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Abstract

Characterizing patterns of genetic variation within and among human populations is impor-

tant for understanding human evolutionary history and for careful design of medical genetic

studies. Here, we analyze patterns of variation across 443,434 SNPs genotyped in 3,845 indi-

viduals from four continental regions. This unique resource allows us to illuminate patterns

of diversity in previously under studied populations at the genome-wide scale including Latin

America, South Asia, and Southern Europe. Key insights afforded by our analysis include quan-

tifying the degree of admixture in a large collection of individuals from Guadalajara, Mexico;

identifying language and geography as key determinants of population structure within India;

and elucidating a North-South gradient in haplotype diversity within Europe. We also present

a novel method for identifying long-range tracts of homozygosity indicative of recent common

ancestry. Application of our approach suggests great variation within and among populations

in the extent of homozygosity, suggesting both demographic history (such as population bottle-

necks) and recent ancestry events (such as consanguinity) play an important role in patterning

variation in large modern human populations.

2

 Cold Spring Harbor Laboratory Press on June 15, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


Recent advances in sequencing and genotyping technology have transformed the study of human

population genetics [Altshuler et al. 2007, Hinds et al. 2005]. Analysis of dense genotype data

has greatly expanded our understanding of the role natural selection has played in the recent

evolution of our species [Sabeti et al. 2007, Voight et al. 2006, Williamson et al. 2007], the nature

and causes of recombination rate variation [Myers et al. 2006, Coop et al. 2008], and the extent

of structural variation within and among human genomes [Redon et al. 2006, Kidd et al. 2008,

Jakobsson et al. 2008].

Arguably, some of the most important insights have come from refining our views of human

population structure and recent demographic history [Altshuler et al. 2005, Schaffner et al. 2005,

Altshuler et al. 2007, Keinan et al. 2007, Jakobsson et al. 2008, Li et al. 2008]. For example, the

HapMap Project [Altshuler et al. 2005, Altshuler et al. 2007] has afforded unprecedented insight

into fine-scale patterns of genotype and haplotype variation across more than 3.1 million single

nucleotide polymorphisms (SNPs) genotyped in 270 individuals from three major continental pop-

ulations. Likewise, analysis of samples collected by the Human Genome Diversity Project (HGDP)

[Jakobsson et al. 2008, Li et al. 2008] has elucidated patterns of diversity across approximately

650K SNPs genotyped in nearly a 1,000 individuals from 51 populations. One key feature of these

projects is that they have focused on comparing geographically discontinuous populations with

small to moderate sample sizes per group. They have also specifically excluded individuals of

admixed ancestry in many of their analyses.

In this paper, we analyze dense genotype data from 3,845 individuals from the Population

Reference Sample (POPRES [Nelson et al. 2008]), with self-identified ancestry from four conti-

nental regions (Supplementary Table S1). The POPRES is comprised of samples from a num-

ber of studies, and includes individuals designated as healthy or with undisclosed disease status

[Nelson et al. 2008]. Individuals were generally sampled in urban locations, and were genotyped

on the Affymetrix GeneChip Mapping Array 500K. Depending on the original study for which the

samples were collected, further non-genetic data are often available, including self-reported ancestry

up to and including grand-parental information, and primary spoken language.
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The POPRES provides a complementary resource to both the HapMap and HGDP datasets,

and presents an opportunity to further understand human genetic diversity. The POPRES has

already been used to investigate fine-scale population structure in Europe [Novembre et al. 2008]

and its implications on case-control association studies [Nelson et al. 2008]. In this paper, we

have investigated population structure, haplotype diversity and patterns of homozygosity in the

POPRES. Some of the key findings we have uncovered include evidence of historical South European

admixture with the Mexican population, population stratification within South Asia, a gradient of

haplotype diversity within Europe, and extended runs of homozygosity in almost all individuals

examined. Together these analyses suggest the growing utility of large diverse samples of worldwide

human populations.

RESULTS

Population Structure

Consistent with all previous studies of human genetic variation, we find that the vast majority of

common genetic variation is shared across major continental populations. Specifically, we observed

a low degree of population differentiation, as measured by Wright’s fixation index, of FST = 5.2%

across autosomal SNPs for the four main continental groupings of East Asia, South Asia, Europe,

and Mexico. Interestingly, we observed a significantly higher degree of divergence in allele frequency

across X chromosome SNPs where we estimate FST to be 9.7%. This value is about 40% higher than

the expected value of 6.8% derived from a many-deme island model and accounting for the 4:3 ratio

of autosomes to sex chromosome (see Supplementary Material). The higher degree of population

divergence at X chromosome SNPs suggests a smaller effective population size of the X than that

predicted from Mendelian genetics. Alternatively, deviations from the simple Wright-Fisher model

such as a shorter mean generation time for females relative to males, smaller female population

size, or male-biased dispersal could also contribute to the observed difference [Schaffner 2004].
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In order to quantify patterns of population structure and admixture, we utilized STRUCTURE

[Pritchard et al. 2000], a commonly used Bayesian clustering method. Due to computational lim-

itations of the algorithm, we applied STRUCTURE to a subset of the data (see Methods). For

comparison and further validation of the POPRES data, we also included the four HapMap (release

23) populations in this analysis using the same SNP subset. Setting the number of clusters (K)

to five revealed structure largely corresponding to continental regions (Figure 1A). Interestingly,

all Mexican and many South Asian individuals showed a proportion of the genome clustering with

European individuals. In the case of individuals from Mexico, the European component most likely

reflects recent admixture, whereas the smaller European component in South Asia perhaps repre-

sents the recent common ancestry of the two populations [Patterson et al. 2006]. When combined

with the POPRES European samples alone, the Mexican individuals form a slightly elongated clus-

ter extending from South / South West Europe (Figure 2A). Conversely, in similar analysis, South

Asians form a tighter cluster that exhibits no preference for any one region of Europe (Figure 2B).

However, weak structuring by spoken language group is visible within the South Asian cluster,

which is consistent with geographic structure (see below and Supplementary Material).

To investigate the level of admixture in the Mexican population, we combined the Mexican

samples with a sample of European and East Asian populations. Using STRUCTURE with K = 3

we estimated an average of 32.5% European ancestry in Mexican individuals (± 3.3% 95% C.I.;

see Figure 1B), which is lower than some previous estimates based on microsatellite or ‘ances-

try informative’ markers [Wang et al. 2008, Price et al. 2007, Salari et al. 2005, Tian et al. 2007].

However, it should be noted that the variability between individuals is high, and that the Mexican

samples in our study originate from a single location (Guadalajara).

Analysis of the East and South Asian populations reveals structuring at a subcontinental level.

In East Asia (Figure 1C), we observe clear separation of the Japanese populations from the Tai-

wanese and HapMap CHB populations, with weaker separation of the Taiwanese from the CHB.

The South Asian individuals in the POPRES were sampled in London with self-identified South

Asian ancestry [Nelson et al. 2008]. For this reason, we lack data regarding ancestral geographic

5

 Cold Spring Harbor Laboratory Press on June 15, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


location. However, we observe weak clustering by spoken language (Figure 1D and Supplementary

Figure S5). Assuming language to be a reasonable proxy for ancestral geographic location, the

observed structure is therefore correlated with geographic spacing as seen in studies using fewer

of markers [Brahmachari et al. 2008, Kashyap et al. 2006, Basu et al. 2003]. Furthermore, of the

two South Asian populations, the Dravidian Influenced group is slightly more diverged from the

other continental populations (Supplementary Table S4), suggesting stronger genetic isolation of

this population.

To understand how representative the POPRES samples are of human diversity, we combined

the POPRES with the HGDP dataset [Jakobsson et al. 2008]. These two studies used very differ-

ent sampling strategies, with the POPRES mainly sampling individuals in urban locations, and the

HGDP focusing on more isolated populations. However, analysis of the combined dataset revealed

global patterns of population structure consistent with those previously observed, with the POPRES

samples clustering with the corresponding HGDP populations (Supplementary Figure S1). It is per-

haps worth noting that the HGDP populations form tighter clusters than the POPRES populations,

which is to be expected given the disparate sampling schemes of the two studies. Furthermore, while

the POPRES populations tend to cluster around their HGDP counterparts, the Mexican population

forms an elongated cluster similar to that observed in the Mexican/European PCA (Figure 2A)

extending between the European and Native American populations (Supplementary Figure S1B).

Patterns of Haplotype Diversity

Patterns of LD among SNPs provide important information regarding human evolutionary history.

As a summary of LD within populations, we considered the average haplotype diversity in each

population. We chose to summarize haplotype diversity for each population by the average number

of distinct haplotypes in 0.5cM windows spread throughout the autosomal genome. To circumvent

the problem of differential SNP ascertainment biases between population groups, we only considered

SNPs with MAF > 10% in all populations (having corrected for sample size - see Methods). We

controlled for heterogeneity in SNP density by first discarding windows containing less than 10
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SNPs. The remaining windows containing up to 25 SNPs were thinned to 10 SNPs, and those

with 25 SNPs or more were thinned to 25 SNPs. Using the retained SNPs, the number of distinct

haplotypes in the 10 SNP windows (H10) and the 25 SNP windows (H25) were estimated separately.

Table 1 shows the mean and estimated confidence intervals of the distribution of the number

of haplotypes. For 10 SNP haplotypes, the East Asian populations have the fewest haplotypes,

consistent with a smaller effective population size in East Asia relative to Central Asia and Eu-

rope as well as with previous studies of haplotype diversity [Jakobsson et al. 2008, Li et al. 2008,

Conrad et al. 2006] and SNP diversity [Keinan et al. 2007]. Interestingly, we find that the Japanese

population shows lower diversity than the Taiwanese population. This could be explained by either

lower levels of migration or a more severe bottleneck in Japan relative to Taiwan. The Non-

Dravidian Influenced group has the highest haplotype diversity of all the sampled populations (and

the Dravidian Influenced group shows similar levels of diversity - see Supplementary Material),

which is the expected pattern if humans migrated out of Africa via the Middle East and into India.

The Mexican population has a higher number of haplotypes relative to the East Asian populations,

but less diversity than Southern European populations (for both H10 and H25). This pattern is

consistent (and expected) under a model with East Asian origin of ancestral Native American pop-

ulations and recent European admixture. Under this model, the initial founder population likely

had lower haplotype diversity than the East Asian populations, but European admixture led to

increased diversity.

The high number of samples spanning Europe allowed us to investigate geographic patterns

of haplotype diversity at a more localized level. We see a North-South gradient in the number of

haplotypes present for both H10 and H25 (Figure 3A) with the highest levels of diversity being

found in the Southern regions. In particular, South Western Europe has a higher mean number

of haplotypes than South Eastern Europe and Western and Central Europe. This is unexpected,

as many current models of historical human migration predict numerous migrations into Europe

from Africa via the Middle East, and one would therefore expect the highest diversity in the South

East, with decreasing diversity moving North and West [Hellenthal et al. 2008, Chikhi et al. 2002,

Barbujani and Goldstein 2004]. The excess haplotype diversity in South Western Europe has at
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least two possible explanations. First, it may reflect direct migration from North Africa across

the Mediterranean. Alternatively, it may represent a recolonization of Europe after a period of

glaciation during which the Southern areas of Europe became a refugium for the prehistorical

human population [Barbujani and Goldstein 2004, Willis and Whittaker 2000].

To address this issue, we investigated the level of haplotype sharing between African and Euro-

pean populations. In the absence of 500K data from North African populations (the HGDP having

been genotyped on a different platform), we investigated patterns of haplotype sharing with the

HapMap Yoruba (YRI) population. Using the 25 SNP haplotype windows outlined above, we found

that South West Europe had the highest proportion of haplotypes that are shared with YRI (Sup-

plementary Table S5). Furthermore, there were significantly more shared haplotypes between South

West Europe and YRI relative to South East Europe and YRI (p-value 0.0072; Mann-Whitney U

test), which suggests that the unusually high haplotype diversity in South Western Europe is in-

dicative of gene-flow from Africa. However, it is perhaps worth noting that this does not preclude

the refugium hypothesis from also contributing to the pattern.

Similarly, we investigated the level of haplotype sharing between Mexico and the European

populations. Consistent with historical evidence, the highest proportion of haplotypes in Mex-

ico are shared with South West Europe (Supplementary Table S6). However, while the level of

haplotype sharing declines from South West Europe, differences between regions do not reach sig-

nificance. This suggests either incomplete power to detect Mexican haplotypes within Europe, or

that European haplotypes are not sufficiently diverged to be isolated to a single region.

Identification of Recent Common Ancestry

Runs of homozygosity (i.e. stretches of the genome devoid of heterozygous SNPs) are expected

within an individual when both homologous chromosomes share a recent common ancestor. In

randomly mating populations, runs of homozygosity may be indicative of historical population

demographics, with more runs of homozygosity expected in populations with a small founder popu-
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lation. Alternatively, long runs of homozygosity (LROHs) are potentially indicative of autozygosity

due to recent consanguinity [Li et al. 2006].

To identify LROHs in the POPRES samples, we have developed a method based on a simple

hidden Markov model (HMM). The HMM consists of two states for each SNP, which represent

either a LROH or a heterozygous region. The emission probabilities at each SNP for each state

are dependent on the probability of observing a heterozygote, based on the heterozygosity of the

SNP within the population, and the estimated rate of genotyping error. Transition probabilities

between the two states are a function of the per-generation recombination rate between SNPs and

the (assumed) number of generations since a common ancestor of the two chromosomes. In practice,

we call a LROH when the HMM reports the homozygous state as being the most likely state in a

region of at least 1cM and containing at least 50 SNPs with a minimum minor allele frequency of

5%. Since hemizygous deletions may also appear as a run of homozygous calls on the genotyping

platform, we used GeneChip oligonucleotide hybridization intensities to detect and remove any

possible hemizygote deletions from the analysis (see Supplementary Materials).

Examples of the detection of LROH in two individuals are shown in Figure 4A. We observe

that the majority of individuals exhibit low levels of autozygosity. The median individual in the

POPRES has approximately 27.6 cM of the autosomal genome contained within LROHs (0.8% of

the genome, assuming an autosomal map length of 3435.17 cM [Kong et al. 2002]). Furthermore,

the median individual within each population shows similarly low levels of autozygosity (Table 2).

However, the median individuals in Mexico and East Asia have a slightly greater cumulative length

of runs of homozygosity (cROH) than the other populations, which most likely reflects smaller

founder population sizes in these populations.

While the median individual within in each population has relatively low levels of autozygosity,

the distribution of cROH per individual exhibits long tails, with some individuals showing LROH

in a large fraction of the genome (Figure 4B). All populations have a small number of individuals

that are homozygous in over 3% of the genome, and a few individuals are homozygous in over 10%

of the genome. These very long runs are suggestive of recent consanguinity. Approximately 2% of
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individuals in the POPRES have more than 100cM of sequence contained in LROH (Table 2), and

this proportion varies by population (p-value = 3 x 10−11; two-tailed Fisher’s exact test).

Certain large regions of the genome appear to be homozygous in a high proportion of individuals.

We define Highly Homozygous Regions (HHRs) as regions of at least 50 SNPs that are found to

be LROH’s in at least 10.0% of individuals within a population. We find 39 HHRs in the four

subcontiental populations (Supplementary Figure S8 and Supplementary Table S8). The majority

of HHRs are found in the East Asian and Mexican populations with 22 and 15 HHRs respectively,

compared to 1 HHR apiece in the European and South Asian populations. This suggests stronger

foundational bottlenecks for the East Asian and Mexican populations (see Supplementary Material).

DISCUSSION

Genome-wide patterns of nucleotide and haplotype diversity within and among human populations

can inform our understanding of ancient events in our species history. In contrast, individual

genomic patterns are informative of a person’s very recent ancestry and can potentially be used to

reconstruct personalized genetic history.

In this paper, we have presented a genome-wide study of genotypic and haplotypic variation

among 3,845 individuals with ancestry spanning four major geographic regions. As the majority

of the data were collected from individuals living in urban areas, it can be considered a cross-

section of typical human genetic diversity in these populations. The data are also of interest due

to both the depth of sampling, and the inclusion of two populations (Mexico and South Asia) for

which genome-wide genotype data have not been extensively available. The data set is therefore

complementary to other large studies of genetic variation such as the HapMap and the HGDP.

Our data provide new insights into the nature of human population structure. The historical

admixture between Native American and European populations is clearly visible in the Mexican

samples. However, it is perhaps worth noting the relative difficulty in identifying the European
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region with the highest degree of haplotype sharing with the Mexican individuals. While indi-

viduals from South West Europe do share the highest proportion of haplotypes with the Mexican

individuals, the difference from other European populations is not statistically significant. As the

level of genetic differentiation within Europe is small [Novembre et al. 2008], this is perhaps not

surprising. However, with the advent of full sequence data, it will be possible to identify markers

that are highly informative of European geographic origin, and hence better understand the history

of Mexican population admixture.

To date, few high-density genome-wide SNP studies have been performed in South Asian popula-

tions, and the level of genetic diversity in this region is still open to debate [Brahmachari et al. 2008,

Rosenberg et al. 2006]. We observe relatively high levels of haplotype diversity in this region, and

while regional geographic information was not available for the South Asian individuals in our

study, clustering by spoken language suggests the geographic separation is likely an important fac-

tor in determining genetic separation in this population as well. Further studies are warranted

using genome-wide data in order to further elucidate the genetic history of this region.

Our analyses also have direct relevance to current debates in human population genetics regard-

ing the extent of historical gene flow among Africa, Europe, and the Middle East [Rando et al. 1998,

Simoni et al. 2000, Bosch et al. 2000, Bosch et al. 2002]. Our observation of a North-South gra-

dient in diversity with the highest estimates of diversity in the Southern part of the continent is

consistent with the initial founding of Europe from the Middle East, the influence of Neolithic

farmers within the last 10,000 years, or migrations south followed by a re-colonization of Europe

after the last glacial maximum. The unusually high number of haplotypes in South Western Europe

is indicative of recurrent gene flow into these regions. Furthermore, when we considered the extent

of haplotype sharing with the HapMap YRI population in Europe, we found that the South and

South-Western subpopulations showed the highest proportion of shared haplotypes. If gene flow

had occurred solely through the Middle East, we would expect the South-Eastern subpopulations

to have the highest haplotype diversity and sharing of YRI haplotypes. These two results therefore

suggest that while the initial migrations into Europe came via the Middle East, at least some degree

of subsequent gene flow has occurred directly from Africa.
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A potential concern is that the HapMap YRI are not representative of diversity in North Africa,

and the levels of haplotype sharing must be interpreted with this in mind. It is currently unclear how

patterns of genetic diversity in the Yoruba are representative of the wider region, although genetic

similarity appears to decline with distance [Conrad et al. 2006, Jakobsson et al. 2008]. Nonethe-

less, the haplotype sharing between Europe and the YRI are suggestive of gene flow from Africa,

albeit from West Africa and not necessarily North Africa. Future studies will hopefully be able to

better resolve this question by comparing haplotypes from further populations around the Mediter-

ranean.

We have also applied a novel method to identify regions of each individual’s genome with

elevated levels of homozygosity. The vast majority of individuals within the POPRES show low

levels of homozygosity likely reflective of the recent large effective population size of our species.

The small fraction of individuals who show significantly higher levels of homozygosity are likely

offspring of consanguineous unions. We also find a number of regions in the human genome that

are homozygous across a high proportion of individuals. These regions provide an indication of

the relative strength of the founding bottlenecks of each population, and suggest stronger founding

bottlenecks in East Asian and Mexican populations.

The POPRES collection is expected to grow both in terms of the number of individuals within

the study, and the number of SNPs genotyped as new genotyping technologies become available.

As such, we expect that POPRES will become an important resource for ongoing studies in both

population and medical genetics.

METHODS

Description of the Data

Individuals were genotyped at 500,568 single nucleotide polymorphisms (SNPs) on the Affymetrix

GeneChip Mapping Array 500K set by GlaxoSmithKline as part of the POPRES initiative. As
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such, a full description of the sampling protocol can be found in Nelson et al. 2008. Briefly, indi-

viduals were sampled in 8 batches between November 2005 and March 2007. In total, a total 6

studies contributed to the POPRES samples studied in this paper, details of which can be found in

[Nelson et al. 2008]; The CoLaus study (2,508 individuals sampled in Lausanne, Switzerland), the

LOLIPOP study (843 individuals sampled in London, England), Healthy Caucasian Controls (201

individuals sampled in Adelaide, Australia, North Carolina, USA or Ottawa, Canada), Healthy

Mexican Controls (112 individuals sampled in Guadalajara, Mexico), Healthy Taiwanese Controls

(108 individuals sampled in Taipei, Taiwan) and Healthy Japanese Controls (73 individuals sampled

in Sydney, Australia).

Individuals in the CoLaus study (covering individuals of European and South Asian ancestry)

were asked for information regarding parental and grand-parental country of birth. Primary lan-

guage information was also collected for sections of the CoLaus and LOLIPOP studies. For certain

analyses detailed in this paper, we used a “strict” dataset of 2,943 individuals that excludes indi-

viduals with either ambiguous or reported mixed ancestry, PCA outliers, and those with estimated

identity by descent with another individual in the sample greater than 20%.

European individuals were assigned to countries using grand-parental country of birth where

possible. If all observed grandparents originate from a single country, then that country was used

as the ancestral location for the individual. In the case of mixed ancestry, individuals were assigned

to a separate group (Mix). In the absence of grand-parental information, individuals were assigned

on the basis of country of birth. Mexican and East Asian individuals were assigned to groups on

the basis of self-identified ancestry. Finally, South Asian individuals were assigned to groups on the

basis of spoken language. Full details of the ancestral data available, and assigned groupings, for

each individual are available as a supplementary table. For certain subsequent analyses, country

and language groupings were combined to form larger groups, as detailed in Supplementary Table

S1.

SNP positions were mapped to NCBI build 36.1 (UCSC hg18). After applying quality control

filters [Nelson et al. 2008], a total of 443,434 SNPs remained, giving an average SNP spacing of 1
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SNP every 6.4kb in the assembled genome. Individuals have an average missing genotype rate of

approximately 2.3%. Summaries of minor allele frequency spectra are given in the supplementary

material.

Principal Component Analysis

Principal Component Analysis (PCA) was conducted using the program smartpca contained in ver-

sion 2.0 of the Eigensoft package [Patterson et al. 2006]. The analysis was run without the removal

of outliers. To avoid artifacts due to linkage disequilibrium we first used PLINK [Purcell et al. 2007]

to thin the data by excluding SNPs with pairwise genotype r2 > 0.8 within a sliding window of 50

SNPs.

For the global PCA analysis, we combined the POPRES dataset with 479 individuals from

the HGDP [Jakobsson et al. 2008]. As the two datasets were obtained using separate genotyping

platforms, only a subset of SNPs are common to both. After requiring that no SNP have more

than 5% missing data, and removing SNPs in high LD as described above, the combined dataset

consisted of 73,520 SNPs in 3,448 individuals.

For the Asian sub-continental PCA analysis we excluded related individuals and kept 271 in-

dividuals from Japan, Taiwan, and HapMap JPT and CHB. In our analysis of regional structure

within South Asia, we included 315 individuals from India and Sri Lanka whose language informa-

tion was known and not primarily English. For the Mexican admixture analysis, we created a set of

778 individuals that includes the Mexican individuals, a small subset of mainland Europeans used

in the world STRUCTURE analysis, and East Asian populations used in the Asian sub-continental

analysis.
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STRUCTURE Analysis

For the global STRUCTURE analysis, we selected a subset of individuals from the strict dataset

(including the HapMap samples). Due to the large number of European samples, we applied

additional filters to individuals from this continent, including only individuals of with self-reported

ancestry from mainland European countries. Furthermore, any European country with more than

15 individuals was reduced to 15 individuals, selected at random from the population. We also

excluded individuals found to be outliers based on preliminary PCA runs conducted separately on

the East Asian, European, and South Asian samples. PCA-based outliers were determined by using

smartpca with default settings [Patterson et al. 2006]. This approach removes individuals whose

PC coordinates are more than 6 standard deviations from the mean coordinate along any of the top

10 principal components, and repeats this process for a maximum of 5 iterations. After applying

these filters, 1,245 individuals remained.

In order to make the run-time tractable, we reduced the number of markers to 6,567 SNPs by

selecting those with MAF > 0.2 and a minimal separation of 400kb. The relatively high MAF

threshold was selected in an attempt to minimize SNP ascertainment affects biasing towards one

population or another. However, alternative SNP selection schemes give qualitatively similar results,

including those using lower MAF thresholds. We ran STRUCTURE version 2.2 without prior

population assignment, using the correlated alleles model, with 10,000 iterations burn-in and 10,000

run time. We used the INFERALPHA option under the admixture model (also known as the F

model), with the allele frequency prior parameter LAMBDA set to 1. Results were plotted using

Distruct [Rosenberg 2004]. The results for K = 2 to K = 6 are shown in Supplementary Figure

S3A. Repeated runs of STRUCTURE give qualitatively similar results.

The sub-continental analyses are described in Supplementary Material using a similar SNP

selection method with markers selected independently for each analysis.
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Haplotype Diversity

As described in the main text, we summarized haplotype diversity by the number of distinct hap-

lotypes contained within 0.5cM windows. Haplotypes were obtained by phasing the genotype data

using BEAGLE [Browning and Browning 2007], as described in the Supplementary Material. While

the amount of ascertainment bias for the Affymetrix 500K chips is difficult to characterize, it is

likely to vary from population to population. In order to circumvent the problem of ascertainment

bias, we only considered SNPs with MAF > 10% in all of the studied population groups (after

sample size correction - see below). By only including the SNPs common to all populations in the

diversity analyses, differences in haplotype diversity among populations are largely governed by

differences in the effective population size between populations.

Using the Phase II HapMap genetic map [Altshuler et al. 2007], we divided the genome into

0.5 cM windows. For each chromosome, the first window started at the position of the first SNP

and then extended 0.5 cM downstream. The second window started at the position where the first

window ended, regardless of SNP locations. To ensure that separate regions of the genome had

similar numbers of SNPs for the estimation of haplotype diversity, we selected a subset of SNPs

within each window. We classified each of the 0.5 cM windows into one of three groups: 1) < 10

SNPs, 2) 10-24 SNPs, 3) ≥ 25 SNPs. Windows having < 10 SNPs were excluded from the analysis,

as it was likely that haplotype diversity would be low in all populations. For windows having 10-24

SNPs, we selected a random sub-set of 10 SNPs for each window. For windows with ≥ 25 SNPs,

we selected a random sub-set of 25 SNPs for each window. For each window, the same set of SNPs

was chosen for all of the population groupings. In the subsequent analyses, the windows with 10

SNPs were analyzed separately from the windows with 25 SNPs.

The number of haplotypes in each region of the genome is confounded by the number of chro-

mosomes sampled in each population, as populations with more sampled chromosomes will be more

likely to include more rare haplotypes. As the number of individuals sampled from each popula-

tion varies quite dramatically with some populations having small sample sizes (Supplementary

Table S1), we focused our attention on populations with more than 20 individuals. In practice,
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this threshold excluded only two populations with less than 73 individuals, namely the Dravidian

Influenced and Europe ESE groups. We then selected a random sub-set of individuals (without re-

placement) from each remaining population to use for subsequent analyses. Minor allele frequencies

were calculated for each SNP in each population using these smaller sub-samples of 73 individuals

from each population. We repeated the haplotype analyses using several different random sub-sets

of 73 individuals and did not see a substantial difference between replicates.

Identification of Runs of Homozygosity

To identify runs of homozygosity, we developed a novel method based on a Hidden Markov Model

(HMM). The model consists of two hidden states, namely autozygous (A) and non-autozygous

(¬A). If SNP i has genotypic state Xi (= 0, 1, 2, where 1 is the heterozygous state), and hidden

state Si, the emission probabilities for the two states at each SNP are given by:

Pr (Xi = 1|Si = ¬A) = h

Pr (Xi = (0, 2) |Si = ¬A) = 1− h

Pr (Xi = 1|Si = A) = ε

Pr (Xi = (0, 2) |Si = A) = 1− ε

where h is the observed SNP heterozygosity in the population, and ε is the assumed genotyping

error. We set ε = 0.2%.

The transition probabilities between hidden states are a function of the genetic map distance

between SNPs, as estimated by the Phase II HapMap [Altshuler et al. 2007], and the expected
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number of meioses (M) since a recent common ancestor.

Pr (Si+1 = A|Si = ¬A) = Pr (Si+1 = A)
(

1− e−2M(ri+1−ri)
)

Pr (Si+1 = A|Si = A) = 1− Pr (Si+1 = A|Si = ¬A)

Pr (Si+1 = ¬A|Si = A) = Pr (Si+1 = ¬A)
(

1− e−2M(ri+1−ri)
)

Pr (Si+1 = ¬A|Si = ¬A) = 1− Pr (Si+1 = ¬A|Si = A)

where ri is the genetic map location of SNP i in Morgans. In practice, we chose M to be 4 to reflect

our interest in homozygosity caused by recent common ancestry. However, we have found the

method to be largely robust to values of M up to 10 (data not shown). For the prior probabilities

of being in the autozygous or non-autozygous state, we chose 0.05 and 0.95 respectively.

We use the Viterbi algorithm to find the most likely hidden state path (see, for example,

Durbin et al. 1999).

Data Availability

The POPRES data used in this study has been made available for General Research Use via the

dbGaP archive (http://www.ncbi.nlm.nih.gov/gap).
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Population H10 95% Confidence
Interval

H25 95% Confidence
Interval

Non-Dravidian
Influenced

45.328 44.711, 45.945 96.961 96.241, 97.680

Europe (NW) 40.39 39.835, 40.945 85.555 84.860, 86.251
Europe (NNE) 40.954 40.387, 41.521 86.218 85.523, 86.913
Europe (C) 41.002 40.439, 41.564 86.456 85.755, 87.157
Europe (W) 41.07 40.501, 41.639 87.01 86.308, 87.712
Europe (SE) 41.923 41.345, 42.501 88.702 88.004, 89.401
Europe (SW) 42.64 42.069, 43.212 90.267 89.565, 90.969
Europe (S) 43.227 42.637, 43.818 92.687 91.964, 93.410

Mexico 42.345 41.809, 42.881 86.967 86.335, 87.598

Japan 38.274 37.724, 38.824 83.405 82.677, 84.133
Taiwan 39.698 39.135, 40.262 87.382 86.641, 88.123

Table 1: Estimates of Haplotype Diversity for populations with at least 73 individuals. High
values within each continent are shown in bold. Confidence intervals for the haplotype counts are
calculated assuming a normal distribution. There were 3,196 distinct 0.5cM windows for the 10
SNP haplotype counts and 2,613 windows for the 25 SNP haplotypes.

24

 Cold Spring Harbor Laboratory Press on June 15, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


Population cROH in Median
Individuala (cM)

C.I. b Individuals with
cROH >100cM
(%)

C.I. b

South Asia 24.12 (23.13, 27.05) 7.5% (4.2%, 9.6%)
Europe 27.56 (27.40, 28.05) 1.4% (1.1%, 2.0%)

East Asia 33.87 (31.49, 35.18) 0.0% n/a
Mexico 47.99 (41.90, 55.72) 5.4% (1.8%, 9.8%)

All 27.58 (27.23, 27.86) 2.0% (1.6%, 2.4%)
aThe cROH in an individual is defined as the total genetic length of all detected long runs of
homozygosity at least 1cM in size and containing at least 50 SNPs.
bConfidence Intervals calculated by bootstrapping with 1,000 replicates.

Table 2: Long Runs of Homozygosity in individuals, by population.
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Figure 1: Global and regional patterns of population structure. (A) STRUCTURE analysis with K
= 5 for the POPRES populations combined with the HapMap populations. (B, C and D) For each
region, the first two principal components are shown, with the proportion of variance explained
by each component shown in brackets. Results from STRUCTURE are shown below the PCA
results, with K=2 for East Asia, and K=3 for South Asia and Mexico. HapMap samples have been
included in the East Asia analysis for comparison. In South Asia, individuals have been colored
by spoken language group, with each individual’s spoken language shown in Supplementary Figure
S5.
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Figure 2: Principal Component Analysis of Europe and Mexico (A), and Europe and South Asia
(B). Each point represents an individual, and is colored by the assigned population group.
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Figure 3: Haplotype Diversity within Europe. Geographic regions are color coded. Individuals
from Switzerland (striped region) were grouped into adjoining regions on the basis of spoken lan-
guage. Two numbers are shown within each region, with the first representing H10 and the second
representing H25.
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Figure 4: Patterns of homozygosity in the human genome. (A) Genome ideograms (ordered by
ordered by chromosome number with chromosome 1 at the top) showing LROHs in two European
individuals. The female individual shown on the left shows typical levels of homozygosity, whereas
the male individual shown on the right shows the most LROHs in the study. (B) Distribution
of the cumulative total LROH per individual by continental population (shown on a log scale).
The location of the most extreme individual (shown in panel A) is indicated by a vertical dashed
black line. Note that the total genetic length of the human genome is approximately 3,614cM
[Kong et al. 2002]
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