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The influence of admixture and consanguinity on
population genetic diversity in Middle East

Xiong Yang1, Suzanne Al-Bustan2, Qidi Feng1, Wei Guo3, Zhiming Ma3, Makia Marafie4, Sindhu Jacob5,
Fahd Al-Mulla5 and Shuhua Xu1

The Middle East (ME) is an important crossroad where modern humans migrated ‘out of Africa’ and spread into Europe and Asia.

After the initial peopling and long-term isolation leading to well-differentiated populations, the ME also had a crucial role in

subsequent human migrations among Africa, Europe and Asia; thus, recent population admixture has been common in the ME.

On the other hand, consanguinity, a well-known practice in the ME, often reduces genetic diversity and works in opposition to

admixture. Here, we explored the degree to which admixture and consanguinity jointly affected genetic diversity in ME

populations. Genome-wide single-nucleotide polymorphism data were generated in two representative ME populations (Arabian

and Iranian), with comparisons made with populations worldwide. Our results revealed an overall higher genetic diversity in both

ME populations relative to other non-African populations. We identified a much larger number of long runs of homozygosity in

ME populations than in any other populations, which was most likely attributed to high levels of consanguineous marriages that

significantly decreased both individual and population heterozygosity. Additionally, we were able to distinguish African, European

and Asian ancestries in ME populations and quantify the impact of admixture and consanguinity with statistical approaches.

Interestingly, genomic regions with significantly excessive ancestry from individual source populations are functionally enriched

in olfactory pathways, which were suspected to be under natural selection. Our findings suggest that genetic admixture,

consanguinity and natural selection have collectively shaped the genetic diversity of ME populations, which has important

implications in both evolutionary studies and medical practices.
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INTRODUCTION

Studies of both mitochondrial DNA (mtDNA) and Y-chromosome
lineages indicate that after modern human migrating out of Africa,
tens of thousands of years ago, they arrived in the Middle East (ME),
and then dispersed into Europe and Asia.1,2 Over thousands of years,
most of human populations have been relatively isolated, evolved
independently and generated the distinct genomic characteristics as
can be noted today. However, Africa, Asia and Europe are geogra-
phically connected by the ME, which provides opportunities for
population contact and thus population admixture, with this effect
being more pronounced following trade and the establishment of the
Silk Road. Previous studies have identified admixture events in ME
populations when examining both uniparental markers and genome-
wide single-nucleotide polymorphisms (SNPs).3–6 A previous study of
Uyghurs and African Americans reported that admixture could
increase the genetic diversity of the admixed populations.7 Moreover,

ME populations generally have large family sizes, with marriages
between relatives very common;8 thus, consanguinity is highly
prevalent in this region. A similar situation is encountered in Central
Asia, South Asia and the Americas,9,10 especially in Islamic-influenced
areas. It is deemed that consanguinity usually decreases the genetic
diversity and results in many recessive diseases such as neuromuscular
disorders, metabolic disorders, osteopetrosis syndromes and
chondrodystrophia.8,11 However, to our knowledge, few studies have
focused on the influences of both admixture and consanguinity on
population genetic diversity simultaneously. In the present study, we
attempt to qualify and quantify the influence of these two forces in
two representative ME populations residing in Kuwait, with evidence
showing that both populations experienced admixture and
consanguinity.3–5,11 Ultimately, mathematical modeling was used to
elucidate the degree to which admixture and consanguinity shaped the
genetic diversity and structure of the two ME human populations.
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MATERIALS AND METHODS

Samples and quality controls
DNA samples were collected from 42 Kuwaitis whose ancestry had been traced
back at least four generations to the Arabian Peninsula (ARB) and 22 Kuwaitis
whose ancestry had been traced back at least four generations to Persia (IRN)
via pedigree analysis. These samples were genotyped by Affymetrix Genome-
Wide Human SNP Array 6.0 (Santa Clara, CA, USA) according to standard
protocols. Additionally, the raw data of 200 unrelated samples from four
populations in the International HapMap Project phase III12 were downloaded
to include 50 CHB (Han Chinese in Beijing, China), 50 JPT (Japanese in
Tokyo, Japan), 50 YRI (Yoruba in Ibadan, Nigeria) and 50 CEU (Utah residents
with Northern and Western European ancestries), which were also genotyped
by Affymetrix Genome-Wide Human SNP Array 6.0. All the raw array data
were called by Affymetrix Power Tools (APT, Version 1.15.0) with the
Affymetrix platform annotation file (Genome-Wide SNP 6 annotation na32,
with genome references to UCSC hg19 or NCBI GRCh37). One sample from
the ARB sample group was removed from subsequent analyses owing to a
calling rate o85%. Data filtering was performed within each population,
samples with a missing rate45% per individual, SNPs with missing rate 45%
and SNPs failing the Hardy–Weinberg equilibrium test (P-value o1.0E− 6)
were excluded from the analysis. Data from the six populations was merged
according to the intercepted SNPs (721 989 autosomal SNPs), SNPs whose
minor allele frequency (MAF) o0.01 was excluded (11 362 autosomal SNPs).
Finally, 40 ARB samples, 22 IRN samples, all 200 selected HapMap Phase III
samples and 710 627 autosomal SNPs were used for subsequent analyses.

Population structure analysis
Markers with r240.5 calculated by a 50-SNP sliding window shifted at a 5-SNP
interval were removed to reduce strong linkage disequilibrium (LD). Principal
component analysis (PCA) was performed on the six populations with the
thinned autosomal SNPs (334 705 markers) using smartpca in the EIGENSOFT
package (version 4.2),13,14 The population structure was also inferred with
ADMIXTURE (version 1.2.3),15 which implemented a maximum-likelihood
method to estimate individual ancestries. The analysis was performed with
LD-pruned SNPs, with ten fold cross validation error (–cv=10), a K from 2 to 6
and other parameters set to default.

Assessing genetic diversity
To eliminate the effects that the ascertainment bias of genotyping data might
bring to the measurement of genetic diversity, we merged the SNPs of the four
reference populations (CEU, CHB, JPT and YRI) called from the next-
generation sequencing database.16,17 Next, we calculated the MAF and divided
the MAF ⩾ 0.05 into small intervals: increase each interval by 0.01; that is,
[0.05, 0.06), [0.06, 0.07), …, and [0.49, 0.50]. Next, we randomly sampled
SNPs from the genotyping data of the same merged four populations according
to the proportion in each interval decided by sequencing called SNPs, with the
sampling processes repeated 10 times.
The expected heterozygosity for each SNP (HSe) was used to measure

the SNP-based diversity of each population by the formula:
HSe ¼ 1

n

Pn
i¼1 1� Sp2j

� �
, where n denotes the number of SNPs in a sliding

window and pj denotes the allele frequency of jth allele. We chose a 100 kb
sliding window, with at least five SNPs per 100 kb. Individual-based diversity
was measured by dividing the number of heterozygous SNPs by the total
number of non-missing SNPs per individual. The data were then phased using
Beagle (version 3.3.2)18,19 with default parameters and the expected haplotype
heterozygosity (HHe) calculated for the windows of 10, 20, 30, 40, 50, 100, 200
and 500 kb as previously described.7 All measurements were performed
independently on the 10 sampling repeats.

Assessing consanguinity
If a child received two copies of the same segment from father and mother, it
would create a run of homozygosity (ROH).20 The probability for a child from
consanguineous marriage receiving the same segment was significantly elevated;
thus, ROH could be used to measure the level of consanguinity. Here ROH was
calculated by PLINK (version 1.07)21 with a sliding window of 500 kb and at
least 50 SNPs, one heterozygote and no more than five missing SNPs allowed

per window. Satisfactory ROHs contained a span of at least 500 kb, with a
minimum density of one SNP per 50 kb and a maximum distance between two
adjacent SNPs of 100 kb. Two adjacent ROH segments were merged if the
proportion of overlap was 40.05. ROH fragments were then clustered into
three classes with Mclust (an R package) using the methods described by
Pemberton et al.9

Testing population admixture
To test whether ARB and IRN were admixed populations, the three-population
test (F3 test), a test that can provide strong evidence of population admixture
by modeling genetic drift paths, was used.22 The F3 test has a general form F3
(C; A, B), in which C denotes the target population and A and B denote two
reference populations; thus, ARB and IRN were deemed target populations. In
this study, we selected CEU, CHB and YRI as the reference populations
(surrogate ancestral populations) because they are less admixed and high-
density SNP data are available. Significantly negative F3 scores support
population admixture, with gene flow occurring between the two reference
populations.

Inferring local ancestry
To determine local ancestry for each SNP from each individual, ELAI, a two-
layer hidden Markov model, was used by modeling the LD within and among
groups.23 YRI, CEU and CHB were set as surrogate ancestral reference
populations, with 50 EM steps, and 3 upper and 30 lower clusters. Previous
studies on the admixture events of other ME populations reported the events to
have occurred about 100 generations ago;24,25 thus, this time estimate was used
as a priori in our local ancestry inference.

Linear regression analysis
To determine how admixture and consanguinity jointly influenced genetic
diversity, linear regression analysis was performed at both the SNP and
individual levels as follows:
(1) For SNP diversity, ROH scores were defined as

Xs1 ¼ The occurence times of that SNP in ROH region

Number of individuals in the admixed population

and the admixture effect was defined as

Xs2 ¼
X

ai ´ 2f ið1� f iÞ; i ¼ 1; 2; 3

where αi is the ancestral contribution to that SNP, fi is the MAF of that SNP
and i is the ancestral population. Then, the diversity of an SNP (Ys) was
modeled according to

Ys ¼ bs0 þ bs1Xs1 þ bs2Xs2 þ e1; e1BN 0; s12
� �

(2) For the individual diversity, ROH scores were defined as

Xi1 ¼ Number of SNPs in that individual in ROH region

Total number of SNPs in that individual

and the admixture effect was defined as

Xi2 ¼
X

aiHi; i ¼ 1; 2; 3

where αi is the ancestral contribution to that individual, Hi is the mean
individual diversity and i is the ancestral population. Similarly, the diversity of
an individual (Yi) was modeled according to

Yi ¼ bi0 þ bi1Xi1 þ bi2Xi2 þ e2; e2BN 0;s22
� �

The proposed null hypothesis (H0) for these models assumes the ROH score
and admixture effect to have no impact on the observed SNP and individual
diversities. Based on this hypothesis, linear regression analysis was performed
separately on the two ME populations, ARB and IRN, for the 10 sampling
repeats.
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RESULTS

Population structure of ME populations
PCA was performed at the individual level to investigate the
population structure. A plot displaying the two most significant
principal components (PCs) (Figure 1a) showed individuals from
Africa, Europe and Asia to tightly cluster in their groups. PC1 clearly
separated Africans and non-Africans, whereas PC2 separated Asians
and Europeans. However, individuals from the two ME populations
(ARB and IRN) clustered loosely, with ARB samples located along the
edge between YRI and CEU, while the IRN samples shifted slightly
towards the Eastern Asian populations (CHB and JPT) (Figure 1a).
The long tails exhibited by the two ME populations in the PCA plot
imply possible admixture events, or the occurrence of gene flow from
other populations. When performing the ADMIXTURE analysis, the
lowest cross-validation error could be found when K= 3
(Supplementary Figure S1). These results clearly show that the genetic
ancestries of the two ME populations share mainly European (blue)
and African (gray) ancestries, as well as a slight Eastern Asian (red)
ancestry (Figure 1b), which was consistent with the observed PCA
results and suggested admixture events supported by the ADMIX-
TURE analysis.

ME populations show higher genetic diversity than the other non-
African populations
To compare the genetic diversity of ME populations relative to others,
SNP-based, haplotype-based and individual-based heterozygosity
assessments were measured. All diversities were calculated from
ascertainment bias-corrected SNP subsets, with independent sampling
repeated 10 times. Furthermore, the mean SNP-based diversity (HSe)
in the two ME populations were higher than those in CEU, CHB and
JPT populations, but slightly lower than that in the YRI population
(Figure 2a), with the same pattern for individual-based heterozygosity
noted (Figure 2b). Remarkably, when SNPs in ROH regions were
excluded for each individual to control potential consanguinity, the
two ME populations exhibited even higher individual heterozygosity
than the other non-African populations and showed comparable levels
to the African population (Figure 3b). When examining haplotype-
based heterozygosity (HHe), similar patterns were observed despite
window size (Figure 2c), with increasing values approaching 1
correlated with an increased window size and a value of 1 almost
reached with a window size exceeding 500 kb. One possible inter-
pretation of these results is that the two ME populations are admixed
populations with ancestral contributions from African, European and
Asian populations, with the increased genetic diversity due to
admixture counteracted by the substantial increase of consanguineous
marriage practices, which is consistent with previous findings.3,5

ME populations show higher consanguinity
To compare consanguinity, we measured consanguinity using ROH
and clustered the ROH fragments into three classes. It was clearly
observed that both the total number and total length of ROHs per
individual gradually increased with an increase in geographical
distance from Africa for both short (Figure 3a) and intermediate
(Figure 3b) ROH classes. These observed patterns were consistent with
a previous study based on the HGDP data set.9 However, the two ME
populations presented large variations in both the total number and
total length of ROHs per individual (Figure 3c). When the total ROH
length was plotted against the total ROH number per individual, a
strong correlation was noted for both the short and intermediate
classes, with the distance along the fitted line proportional to the
geographical distance from Africa (Figures 3d and e). For long ROH

class, the two ME populations showed a greater total ROH number
and longer total ROH length per individual than the other four
populations (Figure 3f), with the long ROH fragments most likely
arising from a recent background relatedness;that is, consanguinity.
Thus, the possibility of consanguinity having reduced the genetic

diversity of the two originally admixed ME populations is plausible,
with these populations exhibiting a lower genetic diversity than their
surrogate ancestral YRI population. However, the two ME populations
still showed higher genetic diversity than the other non-African
populations. This may be explained by both European and Asian
populations having possibly experienced a bottleneck event since their
divergence from the ME populations, in addition to the time and
strength of consanguinity being unable to counteract completely the
diversity introduced by admixture in the two ME populations.

Evidence of admixture in the ME populations
ADMIXTURE analysis revealed that the two ME populations had the
highest genetic similarities to Europeans, followed by Africans and
Asians. To formally test for admixture in these populations, we first
calculated F3 (ARB or IRN; YRI, CEU) and observed significant
negative values for both ARB and IRN; then we calculated F3 (ARB or
IRN; YRI, CHB or JPT), but none of them were negative; and finally
we calculated F3 (ARB or IRN; CEU, CHB or JPT), and only the value
for IRN was significantly negative no matter whether the Asian

Figure 1 Population structure analysis. (a) Principal component analysis
(PCA) with samples from the two Middle East (ME) populations: Arabian
(ARB), Iranian (IRN) and 200 samples of four reference populations (CEU,
CHB, JPT and YRI) from the International HapMap Project III.
(b) ADMIXTURE analysis with data pruned based on linkage disequilibrium
(LD); the lowest cross-validation error was observed at K=3.
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reference population was CHB or JPT (Table 1), thus indicating both
of these populations admixed. In summary, the ARB population
received ancestral contributions from European and African popula-
tions, whereas the IRN population received ancestral contributions
from European, African and Asian populations. These results were in
accordance with the PCA and ADMIXTURE analyses. Moreover,
some individuals showed excessive African ancestry (Figure 1b),
suggesting recent gene flow from African population, which was
consistent with previous mtDNA studies.3 For the ARB population,
negative values were not obtained during the F3 testing using Asian
reference populations, possibly because of low levels of gene flow that
could not be detected. Furthermore, negative F3 values were not
obtained for either of the ME populations with the YRI, CHB or JPT
reference populations, which could be attributed to the fact that the
admixture events were mainly between European and African
populations, with only low-level gene flow occurring with Asian
populations.

The direction and magnitude of influences of admixture and
consanguinity on genetic diversity
To investigate the direction and magnitude of influences that
admixture and consanguinity had on genetic diversity, a linear model
was proposed, with the ROH score and admixture effect fitted to the
observed diversity. Regression analysis was performed on the two
ME populations separately with the 10 independent samplings to
investigate relationships at both the SNP and individual levels. At the
SNP level, the results for both ME populations were highly concordant

among 10 independent samplings, with the intercept (βs0), ROH score
(Xs1) coefficient (βs1) and admixture effect (Xs2) coefficient (βs2) all
statistically significant (Supplementary Table S1). Owing to the level of
consistency among the 10 independent samplings, the regression
model parameters βs0, βs1 and βs2 were averaged to generate the
final regression model for the SNP diversity as: Ys(ARB)=
0.06722− 0.05680*Xs1+0.80069*Xs2 (mean adjusted R2= 0.66885)
and Ys(IRN)= 0.05560− 0.03963*Xs1+0.82681*Xs2 (mean adjusted
R2= 0.70289).
Similar results were obtained for the individual diversity. Both the

regression models for ARB and IRN showed statistical significance and
the 10 independent samplings were highly concordant (Supplementary
Table S2). Again, the regression model parameters βi0, βi1 and βi2 were
averaged to obtain the final individual diversity models: Yi(ARB)=
− 1.05647− 0.36337*Xi1+4.71255*Xi2 (mean adjusted R2= 0.90692)
and Yi(IRN)=− 1.76090− 0.28837*Xi1+7.16242*Xi2 (mean adjusted
R2= 0.97046).
The positive coefficients for the admixture effect confirmed an

increased genetic diversity owing to admixture, which was consistent
with the previous study,7 whereas the negative ROH score coefficients
confirmed a decrease in genetic diversity owing to consanguinity. Overall,
linear modeling enabled the quantification of the influences of admixture
and consanguinity on the genetic diversity in the two ME populations.

Genome-wide distribution of local ancestry in ME populations
The local ancestry at each SNP for each individual was estimated by
ELAI. The local ancestry contributions from different ancestries were

Figure 2 Single-nucleotide polymorphism (SNP) level, individual level and haplotype level of genetic diversity obtained from 10 independent random
samplings. (a) Mean SNP heterozygosity of a 100 kb sliding window. (b) Mean individual heterozygosity calculated from non-missing SNPs with and without
runs of homozygosity (ROH) regions considered; and (c) mean haplotype heterozygosity. Haplotype heterozygosity was calculated by sliding windows of 10,
20, 30, 40, 50, 100, 200 and 500 kb.
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not uniformly distributed across the genome, with some genomic
regions showing excessive ancestry contribution from a given parental
population (Figure 4). For the ARB and IRN populations, the loci
showing excessive or scarce ancestry contribution beyond the 0.5%
quantile were collected and the collected ARB and IRN SNPs were
found to be highly overlapped (Supplementary Figure S2). These
overlaps could contribute to the populations adapting to the same
local environment. Functional annotation of these overlapping SNPs
were identified using the DAVID database26,27 and showed all of the
top 10 categories to relate to olfactory perception pathway (Benjamini
corrected P-value o6.50× 10− 15; false discovery rate P-value
o6.60× 10− 14) (Table 2). The genes enriched among the top 10
functional categories were mostly from olfactory families (2, 4, 5, 8, 9,
10, 11 and 12), with the exception of GABBR1 and MAS1L
(Supplementary Table S3). GABBR1 is a γ-aminobutyric acid B

receptor, which is the main inhibitory neurotransmitter in the
mammalian central nervous system, whereas MAS1L is a G-protein-
coupled receptor and is associated with the G-protein coupled
receptor protein signaling pathway. It is likely that these two genes
are also associated with the olfactory perception pathways indirectly.

DISCUSSION

In this study, we attempted to explore the combined effect of genetic
admixture and consanguinity on human genetic diversity. We
analyzed genome-wide SNP data of two ME populations, ARB and
IRN, and our results showed that the genetic diversity of the two ME
populations was higher than that of the other non-African popula-
tions, which was consistent with an admixture scenario. At the same
time, long ROH fragments were also identified in a vast number of
genomic regions in the two ME populations, which was also consistent

Figure 3 Runs of homozygous fragments (ROHs). (a–c) Total length (top) and total number (bottom) of short (a), intermediate (b) and long (c) ROHs per
individual, respectively. (d–f) Scatterplot of total length against the total number of short (d), intermediate (e) and long (f) ROHs per individual, respectively.
Legends in (e) and (f) are the same as those in (d).
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with the expected consequence of consanguineous marriage. These
results suggest that the demographic history of the two ME popula-
tions is very complex.
Considering the geographical location of the ME, the observed

higher genetic diversity in the two ME populations could simply be
explained by a possible scenario that these populations were surrogate
ancestral populations of the European and Asian populations.

Moreover, signatures of population admixture were also very pro-
nounced based on PCA, ADMIXTURE analysis and F3 testing.
Therefore, a more likely yet complex scenario was that the two ME
populations were admixed populations with gene flow contributions
from European, Asian and African populations. These admixture
events increased the genetic diversity of the ME populations to levels
comparable to or higher than those of African populations, with this
diversity gradually decreased because of the prevalent cultural practices
of consanguinity. Our results support the second scenario and are
consistent with previous findings.3–5 However, the genetic architec-
tures of modern ME populations could result from ancient migration,
subsequent gene flow (or admixture) between well-differentiated
populations and entangle with recent consanguineous marriages.
Social and historical documentation in conjunction with other genetic
findings all support this interpretation.8,28

A challenge when analyzing genetic diversity based on genotyping
data is potential ascertainment bias. The availability of public
sequencing data in worldwide populations (e.g., CEU, CHB, JPT
and YRI) made it possible to correct for this bias by referencing the
MAF spectrum of sequence data (Supplementary Figure S3). This bias
was corrected by randomly sampling a subset of SNPs from the
genotyping data according to the distribution of MAFs from the
sequencing data, with this approach repeated 10 times. Interestingly,
even after correction, the CEU diversity was still slightly higher than
that of CHB and JPT. One possible cause of these differences between
European and Asian populations may be attributed to differences in

Table 1 F3 test results

A B C F3-score S.e. Z-score

YRI CEU ARB −0.01079 0.000294 −36.699

YRI CEU IRN −0.0086 0.000293 −29.382

YRI CHB ARB 0.017876 0.000618 28.941

YRI CHB IRN 0.019322 0.000653 29.61

YRI JPT ARB 0.018061 0.000619 29.193

YRI JPT IRN 0.019288 0.000651 29.635

CEU CHB ARB 0.008413 0.000285 29.486

CEU CHB IRN −0.00126 0.00026 −4.854

CEU JPT ARB 0.008449 0.000289 29.265

CEU JPT IRN −0.00145 0.000264 −5.491

Abbreviations: ARB, Arabian; CEU, Utah residents with Northern and Western European
ancestries; CHB, Han Chinese in Beijing, China; JPT, Japanese in Tokyo, Japan; IRN, Iranian;
YRI, Yoruba in Ibadan, Nigeria.
A and B denote the two proxy parental populations and C is the target population tested.
Significant negative value observed in F3 test indicates population admixture in target
population C. Z-score o−1.64 (corresponding P-value for one-tailed test is 0.05) indicates
statistical significance.

Figure 4 Mean ancestry contributions. (a) Mean ancestry contributions for each single-nucleotide polymorphism (SNP) in Arabian (ARB). Top: Mean
European ancestry contribution to ARB; bottom: mean Asian ancestry contribution to ARB; (b) mean ancestry contribution for each SNP in Iranian (IRN).
Top: Mean European ancestry contribution to IRN; bottom: mean Asian ancestry contribution to IRN. Black solid line denotes average mean ancestry
contribution across genome; blue solid line denotes 99.5% quantile; and red solid line denotes 0.005% quantile.
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strength and lasting time of a population bottleneck. To address this
problem, the individual diversities of the four reference populations
were calculated from sequencing data, with the same pattern observed as
when randomly sampling genotyping data (Supplementary Figure S4).
Therefore, it seemed that the higher genetic diversity in CEU
populations was intrinsic, suggesting that recent gene flow in
Europeans could be an important factor, with genetic contributions
from other sources such as African or even possibly some
archaic humans29,30 having significantly influenced the European
gene pool.
Admixture has been a common phenomenon throughout the

history of modern humans, with previously isolated populations often
come into contact through colonization and migration. It is especially
common in the ME since it has been a melting pot of cultures,
languages and people. Both prehistoric and recent genetic admixture
have greatly influenced the genetic makeup of regional ME popula-
tions. On the other hand, consanguineous marriage is prevalent in
many ME countries, which is expected to decrease ME genetic
diversity. As a retrospective study based on modern human genomic
data, it is difficult to fully distinguish the influences of admixture and
consanguinity on genetic diversity, as each has a confounding effect on
the other. However, we were able to confirm the generated theoretical
predictions and roughly estimate the magnitudes of the influence of
admixture and consanguinity based on the statistical approaches used
in this study. Our analyses revealed that the current genetic archi-
tectures of the two ME populations were shaped by a joint effect of the
two forces that resulted from historical, cultural and potentially also
from religious reasons.
Additionally, we further explored the possibility of the influence of a

third type of force on regional genetic diversity, natural selection. Our
approach to search for footprints of natural selection in both ME
populations was based on admixture analysis seeking to identify
genomic regions with local ancestry significantly deviated from the
mean genome-wide distribution. While this approach could only
detect natural selection signatures after population admixture, it is
extremely interesting that the top candidate genes underlying natural
selection in the two ME populations were associated with olfactory
pathways. While we could not provide a convincing interpretation for
these selection signatures, the noted statistical signals could not be
explained by stochastic process. This suggests the presence of
environmental pressures on these genes in the history of the two
ME populations. Taken together, genetic admixture, consanguinity
and natural selection have jointly shaped the genetic diversity of the
two ME populations, with admixture and consanguinity having
opposing effects on diversity, while natural selection exhibits a more

regional effect relative to the genome-wide influences seen from the
former two factors.
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