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Abstract

Aim: This study aimed to elucidate the population genetic structure of seven ethnic groups in Guizhou Province,
China - namely the Bouyei, Dong, Gelao, Miao, Han, Tujia, and Yi - by employing microhaplotypes as highly
informative genetic markers.

Methods: Thirty-three microhaplotype loci were genotyped using multiplex PCR amplification combined with next-
generation sequencing. Based on the genotype data, a phylogenetic tree was constructed, and multidimensional
scaling, principal component analysis, and population structure analysis were performed to comprehensively
assess genetic diversity, population differentiation, and interpopulation relationships.

Results: The analyses revealed a high degree of genetic affinity and frequent gene flow among the Guizhou
populations. However, the Miao group exhibited relatively greater genetic differentiation compared with the other
groups (pairwise Fst values ranging from 0.0023 to 0.0054), although the extent of this differentiation was
modest.

Conclusion: This study provides new insights into the complex population genetic architecture of ethnic minorities
in Guizhou and further contributes to the regional microhaplotype genetic database.
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INTRODUCTION

Guizhou Province, located in southwest China, has a history shaped by the interplay of military settlement
and economic migration", making it one of the most ethnically diverse regions in East Asia. Among its 18
indigenous ethnic groups, the Bouyei, Dong, Gelao, Miao, Han, Tujia, and Yi are the most prominent.
Guizhou is characterized by a distinctive karst landscape and a three-dimensional ecological defense system
formed by interlocking mountains and gorges. This unique geography has, to some extent, restricted free
population movement and gene flow, thereby fostering a setting where cultural coexistence and genetic
diversity among multiple ethnic groups have persisted”. Conventional genetic markers, including short
tandem repeats (STRs), single nucleotide polymorphisms (SNPs), and mitochondrial DNA (mtDNA), have
provided valuable insights into the genetic relationships among ethnic groups in Southwest China. For
example, Tan et al. investigated the population structure of the two largest Miao groups in Guizhou using
SNPs!*; Zhang et al. analyzed Y-chromosomal haplogroup distribution patterns among Kra-Dai language-
speaking populations, including the Bouyei, Dong, and Gelao; Sun et al. examined four populations from
the Zunyi region using autosomal STRs'; Liu ef al. revealed the complex maternal genetic structure of the
Gelao through complete mitochondrial genome sequencing”; and He et al. characterized the maternal
genetic composition of twelve ethnic minorities in Guizhou via mtDNA analysis"®. While STRs, SNPs, and
mtDNA remain the cornerstone of forensic genetics, they have limitations when analyzing highly complex
mixtures, severely degraded samples, or fine-scale population structures. The advent of high-throughput
sequencing has facilitated the development of microhaplotypes as a new class of powerful genetic markers.
Microhaplotypes are defined as haplotypic combinations of two or more tightly linked SNPs within a 200-
300 bp DNA fragment®'. Their high polymorphism and low recombination rates generate stable and
precise genetic information". Because of their high discriminatory power arising from dense SNP
combinations, microhaplotypes hold great promise for individual identification, paternity testing, and
forensic ancestry analysis""*. Although international studies have validated the forensic utility of
microhaplotypes across different populations"**” and established reference databases!'
microhaplotypes in Guizhou remains limited and at a preliminary stage, constraining their broader
application in forensic region.

23] research on

In a previous study, we optimized locus selection to construct a multiplex amplification panel comprising 33
microhaplotypes”, which demonstrated high levels of genetic polymorphism in East Asian populations.
This panel also showed strong utility for forensic identification and paternity testing in the Guizhou Han
population. Building on this foundation, we employed the microhaplotype panel as the primary tool to
systematically dissect genetic divergence and population structure among seven representative ethnic
groups in Guizhou (n = 458): Bouyei, Gelao, Dong, Miao, Han, Tujia, and Yi. To this end, we performed
principal component analysis (PCA), multidimensional scaling (MDS), phylogenetic tree construction, and
population structure analysis based on the genotypic data from all sampled individuals. The overarching
objective of this research is to elucidate genetic relationships and differentiation patterns among these
groups, thereby contributing new data to advance the understanding of the genetic architecture of
Guizhou’s diverse populations.

METHODS

Sample collection and DNA extraction

A total of 257 peripheral blood samples were collected from six ethnic minority groups in the Guizhou
region: 37 Bouyei, 38 Dong, 31 Gelao, 66 Miao, 41 Tujia, and 44 Yi individuals. Written informed consent
was obtained from all participants. Additionally, 201 Han Chinese individuals from a previous study were
included as a comparison group”!. DNA was extracted from all samples using the magnetic bead-based
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method with IGT™ Pure Beads, following the manufacturer’s recommended protocol.

Library preparation

DNA libraries were constructed using the standard MultipSeq® Custom Panel protocol, involving two
rounds of PCR amplification followed by purification with IGT™ Pure Beads. The first PCR was carried out
in a 30 pL reaction mixture containing 1 ng of template DNA, 9 pL nuclease-free water, 3.5 pL Enhancer
Buffer NB (1N), 2.5 pL Enhancer Buffer M, 5 pL Primer pool, and 10 pL IGT-EM808 polymerase mixture.
The cycling conditions were: 95 °C for 3 min 30 s; 22 cycles (98 °C for 20 s, 55 °C for 60 s, 60 °C for 60 s, and
65 °C for 2 min); followed by a final extension at 72 °C for 5 min. The PCR product was purified with IGT™
Pure Beads and used as the template for the second PCR. The second PCR was performed in a 30 pL
reaction containing 13.5 pL purified product, 2.5 pL Enhancer Buffer M, 2 pL. UDI Index (5 uM), 10 uL IGT-
EMS808 polymerase mixture, and 2 pL nuclease-free water. The cycling conditions were: 95 °C for 3 min
30 s; 9 cycles (98 °C for 20 s, 58 °C for 60 s, 72 °C for 30 s); followed by a final extension at 72 °C for 5 min.
The second-round PCR product was again purified with IGT™ Pure Beads. Library concentration was
determined using the Qubit dSDNA HS Assay Kit, and fragment size was assessed using the Agilent 2100
Bioanalyzer (Agilent DNA 1000 Kit). Libraries that passed quality control were sequenced on the BGI
DNBSEQ-T7 platform.

Microhaplotype genotyping

Raw sequencing data underwent quality control and bioinformatic analysis as detailed below. First,
preprocessing and filtering were performed with Trimmomatic (v0.38)*. Raw FASTQ files were processed
using an 8-bp sliding window (average score < 20) to trim low-quality regions. Adapter sequences and low-
quality bases at read termini were removed, and reads with a mean quality < 20 or length < 40 bp were
discarded. Next, the high-quality reads were aligned to the GRCh38 reference genome””” using BWA
(v0.7.12)" for variant calling and comparison with the reference sequence. Microhaplotype genotyping and
downstream analysis were conducted with custom Perl scripts (https://github.com/moonlightfurion/
microhaplotype). Haplotypes with a frequency 2 15% and a depth 2 20x were retained. If multiple
haplotypes met these criteria, the two most frequent were defined as the genotype for the corresponding
locus. Haplotypes failing to meet the criteria were marked as missing. This filtering ensured the accuracy
and reliability of the microhaplotype dataset, providing a robust foundation for subsequent population
genetic analyses.

Statistical analysis

Population genetic statistics were computed using a range of software tools. Hardy-Weinberg equilibrium
(HWE) and linkage disequilibrium (LD) were assessed, and core forensic parameters were calculated using
STRAF™ (http://straf.uni-frankfurt.de/). Pairwise D, distances and Fst values were estimated with Dispan®™
and Genepop (4.0.10)"", respectively. Population genetic analyses of the seven Guizhou groups, including
MDS and PCA, were conducted in R (v4.4) using the vegan (v2.6-8), ggplot2 (v3.5.1), and factoextra (v1.0.7)
packages. A phylogenetic tree was reconstructed using the unweighted pair group method with arithmetic
mean (UPGMA) in MEGA (10)", based on pairwise Fst values. Ancestry components of the seven
populations were inferred using STRUCTURE (v2.3.4)"". The optimal number of clusters (K) was
determined with StructureHarvester (cpython-312)". Replicate runs were merged in CLUMPP (v1.1)",
and the final bar plots were visualized using pophelper (v1.0.10)"" and AncestryPainter (v2.0) in R"".

RESULTS

HWE and LD tests

The results of HWE and LD analyses for 33 microhaplotypes in the Guizhou Bouyei, Dong, Gelao, Miao,
Tujia, Yi, and Han populations are presented in Supplementary Tables 1 and 2. After Bonferroni correction
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(P =0.05/33), deviations from HWE were observed at three loci: mho3LV-01 in the Guizhou Bouyei and
Han populations, mh19WL-014 in the Han population, and mh22WL-008 in the Miao, Han, and Yi
populations. All other loci conformed to HWE expectations. Furthermore, no statistically significant LD
was detected among the 33 microhaplotype loci after correction (P = 0.05/528), indicating that these loci
could be considered independent in these Guizhou populations.

Haplotype polymorphism

We analyzed haplotype distributions of the 33 microhaplotype loci across six Guizhou minority populations
(Bouyei, Dong, Gelao, Miao, Yi, and Tujia) and the Han population, as shown in Figure 1A. Most loci
exhibited moderate to high polymorphism across all groups, with the number of haplotypes per locus
ranging from 4 to 27. The Guizhou Han population showed the highest haplotype diversity, with loci such
as mho1WL-048, mho2FHL-006, and mho3LV-01 presenting 27 haplotypes. In the Miao, Tujia, and Yi
populations, haplotype counts generally ranged from 5 to 20, while the Bouyei population ranged from 4 to
17. The Gelao and Dong populations showed ranges of 5-15 and 6-18, respectively. Notably, mho1WL-048
and mho2FHL-006 consistently displayed high polymorphism, with 15-27 haplotypes across populations. In
contrast, mhooWL-005 showed low variability, with only four haplotypes observed in the Bouyei
population.

The effective number of alleles (Ae) was used to assess genetic diversity [Supplementary Table 3 and
Figure 1A]. In the Han population, Ae values ranged from 3.6040 to 8.7212 (mean = 6.0626). The Miao
population ranged from 3.4071 to 8.6514 (mean = 5.5064), Tujia from 3.0370 to 9.2363 (mean = 5.6702), and
Yi from 3.4479 to 9.8274 (mean = 5.8048). For Bouyei, Ae values ranged from 3.6950 to 9.3129 (mean =
5.5606), and for Dong, from 3.0529 to 8.4941 (mean = 5.6750). The Gelao population had the highest Ae
value at locus MH20ZBF-002 (10.1693), with a mean Ae of 5.8415. Loci mho2FHL-006 (6.7007-9.8274),
MH20ZBF-002 (5.6107-10.1693), and MH18FHL-004 (6.9316-9.2363) consistently showed high Ae values
across multiple groups, reflecting strong polymorphism and discriminative power. In contrast, mho9WL-
005 and mh22WL-008 exhibited relatively low Ae values.

Evaluation of forensic potential

To evaluate the forensic utility of the 33 microhaplotypes in Guizhou populations, we calculated expected
heterozygosity (He), observed heterozygosity (Ho), polymorphism information content (PIC), power of
discrimination (PD), probability of matching (PM), and probability of exclusion (PE)
[Supplementary Table 4 and Figure 1B]. Across populations, the average He of the 33 loci exceeded 0.80,
with average Ae ranging from 0.8154 (Miao) to 0.8341 (Gelao), and average Ho from 0.7851 (Miao) to
0.8374 (Tujia). PIC values ranged from 0.7848 (Miao) to 0.8084 (Han). PD values exceeded 0.82 in all
populations, peaking in Han (0.9751) and lowest in Dong (0.8283). PE values ranged from 0.1506 (Han) to
0.9346 (Gelao). Cumulative PD spanned 1-7.64E-38 (Gelao) to 1-5.63E-43 (Han), and cumulative PE ranged
from 1-2.44E-14 (Miao) to 1-2.39E-18 (Tujia). Collectively, these results indicate that the 33
microhaplotypes exhibit high genetic polymorphism and strong forensic potential in diverse Guizhou
populations, supporting their use in individual identification and kinship analysis.

Population genetic distance analysis

In this study, we analyzed the genetic distances among seven ethnic groups in Guizhou province by
calculating D, values [Supplementary Table 5]. The results revealed slight genetic differentiation across
these populations. Notably, the Han population in Guizhou exhibited relatively small genetic distances to
other groups, particularly with the Tujia population (D, = 0.0276). In contrast, the Gelao population in
Guizhou showed higher D, values with other populations (average D, = 0.0469), with the highest value
observed between the Gelao and Miao populations (D, = 0.0527). Furthermore, the largest genetic distance
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Figure 1. Haplotype counts and effective numbers of alleles for 33 microhaplotypes in seven Guizhou populations (A) and their
associated forensic parameters (B). In panel A, the lower-left triangle shows the number of observed haplotypes, and the upper-right
triangle shows the effective number of alleles for each locus. Panel B presents forensic parameters, including power of discrimination
(PD), probability of exclusion (PE), probability of matching (PM), polymorphism information content (PIC), observed heterozygosity
(Ho), and expected heterozygosity (He).

among the seven groups was observed between the Yi and Bouyei populations (D, = 0.0529). Subsequently,
we calculated Fst values to quantify the extent of genetic differentiation among the seven ethnic groups in
Guizhou [Supplementary Table 6]. The Guizhou Miao population exhibited relatively high genetic
differentiation from other groups, especially with the Gelao and Han populations (Fst = 0.0054 and 0.0052,
respectively). The remaining population pairs showed comparatively low genetic differentiation, including
the Tujia-Yi and Dong-Bouyei pairs. Figure 2 presents the UPGMA phylogenetic tree based on pairwise Fst
values. The Guizhou Gelao population diverged earliest from the ancestral node, followed by the Bouyei and
Dong populations, which formed a separate branch. Subsequent splits separated the Yi and Miao
populations, while the Tujia and Han populations formed the most recent and closely related clade.

Multidimensional scaling

MDS was conducted to visualize the genetic affinities of the seven Guizhou populations based on pairwise
Fst values [Figure 3]. Along MDS1, the Han, Gelao, Dong, Yi, and Tujia populations clustered
predominantly on the left side of the plot, while the Miao population was distinctly shifted to the right,
indicating a marked separation from the other groups. Among MDS2, the Miao, Gelao, Tujia, and Yi
populations occupied the lower region, contrasting with the Han, Dong, and Bouyei populations, which
were positioned in the upper region. Overall, MDS effectively distinguished the Miao, Tujia, and Bouyei
populations of Guizhou.

Principal component analysis

We performed PCA on these seven populations based on their haplotypic frequencies. The first two
principal components accounted for 24.2% and 24.1% of the variance, respectively, with a cumulative
contribution of 48.3%. As depicted in Figure 4, the Tibeto-Burman language group clustered together in the
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Figure 2. UPGMA phylogenetic tree illustrating genetic relationships among seven populations in Guizhou based on pairwise Fst values.
The circular tree highlights clusters: Bouyei, Gelao, and Dong (blue); Miao (red); Han (yellow), Tujia, and Yi (brown), reflecting their
genetic affinities.
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Figure 3. Multidimensional scaling depicting genetic relationships among the seven Guizhou populations based on pairwise Fst values.
Different shapes and colors represent different language families: green circle for Hmong-Mien, orange triangle for Kra-Dai, blue square
for Sinitic, and pink cross for Tibeto-Burman.

bottom-right quadrant. The Guizhou Miao population, representing the Hmong-Mien language family, was
located in the top-right quadrant. The Kra-Dai language group exhibited a more dispersed distribution,
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similar to that observed in the MDS analysis. The Guizhou Han population occupied a central position in
the plot. Overall, the Guizhou Gelao, Bouyei, and Miao populations were clearly distinguishable from one
another.

Analysis of ancestral components

We further conducted population ancestral component analyses for the seven Guizhou populations, as
shown in Supplementary Figure 1. At K = 2, the Miao population displayed a relatively low proportion of
the orange component, whereas the other populations showed higher proportions, particularly the Han,
Gelao, and Yi populations. At K = 3, divergences in ancestral components among the seven populations
became more pronounced. However, at K = 4-5, the proportions of ancestry components did not differ
substantially among populations. Analysis of the Delta K results [Supplementary Figure 2A] revealed a clear
peak at K = 3. Meanwhile, the Mean LnP(K) distribution plateaued between K = 2 and K = 3
[Supplementary Figure 2B]. Integrating evidence from Delta K, LnP(K), and population genetic structure
analyses, we identified K = 3 as the optimal number of genetic clusters. The ancestral components at K =3
are illustrated in Figure 5. The results indicated that the Miao population had the highest yellow component
(36.48%), followed by Dong (33.99%), Bouyei (33.61%), Han (32.96%), Tujia (32.87%), Yi (32.39%), and
Gelao (32.16%).

DISCUSSION

This study systematically evaluated the genetic diversity and population structure of seven ethnic groups in
Guizhou using the 33-microhaplotype panel developed in our prior work. All 33 loci showed high genetic
diversity and excellent forensic identification performance across the seven groups. Cumulative PD values
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Figure 5. STRUCTURE analysis (K = 3) revealing genetic clusters among seven Guizhou populations. Ancestral components are color-
coded as yellow (ancestry 1), red (ancestry 2), and green (ancestry 3), with the proportion of each component labeled for each
population.

for the Bouyei, Dong, Gelao, Tujia, Yi, Miao, and Han populations were 1-7.57E-38, 1-3.80E-38, 1-7.64E-38,
1-2.82E-38, 1-8.41E-39, 1-2.29E-39, and 1-5.63E-43, respectively; cumulative PE values were 1-1.78E-16, 1-
1.94E-15, 1-4.62E-18, 1-2.39E-18, 1-3.32E-18, 1-2.44E-14, and 1-1.60E-15, respectively. Although some loci
exhibited varying levels of polymorphism, the overall performance of the 33 loci was sufficient for forensic
personal identification and kinship testing.

Using raw genotype and haplotype frequency data, we applied multiple analytical methods to elucidate the
genetic relationships among the seven Guizhou populations. PCA and MDS analyses revealed that the
Miao, Gelao, and Bouyei populations exhibited relatively independent distributions, with the Miao group
displaying particularly pronounced divergence. Ancestral component analysis (K = 3) further revealed that
the Miao population had different ancestral component distributions compared to the other groups: the
yellow component accounted for 36.48%, the red for 32.26%, and the green for 31.26%. These findings align
with Li et al.®, who reported stronger genetic differentiation between Guizhou Miao populations and other
ethnic groups. Moreover, Fst and D, analyses confirmed that the greatest genetic differentiation existed
between the Miao and both the Gelao and Bouyei populations, likely reflecting the historical southwestern
migration of the Miao. Their ancestors migrated from the middle and lower reaches of the Yellow and
Yangtze Rivers to the Yunnan-Guizhou Plateau, and genetic drift during this migration may have
contributed to their unique genetic characteristics. As suggested by Haber et al.*”, populations with shared
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ancestry or long-term gene flow develop specific component-sharing patterns due to genetic drift. The
overall balance of ancestral components in our study supports this notion and indicates that frequent gene
flow among Guizhou’s multi-ethnic populations has been shaped by the region’s relatively isolated
settlement patterns and close cultural interactions.

The Bouyei, whose ancestors originated from the ancient "Baiyue"”, predominantly inhabit southern and
southwestern Guizhou. Linguistic and demographic evidence suggested they share ancestry with the
Zhuang people but have gradually formed an independent population due to long-term separation. The
Gelao, primarily distributed in northern and central Guizhou, are among China’s oldest ethnic groups. A
mitochondrial genetic study” found that the Gelao harbored a higher proportion of haplogroups specific to
southern China. Nevertheless, in this study, the Gelao group showed genetic differentiation from other
Guizhou populations, even those from the same language family. At K = 3, the Gelao population showed a
higher proportion of the green ancestral component compared to the other populations [Figure 5],
suggesting a more complex genetic structure. Historical records indicated that the Dong people likely
originated from Wuzhou in Guangxi and Guangzhou in Guangdong and gradually migrated along river
valleys into Guizhou. Notably, the Guizhou Dong population displayed the closest genetic affinity with the
local Han population, suggesting increased gene flow during migration. The Yi people, one of China’s seven
major ethnic minorities, trace their origins to the expansion of the Tibeto-Burman language group. As early
as the pre-Qin period, branches of this group migrated eastward into Guizhou, establishing the current
distribution**!. The Tujia, another major Southwest China ethnic minority, shares high linguistic mutual
intelligibility with the Han population®>*. Although their precise origin is debated, the mainstream view!*"
posits that the Tujia descended from the ancient Ba people and gradually integrated with other groups,
including Han, Pu, Chu, and Wuman, forming a distinct cultural and genetic identity. The Han, China’s
dominant ethnic group, originated in the north and expanded southward over time, merging with local
populations"**’. In Guizhou, Han populations developed some degree of genetic differentiation from local
minorities”. In this study, Guizhou Han and Yi populations displayed similar ancestral component
distributions, reflecting varying degrees of Han expansion in the region.

In summary, our results revealed subtle but meaningful genetic differentiation among Guizhou ethnic
groups. All seven populations exhibited mixed distributions of three major ancestral components, with no
group dominated by a single source, suggesting extensive historical gene flow. Although overall
differentiation was low, the Miao population showed a distinctive ancestral component pattern and could
be clearly separated from the others in both PCA and MDS analyses. In contrast, Bouyei, Gelao, Dong, Yi,
Tujia, and Han populations showed broadly similar ancestral component distributions
[Supplementary Figure 1]. These findings highlight the complex genetic landscape shaped by long-term
multi-ethnic cohabitation in Guizhou and support the use of microhaplotype markers in diverse forensic
contexts. However, several limitations should be acknowledged. Sample sizes for some populations were
limited, and the selected microhaplotype markers, while informative, might not fully capture all genetic
diversity or fine-scale population substructures. Potential ascertainment bias exists, as these markers were
developed primarily for forensic identification and kinship analysis. The absence of additional genetic
markers (e.g., SNPs, STRs, Y chromosome, and mtDNA) further constrained the resolution of fine-scale
structure. Future studies should increase sample sizes and combine microhaplotypes with other genetic
marker types to more comprehensively characterize the genetic structure of Guizhou populations.
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