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Abstract
Background  Y chromosome genetic markers, with strict paternal inheritance and lack of recombination, are 
particularly valuable tools for tracing male lineages. They complement autosomal analyses in forensic applications 
and anthropological inference by increasing resolution for patrilineal structure.

Methods  We genotyped 382 unrelated male individuals from two Tibeto-Burman-speaking populations in Guizhou 
(Tujia, n = 220; Bai, n = 162) using the Goldeneye DNA Identification System Y Plus kit comprising 44 Y-markers. We 
calculated haplotype-level forensic indices and assessed inter-population structure via Rst-based multidimensional 
scaling (MDS) and a neighbor-joining (NJ) tree, based on genetic distances with 47 reference groups. Y-chromosomal 
haplogroups were predicted from Y-STR profiles to characterize paternal lineages.

Results  In the Tujia population, 338 alleles and 219 haplotypes were detected, with allelic frequencies ranging from 
0.0045 to 0.9364. The haplotype diversity (HD), haplotype match probability (HMP), and discrimination capacity (DC) 
were 0.9999, 0.0046, and 0.9955, respectively. In the Bai population, 309 alleles and 141 haplotypes were detected, 
with allelic frequencies ranging from 0.0062 to 0.9691, with HD = 0.9979, HMP = 0.0083, and DC = 0.8704. Population 
genetic analysis revealed that the Guizhou Tujia and Bai groups share closer genetic affinity with Southern Han 
than with Northern Han and cluster with Tibeto-Burman-speaking groups, including the Sichuan and Guizhou Yi 
populations. Similarly, the Y-STR haplogroup prediction results revealed a multilayered paternal structure dominated 
by haplogroup O2a2, accompanied by contributions from indigenous East Asian lineages and minor inputs from West 
Eurasia and other regions.

Conclusions  Our study provides valuable Y-STR data and forensic parameters for Tibeto-Burman-speaking ethnic 
groups in China, as well as population genetics evidence in patrilineal history. The Tujia and Bai of Guizhou exhibit 
a complex paternal genetic structure, offering insights into the demographic dynamics of Southwest China. The 43 
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Introduction
Y-chromosome short tandem repeats (Y-STRs) have 
played an invaluable role in forensic science due to their 
unique mode of paternal inheritance. They are widely 
applied to resolve paternity disputes, identify male vic-
tims in disaster and missing persons cases, and establish 
male involvement in sexual assault and familial investiga-
tions [1, 2]. The non-recombining region of the Y chro-
mosome makes Y-STR haplotypes essential for inferring 
biogeographical ancestry and population origins, facili-
tating their broad application in forensic genetics, popu-
lation history, and population genetics [3–5]. The Y-STR 
Haplotype Reference Database (YHRD, ​h​t​t​p​s​:​/​/​y​h​r​d​.​o​r​g​​​​​
) is an open-access repository that compiles Y-STR and 
Y-SNP haplotypes from diverse global populations. It 
estimates haplotype frequencies within defined sub-
sets and accounts for population substructure based on 
geographical, regional, and ethnolinguistic factors [6]. 
The development of commercial Y-STR kits designed 
for forensic research, such as the PowerPlex Y23 [7] 
and Goldeneye Y-Plus kit (Goldeneye® DNA Identifica-
tion System Y-Plus Kit; ​h​t​t​p​​:​/​/​​w​w​w​.​​p​e​​o​p​l​​e​s​p​​o​t​.​c​​o​m​​.​c​n​​
/​p​r​​o​d​u​c​​t​s​​_​d​e​t​a​i​l​s​/​7​.​h​t​m​l), has facilitated their wide ​a​p​
p​l​i​c​a​t​i​o​n in population genetics studies and contributed 
to data enrichment across different populations [8–10]. 
Nonetheless, population data for certain geographical 
subgroups, particularly minority ethnic groups, remain 
limited. Additionally, forensic practices necessitate the 
further enrichment of databases with new Y-STR loci 
data.

Guizhou province, located in the southwest of China, 
has a highly diverse population in terms of both ethnic-
ity and language. According to the data from the Seventh 
National Population Census in 2020, the Tujia ethnic 
group, one of the oldest ethnicities in Guizhou, numbers 
over 1.6 million, accounting for 17.7% of the national 
Tujia population and approximately 4.4% of the total pro-
vincial population, with most residing in the northeastern 
part of the province. In addition, since the 1980s, the Bai 
ethnic group has also been recognized as an indigenous 
ethnicity in Guizhou. The Bai population in the province 
reaches 0.21 million, representing 10.3% of the national 
Bai population and 0.6% of the provincial population, 
with Yunnan and Guizhou serving as the main distribu-
tion areas of this group. The Tujia and Bai peoples both 
speak Tibeto-Burman language, which forms a significant 
subbranch of the Sino-Tibetan language family, and those 
spoken in southwest China have undergone substantial 
influence from Chinese [11, 12]. Previous genetic data on 

Tibeto-Burman-speaking populations from the Tibetan-
Yi Corridor (TYC), including Tibetans, Yi people from 
Gansu, Sichuan, and Yunnan, have been reported [12–
15]. Moreover, these studies have highlighted the pivotal 
role of the TYC in the southward expansion of Tibeto-
Burman populations, with certain branches migrating 
eastward to the Guizhou region [16]. However, the ethnic 
origins and genetic structure of Tibeto-Burman-speaking 
groups in Guizhou (TBG) remain largely unexplored.

In our study, we conducted a comprehensive analysis 
of the genetic distribution patterns across 43 Y-markers 
among male individuals from Tibeto-Burman-speaking 
populations, including 220 Tujia and 162 Bai individu-
als in Guizhou province. Furthermore, we examined the 
genetic similarity between the studied populations and 
47 additional reference populations. This research signifi-
cantly enriches the existing genetic database of Y-mark-
ers, providing valuable insights into the paternal genetic 
structure of Tibeto-Burman-speaking populations resid-
ing in Guizhou.

Materials & methods
Sample information
We recruited 382 unrelated healthy male individuals 
from Guizhou province, China, including 220 Tujia and 
162 Bai participants. All individuals reported continuous 
residence of their families in Guizhou for at least three 
generations. Peripheral bloodstain samples were col-
lected after written informed consent was obtained from 
each participant. The study protocol was approved by 
the Ethics Commission of Guizhou Medical University, 
Approval No. 2021063.

PCR amplification and capillary electrophoresis
PCR amplification was performed on a GeneAmp 9700 
thermal cycler (Applied Biosystems, Foster City, CA, 
USA), using the Goldeneye® Y-Plus kit, following the 
manufacturer’s instructions. The PCR reaction was pre-
pared with a total volume of 10µL, comprising 2µL reac-
tion mix, 2µL primers, 1µL Taq DNA polymerase, 1µL 
template DNA and 4µL sterile distilled water (sdH2O). 
Thermal cycling conditions were identical to those 
described previously [17]. Amplified products were 
detected on an ABI 3500 Genetic Analyzer (Applied 
Biosystems). The sample 9948 was used as a positive 
control, and sdH2O was used as the negative control in 
each run. Finally, genotypes were analyzed using Gene-
Mapper ID-X v1.3 software (Thermo Fisher Scientific) to 
conduct the allele nomenclature by comparison with the 

Y-marker system exhibits high polymorphism and strong discriminatory power, supporting its utility as a powerful 
supplementary tool for forensic investigations, particularly for male lineage inference and suspect screening.
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corresponding allelic ladder. Notably, a substantial pro-
portion of genotypes at locus DYS522 failed during labo-
ratory processing, and the locus was therefore excluded 
from downstream analyses.

Statistical analysis
Analyses were performed on 43 Y-markers (DYS522 
excluded), comprising 40 Y-STRs and 3 Y-InDels 
(rs199815934, rs771783753, rs759551978). The 40 
Y-STR markers consist of 32 single-copy loci (DYS19, 
DYS388, DYS389 I, DYS389 II, DYS390, DYS391, 
DYS392, DYS393, DYS437, DYS438, DYS439, DYS448, 
Y-GATA H4, DYS449, DYS456, DYS458, DYS460, 
DYS481, DYS518, DYS533, DYS570, DYS576, DYS627, 
DYS635, DYS549, DYS444, DYS643, DYS447, DYS557, 
DYS596, DYS593, DYS645), and four multiple-copy 
loci (DYS385, DYF387S1, DYS527, DYF404S1). Among 
these, DYF387S1, DYF404S1, DYS449, DYS570, DYS576, 
and DYS627 were identified as rapidly mutating (RM) 
Y-STRs.

Allele and haplotype frequencies were computed by 
direct counting. Gene diversity (GD) and haplotype 
diversity (HD) were calculated based on the formula: 
GD/HD = n(1−?P 2

i )/(n − 1), where Piis the fre-
quency of the ith allele or haplotype and n is the sam-
ple size [18]. The haplotype match probability (HMP) 
and discrimination capacity (DC) were calculated as 
HMP =?P 2

i (Pi is the frequency of the ith haplotype) 
[19], and DC = Ndiff /N(Ndiff  represents the count of 
distinct haplotypes and N refers to the sample size) [20].    

For inter-population analyses, we used a subset of 27 
Y-STR loci overlapping the Yfiler Plus kit (Applied Bio-
systems, Thermo Fisher Scientific), with reference data 
sourced from previously published studies [6]. The ref-
erence groups included 10 Northern Han populations 
[21–26], and 8 Southern Han populations [27–32], as 
well as 29 other ethnic minorities [8, 33–42]. Pairwise 
population genetic distances (Rst) and their significance 
(p values) were calculated in Arlequin v3.5 based on 
10,000 random permutations. DYS385 was treated as two 
markers (DYS385a and DYS385b). Very rare multi-allelic 
profiles indicating additional copies were excluded from 
Rst analyses (effective sample sizes: Tujia n = 216, Bai n 
= 158). A neighbor-joining (NJ) tree based on Rst genetic 
distances among populations was constructed using 
MEGA7. The tree was rooted using the midpoint method 
[43], and multidimensional scaling (MDS) was performed 
using the SPSS v26.0 based on pairwise Rst distances.

Y-chromosomal haplogroups were inferred using the 
NevGen Y-DNA Haplogroup Predictor ​(​​​h​t​t​p​:​/​/​w​w​w​.​
n​e​v​g​e​n​.​o​r​g​​​​​)​, a publicly accessible web-based tool. We 
extracted the 30 Y-STR loci from our previously geno-
typed 44-marker Goldeneye dataset that are supported 
by NevGen and arranged them according to the required 

input order. Haplogroup probability estimates were then 
obtained for each haplotype. Haplogroup assignments 
with a predicted probability ≥ 0.80 were considered 
reliable.

Results
Allele frequencies and forensic characteristics of 43 
Y-markers
All Y-STRs were typed using the kit’s allele ladder, and 
all observed alleles matched the corresponding ladder 
bins (Table S1). At the DYS522 locus, 31.8% of Tujia indi-
viduals and 37.0% of Bai individuals showed no detect-
able allele, and this marker was therefore excluded from 
subsequent analyses. Allele distribution and GD values 
for 40 Y-STRs and 3 Y-InDels in the Guizhou Tujia and 
Bai populations were illustrated in Fig. 1 and detailed in 
Tables S1 and S2. Across 220 Tujia males, a total of 332 
distinct alleles were detected across Y-STR loci, ranging 
from 2 (DYS645) to 37 (DYS385) per locus, with allele 
frequencies ranging from 0.0045 to 0.9364 (Table S2). 
The DYF387S1 locus exhibited the highest GD value 
(0.9530), whereas DYS645 showed the lowest (0.1197). 
Seven Y-markers (DYS391, DYS437, DYS438, DYS645, 
rs199815934, rs759551978, and rs771783753), includ-
ing four Y-STRs and three Y-InDels, exhibited compara-
tively low GD values (< 0.5). Notably, the four multi-copy 
loci DYS385, DYS527, DYF404S1, and DYF387S1 all 
exhibited high gene diversity (GD > 0.9), with GDs of 
0.9405, 0.9530, 0.9171, and 0.9329, respectively. Biallelic 
variants were detected at the single copy loci DYS570 
(15,18/18,19) and DYS576 (17,20/18,19), and triallelic 
variants were observed at multi-copy loci DYF387S1 
(36,37,38) and DYS527 (21,22,23).

Among the 162 Bai males, 309 alleles were identified, 
with allele frequencies ranging from 0.0062 to 0.9691 
(Table S3). The highest GD value was observed at DYS385 
(0.9383), and the lowest was at DYS645 (0.0607). There 
were five Y-markers (DYS391, DYS645, rs199815934, 
rs771783753, and rs759551978), including two Y-STRs 
and three Y-InDel loci, which displayed relatively low GD 
values (< 0.5), whereas three loci (DYS385, DYF387S1, 
and DYS527) exceeded 0.9. Triallelic patterns were 
detected at DYF387S1 (34,35,40/36,37,38/37,39,41) and 
DYS527 (20,21,25/21,22,23). This finding was consistent 
with previous reports [17, 42, 44] in which DYF387S1 
frequently exhibited a triallelic pattern (36, 37, 38).

Comparison of forensic efficacy of different Y-marker sets 
in the Guizhou Tujia and Bai populations
Comparative analysis was done by restricting the number 
of loci in the Goldeneye Y-Plus dataset to those included 
in other commercial Y-STR kits (Minimal, PowerPlex 
Y, Yfiler, PowerPlex Y23, Argus Y-28, Yfiler Plus, AGCU 
Y37, and Yfiler Platinum), without performing additional 
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genotyping. Figure  2 summarizes haplotype numbers 
and forensic parameters across varying Y-STR panels. 
Detailed values for DC, HD, HMP, and haplotype num-
bers are provided in Table S4. Across progressively larger 
Y-STR panels, increasing locus count yielded more hap-
lotypes and higher DC, with a concomitant decrease in 
HMP. Beyond the Argus Y-28, additional gains were 
marginal. HD likewise increased with panel size, but the 
increments were minimal.

In the Guizhou Tujia population, the 40 Y-STRs of the 
Goldeneye Y-Plus panel yielded higher DC (0.9954) and 
HD (0.999958) than other commercial sets evaluated 
(Table S4a). Among 220 individuals, 219 haplotypes were 
observed, of which 218 were unique (99.5%). In the Bai 
cohort, a total of 141 distinct haplotypes were identified 
among 162 males with the 40 Y-STR panel, with 90.07% 
being unique (Table S4b). The forensic parameters were 

HMP = 0.00831, HD = 0.99785, and DC = 0.8704. The DC 
increased from 0.6296 with the minimal 9‑locus Y-STR 
set to 0.8704 with the 40-locus panel used in this study. 
Likewise, HD rose from 0.9817 (9 loci) to 0.99785 (40 
loci).

Genetic relationships between the Guizhou Tujia and Bai 
populations and other reference populations
We assessed genetic affinities of two Tibeto-Burman-
speaking groups from Guizhou (Tujia and Bai) relative 
to 18 Han populations and 29 ethnic minority popula-
tions across China by computing pairwise Rst distances 
(Tables S5 and S6) and visualizing the results with a clus-
tered heatmap (Fig. 3).

Overall, the Tujia and Bai ethnic groups in Guizhou 
show a smaller Rst genetic distance to Southern Han 
populations, particularly those from Anhui and Guangxi 

Fig. 1  The numbers of alleles and gene diversities of Y-markers in Guizhou Tujia and Bai populations. The orange line represents gene diversity (GD) 
values, and the blue bars represent allele counts. The right Y-axis indicates the number of alleles, and the left Y-axis indicates GD values
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(Rst = 0.0034, 0.01005; Rst = 0.00467, 0.00911; respec-
tively), while exhibiting a greater Rst to northern Han 
populations. The interpopulation Rst distance between 
the Tujia and Bai ethnic groups was comparatively 
large (Rst = 0.03301), exceeding their distances to sev-
eral Southern Han references. The results indicated that 
the Tibeto-Burman-speaking populations in Guizhou 
are genetically closer to the Southern Han populations. 
Additionally, there was a significant genetic diversity dif-
ference among the ethnic minority groups in Guizhou, 
even within the same language family.

The Guizhou groups exhibited smaller Rst distances 
to geographically proximate minority populations from 
Sichuan, Guangxi, and Hainan, particularly with the 
Sichuan Yi population, a Tibeto-Burman-speaking popu-
lation. The largest genetic distances were observed with 
Hui populations from Yunnan, Sichuan and Shandong. 

Noteworthy, the Rst between the Guizhou Tujia and 
Bai groups was higher than their distances to several 
minorities from other regions or language families. This 
may indicate genetic differentiation among populations 
within Guizhou.

Next, we conducted an MDS analysis based on pair-
wise Rst genetic distances, using datasets from Han and 
minority populations separately, as visualized in Fig. 4. 
Among Han references, Northern and Southern Han 
formed two distinct clusters with a clear separation (Fig. 
4a). We observed that the Guizhou Tujia and Bai popula-
tions plotted in the right quadrants with Southern Han 
populations, but the two studied groups were mutu-
ally distant, consistent with previous research reports 
[45]. Specifically, the Guizhou Tujia was localized to the 
upper-right corner, positioned at some remove from the 
Southern Han cluster, whereas the Guizhou Bai clustered 

Fig. 3  Heatmap based on the paired Rst values among the Guizhou Tujia, Bai, and reference populations. a Northern and Southern Han populations. b 
East Asian minority populations

 

Fig. 2  Forensic efficiency comparisons of different Y-STR sets in the Guizhou Tujia (a) and Bai (b) populations, including haplotype number, haplotype 
diversity (HD), haplotype match probability (HMP), and discrimination capacity (DC)
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more closely with Southern Han populations. Figure 4b 
presents the MDS for the Guizhou Tujia and Bai along-
side other ethnic minority groups. The Tujia and Bai 
were located in the upper-left quadrant together with 
the Guizhou Gelao and Yi, as well as the Kyrgyz (Xinji-
ang) and Mongolian (Hulunbuir), while the Bai popula-
tion was closer to the Dalian Manchu, Guangxi Laibin 
Zhuang and Hainan Li groups. Most Sinitic-speaking 
Hui populations clustered together in the lower-right 

quadrant, whereas Tibeto-Burman-speaking Yi popula-
tions concentrated in the lower-left quadrant. No addi-
tional coherent clustering patterns were apparent among 
the remaining reference groups.

Finally, we constructed a neighbor-joining (NJ) tree 
based on pairwise Rst distances (Fig.  5). Consistent 
with the MDS analysis results, Northern and South-
ern Han formed distinct clades (Fig.  5a). The Guizhou 
Tujia and Bai formed a clade that, in turn, grouped with 

Fig. 5  Genetic similarity between the Guizhou Tujia and Bai populations and reference populations based on Rst genetic distances estimated from 27 
Y-STRs. a Neighbor-joining tree of the Guizhou Tujia and Bai populations with Han Chinese populations; b Neighbor-joining tree of the studied popula-
tions with other reference minority populations

 

Fig. 4  Multidimensional scaling (MDS) plots showing genetic relationships among the Guizhou Tujia, Bai, and reference populations based on Rst ge-
netic distances. a Han Chinese populations. b East Asian minority populations belonging to different linguistic families
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the Southern Han groups. In the minority-focused tree 
(Fig. 5b), the Guizhou Bai grouped with Tibeto-Burman-
speaking populations, including the Sichuan Zhaojue 
Yi, Sichuan Yi-1 and Guizhou Yi populations. It appears 
that populations within similar language families exhibit 
a higher genetic affinity. Hui populations and Tai-Kadai-
speaking groups likewise clustered within their respec-
tive language families. In contrast, the Guizhou Tujia 
formed an initial branch with the Dalian Manchu group, 
followed by the Hainan Li, Xinjiang Kyrgyz and Hulun-
buir Mongolian populations.

Haplogroup prediction
Y-chromosomal haplogroups were predicted using the 
NevGen Y-DNA Haplogroup Predictor based on 30 
Y-STR loci from the Goldeneye panel. Using a probability 
threshold of 0.80 for reliable assignment, 87 haplotypes 
from the Guizhou Bai group and 142 haplotypes from the 
Guizhou Tujia group reached or exceeded this cut-off and 
were therefore included in the haplogroup-based analy-
ses. In the Bai group, the most frequent haplogroup was 
O2a2 (37.9%), followed by O1b1 (18.4%), O1a1 (17.2%), 
O2a1 (8.0%) and R1b (5.7%). Lower frequency hap-
logroups included N1 (3.4%), D1a1a2 (3.4%), C2 (2.3%), 
D1a1a1 (1.1%), and C1 (1.1%) (Fig. 6a). In the Tujia popu-
lation, O2a2 (26.8%) was likewise predominant, followed 
by O1a1 (19.0%), C2 (14.8%), O1b1 (13.4%), and O2a1 
(12.7%) (Fig. 6b). Several additional haplogroups, includ-
ing C1, R1b, D1a1a1, N1a1 and D1a1a2 lineages, were 
observed at lower proportions. Overall, both groups are 
dominated by East Asian O lineages, whereas differences 
in the frequencies of C2 and minor N and R1b compo-
nents already hint at subtle distinctions in their paternal 
genetic backgrounds. Additionally, we investigated the 
haplogroup affiliations of the genotypes missing DYS522 
alleles. This analysis revealed no lineage- or haplogroup-
specific patterns. Instead, the distribution of these miss-
ing profiles was consistent with the overall haplogroup 

composition of the populations, being concentrated in 
the high-frequency lineages such as O2a2, O1b1, and 
O1a1.

Discussion
This study demonstrates that the Goldeneye DNA Identi-
fication System Y-Plus kit provides overall robust forensic 
performance in the Guizhou Tujia and Bai populations, 
showing notably high genetic polymorphisms (GD > 
0.5) in most markers. Particularly, DYS385, DYF387S1, 
DYS527, and DYF404S1 displayed the highest GD values 
among the markers, whereas the DYS645 locus exhibited 
limited genetic diversity (GD < 0.2) in both populations. 
Consistent with previous reports [7, 43, 45], DYF387S1 
exhibited a triallelic pattern. Given that DYF387S1 is 
a multi-copy Y-STR, this is most plausibly explained by 
inter-copy variation and copy-number polymorphism 
rather than the emergence of a novel locus [16]. During 
kit evaluation, all loci generally showed high typing suc-
cess except DYS522, which produced genotypes in about 
63–69% of samples. To assess its influence, we compared 
DC with and without this locus and found only a slight (< 
1%) increase when DYS522 was included. Although the 
occasional dropout of DYS522 has little effect on overall 
forensic efficiency, this instability should be taken into 
account in routine forensic evaluations.

In the Guizhou Tujia, increasing the number of Y-STR 
markers was associated with higher values of DC and 
HD, and lower HMP, compared with smaller marker 
sets. In contrast, the Guizhou Bai population showed 
little variation in these metrics among the Goldeneye Y 
Plus, Yfiler Plus, and AGCU Y37 panels, suggesting that 
the additional markers in the expanded panels provided 
limited incremental resolution for resolving the shared 
lineages specific to this group. Because HD provides a 
robust estimate of genetic variability that accounts for 
sample-size differences, this pattern most likely reflects 
population-specific haplotype composition rather than a 

Fig. 6  Predicted Y-chromosomal haplogroup composition of the Guizhou Bai (a) and Tujia (b) populations inferred using the NevGen predictor
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lack of statistical power. The Bai population exhibited a 
lower DC than the Tujia, which may result from several 
factors, including (i) higher haplotype redundancy within 
the Bai dataset, possibly due to cryptic relatedness or 
founder effects, (ii) differences in diversity at multi-copy 
or highly polymorphic loci, and (iii) sampling variance 
related to the smaller Bai sample size. Considering Chi-
na’s multiethnic complexity, future evaluations of Y-STR 
forensic parameters should encompass a broader set of 
Chinese populations and employ the largest feasible sam-
ple sizes to better capture rare variants and substantiate 
these regional differences.

Our study investigated the paternal genetic relation-
ships of the Guizhou Tujia and Bai with Chinese Han 
populations and multiple minority groups across dif-
ferent language families. We observed a clear clustering 
divide between Southern and Northern Han popula-
tions, a pattern which is widely corroborated by previous 
research [46–48]. This substructure is largely attributable 
to Neolithic agricultural expansions from the Yellow and 
Yangtze River basins, followed by subsequent cultural 
admixture that together shaped Han genetic structure 
[49–51]. Consistent with this framework, prior studies 
have identified three major paternal subgroups within 
the Han (Northern, Southern, and Lingnan), further sup-
porting the reliability of our findings [52]. As the demo-
graphically dominant population in China, the Han have 
substantially influenced the Y-chromosomal landscape 
of neighboring groups, with region-specific interactions 
between local Han and adjacent minorities [50]. Reflect-
ing this geographic and historical context, the Guizhou 
Tujia and Bai in our dataset show stronger paternal affin-
ity to Southern Han populations, such as those from 
Anhui, Guangxi and Zhejiang.

The minority panel MDS reveals two clustering pat-
terns commonly observed in East Asian population 
genetics: (i) same ethnicity clustering (Yi and Hui groups) 
and (ii) spatially proximate clustering, whereby the 
Guizhou Tujia and Bai cluster with populations from 
neighboring provinces such as Sichuan, Guangxi, and 
Hainan. First, same ethnicity clustering reflects shared 
paternal lineages maintained by endogamy, clan-based 
social organization, and long-term historical continuity 
[53, 54]. Second, regional clustering reflects isolation by 
distance shaped by topography, where mountain ranges 
and major river systems restrict long-distance movement 
yet promote stepwise dispersal along valleys and basins, 
generating gradients and local clusters across adjacent 
prefectures and provinces [55]. These mechanisms are 
complementary rather than mutually exclusive. Method-
ologically, our inference is confined to the Y chromosome 
using a 27-locus Y-STR panel; thus, the structure recov-
ered here should be regarded as indicative rather than 
definitive. More resolved reconstructions of population 

history, particularly disentangling recent male-medi-
ated gene flow from deeper shared ancestry, will require 
genome-wide data (e.g., high-coverage autosomal SNPs 
or whole genome sequencing), integration of Y-SNP 
defined haplogroups to anchor lineages, and, where avail-
able, ancient DNA to provide temporal context.

Significant paternal divergence was observed between 
the Guizhou Tujia and Bai populations in our Y-STR 
dataset, even though both are classified as Tibeto-Bur-
man-speaking groups. Historically, the Tujia popula-
tion has received gene flow from northern and eastern 
sources, reflecting demographic inputs associated with 
past migrations from Central China and the upper 
Yangtze region [50, 56, 57]. In contrast, the Bai from 
western Guizhou exhibit closer affinities to Yunnan 
populations and display Y-chromosomal components 
linked to ancient southern East Asian lineages. These 
asymmetric gene-flow trajectories and deep-time popu-
lation structures have likely shaped the distinct paternal 
signatures observed between the two groups. Because 
Y-STRs are particularly sensitive to recent demographic 
events, the differentiation may also capture localized 
founder effects and genetic drift within patrilineal clans 
[58, 59]. Collectively, ecological isolation, cultural endog-
amy, historical admixture, and lineage-specific drift pro-
vide an explanation for the observed paternal divergence 
between the Guizhou Tujia and Bai. This diversity is also 
reflected in the rich linguistic and cultural variety of the 
minority ethnic groups in Guizhou, underscoring the 
importance of future analyses integrating high-resolution 
Y-SNP data and genome-wide autosomal variation.

Furthermore, the paternal genetic landscapes of both 
the Guizhou Bai and Tujia populations are character-
ized by the predominance of haplogroup O2a2 and its 
subclades, reflecting a strong genetic signature of East 
Asian origin [60, 61]. O2 lineages are widely regarded 
as markers of the expansion of populations associated 
with Sino-Tibetan languages across East Asia. The nota-
ble presence of O1b1 and O1a1 in both groups further 
underscores their close genetic affinity with southern 
East Asian and Southeast Asian populations, highlight-
ing historical connections and potential gene flow among 
regional ethnic groups. In addition to these predominant 
O lineages, both populations also carry minor compo-
nents of C, D, N and R lineages, indicating more complex 
paternal contributions. In particular, the occurrence of 
R1b, although at low frequencies, may point to episodes 
of historical admixture with western Eurasian male lin-
eages. Such signals could be related to ancient migra-
tion waves, localized gene flow, or long‑distance contacts 
facilitated by trade networks traversing Southwest China 
[62]. The presence of such a spectrum of low-frequency 
haplogroups suggests that Guizhou has been influenced 
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by multiple prehistoric and historical migrations, rather 
than representing a completely isolated region [62].

Conclusions
The study reported the genetic polymorphisms of 43 
Y-marker loci in Tujia and Bai male individuals from 
Guizhou Province in Southwest China. The Goldeneye 
Y-Plus kit demonstrated robust forensic efficiency with 
high haplotype diversity and discrimination capacity, 
confirming its suitability for forensic applications in these 
populations.

Population comparisons revealed that the Guizhou 
Tujia and Bai groups are genetically closer to Southern 
Han populations and other geographically neighboring 
ethnic groups. This pattern reflects shared ancestry and 
long-term regional gene flow within Southwest China. 
Furthermore, Y-STR haplotype predictions indicate that 
their paternal gene pools have been primarily shaped by 
indigenous East Asian lineages, with minor contributions 
from West Eurasian and other regional lineages.

Collectively, this study enriches the Y-STR database 
of Chinese Tibeto-Burman-speaking populations and 
refines our understanding of the paternal genetic struc-
ture, demographic history, and interpopulation dynamics 
of ethnic minorities in Guizhou.
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