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Abstract

Kazakh people, like many other populations that settled in Central Asia, demonstrate an array of mixed anthropo-
logical features of East Eurasian (EEA) and West Eurasian (WEA) populations, indicating a possible scenario of bio-
logical admixture between already differentiated EEA and WEA populations. However, their complex biological
origin, genomic makeup, and genetic interaction with surrounding populations are not well understood. To decipher
their genetic structure and population history, we conducted, to our knowledge, the first whole-genome sequencing
study of Kazakhs residing in Xinjiang (KZK). We demonstrated that KZK derived their ancestries from 4 ancestral
source populations: East Asian (~39.7%), West Asian (~28.6%), Siberian (~23.6%), and South Asian (~8.1%).
The recognizable interactions of EEA and WEA ancestries in Kazakhs were dated back to the 15th century BCE.
Kazakhs were genetically distinctive from the Uyghurs in terms of their overall genomic makeup, although the 2 po-
pulations were closely related in genetics, and both showed a substantial admixture of western and eastern peoples.
Notably, we identified a considerable sex-biased admixture, with an excess of western males and eastern females con-
tributing to the KZK gene pool. We further identified a set of genes that showed remarkable differentiation in KZK
from the surrounding populations, including those associated with skin color (SLC24A5, OCA2), essential hyperten-
sion (HLA-DQB1), hypertension (MTHFR, SLC35F3), and neuron development (CNTNAP2). These results advance our
understanding of the complex history of contacts between Western and Eastern Eurasians, especially those living or
along the old Silk Road.
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Introduction

Recent advances in genotyping and sequencing technolo-
gies have facilitated the genome-wide investigations of hu-
man genetic variations, providing new insights into
population history and genotype—phenotype relation-
ships. International collaborative projects and regional ef-
forts have produced a detailed catalogue of human DNA
variation in populations with ancestry from Europe, East
Asia, South Asia, West Africa, and the Americas
(The-HUGO-Pan-Asian-SNP-Consortium 2009; Tishkoff
et al. 2009; Xu et al. 2009; McEvoy et al. 2010; Lachance
et al. 2012; Schlebusch et al. 2012). However, although
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Central Asia is a vast territory that has been crucial in hu-
man history due to its strategic location (Comas et al.
2004), populations in this region have not generally been
included and have been largely underrepresented in simi-
lar efforts worldwide.

Kazakhs are the second largest Muslim group in Central
Asia, and were previously the most influential of the various
Central Asian ethnic groups. While the majority of Kazakhs
currently reside in Kazakhstan, over 1.25 million are situ-
ated in Xinjiang, an area located in far-western China and
crossed by the Silk Road—an essential corridor linking
East Asia with Central Asia and Europe. Analogous to
many human populations that have settled in Central
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Asia, Kazakh people residing in Xinjiang exhibit a diverse
range of mixed anthropological features of East Eurasians
(EEA) and West Eurasians (WEA) (Xu et al. 2008; Xu and
Jin 2008; Feng et al. 2017; Pan et al. 2022; Ning et al.
2023). This suggests a potential scenario of biological ad-
mixture between already differentiated EEA and WEA po-
pulations. The distinctive Kazakh ethnicity was developed
throughout the 15th and 16th centuries. However,
Kazakhs’ complex biological origin and genomic makeup,
migration history, and genetic admixture with surrounding
populations over the past millennium are not well under-
stood. A previous study on Altaian Kazakhs revealed that
their mtDNA gene pool was comprised of approximately
equal proportions of East and West Eurasian haplogroups
(Gokcumen et al. 2008). A study based on ancient
mtDNA data showed that all samples retrieved from
Kazakh archaeological sites before the 13th to 7th century
BC belonged to European lineages, with later arrival of East
Eurasian sequences that coexisted with the previous West
Eurasian genetic substratum (Lalueza-Fox et al. 2004).
Previous genetic studies based on blood groups (Fiori
et al. 2000), mtDNA (Comas et al. 1998), and
Y-chromosome variability (Perez-Lezaun et al. 1999; Wells
et al. 2001; Zerjal et al. 2002) have all demonstrated that
the present-day populations of Central Asia are genetically
extremely heterogeneous, with the presence of well-
differentiated EEA and WEA lineages in all populations
studied. However, these previous studies, which relied al-
most exclusively on Y-DNA and mtDNA, could be signifi-
cantly influenced by genetic drift and sampling biases.
Furthermore, individual admixtures could not be investi-
gated and evaluated based on the information of Y-DNA
and mtDNA because they are haploid and uniparentally
transmitted. A full analysis of the genetic structure of mod-
ern Kazakhs using genome-wide data would help decipher
the origin of the present-day Kazakh population and shed
light on the understanding of complex patterns of admix-
tures between Westerners and East Asians.

Ninety-nine percent of Kazakhs in China live north of the
Tianshan Mountains in Xinjiang, the northern part of
China. They are primarily concentrated in the Ili Kazakh
Autonomous Prefecture, Balikun Kazakh Autonomous
County, and Mubi Kazakh Autonomous County, with a
small number living in Gansu and Qinghai. However, little
research has been performed on the ancestral origins and
admixture history of the Kazakh population in Xinjiang,
and the genetic relationship between Kazakh populations
in Xinjiang and other Kazakh populations remains ambiguous.
Specifically, previous studies based on Y-DNA and mtDNA
could not reveal their admixture history at a fine scale.

In this study, we performed the first whole-genome
sequencing of the Kazakh population (KZK) residing
in northern Xinjiang, China. Using this unprecedented
data set, we comprehensively assessed the genomic diver-
sity of KZK and further inferred the genetic origin and
admixture history of KZK. Our findings are expected to ad-
vance the understanding of the complex admixture history
of KZK.
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Results

Genetic Affinity of KZK in the Context of Global
Populations

To gain insights into the genetic diversity and population his-
tory of the Kazakh people, we collected genome-wide single
nucleotide polymorphism data of Kazakhs (KZK) from North
Xinjiang, including whole-genome microarray data of 213
samples and whole-genome deep sequencing data of 28 sam-
ples (see Materials and Methods). To investigate the general
pattern of association between KZK and other populations
on a global scale, we analyzed the genome-wide data of
KZK and available data of contemporary populations to
understand the genomic diversity of KZK and its relationship
with other populations. The results of principal component
analysis (PCA) showed that the genetic coordinates of
Eurasian individuals on the PC diagram were highly corre-
lated with their geographical location (Fig. 1a). The clusters
of KZK populations were located at an intermediate position
between the Western European (WE), Central Asian Siberian
(SIB), East Asian (EA), and South Asian (SA) populations on
the PC diagram. The KZK population was closer to the SIB/
EA population and slightly further from the WE/SA popula-
tion on the PC diagram.

An estimation of the unbiased global Fst of KZK with
the global population showed that KZK was genetically
closest to the SIB population, followed by EA, SA, and
WE (Fig. 1b). The top 4 populations exhibiting the closest
genetic affinity to KZK were Uyghur (Fst=0.0038),
Kalmyk (Fst=0.0047), Hazara (Fst=0.0047), and Even
(Fs=0.0075) (Fig. 1¢, supplementary fig. S3,
Supplementary Material online). Notably, the genetic rela-
tionship between KZK and the Chuvash population was
closer than that with other WE populations, and the
Chuvash population was genetically related to the
Central Asian populations (Callaway 2010; Lazaridis et al.
2014; Yunusbayev et al. 2015). The genetic differences be-
tween KZK and other populations measured by Fst were
also confirmed with PCA and the outgroup f; test
(supplementary fig. S4, Supplementary Material online).

Ancestry Composition of KZK

PCA reveals that the genetic distances between KZK and
both EEA and WEA are similar, suggesting that EEA and
WEA may have contributed genetic components to KZK.
This hypothesis is supported by the results of the f;
test. f3(WE, SIB; KZK) showed the smallest f; value
(supplementary table S3, Supplementary Material online),
indicating that KZK received gene flow from Central Asian
and WE populations.

To reveal the ancestral compositions of KZK, we per-
formed an ADMIXTURE analysis of KZK with global popu-
lations, varying the number of ancestral components K
from 2 to 20. The ancestral composition of KZK revealed
by ADMIXTURE became more complex as the K value
increased; however, we did not observe a unique
ancestral composition for KZK (supplementary fig. S6,
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Fig. 1. Genetic affinity of KZK in the context of global populations. a) PCA of 210 KZK samples with other Eurasian populations. Geographical
regions from where the samples were collected are labeled on the plot. The number in the bracket represents the variance explained by each PC
accounting for the top 10 PCs. b) A fan-like chart shows genetic differences (Fst) between KZK and global populations. Each branch represents a
comparison between KZK and 1 of the 210 global populations, and the length is proportional to the Fsy value as indicated by gray circles. c) A
fan-like chart shows the genetic differences (Fst) between KZK and SIB populations.

Supplementary Material online). Assuming K=2, we the increased granularity of ancestral differentiation within

found that the ancestry composition of KZK consisted of
EEA (~63.5%) and WEA (~36.5%), and these estimations
were also confirmed by an f; ratio test (supplementary
table S4, Supplementary Material online). When the
K =12, we got the smallest CV error. However, considering

continents when the K value exceeds 4, which complicates
our subsequent analyses, we have elected to conduct a de-
tailed analysis using a K value of 4 (supplementary fig. S6,
Supplementary Material online). At K = 4, the main ances-
try components of Eurasian populations were summarized
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Fig. 2. Ancestral makeup and admixture history of KZK. a) ADMIXTURE result of KZK with other Eurasian populations assuming 4 major an-
cestral populations (K = 4). The result of the population-level admixture of KZK is highlighted and displayed in the pie chart in the center of the
circle plot. b) The sex-biased admixture model of KZK inferred by MultiWaverX. Orogens and Palestinians were used as representatives for
Eastern and Western ancestries, respectively. Each circle on the line represents 1 admixture event, in which the color indicates the source an-
cestry, and the size is proportional to the admixture proportion of the corresponding ancestry. The diamond represents the proportion of male

components of West Eurasian.

by 4 sources: EA, WE, SIB, and SA, which was largely con-
sistent with the geographical locations of these popula-
tions. In detail, the genetic components of KZK were
about 39.7% from EA, 28.6% from WE, 23.6% from SIB,
and 8.1% from SA (Fig. 2a). Only a modest variation
(5.0%) in admixture proportions was observed among in-
dividuals, indicating a lack of recent and continuous
gene flow from well-differentiated EEA and WEA popula-
tions to present-day Kazakhs.

Furthermore, we applied an admixture history graph
(AHG) analysis (Pugach et al. 2016) to infer the admixture
events of the 4 ancestral origins of KZK. The analysis con-
ducted by the AHG suggests that it is likely the EA ancestry
first contacted with the SIB ancestry, leading to the forma-
tion of the EEA ancestry (EA-SIB). Similarly, some clues in
the data suggested that the WE ancestry may have mixed
with the SA ancestry, resulting in the WEA ancestry
(WE-SA; supplementary fig. S7, Supplementary Material
online). After that, EA-SIB and WE-SA mixed and formed
the gene pool of the present KZK. We also used qpGraph
(Patterson et al. 2012) to explore the admixture graph of
KZK. The optimal admixture graph inferred by qpGraph
(lowest Z score = —0.225) also confirmed the ancestral
compositions in KZK and the admixture model of KZK
(supplementary fig. S8, Supplementary Material online).

The TreeMix analysis suggested the possibility of gene
flow into KZK from multiple sources, including WE, SA,
SIB, and EA. When m (migration edge) was 0, the tree struc-
ture was divided into 3 clusters, one of which consisted of
populations from WEA, another of which consisted of po-
pulations from central Eurasia, and the last of which con-
sisted of populations from EEA (supplementary fig. S9a,

4

Supplementary Material online). KZK were in the eastern
Eurasian cluster because of their higher EA ancestry com-
ponent. When m =5, the TreeMix analysis indicated that
KZK received gene flow from WE-SA (supplementary fig,
S9b, Supplementary Material online).

Based on the results of the above analysis, we propose
that the admixture model of KZK conforms to an “admix-
ture of admixture” scenario, in which SIB and EA first
formed the Eastern Eurasian ancestors, whereas WE and
SA formed the Western Eurasian ancestor; then, the
Western Eurasian ancestor and the Eastern Eurasian ances-
tor were mixed to form the present-day KZK gene pool.

Sex-Biased Admixture and Admixture Dating

Next, we reconstructed the admixture history of KZK with 4
ancestral components and explored the sex-biased admix-
ture in KZK. We estimated the admixture time of KZK
with a sex-biased admixture using MultiWaverX (Zhang
et al. 2022). The 2 populations, Orogen and Palestinian in
Human Genome Diversity Project (HGDP; Bergstrom et al.
2020), were included in the analysis to represent the EEA
and WEA ancestries of KZK. The results of MultiWaverX
showed that the admixture history of KZK followed a multi-
wave admixture model (Fig. 2b). This admixture model was
similar to that inferred with gpGraph. We conducted a simi-
lar MultiWaverX analysis, employing CHB and CEU from the
1,000 Genomes Project as proxies for EEA and WEA ances-
tries, respectively. The results paralleled those obtained using
Orogen/Palestinian, reinforcing the multiwave admixture
model’s applicability to KZK’s genetic history (supplementary
fig. $10, Supplementary Material online).
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Our analysis suggested that the eastern and western an-
cestry of the KZK population experienced at least 3 waves
of identifiable admixtures (Fig. 2b). The first admixture
occurred ~121 generations ago (95% Cl: 118 to 126,
SR =100%), with an east—west ancestry mixing ratio of
~0.64:0.36, with predominantly western males (P = 0.64,
95% Cl: 0.63 to 0.77, SR=100%) and eastern females
(P =0.43,95% Cl: 0.35 to 0.43, SR = 100%). This admixture
in 2000 BP was in agreement with the period reported for
mummified humans with European features discovered in
Xinjiang (2000 to 1700 BP; Zhang et al. 2021), as well as the
Tocharian language (1800 BP), and it might be also asso-
ciated with the Aryan entry into South Asia (Pathak
et al. 2018). They might have brought with them an early
version of Sanskrit, proficiency with horses, and a host of
new cultural practices such as sacrificial rituals, all of which
were the basis of the Hindu/Vedic culture (Narasimhan
et al. 2019). This brought a mixture of WEA males as the
dominant group.

The second admixture took place ~38 generations ago
(95% Cl: 36 to 40, SR=100%) with a mixing ratio of
0.51:0.49 between early KZK and WEA. With a generation
of 29 years and considering that the sample was collected
in 2014 with the sample age as ~20 years, this admixture
took place in 891 (862 to 949) AD, during the Five
Dynasties and Ten Kingdoms period. This admixture event
may be related to the Turkic migrations to the West. The
Turkic migrations brought about the admixture of early
KZK males with WEA females (P =0.23, 95% Cl: 0.12 to
0.27, SR =100%). The third admixture event occurred
~23 generations ago (95% Cl: 22 to 23, SR = 100%) with a
mixing ratio of 0.53:0.47 between early KZK and EEA, 696
(667 to 696) years ago, or AD 1326 (1326 to 1355), when
China was in the Yuan dynasty period. This admixture
event might be related to the Mongol invasion, in which
the early KZK, as “Sephardim,” had a high status during
the Yuan Dynasty, bringing an admixture of early KZK
males and EEA females (P = 0.44, 95% Cl: 0.32 to 0.50, SR
= 97%). The time of the second and third admixture events
was also reconstructed with ALDER (supplementary fig.
S11, Supplementary Material online). The ancestry-specific
effective population size of KZK showed a decline 30 gen-
erations ago, reaching a minimum 17 generations ago,
followed by a rapid increase (supplementary fig. S12,
Supplementary Material online). These results suggested
that the admixture events involving KZK occurred ~30
generations ago, a timeline that aligns with estimates de-
rived from other analytical methods.

Interestingly, after 3 waves of admixtures, sex-biased
mating may no longer have been sustained for KZK, poten-
tially aligning with a sex-bias cancellation model as sug-
gested by a previous study using MultiWaverX (Zhang
et al. 2022).

The Impact of Admixture on Genome Diversity

Admixtures exert a considerable impact on the genetic di-
versity of a population. Generally, the introduction of ad-
mixture is anticipated to augment the genetic diversity of

a given population. To quantify this, we estimated nucleo-
tide diversity (8,,), haplotype diversity, number of segregat-
ing loci (Bx), and Tajima’s D in KZK (Fig. 3). The results
showed that haplotype diversity was significantly higher
in KZK compared to the reference populations
(Wilcoxon test, P < 0.001). Both nucleotide diversity and
the number of segregating sites were comparable in KZK
and GIH, and significantly higher than those in other refer-
ence populations (Wilcoxon test, P < 0.001). Tajima’s D
showed a negatively skewed distribution, and the 0, in
KZK was higher than the 6y in KZK, suggesting that KZK
had specific single-nucleotide variants (SNVs) from diverse
ancestral populations. KZK also contained the highest pro-
portion of rare SNVs (AF < 0.05), followed by CEU. This
observation lends support to the hypothesis that admix-
ture may contribute to the enrichment of rare variants
within populations. The effective population size (N,) of
KZK was also larger than that of the reference population
(supplementary fig. S13, Supplementary Material online),
which also indicated that KZK had higher genetic diversity
than the reference population.

Genetic Characteristics and Adaptations in the KZK
Population

We expected the allele frequencies of KZK, as an admixed
population, to approximate the weighted average of the
allele frequencies of their ancestral source populations,
where the weights are the percentages inferred from the
admixture analysis. We compared the expected allele fre-
quencies of KZK (AF.,,) with the observed allele frequency
(AF,ps) in KZK, which allowed us to obtain loci underlying
possible natural selection specific to KZK. We used CHS
and CEU as proxy ancestors of KZK and calculated the ex-
pected allele frequencies of KZK using the results of
ADMIXTURE with K=2 as weights. The site frequency
spectrum (SFS) showed that the expected gene frequen-
cies of KZK were aligned with the observed gene frequen-
cies, whereas the gene frequencies of CHS and CEU were
significantly different (Fig. 4).

Furthermore, we calculated AFd. for the whole KZK
genome in a 2-way admixture model using CHS and CEU
as the reference populations. AFd,, for the whole KZK gen-
ome in a 5-way admixture model was estimated using CHS,
CEU, GIH, and SIB as reference populations. In the 2-way
model, 65% of the SNVs had an AFd. < 0.01, only ~4%
of SNVs had an AFd. > 0.1, and ~0.3% of SNVs had an
AFd. > 0.2 (supplementary fig. S14, Supplementary
Material online). The results of the 4-way model were
more conservative relative to the 2-way model, with
~66% of SNVs having an AFd, < 0.01, ~3% of SNVs having
an AFd, > 0.1, and ~0.1% of SNVs having an AFd. > 0.2.

We subsequently examined the functional enrichment
of SNVs with a significant AFd.. We expected that SNVs
with a significant AFd, should be less enriched in deleteri-
ous mutations, as such mutations are detrimental to inher-
itance. We determined the deleteriousness of SNVs using
the combined annotation-dependent depletion (CADD)
score (Kircher et al. 2014), with CADD < 15 as a modifier,
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Fig. 3. Genetic diversity of KZK and the reference populations. a) Nucleotide diversity (/kb) of KZK and the reference populations. b) Haplotype
diversity of KZK. c) The number of segregating sites (/kb). d) Distributions of Tajima’s D. All statistics in (a to d) were calculated in the sliding
windows with a length of 50 kb and in a step of 25 kb. e) The proportion of rare SNVs (AF < 0.05).

15 < CADD < 25 as a medium, and CADD > 25 as a high
consequence. The results of both the 2-way model and
the 4-way model were consistent with our expectation
that the AFd, was smaller for SNVs with higher functional
importance (supplementary fig. S15, Supplementary
Material online). The low AFd, on average of functionally
important sites may also be the consequence of their lower
derived allele frequency (DAF). We implemented a multi-
nomial logistic regression model as follows:

Consequence ~ DAF + AFd,

Next, we employed the variance inflation factor (VIF) in
this model. VIF is used to detect the degree of multicolli-
nearity among independent variables in regression ana-
lysis. For each explanatory variable X;, we fit a regression
model treating X; as the dependent variable and the other
explanatory variables as independents and calculate the
coefficient of determination R? for that regression. The
VIF for each variable is then calculated as

1
VIF=1"%

I
where a VIF of 1 indicates no collinearity; a VIF <5 is gener-
ally considered acceptable, and a VIF of 5 or more indicates
a severe multicollinearity issue. In our analysis,
VIFpar = 2.93 and VIFapge = 2.54, suggesting no severe
multicollinearity between these variables. Thus, the low
average allele frequency at derived sites (AFd.) observed
in functionally important sites likely resulted from multiple
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factors. One contributing factor is their inherently lower
DAF. Another possible factor is that mutations at these
sites may be detrimental to inheritance, suggesting a
negative selective pressure against such mutations, which
prevents them from becoming prevalent in the population.
Enrichment analysis was further performed. We further
divided the genome into genic, intergenic, transcript, exon,
intron, downstream, upstream, 5'-UTR, and 3’-UTR regions
according to the GTF file of Ensembl (version 96;
Cunningham et al. 2019). The results showed that intergenic
regions were enriched with SNVs with a significant AFd,
(supplementary fig. S16, Supplementary Material online).
We estimated the proportion of SNVs with a significant
AFd, in each gene region and ranked these genes accord-
ingly. Modified gene set enrichment analysis (MGSEA;
Subramanian et al. 2005; Pan et al. 2022) was used for
the pathway search for genes enriched with a significant
AFd,, using the KEGG pathway data set as the reference
(Kanehisa et al. 2017). A total of 111 pathways enriched
in significant AFd. genes were identified using the 2-way
model. Of these 111 pathways, 61 (55.0%) were associated
with “organismal systems” and “human diseases,” includ-
ing pathways related to the immune, digestive, and ner-
vous systems. Another 28 pathways (25.2%) were related
to metabolism (supplementary table S5, Supplementary
Material online). When the 4-way model was used, a total
of 112 pathways rich in significant AFd. genes were iden-
tified, and of these 112 pathways, 62 (55.3%) were related
to “organismal systems” and “human diseases,” and an-
other 28 pathways (25.0%) were related to metabolism
(supplementary table S5, Supplementary Material online).


http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msae144#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msae144#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msae144#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msae144#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msae144#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msae144#supplementary-data

Admixture History of the Kazakhs - https://doi.org/10.1093/molbev/msae144

MBE

a

( ) I KZK Expected

[] KZK Observed

[ ] SFS of CEU and CHS

0.5
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frequency differences (>0.54, top 1%) between CHS and CEU.

To broaden our understanding, we also scrutinized the
broader evolutionary pressures exerted upon this popula-
tion. Genomic regions showing strong selection signals
were associated with immunity, cancer, neurodevelop-
ment, and cardiovascular diseases, including hypertension
and acute myeloid leukemia (AML). The KZK have a homo-
geneous diet with a low intake of fruits and vegetables and a
high intake of smoked meat and wine, thus resulting in a
low intake of folic acid, which may lead to a high incidence
of hypertension and esophageal cancer (Liu et al. 2010).

We calculated the integrated haplotype score (iHS)
of the KZK, Uyghur, CHS, and CEU genomes (Fig. 5a,b,
supplementary fig. S17 and table S6, Supplementary
Material online). The results of iHS showed that the
most significant region of local enrichment signals was
in the MHC region of chromosome 6, which is associated
with immunity (supplementary fig. S17 and table S6,
Supplementary Material online). The gene HLA-DQB1
is a potential selection gene, and the locus rs28724242
of this gene was annotated in the GWAS catalog
(Tragante et al. 2014; Welter et al. 2014) as being asso-
ciated with essential hypertension. We observed a high
concentration of high [iHS| value loci around rs28724242
(supplementary fig. S22, Supplementary Material online),
with its allele frequency also being higher in the KZK
population compared to CHS and CEU populations
(The allele frequency of the G allele at this locus was
0.5482 in KZK, 0.4702 in CHS, and 0.2768 in CEU).

Evidence of selection was obtained from the analysis for
the gene ATXN2, and its genetically proximate genes,
PTPN11, ALDH2, and HECTD4, in both KZK and Uyghur po-
pulations with iHS. It turned out to be similar selection
patterns for these genes (supplementary fig. S23a,
Supplementary Material online). We also performed cross-
population extended haplotype homozygosity (XP-EHH)

—_~

b)

Il KZK Expected
KZK Observed

TMEN 1320

DAF (KZK)

TRARPCY

FHIT

DAF(CHS-CEU)

with Uyghurs, CHS, or CEU as the reference population
(Fig. 5¢d, supplementary fig. S18 and table S7, Supplementary
Material online). In the XPEHHyzk_crs and XPEHHzk_ceu
positive selection signals were observed in the ATXN2
gene region (supplementary fig. S23b,c, Supplementary
Material online). However, these signals were not signifi-
cant in the XPEHHzx_uyghur (supplementary fig. $23d,
Supplementary Material online), suggesting that there
may be a unique selective pressure in this region in Xinjiang,
China. Mutations in the ATXN2 gene were reported to be as-
sociated with susceptibility to type | diabetes, obesity, and
hypertension (Davalos-Rodriguez et al. 2022). HECTD4 is in-
volved in the metabolic process of glucose and is also asso-
ciated with susceptibility to hypertension, with rs2074356
showing significant genetic heterogeneity in the systolic
blood pressure (Cho and Jang 2021).

We conducted a population branch statistics (PBS) ana-
lysis on the KZK population using the CHS and CEU popu-
lations as reference groups. The results revealed strong
positive values in the PBS for the ADAM?29 gene located
on chromosome 4 (supplementary fig. S19a and table S8,
Supplementary Material online). This gene also exhibited
strong selection signals in XPEHHzk_cns, XPEHHz¢_ceus
and XPEHHyzk_uygur- Additionally, we observed a signifi-
cant enrichment of loci with high allele frequencies in
this region (supplementary fig. S24, Supplementary
Material online). These findings suggest that this region
may be subject to long-term selection in the KZK popula-
tion. The ADAM29 gene is potentially associated with fer-
tilization, muscle development, and neurogenesis.

Genetic Adaptations in the KZK Population after
Admixture

We focused on the Genetic Adaptations in the Kazakh
(KZK) Population after Admixture. Due to the shared
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Fig. 5. Selection scans indicated by iHS and XP-EHH signals. a) Chromosome plot for significant components indicated by iHS signals. b) The
P-value of the local enrichment of sliding windows of 5 Mb and steps of 1 Mb in the KZK and Uyghur genomes with the iHS results.
c) Chromosome plot for significant components indicated by XP-EHH signals with Uyghur as the reference population. d) The P-value of
the local enrichment of sliding windows of 5 Mb and steps of 1 Mb in the KZK genomes with the XP-EHH results.

genetic components between the admixed and ancestral
populations, the specific population branch lengths for
the admixed population tend to be negative (Pan et al.
2022). Utilizing the negative values of PBS, we can identify
genes that exhibit diversity in allele frequencies resulting
from admixture. Approximately 86,842 (83.01%) of the
windows displayed negative PBS values, supporting
the hypothesis that the KZK population is a blend of
Eastern and Western ancestries. Regions with PBS <
—0.115 (the lowest 1%), typically exhibit substantial dif-
ferences between the reference populations CEU and CHS,
and through admixture, these regions contribute to a hy-
brid gene frequency in the KZK population, referred to as
admixture-representative (AR) components.

Some genes indicated that KZK is a CHS-biased popula-
tion. SLC24AS5 was an AR component in the PBS results
(supplementary fig. S19 and table S8, Supplementary
Material online), which is associated with skin color. The
key SNV, rs1426654 (Stokowski et al. 2007; Adhikari et al.
2016), had a gene frequency of 0.748 in the KZK popula-
tion, 0.990 in the CHS, and 0.003 in the CEU, showing a
strong oriental bias. LIMS1 and EDAR were also AR compo-
nents of the PBS results, and they are associated with eye
thickness, hair morphology, and facial morphology in the
oriental population (Fujimoto et al. 2008; Tan et al. 2013;
Wu et al. 2018). In the KZK population, strong selection
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signals were detected in the LIMST gene upstream of
EDAR, but no strong selection signals were detected
on the EDAR gene itself, possibly due to relaxed selec-
tion pressures on EDAR attributable to the lifestyle
and environmental conditions in Western China, similar
to the Uyghur population (Pan et al. 2022). OCA2 was
identified as a gene selected away from CEU components
(supplementary table S9, Supplementary Material online),
and a CHS-biased component in the ancestry-biased (AB)
index method with ~78% CHS ancestry (supplementary
table S10, Supplementary Material online). It is associated
with pigment expression, and in previous reports, OCA2
also showed selection in eastern populations (Rawofi
et al. 2017).

In the analysis of the CEU-biased components using
AB index method, we identified 2 regions on chromosome 1
showing significant signatures of selection (supplementary
fig. 521 and table S10, Supplementary Material online). One
region was associated with the gene MTHFR, and the other
region was associated with the SLC35F3 gene. Both MTHFR
and SLC35F3 are genes related to metabolism and both are
associated with hypertension (Ehret 2010; Zhang et al.
2014; Fan et al. 2016). These results suggested that the
hypertension susceptibility gene in KZK may have been in-
troduced from a Western ancestral source and subjected to
natural selection locally.
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The analysis based on a reconstructed ancestral popula-
tion, AB,cys, identified a region of strong natural selection
on chromosome 22 (supplementary fig. S20 and table S9,
Supplementary Material online), particularly MRTFA,
which was reported to be associated with megakaryoblast
AML (Reed et al. 2021), which is a highly prevalent disease
in the Kazakh population (Kulkayeva et al. 2021).

Selection signals were detected in the region encom-
passing the gene CNTNAP2 with 5 different methods:
PBS, AB.chs ABaceus XPEHHzk_chs, and XPEHHz_ceu-
This may be attributed to the extensive length of the
CNTNAP2 gene, which spans ~2.3 Mb across the chromo-
somal region 7q35 to q36, and to varying selection pres-
sures experienced by different segments of the gene.
Specifically, the SNP rs7794745 within this gene has been
significantly associated with the development of autism
in Bangladeshi children (Uddin et al. 2021). The allele fre-
quency of the T allele at this locus is 0.2857 in the KZK
population, 0.4435 in CHS, and 0.3736 in CEU.

Discussion

We have presented a comprehensive characterization of
genetic variation in 28 KZK samples, the first whole-
genome sequencing study on this ethnic group. With
this unprecedented data, we provided new insights into
the genetic origin, admixture history, and population
structure of KZK. Our results showed that KZK is the
most closely related to Central Asian populations com-
pared to other populations globally. Although KZK and
Kazakhs of Kazakhstan live in different locations, they can-
not be separated into 2 distinct populations in terms of
genetic makeup. Part of the reason is the greater genetic
heterogeneity of Kazakhs as an admixed population, and
part of the reason may be related to the stricter system
of endogamy within the KZK.

Four major ancestral components were identified in the
KZK population, which were derived from ancestral popu-
lations in East Asia, Siberia, Western Eurasia, and South
Asia. Modeling admixture histories indicated that these 4
ancestral components came from 2 early admixed popula-
tions. The eastern ancestry consisted of ancestral compo-
nents from East Asia and Siberia. The western ancestry
consisted of ancestral components from Western
Europe and South Asia. Notably, the admixture among
the 4 ancestors of KZK was sex-biased, likely resulting
from historical warfare and trade.

Our results suggested a complex scenario of genetic ori-
gin, admixture history, and population structure in the
Kazakh population. The 3-wave model we proposed here
does not necessarily mean there were only 3 admixture
events in their history. Rather, it suggested that population
admixtures occurred more than once. Moreover, the first
wave of admixture was estimated to have occurred 3,150
years ago, which might suggest that the admixture event
began to occur 3,150 years ago at the latest. The second
wave of admixture was estimated to have occurred 1,083
years ago, which might suggest that the admixture event

started to occur 1,083 years ago at the latest.
Furthermore, the admixture time could be underestimated
(Leslie et al. 2015). The ancient admixture we identified, da-
ted to over 1,083 years ago, roughly corresponded to the
Five Dynasties and Ten Kingdoms period and Turkic migra-
tions. However, the intensive contact between Western
and Eastern peoples might have been common in the early
Tang Dynasty, according to historical records. Similarly, the
time of a recent admixture that occurred nearly 696 years
ago as we inferred in this study, corresponding to the Yuan
Dynasty, might be also underestimated. According to re-
corded history, west—east contacts were more frequent
during the Mongolian conquests in the 13th and 14th cen-
turies. The concordance would be improved if we adopted
ashorter generation time, 25 years, rather than 29 years as a
previous study suggested (Fenner 2005). Nonetheless, we
believe the history could be more complex than the simpli-
fied models we presented in this study.

At the genomic level, population admixtures intro-
duced greater genetic heterogeneity and rare variants to
KZK, as 1 ancestral population contributed a certain pro-
portion of rare variants that did not exist in the other an-
cestral populations. Furthermore, we investigated natural
selection in KZK. There was some more significant enrich-
ment of AFd, in intergenic regions than in genic regions,
suggesting that altering gene regulation might also have
played an important role in the adaptive evolution of
the KZK. Functional enrichment analysis of genes in the
KZK genome enriched in SNVs with significant AFd, sug-
gested that disease risk factors and diet could have shaped
the genomic diversity of the KZK population. Genes such
as SLC24A5, LIMS1, and OCA2 underwent selection in the
KZK genome, which was consistent with the eastern-
leaning ancestral component of KZK. The results of natural
selection analysis indicated the risk of hypertension, AML,
and cancer, which could be useful control data for genetic
association studies of cardiovascular diseases.

We also explored the genetic relationship between KZK
and a Kazakh population in Kazakhstan (KZK.CA; Raghavan
et al. 2014). Our analyses indicated that the available data
do not support the classification of KZK and KZK.CA as dis-
tinct genetic populations. The Fst between the KZK and
Kazakhs was 0.0002, smaller than the difference between
North and South Han Chinese (Fst = 0.001). PCA also did
not show significant clustering (supplementary fig. S25a,
Supplementary Material online), and the KZK.CA samples
were interspersed with the KZK samples. The results of the
identity by state (IBS) distribution plot (supplementary fig.
S25b, Supplementary Material online) indicated greater gen-
etic heterogeneity in the KZK.CA population compared to
KZK. The results of the Gnecchi-Ruscone et al. (2021) also in-
dicated higher heterogeneity for the KZK.CA population. The
IBS distribution curve for KZK.CA was located between KZK
and KZK.CA, indicating that some of the KZK.CA samples
highly resembled the KZK samples. Considering that the
KZK.CA population is highly heterogeneous, these results
can be interpreted to mean that KZK represents a more
homogeneous branch of the KZK.CA population. This
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interpretation was further supported by the clustering of the
KZK.CA and KZK populations inferred by the t-Distributed
Stochastic  Neighbor  Embedding  (t-SNE)  method
(supplementary fig. S25¢, Supplementary Material online).
The KZK.CA sample enveloped the KZK sample in the
t-SNE descending plot, reflecting the higher heterogeneity
in KZK.CA that prevented the samples from clustering tightly,
whereas the KZK population, being less heterogeneous,
formed a cluster. The results of the fine structure also
suggested that they could be considered as a single population
(supplementary fig. S25d, Supplementary Material online).

In addition, it has been shown that the incidence and
mortality of esophageal cancer in the Kazakh population
in Xinjiang is very high. Studies on esophageal cancer in
the Kazakh population in Xinjiang have found that muta-
tions at the relevant loci of numerous genes were asso-
ciated with the development of cancer. The incidence
rate of hypertension in the Kazakh population in
Xinjiang is also the highest among all the Chinese ethnic
minorities, and genome-wide data of 241 Kazakhs may
serve as useful reference data for genetic association stud-
ies of hypertension and other diseases.

Materials and Methods

Populations and Samples

The genomic data of Xinjiang Kazakh (KZK) were sampled
from North Xinjiang, including 213 whole-genome micro-
array samples and 28 whole-genome deep sequencing sam-
ples: 2 batches of lllumina Zhonghua microarray (lllu 1, lllu 2)
with 52 and 81 samples, respectively; Affymetrix whole-
genome SNP microarray (version 6.0) for 47 samples
(Affy); Affymetrix genome-wide microarray for 32 samples
(CHB2); lllumina genome-wide microarray for 1 sample (1
M) and lllumina Hiseq X10 sequencing platform whole-
genome second-generation deep sequencing data (>30X)
for 28 Kazakh samples from Xinjiang (NGS), which overlap
with 28 Kazakh samples from lllumina Zhonghua (lllu 1;
supplementary table S1, Supplementary Material online).
Each individual was the offspring of a nonconsanguineous
marriage of members of the same nationality within 3 gen-
erations. All samples were collected with informed con-
sent and approved by the Biomedical Research Ethics
Committee of the Shanghai Institutes for Biological
Sciences. Prior to sequencing and analysis, all samples
were stripped of personal identifiers (if any existed).
The procedures performed in the study were following
the ethical standards of the Helsinki Declaration of
1975 (revised in 2000), and approved by the Biomedical
Research Ethics Committee of Shanghai Institutes for
Biological Sciences (No. ER-SIBS-261408), and further re-
viewed and approved by the Biomedical Research Ethics
Committee of Fudan University (No. FE232771).

Genome Sequencing and Data Processing
Whole-genome sequencing was performed on Illumina
HiSeq X Ten with 28 high target coverage (30X) for 150
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bp paired-end reads. Each sample for high coverage was
run on a unique channel with at least 90 GB of filtered
data, while each sample for medium coverage was run on
a unique channel with at least 30 GB of filtered data. For
high-coverage data, the reads were quality controlled
such that 80% of the bases achieved a base quality score
of at least 30 (supplementary fig. S1, Supplementary
Material online).

The whole-genome second-generation deep sequencing
data were generated from the original fastq files, and after
merged, and adaptor trimmed, the sequences were aligned
with the reference genome (GRCh37) using the Burrows—
Wheeler Aligner (Li and Durbin 2010). The indel region re-
matching, base quality score recalibration (BQSR), variant
calling, and variant quality score recalibration (VQSR) were
carried out by Genome Analysis Toolkit (GATK) version
3.8 (McKenna et al. 2010). Only the biallelic SNVs were
left for further analysis.

The 28 samples contained a total of 8,389,752 SNVs and
3,163,624 SNVs at the individual level. 0.37% (31,347) of
the novel SNVs were obtained based on the dbSNP153
database. 91.6% of the novel SNVs are singleton or double-
ton. The variants were annotated using Ensembl VEP
(MclLaren et al. 2016) with the corresponding VEP-
compiled annotation database (v86_GRCh37).

In addition to 28 whole-genome second-generation
deep sequencing samples (NGS), 213 whole-genome se-
quencing microarray samples of KZK were included in
the analysis. These 213 samples came from 5 batches
(M1, NMu2, Affy, CHB2 and 1 M; supplementary table S1,
Supplementary Material online). The 28 samples in the
NGS overlap with the 28 samples in lllu1. We did not ob-
serve any subtle batch effect between high-coverage (30x)
sequencing and whole-genome sequencing microarray
data (supplementary fig. S2 and table S2, Supplementary
Material online).

Phasing was performed using SHAPEIT2 (Delaneau et al.
2014) for the sequencing data with 2,144 whole-genome
second-generation samples in the previous study (Ma
et al. 2021), and all parameters are default.

We further imputed 5 microarray data sets of KZK. The
reference panel for imputation was merged from the 1,000
Genome Project Phase Ill Panel (Genomes Project et al.
2015) and the phased data set of 2,144 samples using
IMPUTE2 (Howie et al. 2009) with the command
“-merge_ref_panels.” If the alleles in the microarray data
do not match the alleles in the NGS panel, delete the cor-
responding loci in the microarray data. Totally 29,122,345
SNVs with overlapping physical positions to our sequen-
cing data set were left in the merged reference panel.

Based on both genome-wide random markers and ances-
try informative markers (AIMs), analysis was performed using
over 8,389,752 genome-wide single-nucleotide polymorph-
isms (SNPs) and 600 copy-number polymorphisms (CNPs)
in 43 unrelated Kazakhs and made comparisons with 3,165
individuals representing 128 worldwide populations.
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Public and Published Data

The Affymetrix Human Origin Array (Lazaridis et al. 2014)
contains 600,841 SNVs for 2,345 individuals from 203 po-
pulations and it was used for admixture analysis under
the context of worldwide population.

The 1,000 Genomes Project Phase Ill (KGP) data con-
tains 2,504 sequenced samples from 26 populations, in-
cluding 5 populations each in Western Europe, South
Asia, and East Asia, 4 in the Americas, and 7 in Africa.
We chose CHS, CEU, and GIH in the KGP data set to re-
spectively represent the ancestral EA, WE, and SA popula-
tions that contributed to the formation of KZK, according
to the results of ADMIXTURE (Alexander et al. 2009).

Seventy-three SIB samples in the data set of the
Estonian Biocentre Human Genome Diversity Panel
(EGDP; Pagani et al. 2016) were employed in our analyses
to represent the ancestral SIB population. There are 108
SIB samples in the EGDP data set sampled from multiple
Siberian populations. We filtered 34 “South Siberia” and
1 “West Siberia” samples due to their complex ancestry
makeups.

Two population Orogen and Palestinian in the Human
Genome Diversity Project (HGDP; Bergstrom et al. 2020)
data were used to represent the EEA and WEA ancestries
of KZK, including 9 Orogen sequenced samples and 51
Palestinian sequenced samples.

The lllumina Human660W-Quad v1.0 data for the
Kazakh population in Kazakhstan (Raghavan et al. 2014)
were used for the analysis of the Genetic Affinity of KZK
with Kazakh.

Quality Control

First, we removed 28 samples in lllu1 set that were consist-
ent with the whole-genome second-generation deep se-
quencing samples. Genetic relatedness for all pairs of
KZK samples was estimated using PLINK v1.90 (Chang
et al. 2015). We preferentially removed 1 individual with
a higher genotype missing rate from each pair with a coef-
ficient of relationship larger than 0.125. This step removed
31 individuals, including 1 sample in Illu set and 2 samples
in Affy set. After quality control, there were 210 individuals
left for further analysis.

Principal Component Analysis

PCA was performed at the individual level using smartPCA
from the Eigensoft version 6.1.4 (Price et al. 2006; Patterson
et al. 2012). To investigate the fine-scale population struc-
ture, we carried out a series of PCA by gradually removing
“outliers” on the plot of the first 2 principal components
and reanalyzing the remaining samples based on the
same set of SNV markers. We removed LD by thinning
the SNPs to be at least 150 kb apart, resulting in 26,584
SNPs.

Fst Analysis
Genetic distance within Hui and between Hui and other
populations was measured with Fst according to Weir

and Cockerham (1984), which accounts for the difference
in the sample size of each population. We randomly chose
10 samples from each population to calculate pairwise Fs.
For a population with a sample size of <10, all the samples
were used. We repeated 100 times to calculate the pairwise
Fst and confidence interval.

f Statistics

All the f statistics were calculated using ADMIXTOOLS 7.0
(Patterson et al. 2012). We calculated the f3 test in the
form of f3 (X, Y; KZK) where X and Y are present-day po-
pulations. If the f; was more negative, the reference popu-
lations were closer to true ancestral populations.

We calculated outgroup f test in the form of f3 (X, KZK;
Ju hoan North), where X is a non-African population
(Raghavan et al. 2014). The higher outgroup f3 value indi-
cates population X shared more genetic drift with KZK de-
rived from African and suggests a closer relationship to
KZK population.

We calculated outgroup f; ratio in the form of f,
(Papuan, Ju hoan North; KZK, Y)/ f, (Papuan, Ju hoan
North; X, Y), where X is the population chosen from East
Asia and Y is the population chosen from west Eurasian.
The value of f4 ratio indicates the eastern ancestry propor-
tion of KZK.

We also use qpGraph in ADMIXTOOLS to construct the
admixture model of KZK. Models with |Z score| <3 are
considered acceptable. Central African population
Mbuti, the West Eurasian population English, the SA popu-
lation Mala, the Siberian population Chukchi, and the EA
population Han are chosen as reference population.
Mbuti was used to root the tree.

Detection of Similar Populations

PCA, IBS distribution, t-SNE (Van der Maaten and Hinton
2008), and fineSTRUCTURE (Lawson et al. 2012) are used
to find the genetic affinity of KZK with Kazakh.

PLINK v1.90 is used to calculate the IBS matrix of KZK
and Kazakh. If Kazakh and KZK are distantly related,
then the IBS curve of KZK-Kazakh will be to the left of
the IBS curves of KZK-KZK and Kazakh-Kazakh.

t-SNE is a nonlinear dimensionality reduction method
that can retain more information than PCA. We do
t-SNE analysis by using the R package “Rtsne,” and all the
parameters are set to be the default.

FineSTRUCTURE is used to construct the phylogenetic
tree of KZK and Kazakh samples based on the haplotype.
All the parameters are set to be the default.

Local Ancestry Inference

RFMIX version 2 (Maples et al. 2013), HAPMIX version 1.2
(Price et al. 2009), and Loter (Dias-Alves et al. 2018) are
used for local ancestry inference of KZK.

The results of RFMIX are used for further and IBDNe
(Browning et al. 2018) analysis. We run local ancestry infer-
ence for KZK under 4-way admixture models. The CHS,
CEU, and GIH in KGP are used to represent EA, WE, and
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SA ancestries, and the 73 SIB samples in EGDP are used to
represent SIB ancestry. We set the admixture time to 200G
(-G 200) and set the CRF spacing size to 0.5 cM (-c 0.5 -r
0.5). All the SNVs identified among KZK and the reference
populations were used.

The results of HAPMIX are used for further admixture
model inference. We run local ancestry inference for
KZK under 2-way admixture models. The Orogen and
Palestinian in HGDP are used to represent EEA and WEA
ancestries. According to the results of ADMIXTURE at K
=4, the proportion of ancestries of SA and WE in
Orogen are both <1%, and the ratio of SIB to EA is similar
to that of KZK; the proportion of ancestries of EA and SIB
in Palestinian are <5%, and the ratio of WE to SA is similar
to that of KZK. KZK includes 28 samples in NGS set and 45
microarray data in Affy set. The parameters THETA and
LAMBDA are set to 0.633 (based the results of
ADMIXTURE at K = 4) and 80.

The results of Loter are used for natural selection ana-
lysis. Loter is proven to have high accuracy for ancient ad-
mixture (>100 generations) and multiway admixture. We
run local ancestry inference for KZK both under 2-way and
4-way models. In the 2-way model, the CHS and CEU in
KGP are chosen to represent EAS and EUR. In the 4-way
model, The CHS, CEU, and GIH in KGP are used to re-
present EA, WE, and SA ancestries. The 73 SIB samples in
EGDP are used to represent SIB ancestries. Parameters
were set to the default in our analyses, and all the SNVs
identified among KZK and the reference populations
were used.

Admixture

We applied ADMIXTURE version 1.3.0 on the merged data
set of Human Origins, Hui, Tajik, Uyghur, KZK, CEU, CHS,
GIH, and SIB data, which consist of individuals from 211 po-
pulations on the same SNPs as PCA. We run ADMIXTURE
by assuming the number of ancestries (K) from 2 to 20.
For each K, we repeated the analysis 10 times with different
random seeds and picked the run with the highest
log-likelihood score to avoid the local minimum. To reveal
the genetic makeup of the Hui population, for each K, we
identified the ancestral component (>1%) in the KZK
population. For each ancestral component, we identified
the representative reference individuals and populations.

Admixture Model Inference and Admixture Time
Estimation

AHG method (Pugach et al. 2016) was used to explore the
sequence of the ancestry admixture events of KZK. We first
find the sequence of admixture events for any trio (a com-
bination of 3 ancestries, such as “ABC,” “BCA,” and “CAB”)
of the 4 ancestries of KZK. For every combination like
“ABC,” we obtained the respective percentages of these
ancestries in the KZK samples. And the correlation coeffi-
cient is calculated as

p = |Pearson CC(In(A/B), In(C))|,
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where Pearson CC means Pearson correlation coefficient,
In means logarithm with base e. For each trio, we choose
the combination which has the smallest p. Then the full
graph was reconstructed based on the ordering of likely
configurations. ADMIXTURE result for KZK with other
Eurasian populations at K = 4 was used to estimate the ad-
mixture proportion of each ancestry in KZK samples. We
take 20 samples from the KZK sample without putting
them back for AHG analysis and we repeated the AHG
analysis 5,000 times for each trio.

We also use TreeMix (Pickrell and Pritchard 2012) to de-
tect gene flow and infer the admixture graph. Three or four
populations from Africa, East Asia, Western Europe,
Central Asia, and Siberia were selected as representatives.
The number of migrations (migrate edge, m) is set from
0 to 10. The root set to the African Yoruba population
(-r Yoruba). The parameter k is set to 500.

MultiWaverX (Zhang et al. 2022) is used to construct
the sex-biased admixture model of KZK and infer the
time of admixture events. We use the local ancestry infer-
ence results by HAPMIX as input. The segments with
length <0.007 Morgan will be discarded (-I 0.007). The
number of bootstrapping is 1,000 (—bootstrap 1,000).

We also use ALDER (v1.03; Loh et al. 2013) to estimate
the time since admixture for all the KZK samples. ALDER
measures the decay of admixture LD, and it could be
used to identify the gene flow.

Genetic Diversity

We calculated nucleotide diversity 6, (Nei and Li 1979),
Haplotype diversity H (Buntjer et al. 2005), numbers of seg-
regating sites Oy (Fu 1995), and Tajima’s D (Tajima 1989)
for KZK, CEU, CHS, SIB, GIH. An equal number of samples
were chosen from each population to avoid the bias
caused by the sample size. We divided the whole genome
into 50 kb windows in steps of 25 kb. We removed the ma-
jor histocompatibility complex region (chr6:28477797 to
33448356), which has unusually high genetic diversity.
The statistics 0, , H and 0 were computed by the soft-
ware “Theta_D_H.Est” (Pan et al. 2022). We also calculated
the proportion of rare SNVs (AF<0.5) for each
population.

Estimation of Effective Population Size (N,)

We explored the demographic history of KZK using LD
(McEvoy et al. 2011). We merge the KZK sequencing
data and the Human Origin data set, resulting in 554,781
SNPs. R> was calculated using PLINK v1.90 to measure
LD between SNP pairs. The observed pairwise LD was
binned into 1 of 240 recombination distance categories
from 0.10 cM up to 0.25 cM with incremental upper
boundaries of 0.001 cM.

Ancestry-specific effective population size is inferred by
IBDNe. All the KZK including the array samples are used to
do this analysis. We use RFMIX to do local ancestry infer-
ence with CHS, CEU, GIH, and SIB as the reference popu-
lation. The process refers to the process on https://
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github.com/hennlab/AS-IBDNe, all parameters are consist-
ent with the process above.

Genome-Wide Allele Frequency Deviation

We calculated the genome-wide allele frequency deviation
from expectation (AFd.) for KZK. SNVs with AF < 0.01 or
>0.99 in both KZK and the reference genome were ex-
cluded. To eliminate the potential effect of minor allele fre-
quency (MAF), we grouped all variants into bins of size 0.01
according to the expected MAF (MAF,,,). Also, the poten-
tial effect of allele frequency differences between the 2 ref-
erence populations (AFgas_pur) Was controlled. SNVs were
classified as AFgas_gur [0.0,0.02], [0.02,0.04], [0.04,0.06],
[0.06,0.09], [0.09,0.12], [0.12,0.15], [0.15,0.19], [0.19,0.25],
[0.25,0.34], and [0.34,1.0], which also ensures that there
are a similar and sufficient number of SNVs within each
bins. After removing the null set, we obtained a total of
452 bins. The empirical P-value of each SNV was estimated
as the rank within the corresponding bin divided by the to-
tal number of SNVs. We used an empirical P-value < 0.01 as
the threshold for identifying SNVs with significant AFd,.

Within-Population Signals of Selection Scan (iHS)
iHS (Voight et al. 2006) was used to detect the signatures
of selection scan in KZK and reference populations (CHS
and CEU). We computed iHS with selscan v1.20 (Szpiech
and Hernandez 2014) for each SNVs.

We divided the whole genome into genetic map-based
sliding window of 0.05 cM with steps of 0.025 cM, and cal-
culated the maximum |iHS| observed among the SNVs in
each window. Windows containing <20 SNVs will be re-
moved, remaining 93,288 windows. We ranked each win-
dow based on its maximum |iHS|. The empirical P-value
of each window is the rank value of that window divided
by the total nhumber of windows. We chose windows
with an empirical P-value <0.5% as significant windows.

Cross-Population Signals of Selection Scan

XP-EHH (Sabeti et al. 2007), PBS (Yi et al. 2010), recon-
structed ancestral populations (Jin et al. 2012), and AB in-
dex (Pan et al. 2022) were used to detect the signatures of
selection scan between KZK and reference populations
(CHS and CEU).

We computed XP-EHH with selscan v1.20 for each
SNVs. Like his analysis, we divided the whole genome
into genetic map-based sliding window of 0.05 cM with
steps of 0.025 cM, calculated the maximum |XP-EHH| ob-
served among the SNVs in the window, ranked each win-
dow based on its maximum |XP-EHH| and finally the
empirical P-value of each window is the rank value of
that window divided by the total number of windows.
We chose windows with an empirical P-value of <0.5%
as significant windows (XPEHHkzk_chs or XPEHHzk_ceu)-

PBS value was calculated as

_ Tkzk—crs + Tzk—crs — Tcrs—ceu
= 5 )

PBS

The T statistic was calculated as
T=—log(1—Fsr),

which can be interpreted as the measurement of the diver-
gence between 2 populations.

A positive value of PBS indicates the presence of posi-
tive selection. Since admixed populations share genetic
components with their ancestral populations, the specific
population branch length for the admixed population will
be negative. By utilizing PBS, we are able to identify genom-
ic segments that are equally contributed by highly diver-
gent ancestries (Pan et al. 2022). Based on this analysis,
we can infer genes that exhibit diversity in allele frequen-
cies resulting from admixture.

We calculated the genome-wide PBS of KZK using a slid-
ing window of length 50 kb and a step size of 25 kb, where
we used the average Fst of each SNV in the sliding window
when calculating the T statistic. We selected the windows
with PBS > 0.046 (top 1%) as the potential selection com-
ponents and the windows with PBS < —0.115 (top 1%) as
the potential AR components.

Loter was used to infer the local ancestry component
for each SNV of the whole KZK genome. Based on the local
ancestry inference results for each SNV, we partitioned the
KZK genome to reconstruct the ancestral population. By
comparing the differences between the reconstructed an-
cestry population and the reference ancestry population,
we can identify the ancestry components of KZK that
were subject to selection after admixture. We calculate
the AF,,. of the reconstructed ancestral population and
the AF, of the reference population, and then calculate
the difference between them:

AFd. = |AFanc - AFref|

SNVs with AF < 0.01 or AF > 0.99 in KZK, CEU, and CHS po-
pulations were removed. A total of 3,907,914 SNVs re-
mained. The significance of SNV was estimated by
calculating the ranking of AFd.. To eliminate the effect
from the MAF of the reconstructed ancestral population,
we assigned all SNVs to bins in steps of 0.01 according to
the MAF of the reconstructed ancestral population
(MAF,,.0), and then calculated the AFd, rank of each SNV
in the corresponding bin as its empirical P-value. We se-
lected the SNVs in the top 1% of empirical P-values in
each bin as significant SNV. In the CHS and reconstructed
ancestral CHS (aCHS) populations, a total of 39,075 SNVs
had an empirical P-value < 0.01; in the CEU and recon-
structed ancestral CEH (aCHS) populations, a total of
39,079 SNVs had an empirical P-value < 0.01. Like iHS ana-
lysis, we divided the whole genome into sliding windows
with 50 kb length in steps of 25 kb, calculated the propor-
tion of significant SNVs in the window, then grouped win-
dows to bins by the size of 10 to eliminate the effect of
the number of SNVs, and finally calculated the empirical
P-value for each window. We chose windows with an empir-
ical P-value <0.5% as AB components (AB,cgy and AB,cys).
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AB index was applied to detect AB local components.
We divided the whole genome into windows using a slid-
ing window of length 50 kb with a step size of 25 kb, and
the AB index of each window was calculated as the geo-
metric mean of the quantiles of AFd, and local ancestry
deviation. We take the highest 0.5% of AB index as the
significant window (CEU-biased AB components or
CHS-biased AB components).

Mapping Selected Regions to the Gene

Following the identification of genomic windows poten-
tially subject to selection using a sliding window approach,
we first amalgamate regions exhibiting overlap.
Subsequently, if these potentially selected windows over-
lap with gene loci as delineated by Ensembl96, they are
considered to be associated with the respective genes.
For loci under selection, their positioning onto genes is re-
fined based on information from the dbSNP database.

Local Enrichment of the Signals of Selection Scan
Because natural selection signals may have a cascading ef-
fect, we performed local enrichment of selection signals.
We divided the genome into 5 Mb long sliding windows
with a step size of 1 Mb, and then analyzed the size of local
enrichment signals on each chromosome. Assuming a
Poisson distribution of signal across the chromosome, local
enrichment of signal was analyzed by counting the num-
ber of segments with significant natural selection signal
within each sliding window. The Poisson distribution test
was used to calculate the P-value magnitude for each slid-
ing window. We picked windows with BH-corrected
P-values < 0.001, (Ig P> 4) as candidates.

Supplementary Material

Supplementary material is available at Molecular Biology
and Evolution online.
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