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varied widely across the loci studied (for example, 0.019 to 
0.201 for type 2 diabetes, 0.022 to 0.520 for prostate cancer 
loci, and 0.006 to 0.520 for serum lipid levels).  Conclusions:  
The public health risk posed by any of these risk alleles is 
likely to show wide variation across populations simply as a 
function of its frequency, and this risk difference may be am-
plified by gene-gene and gene-environment interactions. 
These analyses offer compelling reasons for including mul-
tiple human populations from different parts of the world in 
the international effort to use genomic tools to understand 
disease etiology and differential distribution of diseases 
across ethnic groups.  Copyright © 2009 S. Karger AG, Basel 

 The recent adoption and implementation of genome 
wide association studies (GWAS) has led to the successful 
identification of multiple genetic susceptibility variants 
to several complex human diseases. GWAS, conducted 
with panels comprising hundreds of thousands of single 
nucleotide polymorphisms (SNPs), have rapidly led to the 
discovery of strong and consistent associations with mul-
tiple complex diseases, including type 2 diabetes (T2D), 
stroke, obesity, and various types of cancer. Most GWAS 
have been conducted in populations of European ances-
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 Abstract 

  Background:  The wide use of genome wide association 
studies (GWAS) has led to the successful identification of 
multiple genetic susceptibility variants to several complex 
human diseases. Given the limited amount of data on ge-
netic variation at these loci in populations of non-European 
origin, we investigated population variation among 11 pop-
ulation groups for loci showing strong and consistent asso-
ciation from GWAS with several complex human diseases. 
 Methods:  Data from the International HapMap Project Phase 
3, comprising 11 population groups, were used to estimate 
allele frequencies at loci showing strong and consistent as-
sociation from GWAS with any of 26 complex human diseas-
es and traits. Allele frequency summary statistics and F ST  at 
each locus were used to estimate population differentiation. 
 Results:  There is wide variation in allele frequencies and F ST  
across the 11 population groups for susceptibility loci to 
these complex human diseases and traits. Allele frequencies 
varied widely across populations, often by as much as 20- to 
40-fold. F ST , as a measure of population differentiation, also 
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try, and it is only quite recently that GWAS are being done 
in other world populations. Therefore, data on variation 
in genotype frequencies and on genotype-phenotype as-
sociations at these newly discovered loci remain quite 
limited for many human population groups. Among oth-
er factors, the contribution of a specific variant to disease 
susceptibility in a population is limited by its frequency. 
Various forces, including genetic drift, gene flow, muta-
tion, selection, and admixture, shape the population fre-
quencies at any given locus. Given each population 
group’s unique genetic and demographic history, it is es-
sential to estimate the prevalence of disease risk variants 
rather than to assume that the findings from one popula-
tion are directly applicable to other populations. In this 
paper we report the findings of an investigation of the 
spectrum of allele frequencies and population differen-
tiation in loci showing strong and consistent evidence for 
association with 26 complex human diseases and traits 
using data from the International HapMap Project’s Hap-
Map Phase 3 data.

  Methods 

 The loci studied were SNPs shown to be associated with 26 
complex human diseases and traits in large, well-designed, and 
replicated GWAS as outlined in the NHGRI Catalog of Published 
Genome Wide Association Studies (http://www.genome.gov/
26525384, accessed March 3, 2009) .  This database was used be-
cause it provides information on independent associations from 
GWAS meeting fairly stringent criteria, including: (a) the GWAS 
must have attempted at least 100,000 SNPs in the initial stage; (b) 
SNP-trait associations listed are limited to those with p values  ! 9.5 
 !  10 –6  and not previously reported; (c) only one SNP within a gene 
or region of high linkage disequilibrium is recorded unless there 
was evidence of independent association; and (d) studies focusing 
only on candidate genes were excluded from the catalog. The dis-
eases and traits covered a wide range of diseases (such as type 2 
diabetes, obesity, multiple sclerosis, breast cancer, lung cancer, 
panic disorder, Alzheimer’s disease) and measured traits (includ-
ing height, serum lipids, and C-reactive protein). For the purposes 
of these analyses, similar phenotypes were grouped together (for 
example, ‘obesity’ included any entry with obesity as well as body 
mass index, waist circumference, and similar obesity-related traits, 
while ‘bone mineral density’ included ‘bone mineral density’ as 
well as ‘bone mineral density (spine)’ and ‘bone mineral density 
(hip)’). The full list of the diseases and traits is shown in  table 1 .

  Genotype data for associated SNPs reported in the NHGRI 
Catalog of Published Genome Wide Association Studies were 
extracted from the International HapMap Project (http://www.
hapmap.org) Phase 3 dataset, initially released July 01, 2008. 
This dataset included data from 11 populations, namely ASW 
(African ancestry in Southwest USA), CEU (Utah residents with 
Northern and Western European ancestry from the CEPH col-
lection), CHB (Han Chinese in Beijing, China), CHD (Chinese 

in Metropolitan Denver, Colo.), GIH (Gujarati Indians in Hous-
ton, Tex.), JPT (Japanese in Tokyo, Japan), LWK (Luhya in We-
buye, Kenya), MEX (Mexican ancestry in Los Angeles, Calif.), 
MKK (Maasai in Kinyawa, Kenya), TSI (Tuscans in Italy), and 
YRI (Yoruba in Ibadan, Nigeria). Only SNPs having frequencies 
in 9 or more populations were included in this analysis, giving 
a set of 621 SNPs out of the total number of 673 GWAS-associ-
ated SNPs in the  NHGRI Catalog of Published Genome Wide 
Association Studies that are also in the HapMap Phase 3 dataset. 
Annotations for the SNPs were updated using Ensembl (http://
www.ensembl.org) release 53 (March 04, 2009). The full list of 
SNPs and their  annotations are shown in supplementary table 1 
(www.karger.com/doi/10.1159/000218711). Genotypes of found-
ers only were used for the estimation of allele frequencies  [1]  for 
a reference allele (A1), which is the minor allele in most popula-
tions. For convenience, this is referred to as the minor allele fre-
quency (MAF). The Wahlund’s F ST  statistic was estimated as a 
measure of population differentiation in allele frequencies.

  Results 

 The frequencies for reference alleles at each of these 
associated genetic loci varied considerably across the 11 
populations as shown in  figure 1 . For example, as a group, 
the 10 amyotrophic lateral sclerosis loci varied in mean 
MAF from 0.205 to 0.718, and the 41 type 2 diabetes loci 
varied in mean MAF from 0.099 to 0.564. These differ-
ences are also present at the individual locus level. For ex-
ample, the  TCF7L2  locus for type 2 diabetes (rs7901695) 
had a C allele frequency that ranged from 0.013 to 0.488, 
with a nearly 40-fold difference in allele frequency be-
tween the population groups at the extremes of the dis-
tribution (Chinese, CHB, and African ancestry, ASW, re-
spectively). Similarly, the  FTO  locus (rs9939609) for obe-
sity ranged from 0.131 to 0.621 across the populations. In 
fact, the minor allele in some populations is often the ma-
jor allele in at least one other population. F ST , as a mea-
sure of population differentiation, varied widely across 
the loci studied. For example, F ST  for type 2 diabetes loci 
ranged from 0.019 to 0.201 and 0.022 to 0.520 for prostate 
cancer loci ( table 1 ). About one-third of the loci (31%) had 
F ST  values less than 0.05, while 47% had F ST  values be-
tween 0.05 and 0.15 (moderate differentiation), 15% had 
F ST  values between 0.15 and 0.25 (great differentiation), 
and 7% had an F ST  value of 0.25 or greater. The distribu-
tion of F ST  values by disease/trait is shown in  figure 2  and 
its distribution across all 621 loci is shown in supplemen-
tary figure 1.

  Allele frequencies tended to correlate better within 
groups that share continental ancestry or have existed
in close geographical proximity to each other as shown 
in  figure 3  (also see supplementary table 2). Thus, there 
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were similar allele frequencies at most loci between the 
Southeast Asian groups (CHB, CHD, JPT), between the 
European groups (CEU, TSI), and between the African 
ancestry groups (YRI, LWK, MKK, ASW), but not be-
tween groups across these continental origin groupings. 
The commonest location of the risk loci is intronic (44%) 
and over one-third (38%) of the risk loci are intergenic, as 
shown in  table 2 . Only about 5% are coding SNPs, and 
only 4% code for a non-synonymous amino acid change. 
While the intergenic, intronic, and downstream SNPs 
seem to show more variability in F ST  values than the oth-
er SNP categories ( table 2 ,  fig. 4 ), this is not statistically 
significant (Kruskal-Wallis H 5.684, p = 0.46), although 
this conclusion is limited by the small numbers in most 
of the categories.

  Discussion 

 GWAS have provided a major boost to complex dis-
ease genetics in rapidly identifying novel susceptibility 
risk loci that had hitherto not been found using linkage, 
candidate genes, or other approaches. However, most 
GWAS to date have been done in populations of Euro-
pean ancestry and the potential burden of risk posed by 
these loci to other populations is unknown. A first step 
in understanding this issue is the investigation of the al-
lele frequency across multiple populations, as we have 
done for this large set of 621 loci associated with 26 com-
mon complex diseases and traits. The present study has 
demonstrated wide between-population variation as well 
as a lack of correlation in allele frequencies between the 

Table 1. Summary of FST and minor allele frequency (MAF) for the GWAS loci for all 26 diseases/traits studied

Disease/trait No. FST MAF

mean median range mean median range

ADHD 18 0.075 0.053 0.008–0.286 0.290 0.270 0.062–0.537
Alzheimer’s disease 10 0.105 0.079 0.016–0.262 0.391 0.395 0.124–0.690
Amyotrophic LS 10 0.067 0.044 0.022–0.231 0.327 0.288 0.205–0.718
Bipolar disorder 19 0.082 0.073 0.028–0.185 0.350 0.376 0.183–0.536
Bone mineral density 28 0.100 0.080 0.021–0.289 0.397 0.372 0.169–0.712
Breast cancer 17 0.075 0.035 0.011–0.294 0.306 0.243 0.120–0.707
C-reactive protein 7 0.100 0.105 0.011–0.209 0.360 0.391 0.096–0.568
Celiac disease 6 0.078 0.067 0.032–0.163 0.343 0.343 0.204–0.457
Colorectal cancer 12 0.110 0.081 0.014–0.272 0.406 0.392 0.141–0.685
CAD 10 0.164 0.153 0.017–0.383 0.466 0.509 0.112–0.793
Crohn’s disease 45 0.112 0.097 0.014–0.363 0.409 0.381 0.137–0.769
Height 81 0.134 0.098 0.008–0.504 0.433 0.428 0.134–0.892
Hypertension 7 0.102 0.094 0.020–0.292 0.345 0.366 0.167–0.658
Lipids 76 0.113 0.085 0.006–0.520 0.380 0.349 0.070–0.919
Lung cancer 6 0.119 0.139 0.039–0.165 0.416 0.426 0.207–0.548
Multiple sclerosis 35 0.075 0.058 0.014–0.262 0.324 0.311 0.168–0.694
Obesity 29 0.093 0.084 0.016–0.246 0.371 0.370 0.145–0.625
Panic disorder 11 0.082 0.073 0.027–0.192 0.330 0.303 0.189–0.608
Prostate cancer 25 0.137 0.101 0.022–0.520 0.419 0.362 0.144–0.915
Protein QTLs 39 0.091 0.076 0.012–0.268 0.349 0.331 0.091–0.699
Psoriasis 15 0.104 0.064 0.018–0.333 0.357 0.336 0.096–0.681
Rheumatoid arthritis 16 0.092 0.073 0.024–0.216 0.397 0.368 0.161–0.597
SLE 21 0.134 0.063 0.029–0.441 0.390 0.338 0.106–0.896
Schizophrenia 8 0.108 0.061 0.025–0.361 0.324 0.218 0.129–0.797
Type 1 diabetes 29 0.097 0.069 0.016–0.253 0.402 0.361 0.137–0.647
Type 2 diabetes 41 0.096 0.100 0.019–0.201 0.358 0.365 0.099–0.564

Total 621 0.105 0.077 0.006–0.520 0.379 0.355 0.062–0.919

ADHD = Attention deficit/hyperactivity disorder; Amyotrophic LS = amyotrophic lateral sclerosis; CAD = coronary artery
disease.
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groups of European ancestry versus the non-European 
groups. These observations appear to be true for a wide 
variety of diseases considered in this study, including 
various types of cancer (e.g., breast cancer, prostate can-
cer, colorectal cancer), metabolic disease (e.g., type 2 dia-
betes), behavioral/mental health conditions (e.g., bipolar 
disorder, schizophrenia), systemic autoimmune diseases 
(e.g., systemic lupus erythematosus, rheumatoid arthri-
tis), and neurodegenerative diseases (e.g., Alzheimer’s 
disease). Continuous traits, including height, bone min-
eral density, serum lipids, and C-reactive protein, also 
show the same pattern. These findings have several obvi-
ous implications: (1) the burden of disease posed by each 

of these loci will vary considerably among populations, 
with obvious public health implications that will differ 
between populations; (2) findings from GWAS in Euro-
pean ancestry groups may not be directly replicable or 
transferable to other populations; therefore, replication 
studies that aim to test for genetic variants identified in 
one population may not be possible in other populations 
because the risk allele is very rare or absent. Empirical 
evidence that supports this notion has started to emerge 
for type 2 diabetes, for which 2 GWAS in East Asian pop-
ulations recently identified a signal in the  KCNQ1  gene 
 [2] . This signal had been missed in all the previous Euro-
pean-descent GWAS studies because the risk allele was 
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  Fig. 1.  Allele frequency for each susceptibility locus across all 11 
HapMap populations grouped by disease/trait. Each line repre-
sents a SNP and the allele frequencies for each population are plot-
ted as colored dots along the line. The legend shows the color code 
for the populations. ASW (African ancestry in Southwest USA), 
CEU (Utah residents with Northern and Western European an-

cestry from the CEPH collection), CHB (Han Chinese in Beijing, 
China), CHD (Chinese in Metropolitan Denver, Colorado), GIH 
(Gujarati Indians in Houston, Texas), JPT (Japanese in Tokyo, Ja-
pan), LWK (Luhya in Webuye, Kenya), MEX (Mexican ancestry 
in Los Angeles, California), MKK (Maasai in Kinyawa, Kenya), 
TSI (Tuscans in Italy), and YRI (Yoruba in Ibadan, Nigeria). 
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far less frequent in European descent populations, there-
by greatly reducing the power to detect the association 
 [2] . These observations provide compelling reasons for 
ensuring that more human populations sampled from 
widely contrasting geographical locations around the 
world are included in the international effort to use ge-
nomic tools to gain novel insight into the pathophysiol-
ogy of common human diseases.

  Nearly all the diseases and traits considered in the 
present study show considerable ethnic and/or popula-
tion differences in prevalence and incidence rates be-
tween the source populations represented by the HapMap 
3 dataset. For example, on a global level, comprehensive 
reviews have shown that rheumatoid arthritis  [3] , schizo-
phrenia  [4] , and type 1 diabetes  [5]  have been shown to 
differ markedly between countries (the latter by up to 
350-fold)  [5] . Similarly, in the United States, African 

Americans, Mexican Americans, and non-Hispanic 
White Americans (represented in the HapMap by ASW, 
MEX, and CEU, respectively) differ considerably in rates 
of obesity, type 2 diabetes, hypertension, dyslipidemia, 
and coronary artery disease  [6] . While many of these dif-
ferences can be attributed to environmental, lifestyle, and 
behavioral characteristics, it is nonetheless important to 
identify the genetic contribution to these differences. A 
survey of the relative frequencies of potential disease risk 
variants is a first step towards achieving this goal. The 
findings of the present study provide a compelling sum-
mary of such differences and highlight the need to ex-
pand current GWAS and follow-up studies to multiple 
populations.

  Background population differentiation across conti-
nental populations for loci across the genome is well doc-
umented for the original HapMap populations  [7, 8]  and 
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  Fig. 2.  Boxplots showing distribution of F ST  values by disease/trait. The dots represent outliers or extreme 
 values. 
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usually exceeds the finer grained differentiation within 
continents, as was demonstrated by Heath et al.  [8]  in 
their study of the fine structure of European populations. 
This is consistent with the finding in this study of great-
er correlation or similarity within-continental groups 
compared to between-continental groups for these dis-
ease and trait loci identified from GWAS. Therefore, the 
findings of this study of loci of clinical and/or public 
health significance are broadly similar to those from ge-
nome wide studies of unselected loci.

  The question of how often genetic or environmental 
variants produce unequal effects in different popula-
tions is often posed in the context of explaining health 
disparities and deciding if population-specific interven-
tions are warranted for specific health conditions. Thus, 
the emphasis had been on ‘ethnicity-specific disease risk’ 
or the consistency of genetic effects across different ra-
cial or ethnic groups  [9, 10] . The largest systematic effort 
to investigate this question, a meta-analysis of 43 gene-
disease associations  [11] , found that genetic effects are 
largely consistent across ethnic groups. A more recent 

study  [12]  investigated risk allele frequencies and popu-
lation differentiation among 53 world populations in 25 
SNPs which showed robust association with 6 complex 
diseases (from the Wellcome Trust Case Control Con-
sortium study) and found that risk allele frequencies 
showed substantial variation across the populations, in-
cluding some that were fixed or absent in a population. 
In the present study, we present systematic evidence 
showing that allele frequencies at risk loci for common 
complex diseases discovered from GWAS differ substan-
tially between global population groups. This implies 
that, assuming similar effect sizes for a locus across pop-
ulations, the population attributable risk (PAR) for any 
given associated allele would vary considerably across 
populations simply as a function of the frequency of that 
allele (apart from other genetic and/or environmental 
factors). This will be true for single gene effects but may 
also have immense implications for gene-gene and gene-
environment interactions in which the frequency (or rar-
ity) of a specific risk variant may significantly modify 
disease risk from the interaction.
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  Fig. 3.  Pair-wise population scatter diagram showing correlation between allele frequencies across all 621 loci. 
Abbreviations of the different groups are the same as in  figure 1 .   
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  Conclusions 

 Our understanding of the relative contributions of 
identified genetic variants and environmental factors to 
disparities in disease prevalence would be enhanced 
when more studies are completed in multiple populations 
with ancestries from different parts of the world. Most 
discoveries from GWAS are not of SNPs with known 
functional significance and, in fact, most are not even in 
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  Fig. 4.  Distribution of F   ST  values by type of 
SNP. NS_coding: non-synonymous cod-
ing, SYN_coding: synonymous coding. 

coding regions as shown in  table 2 . This suggests that 
these SNPs are likely tags for the functional variants. The 
well-known differences in LD (linkage disequilibrium) 
patterns between populations suggest that these differ-
ences in allele frequencies are likely to also be observed 
in functional SNPs. There is suggestive evidence of this 
across the genome in the 4 original HapMap groups (al-
though this was not statistically significant)  [7] , as well as 
in SNPs in candidate genes for cardiovascular disease 

Type of SNP n % FST

mean median range

Intronic 273 44.0 0.111 0.084 0.008–0.520
Intergenic 235 37.8 0.098 0.066 0.008–0.504
Non-synonymous coding 26 4.2 0.104 0.081 0.026–0.289
Synonymous coding 7 1.1 0.080 0.061 0.027–0.159
Upstream 35 5.6 0.103 0.097 0.006–0.297
Downstream 30 4.8 0.124 0.070 0.007–0.383
Others 15 2.4 0.114 0.086 0.018–0.467

‘Others’ include 5� UTR (2), 3� UTR (11), and within non-coding gene (2).

Table 2. Summary of FST values by type 
of SNP
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ciation signals, it would also extend the applicability of 
such findings and increase the likelihood of finding the 
functional variants involved in the etiology of the disease 
 [14, 15] .

  For several reasons, including longer life expectancy 
and varying successes in overcoming the ravages of com-
municable diseases, common complex diseases have tru-
ly become a global public health problem in the 21st cen-
tury. In this regard, it is critically important that we

design studies that can take full advantage of the unfor-
tunately growing global health problem of non-commu-
nicable diseases. This approach should increase our un-
derstanding of the contribution of genetic variants to the 
increasing global burden of common human diseases in 
specific populations. This is especially important as we 
try to place the role of genetics alongside traditional epi-
demiologic risk factors within the context of the historic 
and cultural experiences of human populations.
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