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The Singapore Genome Variation Project (SGVP) provides a publicly available resource of 1.6 million single nucleotide
polymorphisms (SNPs) genotyped in 268 individuals from the Chinese, Malay, and Indian population groups in Southeast
Asia. This online database catalogs information and summaries on genotype and phased haplotype data, including allele
frequencies, assessment of linkage disequilibrium (LD), and recombination rates in a format similar to the International
HapMap Project. Here, we introduce this resource and describe the analysis of human genomic variation upon ag-
glomerating data from the HapMap and the Human Genome Diversity Project, providing useful insights into the pop-
ulation structure of the three major population groups in Asia. In addition, this resource also surveyed across the genome
for variation in regional patterns of LD between the HapMap and SGVP populations, and for signatures of positive natural
selection using two well-established metrics: iHS and XP-EHH. The raw and processed genetic data, together with all
population genetic summaries, are publicly available for download and browsing through a web browser modeled with
the Generic Genome Browser.

[Supplemental material is available online at http://www.genome.org.]

The detailed survey of human genomic variation across four pop-

ulations globally from the International HapMap Project (The In-

ternational HapMap Consortium 2005, 2007) has yielded valuable

insights into the design (de Bakker et al. 2005; Pe’er et al. 2006) and

analysis (Marchini et al. 2007) of studies that examine the entire

genomic landscape for correlation with the onset of diseases or

traits. These genome-wide association studies (GWAS) typically

detect indirect associations, where the identified genetic variants

by themselves are not biologically functional but are in the

neighborhood and thus are correlated or are in linkage disequi-

librium (LD) with the causal polymorphisms. Commercial geno-

typing arrays for genome-wide studies utilize these informative

markers for providing suitably dense genomic coverage, which

with the appropriate use of sophisticated imputation methods can

increase the effective genomic coverage of these arrays to that of

the HapMap by statistically inferring the genotypes of the

remaining unobserved markers in the HapMap (Marchini et al.

2007; Servins and Stephens 2007). The accuracy of genotype im-

putation, however, relies on having reference databases that are

representative of the target populations to be imputed. While it has

been shown that tagging SNPs identified from the HapMap are

expected to be portable across other non-African populations (de

Bakker et al. 2006; Conrad et al. 2006; Huang et al. 2009), impu-

tation performance is expected to be optimized if local reference

haplotypes are used (Huang et al. 2009; Jallow et al. 2009). The

ability to reproduce an association finding in other populations

through replication studies or meta-analyses is a prerequisite to

validating the authenticity of the discovery (NCI-NHGRI Working

Group on Replication in Association Studies 2007), and this fun-

damentally relies on having a similar LD structure between the

identified variant and the functional polymorphism in these

populations (Teo et al. 2009a). The success of imputation pro-

cedures, meta-analyses, and replication studies thus hinges criti-

cally on possessing sufficient knowledge on the extent of genomic

variation between multiple populations. The Singapore Genome

Variation Project (SGVP) is established with this aim of character-

izing genomic variation and positive natural selection in three

major population groups in Asia.

Singapore is a relatively young country with a migratory

history predominantly consisting of immigrants with Chinese,

Malay, and Indian genetic ancestries from neighboring countries

such as China, India, Indonesia, and Malaysia (Saw 2007). The

Chinese community consists mainly of descendents of Han Chi-

nese settlers from the southern provinces of China, such as Fujian

and Guangdong, and currently represents the dominant racial

population in Singapore, accounting for 76.7% of the resident

population from the Singapore Census conducted in 2000 (Saw

2007). While Han Chinese represents the largest ethnic group

amongst the Chinese globally, there are a considerable number of

sub-ethnicities within the Han classification with a diverse range

of dialects and cultural diversity, with established genetic heteroge-

neity following a geographical north–south cline (Chu et al. 1998;

Wen et al. 2004). The majority of the early Chinese immigrants to
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Singapore were mainly attributed to the dialect groups of Hokkien,

Teochew, Cantonese, Hakka, and Hainanese (Saw 2007) that are

predominantly found in Southern China. While Malays formed

the dominant race in Singapore prior to the colonization by British

settlers, the proportion of indigenous Malays has been surpassed

by migrant Malays from Peninsula Malaysia, as well as Javanese

and Boyanese people from Indonesia. Cultural and religious sim-

ilarities have resulted in intermarriages between the immigrant

and local Malays, whose descendents are now collectively known

as Malays and account for 13.9% of the Singapore population (Saw

2007). The British colonization of Singapore also brought Indian

migrants from the Indian subcontinent, with the majority con-

sisting of Telugas and Tamils from southeastern India and a mi-

nority of Sikhs and Pathans from north India. The definition of

Indians in Singapore comprises people with paternal ancestries

tracing back to the Indian subcontinent, and, as a race, Indians

represent 7.9% of the Singapore population. Cumulatively, the

SGVP resource has the potential for representing the genetic di-

versity across multiple large populations in Asia while serving as

a useful complement to the HapMap database.

This paper aims to describe the SGVP resource, which geno-

typed in excess of 2 million polymorphisms across 99 Chinese, 98

Malay, and 95 Indian individuals. The genotype data, phased

haplotypes, and other data summaries for this resource have been

modeled after the format of the International HapMap Project and

are publicly available online. In addition, this paper details the

extent of population differences between the SGVP, the HapMap,

and the populations from the Human Genome Diversity Project

(HGDP) (Rosenberg et al. 2002; Jakobsson et al. 2008; Li et al.

2008). We also compared the diversity of SNPs and haplotypes

between the populations in the HapMap and SGVP, with a partic-

ular focus on the extent of LD variations between these pop-

ulations. A genome-wide survey for candidate signatures of recent

positive natural selection was also performed in the SGVP pop-

ulations, replicating a number of previous findings from HapMap

while identifying novel candidates, particularly in the Malay and

Indian population groups.

Results

Sample and SNP quality control

A total of 292 individuals comprising of 99 Chinese, 98 Malays,

and 95 Indians were genotyped across 2,007,788 SNPs on the

Affymetrix SNP6.0 and Illumina 1M arrays, of which 268,667 SNPs

overlap between the two platforms. The fidelity and accuracy of

the genotype data are of paramount importance in establishing

reference haplotype maps. We implemented a hierarchical quality

control (QC) procedure that begins with an initial round of SNP

QC to identify a set of ‘‘pseudo-cleaned’’ SNPs for detecting prob-

lematic samples. Samples with high levels of missingness, poten-

tial relatedness, and discordance between self-reported and ge-

netically inferred population membership were identified and

excluded from further analyses (Supplemental Table S1). A final

round of SNP QC was performed within each population separately

on the basis of missingness, departures from Hardy–Weinberg

equilibrium (HWE), excessive discordance in the genotypes for the

duplicated samples, and annotation failures. A total of 96 Chinese,

89 Malays, and 83 Indians remained after merging the SNP data

from both arrays. Here, we further excluded SNPs that were com-

mon on both arrays but with <95% concordant genotypes, and

SNPs that mapped to different alleles on the forward strand

according to the SNP manifests from Affymetrix and Illumina. This

yielded a final post-QC set with 1,584,040 autosomal SNPs for

Singapore Chinese (CHS); 1,580,905 SNPs for Singapore Malays

(MAS); and 1,583,454 SNPs for Singapore Indians (INS) (Sup-

plemental Table S1), with an average inter-SNP distance of 2 kb

across most of the genome (Supplemental Figs. S1, S2). The overall

concordance in the genotype calls for the sample dupli-

cates was 99.899%, at an overall call rate of 99.285%. Details of

the QC process can be found in the Methods and Supplemental

material.

Population structure

Principal components analysis (Price et al. 2006) and Wright’s FST

statistic (Wright 1951) were used to explore the extent of pop-

ulation differentiation between the SGVP, HapMap, and HGDP

populations (Supplemental Table S2).

In the context of global genetic diversity, Singapore Chinese,

the HapMap Han Chinese in Beijing, China (CHB), and HapMap

Japanese in Tokyo, Japan (JPT) were virtually indistinguishable,

while Singapore Malays were observed to be highly similar to the

East Asian populations in general (Fig. 1A). Singapore Indians were

comparable to samples from Central and South Asia, and geneti-

cally closer to the samples with European ancestries than to the

East Asian samples from HGDP. As with the non-African pop-

ulations in HapMap and HGDP, all three Singapore groups were

considerably distinct from the HapMap Yoruba samples from the

Ibadan region of Nigeria (YRI) and the African samples in the

HGDP. The first axis of variation at this global level effectively

distinguished samples from the Far East from Africans, while the

second axis of variation addressed the difference between Euro-

pean and African ancestries. Comparing between the East Asian

populations, the first axis separated the Yakut people of Siberia

from Chinese sub-ethnic groups mainly located in Southern China

(Dai, Lahu) and Southeast Asia (Cambodian, CHS) (Fig. 1B). When

we consider only the HapMap and SGVP populations, the third

axis of variation separated INS from the HapMap Utah samples

with ancestry from Northern and Western Europe (CEU), while

MAS was differentiated from the Far East Asian cluster (comprising

CHB, CHS, and JPT) by the fourth axis of variation (Fig. 1C).

Comparing within the three Far East Asian populations from

HapMap and SGVP, the JPT samples were clearly more different

from the two Chinese cohorts (FST = 0.3% with CHB; 0.4% with

CHS) than between the two Chinese cohorts themselves, although

substantial dissimilarities exist to distinguish between the two

Chinese cohorts (FST = 0.2%; Fig. 1D). In the latter analysis, a few

CHB samples were clustered together with most of the CHS sam-

ples and vice versa (see also Supplemental Fig. S3). The separation

seen between samples from CHB and CHS may be indicative

of a north–south genetic cline, as Singapore Chinese are pre-

dominantly descendents of immigrants from southern provinces

in China, while we expect the HapMap Han Chinese in Beijing

samples to mainly reflect the genetic ancestry from northern

China. It is possible that the HapMap Han Chinese samples from

Beijing have included individuals with genetic ancestries more

commonly seen in Southern China, and likewise with the Singapore

Chinese samples, as it is evident from the Chinese samples in HGDP

(Fig. 1B) that the designation of Han Chinese encompasses peo-

ple from genetically distinguishable sub-groups or sub-ethnicities.

Within the SGVP populations, the INS was more differentiated

compared with CHS (FST = 3.9%) and MAS (FST = 2.7%), than be-

tween the Chinese and the Malay samples (FST = 0.6%, Fig. 1E).
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Interestingly, the third axis of variation indicated there was sub-

stantial genetic variability within the Indian samples (Fig. 1F),

which may be attributed to the numerous ethnicities that com-

prise the Indian population.

SNP and haplotype diversity

The availability of accurate genome-wide data allows the assess-

ment of genetic diversity across the SGVP populations. At the SNP

level, there was considerably less variance in the allelic spectrum

between CHS and MAS, relative to comparisons between either

population and INS (Fig. 2A–C), while, expectedly, CHS was most

similar to CHB (Fig. 2D; Supplemental Figs. S4, S5). In a genome-

wide survey for regions that are highly differentiated in the SGVP

populations, the top 10 regions were attributed mainly to allele

frequency variations between INS and the two other populations

and encapsulated well-documented regions of genomic differen-

tiation between East Asian and other global populations, including

EDAR (Sabeti et al. 2007) and VKORC1 (Lal et al. 2006; Lee et al.

2006) (Table 1).

To investigate the extent of haplotype diversity across the

seven SGVP and HapMap populations, we calculated the per-

centage of the chromosomes within each population that can be

accounted for by a specified number of distinct haplotypes across

22 regions of 500 kb. We observed that there was considerably

higher haplotype diversity in YRI compared with the rest, while

the populations with Far East Asian ancestries (CHB, CHS, and JPT)

have the lowest haplotype diversity (Supplemental Fig. S6). For

example, 12 haplotypes accounted for only 43% of the YRI chro-

mosomes, and between 73% (for JPT) and 79% (for CHS) for the

three populations with Far East Asian ancestries. Among the SGVP

populations, INS has the greatest haplotype diversity, with 12

haplotypes accounting for 57% of the INS chromosomes. This is

followed by MAS, with 68% of the chromosomes accounted for by

Figure 1. Principal component analysis plots of genetic diversity across HapMap, HGDP, and SGVP populations. Each figure represents the genetic
diversity seen across the populations considered, with each sample mapped onto a spectrum of genetic variation represented by two axes of variations
corresponding to two eigenvectors of the PCA. (A) Individuals from each population in the HapMap and SGVP are represented by a unique color, while
samples from HGDP are broadly grouped by geography in which a unique color is assigned to each geographical location. (B) Comparison between CHS
and samples from Far East Asia found in the HapMap and HGDP. (C ) A plot of the third and fourth axes of variation for the seven populations from HapMap
and SGVP. (D) A plot of the first two axes of variation when the PCA is run on only the three Far East Asian populations comprising the Singapore Chinese,
HapMap Han Chinese in Beijing, China, and Japanese in Tokyo, Japan. (E ) A plot of the first two principal components in a separate analysis within the
three SGVP populations. (F ) A plot of the second and third principal components within the SGVP populations. The same color scheme has been used in C–
F; the legend for the color assignment can be found in C.
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12 haplotypes. The pattern of haplotype sharing between these

populations was very similar across the 22 regions, and we illus-

trate this with chromosome 1 (Supplemental Fig. S6). A high de-

gree of haplotypes was shared between CHB, CHS, and JPT, and it

was evident that there were different haplotypes present in CEU,

INS, and YRI that were either absent or at low frequencies in the

rest of the populations. These analyses concurred with the obser-

vations from the analysis of population structure that CHB, CHS,

and JPT are more genetically similar compared with the rest of the

populations, with INS being the most genetically diverse among

the SGVP populations.

Linkage disequilibrium, tagging efficiency, and LD variation

One important utility of the SGVP resource is the comparison of

the extent of LD between the SGVP and HapMap populations, as

this reflects the tagging efficiency for genotyping arrays that were

designed using the patterns of LD that were observed in the HapMap

populations. Overall, the SGVP populations exhibited similar

rates of LD decay with increasing distance as compared with the

HapMap non-African populations, with CHS and INS having the

greatest and least conservation of LD, respectively, with distance

amongst the three SGVP populations (Fig. 3). This is similarly

reflected in the number of tagging SNPs that are required to cap-

ture all the common SNPs in the SGVP panels at a pairwise r2

threshold of 0.8, where between 349,800 and 406,900 SNPs are

required for CHS and INS, respectively (Table 2). For comparison,

the corresponding range for the HapMap populations is between

358,800 and 546,300 for JPT and YRI, respectively. Intriguingly, we

observed the number of tagging SNPs required at a pairwise r2

threshold of 1 for each SGVP population is almost comparable to

the number required for YRI, although this is likely to be a conse-

quence of designing commercial genotyping microarrays utilizing

LD patterns observed in the HapMap populations.

One of the factors that affects the reproducibility of the as-

sociation results from GWAS is the degree of similarity in the cor-

relation structure between the causal variants and the reported

SNPs in these populations (Teo et al. 2009a). By comparing the

extent of LD differences in a sliding-window approach between

any two populations, we identified the regions that are found in

the top 5% of the distribution of LD differences as candidate re-

gions of LD variation, where consecutive signals in the top 5%

within 25 kb are binned as a single region (see Methods). As a sig-

nificant proportion of GWAS has been performed in populations

Figure 2. Allele frequency comparison between pairs of populations. The axes in each figure represent the allele frequencies for each of the two
represented populations. For each SNP, we define the minor allele after agglomerating the genotype data from all three SGVP populations and sub-
sequently calculate the frequency of this allele in each population. Twenty allele frequency bins each spanning 0.05 units are constructed for each
population, and we tabulate the number of SNPs found in each bin. The intensity of the contour represents the number of SNPs that displayed the
corresponding allele frequencies in the two populations, from a low number of SNPs (purple) to a higher number of SNPs (red). The figure panels
compare the allelic spectrum among CHS-MAS (A), CHS-INS (B), MAS-INS (C ), and CHS-CHB (D).
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of European descent, Supplemental Table S3 shows the top 10

candidate regions of LD variation between each SGVP population

and CEU, while a complete listing of the identified regions in the

top 0.1% of the distribution between pairs of populations from

SGVP and HapMap can be found in Supplemental Table S4. Per-

haps unsurprisingly, one of these regions observed between INS

and CEU spans the SLC24A5 gene, which has been established to

be functionally involved with skin pigmentation (Lamason et al.

2005). A region that shows considerable signals of LD variations

from multiple pairs of populations and that coincided with re-

ported association signals from GWAS spans the CDKAL1 gene,

which has been implicated with Type 2 diabetes in populations

with European ancestry (Saxena et al. 2007; Scott et al. 2007;

Steinthorsdottir et al. 2007; Zeggini et al. 2007) and also in Asian

populations such as the Chinese (Liu et al. 2008; Wu et al. 2008),

Koreans (Ng et al. 2008), and Japanese (Tabara et al. 2009). Our

analysis indicates that the implicated variant rs7754840 is found

in a region with extensive LD differences between multiple groups

(Fig. 4). The population-specific recombination profiles differed

between the SGVP and HapMap populations as the higher SNP

density from the HapMap data allowed inference of the recom-

bination rates at a finer scale compared with the SGVP (Myers et al.

2005).

Comparing the genome-wide LD patterns between the two

Chinese populations (CHB and CHS), the top 10 regions identified

contain an olfactory cluster on chromosome 1 as well as two HLA

gene clusters in the major histocompatibility complex (MHC) re-

gion on chromosome 6 (Supplemental Table S5), suggesting that

these regions are highly polymorphic even between two relatively

homogeneous populations. Intriguingly, we observed that three

regions outside the top 10 were in the vicinity of candidate genes

for common metabolic disorders (FABP2, PCSK1, CLOCK) that

have been implicated for climate adaptations (Hancock et al.

2008). The frequencies of the derived allele associated with greater

tolerance to cold climate at the A54T (rs1799883) polymorphism

in FABP2 were significantly lower in CHS (22.4%) and MAS

(15.7%) when compared with CHB (31.4%) and JPT (30.0%),

consistent with reported findings of a significant correlation with

latitude (Hancock et al. 2008). For comparison, the frequencies for

CEU, INS, and YRI were 37.3%, 30.7%, and 20.8%, respectively.

Signatures of positive natural selection

Genome-wide data on the three SGVP populations also permit the

survey of signatures of recent positive natural selection through

the detection of uncharacteristically long haplotypes in the ge-

nome. Using the single-SNP integrated haplotype score (iHS) and

the XP-EHH score (see Methods and Supplemental material), we

observed that most of the signals detected by iHS in the SGVP

populations concur with those established in the HapMap pop-

ulations, particularly for signals that span multiple SNPs (Supple-

mental Table S6). Novel candidates for positive selection were

identified in each of the three SGVP populations, with the largest

number observed in INS. Supplemental Table S7 lists the top 10

candidate regions for recent positive selection in each SGVP pop-

ulation. Across the genome, selection signals that corroborated with

earlier findings from the HapMap in genes with well-documented

Table 1. Top 10 regions across the genome with strongest signals of genetic differentiation (FST) across all three SGVP populations

Chromosome
Region

(start–end)
No. of
SNPs Genes Top SNP

Minor allele
frequencya

CHS MAS INS CEU CHB JPT YRI

1 203,126,372 1 NFASC rs7541623 0.185 0.185 0.886 0.017 0.244 0.300 0.508
2 16,659,951–16,660,077 2 FAM49A rs751192 0.063 0.180 0.801 0.867 0.100 0.136 0.508
2 108,305,167–108,956,812 16 SULT1C4, GCC2, LIMS1,

RANBP2, CCDC138, EDAR
rs3827760 0.083 0.573 0.994 1.000 0.044 0.205 1.000

2 215,991,803–216,030,633 6 FN1 rs1437787 0.036 0.225 0.801 0.771 0.034 0.067 0.850
3 81,515,924–81,742,773 5 GBE1 rs276105 0.042 0.114 0.693 0.542 0.044 0.125 0.342
6 131,499,350 1 AKAP7 rs6569733 0.109 0.163 0.807 0.862 0.100 0.182 0.508
11 134,012,618 1 — rs3017964 0.100 0.303 0.873 0.883 0.156 0.200 0.692
12 111,440,158–111,465,954 9 PTPN11 rs6489847 0.078 0.219 0.837 0.879 0.089 0.133 0.678
14 96,394,042–96,429,553 2 VRK1 rs12434466 0.104 0.315 0.861 0.992 0.131 0.179 0.945
16 30,364,851–31,055,049 27 ZNF(768, 747, 764, 689, 629,

668, 646), ITGAL, PRR14, FBRS,
SRCAP, PHKG2, RNF40, BCL7C,
CTF1, FBXL19, ORAI3, SETD1A,
STX4, BCKDK, PRSS8, MYST1,
VKORC1, PRSS36

rs11864054 0.078 0.203 0.855 0.578 0.056 0.080 1.000

aThe minor allele is defined with respect to CHS (Singapore Chinese). (MAS) Singapore Malays, (INS) Singapore Indians, (CEU) Utah samples with ancestry
from Northern and Western Europe, (CHB) Han Chinese in Beijing, (JPT) Japanese in Tokyo, (YRI) Yoruba samples from the Ibadan region of Nigeria;
(SGVP) Singapore Genome Variation Project.

Figure 3. Decay of LD with distance. Decay of LD as measured by the r 2

statistic with increasing distance up to 250 kb for each of the HapMap and
SGVP populations, where 90 chromosomes were chosen from each
population to perform the LD calculation. Only SNPs with minor allele
frequencies $5% in each population were considered in this analysis.
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functions include the alcohol dehydrogenase (ADH) gene cluster

in CHS and INS, genes involved in skin pigmentation (SLC24A5 in

INS, OCA2 in CHS and MAS, TYRP1 in CHS and INS, MYO5A in all

three populations), sucrose metabolism (SI in CHS and MAS), brain

development and function (CENPJ in CHS and INS, MCPH1 in MAS

and INS, CDK5RAP2 in all three), regulation of energy and appetite

(LEPR in CHS and MAS), and low-density lipoprotein cholesterol

(LDLR in CHS and INS, APOB in all three) (Supplemental Table S8).

The concurrence of positive selection across multiple populations

is reassuring, although we advocate caution in drawing immediate

relevance to the biological interpretations.

Discussion
The aim of the Singapore Genome Variation

Project is primarily to provide a genomic

resource for studying the three major pop-

ulation groups in Southeast Asia that can be

used in the design and analysis of studies

for discovering the genetic basis of com-

plex traits and common diseases. This is

achieved by making a database of 1.6 mil-

lion polymorphisms assayed in 268 in-

dividuals publicly available for researchers,

with the data intentionally formatted in

a similar structure to complement the In-

ternational HapMap Project.

It has been historically documented that Chinese migrants

into early Singapore predominantly consisted of people from the

southern provinces of China. Our analysis of population structure

in East Asia where CHS clustered together with Chinese sub-

ethnicities from Southern China and Southeast Asia supported this

claim, together with the observation at FABP2 that Singapore

Chinese are less likely to carry the genetic variant that confers

greater tolerance to cold climates compared with the Han Chinese

in Beijing from Northern China. As this variant is similarly found at

low frequency in the Malays with equatorial habitats, this suggests

Figure 4. LD variation and population-specific recombination rates at CDKAL1. The extent of LD variation between pairs of SGVP and HapMap pop-
ulations at the CDKAL1 gene, with separate LD heatmaps and recombination rates estimated from genotype data at each population. Population-specific
recombination rates are shown except for CHB and JPT, where the same HapMap estimated recombination rates for JPT+CHB are used.

Table 2. Number of tagging SNPs required to capture all 979,573 common SNPs in each of
the SGVP and HapMap populations

SGVP HapMap

r 2 threshold CHS MAS INS CEU CHB JPT YRI

r 2 $ 0.5 195,462 205,927 228,701 211,011 209,167 205,956 367,593
r 2 $ 0.8 349,814 371,631 406,814 370,941 364,540 358,898 546,250
r 2 = 1.0 633,161 670,423 680,740 562,479 547,233 530,642 679,687

A common SNP is defined as one with a minor allele frequency of $5% in all three SGVP pop-
ulations. The HapMap panels are thinned to contain the same set of SNPs for comparison. See Table
1 for definitions of abbreviations.

Singapore Genome Variation Project
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that the difference between Singapore Chinese and the Han Chi-

nese from Beijing reflects the genetic diversity found between the

northern and southern parts of China.

One of the main motivations in establishing this genomic

resource is to explore the possibility of localizing functional poly-

morphisms through combining association signals across popula-

tions with diverse genetic backgrounds. Preliminary findings from

targeted sequencing and sequence-resolution imputation studies

have suggested that the presence of long LD in populations of Eu-

ropean and East Asian descent is a hindrance to this process of fine-

mapping, as what emerges from these sequencing studies are sets of

SNPs in perfect or almost perfect LD that are virtually impossible to

distinguish between for isolating the causal variants. However, as

the patterns of LD between the causal variants and the neighbor-

ing SNPs can vary across populations, pooling GWAS results with

dense population-specific reference haplotypes across multiple

populations can be expected to minimize the number of SNPs that

are potential candidates to be functional. While the fullmerit of such

transethnic fine-mapping approaches will only be realized with se-

quence-level haplotypes in the relevant populations, we expect the

availability of dense genome-wide data for more populations will at

least serve a few purposes: (1) to serve as reference panels to impute

against for the purpose of extending thecoverage of currentgenome-

wide experiments in Southeast Asia to at least 1.6 million SNPs; (2) to

prioritizeSNPs that emerged from genome-wide scans for replication

in Southeast Asia; and (3) to perform genome-wide comparisons of

LD between populations, which will be valuable in identifying re-

gions where transethnic fine-mapping holds the greatest promise.

To date, most genetic research and genomic databases (other

than the HapMap) have either focused on populations of Euro-

pean descent or have surveyed comparatively few samples in each

Asian population (e.g., the Human Genome Diversity Project). The

SGVP provides a timely complement to these databases by pro-

viding a publicly available resource of 1.6 million polymorphisms

genotyped in 268 samples from three major population groups in

Asia. To facilitate the access, analysis, and display of the SGVP data,

we have designed a genome browser that is publicly available at

http://www.nus-cme.org.sg/SGVP/ (Supplemental Fig. S7). We ex-

pect this resource will be valuable for advancing genetic and ge-

nomics science in Asia.

Methods

Samples
Subjects enrolled in the SGVP were originally recruited for an in-
terpopulation study on the genetic variability to drug response,
where 100 individuals from each of the Chinese, Malay, and Indian
population groups were anonymously and randomly chosen from
the manifest to partake in SGVP, with only gender and population
information. Of these 300 samples, genomic DNA samples for 99
Chinese, 98 Malay, and 95 Indians were chosen for genotyping.
Population membership was ascertained on the basis that all four
grandparents belong to the same population group. Ethical con-
sent for the original study on drug response and further ethical
approval for the extension to genome-wide genotyping were
granted by two independent Institutional Review Boards at the
National University Hospital (Singapore) and the National Uni-
versity of Singapore, respectively.

SNP genotyping

Genomic DNA for all 292 individuals was assayed on the Affy-
metrix SNP6.0 Genotyping Chip and the Illumina 1M-single DNA

Analysis BeadChip. Preliminary genotypes for 3022 control probes
on the Affymetrix array were called using the DM algorithm (Di
et al. 2005) for sample QC. The set of genotype data from the
Affymetrix array used in downstream analyses was called using the
BirdSeed algorithm (Korn et al. 2008). Genotypes for the Illumina
array were assigned using the proprietary calling algorithm GenCall
in the BeadStudio Suite (Oliphant et al. 2002; Fan et al. 2004). We
implemented a threshold of 0.15 on the GC score during the calling
process: a valid genotype was assigned if the GC score was $0.15;
otherwise, a missing genotype was assigned.

Quality assessment

The quality of the genotypes for data from both arrays was assessed
independently, in the following four phases in sequential order: (1)
preliminary SNP QC on the autosomal chromosomes to identify
a set of ‘‘pseudo-cleaned’’ SNPs for sample QC; (2) sample QC to
remove sample duplicates, related samples, or samples with high
rates of missing data; (3) identification of samples with in-
consistent population membership or inconsistent gender when
comparing between the self-reported and genetically inferred data;
(4) another round of SNP QC after excluding samples identified by
(2) and (3) to yield the set of SNPs for inclusion in the SGVP da-
tabase. Post-QC data for both arrays were available for 96 Chinese,
89 Malay, and 83 Indian samples. For SNPs that are common to
both Affymetrix and Illumina, only those with $95% concordant
genotypes between the two arrays were retained.

Assessing population structure

Population structure between the HapMap and SGVP popula-
tions was assessed by principal components analysis (PCA) with
EIGENSTAT (Price et al. 2006). We thinned the available SNPs by
using every tenth SNP out of the 1,423,464 SNPs that were com-
mon between HapMap and SGVP, consisting of 142,347 SNPs, to
reduce the extent of LD between the SNPs used in the PCA. The FST

calculation uses the same formula as that used by the International
HapMap Project (The International HapMap Consortium 2005),
which accounts for the different number of samples in each pop-
ulation (see Supplemental material).

Haplotype phasing and LD calculation

The software fastPhase (Scheet and Stephens 2006) was used to
perform the phasing of the genotype data within each population
separately. The parameters used in the analysis were optimized to
yield minimal error rates within realistic running time of the
analysis. The LD between a focal SNP and any SNP found within
250 kb upstream and downstream of the focal SNP was calculated
using the software Haploview (Barrett et al. 2005). LD was mea-
sured by the square of the genetic correlation coefficient r2, D9, and
the LOD score, and was calculated off the phased haplotype data.
Comparisons of LD across populations utilized 45 samples from
each population to avoid the effects of different sample sizes.

Comparing allele frequency spectrum

We considered the same set of SNPs that passed QC across all the
SGVP panels. For each SNP, the minor allele was identified after
agglomerating the genotypes from all three SGVP populations. The
frequencies of the minor alleles were subsequently calculated
within each SGVP populations and categorized in 20 bins of size
0.05 spanning 0 to 1.

Quantifying haplotype diversity

For each chromosome, we randomly selected a 500-kb region,
avoiding centromeres and genomic regions with low SNP density.
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For an unbiased comparison across all seven population panels
from HapMap and SGVP, we considered only the SNPs that were
common to all seven panels. In each of the 500-kb regions, we
identified the number of distinct haplotype forms. We then
quantified haplotype diversity by the proportion of chromosomes
from each population that had been accounted for by a specific
number of haplotypes. This procedure is similar to that established
for quantifying haplotype diversity across multiple populations
(Bonnen et al. 2006). In order to investigate the extent of haplotype
sharing, chromosomes from the region in chromosome 11 were
clustered and visualized with the use of haplosim and hapvisual from
the R package haplosuite (Teo and Small 2009). Briefly, haplosim
identifies the canonical haplotypes in each region across all seven
populations, where each canonical haplotype is defined as a spe-
cific haplotype configuration to which a substantial proportion of
the individuals are highly similar. Each chromosome is subse-
quently mapped either uniquely to one of these canonical haplo-
types, or as a mosaic of these haplotypes. We explicitly chose to
implement an upper limit of seven possible canonical haplotypes
in our analysis of the HapMap and SGVP populations. The outcome
of the haplotype clustering was subsequently fed into hapvisual,
which produced a visualization of the haplotype clustering for each
population, where each canonical haplotype is assigned a unique
color that remains consistent across the populations.

Analysis of LD variation

Comparison of regional LD between two populations was per-
formed with the varLD algorithm (Teo et al. 2009b). Briefly, we
considered windows of 50 consecutive SNPs found in both pop-
ulations and calculated the signed r2, defined as the r2 with the
sign of the D9 metric, between all possible pairs of these SNPs.
Consequently, we constructed a 50 3 50 symmetric matrix for each
population where the (i, j)th element represents the signed r2

metric between the ith and jth SNPs calculated. We compared the
equality between the two matrices by comparing the extent of
departures between the eigenvalues, given by the sum of the ab-
solute difference between the ranked eigenvalues for the two ma-
trices that yields a score for each window of 50 SNPs. The extent of
LD differences in each window was assessed by comparing the
relative rank of the score obtained against the distribution of scores
in the genome, and we identified regions that constituted the top
5% of the distribution of the scores. For visualizing the signals from
comparisons across multiple population pairs, we standardized the
scores to have a mean of zero and a standard deviation of one.
Signals in the top 5% of the distribution were binned into regions if
two consecutive signals were found within 25 kb.

Detecting signatures of positive selection

We used the single-SNP integrated haplotype score (iHS) statistic
introduced by Voight et al. (2006) to identify signals of positive
selection within each of the HapMap and SGVP populations. This
analysis followed the set-up described in Sabeti et al. (2007). To
compare signals of positive natural selection that differ between
populations, we used the XP-EHH test with the same set-up as in-
troduced and described by Sabeti and colleagues (Sabeti et al. 2007).

A full description of the methods with additional figures and
tables for the methodologies can be found in the Supplemental
material.
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