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Ongoing modernization in India has elevated the prevalence of many complex genetic diseases associated with a
western lifestyle and diet to near-epidemic proportions. However, although India comprises more than one sixth of the
world’s human population, it has largely been omitted from genomic surveys that provide the backdrop for association
studies of genetic disease. Here, by genotyping India-born individuals sampled in the United States, we carry out an
extensive study of Indian genetic variation. We analyze 1,200 genome-wide polymorphisms in 432 individuals from 15
Indian populations. We find that populations from India, and populations from South Asia more generally, constitute
one of the major human subgroups with increased similarity of genetic ancestry. However, only a relatively small
amount of genetic differentiation exists among the Indian populations. Although caution is warranted due to the fact
that United States–sampled Indian populations do not represent a random sample from India, these results suggest
that the frequencies of many genetic variants are distinctive in India compared to other parts of the world and that the
effects of population heterogeneity on the production of false positives in association studies may be smaller in
Indians (and particularly in Indian-Americans) than might be expected for such a geographically and linguistically
diverse subset of the human population.
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had extensive coverage of non-Indian populations [15–17],
making it difﬁcult to place knowledge about Indian genetic
diversity in the context of worldwide variation.
To assess both the patterns of genetic variability within
India as well as the distinctiveness of Indian variation with
respect to that of other groups, we examined autosomal
genetic variation at 729 microsatellite and 471 insertion/
deletion polymorphisms in a collection of 432 individuals of
Indian descent sampled in the United States. These individuals represent 14 groups deﬁned by language, as well as one
additional cultural group (Figure 1). Because the study
participants were born in India (see Materials and Methods),

Introduction
In addition to its use in understanding human evolutionary
history, investigation of human genetic variation and
population structure is important for the design and analysis
of studies that map disease-susceptibility loci. For example, if
human genetic disease is largely a consequence of common
alleles and haplotypes, identifying common variants in a
given population provides a database of predictors that can
be tested in that population for association with disease status
[1–3]. In examining genetic variants for disease association,
knowledge of population structure is important for evading
the spurious associations that can be produced by heterogeneity in the ancestry of sampled individuals [4–7].
During the last few decades, the prevalence in India of
complex genetic diseases associated with increased life span
and with an urban and western lifestyle—including coronary
artery disease, non-insulin-dependent diabetes, and metabolic syndrome—has risen considerably and is now greater than
in most other populations [8–12]. However, Indian populations have not generally been incorporated into the largest
genomic surveys [2,3,13], and thus, a genome-wide catalog of
genetic variation important to the design of association
studies does not yet exist for India [14]. In addition, the
modern studies of the autosomal genome with the most
extensive geographical coverage of India have not generally
PLoS Genetics | www.plosgenetics.org
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Synopsis
Genomic studies of human genetic variation are useful for
investigating human evolutionary history, as well as for designing
strategies for identifying disease-related genes. Despite its large
population and its increasing complex genetic disease burden as a
result of modernization, India has been excluded from most of the
largest genomic surveys.
The authors performed an extensive investigation of Indian
genetic diversity and population relationships, sampling 15 groups
of India-born immigrants to the United States and genotyping each
individual at 1,200 genetic markers genome-wide. Populations from
India, and groups from South Asia more generally, form a genetic
cluster, so that individuals placed within this cluster are more
genetically similar to each other than to individuals outside the
cluster. However, the amount of genetic differentiation among
Indian populations is relatively small. The authors conclude that
genetic variation in India is distinctive with respect to the rest of the
world, but that the level of genetic divergence is smaller in Indians
than might be expected for such a geographically and linguistically
diverse group.

we refer to the individuals and populations as being ‘‘Indian’’
or ‘‘from India’’; as we discuss later, it is important to note
that because the Indian individuals were sampled in the
United States, some biases may be introduced when extrapolating the results to India as a whole. Among the markers,
715 of the microsatellites and 207 of the indels were
previously studied in the HGDP-CEPH Human Genome
Diversity Cell Line Panel [18–21], enabling comparison of
variation in our sample with that in a genetically wellcharacterized worldwide sample of 53 populations.

Figure 1. Sample Sizes and Geographic Origins of Samples
The latitudes and longitudes used for the various groups are given in
Table S2.
doi:10.1371/journal.pgen.0020215.g001

to India from Persia around 700–800 CE [23]) and with
similarly strong support for other major continental groupings (Figure 3).
Comparing allele frequencies in the groups from India to
those in other geographic regions, allele frequency correlation coefﬁcients are highest for the populations previously
studied in Central/South Asia, followed by those of Europe
and the Middle East and of East Asia (Table 2). This similarity
with Europe and East Asia has been seen in smaller-scale
autosomal studies that have incorporated India [24–26];
however, these studies, along with one study of more markers
but a smaller number of populations [27], have disagreed
somewhat about whether the similarity of India is greater
with East Asian populations [24], greater with European
populations [26], or about equal between these alternatives
[25,27]. We found that allele frequencies in India showed
detectably greater similarity to populations in Europe and
the Middle East than to those in East Asia (Figure 4). This
result is consistent with the fact that the cluster corresponding to India in Figure 2A subdivides a previously obtained
cluster corresponding to Europe, the Middle East, and
Central/South Asia [19].
The noticeable genetic divergence of India from other
regions is coupled with low levels of genetic divergence across
the subgroups within India. Excluding the relatively divergent
Parsi population, Fst in India had similar magnitude to the
level of divergence among cosmopolitan groups in Europe
and East Asia (Table 3): for the 715 microsatellites genotyped
in the worldwide sample, it equaled 0.0038 (see Table 3 for
conﬁdence intervals), compared to 0.0046 among French,
Italians, and Russians and 0.0048 between Japanese and Han
Chinese. For the indels, for which Fst is systematically higher
than for microsatellites, the same three comparisons produced 0.0056, 0.0116, and 0.0059, respectively. Considering all

Results/Discussion
Levels of genetic variation in the Indian populations, as
measured by microsatellite heterozygosity, are compatible
with a general reduction of this genetic variation statistic
with increasing distance from sub-Saharan Africa [20,22],
ranging from 0.723 to 0.734 across the Indian groups,
compared with ranges of 0.747–0.765 in sub-Saharan Africa,
0.722–0.739 in the Middle East and North Africa, 0.718–0.735
in Europe, 0.683–0.737 in the whole of Asia (with the smallest
values in East Asia), and 0.515–0.674 in Oceania and the
Americas (Table 1). Analysis of population structure in the
full sample of individuals via model-based clustering identiﬁes a genetic cluster (a subgroup with increased similarity of
genetic ancestry) corresponding largely to the new samples of
Indian descent, together with substantial fractions of the
inferred ancestry of previously sampled individuals from
Pakistan (Figure 2A). This cluster appears consistently when
the data are studied using a model whose number of clusters
is seven or more and is sometimes present in analyses using
fewer clusters. In analyses with seven clusters (the largest
number of clusters for which a single clustering solution was
observed in a majority of replicates), the remaining six
clusters match those previously observed with a set of 377 loci
when the Indian data were not available [19]. A distancebased clustering algorithm produces results that are similar
to those of the model-based analysis, with 983 of 1,000
bootstrap replicates supporting a grouping of all Indian
populations except Parsis (comparatively recent immigrants
PLoS Genetics | www.plosgenetics.org
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Table 1. Mean Heterozygosities across 715 Microsatellite Loci

Table 1. Continued.

Geographic Region Population

Geographic Region Population Mean Hetero- Standard Deviation
zygosity
across Loci

Mean Hetero- Standard Deviation
zygosity
across Loci

Sub-Saharan Africa

Bantu (S. Africa) 0.765
Bantu (Kenya) 0.757
Mandenka
0.753
Yoruba
0.760
San
0.747
Mbuti Pygmy 0.751
Biaka Pygmy
0.760
Europe
Orcadian
0.724
Adygei
0.729
Russian
0.731
Basque
0.718
French
0.730
Italian
0.727
Sardinian
0.722
Tuscan
0.735
Middle East (including Mozabite
0.739
North Africa)
Bedouin
0.734
Druze
0.722
Palestinian
0.733
Central/South Asia
Balochi
0.732
(excluding India)
Brahui
0.730
Makrani
0.737
Sindhi
0.733
Pathan
0.734
Burusho
0.728
Hazara
0.728
Uygur
0.731
Kalash
0.698
India
Parsi
0.723
Kashmiri
0.734
Punjabi
0.731
Hindi
0.729
Marwari
0.724
Gujarati
0.724
Marathi
0.732
Kannada
0.730
Konkani
0.726
Malayalam
0.728
Tamil
0.730
Telugu
0.726
Oriya
0.728
Bengali
0.731
Assamese
0.732
East Asia
Han
0.706
Han (N. China) 0.709
Dai
0.699
Daur
0.708
Hezhen
0.705
Lahu
0.683
Miao
0.698
Oroqen
0.696
She
0.692
Tujia
0.698
Tu
0.706
Xibo
0.707
Yi
0.708
Mongola
0.709
Naxi
0.698
Cambodian
0.710
Japanese
0.701
Yakut
0.699
Oceania
Melanesian
0.670
Papuan
0.674
America
Karitiana
0.566
Surui
0.515
Colombian
0.624
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0.105
0.099
0.090
0.086
0.129
0.106
0.091
0.098
0.091
0.087
0.098
0.086
0.096
0.090
0.111
0.085

Maya
Pima

0.672
0.614

0.130
0.165

doi:10.1371/journal.pgen.0020215.t001

populations in India, Europe, and East Asia, microsatellite Fst
for India was 0.0049, smaller than the values of 0.0078 for
Europe and 0.0110 for East Asia. Similarly, for the indels,
India had Fst ¼ 0.0079, whereas Europe and East Asia had Fst ¼
0.0110 and 0.0190, respectively.
The low level of genetic divergence in India was reﬂected
by the fact that the STRUCTURE program had difﬁculty
detecting population structure within India (Figure 2B).
However, consistent with the fact that Fst was signiﬁcantly
greater than zero across Indian populations (Table 3), 55 of
80 STRUCTURE runs using more than one cluster (K . 1)
with the Indian genotypes produced higher likelihoods than
those that used only one cluster (K ¼ 1). This observation,
together with the reasonably strong support in the neighborjoining tree for particular groupings within India, suggests
that a detectable amount of population structure does exist
in the Indian data and that the addition of more loci might
cause clusters corresponding to speciﬁc subsets of the Indian
sample to become distinguishable. It is noteworthy, however,
that in previous analyses of other geographic regions [19,28]
using smaller numbers of markers, subclusters have been
more easily identiﬁable elsewhere than was seen here for
India with 1,200 markers.
Figure 5 illustrates both the relatively low levels of genetic
differentiation among populations within India and the
comparatively higher levels of divergence between Indian
populations and those of Europe and the Middle East, as well
as with those of East Asia. Consistent with geography and with
the analysis in Figure 2A, among the Indian populations,
populations from the northwest part of India, including the
Kashmiri and Punjabi groups, had the greatest similarity to
the populations from Europe and the Middle East. Populations from eastern India, including the Assamese and
Bengalis, had the greatest similarity to the populations from
East Asia. The only population whose Fst values within India
substantially overlapped those of either Europe/Middle East
or East Asia was the Parsi population. Fst values for the Parsis
were similar within India and with populations from Europe
and the Middle East, in agreement with their likely origins
and their similar membership in the blue and red clusters in
Figure 2A (52.4% for the blue cluster, 45.3% for the red
cluster). In general, Fst between pairs of populations within
India did not show a strong correlation with geographic
distance (Figure 6). The correlation was greater when
excluding pairs involving the Parsi population, but remained
considerably smaller than has been seen for other sets of
worldwide populations [20,21].
Compared to groups that speak Indo-European languages,
the groups in our study that speak Dravidian languages
(Kannada, Malayalam, Tamil, and Telugu) did not show
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Figure 2. Population Structure Inferred from Microsatellite and Insertion/Deletion Polymorphisms
(A) Representative estimate of population structure for 1,384 individuals from worldwide populations, including 432 individuals from India. The plot
represents the highest-likelihood run among ten STRUCTURE runs with K ¼ 7 clusters. Eight of the other nine runs identified a cluster largely
corresponding to India, and five of these eight produced plots nearly identical to the one shown.
(B) Representative estimate of population structure for the 432 individuals from India (based on all 1,200 markers). The plot, with K ¼ 4 clusters,
represents the highest-likelihood run among all 80 runs performed with K . 1. None of the 80 runs produced clusters that contained the full ancestry of
any particular individual. Across these runs, the clusteredness statistic [21], which measures the extent to which a randomly chosen individual has
membership in one as opposed to many clusters, ranged from 0.07 to 0.09.
doi:10.1371/journal.pgen.0020215.g002

noticeably different patterns of pairwise Fst values, and in
particular, they did not show a greater Fst from populations of
Europe and the Middle East (Figure 5). Although a process of
ancient admixture with indigenous Dravidian speakers by
Indo-European populations originating to the west of India
might have been expected to result in an elevated genetic
distance from modern Dravidians to European and Middle
Eastern populations, our analysis does not ﬁnd evidence of
such an admixture process. However, the admixture scenario
is not directly contradicted: the data are compatible with a
view in which the admixture occurred in such a manner that
at its conclusion, similar contributions of ancestral Dravidians were present in the precursors of the modern
Dravidian-speaking and non-Dravidian-speaking groups of
our study.
The relatively high correlation coefﬁcients of allele
frequencies between European or Middle Eastern populations and Indian populations (0.94 and 0.87 for microsatellites and indels, respectively) suggest that European allele
frequencies are often reasonably predictive of frequencies in
India, particularly for microsatellites (Figure 7A and 7C). The
correlations are increased by using a linear combination of
allele frequencies with ;2/3 contribution from Europe/
Middle East and ;1/3 contribution from East Asia (Figure
8). At the same time, however, the separate cluster for India in
population structure analysis indicates that allele frequencies
in India are distinctive, so that predictions obtained based on
European and East Asian groups cannot fully explain allele
frequencies in Indian populations. This comment applies
particularly for the indels (Figure 7B and 7D); for example,
40% of indel alleles have an absolute difference in frequency
.0.1 between Europe and India. Additionally, it is noteworthy that because common alleles have greater potential
for frequency differences than do rare alleles, the frequency
divergence may be larger for more frequent alleles; when a
correlation coefﬁcient placing a larger weight on common
alleles is used, the allele frequency correlations between
Europe and India decline to 0.89 and 0.75 for microsatellites
and indels, respectively (Table 2).
PLoS Genetics | www.plosgenetics.org

Although India (together with several populations from
Pakistan) was observed to be distinctive with respect to the
remainder of the sample, at the same time, genetic differentiation within India was found to be relatively small. Thus,
inclusion of a single population from India in a genome-wide
survey of variation is likely to increase the accuracy of
predictions made about frequencies of genetic variants in
India, in comparison with those that could be made based on
frequencies in groups that are currently well studied. For
example, for 87% of the indels, the Gujarati sample had an
absolute allele frequency difference of less than 0.1 from the
non-Gujarati Indians, whereas the corresponding values were
57% for a mixture of French, Italians, and Russians and 43%
for a mixture of Japanese and Han Chinese (Figure 7B).
Because of the relationship between genetic heterogeneity
and the production by population structure of spurious
associations in case-control association studies [4,5,29], an
additional consequence of the low level of Indian genetic
differentiation is that for phenotypes whose patterns of
variation across subgroups are similar in different parts of
the world, false positives due to population structure in
populations with mixed ancestry across India are likely to
occur with a similar or smaller frequency as in population
mixtures from East Asia or Europe (e.g., European-Americans). However, this claim should not be taken to imply that
spurious associations in Indian samples will be absent or
unimportant, as the effects of even extremely low levels of
population structure can substantially elevate the falsepositive rate when samples increase in size [4–6].
Note that with the exception of the Parsis, this investigation incorporated individuals into the study based on
primary spoken language, considering 14 of the most
frequently spoken languages of India (all of which, except
Marwari, are among the 22 current ofﬁcial indigenous
languages of India). Although different studies have sometimes reached divergent conclusions about the magnitude of
Indian differentiation and its determinants [15–17,30–38], it
is possible that in India, differentiation across groups is larger
than was seen here, but is based not on language, but on other
2055
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Figure 3. Consensus Neighbor-Joining Tree of Populations
The thickest edges have at least 95% bootstrap support, and the edges of intermediate thickness have at least 75% support. If all of the groups
subtended by an edge have majority membership in the same cluster in Figure 2A (or only plurality membership in the cases of Hazara , Makrani, and
Uygur), the edge is drawn in the same color as was used for the cluster.
doi:10.1371/journal.pgen.0020215.g003

Table 2. Correlation Coefficients of Allele Frequencies

Microsatellites
Indels

Unweighted
Weighted
Unweighted
Weighted

Africa

Europe

Middle East

Central/ South Asia

East Asia

Oceania

America

0.80
0.64
0.54
0.23

0.94
0.89
0.87
0.75

0.94
0.89
0.87
0.76

0.98
0.97
0.97
0.93

0.91
0.84
0.78
0.58

0.82
0.68
0.69
0.41

0.80
0.66
0.71
0.46

(0.94)
(0.88)
(0.85)
(0.72)

(0.89)
(0.81)
(0.75)
(0.54)

Top two rows: Pearson correlation coefficients with allele frequencies in India based on 8,618 alleles at 715 microsatellites. Bottom two rows: Pearson correlation coefficients with allele
frequencies in India based on 414 alleles at 207 insertion/deletion polymorphisms. For microsatellites, weighted correlation coefficients weight observations in proportion to their mean
frequency; for indels, weights decline based on the distance of the minor allele frequency from 1/2. Numbers in parentheses denote correlation coefficients only involving the most
cosmopolitan groups (the combination of French, Italians, and Russians for Europe and Japanese and Han Chinese for East Asia). ‘‘Central/South Asia’’ refers to the populations included
under this label in [19]. All correlation coefficients are significantly different from zero at p , 0.01.
doi:10.1371/journal.pgen.0020215.t002
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to Fst among the three language groups (0.0015 for microsatellites, with 95% conﬁdence interval [0.0007, 0.0025];
0.0018 for indels, with 95% conﬁdence interval [0.0013,
0.0050]). However, these slightly larger Fst values between
castes compared with among language groups (despite
considerable overlap in conﬁdence intervals) suggest that a
more complete investigation of the relative importance of
caste and language would be worthwhile.
It is also possible that genetic divergence would have been
larger if Indian tribal populations had been included along
with the relatively cosmopolitan groups we examined or if
Indian representatives of other language families besides
Dravidian and Indo-European had been included
[15,30,32,37,38,41,42]. For example, a recent study of 15
microsatellite loci in 54 groups [17], including tribal
populations, identiﬁed population subclusters within India
and obtained Fst ¼ 0.018, considerably greater than the value
seen here. By necessity, however, our study required sampling
in the United States in order to allow high-throughput
genotyping of the large number of markers that we
investigated, and it was not possible to include groups
without an appreciable presence in the United States.
Although our sample is likely to be reasonably representative
of ﬁrst-generation individuals of Indian descent currently
located in the United States, such individuals likely do not
provide a random sample of the source populations in India,
as urban and relatively mobile populations and populations
of higher caste and socioeconomic status are overrepresented
among immigrants. Thus, if variables such as caste and
socioeconomic status do play important roles in producing
genetic structure, more genetic differentiation would certainly be expected for a sample of the same linguistic groups
in India compared to what we have seen in the United States.
Additionally, if higher caste is correlated with a European or
western Asian component of ancestry, a sample in the United
States may be biased towards ﬁnding a greater similarity of
populations from India to those of the Europe/Middle East
rather than to those of East Asia. However, despite the
limitations of our study, it remains signiﬁcant that in the
largest genomic analysis of India performed to date, across a
broad range of language and geography within India, such a
low level of genetic divergence was observed.

Figure 4. Comparison of Allele Frequencies in India to Allele Frequencies
in East Asia and Europe/Middle East
(A) East Asia, 8,618 alleles at 715 microsatellites.
(B) East Asia, 414 alleles at 207 indels.
(C) Europe/Middle East, 8,618 alleles at 715 microsatellites.
(D) Europe/Middle East, 414 alleles at 207 indels.
doi:10.1371/journal.pgen.0020215.g004

variables, such as geography or caste [15,16,27,39]. However,
as the observed correlation of genetic and geographic
distance is small, our study does not suggest an easily
interpreted geographic effect. The lack of a straightforward
geographic effect was reﬂected in an analysis of the Indian
data with the program TESS [40], a clustering program
similar to STRUCTURE that has the additional feature of
incorporating prior information about the spatial structure
of the sample in the identiﬁcation of clusters. When
geography is an important determinant of population
structure, the use of the spatial information assists in
identifying the clusters, and TESS is expected to produce a
stronger degree of clustering than that obtained with
STRUCTURE [40]. In replicate analyses with TESS, however,
similar to the STRUCTURE analyses, distinctive clusters were
not found, except for the somewhat inconsistent identiﬁcation of a Parsi cluster (unpublished data). Although caste may
well be an important factor underlying genetic structure,
when considering a subset consisting of 77 individuals from
three language groups for which caste information was
available, Fst between castes (0.0017 for the 715 microsatellites, with 95% conﬁdence interval [0.0008, 0.0026];
0.0026 for the 207 indels, with 95% conﬁdence interval
[0.0008, 0.0064]) remained small, having a similar magnitude

Materials and Methods
Sampled individuals. Individuals of Indian descent were enrolled
into the study by PIP in various cities in the United States, primarily
Houston, Texas, and New Brunswick, New Jersey. Nearly all of these
individuals were ﬁrst-generation immigrants, and particular care was
taken to ensure that all four grandparents of each individual spoke
the same language and originated from the same state in India. For

Table 3. Fst and 95% Confidence Intervals
Europe

Microsatellites
Indels

India

East Asia

All Populations

French, Italians and
Russians Only

All Populations

All Populations
Except Parsis

All Populations

Japanese and
Han Chinese Only

0.0078 (0.0069,0.0088)
0.0110 (0.0081,0.0142)

0.0046 (0.0033,0.0058)
0.0116 (0.0055,0.0181)

0.0049 (0.0045,0.0054)
0.0079 (0.0063,0.0096)

0.0038 (0.0035,0.0042)
0.0056 (0.0043,0.0069)

0.0110 (0.0101,0.0119)
0.0190 (0.0156,0.0224)

0.0048 (0.0036,0.0061)
0.0059 (0.0013,0.0103)

doi:10.1371/journal.pgen.0020215.t003
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Figure 5. Mean Fst Values for Each Indian Group across Comparisons with 18 Populations from East Asia, 12 Populations from Europe and the Middle
East, and the Other 14 Groups from India
(A) 715 microsatellites.
(B) 207 indels.
Error bars denote standard deviations across comparisons.
doi:10.1371/journal.pgen.0020215.g005

many of them, other demographic information was gathered,
including caste and endogamic group afﬁliations if applicable,
religious sect, and brief medical history. All individuals gave their
informed consent for participation, and the study was approved by
the Institutional Review Board of Baylor College of Medicine. Among
the 673 DNA individuals sampled, three sets of duplicate individuals
were later identiﬁed (658–24 [kindred 658 individual 24] and 458–
147; 425–1 and 425–491; 298–43 and 470–43), and one member of
each pair was discarded (458–147, 425–491, and 470–43). The sample
was designed so that when subdividing participants by their primary
spoken Indian language, 14 languages, each having a relatively
localized distribution within India, would be well represented. One
additional cultural group, the Parsis, was also sampled. As the number

of Gujaratis sampled (279 individuals) was large in comparison with
sample sizes for other language groups, this study utilized a subset
consisting of 432 individuals in the 15 groups (Figure 1). Together
with computations of the proportions of alleles shared identical in
state between pairs of individuals, the RELPAIR program [43,44] was
used to verify that none of the 432 individuals studied were related at
a level closer than ﬁrst cousins. Among the 432 individuals, 428 were
ﬁrst-generation immigrants born in the Indian subcontinent who
have resided in the United States for less than ;40 years. The
remaining four individuals (407–123, 442–90, 445–135, and 510–79),
all from the Gujarati group, were second-generation immigrants
whose parents followed strict endogamic practices.
For the Kannada, Tamil, and Telugu groups, caste information was

Figure 6. Relationship of Fst and Geographic Distance for Pairs of Groups from India
(A) 715 microsatellites (correlation coefficient of 0.10 [p ¼ 0.32], or 0.09 [p ¼ 0.41] if comparisons involving the Parsi group are excluded).
(B) 207 indels (correlation coefficient of 0.02 [p ¼ 0.84], or 0.28 [p ¼ 0.007] when excluding comparisons involving the Parsi group).
A complete list of pairwise values of Fst is contained in Table S3.
doi:10.1371/journal.pgen.0020215.g006
PLoS Genetics | www.plosgenetics.org

2058

December 2006 | Volume 2 | Issue 12 | e215

Genetic Variation in Populations from India

Figure 7. Cumulative Distribution Function for the Absolute Allele Frequency Difference between Various Populations and (Non-Gujarati) Indians
(A) All alleles at 715 microsatellites.
(B) All alleles at 207 indels.
(C) Common alleles at 715 microsatellites (alleles whose frequencies average more than 0.05 in the two groups).
(D) Common alleles at 207 indels (alleles whose frequencies have a mean above 0.05 and below 0.95 in the two groups).
doi:10.1371/journal.pgen.0020215.g007
available on nearly all individuals. Because most castes were
represented by relatively few individuals, analysis of caste in these
samples utilized a subdivision into Brahmins (15 Kannada, 21 Tamil,
eight Telugu) and non-Brahmins (nine Kannada, six Tamil, 18
Telugu).
DNA preparation and cell lines. Blood (20 ml) was collected from
each individual. DNA was isolated using the Puregene DNA isolation
kit (Gentra Systems, http://www.gentra.com) from 10 ml of blood. The
remainder was used to establish a lymphoblastoid cell line by
standard procedures [45].
Markers. Each individual was genotyped for 1,200 polymorphisms
spread across all 22 autosomes: 471 insertion/deletion polymorphisms
and 729 microsatellites. The microsatellites were drawn from Marshﬁeld Screening Sets 13 and 52 [46], and the insertion/deletion
markers were drawn from Marshﬁeld Screening Set 100 [47]. The
proportion of missing data in the individuals genotyped from India
was 2.3% for the microsatellites and 1.8% for the indels.
Combined dataset including the HGDP-CEPH Human Genome
Diversity Cell Line Panel. Of the markers typed in the Indian sample,
932 of them (207 indels and 725 microsatellites) had been previously
typed in the HGDP-CEPH Human Genome Diversity Cell Line Panel
[18–21]. However, for some microsatellites, either a change in primer
length or position occurred between the time that the HGDP-CEPH
samples were genotyped (2002) and the time that the Indian
individuals were genotyped (2004), or a systematic change occurred
in the algorithm by which allele size was determined from raw
genotyping products, or both. In cases in which the primer changed,
allele sizes from one of the two datasets were adjusted by the
appropriate length in order to align the two lists of allele sizes (Table
S1). Two loci for which the allele size shift was not possible to
determine, ATA29C07 and GGAA10C09, were excluded from
consideration.
To identify systematic changes in allele calling (the procedure by
which allele size was obtained from genotyping products), for each
locus, the allele sizes of one dataset were translated by a constant, and
the G test statistic of independence [48] between allele frequencies
and dataset (older HGDP-CEPH dataset versus newer Indian dataset)
was then computed. Considering all possible constants for translation
of allele sizes, the one that minimized the G statistic was determined.
In implementing the G test, all 673 typed Indians were compared to

Figure 8. Correlation Coefficient of Allele Frequencies in India with
Linear Combinations of the Allele Frequencies in Europe and East Asia, as
a Function of the Fraction of the Linear Combination Drawn from Europe
Graphs with ‘‘all populations’’ compare the frequencies in the pooled
Indian sample with linear combinations of the pooled European/Middle
Eastern sample and the pooled East Asian sample; graphs with ‘‘larger
populations’’ exclude the Parsi group from the Indian sample and utilize
only the pooled French, Italian, and Russian genotypes in Europe and the
pooled Han Chinese and Japanese genotypes in East Asia. The maxima of
the four graphs, from top to bottom, occur at (0.685, 0.967), (0.656,
0.957), (0.679, 0.918), and (0.654, 0.898), respectively. The analysis
considers all alleles found worldwide at the 715 microsatellites and 207
indels.
doi:10.1371/journal.pgen.0020215.g008
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replicates (with resampling performed across alleles) in which the
correlation coefﬁcient was negative.
Cluster analysis of genotypes utilized the STRUCTURE software
package [52,53]. STRUCTURE runs were based on a burn-in period of
20,000, followed by 10,000 iterations from which estimates were
obtained. For each value of K from 1 to 9, ten replicates were
performed with the Indian individuals only and also with the
combined Indian and diversity panel individuals. All runs used the
F model for correlations of allele frequencies across clusters [53].
Additional cluster analysis was performed with TESS [40,54], a
program that incorporates spatial information when identifying
clusters of individuals. In this analysis we considered several values of
the spatial dependence parameter ranging from 0 to 1. Runs were
performed with a variety of different lengths, ranging from shorter
runs of 5,000 total iterations to runs comparable in length to those
used in the analysis with STRUCTURE.
The neighbor-joining tree [55], obtained using greedy consensus as
implemented in PHYLIP [56], was based on the proportion-ofshared-alleles distance matrix [57], with 1,000 bootstraps across loci.
Alternative genetic distances produced similar results (unpublished
data). Both the STRUCTURE and neighbor-joining analyses of the
1,384 Indian and non-Indian individuals used all 922 markers that
overlapped between the Indian and non-Indian samples.

only the Pakistanis in the HGDP-CEPH panel, a collection of 198
individuals (all individuals in the panel from Pakistan except the
sample duplicates 111 and 220). Of the 932 loci considered, 923 had G
, 45, and the other nine had G . 100. These nine loci (AAT228,
ATA27C11, GATA164B08, GATA21D04, GATA86E02, GGAA4B09,
GGAA10C09, GTT035, and UT5029) were excluded from consideration. As GGAA10C09 had already been excluded on the grounds of
an inability to determine the shift in allele sizes, 922 loci remained for
the combined analysis with the HGDP-CEPH panel, 207 indels and
715 microsatellites. Among the 715 shared microsatellites, primers
had changed between datasets for 133, while for the remaining 582
there was no change. All analysis utilized these 922 loci except where
otherwise speciﬁed.
The set of 952 individuals used here from the HGDP-CEPH Human
Genome Diversity Cell Line Panel [18] is the ‘‘H952’’ subset of the
original panel, and it omits relative pairs, sample duplicates, and two
individuals who were extremely atypical for their respective
populations [49].
Geographic computations. Geographic coordinates were based on
the state of origin within India for sampled individuals (Table S2).
Seven of the individuals reported ancestry outside India, including
three from Pakistan (235–328 in the Hindi group and 86–334 and
196–337 in the Punjabi group) and four Bengalis from Bangladesh
(14–270, 206–267, 217–261, and 225–275). For several of the Indian
groups, multiple states were reported across the set of individuals
sampled. In these cases the coordinates used for the group were the
inverse sine of the mean of the sines of the latitudes for included
individuals and the mean of the longitudes. Geographic distances
between pairs of groups were computed as in [21]. Excluding the
Hindi and Konkani groups, the total number of individuals who were
not from the state with highest representation in their population
was 18, distributed across several groups; for the Hindi and Konkani
groups, the numbers of individuals not from the modal state were 18
and 16, respectively. Thus, to avoid this geographic heterogeneity,
correlations of Fst and geographic distance were computed with and
without the Hindi and Konkani groups. For microsatellites, the
correlation coefﬁcient between Fst and geographic distance was 0.11
(p ¼ 0.32) with Hindi and Konkani excluded, and 0.13 (p ¼ 0.28) with
Hindi, Konkani, and Parsi excluded; for indels, these two correlations
equaled 0.04 (p ¼ 0.74) and 0.31 (p ¼ 0.01), respectively. These values
do not differ substantially from those obtained when the Hindi and
Konkani groups were retained in the analysis (Figure 6).
Population-genetic analysis. Expected heterozygosity was computed using the sample size–corrected estimator [50]. Fst was
estimated as in [51] (equation 5.3), with 95% conﬁdence intervals
based on 1,000 bootstraps across loci. Weighted allele frequency
correlations for pairwise population comparisons were obtained by
assigning each microsatellite allele a weight of (pþq)/2, where p and q
denote the frequency of the allele in the two populations. Thus,
alleles were weighted linearly in proportion to their mean frequency.
For indels, we used a weight of 12j(pþq)/21/2j, so that indel alleles
were weighted linearly based on nearness of the minor (or major)
allele frequency to 1/2. Due to its symmetry around 1/2, this scheme
gives equal weight to the minor and major alleles of biallelic markers.
The p-value for the null hypothesis that a weighted correlation
coefﬁcient equaled zero was obtained as the fraction of bootstrap
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Table S1. Amount by Which Allele Sizes Were Translated to Make the
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Found at doi:10.1371/journal.pgen.0020215.st002 (8 KB PDF).
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Acknowledgments
We thank E. Heyer, C. Ravishankar, and two anonymous reviewers for
comments on the manuscript; F. Reed for discussions of allele size
adjustment; and E. Agonafer, M. Jakobsson, T. Pemberton, and S.
Ramachandran for assistance with bioinformatics.
Author contributions. NAR and PIP conceived and designed the
study. PIP, JWB, CGQ, LNR, PD, VN, MH, and GZ collected the
samples. LNR prepared the DNA. CGQ, LM, and GZ created
immortalized B-cell lines, under the supervision of JWB and PIP.
JLW supervised the genotyping. NAR, SM, and MGBB analyzed the
data. NAR and PIP wrote the paper.
Funding. This work was supported by a Burroughs Wellcome Fund
Career Award in the Biomedical Sciences (NAR), an Alfred P. Sloan
Research Fellowship (NAR), and a grant from the University of
Southern California. Support for genotyping was provided by the
National Heart, Lung, and Blood Institute.
Competing interests. The authors have declared that no competing
interests exist.

References
1. Zondervan KT, Cardon LR (2004) The complex interplay among factors
that inﬂuence allelic association. Nat Rev Genet 5: 89–100.
2. Hinds DA, Stuve LL, Nilsen GB, Halperin E, Eskin E, et al. (2005) Wholegenome patterns of common DNA variation in three human populations.
Science 307: 1072–1079.
3. The International HapMap Consortium (2005) A haplotype map of the
human genome. Nature 437: 1299–1320.
4. Devlin B, Roeder K, Wasserman L (2001) Genomic control, a new approach
to genetic-based association studies. Theor Popul Biol 60: 155–166.
5. Pritchard JK, Donnelly P (2001) Case-control studies of association in
structured or admixed populations. Theor Popul Biol 60: 227–237.
6. Thomas DC, Witte JS (2002) Population stratiﬁcation: A problem for casecontrol studies of candidate-gene associations? Cancer Epidemiol Biomarkers Prev 11: 505–512.
7. Ziv E, Burchard EG (2003) Human population structure and genetic
association studies. Pharmacogenomics 4: 431–441.
8. Enas EA, Mehta J (1995) Malignant coronary artery disease in young Asian
Indians: Thoughts on pathogenesis, prevention, and therapy. Clin Cardiol
18: 131–135.
9. Gupta R, Deedwania PC, Gupta A, Rastogi S, Panwar RB, et al. (2004)

PLoS Genetics | www.plosgenetics.org

10.

11.
12.

13.

14.
15.

16.

17.

2060

Prevalence of metabolic syndrome in an Indian urban population. Int J
Cardiol 97: 257–261.
Ramachandran A, Snehalatha C, Latha E, Vijay V, Viswanathan M (1997)
Rising prevalence of NIDDM in an urban population in India. Diabetologia
40: 232–237.
Uppaluri CR (2002) Heart disease and its related risk factors in Asian
Indians. Ethn Dis 12: 45–53.
Venkataraman R, Nanda NC, Baweja G, Parikh N, Bhatia V (2004)
Prevalence of diabetes mellitus and related conditions in Asian Indians
living in the United States. Am J Cardiol 94: 977–980.
Stephens JC, Schneider JA, Tanguay DA, Choi J, Acharya T, et al. (2001)
Haplotype variation and linkage disequilibrium in 313 human genes.
Science 293: 489–493.
The Indian Genome Variation Consortium (2005) The Indian Genome
Variation database (IGVdb): A project overview. Hum Genet 118: 1–11.
Basu A, Mukherjee N, Roy S, Sengupta S, Banerjee S, et al. (2003) Ethnic
India: A genomic view, with special reference to peopling and structure.
Genome Res 13: 2277–2290.
Kashyap VK, Sarkar N, Sahoo S, Sarkar BN, Trivedi R (2003) Genetic
variation at ﬁfteen microsatellite loci in human populations of India. Curr
Sci 85: 464–473.
Kashyap VK, Guha S, Sitalaximi T, Hima Bindu G, Hasnain SE, et al. (2005)

December 2006 | Volume 2 | Issue 12 | e215

Genetic Variation in Populations from India

18.
19.
20.

21.

22.
23.
24.

25.

26.

27.
28.

29.

30.
31.
32.
33.

34.

35.

36.

Genetic structure of Indian populations based on ﬁfteen autosomal
microsatellite loci. BMC Genet 7: 28.
Cann HM, de Toma C, Cazes L, Legrand M-F, Morel V, et al. (2002) A
human genome diversity cell line panel. Science 296: 261–262.
Rosenberg NA, Pritchard JK, Weber JL, Cann HM, Kidd KK, et al. (2002)
Genetic structure of human populations. Science 298: 2381–2385.
Ramachandran S, Deshpande O, Roseman CC, Rosenberg NA, Feldman
MW, et al. (2005) Support from the relationship of genetic and geographic
distance in human populations for a serial founder effect originating in
Africa. Proc Natl Acad Sci U S A 102: 15942–15947.
Rosenberg NA, Mahajan S, Ramachandran S, Zhao C, Pritchard JK, et al.
(2005) Clines, clusters, and the effect of study design on the inference of
human population structure. PLoS Genet 1: e70. doi:10.1371/journal.pgen.
0010070
Prugnolle F, Manica A, Balloux F (2005) Geography predicts neutral genetic
diversity of human populations. Curr Biol 15: R159–R160.
Thapar R (1990) A history of India: Volume I. London: Penguin Books.
384 p.
Bamshad MJ, Wooding S, Watkins WS, Ostler CT, Batzer MA, et al. (2003)
Human population structure and inference of group membership. Am J
Hum Genet 72: 578–589.
Watkins WS, Rogers AR, Ostler CT, Wooding S, Bamshad MJ, et al. (2003)
Genetic variation among world populations: Inferences from 100 Alu
insertion polymorphisms. Genome Res 13: 1607–1618.
Yang N, Li H, Criswell LA, Gregersen PK, Alarcon-Riquelme ME, et al.
(2005) Examination of ancestry and ethnic afﬁliation using highly
informative diallelic DNA markers: Application to diverse and admixed
populations and implications for clinical epidemiology and forensic
medicine. Hum Genet 118: 382–392.
Shriver MD, Mei R, Parra EJ, Sonpar V, Halder I, et al. (2005) Large-scale
SNP analysis reveals clustered and continuous patterns of human genetic
variation. Hum Genomics 2: 81–89.
Li S-L, Yamamoto T, Yoshimoto T, Uchihi R, Mizutani M, et al. (2006)
Phylogenetic relationship of the populations within and around Japan
using 105 short tandem repeat polymorphic loci. Hum Genet 118: 695–707.
Rosenberg N, Nordborg M (2006) A general population-genetic model for
the production by population structure of spurious genotype-phenotype
associations in discrete, admixed or spatially distributed populations.
Genetics 173: 1665–1678.
Roychoudhury S, Roy S, Dey B, Chakraborty M, Roy M, et al. (2000)
Fundamental genomic unity of ethnic India is revealed by analysis of
mitochondrial DNA. Curr Sci 79: 1182–1192.
Majumder PP (2001) Ethnic populations of India as seen from an
evolutionary perspective. J Biosci 26: 533–545.
Cordaux R, Saha N, Bentley GR, Aunger R, Sirajuddin SM, et al. (2003)
Mitochondrial DNA analysis reveals diverse histories of tribal populations
from India. Eur J Hum Genet 11: 253–264.
Cordaux R, Aunger R, Bentley G, Nasidze I, Sirajuddin SM, et al. (2004)
Independent origins of Indian caste and tribal paternal lineages. Curr Biol
14: 231–235.
Cordaux R, Weiss G, Saha N, Stoneking M (2004) The northeast Indian
passageway: A barrier or corridor for human migrations? Mol Biol Evol 21:
1525–1533.
Rajkumar R, Kashyap VK (2004) Genetic structure of four socio-culturally
diversiﬁed caste populations of southwest India and their afﬁnity with
related Indian and global groups. BMC Genet 5: 23.
Wooding S, Ostler C, Prasad BVR, Watkins WS, Sung S, et al. (2004)

PLoS Genetics | www.plosgenetics.org

37.

38.

39.

40.
41.

42.

43.
44.
45.

46.
47.
48.
49.

50.
51.
52.
53.

54.

55.
56.

57.

2061

Directional migration in the Hindu castes: Inferences from mitochondrial,
autosomal and Y-chromosomal data. Hum Genet 115: 221–229.
Sahoo S, Kashyap VK (2005) Inﬂuence of language and ancestry on genetic
structure of contiguous populations: A microsatellite based study on
populations of Orissa. BMC Genet 6: 4.
Watkins WS, Prasad BVR, Naidu JM, Rao BB, Bhanu BA, et al. (2005)
Diversity and divergence among the tribal populations of India. Ann Hum
Genet 69: 680–692.
Bamshad M, Kivisild T, Watkins WS, Dixon ME, Ricker CE, et al. (2001)
Genetic evidence on the origins of Indian caste populations. Genome Res
11: 994–1004.
François O, Ancelet S, Guillot G (2006) Bayesian clustering using hidden
Markov random ﬁelds in spatial population genetics. Genetics 174: 805–816.
Vishwanathan H, Edwin D, Usharani MV, Majumder PP (2003) Insertion/
deletion polymorphisms in tribal populations of southern India and their
possible evolutionary implications. Hum Biol 75: 873–887.
Vishwanathan H, Deepa E, Cordaux R, Stoneking M, Usha Rani MV, et al.
(2004) Genetic structure and afﬁnities among tribal populations of
southern India: A study of 24 autosomal DNA markers. Ann Hum Genet
68: 128–138.
Boehnke M, Cox NJ (1997) Accurate inference of relationships in sib-pair
linkage studies. Am J Hum Genet 61: 423–429.
Epstein M, Duren W, Boehnke M (2000) Improved inference of relationship
for pairs of individuals. Am J Hum Genet 67: 1219–1231.
Anderson MA, Gusella JF (1984) Use of cyclosporin A in establishing
Epstein–Barr virus-transformed human lympoblastoid cell lines. In Vitro
20: 856–858.
Ghebranious N, Vaske D, Yu A, Zhao C, Marth G, et al. (2003) STRP
screening sets for the human genome at 5 cM density. BMC Genomics 4: 6.
Weber JL, David D, Heil J, Fan Y, Zhao C, et al. (2002) Human diallelic
insertion/deletion polymorphisms. Am J Hum Genet 71: 854–862.
Sokal RR, Rohlf FJ (1994) Biometry. 3rd edition. New York: W. H. Freeman.
880 p.
Rosenberg NA (2006) Standardized subsets of the HGDP-CEPH Human
Genome Diversity Cell Line Panel, accounting for atypical and duplicated
samples and pairs of close relatives. Ann Hum Genet 70: 841–847.
Nei M (1987) Molecular evolutionary genetics. New York: Columbia
University Press. 512 p.
Weir BS (1996) Genetic data analysis II: Methods for discrete population
genetic data. 2nd edition. Sunderland, MA: Sinauer Associates. 445 p.
Pritchard JK, Stephens M, Donnelly P (2000) Inference of population
structure using multilocus genotype data. Genetics 155: 945–959.
Falush D, Stephens M, Pritchard JK (2003) Inference of population
structure using multilocus genotype data: Linked loci and correlated allele
frequencies. Genetics 164: 1567–1587.
Chen C (2006) TESS reference manual. Grenoble: Institut d’Informatique et
Mathématiques Appliquées de Grenoble. Available: http://www-timc.imag.
fr/Olivier.Francois/tess.html. Accessed 13 November 2006.
Saitou N, Nei M (1987) The neighbor-joining method: A new method for
reconstructing phylogenetic trees. Mol Biol Evol 4: 406–425.
Felsenstein J (2005) PHYLIP (Phylogeny Inference Package) version 3.65.
Seattle: Department of Genome Sciences, University of Washington.
Available: http://evolution.genetics.washington.edu/phylip.html. Accessed
13 November 2006.
Mountain JL, Cavalli-Sforza LL (1997) Multilocus genotypes, a tree of
individuals, and human evolutionary history. Am J Hum Genet 61: 705–718.

December 2006 | Volume 2 | Issue 12 | e215

