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Summary

Turkey connects the Middle East, Europe, and Asia and has experienced major population 

movements. We examined the population structure and genetic relatedness of samples from three 

regions of Turkey using over 500,000 SNP genotypes. The data were analyzed together with 

Human Genome Diversity Panel data. To obtain a more representative sampling from Central 

Asia, Kyrgyz samples (Bishkek, Kyrgyzstan) were genotyped and analyzed. Principal component 

(PC) analysis reveals a significant overlap between Turks and Middle Easterners and a relationship 

with Europeans and South and Central Asians; however, the Turkish genetic structure is unique. 

FRAPPE, STRUCTURE, and phylogenetic analyses support the PC analysis depending upon the 

number of parental ancestry components chosen. For example, supervised STRUCTURE (K = 3) 

illustrates a genetic ancestry for the Turks of 45% Middle Eastern (95% CI, 42–49), 40% 

European (95% CI, 36–44), and 15% Central Asian (95% CI, 13–16), whereas at K = 4 the genetic 

ancestry of the Turks was 38% European (95% CI, 35–42), 35% Middle Eastern (95% CI, 33–38), 

18% South Asian (95% CI, 16–19), and 9% Central Asian (95% CI, 7–11). PC analysis and 

FRAPPE/STRUCTURE results from three regions in Turkey (Aydin, Istanbul, and Kayseri) were 

superimposed, without clear subpopulation structure, suggesting the selected samples were rather 

homogeneous. Thus, this study demonstrates admixture of Turkish people reflecting the 

population migration patterns.

Introduction

Analysis of population genetic substructure has been improved by using high-density single 

nucleotide polymorphism (SNP) arrays. Knowledge of the patterns of variation within 

continental populations is useful for several reasons, such as understanding the origin and 

migration of population groups and providing information on allele frequency for genetic 

association studies. Recent genome-wide association studies have shown that discovering 

and accounting for differences (e.g., controlling for population structure even at a fine level 

within a seemingly homogeneous population) in substructure can reduce error rates in 
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association studies (McClellan & King, 2010; Price et al., 2010; Rosenberg et al., 2010; Tian 

et al., 2008).

The Human Genome Diversity Panel (HGDP) (Cavalli-Sforza, 2005) has facilitated the 

discovery of the origin of human genetic diversity, genetic relatedness, and population 

structure among world populations by providing samples of genomic DNA and genotype 

data (Li et al., 2008; Rosenberg et al., 2002) (Cann et al., 2002). In addition, several non-

HGDP populations have been analyzed (Hunter-Zinck et al., 2010; Teo et al., 2009; Xing et 

al., 2010; Xu & Jin, 2008) together with HGDP samples. However, the structure of the 

Turkish population has not been analyzed using high-density SNP genotypes. The Anatolian 

peninsula (present-day Turkey) connects the Middle East, Europe, and Asia, and thus has 

been subject to major population movements (Findley, 2005b; Grousset, 1970; Güvenç, 

1993). Previous studies of genetic variations in the Turkish population examined 

mitochondrial DNA sequence variation (Calafell et al., 1996; Mergen et al., 2004; Quintana-

Murci et al., 2004), polymorphic markers on the Y chromosome (Cinnioğlu et al., 2004; 

Regueiro et al., 2006), and some polymorphic loci in autosomal chromosomes (Berkman et 

al., 2008; Di Benedetto et al., 2001) with relatively few genetic markers.

Previously we have studied the risk factors for coronary artery disease in the Turkish 

population (Bersot et al., 1999; Mahley et al., 1995; Mahley et al., 2000; Mahley et al., 

2001), a population known to have a high prevalence of heart disease (Onat, 2001; Onat et 

al., 2003). One of the major risk factors is low levels of high density lipoprotein-cholesterol 

(Bersot et al., 2003). Association studies of candidate genes of lipid metabolism (Hodoğlugil 

et al., 2005a; Hodoğlugil et al., 2005b; Hodoğlugil et al., 2006; Hodoğlugil et al., 2010) and 

a genome-wide scan (Ling et al., 2009; Yu et al., 2005) have identified multiple genes that 

contribute to the Turkish lipid phenotype. Recently, a unique gene—glucuronic acid 

epimerase—was shown to be associated with both high density lipoprotein-cholesterol and 

triglyceride levels in the Turkish population (Hodoğlugil et al., 2011). Interestingly the SNP 

frequency pattern across the locus for this gene more resembled an Asian pattern, whereas 

the SNP frequency surrounding this locus on chromosome 15q21-23 was more similar to a 

European pattern, suggesting the importance of recombination events explaining unique 

population-specific phenotypes. Thus, in the present study, we sought to analyze the genetic 

ancestry of the Turkish population with respect to publicly available HGDP samples (http://

hagsc.org/hgdp/files.html) (Li et al., 2008).

To achieve a more representative sampling from Central Asia relevant to Turkish history 

(Findley, 2005b; Grousset, 1970; Güvenç, 1993), we also genotyped samples from another 

Central Asian population, Kyrgyz from Bishkek, Kyrgyzstan. The Central Asian populations 

in the HGDP are represented by the Uygur and Hazara populations. In addition, to determine 

whether subpopulations exist among our study subjects, we analyzed Turkish samples from 

three regions in Turkey (Istanbul, Aydin and Kayseri) (Fig. 1). Thus, we genotyped 64 

Turkish and 16 Kyrgyz samples, and then combined the data sets with the HGDP data set to 

examine genetic relatedness and population substructure among Eurasian populations.
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Materials and Methods

Study Population, Genotyping, and SNP Quality Control

Sixty-four unrelated Turkish samples (including one duplicate pair) from three locations in 

Turkey (Istanbul, Aydin, and Kayseri) were selected from participants in the Turkish Heart 

Study (Mahley et al., 1995). Istanbul is a cosmopolitan city of over 12 million and a major 

hub for other parts of Turkey. All Istanbul samples were selected from the city itself. Aydin 

is a mid-size city (population: 188,000) near the Aegean coast, and Kayseri is a relatively 

large city (population: 1,200,000) in central Turkey. Samples from the Aydin and Kayseri 

regions were selected from city centers and from several nearby towns and villages. All 

samples were obtained from individuals who were born and lived in these regions at the time 

the samples were collected (Fig. 1). In addition, 16 Kyrgyz samples were randomly selected 

from a Kyrgyz cohort obtained at the Kyrgyz National Center of Cardiology and Internal 

Medicine in Bishkek, Kyrgyzstan. All participants were queried about their ethnicity, and 

only participants indicating Turkish or Kyrgyz ethnicity were included in the study. Equal 

numbers of males and females were included, and all samples were obtained from healthy 

individuals under controlled conditions as described (Mahley et al., 1995). The protocols 

were approved by the Committee on Human Research of the University of California, San 

Francisco, and were in accordance with the Helsinki Declaration.

DNA was extracted from blood with a Qiagen blood kit. DNA samples with an A260/A280 

ratio >1.8 quantified with a Nanodrop spectrophotometer were utilized for genotyping with 

Infinium Human 610-quad BeadChip assays (Illumina, San Diego, CA), according to the 

manufacturer’s specifications. All samples had call rates >98%. The rate of concordance 

between a pair of duplicate samples was >99.99%. SNPs were filtered out if they differed 

between duplicate samples or if their call rates across the 80 samples were <95%. Hardy-

Weinberg equilibrium was tested separately in Turkish and Kyrgyz populations. SNPs that 

deviated from Hardy-Weinberg equilibrium (p < 0.001, n = 590 for Turks and n = 1781 for 

Kyrgyz) were also excluded. Only autosomal chromosomes were utilized. These filtering 

and exclusion criteria resulted in 571,852 high-quality SNPs. The genotype data set is 

available upon request from the authors.

Recently, HGDP samples were genotyped (n = 1043) with Illumina HumanHap650K 

BeadChips (Illumina), and the genotype data were made publicly available (Li et al., 2008). 

HGDP genotype data from unrelated HGDP subjects (n = 938) (Rosenberg, 2006) were 

combined with our filtered 79-sample set (excluding one individual from a duplicate pair) 

and resulted in high-quality genotypes for 533,261 SNPs.

Three different SNP sets were used in the analysis—all SNPs (533,261), linkage 

disequilibrium (LD)–pruned SNPs (105,382), and a further trimmed smaller set of SNPs 

(6,408). To prune SNPs for pairwise LD threshold r2 > 0.2, we used PLINK (Purcell et al., 

2007) and the --indep-pairwise command, which removes one of a pair of SNPs if r2 > 0.2 in 

50-SNP windows, repeats this process for every pair, and then shifts the window 5 SNPs 

forward and repeats the entire procedure again. This resulted in 105,382 SNPs in the Turkish 

samples. The LD-pruned (r2 < 0.2) SNP set was further trimmed by using high Fst SNPs 

between HapMap (phase II) European and East Asian samples. First, high Fst SNPs (CEU 
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vs. CHB + JPT > 0.250) were selected and thinned if adjacent SNPs were <0.1 cM apart and 

were filled with SNPs 0.25 > Fst > 0.20 if they were >1 cM apart. This resulted in 6,408 

SNPs. Pairwise HapMap Fst and mapping (cM) data for individual SNPs were provided by 

Stephen Schaffner (Broad Institute of MIT and Harvard) and Tara Matise (Rutgers 

University), respectively.

Principal Component Analysis for Inference of Population Affinities

Autosomal SNP genotypes were used to examine the relationship between individuals by 

principal component (PC) analysis with the smartpca program distributed with 

EIGENSTRAT (Patterson et al., 2006). The LD-pruned (r2 < 0.2, n = 105,382) SNP set was 

used, and no genetic outliers were removed. PC analysis was conducted on all samples and 

on selected samples from Eurasia separately without using population labels. The pairwise 

combinations of up to four components were plotted to illustrate the genetic relatedness 

among individuals/populations. Turkish and Kyrgyz samples were combined with the HGDP 

samples and analyzed with smartpca.

To confirm the validity of results, we computed the identity-by-state (IBS) matrix among the 

1017 individuals (Turkish, Kyrgyz, and HGDP samples) with PLINK, producing a 1017-

by-1017 matrix utilizing all SNPs. We then performed multi-dimensional scaling plots on 

this IBS matrix and used the top two components to illustrate the genetic relatedness among 

individuals.

Inference of Population Clustering with FRAPPE, STRUCTURE, and CLUMMP

To assess population substructure from the high-density genetic marker data, we used 

FRAPPE 1.1 (EM algorithm) (Tang et al., 2005) and STRUCTURE v2.2 (Bayesian 

clustering algorithm) (Falush et al., 2003). For FRAPPE analysis, owing to computer time 

constraints, the LD-pruned (r2 < 0.2, n = 105,382) SNP set was utilized with 20 populations 

selected from all continental/geographical regions representing 339 individuals. This 

FRAPPE analysis considers each person’s genome as having originated from K parental 

populations (K = 2–7), whose contributions are described by coefficients that add up to 

100% for each individual. For STRUCTURE analysis, default parameter settings of 30,000 

replicates and 30,000 burn-in cycles were used. Because STRUCTURE has a large memory 

demand, the set of 6,408 SNPs was used. Ancestry coefficient estimates from 10 individual 

STRUCTURE runs for each parental population (K = 2–7) were conducted with a lab 

computer or computer clusters at the Computational Biology Service Unit, Cornell 

University (http://cbsuapps.tc.cornell.edu/index.aspx) utilizing all samples or a subset of 

samples. The estimated ln probability of data [ln Pr(X∣K)] was consistent across 

independent runs, and the appropriate number of clusters is six or seven for this data set 

(Falush et al., 2003). STRUCTURE results were analyzed with CLUMMP (Jakobsson & 

Rosenberg, 2007), which permutes the cluster output by independent runs of clustering 

programs such as STRUCTURE, so that they match up as closely as possible. Supervised 

STRUCTURE analysis was performed using selected parental populations as described in 

the text.
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Fst Calculations and Phylogenetic Tree Building

By including population labels in the parameter file while running the program, we 

calculated an Fst matrix with the smartpca function of EIGENSTRAT simultaneously with 

the PC analysis. The phylogenetic tree was built with the Fst matrix in MEGA4 using the 

neighbor-joining method (Saitou & Nei, 1987; Tamura et al., 2007).

Allele Frequency Spectrum Comparison

Genome-wide allele frequency comparisons between population pairs were completed 

utilizing all SNPs, and heat maps were used to visualize the allele frequency distributions 

across pairs of populations (R, hexbin package, http://cran.r-project.org/). Frequencies of 

reference forward allele are reported. All allele frequency values were used, and no cut-off 

values were applied. Pearson’s correlation was calculated for population pairs.

Patterns of Decay of LD and Haplotype Diversity

For each chromosome, we randomly selected a 1-Mb region, avoiding centromeres, genomic 

regions with low SNP density, and known segmental duplications. Genotype data were 

phased with fastPhase (Scheet & Stephens, 2006) software separately for each population, 

using default parameters. LD (r2 and D’) was measured by pairwise comparison between 

SNP markers that had a minor allele frequency ≥15% using phased genotype data in 

Haploview (Barrett et al., 2005). The LD between a focal SNP and any SNP within a 250-kb 

upstream or downstream region of the focal SNP was calculated. Haplotype blocks were 

calculated with the Gabriel method (Barrett et al., 2005) in Haploview using phased 

genotype data, and haplotypes (frequency >5%) were counted in each selected genomic 

region for each population separately.

The number of subjects in the HGDP populations varies greatly. To avoid the effects of 

different sample sizes on comparisons of LD decay and haplotype diversity, populations 

from similar geographic regions were combined, and 48 subjects were selected for each 

group: Turkish (48), European (14 French, 12 Italian, 8 Tuscan, and 14 Sardinian), Middle 

Eastern (24 Druze and 24 Palestinian), Central Asian (22 Hazara, 10 Uygur, and 16 Kyrgyz), 

South Asian (8 Balochi, 8 Brahui, 8 Burusho, 8 Makrani, 8 Pathan, and 8 Sindhi), Northeast 

Asian (8 Mongola, 8 Tu, 8 Oroqen, 8 Xibo, 8 Daur, and 8 Hezhen), native American (7 

Colombian, 8 Surui, 11 Karitiana, 11 Maya, and 11 Pima), and African (11 Bantu, 8 Biaka 

Pygmy, 8 Mbuti Pygmy, 8 Mandenka, 8 Yoruba, and 5 San).

Relatedness, Identity-by-Descent, IBS, and Runs-of-Homozygosity

Whole-genome genotype data were used to calculate identity-by-descent (IBD) and IBS 

values in PLINK (Purcell et al., 2007) utilizing all individuals. PI_HAT values (proportion of 

IBD) were evaluated for cryptic relatedness for Turkish and Kyrgyz samples. Pairwise IBS 

sharing within a subpopulation was used to evaluate genetic similarity in a given population.

To calculate runs of homozygosity (ROH) in our samples, we used the default parameters in 

PLINK. To avoid the effects of different sample sizes on calculations, we used the same 48-

subject groups (Turkish, European, Middle Eastern, Central Asian, South Asian, and 
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Northeast Asian). To eliminate the effect of LD on detection of ROHs, SNPs were LD 

pruned (r2 < 0.2, n = 105,382) for each population group separately.

Results

Population Structure, Relatedness, and Admixture

PC analysis is useful for revealing relationships among individuals and exploring the extent 

of differentiation among populations. We used data from the unrelated subjects in the HGDP, 

a collection of 52 populations across the globe, and included data from our Turkish and 

Kyrgyz samples utilizing the LD-pruned SNP set (r2 < 0.2, n = 105,382). Figure 2A shows 

the first two components of this analysis by smartpca. Population groupings (major 

geographical regions) were assigned only after the analysis. Subjects from the same 

geographical region clustered among themselves. Turkish samples clustered tightly among 

themselves and together with Europeans, Middle Easterners, and South Asians (Pakistani). 

Krygyz samples also clustered tightly among themselves and between Central Asians 

(Uygur and Hazara) and East Asians.

To examine fine-scale population structure and relatedness, we removed African, Oceanian, 

and native American populations. Representative populations from Eurasia were selected, 

and the analysis was repeated (Fig. 2B). Turkish samples clustered with Middle Eastern and 

European populations, particularly with the Adygei population from the Caucasus. South 

Asian populations clustered separately and did not overlap with Turkish samples. Kyrgyz 

samples clustered with other Central Asian populations, but they were relatively closer to 

East Asian populations (Fig. 2B). These results demonstrate that the PC analysis for the 

Eurasian region clearly delineates fine-scale population structure.

To examine finer-scale population clustering among populations and to identify any 

subpopulation structure among our subjects from different regions of Turkey, we analyzed 

Turkish samples together with European and Middle Eastern populations (Fig. 3A) or with 

South Asian and Central Asian populations (including Kyrgyz) (Fig. 3B) after examining the 

pattern of clustering of populations in Fig. 2A and B. The Turkish samples were easily 

separated from the Middle Eastern and European populations, and to some extent from the 

Adygei population. Importantly, samples from the three regions in Turkey (Aydin, Istanbul, 

and Kayseri) overlapped, suggesting no clear subpopulation structure in our samples (Fig. 

3A). Additional pairwise PCs were plotted using Turkish, European, and Middle Eastern 

populations. The third PC clearly distinguished Middle Eastern populations of Palestinians 

and Druze (Fig. S1A and C), while the Turkish samples from different regions overlapped 

(Fig. S1A–D). Similarly, Turkish samples were clearly separated from South Asian and 

Central Asian populations as shown in the first two PCs (Fig. 3B). In addition, adding the 

third and fourth PCs showed that the Turkish samples from the different regions overlapped 

(Fig. S2A–D) as we observed with the first two PCs (Fig. 3B).

We repeated the PC analysis using only the 63 Turkish samples and observed that the 

samples from the different regions overlapped (Fig. S3A–D). In addition, PC analysis of the 

Turkish and Adygei populations together clearly separated the Adygei population from the 

Turkish population at the first PC, and again our samples from the different regions 
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overlapped (data not shown). These results demonstrate that our Turkish samples are rather 

homogeneous and clustered away from other Eurasian populations (Figs. 3 and S1–3). We 

analyzed up to six PCs and the results did not suggest there were any differences between 

our samples from the three regions. Including additional population(s) or different groupings 

(e.g., eliminating a few) did not change the overall interpretation of the PC analysis results 

for Turkish or Kyrgyz populations (data not shown). To check the validity of the PC analysis 

results, the IBS matrix was used to create a multidimensional scaling plot for all samples 

(HGDP, Turkish, and Kyrgyz) including all SNPs (Fig. S4). First and second dimensions 

were plotted with similar labeling of major geographical regions (Fig. 2A) to illustrate the 

genetic relatedness among individuals or populations. The results were very similar to those 

obtained with smartpca. Using multidimensional scaling analysis with the LD-pruned SNP 

set (r2 < 0.2, n = 105,382), we also obtained similar results (data not shown). Furthermore, 

removing some populations as we did previously (Figs. 2B and 3A and B) also gave very 

similar results (data not shown). This demonstrates the validity of population clustering 

results obtained by two different statistical methods.

The population structure of the Turkish and Kyrgyz samples was further examined with 

FRAPPE (K = 2–7, Fig. S5) and STRUCTURE (K = 2–7, Fig. S6) along with the HGDP 

samples. Previous analysis of HGDP samples with FRAPPE and STRUCTURE revealed 

that individuals from the same geographic region or predefined population nearly always 

shared similar parental ancestry components (Li et al., 2008; Rosenberg et al., 2002). In 

FRAPPE, the genetic structure of the Turkish samples revealed four parental ancestries 

(>1%) at K = 7 (Fig. 4). The largest portion (light blue), about 53% averaged across the 

Turkish samples, was present as the major ancestry in European populations, and this 

ancestry was also present in the Middle Eastern and Central Asian populations. About 26% 

of ancestry (dark blue) in the Turkish population represented the major ancestry in South 

Asians and present to a lesser extent in Central Asian and Middle Eastern populations but 

not present in European populations. About 14% of ancestry (green) in Turks was present in 

Middle Eastern populations, and about 6% of Turkish ancestry (red) was present to a 

significant extent in Central Asian and to a major extent in East Asian populations. Samples 

from different regions of Turkey had similar mean parental ancestry estimates (Table S1). 

Results from the Caucasus region (Adygei population) were similar to the Turks.

Parental ancestry estimates for our Kyrgyz samples were similar to other Central Asian 

samples (Uygur and Hazara) except that the ‘red’ ancestry coefficient (major ancestry in 

East Asian populations) was slightly higher in Kyrgyz than other Central Asians (Fig. 4). 

This finding is consistent with the PC analysis results (Fig. 2A and B).

The population structure of the Turkish and Kyrgyz samples was also examined with 

STRUCTURE (Fig. S6). At K = 7, parental ancestry estimates for Turkish subjects were 

higher for ancestry coefficients in which the major ancestry component was European (77%, 

‘light blue’) and lower in South Asian (12%, ‘dark blue’) and Middle Eastern (4%, ‘light 

green’) populations and similar to Central Asian population (6%, ‘red’). FRAPPE 

distinguished South Asian populations from Middle Eastern and European populations and 

Middle Eastern populations from European populations as seen in the original HGDP 

analysis (Li et al., 2008). To determine whether SNP selection affects the results, random 
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SNPs were selected (1st, 84th, 167th, etc. up to 6407 SNPs) and run on STRUCTURE at K = 

7. Random selection gave results similar to those of the selection process described 

previously (data not shown).

Supervised clustering with STRUCTURE (Falush et al., 2003) was also used to analyze the 

Turkish genetic ancestry by forcing separate clustering of HGDP populations. Supervised 

analysis was performed using individuals from the Middle East (Druze and Palestinian), 

Europe (French, Italian, Tuscan, and Sardinian), and Central Asia (Uygur, Hazara, and 

Kyrgyz) at K = 3 (Fig. 5A). The contributions were 45%, 40%, and 15% for the Middle 

Eastern, European and Central Asian populations, respectively. Supervised analysis was also 

performed using Middle Eastern, European, Central Asian, and South Asian (Pakistani) 

populations (K = 4) (Fig. 5B). Parental ancestry coefficients for our Turkish samples were 

found to be 38% European, 35% Middle Eastern, 18% South Asian, and 9% Central Asian.

Fst Calculations and Phylogenetic Tree Building

To measure genetic distances between HGDP, Turkish, and Kyrgyz populations, we 

calculated pairwise Fst values between populations. Results for selected Eurasian 

populations (Table 1) and all populations in this study (Table S2) are shown. Turks had the 

lowest pairwise Fst with Adygei, Middle Eastern, and European populations, followed by 

South Asian and Central Asian populations. Kyrgyz had the lowest pairwise Fst with Uygur 

and Hazara populations followed by East Asian populations. These pairwise Fst distances are 

in concordance with the results from the PCA and STRUCTURE analyses. The phylogenetic 

tree for selected Eurasian populations (Fig. 6) supported the aforementioned relationship 

that Turks are closer to Adygei and Middle Eastern populations and to some degree to 

European and South Asian populations.

Allele Frequency Comparison Among Populations

Forward reference allele frequencies in Turkish vs. other HGDP populations were compared 

and visualized (Fig. S7). The highest correlations were between Turks and Middle 

Easterners (r = 0.923, Druze and Palestinian), Europeans (r = 0.914, French, Italian, Tuscan, 

and Sardinian), and South Asian populations (r = 0.894, Pakistani). There was some degree 

of correlation with Central Asian populations (r = 0.747, Hazara and Uygur) (Fig. S6). 

These results are in line with results of the PC analysis, FRAPPE, and STRUCTURE 

analyses. Allele frequency correlations between Kyrgyz and HGDP populations were also 

calculated. The highest correlations were with other Central Asian (r = 0.834), Northeast 

Asian (r = 0.854), and Chinese populations (r = 0.808).

Patterns of Decay of LD and Haplotype Diversity

To investigate haplotype diversity in our Turkish samples and other population groups, 

randomly selected 1-Mb regions from each chromosome were analyzed. Population groups 

contained equal numbers of subjects to avoid the effects of different sample sizes. The 

number and average size of haplotype blocks and the number of common haplotypes (>5%) 

were rather similar among Turkish, European, Middle Eastern, Central Asian, and South 

Asian groups (Table 2). Haplotype block counts were lower, the average size was shorter, 
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and the number of common haplotypes was lower in Africans, whereas the haplotype blocks 

were much larger in native Americans than in other populations (including Turks).

Turkish, European, Middle Eastern, Central Asian, and South Asian groups exhibited similar 

rates of LD decay with increasing distance (Fig. 7). The half-life of LD decay with genomic 

distances was substantially shorter in African samples and longer in native American 

samples. The difference among populations started to disappear over 100-kb distances.

Relatedness, IBD, IBS, and ROH

Cryptic relatedness was determined by estimating IBD across the genome for all possible 

pairwise sample combinations for Turkish and Kyrgyz samples separately. All pairwise 

PI_HAT values (proportion of IBD) were <0.05 for Turkish samples and <0.07 for Kyrgyz 

samples, suggesting that relatedness was not an issue for our samples. Pairwise IBS sharing 

values were used to evaluate genetic similarity in a given population and are shown for 

selected populations (Table S3). Average IBS sharing within populations were quite similar 

except for Papuan and Piman populations, which were slightly elevated. Samples from 

different regions of Turkey have also similar IBS sharing values (Table S3).

ROH (extended homozygosity in a locus with two identical alleles) was examined in several 

population groups containing equal numbers of subjects from Eurasia after SNPs were LD 

pruned separately in each group. Middle Eastern and South Asian populations showed 

significantly more ROH as seen by higher count and longer segments in the histogram (Fig. 

S8). Turkish, Central Asian (including Kyrgyz), European, and Northeast Asian populations 

showed similar degrees of ROH.

Discussion

The Anatolian peninsula (present-day Turkey), located on the Silk Road, served as a bridge 

between the West and East and was subject to migration from different regions throughout 

history. The most recent migration was by Turkic-speaking nomadic groups, mainly Oghuz 

groups. Starting in the 10th century, they spread away from their homeland in Central Asia 

(Findley, 2005b; Grousset, 1970; Güvenç, 1993), began to admix with local inhabitants, and 

established the Anatolian Seljuk Empire (10th–13th centuries). After the collapse of this 

Turkish Empire by Mongol invasion, another Turkish empire, the Ottomans, ruled (13th–20th 

centuries) the Anatolian peninsula, the Middle East, and stretching to southeastern Europe 

and southwestern Asia (Faroqhi, 2007; Findley, 2005a). These major historical events are 

reflected in the genetic structure of present-day Turkish people, as described in this study.

We analyzed the population structure and genetic relatedness of Turkish and Kyrgyz 

populations and compared them to other Eurasian populations utilizing HGDP data. PC and 

FRAPPE/STRUCTURE analyses indicated that the Turkish population has a close genetic 

similarity to Middle Eastern and European populations and some degree of similarity to 

South Asian and Central Asian populations. Kyrgyz samples showed genetic relatedness 

(clustered together) with other Central Asian populations (Uygur and Hazara) in the HGDP 

set. The PC and FRAPPE results are generally consistent with the phylogenetic tree and the 

relative paired Fst values with respect to the distance separation among the different 
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population groups. Results from our samples, collected from three regions in Turkey (Aydin, 

Istanbul, and Kayseri), overlapped without a clear subpopulation structure, suggesting a 

rather homogeneous and distinct genetic ancestry. The potential weakness of our sampling 

strategy is that we do not have the parental/grandparental ancestry of our samples, which 

may cause difficulties in the interpretation of genetic ancestry inference. The complex 

origins, unrecorded/unknown immigrations, and recent intermarriages with other population/

ancestry groups preclude the possibility of unambiguously identifying the ancestry of our 

samples. However, clear overlapping of our samples from three different regions of Turkey, 

including samples from a cosmopolitan city such as Istanbul (which may reflect the more 

general picture of present-day Turkey), and data from about samples that were obtained from 

individuals who were born and lived in their designated regions give us confidence in our 

interpretation of the results, at least for the regions and samples included in this study.

Genetic distance also depends on the markers used; the panel of more than 500,000 SNPs 

we used is biased toward common polymorphisms discovered in European and East Asian 

(mainly Japanese) populations. Nevertheless, fine population structure has been documented 

in several studies even when subsets of these high-density markers were selected (Auton et 

al., 2009; Bonnen et al., 2006; Bryc et al., 2010; Hunter-Zinck et al., 2010; Silva-Zolezzi et 

al., 2009; Xing et al., 2010; Xu et al., 2008). Importantly, the ancestry proportions inferred 

from this analysis are affected by the populations used in the study. The HGDP has extensive 

coverage of the world’s major geographic regions, although some are not well represented 

(e.g., Central Asia). However, extensive and rigorous analyses have demonstrated that the 

estimated genetic clusters are not artifacts of noncontinuous sampling of people (Li et al., 

2008; Rosenberg et al., 2002).

To obtain better estimates of some calculations in this study, geographic populations in close 

proximity were grouped together. Populations of Mongola, Tu, Xibo, Oroqen, Hezhen, and 

Daur were grouped together as Northeast Asians, since these groups reside at high latitudes 

and speak languages of the Altaic family (Cavalli-Sforza, 2005; Li et al., 2008), of which 

Turkic is a subdivision (Georg et al., 1998). Uygur and Kyrgyz populations also speak a 

Turkic language (Georg et al., 1998). Although Hazaran samples were collected from 

Pakistan (Cann et al., 2002), they are genetically more similar to Central Asian populations 

than to Pakistani populations as seen in this and other studies (Li et al., 2008; Quintana-

Murci et al., 2004; Rosenberg et al., 2002; Xing et al., 2010); therefore, we grouped 

Hazarans together with Uygur and Kyrgyz populations as Central Asians. The Middle 

Eastern group consists of Druze and Palestinian populations, since Mozabites have a large 

African component, and Bedouins are an admixed population (Li et al., 2008). European 

populations on the Mediterranean Sea (French, Italian, Tuscan, and Sardinian) were grouped 

as Europeans for supervised STRUCTURE, allele frequency spectrum comparison, patterns 

of decay of LD, and haplotype diversity analyses, whereas all or representative European 

populations were used for PC, FRAPPE, and STRUCTURE analyses as described.

Our population substructure analyses are consistent with historic admixture events (Figs. 4, 

5, S5, and S6). In Turks, the largest parental ancestry estimates (light blue) were also present 

as a major ancestry component in European and, to a lesser extent, in Middle Eastern and 

Central Asian populations. However, the second largest parental ancestry estimates (dark 
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blue) were present in South Asian, Central Asian, and Middle Eastern populations but not in 

European populations. The third largest ancestry estimates (light green) in Turks have a 

major component in Middle Easterners. The fourth largest ancestry estimates (red) in Turks 

were major ancestry estimates in East Asian and Central Asian populations, possibly 

demonstrating admixture events in Central Asian (Comas et al., 1998; Frye, 1996; Nasidze 

et al., 2004; Wells et al., 2001; Zerjal et al., 2002) and Turkish populations, but these 

estimates (red) were absent in European and Middle Eastern populations. PC and 

phylogenetic tree analyses also supported these conclusions.

The Adygei population from the Caucasus showed a closer genetic affinity to our Turkish 

samples; however, when the Turkish and Adygei populations were analyzed together, the 

first PC clearly separated these two populations. Although the Adygei sample set was small 

(n = 17), it clustered tightly with other populations from the Caucasus (Nasidze et al., 2004; 

Xing et al., 2010), suggesting that it is a valid finding, not an artifact of low sample size. The 

Caucasus region, close to present-day Turkey, was also subjected to major population 

movements and the Caucasus Mountains did not seem to act as a barrier to gene flow 

(Nasidze et al., 2004). Studies of Y chromosome (Wells et al., 2001) and mitochondrial 

markers (Quintana-Murci et al., 2004) showed closer affinities of Turkish and Caucasus 

samples.

Many contemporary Central Asian populations speak a Turkic language (Georg et al., 1998) 

as do the majority of people in Turkey. Several studies have attempted to quantify the 

Central Asian contribution to the Turkish gene pool utilizing mitochondrial DNA, Y 

chromosome, and autosomal markers (Alu insertion polymorphism). Mean estimates varied 

widely; analysis of mitochondrial markers found that the admixture percent of Central Asian 

was 22% (Berkman, 2006) to 30% (Di Benedetto et al., 2001); for Y chromosome markers, 

the percent was <9% (Cinnioğlu et al., 2004), 13% (Berkman, 2006), and 30% (Di 

Benedetto et al., 2001); and for the Alu insertion polymorphism, it was 13% (Berkman et al., 

2008) and 15% (Berkman, 2006) in the Turkish gene pool. Although these markers provide 

some insights about the relative contributions of different sexes, their haploid nature 

(mitochondrial and Y chromosome markers) makes them more vulnerable to genetic drift 

than autosomal markers. However, in the present study we used autosomal high-density SNP 

genotypes across the genome to more accurately reflect the Central Asian admixture with 

Turks. To compare our samples with published reports (Berkman, 2006; Berkman et al., 

2008; Cinnioğlu et al., 2004; Di Benedetto et al., 2001), we used supervised clustering with 

STRUCTURE (Falush et al., 2003). Individuals from the Middle East (Druze and 

Palestinian), Europe (French, Italian, Tuscan, and Sardinian), and Central Asia (Uygur, 

Hazara, and Kyrgyz) were forced into separate clusters, and supervised analysis of Turkish 

samples was performed at K = 3. The Central Asian contribution was found to be about 15% 

(with 45% Middle Eastern and 40% European) (Fig. 5A). We inferred parental populations 

from contemporary populations living in these locations, although these populations may 

have experienced population movement (e.g., migration, admixture) or genetic drift. Having 

different populations than the available ones used in this analysis (e.g., populations closer to 

Turkey or more populations from Central Asia) may also affect the calculated contributions. 

Nevertheless, our results compare favorably with published results of the Central Asian 
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contribution to today’s Turkish genome (Berkman, 2006; Berkman et al., 2008; Cinnioğlu et 

al., 2004; Di Benedetto et al., 2001).

Although separated by large geographic distances, Europe and South Asia (e.g., Pakistan) 

have some genetic relatedness (Fig. 2A) (Li et al., 2008; Rosenberg et al., 2002) that may 

reflect the documented gene flow from Central Asia, the Middle East, and Iran to Pakistan 

(Quintana-Murci et al., 2004; Regueiro et al., 2006; Wells et al., 2001) and the common 

ancestry of these population groups (Auton et al., 2009; Quintana-Murci et al., 2004). 

Similarities between our samples and South Asian (Pakistani) samples may reflect those 

earlier migratory and admixture events. Nevertheless, we did similar supervised clustering in 

which individuals from South Asia, the Middle East, Europe, and Central Asia were forced 

into separate clusters. The parental ancestry coefficient for our Turkish samples was 38% 

European, 35% Middle Eastern, 18% South Asian, and 9% Central Asian at K = 4 (Fig. 5B).

ROH may arise from consanguinity, reduced population size, or prolonged isolation of a 

population. Middle Eastern and South Asian populations, where consanguinity is relatively 

common (Hunter-Zinck et al., 2010; Hussain, 1999), have clearly more ROH (in terms of 

number and size) than Turkish, Central Asian, European, and Northeast Asian populations 

(Fig. S8). ROH might also result from hemizygosity (copy number variations, such as 

deletions). Copy number changes were not taken into account in our study. However, no 

significant differences in mean total length of ROHs were observed when deletions were 

considered (McQuillan et al., 2008).

The approaches used in our study allowed us to investigate the genetic ancestry of our 

Turkish samples with respect to HGDP samples and to assess the extent of admixture in our 

samples. Although the complex origins, historical immigrations, and intermarriages among 

populations make it hard to be precise, we found that individual parental ancestries can be 

estimated from the high-density SNP genotype data. A more thorough knowledge of 

between-population genetic variation is important in improving the design and interpretation 

of the genetics of complex diseases. Furthermore, since genetic studies are currently aiming 

at identifying smaller and smaller effects, recognizing and controlling for population 

structure, even at a fine level within a seemingly homogeneous population, is important to 

avoid confounding and spurious associations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Geographical locations of samples used in this study. Turkish (Istanbul, Aydin, and Kayseri) 

and Kyrgyz samples are shown in red; populations from the HGDP are shown in black.
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Figure 2. 
PC analysis demonstrating genetic relatedness across major geographic regions, including 

HGDP, Turkish, and Kyrgyz samples. Each symbol represents one individual. (A) PC 

analysis of 52 populations from the HGDP (n = 938), Turkish (n = 63), and Kyrgyz (n = 16) 

samples. (B) PC analysis focusing on selected Eurasian populations (including Turkish and 

Kyrgyz populations) (n = 451).
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Figure 3. 
PC analysis demonstrating genetic relatedness in selected HGDP, Turkish, and Kyrgyz 

samples. Each symbol represents one individual. (A) PC analysis of Turks vs. European and 

Middle Eastern populations. Turkish samples were from three regions of Turkey (Aydin, 

Istanbul, and Kayseri). (B) PC analysis of Turks vs. Central Asian (including Kyrgyz) and 

South Asian (Pakistani) populations.
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Figure 4. 
Estimated individual ancestry and population structure in 339 individuals by FRAPPE 

analysis. Representative HGDP populations selected from all continental/geographical 

regions and combined with Turkish and Kyrgyz samples (n = 339). Populations are labeled 

above the figure, with their geographic affiliations below. Each individual is represented by a 

thin vertical line, which is partitioned into K colored segments (K = 7). Colors represent the 

inferred ancestry from parental populations. White lines separate individuals of different 

populations.
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Figure 5. 
Supervised population structure analysis. Parental ancestry contributions were calculated for 

Turkish samples using supervised STRUCTURE analysis. Each individual is represented by 

a thin vertical line. White lines separate individuals of different populations. (A) Three 

clusters were forced to correspond to Middle Eastern (Druze and Palestinian), European 

(French, Italian, Tuscan, and Sardinian), and Central Asian (Uygur, Hazara, and Kyrgyz) 

populations at K = 3. (B) Four clusters were forced to correspond to Middle Eastern, 

European, South Asian (Balochi, Brahui, Burusho, Makrani, Pathan, and Sindhi), and 

Central Asian populations at K = 4.
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Figure 6. 
Phylogenetic tree of Eurasian populations. Neighbor-joining tree of 33 Eurasian populations 

(selected from HGDP, Turkish, and Kyrgyz populations) based on pairwise Fst matrix 

calculated with smartpca. The phylogenetic tree was constructed with MEGA4 software.
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Figure 7. 
Decay of LD over distance. SNP pairs were partitioned into bins at 5-kb intervals; for each 

bin number, SNP pairs with r2 > 0.8 (A) and D′ > 0.8 (B) were plotted. Each group has 48 

individuals to eliminate possible effects of sample size. The populations shown are European 

(French, Italian, Tuscan, and Sardinian), Middle Eastern (Druze and Palestinian), Central 

Asian (Hazara, Uygur, and Kyrgyz), South Asian (Balochi, Brahui, Burusho, Makrani, 

Pathan, and Sindhi), Northeast Asian (Mongola, Tu, Oroqen, Xibo, Daur, and Hezhen), 

native American (Colombian, Surui, Karitiana, Maya, and Pima), and African (Bantu, Biaka 

Pygmy, Mbuti Pygmy, Mandenka, Yoruba, and San).
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