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Introduction: The Tujia ethnic group, belonging to the Tibeto-Burman linguistic
family, predominantly resides in the mountainous regions of central and
southern China. Despite their substantial population size and rich historical
background, the maternal genetic characteristics of the Tujia, especially
regarding the complete mitochondrial genome, remain insufficiently studied.

Methods: In this study, we obtained 131 complete mitochondrial sequences from
healthy, unrelated Tujia individuals in Chongqging utilizing MPS technology. To
facilitate population genetic comparisons, we selected 8,861 global modern
individuals and 1,635 ancient individuals as reference datasets.

Results: Our findings revealed that the Chongqing Tujia exhibited significant
representations of maternal haplotypes prevalent in East Asia, particularly in
southern East Asia. Phylogenetic tree and Bayesian analyses indicated that the
Tujia likely experienced several distinct population expansions during their
formation. Moreover, genetic analyses revealed intimate matrilineal
relationships between the Tujia and neighboring populations, such as Han
populations. Additionally, the Tujia also demonstrated maternal genetic
connections to geographically distant populations, such as those from Tibeto-
Burman linguistic family. For ancient reference populations, close maternal
genetic affinities between Tujia and populations from the Yellow River Basin
were revealed, particularly those from the Late Neolithic to Early Bronze Age.

Discussion: The complex maternal genetic architecture of the Chongging Tujia was
elucidated based on complete mitochondrial genomes. Recent population
admixture or ancient genetic imprints may play roles in shaping the genetic
diversity patterns of the Tujia group. This study enhances our understanding of the
maternal genetic background of Chongqging Tuijia, offering valuable insight into the
genetic diversity and broader evolutionary history of Chinese ethnic minorities.
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1 Introduction

Chongqing Municipality, a prominent city in southwest China,
is situated upstream of the Yangtze River and known for its rugged
terrain. Historically, it has been a confluence where multiple
populations have coexisted and interacted with one another. This
region exhibits substantial ethnolinguistic diversity, primarily
encompassing language families such as Sino-Tibetan, Hmong-
Mien and Tai-Kadai (Wang et al, 2022). Notably, the Sino-
Tibetan language family, comprising mainly Chinese and Tibeto-
Burman languages, is the world’s second-largest and has undergone
a complex historical evolution (Sagart et al., 2019; Zhang et al,
2019). The Tujia is an indigenous ethnic group belonging to the
Tibeto-Burman language family, primarily inhabiting the Wuling
Mountains, which span the junction of Hubei, Hunan, and Guizhou
provinces, as well as Chongqing Municipality. This area is
characterized by Karst topography, which is incised by deep river
valleys. According to the 2020 national census, the population size
of Tujia in China is 9,587,732. Recent large-scale human genomic
resources have enabled us to gain a deeper understanding of human
genetic history and the key genetic determinants of various human
traits (GenomeAsia, 2019; Bergstrom et al., 2020; Taliun et al., 2021;
He et al, 2024a, 2025; Wang et al., 2025a, b; Yang et al., 2025).
However, key European biases from a global perspective, and Han
biases on a regional East Asian scale (He et al., 2024a; Wang et al,
2025a), have limited our understanding of the genetic past and
medical characteristics of underrepresented populations in early
human genetic research. As the eighth-largest population in China,
the Tujia have a complex history and unique cultural traditions,
making their origins and migration patterns a focal point of
academic research. However, its genomic resource is relatively
limited in the public genomic source.

Mitochondrial DNA (mtDNA), serving as a maternal genetic
marker, is extensively utilized in studies of human migration and
genetic diversity due to its high conservation and absence of
recombination (Kutanan et al, 2017). However, its population
genetic history and medical relevance for the genetic basis of
disease in NUMT or mtDNA (Luo et al.,, 2025) is often ignored
compared to the extensive research focused on autosomal and Y-
chromosome variations (Wang et al., 2025a, ¢, d). Complete
mtDNA genome sequencing provides detailed genetic
information that aids in elucidating the origins, migration routes,
and genetic relationships among populations (Chen et al., 2020; Li
et al., 2023¢; Chen et al., 2024a). Through the analysis of mtDNA,
researchers can trace the genetic imprints of maternal ancestors and
reconstruct population migration histories (Li et al., 2023c).
Although some studies have shed light on parts of the genetic
background of the Tujia people, most have limited sample sizes or
focus mainly on partial mtDNA fragments or nuclear DNA
analyses, lacking comprehensive research on complete mtDNA
genomes (Li et al., 2007a; Luo et al, 2020; He et al., 2021; Li
et al., 2023a; Chen et al, 2024b). Thus, a more comprehensive
analysis of the genetic background of the Tujia group, based on the
complete mitochondrial genome, remains necessary. This could
offer a more detailed elucidation of maternal origins, reveal
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potential historical events of population migration and admixture,
and clarify their maternal genetic relationships with other modern
or ancient populations.

As mentioned above, Chonggqing is one of the primary historical
settlements of the Tujia group, which may have preserved a
considerable degree of genetic polymorphism and ancestral
genetic imprints (Wang et al, 2022). Furthermore, the Tujia is
the second-largest population in this region, making it an ideal
subject for studying the maternal genetic landscape of the Chinese
Tujia. For this purpose, we recruited 131 healthy, unrelated
Chonggqing Tujia (T]) individuals and sequenced their complete
mitochondrial genomes using the HiSeq X Ten system (Illumina,
San Diego, CA, USA) through mass parallel sequencing (MPS)
technology. A total of 8,861 complete mitochondrial genomes from
127 modern populations and 1,635 mitochondrial haplotypes from
23 ancient populations were selected as reference datasets. While
contemporary genetic studies cannot yet completely decipher the
demographic history of the Tujia group, the present-day maternal
gene pool might still retain ancient imprints from early humans.
Integrating comparative data from both modern and ancient
populations will facilitate a comprehensive understanding of the
maternal genetic architecture and population history of the Tujia, as
well as elucidate their genetic affinities with other populations at a
global scale.

2 Materials and methods

2.1 Sample preparation and ethical
declaration

A total of 131 healthy and unrelated Tujia individuals from
Chonggqing, Southwest China, were recruited for this study. Whole
blood samples were collected from these participants after obtaining
written informed consent. This study was conducted in compliance
with the World Medical Association’s guidelines (Association WM,
2013) and approved by the Ethics Committee of Chongqing
Medical University (approval number: 2023057).

2.2 Sequencing of mitochondrial genome
and data processing

The MultipSeqTm AImumiCap Panel (Enlighten
Biotechnology Company, Shanghai, China) was utilized to
construct the sequencing library. Initially, target DNA fragments
were amplified using multiplex PCR and then purified with
magnetic beads. Next, indexes were appended to the ends of the
target DNA fragments through reamplification, followed by another
round of purification using magnetic beads. The library was then
quantified using the Qubit 2.0 Fluorometer platform (Thermo
Fisher Scientific, CA, USA) and assessed via agarose gel
electrophoresis. Finally, sequencing was performed on the
Ilumina HiSeq X Ten instrument (Illumina, San Diego, CA,
USA). Detailed parameters for library construction and sequence
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data processing from FASTQ to FASTA format can be found in our
previously published research (Chen et al., 2020).

2.3 MtDNA haplotype allocation and
statistical analyses

Haplotypes of the complete mitochondrial genomes were
classified using PhyloTree build 17 (http://www.phylotree.org/
index.htm) via HaploGrep 3 (https://haplogrep.i-med.ac.at/) and
were manually verified against the revised Cambridge Reference
Sequence (rCRS) (Andrews et al., 1999) using Snapgene (https://
www.snapgene.com/). Statistical indices for the TJ group and its
predominant haplogroups were calculated using DnaSP v5 (Librado
and Rozas, 2009), including haplotype diversity (Hd), nucleotide
diversity (Pi), number of segregating sites (S), and average number
of pairwise nucleotide differences (K). The mismatch distributions
for the TJ group were analyzed using Arlequin 3.5 (Excoffier and
Lischer, 2010), which included tests for the sum of squared
deviations (SSD) and Harpending’s raggedness index (HRI).
Neutrality tests for the TJ group were also conducted using
Arlequin 3.5 (Excoffier and Lischer, 2010), encompassing Tajima’s
D and Fu’s Fs tests, based on complete mitochondrial sequences.

2.4 Population dynamic and phylogenetic
tree analyses of TJ group

Before conducting the Bayesian analysis, we pre-evaluated the
nucleotide substitution model for the T] group using ModelFinder
in IQ-Tree (http://www.igtree.org/). A Bayesian skyline plot (BSP)
of the TJ group was constructed using BEAST v1.6.1 (Drummond
and Rambaut, 2007). The BSP parameters included a strict
molecular clock model with a fixed substitution rate of
1.708x10-* per site per year for the coding region and
9.883x10-° per site per year for the control region (Soares et al.,
2009), and the optimal nucleotide substitution model was
determined to be TN+F+G4. The Markov Chain Monte Carlo
(MCMC) analysis was conducted 80,000,000 generations, with
data sampled every 4000 generations. Effective sampling size
(ESS) values, which measure the convergence of MCMC, were all
above 200 for the TJ group. Bayesian results were visualized using
Tracer v1.4, and the population expansion time was estimated based
on previous studies (Gignoux et al., 2011). Finally, the phylogenetic
tree for the TJ group was generated using TreeAnnotator v1.7.5
based on the coding region, with the first 1% of the chain length
discarded as burn-in, and visualized with FigTree v1.4.3.

2.5 Analyses of genetic relationships
between TJ and modern populations
2.5.1 The modern populations for comparison

To thoroughly investigate the genetic structure of the TJ group
from a maternal perspective, we selected a total of 8,861 complete
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mitochondrial sequences from 127 previously published modern
populations, ensuring that each reference population included at
least 15 individuals. Detailed information on these populations,
including abbreviations, sizes, geographic origins, language families,
and cited references, can be found in Supplementary Table 1.
Notably, the Tibeto-Burman populations in this study was
separated from the Sino-Tibetan language family for
genetic analyses.

2.5.2 Genetic relationships detection for TJ and
worldwide modern populations

Principal component analyses (PCA) were conducted using
SPSS v16.0, with haplotype frequencies from the TJ and reference
populations. The genetic distances (F-statistics, Fsr) and Molecular
variance analyses (AMOVA) between TJ and the other modern
populations were determined using Arlequin v3.5 software
(Excoffier and Lischer, 2010). Heatmaps illustrating pairwise Fsr
values between TJ and the reference populations, as well as chord
diagrams depicting haplotype sharing, were generated using the R
statistical package (https://www.r-project.org/). A total of 8,992
mitochondrial sequences, encompassing both TJ] and reference
populations, were classified into different haplogroups. The
groups, including TJ individuals, were used to construct reduced
median networks with Network v5.0 (https://www.fluxus-
engineering.com/) and visualized using Network Publisher (http://
www.fluxus-engineering.com/index.htm). Finally, phylogenetic
trees for shared haplotypes were built using Bayesian MCMC
analyses via BEAST v1.6.1 (Drummond and Rambaut, 2007), as
detailed in section 2.4.

2.6 Analyses of genetic relationships
between TJ and ancient populations

Supplementary Table 2 summarizes information on 1,635
individuals from 23 ancient populations, including details such as
haplogroups, geographic locations, date periods, and coordinates
(longitude and latitude). The analyses based on haplotype
frequencies of TJ and ancient populations, including PCA, Fgr,
heatmaps of pairwise Fsr values, and haplotype-sharing chord
diagrams, were performed in accordance with the methods
described in Section 2.5.2.

3 Results

3.1 Sequencing depth and haplotype
allocation

A total of 131 TJ individuals underwent successful sequencing
using the Illumina HiSeq X Ten System (Illumina, San Diego, CA,
USA). The mean read depth per sample at each site was 1094x with
a standard deviation of 475x. Boxplots illustrating the sequencing
depths for all individuals can be found in Supplementary Figure 1
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TABLE 1 Diversity indexes and neutrality tests for the studied Tujia group and its basic haplogroups based on the complete mitogenome.

Population/

Genetic Diversities

Haplogroup Hd (SD) S (Eta) K

Chonggqing Tujia 131 128 0.9996(0.001) 706(716) 35295 0.0021
B 25 24 0.9970(0.012) 137(139) 20.600 0.0012
B4 19 18 0.9940(0.019) 111(113) 18.386 0.0011
D 20 20 1.0000(0.016) 130(130) 20.484 0.0012
D4 15 15 1.0000(0.024) 89(89) 17.200 0.0010
F 24 24 1.0000(0.012) 135(137) 20.120 0.0012
F1 17 17 1.0000(0.020) 90(91) 14.971 0.0009
A 12 12 1.0000(0.034) 62(62) 15.121 0.0009
M7 11 11 1.0000(0.039) 62(62) 16.182 0.0009
M8 10 9 0.9780(0.054) 66(66) 19.378 0.0011
G 8 8 1.0000(0.063) 63(63) 17.536 0.0010

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.

The average read depth per site across all individuals varied between
approximately 328x and 2554x, ensuring a high level of confidence.

A comprehensive analysis of the mitochondrial genomes from
131 TJ individuals revealed 128 distinct haplotypes. The
haplogroups identified within the TJ group were exclusively
classified under East Asian-specific lineages (Supplementary
Table 3). The M macrohaplogroup was predominantly composed
of the D haplogroup (D4, D5, and D6), which accounted for 15.26%
of the total T] individuals, followed by the M7 haplogroup (M7blal
and M7c) at 8.40%, the M8 haplogroup (M8, C7 and Z3) at 7.63%,
the G haplogroup (G2 and G4) at 6.11%, and other haplotypes
belonging to M macrohaplogroup (M10ala, M9a, M74a, M12a,
M13a, M20, M33, and M76a) at 10.69%. Additionally, a significant
proportion of TJ individuals were categorized into sub-lineages of
the N macrohaplogroup, with 38.93% falling under the R
macrohaplogroup, 9.16% under the A haplogroup (A, Al5, Al7,
and A5), 3.05% under the N9a haplogroup and 0.76% under the
N10a haplogroup. Within the R macrohaplogroup, the B4
haplogroup (B4a, B4c, B4d, B4h and B4k) comprised 14.50%, the
F haplogroup (Fla, F1b, F1d, Fle, F1g, F2a, F2c, F2f and F3a) made
up 18.32%, the B5al haplogroup accounted for 4.58%, and the R9¢
and R22 represented 0.76% each.

3.2 Descriptive statistical indexes

As indicated in Table 1, 128 distinct haplotypes were identified
among 131 TJ individuals, with Hd, S, K, and Pi values of 0.9996,
706, 35.2950, and 0.0021, respectively. Additionally, we conducted a
statistical comparison of the genetic diversities of the major
haplogroups within the TJ group. The most prevalent
haplogroups identified in the TJ group were B (n = 25), F (n =
24), and D (n = 20). Within these lineages, the most significant sub-
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haplogroups were B4 (n = 19), F1 (n = 17), and D4 (n = 15),
respectively. As anticipated, haplogroups B (S = 137), D (S = 130),
and F (S = 135) exhibited the highest number of mutation sites.
Additionally, haplogroup B4 (S=111) also demonstrated high
mutation site polymorphism, comprising sub-haplotypes such as
B4a, B4c, B4d, B4h, and B4k. The K values for haplogroups B, D,
and F were 20.600, 20.484, and 20.120, respectively, ranking them as
the top three. Additionally, these haplogroups exhibited higher Pi
values, each at 0.0012. Most haplogroups demonstrated high
haplotype polymorphisms, as reflected by elevated Hd values. In
contrast, haplogroup M8 displayed a comparatively lower Hd value.
Interestingly, despite its reduced haplotype diversity, M8 exhibited
relatively higher Pi and K values.

The neutrality tests for the TJ group yielded significantly
negative results, with Tajima’s D test returning a value of -2.4169
(P < 0.05) and Fu’s FS test yielding -23.9017 (P < 0.05). To
investigate the population expansion history of the TJ group, a
mismatch distribution analysis was performed. As illustrated
in Supplementary Figure 2, the mismatch distribution exhibited
a unimodal pattern. Furthermore, two model test statistics,
SSD (0.0006, P = 0.58) and HRI (0.0005, P = 0.96), indicated
no significant deviation from the expected population
expansion model.

3.3 Bayesian skyline plot and phylogenetic
tree analyses

To investigate the demographic history of the TJ group, we
conducted the BSP analysis. As presented in Figure la, the
population size of TJ initially increased from 50 to 35 kya
followed by a prolonged period of constant population size.
Furthermore, the BSP of T] revealed two major population
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FIGURE 1
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Bayesian skyline plot (BSP) analyzed by mitochondrial coding region to examine the population history of the TJ group (a). A schematic phylogenetic

tree of the TJ haplogroups based on Bayesian MCMC analyses (b).

expansions after the Last Glacial Maximum (LGM; 26.5-19.0 kya)
(Clark et al., 2009). The first occurred approximately 16-9 kya, with
the highest growth rate at around 11.72 kya, and the second
appeared around 4-0 kya. The BSP analyses based on the control
region were presented in Supplementary Figure 3. To further clarify
which mtDNA lineages are closely related to the TJ] group
expansion event, we conducted a Bayesian MCMC analysis. As
shown in Figure 1b, during the period of 50-35 kya, the expansion
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of lineages was observed on large haplogroups such as F, B, and D.
For the first population expansion after the LGM period, we
observed the expansion of more mtDNA lineages, such as F (Fla,
F1bl, F2 and F3al), B4 (B4d, B4cl, B4h and B4a), B5al, A5, D4,
Mlo0ala, G2a, M7blal and M8 (C7, M8a). During the last
population expansion, the expansion of mtDNA lineages was
observed in haplogroups such as Flal, B4dl, B5alcla, A5blb,
D4b2b, 73, and M7blala3.
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TABLE 2 Analysis of molecular variance (AMOVA) results for different groups across worldwide populations.

Number
of groups

Number
of populations

Groupings

Linguistic families of

128 16
worldwide populations

Geographic distributions of

12
worldwide populations 8

**indicates p< 0.01.

3.4 Genetic relationship analyses between
TJ and modern worldwide populations

3.4.1 Analysis of molecular variance

To investigate the effect of various factors on the genetic
structure formation of TJ] group, we initially performed an
AMOVA. As shown in Table 2, total 128 populations were
divided into 16 and 9 groups according to linguistic and
geographic factors, respectively. Regardless of linguistic or
geographic factors, the majority of genetic variations were found
within populations, with a percentage of over 90%. Smaller
proportions were attributable to genetic differences between
populations within the group, with geographic factors (4.06%)
accounting for larger proportion than language factor (3.66%).
The genetic variation among language groups (0.72%) represented
a greater proportion than the geographical group (0.30%).

3.4.2 Principal component analyses

To visualize the genetic relationships between the T] and
worldwide populations, PCA plots were initially conducted based
on 1987 mitochondrial haplotypes from 8992 individuals belonging
to 128 populations (T] and 127 reference populations). In Figure 2a,
the TJ group appears to be surrounded by populations from the
Sino-Tibetan (green), Tai-Kadai (blue), and Hmong-Mien (orange)

Variances
Among Among populations Within
groups within groups populations
0.72% 3.66* 95.62%
0.30% 4.06* 95.64*

linguistic families. From a geographic perspective, as shown in
Figure 2b, the TJ group was located within a cluster of East Asian
(green) and Southeast Asian (purple) populations. However, due to
the retention of original mitochondrial haplotypes, a large number
of eigenvalues were introduced during the PCA analysis. As a result,
the first three principal components could merely explain 14.20% of
the variance, partially leading to substantial overlap among
populations with no clear grouping. To further clarify the genetic
relationships between worldwide populations and verify the impact
of haplogroup classification on population clustering, we
compressed the 1987 original haplotypes into 408 haplogroups,
which explained 21.32% of the variance. As illustrated in
Supplementary Figures 4a b, the worldwide populations exhibited
relatively clear clustering patterns based on linguistic family and
geographic factors, respectively. The clustering observed between
the TJ group and reference populations roughly mirrored the
pattern seen in Figures 2a, b.

3.4.3 Fixation index (Fs7) analyses

The FST calculations were performed based on 1987
mitochondrial haplotypes from 128 populations to assess genetic
divergence among these populations. The Fgr values between the T
and the reference populations ranged from 0.0003 to 0.2182, with
103 populations exhibiting Fsy values below 0.05 and 27
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Principal component analysis (PCA) plots showing the genetic relationships among populations based on haplotype frequencies of 8,992 complete
mitochondrial sequences from 128 worldwide populations, including Chongqging Tujia (TJ), and 127 reference populations. (a, b) were plotted based
on 1987 haplotypes according to linguistic and continental classification, respectively.
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populations showing Fgr values below 0.01. As illustrated in
Figure 3, the smaller the Fgr values between populations, the
bluer it appears on the heatmap. Populations such as Southern
Han (CHS), Beijing Han (CHB), and Northwest Hui (NWH) from
the Sino-Tibetan linguistic family (in red), along with Dong (DON)
and Bouyei (BOU) from the Tai-Kadai language family (in light
orange), demonstrated smaller FST values, with the T] marked by a
red arrow. Specifically, the CHS population exhibited the smallest
Fgr value of 0.0003 with the TJ group, followed by NWH at 0.0022,
DON at 0.0026, CHB at 0.0029, BOU at 0.0034, Minnan Han (MIN)
at 0.056, and Central Thai in Thailand (CTT) at 0.065, etc. The
aforementioned populations predominantly belong to East Asia or
Southeast Asia. The Fgrvalues were also calculated based on the 408
mtDNA haplogroups of 128 populations. The Fgr values between
the TJ and reference populations ranged from 0.0001 to 0.2232.
Seventy-four populations exhibited Fsr values below 0.05, and ten
populations showed Fgr values below 0.01, including CHS = 0.0001,
CHB =0.0003, NWH = 0.0021, DON = 0.0029, MIN = 0.0033, BOU
= 0.0060, Hakka Han (HAK) = 0.0065, Laos (LAO) = 0.0080, CTT =
0.0094, and Tokyo Japanese (JPT) = 0.0099. As presented in
Supplementary Figure 5, the TJ group apparently displayed
relatively lower Fgr values, with populations from the Sino-
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Tibetan linguistic family in red and those from the Tai-Kadai
linguistic family in light orange.

3.4.4 The haplotype or haplogroup sharing of TJ
and reference populations

To further investigate the underlying factors contributing to the
PCA and Fgy results, we conducted extensive analyses of the shared
haplotypes between the TJ group and various linguistic populations.
Haplotype sharing was depicted using chord diagrams, with the
primary shared haplogroups highlighted in red. As illustrated in
Figure 4, the TJ group exhibited obvious haplotype sharing with
populations of the Sino-Tibetan, Tai-Kadai, Hmong-Mien, and
Tibeto-Burman language families based on 1987 mitochondrial
haplotypes. In Figure 4a, the mtDNA haplotype clusters of the T]J
group and Sino-Tibetan populations were evenly distributed across
various haplotypes, including A, C7a, D4, D5a2al, Flal, Flalc,
F1d, M7blal, and M7blala3. In Figure 4b, the Tai-Kadai
populations primarily shared haplotypes with the T] group at A,
Bb5al, B5alcla, C7a, D4ela3, Flal, Flalal, F3al, M74a, M7blal,
M?7blala3, and M8a2al, etc. Further, as shown in Figure 4c, the TJ
group predominantly shared haplotypes with Hmong-Mien
populations at A, B5alcla, B5alclal, C7a, D4ela3, Flal, Flgl,
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FIGURE 4

The chord diagrams of the haplotype sharing between the TJ group and the Sino-Tibetan (a), Tai-Kadai (b), Hmong-Mien (c), Austroasiatic (d),

Austronesian (e), Tibeto-Burman (f), Altaic (g) and Indo-European (h) populations, respectively. The relatively major sharing haplotypes are indicated
in red.

F2a, F3al, M74a, M7blal, M7blala3, and Z3. As depicted in
Figure 4f, the common haplotypes between the TJ and Tibeto-
Burman populations were mainly concentrated in the A, A15a, A17,
D4b2b, D5a2al, F1d, F1d1, G2al, and M13alb haplotypes. The T7J
group also shared certain haplotypes with the Altaic and

Austroasiatic linguistic families. In detail, the T] group disclosed
haplotype sharing with the KHV population from the Austroasiatic
language family (Figure 4d), and the clustering between them was
primarily concentrated in haplotypes such as M7blal. In Figure 4g,
Altaic populations mainly shared A, F1b1b, and G2 (G2a, G2al, and
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G2a2) with the TJ group. Finally, T] shared relatively few
haplotypes with Austronesian and Indo-European populations, as
shown in Figures 4e, h, respectively.

As presented in Supplementary Figure 6, the chord diagrams
were also conducted based on 408 haplogroups for the T] group and
the aforementioned linguistic populations. More interestingly, as
shown in Supplementary Figure 6e, there was a clear sharing of
haplogroups between the TJ group and the Austronesian language
populations, including haplogroups B4al, B4cl, D5bl, D5b3,
M7blal, and R9¢c, which differed significantly from the results
observed based on 1,987 haplotypes in Figure 4e.

3.4.5 Network analyses

To further investigate the maternal genetic relationships
between the TJ group and worldwide populations, and to explore
potential population evolution dynamics of the T] people through
different haplotypes, we selected 2161 sequences closely associated
with the haplotype distribution of TJ individuals from a total of
8,861 complete mitochondrial sequences. We then categorized these
2292 sequences into difterent haplogroups for Network analyses.

Network analyses could elucidate the origins and dispersal of
haplotypes, providing insights into genetic exchanges between

Frontiers in Ecology and Evolution

populations. We presented several representative Network
lineages here, including haplogroups F and B4. In detail,
Figures 5a, b, ¢ display the Network for the F haplogroup in
lineage, geographic, and linguistic contexts, respectively. TJ
individuals were widely distributed in sub-haplogroups such as
Fla, F1b, F1d, Fle, Flg, F2, and F3, which were predominantly
composed of individuals from East Asia and Southeast Asia.
Interestingly, the Flg sub-haplogroup is primarily composed of
individuals from the Tibeto-Burman language family (green), while
its sub-haplotype F1gl is predominantly occupied by individuals
from the Hmong-Mien language family, as well as TJ individuals.
Figures 5d, e, f Illustrate the Network analyses for the B4
haplogroup under lineage, geographic, and linguistic contexts,
respectively. In Figures 5d, e, the TJ individuals were primarily
grouped together with individuals from East Asia (green) and
Southeast Asia (yellow), which were prevalent across various sub-
branches of the B4 haplogroup, predominantly encompassing
haplotypes like B4a, B4c, B4d, B4h, and B4k. The network
diagrams of other haplogroups were shown in Supplementary
Figure 7. We further observed that TJ individuals shared the same
haplotypes with Tibeto-Burman individuals in the M13al, with
haplotypes being almost exclusively distributed in the Tibeto-
Burman populations. To validate the maternal relationship of TJ
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and Tibeto-Burman populations, we extracted mtDNA sequences
belonging to haplogroups Flg and M13al from all populations to
construct phylogenetic trees using the Bayesian method. As
depicted in Supplementary Figure 8, the clustering patterns
between the TJ and Tibeto-Burman populations in the
phylogenetic trees were similar to those in the networks.
Moreover, we conducted a statistical analysis of the clustering
between the TJ group and reference populations based on the
Network results. From the perspective of geographic distribution,
69.46% of TJ individuals were clustered with East Asian individuals,
accounting for the highest proportion. A total of 43.51% of TJ
individuals clustered with Southeast Asian populations.
Additionally, 22.90% of TJ individuals were found to share
haplotypes with Central Asian populations, predominantly from
the NWH group. Furthermore, 13.74% of TJ individuals grouped
with North Asian populations. Linguistically, 54.20% and 47.32% of
TJ individuals exhibited genetic affinities with those from the Tai-
Kadai and Sino-Tibetan language families, respectively. Haplotype
sharing with the Hmong-Mien language family was observed in
41.98% of TJ individuals. Total 34.35% of TJ individuals clustered
with Tibeto-Burman populations. Furthermore, 24.43% of TJ
individuals were found to be aligned with Austroasiatic
populations. We also conducted a preliminary statistical analysis
of clustering at the population level (greater than 20%). In terms of
East Asian populations, 35.11% of TJ individuals shared clustering
relationships with Han individuals (CHS and CHB) belonging to
Sino-Tibetan in haplogroups A (A, A17, A5b1b), B4d (B4d1, B4d3),
C7a, D (D4g2al, D5a2al, D5a2ala), F (Flalc, F1d, F1dl, Fle3,
F2a), M7blal (M7blal, M7blala3, M7blaldl), M8a (M8a2a,
MS8a2al), N9 (N9a, N9a3), and R9clbl. Further, 29.77% of TJ
individuals shared haplogroups with DON individuals (Tai-Kadai)
in haplogroups A, B4 (B4alcla, B4alc4, B4hl, B4k), C7a, D
(D4ela3, D5a2al), F (Flal, Flalc, Flgl, F2a), M (MIl2alb,
M7blal, M7blala3), and N10a. The SHE individuals (Hmong-
Mien) clustered with 28.24% of T] individuals in haplogroups A (A,
A5), B4 (B4hl1, B4k), C7a, D5 (D5a2al, D5b3), F (Flal, F2a), M7
(M7blal, M7blala3, M7cla), N9a, and Z3. Approximately 24.43%
of TJ individuals shared the same haplogroups with BOU
individuals (Tai-Kadai), specifically haplogroups A, D4 (D4,
D4ela3), F (Fla, Flal, Flalc, F1dl, F2a), and M7b (M7blal,
M7blala3). Yunnan Miao (YNM) individuals (Hmong-Mien)
and 22.90% of TJ individuals clustered together in haplogroups A,
B4 (B4alcla, B4h), D4ela3, F (Fla, Flal, Fla2a, Flgl), M12alb,
M7b (M7blal, M7blala3, M7blaldl), and R9clbl. Finally,
20.61% of TJ individuals shared haplogroups A (A, A17), C7 (C7,
C7a), D (D5a2al, D6al), F (Flalal, F1blc, F1d, F1d1, F1gl), G2al,
and M (M13al, M7blala3) with Nyingtri Tibetan (NCT)
individuals (Tibeto-Burman). Some Southeast Asian populations
also demonstrated notable clustering relationships with TJ
individuals. The Thailand Yuan (YUT, Tai-Kadai), Ho Chi Minh
Kinh (KHYV, Austroasiatic), CTT (Tai-Kadai), Thailand Tu Mien
(TIM, Hmong-Mien), and Thailand Lue (LUT, Tai-Kadai)
populations clustered with 25.95%, 22.14%, 21.37%, and 20.61%
of TJ individuals, respectively. These clusters were primarily found
in haplogroups such as B4alc, C7a, Fla (Fla, Flal, Flalal, Fla2a),
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M7 (M7blal, M7blala3, M7blaldl, M7cla, and M7¢c2), G2 (G2,
G2a, and G2al), and M74a.

3.5 Genetic analyses between TJ and
ancient populations

To further elucidate the maternal genetic background of the T]
group, we incorporated 23 ancient populations into our population
genetic analyses. As illustrated in Figure 6a, the TJ group,
represented in orange in the upper right corner of the PCA plot,
was predominantly clustered with the ancient populations from the
Yellow River Basin indicated in blue, including Shaanxi (SAX),
Shanxi (SXC), Henan (HNC), and Gansu (GSC) population, as well
as ancient Yunnan population (YNC) in orange from the Yangtze
River Basin. In the heatmap shown in Figure 6b, blue corresponds
to smaller Fgr values, while pink indicates larger Fqr values. The TJ
group predominantly clusters with populations from the Yellow
River Basin, as evidenced by the deep blue regions. To further
elucidate the maternal genetic factors contributing to the clustering
of the TJ group with the aforementioned populations, we conducted
maternal haplotype sharing analyses on the TJ group and ancient
populations from the Yangtze and Yellow River Basins, and
visualized the results using chord diagrams. Figure 6¢
demonstrated that the TJ group shares several common
haplotypes with the Qinghai (QHC) and YNC populations from
the Yangtze River Basin, including A, A17, D4, B4, D4b2b, D5a2al,
Flal, Flalc, G2al, and M20. These ancient individuals
predominantly date back to the Middle Bronze Age to the Han
era. Meanwhile, populations from the Yellow River Basin exhibited
shared haplotypes with the TJ group, as shown in Figure 6d,
including A, B4dl, D4, D4b2b, D4g2al, D5a2al, Flal, Flalc,
F2a, G2al, and Z3, which were primarily distributed from the
Late Neolithic to the Early Bronze Age. In order to further verify the
relationship between the TJ group and ancient Tibeto-Burman
populations, we conducted a shared haplotype analysis between
them. As shown in Supplementary Figure 9, the TJ group widely
shared haplotypes such as B4d1, D4b2b, F1d1, and G2al with the
ancient Tibetans.

4 Discussion

4.1 Sequencing depth and haplotype
allocation

The analysis of complete mitochondrial genomes of the TJ
group reveals significant insights into their maternal haplogroup
distribution and underlying genetic implications. Firstly, the TJ
group exhibited a high level of genetic diversity, with 128 distinct
haplotypes identified among 131 individuals, indicating a complex
maternal genetic background. The haplogroups identified from TJ
group were predominantly classified under East Asian-specific
lineages, highlighting the group’s regional genetic characteristics.
The mtDNA haplogroups of the TJ] group were predominantly
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The PCA (a) and Fstheatmap (b) between TJ group and ancient populations based on 1,635 haplotypes. The chord diagrams illustrating haplotype
sharing between the TJ group and ancient populations from the Yangtze River Basin (c) or the Yellow River Basin (d).

aligned with those prevalent in southern East Asia, accounting for
approximately 54.96% (like B, F, M7, M9 and N9a) (Wen et al,
2004; Li et al, 2007b; Kong et al, 2010; Zhou et al., 2014).
Additionally, approximately 38.17% of the haplogroups belonged
to northern East Asian-dominating lineages, such as A, D, G, and
M8 (Wen et al., 2004; Zhou et al, 2014). A similar maternal
haplogroup distribution was observed among the Tujia group in
Guizhou, based on a partial mtDNA fragment (Li et al., 2007a). This
haplotype distribution likely reflected the complex evolutionary
history and maternal genetic structure of the TJ group.

4.2 Descriptive statistical indexes

According to the Hd, S and K values, the TJ group exhibited
exceptionally high genetic diversity. High haplotype diversity often
indicates historical admixture and a large effective population size,
contributing to genetic variability (Nei and Roychoudhury, 1974;
Rosenberg et al., 2002; Gautier and Vitalis, 2013; Miro-Herrans and
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Mulligan, 2013). The most prevalent haplogroups in the TJ group
are B, F, and D, with B4, F1, and D4 being the most significant sub-
haplogroups. The S and K values for these haplogroups suggested
high nucleotide diversity, possibly reflecting accumulated genetic
variation over time. Interestingly, the M8 haplogroup, despite
having a relatively lower Hd value, exhibited high K and Pi
values, indicating significant genetic differentiation within this
haplogroup. This suggested that while M8 might be less diverse
overall, certain lineages within it had accumulated substantial
genetic variation (Ingman et al, 2000), such as C7 haplogroup.
The significantly negative values of Tajima’s D and Fu’s FS
indicated recent population expansion or selective sweeps,
implying rapid population growth or significant selection
pressures in the TJ group (Tajima, 1989). The unimodal pattern
observed in the mismatch distribution analysis of the Tujia was
characteristic of a population that has undergone recent expansion.
The SSD and HRI values indicated no significant deviation from the
expected population expansion model, reinforcing the hypothesis of
recent demographic growth (Rogers and Harpending, 1992).
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4.3 Bayesian skyline plot and phylogenetic
tree analyses

The BSP analysis of the TJ group provides valuable insights into
its demographic history. Phylogenetic tree analysis revealed
mtDNA lineages associated with the T] group expansion event,
providing detailed insights into human population dynamics.
Initially, the TJ group’s population size increased during ~50 to
~35 kya. Large haplogroups, such as F, B, and D, experienced
expansions, likely driven by favorable climatic and environmental
conditions that enabled human populations to thrive and disperse.
These findings align with the hypothesis that anatomically modern
humans migrated to East Asia around 60-50 kya (Mellars, 2006;
Lopez et al,, 2015). Following the initial increase, the T] group
experienced a prolonged period of relative stability in population
size, spanning ~35 to 20 kya. This stability likely reflected a period
of environmental and ecological equilibrium during the Late
Pleistocene, as populations adapted to local environments and
resources without significant changes in size (Sanchez Goi,
2022). Furthermore, the period of initial expansion (~16 to ~9
kya) following the LGM was marked by notable diversification of
mtDNA lineages, including subgroups such as Fla, B4d, and D4,
among others. This expansion might correspond to the Holocene
climatic amelioration, which provided more hospitable conditions
for human populations, leading to expansions in many parts of the
world (Richerson et al, 2001). The peak growth rate occurred
around 11 to 12 kya, suggesting a significant population increase,
likely due to improved environmental conditions and the
development of new technologies and subsistence strategies, such
as those seen in the subsequent Neolithic period (Bellwood and
Oxenham, 2008). Finally, the last expansion period, ~4 kya,
exhibited sporadic expansion of mtDNA lineages, suggesting
localized events possibly driven by complex social or
environmental factors within the TJ group. Historically, the
policies implemented by the regime also had a profound impact
on the development and expansion of the TJ group (Jiang and Luan,
2014; Zhu, 2023). Moreover, the dispersal of rice farming from the
Yangtze River Basins played a critical role in shaping the genetic
landscape of southern East Asian populations, including the TJ
group (Fuller, 2012; D’Alpoim Guedes and Butler, 2014; He et al,,
2024b; Wang et al., 2024).

4.4 Genetic relationship analyses between
TJ and worldwide modern populations

We initially performed AMOVA to analyze genetic variation
within and among populations. The PCA and Fgr were
subsequently conducted to assess the genetic relationships
between TJ group and worldwide populations. The shared
haplotype analyses were further performed to investigate the
genetic factors underlying population clustering. The
abovementioned analyses were conducted on 1,987 haplotypes
and 408 compressed haplogroups to assess the impact of two
genetic levels on the population clustering patterns. Finally, we
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performed networks and phylogenetic tree analyses at the
individual level to gain a comprehensive understanding of the
maternal genetic relationships between the TJ] group and
worldwide populations.

The AMOVA on the TJ group and worldwide populations
highlighted the intricate relationships between genetic structure and
factors such as geography and linguistics. Interestingly, the genetic
variation among language groups was higher than among
geographic groups, indicating that language might play a
significant role in influencing genetic diversity. It has been
reported that language can serve as a proxy for cultural identity,
influencing mating patterns and social interactions, which in turn
shape genetic structures (Cavalli-Sforza, 1997; Greenhill, 2021).

Whether based on 1,987 mitochondrial haplotypes or 408
compressed haplogroups, both PCA and Fgr results highlighted
the clustering between the TJ group and Sino-Tibetan populations,
suggesting shared genetic ancestry or historical gene flow among
these populations. The low differentiation is particularly notable in
populations such as CHS and CHB (Wright, 1984), indicating
extensive historical gene flow or a shared evolutionary history.
Although the total number of individuals in the Sino-Tibetan
populations was relatively small, the polymorphism of shared
haplotypes distribution was higher and evenly dispersed,
indicating relatively similar maternal haplotype distribution
patterns between the TJ group and the Sino-Tibetan populations.
The clustering results based on the Networks revealed that the T7J
group and Han populations had closer maternal genetic
relationships, which was basically consistent with the results of
PCA and Fgr. The intimate genetic relationships between the TJ
group and Han populations were supported by several studies using
different types of genetic markers. For instance, He et al. identified
significant genetic admixture between Tujia and central Han
Chinese populations based on 600K SNPs, with both groups
sharing ancestry from northern and southern East Asian
populations (He et al., 2021). Zhang et al. reinforced these
findings based on 23 STR loci, revealing high genetic similarity
between the Tujia and Han populations in Hunan and Hubei, which
could be attributed to shared ancestry or genetic communication in
adjacent areas (Zhang et al., 2021). Luo et al. (2020) and Lan et al.
(2023) also emphasized genetic homogeneity between Tujia and
Han populations through genetic analyses of 19 X-STRs and 57
autosomal InDel loci. The intimate paternal relationship between
the Tujia and Han populations was demonstrated by Y-STR
analyses (Yang et al., 2014; Liu et al,, 2019). Correspondingly, the
PCA and Fgr analyses revealed obvious clustering between the TJ
and Tai-Kadai populations based on 1,987 haplotypes and 408
haplogroups, implying the occurrence of historical genetic exchange
between these populations. Particularly, some Tai-Kadai
populations exhibited low genetic differentiation with the TJ
group (Wright, 1984), including DON, BOU, CTT, and LAO.
According to the haplotypes sharing results, several particular
haplogroups tended to dominate, such as Flal, M7blal and
M7blala3 between the T] and Tai-Kadai populations (Feng et al.,
2022). The network results also indicated that a significant number
of TJ individuals were clustered with those from the Tai-Kadai
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language family, particularly DON and BOU from China, and YUT,
CTT, and LUT from Southeast Asia. This clustering pattern
basically aligned with the results obtained from PCA and Fgr.
Relatively intimate genetic relationships between Tujia and some
Tai-Kadai populations (Chinese Gelao and Dong group) have been
reported based on various genetic markers, including partial
mtDNA regions (Li et al., 2007a), X-STRs (Luo et al., 2020), and
autosomal STRs (Li et al., 2023a). Previous studies also suggested
that the genetic structure of the Tujia people might include
southern ancestral components from the Tai-Kadai language
family (He et al., 2021). Interestingly, the ancestors of these Tai-
Kadai populations can be traced back to the ancient Bai-Yue tribe
(Diller et al., 2008). A previous study also indicated that the Tujia
group in Guizhou may have absorbed the genes of the ancient Bai-
Yue tribes during their early migration and settlement (Li et al,
2007a). Additionally, the TJ group also demonstrated relatively
close clustering relationships with Hmong-Mien populations in
PCA. Particularly, certain Hmong-Mien populations exhibited
low genetic divergence with the TJ group, such as YNM, SHE,
and TIM, while others showed moderate genetic differentiation,
such as VPA and THM (Wright, 1984). The TJ group shared
numerous haplotypes with the Hmong-Mien populations, some
of which were specific to the Hmong-Mien population, such as the
haplotypes B5alcla, B5alclal, and D4ela3 (Chen et al,, 2024a),
indicating a certain historical gene flow between the T] and
Hmong-Mien populations. Genetic evidences from autosomal
STRs (Sun et al.,, 2016; Li et al., 2023a), X-STRs (Luo et al., 2020;
Yang et al., 2022), and Y-STRs (Yang et al., 2014; Feng et al., 2020)
indicated relatively close genetic relationships between Tujia and
Hmong-Mien populations, predominantly Chinese Miao group.
Historically, during the late Qing Dynasty, the emperor abolished
the Tusi system and initiated the policy of “Gaituguiliu (change-
local-restore-mainstream),” which led to an influx of Han and Miao
people into the Tujia regions (Tian, 2000; Zhu, 2002). The reform of
“ Gaituguiliu “ brought more drastic and irreversible changes to the
Tujia region, which entailed not only political reform but also
cultural and linguistic shifts, further diluting the Tujia matrilineal
gene pool (Tian, 2000). Currently, the Miao and Tujia groups are
primarily geographically adjacent to each other in China, which
may have facilitated genetic exchange between them to some extent.

However, genetic analyses based on 1,987 haplotypes and 408
compressed haplogroups also presented inconsistencies, such as
those observed between the TJ group and the Austronesian
populations. For example, compared with 1,987 haplotypes, the
PCA based on 408 compressed haplogroups showed a closer
clustering between the TJ] group and Austronesian populations.
Interestingly, we also found that the TJ group and Austronesian
populations shared significantly more haplogroups (Supplementary
Figure 6e). Yet, the number of shared haplotypes was notably
limited (Figure 4e). Historical records indicated that the ancestors
of the Tai-Kadai and Austronesian language family could be traced
back to Bai-Yue tribe (Li, 2004). The TJ group might have absorbed
genetic contributions from the ancient Bai-Yue during its early
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migration and settlement (Li et al., 2007a). Thus, we hypothesized
that early maternal gene flow might occur between the TJ group and
the Austronesian populations, followed by subsequent population
development, which contributed to the emergence of
distinct haplotypes.

Although the TJ group belongs to the Tibeto-Burman language
family (Grimes and Grimes, 2000), we did not observe obvious
population clustering between the T] group and Tibeto-Burman
populations in the PCA and Fgr analyses, indicating that the
maternal genetic structures between them might be relatively
distant. However, haplotype sharing analyses revealed that the TJ
group still shared a substantial number of haplotypes with Tibeto-
Burman populations, such as F1d1 and M13alb, which were further
confirmed in the network analyses. Specifically, it was reported that
Haplogroup M13a is a specific maternal lineage of Tibetans, and its
sub-lineage M13al may have de novo origins within Tibetans (Zhao
et al, 2009; Li et al, 2023b). The phylogenetic tree further
confirmed the clustering pattern of the TJ and the Tibeto-Burman
individuals within the M13a haplogroup in Supplementary Figure 8.
Therefore, we speculated that the T] group might still retain
maternal imprints or have a certain amount of gene flow from
Tibeto-Burman populations. Previous studies utilizing various
genetic markers corroborated this hypothesis. For instance, Tan
et al. examined genome-wide SNP loci and identified that some
ancestors of the Tujia people may have had a close genetic affiliation
with contemporary Tibetans (Tan et al., 2022).

Overall, the genetic analysis of the TJ] group reveals intricate
relationships with diverse worldwide populations. It was worth
mentioning that the Fgr values between the TJ] group and the
intercontinental reference populations were generally low, probably
indicating that the genetic diversity within the T] group was high.
Relatively high genetic diversity within populations might reduce
genetic differentiation from reference populations, likely reflecting a
complex population history with multiple migration events and
population interactions (Patterson et al., 2006). The close
geographical proximity might lead to maternal genetic exchanges.
The shared maternal haplotypes between the TT and individuals of
the surrounding populations, such as Han and Hmong-Mien,
suggested that modern population mixing might influence the
maternal genetic diversity of TJ group to some extent. Previous
research indicated that the Tujia had extensive contact and
horizontal migration with surrounding Chinese, Hmong-Mien,
and Tai-Kadai languages (He et al.,, 2021). Genetic imprints may
also play a crucial role in shaping the matrilineal genetic landscape
of the studied TJ group, similar to that of the T] group and Tibeto-
Burman populations (Tan et al., 2022).

4.5 Genetic analyses between TJ and
ancient populations

An intriguing aspect of this study is the clustering of the T]
group from the Yangtze River Basin with ancient populations
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from the Yellow River Basin. These ancient populations, dating
from the Neolithic to the Early Bronze Age, overlap with the
Yangshao and Miaozigou cultures of the Yellow River Basin.
Archaeological evidence supports the “Northern origin
hypothesis” of the Sino-Tibetan language family, linking its
expansion to the Yangshao and Miaozigou cultures in northern
China (Zhang et al., 2019; Wang et al., 2021; He et al., 2023; Li
et al, 2024; Sun et al,, 2024a, b). The Tibeto-Burman language
family, a major branch of the Sino-Tibetan language family, traces
its origins to these Neolithic farmers from the Yellow River Basin,
who are considered the ancestors of modern Tibeto-Burman
speakers (Sun et al., 2024b). This evidence may partially explain
why the TJ group clustered with ancient populations from the
Yellow River Basin in this study. Furthermore, the TJ group
occupies a unique position within the Tibeto-Burman family. In
our population genetic analyses of PCA and Fgr, the TJ group did
not cluster with other Tibeto-Burman groups, potentially due to
significant differences in geographical environment and cultural
background, which likely contributed to distinct maternal genetic
structures. Nevertheless, Individual-based analyses revealed that
the TJ group retains numerous common haplotypes with both
modern and ancient Tibeto-Burman populations, including
D4b2b, F1d1, and G2al, etc.

5 Conclusion

In this study, the intricate maternal genetic structure of the
Tujia people was unveiled by sequencing the complete
mitochondrial genome of individuals from Chongqing
Municipality. The findings disclosed a notable presence of
maternal haplotypes prevalent in both southern and northern
East Asia, particularly in southern East Asia, indicating a diverse
genetic background for the Tujia group. BSP analysis revealed
significant population expansion events across different historical
periods, and phylogenetic tree evaluations pinpointed specific
mtDNA lineages linked to these phases of population expansion.
Population analyses suggested that recent population admixture
or ancient common genetic origins might play significant roles
in shaping the observed genetic diversity patterns of studied TJ
group, like Sino-Tibetan and Hmong-Mien linguistic families.
Particularly, Tujia exhibited significant overlap in haplogroups
with the Tai-Kadai and Austronesian populations, possibly
supporting the hypothesis that the Tujia might have absorbed
maternal genes from the ancient Bai-Yue tribe. Further, a
potential contribution of Tibetan ancestors to the maternal
heritage of the studied TJ might occur. The Yangshao or
Miaozigou cultures of the Yellow River Basin might have
contributed to the development of matrilineal structure of the TJ
group, or possibly influenced its formation. Moreover, given the
intricate maternal genetic architecture of the Tujia, it is necessary to
procure additional samples from diverse regions across China,
which is crucial for obtaining a more thorough comprehension of
their maternal genetic composition and elucidating the nuances of
their population history dynamics.
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