterized by relatively large core sequences, the infinite allele model 
may provide reasonable mathematical predictions of the allele fre- 
quency disiribution, as in the case of the ApoB locus. On the other 
hand, when the core sequence is small, replication slippage can gener- 
ate forward-backward ~ mutations yielding several alleles of nearly simi- 
lar sizes which can change_ from one to another. This process can occur 
in both a forward and backward-fashi0fithr6ugh recurrent .mutational 
events. The_ large differences in some allele sizes at the ApoC-II locus 
may be produced-i~-y ofher-mechanisms~occurring 'ai~-t~he same ~iime.: 
The observation that the observed number of alleles at the ApoC-II 
locus lieslbetween the_ predictions of the Infinite Allele Model and the 
Step-v~ise Mutation ~Model-indicates that-at VNTR loci:with a small 
repeat sequence, genetic variation m a y  be genera~ed-by a mixture Of 
two or more distinct molecular mechanisms. The first mechanism leads 
to new_alleles_not.previ_ous!y seen in a population and represents large 
differences-of allele sizes, and the Second produces smallshiftS 0f allele 
sizes in-a forward-baCkward fashipn..We speculate that the rate of 
occurrence of the first type of mutational changes is less than the 
second type. As a consequence of this, we observe a larger het- 
erozygosity than expected at loci where step-wise changes are more 
common (reflected in larger heterozygosity at the ApoC-II locus com- 

-pared: to- the:ApoBlocus) : -  : -  _- - _ - 
A detailed mathematical study of such a mixed model of mutational 

changes is needed for a full understanding of the population dynamics 
of VNTR polymorphisms. Some initial attempt has been made in this 
direction. Li (1976) proposed a mixture model of  mutation which 
incorporates the two types of mutations mentioned above. In his 
model, however, the step-wise changes were assumed to involve only 
one-step movements (forward or backward) in terms of allele states. 
Chakraborty and Net (1982) proposed a step-mutation model where 
multiple step changes (in either direction) was introduced. Such models 
can be  easily rationalized in the context of the molecular mechanisms 
of unequal recombination and replication slippage, and these should 
be examined in greater detail to study the evolutionary dynamics of 
VNTR polymorphism. 
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Summary 
Using a polymerase chain reaction (PCR) based method, genotypes at two hypervariable loci 
(3' to the Apo-B-structural gene and at the ApoC-11 gene) were determined by size classifica- 
tion of alleles: Genoty~e data at the Apo-B locus (Apo-B VNTR) were obtained on 240 
French Caucasians; the sample size for the ApoC-II VNTR was 162. For [60 individuals 
two-locus.genotype data were available. Applications of some recently developed statistical 
methods_to these data indicate that both of these loci are at Hardy-Weinberg equilibrium 
(HWE) and there is no indication of alielic associations between these two unlinked loci. In 
addition, the observed numbers of alleles (12 for the Apo-B and [I for the ApoC-II VNTR 
loci) are also consistent with-their respective expectations based on the observed heterozygos- 
ities (76.9% for the Apo-B and 85.9% for the ApoC-11 loci) suggesting genetic homogeneity 
of this population-based sample. The multimodal distribution of allele sizes observed for. both 
loci indicate that the production o f  new-alleles at such VNTR loci may be caused by more 
than one molecular mechanism. Theutility of such highly polymorphic loci for human genetic 
research and forensic applications are discussed in the context of these findings. 

Introduction 

A large number of DNA segments in the human genome contain a 
variable:-t~fimber of shorttandemiy repeated sequences. To varying 
degree, the core repeat unit is conserved from one repeat to another. 
The core.-sequence~may also vary among S_uch loci from 2 bases to 
several kilobases. The copy number of such core sequences reveals 
genetic variation several orders larger than that detected by classical 
serologic and biochemical genetic, markers. Since the first demonstration 
of such a highly polymorphic, ' . . . . . . .  "':- ~'-'~ . . . . . .  IOCUS-Sp~in~- . . . . . . . . . . . . .  
genome_by Wyman and White (1980), numerous hypervariable regions 
have been described that flank Structural loci in the human genome 
(e:g., Bell et al., 1982; Capon et al., 1983; Goodbourn et al., 1983; 
Jeff_reys et a l . ,  1985; Boerwinkle et al., 1989; Ludwig et  al., 1989; 
reviewed also by Jeffreys and Wolff, this volume). It is no~v well-recog- 
nized that the human genome contains a large number of these poly- 
morphic segments, numbering possibly in the thousands. Several 
acronyms of such polymorphic systems are proposed. Jeffreys et al. 
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(1985) suggested locus-specific 'minisatellites'; Nakamura et al.  (t987) . . . .  
coined the term 'VNTR' (Variable Number of Tandem Repeats), while 
several others (e.g., Balazs et  a l . ;  1989;-Ludwig e t - a L ; - 1 9 8 9 ) - u s e d - t h ~ -  . . . .  

terminology 'HVR'  (Hypervariable Region) to describe this type of 
~_ genetic variation. When the core unit is small (di-, tri, or tetra-nucle- 
-~-~ _ .~ _ 1 ' ' ' _~- - otide), Edwards e t  aL  (~-99J)_called~them S:TR'_-locK~(Short Tandemly _ 

Repeated loci). . -. . . . . . . . .  - --_ . . . . . . . . .  
- :~ Since the allelic designation at these V N T R  10ci ~ari be con~enientlg" 
=.~____ _ . . . . .  def ined:b .y - the-~n-u-m-be-r -~ f - - r -ep .ea t -uni t s -~ f - the-~c~re: - -se-queh~e- .and-e-a~h-  

---- locus conforms to simple c6dominant Mendelian mode of  inheritance, 
such loci are extremely useful for human genetic research. Recent 

-z. tabulation of  genetic markers used for human gene mapping indicates 
that collectively nearly 50 per cent of  all genetic markers belong to 

- this category (Kidd_ e t  al. ,  1989). The increased_efficiency of VNTR 
~-: loci, compared to classical biochemical a n d  RFLP markers, arises 
--.  from the fact that the number of different alleles found at any VNTR 

locus is generally-much larger. In addition, these VNTR loci have 
a h i g h - - h 6 t e r 6 z y g b ~ i ~ y ~ ( ~ 6 ~ - ~ t ~ e s  a ~ l i i n - g ~ - : - ! e - ~ l ~ - - ~ - ~ l ~ ° a ~  

~.~---- : . 95-99  pe_rcent)--A_s a__co~seque~qe ; ;~de_ t ec t i o_n :~Qf_~recombina t ionAb-e - -  . 
- -tween a V N T R  10cus_and~a_:disease_gene~or_other~geneticLmarkers£is. - -+ 

- t  

. . . . . . . .  ~simlole-be-~lSot-h-Sparent s- can-bd-;ffe~rozygous~an&provide~fo ur .~- 
. . . . . . . . . . . . . . . .  : . . . .  d!stinc t -a l! e les-at~such~-~loci=-far--more~commonly=than-_- o_ther~classicaL---- --i~. 

.... " - ihem useful . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  : in the context of  paternity testing and forensic medicine2 A O -I ~ 
growing body of  literature suggests that their utility is not only limited 
to academic circles and biomedical research; criminal justice and social ~ i-~ 

. . . . . . . .  welfare agencies can also benefit-immenselyofrom~theappiication~/suchch ---~ - ~t ~ 
. . . . . . . . . . . . .  l b ~ i = ( ~ i ~  ~ al~-~8)~ -- 

These advantages notwithstanding, concerns have been raised with i 
regard to the population genetic characteristics of  such polymorphisms 1 (Lander, 1989; Cohen, 1990). In part this is caused by limited popula- i 
tion data of  VNTR polymorphisms from genetically well-characterized 
populations. Five studies in this regard are noteworthy. Baird e t  al .  " 

(1986) have shown extensive variation at two VNTR loci, HRAS-I  and 
D14S1, in three major ethnic groups. Using such data, Clark (1987) 
postulated that allelic variation at these loci follow the mutation-drift 
model of  genetic variation (Kimura and Crow, 1964). Jeffreys e t  al.  

(1988) entertained other models of  allele frequency distribution such as 
a finite allele mutation model or a stepwise mutation model to explain 
the relationship between heterozygosity and mutation rate at such loci. 
Flint e t  al .  ( 1 9 8 9 )  showed that the differences of  heterozygosity levels of  
specific VNTR loci across populations can be used to postulate whether 
or not events such as a population bottleneck could have occurred 
during the geographic dispersal of  humans. Chakraborty (1990a, b) 

1 
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argued that even a single VNTR locus can provide information con- 
°- cerning substructuring -within~apopulation-with. a statistical, power far 

greater than several classical genetic markers studied simultaneously. 
The well known advantages of VNTR loci such as their high het- 

erozygosity and a large number of alleles also poses problems in the 
statistical interpretation of population data. For  example, the presence 
of a large number of alleles increases sample size requirements for 
population survey studies, since even with respectable sample sizes all 
possible genotypes can not be generally detected. As a result, precisions 
of allele frequency estimates are compromised which subsequently hin- 
ders statistical calculations based .on-classical text book methods of 
_analysis; Since all genotypes are not observed, and even the ones 
observed Occur in low frequencies, the application of the large sample 
theory of chi-square goodness-of-fit test is not valid for checking 

- .whether or no t  =the observed-geno~ypic distribution conforms to their 
Hardy:Weinberg expectations. Similarly, the association among alleles 
atmultip!e loci cannot be adequately determined from their genotypic 
distributions by standard summary measures such as linkage disequi- 
librium. In addition, a single VNTR locus may exhibit more than one 
allele of similar size and incomplete resolution of distinct alleles by 
Southern gel electrophoresis is not uncommon. Such inescapable lab- 
oratory phen0me_na can not be overlooked in the statistical interpreta- 

VNTR populatign da.ta (Devlin et al., 1990). There are also 
that-the hypervariability at these loci is caused by 'mutational' 

changes whose rate is high in comparison with other classical markers. 
Hence. when used singly, a VNTR locus may lead to a wrong conclu- 
sion regardingl~iolggical relationships between individuals (Odelberg et  
al., 1989). FurthermOre, very little is known about the molecular mech- 
anism of prodhction, of new alleles at VNTR loci, although it has been 
suggested that replication slippage, sister chromatid exchange, and/or 
unequal recombination may be involved in this process. Virtually noth- 
ing is known regarding the  functionai requirements of such loci in 
general, even t-hough DiqA-binding proteins which appear to bind 
specifically to VNTR loci are known to exist (Collick and Jeffreys, 
1990). In view of these uncertainties, it is difficult to determine the mode 

- and rate ofevolut ion of genetic variation-at VNTR 10ci.. 
In spite of these di~culties,-we believe ,,hat the statistical interpretation 

of VNTR p01ymorphism data is not an insurmountable problem. Certain 
modifications of classic p0pulatj0n genetic methods of data analysis can 
be introduced wh~cfi-;l~ad to rigorous and legitimate estimation and 
hypothesis-testing.Principles for analyzing such data. Such methods 
also maY suggest molecular mechanisms thfit generate and main- 
tain genetic variation at these loci. We have initiated a series of studies 
on the population genetics of VNTR polymorphism at Our Center, and 
this presentation is a preliminary summary of several results from 
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. . . . . . . . . .  - - mental irrotdcblg wlii~h-~a~ 15e-e-~lr~c-~d=fb-r-p=d~l~fii3~ surveys ~ f - s~ l i  . . . . . . . . . . .  

. . . . . . . . . . . . . . .  loci.and whichminimize_the_problem_of_incomplete=resolution_of_alleles _ 
__ (Boerwinkle et al., 1989). -I-iet:e we d~scribe the geno type  ~ind: allele 
7:-==--:-- . . . . . . . .  frequency" d i s t r ibu t ions - -a t - two- -VNTR l o c i ; - o n e - - l o c u s - i s - 3 " - t o - t h e -  

- apol ipoprotein-B (ApoB)  gene and t h e o t h e r i s  within the A p o C - I I  gene, 
. . . . . . . . . . . . .  which hay_e_heen scored on individuals belon_. ~_ ___ _____gin, g to 121 nuclear families. . _ 
- .- V. ....... _ . . . .  : -S~e i ' a l  alternative methodsrare---sfiggeste~Tf~qirfiiriifig:flae~cbtffrFfffit-f . . . . .  

. . . . . .  o f  the genotypic  distribution o f  V N T R  data  w i t h  H W E  a nd for testing 
. . . . . .  i ndep~ndrn t -*  - - gegregafi~5~rf ~ill~le-~ a-t ~u-filifik~dq~Viqfi-th~=presence ~ f  l ~ g e  

._ number  o f  alleles. Futhermore ,  the allele f requency distributions o f  these 
._i~_ . . . . . . . .  loci are used to  predict poss!ble - mole.cu!ar mechanisms that  generate and 

.... :- :~ - -  - - mairitaih~s~eh--ge-ti~tie-¢a-~atit~n7.Ch~ra-cte-ti~ati~n-~s~ch-..~p.-~p9~ati~h- - 
~. . that  V N T R  . . . . . . .  genetic features implies . . . . . . . . . .  po!ymorphisms .de tec ted  tbr_ough_=__ _ 
_ • . . . . . . . . . .  PCR-based studies confo rm to classic popula t ion  .genetic principles,, and 

hence are useful in human  genetic research and forensic applications. 

M a t e r i a l s  a n d  M e t h o d s  

-=-  _--.:~ _-__ _Z i . . . . .  The g_e-nqtype-~l~it_a__-~_0~i]-Y_~-~_d~h__ere wereo_b_t_aine d from~a-ra_ndomsam, pie-f: ~ - ~ i ~  
- - - " of  121 nuclear families tak ing  pari  in -r-ou-tine he/~lth- e~(a~iii~itibris- af-the . . . .  .~ 

Center  for  Preventive Medicine  in Nancy,  F rance .  Genomic  DNA.  was 
isolated by phenol /ch loroform extract ion o f  proteinase K treated crude 

- - buffy coat  p r e p a r a t i o n s . T w o  VNTR. Ioc i  with different core sequences  
were se l ec t ed fo r  the p resen t  analyses. The first is a n  AT,r ich  V N T R  3' 
t o - t h e  human-cpcl!pop_r9te!n B gene_on c h r o m p s o m  e 2 (Hu_ ang and  . . . .  
Breslow, 1987). Detailed PCR-based  me thod  s for  typing this V N T R  
have been :prev ious lypresen ted  (Boerwinkle  et al,, 1989). Our previous 
results indicate that this locusdif fers  in the number  o f  copies ( f rom 29 
to 51) o f  a conserved core sequence 14 or 15 base pair  long (Boerwinkle 
et al., 1989). The second V N T R  locUs is a microsatellite located in 

flie=h-u~-~-fi~ffrlip~6~rT~i~-C='ii ~ --- " . . . .  " " ~fie "fi-i'~t-ifffi'-rn-rf ~ gene on  ~lii~-rfib- 
some 19 ( F o j o  et al., i987). Th i s  ApoC-I I  V N T R  consists of  a 
(TG) , (A G )m  core mot i f  repeate d f r o m  16 t o 3 4  times. T h e  o l i g o -  
nucleotides used. f o r  p r iming- the~PCR b i n d  : immedi/t tely-adjacent to 

i the ( T G ) , ( A G ) m  block. On e member  o f  the p a i r  o f  prim.e_rs_wa_s_5'~ 
r i end-labeled using bacter iophage T4 kinase~ The  P C R  was carried o u t i n  
! a 50/~1 volume conta in ing  approximate ly  0.5/~g o f - g e n o m i ~ D N A  ~ind . . . . . . .  

samples were processed through 3 0  t empera tu re  cycles cons~t ing  o f  l 
minute at 92°C (denatura t ion)  , 1 m in u t e  a t  55°C (cnnea-_li~g)fand~A._5_ 
minutes at 72°C (elongation).  After  10 cycles .wi th  only cold oligo- 
nucleotide the reaction mixture was sp iked with the.end, labeled Oligonu- 
cleotide for the remaining 20 cycles. The  amplified D N A  was analyzed 
after being electrophoresed on 8% denatur ing  polyacrylamide gels and 



- exposed to-X-ray film for 20 hours.-Size standards were created by 
dideoxy sequencing u s ingMl3  mpl8  ~is a template. Thesize of the PCR 

-~-- -pfod:uct:s<were~-dfrectly-determined--from--:the~ size- of.-the-co,migrating~ 
M-t3-fragmem in.the ladde_ .~. r-(data not .shown). 

..... T h e  family data were used to verify Mendelian-segregation of the 
identified-alleles at  the ApoB and ApoC-II  VNTR loci. The parents of 

" t h e s e  familieS_represeni a Sample of unrelated individuals and were used 
' -  for  allele frequency es t imat ionand  other-calculations. Therefore, these 

data can be regarded as from a random sample of Caucasian individuals 
of  French ancestry. Genotype data on 240 individuals for the ApoB 
locus and -162 individuals for the ApoC-II locus were used for the 
analyses_presented here .Two locus genotype data were available for 160 

--- _ " - . . . . . . .  -= ~ - _ . _  . - _ ~ ; _ - _ _ - _ ~ 2 ~ 2  ~ . . . . . . .  - _ 2 - - . 2  . 7  " . . . . . .  
" ifi-dNidgal~. 

Because one purpose of this paper is to describe the analytical tools 
for the analysis of allele and genotype frequencydata at VNTR loci, the 
statistical methods are not preserited in this section but rather are given 
along with a corresponding question and resulting inference in the next 
section. Statistical analyses consist of: (1) analysis of genotype and allele 
frequency distribution for each locus individually to test whether or not 
HWE predictions hold for these two loci, (2) joint analysis of two-locus 
genotype d a t a t o  determine indeRendent segregation of  alleles at these 
two un]inked locii (3) examination of  the relationship between het- 
erozygosity and the number of alleles at each locus to determine the 

• lying mechanism of produCtion of new alleles at these loci, and 
y (4) to postulate possible reasons for the shape of the allele size 

distributions at these loci. 

R e s u l t s  

Single-Locus Genotypic Distributions 

Typically VNTR locus variation is codominant and multi-allelic. Let- 
ting k be the number of segregating alleles, there are k(k + 1)/2 possible 
genotypes at a locus, k-of which are homozygous AiAi (i = 1, 2 , . . . ,  k) 
and k(k  - 1)/2 are he terozygous A~Aj (i < j  = 2, 3 . . . . .  k). It should be 
possible to observe all possible k(k + 1)/2 genotypes in any given 
sample. However, the sample size needed to obser'-e all possible geno- 
types is generally large when k is large. 

We observed 12 different alleles at the ApoB VNTR locus and 11 at 
the A p o C - I I  VNTR locus in a sample of 240 and 162 individuals, 
respectively. The number of possible genotypes (k(k + 1)/2)i therefore, 
are 78 and 66, respectively. Table 1 shows the observed genotype and 
allele frequency distributions at the ApoB locus, demonstrating that 
even though the sample size (n = 240) is much larger than the number 
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o f  possible genotypes, weoobserv_e~_onjyn~2=disfin ~ c t g e n 0 t y p e s .  Of  the . . . . . . . . . .  
possible 12 homozygote genotypes only 8 are observed and of  the 
possible 66 heterozygote genotypes only 34 are observed. A large 
f r a c t i o n o f  the observedgenotypes-:have.frequencies.below~5qndividuals . . . . .  

. . . . . . . . . . . . . . .  per genotype. 
Obviously,  such data cannot  be subjected to a classical goodness-of- 

[ . . . . . . . . . . . . . . .  fit ~test e x a m i n i n g w h e t h e - f o r n o t t h e g e n o t y p i c d ~ s ~ n  c ~ ~  . . . . . . .  
H W E  predictions. This is so because a chi-square approximat ion is 

. . . . . . .  inaccurate ~h en  the observed frequencies  are  small ,  :and~also_we c a n n o t .  . 

- large, fraction o fgeno types  in t h e  sample: Three-al ternat ive test-statistics .... 
. . . . .  are used for this purpose. First, grouping the entire data  o f  the genotype .......... 

table (Tab.  1) into two classes, heterozygotes and homozygotes  (irre- 
= ~  ?___ ~ - spe~ t i~ev~ f - : t he~a~e~e - t ypes~ -~bse rve~d )~we7 f~ -und~ t . ha t~ th - e re~ -a5 -e - .= - -59~  o 

- - - - : - - -  . . . .  : :_-+___:indi~idualsAhal~are:.homozygous~at~this_~!gcus_and~l 8~l_hctergzygous.~ . . . .  
. . . . . . . . . . .  The~expected numbe?s Of indNiddalgir~the.se t-w6-~ateg6tiesTl~as~d-~fi . . . .  , 

- - "  . . . . . .  " :  the observed allele frequefici~es(Shown o n  the las tco l  umn--Of T a b .  I); are-- ; 
55.38 and 184.62, respectively, and their difference from the observed 
ones is not  significant by a chi-square test with 1 d.f. (P > 0.55). Second, 

. . . . . . . . . . . . . .  using the t h e o r y o f C h a k r a b o r t y , e t ,  al..  ( .1988)and-Chakrabor ty  (.199_I),- . . . . .  
" :;, ~ .we also. dets~ined-the-expe{3mtiofis::(.and~t-H~ir=sfandard:d~b~f=t-h-TT=---. : 

number_-of: distinct_-heterozy=gous=and_-homoz~gous~genoty:pes:_that:_can . . . . . . .  -. 

. . . . . . . . . . . . . . .  j_n_dividua!s.- The- sampling distrib__utions-:of__,_these statistics, under -the . . . . .  _ - 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  H W E -  assumptionccan--be ~evatuated=exactly-'(,Ghakraborty;=199'lo)_In . . . . . . . . . . . . .  

particular,  denoting the expected genotype frequencies (under  HWE)  by i 

t 

1 

!.  

T a b l e  I .  G e n o t y p e  a n d  al lele  f r e q u e n c y  d i s t r i b u t i o n s  a t  t h e  A p o B  V N T R  L o c u s  in a r a n d o m  
s a m p l e  o f  240 i n d i v i d u a l s  f r o m  N a n c y ,  F r a n c e  

. . . . . . . . . . . . . . . . . . . . . . . . . .  A l le les '  

29 31 33 35 37 39 41 43 45 47  49  51 Freq. i 

29 - -  I I . . . . . . . . .  2 I 
31 3 2 7 6 1 2 1 - -  2 2 I 31 
33 2 2 10 2 - -  - -  - -  1 3 1 26 l. 

35 12 50 1 2 - -  - -  10 6 2 104 f 37 36 .... I1 4 . . . . .  2 " 16 . . . . .  17 . . . . . .  6 . . . . .  194 . . . . . . . . . .  

39 2 1 - -  - -  - -  3 2 25 , 
41 I . . . . .  !I 
43 . . . . . . .  1 . . . . . .  - -  . . . . .  
45 . . . .  2 

I 47 I 2 I 34 
49 2 -- 37 
51 -- 13 

= 
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genotypes Observed in a sample of n individuals are given by 

p = K -  T ,  and a 2 =  T i ( I  - T t )  + 2T2,  (la) 

respectively¢ where 
. . . . . . .  K K 

- . : ~... T~-~_(A:--_Qi . )~- , :_  and_ _ 2 -  ~)-'. (1 - a~ z- Q j ) . .  (lb) 

Note that in equations (1) and (2) K = k  for the homozygous and 
Q~ = p2, the square of the i-th allele frequency, and K = k ( k  - 1)/2 for 
the heterozygous genotypes, with Q~'s being an array of k ( k -  1)/2 
probabilities representing each heterozygote genotypes (2p~pj).  Applica- 
tion of this method to the present data showed, that the observed 
numbers of distinct homozygous and heterozygous genotypes for the 
ApoB locus, 8 and 34, are not significantly different from their expecta- 
tions, 6.37 and 32.98. Therefore, we conclude that the observed num- 
bers of distinct genotypes are also in concordance with HWE 
predictions. 

Since all of  these statistics disregard the specific allele types observed 
in the sample, and hence these tests do not detect deviations of each 
specific genotype fre_quency 'from its HWE prediction, we used a third 
test criterion whiciadoes:not haTve-th~:limi(ationl T-his:i-s the G-statiStic 
(Sok~il-arid R0hlf,:-1969),~:a likSlihb0d::r~fiO, ~which ~ should not be  
significant :if the  HWE- prediction:is correct, Unfortunately~ although 
the G'statistic is a contrast of every Observed gen0type'Tfeqhencies with 
their respective expectations, no standard statistical: distribution: can. be 
applied to determine the significance level• of the G-statistic because of 
the absence (or small frequencies) of several genotype s. We employed a 
shuffling algorithm to determine the empirical distribution of the G- 
statistic, by randomly permuting the 480 allele labels (•12 of them, since 
there are-12 d~fferent observed alleles) and reconstructing genotypes by 
pairing the shuffled alleles at random. The observed value of G in the 
given data (of Tab. 1) was 60.18, and its empirical probability level was 
0.62, suggesting that by chance 62% times we could have_ observed 
G-values larger than the one observed under the assumption of HWE. 
Therefore, none of the three alternative tests offered any suggestion of 
non-random association of alleles at the ApoB VNTR locus. In conclu- 
sion, the genotype distribution at this locus among the French Cau- 
casians can be assumed to satisfy the HWE predictions. The observed 
heterozygosity at this locus is 0.745 4-0.028, and its expectation based 
on the estimated allele frequencies is 0.769_ 0.014. 

Table 2 shows the observed genotypic and allele frequency distribu- 
tions at the ApoC-II VNTR locus. Eleven segregating alleles are found 
at this locus, but of  the possible 66 genotypes only 42 are observed. As 
in the case of the ApoB VNTR, each of the three alternative test criteria 
shows that the observed genotypic distribution is in accordance with the 

° 
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. . . . .  T a b l e  2. G e n o t y p e  a n d  allele f r e q u e n c y  d i s t r i b u t i o n s  a t  t he  A p o C - I I  V N T R  L o c u s _ . i n . a  . _. ! 
f 

. . . . . . . . . . . . .  - - =  " rand6m=sa_mpl£]_of-  1162?:in_div-iduals-from-Nancy.-FF_anye~ - . . . .  i: 
. . . . . . . . . . . . . . . . . . . . . . . . . .  

" Al le les  - - " - . . . .  " - - = - :  : : - - -  " " - ' -  

16 20 24 25 26 27 28 29 30 31 34 F r e q .  " 

16 3 3 3 1 1 6 6 5 7 1 I 40  • 
20 2 1 - -  - -  6 7 4 8 - -  1 34 

24 - -  - -  - -  1 1 5 - -  I - -  12 

25 2 - -  - -  - -  1 1 - -  - -  7 

26 - -  4 1 2 - -  - -  - -  8 
27 13 14 10 4 1 - -  72 

28 . . . . . . . .  5 : : 3:-=-i0 =: ] ..... 2 55 .......... := 

29 4 7 I - -  46  

- - 3 0  . . . .  2 . . . .  ~ -  . - -  41 
. . . .  : - -  " - :  = = - - - ~ : f - - ~ - ~ = - - - - ~ - = - -  ; ~ - - - ~ : ~ - - : - - ~ - -  + ~ - - - -  ~ : z  -- '_: : 0 ] : .= :  : -= / " - - -  ~---_7 :5~ ":~. ~- 
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T a b l e  3. T e s t s  fo r  H a r d y - W e i n b e r g  E q u i l i b r i u m  ( H W E )  o f  g e n o t y p e  f r e q u e n c i e s  a t  t h e  A p o B  

a n d  A p o C - l I  V N T R  L o c i  

E x p e c t e d  + s.e.  

L o c u s  a n d  s t a t i s t i c s  O b s e r v e d  v a l u e  ( u n d e r  H W E )  , P 

A p o B  V N T R :  
N u m b e r  o f  

h e t e r o z y g o t e s  181 184.62 + 6 .53 > 0 .55  
h o m o z y g o t e s  59 55.38 + 6 .53 > 0 .55  

N u m b e r  o f  d i s t i n c t  
h e t e r o z y g o t e  g e n o t y p e s  34 32.98 + 2 .56  0 .689  

- f i 6 -m6z~6 te - -g -e -n~ types  . . . . .  8 6.37--_.+~1=.17 0 : 1 6 2 ~ - -  - -~ t  

L i k e l i h o o d  r a t i o  60.18 - -  0 .621 t! 

ApoC-ll VNTR: ~ 

N u m b e r  of  . ~ - i ~ .  _ = y i ±  : - ( =  : =~:=-: ~=: = . . . . . .  ; - :  : . . . . .  : - = -  . . . . . .  I 
. . . .  h e t e r o z y g 6 t e s  - - -  ~ - - ~ :  --~-~,-2~-~-~=1:3 i ~ : ~ Z ~ = ~ - ~ ~ 1 : 3 9 ~ 1 9 ~ ~ - . . - _ - >  0 :55~  . . . . .  ~- . . . . .  --"- ~ 

h o m o z y g o t e ~ ;  " ~-- '  ~ - ~ ' - - - ~ ' 3 1 ~ 7 - - 2 T ~ - ~ - - - = - - -  - :-7-'-22:8:1--~'--~4i'J3~ -~=: : -"  > 6 : 5 5 ~ - - - - : - ~ - - - ~ L - ~ ! ~  

Number of distinct- - -: • .... ±, ............ :-~-~°~:"~-=- ': - =" 

h e t e r o z y g o t e g e n o t y ~ s  7 - _ ~ 3 5 - i _ ' -  : ~-34~89~2.§1f~. - 0 : 9 6 8  , ~  . i ~ : ~  
. . . . .  h o m o z y g o t e g e n o t y p e s  . . . . . . .  _ 2 .7.1 -- . . . . . .  6 . 0 6 - _ + ~ 0 : 8 3 _ _  " 0 :258  - 

L i k e l i h o o d  r a t i o  65.38. " . , :  _ -  _ i - _ - " ~ .  - .__ b . 2 3 4 f  i . _ - . - f - - - -  

= . o ~  , 
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all possible genotypes in a given sample. The inference regarding the fit 
of  the data to HWE prediction is identical when these simple test 
statistics are contrasted with the more complex likelihood ratio test 
(G-statistics). The latter is presumably the most powerful statistical test 
because_no data  summarization is  involved in evaluating this statistic 
nor in computing its empirical significance level. The first two summary 
statistics have the advantage in the sense that standard large sample 
theory can be invoked in judging whether or not they reflect a departure 
f/-0m-HWE. Whereas tediotis permiatation tests are ne_eded to determine 
the Significance level of-the G-statistic. 

- . _ _  ~ -  - _  . - . . .  

Two-Locus Genot.vTic Distribution 

As mentioned earlier, information on the joint distribution of genotypes 
at the - ,~pbBand  ApoC-II VNTR loci is available for 160 unrelated 
indi'~iduals-in the present samlble. A complete tabUlat i0nof  this joint 
distributibn was made to determine whether or not there is any evidence 
of non-random-association ofalleies at these loci. We expect no associ- 
atiofi, ~sifi~-~fi~-S~ t~,o f0~ci afe-not syntenic, and hence they should 
s~greg_ate_ j n0ependently of each_othe.r. Eviden_ce 9f_ n o_n -rand9_m__associa- 
tion, on the contrary, would signify that the population from which .this 

samjSl~i~-=d~?iv~d-i~h;et~rogene-ous., si-n-~iFi~-k-ff6-fffi~ha-~ p-s-~fidUqifik - - ._ 
age disequilibrium can be generated due to mixture of two or more 

- pqpu!ati=05~7-(-Nsei---_an_d~L~i~t973-)_-_- ~ ..... ---~--. __. 
-:Ifi-S~_fih~!iSle-,-th-e-tW~loeu-s?-g(ri0t~,~e data is a contingency table of 

categorical data. But, due:t0 the sparse nature of  data, the traditional 
large sample contingency chi-square test cannot be applied since many 
of  the classes are not represented in the sample. Among the 160 
individuals for which two-locus genotypic information is available, 
there are 31 different genotypes at the ApoB VNTR locus and 41 
different genotypes at the ApoC-II VNTRlocus ,  giving a total of  1271 
possible gentoypes that could have been observed. We observed only 
132 different two-locus genotypes among the 160 individuals. The 
likelihgod ratio tes t  s_tati_stic, G, .for the_obseryed geootypic _combina- 

=ti~-ff~i~2277867 w.hieh:-- is-"n~t=gi~ifie'~-nt~(~P -:-- 0;428)_after~li000 .--random . . . . . . .  
permutations. Two alternative statistics are also computed to illustrate 
that some particular summary of such data can be used to check 
independence of their segregations. Individuals may be classified into 
heterozygous or homozygous types at each locus to form a standard 
2 x 2 contigency table (Tab. 4). The expected frequencies of  each of the 
four classes can be obtained from th e heterozygosity yalues of each 
lbCffs, Ui-ider the assumption of independem segregation. These are 
shown in the third column of Tab. 4. Clearly~-the observed frequencies 

-are:in_a:gi'eement wi_t.h th_eLexpecte d ones _(~_with l~d:f.~is O_.34;~P> 0.55), 



136 . . . . . . . . . . . . . . . . . . .  

Table 4. Tests for independence of genotypic frequencies at the ApoB and ApoC-II VNTR 
Loci 

(A) Test based on two-locus homozygosity/heterozygosity: 

ApoC-ll Locus 

ApoB Locus Homozygous 

Homozygous obs 9 
exp 7.52 31.81 

Heterozygous obs 22 97 
exp 23.09 97.58 

X 2 with 1 d.f. = 0.34 (P > 0.55) 

(B) Test based on variance of number of heterozygous loci: 

Heterozygous 

32 

Observed Expected 

Mean: 1.55 + 0.05 1.56 + 0.05 
Variance: 0.36 0.34 + 

+ 95% Confidence interval for variance is (0.27-0.41) 

(C) Test based on likelihood ratio test criterion: 

- 2  ln(Lo/Li) = 227.86 (Empirical probability = 0.428) 

suggesting again that there is no evidence of allelic association between 
these two unlinked loci. 

. . . . . . .  Data ( rom T a b .  4 can___also:_be subjected_ to_ a n  alternativ.e_test,_ 
originally suggested by Brown et al. (1980) and examined in further 
detail by Chakraborty (1984). In this test, a variable representing the 
number of loci for which the individual is heterozygous is defined from 
the two-locus genotype data for each individual. In this specific case, 
this variable can take values 0, l, or 2, corresponding to homozygosity 
at both loci, homozygosity for one locus and heterozygosity at the 
other, or heterozygosity at both loci, respectively. From the observed 
distribution~of this statistic, we can determine the mean and variance of  
number of  heterozygous loci. Brown et al. (1980) suggested that the 
variance of  this statistic can be used to test whether or not the two loci 
are in linkage equilibrium. In the middle panel (B) of  Tab. 4 we present 
the observed mean and variance of this statistic, and their expectations 
based on the hypothesis of  linkage equilibrium. Also shown is the95% 
confidence limit of the variance. Clearly, there is no departure from the 
expectation under the null hypothesis of  linkage equilibrium. Therefore, 
we conclude that the ApoB and ApoC-II VNTR loci are a t  linkage 
equilibrium in this French Caucasian population. Intuitively, this result 
is expected because the two loci are unlinked. Indirectly, this also 
establishes that the population is homogeneous and there is no evidence 
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of ' internal  substructuring large enough to produce departure f r o m  
HWE or linkageequilibrium . . . .  . _ _ 

--Attete-~,~ize Dist?ib~itibhs and Relationship Between Heterozygosity and 
Number of  Alleles 

- -=Having ~sh~own-thfftth~- g=e-ff~cl~e dlstifibutions at  the Ap0B and Apo~C-II 
VNTR loci conform to their Hardy-Weinberg equilibrium predictions 

- and these twoqoci are at linkage equilibrium, some additional informa- 
tion regarding the production of  new alleles may be extracted from the 
allele size distributions. Figures 1 and 2 show the size distributions of  

r-alleles-for-the--AFp6B:-hh-d-A]3bC2~If-Vb4YR, respectively. Alleles are 
=- designated by the copy-numbers of-their respective core sequences of  

length 14 or 15 bp for the ApoB locus-and 2 for the ApoC-II VNTR 
locus. Both distributions show multiple modes; the ApoB distribution is 

__ bimodal, while there are apparently three modal  classes for the Apoc- I I  
lOCUS. " : . . . . . . .  --- - • - 

Size distributions of alleles at these and other  VNTR~ loci show 
multiple modes. In the literature there is no clear indication as to how 

- - Such multiple naodes can be-generated. Boerwinkle et al. (1989) argued 
-= that the presence Of multiple modes cannot be readily explained by 

"mutational events' such as unequal recombination resulting from mis- 
"~ of re-p-eat units or from replication slippage. Two possible 
- explanhtions-:maY:~be offered. First, presence of  multiple 
---~modes-may.ifidi~a~e-~tJfne-=fo~--m-bf geheti-c het-erogene-ity-within the 

Apo B Alleles 
Frequency 

0.8 

0.4 ~ 

; 0.8 4-- 

E 

0.1! 

l_l_ 0 L.--,,-_ 
29 31 3 3  3 8  " 8 7  3 9  41 4 3  46  47  4 9  81 

Length (#  of repeate) 
Figure  I. Size d is t r ibu t ions  of  V N T R  alleles a t  the A p o B  Locus in the French  C a u c a s i a n  
~opula t ion  (sizes are  equivalent  to the n u m b e r  o f  copies of  a core sequence of  length  14/15 bp)  
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Figure 2. Size distributions of VNTR alleles at the ApoC-ll Locus in the French Caucasian 
population (sizes are equivalent to the number of Copies of a dinucleotide core sequence) 

population. However, such heterogeneity would have produced signifi- 
cant departure from HWE predictions in the genotpye data analysis, 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  and would have shown~significant associations among alleles at the two . . . . .  
~_:~'--~ ~--+~+~-_-_- _+~i i~ loc]~ +. S-inc6 ~o-+s-u~h-----depart u re~T-~f6u~-d~-xoe~d~-=-ff6f~b~li~t .h-~t~7 ~?--~Y - 

. . . . . . .  pof~lation ~ ~ f ~ h ~ - - 6  b~d~l+ t im+d+l i t -y_T+h  e - - ~ / ~ +  
second explanation is that the current distributions of alleles reflect their 1~J+ 
evolutionary antiquity, and therefore, it could be assumed that the 
modal classes reflect alleles that are older than the others. The sugges- 
tion of this possibility comes from the theory that under the infinite 
allele model, the age of an allele can be predicted from its frequency, in 
the sense that the most common allele is likely to be the oldest has a 
probability t h a--V~ffal~i~fr~q ue ncy~( W~tt-e-rso-n~and~Guess-l~977:)- . . . . . . . . . . . . . . .  

Such allele frequency profiles can be used to examine the relationship 
between heterozygosity and the observed number of alleles. In the 
context of electrophoretic loci, two mutation models have been pro- 
posed that can maintain genetic variation in a population. In one 
model, called the Infinite Allele Model (IAM), every mutational event is 
assumed to produce a new allele. When a population is at steady-state 

i+ under the forces of such mutational events and random genetic drift, 
:, there is an expected relationship between heterozygosity and the ob- 
!I served number of alleles at a locus (Ewens, 1972; Chakraborty et al., 

. . . . .  1978; Chakraborty and Griffiths, 1.982). Chakraborty and Weiss (1991) 
also showed that the sampling distribution of the observed number of 

. . . .  alleles can be analytically evaluated. Table 5 shows the summary results 
of  such computations for both loci. 

~ The ApoB VNTR locus has an expected heterozygosity of 76.9%. 
Given this heterozygosity, we expect to find 14.13 +__ 2.05 alleles in a 



. . . . . . . . .  139 

Table  5. Re la t ions t i ip  between heterozygosi ty  and number  of  alleles at the ApoB and A p o C - l I  
V N T R  Loci . . . . . .  

................................ A-poB LOcffs . . . . . . . . .  Ap6C,ll Locus ~ 

i 9 : ~  , He te rozygos i ty  ,;- o b s a  . . . .  ~ ,~, : 0.754 + 0,028 _ ~ 0.819 + 0~030 
. . . . . . . . . . . . . .  ~ . . . . .  ~ e x p b  . . . . . . . . .  0.769 _+ 0~01~4 ~ 0.859 --+0:007 

. . . . . . . . . .  N u m b e r :  o f=a l l e l e s - -obs - -  . . . . . . . . .  --" . . . . . . . . . . . . . . .  12 . . . . . . . . . . . . . .  H . . . .  -- 
. . . . . . .  : . . . . . . . . . .  expdS(I~,l~)-- . " - . . - .  14.13 q-2.05 21 .53q-  1.79 

exp" ( S M M )  5.88 8.71 

~The observed  (obs)  he terozygosi ty  is f rom the actual  geno type  counts ;  
bThe expected  (exp)  he terozygosi ty  is based on the es t imated  allele frequencies; 
~l 'he sample  size (n) refers to the number  of  genes sampled;  
d'~The expected (exp)  n u m b e r  of  alleles under  the Infinite Allele MOdel ( I A M )  and Stepwise 
M u t a t i o n  Mode l  ( S M M )  are based on the expected he terozygosi ty  a n d  sample  size, n. 

sample of 480 genes (240 individuals), whereas the observed number of 
alleles at this locus is 12. The prediction of the Infinite Allele Model 
(IAM) is in statistical agreement with the observation; the probability 
of observing 12 or less alleles is 0.783 and the probability of observing 
12 or more alleles is 0.321. 

The expected heterozygosity at the ApoC- I IVNTR locus is 85.9%. 
Given this level of  heterozygosity, we would have expected24.86 _+ 1.73 
alleles to be observed in the sample of 324 genes (162 individuals), We 
actually observed only 11 alleles. Since the probability of observing 11 
or less alleleS in such a sample under the Infinite Allele Model is 0.003, 
we infer that there are too few alleles observed at this locus for the given 
hetei-ozygosity. Two possible reasons could explain this discrepancy. 
First, - since this VNTR locu_s h_as a dinucleotide core repeat unit, 
similar sized alleles migrate close to one another on a gel. When copy 
numbers a re  large, some rare alleles appearing in heterozygous state 
in combination with more common and similar size alleles may have 
been erroneously neglected. Such individuals may easily be scored 
homozygous for the common type allele,.This~.can account for the 
observed deficiency in the number of alleles, without markedly reducing 
the .h~te~6zyg~6gity- l~vel Of thCloCus, sirfce~gtiCh--u~c0-red~tlleles, are rare 
in the population. This possibility should-have-resulted-in a -hetero- 
zygote deficiency of our HWE test procedureas:welk.Al th0ugh we 
did not detect any significant departure o f  genotype frequencies at this 
locus from the HWE predictions, there is a slight indication that the 
observed number of heterozygotes-.is g6ifi-6~l~a~-~.l~5~e?" ~(131: ~,ersUs 
139.19)_ than its expectation. The second reasom_could be that..the 
Infinite Allele Model may not apply to such VNTR loci. When the.core 
sequence is small, every 'mutational' event may not necessarily yield a 
new allele. A form of forward-backward mutation, called Step-Wise 
Mutation Model, may be more relevant in such a case. In the context of  



. . . .  electrophoreticl studies, such-a- mgde_! -hasy_beLen_ proposed~-where::it :is:: - 
- -  : i - -  - " '~-~ . . . . . .  :-:assum¢d-t.hat~.thr~ugh--.a-mutati~n-the~a~le~ic-sta.t~.-.~an~ei~t~aer-e~ia~ng~:~y---` " - " : L--_: 

. . . .  a s ingie  s ~ e ~ i n  the--forwarff or%a-cl~wa~d ~ - ~  -~ 
allelic state unaltered. Under  such a model, Kimura and Ohta (1978) 

....... d e~i~ff~h~e=r~la-ti~fi~tii~o~ b~ tween~n um be r ~o f-alleles-and~heterozygosity .... 
. . . . . . . . . . . . . . . . . . . .  -App |y ihgthe i r th~-o~y to th~d~t~=~6fi=th-e=~P o ( ~ I I = V ' N ~ R = l ° c u s - w e  

found that for the given heter0zygosity of  85.9%, we expect 8.71 alleles 
in a sample of  324 genes (162 individuals). The observed number  of  

• alleles, 11, is in between the expectations of  the step-wise mutat ion 
. . . . .  model  a n d  theqnfinite-allele model, 

. . . ~o_i.fi~Surnmar.y.,~the~relafigns___hjpbetween~heterozy~._ggsjty~and~number=°f~ ~ ~ ~ ~ _!-: 
. . . . . . . . .  - ~  alleles at these two loci  indicates~that t he~g  e n e ~ i ~ i ~ - ~ t ~ s u c f i ~  ~ : ,  

V N T R  loci is maintained by joint  effects of  mutat ion and genetic drift, . .  ~- 
and the present populat ion may be considered to be at a steady-state 
under these two counteracting forces. 

Discuss ion and Conclus ion 

. . . . . . . . . . . . . . . . . . . . .  T h e a b o v e ~ a n a l y s e s = o f . d a t a ~ o n = t w o ~ . ¥ N ! R _ l o c j ~ p e r f o r m e d  on the sam_e .. . .  • . . . .  
~ - = ~  . . . .  ;~ ~ : - - 7 g 6 t ~ - ~ f j i ~ n ~ d ~ i d ~ j ~ s - f ~ r ~ . a ~ e ~ 1 ~ y ~ - y e ~ l - d e f i n e d ~ p ~ p u l a . t i ~ n ~ s h ~ . w e d - - ~ -  -~-~-~ 

. . . .  tha(  classic populat i0r /genet ic  p i ' i n c i p l e s - a ~ a - ~ b ~ e ~ d - ~ ? ? O ~  
. . . . . . . .  -~- ing g e n e t i c - c h a r a c t e r i s t i c s - o f V N T R  polymorphisms.  The  :prpblems .- . . . . . .  
. . . . . . . . . . . . . . . . . .  i n t roduced=by  ~the = large=number=of alleles=can; be:~circumv._ented~_bY 

defining appropriate  summary measures, such as the total number  of  
heterozygotes,  or the number  of  distinct genotypes observed in a sam- " = 
pie. The sampling distributions of  these summary measures are tractible 
and appropria te  for hypothesis testing purposes. Alternatively, if one 
wishes to conduct  genotype specifc hypothesis testing, permutat ion 
tests can be performed on statistics relating expectations and observa- 
tions of  each specific genotype. Such permutat ion tests avoid problems 
inherent in sparse data (Efron,  1982). These alternative methods were 
shown here to result in identical conclusions. 

. . . . .  Fur thermore ,  our analyses also show that an apparent  deficiency 
. . . . . . .  o f  o b s e r v e d  iaeterozygosity shoUld not be readily t aken  ~as evidence . . . . . . . . . . .  

of  substructuring within a population. This is so, because in the pres- 
ence o f  substructuring we would have expected larger than expected 
number  of  alleles for the given value of  heterozygosity (Chakrabor ty  e t  
al. ,  1988; Chakrabor ty ,  1990a, b). On the contrary,  if incomplete resolu- 
tion of  alleles is responsible for an observed deficiency of  heterozygos- 
ity, then it is generally accompanied with a smaller observed numbers  of  

• alleles. 
Lastly, we note an important  difference between the allele frequency 

, distr ibutions at the ApoB and ApoC-II  V N T R  loci. Fo r  the ApoB 

t . 

i . . , 

i . '  

l 

locus, the allele frequency distribution is in agreement with the predic- 1 

- . . . .  ~ L  - , , L :  - £ ±  . . . .  2 : , L ± ~ =  - , , = L 2  ~ = Y - =  - - - ,  -z= - . . . . .  - . . . .  i L  , - J ~ - :  - = _ 2 J  
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tions of the infinite allele model, while this model does not apparently 
. . . . . . .  hold for the-ApoC-II locus.-The core-sequence for_ the ApoB locus is 

- -_ substantiafiySlo-nger-(( L-4- 9f 2!5 bp) than that. at the ;ApoC-I! locus. 
--- - -When the ~cOre sequence is long,.:it may be true that rep!icatjon slip- 

pageis relatively uncommon, while some form of unequal recombina- 
_tion or sister chromatid exchange may be the underlying mechanism of 

~ d ~ _  £production:_~f~new ~i-l~leiesi~fn eii.Jier~df~theS~'i~vO ~:as~s',-recurrent inhta- 
- t ionsmay-no t  exaC@ reveriaiieie slze~, becau~e-a rifle tuning o f  sfich 
.crossing-_over_events will _be needed..for genergting an exact step-wis_e 
for ward:~backward.f0rm of mutation. Therefore, for VNTR loci char- 
acterized b-yrelatively large core sequences, the infinite allele model 
may provide reasonable mathematical predictions of the allele fre- 
quency distribution, as in the case of the ApoB locus. On the other 
hand, when the core sequence is small, replication slippage can gener- 
ate forward-backward mutations yielding several alleles of nearly simi- 
lar sizes which can change from one to another. This process can occur 
in both a forward and backward fashion through recurrent mutational 
events. The large differences in some allele sizes at the ApoC-II locus 
may be produced by other mechanisms occurring at the same time. 
The observation that the observed number of alleles at the ApoC-II 
locus lies between the predictions of the Infinite Alleie Model and the 
Step-wise Mutation Model indicates that at VNTR loci with a small 
repeat sequence, genetic variation may be generated by a mixture of 
two or more distinct molecular mechanisms. The first mechanism leads 
to new alleles not previously seen ~n a .population and  represents large 
differences of allele sizes, "and the second produces small shifts of allele 
sizes in a forward-backward fashion. We speculate that the rate of 
occurrence of the  first type of mutational changes is less than .the 
second type. As a consequence of this, we observe a larger het- 
erozygosity than expected at loci where step-wise changes are more 
common (.reflected in .larger heterozygosity at the ApoC-II locus com- 
pared to the ApoB locus). 

A _detailed_mathematical~ study.of such a mixed model 0f mutational 
changes is needed for a full understanding of the population dynamics 
Of VNTR polymorphisms. Some initial attempt has been made in this 
direction. Li (i976) prSposed a mixture model of mutation which 
incorporates the two types of mutations mentioned above. In his 
model, however, the step-wise changes were assumed to involve only 
one-step• movements. (forward_ or backward) in terms of allele states. 
Chakraborty and Nei (1982) proposed a step-mutation model where 
multiple step changes (in either direction) was introduced. Such models 
can be easily rationalized in the context O f the molecular mechanisms 
of unequal recombination and replication slippage, and these should 
be examined in greater detail to study the evolutionary dynamics of 
VNTR polymorphism. 
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ordered notation permits investigation of the power of 
l i nkage  studies • b y  LOD score ana lys is  from a new 
perspective. The theory developed can facilitate the 
map_ping and characterization of complex human genetic 
tr~ts_~Acldition,~-heterogeneity in the HLA component of 
insulin dependent diabetes mellitus (IDDM) has been 
identified using this approach. 

46 
Formal=statistics~of-DNA Fingerp~rinting data and relatedness between 
individuals. R.Chakraborty and L.Jin. Genetics Centers. Grad, Sch. of 
Biomed. Sci.. Univ. of Texas. Houston. Texas. USA. 

In general genotypic similarities with traditional marker loci can not 
unequivocally specify biological relationships between individuals. DNA 
fingerprinting patterns, revealed by a single multilocus probe (MLP). or 
combination of patterns from several single locus probes (SLPs). provide 
opportunities for circumventing this problem, because of their extreme 
variability. In this research we derived analytical distributions of the 
observed number of distinct bands (nx,nr) and the number of shared 
bands (nx)-) between two individuals (X and Y) of a specified kinship. 
These distributions, in turn. allow the formulation of a likelihood ratio 
approach to determine relatedness between individuals. The present 
theory avoids approximations that are Currently required for determining 
relatedness between individuals using DNA fingerprinting data. Also. 
this unified theory is applicable to fingerprint data generated from a 
single MLP or from combinations of several SPLs. Applications of 
this theory with data on several variable number of tandem repeats 
(VNTR). and short tandem repeat (STR) loci. and their comparisons 
with several p01ymorphic protein loci used currently by the paternity 
testing laboratories suggest that the reliability of prediction of biological 
relatedness using VNTR and STR loci is far greater. These hypervariable 
loci are also able to provide statistical discrimination between more 
distant relatedness coefficients. Finally. we estimated the number of 
sur~h loci" that would be needed to discriminate different degrees of 
biological relatedness for a specified level of precision of discrimination. 
(Research supported by grants NIJ-gO-IJ-CX-IX)38 and NIH-GM41399). 
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ordered notation permits investigation of the power of 
l inkage studies by LOD score analysis from a new 
perspective. The theory deve loped-can facilitate the 
mapping and characterization of complex human genetic 
traits. Additional heterogeneity in the HLA component of 
insulin dependent diabetes mellitus (IDDM) has been 
identified using this approach. 

46 
Formal statistics of DNA Fingerprinting data and relatedness between 
individuals. R.Chakraborty and L.Jin. Genetics Centers. Grad. Sch. of 
Biomed. Sci., Univ. of Texas, Houston. Texas, USA. 
" fin-general genotypic similarities with traditional marker loci can not 

unequivocally specify biological relationships between individuals. DNA 
fingerprinting patterns, revealed by a single multilocus probe (MLP). or 
combination of patterns from several single locus probes (SLPs). provide 
opportunities for circumventing this problem, because of their extreme 
variability. In this research we derived analytical distributions of the 
observed number of distinct bands (nx,ny) and the number of shared 
bands (nxy) between two individuals (X and Y} of a specified kinship. 
These distributions, in turn. allow the formulation of a likelihood ratio 
approach to determine relatedness between individuals. The present 
theory avoids approximations thatar e currently required for determining 
relatedn_ess between individuals using DNA fingerprinting data. Also. 
this unified theory is applicable to fingerprint data generated from a 
single MLP or from combinations of~ several SPLs. Applications of 
this theory with data on several variable number of tandem repeats 
(VNTR). and~short tandem repeat (STR) loci, and their comparisons 
with several polymorphic protein loci used currently by the paternity 
testing laboratories suggest that the reliability of prediction of biological 
relatedness using VNTR and STR loci is far greater. These hypervariable 
loci are also able to provide statistical discrimination between more 
distant relatedness coefficients. Finally. we estimated the number of 
sUch loci that would be needed to discriminate different degrees of 
biological relatedness for a specified level of precision of discrimination. 
(Research supported by grants NIJ-90-1J-CX-0038 and NIH-GM41399). 
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