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A B S T R A C T

Afghanistan and Pakistan are rich with a complex landscape of culture, linguistics, ethnicity and genetic legacy
at the crossroads between Indian-Subcontinent and Central Asia. Hazara people have historically been sug-
gested to be Mongolian decedents but seldom been genetically studied. To dissect the genetic structure and
explore the forensic characteristics of Hazara people, we first genotyped 30 Insertion/deletion (Indel) mark-
ers in 468 samples from 2 aboriginal Hazara populations from Afghanistan and Pakistan, and 100 East Asian
comparative Bouyei samples using the Investigator® DIPplex kit. Subsequently, we carried out a compre-
hensive population genetic analysis from four different datasets: 8895 30-Indel genotype data from 51 pop-
ulations, 15,895 30-Indel allele frequency data from 98 populations, 1048 genotypes of 993 STRs and In-
dels from 53 HGDP populations and 2068 whole-genomes (621,799 single nucleotide polymorphisms) from
165 worldwide Human origin reference populations, to further unravel the genetic complexity between Haz-
ara and worldwide human populations using various statistical analysis. We find that 30 Indels are in ac-
cordance with HWE, and informative and polymorphic in both Central Asians Hazara and East Asian Bouyei
populations. The forensic combined probability of exclusion is larger than 0.9943 and the cumulative power
of discrimination is larger than 0.99999999999936. These forensic parameters show the high level of di-
versity, which makes the Indel amplification system suitable for forensic routine work and may be used as
a supplementary assay for routine forensic investigation. The results from pairwise genetic distances, MDS,
PCA, and phylogenetic relationship reconstruction demonstrate that present-day Hazaras are genetically closer
to the Turkic-speaking populations (Uyghur, Kazakh, and Kyrgyz) residing in northwest China than with
other Central/South Asian populations and Mongolian. Outgroup and admixture f⁠3, f⁠4, f⁠4-ratio,
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qpWave, and qpAdm results further demonstrate that Hazara shares more alleles with East Asians than with
other Central Asians and carries 57.8% Mongolian-related ancestry. Overall, our findings suggest that Hazaras
have experienced genetic admixture with the local or neighboring populations and formed the current East-West
Eurasian admixed genetic profile after their separation from the Mongolians.

1. Introduction

Pakistan and Afghanistan are two linguistically and ethnically di-
verse countries located at the crossroad of South Asia, Central Asia and
East Asia (Figure S1). Pakistan has a population size over 212 million
and is the world’s sixth-most populous country, which is dominated
by at least eighteen ethnic groups. The ethnic landscape here includes
six major ethnic groups (including Sindhis, Punjabis, Pathans, Muha-
jirs, Baloch and Kashmiris) and exceeds twelve minor ethnic groups
(Brahuis, Saraikis, Hazara, Burusho and others). Afghanistan, one land-
locked country, is located at the northern and western boundary of
Pakistan with a population size exceeding 31 million. Ethnic groups
in Afghanistan mainly include Pashtun, Tajik, Hazara, Uzbek, Aimak,
Turkmen, Baloch, and others.

Too many demic diffusion events existing in Pakistan and
Afghanistan have shaped their population dynamics and genetic legacy
[1–3]. Archaeological and archaeogenetic evidence indicated that
anatomically modern human habitation in here dates back to the mid-
dle Paleolithic Era (at least 50,000 years ago). Subsequent agriculture
expansion from Anatolia also played an important influence on the for-
mation of the genetic pool, due to massive population admixture and
turnover happening among the hunter-gatherers, pastoralists, and farm-
ers in the Neolithic times. Recent historic or prehistoric events, such as
the Indus Valley Civilization, Origins and Prosperity of Zoroastrianism,
Alexander the Great of Macedon’s invasion, Mauryas Empire, Muslim
Arabs Conquests, Mongol Conquest, Silk Road Trade, First Anglo-Afghan
War and Soviet-Afghan War, also have infused with new genetic ma-
terials into Indian Subcontinent and promoted genetic admixture and
assimilation. Population genetic and demographical histories of ethnic
groups in these areas are interesting and important in the historical in-
vestigation, molecular anthropology, medical genetics, and forensic sci-
ences. Enigmatic Kalash people have no ancestry inherited from their
claimed Greek ancestors and are now considered as an isolated popu-
lation after they experienced a strong genetic bottleneck, some extent
ancient genetic drift and divergence and specific natural selection [3].
Pakistan Parsi genetically derived from the ancient Iranian and subse-
quently assimilated by the Indian subcontinent's population [4]. There
are other interesting genetic admixture events, such as Pakistan Makra-
nis derived from the African Diaspora via Indian Ocean Slave Trade [2]
and precise genetic legacy of Zoroastrians [1].

New genetic legacy introduced by the Mongol Conquest is another
interesting part in the gene pool of Indian-Subcontinent and Eurasia.
The present-day Hazara populations are historically recovered as de-
riving from the historical expansion of Mongolians during the Siege
of Bamyan (1221), who was thought as the direct descendants of the
army of Genghis Khan's Mongol Empire (1162–1227). There are ap-
proximately 7˜8 million Hazara people residing in Afghanistan, Pak-
istan, Iran, European,

Australia, Canada, and Indonesia. Hazara is the third-largest ethnic
group in Afghanistan with a population size of over 2.84 million and
also a large minority group with over 0.65 million people in Pakistan.
Morphological similarities and differences in the facial bone structures
and other physical attributes found by physical anthropologists com-
bined with their language and culture resemblance with Central Asian
Turkic speakers and East Asian Mongolian speakers suggest that Haz-
ara may have genetic admixture from the inner Asian Turkic and Mon-
gol people. The expansion of Mongolia Empire played an important
role in the conformation of the profound legacy on the linguistic, so-
cial, cultural and genetic diversity of ethnic groups residing in Eurasia.
Uniparental mitochondrial and Y-chromosomal evidence also supported
Hazara’s genetic affiliation with Mongolian populations [5–7]. The ge-
netic materials of Mongolian descendants have been extensively inves-
tigated with the use of uniparental genetic variations, however, much
less is known about the autosomal insertion/deletion (Indel) markers in
the Hazara population. Besides, the population structure, forensic char-
acteristics, genetic admixture history of the Hazara population remain
largely uncharacterized. Here, we also included the East Asian Bouyei as
the comparative studied populations. Bouyei is 11⁠th largest populations
among 56 officially recognized ethnic groups. The language they used
is belong to the Tai-Kadai language family. There are approximately 2.5
million Bouyei people living in the South China. However, the popula-
tion genetic and forensic characteristics of this population are still in its
infancy.

In forensic paternity testing and individual identification, short tan-
dem repeat (STR) polymorphisms have been regarded as the gold stan-
dard for decades. However, long amplified fragments (ranging from
100 to 500 base pairs) and stutter peaks have restricted its useful-
ness in the forensic degraded and mixture cases due to unexplain-
able and confusing genotyping results. Besides, the high mutation rate
of STR (10⁠−3˜10⁠−4 per generation), which derived by the short-term
evolutionary processes, has prevented it from being the widely-using
tool in the forensic family investigation and evolutionary genetic stud-
ies [8]. Lower-mutated single nucleotide polymorphism (SNP) seems
to become the new favorite in forensic DNA labs, but the genotyp-
ing technique of Snapshot mini-sequencing is time-consuming and la-
borious [9]. Recently, forensic genetic researchers have paid consider-
able attention to the Insertion/Deletion polymorphisms. Indel markers
harbor the advantageous features from both SNP and STR (no stutter,
lower mutation rate, and shorter amplicon size) [10,11]. To promote
the popularity of Indel marker in the forensic applications and provide
more polymorphic and informative discrimination system, Investigator⁠®

DIPplex kit consisting of 30 autosomal Indels [12] and AGCU InDel
50 kit [13] were subsequently developed and validated. However, the
forensic features and corresponding reference database have only been
investigated in the European, American, African and East Asian, the
forensic allele frequency distribution and forensic statistical parameters

2



UN
CO

RR
EC

TE
D

PR
OO

F

G. He et al. Forensic Science International: Genetics xxx (xxxx) xxx-xxx

of Indel markers in South Asian or Central Asian populations remain un-
characterized [10–12,14–48].

Nevertheless, the uniparentally inherited mitochondrial and Y-chro-
mosomal variations just provide a sex-biased and partial view of Hazara
population history. No genetic studies have appropriately conducted to
investigate the autosomal ancestry sources of Mongolian-descent admix-
ture in Hazara population. Thus, the aim of this study is to strengthen
our knowledge of the genetic structure, geographic origins, forensic fea-
tures of Central Asian Mongolian-descent Hazara population using var-
ious population genetic statistical analyses. We provide the first batch
of population data of Indel markers in 468 Afghanistan and Pakistan
Hazara individuals and 100 uninvestigated Chinese Tai-Kadai-speak-
ing Bouyei people using the Investigator⁠® DIPplex kit. Subsequently,
comprehensive population genetic studies from four different datasets:
30-Indel genotype data of 8895 individuals from 51 populations, 30-In-
del allele frequency data of 15,895 individuals from 98 populations,
and 1048 genotypes of 993 STRs, Indels from 53 Human Genome Di-
versity Project (HGDP) populations and 2068 whole-genomes (621,799
single nucleotide polymorphisms, SNPs) from 165 worldwide Human
origin reference populations, were performed to further unravel

the genetic complexity between Hazara and worldwide human popula-
tions using varies of statistical analyses.

2. Materials and methods

2.1. Sample collection and DNA preparation

A total of 468 unrelated Hazara individuals and 100 Bouyei indi-
viduals were collected with the informed written consent (Figure S1
and Fig. 1A). Hazara samples included 221 male individuals residing
in Bamyan province, one of the dominant Hazara populating regions
in Afghanistan, and 247 unrelated Hazara individuals (125males and
122 females) living in the Hazara Town in Quetta located in Balochis-
tan in Pakistan. Bouyei individuals comprised 53 males and 47 fe-
males residing in the Qiannan Bouyei and Miao Autonomous Region
in Guizhou Province, Southwest China. This study was considered and
endorsed by the institutional review boards of Zunyi Medical Univer-
sity and Xiamen University. Human genomic DNA from Pakistan sam-
ples was isolated using the ReliaPrep™ Blood gDNA Miniprep System
(Promega, Madison, USA) and blood stain samples from Afghanistan
and Guizhou Province were extracted using the PureLink Ge

Fig. 1. Genetic relationships among 8895 unrelated individuals from 51 worldwide human populations based on raw genotype data of 30 Indels included in the Investigator® DIPplex kit.
(A). Geographic positions and population size of Qiannan Bouyei Pakistan and Afghanistan Hazara populations and all reference populations used in the Indel-based population compar-
isons. (B). Principal component analysis among 8895 individuals from four continental regions. (C). Multidimensional scaling plots display the genetic affinity between three investigated
populations and other 48 reference populations. (D). The neighbor-joining tree showing the phylogenetic relationships between Hazara, Bouyei populations and reference populations on
the basis of the pairwise Fst standard genetic distance.
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nomic DNA Mini Kit (Thermo Fisher Scientific, Wilmington, DE, USA).
We utilized the Nanodrop 2000 (Thermo Fisher Scientific) to measure
the DNA concentration based on the manufacturer’s instructions.

2.2. PCR amplification and capillary electrophoresis

30 autosomal Indels and one sex-determinate gene were simultane-
ously amplified using a modified 10ul reaction on the ProFlex 96-Well
PCR System (Thermo Fisher Scientific) according to the instruction of
the Investigator⁠® DIPplex kit. We used 0.24μl multi Taq2 DNA poly-
merase, 1.0μl template DNA, 2μl primer mix and 2μl reaction mix, and
appropriated ddH⁠2O in each PCR reaction. We employed the following
thermal cycling parameters: initial enzyme activation for 4min at 94 °C,
targeted fragments amplification for 30 cycles of at 94 °C for 30s, 61 °C
for 120s and 72 °C for 75s, and followed by the final extension at 68 °C
for 10min. For PCR amplified products isolation and detection, we used
the capillary electrophoresis implemented in the ABI 3130 Genetic Ana-
lyzer (Applied Biosystems, Foster City, CA, USA) with DNA size standard
550 (BTO) (Qiagen, Germany) and HiDi Formamide (Applied Biosys-
tems). Allele nomenclature was carried out using the GeneMapper v3.2
software (Applied Biosystems) on the basis of instructions from this soft-
ware and recommendations of this amplification kit. We used the ddH⁠2O
as the negative control sample and 9947A cell line as the positive con-
trol sample in each batch of amplification and capillary electrophoresis.

2.3. Reference datasets and data merging

To comprehensively and deeply dissect the genetic structure and re-
construct the phylogenetic relationship between the Hazara and world-
wide human populations, we employed four different datasets (namely
DatasetⅠ, DatasetⅡ, DatasetⅢ, and DatasetⅣ) [10–12,14–49]. We first
merged our newly genotyped data with previously published data to
form the first set of data. DatasetⅠ was used to perform population ge-
netic analysis based on the raw genotype data of 30 Indels in 8895 in-
dividuals from 51 worldwide human populations, including two Haz-
ara groups, one African population, seven American populations, three
European populations, 38 East Asian populations from eight language
families or groups of Hmong-Mien, Korean, Mongolic, Sinitic, Tai-Kadai,
Tibeto-Burman, Tungusic, and Turkic. We subsequently combined our
allele frequency distribution of one Bouyei and two Hazara popula-
tions with 95 publicly available population data from Africa, South
and North America, Europe and Asia (Fig. 1A). This set of data con-
sisting of genetic variations from 15,895 individuals is regarded as
datasetⅡ. In addition, raw genotype data of 993 markers (783 STRs
and 210 Indels) in 1048 subjects from 53 worldwide populations (in-
cluding one Pakistan Hazara population) including the Foundation Jean
Dausset’s Human Genome Diversity Project and Centre d’Etude du Poly-
morphisme Humain (HGDP-CEPH) were downloaded from the pub-
licly available databases, which is referred as DatasetⅢ [49]. Finally,
2068 genome-wide SNP genotypes including 621,799 SNPs from 14
Hazara individuals and other 2054 individuals from 165 worldwide
populations genotyped using

Affymetrix Human Origin array were employed as the DatasetⅣ.

2.4. Statistical analysis

Statistical parameters of forensic interest, including power of dis-
crimination (PD), power of exclusion (PE), polymorphism information
content (PIC), match probability (PM) and typical paternity index (TPI),
and allelic frequency of 30 Indels in the Afghanistan and Pakistan Haz-
ara populations were estimated using the online software of STR analy-
sis for Forensics (STRAF) [50]. Estimation of Linkage Disequilibrium
(LD) and Hardy-Weinberg Equilibrium (HWE) were carried out using
the Arlequin v.3.5 [51]. Genetic diversity indexes, consisting of ob-
served heterozygosity (Ho) and expected heterozygosity (He), of 30
studied loci were also calculated utilizing the Arlequin v.3.5 [51].

We employed two typical pairwise genetic distances (Fst and Nei)
to explore the genetic similarities and differences between the targeted
populations and other reference populations [52,53]. Pairwise Fst ge-
netic distances between Qiannan Bouyei, Afghanistan and Pakistan Haz-
ara populations and other 48 reference populations in the DatasetⅠ were
calculated using the STRAF [50]. The Fst values between Hazara popu-
lation and other 52 HGDP populations in the DatasetⅢ were estimated
using Arlequin v.3.5 [51]. Pairwise Nei standard genetic distances be-
tween three studied populations and other 95 worldwide populations
in the DatasetⅡ were assessed using the Phylogeny Inference Packages
(PHYLIP) version 3.5 [51]. We first performed a principal component
analysis (PCA) among 51 worldwide populations based on the raw geno-
type using the STRAF [50] and 98 populations based on the allelic fre-
quency distributions using the Multivariate Statistical Package (MVSP)
version 3.22 software [54] to explore the population genetic structure
and relationship among targeted and reference populations. Then, we
used the multidimensional scaling plots (MDS) instrumented in the IBM
SPSS Statistics 21 [55] and applied the neighbor-joining algorithm in-
strumented in the Molecular Evolutionary Genetics Analysis Version 7.0
(Mega 7.0) [56] to further discover the patterns of genetic affinity and
reconstruct the phylogenetic relationships. We followingly estimated
the individual ancestry components using the Structure version 2.3.4.21
based on the genotype data under the ‘LOCPRIOR’ and ‘correlated allele
frequencies’ models [57]. Finally, we used three-population-test of ad-
mixture-f⁠3 (A, B; Hazara) to explore the admixture source populations of
Hazara and outgroup-f⁠3 (Hazara, X; Yoruba) to explore the genetic affin-
ity between Hazara and other reference populations from the DatasetⅣ.
A, B and X represent the Human Origin reference populations. Finally,
we used the qpWave to validate the potential ancestry populations of
Hazara, and used f⁠4-ratio and qpAdm to estimate the admixture propor-
tion [58].

3. Results

3.1. Genetic diversity, population genetic features and forensic
characterization based on the 30 Indels

We first estimated the status of HWE and LD of 30 included In-
del markers in Qiannan Bouyei, Afghanistan and
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Pakistan Hazara populations. As shown in Tables S1-6, no deviation
from HWE is observed in three studied populations after the Bonfer-
roni Correction (p>0.0167). Departure from LD is identified in the
only pair of HLD77 and HLD93 (p=0.0000) in Pakistan Hazara pop-
ulation when the Bonferroni correction is applied (p>0.0001). Allelic
frequency and forensic parameters of 30 Indel markers are presented
in Figure S2A and Tables S1-3. For insertion allele, the correspond-
ing allele frequency ranges from 0.2753 at HLD39 locus to 0.7443 at
HLD64 locus in Hazara and 0.0950 to 0.9450 in Bouyei group. All stud-
ied loci are highly heterozygous in Hazara population with the aver-
age Ho of 0.4680 in Pakistan Hazara, 0.4671 in Afghanistan Hazara and
0.408 in Qiannan Bouyei. The individual values of Ho and He respec-
tively vary from 0.3846 to 0.5425 and 0.3815 to 0.5011 in Hazara, and
0.1100 to 0.6200 and 0.1045 to 0.5025 in Bouyei, respectively. The in-
dexes of PM, PD and PE span from 0.3397 to 0.8042, 0.1958 to 0.6603,
0.0100 to 0.3156, respectively. PIC and TPI values span from 0.0985
to 0.3750, 0.5618 to 1.3158, respectively. The combined probabilities
of Discrimination (CPD) and cumulative powers of exclusion (CPE) are
0.99999999999936 and 0.9943 in Pakistan Hazara, 0.99999999999937
and 0.99514 in Afghanistan Hazara, and 0.999999999913 and 0.9907
in Qiannan Bouyei. We also compared the deletion allele frequency
difference among 98 worldwide human populations (Figure S2B). Al-
lele frequency distribution in the Hazara population is close to the pat-
terns of previously investigated Turkic-speaking populations. And the
patterns of allele frequency divergence of Qiannan Bouyei are consis-
tent with geographically close populations, such as Guangxi Zhuang
and Guizhou Bouyei. Overall, analysis results from allele frequency and
forensic statistical parameters demonstrate that all investigated 30-In-
del markers are more informative and polymorphic in both Afghanistan
and Pakistan Hazara populations than East Asian Bouyei, suggesting the
30-Indel commercial amplification system is suitable for using as a pow-
erful supplementary tool in forensic paternity identification and individ-
ual discrimination in Hazara population and East Asians.

3.2. Geographic affinity of Afghanistan and Pakistan Hazara and Qiannan
Bouyei populations via raw-data of DIPplex system

The genetic distance of F⁠st indexes between two Hazara populations
and 48 worldwide populations was calculated and presented in Table S7
and visualized as the heatmap in Figure S2C. Small intra-population dif-
ferentiation among two Hazara populations is observed (F⁠st = 0.0018).
For inter-population differentiation, the smallest genetic distance with
Pakistan Hazara is to be noted at Xinjiang Kazakh (F⁠st = 0.0026),
followed by Ili Kazakh (F⁠st =0.0027), Xinjiang Kyrgyz (Fst=0.0036)
and four Xinjiang Uyghur populations. Significant genetic differences
are identified between Pakistan Hazara and American or African pop-
ulations. Due to strong genetic affinity identified between Pakistan
Hazara and Afghanistan Hazara, we observed similar patterns of ge-
netic similarity between Afghanistan Hazara and other reference pop-
ulations: genetic affinity exists between Afghanistan Hazara and Tur-
kic-speaking populations (Uyghur, Kyrgyz, and Kazakh) and genetic
divergence with American and African populations. Qiannan

Bouyei has the closest genetic relationship with Guizhou Bouyei
(0.0012) and Miao (0.0027). Top three components of individual-level
PCA explain 16.19% variances from the total variations (Fig. 1B), Haz-
ara populations are placed closer to East Asian populations and located
approximately intermediate position among Asian, African and Amer-
ican populations in the two-dimensional PC plots. Qiannan Bouyei is
generally overlapped with East Asians.

To further have an insight at the intra- and inter-population varia-
tion among Hazara and DatasetⅠ reference populations, two-dimensional
scaling plots based on the pairwise Fst genetic distance matrix were
constructed (Fig. 1C). African Nigerian is isolated with others and sit-
uated within the upper position. Five Americans are placed in the left
lower position, Europeans with South American Uruguayan are local-
ized in the central position, and East Asians except for Turkic-speaking
populations are located at the right lower position. Two Hazara pop-
ulations are clustered closely and grouped with Kazakh, Uyghur and
Kyrgyz populations, which are placed in the intermediate position be-
tween European and East Asian. Bouyei is grouped closely with Shang-
hai Han and Yunnan Yi. Phylogenetic clustered results correspond to
the continental geographical origin (Fig. 1D). Pakistan Hazara is first
clustered with Kuqa Uyghur and then clustered with Ili Kazakh and
Afghanistan Hazara. Qiannan Bouyei was first clustered with Yunnan Yi
and then grouped with Chinese Tai-Kadai populations. We subsequently
dissected individual ancestry components among 8895 individuals us-
ing the model-based algorithm and inferred the detailed ancestry com-
positions under the predefined ancestry source populations from 2 to 9
(K=2˜9). As shown in Fig. 2, with K increasing from 2 to 5, Ameri-
can, African, European, Tibeto-Burman dominant and East Asian dom-
inant ancestries subsequently appear in the individual ancestry verti-
cal line. When the referred ancestry source populations continue to in-
crease to 9, different populations derived their ancestry from at least
two predefined ancestry populations. We can still observe the simi-
lar proportional ancestry of each individual from the same continen-
tal groups or language families. In the optimized five predefined ances-
try sources inferred from the Structure Harvester, Afghanistan Hazara
is composed of 46.50% ancestry from European and 37.40% from East
Asian. The 7.90% Tibeto-Burman dominant ancestry, 7.20% African an-
cestry and 1.00% American ancestry were also identified in Afghanistan
Hazara. Pakistan Hazara harbors 48.40% ancestry from European and
31.80% from East Asian, as well as 10.70% from Tibeto-Burman dom-
inant ancestry, 8.20% from African ancestry and 1.00% American an-
cestry. Qiannan Bouyei harbors 91.5% ancestry component from East
Asian.

3.3. Genetic heterogeneity and phylogenetic relationships between Hazara,
Bouyei groups and 95 worldwide populations based on the allele frequency
distribution of 30 Indels

In addition to exploring the genetic similarities and differences un-
der the genetic variations of the entire populations being genotyped
via the Investigator⁠® DIPplex kit, datasetⅡ consisting of 15,895 in-
dividuals from 98 worldwide human populations (Fig. 1A) was em-
ployed to conducted the second population genetic analysis using pair-
wise Nei standard genetic distance, multidirectional scal
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Fig. 2. Individual genetic ancestry components inferred from the Structure results among 8895 individuals from 51 populations based on the genetic variations of 30 Indels with a prede-
fined population ranging from 2 to 9 (k=2˜9). The optimized k value is 5 using the Structure Harvester.

ing plots, population-level principal components analysis and phylo-
genetic relationship reconstruction. Genetic distance measures of Nei
between the three investigated groups and other 95 reference popu-
lations were assessed and listed in Fig. 3 and Table S8. Strong ge-
netic affinity is observed among two Hazaras (Nei=0.0032). Haz-
ara populations show the closest and large similar genetic distances
with Kazakh populations, followed by the Uyghur, Kyrgyz, Dongxi-
ang, and Hui residing in the northwestern region of

China (Fig. 3A–B). Tai-Kadai-speaking Bouyei is genetically closest to
the geographically close groups, subsequently followed by Tibeto-Bur-
man and Turkic-speaking populations (Fig. 3C). Patterns of genetic
similarity inferred from heatmap of Nei genetic distance are consis-
tent with the results revealed by the pairwise Fst fixation index (Fig-
ure S3). Population-level PCA was first carried out based on the al-
lelic frequency correlation (Figure S4) to assess the genetic relation-
ship. Top five components have extracted

Fig. 3. The pairwise Nei’s genetic distances between Pakistan Hazara (A), Afghanistan Hazara (B), Qiannan Bouyei (C) and worldwide reference populations calculated based on 30 Indel
variants.
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87.714% variations from the total variance. The first principal com-
ponent explains 55.357% (62.400% of the top five) separating the
American and East Asian populations from other groups. The second
principal component accounts for 18.948% variance (21.359% of the
top five) distinguishing African and American populations from oth-
ers. East Asian populations from Hmong-Mien, Tai-Kadai, Japanese,
Korean, Mongolic, Sinitic, Tungusic, and Tibeto-Burman-speaking lan-
guage groups are clustered together closely and localized at the left-
most end of the x-axis. European populations are grouped together
with the South and West Asian Indo-European speakers, and three
South American populations are located in the intermediate position
between North American and African populations. It is interesting to
find that two Hazara groups are clustered closely with Turkic-speak-
ing populations from northwest China rather than local or neighbor-
ing Indo-European speakers, indicating the similar genetic profile be-
tween Hazara, Uyghur, Kazakh, and Kyrgyz due to the genetic as-
similation in the past two hundred years. Qiannan Bouyei is close to
Guizhou Miao (Figure S4). To further illuminate the patterns of ge-
netic relationship between Hazara, Bouyei, and others based on the
genetic distance variance, we constructed a two-dimensional scaling
plot (Figure S4E). Dimension1 takes into account the East Asian, Cen-
tral Asian, European and North American genetic differen

tiation cline. Dimension2 reflects the African, Eurasian and North Amer-
ican genetic differentiation cline. Phylogenetic relationship reconstruc-
tion results are presented in Fig. 4. Five apparent clades are identified:
North American, European, African, Turkic-speaking and Tibeto-Bur-
man-speaking populations. Two admixed clades are simultaneously de-
tected: one consisting of South/West Asians and South American, and
the other composing of East Asian populations with the exception of
Turkic and Tibeto-Burman speakers. Our results reveal the strong corre-
lation between genetic affinity and geography and linguistic affiliation.

3.4. Genetic affinity of Hazara under the genetic background of HGDP-
CEPH population genetic variations of 993 STRs/Indels

Genetic relationships between Hazara, Uyghur, and Mongolian in
the context of worldwide human populations were finally dissected em-
ploying the genotype data of 993 STRs/Indels from 50 populations
included in the HEDP-CEPH. Measures of genetic distances are pre-
sented in Table S9, which shows the Hazara’s closest affinity is to
Uyghur (Fst=0.0033), and the second and third closest affinities are
to local Pathan (Fst=0.0088) and Mongolian (Fst=0.0099), followed
by Central/South Burusho and East

Fig. 4. Phylogenetic relationship shows the genetic similarities and differences between two Hazara populations, one Bouyei and other 95 worldwide human populations from Africa,
Europe, West/South Asia, East Asia and America based on the allele frequency correlation of 30 Indels.
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Asian Xibe and Daur. The genetic makeup of Hazara is distinct to Amer-
ican Surui (Fst=0.1621), followed by American Karitiana, Pima and
Colombian. Mongolian has the closest genetic relationship with Tujia,
followed by other northern East Asian populations of Daur, Hezhen,
Xibe, and northern Han. The patterns of genetic similarity and differ-
ence between Uyghur and their worldwide reference populations are
similar to the findings of the Hazara population. Two-dimensional MDS
plots put Hazara and Uyghur in the intermediate position between East
Asian and the Middle East or European groups, but closer to the Central/
South Asian than to East Asian populations (Fig. 5A). African, Ameri-
can and the isolated Kalash population have a distinct relationship with
others, as reported by the recent whole-genome high-density genetic
variation study [3]. We then reconstructed a phylogenetic relationship

tree based on the neighbor-joining algorithm using the pairwise Fst dis-
tance matrix calculated from the genetic variations from 993 polymor-
phic markers (Fig. 5B). All 53 worldwide populations are generally clus-
tered into six genetic affinity clades: American, East Asian, Oceanian,
African, Central/South Asian, and European and the Middle East pop-
ulations. Hazara is first grouped with Uyghur and then grouped with
other East Asian populations, but not clustered with geographical neigh-
boring South Asian populations. To dissect the Hazara ancestry com-
ponent under the genetic variation in the DatasetⅢ, we conducted the
Structure analysis with predefined ancestry populations from 2 increas-
ing to 13 (Fig. 5C). At K=2, American and East Asian populations are
separated from the other populations by sharing the same color. Unique
African, European, East Asian, and Oceanian dominant ancestry com

Fig. 5. Genetic heterogeneity and homogeneity between Hazara and other 52 populations from HEPH-HGDP based on the combined genetic variations of 783 microsatellites and 210
insertion/deletion polymorphisms. (A). The genetic affinity among 56 worldwide populations. (B). The phylogenetic relationship constructed using the neighbor-joining algorithm based
on the pairwise Fst genetic distance. (C). Genetic ancestry among 1048 individuals from 53 populations inferred from the results of structure using 993 informative and polymorphic
markers.
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ponents subsequently emerge from K=2 to K=5. We estimated the
k=5 as the best K value. We start to observe within-population sub-
structures in ancestry component assigning when the inferred ances-
try populations larger than 5 (K>5). African populations keep homo-
geneous when K<8, but population substructures are identified with
K values ranging from 9 to 13, such as Pygmy populations (Biaka and
Mbuti) showing their unique component at K=9. Oceanian and East
Asian persistently keep homogenous even with larger K values. Cen-
tral/South Asian and Middle East populations have variable ancestry
components mainly deriving from geographical adjacent East Asian and
European populations. We observe 48.20% European related ancestry,
48.87% East Asian related ancestry, 0.17% African related ancestry,
0.47% Oceanian related ancestry, and 2.30% American related ances-
try in Hazara population. We note that the African and Oceanian re-
lated ancestry may not be reliable due to the very low percentages. Sim-
ilar ancestry composition is observed in the Uyghur population deriv-
ing 46.32% ancestry from European and 51.45% from East Asian pop-
ulations. The Mongolian population derives 87.66% ancestry from East
Asians, 9.27% from Europeans and 3.07% from others. We find that
Hazara shows a more similar genetic profile with East-West Eurasian
admixed Uyghur population than with Mongolians. These observed re-
sults suggest that Pakistan Hazara might have had genetic close-fitting
contact with European or adjacent admixed populations following their
separation from the Mongolians.

3.5. Fine-scale genetic structure and admixture history of Hazara referred
from whole-genome SNPs

We finally dissect the fine-scale genetic structure of Hazara using
61,6938 SNPs from 165 worldwide populations (DatasetⅣ) and pro-
vided formal tests for genetic admixture using ADMIXTOOLs. The ge-
netic affinity between Hazara and other references revealed by Out-
group f⁠3 (X, Hazara; Yoruba) demonstrates that Hazara shares more alle-
les with East Eurasians than West Eurasians (Fig. 6A). Due to the afore-
mentioned correlation between Hazara, Uyghur, and Mongolian, we
subsequently estimated the shared genetic drift between Uyghur, Mon-
golian and others using the f⁠3 (Mongolian, X; Yoruba) and f⁠3 (Uyghur,
X; Yoruba). Different patterns of the shared alleles are observed (Fig.
6B˜C). Significant negative values of the admixture-f⁠3 (A, B; Hazara)
statistics are observed between the references respectively from Euro-
pean and Asians (Table S10), which further suggests Hazara carries both
Asian and European ancestry.

Allele-sharing f⁠4 (X, Mongolian; Hazara, Yoruba) (Fig. 7) were also
performed. Significant departures of the positive f⁠4 values suggest an
excess of allele sharing between Hazara and testing population X, and
negative values indicate more shared alleles with Mongolian. Our re-
sults demonstrate that present-day Hazara shares more genetic com-
ponents with Mongolians than with other worldwide populations ex-
cept for few populations in northeast Asia and Siberia, for example,
Oroqen, Ulchi, Nganasan, Hezhen, Daur, Korean, and Yakut. We then
used f⁠4-ratio, qpWave, and qpAdm to estimate the admixture propor-
tions in Hazara. The f⁠4-ratio statistics in the forms of f⁠4(Eskimo, Yoruba;
X, Australian)/(Eskimo, Yoruba; Mongolian, Aus

Fig. 6. Outgroup-f⁠3 results based on the genetic variations of 621,799 single nucleotide polymorphisms. (A). Outgroup-f⁠3 statistics values of form f⁠3 (Hazara, X; Yoruba). (B) Outgroup-f⁠3
statistics values of form f⁠3 (Mongolian, X; Yoruba). (C) Outgroup-f⁠3 statistics values of form f⁠3 (Uyghur, X; Yoruba).
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Fig. 7. D statistics results of form D(X, Mongolian; Hazara, Yoruba) showing the shared genetic shift between Hazara or Mongolian and Testing populations based on 621,799 genetic
variants.

tralian) and f⁠4(Nganasan, Yoruba; X, Papuan)/( Nganasan, Yoruba; Mon-
golian, Papuan) respectively reveal that Hazara harbors 45.48%
(Z-score=20.794) and 46.94% Mongolian-related ancestry
(Z-score=25.371) (Tables S11˜12). We used Uyghur and Hazara as the
targeted populations, French and Mongolian as the source groups, and
Yoruba, Mbuti, Australian and Papuan as the outgroups to perform the
qpWave and qpAdm to find the lowest number of ancestry streams and
explore the proportions of ancestry. Our qpWave results suggest two an-
cestry streams in Hazara (rank=1, p= 0.638) and Uyghur (rank = 1,
p= 0.0311) regarding to the above four outgroups. We have concluded
that Hazara carries 40.2% French-related ancestry and 59.8% Mongo-
lian-related ancestry and Uyghur brings 42.2% French-related ancestry
and 57.8% Mongolian-related ancestry.

4. Discussion

Hazara populations residing in Afghanistan and Pakistan are re-
garded as the descendants of soldiers of the Mongolia Empire accord-
ing to the historical recordings and Y-chromosomal haplogroup analy-
sis [5,6]. Despite

many genetic studies on the population history reconstruction of world-
wide ethnolinguistically and geographically distinct populations
[1–4,59,60], the genetic history and forensic characteristics of the Haz-
ara population remain unclear. We here report the genotypes of 30
Insertion/deletion (Indel) markers in 468 samples from 2 aboriginal
Hazara populations from Afghanistan and Pakistan and 100 samples
from East Asians Tai-Kadai-speaking populations. Our study sheds light
on the genetic origin, structure, and relationship of Pakistan and
Afghanistan Hazara populations and Chinese Bouyei using four compre-
hensive genetic variation datasets. Hazara populations are placed be-
tween East Asian and European clusters in our PCA, MDS, phyloge-
netic tree, suggesting their admixed genetic profile between Western
Eurasian and Eastern Eurasian. We propose that self-declared Mongo-
lian-descendants of Hazara people are an admixed population deriv-
ing ancestry from both Western Eurasian and Eastern Eurasian. Ge-
netic ancestry dissection of the Hazara population indicates that they
have received more genetic influences from the surrounding popula-
tions and experienced the different history of population admixture
and assimilation comparing with Mongolians after splitting from the

10



UN
CO

RR
EC

TE
D

PR
OO

F

G. He et al. Forensic Science International: Genetics xxx (xxxx) xxx-xxx

common ancestor. The supporting patterns observed in our Structure re-
sults based on the 30 Indels polymorphisms in 50 worldwide popula-
tions and 993 STRs or Indels polymorphisms from 53 HGDP populations
can be explained either by the recent admixture from different ancestry
sources (such as admixed genetic profile observed in Uyghur and Ameri-
can-Africans) or by the sharing ancestry from their common ancestor be-
fore their divergence under different evolutionary forces (likely genetic
materials among Russians residing in the Siberia and northeast Asian
Yakuts) [49]. Combined with the population migration history, histor-
ical recordings and previous uniparentally inherited markers [5,6,61],
current genetic landscape of Afghanistan and Pakistan Hazara popula-
tions derived from recent admixture between East Asian and European
or Central Asian admixed populations. Our subsequent whole-genome
genetic evidence further supports the East-West Eurasian genetic admix-
ture in Hazara via three-population and four-population testing.

Our population genetic studies find the stronger genetic affinity be-
tween Hazara and Turkic-speaking populations in Central Asia, for in-
stances, Uyghur, Kyrgyz, Kazakh, rather than between Hazara and lo-
cal Afghanistan and Pakistan populations or present-day Mongolians.
The complex historical population migration and admixture events have
shaped the current-day interesting genetic landscape in Central and
South Asia. For example, the Uyghur is also a typical admixed popu-
lation harboring the western and eastern anthropometric traits. Xu et
al. once found that Xinjiang Uyghur derived about 60% ancestry from
West Eurasians and 40% ancestry from East Eurasians based on the
entire variations of Chromosome 21. Then they further dissected ad-
mixed ancestry proportions based on the high-density whole-genome
SNP variations that HGDP northern Uyghur has 53% derived from East
Asian and 47% from West-Eurasians, and PanAsian southern Uyghur
has 48% East Asian ancestry and 52% West-Eurasians ancestry [62,63].
The fine-scale ancestry makeup revealed the multiple-way contacts oc-
curring in bronze age introducing four ancestry sources in present-day
Uyghurs: 15–17% from Siberian, 29–47% from East Asian, 12–20%
from South Asian and 25–37% from European [64]. Our study based on
the f⁠4-ratio testing supporting the aforementioned ancestry proportion of
Uyghur, which carries 41.5% French-related ancestry and 58.5% Mon-
golian ancestry. The complex genetic profile observed in Hazara people
can be explained by their genetic contacts with adjacent neighbors. Haz-
ara genetic characteristics are corresponding well to historical record-
ings and linguistic affiliation supports their Mongolian origin with a
long-term (approximately one millennium) of contact and exchange
with Central or South Asian ethnic groups. Recently, one whole-genome
sequencing project of Mongolian populations revealed apparent popula-
tion stratification among geographically or culturally diverse tribes [7].
Thus, more comprehensive population history of genetic dynamics, ad-
mixture divergence of Hazara, as well as clearer genetic relationships
among Hazara, Uyghur, and Mongolian, are needed to be dissected and
reconstructed based on the whole-genome sequencing or high-density
genotyping data from more representative modern and ancient samples
from geographically/culturally diverse populations.

5. Conclusion

We provide the first batch of crucial Indel resource and forensic ref-
erence dataset in Central/South Asian Hazara populations and Chinese
Tai-Kadai-speaking Bouyei, which will facilitate the understanding of
forensic features and the widely-using of Indel-based amplification sys-
tem in the Central and South Asians and East Asians. Our findings from
the forensic measures indicate that all 30 investigated Indels markers
are informative and polymorphic in Pakistan and Afghanistan Hazara
populations and Bouyei group, suggesting those markers can be used as
a powerful supplementary tool for forensic paternity and personal iden-
tification in the Asians. Mongolian-descent Hazara people are an ad-
mixed population deriving about half ancestry from East Asians and an-
other half from West Eurasians. Results from the comprehensive popula-
tion genetic studies via the pairwise genetic distances, MDS, PCA, phy-
logenetic tree and formal testing for admixture in ADMIXTOOLs demon-
strate that Afghanistan and Pakistan Hazara population are genetically
closer to the Turkic-speaking Uyghur, Kazakh and Kyrgyz than to their
local or adjacent neighbors.
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