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As a single matrilineal gene, human mitochondrial DNA plays a very important

role in the study of population genetics. The whole mitogenome sequences

of 287 individuals of the Tai-Kadai-speaking population in Guizhou were

obtained. It was discovered that there were 82, 104, and 94 haplotypes in 83

Bouyei individuals, 107 Dong individuals, and 97 Sui individuals, respectively;

and the haplotype diversity in Bouyei, Dong, and Sui groups was 1.000 ± 0.02,

0.9993± 0.0015, and 0.999± 0.002, respectively. The result of neutrality tests

of the Tai-Kadai-speaking population in Guizhou showed significant negative

values, and the analysis of mismatch distribution showed an obvious unimodal

distribution. The results implied that Guizhou Tai-Kadai-speaking populations

had high genetic diversities and may have experienced recent population

expansion. In addition, the primary haplogroups of studied populations were

M∗, F, B, D, and R∗, implying that they may origin from Southern China.

The matrilineal genetic structure of the Tai-Kadai-speaking populations in

Guizhou was analyzed by merging the mitogenome data of 79 worldwide

populations as reference data. The results showed that there were close

relationships between studied populations and other Tai-Kadai as well as some

Austronesian populations in East and Southeast Asia. Overall, the mitogenome

data generated in this study will provide important data for the study of genetic

structure of Tai-Kadai speaking populations.
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Introduction

Mitochondrial DNA (mtDNA) is the only DNA that exists outside the nucleus.
The mtDNA has lower molecular weight and higher mutation rate than nuclear DNA
(Chatterjee et al., 2006). Human mtDNA is widely used in medical genetics (Wallace,
2012; Murphy, 2018), demography (Rakha et al., 2017; Simão et al., 2018), forensic
medicine (Zander et al., 2018; Mengge et al., 2020), anthropology (Torroni et al., 2006;
Derenko et al., 2007), and molecular evolution (Galtier et al., 2009; Ho et al., 2011).
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It exists in hundreds to thousands of copies in each cell and
is transmitted as a non-recombinant unit through matrilineal
inheritance (Bandelt et al., 2012). The sequence variation of
mitogenome is the result of accumulation along the mutation
sequence of matrilineal inheritance. Therefore, based on the
time range of these mutations, human mtDNA contains the
molecular record of matrilineal family history (Derenko et al.,
2007; Behar et al., 2008). In this way, the pedigree analysis
of mtDNA may be valuable to reconstruct the female-specific
migration trajectory and infer the geographical origin, as well as
the phylogenetic relationships among different populations.

The analysis of mtDNA is traditionally carried out by
Sanger-type sequencing (STS), which is costly and labor-
intensive for the sequencing of the whole mitogenome
(Gallimore et al., 2018; Ma et al., 2018; van Dijk et al.,
2018). Although the control region (CR) sequencing of mtDNA
can provide relevant information, complete mitogenome
sequencing can significantly enhance the molecular resolution,
detect variations among individuals or populations, and
identify more detailed haplogroups (Heinz et al., 2017;
Duong et al., 2018). Advances in next-generation sequencing
(NGS) technology make it more feasible to sequence the
whole mitogenome, which can reliably detect differences
among individuals, as well as mtDNA mutations within a
single individual, and reasonably infer the female-specific
demographic history (Ko et al., 2014; Ma et al., 2018; Strobl
et al., 2019; Wood et al., 2019). Compared with STS, the
NGS substantially improves the sequence output, which is
more time-saving and cost-effective (Kumar et al., 2019). The
EMPOP database1 (Parson and Dür, 2007), which mainly
aims to collect, quality control and present mitochondrial
haplotypes (mitotype) from different populations around
the world, has shared 48,572 quality-controlled mitotypes,
covering 4,289 complete mitogenomes (Release 13). Above, the
whole mitogenome data of the Guizhou Tai-Kadai-speaking
populations could be detected by the NGS.

Northern China is considered to be the primitive center of
the modern Sino-Tibetans, while Southern China is a place of
origin of multi-ethnic groups, including the modern Hmong-
Mien-, Tai- Kadai-, Austroasiatic-, and Austronesian-speaking
populations. With a high degree of linguistic, cultural, and
ethnic diversity, southern China has become an important
area to study the historical evolution of these populations
(Ning et al., 2020; Wang et al., 2021). Guizhou Province is
located in southwest China, with the frontier character of
other southwestern plateau lands: rough topography. In the
past, there were many ethnic minorities in Guizhou Province,
and the inconvenience of transportation has alternatively
maintained the province’s ethnic diversity.2 The most important

1 https://empop.online

2 https://www.britannica.com/place/Guizhou

18 permanent ethnic minorities in this province include Miao,
Bouyei, Sui, Dong, and so on. Among them, the populations
in our study, Bouyei, Sui, and Dong ethnic groups of the Tai-
Kadai language family, all belong to the officially recognized
56 ethnic groups in China. According to historical records,
the ancestors of the Tai-Kadai-speaking people are the ancient
Baiyue tribes, that is, the aboriginal people residing in southern
China. Compelled by war and famine during the Qin Dynasty
(about the second century BC), the Chinese Han people
continued to expand southward for a long-time. At the same
time, a large number of Baiyue people immigrated to the
southwest, forming the Tai-Kadai-speaking population. At
present, genetic studies have revealed that, from the perspective
of Y chromosome, the patrilineal consanguinity of the Tai-
Kadai-speaking population was principally derived from the
haplogroup O1a-M119 (Sun et al., 2021).

In the past, the genetic studies on the Tai-Kadai population
were predominantly based on autosomal, X, Y STRs, and Indels,
mainly to assess the effectiveness of forensic identification of
STR and Indel markers (Yang et al., 2013; Ji et al., 2017;
Chen et al., 2018; Guo et al., 2019; He et al., 2019). Up to
now, the published literature has almost only carried out a
small amount of analysis on the CR (Le et al., 2019; Feng
et al., 2021). The inefficiency of mtDNA markers (HVR/CR)
and unrepresentative sampling might hinder the analysis of
the genetic structure of the Guizhou Tai-Kadai population.
Accordingly, we collected 83 samples of Bouyei, 97 samples
of Sui, and 107 samples of Dong in Guizhou, a total of 287
samples, and sequenced the entire mitogenome. Furthermore,
the mtDNA sequence data or haplogroup information of
other populations with different geographical distribution and
language were incorporated into our data, to analyze the
mtDNA diversity and genetic structure of the Tai-Kadai-
speaking population in Guizhou from the perspective of
mitochondrial matrilineal inheritance.

Materials and methods

Sample collection and DNA extraction

According to the principle of informed consent, blood
samples were collected from 287 unrelated paternity test cases
of the Tai-Kadai-speaking populations in Guizhou, including
83 samples of Bouyei, 97 samples of Sui, and 107 samples
of Dong. These individuals were all unrelated aborigines
of the Tai-Kadai language family in Guizhou within three
generations. After we explained the purpose and procedure
of the study, all participants gave their informed consent
in writing. When collecting samples, the individual’s ethnic
group is based on the “Ethnicity” on the ID card, which
requires that the relatives within the third-level relationship
of the person to be collected are of the same ethnicity. The

Frontiers in Ecology and Evolution 02 frontiersin.org

https://doi.org/10.3389/fevo.2022.1000493
https://empop.online
https://www.britannica.com/place/Guizhou
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/


fevo-10-1000493 August 24, 2022 Time: 7:10 # 3

Feng et al. 10.3389/fevo.2022.1000493

geographical location of the above three population samples
can be seen in Supplementary Figure 1. Ethical permission
was issued by the Ethics Committee of Guizhou Medical
University (2021 Ethics Approval Document No. 65), and in
accordance with the recommendations of the revised World
Medical Association (2013). The human genome DNA was
extracted applying QIAamp DNA Mini Kit (Qiagen) and
quantified using the Quantifiler Human DNA Quantification
Kit (Thermo Fisher Science) on the Application Biosystem 7500
Real-time PCR system (Thermo Fisher Science) according to the
manufacturer’s guidelines.

Mitochondrial DNA amplification,
template preparation, and sequencing

The library was based on the MultipSeqTm AImumiCap
Panel kit provided by Enlighten Biotechnology Company
(Shanghai, China), the steps are as follows. First, the target
DNA region were obtained by multiplex polymerase chain
reaction amplification, including 5 µl RealCapChrMT Mix,
10 µl 3 × EnzymeHF, 1 µl template DNA (5 ng/µl), and
14 µl Nulease-Free H2O in a 30 µl system. The amplification
was carried out under the conditions of 98◦C for 3 min, 13
cycles of 98◦C for 20 s, 58◦C for 4 min, 7 cycles of 98◦C for
20 s, 72◦C for 1 min, and one full extension cycle of 72◦C
2 min, holding at 10◦C. The amplified products were further
purified by the method of magnetic beads. Then, the indexes
were appended to the purified products by re-amplification,
and the target DNA region were enriched. The index-adding
reaction was carried out in a 30 µl system, comprising 18 µl
purified PCR products, 10 µl 3 × EnzymeHF, 1 µl I5MRBar,
and 1 µl I7MRBar. The corresponding PCR procedure was
98◦C 2 min, then 6 cycles with 98◦C for 15 s, 58◦C for
15 s, and 72◦C for 15 s, lastly 72◦C for 2 min, and stop
reaction in 10◦C. The reamplified product was purified with the
magnetic beads method again. Finally, the constructed library
was quantified by utilizing the Qubit 2.0 Fluorometer platform
(Thermo Fisher Scientific, San Jose, CA, United States) and
the Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific, CA,
United States). The quality of the library was detected by agarose
gel electrophoresis. After quantification, the paired-end mode
sequencing of the library was accomplished on the Illumina
HiSeq X10 sequencing platform.

Sequencing data processing

The original image data obtained by high-throughput
sequencing were automatically analyzed by base recognition,
and converted into the original sequences in FASTQ format.
In order to ensure the accuracy of the subsequent analysis,

the Cutadapt software3 was used to remove redundant primers
and indexes from the initial FASTQ files, and the Trimmonmal
software4 was applied to filter low-quality reads. We mapped
the final cleaned data to the revised Cambridge Reference
Sequence (rCRS) (Andrews et al., 1999) using the Burrows-
Wheeler Aligner to generate the binary alignment/map (BWA5)
(Li and Durbin, 2010) file. To avoid false positives caused
by contamination of nuclear mitochondrial DNA (NUMTs),
the sequences were also compared with the human reference
genome hg38. The reads successfully mapped to hg38 were
extracted by the Bedtools software,6 and realigned with
rCRS + 64 bp by Bowtie2 software7 to generate new BAM
files. The variant sites in the BAM file were then identified by
the SAMtools v1.88 and VarScan v2.4.0,9 and stored as variant
call format (VCF) files. Lastly, BCFtools v1.910 was utilized to
generate the consistent sequence FASTA files.

Haplogroup assignment

Through the updated query engine (SAM2) built into
EMPOP v4 (Huber et al., 2018) based on PhyloTree Build
17,11 the whole mitogenomes and extracted CR information
of Guizhou Tai-Kadai-speaking populations were assigned to
specific sub-haplogroups. The haplogroups of all mtDNA
sequences were checked again manually by Snapgene,12 and
compared with the rCRS (Andrews et al., 1999). In order to
more comprehensively explore the matrilineal genetic structure
of the Tai-Kadai-speaking populations in Guizhou, we screened
79 reference populations worldwide, each with more than 25
individuals. Details of the populations and cited references are
listed in Supplementary Table 1.

Statistical analyses

The haplogroup frequencies were calculated by the direct
counting method, which was used in all data analysis
in this study based on the whole mitogenomes. DnaSP
6 software (Rozas et al., 2017) was used to analyze the
haplotype diversity (Hd), nucleotide diversity (pi), number of
segregating sites (S), and average number of pairwise nucleotide

3 http://cutadapt.readthedocs.org/

4 http://www.usadellab.org/cms/index.php?page=trimmomatic

5 http://bio-bwa.sourceforge.net/

6 https://bedtools.readthedocs.io/en/latest/

7 http://bowtie-bio.sourceforge.net/bowtie2/

8 http://samtools.sourceforge.net/

9 http://varscan.sourceforge.net/

10 https://samtools.github.io/bcftools/

11 http://www.phylotree.org/

12 https://www.snapgene.com/

Frontiers in Ecology and Evolution 03 frontiersin.org

https://doi.org/10.3389/fevo.2022.1000493
http://cutadapt.readthedocs.org/
http://www.usadellab.org/cms/index.php?page=trimmomatic
http://bio-bwa.sourceforge.net/
https://bedtools.readthedocs.io/en/latest/
http://bowtie-bio.sourceforge.net/bowtie2/
http://samtools.sourceforge.net/
http://varscan.sourceforge.net/
https://samtools.github.io/bcftools/
http://www.phylotree.org/
https://www.snapgene.com/
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/


fevo-10-1000493 August 24, 2022 Time: 7:10 # 4

Feng et al. 10.3389/fevo.2022.1000493

differences (k), Tajima’s D and Fu’s Fs neutrality tests. Then,
we used Arlequin v3.5.2.2 software (Excoffier and Lischer,
2010) to evaluate the mismatch distributions of model test
statistics (the sum of squared deviations, SSD; Harpending’s
raggedness index, HRI), and the analysis of molecular variance
(AMOVA). The AMOVA was carried out according to different
geographic distributions and linguistic families. According to
the haplogroup frequencies, the genetic distances (F-statistics,
Fst) between Guizhou Tai-Kadai-speaking populations and
reference populations were calculated by Arlequin v3.5.2.2
software (Excoffier and Lischer, 2010), and the Fst matrix
data was imported into the R statistical package13 to plot
heatmaps. To obtain a more comprehensive understanding
of population relationships among different groupsets, the
principal component analyses (PCAs) based on the haplogroup
frequencies was carried out by using MVSP 3.22 software
(Kovach, 1999). And the “ggplot2” package in R software
was used to visualize the PCA results. In order to check the
clustering of mitogenomes through haplogroup, the results of
haplogroup division of the whole mitogenomes were uploaded
to the EMPOP in the form of “∗.emp,” median-joining (MJ)
networks of the most common haplogroups in Guizhou Tai-
Kadai-speaking population were established and visualized via
the PopART version 1.7 (Bandelt et al., 1999; Leigh and Bryant,
2015). The Neighbor-Joining (NJ) tree was constructed based on
the Fst data using MEGA 7 software (Kumar et al., 2016).

Results

Quality control

In this study, 83 Bouyei individuals, 107 Dong individuals,
and 97 Sui individuals were successfully sequenced, a total
of 287 samples. The sequencing depth of all individuals were
more than 100×, and about ranged from 100× to 21,366×.
The average read depth of each individual belonging to the
Bouyei was 1,819× ± 1,307× (mean ± SD), each Dong
individual was 3,568× ± 3,442× (mean ± SD), and each Sui
individual was 1,752× ± 1,228× (mean ± SD). To assess the
sequencing performance, the read depth of a single site of each
sample was normalized, and then it was drawn as a boxplot
(Figure 1). The Q20 and Q30 values of 287 sequencing samples
were displayed in the Supplementary Table 2. The sequencing
performance of the whole mitogenomes was able to meet the
requirements of our study. All mitogenomes generated in this
study were confirmed by two researchers, and evaluated by
EMPOP using logistic, plausibility and phylogenetic checks
(Huber et al., 2018). When the read depth was ≥30×,
the quality score was ≥20, and the heteroplasmy detection

13 https://www.r-project.org/

FIGURE 1

Read depth for the complete mitogenome of 287 Tai-Kadai
individuals in Guizhou. The horizontal axis is different individuals,
and the vertical axis represents the reading depth was
normalized.

threshold was set to 10% (Just et al., 2015), all variants are
directly identified, as recommended by the updated guidelines
for mtDNA. Subsequently, variants with read depth between
30× and 10×, or those designated as “Heterozygous” were
validated using the Integrative Genomics Viewer (IGV) to
exclude strand bias and/or low coverage (Just et al., 2015). The
variants and haplogroup information of 287 Guizhou Tai-Kadai-
speaking population individuals after EMPcheck14 re-check
were presented in Supplementary Tables 3a–c.

14 https://empop.online/empcheck
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Mitochondrial DNA genetic diversity

In order to research the characteristics of genetic and
variation of Tai-Kadai-speaking populations in Guizhou, the
related genetic diversity indexes were calculated (Table 1).
Among the three populations of the Guizhou Tai-Kadai
language family in our study, 82 different haplotypes were
identified in Bouyei, of which 81 were unique; 104 haplotypes
were identified in Dong, of which 102 were unique; 94
haplotypes were identified in Sui, of which 92 were unique. In
addition, one haplotype was shared among three individuals,
and four haplotypes were shared between two individuals.
As shown in Table 1, in terms of genetic indexes, the
haplotype diversity of Bouyei was 1.000 ± 0.002, the number
of segregating sites (S) and the total number of mutations
(eta) were 517 and 521, respectively, the average number of
pairwise nucleotide differences (k) was 36, and the nucleotide
diversity (Pi) was 0.00217 ± 0.00005. The haplotype diversity,
the number of segregating sites, the total number of mutations,
the average number of pairwise nucleotide differences and
the nucleotide diversity of Dong were 0.9993 ± 0.0015, 620,
626, 35.68, and 0.00216 ± 0.00005, respectively. In addition,
the haplotype diversity, the number of segregating sites, the
total number of mutations, the average number of pairwise
nucleotide differences and the nucleotide diversity of Sui
were 0.999 ± 0.002, 440, 445, 32.87, and 0.00199 ± 0.00006,
respectively. To some extent, these genetic indexes could
provide a wealth of information.

It could be seen from Table 1 that the neutrality tests
of the three Tai-Kadai-speaking populations in Guizhou all
presented significantly negative values, including Tajima’s D
(Bouyei, −2.26257, p < 0.05; Dong, −2.36764, p < 0.05;
Sui, −2.10649, p < 0.05), Fu’s Fs test (Bouyei, −54.128,
p < 0.05; Dong, −32.887, p < 0.05; Sui, −67.719, p < 0.05).
Moreover, the mismatch distributions were used to infer
the population expansion history of three Tai-Kadai-speaking
populations in Guizhou. The result of mismatch distribution
(Figure 2) was a unimodal pattern. At the same time, the
model test statistics, SSD and HRI, were used to evaluate
whether the mismatch distribution was markedly different
from the expected extended model. The results demonstrated
that the SSD (Bouyei, 0.00118731, p = 0.60000000; Dong,

0.00186547, p = 0.700000000; Sui, 0.0015374, p = 0.55000000)
and HRI (Bouyei, 0.00068175, p = 1.0000000; Dong, 0.00051529,
p = 1.0000000; Sui, 0.00040312, p = 1.00000000) of the Guizhou
Tai-Kadai-speaking populations did not significantly deviate
from the expected model of population expansion.

The population expansion time of
Guizhou Tai-Kadai-speaking
populations

To further verify whether the population expansion
occurred in the Guizhou Tai-Kadai-speaking populations, a
Bayesian skyline plot (BSP) was drawn to clarify the population
expansion time. Figure 3 shows the effective population size of
the Guizhou Tai-Kadai-speaking populations over the preceding
90 kya. The results demonstrated that the effective population
size of the Bouyei was comparatively stable between 90 and
60.5 kya, and experienced a significant population expansion
between 50 and 60.5 kya, which leads to a sharp increase in
population size. After this period, the effective population size
remained comparatively stable, except for a small population
expansion between 10.8 and 20.7 kya. Similar to the Bouyei,
the effective population size of the Dong was comparatively
stable between 90 and 60 kya, while it experienced significant
population expansion and a dramatic increase in population size
between 40.5 and 60 kya. Since then, the effective population
size of the Dong has been approximately stable, with only
a small population expansion occurring between 10.5 and
20.5 kya. Similarly, the BSP results showed that the effective
population size of the Sui has experienced two significant
population expansions, one occurring between 40.2 and 60 kya,
and the other between 10 and 15 kya, both of which lead to
the increase of population size. Between 90 and 60 kya and
15 and 40 kya, the number of Sui population has been in a
somewhat stable state.

Observed heteroplasmies

Among the 287 samples of Guizhou Tai-Kadai language
family in this study, 20 samples showed point heteroplasmy

TABLE 1 Diversity indexes and neutrality tests for the studied Tai-Kadai-speaking populations based on the whole mitogenomes.

Population n h Hd (SD) Genetic diversities Neutrality tests Mismatch distributions

S (eta) k Pi (SD) Tajima’s D Fu’s Fs SSD (p) HRI (p)

Bouyei 83 82 1.000 (0.002) 517 (521) 36 0.00217 (0.00005) −2.26257 −54.128 0.00118731 (0.60000000) 0.00068175 (1.00000000)

Dong 107 104 0.9993 (0.0015) 620 (626) 35.677 0.00216 (0.00005) −2.36764 −32.887 0.00186547 (0.70000000) 0.00051529 (1.00000000)

Sui 97 94 0.999 (0.002) 440 (445) 32.872 0.00199 (0.00006) −2.10649 −67.719 0.00153744 (0.55000000) 0.00040312 (1.00000000)

n, number of sequences; h, number of haplotypes; Hd, haplotype diversity (standard deviation); S, number of segregating sites (total number of mutations); k, average number of pairwise
nucleotide differences; Pi, nucleotide diversity; SSD, sum of squared deviations; HRI, Harpending’s raggedness index.
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FIGURE 2

Mismatch distribution of three Tai-Kadai-speaking populations in Guizhou. The orange solid line represents the simulated model, and the blue
bar graph represents the observed model of the Tai-Kadai-speaking populations in Guizhou.

(PHP) at 21 different positions, except one was located in the
CR, the rest were located in the coding region (Table 2). All
PHPs appeared only once. The 16519Y distributed in the CR,
the 3206Y and 15043R distributed in the coding region could

be found in the EMPOP database v4/Release 13. In addition, all
the other PHPs located in the coding region of our study could
not be retrieved in the EMPOP database v4/Release13 (Search
made June 2022).
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FIGURE 3

Bayesian skyline plot (BSP) of changes of effective population
size through time for Guizhou Tai-Kadai-speaking populations.
The dark blue line represents the median population, the blue
line demarcates the boundaries of the 95% highest posterior
density. (A) BSP of the Guizhou Bouyei; (B) BSP of the Guizhou
Dong; and (C) BSP of the Guizhou Sui.

Haplogroup assignment through
mitogenome vs. control region
information

A total of 116 sub-haplogroups were classified according to
the PhyloTree build 17-based15 HaploGrep 216 from the whole
mitogenomes information of 287 samples of Tai-Kadai-speaking

15 http://www.phylotree.org/index.htm

16 https://haplogrep.i-med.ac.at

populations in Guizhou. Among them, 53 sub-haplogroups
were seen in 83 Bouyei samples, 64 sub-haplogroups in 107
Dong samples, and 46 sub-haplogroups in 97 Sui samples. The
detailed haplogroup classification results of each individual were
shown in Supplementary Tables 3a–c.

Among the 287 individuals of Guizhou Tai-Kadai-speaking
populations, the haplogroup M∗ (25.78%) was the most frequent
haplogroup, of which M7 (16.03%) accounted for the largest
proportion, followed by haplogroup F (20.91%), B (20.21%),
R∗ (12.20%), and D (11.85%), the proportion of the above
haplogroups accounted for 90.95% of our study populations.
Nevertheless, haplogroups N∗ (4.18%), A (1.74%), C (1.74%),
Z (0.70%), K (0.35%), and L (0.35%) only accounted for a
minimal proportion.

The total frequency of sub-branches (F and B) of
macrohaplogroup R (53.66%) was higher in the studied
population (41.12%). Among the 60 samples belonging to F
haplogroup, 6 samples were assigned to F1c1a1, 6 samples were
assigned to F3a1∗2, 5 samples were assigned to F1a1a, 5 samples
were assigned to F1a1d, and 4 samples were assigned to F1a.
There are no more than three samples in other sub-haplogroups.
Additionally, there were eight individuals in the Guizhou Tai-
Kadai speaking populations belonging to haplogroup N9a.
There were 115 macrohaplogroup M mitogenomes of the
Guizhou Tai-Kadai (40.07%). Notably, the sub-haplogroup
M7 represented the majority of the lineage branches of the
macrohaplogroup M (16.03%). Of the 57 samples belonging to
haplogroup M7, 13 samples were classified as M7b1a1a3, and
12 samples were classified as M7b1a1 + (16192), and other
subclades only possessed no more than 5 individuals.

As far as the three populations were concerned, among
the 83 individuals in the Bouyei, the haplogroup M∗ and
F have the same proportion, accounting for 26.5% of the
population, and haplogroup B and D accounted for 16.86
and 13.25%, respectively. The haplogroup B (24.3%) and
M∗ (21.5%) accounted for the highest proportion in 107
samples of Dong, followed by haplogroup F (16.82%) and D
(13.08%). Among the 97 Sui individuals, M∗ (25.77%) was the
haplogroup with the highest proportion, while haplogroups
F (20.62%) and B (18.56%) likewise accounted for a higher
proportion. According to the haplogroup division of the
population of the Tai-Kadai language family in Guizhou, a
sunburst plot was generated (Figure 4), in order to more
intuitively exhibit the distribution of the haplogroup of these
three populations. Combined with the plot, we could see
that except for one Sui sample, all haplogroups belong to
macrohaplogroups M, N, and R, in which macrohaplogroup R
accounted for the largest proportion. On the other hand, the
graphical phylogenetic tree for the Bouyei, Dong, and Sui of the
Guizhou Tai-Kadai-speaking populations were reconstructed,
which reflected in detail the evolution of specific branches
in the process of defining sub-haplogroups (Supplementary
Figures 2–4).
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According to the HaploGrep 2 (see text footnote 16) based
on PhyloTree Build 17 (see text footnote 15), we likewise divided
117 haplogroups from the CR information of 287 samples of
the Tai-Kadai-speaking populations in Guizhou. Among them,
62.37% of the haplogroup results were different from the whole
mitogenomes information (Bouyei, 60.24%; Dong, 60.75%; and
Sui, 65.98%; Supplementary Tables 3a–c). By comparing the
results of haplogroup division between the whole mitogenomes
and only CR region information, it was discovered that the B35
belonging to B4b1a2g was classified into haplogroup U4a2a,
the D96 belonging to B4b1a2g was classified into haplogroup
U5b1d1a, and two samples belonging to B5b1c (S59 and S62)
were classified into haplogroup R9. And, very consistently, S32
belonging to haplogroup F1a, B56 belonging to haplogroup
F1b1+@152, B29 belonging to haplogroup F1d1, S67 belonging
to haplogroup F1g, D8 belonging to haplogroup F1g1, S79
belonging to haplogroup F2c1, D11 belonging to haplogroup
F2g, and two samples (B43 and D30) belonging to haplogroup
F2h were classified into haplogroup R9. Oddly, some samples
were classified into the downstream sub-haplogroup according
to the CR, for example, the D55 belonging to B5a1c∗ was
reclassified into B5a1c1a1; three samples belonging to B5a1c∗

(B51, B55, and D89) were reclassified into B5a1c1a1∗. Generally
speaking, in the absence of variation site information in the
coding region, most of the samples were classified as the
upstream branch of the original haplogroup.

Network analysis

In the reconstructed phylogenetic tree (Supplementary
Figures 2–4), haplogroups B4′5, D4, F1, and M7b made
the greatest contribution to the matrilineal gene pool of the
Guizhou Tai-Kadai-speaking populations, signifying that these
haplogroups might be useful to trace the origin of the Tai-Kadai-
speaking populations in Guizhou. Hence, the Network of B4′5,
D4, F1, and M7b were analyzed. The supplementary material
Supplementary Figure 5 illustrated that almost all the Tai-
Kadai-speaking populations in Guizhou have formed exclusive
branches, and there was no situation of sharing mitotypes on
the same node with other populations of the same language
family in East Asia.

Genetic affiliation between Guizhou
Tai-Kadai-speaking populations and
reference populations

Analysis of molecular variance
At present, it has been shown in the literature that AMOVA

can perform the hierarchical division of genetic variation by
estimating the evolutionary distance between haplotypes in the
study of population genetics, thus representing the correlation

TABLE 2 Point heteroplasmies detected in 287 Guizhou Tai-Kadai-speaking individuals.

Individual Haplogroup Heteroplasmy Coverage Major
allele

Frequency
(%)

Minor
allele

Frequency
(%)

Gene
annotation

Observations
in the EMPOP

B100 M7b1a1d1 6125R 182 G 81.30 A 18.70 COX1 0

D27 N9a10+ 16311 4976R 4,735 A 78.50 G 21.50 ND2 0

D35 R 10289R 7,552 G 69.00 A 31.00 ND3 0

D43 D4b2b 15261R 2,539 G 79.30 A 20.70 CYTB 0

D81 M7c1b 7783K 3,216 T 69.10 G 30.90 COX2 0

D98 B4c1b2c2 8986R 3,747 A 75.70 G 24.30 ATP6 0

D995 D4g2a1 10042R 8,603 A 85.70 G 14.30 tRNA-Gly 0

S100 B5a1c* 16519Y 2,706 T 80.50 C 19.30 D-loop 27

S25 F1f 15519Y 211 C 52.10 T 47.90 CYTB 0

S40 R 12338Y 65 C 55.40 T 44.60 ND5 0

S54 R 6392Y 104 C 76.90 T 23.10 COX1 0

S66 F1c1a1 15346R 2,983 A 59.10 G 40.90 CYTB 0

S69 M74a 5054R 195 A 84.10 G 14.90 ND2 0

S72 D4a7 3206Y 103 T 83.50 C 16.50 l-rRNA 1

S73 R 6392Y 124 C 71.80 T 28.20 COX1 0

S78 R 14783Y 69 C 72.50 T 27.50 CYTB 0

S82 R 10256Y 137 T 60.60 C 39.40 ND3 0

S82 R 15001Y 354 C 59.30 T 40.70 CYTB 0

S83 M7b1a1+ (16192) 15043R 423 A 87.00 G 13.00 CYTB 1

S89 N9a10+ 16311 12358R 109 G 85.30 A 14.70 ND5 0

S91 C7a 10400Y 83 T 81.90 C 18.10 ND3 0
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FIGURE 4

Distribution of mitochondrial haplogroups in 287 individuals of Tai-Kadai in Guizhou. The macrohaplogroups M, N, and R displayed in the
innermost circle are represented by different colors. The circle in the middle represents the distribution and proportion of each haplogroup
belonging to macrohaplogroups M, N, and R. The outermost circle shows the distribution and proportion of sub-haplogroups in more detail.

of haplotype diversities at different levels of subdivision.
Accordingly, in order to determine the existing factors that
might be significant for the formation of mtDNA diversity,
the AMOVA was carried out. According to the linguistic
dialect and geographical distribution area, three Guizhou Tai-
Kadai speaking populations and 79 reference populations were
divided into different groups for AMOVA (Table 3). The
observed values of variance components in all groups were
statistically significant. The results of AMOVA showed that
whether grouped according to linguistic family or geographical
distribution, the proportion of within populations variation is
higher than that of among populations within groups variation.
When grouping according to the linguistic families of worldwide

populations, within populations variation accounted for 89.32%,
among populations within groups variation accounted for
4.31%, and among groups variation accounted for 6.37%. In
the grouping of the geographic distributions of worldwide
populations, the variation within populations was 88.60%,
among populations within groups was 5.61%, and among
groups was 5.79%. At the same time, we have narrowed
down the scope for grouping. When grouped according
to the linguistic families of China, the within populations
variation was 92.25%, the among populations within groups
variation was 3.90%, and the among groups variation was
3.85%. In addition, when grouped according to the geographic
distributions of Chinese populations, the proportion of within
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populations variation was 92.36%, among populations within
groups variation was 4.02%, and among groups variation was
3.62%. From the results of Table 3, it could be seen that in the
world, under the condition of grouping according to geographic
distribution, the value of variation is lower than that of grouping
according to linguistic family, while in China, the proportion of
variation grouped by linguistic family is lower than that grouped
by geographic distribution.

Pairwise fixation index (Fst) values reveal
population genetic distance

In order to reveal the genetic relationship patterns among
the Guizhou Tai-Kadai-speaking populations and the reference
worldwide populations. According to the suggestion of Biffi
et al. (2010), the sub-haplogroup was compressed to the
haplogroup of the upstream branch. Then, the published whole
mitogenomes data were merged, and the paired Fst values
of the whole mitogenomes among the Bouyei, Dong, and
Sui in Guizhou and 68 reference populations were calculated
(Supplementary Table 4). With the help of the “pheatmap”
package of R software, the Fst values among three Tai-Kadai
language family groups in Guizhou and reference populations
were visualized, in order to demonstrate the paired Fst values
more clearly (Figure 5).

First of all, on the whole, the populations of the Tai-
Kadai language family in Guizhou in this study have close
relationships with the populations in South China, and Tai-
Kadai-speaking populations in East and Southeast Asia. At the
same time, three studied populations also showed relatively
intimate relationships with some Austronesian populations.
Evidently, the genetic distance among the Bouyei, Dong, and
Sui populations in Guizhou was the closest. In addition,
specifically, the genetic distance between the Bouyei and
the CT which is statistically significant (Tai-Kadai-speaking
population from the central Thai region of Southeast Asia,
Fst = 0.00627) was the smallest, followed by the YU2 (the
Yuan population in Thailand, Fst = 0.01229). The genetic
differences between the Bouyei and MSL (the Mende in Sierra
Leone, Fst = 0.17003), GWD (the Mandinka people from the
western division of the Gambia, Fst = 0.16347) were the largest.
The genetic distance between the Dong and CHB (Beijing
Han Chinese from the 1000 Genomes Project, Fst = 0.01139)
with statistical significance was the smallest, followed by the
YU2 (Fst = 0.01215). The genetic distance between the Dong
population and MSL (Fst = 0.16466), GWD (Fst = 0.15839)
was the largest. The genetic relationship between the Sui and
TKLU (the Lue of Thailand in Southeast Asia, Fst = 0.01308)
was the closest, followed by CT (Fst = 0.01663). There was also a
maximal genetic distance between the Sui population and MSL
(Fst = 0.17162), GWD (Fst = 0.16516). The results of merging
the Bouyei, Dong and Sui indicated that the genetic relationship
between the Guizhou Tai-Kadai-speaking populations and the
Tai-Kadai language family of Thais in Southeast Asia was

close, and the genetic difference between the Guizhou Tai-
Kadai-speaking populations and the African population was
very significant.

Principal component analysis based on
haplogroup frequency

In order to clarify the genetic relatedness between the
population of Tai-Kadai language family in Guizhou and
the worldwide populations, the PCA based on haplogroup
frequency was also executed.

Based on the PCA of the compressed haplogroup frequency,
the first three principal components could explain 47.913%
of the variation, of which PC1, PC2, and PC3 explained
22.675, 15.51, and 9.728% of the variation, respectively. The
visualization results of PCA based on geographical classification
indicated that there were two distinct genetic clusters, the
African cluster and the American cluster (Figure 6). Although
the European and South Asian populations were clustered on
their own, the two clusters overlapped. People in East Asia and
Southeast Asia partially overlapped. In addition, the Chinese
Tibetan populations in East Asia were clustered independently.
It was possible to distinguish most of the population through
PC1 and PC2, but it had little effect on the European and South
Asian populations. On the other hand, through PC3, although
the European and South Asian populations were still in the same
cluster, they could be basically separated. In addition, PC3 had
little contribution to other geographical populations.

In the PCA analysis based on the linguistic families, it is
obvious that the clusters were Tibeto-Burman cluster and Indo-
European cluster (Figure 7). According to the PCA plot, it
could be shown that PC1 and PC2 can distinguish language
families, but PC3 have little effect on the differentiation of
language families.

Combined with the PCA grouped according to the
geographic distributions and linguistic families, in the PC1
and PC2, the points portraying the Sui overlapped with
TKH (the Khuen of Thailand in Southeast Asia), and was
comparatively closer to MAK (Makatao, a population of
Austronesian in Taiwan, China) and KM (the Khon Mueang
of northern Thailand in Southeast Asia); the point representing
the Bouyei was comparatively close to CDX (Xishuangbanna
Dai Chinese from the 1000 Genomes Project) and KM; the
points representing the Dong were surrounded by YU2, HAK
(Hakka Han population in Taiwan, China), MIN (Minnan
Han population in Taiwan, China), and NY (the Nyaw in
northeastern Thailand in Southeast Asia).

Phylogenetic analysis

To clarify the phylogenetic relationship between the Tai-
Kadai-speaking populations in Guizhou and other worldwide
reference populations, a Fst value-based phylogenetic tree
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TABLE 3 Analysis of molecular variance (AMOVA) results based on different groups for worldwide populations.

Groupings Number of
populations

Number
of groups

Percentage of variation P-value

Among groups Among
populations
within groups

Within
populations

Linguistic families of
worldwide populations

82 13 6.37 4.31 89.32 0.00000± 0.00000

Geographic distributions
of worldwide
populations

82 6 5.79 5.61 88.6 0.00000± 0.00000

Linguistic families of
China

26 5 3.85 3.9 92.25 0.00000± 0.00000

Geographic distributions
of Chinese populations

26 5 3.62 4.02 92.36 0.00000± 0.00000

FIGURE 5

Heatmap for genetic distance between three Guizhou Tai-Kadai-speaking populations and worldwide 68 populations. Visualizing the FST values
with different colors. Color yellow represents the high FST values, red represents the low FST values. Highlight the Sui, Bouyei, and Dong in red,
followed by a blue five-pointed star.

was generated (Figure 8). According to the geographical
distribution, 71 populations, including three Guizhou Tai-
Kadai-speaking populations, were divided into six groups: East
Asia cluster, Southeast Asia cluster, African cluster, American

cluster, European cluster, and South Asian cluster. Likewise,
according to different linguistic families, different colors were
used to mark the names of each population in the phylogenetic
tree plot. Through the plot of the phylogenetic tree, it was
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FIGURE 6

The principal component analysis (PCA) plot for Tai-Kadai-speaking populations in Guizhou and 79 worldwide populations according
geographic distributions. These three Guizhou Tai-Kadai-speaking populations belong to East Asian cluster, indicated in green. And point out
the Sui, Bouyei, and Dong with arrows.

FIGURE 7

The principal component analysis (PCA) plot for Tai-Kadai-speaking populations in Guizhou and 79 worldwide populations according linguistic
families. These three Guizhou Tai-Kadai-speaking populations belong to Tai-Kadai cluster, which is represented by green diamond. And point
out the Sui, Bouyei, and Dong with arrows.
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FIGURE 8

The phylogenetic NJ tree of three Guizhou Tai-Kadai-speaking populations and 68 reference populations. The tree colored according to its
geographical origin. Highlight Bouyei, Sui, and Dong with blue pentagram.

observed that the three Tai-Kadai-speaking populations in
Guizhou are gathered in the same branch with the Tai-
Kadai-speaking populations and some Austronesian family
populations in East and Southeast Asia. Among them, the Sui
was nearer to HNHL (Hlai population in Hainan, China).

Discussion

In the past, most of the studies on the population
mitogenome were based on the mitochondrial hypervariable

region, although the mutation rate of the hypervariable region
in the CR was higher, but the fragment was shorter. With
the continuous development of the NGS technology and the
reduction of the cost of sample detection, it is viable to detect
the complete mitogenome on a large scale and be widely used in
population genetics, forensic medicine, anthropology and other
fields. In addition, through a series of analyses, we believed that
mtDNA can be used as a matrilineal genetic marker to explore
population heredity and evolution. In our study, we studied the
Guizhou Tai-Kadai-speaking populations from the perspective
of matrilineal inheritance according to the whole mitogenomes
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information, in order to provide genetic information about the
mitogenome for the diversity of the human genome.

According to the results of genetic diversity analysis of the
Bouyei, Dong, and Sui in Guizhou, the high haplotype diversity
was found in three Tai-Kadai-speaking populations. At the
same time, the number of segregation sites, the total number
of mutations, the average number of pairwise nucleotide
differences and the nucleotide diversity based on the whole
mitogenome data, all exhibited high genetic polymorphism.

The purpose of using the commonly used neutrality tests
is to identify sequences that do not conform to the neutral
theoretical model in the balance between the mutation and
genetic drift. According to the results of neutrality tests,
including Tajima’s D (Tajima, 1989) and Fu’s Fs test (Fu,
1997), a large negative value was found in the Guizhou Tai-
Kadai-speaking population, showing a significant neutrality test
deviation. The above results can be explained that evolutionary
forces such as population expansion have led to a very high
frequency of rare or private variants in the matrilineal gene
pool of the Guizhou Tai-Kadai-speaking population. Mismatch
distribution analysis is also a powerful tool to analyze the
historical dynamics of the population. This analysis can be used
to compare any two sequences of one or more populations to get
the distribution of pairing differences between each sequence.
It is a visualization method for the historical dynamics of the
population. The distribution curve of the Bouyei, Dong, and Sui
in Guizhou also supported the statistical demographic history of
mutation expansion with the unimodal mismatch distribution
and non-significant model fit statistics. This indicated that
the hypothesis of population expansion could not be rejected
and suggested that the three Tai-Kadai-speaking populations
in Guizhou have experienced expansion or continued growth
in the past. At the same time, the results of BSP likewise
confirmed that the three Tai-Kadai-speaking populations in
Guizhou had experienced significant population expansion.
The results of the above analysis all come to a consistent
conclusion, which further firmly supports the conjecture of
population expansion.

The results of heteroplasmies indicated that the PHPs
detected in the CR occurred in the main hotspots locations in
the mitogenome. In addition, as reported by Just et al. (2015),
most of the PHPs are rare and randomly distributed in the
whole mitogenome.

The results showed that there are more abundant
haplogroups in the population of the Tai-Kadai language family
in Guizhou. Below, we briefly discuss the characteristics and
distribution of these haplogroups. As shown in Figure 4, the M7
sub-haplogroup (16.03%) accounted for the highest proportion
of the Tai-Kadai-speaking population in Guizhou. As a typical
branch of haplogroup M∗, M7 sub-haplogroup belonged to
the distinctive haplogroup of East Asian population and had
the typical characteristics of southern distribution in East Asia
(Kivisild et al., 2002). It has been reported that haplogroup

M7 exhibits a relatively high frequency among mainlanders
in Southeast Asia (Kutanan et al., 2017, 2018; Duong et al.,
2018), populations in South China (Lippold et al., 2014; Auton
et al., 2015), as well as Taiwanese populations (Ko et al., 2014;
Brandão et al., 2016). The haplogroup F of the Guizhou Tai-
Kadai-speaking population (20.91%) was the second matrilineal
lineage in this population following haplogroup M∗, and it was
predominantly composed of sub-haplogroup F1 (13.24%). The
haplogroup F was very widely distributed geographically in Asia
(Auton et al., 2015; Kutanan et al., 2018; Li et al., 2019), and
their sub-haplogroups showed different patterns of distribution.
F1 sub-haplogroup is widespread in Southeast Asia, as well as
South and Southwest China. Furthermore, haplogroup N9a
and its sub-haplogroups occurred comparatively frequently
in populations of Tai-Kadai language family from Thai and
Lao (Kutanan et al., 2017), whereas these sub-haplogroups
were absent in Dai Chinese of Tai-Kadai (Auton et al., 2015).
The haplogroup B (20.21%) was principally composed of B5
sub-haplogroup (13.24%). As described in previous studies,
sub-haplogroup B5 maintains a relatively high frequency in
Southeast Asia (Li et al., 2019), and is also widely distributed in
mainland Southeast Asia (Duong et al., 2018). The proportion
of haplogroup R∗ was 12.20%. B, M7, F, and R are the most
typical southern haplogroups, and the frequency of these
haplogroups decreases in the more northern populations
(Li et al., 2007). Accordingly, these four haplogroups are
essential for studying the matrilineal relationships of the
Tai-Kadai-speaking populations in Guizhou. The network
analysis of haplogroups M7, B4′5, D4 and F1 indicated that the
genetic admixture between the Guizhou Tai-Kadai-speaking
population and other populations is restricted. At the same
time, a majority of closely related haplotypes come from
different Tai-Kadai-speaking populations, which furthermore
certified that there was a close genetic relationship between
studied populations in Guizhou and the same language family
populations in East Asia.

The AMOVA analysis could analyze and decompose the
genetic variation level of the population, and could effectively
measure the differentiation of sub-populations according to the
estimation of genetic evolution distance between haplotypes
or genotypes. When the population was grouped according
to different influencing factors, the degree of population
differentiation under different factors was measured by
AMOVA, and the effects of the influencing factors on population
genetic diversity could be assessed to a certain extent (Amaral
et al., 2015; Li et al., 2019).

According to the results of AMOVA, after 82 worldwide
populations were grouped according to linguistic families
and geographic distributions, the proportion of variation
within populations in geographic group was lower than
that in linguistic group. To a certain extent, when groups
were divided based on geographic factors, better population
clustering could be gained compared with classification
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according to linguistic. In addition, the proportion of variation
among populations within groups divided according to
geographic factors was higher than that divided according to
linguistic families, which also indicated that compared with
grouping according to linguistic families, populations based
on geographic distribution factors could get a more obvious
distinction among populations within groups, while higher
variation among populations within groups could better justify
the substructure of the populations.

On the other hand, after grouping 26 populations in
China, the proportion of within populations variation grouped
according to linguistic factors was somewhat lower than that
grouped according to geographic factors. This also showed that
when Chinese populations were divided based on linguistic
factors, better population clustering could be accomplished in
each linguistic group than in the geographical group.

Generally speaking, the division of mitogenome data of
different global populations according to geographic factors
could provide a better perspective for the analysis of the
substructure of population genetic differentiation.

The statistical parameter Fst proposed by Wright (1950)
provided an important insight into the evolutionary process
that affects the structure of genetic variation within and
among populations. It is one of the most widely utilized
descriptive statistics in population and evolutionary genetics.
Fst is directly related to the allele frequency difference among
populations and the degree of similarity among individuals
within each population (Holsinger and Weir, 2009). A smaller
Fst value means that the allele frequencies of each population
are similar. If the value of Fst is higher, it means that
the allele frequency is different, which signifies a larger
genetic distance. The results of Fst indicated that the genetic
distance among the three research populations of the Tai-
Kadai-speaking population in Guizhou (Bouyei, Dong, and
Sui) was the closest. Among all the reference populations,
the research population exhibited close genetic relationships
with the Tai-Kadai-speaking populations in Southeast Asia,
such as CT, YU2, and TKLU, and there were significant
genetic differences between the study population and the
African populations.

Based on the Fst value, the phylogenetic tree we constructed
showed the similar result. The Tai-Kadai-speaking population
in Guizhou was gathered in the same branch as the Tai-
Kadai and some Austronesian-speaking populations in East
and Southeast Asia. Combined with the PCA plot, at the
level of world population, classified according to geographic
distributions and linguistic families, the Tai-Kadai-speaking
population in Guizhou also showed close genetic relationships
with the Tai-Kadai-speaking populations in East and Southeast
Asia and the Austronesian-speaking populations in Taiwan.
Due to the geographic and linguistic factors, it was possible
to have close genetic relationships between the Tai-Kadai-
speaking populations in Guizhou and the populations with

the same linguistic families in East and Southeast Asia.
On the other hand, there were close genetic relationships
between the Guizhou Tai-Kadai-speaking population and
the Austronesian-speaking populations in Taiwan. From a
linguistic point of view, this result supported the conclusion
that there was an ancestral relationship between the Tai-
Kadai and the Austronesian language family (Kutanan et al.,
2018). In addition, from the perspective of tracing back to
the origin, the ancestors of Taiwan, that is, the people of
Liangdao, belonged to the “Baiyue” tribe. The Liangdao people
and the ancestors of the Tai-Kadai-speaking population in
Guizhou belonged to the same giant tribe. Therefore, the
existence of a close genetic relationship may be due to
the above reasons.

Conclusion

In this study, we produced the latest mitogenome data of 287
individuals of the Tai-Kadai-speaking population in Guizhou
from 83 Bouyei individuals, 107 Dong individuals, and 97 Sui
individuals. We discovered that the population of the Tai-Kadai
language family in Guizhou has a high genetic polymorphism
and the possibility of recent population expansion. PCA,
phylogenetic tree analysis and Fst analysis all indicated that
there were close genetic relationships between the Guizhou Tai-
Kadai-speaking populations and the Tai-Kadai as well as some
Austronesian populations in East and Southeast Asia. AMOVA
analysis revealed that geographical and linguistic factors play
a key role in gene flow. All in all, the mitogenome data
generated in this study will enrich the existing mtDNA database,
and provide more in-depth research results for the genetic
structure of Guizhou Tai-Kadai-speaking population from the
perspective of matrilineal inheritance. At the same time, this
study actively promotes research on the population genetic
structure and population historical dynamics of the Tai-Kadai-
speaking population in Guizhou in the fields of population
genetics and anthropology.
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