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A Genome-wide Analysis of Admixture in Uyghurs and
a High-Density Admixture Map for Disease-Gene Discovery

Shuhua Xu1 and Li Jin1,2,*

Following up on our previous study, we conducted a genome-wide analysis of admixture for two Uyghur population samples (HGDP-UG

and PanAsia-UG), collected from the northern and southern regions of Xinjiang in China, respectively. Both HGDP-UG and PanAsia-UG

showed a substantial admixture of East-Asian (EAS) and European (EUR) ancestries, with an empirical estimation of ancestry contribu-

tion of 53:47 (EAS:EUR) and 48:52 for HGDP-UG and PanAsia-UG, respectively. The effective admixture time under a model with a single

pulse of admixture was estimated as 110 generations and 129 generations, or admixture events occurred about 2200 and 2580 years ago

for HGDP-UG and PanAsia-UG, respectively, assuming an average of 20 yr per generation. Despite Uyghurs’ earlier history compared to

other admixture populations, admixture mapping, holds promise for this population, because of its large size and its mixture of ancestry

from different continents. We screened multiple databases and identified a genome-wide single-nucleotide polymorphism panel that

can distinguish EAS and EUR ancestry of chromosomal segments in Uyghurs. The panel contains 8150 ancestry-informative markers

(AIMs) showing large frequency differences between EAS and EUR populations (FST > 0.25, mean FST ¼ 0.43) but small frequency differ-

ences (7999 AIMs validated) within both populations (FST < 0.05, mean FST < 0.01). We evaluated the effectiveness of this admixture

map for localizing disease genes in two Uyghur populations. To our knowledge, our map constitutes the first practical resource for ad-

mixture mapping in Uyghurs, and it will enable studies of diseases showing differences in genetic risk between EUR and EAS populations.
Introduction

Xinjiang, a territory located at the far west of China and

crossed by the Silk Road, is an important pathway connect-

ing East Asia with Central Asia and Europe. About half of

total population in Xinjiang are Uyghurs (> 9.4 million),

who demonstrate an array of mixed European and Asian

anthropological features.1 Genetic studies have found

that extant Uyghur populations represent an admixture

of eastern and western Eurasian mtDNA2 and Y-chromo-

some3 lineages. By analyzing the single-nucleotide poly-

morphism (SNP) data of chromosome 21 in a Uyghur

population sampled from southern Xinjiang, we showed,

in a recent study, that both East-Asian (EAS) and European

(EUR) ancestries contribute to the current gene pool of

Uyghur populations, with 60% EUR ancestry and 40%

EAS ancestry.4 It was believed that more interaction

occurred recently between the Han Chinese and Uyghur

populations in northern Xinjiang, and the EUR ancestry

contribution was estimated as only 30%5 or 36.3%6 in

some previous studies. However, there were also much

higher estimations (> 50%) when both classical markers7

and mtDNA8 were used; especially, sequences of 55% Euro-

pean mtDNA were found in Uyghurs sampled in the east-

ernmost section of Kazakhstan, which is only 18 km

from the boundary with northern Xinjiang,8 and those

Uyghurs were known to have emigrated from Xinjiang.

According to historical records, the ancestors of Uyghur

(Gaoche) can be traced back to the Chidi and the Dingling

in the third century B.C. A full analysis of the genetic struc-

ture of modern Uyghurs of Xinjiang would shed light on
the understanding of human migratory history and of

the admixture mechanisms of Europeans and East Asians.

Apart from their interesting genetic history, Uyghurs

have potential utility for the mapping of genes underlying

diseases. The mixed ancestries of chromosomal segments

in Uyghur genomes provide an experiment of nature

that can be exploited for the localization of genes. This

idea was theoretically proposed two decades ago by Chak-

raborty et al.;9 i.e., the information about linkage that is

generated by admixture could be used for the localization

of disease-susceptibility genes by a test for the allelic asso-

ciations with disease that are generated by admixture.

Admixture of populations often leads to extended linkage

disequilibrium (LD); the term ‘‘mapping by admixture

linkage disequilibrium’’ (MALD) was introduced by Ste-

phens et al.,10 and later, McKeigue11 further outlined the

theory of this approach. MALD, or admixture mapping,

has been applied in African Americans and has achieved re-

spectable successes recently.12–16 In comparison with alter-

native mapping methods that rely on testing for allelic

association, admixture mapping is an economical and the-

oretically powerful approach. The primary attractions of

this approach are: it can use an affected-only design, and

it requires far fewer genetic markers than do direct associa-

tion studies.17–19 Where admixed populations exist, a feasi-

ble and efficient application of admixture mapping

depends on the availability of genome-wide panels of an-

cestry-informative markers (AIMs) for an inference of the

ancestry of the chromosomal regions of admixed individ-

uals. Such panels are already available for disease-gene dis-

covery in African Americans,20–23 Hispanics/Latinos,21,24,25
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and Mexican Americans (the largest subgroup of His-

panics/Latinos).20,26 However, no such a map is yet avail-

able for Uyghur populations, although admixture map-

ping should hold equal promise for Uyghurs because of

their mixture of ancestries from different continents and

their large population size.

In this study, as a follow-up and extension of our previ-

ous study,4 we conducted a genome-wide analysis of ad-

mixture for two Uyghur population samples (HGDP-UG

and PanAsia-UG), collected from northern and southern

regions of Xinjiang, respectively. We first investigated

their genetic structure and their genetic relationship

with EAS and EUR populations and estimated their

respective admixture times. We then screened AIMs using

SNP data from several large-scale genomic projects,

including the International HapMap Project,27–29 the

Human Genome Diversity Project (HGDP),30 and the

PanAsia SNP Project.31 All of the AIMs in this panel

were validated in six EAS population samples and nine

EUR population samples and showed little variation of al-

lele frequency within both EAS and EUR population sam-

ples. Finally, we evaluated the effectiveness of this admix-

ture map for the localization of disease genes in Uyghur

populations.

Subjects and Methods

Populations and Samples
Overall, 26 Uyghur samples (PanAsia-UG) were collected at

Hetian, in southern Xinjiang. They are part of 40 Uyghur samples

used in our previous study.4 Another 10 Uyghur samples (HGDP-

UG), part of the HGDP panel, were originally collected from Yili,

at the northern part of Xinjiang. Besides the 10 HGDP-UG

samples, 10 Mongola samples, 10 northern Han Chinese (Han-

NChina) samples, 35 Han Chinese samples (Han), 29 Japanese

samples (Japanese), and 8 European population samples (29

French, 24 Basque, 28 Sardinian, 14 Italian, 8 Tuscan, 16 Orcadian,

17 Adygei, and 25 Russian) were selected from the HGDP-CEPH

panel.30 Genotype data of 60 CEU (Utah residents with ancestry

from northern and western Europe), 45 CHB (Han Chinese indi-

viduals in Beijing), and 45 JPT (Japanese individuals in Tokyo)

were obtained from the database of the International HapMap

Project.27–29

Data Sets
Genotype data of 26 PanAsia-UG samples generated with the Affy-

metrix Genechip Human Mapping 50K Xba array were obtained

from the Pan-Asia Project.31 A set of 58,960 SNPs was genotyped

with the Affymetrix XBA50K chip in 26 PanAsia-UG samples, ac-

cording to the manufacturer’s protocols. Genotype data of 60

CEU, 45 CHB, and 45 JPT samples were obtained from the Interna-

tional HapMap Project27–29 (HapMap publicly released #23a,

2008-04-01). Genotype data of the other samples generated with

the Illumina HumanHap650K Beadchip were obtained from the

database of the Human Genome Diversity Project-Centre d’Etude

du Polymorphisme Humain (HGDP-CEPH) sample of popula-

tions.30 The detailed information about data filtration and data

quality control was described elsewhere.31
The American
Combined Data Set for Population-Structure Analysis
We integrated three data sets (HapMap data, PanAsia 50K data,

and HGDP-CEPH 650K data) according to SNP ID (rs number).

This effort yielded 19,934 SNPs genotyped in all 17 population

samples. By a comparison of the duplicated genotypes of five Mel-

anesian samples in both data sets, a total of 80 genotypes were

found to be inconsistent in two datasets, indicating that the geno-

typing concordance between Affymetrix and Illumina technolo-

gies is greater than 99.9%. The physical positions of SNPs were

based on the Homo sapiens Genome Build 36. The average spacing

between adjacent markers is 137.7 kb, with a minimum of 17 bp

and a maximum of 29.6 Mb; the median between-marker distance

(BMD) is 65.4 kb.

Given the large number of markers in our dataset, genetic anal-

yses can be performed at the level of the individual, making no

presumption of group membership. We applied a model-based

clustering algorithm, implemented by the computer program

STRUCTURE,32,33 to infer the genetic ancestry of individuals.

Our approach is based solely on genotype without the incorpora-

tion of any information on sampling location or population affil-

iation of each individual. STRUCTURE analysis was performed

without any prior population assignment and was performed

ten times for each number of population groups (K), with

20,000 replicates and 30,000 burn-in cycles under the admixture

model. The log likelihood of each analysis at varying Ks is also

estimated in the STRUCTURE analysis (Figure S1, available online)

and, as expected, favored two population groups in both PanAsia-

UG samples and HGDP-UG samples.

FST Calculation, Molecular Phylogeny,

and Principal-Component Analysis
FST is a measurement of genetic differentiation between popula-

tions. We calculated FST for all pairs of populations by using the

population allele frequencies across all 19,934 autosomal SNPs.

The algorithm considers the variation of sample size, following

Weir and Hill.34 We performed principal-component analysis at

the individual level; eigenvectors of each individual were calcu-

lated using EIGENSOFT.35 To construct the phylogenetic tree, we

used both the maximum-likelihood method, implemented in

the CONTML program of the PHYLIP36 package, and the Neigh-

bor-Joining method,37 implemented in MEGA.38

Genetic Map of SNPs
Although available analyses suggest that there are differences in

meiotic recombination frequency across different genomic inter-

vals in different human populations,39 a previous study showed

that similar power was achieved for different genetic maps.22

In the current study, we use the Rutgers combined linkage-physi-

cal map40 to locate markers on the genetic map. The Rutgers map

combines genotyping data from both deCODE and CEPH families

and incorporates the latest human genome assembly Build 36. The

positions of SNPs on the Rutgers map were determined by a web-

based linkage-mapping server that carried out a smoothing calcu-

lation to estimate genetic-map positions, including those markers

which were not mapped directly.

Selection of AIMs from HapMap Data
For each SNP, we calculated FST, which adjusts for unequal sample

size, following Weir and Hill.34 We identified 271,907 SNPs with

an FST>0.25 from genotypes of 60 unrelated CEU subjects (parents)

and 90 unrelated East-Asian subjects (JPT and CHB HapMap data
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sets) in an initial examination of the combined phase I29 and phase

II27 HapMap results (about 3.9 million genotypes are available).

High FST values favor selection of markers that are closer to fixation

in one or both parental populations.26 Those SNPs that showed de-

viation from Hardy-Weinberg equilibrium within population were

excluded with the use of Fisher’s exact test (p < 0.001), in which p

was estimated with Arlequin 3.01,41 with 100,000 permutations.

Validation of AIMs in HGDP-CEPH Data
In the initial set of 271,907 AIMs, 63,544 SNPs in the HGDP-CEPH

panel were genotyped and thus could be validated in more EAS and

EUR populations, and another405 SNPs with FST>0.8 between EAS

and EUR were also kept for further filtration. Small within-group

variations (FST < 0.05) of AIMs were validated in six EAS popula-

tions and nine EUR populations; a summary of SNP-screen results

is shown in Table S1 and Table S2. AIMs were further screened by

the choosing of a maximum of two SNPs in 0.1 cM windows,

with a minimum distance of 0.01 cM between SNPs. Additional

SNPs were added in regions with lower informativeness, and SNPs

were thinned in regions of high informativeness.

AIMs for Studying PanAsia-UG Samples Only
We screened another set of AIMs for assessment of admixture of

PanAsia-UG samples. The screening procedure was similar to

that aforementioned, except that the intermarker distance be-

tween AIMs could not be satisfied because only 58,960 SNPs

were genotyped in PanAsia-UG samples.

Simulation Studies and Assessment of Genome-wide

Information Content of EAS/EUR AIMs
We used Shannon entropy-related statistics (ri) which is imple-

mented in ANCESTRYMAP42 as a measure of the map informative-

ness of each AIM, and we used the average of ri across loci (ravg) as

a measure of the map power for all AIMs. A rough interpretation

of ravg is that 1/ravg times as many samples must be genotyped,

relative to a study with perfect information about local ancestry

(ravg ¼ 1), for comparable power to be achieved.25

We simulated northern and southern Uyghur samples, using

EAS and EUR ancestry proportions estimated in the present study.

Genotypes were sampled from the 60 EUR (CEU) samples and the

90 EAS (JPT and CHB) samples used to build our admixture map.

For simulated samples of northern and southern Uyghurs, geno-

types of each locus were generated on the basis of allele frequen-

cies in HGDP-UG and PanAsia-UG, respectively. Chromosomal
segments were created under the assumption of 110 generations

for northern Uyghur populations and 130 generations for south-

ern Uyghur populations since admixture, and they were assigned

ancestries by the use of admixture proportions estimated in

HGDP-UG and PanAsia-UG, respectively.

Disease cases were simulated as by Price et al.25 We assumed an

increased disease risk of 1.5 for each chromosome with EAS ances-

try at the disease locus, thus raising the proportion of EAS ancestry

at that locus and at chromosomal segments containing it.25 Simu-

lations were run with ANCESTRYMAP software,42 which produces

a local LOD (log10 odds) score and a genome-wide LOD score on

the basis of a locus-genome statistic that compares ancestry of

cases at a candidate locus with genome-wide ancestry of cases.

We studied only case-control design, with 1000 cases and 1000

controls simulated for each study. To check whether there were

false-positive results reported, in control-only runs, 2000 controls

were randomly sampled as 1000 pseudocases and 1000 controls.

Calculation of the Number of Samples Needed

for Detection of an Admixture Association
To calculate the power of an admixture scan for a population

distribution of admixture, we calculate the number of disease

samples needed for an expected LOD (log10 odds) score R 5

Table 1. Observed Heterozygosity and Expected
Heterozygosity within Population

Sample ID Observed Heterozygosity Expected Heterozygosity

JPT 0.285 5 0.184 0.282 5 0.175

Japanese 0.282 5 0.186 0.281 5 0.175

Mongola 0.294 5 0.214 0.280 5 0.177

CHB 0.287 5 0.182 0.284 5 0.174

Han-NChina 0.290 5 0.216 0.274 5 0.180

Han 0.286 5 0.186 0.282 5 0.175

PanAsia-UG 0.323 5 0.165 0.319 5 0.148

HGDP-UG 0.323 5 0.201 0.306 5 0.160

Basque 0.314 5 0.171 0.309 5 0.154

Sardinian 0.312 5 0.169 0.309 5 0.154

Italian 0.317 5 0.188 0.307 5 0.157

Tuscan 0.319 5 0.212 0.301 5 0.164

French 0.320 5 0.164 0.315 5 0.149

Orcadian 0.318 5 0.183 0.308 5 0.156

CEU 0.320 5 0.152 0.318 5 0.144

Adygei 0.321 5 0.178 0.312 5 0.153

Russian 0.320 5 0.168 0.314 5 0.150
Figure 1. Pairwise FST between the Uy-
ghur Population and Other Populations
Estimations of FST between Uyghur and
East-Asian populations are shaded by or-
ange color and sorted in descending order,
and those between Uyghur and European
populations are shaded by blue color and
sorted in ascending order.
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using the formula described elsewhere.25 The distribution of EAS

ancestry was set as [0.42, 0.63] for northern Uyghurs and [0.40,

0.53] for southern Uyghurs, respectively, according to the esti-

mation used in this study. For each population, this quantity

is computed under the ideal assumption of perfect information

about ancestry, as a function of the relative disease risk conferred

by each copy of a particular ancestry at the disease locus. For real

disease scans involving a map with imperfect information, the

number of samples required to achieve significance needs to

be scaled by relative informativeness at the locus. To convert

from this number to the actual number of samples required

for detection of a disease locus with use of the map, it is neces-

sary to multiply the number by the reciprocal of ravg as estimated

above.

Results

Genetic Diversity and Relationship of Populations

Heterozygosity measures the genetic diversity within each

population, and both expected heterozygosity (He) and

observed heterozygosity (Ho) were calculated for each pop-

ulation with the use of genotypes of 19,934 SNPs (Table 1).

The two Uyghur populations (PanAsia-UG and HGDP-UG)

show higher Ho than do the other EAS and EUR popula-

tions, and PanAsia-UG also shows much higher He than

do the other populations, indicating that the Uyghur pop-

ulation has a higher proportion of common alleles (high

MAF SNPs), which is expected in admixture populations.

Figure 2. Cluster Relationship of Popu-
lations
(A) Maximum-likelihood tree of 17 popula-
tions.
(B) Neighbor-Joining tree of 17 popula-
tions based on pair-wise FST. Branches are
colored according to ethnic groups; blue
is used for European populations, red for
East-Asian populations, and black for
Uyghur populations.

Genetic difference between popula-

tions was estimated by pairwise FST.

Notably, a) FST between the two Uy-

ghur populations (0.0009) is much

lower than that of most of the other

population pairs and only slightly

higher than that between Japanese

populations and between Han Chi-

nese populations (Table S3); b) FST

values between PanAsia-UG and EAS

populations are higher than those be-

tween HGDP-UG and EAS popula-

tions (Figure 1; paired t test, one-

tailed p ¼ 1.16 3 10�6); and c) FST

values between PanAsia-UG and EUR

populations are lower than those

between HGDP-UG and EUR popula-

tions (Figure 1; paired t test, one-

tailed p ¼ 8.24 3 10�9). The latter two observations suggest

that the PanAsia-UG population has a closer genetic rela-

tionship with the EUR population, whereas the HGDP-UG

population has a closer genetic relationship with the EAS

population. Both the maximum-likelihood (Figure 2A) tree

and the Neighbor-Joining tree (Figure2B), including Uyghur

populations and their putative ancestral populations EAS

and EUR, support the aforementioned relationship.

Estimation of Individual Admixture

and Population Structure

Using 19,934 SNPs genotyped in all 428 individuals repre-

senting 17 populations, we ran STRUCTURE from K ¼ 1 to

K ¼ 6, with ten repeats for each K. According to the distri-

bution of Ln(Pr), as shown in Figure S1, the most probable

and appropriate number of clusters in our data set should

be two, corresponding to EAS and EUR. Figure 3A shows

summary plot of individual admixture proportions based

on the highest-probability run of ten STRUCTURE runs.

The results show that individuals from the same popula-

tion often share membership coefficients in the inferred

cluster, with the exception that one Japanese outlier shows

obvious admixture. Mongola, Adygei, and Russian individ-

uals show some degree of admixture as well.

The two Uyghur population samples (PanAsia-UG and

HGDP-UG) display strong admixture of both EUR

and EAS. The EUR contributions to PanAsia-UG samples
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Figure 3. STRUCTURE Analysis and Principle-Component Analysis for 428 Individuals Representing All 17 Populations
(A) Summary plot of individual admixture proportions. The results of individual admixture proportions estimated from 19,934 SNPs. Each
individual is represented by a single vertical line broken into two colored segments, with lengths proportional to each of the two inferred
clusters; orange indicates East-Asian ancestry proportion and blue indicates European ancestry proportion. The predefined populations
IDs are presented at the bottom of the plot, and the geographic region of each population is shown on the top of the plot.
(B) Analysis of the first two principal components. Population IDs of individuals are indicated with colors as shown in the legend.
and HGDP-UG samples are 51.9% and 47.0%, respectively,

on average. Notably, the admixture proportions among

PanAsia-UG individuals are quite similar, with the lowest

from EUR contribution as 47.1% and the highest as

59.1%, and the standard deviation is only 2.9%. This devi-

ation is much smaller than the estimation in an African-

American population sample43 and is consistent with our

previous results based on the data of one chromosome.4

For HGDP-UG samples, the EUR ancestry contribution

ranges from 37.2% to 57.1%, and the standard deviation
326 The American Journal of Human Genetics 83, 322–336, Septem
is only 6.2%. The much smaller deviation in Uyghurs sug-

gest a much earlier admixture event for the Uyghur popula-

tion as compared with the African-American population.43

The mean values of admixture proportions between the

two Uyghur population samples are different (Student’s t

test, one-tailed p¼ 0.018), with HGDP-UG (53.0%) having

more EAS ancestry than PanAsia-UG (48.1%). However, at

the individual level, such difference is not large enough to

assign individuals into two distinct populations, as shown

in Figure S2. There are five HGDP-UG individuals (50%)
ber 12, 2008



Figure 4. European and East-Asian Allele Frequencies for the 8150 AIMs
with EAS ancestry smaller than the largest EAS ancestry of

the PanAsia-UG individuals, and there are three HGDP-UG

individuals with EAS ancestries even smaller than that of

the average of PanAsia-UG individual.

Principal-Component Analysis

of Individuals

Principal-component analysis (PCA) provides a useful ap-

proach for revealing relationships among individuals. Ei-

genvectors of each individual were calculated with EIGEN-

SOFT.35 Table S4 shows the eigenvalues, the Tracy-Widom

(TW) statistics,35 and the TW significance for the first 11

PCs. The first two PCs are displayed in Figure 3B, and

they show extremely strong significance (p values¼ 0). To-

gether, they explain 76.1% of the primary variation repre-

sented by the first ten PCs. The first PC explains 71.6% of

the primary variation and shows a separation of the EAS

and EUR individuals, with Uyghur (PanAsia-UG and

HGDP-UG) individuals lying between the two groups,

which is also expected given that Uyghur is the admixture

of these two populations.

EAS and EUR AIMs for Admixture Mapping

in Uyghurs

The final set of AIMs contains 8150 SNPs distributed on 23

chromosomes, with 7999 SNPs validated in six EAS popu-
The American
lations and nine EUR populations (Table S5). The other 151

SNPs were also retained because of their very large FST

(> 0.8) between JPT-CHB and CEU and both alleles fixed

in parental populations or one allele fixed in one parental

population. A scatterplot of frequencies of 8150 AIMs in

EUR and EAS populations is displayed in Figure 4. A com-

plete list of markers and the detailed information of 8150

AIMs were provided in Table S7. We also provide five other

measurements of ancestry information, allele-frequency

difference (d),44 Wahlund’s f,45 Rosenberg’s In,46 Fisher’s in-

formation content (FIC),47 and Shannon information con-

tent (SIC),23 for each AIM (see Table S7). For FIC and SIC

calculations, admixture proportion from parental popula-

tions was assumed as 0.5:0.5 according to the estimation

in this study. The final length of the chromosomal region

that was covered by AIMs was 4024 cM (Table S5); the

average intermarker distance was 0.50 cM, with a median

of 0.33 cM. The distribution of intermarker distance is

shown in Figure S3: 66.3% of adjacent marker pairs had in-

termarker distance < 0.5 cM, 89.3% had distance < 1 cM,

and 98% had distance < 2 cM. We screened another set

of AIMs for the assessment of admixture of PanAsia-UG

samples. Altogether, 2750 AIMs were screened, and the

marker information is shown in Table S6. A complete list

of markers and the detailed information of 2750 AIMs

are also available in Table S8.
Journal of Human Genetics 83, 322–336, September 12, 2008 327



Figure 5. Summary Plot of Individual Admixture Proportions
Each individual is represented by a single vertical line broken into two colored segments, with lengths proportional to each of the two
inferred clusters; orange indicates East-Asian ancestry proportion, and blue indicates European ancestry proportion. The ordinate indi-
cates the proportion unit. The individual IDs are presented at the bottom of the plot.
(A) The results of individual admixture proportions estimated from 19,934 SNPs.
(B) The results of individual admixture proportions estimated from AIMs.
Population and Individual Admixture Assessment

Based on AIMs

The STRUCTURE results from 19,934 random markers

showed that both PanAsia-UG and HGDP-UG were ad-

mixed populations with contributions from both EUR

and EAS. To ensure that the screened AIMs produced no

bias in estimation of admixture proportion, we further per-

formed STRUCTURE analysis with the same parameters

for AIMs and estimated the admixture proportion of PanA-

sia-UG and HGDP-UG. Figure 5B shows the admixture pro-

portions estimated from 7999 AIMs for each individual.

PanAsia-UG samples have an average of 51.5% of admix-

ture from EUR populations and 48.5% from EAS popula-

tions. HGDP-UG samples have 47.0% of admixture from

EUR and 53.0% of admixture from EAS. The proportion

of EAS ancestry in PanAsia-UG individuals ranges from

40.9% to 52.9%, and the proportion of EAS ancestry in

HGDP-UG individuals ranges from 42.9% to 62.8%. For

both PanAsia-UG and HGDP-UG individuals, the mean
328 The American Journal of Human Genetics 83, 322–336, Septem
EAS contribution to autosomal chromosomes was similar,

with the use of AIMs and 19,934 random markers

(Figure 5A), as indicated by large t test p values (0.232

and 0.975 for PanAsia-UG and HGDP-UG, respectively).

The results estimated from each chromosome in HGDP-UG

and PanAsia-UG populations are shown in Table 2. Varia-

tion of the estimations among chromosomes was mainly

due to differences between numbers of markers, whereas

the larger variation in HGDP-UG was probably due to its

smaller sample size.

Empirical Estimation of Admixture Time

of Uyghurs

The admixture times of Uyghur populations were inferred

from the posterior of recombination parameters estimated

by STRUCTURE analysis and ADMIXMAP analysis. These

parameters can be converted to the ‘‘effective number of

generations back to unadmixed ancestors,’’ because under

a model with a single pulse of admixture, this is equivalent
ber 12, 2008



to the number of generations since the admixture event.32

The STRUCTURE analysis was performed under the admix-

ture model, with 20,000 replicates and 30,000 burn-in cy-

cles. The posterior distribution of recombination parame-

ter r (breakpoints per cM) is shown in Figure 6A. Both

the mean and the median of r for HGDP-UG samples are

1.10, and the 90% confidence interval (CI) is [1.04, 1.16].

For PanAsia-UG samples, the mean and median are 1.29,

and the 90% CI is [1.22, 1.36]. Under a model with a single

pulse of admixture (or a hybrid isolation [HI] model),48 the

admixture event is estimated to have happened about 110

(104–116) generations ago, or 2200 (2080–2320) years ago,

for HGDP-UG and 129 (122–136) generations ago, or 2580

(2440–2720) years ago, for PanAsia-UG, with the assump-

tion of 20 years per generation. For ADMIXMAP, the anal-

ysis was performed under the random-mating model, with

22,000 replicates and 2000 burn-in cycles. Posterior distri-

bution of the recombination parameter t (sum-of-intensi-

ties per cM) is shown in Figure 6B. Both the mean and

that median of t for HGDP-UG are 0.89, and the 90% CI

is [0.84, 0.97], and for PanAsia-UG, the mean is 1.05, the

median is 1.03, and the 90% CI is [0.94, 1.20]. Under the as-

sumption of an HI model and a generation time of 20 years,

the admixture event happened about 1780 (1680–1940)

years ago for HGDP-UG and about 2100 (1880–2400)

Table 2. Inferred East-Asian Ancestry in Two Uyghur
Population Samples

HGDP-UG (n ¼ 10) PanAsia-UG (n ¼ 26)

AIMs Used

East-Asian

Ancestry AIMs Used

East-Asian

Ancestry

Chr. No.

Size

(cM)

Mean 5 SD

(%) No.

Size

(cM)

Mean 5 SD

(%)

1 592 300.1 56.4 5 6.5 238 278.2 49.3 5 9.2

2 650 273.9 56.2 5 5.8 268 254.3 49.7 5 4.9

3 557 244.8 52.0 5 10.0 212 240.8 47.1 5 8.3

4 516 231.7 55.5 5 6.2 183 215.8 46.1 5 7.2

5 510 217.1 48.1 5 10.2 205 208.8 46.9 5 8.2

6 438 222.2 49.7 5 9.0 192 213.7 48.5 5 9.6

7 482 197.6 54.8 5 9.1 150 192.7 47.6 5 9.9

8 369 181.3 53.9 5 9.5 135 173.9 47.4 5 10.3

9 369 198.4 55.1 5 9.4 117 177.7 47.7 5 8.7

10 384 183.2 49.5 5 9.6 133 175.4 52.7 5 10.7

11 350 187.4 51.9 5 6.5 96 173.4 48.4 5 11.6

12 351 184.0 50.1 5 7.1 122 180.9 54.9 5 11.4

13 238 138.7 58.7 5 11.9 99 137.3 47.2 5 9.2

14 230 129.9 58.7 5 9.0 77 116.5 49.3 5 8.9

15 252 142.5 59.1 5 14.4 87 142.2 50.6 5 12.3

16 233 134.8 58.1 5 9.9 67 113.6 44.8 5 11.5

17 238 159.4 57.4 5 6.0 53 148.8 48.5 5 10.8

18 214 131.1 50.4 5 15.2 86 125.6 44.5 5 14.8

19 176 117.4 53.2 5 11.1 22 104.2 36.9 5 19.1

20 217 108.6 56.1 5 10.0 53 103.5 49.9 5 12.5

21 135 67.9 54.0 5 12.5 45 59.8 47.6 5 15.8

22 164 84.5 52.5 5 7.2 15 52.9 43.5 5 32.1

Total 7665 3836.5 53.0 5 6.2 2655 3590.0 48.1 5 2.9

SD denotes the standard deviation of average East-Asian ancestry of indi-

viduals.
The American
years ago for PanAsia-UG. The difference between the

STRUCTURE and ADMIXMAP estimates is probably due

to the difference between these algorithms; the similar dis-

crepancy was also observed in a previous study.26

Informativeness of the Uyghur Admixture Map

To evaluate the informativeness of the admixture map for

inferring the ancestry of chromosomal segments in

Uyghur populations, we calculated a percentage of maxi-

mum-informativeness statistics (ravg) (see Subjects and

Methods). We modeled the ancestral populations with 60

EUR (CEU) and 90 EAS (JPT and CHB) samples (see Subjects

and Methods). For northern Uyghurs, the complete panel

of 8150 AIMs extracted > 50% of the admixture informa-

tion for > 99% of the genome and> 70% of the admixture

information for > 90% of the genome. For southern Uy-

ghurs, the mapping power was lower due to fewer AIMs;

the panel of 2750 AIMs extracted > 50% of the admixture

information for > 67% of the genome and > 60% of the

admixture information for > 51% of the genome. For

each population, the informativeness at each locus in the ge-

nome is displayed in Figure 7. Previous studies have sug-

gested that LD in the parental populations might cause

false-positive results in admixture mapping.19,49 For the

complete AIM panel (8150 SNPs), LD is still present in

both parental populations (EAS and EUR). Thus, we exam-

ined the subset of AIMs with marker pairs in strong LD re-

moved; the results are shown in Table 3 and the following

section. Map informativeness decreased with the decreasing

of marker number. For example, in northern Uyghurs, we se-

lected four subsets from 8150 AIMs (Table 3), the subset

panel of 4039 AIMs extracted an average of 69% of the max-

imum admixture information, the subset of 2714 AIMs

extracted 61% of the maximum, and the subset of 1396

AIMs extracted 45% of the maximum; the increase of power

of the subset of 1255 AIMs could be due to the high informa-

tive of single markers, which was also true for the subset of

1021 AIMs (selected from 2750 AIMs) in southern Uyghurs.

Performance of the Admixture Map in Disease Studies

To examine the effects of LD in parental populations and

to evaluate the performance of our admixture map in ac-

tual disease studies, we simulated disease cases using the

panel of complete AIMs and its subsets with different den-

sities (Table 3). For each AIM panel, ten disease loci were

chosen at which the mapping information (ravg) most

closely matched its genome-wide average (Table 3). False-

positive results were examined by control-only simula-

tions, with 1000 pseudocase samples and 1000 control

samples drawn from simulated controls. In all cases, i.e.,

for the complete AIM panel and its subsets, ANCESTRY-

MAP reported no false-positive results, as indicated by ge-

nome-wide LOD scores (< 0) and maximum local LOD

scores (< 1) in control-only simulations (Table 3). In con-

trast, ANCESTRYMAP reported positive results in case-con-

trol simulations, as indicated by genome-wide LOD scores

(> 2) and maximum local LOD scores (> 5) (Table 3). These
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results are encouraging: they implied that our maps could

identify the disease loci correctly, and the influence of

residual LD in parental populations was limited, at least

in simulation studies.

Expected Power of Admixture Mapping in Uyghurs

The expected power of admixture mapping in Uyghurs

could be indicated by an estimation of the number of cases

that would be needed to detect an admixture association.

In the initial estimation, we assumed perfect information

about ancestry at each locus in the genome, and we used

Figure 6. Posterior Distribution of the
Recombination Parameters for HGDP-
UG and PANASIA-UG
Results estimated from two population
samples are indicated with colors as shown
in the legend.
(A) Posterior distribution of the recombi-
nation parameter r (breakpoints per cM) es-
timated by STRUCTURE analysis. Both the
mean and median of r for HGDP-UG are
1.10, and the 90% CI is [1.04, 1.16], and
for PanAsia-UG the mean and median are
1.29, and the 90% CI is [1.22, 1.36].
(B) Posterior distribution of the recombi-
nation parameter t (sum of intensities
per cM) estimated by ADMIXMAP analysis.
Both the mean and median of t for HGDP-
UG are 0.89, and the 90% CI is [0.84,
0.97]; for PanAsia-UG, the mean is 1.05,
the median is 1.03, and the 90% CI is
[0.94, 1.20].

the distribution of ancestries of indi-

vidual samples, which was estimated

in this study (see Subjects and

Methods). For this analysis, northern

Uyghurs (HGDP-UG) and southern

Uyghurs (PanAsia-UG) were consid-

ered separately. The results were

displayed in Figure 8. The southern

Uyghur population showed a little

higher statistical power per sample

for admixture mapping (fewest

samples needed) than did the north-

ern Uyghur population, because of

the relatively larger proportions of

both EAS (0.40~0.53) and EUR

(0.47~0.60) ancestry in the southern

Uyghur population than that in

the northern Uyghur population

(0.42~0.63 for EAS; 0.37~0.58 for

EUR). Considering the information

lost in real mapping, for detection of

a locus with genome-wide average

mapping information (Table 3) in

which EAS ancestry confers, on aver-

age, a 1.5-fold increased risk for disease, the number of

cases needed [450 ~ 800] and are displayed in Table 3.

With the moderate density of the AIM panel, for example,

2714 AIMs for the northern Uyghur population and 2750

AIMs for the southern Uyghur population, the number of

cases needed is about 600 (Table 3).

Discussion

In this study, we analyzed genome-wide admixture for two

Uyghur populations sampled from northern and southern
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Xinjiang. Various analyses of genetic structure in the

Uyghur samples consistently revealed that the Uyghur

populations in Xinjiang are typical admixtures with both

EAS and EUR genetic components, suggesting that they

were products of the admixture of EAS and EUR ancestries.

The estimated admixture proportions from genome-wide

data are 53:47 (EAS:EUR) in the northern Uyghur popula-

tion and 48:52 (EAS:EUR) in the southern Uyghur popula-

tion. This estimation is consistent with that of a previous

study based on a single chromosome,4 although the two

are not exactly identical. Our previous estimation was

40:60 (EAS:EUR), which was based on 83 AIMs selected

from chromosome 21 data in 40 southern Uyghur samples.

The difference could be due to both the difference of sam-

ple size and the difference of markers, but the latter plays

a relatively more important role, which could be seen

from the variation of estimations among chromosomes,

as shown in Table 2. We suggest the current estimation

for southern Uyghurs is more precise and, thus, is closer

to the true admixture proportion. Another Uyghur popula-

tion sample (HGDP-UG) used in this study was originally

collected from Yili, which is located in northern Xinjiang.

It was believed that more interaction occurred recently be-

tween Han Chinese and Uyghurs in northern Xinjiang.

The estimation of EUR ancestry contribution to northern

Uyghur populations from previous studies varied from

30%5 or 36.3%6 to 50%7 or even 55%.8 However, previous

studies suffered from the small number of markers5–7 or,

even, the single locus that they used.8 Our estimation of

53%, based on genome-wide markers within the middle

values of previous estimates, could be attributed to the

use of a much larger number of markers and, therefore,

could be closer to the truth. Our estimation also confirmed

that there is a greater contribution of EAS ancestry than of

EUR ancestry (47%) in northern Uyghurs. However, the

current estimation could suffer from the small sample

size (n¼ 10). At the individual level, the distribution of ad-

mixture proportions among Uyghur individuals is quite

similar, and the standard deviation is only 6.2% for north-

ern Uyghur samples and even less (2.9%) for southern Uy-

ghur samples. This result suggests a much earlier history of

admixture for the Uyghur population compared to that of

more recently admixed populations, such as African Amer-

icans, of which individual admixture proportions vary

much more (SD ¼ 19.7%).43

We further constructed what is, to our knowledge, the

first admixture map that constitutes a practical resource

for admixture mapping in Uyghurs. Although the Uyghur

population is one presenting a typical admixture of eastern

and western anthropological traits, its potential utility in

admixture mapping has been largely ignored because of

its uncharacterized and suspected earlier history of admix-

ture. Typical admixture populations used for admixture

mapping often involve those formed by recent admixture

between groups originating on different continents as a re-

sult of European maritime expansion during the past few

hundred years.18 On the basis of recombination informa-
The American
tion, which can be extracted from the current data, we esti-

mated that the time since admixture of the two Uyghur

population samples was more than 100 generations for

both population samples. This number is substantially

greater than that of African Americans, to which admixture

mapping has been applied and achieved many successes.

This much earlier admixture history leads to a requirement

for a much larger set of AIMs for saturation of the recombi-

nation intervals and extraction of admixture-mapping in-

formation. Considering the admixture-mapping power,

however, the near-equal admixture of parental populations

(50:50 EAS:EUR) compensates to some degree for the lower

information content of AIMs, because the mapping power

will decrease in populations when there is a much larger

contribution from only one parental population and will

increase when the admixture of parental populations is

nearly equal.11,42 Therefore, the admixture mapping could

also be powerful in Uyghurs. Furthermore, the benefit of the

earlier history of admixture in the HGDP-UG population is

that we can also expect to have sharper mapping resolution,

resulting in a reduced effort in the subsequent fine-map-

ping study.

To our knowledge, our map constitutes the first practical

resource for admixture mapping in Uyghurs, but it is far

from being perfect. There are still many gaps due to the

consideration of validation in both EAS and EUR popula-

tions (small variation within groups), and there are a few

AIMs that do not show a large difference in allele

frequency between EAS and EUR (FST < 0.30) and thus pro-

vide limited map information. Furthermore, residual LD is

still present in both parental populations (EAS and EUR),

and this could cause false-positive results. However,

much higher density of markers is needed for the Uyghur

population for saturation of the recombination intervals

due to its weak LD,4 which inevitably results in the pres-

ence of residual LD in parental populations. On the one

hand, we demonstrated in simulation studies that the

influence of the presence of residual LD in parental popu-

lations was limited (Table 3). On the other hand, concern-

ing potentially possible false-positive results due to LD,

a possible supplemental strategy is this: at the genotyping

stage, dense AIMs (even those with strong LD in EAS and

EUR) could be genotyped in samples. At the analysis stage,

markers could be analyzed separately, with a set of markers

being analyzed at each time so that no LD confounds the

single analysis. Finally, the results of the separate analyses

could be ultimately combined. The cost of this strategy,

which avoids LD and, thus, false-positive results, is that

the map power will decrease in each subset of markers

and a larger sample size will be needed (as shown in Table

3). New methods based on the Markov-HMM (MHMM)

algorithm have recently been developed and account for

LD in parental populations.50,51 However, the power and,

hence, efficiency of the use of whole-genome SNP-associa-

tion test panels in admixture mapping is not yet clear.22

Another important question is whether admixture map-

ping will be a useful methodology in the age of dense
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Table 3. Results of Simulated Diseases Studies in Two Uyghur Populations

Uyghur

Population

No. of

Marker

Mapping

Power (%)

No. of Cases

Neededa LD in Parental Populationb False-Positive Resultsc

Control-Only LOD Case-Control LOD

Local Global Local Global

Northern 7,999 78 451 þþ � 0.3 �2.9 10.8 7.6

Northern 4,039 69 509 þ � �1.3 �3.3 5.4 2.4

Northern 2,714 61 576 � � �0.1 �2.4 7.3 4.6

Northern 1,396 45 781 � � 0.1 �2.2 5.2 2.6

Northern 1,255 54 651 � � 0.4 �1.8 11.9 9.3

Southern 2,750 54 577 þ � 0.7 �1.4 7.8 4.9

Southern 1,804 43 724 � � �0.8 �3.1 8.3 5.5

Southern 1,021 46 677 � � 0.4 �1.5 13.2 10.3

a Assumed increased disease risk of 1.5 with EAS ancestry at the disease locus.
b LD presents in EAS and EUR for a few adjacent marker pairs,þþ denotes strong LD (r2>0.5),þ denotes moderate LD (r2>0.2), and - denotes weak or no

LD (r2 <0.2).
c False-positive results are indicated by genome-wide LOD score in control-only study, þ denotes false-positive results (global LOD >0) present, and -

denotes no false-positive results (global LOD <0).. Local and global LOD scores were averaged across ten control-only simulations and ten case-control

simulations.
genome-wide scans with hundreds of thousands of

markers.25 The first advantage of admixture mapping is

the potentially much lower genotyping cost as compared

with the cost of a dense whole-genome scan. Apart from

the lower genotyping workload, there are other advantages

in the use of a panel of markers that are preselected to be

informative: markers for which allele frequencies vary

within continental groups can be excluded, the marker

spacing can be large enough to ensure no allelic associa-

tion within subpopulations, and the computational bur-

den is reduced.18 In addition, the coarse granularity of

the admixture signal reduces the number of hypotheses

tested (or, in Bayesian terms, increases the prior probability

of each causal hypothesis) compared to the hundreds of

thousands of hypotheses tested in dense genome-wide

scans.25 Furthermore, the use of a locus-genome statistic

that considers only local ancestry estimates of disease

cases, with no noise introduced from controls, leads to

an improvement in power by a factor of 2.25,42

The most obvious applications of admixture mapping

are those to diseases in which risk varies between ethnic

groups. There are relatively few diseases for which epidemi-

ological criteria (based on migrant studies and the relation-

ship of risk to individual admixture proportions) support

genetic explanations for ethnic variation in risk.18 A few

common diseases or traits are known differ between East-

Asian and European populations, such as cardiovascular

disease,52–56 hypertension,57,58 obesity and type II diabe-

tes,54,57,59–62 longevity,63–65 etc. Female breast cancer is

seen more commonly in North America and Europe and

is relatively uncommon in Asia and Latin America, with

a 3-fold difference between high and low risk areas.66

Primary liver cancer (i.e., cancer originating in the liver,

rather than spreading to the liver from other sites) is strik-
ing in its extremely low incidence in Western countries,

Latin America, and India and its high incidence in east

and southeast Asia.66 The number of diseases showing a dif-

ference in risk between EAS and EUR populations could

potentially be much greater than that known at the pres-

ent time, due to lack of thorough investigations. However,

admixture mapping is not necessarily limited to these

diseases.18 The ability to detect a locus by admixture map-

ping depends not on the number of disease alleles at the

locus but only on whether the pool of disease alleles at

the locus is distributed differentially between the ancestral

subpopulations. It is possible that such loci exist even

where no overall ethnic variation in disease risk is detect-

able;17 for instance, when two or more loci have effects

in opposite directions.18

Finally, we should point out that our empirical assess-

ment of Uyghur populations could be not comprehensive

because of the few populations and small sample sizes

used. We especially emphasize that many differences that

we observed between southern and northern Uyghur pop-

ulations, including those in admixture level, admixture

time, and mapping power, could result from the small sam-

ple size (especially northern Uyghurs) used in this study.

Additional studies are needed for clarification of those

differences. In addition, the existence of more than two

ancestral origins (K ¼ 3) makes the potential use of AIMs

for admixture mapping more complicated. We constructed

the admixture map assuming two ancestral origins (K ¼ 2)

based on STRUCTURE posterior probability, which does

not definitively exclude the possibility of the third ances-

tral origin. To examine the possibility that more ancestral

origins of Uyghurs could be found, in the case that more

reference populations became available, we performed

STRUCTURE analysis for recently published 650K SNP
Figure 7. Distribution of Admixture-Mapping Information for Each Chromosome
The admixture-mapping information (ordinate) is shown for each position on the Rutger map (abscissa). The information was determined
via the ANCESTRYMAP analysis of genotyping results, with the use of 7999 SNP AIMs for Uyghur (in orange) and 2750 AIMs for
PANASIA-UG (in blue).
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Figure 8. Sample Size Needed for De-
tection of a Disease Locus with the use
of Admixture Mapping in Uyghur Popula-
tions
‘‘Northern Uyghurs’’ refers to the popula-
tions represented by HGDP-UG, ‘‘Southern
Uyghurs’’ refers to the populations repre-
sented by PanAsia-UG. For each popula-
tion, this quantity is computed under the
ideal assumption of perfect information
about ancestry, as a function of the rela-
tive disease risk conferred by each copy
of a particular ancestry at the disease
locus.
data30 and 377 STR data67 in the HGDP-CEPH panel. From

the results of both SNP and STR data (Figure S4), we found

only a very small proportion of the third component (apart

from the EAS and EUR components) in the Uygur popula-

tion. This component is shared by Central-Asian popula-

tions, which are, per se, a mixture of EAS and EUR (seen

from small Ks); therefore, the third component observed

in Uygur could also derive from EUR or EAS ancestry. How-

ever, the few populations and small sample size in this

study could cause uncertainties in some estimations; our

results can be improved further by genotyping of higher-

density markers and inclusion of more Uyghur popula-

tions, with a larger sample size.

Supplemental Data

Supplemental data include four figures and eight tables and can be

found with this article online at http://www.ajhg.org/.
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The URLs for data presented herein are as follows:

ADMIXMAP program, http://homepages.ed.ac.uk/pmckeigu/

admixmap/index.html
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ANCESTRYMAP program, http://genepath.med.harvard.edu/

~reich/Software.htm

Arlequin ver 3.11 program, http://cmpg.unibe.ch/software/

arlequin3/

EIGENSOFT program, http://genepath.med.harvard.edu/~reich/

Software.htm

The HGDP-CEPH Diversity Panel Database, http://www.cephb.fr/

hgdp-cephdb/

International HapMap Project, http://www.hapmap.org/

downloads/index.html.en

PanAsia Project, http://pasnp.org/index.php

SNP Genetic Mapping, http://actin.ucd.ie/cgi-bin/rs2cm.cgi

STRUCTURE 2.2.2 program, http://pritch.bsd.uchicago.edu/

structure.html
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