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Abstract

China, inhabited by over 1.3 billion people and known for its genetic, cultural and linguistic diversity, is considered to be
indispensable for understanding the association between language families and genetic diversity. In order to get a better
understanding of the genetic diversity and forensic characteristics of Tai—Kadai-speaking populations in Southwest China,
we genotyped 30 insertion/deletion (InDel) markers and amelogenin in 205 individuals from Tai—Kadai-speaking Bouyei
people using the Qiagen Investigator DIPplex amplification kit. We carried out a comprehensive population genetic relation-
ship investigation among 14,303 individuals from 84 worldwide populations based on allele frequency correlation and 4907
genotypes of 30 InDels from 36 populations distributed in all continental or major subregions and seven linguistic phyla in
China. Forensic parameters observed show highly polymorphic and informative features for Asians, although the DIPplex
kit was developed focusing on Europeans, and indicate that this amplification system is appropriate to forensic personal
identification and parentage testing. Patterns of InDel variations revealed by principal components analysis, multidimen-
sional scaling plots, phylogenetic relationship exploration, model-based clustering as well as four pairwise genetic distances
(Fst, Nei, Cavalli-Sforza and Reynolds) demonstrate significant genetic differentiation at the continental scale and genetic
uniformity in Asia except for Tibeto-Burman and Turkic-speaking populations. Additionally, Tai—Kadai speakers, including
Bouyei, Zhuang and Dong, share more genetic ancestry components than with other language speakers, and in general they
are genetically very similar to Hmong—Mien-speaking populations. The dataset of Bouyei people generated in the present
study is valuable for forensic identification and parentage tests in China.
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Communicated by Stefan Hohmann. Introduction

Guanglin He and Zheng Ren contributed equally to this work. The out of Africa and peopling other continents of anatomi-
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and the world’s largest Han Chinese, which have a popula-
tion of over 1.4 billion. The language landscape of China
is dominated by at least ten language families containing
292 different languages, including Sino—Tibetan, Tai—Kadai,
Hmong—Mien, Austroasiatic (Wa), Indo-European (Tajiks),
Austronesian (Taiwanese), Tungusic, Turkic, Mongolic and
Koreanic. The ancient DNA analysis of an upper Paleolithic
human sample from Tianyuan Cave (40 Kya) and human
genetic diversity in prehistoric East Asia indicated that the
Paleolithic Chinese shared more alleles with ancient and
modern Asians and there were a complex migration and sub-
division of early Asian populations (Yang et al. 2017). The
two early Neolithic hunter-gathering East Asian individuals
(dated to 7.7 Kya) in Russian Far East were genetically close
to modern Amur Basin Tungusic-speaking populations,
indicating the genetic continuity in Asia, which is not like
complex population turnover reported in Britain and remote
Oceania (Siska et al. 2017; Lipson et al. 2018b; Olalde et al.
2018). The reconstruction of population prehistory in South-
east Asia based on two Hoabinhian hunters-gatherers, 41
rice and millet farmers and one Japanese Jomon revealed
that the complex genetic makeup of Southeast Asians were
due to multiple incoming waves of East Asians (Lipson et al.
2018a; McColl et al. 2018). Recent genetic studies have
also shown that the mixed ancestry landscape of present-
day Chinese was mediated by the major episodes of gene
flow from Southeast Asia, South Asia, Western Siberia and
Eastern Siberia (Lu et al. 2016; Feng et al. 2017). Other
inconsistent evidence from historical linguistics, archeolo-
gists and geneticists focused on the origin and spread of
Chinese languages, dynamics of material culture, popula-
tion structure and genetic history of ethnolinguistically and
geographically diverse Chinese populations have promoted
China as a research hotspot.

Insertion/deletion polymorphisms (InDels, DIPs) har-
bor the features of smaller amplicons, lower mutation rates
and higher performance like single nucleotide polymor-
phisms (SNPs). InDels also possess the characteristics of
fragment length polymorphisms suitable for separation in
the capillary electrophoresis (CE) technology like foren-
sic gold standard short tandem repeats (STRs). Therefore,
InDels have attracted and gained increasing attention in
the population genetic and forensic community (Zhu et al.
2018). Human diallelic InDel polymorphisms were first
identified and reported by Weber in 2002. And then they
found that these binary markers consist of approximately
8% of human genome variations (Weber et al. 2002). Mills
et al. followingly conducted a comprehensive mapping
via over 4.5 million InDels, which facilitated the geno-
typing technologies and applications in forensic, medical
and population genetics (Mills et al. 2006). Due to the
rapid advances in the next generation sequencing, inter-
national incorporation achievements in the 1000 genomes
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project (Sudmant et al. 2015), Simons Genome Diversity
Project (SGDP) (Mallick et al. 2016) and Estonian Bio-
centre Human Genome Diversity Panel (EGDP) (Pagani
et al. 2016) have carefully identified and prioritized the
distribution patterns of genetic variation of InDels in dif-
ferent worldwide populations. The Investigator DIPplex®
kit (Qiagen) including 30 diallelic InDels and Amelo-
genin was launched for forensic applications in Europe-
ans (Fondevila et al. 2012). Subsequent population genetic
studies and forensic performance investigations have been
conducted in the Africans, Europeans, Asians, north and
south Americans (Akhteruzzaman et al. 2013; Martinez-
Cortes et al. 2016; Shen et al. 2016; Xie et al. 2018).

Although a large number of forensic reference database
and forensic characteristics of ethnically, linguistically and
geographically diverse populations had been generated using
the Investigator DIPplex system, the genetic polymorphisms
and forensic efficiency of 30 InDels in Tai—Kadai-speaking
Bouyei population, the 11th largest ethnic group in China
with a population over 2.9 million, remain uncharacterized.
Besides, the association between the genetic diversity and
language family boundary in this genetically, linguistically
and culturally diverse region of Southwest China is still
unclear. Thus, we genotyped DIPplex InDel polymorphisms
in 205 Guizhou Bouyei individuals and evaluated the foren-
sic efficiency in the present work. Additionally, we first com-
bined our genotype data with other 4702 genotypes of the
30 InDel markers from 36 populations. We then merged our
allele frequency dataset with previously investigated data
from 84 worldwide populations consisting of 14,303 indi-
viduals. We aim to dissect the genetic structure of Bouyei
speakers, explore the genetic relationships between Bouyei
population and reference groups in the context of world-
wide and Asian populations, and finally analyze the genetic
similarities and dissimilarities in populations from different
language families and illuminate how Tai—Kadai Bouyei has
influenced by or been influenced the genetic architecture of
neighboring populations.

Materials and methods
Sample collection and DNA preparation

A total of 205 peripheral anticoagulant blood samples (119
males and 86 females) were collected from unrelated healthy
voluntary donors residing in Guizhou Province, Southwest
China (Fig. 1), with the approval of the Ethics Committee
of the Guizhou Medical University. Genomic DNA was iso-
lated using a salting-out procedure and subsequently quan-
tified applying a Nanodrop ND-2000 spectrophotometer
(Thermo Fisher Scientific, Wilmington, USA).
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Fig. 1 Geographical distribution of Guizhou Bouyei and other 83
worldwide reference populations. Color of circle in the worldwide
map (a) and China map (b) indicates the ethnic origin or geographi-
cal origin of 84 included populations. Size of circle (a) indicates

Amplification, genotyping and quality control

Thirty-one forensic related markers were simultaneously
amplified on a GeneAmp PCR System 9700 (Thermo Fisher
Scientific, Wilmington, USA) using the Qiagen Investigator
DIPplex amplification kit on the basis of the manufactur-
ers’ specifications with a modified amplification volume of
10 ul. Amplified fragments were isolated using the capil-
lary electrophoresis in an Applied Biosystems 3500 Genetic
Analyzer (Thermo Fisher Scientific, Wilmington, USA) fol-
lowing the instructions. InDels nomenclatures and profil-
ing were carried out using the GeneMapper ID-X software
(Thermo Fisher Scientific, Wilmington, USA). The positive
control is employed as DNA 007 (Thermo Fisher Scien-
tific, Wilmington, USA) and negative control of ddH,O for
each batch of amplification and genotyping. We strictly fol-
lowed the recommendations of the DNA Commission of
the International Society of Forensic Genetics (ISFG) on
the analysis of forensic markers and internal quality control
requirements.

Datasets

We prepared the following two datasets: Dataset I based on
raw genotype data and Dataset II based on the allele fre-
quency distribution of 30 InDels, representing populations
from different continental divisions or language families.

the population size. Guizhou Province is located in the Southwest
China and corresponding geographical is marked with light blue
color (color figure online)

Dataset I contains 4907 samples, including 205 reported
here for the first time and 4702 samples extracted from pre-
viously published work. Dataset II comprises 14,303 world-
wide individuals from 84 populations. Dataset I includes
25 Chinese populations and Dataset II contains 42 Chinese
populations, which are widely distributed in geographically
and linguistically different administrative regions. Those
reference populations belong to Tibeto-Burman, Sinitic,
Hmong—Mien, Austronesian, Tai—Kadai, Austroasiatic, Tur-
kic, Tungusic and Mongolic language families, and were
used to investigate the relation between language classifica-
tions and genetic differences. The geographical information
and sample sizes are presented in Fig. 1.

Statistical analysis

Genetic diversity parameters, allele frequencies of 30 mark-
ers and corresponding forensic genetic parameters [match
probability (MP), power of exclusion (PE), discrimination
power (DP), polymorphic information content (PIC), and
Typical Paternity Index (TPI)] were calculated using a con-
venient online tool for STR analysis for Forensics (STRAF)
(Gouy and Zieger 2017). Hardy—Weinberg equilibrium
(HWE) and linkage disequilibrium (LD) as well as observed
and expected heterozygosities were estimated using Arle-
quin v.3.5 (Excoffier and Lischer 2010). Population genetic
relationship investigations via raw genotype data were
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conducted using the STRAF software, including pairwise
Fst distance developed by Weir and Cockerham and prin-
cipal component analysis (PCA) (Gouy and Zieger 2017).
Three widely employed pairwise Nei, Cavalli-Sforza and
Reynolds genetic distances (Nei 1978; Reynolds et al. 1983;
Kalinowski 2002) were evaluated using the Phylogeny Infer-
ence Packages (gendist package) implemented in PHYLIP
version 3.5 on the basis of the allele frequency distribution
of 30 InDels among 84 worldwide populations (Excoffier
and Lischer 2010). The genetic affinity between Guizhou
Bouyei and reference populations was also explored via PCA
based on the allele frequency correlation using the Multi-
variate Statistical Package (MVSP) version 3.22 software
(Kovach 2007). Multidimensional scaling plots (MDS) were
conducted on the IBM SPSS Statistics 21 (Hansen 2005) and
phylogenetic relationship reconstruction was carried out on
the Molecular Evolutionary Genetics Analysis Version 7.0
(Mega 7.0) (Kumar et al. 2016) on the basis of four differ-
ent pairwise genetic distances to further dissect the genetic
similarity and differences. Finally, we used the software
Structure version 2.3.4.21 (Evanno et al. 2005) to assess the
apportionment of genetic ancestry among 4907 individuals
from 36 populations. We carried out genetic structure dissec-
tion using the Structure software with 100,000 burn-in steps
and 100,000 repetitions for the Markov chain Monte Carlo
(MCMC). We used K values ranging from 2 to 8 with the
‘independent allele frequencies’ and ‘LOCPRIOR’ models
and used the online tool of Structure Harvester to choose
the optimized K (Earl and vonHoldt 2011). We used a clus-
ter matching and permutation program (CLUMPP version
1.1.222) (Jakobsson and Rosenberg 2007) as well as the Dis-
truct version 1.1.23 (Rosenberg 2004) to visualize the cluster
membership coefficients (Q).

Results

Genetic diversity, allele frequency divergence
and forensic efficiency

The 205 new individual profiles of 30 InDels from Tai—Kadai-
speaking Guizhou Bouyei were obtained using the Qiagen
Investigator DIPplex amplification kit and submitted in Sup-
plementary Table S1. After applying the Bonferroni correction
of multiple tests (Table 1 and Supplementary Tables S2), no
deviations are observed in the HWE (0.05/30=0.0017) and
LD (0.05/435=0.0001). Our results indicate that all 30 InDels
in this HWE population are independently inherited. Thus,
we can confidently and effectively estimate both the forensic
characteristics of the single locus and the combined forensic
efficiency indexes in our following analyses. The allelic fre-
quency distribution and corresponding forensic parameters
of 30 InDels are submitted in Table 1. Allele frequencies of
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30 markers range from 0.0854 for HLD39 insertion allele to
0.9073 for HLD99 insertion allele. The most informative locus
is HLD136 with the PIC of 0.3750, while the lowest polymor-
phic locus is HLD39 with the PIC of 0.1440. The PM, PD and
PE values span from 0.3517 (HLD136) to 0.7324 (HLD39),
0.2676 (HLD39) to 0.6483 (HLD136) and 0.0158 (HLD39)
to 0.2466 (HLD92), respectively. TPI values vary from 0.5824
at the locus of HLD39 to 1.1389 at the locus of HLD92. The
observed and expected heterozygosities span from 0.1415 to
0.5610, and from 0.1565 to 0.5012, respectively.

Genetic markers with different allele frequency among
diverse populations can be used as ancestry informative
markers (AIM) to determine the individual’s ancestry in
a forensic case (Phillips 2015). A considerable number of
ancestry inference panels based on the ancestry informa-
tive single nucleotide polymorphisms (AISNPs), ances-
try informative insertion/deletions (AIDIPs) or ancestry
informative multi-InDels have been developed for forensic
applications (Phillips 2015; Inacio et al. 2017). To explore
the potential for forensic ancestry inference of 30 InDels in
this studied panel, we analyzed the insertion allele frequency
divergence among 84 worldwide populations (Fig. S1) and
calculated unbiased Fst for each InDel locus (Table 1).
Cluster I (HLD39, HLD111 and HLD122, Fst>0.0941)
and Cluster IV (HLD125, HLD58, HLD83, HLD133 and
HLD97, Fst>0.3012) show significant allele frequency dif-
ferences between North Americans and others, and can be
used as American-specific AIMs for distinguishing them.
Cluster II (HLD114, HLD128, HLD48 and HLD131,
Fst>0.0218) and Cluster V (HLD136, HLD70, HLD56,
HLD88 and HLD93, Fst>0.0128) with obvious frequency
differences among different continental populations can be
used for separating African and other groups. Cluster VII
(HLD118, Fst=0.1877) and Cluster VIII (HLD67, HLD84,
HLD99, HLD64, HLDS1, Fst>0.0354) show significant
frequency divergence among Asians and others, which can
be used as Asian-specific AIDIPs for ancestry inference
between Asians and other groups. The remaining two clus-
ters, Cluster III (HLD77, HLD6, HLD92) and Cluster VI
(HLD40, HLD12 and HLD45) display highly informative
and polymorphic features with the balanced allele frequency
distribution among worldwide populations, which can be
used as “identify informative InDels (IIDIPs)”. We also
identify stable and balanced frequency distribution of all 30
InDel markers in Europeans, Central Asians and Siberians,
which are consistent with the initial purpose of developing
this kit for individual identification and parentage testing
focusing on Europeans (Fondevila et al. 2012).
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Table 1 The allele frequency distribution and corresponding statistical parameters of forensic interest of 30 InDels in the Bouyei population

residing in Guizhou Province, Southwest China

Locus PIC PM PD PE TPI Insertion Deletion Ho He P Fst

HLD101 0.3696 0.3624 0.6376 0.1429 0.8991 0.4268 0.5732 0.4439 0.4905 0.2019 0.0057
HLDI11 0.1824 0.6654 0.3346 0.0247 0.6101 0.1146 0.8854 0.1805 0.2035 0.1534 0.2560
HLDI114 0.3169 0.4461 0.5539 0.1169 0.8402 0.2707 0.7293 0.4049 0.3958 0.8595 0.0416
HLDI118 0.1540 0.7123 0.2877 0.0189 0.5925 0.9073 0.0927 0.1561 0.1686 0.3899 0.1877
HLDI122 0.1883 0.6495 0.3505 0.0298 0.6250 0.1195 0.8805 0.2000 0.2110 0.4999 0.0941
HLDI124 0.3731 0.3801 0.6199 0.1896 1.0049 0.5439 0.4561 0.5024 0.4974 0.8884 0.0099
HLDI125 0.3648 0.3987 0.6013 0.1940 1.0149 0.4000 0.6000 0.5073 0.4812 0.4707 0.0650
HLD128 0.3271 0.4216 0.5784 0.0845 0.7649 0.2902 0.7098 0.3463 0.4130 0.0267 0.0461
HLDI131 0.3403 0.4025 0.5975 0.1053 0.8135 0.3195 0.6805 0.3854 0.4359 0.1079 0.0243
HLD133 0.3577 0.3867 0.6133 0.1465 0.9071 0.3707 0.6293 0.4488 0.4677 0.6538 0.0302
HLD136 0.3750 0.3517 0.6483 0.1429 0.8991 0.4951 0.5049 0.4439 0.5012 0.1282 0.0145
HLD39 0.1440 0.7324 0.2676 0.0158 0.5824 0.0854 0.9146 0.1415 0.1565 0.1662 0.1351
HLD40 0.3648 0.3847 0.6153 0.1690 0.9579 0.6000 0.4000 0.4781 0.4812 1.0000 0.0339
HLD45 0.3667 0.3854 0.6146 0.1771 0.9762 0.5902 0.4098 0.4878 0.4849 1.0000 0.0419
HLD48 0.3706 0.4040 0.5960 0.2216 1.0789 0.4341 0.5659 0.5366 0.4925 0.2041 0.0218
HLD56 0.3737 0.3922 0.6078 0.2121 1.0567 0.4634 0.5366 0.5268 0.4985 0.4884 0.0329
HLD58 0.3744 0.3681 0.6319 0.1730 0.9670 0.5244 0.4756 0.4829 0.5000 0.6735 0.0764
HLD6 0.3676 0.3617 0.6383 0.1327 0.8761 0.4146 0.5854 0.4293 0.4866 0.1144 0.0091
HLD64 0.1998 0.6311 0.3689 0.0325 0.6327 0.8707 0.1293 0.2098 0.2257 0.3460 0.2155
HLD67 0.2839 0.4914 0.5086 0.0687 0.7270 0.7805 0.2195 0.3122 0.3435 0.2180 0.0378
HLD70 0.3684 0.3821 0.6179 0.1771 0.9762 0.5805 0.4195 0.4878 0.4882 1.0000 0.0320
HLD77 0.3469 0.4141 0.5859 0.1612 0.9404 0.3366 0.6634 0.4683 0.4477 0.5339 0.0094
HLDS81 0.2910 0.4799 0.5201 0.0774 0.7482 0.7707 0.2293 0.3317 0.3543 0.4291 0.1694
HLDS83 0.3577 0.3982 0.6018 0.1690 0.9579 0.3707 0.6293 0.4781 0.4677 0.7646 0.0777
HLDS84 0.2766 0.5032 0.4968 0.0645 0.7168 0.7902 0.2098 0.3024 0.3323 0.2113 0.0354
HLDSS8 0.3726 0.3635 0.6365 0.1574 0.9318 0.5488 0.4512 0.4634 0.4965 0.3995 0.0156
HLD92 0.3750 04111 0.5889 0.2466 1.1389 0.4951 0.5049 0.5610 0.5012 0.0932 0.0141
HLD93 0.3676 0.3884 0.6116 0.1854 0.9951 0.5854 0.4146 0.4976 0.4866 0.7779 0.0128
HLD97 0.3590 0.3781 0.6219 0.1327 0.8761 0.3756 0.6244 0.4293 0.4702 0.2317 0.0392
HLD99 0.1540 0.7025 0.2975 0.0235 0.6065 0.9073 0.0927 0.1756 0.1686 1 0.0784

PIC polymorphism information content, PM random matching probability, PD power of discrimination, PE power of exclusion, TPI Typical
Paternity Index, Ho observed heterozygosity, He expected heterozygosity, p p value in the Hardy—Weinberg

Genetic structure and population relationships
in the context of Eurasians and Americans

We first contextualized the new data with 4702 genotypes
from published sources. We used principal components
analysis, multidimensional scaling plots, heatmap plot and
model-based structure dissection to assess the extent of
genetic homogeneity and heterogeneity among Tai—Kadai-
speaking populations with diverse groups from America,
Europe and Asia, and the amount of ancestry sharing among
and within adjacent populations. In PCA, the top three com-
ponents, extracting a total of 18.86% variances, reveal three
indistinct clusters, encompassing continental geographi-
cally adjacent populations: European and Turkic-speaking
groups, Americans, and Asians. American populations are

mainly localized in the upper right position and Asians are
grouped in the upper left position. The European and Asian
admixed Turkic-speaking populations are intermediate
between them. The Tai—Kadai-speaking Bouyei population
is placed within the Asian cluster (Fig. 2a, b), especially
falling together with the Zhuang and Dong populations.
A similar pattern of genetic relationships is observed in
pairwise Fst genetic distance result (Fig. 2c). The largest
genetic distances are observed between American popula-
tions, followed by Europeans and Turkic-speaking popula-
tions. Focusing on Asian populations, we identify consist-
ently lower Fst values between Bouyei and other Tai—Kadai
speakers (Guangxi Zhuang 0.0018, Guangxi Dong 0.0031),
following Hmong—Mien-speaking She (0.0034), compared
to other Chinese populations (Table S3).
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Fig.2 Genetic affinity between Guizhou Bouyei and other 35 refer-
ence populations based on raw genotype data. a, b Principal compo-
nent analyses (PCA) among 4907 individuals based on the top three

To clearly visualize the genetic structure at the population
level, we followingly carried out the MDS and phylogenetic
relationship reconstruction in the context of Fst genetic dis-
tance matrix. A two-dimensional plot of population rela-
tionship distribution is presented in Fig. 2d. American
populations are localized at the left lower corner with the
exception of Veracruz Mexican and Uruguayan. Three Euro-
pean populations clustered with Uruguayan are placed in the
upper middle position, while East Asian groups are placed
in the right lower corner. Four Turkic-speaking Kazakh and
Uyghurs are placed between Americans and East Asians
and they fall closely with Tibetan—Burman-speaking popu-
lations. We identify two main branches in the reconstructed
neighbor-joining tree: American and European cluster,
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and Asian cluster. As shown in Fig. 3a, strong correlations
between genetic affinity and linguistic similarity are identi-
fied within the Turkic-, Tibetan—-Burman-speaking popula-
tions except for Hubei Tujia and Yunnan Yi. A mosaic rela-
tionship is detected between linguistic affiliation and genetic
affinity in Sinitic-, Hmong—Mien- and Tai—Kadai-speaking
populations. Guizhou Bouyei population first clusters with
Guangxi Dong and then consolidates with Guangxi Zhuang.

Additionally, we conducted a structure-like clustering
analysis to estimate ancestry proportions among Bouyei and
reference populations via InDels raw data. At k=2, two major
ancestry components have been indentified: American-dom-
inant component (shown in DeepSkyBlue) and East Asian-
dominant component (shown in CadetBlue in k=2, Fig. 3b).
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The American-dominant component also has a comparable
proportion presented in the Europeans and Turkic-speaking
Asians, but is almost absent in other East Asians. At k=3,
European populations are obviously separated by the Euro-
pean-dominant ancestry component (labeled by DeepSky-
Blue in the k=3 panel), which shows an equal proportion in
Uruguayan population and the relative proportion in Ameri-
can populations. We can also observe approximately 50% of
European ancestry and 50% of East Asian ancestry in Tur-
kic-speaking populations, which are in accordance with the
Uyghur admixture history revealed by the genetic variations
in the chromosome 21, whole-genome high-density SNPs
and ancestry informative SNPs (Xu et al. 2008; Xu and Jin
2008; He et al. 2018a). At k=4, which is the best appropriate

predefined K (Fig. S2), Tibetans (CadetBlue ancestry) and
Tai—Kadai-speaking populations (CadetBlue ancestry) can be
separated from other East Asians. Tibetan—-Burman-speaking
Yi, Tujia and Bai have been separated from Tibetans and have
similar ancestry profile with geographical neighbors and other
Sinitic or Hmong—Mien-speaking populations. At k=5~8,
no further substructure is observed in Tai—Kadai-speaking
Zhuang, Dong and Bouyei, but a slight difference of ancestry
component composition still exists among them. Our observed
ancestry component distribution may reflect the recent genetic
admixture or shared ancestry between Europeans and Asians
(especially for Turkic populations), which we note may not
be interpreted as informative evidence for human population
migrations.
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Fig.4 Genetic similarities and differences between Tai—Kadai-
speaking population and other 83 worldwide reference populations
revealed by allele frequency distribution. a PCA results of the two-

Genetic affinity among 84 worldwide populations
via allele frequency correlations

To comprehensively and delicately characterize the genetic
landscape of Guizhou Bouyei and more geographically and
linguistically structured reference populations, we assembled
and conducted a frequency-based population comparison
employing one new dataset composing of 14,303 subjects
from 84 worldwide populations, including seven Africans,
nine North Americans, 17 Europeans, five Central and South
Asians, and other 46 Asian populations from Tai—Kadai,
Austroasiatic, Austronesian, Hmong—Mien, Japonic, Kore-
anic, Sinitic, Tibeto-Burman, Mongolic, Tungusic, Turkic
language families or groups. We initially carried out the
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0.8 12 1.6
Cavalli-Sforza_Dimension1

dimensional plots of the first two components; b patterns of popula-
tion genetic relationship visualized by multidimensional scaling plots
based on the Cavalli-Sforza genetic distances

PCA to characterize the genetic variability. The top five
components capture a total of 89.421% variance (Fig. 4a,
and Fig. S3a and b, PC1, 54.375%; PC2, 20.808%; PC3,
8.908%; PC4, 3.283% and PCS5, 2.047%). A “Y” shape of
the distribution patterns of population genetic relationships
is identified (Fig. 4a). Three terminal points of “Y” patterns
are, respectively, localized by Africans, Americans and
Asians in clockwise order. PC1 captures the genetic differ-
entiation between Americans, Asians, and Turkic-speaking
populations with others, and PC2 can successfully separate
Africans, Europeans and Americans. PC3 reflects the Euro-
pean and Asian cline of genetic differences and can also
distinguish Turkic-speaking populations from other groups
(Fig. S3a, b). Tai—-Kadai-speaking Bouyei fall into an East
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Asian cluster in the random combination of the first three
components. Guizhou Miao is genetically close to Guangxi
Zhuang, Zunyi Miao, Shanghai Han, Jiangsu Han, and
Hubei Tujia. We subsequently explored patterns of genetic
differentiation in Guizhou Bouyei and surrounding regions,
as well as other continental references by estimating three
popularly used pairwise genetic distances (Nei, Reynolds
and Cavalli-Sforza, as shown in Fig. 5, Supplementary Figs.
S4 and S5 and Tables S4-S6). The geographically close and
linguistically similar populations show little genetic differ-
entiation with Guizhou Bouyei. For example, Guangdong
Han (0.0029 for Nei, 0.0042 for Cavalli-Sforza and 0.0043
for Reynolds), Zunyi Miao (0.0045, 0.0064 and 0.0064)
and Hubei Tujia (0.0051, 0.0076 and 0.0074) show the

smallest pairwise genetic distances with Guizhou Bouyei.
Similar results are observed in Tai—Kadai-speaking Guangxi
Zhuang, which is linguistically similar to Bouyei. Our pair-
wise Cavalli-Sforza genetic distance data, in the form of
a heatmap plot, reveal four affinity clusters of low genetic
differentiation, encompassing bio-geographically adjoining
groups: the Europe/Turkic-speaking Asians, Africa, Asia,
and America (Fig. 5). Consistent findings are also evidenced
by the heatmap constructed by the pairwise Nei’s distance
in Supplementary Fig. S4 and Reynolds distance in Supple-
mentary Fig. S5. In Asia, Turkic-speaking Uyghur, Kazakh
and Kyrgyz are obviously more distant from their adjacent
East Asian populations, whereas other Chinese popula-
tions from different language families exhibit relatively low

@ Springer



1352

Molecular Genetics and Genomics (2019) 294:1343-1357

interpopulation pairwise genetic distances, which are in
close agreement with results of the PCA.

Additionally, we set out to further dissect and visualize
the genetic similarities and dissimilarities among 84 refer-
ence populations via classical multidimensional scaling anal-
yses on the basis of the aforementioned three distances. Fig-
ure 4d presents the two-dimensional plots on the basis of the
Cavalli-Sforza genetic distance. Six North American popula-
tions keep a strong genetic affinity and are localized in the
upper right position of the plots, while three South American
populations are distinct with North American and have an
affinity with the Central/Southern Asians which are located
in the center position. Seven African groups are placed in
the upper middle position, and East Asians are placed in the
left part of plots. Europeans and Turkic-speaking popula-
tions are located in the intermediate positions between the
African cluster and the East Asian cluster. We also observe
the genetic difference between the Tibetan—Burman-speak-
ing populations and other populations belonging to Sinitic,
Tai—-Kadai, Hmong—Mien language families. Since the num-
bers of Austronesian- and Austroasiatic-speaking popula-
tions are relatively small, there is no strong evidence for the
elucidation of the association between genetic similarity and
linguistic affinity. Our observations are also supported by the
similar results from Nei’s genetic distance (Supplementary
Fig. S6) and Reynolds’s genetic distance (Supplementary
Fig. S7), as well as by the findings in aforementioned popu-
lation genetic relationship exploration on the basis of raw
genotype data.

Moreover, the genetic differentiation and phylogenetic
relationship between Bouyei and other 83 reference pop-
ulations are finally explored and reconstructed via three
neighbor-joining trees (Fig. 6 and Supplementary Fig. S8).
Three main genetic affinity clusters and several obvious sub-
clusters within geographical or linguistic divisions can be
clearly observed: North American cluster, European cluster,
African cluster, Turkic-speaking population cluster, Tibeto-
Burman-speaking population cluster and other admixture
clusters. Bouyei samples cluster closely with Vietnamese
and Zhuang populations. These results are consistent with
the previous estimates, for instances, based on autosomal
SNP and Y-chromosomal STRs (He et al. 2018b; Zou et al.
2018).

Discussion

Forensic related InDel markers can provide investigative
clues when the samples collected from the crime scene are
highly degraded or the cases with mutations. The forensic
reference databases of the Investigator DIPplex amplification
system have been subsequently genotyped and reported in
Africans (Hefke et al. 2015), Europeans (Kis et al. 2012),
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South Asians (Akhteruzzaman et al. 2013), Central Asians
(Poulsen et al. 2015), East Asians (Wang et al. 2014; He
et al. 2019) and Americans (Martinez-Cortes et al. 2016).
However, the forensic efficiency and reference database of
this DIPplex panel in the Guizhou Bouyei remain uncharac-
terized. In the present study, we have investigated the genetic
diversity, forensic allele frequency and corresponding statis-
tical parameters of 30 InDels in 205 Guizhou Bouyei indi-
viduals. We have also explored the genetic relationships
among the contemporary Tai—Kadai-speaking Bouyei in
the context of worldwide populations based on both the raw
genotype and frequency-based inference. The cumulative
power of discrimination (CPD) and the combined power of
exclusion (CPE) of those 30 markers are 0.99999999997
and 0.9841, respectively. Meng et al. once investigated the
genetic polymorphisms of InDels in Chinese Xibe ethnic
group and got similar forensic efficiency (CPE 0.9867 and
CPD 0.9999999999902) (Meng et al. 2015). Other genetic
analyses based on the obtained genotype data from other eth-
nolinguistically diverse populations, for instance, Yunnan Yi
(Zhang et al. 2015), Tibetan (Guo et al. 2016), Hubei Tujia
(Shen et al. 2016), Gansu Dongxiang (Zhu et al. 2018), Xin-
jiang Kazakh (Kong et al. 2017), Uyghur (Mei et al. 2016)
and Hui (Xie et al. 2018), consistently obtained an expected
discrimination and exclusion powers. Our findings that com-
bined aforementioned investigated results indicated that the
30 InDel forensic identification system can be used in foren-
sic applications. We also observed the power of forensic
ancestry inference and population stratification using this
DIP panel, like the forensic efficiency evaluation of the
precision ancestry panel (He et al. 2018a). Recently, auto-
somal tri-allelic InDels and multi-allelic InDels have also
been evidenced to have great considerable powers in forensic
personal identification, parentage testing and even ancestry
inference (Sun et al. 2016; Zhang et al. 2018; Zhao et al.
2018). Thus, more ancestry or identity informative InDel
panel focusing on strong identification power in regional
populations with continental discrimination should be devel-
oped and validated, especially for China with abundant lin-
guistic, ethnic, cultural and genetic diversity.

Historical literature recorded that Bouyei and Zhuang
were linked together and were referred to as Liliao, Manliao
or Yiliao during the Wei dynasty to Tang Dynasty approxi-
mately 1400 years ago. The Bouyei was divided and called
Zhongjia in the five Dynasties. Since then, the cultural and
genetic differences between Bouyei and Zhuang population
grew bigger due to the considerable changes in geographical
and climatic conditions in the plains of Guizhou, the avail-
ability of resources and economic development, the ways
of agriculture technology, and government local system
reform. Besides, the ancestors of Bouyei and Zhuang may
have admixed with their geographical neighbors in historic
and prehistoric times. Previous genetic studies carried out
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Fig.6 Phylogenetic relationships among 84 worldwide populations reconstructed on the basis of the pairwise Cavalli-Sforza and Reynolds

genetic distances

to date based on the human leukocyte antigen class I poly-
morphisms, biparental and Y-chromosomal highly mutated
STRs examined the genetic diversity of Bouyei ethnic group
and suggested that the Bouyei is genetically closer to the
geographical adjacent Miao and Sui than other groups (Chen
et al. 2007; Chen et al. 2018; Ren et al. 2018). In this study,
we merged two large datasets, respectively, based on raw
genotype data and allele frequency distribution of InDels
from worldwide populations to characterize a fine-grained

pattern of human genetic diversity of Bouyei and genetic
relationships among our reference populations. Our exam-
ined patterns of human population substructure revealed
significant genetic differences between continental popula-
tions and genetic homogeneity within the geographically
or linguistically close populations. Guizhou Bouyei has a
close genetic relationship with other Tai—Kadai-speaking
populations (Zhuang and Dong) and geographic neigh-
bors (Miao, Han and Tujia). The genetic ancestry profile of
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Tibeto-Burman and Turkic speakers in East Asian strongly
correlates with language family classifications. However,
a mosaic correlation exists among Hmong—Mien and
Tai—Kadai populations due to a large number of migrations
and admixture events, or the common origin, as well as alter-
ing the genetic makeup via the language shift and linguistic
assimilation (Huang et al. 2018). These observed co-evo-
lution between language and genetics along some extent of
differences are also observed in the Austronesian, Turkic
and Uralic language families (Yunusbayev et al. 2015; Hud-
jashov et al. 2017; Tambets et al. 2018).

In summary, we obtained the first batch of forensic ref-
erence genotype database, allele frequency and forensic
parameters of 30 autosomal InDel markers in Tai—Kadai-
speaking Guizhou Bouyei population. Our results from the
investigation of forensic characteristics have demonstrated
that this autosomal InDels panel can be used as a power-
ful tool for forensic individual identification and parent-
age testing in the Bouyei population. Subsequently, we
explored the genetic relationship of the different language
groups or geographically continental groups with respect
to a worldwide context, and explored the genetic diversity
of Bouyei ethnic group as well as estimated the gene flow
and population interaction across different linguistic phyla
in China. Guizhou Bouyei people are genetically closest to
the geographically adjacent Guizhou Miao and linguisti-
cally close Guangxi Zhuang and Dong rather than other
reference populations. Genetic ancestry of Tibeto-Burman
and Turkic speakers in east Asia strongly correlates with
the classifications of language families. However, no
strong association is identified between Hmong—Mien
and Tai-Kadai populations, which may be influenced by
the asymmetric semipermeable genetic introgression via
the process of language shift and linguistic assimilation.
Further genetic studies based on the whole-genome high-
density variations of modern Bouyei or ancient human
remains in the Guizhou plain before the Tang dynasty
would be helpful for exploring the origin and reconstruct-
ing the detailed Bouyei population history.
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