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Abstract
Analyses of frequency profiles of markers on disease or drug-response related genes in diverse populations are important for
the dissection of common diseases. We report the results of analyses of data on 405 SNPs from 75 such genes and a 5.2 Mb
chromosome, 22 genomic region in 1871 individuals from diverse 55 endogamous Indian populations. These include 32 large
(>10 million individuals) and 23 isolated populations, representing a large fraction of the people of India. We observe high
levels of genetic divergence between groups of populations that cluster largely on the basis of ethnicity and language. Indian
populations not only overlap with the diversity of HapMap populations, but also contain population groups that are genetically
distinct. These data and results are useful for addressing stratification and study design issues in complex traits especially for
heterogeneous populations.
[Indian Genome Variation Consortium 2008 Genetic landscape of the people of India: a canvas for disease gene exploration. J. Genet. 87,
3–20]

Introduction
Genetically isolated populations are considered to be important in dissecting complex diseases and mapping underlying
genes (Wright et al. 1999; Peltonen 2000; Heutink and Oostra 2002; Abecasis et al. 2005). However, the validation of
results across populations has met with limited success. Population stratification, a consequence of diﬀerences in allele
frequencies across populations arising mainly due to natural
selection and genetic drift, is a major problem in association
studies. It is, therefore, important to assess the nature and
extent of population stratification in contemporary endogamous populations especially in the context of established or
candidate disease genes. Indians, comprising about one-sixth
of the world population, with large family sizes and high levels of endogamy, provide a unique resource for dissecting
complex disease etiology and pathogenesis. Further, India
provides a large patient pool with the majority being drugnaive. Historically, the Indian population is a conglomeration
of multiple culture and evolutionary histories. Anatomically
modern man is estimated to have reached the north-western
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periphery of the Indian subcontinent around 70,000 ybp and
moved southward into Sri Lanka in the next 20,000 years
(Habib 2001, 2002; Singh 2002). Modern human communities may also have migrated into eastern India from Myanmar
around 4500 to 11,000 ybp (Habib 2001, 2002; Singh 2002).
The evolutionary antiquity of Indian ethnic groups and subsequent migration from central Asia, west Asia and southern
China has resulted in a rich tapestry of socio-cultural, linguistic and biological diversity. Broadly, Indians belong to
Austro–Asiatic (AA), Tibeto–Burman (TB), Indo–European
(IE) and Dravidian (DR) language families. Distinct religious communities, hierarchical castes and subcastes, and
isolated tribal groups that comprise the people of India remain largely endogamous. Most of these groups have strict
social rules governing mating patterns. Earlier studies using mitochondrial, Y-chromosomal and limited autosomal
markers, that primarily addressed issues of origin and migrations, have demonstrated extensive genetic diversity in India
(Bamshad et al. 2001; Roychoudhury et al. 2001; Basu et al.
2003; Kivisild et al. 2003; Cordaux et al. 2004; Kashyap et
al. 2006; Sahoo et al. 2006; Sengupta et al. 2006; Thanseem
et al. 2006). In contrast, a recent study based on autosomal
microsatellite markers has inferred that Indian populations
show low levels of genetic diﬀerentiation (Rosenberg et al.
2006). This inference was possibly due to biased recruitment
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of study participants and insuﬃcient classification based on
language and ethnicity.
The Indian Genome Variation (IGV) Consortium (Indian
Genome Variation Consortium 2005) was set up to build a
resource that would enable us to address the following questions related to distribution of genetic variation and its relationship to complex disease in the Indian population: (i) Are
the frequencies of SNPs putatively associated with complex
diseases similar across diﬀerent populations and can we identify clusters of populations which share similar SNP frequencies? (ii) Do these clusters correlate with ethnic, linguistic or
geographical labels? (iii) What is the nature and extent of genetic diﬀerentiation within and among clusters? (iv) How are
Indian populations related to HapMap populations? (v) Can
we identify a subset of SNPs that help distinguish between
ethnic groups? (vi) What directions can these data provide
for the design of future studies on genomewide association
vis-à-vis population stratification? and (vii) Can we identify ‘at-risk’ populations for complex disorders, poor drug
response and predisposition to infectious diseases? In this
study, we have primarily addressed the first five questions.
We report the nature and extent of variation in 55 Indian
populations based on 405 SNPs, selected from a set of 75
genes spread across all chromosomes and a 5.2 Mb segment
of chromosome 22 spanning 49 genes. These populations are
representative of the ethnic, linguistic and geographic diversity of India. The genes were selected based on pathway
analysis and involvement in disparate molecular functions
and biological processes, and are implicated in complex diseases as well as susceptibility to infection. A large number
of noncoding SNPs were selected from the 5.2 Mb region
of chromosome 22 continuous stretch to assess tag transferability in the study populations. This region harbours a susceptibility locus for schizophrenia and bipolar disorder that
has been implicated in multiple studies (Papolos et al. 1996;
Schwab and Wildenauer 1999; Kelsoe et al. 2001; Verma et
al. 2004, 2005). To our knowledge, this is the largest single
study conducted on Indian populations in terms of numbers
of populations, candidate disease genes and biparental SNPs
assayed.

Materials and methods
Selection of populations and sample collection

The initial study involved the identification of SNPs in a
panel of 43 samples drawn from geographically and ethnically diverse populations. This was done to maximize the
scope of discovery of novel SNPs (Indian Genome Variation Consortium 2005). Validation of SNPs was carried
out on a panel of populations aimed at representing endogamous populations from AA, TB, IE and DR linguistic lineages from north, south, east, west, central and north-east
India (see table 1 in electronic supplementary material at
http://www.ias.ac.in/jgenet/). Instead of naming the populations, we followed a convention wherein each population
4

was given a label of language, followed by geographical zone
and ethnic category as LP, IP or SP. The LPs are caste groups,
mostly large populations, the IPs are tribal isolated populations and the SPs are religious groups. Tribal populations
can be large (a few of the IPs are also large groups). In each
grid of language and geography, at least two IPs and LPs
were identified for collection, wherever applicable. A minimum of 50 samples from LPs and 25 samples from IPs were
collected (see table 2a in electronic supplementary material).
From an initial number of 2014 unrelated samples, the final validation data are on 1871 samples comprising of 1240
males and 631 females (see table 2b of electronic supplementary material). The final set contains samples that qualified
all quality control (QC) criteria including gender assignment
as well as genotype success (explained below). Population
identification and collection of samples were done with the
help of trained anthropologists, and social and community
health workers. Details of ethical clearance and establishment of ethnicity for the present study have been described
earlier (Indian Genome Variation Consortium 2005). The endogamy for each population was established by taking extensive information about marriage patterns, gathered through
pedigrees and interviews of family members of the donor as
well as from published literature.
Selection of genes and genomic region

This study was aimed at understanding variability in SNPs
across diverse individual populations with respect to functional and positional candidates, as well as understanding the
underlying relatedness and ancestry of populations for linkage disequilibrium (LD) studies. A representative set of 75
genes and a large 5.2 Mb genomic region on chromosome
22 spanning 49 genes representing a susceptibility locus for
schizophrenia and bipolar disorder was selected. Genes were
selected based on their involvement in monogenic disorders,
and their being positional as well as functional candidates
for complex diseases. The representative set of genes included drug-response genes, genes involved in cancer and
aging, eye diseases, allergy and asthma, neuro-psychiatric,
metabolic and cardiovascular disorders as well as genes involved in susceptibility to infections etc. Details of the genes
have been provided in table 3 of electronic supplementary
material. These genes represent various biological processes
and molecular functions (see figure 1 in electronic supplementary material). Nearly all the chromosomes are represented except the Y-chromosome.
Selection of SNPs

This study primarily focused on identification of functional
polymorphisms and their associated haplotypes in the Indian population. By sequencing 730 amplicons of candidate
gene loci in a multiethnic discovery panel of 43 samples,
170 novel and 560 reported SNPs were identified (Indian
Genome Variation Consortium 2005). To prioritize SNPs for
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validation in larger population samples, a set of filtering criteria were evolved. SNPs were first selected on the basis of
frequency; novel variants detected in only one sample of the
discovery (DSNP) panel or reported SNPs with a frequency
of < 0.01 in the DSNP data were not taken forward. Following this, SNPs with reported frequencies of > 10% in at
least three world populations or > 20% in at least two world
populations along with all functional and novel SNPs were
retained. This was followed by selection based on spacing
between SNPs and minor allele frequency; all reported SNPs
at least 1 kb apart and all novel and functional SNPs were
retained. In closely spaced SNPs, the SNP with a higher
frequency was selected. If required, additional SNPs were
chosen from reported SNPs with uniform spacing, spanning
the length of the gene.
Finally, 601 SNPs (including 17% novel SNPs) were
taken for validation on 2014 samples. 10% of these SNPs
failed during assay design and optimization on Sequenom
and 126 were found to be monomorphic during validation.
Twelve SNPs were dropped from the final validated set as
they did not fulfill the threshold criteria of > 80% genotype
success. The final validated dataset comprised of 420 SNPs,
of which 405 were autosomal (including 90 SNPs from 5.2
Mb region of chromosome 22) and 15 were from the Xchromosome. From these, 276 SNPs have been typed in any
one of the HapMap populations. Genotype frequencies for
231 SNPs for which complete genotype data were available
for all the HapMap and 55 Indian populations are provided
in table 4 of electronic supplementary material. Details of
the 405 SNPs and their annotations (dbSNP build 125) are
provided in table 5 of electronic supplementary material.
Genotyping and sequencing

The discovery of novel SNPs was carried out by bidirectional sequencing on a multi-ethnic Indian discovery panel
of 43 samples (Indian Genome Variation Consortium 2005).
For sequencing analysis, PCR primers were designed using
DNASTAR Lasergene software (PrimerSelect 5.07, Madison, USA). Genomic DNA sequencing was carried out on
ABI 3100 and ABI 3730 capillary based sequencers (Applied Biosystems, Foster City, CA). Genotyping of SNPs
was performed using MALDI-TOF based chemistry on the
Sequenom platform. Prior to validation on the entire sample set, the polymorphic status of both novel and database
SNPs were revalidated on pools of samples from the discovery panel, as well as from individual populations. A number of QC filtering steps were performed prior to considering
each SNP for analysis. These QC filters were applied with
respect to genotype success (> 80%), consistency in 10% duplicate controls (≤1 discrepancy in 5) and Hardy–Weinberg
checks using Fisher’s exact test at 5% significance level. The
genotype error rate was estimated based on comparison with
10% duplicate controls. Blind QC was also performed for
24 samples. Gender QC was carried out based on heterozygosity checks of F-VIII and F-IX genes in male samples, Y-

chromosome specific STRs as well as sex-specific genotyping of the amelogenin gene. The final data set thus comprised
of genotypes of 1871 samples for 420 SNPs (both more than
80%).
The allele frequencies are reported with respect to the
positive strand of the chromosome for the IGVdb reference
allele (minor allele in more than 50% of the Indian populations). The HapMap alleles have also been converted with
respect to the positive strand (see table 5 in electronic supplementary material) after confirmation of the strand information by BLAST analysis. This was specifically ensured
when the variation resulted is transversion from A to T, or G
to C.
Statistical methods

Analysis of genetic diﬀerentiation (Nei and Chesser 1983)
was carried out using the large version 2.9.3.2 of FSTAT
(courtesy Dr Jerome Goudet). Tests of significance of FST
values were performed by bootstrapping, as implemented in
FSTAT and Arlequin (http://lgb.unige.ch/arlequin/).
Estimation of DA distance (Nei 1977) and phylogenetic
analysis using the neighbour-joining (NJ) method (Saitou
and Nei 1987), was done using DISPAN (available from http:
//iubio.bio.indiana.edu/soft/). Principal components, discriminant and classification analyses were carried out using
SPSS for Windows (version 10). To identify populationcluster specific ‘keystone’ SNPs, we carried out a stepwise
linear discriminant analysis (Rao 1952). In this analysis, uncorrelated linear combinations of allele frequencies (linear
discriminant functions) of the loci that provide the best separation of the multidimensional scatter of the allele frequencies are estimated. Loci are entered into the discriminant
function in a stepwise manner, starting with the locus that
provides the best separation. This procedure is terminated
when the next best locus to be entered into the discriminant
function does not provide any further significant separation.
These linear discriminant functions are then used to classify
individual populations into groups on the basis of allele frequencies. To avoid ‘over-fitting’ (i.e., overestimating the proportion of populations correctly classified to its cluster), we
adapted a half-sample approach. Initially, we found the subset of SNPs that can serve to identify populations belonging
to specific clusters (ethnic, linguistic or geographical) from a
randomly-chosen half-sample (‘discovery half-sample’; 50%
of populations from each cluster being randomly chosen).
We then tested the performance of this subset of SNPs on
the other disjoint half-sample (‘validation half-sample’).
Tag SNPs were identified in the HapMap data (http://
www.hapmap.org) using Tagger (http://www.broad.mit.edu/
mpg/tagger/). Haplotypes and their frequencies were statistically inferred from phase-unknown genotype data by
using the software PHASE version 2.1 (Stephens et al.
2001). Mantel tests were carried out using zt, version 1.0
(http://www.psb.ugent.be/∼erbon/mantel/).
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System structure

A novel network analysis approach (http://physio1.eecs.
cwru.edu:8802/∼amit/) called system structure (SStr) was
used for clustering populations. The SStr method uses a settheoretic, distribution-free computational model for complex
systems, from first principles. Based on the information contained in its SStr, a complex system can be partitioned into
‘natural groups’, without requiring any a priori ancestry information, including the number of groups. This characteristic distinguishes this approach from methods widely used
for the analysis of population structure e.g. STRUCTURE
(Pritchard et al. 2000). In contrast to Bayesian approaches,
it is less model dependent. A detailed description of the
method and definitions of memberships are provided in the
supplementary note of electronic supplementary material.
Briefly, in SStr any system can be described by appropriately weighted interactions obtained, based on experimental
measurements between system objects. Further, an appropriate measure of interaction needs to account for asymmetry
in the relationship between any interacting pair taken into
account, the system within which the interaction operates
and further incorporate a propagation step that allows second and higher order interactions to diﬀuse and influence the
measures between the system objects. Essentially, SStr is a
weighted network where the weights, called the system measures, quantify the potentials associated with the nodes and
arcs (Sinha 2001). A number of systems have been analysed within this framework (Sinha et al. 2004; Fogarty et al.
2006).
In the analysis of population genetic structure, the nodes
of the network can be population and loci with their allele
or genotype frequencies. System measures between populations (samples) and their cluster/partition memberships
provide a useful description of population substructure and
admixtures between populations without any a priori infor-

mation/population labels. For each population one obtains
fuzzy, possibility and typicality measures across all the clusters. These memberships are defined as follows: fuzzy, differential membership of a population across clusters; possibility, diﬀerential membership of a cluster across all populations relative to all population-cluster assignments; typicality, diﬀerential membership of a cluster only across its core
members. Typicality needs to be interpreted carefully. This
measure gives the significance of a core member in a specific cluster relative only to other core members of the same
cluster (see supplementary note in electronic supplementary
material).
For validation of the robustness of SStr, a comparison
with Pritchard’s STRUCTURE was carried out using the data
on analysis of human populations by Rosenberg et al. (2006).
The results obtained from both methods were highly concordant (see supplementary note in electronic supplementary
material). Since STRUCTURE did not converge on the Indian data, SStr analysis in this study was particularly useful.

Results
Genetic diﬀerentiation

To determine the extent of genetic diﬀerentiation, we identified 55 representative populations drawn from four major linguistic groups (AA, TB, IE and DR), six geographical regions of habitat (N, north; NE, north-east; W, west;
E, east, S, south; C, central) and diﬀerent socio-cultural
strata (LP, large population, caste; IP, isolated population,
tribes; SP, special population, religious groups) (table 1).
Pairwise FST values were calculated to determine the extent of diﬀerentiation among the populations, possibly derived from diverse ancestral lineages. FST values, calculated from allele frequencies at all autosomal loci between
pairs of populations varied from 0.000 to 0.111 (figure 1).

Table 1. Details of the populations analysed in the current study and the average heterozygosity.
Sl. no
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

6

Population
code

No. of
samples

Caste/religious
group/tribe

Mean
heterozygosity

SE across
loci

AA-C-IP1
AA-C-IP4
AA-C-IP5
AA-E-IP1
AA-E-IP2
AA-E-IP3
AA-NE-IP1
AA-W-IP1
DR-C-IP1
DR-C-IP2
DR-E-IP1
DR-S-IP1
DR-S-IP2
DR-S-IP3
DR-S-IP4
DR-S-LP1

46
23
23
49
23
23
44
22
23
46
46
21
23
23
23
46

Tribe
Tribe
Tribe
Tribe
Tribe
Tribe
Tribe
Tribe
Tribe
Tribe
Tribe
Tribe
Tribe
Tribe
Tribe
Caste

0.35
0.36
0.35
0.36
0.35
0.33
0.35
0.36
0.35
0.32
0.35
0.32
0.35
0.36
0.34
0.36

0.008
0.008
0.008
0.008
0.008
0.008
0.008
0.007
0.007
0.009
0.007
0.009
0.008
0.007
0.008
0.007
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Table 1 (contd)
Population
Sl. no
code
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55

DR-S-LP2
DR-S-LP3
DR-S-LP4
DR-S-LP5
IE-E-LP1
IE-E-LP2
IE-E-LP3
IE-E-LP4
IE-NE-IP1
IE-NE-LP1
IE-N-IP1
IE-N-IP2
IE-N-LP1
IE-N-LP10
IE-N-LP11
IE-N-LP18
IE-N-LP2
IE-N-LP3
IE-N-LP5
IE-N-LP6
IE-N-LP7
IE-N-LP8
IE-N-LP9
IE-N-SP2
IE-N-SP3
IE-N-SP4
IE-N-SP5
IE-S-IP1
IE-W-IP1
IE-W-IP2
IE-W-LP1
IE-W-LP2
IE-W-LP3
IE-W-LP4
OG-W-IP
TB-NE-LP1
TB-N-IP1
TB-N-SP1
TB-N-SP2

No. of
samples

Caste/religious
group/tribe

Mean
heterozygosity

SE across
loci

46
46
23
23
46
46
23
42
48
23
46
46
46
46
46
46
46
46
23
46
46
46
46
18
46
23
46
46
23
23
23
23
46
46
23
46
46
46
46

Caste
Caste
Caste
Caste
Caste
Caste
Caste
Caste
Tribe
Caste
Tribe
Tribe
Caste
Caste
Caste
Caste
Caste
Caste
Caste
Caste
Caste
Caste
Caste
Religious group
Religious group
Religious group
Religious group
Tribe
Tribe
Tribe
Caste
Caste
Caste
Caste
Out-group
Caste
Tribe
Religious group
Religious group

0.35
0.35
0.36
0.36
0.36
0.35
0.36
0.36
0.34
0.36
0.36
0.35
0.37
0.37
0.37
0.36
0.37
0.37
0.36
0.35
0.36
0.37
0.36
0.37
0.36
0.37
0.36
0.34
0.36
0.35
0.36
0.36
0.37
0.35
0.34
0.34
0.33
0.35
0.32

0.007
0.008
0.007
0.008
0.007
0.008
0.007
0.007
0.008
0.008
0.007
0.007
0.007
0.007
0.007
0.007
0.007
0.007
0.007
0.008
0.007
0.008
0.007
0.007
0.007
0.007
0.007
0.008
0.007
0.007
0.008
0.008
0.007
0.007
0.008
0.008
0.008
0.008
0.009

The mean heterozygosity (Ho ) was high for all populations and ranged from 0.32 to
0.37. Lower Ho was observed predominantly in isolated tribal populations (IPs) while,
higher Ho was observed for large population (LPs). SE, Standard error.

The majority of the FST values between populations were
significantly greater than zero (P < 0.05) indicating population diﬀerentiation. Mean FST (0.03 ± 0.0005) suggests
that the extent of diﬀerentiation overall was low. However,
it is possible that in some cases, due to small sample sizes,
the FST values might not be significant even if there is differentiation. Mean FST values computed separately on the
basis of frequencies of SNPs (see table 6 in electronic supplementary material) that were located in specific regions of
the genome (e.g., promoter region, exon, intron and UTR)

were not significantly diﬀerent (P = 0.063). With respect to
a few individual loci, the extent of genetic diﬀerentiation in
India is high (see table 6 in electronic supplementary material) and of comparable magnitude to that observed among
continental populations ( 0.14) (The International HapMap
Consortium 2003; Tishkoﬀ and Verrelli 2003; Watkins et al.
2003, 2005).
Maximum FST values were observed among the tribal
populations of diﬀerent linguistic lineages. On a pan-India
level, when populations were grouped by language or by
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Figure 1. Heterogeneity and inter-relatedness among Indian populations. Heatmap of pairwise FST (colour scale) between populations
and corresponding P values (gray scale) depicted with neighbour-joining tree illustrating population aﬃnities based on Nei’s DA
distance. The red and blue branches in the tree represent large and isolated populations, respectively and the symbols represent the
linguistic lineage of a population. The colour legends for FST and P values are indicated. The populations are coded by linguistic lineage
(AA, Austro–Asiatic; IE, Indo–European; DR, Dravidian and TB, Tibeto–Burman) followed by geographical location (N, north; NE,
north-east; W, west; E, east; S, south and C, central) and ethnic category (LP, castes; SP, religious groups and IP, tribes). Population
codes are also coloured on the basis of language family.

geographical region of habitat, the extent of genetic diﬀerentiation among linguistic or geographical groups was not
statistically significant (P > 0.1; see table 7 in electronic supplementary material). However, grouping by ethnicity (caste
and tribe) indicated significant diﬀerentiation (P < 0.05; see
table 7 in electronic supplementary material) possibly due
to antiquity and isolation of the tribal compared to the caste
populations.
The picture of genetic diﬀerentiation within geographical regions or ethno-linguistic groups presented some interesting features. While DR-speaking LPs and IPs did not
show significant genetic diﬀerentiation (P = 0.9), the IEspeaking LP and IP groups were significantly diﬀerentiated
(P = 0.01). Within tribes, but not the castes, the IE-speakers
and DR-speakers showed statistically significant diﬀerentiation (P = 0.01). However, the DR-speaking tribal groups
were not significantly diﬀerentiated (P = 0.93) from the AAspeaking groups. The patterns of genetic diﬀerentiation estimated by AMOVA were similar to the above inferences (ta8

ble 2). From the above results, it is clear that pooling populations without considering ethnicity and linguistic aﬃliations
that contribute to population stratification can result in false
inferences in genetic association studies.
Genetic aﬃnities

We used cluster-analytic, principal-components and SStrbased approaches to analyse the extent of genetic relatedness among the populations. Few major clusters of the study
populations were identified from the tree of genetic relationships computed on the basis of Nei’s genetic distance DA
and FST (figure 1). The first cluster primarily comprised of
AA–IPs and DR–IPs consistent with the earlier observation
of a statistically nonsignificant FST value between AA and
DR tribals. The second cluster included TB-speaking populations, irrespective of their geographical region of habitat. This cluster also comprised of three IE-speaking isolated populations (IE–IPs) and two IE–LPs. Majority of
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Table 2. Extent of genetic diﬀerentiation estimated by AMOVA.
Based on language

IE – TB
IE – AA
IE – DR
TB – AA
TB – DR
AA – DR

Among populations
within groups

Among
groups

Among
individuals

1.91
1.98
2.11
1.95
2.31
2.41

2.80
1.25
0.30
2.20
3.04
0.71

95.29
96.77
97.59
95.85
94.65
96.88

Among populations
within groups

Among
groups

Among
individuals

2.41
2.52
2.46
2.23
2.45
2.44
2.23
1.33
2.25
2.59
1.92
2.51
1.57
2.39
1.87

1.23
0.38
1.22
0.24
0.48
1.19
1.18
2.28
2.08
0.29
0.22
0.30
0.93
0.80
0.08

96.36
97.10
96.32
97.53
97.07
96.37
96.59
96.39
95.67
97.12
97.86
97.19
97.50
96.81
98.05

Among populations
within groups

Among
groups

Among
individuals

1.70
2.57

0.75
0.01

97.55
97.42

Based on geography

North – north east
North – east
North – central
North – west
North – south
North east – east
North east – central
North east – west
North east – south
East – central
East – west
East – south
Central – west
Central – south
West – south

Based on ethnicity

IE Large – IE isolated
DR Large – DR isolated

these populations reside in the Himalayan belt. There were
a larger number of smaller clusters that predominantly comprised of IE–LPs and IE–SPs. The DR-speaking LPs and
IPs, predominantly from southern India, formed a separate
cluster (figure 1). There seems to be a considerable diversity
among IE-speaking populations in diﬀerent geographical regions, as reflected by the large number of smaller clusters to
which they belong and also by our finding of FST values significantly greater than zero between several IE populations
(P < 0.05). Thus, although there are no clear geographical
grouping of populations, ethnicity (tribal/nontribal) and language seem to be the major determinants of genetic aﬃnities between the populations of India. This is concordant
with an earlier finding based on allele frequencies at blood
group, serum protein and enzyme loci (Piazza et al. 1980).
Besides, within the IE group, LPs and SPs (religious groups)
exhibited high genetic aﬃnities. Similar aﬃnity was also observed between TB–IPs and TB–SPs. The population OG-

W-IP, known to have been derived from an African population (Singh 2002) was an outlier on the phylogenetic tree
(figure 1). We also carried out principal component analysis
(PCA) to examine the patterns of variations among populations. The first two principal components (PCs) explained
about 25% of the variation in allele frequencies. The pattern of genetic aﬃnities was largely in accord with that observed in the cluster analysis, but highlighted the heterogeneity among the DR populations (figure 2). It should be noted
however, that many clusters contain one of more populations
that are socially or geographically distinct from the other
populations belonging to that cluster. These exceptions are
not unexpected in a country like India with history of genetic admixtures between diverse lineages. For example, it
is contented that the Dravidian speakers, now geographically
confined to southern India, were more widespread throughout India prior to the arrival of the Indo–European speakers (Thapar 1966). They, possibly after a period of social
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Figure 2. Principal component analysis (PCA) plots depicting separation of each population in
diﬀerent components. The populations have been coloured on the basis of their (a) linguistic
group: AA, Austro–Asiatic; DR, Dravidian; TB, Tibeto Burman; IE, Indo–European OG is an
out-group population of more recent African ancestry and (b) ethnicity: C, caste; T, tribe; R,
religious group; O, out-group.

and genetic admixture with the Indo–Europeans, retreated
to southern India, a hypothesis that has been supported by
mitochondrial DNA analyses (Basu et al. 2003). Our results showing genetic heterogeneity among the Dravidian
speakers further supports the above hypothesis. The Indo–
European speakers also exhibit a similar or higher degree of
genetic heterogeneity possibly because of diﬀerent extents
of admixture with the indigenous populations over diﬀerent
time periods after their entry into India. It is surprising that
in spite of such a high levels of admixtures, the contemporary ethnic groups of India still exhibit high levels of genetic
diﬀerentiation and substructuring.
Ideally, inferences regarding genetic aﬃnities are drawn
based on a random set of loci from the genome. On the contrary, our study included SNPs from genes that are possibly
associated with disease outcomes and therefore could bias
our inferences. To address this concern we recomputed distances (DA ) between populations after removing 73 (18%)
loci that belonged to the upper and lower 20% tails of the
joint distribution of heterozygosity (Ho ) and FST (see table 6 in electronic supplementary material). We then compared the distance matrix generated above with the matrix
of all 405 loci using a nonparametric Mantel test. The correlation between the matrices was 0.99 (P < 0.0001; based
on 10,000 permutations), indicating that the inferences on
genetic aﬃnities among populations based on all loci are
not significantly altered by inclusion of highly diﬀerentiated SNPs from disease candidate genes. We used a novel
system-theoretic network analysis approach (see supplementary note in electronic supplementary material) in addition
to dimension-reducing tree-based and principal-component
approaches, to understand relationships between populations
belonging to diﬀerent clusters. Based on genotype frequencies in each population, SStr analysis identified five optimal
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groups (figure 3a; see figure 2 in electronic supplementary
material). Fuzzy measures revealed two near homogeneous
groups (1 and 2) where at least 80% of the populations shared
> 75% membership. These were derived mostly from the IEspeaking LPs and SPs (group 1), and IPs and SPs of the Himalayan belt (group 2). Groups 3, 4 and 5 were more heterogeneous. Group 5 predominantly consisted of AA members
that shared membership with isolated populations of group 2,
indicative of admixture with the latter. As with FST and DA
analyses, the DR populations were distributed across all clusters, indicating high heterogeneity and diverse ancestry of the
DR group. The heterogeneity in DR populations is also evident when the fuzzy memberships of each population are
overlaid on the linguistic map of India (figure 3b). The map
also depicts genetic correlates to linguistic histories in a large
number of populations. According to the distribution on the
map (figure 3b), populations in group 2 cover the Himalayan
belt extending from the north to the north-east; group 1 covers most of northern India; group 5 is the IP belt of central and eastern India while group 4 represents populations
from the southern part of India as well as some IE populations of the northern, eastern and western regions. Group 3,
which is a mixture of some IE–LPs, IE–IPs and DR–IPs, and
spread mostly across central India, seems to be a ‘bridge’ between groups 1 and 4. Admixture of AA-speaking and DRspeaking IPs of the tribal belt with TB populations from the
Himalayan belt is also evident from the map.
The pattern of clustering of Indian population groups in
our analysis suggests that the eﬀects of population stratification in disease association studies may be small, if cases and
controls are both drawn from the same cluster even if they
do not belong to the same ethnic group. Thus, correction for
population stratification would be needed if cases and controls were drawn from populations that belong to diﬀerent
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Figure 3. Grouping of Indian populations by SStr (a) System Structure analysis reveals five major groups depicted by diﬀerent colour
schemes. The relative fuzzy memberships of populations in each group are depicted by horizontal bars. (b) Representation of system
structure-derived membership information on the linguistic map of India. Blue, brown, green and pink backgrounds indicate regions
where languages of predominantly IE, DR, AA and TB lineages are spoken, respectively. A key to the group colour based on typicality
membership (see figure 2c in electronic supplementary material) is given. The pie-charts represent fuzzy membership information for
each population inferred from SStr analysis.

clusters. This analysis further highlights the requirement for
sampling populations belonging to each of these clusters in
order to capture the entire genetic spectrum of India.
SNP signatures of population clusters

We observed that on a pan-India level, the tribal and caste
populations are significantly diﬀerentiated. Besides, within
some geographical regions, tribes and castes subclassified
by language are also well diﬀerentiated. In tune with the
active search for ethnicity-specific or ancestry-informative
markers (Akey et al. 2002; Shriver and Kittles 2004), we
sought to identify a set of SNPs that could classify populations in terms of ethnicity, language or geographical region
of habitat. Though we recognize that except for ethnicity
(tribe/caste), the other determinants of genetic aﬃnity did not
turn out to be significant in the present data set, inferences
on aﬃnity might have been influenced by summarization of
data (genetic distances, principal components, etc) pertaining to > 400 genetic markers. In principle, it is possible to
identify a small number of SNPs that can serve as signatures

of population ancestry. To explore this, we used stepwise
linear discriminant and classification analysis (see materials and methods section) using allele frequencies of the top
100 loci that exhibited high interpopulation variance in allele frequency. Our analysis revealed that a very small set
of SNPs suﬃced to identify populations with a high degree
of accuracy to the broad clusters of ethnicity and language
(table 3). Allele frequencies at 12 SNP loci (termed ‘keystone SNPs’) were suﬃcient to identify a population with unknown ethnicity as IP (predominantly tribal) or LP (predominantly caste) with 100% accuracy. Spatial maps of allele
frequencies at representative keystone SNP loci are shown
in figure 4. This perhaps is a reflection of the anthropological notion that IPs of India unlike for example the LPs are
relatively unadmixed. The success in identifying linguistic
lineage was 85.2% based on eight keystone SNPs. However,
the success in classifying a population to a geographical region based on such keystone SNPs was low (∼56%). These
results underscore that it is possible to classify a population
into a larger socio-geographical cluster with a reasonable degree of accuracy using a small number of SNPs. However,
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Table 3. List of keystone* SNPs useful for classification of Indian populations based on ethnic,
linguistic and geographical assignments.
Grouping of
populations

% of samples correctly classified
using keystone SNPs

Discriminating SNP ID

Gene name

Ethnicity (2
groups: IPs
and LPs)

rs4147536
rs712700
rs747672
rs713689
rs1056827
rs1799971
rs327516
rs1801368
rs2274976
I000050
rs2239704
rs1801274

ADH1B
PAX4
OPTC
Chr22 region
CYP1B1
OPRM1
PAX4
MAD1L1
MTHFR
IL4 R
TNF2
FCGR2A

100

Language
(4 groups:
AA, DR,
IE, TB)

rs4934028
rs3753868
rs1169289
rs133335
rs738534
rs2267432
rs445122
rs1317944

MAT1A
APCS
TCF1
Chr22 region
Chr22 region
ACO2
PPP2R2B
COPA

85.2

rs17107315
SPINK1
rs133335
Chr22 region
rs2234926
MYOC
55.6
rs1317944
COPA
rs5021654
TYR
rs137116
Chr22 region
*Keystone SNPs were discovered on the basis of a first half-sample (discovery sample) and
their performance was assessed on the basis of a disjoint half-sample (validation sample).
Geography
(6 regions:
C, E, N,
NE, S, W)

Figure 4. Spatial frequency maps depicting distribution of minor allele frequencies of selected keystone SNPs. Minor allele
frequency distribution is plotted for SNPs of: (a) FCGR2A (rs1801274; p.R131H), (b) OPRM1 (rs1799971; p.D102N) and (c)
CYP1B1 (rs1056827; p.A119S). The colour gradient below each map depicts the range of observed frequency from minimum
to maximum.

we would like to emphasize that the keystone SNPs identified by us are not unique; a diﬀerent set of SNPs investigated may yield a diﬀerent set of keystone SNPs. The wellvalidated OPRM1 SNP (rs1799971) that influences binding
12

of β-endorphin to μ-opioid receptor (van den et al. 2007)
and the SNP (rs1056827) in the drug metabolizing enzyme
CYP1B1 (Hanna et al. 2000) distinguished most of the LPs
from IPs (figure 4).
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Figure 5. Haplotype sharing among Indian populations. Three examples of distribution of major haplotypes frequency > 0.05 across
all populations. All the haplotypes with frequency < 0.05 have been pooled as others.
Haplotype diversity

We also estimated the extent of haplotype diversity across
populations since this has relevance to complex disease gene
identification. Haplotypes were reconstructed for a diverse
set of 21 genes in each population and mean haplotype diversities were calculated. Mean haplotype diversities across
populations were observed to be high for the majority of the
genes (see table 8 in electronic supplementary material), except for phosphodiesterase gene PDE5A, for which the estimate of haplotype diversity was < 0.5. The extent of variation
in haplotype diversity across populations was low for most
genes. Despite the presence of highly diﬀerentiating SNPs,
most of the genes had two to five major haplotypes (with frequencies > 0.05) shared across all populations (figure 5).
Indian genome variation in a global perspective

Considering the heterogeneity described above as well as the
absence of any Indian population in the HapMap dataset,
we assessed the proximity of populations included in the
HapMap study with Indian populations using SNPs for
which allele frequencies were available in both the Indian
and HapMap populations (see table 4 in electronic supplementary material). The relatedness of the Indian to HapMap
was estimated using DA distance and PCA (figure 6, a&b).
The first two principal components (PCs) explained about
31% of the variation in allele frequencies. The isolated populations of the Himalayan belt (figure 3) were closest to the

Chinese (CHB) and Japanese (JPT) populations, and separated out from the rest of the populations in PC1. As expected, YRI, a population of African descent was an outlier
and closest to OG-W-IP and CEU was most proximal to the
IE–LPs, the majority of which were from north India. The
AA and DR speaking populations, predominantly from the
tribal belt and inhabiting the central and southern regions
of India were distinct from HapMap populations (figure 6).
This indicates that populations included as Asian (CHB and
JPT), and CEU in HapMap do not capture the entire diversity of the Indian subcontinent. Thus, it may be diﬃcult to
directly use the HapMap data to design genetic epidemiological studies for entire population of India.
The diﬀerential aﬃnity of the Indian populations to the
various HapMap populations is also pertinent to the choice
of tagSNPs (tSNPs) identified from the HapMap database for
genetic epidemiological studies and design of genomewide
association studies in India. To estimate diﬀerences in LD
between Indian and HapMap populations, we compared the
mean r2 values between tSNPs chosen from each of the
HapMap populations in the Indian populations. We chose
the 5.2 Mb contiguous stretch in chromosome 22 spanning
49 genes which also harbours the schizophrenia and bipolar
disorder susceptibility locus. The number of SNPs relevant
to this analysis was 66 (MAF ≥ 0.05 in all the 55 Indian populations). Of these, the number of SNPs common with the
HapMap populations was between 44 and 51, from which
tSNPs were identified in each of the HapMap populations.
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Figure 6. Relatedness between Indian and HapMap populations. (a) Neighbour joining tree based on Nei’s DA distance and
(b) Principal component analysis computed using 230 shared SNPs depict aﬃnities between Indian and HapMap populations.
OG-W-IP1 is the out-group population of known African ancestry. Colour key for the populations and their ethno-linguistic
aﬃnities are provided in the figure.

We calculated the mean r2 between adjacent tSNPs (Carlson et al. 2004) chosen in a specific HapMap population and
also computed it for each of the 55 populations included in
this study (figure 7). The mean r2 values between tSNPs
selected from all the four HapMap populations were found
to be higher in most of the Indian population, implying that
Indian populations in general have larger LD regions than
HapMap populations. As expected, mean r2 values for the
tSNPs selected from YRI were observed to be the highest in
all the Indian populations including OG-W-IP, a population
of known African ancestry. Even with respect to CHB and
JPT the mean r2 values were higher in the Indian population
albeit less strikingly than YRI. However, with respect to CEU
no such consistent pattern was observed. A few populations
like IE-N-LP8, IE-N-SP4, DR-C-IP1 and IE-E-IP1 where the
mean r2 values of adjacent tSNPs were comparatively lower
than in most of the HapMap populations, had indications of
admixture (figure 3a). Higher LD between HapMap tSNPs
suggests the potential for LD-based disease gene mapping in
some of the Indian populations. A more rigorous analysis
of tag transferability to substantiate these observations on a
larger dataset is underway.
Indian genome variation data: distribution of functional
polymorphisms

Analysis of distribution of the functional alleles, which consistently show association in diseases across studies in different populations, also provides information for future val14

idation studies in India. This would also be useful for identification of appropriate cohorts for pooling samples. In this
context, we describe the distribution of some validated functional polymorphisms across Indian populations, taking specific examples.
Trends of selection: identifying populations for
genotype–phenotype correlations

A SNP in the MTHFR gene (rs1801133, Ala222Val) along
with folate and vitamin B12 deficiencies is a key factor that
elevates levels of homocysteine. This SNP lies in the catalytic domain of the enzyme and in heterozygous (CT) and
homozygous (TT) individuals the enzyme activity is reduced
by about 35% and 70%, respectively (Weisberg et al. 1998).
The MTHFR C677T homozygous genotype has been associated with premature coronary artery disease and also with
neural tube defects, pre-eclampsia and other complications
of pregnancy especially in conjunction with folate deficiency.
In the Indian population, the overall MAF of this SNP was
found to be 0.14, considerably lower than that reported for
CEU (0.24), CHB (0.51) and JPT (0.36) and close to YRI
(0.11) population (see table 6 in electronic supplementary
material). Only 3% of the subjects genotyped had the homozygous variant (TT) and this variant was not observed in
29 out of the 55 populations studied. The homozygous mutant genotype was most prevalent in the TB group followed
by IE of north, DR and AA populations (figure 8).
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Figure 7. Extent of linkage disequilibrium between adjacent HapMap tagSNPs in Indian populations.
Mean r2 values between adjacent tSNPs chosen from each of the four HapMap populations are plotted in:
(a) LP and (b) IP populations of India.
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HIV susceptibility and the CCR5Δ32 mutation

Mapping populations for adverse drug response

A 32 bp deletion (CCR5Δ32, rs333) in the CCR5 gene has
been found to protect individuals against HIV infection. The
frequency of CCR5Δ32 was extremely low in the Indian population [pooled allele frequency 0.01 (see table 6 in electronic supplementary material) with the maximum of 5.8%
in a north Indian IE population] compared to the Caucasian
population (16%). Only a cluster of populations from IEN, IE-W and TB were found to have a moderate frequency
while it was completely absent in IE-NE, IE-E, AA and DR
populations (except from DR-S-LP4) (figure 9a). Thus, there
is a high-to-low gradient from north to south. These results
are consistent with (i) the observations made earlier by Majumder and Dey (2001), and (ii) the 2005 antenatal clinical
HIV prevalence survey that reports a high frequency of HIV
in south Indian populations (Steinbrook 2007). The allele
frequencies of the Δ32 mutation presented in diverse populations of India may, therefore, provide guidance to future
studies seeking to examine the nature and extent of correlation between CCR5Δ32 genotype and HIV infection.

The β2-adrenergic receptor (ADRB2) is the target for β-2agonist drugs used for bronchodilation in asthma and other
respiratory diseases. Detailed functional analysis of SNPs
has clearly suggested that some variants of ADRB2 may act
as disease modifiers in asthma or may be the basis for known
interindividual variation in the bronchodilating response to
β-agonists (Drysdale et al. 2000; Israel et al. 2004). In an earlier study, a strong allelic/genotypic association of a nsSNP
(rs1042713; p.R16G) with response to salbutamol in the Indian population (Kukreti et al. 2005) was observed. Though,
locus-wise FST analysis did not reveal high diﬀerentiation,
a diﬀerence in frequency of the risk genotype was observed
in a few Indian populations (figure 9b). The extremes were
observed in DR-S-LP3 and AA-C-IP4, that had the highest
(69%) and lowest (4.8%) frequencies of the AA genotype.
These data provide a framework for designing future epidemiological studies to identify populations with diﬀerential
response to a given drug or a class of drugs, that is potentially
useful in pharmacogenomics and personalized medicine.

Figure 8. Distribution of MTHFR polymorphism. Frequencies of the TT genotype of MTHFR nsSNP (rs1801133, C/T,
p.A222V) across populations from diﬀerent geographical regions of India i.e., C, central; E, east; N, north; NE, north-east;
S, south and W, west are shown and distinguished by a graded colour scheme. Genotype distributions of SNPs in diﬀerent
population groups are illustrated in the form of pie-chart by the colour scheme shown.
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Figure 9. Distribution of SNP associated with (a) susceptibility to HIV-spatial frequency map of CCR5
(rs333). The colour gradient depicted below the map from minimum to maximum frequency observed.
(b) Response to salbutamol-colour (RGB) composite map of genotype frequency of rs1042713, a nonsynonymous A/G variant (p.R16G) in the ADRB2 gene. Variants of this SNP have been shown to
confer diﬀerent responsiveness to salbutamol in world populations. Red, genotype frequency of AA
(poor responder) and blue, genotype frequency of GG (good responder); green, genotype frequency of
AG.

Discussion
This is the largest study conducted on genomic variation in
India in terms of its population and genomic coverage. The
study included 32 large populations (of sizes >10 million)
and 23 isolated tribal populations, representing a vast ethnic, linguistic and geographical diversity of India and provides data on the nature and extent of variation pertaining
to a large number of genes and a genomic region related to
disease susceptibility and response to drugs. Our study reveals a high degree of genetic diﬀerentiation among Indian
ethnic groups and suggests that pooling of endogamous populations without regard to ethno-linguistic factors will result
in false inferences in association studies. We note that the
people of India are referred as ‘Indian’ in many population
genetic studies. The implication of such usage is that the Indian population is genetically homogeneous, which, as the
results of our study indicate, is evidently not true. However,
we have also shown that it is possible to identify large clusters of ethnic groups that have substantial genetic homogeneity. Additionally, the SStr approach has indicated levels of
admixture as well as assigned group memberships to populations, enabling us to identify a reduced number of reference populations for future disease-association studies. Our
results also enable identification of population groups from
which cases and controls may be sampled, and their data
analysed in genomewide association studies without additional corrections or confounding eﬀects of population stratification, thereby increasing the power of association studies. This is of paramount importance, because it is diﬃcult
to gather suﬃcient number of cases from individual isolated
populations to obtain the required statistical power. We also

observed a number of SNPs, in some cases from within the
same gene, which belonged to extremes of Ho and FST distribution. If tested against a background of neutral variations
to determine selection, such analyses may help prioritize disease candidates. As revealed from our study, Indian populations thus form a continuum of genetic spectrum bridging
CEU and JPT/CHB, the two distinct HapMap populations.
The observed aﬃnities with the HapMap populations coupled with the highly endogamous nature of some Indian populations provide a potential resource of cohorts for coarse as
well as fine mapping of disease genes. It is anticipated that
the Indian Genome Variation data along with epidemiological and associated phenotype data will help in the construction of specific drug response/disease predisposition maps to
aid policy level decision making for drug dosage interventions and disease risk management especially for complex as
well as infectious diseases.
Additional data are available in The Indian Genome Variation database (http://igvdb.res.in).
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