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Abstract
Understanding the origin and genetic background of Chinese high-altitude Tibetans play a pivotal role in medical genetics,
archeology, anthropology, and forensics. In this study, to investigate the forensic characterization and genetic diversity of Chinese
Tibetan, allele frequencies and corresponding forensic statistical parameters of 15 autosomal STRs included in the AmpFℓSTR®
Sinofiler™ kit were obtained from 1220 Tibetan individuals residing in Lhasa country, Tibet Autonomous Region. We identified
191 alleles with corresponding allele frequencies varied from 0.0004 to 0.3984. The combined probability of discrimination and
the combined probability of exclusion are 0.9999999999999999997 and 0.9999996, respectively. Our study provided the
valuable dataset for forensic individual identification and parentage testing in the high-altitude Tibetan population. In addition,
comprehensive population comparisons among 30 Chinese populations via PCA, AMOVA, MDS, and N-J tree demonstrated
that the genetic components of Tibet Tibetan have received gene introgression from surrounding lowland populations (Such as
Gansu Hui and Yunnan Bai) and Tibetan keeps the close genetic relationship with geographic neighboring populations.
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The Tibet Autonomous Region, located in the west of China,
occupies part of the Chinese western region between the
Xinjiang Uyghur autonomous region and Qinghai Province
in the north; the Kingdom of Bhutan, Nepal, and India on
the south; Kashmir and Pakistan in the west; and Sichuan
and Yunnan Province to the east. Most of the Tibetan minority
ethnicity group, with a total population of approximately 7.8
million, live inside China (7.5 million) according to the 2010
census. The language widely used in the Chinese Tibetan
population is generally considered to be the Tibetan language

in the Tibeto-Burman languages of the Sino-Tibetan language
families. These present-day Tibeto-Burman-speakers are
thought to be descendants of the ancient Qiang people who
have occupied the Tibetan Plateau for thousands of years, and
most of them believe and practice Tibetan Buddhism.

The genetic structure of Tibetans who reside in a high-
altitude plateau (average and highest elevations are 4900 and
8848 m above sea level, respectively) still remain mysterious
[1]. Tibetans had a special adaptation of these extreme envi-
ronments, such as arterial oxygen content and hemoglobin
concentration reduction, as well as the abnormal response to
hypoxic pulmonary vasoconstriction and resting ventilation,
comparing with Andean high-altitude residents and non-
adaptive lowland visitors [2]. Previous genetic evidence pro-
vided by Tatum et al. [3] suggested that genetic polymor-
phisms located in the EGLN1, EPAS1, and PPARA genes
were significantly associated with the high-altitude adaptation
in Tibetans. Besides, other genetic studies demonstrated that
modern Tibetans had the highest rate of allele sharing with
archaic hominins (especially for Denisovans) [4–6] and the
estimated divergence time between Tibetan and Han was
approximately 9000 to 15,000 years ago [1]. Given the
demographic history and genetic background of Tibetan,
more attention should be devoted to the forensic
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characteristics and efficiency of mitochondrial and nu-
clear DNA genetic markers.

Short tandem repeats (STRs) widely distributed in the en-
tire genomewith high discriminatory power are used routinely
in forensic individual identification and parentage testing due
to the rapid technological revolution of capillary electropho-
resis (CE)-based and massively parallel sequencing (MPS)-
based STR genotyping [7]. Unfortunately, genetic polymor-
phisms and forensic characteristics of forensic commonly
used STR loci in the high-altitude Tibetan population residing
in Tibet Autonomous Region as well as the genetic relation-
ships between the Tibetan population and Chinese neighbor-
ing populations remain uncharacterized.

In continuation of our previous work focused on East Asian
populations [8–12], a total of 1220 bloodstain samples (917
males and 303 females) were collected from Lhasa country in
the Tibet Autonomous Region (Fig. S1). Our study had been
approved by the institutional review boards at the Sichuan
University. All participants had ancestors residing in this re-
gion at least three generations and signed informed consents
before sample collection. The PureLink Genomic DNA Mini
Kit (Life Technologies, Invitrogen, USA) was used to isolate
genomic DNA based on themanufacturer’s instructions. DNA
concentration and purification were measured using a
Nanodrop-2000C (Thermo Fisher Scientific). We employed
AmpFℓSTR® Sinofiler™ PCR Amplification Kit (Applied
Biosystems, Foster City, CA, USA) comprising of 15 autoso-
mal STRs (D8S1179, D21S11, D7S820, CSF1PO, D3S1358,
D5S818, D13S317, D16S539, D2S1338, D19S433, vWA,
D12S391, D18S51, D6S1043, and FGA) plus a sex-
determining locus Amelogenin for STRs genotyping on a
ProFlex™ PCR System (Applied Biosystems) following the
manufacturer’s specification. The amplified products were
isolated and detected using capillary electrophoresis in the
ABI 3130 genetic analyzer (Applied Biosystems) based on
corresponding recommendations. Allele identification was
conducted on the GeneMapperID software v3.2. Our study
with the positive control (9947A) and reagent blank in each
batch of genotyping was conducted in the Forensic Genetic
Department, Sichuan University, which was a laboratory that
passed the international accreditation of Y-chromosome STR
haplotype reference database (YHRD, https://yhrd.org/) and
ISO 17025, as well as the China National Accreditation
Service for Conformity Assessment (CNAS).

The allele frequencies and corresponding statistic parame-
ters of forensic interest (probability of discrimination (PD);
probability of exclusion (PE); typical paternity index (TPI);
random match probability (PM)) were estimated using the
modified PowerStates (version 1.2) spreadsheet (Promega,
Madison, WI, USA). In addition, the observed heterozygosity
(He), expected heterozygosity (Ho), Hardy-Weinberg equilib-
rium, and Linkage Disequilibrium testing were assessed
employing the Arlequin version 3.5.2 [13]. Subsequently,

population relationships between the Tibet Tibetan population
and 29 reference populations were investigated. Pairwise Fst
and corresponding p values were calculated by Arlequin ver-
sion3.5.2 [13] based on Locus-by-Locus allele frequency dis-
tributions. We also performed a principal component analysis
(PCA) using the Multivariate Statistical Package (MVSP) ver-
sion 3.22 software [14] and calculated pairwise Nei’s genetic
distances via PHYLIP ver. 3.5 packages [15] based on allele
frequency distributions. Multidimensional Scaling Plots
(MDS) were performed with IBM SPSS Statistics version 21
(SPSS, Chicago, IL, USA). A Neighbor-Joining tree based on
the genetic distance matrix was constructed with Mega 7.0
[16].

Table S1 presents the results of Linkage Disequilibrium
analysis. No linkage inheritance of 105 pairwise groups was
identified in the Tibetan population after Bonferroni correc-
tion (p < 0.05/105 = 0.0005). As shown in Table S2, all STRs
are in accordance with the Hardy-Weinberg equilibrium with
the exception of D6S1043 (p = 0.0003) after Bonferroni ad-
justment. The allele frequencies and forensic parameters of 15
autosomal STRs in the Tibet Tibetan population are presented
in Table S2 and Fig. S2. A total of 191 alleles were identified
with corresponding allele frequencies varied from 0.0004 to
0.3984. The PD, PE, and TPI spanned from 0.8620
(D3S1358) to 0.9726 (D6S1043), 0.4219 (CSF1PO) to
0.7291 (FGA), and 1.6442 (CSF1PO) to 3.7654 (FGA), re-
spectively. The Ho varied from 0.6959 at locus of CSF1PO to
0.8672 at locus of FGAwith a mean of 0.8073 ± 0.0490. The
He spanned from 0.7142 (D3S1358) to 0.8781 (D6S1043)
with a mean of 0.8118 ± 0.0504. The combined probability
of discrimination and the combined probability of exclusion
are 0.9999999999999999997 and 0.9999996, respectively.
Our findings suggested that the investigated 15 autosomal
STR loci are informative and valuable in the forensic human
identification, disaster victim identification, and kinship
analysis.

Analysis of molecular of variance (AMOVA) between
the Tibet Tibetan and 29 Chinese neighboring popula-
tions was carried out. The Fst and corresponding p-
values are presented in Table S3. There are significant
differences between the Tibet Tibetan and Xinjiang
Uyghur1 at nine Loci; Xiamen Han at seven loci;
Hubei Han at six loci; Sichuan Han, Chongqing Han,
Yunnan Han, and Yungui Han at five loci; Yunnan Yi
and Yunnan Zhuang at three loci; Shanxi Han, Xinjiang
Uyghur2, and Xinjiang Uyghur3, and Yili Xibe at one
locus. To further characterize the population structure
across the Tibetan and 29 neighboring mainland popu-
lations, we subsequently performed the principal compo-
nent analysis based on allele frequency distributions. As
presented in Fig. 1 and Fig. S3 and S4, the first three
components accounted for 53.163% of total variances:
the first (PCA1), second (PCA2), and third (PCA3)
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Fig. 1 The principal component analysis (PCA) of highland Tibetan and 29 reference populations based on PCA1 and PCA2

Fig. 2 Multidimensional scaling analysis (MDS) based on autosomal STR pairwise Nei’s genetic distances estimates among Tibet Tibetan and 29
Chinese reference populations
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components respectively accounted for 31.944, 13.902,
and 7.317%. The PCA1 could successfully separate
three Xinjiang Uyghurs and one Kazakh group from
other populations (Fig. 1 and Fig. S3) and PCA2 could
differentiate three Yunnan minority groups (Yi, Zhuang,
and Dai) from other groups (Fig. 1 and Fig. S4). PCA3
showed a clear differentiation between Taizhou Han,
Xinjiang Uyghur2, Uyghur3, and Kazakh from other
reference populations (Fig. S3 and Fig. S4). Tibet
Tibetan keeps a genetic affinity with Bai (Yunnan),
Xibe (Yili), and Hui (Gansu and Liaoning).

A comparison of genetic similarities and differences
measured by pairwise Nei’s genetic distances between
Tibet Tibetan and 29 Chinese mainland populations

(Table S4 and Fig. S5) showed that the largest genetic
distance was observed between the Tibet Tibetan and
Xinjiang Uyghur3 (0.0544), followed by Xinjiang
Kazakh (0.0434), and Tibet Tibetan had a closer rela-
tionship with Yunnan Bai (0.0094). Multidimensional
scaling analysis based on the aforementioned Nei’s ge-
netic matrix was conducted to further explore the genet-
ic background of Tibetans. Figure 2 displayed the MDS
results which showed that four Xinjiang minority ethnic
groups (one Kazakh and three Uyghurs) and four
Yunnan minority ethnic groups (Zhuang, Dai, Yi, and
Hani) as well as Taizhou Han keep a relatively isolated
with other reference populations. These relationship dis-
tributions remained consistent with analytical results

Fig. 3 A Neighboring-Joining
tree on the basis of Nei’s genetic
distances of 30 Chinese
populations, with colors
corresponding to the same ethnic
group origin

1100 Int J Legal Med (2018) 132:1097–1102



revealed by PCA (Fig. 1) and our previous investiga-
tions on the basis of X and Y-chromosome genetic
markers [8, 11, 17, 18]. We also are concerned with
the genetic history and the phylogenetic relationship be-
tween the Tibetan and other Chinese populations and
constructed a Neighbor-Joining tree (Fig. 3). Among
these highland/lowland or Han Chinese/minority ethnic-
ity populations, two clusters were grouped: one cluster
consisting of four Xinjiang minority ethnic groups and
the other groups clustered together. Our studied popula-
tion was clustered with Gansu Hui and then clustered
with the branch grouped by Xinjiang ethnic groups. In
general, genetic differentiation among different ethnic
groups or one ethnicity distributed in distinct adminis-
trative divisions is not significantly obvious as our in-
ference according to the history records (geographical
and ethnic isolation) due to large-scale human migration
under the promotion of starvation and warfare, random
marriage, and gene introgression among different popu-
lations. At the same time, we will be cautioned that
some minority ethnic groups, such as Chinese Muslim
populations (Uyghur and Kazakh) and High-latitude
adaptive groups (Tibetan) had their distinctive genetic
signature under the influence of self-promoting culture
and extreme environment.

In summary, population data and forensic characteristics
of 15 autosomal STRs in a highland Tibet Tibetan popula-
tion were obtained and analyzed. Our results demonstrated
that the investigated genetic markers are highly polymorphic
and informative in the Tibetan population and can be inte-
grated into the new panel of the NGS-based genotyping
system in the future forensic high-throughput practice.
Genetic background of the Tibetan population revealed by
MDS, AMOVA, MDS, and N-J tree illustrated that this
high-latitude population has remained with lots of adaptive
genetic signatures via positive natural selection under an
extreme natural environment and keeps the close genetic
relationship with the geographic and ethnic adjacent popu-
lations, such as Gansu Hui and Yunnan Bai populations.
What is more, significant genetic differences were identified
between the highland Tibetan and Xinjiang Uyghur, Kazakh,
and other lower-latitude populations.
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