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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 wraits especially for

heterogeneous populations.
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Introduction

Genctically isolated populations are considered to be impor-
tant in dissecting complex diseases and mapping underlying
genes (Wright er afl. 1999; Peltonen 2000; Heutink and Ouos-
tra 2002 ; Abecasis ef al. 2005). However, the validation of
results across populations has met with limited success, Pop-
ulation stratification, a consequence of differences in allele
frequencies across populations arising mainly due 1o natural
selection and genetic dnfl, 1s a major problem in association
studies. It is, therefore, important to assess the nature and
extent of population stratification in contemporary endoga-
mous 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 lev-
els of endogamy, provide a unigue resource for dissecting
complex disease ctiology and pathogenesis. Further, India
provides a large patient pool with the majority being drug-
naive. Historcally, the Indian population is a conglomeration
of multiple culture and evolutionary histories. Anatomically
modem man 15 estimated to have reached the north-western
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periphery of the Indian subcontinent around 70,000 ybp and
moved southward nto S Lanka in the next 20,000 years
(Habib 20001, 2002; Singh 2002). Modern human communi-
ties rmay also have migrated into eastern India from Myanmar
around 4500 1o 11,000 ybp (Habib 2001, 2002; Singh 2002).
The evolutionary antigquity of Indian ethnic groups and sub-
sequent migration from central Asia, west Asia and southern
China has resulted moa nch tapestry of socio-cultural, lin-
guistic and biological diversity, Broadly, Indians belong to
Austro—-Asiatic (AA), Tibewo—Burman (TB), Indo-European
(IE) and Dravidian (DR) language families.  Distinet reli-
gious communities, hierarchical castes and subcastes, and
isolated tribal groups that comprise the people of India re-
main largely endogamous. Most of these groups have strict
social rules governing mating patterns.  Earlier swdies us-
ing mitochondnal, Y-chromosomal and limited autosomal
markers, that primarily addressed issues of origin and migra-
tions, have demonsirated extensive genetic diversity in India
{Bamshad et al. 2001; Roychoudhury et al. 2001 ; Basu et al.
2003; Kivisild er al. 2003; Cordaux et af. 2004; Kashyap et
al. 2006; Sahoo et al. 20006; Sengupta ef al. 2006; Thanseem
et al. 2006). In contrast, 4 recent study based on autosomal
microsatellite markers has inferred that Indian populations
show low levels of genetic differentiation (Rosenberg et al.
2004 ). This inference was possibly due to biased recruitment
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of study participants and insufficient classification based on
language and ethnieity.

The Indian Genome Variabon (I1GV) Consortium (Indian
Genome Variation Consortium 2005) was set up to build a
resource that would enable us to address the following ques-
tions related o distnbution of genetic vanation and its rela-
tionship to complex disease in the Indian population: (1) Are
the frequencies of SNPs putatively associated with complex
diseases similar across different populations and can we iden-
tify clusters of populations which share similar SNP frequen-
cies? (1) Dothese clusters comelate with ethnie, linguistic or
geographical labels? (ni) What is the nature and extent of ge-
netic differentation 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-g-vis population stratification? and (vii) Can we iden-
tfy ‘at-nisk’ populatnons for complex disorders, poor drug
response and predisposition to infectious diseases? In this
study, we have primarily addressed the first five guestions.
We report the nature and extent of wvariation in 35 Indian
populations based on 405 SNPs, selected from a set of 75
genes spread acmss all chromosomes and 4 5.2 Mb segment
of chromosome 22 spanning 49 genes. These populations are
representative of the ethnie, linguistic and geographic diver-
sity of India. The genes were selected based on pathway
analysis and mvolvement in disparate molecular functions
and biological processes, and are implicated in complex dis-
eases as well as susceptibility o infection. A large number
of noncoding SNPs were selected from the 5.2 Mb region
of chmmaosome 22 continuous streteh o assess g transfer-
ability in the study populavons. This region harbours o sus-
ceptibility locus for schizophrenia and bipolar disorder that
has been implicated in multiple studies (Papolos et al. 1996;
Schwab and Wildenaver 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
KSelection of populations and sample collection

The initial study involved the wentification of SNPs in a
panel of 43 samples drawn from geographically and ethm-
cally diverse populations. This was done 1o maximize the
scope of discovery of novel SNPs (Indian Genome Van-
ation Consortium 2005, Vahdation of SNPs was camied
out on a pangel of populations aimed at representing endog-
amous populations from AA, TBH, IE and DR linguistic lin-
eages from north, south, east, west, central and north-east
India (see table 1 in electronic supplementary material at
hitpyfwwwaias.acanfjgenet/). Instead of naming the popu-
lations, we followed a convention wherein each population

was given alabel of language , followed by geographical zone
and ethnic category as LF, [P or SP. The LPs are caste groups,
mostly large populations, the IPs are tnbal isolated popula-
tions and the SPs are religious groups. Tribal populations
can be large (a few of the IPs are also large groups). In each
erid of language and geography, at keast two IPs and LPs
were identified for collection, wherever applicable. A mini-
mum of 50 samples from LPs and 25 samples from IPs wene
collected (see table 2a in electronie supple mentary material).
From an initial number of 20014 unrelated samples, the G-
nal validation data are on 1871 samples compnsing of 12440
males and 631 females (see able 2b ol electronic supplemen-
tary malterial). The final set contins samples that qualified
all gquality control (QC) eriteria 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 establish-
ment of ethnicity for the present study have been described
carhier ( Indian Genome Variation Consortium 20035). The en-
dogamy for each population was established by taking exten-
sive information about marmage 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 varahbility in SNPs
across diverse individual populations with respect w func-
tional and positional candidates, as well as understanding the
underdying relatedness and ancestry of populations for link-
age disequilibriom (LD swodies. 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 discases. The mepresentative set of genes in-
cluded drug-response genes, genes involved in cancer amd
aging, eye diseases, allergy and asthma, neuro-psychiatrie,
metabolic and cardiovascular disorders as well as genes in-
volved in susceptibility toinfections ete. Details of the genes
have been provided in table 3 of electronic supplementary
matenal. These genes represent various biological processes
and molecular functions (see figure 1 in electronic supple-
mentary matenal). Neardy all the chromosomes are epre-
sented except the Y-chromosome.

Selection af SNPy

This study primarily focused on identification of functional
polymorphisms and their associated haplotypes in the In-
dian population. By sequencing 730 amplicons of candidate
gene loct moa multiethnie 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 cn-
teria were evolved. SNPs were first selected on the basis of
frequency; novel vanants detected in only one sample of the
discovery (DSNFP) panel or reported SNPs with a frequency
of <001 in the DSNFP data were not taken forward.  Fol-
lowing 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 mequired, additional SNPs were
chosen from reported SNPs with uniform spacing, spanning
the length of the gene.

Finally, 601 S5NPs (including 17% novel SNPs) were
taken for validation on 2014 samples. 10% of these SNPs
failed dunng assay design and opimization on Segquenom
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 eriteria of = B0% 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 X-
chromosome. 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 SMNPs and their annotations (dbSNP build 123) are
provided in table 5 of electronic supplementary matenal.

Genotyping and sequencing

The discovery of novel SNPs was camied oul by bidirec-
tional sequencing on 4 multi-ethnie Indian discovery panel
of 43 samples (Indian Genome Variation Consortinm 2005).
For sequencing analysis, PCR pnmers were designed using
DNASTAR Lasergene software (PomerSelect 5.07, Madi-
son, USA). Genomic DNA sequencing was carnied out on
ABL 3100 and ABI 3730 capillary based sequencers (Ap-
plied Biosystems, Foster City, CA). Genotyping of SNPs
wis performed vsing MALDI-TOF based chemistry on the
Sequenom platform. Prior o validation on the entire sam-
ple set, the polymorphic status of both novel and database
SNPs were revalidated on pools of samples from the discov-
ery pancl, as well as from ndividoal populations. A num-
ber of QC filtenng steps were performed prior 1o considenng
ecach SNP for analysis. These QC filters were applied with
respect 1o genotype success (= 80%), consistency in 10% du-
plicate contmols (=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 companson with
10% duplicate controls. Blind QC was also pedformed for
24 samples. Gender QC was camied out based on hetermey-
gosity checks of F-VIIL and F-IX genes in make samples, Y-
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chromosome specific STRs as well as sex-specific genotyp-
ing of the amelogenin gene. The final data set thus comprised
of genotypes of 1871 samples for 420 SNPs (both more than
BO%).

The allele frequencies are reported with respect o the
positive strand of the chromosome for the 1GVdb reference
allele (minor allele in more than 30% of the Indian popula-
tions ). The HapMap alleles have also been converted with
respect o the posiive strand (see table 5 in electronic sup-
plementary material) after confinmation of the strand infor-
mation by BLAST analysis. This was specifically ensured
when the variation resulted 15 ransversion from A to T, or G
o C.

Statiztical methods

Analysis of genetic differentiation (Nei and Chesser 1983)
wias carried out using the large version 2.93.2 of FSTAT
{courtesy Dr Jerome Goudet). Tests of significance of Fgp
values were performed by bootstrapping, as implemented in
FSTAT and Adeguin (hitp:flgb.umge.chiarlequin/).

Estimaton of D, distance (Nei 1977) and phylogenetic
analysis usmg the neighbour-jining (N1 method (Saitou
and MNei 1987), was done using DISPAN (avalable from hiip:
ffubio. bioandiana.edufsoftf).  Pnncipal components, dis-
criminant and classification analyses were carmed oul using
SPSS for Windows (version 10). To entify population-
cluster specific “keystone” SNPs, we carmed out a stepwise
linear discnminant analysis (Rao 1952). In this analysis, un-
correlated linear combinations of allele frequencies (linear
diseriminant functions) of the loci that provide the best sep-
aration of the mulidimensional scatter of the allele frequen-
cies are estimated. Loo are entered into the discriminant
function in a stepwise manner, starting with the locus that
provides the best separation. This procedure s werminated
when the next best locus o be entered into the discriminant
function does not provide any further significant separation.
These linear disenminant functions are then vsed o classify
individual populations into groups on the basis of allele fre-
quencies. Toavou “over-fitting” (e, overestimating the pro-
portion of populatons correctly classified to its cluster), we
adapted a half-sample approach. Initially, we found the sub-
set of SNPs that can serve to identify populations belonging
Lo specilic clusters (ethnic, inguistic 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 SMNPs were identified in the HapMap data (hup:ff
www. hapmap.org) using Tagger (http:{www. broad. mit.edu/
mpgiageer/). Haplotypes and their frequencies were sta-
tistically infermred from phase-unknown genotype data by
using the software PHASE version 2.1 (Stephens ef al.
2001 ). Mantel tests were camied out using 21, version 1.0
(http:/fwww. psh.ugent.be/~erbon/mantel/).

tn
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System structure

A novel network analysis approach (httpyfphysiol gecs,
ewrnedu: 8802 ~amit/) called system structure (S51r) was
used for clustenng populations. The S5tr method uses a set-
theoretic, distnbution-free computational model for complex
systems, from first principles. Based on the information con-
tained in its 551, a4 complex system can be partitioned into
‘natural groups’, withoul requiring any g prion ancestry in-
formation, including the number of groups. This character-
istic distinguishes this approach from methods widely used
for the analysis of population structure ¢.g. STRUCTURE
{Pritchard et af. 2000). In contrast to Bayesian approaches,
it 1% kess model dependent. A detailed desceripion of the
method and definitions of memberships are provided in the
supplementary note of electronic supplementary material.

Briefly, in S5t any system can be described by appropri-
ately weighted interactions oblained, based on experimental
measurements between system objects. Further, an appropn-
ate measure of interaction needs 1o 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 sec-
ond and higher order interactions to diffuse and influence the
measures between the system objects. Essentially, S5tr is a
weighted network where the weights, called the system mea-
sures, quantify the potentials associated with the nodes and
ares (Sinha 2001). A number of systems have been anal-
ysed within this framework (Sinha er al. 2004; Fogary et al.
2006).

In the analysis of population genetic structure, the nodes
of the network can be population and loci with their alkeke
or genotype frequencies. System measures between pop-
ulations (samples) and their clusterpartition memberships
provide a useful desenption of population substructure and
admixtures between populations without any a priori infor-

mation/population labels. For each population one obtains
fuzezy, possibility and typicality measures across all the clus-
ters. These memberships are defined as follows: fuzey, dif-
ferential membership of a population across clusters; possi-
bility, differential membership of a cluster across all popula-
tions relative to all population-cluster assignments; typical-
ity, differential membership of a cluster only acrmss its core
members. Typicality needs to be interpreted carefully. This
measure gives the significance of a core member in a spe-
cific cluster relative only to other core members of the same
cluster (see supplementary note in electronic supplementary
matenal).

For validation of the obustness of 551, a comparison
with Pritchard’s STRUCTURE was caried out using the data
on analysis of human populations by Rosenberg et al. (2006).
The mesults obtained from both methods were highly con-
cordant (see supplementary nole in electronic supplementiry
material). Sinee STRUCTURE did not converge on the In-
dian data, SStr analysis in this study was particulady useful.

Results
Genetic differentiation

To determine the extent of genetic differentiation, we iden-
tificd 55 representative populations drawn from four ma-
jor linguistic groups (AA, TB, IE and DR), six geograph-
ical regions of habitat (N, north; NE, north-cast; W, west;
E. east, 5, south; C, central) and different socio-cultural
strata (LP, large population, caste; 1P, isolated population,
tribes; SP, special population, meligious groups) (tabke 1),
Pairwise Fgp values were calculated to determine the ex-
tent of differentiation among the populations, possibly de-
rived from diverse ancestral lincages. Fgp values, calcu-
lated from allele frequencies at all autosomal loci between
pairs of populations vared from 0.000 to 0.111 (figure 1).

Table 1. Details of the populations analysed in the current study and the average het-

ETOEVEDSILY.
Population MNo. of  Castefreligious Mean SE across

5l no oode samples aroupyiribe heterozygosity loci
1 AA-C-IP] 46 Tribe 0.35 O.008
2 AA-C-1P4 23 Tribe 0.36 O.008
3 AA-C-1P5 23 Tribe 0.35 (0.008
4 AA-E-1P1 44 Tribe 036 0,008
3 AA-E-1P2 2 Tribe 0.35 0,008
L] AA-E-1P3 23 Tribe 0.33 O.008
T AA-NE-1FP] -— Tribe 0.35 O0.008
) AA-W-IPI 22 Tribe 0.36 0007
9 DE-C-1F1 23 Tribe 0.35 0.007
10 DR-C-1P2 46 Tribe 0.32 OO0
11 DR-E-1P1 46 Tribe 0.35 0.007
12 DE-5-1P1 21 Tribe 0.32 (009
13 DR-5-1P2 23 Tribe 0.35 (.008
14 DR-5-1P3 23 Tribe 036 .07
15 DE-5-1P4 23 Tribe .34 O.008
16 DE-5-LP1 a6 Caste 0.36 0,007
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Table 1 (eonid )

Population No. of  Caste/religious Mean SE across

Sk no coide samples groupytribe heterozygosity loci

17 DR-5-LP2 46 Caste 0.35 0.007
I8 DE-5-LP3 46 Caste (.35 0. (s
14 DR-5-LP4 23 Caste (.36 0007
20 DR-5-LP5 3 Caste 0.36 OO0
21 IE-E-LP1 46 Caste .36 O.007
2 IE-E-LP2 46 Caste (.35 0. Ol
23 IE-E-LP3 23 Caste (.36 O.007
24 IE-E-LP4 42 Caste 0.36 0,007
25 IE-MNE-1FP1 44 Tribe .34 0,008
26 IE-NE-LPI 23 Caste 0.36 0,008
27 IE-MN-1P1 Tribe .36 0.007
28 IE-M-1P2 46 Tribe 0.35 0007
2 IE-MN-LP1 Caste 0.37 0007
kL IE-N-LP10 46 Caste 0.37 0007
3l IE-N-LPI11 46 Caste (.37 0,007
3 IE-N-LPI18 46 Caste .36 O.007
i3 IE-N-LFP2 46 Caste 0.37 0.007
34 IE-M-LP3 46 Caste 0.37 O.007
i5 IE-N-LP3 23 Caste 0.36 0.007
it IE-N-LP6 Caste 0.35 0,008
1 IE-MN-LP7 46 Caste .36 0.007
I8 IE-MN-LP#& 46 Caste .37 0,008
i IE-MN-LP4% 46 Caste .36 O.007
40 IE-MN-5P2 I8 Religious group 0.37 0007
41 IE-MN-5P3 46 Religious group (.36 O.007
42 IE-MN-5P4 23 Religious group 0.37 O.007
43 IE-MN-5P5 46 Religious group .36 O.007
- IE-5-1P1 46 Tribe (.34 0. (s
45 IE-W-IP1 23 Tribe .36 0.007
46 IE-W-1P2 23 Tribe 0.35 0.007
47 IE-W-LF1 23 Caste .36 0. 008
44 IE-W-LP2 3 Caste 0.36 OO
44 IE-W-LP3 46 Caste 0.37 0007
0 IE-W-LP4 46 Caste 0.35 0007
5l O0G-W-IP 23 Cut-group .34 (.008
32 TB-NE-LFPI 46 Caste .34 (.08
53 TB-N-IP1 46 Tribe (.33 0,008
54 TB-N-5F1 46 Religious group 0.35 (.008
55 TB-N-S5P2 46 Religious group 0.32 0. 009

The mean heterozy gosity (A} was high for all populations and ranged from (.32 to
0.37. Lower M, was observed predominantly in isolated tribal populations (1Ps) while,
higher M, was observed for large population (LPs). SE, Standard error.

The majonty of the Fgr values between populations were
significanty greater than zero (P < (0L05) indicating popu-
lation differentiation. Mean Fep (0,03 + 0.0005) suggests
that the extent of differentation overall was low. However,
it 1% possible that in some cases, doe to small sample stees,
the Fgp values might not be significant even if there is dif-
ferentiation. Mean Fgp values computed separately on the
basis of frequencies of SNPs (see table 6 in electronic sup-
plementary 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
Imdia is high (see table 6 in electronic supplementary mate-
rial) and of comparable magnitude to that observed among
continental populations ( 0.14) (The International HapMap
Consortivm 2003; Tishkofl and Verrelli 2003; Watkins er al.
2003, 2005).

Maximum Fgp 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 Fgp (colour scale) between populations
and corresponding P ovalues {gray scale) depicted with neighbour-joining tree illustrating population affinities based on Nei's D
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 Fyp and P values are indicated. The populations are coded by linguistic lineage
(AA, Austro-Asiatic; 1E, Indo-European; DR, Dravidian and TB, Tibeto—Burman) followed by geographical location (M, north; NE,
north-east; W, west; E, east: 8, south and C, central) and ethnic category (LP, castes; SP, religious groups and 1P, tribes)y. Population

codes are also coloured on the basis of language family.

geographical region of habitat, the extent of genetic differ-
entiation among linguistic or geogmphical groups was not
statistically significant (P=0.1; see table 7 in electronic sup-
plementary materialy. However, grouping by ethnicity (caste
and tribe) indicated significant differentiation (P <0.05; see
table 7 in electronic supplementary matenal) possibly due
to antigquity and isolation of the tribal compared o the caste
populations.

The picture of genetic differentiation within geographi-
cal regions or ethno-linguistic groups presented some inter-
esting features. While DR-speaking LPs and IPs did not
show significant genetic differentiation (P = 09), the 1E-
speaking LP and [P groups were significantly differentiated
(P = 0.01). Within wribes, but not the castes, the 1E-speakers
and DR-speakers showed statistically significant differentia-
ton (P = 0.01). However, the DR-speaking tribal groups
were not significantly differentiated (P = 0.93) from the AA-
speaking groups. The patterns of genetic differentiation esti-
mated by AMOVA were similar to the above inferences (ta-

ble 2). From the above results, it is clear that pooling popula-
tions without considering ethnicity and linguistic affiliaions
that contribute to population stratification can result in false
inferences in genetic association studies.

Genetic affinities

We wsed cluster-analytic, principal-components and SSir-
based approaches to analyse the exient of genctic related-
ness among the populations. Few major clusters of the study
populations were identified from the tree of genetic relation-
ships computed on the basis of Nei's genetic distance Dy
and Fep (figure 1). The first cluster primarily comprised of
AA-IPs and DR-IPs consistent with the cardier observation
of a statistically nonsignificant Fep value between AA and
DR tribals. The second cluster included TB-speaking pop-
ulations, irespective of their geographical region of habi-
tat. This cluster also comprised of three [E-speaking iso-
lated populations (IE-IPs) and teo IE-LPs. Majonty of
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Table 2. Extent of genetic differentiation estimated by AMOVA,

Based on language

Among populations Among Among
within groups BrOUpS ind ividuals
IE-TB 1.91 2,80 9529
IE — AA 198 1.25 96.77
IE - DR 2.11 0.30 97.59
TB - AA 1.95 220 95.85
TB -DR 231 BN 94.65
AA - DR 241 0.71 9688
Based on geography
Among populations Among Among
within groups sroups ind ividuals
Morth — north east 241 1.23 .30
Morth — east 2.5 (.38 9710
Morth — central 246 1.22 4h.32
Morth — west 223 .24 9753
Morth — south 245 (48 ST
Morth east — east 244 114 4637
MNorth east — central 21 1.18 9659
Morth east — west 1.33 228 h.349
Morth east — south 225 2.08 95.67
East — central 259 0.29 9712
East — west 192 0.22 9780
East — south 2.51 0.30 u7.1v
Central — west 1.57 0.93 97.50
Central — south 239 (.80 L iR
West — south 1.7 0.8 GH.05
Based on ethnicity
Amaong populations Amaong Among
within groups groups ind ividuals
IE Large - IE isolated 1.70 0.75 97.55
DR Large — DR isolated 257 001 4742

these populations reside in the Himalayan belt. There were
a larger number of smaller clusters that predominantly com-
prised 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 [E-speaking populations in different geographical re-
gions, as reflected by the large number of smaller clusters 1o
which they belong and also by our finding of Fep values sig-
nificantly greater than zero between several IE populations
(P = (.05). Thus, although there are no clear geographical
grouping of populations, ethnicity (tribal/nontribal) and lan-
guage seem o be the major determinants of genetic affini-
ties between the populations of India. This 1s concordant
with an carlier finding based on allele frequencies at blood
group, serum protein and enzyme loct (Plaeea et al. 1980).
Besides, within the IE group, LPs and SPs (religious groups)
exhibited high genetic affinities. Similar affinity was also ob-
served between TB=1Ps and TB-SPs. The population OG-

W-IP, known Lo have been derived from an Afncan popu-
lation (Singh 2002) was an outlier on the phylogenetic tree
(hgure 13, We also camied oul principal component analysis
{PCA) to examine the patterns of varations among popula-
tions. The first two principal components (PCs) explained
about 25% of the vadation in allele frequencies, The pat-
term of genetic affinities was largely in accord with that ob-
served in the cluster analysis, but highlighted the helerogene-
ity 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 o that cluster. These exceplions are
not unexpected in a country like India with history of ge-
netic admixtures between diverse lineages. For example, i
15 contented that the Dravidian speakers, now geogmphically
confined to southern India, were more widespread through-
outl India prior o the amival of the Indo-European speak-
ers (Thapar 1966). They, possibly after a penod 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 (2) linguistic
group: AA, Austro-Asiatic: DR, Dravidian: TB. Tibeto Burman: 1E, Indo-European OO0 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
Lo southem India, a hypothesis that has been supported by
mitochondrial DNA analyses (Basu et al. 2003). Our re-
sults 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 s surpnising that
in spite of such a high levels of admixtures, the contempo-
rary ethmie groups of India stall 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 con-
trary, our study icluded SNPs from genes that are possibly
associated with discase outcomes and therefore could bias
our inferences. To address this concern we recomputed dis-
tances (D40 between populations after removing 73 (18%)
loci that belonged to the upper and lower 209 tils of the
joint distribution of heteroeygosity (H,) and Fep (see La-
ble 6 in electronic supplementary material). We then com-
pared the distance matrix genermled above with the matrix
of all 405 loci using a nonparametric Mantel test. The cor-
relation between the matrices was (.99 (P < (L0001 ; based
on 10,00 permutations), indicating that the inferences on
genetic affinities among populatons based on all loci are
not significantly altered by imclusion of highly differenti-
ated SNPs from disease candidate genes. We used 4 novel
system-theoretic network analysis approach (see supplemen-
tary nole in electronic supplementary matenial) in addition
to dimension-reducing tree-based and principal-component
approaches, W understand relationships between populations
belonging o different clusters. Based on genotype frequen-
cies in each population, SSir analysis identified five optimal

groups (figure 3a; see figure 2 in electronic supplementary
matenal). Fuzzy measures revealed two near homogeneous
groups (1 and 2) where at keast 80% of the populations shared
= 75% membership. These were denved mostly from the [E-
spedaking LPs and SPs (group 1), and IPs and 5Ps of the Hi-
malayan belt (group 2). Groups 3, 4 and 5 were more helero-
geneous. Group 5 predominantly consisted of AA members
that shared membership with isolated populations of group 2,
mndwcatve of admuxture with the latter. As with Fop and Iy,
analyses, the DR populations were distributed across all clus-
ters, indicatng high heterogeneity and diverse ancestry of the
DR group. The heterogeneity in DR populations is also ev-
ident when the fuzey memberships of each population are
overdaid on the linguistc map of India (figure 3b). The map
also depicts genetic cormelates to limguistic 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 noth-cast; group 1 cov-
ers most of northem India; group 5 is the IP belt of cen-
tral and eastern India while group 4 represents populations
from the southern part of India as well as some IE popula-
tions of the northem, eastem and westermn regions. Group 3,
which s a mixture of some IE-LPs, IE-IPs and DR-IPs, amd
spread mosty across central India, seems to be 4 *bridge” be-
tween groups 1 and 4. Admixture of AA-speaking and DR-
speaking IPs of the ribal belt with TB populations from the
Himalayan belt is also evident from the map.

The pattern of clustening of Indian population groups in
our analysis suggests that the effects of population stratifica-
tion in disease association studies may be small, if cases and
controls are both drawn from the same eluster even if they
do not belong to the same ethnic group. Thus, correction for
population stratification would be needed if cases and con-
trols were drawn from populations that belong o different
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Figure 3. Grouping of Indian populations by S5tr (a) System Structure analvsis 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 1E, 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 o capture the entire genetic spectrum of India.

SNP signatures of population clusters

We observed that on a pan-India level, the tribal and caswe
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; Shrver and Kittes 2004, we
sought to identify a set of SNPs that could classify popu-
lations in terms of ethnicity, language or geographical region
of habitat. Though we recognize that except for ethnicity
{tribefeaste), the other determinants of genetic affinity did not
tum out o be significant in the present data set, inferences
on affinity might have been influenced by summarization of
data (genetic distances, principal components, ele) perliin-
ing to =N genetic markers. In principle, it s possible 1o
identify a small number of SNPs that can serve as signatures

of population ancestry, To explore this, we used stepwise
lincar discriminant and classification analysis (see materi-
als and methods section) using allele frequencies of the top
100 Lo that exhibited high interpopulation variance in al-
lele frequency. Our analysis revealed that a very small set
of SMNPs 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 ‘key-
stone SNPs") were sufficient o identify a population with un-
known ethnicity as [P (predominantly tribal) or LP (predom-
mantly 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 anthropolog-
ical 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 geographieal re-
gion 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 de-
gree of accuracy using a small number of SNPs. However,
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Table 3. Listof keystone® SNPs useful for classification of Indian populations based on ethnic,
linguistic and geographical assignments.

Grouping of % of samples correctly classified
populations  Discriminating SNP 1D Gene name using kevstone SNPs
54147530 ADHIE
s 712700 PAXS
5747672 CPTC
8713689 Chi22 region
L 1056827 CYPIBI
;ﬂfﬂ;ﬁ.f 11799971 OPRMI i
and LPs) 8327516 PAXL
rs180 1368 MADILE
52274976 MTHFR
1000050 HAR
2239704 TNF2
rs1801274 FCGR2A
1549340028 MATIA
s3T5 38068 APCS
Lang uage sl 16Y%25Y TCFI
(4 groups: rs133335 Che22 region 457
AA DR, rsTARS34 Chr22 region
IE, TB) 82267432 ACO2
445122 PPP2ZR2B
rs1317944 CoPA
5171073135 SPINKT
Geography 1133335 Chi22 region
(6 regions: 152234926 MYOC 556
C.EN, rs 1317944 COPA :
NE.S. W) 5021654 TYR
5137116 Clu22 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 hal f-sample (validation sample).

. FCGR2A ' OPRM1 ¥ CYPIB1
’ (rs1801274) ‘ (rs1799971) (rs1056827)

[

Figure 4. Spatial frequency maps depicting distribution of minor allele frequencies of selected keystone SNPs. Minor allele
frequency distribution is plotted for SNPs oft (a) FOGR2A (151801274, p.R131H), (b) OPRMT (rs1799971; p.D102N) and (<)
CYPIBT (rs 1056827 p AL19S). 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 identi-  of S-endorphin to g-opioid receptor (van den er al. 2007)
fied by us are not unigue; a different set of SNPs investi-  and the SNP (s 1036827) in the drug metabolizing enzyme
gated may yield a different set of keystone SNPs. The well-  CYPIBI (Hanna er af. 2000) distinguished most of the LPs
validated OPRM T SNP (rs1799971) that influences binding  from IPs (figure 4).
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Figure 5. Haplotype sharing among Indian populations. Three examples of distribution of major haploty pes frequency = (L05 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 w complex disease gene
identification. Haplotypes were reconstructed for o diverse
set of 21 genes in each population and mean haplotype di-
versitics were caleulated. Mean haplotype diversities across
populations were observed to be high for the majority of the
genes (see table ¥ in electronic supplementary material), ex-
cepl for phosphodiesterase gene PDESA, for which the esti-
mate of haplotype diversity was <05, The extent of varation
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 fre-
quencies =0.05) shared across all populations (figure 5).

Indian genome variation in a global perspeciive

Considering the heterogeneity described above as well as the
ghsence 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 supple-
mentary material). The relatedness of the Indian to HapMap
wias estimated using Dy, distance and PCA (figure 6, a&h).
The first two principal components (PCs) explained about
31% of the variation in allele frequencies. The isolated pop-
ulations of the Himalayan belt (figure 3) were closest to the

Journal of Genetics, Vol. 7, Mo, 1, Aprl 2008

Chinese (CHB) and Japanese (JFT) populations, and sepa-
rated out from the rest of the populations in PC1. As ex-
pected, YRI, a population of African descent was an outlier
and closest o 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 distinet from HapMap populations (figure 6).
This indicates that populations included as Asian (CHE and
JPT), and CEU in HapMap do not capture the entire diver-
sity of the Indian subcontinent. Thus, it may be difficult
directly use the HapMap data to design genetic epidemiolog-
ical studies for entire population of India.

The differential affinity of the Indian populations 1o the
varous HapMap populations is also pertinent to the choice
of tag SNPs (1SNPs) 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 * 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 35 Indian pop-
ulations). 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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We calculated the mean # between adjacent 1SNPs (Carl-
son 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  values between 1SNPs
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 r* values for the
LSMNPs selected from YRI were observed to be the highest in
all the Indian populations including OG-W-IF, a population
of known African ancestry. Even with respect to CHB and
JPT the mean #* values were higher in the Indian population
albeit lessstnkingly than Y RI However, with respect to CEU
no such consistent pattern was observed. A few populations
like IE-N-LPE.IE-N-5P4, DR-C-1P1 and IE-E-IP1 where the
mean * values of adjacent LSNPs were comparatively lower
than in most of the HapMap populations, had indications of
admixwre (figure 3a). Higher LD between HapMap t1SNPs
suggests the potential for LD-based disease gene mapping in
some of the Indian populations. A more ngorous analysis
of tag transferability to substantiate these observations on a
larger dataset is underway.

Indian genome varigtion data: distribution of functional
polymorphisms

Analysis of distnbution of the functional alleles, which con-
sistently show association in diseases across studies in dif-
ferent populations, also provides information for future val-

idation studies in India. This would also be useful for iden-
tification of appropriate cohors for pooling samples. In this
context, we describe the distribution of some validated func-
ticnal polymorphisms across Indian populations, laking spe-
cific examples.

Trends of selection: identifving populations for
genotype—plenatype correlations

A SNP in the MTHFR gene (rs 1801133, Ala222Val) along
with folate and vitamin B12 deficiencies is a key factor that
elevates levels of homoceysteine. This SNP Lies in the cat-
alytic domain of the enzyme and in heterozygous (CT) and
homoeyzous (TT) individuals the eneyme activity s redoced
by about 35% and T0%, respectively (Weisberg eral. 1998).
The MTHFR C6T7TT homoeygous genolype has been asso-
clated with premature comnary artery disease and also with
neuril tube defects, pre-eclampsia and other complications
of pregnancy especially inconjunction with folate deficiency.
In the Indian population, the overall MAF of this SNP was
found to be 0014, considerably lower than that reported for
CEU (0.24), CHB (00.51) and JPT {0.36) and close to YRI
(0.11) population (see table 6 in electronke supplementary
maternial). Only 3% of the subjects genotyped had the ho-
mozygous variant (TT) and this varint was not observed in
29 out of the 55 populatons studied. The homozy gous mu-
tant genolype was most prevalent mthe TB group followed
by IE of north, DR and AA populatons (figure 8).
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HIV suseepribility and the CCR5A32 mutation

A 32 bp deletion (CCR3A32, r3333) in the CCRS gene has
been found to protect individuals against HIV infection. The
frequency of CCRSA3Z was extremely low in the Indian pop-
ulation [pooled allele frequency 0.01 (see table 6 in elec-
tromic supplementary material) with the maximum of 5.8%
in g north Indian IE population] compared to the Caocasian
population (16%). Only a cluster of populations from 1E-
N, 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-5-LP4) (figure 9a). Thus, there
15 it high-to-low gradient from north o south. These results
are consistent with (1) the observations made earlier by Ma-
Jumder 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 A32 mutation presented in diverse popu-
lations of India may, therefore, provide guidance o future
studies secking to examine the nature and extent of correla-
tion between CCRSAI2 genotype and HIV infection.
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Mapping populations for adverse drug response

The F2-adrenergic receptor (ADRE2) is the target for §-2-
agonist drugs used for bronchodilation in asthma and other
respiratory diseases. Detailed functional analysis of SNPs
has cleardy suggested that some variants of ADRB2 may act
as disease modifiers in asthma or may be the basis for known
mnterindividoal variation in the bronchodilating response 1o
F-agonists (Drysdale et al. 2000 Israel et af. 2004). In an ear-
lier study, a strong allelic/genotypic association of a nsSNP
(rs1042713; p.R16G) with response to salbutamol in the In-
dian population (Kukret e af. 2005) was observed. Though,
locus-wise Fgyp analysis did not reveal high differentiation,
a ditference in frequency of the risk genotype was observed
in a few Indian populations (figure 9b). The extremes were
observed in DR-5-LP3 and AA-C-IP4, that had the highest
(695 ) and lowest (4.8%) frequencies of the AA genotype.
These data provide a framework for designing future epi-
demiological studies wo identify populations with differential
response toa given drug or a class of drugs, that is potentially
useful in pharmacogenomics and personalized medic ine.
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IE-N-5P4 |—

TB-N-SP1 |j—
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Figure 8. Distribution of MTHFR polymorphism. Frequencies of the TT genotype of MTHFR nsSNP (rs1 801133, O/T,
PAZ22V) across populations from different geographical regions of India i.e., C, central; E, east: N, north; NE, north-east:
5, 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-chat by the colour scheme shown.
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Figure 9. Distribution of SNP associated with (a) susceptibility to HIV-spatial frequency map of CCRS
(r5333). 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 rs 1042713, anon-
synonymous ASG variant (p.R 116G} in the ADREZ gene. Variants of this SNP have been shown to confer
different responsiveness to salbutamol in world populations. Red, genotype frequency of AA (poor re-
sponder) and blue, genotype frequency of GG (good responder); green, genotype frequency of AG.

Discussion

This is the largest study conducted on genomic varation in
India in terms of its population and genomic coverage. The
study included 32 large populations (of sizes =10 million)
and 23 isolated tnbal populations, representing a vast eth-
nic, linguistic and geographical diversity of India and pro-
vides data on the nature and extent of variation pertaming
to g large number of genes and a genomic region related o
disease susceptibility and response to drugs. Our study re-
veals a high degree of genetic differentiation among Indian
ethnic groups and suggests that pooling of endogamous pop-
ulations 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 vsage s that the In-
dian population is genetically homogeneous, which, as the
results of our study indicate, is evidently not true. However,
wi have also shown that it is possible o identify large clus-
ters of ethnie groups that have substantial genetic homogene-
ity. Additonally, the S5t approach has indicated levels of
admixture as well as assigned group memberships © popu-
lations, enabling us o identfy a reduced number of refer-
ence populations for future disease-association studies. Qur
results also enable identification of population groups from
which cases and controls may be sampled, and ther data
analysed in genomewide association studies without addi-
tional corrections or confounding effects of population strat-
ification, thereby increasing the power of association stud-
ies. 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 H, and Fer dis-
tribution. If tested against a background of neutral variations
o determine selection, such analyses may help priontize dis-
ease candidates.  As revealed from our study, Indian popu-
lations thus form a continuum of genetic spectrum bridging
CEU and JPT/CHB, the two distinet HapMap populations.
The observed aflinities with the HapMap populations cou-
pled with the highly endogamous nature of some Indian pop-
ulations provide a potential resource of cohorts for coarse as
well as fine mapping of disease genes. It s anticipated that
the Indian Genome Vanation data along with epidemiologi-
cal and associtled phenotype data will help in the construc-
tion of specific drug response/discase predisposition maps Lo
aid policy level decision making for drug dosage interven-
tions and disease nsk management especially for complex as
well as infections diseases.

Additional data are available in The Indian Genome Varia-
tion database (hip:yfigvdbores.in).
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