
R E S E A R C H Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit  h t    t p : / / c r e  a   t i 
v e  c  o  m  m  o n s . o r g / l i c e n s e s / b y - n c - n d / 4 . 0 /     .   

Huang et al. BMC Genomics         (2024) 25:1185 
https://doi.org/10.1186/s12864-024-11088-2

Introduction
The X chromosome has a unique inheritance pattern: 
genetic markers for the female can transmit to son or 
daughter; whereas, genetic markers for the male can only 
pass to the daughter, which has become a useful tool 
for forensic practice [1, 2]. In addition, X chromosomal 
genetic markers are also more suitable for solving com-
plex kinship analysis (like sisterhood when parents are 
missing) that cannot be solved with autosomal markers 
[3, 4].

In 2013, Kidd et al. introduced a new type of forensic 
genetic marker, named microhaplotype [5]. It consists 
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Abstract
In this research, a self-developed panel comprising 22 X chromosomal multi-InDels and one X-STR was used to 
explore the genetic polymorphisms and forensic characteristics of these loci in Guizhou Miao and Guizhou Bouyei 
populations. Besides, genetic affiliations among Guizhou Miao, Guizhou Bouyei and Guizhou Han populations 
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Guizhou populations revealed that there were relatively low genetic divergences among these populations based 
on the self-constructed panel. In conclusion, this system could be utilized as the valuable tool for forensic personal 
identification and parentage testing in Guizhou Miao and Guizhou Bouyei populations.
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of two or more single nucleotide polymorphisms (SNPs) 
within the 200–300 bp range of the human genome [6]. 
The genetic polymorphism of microhaplotypes was sig-
nificantly higher than that of a single SNP locus, which 
showed high application values in forensic researches. 
For microhaplotypes, next generation sequencing (NGS) 
technology can directly determine cis/trans relation-
ships of multiple SNPs in the short distance and distin-
guish each parental allele combination of SNPs at one 
microhaplotype locus. Nowadays, NGS is widely used 
as the optimal method for detecting and typing micro-
haplotypes [7]. However, NGS is commonly involved in 
high detecting costs and complex experimental opera-
tion (especially for data analysis), which was hard to 
be put into practice in forensic grassroots units. These 
shortcomings further limited forensic application of 
microhaplotypes.

Similar to SNPs, a single insertion/deletion polymor-
phism (InDel) commonly exhibits two allele variations in 
population and provides limited information for forensic 
researches. Given the idea of   microhaplotype, Huang et 
al. proposed another novel genetic marker, multi-InDel 
[8]. Multi-InDels consist of two or more InDels (their dis-
tance is common less than 100 bp) and belong to the gen-
eralized microhaplotypes [8, 9]. Therefore, multi-InDels 
have some advantageous features similar to microhaplo-
types; for example, multi-InDels possess higher genetic 
diversities than a single SNP/InDel locus in population. 
More critically, multi-InDels belong to length polymor-
phism, which can be compatible with the capillary elec-
trophoresis platform of forensic DNA laboratories [10, 
11]. Accordingly, forensic geneticists could integrate 
favorable features of X chromosomes and multi-InDels 
to develop a high-efficient panel for forensic genetics and 
population genetics.

China is a multi-ethnic country with 55 ethnic minori-
ties [12]. Guizhou is an inland province in southwest 
China on the western edge of the Yunnan-Guizhou Pla-
teau and one of the most diverse provinces in China [13]. 
Guizhou and Yunnan provinces were pivotal in estab-
lishing the initial transport and communication routes 
that linked China with South and Southeast Asia via the 
alleged Southern Silk Road [14]. At the time of China’s 
seventh census in 2020, the national Bouyei population 
was about 3.57 million, while about 2.71 million Bouyei 
population live in Guizhou province. Meanwhile, the 
Miao population is about 11 million (more than 4.5 mil-
lion in Guizhou) and lives mainly in southern China, 
including the provinces of Guizhou, Hunan, Yunnan, 
Guangxi, Zhejiang and Guangdong [15]. The Miao popu-
lation and the Bouyei population belong to the Hmong-
Mien and Tai-Kadai language families, respectively 
[16, 17]. However, most of genetic studies on Bouyei 
and Miao populations mainly focus on autosomal, Y 

chromosomal, X chromosomal STRs and mitochondrial 
DNA [12, 14, 18–24], the exploration of multi-InDel in 
both populations is underdeveloped.

In this study, we genotyped 201 Guizhou Bouyei (GZB) 
and 153 Guizhou Miao (GZM) individuals using a self-
developed new system that included 22 X chromosomal 
multi-InDels (XMI) and an X-STR (DXS7424) locus and 
analyzed the allele frequencies and forensic parameters 
of these loci in the GZM and GZB populations. In addi-
tion, we also used multiple methods to dissect genetic 
relationships and population stratifications of these two 
populations and Guizhou Han (GZH) population.

Materials and methods
Sample information
A total of 354 unrelated subjects from Guizhou provided 
blood samples, with the group consisting of 201 par-
ticipants from GZB (113 males and 88 females) and 153 
participants from GZM (74 males and 79 females). The 
participants, whose families had resided in Guizhou for a 
minimum of three generations, all gave written informed 
consent for this study. This research was performed 
according to the guideline of Guizhou Medical University 
Ethic Commission and approved by the Guizhou Medi-
cal University Ethic Commission (the approval number: 
2021 − 218).

PCR amplification and data analysis
PCR amplification was executed on the 9700 thermo-
cycle PCR system (Thermo Fisher Scientific). The PCR 
reaction consisted of 4 µL PCR Master Mix, 3µL primers, 
1 mm2 blood card, and 3µL ddH2O. The thermal cycling 
parameters were listed as below: an initial denaturation 
phase at 95℃ lasting 2 min, 32 cycles of 94℃ for 30  s, 
58 ℃ for 1 min, 72 ℃ for 50 s; and terminal extension at 
72℃ for 10 min.

The PCR amplification products were isolated with 
the 3500xL Genetic Analyzer (Thermo Fisher Scientific). 
Each reaction consisted of 9.5 µL of Hi-Di™ formamide 
(Thermo Fisher Scientific), 0.5 µL AGCU Marker SIZ-
500 and 1.0 µL PCR product. The cocktail was firstly 
denatured at 95 ℃ for 3 min and followed by an ice bath 
for 3  min and detected by the capillary electrophore-
sis. In order to confirm allele profiles of each genetic 
marker, electrophoresis results were subjected to analy-
sis with the GeneMapper ID-X software (Thermo Fisher 
Scientific).

Statistical analyses
Hardy-Weinberg equilibrium (HWE) and linkage dis-
equilibrium (LD) of one X-STR and 22 XMI loci were 
determined using the STRAF online tool [25] based on 
the allelic typing of these genetic markers in females. In 
addition, we also performed genetic differentiations of 
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each genetic marker between males and females by the 
Arlequin software v3.5 [26]. Next, the allele frequencies 
and forensic parameters of these 23 loci in GZM and 
GZB populations were calculated by StatsX software [27].

Principal component analysis (PCA) of GZB, GZM, 
and GZH populations was conducted by the STRAF 
online tool at individual level. The analysis of the popula-
tion genetic structure for GZB and GZM populations was 
conducted utilizing STRUCTURE v2.3.4 software [28], 
with the number of genetic clusters (K) ranging from 2 
to 5. The simulation involved a burn-in period of 20,000 
steps, followed by a Markov chain Monte Carlo run of 
20,000 steps and each value of K was tested over 10 itera-
tions. The CLUMPP v1.1.2 software was used to align the 
results of the STRUCTURE run and eliminate the impact 
of label switching and uncover potential multimodality 
within the data [29]. Finally, the Structure Harvester soft-
ware [30] was utilized to calculate the optimum K value.

Based on allele typing of DXS7424 and 22 XMIs in 
GZB, GZM and GZH populations, four machine learn-
ing algorithms (decision tree, support vector machine, 
extreme gradient boosting and random forest) were 
employed to evaluate the performance of these genetic 
markers to differentiate these populations. Firstly, these 
individuals were randomly divided into training and test-
ing datasets at the ratio of 9:1. Secondly, the training 
samples were used to build the prediction model and the 
testing samples were utilized to evaluate model perfor-
mances. For these methods, decision tree, support vector 
machine (SVM), extreme gradient boosting (XGBoost), 
and random forest models were built by the rpart, e1071, 
mlr3verse and randomForest packages of R software, 

respectively. The caret package was utilized to tune up 
and determine the optimal parameters of these models.

Result
Allelic frequencies and forensic parameters of DXS7424 
and 22 XMI loci in Guizhou Miao and Guizhou Bouyei 
populations
Firstly, we conducted HWE tests of these 23 loci in 
GZM and GZB populations, as listed in Supplementary 
Table 1. Following Bonferroni adjustment (the signifi-
cant level = 0.05/23), 19 loci (excluding XMI10, XMI19, 
XMI23, XMI26) were in HWE status in the GZM pop-
ulation and 18 loci (excluding XMI1, XMI10, XMI19, 
XMI23, XMI26) were in HWE status in the GZB popula-
tion. Next, LD analyses of pairwise loci were performed 
in GZM and GZB populations, as listed in Supplementary 
Tables 2 and Supplementary Table 3. Obtained results 
revealed that there was no allelic association between any 
of the paired loci (the significant level = 0.05/253), indi-
cating that no linkage disequilibrium for these loci was 
observed in the two populations. Thirdly, we also evalu-
ated gender differences of 22 XMI and DXS7424 loci in 
GZB and GZM populations, as shown in Supplementary 
Table 4. We found that these 23 loci didn’t display gen-
der differences in GZB and GZM populations. Therefore, 
allele frequencies of these 23 loci were estimated in all 
individuals, as shown in Fig. 1a and Supplementary Table 
5. For these 23 loci, more than two alleles were detected, 
especially for XMI 26 (15 alleles in GZB and GZM). In 
addition, in the GZM population, allele frequencies of 
these 23 loci ranged from 0.0033 to 0.8987; in the GZB 
population, they distributed from 0.0025 to 0.9129.

Fig. 1 (a) Allele frequencies of 23 loci in GZM and GZB populations. (b). The cloud rain plot of forensic parameters of 23 loci in GZM and GZB populations
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Forensic parameters of 23 loci in GZB and GZM popu-
lations were shown in Fig.  1b and Supplementary Table 
6. Within the GZM group, the 23 loci displayed a range 
of expected heterozygosity (He) from 0.1866 to 0.8574, 
polymorphic information content (PIC) from 0.1758 
to 0.8403, power of discrimination for male (PD-Male) 
from 0.1860 to 0.8546, power of discrimination for 
female (PD-Female) from 0.3272 to 0.9646, mean exclu-
sion chance for deficiency cases (MEC-Kruger) from 
0.0927 to 0.7171, mean exclusion chance for trios (MEC-
Desmarais) from 0.1758 to 0.8403, and mean exclusion 
chance for duo cases (MEC-Desmarais duo) from 0.0983 
to 0.7382. Within the GZB group, the 23 loci displayed 
a range of He from 0.1632 to 0.8902, PIC from 0.1564 
to 0.8774, PD-Male from 0.1628 to 0.8880, PD-Female 
from 0.2927 to 0.9769, MEC-Kruger from 0.0829 to 
0.7732, MEC-Desmarais from 0.1564 to 0.8774, and 
MEC-Desmarais duo from 0.0866 to 0.7904. Moreover, 
we observed that the XMI7 locus displayed the lowest 
He, PIC, PD-male, PD-female and MEC values in both 
populations, implying that the locus possessed relatively 
poor performance for forensic applications. Neverthe-
less, most loci in two Guizhou populations showed rela-
tively high PIC (> 0.5), PD (> 0.5), and MEC (> 0.3) values. 
The combined PD-Male, PD-Female, MEC-Kruger, 
MEC-Desmarais and MEC-Desmarais duos of 23 loci in 
GZM group were 0.999999999479, 0.999999999999999, 
0.99995, 0.99999999 and 0.99999246. The combined PD-
Male, PD-Female, MEC-Kruger, MEC-Desmarais and 
MEC-Desmarais duo from 23 loci in the GZB group were 
0.999999999, 0.999999999999999, 0.999962, 0.999999991 
and 0.999994672.

Population structure and genetic relationships 
explorations of Guizhou three populations
To elaborate the genetic background and relatedness 
among different populations in Guizhou, we performed 
a genotype-based PCA at the individual level in combi-
nation with the experimental data of the GZH popula-
tion (Fig.  2a). In this figure, we could see that the GZB 
population almost completely overlapped with the GZH 
population, the GZM only partially overlapped with the 
former two populations, and some GZM individuals 
were scattered independently.

To proceed with evaluation of genetic components 
of the GZH, GZM and GZB populations, we also con-
ducted genetic structure analyses of GZM, GZB and 
GZH populations and set the quantity of ancestral pop-
ulations (K) to 2–5. The outcomes from the analysis of 
population genetic structure were depicted in Fig.  2b. 
At the same time, we uploaded the outcomes to online 
platform STRUCTURE HARVESTER which could help 
us to determine the optimal K value. As shown in Sup-
plementary Fig.  1, the largest Delta K was observed at 

K = 2, indicating that K = 2 was the best value. At K = 2, 
two principal ancestral components were identified from 
Fig. 2b. In addition, the ancestral composition of the GZB 
and GZH populations were similar. Nonetheless, the red 
represented ancestral component was more abundant 
in some GZM individuals at K = 3. As the K increasing, 
no further genetic structure could be seen from these 
populations.

Performance evaluation of four machine learning methods 
for differentiating three Guizhou populations
We assessed the efficiency of the 23 loci in allocating 
individuals to their respective ethnic origins using four 
machine learning methods (decision tree, SVM, XGBoost 
and random forest). The confusion matrices of predicted 
and actual results in testing dataset were shown in Fig. 3. 
For these four models, we found that the random for-
est possessed the best performance with accuracy and 
Kappa values of 0.5510 and 0.2789; whereas, the decision 
tree displayed the worst performance with accuracy and 
Kappa values of 0.4286 and 0.1015. In addition, we found 
that most individuals from the GZB population could be 
assigned to the correct ethnic origins. However, these 
four methods possessed relatively poor performance for 
inferring ethnic origins of GZH and GZM groups.

Discussion
In this study, we evaluated forensic efficiency of a self-
developed panel comprising 22 XMI and DXS7424 loci 
in GZB and GZM populations. Furthermore, we also 
assessed genetic structure of these two populations based 
on these 23 loci. For these 23 loci, we discovered that 
four loci (XMI10, XMI19, XMI23, and XMI26) deviated 
from HWE in the GZM population and five loci (XMI1, 
XMI10, XMI19, XMI23 and XMI26) deviated from HWE 
in the GZB population. The reasons for deviation from 
HWE might be related to genetic drift, no-random mat-
ing, natural selection, and migration [14, 31].

The majority of the 23 loci in GZM and GZB popula-
tions had high He and PIC values, implying that these loci 
possessed comparatively high genetic polymorphisms in 
both groups. Besides, the cumulative PD for males and 
females of 23 loci were greater than 0.999999999. At the 
same time, the cumulative MEC for trio and duo of 23 
loci were also greater than 0.9999 in GZB and GZM pop-
ulations. The results showed that the panel could provide 
enough genetic information and was suitable for indi-
vidual identification and paternity testing of Miao and 
Bouyei populations in Guizhou. Furthermore, we found 
that the PIC value of the XMI7 locus was less than 0.2, 
which suggested that the locus had a relatively low level 
of polymorphism information content in the Guizhou 
populations. In order to improve system performance, 
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more X multi-InDel loci with higher polymorphism 
should be screened to replace it in subsequent studies.

Based on 23 loci on the X chromosome, population 
genetic analyses of three Guizhou populations were 

carried out. According to the PCA results, the majority 
of individuals in the GZB and GZH populations were 
overlapped together, while there was some overlapping 
between GZM and the other two populations (GZH and 

Fig. 2 (a) Principal component analysis of Guizhou three populations based on individual-level genotype data of 23 loci. (b) STRUCTURE analysis of 
Guizhou three populations from K = 2 to 5

 



Page 6 of 8Huang et al. BMC Genomics         (2024) 25:1185 

GZB). This indicated that GZM, GZB and GZH were 
closely related, which was consistent with the results of 
genetic analyses of GZB and Guizhou other populations 
based on 19 X-STRs [14]. Nonetheless, a small percent-
age of the GZM individuals was not overlapped with 
GZB and GZH populations. Given that the samples we 
screened were from various Guizhou regions, we rea-
soned that the GZM population might have genetic 
substructures in different regions, which was also found 
in a previous study conducted by He et al. [32]. Their 
study showed that Miao populations in different areas 
of Guizhou were affected by gene flow related to Han 
and indigenous people in surrounding areas to different 
degrees. Meanwhile, our results from genetic structure 
analysis also showed genetic homogeneity of these three 
populations. We proposed that geographic context and 
gene flow of different populations could account for the 

genetic patterns of the GZM, GZB, and GZH popula-
tions. Specifically, geographically adjacent populations 
have more opportunities for gene flow, which gradually 
shapes genetic structure we observe from the genetic 
data. Similar results of population genetic analyses 
among Guizhou populations could be observed based on 
X-chromosomal and Y-chromosomal STRs [14, 33].

Recently, machine learning algorithms showed great 
potential in forensics and medical researches. Previous 
studies also explored the efficiency of machine learning 
methods for forensic ancestry analysis and found that the 
machine learning methods could be viewed as the high-
efficient tools for inferring forensic ancestry origins of 
unknown individuals, especially for those populations 
within the same continents or regions [34, 35]. In the 
current study, we also assessed the performance of deci-
sion tree, SVM, XGBoost and random forest methods for 

Fig. 3 (a) The confusion matrix of predicted and actual results in testing samples based on the decision tree model; (b) the confusion matrix of predicted 
and actual results in testing samples based on the SVM model; (c) the confusion matrix of predicted and actual results in testing samples based on the 
XGBoost; (d) the confusion matrix of predicted and actual results in testing samples based on the random forest
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differentiating three Guizhou populations (GZH, GZB 
and GZM) based on 22 XMI and DXS7424 loci. Obtained 
results showed that these four machine learning algo-
rithms exhibited relatively poor performance for forensic 
ancestry analyses of GZH, GZB and GZM populations, 
especially for GZH and GZM populations, which might 
be related to the following factors: (1) 23 loci that were 
used to build machine learning models were primarily 
used for forensic individual identification and paternity 
analysis; (2) relatively low genetic differentiation among 
GZH, GZB and GZM populations was also unfavorable 
to forensic ancestry analysis of these three populations.

To better differentiate these three populations, 
genome-wide data analysis for these populations should 
be performed to further select highly genetic differenti-
ated markers for ethnic origin predictions of these popu-
lations. In addition, other artificial intelligence methods, 
like deep learning methods, could also be utilized to 
develop the prediction models for inferring ethnic origins 
of these populations given that deep learning possess 
better performance for feature selection and model con-
struction than machine learning methods [36–38].

Conclusion
In the Hmong-Mein speaking GZM and Tai-Kadai 
speaking GZB populations, we firstly acquired the foren-
sic reference genotype databases, forensic parameters, 
and allele frequencies of one X-STR and 22 XMI loci in 
the research. Based on the results of the forensic char-
acteristics study, the self-developed panel has been 
demonstrated to be an effective tool for forensic identi-
fication and paternity analyses of GZM and GZB popu-
lations. Population genetic analyses of GZM, GZB, and 
GZH populations revealed that these three populations 
showed relatively low genetic differentiations. In order 
to achieve ethnic origin inferences of these three popu-
lations better, we should conduct genome-wide studies 
on these populations and further screen those loci with 
highly genetic divergences among these populations in 
the following research.
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