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Abstract 
Short tandem repeats (STRs) are the most common genetic markers in forensic and human population genetics due to their high polymorphism, 
rapid detection, and reliable genotyping. To adapt the rapid growth of forensic DNA database and solve problems in disputed cases, a panel of 
23 autosomal STR loci with high discriminating ability was constructed recently. The Tai-Kadai-speaking Gelao is the most ancient indigenous 
minority in Guizhou province, however, the forensic efficiency and population genetic structure remain poorly explored. Here, 490 Guizhou 
Gelao individuals from Southwest China were genotyped with the panel of 23 STRs using the Huaxia Platinum Kit. A total of 265 alleles were 
screened. The combined discrimination power and the combined probability of paternity were 0.9999 and 0.9999, respectively. This indicated 
the 23 loci had higher discrimination power in Guizhou Gelao and could be applied to forensic practice. Comprehensive population structures 
with reference populations from China and abroad using the neighbour-joining phylogenetic tree (N-J tree), multidimensional scaling, principal 
component analysis and heatmap demonstrated that Guizhou Gelao was genetically closer to Guizhou Han than other populations. Moreover, 
our results showed that a complex phylogenetic model was influenced by ethnic, geographic, and linguistic factors. 

Key points 

• The first batch of genetic data for 23 autosomal STRs in 490 Geolao individuals from Guizhou was provided. 
• The 23 STR panel can afford high genetic polymorphisms and discrimination power and can be efficiently applied to forensic practice in 

Guizhou Gelao population. 
• A complex phylogenetic model influenced by ethnic, geographic, and linguistic factors was uncovered. 
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Introduction 
Short tandem repeats (STRs), the repetitive nucleotide 
sequence of the human genome are composed of 2–6 
base pairs, have become the most common genetic tool in 
forensic and human population genetics [1]. Due to their 
high polymorphism, rapid detection, and reliable typing 
results, STR markers play an indispensable role in routine 
forensic casework, especially in forensic examinations for 
individual identification and paternity testing [2, 3]. Forensic 
DNA databases, gathering vast individual STR profiling 
data from criminal cases, play a key role in the criminal 
justice system for forensic investigation. However, the rapid 
growth of DNA data in forensic DNA databases worldwide 

significantly increases the risk of accidental matching of 
unrelated individuals [4]. In addition, conventional STR 
multiple systems often lack sufficient discriminating power 
for disputed parentage testing, such as the duo parentage 
analysis, which may lack sampling from the father or mother, 
or mutation cases with one or two mismatches between parent 
and offspring. 

To improve the identification ability of multiple STR 
detecting systems, the Ministry of Public Security of China 
has expanded the core loci of the national database of China 
from 13 to 20 [5]. Accordingly, many new panels with 
more STR loci have been developed. The Huaxia Platinum 
Kit consists of 23 autosomal STR markers as well as two
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sex-determining loci, which comprises the latest core loci to 
satisfy the application needs of rapid growth of China’s foren-
sic databases and has shown higher discriminating power than 
traditional kits [6]. Presently, this kit is widely used in genetic 
research of Chinese populations but has been scarcely used in 
Guizhou Gelao, hampering its forensic applications. 

Guizhou, located in the hinterland of Southwest China, is 
an ethnically diverse province comprising 56 ethnic groups, 
including 17 indigenous minorities and the Han ethnicity, 
which makes up most of the population. Its linguistic 
landscape belongs to several major language families, for 
instance Tai-Kadai, Hmong-Mien, Sinitic, Turkic, Mongolian, 
and Sino-Tibetan. Thus, due to the diversified nationalities, 
Guizhou is considered an important and hotspot region for 
forensic features and population genetic exploration. The 
Gelao is one of the most ancient indigenous minorities 
mainly residing in Guizhou, except for a few of them 
distributed in Yunnan, Guangxi, and Sichuan in China and 
the Hajiang Province in northern Vietnam. According to the 
China Statistical Yearbook-2021 (http://www.stats.gov.cn/ 
tjsj/ndsj/2021/indexch.htm), the population of Chinese Gelao 
is ∼677 521, of whom over 97% are in Guizhou Province. 
Their unique Gelao language is subordinate to the Tai-Kadai 
language branch of the Sino-Tibetan language family. Scholars 
agree that the Gelao group originated from the ancient Liao 
people who lived in Southwest China during the Tang and 
Han dynasties and have experienced frequent and complicated 
historical migration, genetic exchange, and integration with 
the neighbouring Han ethnicity [7, 8]. 

Currently, population genetic research on Gelao people cov-
ers a variety of genetic markers, such as autosomal Indels [9], 
X-STRs Indels [10], Y-STRs Indels [11], mitochondrial DNA 
[12], and autosomal STRs [13, 14]. However, the marker sets 
used in previous studies on autosomal STRs were relatively 
small, and the data of 15 STR loci [13, 14] are insufficient 
for updating the current database and forensic use. Thus, this 
work aimed to acquire the genetic diversity of the Guizhou 
Gelao population using a 23 STR panel. Based on the highly 
polymorphic STR genotyping data, we intended to further 
assess the forensic efficiency of the panel in Guizhou Gelao 
people and reconstruct the genetic relationships based on 
Chinese and overseas populations. 

Materials and methods 
Sample preparation and DNA extraction 
Peripheral blood samples stored in FTA cards from 490 unre-
lated healthy Gelao individuals (235 male and 255 female) 
residing in the Zunyi region, Guizhou province, Southwest 
China, were collected after obtaining the participants’ written 
informed consent. All participants were self-identified as 
indigenous Gelaos without immigration and interracial 
marriages for three or more generations. Genomic DNA was 
extracted by QIAamp DNA Mini Kit (QIAGEN, Hilden, 
Germany) following the manufacturer’s guidelines. Then, 
DNA was quantified by NanoDrop 2000c (Thermo Fisher 
Scientific, Waltham, MA, USA) and normalized to a final 
concentration of 1 ng/μL. This study was approved by the 
Ethics Committee of the Affiliated Hospital of Zunyi Medical 
University (KLLY-2021-110). 

Multiplex amplification and STR genotyping 
PCR amplification of 23 STRs (D16S539, D8S1179, D3S1358, 
vWA, TPOX, CSF1PO, D21S11, D18S51, Penta E, D2S441, 

TH01, D19S433, D5S818, FGA, D22S1045, D7S820, 
D13S317, Penta D, D10S1248, D12S391, D1S1656, D2S1338, 
and D6S1043) was performed on the ProFlex 96-well PCR 
System (Thermo Fisher Scientific) by the Huaxia Platinum 
Kit (Thermo Fisher Scientific) following the manufacturer’s 
protocol. A total of 25 μL of PCR reaction volume, which 
comprised 10 μL of the master mix, 10 μL of the primer set, 
4 μL of deionized water, and 1 μL of DNA template was 
employed. We performed the thermal cycling as following 
conditions: an initial step for 1 min at 95◦C, followed by 
26 cycles at 94◦C for 30 s, 59◦C for 16 s, then 65◦C for  
29 s, and a final extension at 60◦C for 5 min. The PCR 
products were separated by multi-capillary electrophoresis on 
the Applied Biosystems 3500XL Genetic Analyzer (Thermo 
Fisher Scientific). Allele nomenclature was conducted using 
GeneMapper ID-X software (Thermo Fisher Scientific) and 
the allelic ladder provided by the kit. Negative control 
(sdH2O) and positive control (9947A DNA sample) were 
run in each Polymerase Chain Reaction (PCR) system. 

Dataset composition 
To delineate the genetic structure among the Guizhou 
Gelao and other populations at the level of China and 
worldwide, two sets of reference population genetic data 
comprising the same 23 STR loci were retrieved. The first 
dataset consisted of 13 296 samples from 19 previously 
reported Chinese populations, including 10 Sinitic-speaking 
populations, four Tibeto-Burman-speaking populations, 
four Turkic-speaking populations, and one Hmong-Mien-
speaking population. The second reference dataset contained 
a total of 22 889 samples from 34 groups around the 
world, including 25 East Asian populations speaking Tibeto-
Burman, Tai-Kadai, Sinitic, Korean, Turkic, Mongolic, and 
Hmong-Mien languages, one South Asian group speaking 
Indo-Aryan language, two Southeast Asia group speaking 
Austronesian language, one European population speaking 
the Germanic language, one South America population 
speaking the Romance language, and four populations from 
North America speaking Germanic language [15–41]. The 
detailed information of the reference datasets are shown in 
Supplementary Table S1. 

Statistical analysis 
The expected heterozygosity (He), observed heterozygosity 
(Ho), the linkage disequilibrium (LD), and the probabil-
ity values of Hardy–Weinberg equilibrium (HWE) were 
measured by Arlequin v3.5.2.2 [42]. Allele frequencies 
and other forensic parameters such as matching prob-
ability (PM), polymorphism information content (PIC), 
typical paternity index (TPI), power of exclusion (PE), and 
power of discrimination (PD) were evaluated by STRAF 
[43]. The combined probability of paternity (CPE) and 
combined discrimination power (CDP) were computed 
as CPE = 1−(1−PE1) (1−PE2) (1−PE3) . . . (1−PEk) and  
CDP = 1−(1−DP1) (1−DP2) (1−DP3) . . . (1−DPk), where k 
represents the number of loci. 

A comprehensive population comparison among Guizhou 
Gelao and other reference populations was conducted based 
on the allele frequency distribution dataset of the 23 STR loci. 
The pairwise Nei’s genetic distance was assessed using Phylip 
v3.69 [44]. Based on the Nei’s genetic distance, the neighbour-
joining phylogenetic tree (N-J tree) was built with the MEGA 
7.0 software [45], principal component analysis (PCA) and 
multidimensional scaling (MDS) were performed using IBM
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SPSS Statistics v25.0. Moreover, a heatmap was built using the 
online tool Omicshare (https://www.omicshare.com/tools/Ho 
me/Soft/heatmap). 

Results 
Allele frequency and forensic parameters of 23 
STRs 
The genotype data of 23 autosomal STR loci in the 
Huaxia Platinum Kit of the 490 unrelated Guizhou Gelao 
individuals were presented. The allelic frequencies and related 
forensic parameters of the Gelao population are listed in 
Supplementary Table S2. All 23 STR loci were in HWE after 
applying Bonferroni correction (α = 0.05/23) (Supplementary 
Table S2). No deviations from the LD were found after the 
Bonferroni correction (0.05/253) (Supplementary Table S3). 
A total of 264 alleles were identified with allelic frequencies 
ranging from 0.001 (26, Penta D) to 0.5255 (8, TPOX). 
Penta E detected a maximum of 21 alleles, whereas TPOX 
only detected 5 alleles. The Ho and He values ranged from 
0.6020 (TPOX) to 0.9122 (Penta E) and 0.6229 (TPOX) 
to 0.9195 (Penta E), respectively. The values of TPI ranged 
from 1.2564 (TPOX) to 5.6977 (Penta E), that of PIC from 
0.5627 (TPOX) to 0.9129 (Penta E) while that of PD and 
PE ranged from 0.7939 (TPOX) to 0.9862 (Penta E) and 
0.2933 (TPOX) to 0.8205 (Penta E), respectively. The CDP 
and CPE were 0.999 999 999 999 999 999 999 999 999 47 
and 0.999 999 999 70, respectively. 

Comparisons with the Chinese populations 
We first constructed a reference dataset comprising 23 auto-
somal loci to compare the Gelao and Chinese populations. A 
total of 17 564 samples from 20 groups were included. The 
Nei’s genetic distances are shown in Supplementary Table S4. 
The closest genetic distance was observed between Guizhou 
Geolao and the geographically neighbouring Guizhou Han 
(0.0029), followed by Guangdong Han (0.0055), while the 
maximal distance observed was with the Xinjiang population 
at the China Western border (0.0602). 

Based on Nei’s genetic distance, the population relation-
ships between Gelao and the other 19 Chinese groups were 
constructed and visualized using the comprehensive means 
of the N-J tree, MDS plots, PCA, and heatmap. As shown 
in Figure 1, three major genetic cluster branches, namely, 
the Sinitic-speaking, Tibeto-Burman-speaking, and Turkic-
speaking clusters, could be clearly identified, distinguishing 
them from each other in the phylogenetic relationship tree. 
Thus, the investigated Guizhou Gelao population was first 
clustered with Guizhou Han and Guangdong Han and next 
converged with the other Sinitic-speaking populations, includ-
ing the Han populations from different provinces and the Hui 
minority group. 

The MDS plot is shown in Figure 2. Three Tibeto-Burman-
speaking populations were congregated in the fourth quad-
rant, except the Hubei Tujia, which was in the first quadrant. 
Four populations who speak Turkic language were on the sec-
ond and third quadrants. Guizhou Gelao and Sinitic-speaking 
populations showed strong genetic affinity and clustered in 
the first and second quadrants. Moreover, Guizhou Miao was 
located in the first quadrant and was relatively far away from 
Guizhou Gelao compared with other Han groups. 

Our PCA results showed that 90.8% of the genetic 
variation was extracted from the first three components 

Figure 1 Neighbour-joining phylogenetic tree among 20 Chinese popula-
tions base on Nei’s genetic distances. 

(PC1:67.656%; PC2:14.374%; PC3:8.459%) ( Figure 3). PC1 
gathered the Guizhou Miao, Guizhou Gelao, and Sinitic-
speaking populations. PC2 could differentiate the Turkic-
speaking populations except for one Xinjiang Uyghur popu-
lation. Comparatively, PC3 could distinguish the Sichuan Yi, 
Sichuan Tibetan, and Tibet Tibetan populations from others. 

The genetic relationship revealed by heatmap analysis 
(Figure 4) concorded with the results of the MDS and N-J 
tree. The Guizhou Gelao was grouped with Sinitic-speaking 
populations. Geographical clustering was also observed. For 
example, all Xinjiang populations clustered together but were 
more distant from other populations. 

Comparisons with populations across the world 
To further illustrate the genetic heterozygosity and homo-
geneity among the Guizhou Gelao and other populations, 
group comparisons were conducted using a dataset of 34 
populations around the world with 23 autosomal loci. The 
Nei’s genetic distance results showed that the closest genetic 
distance was between Guizhou Geolao and Guizhou Han 
(0.0029), followed by two Guangdong Han groups (0.0051, 
0.0055), while Guizhou Gelao displayed the farthest genetic 
distance with African American (0.1510) (Supplementary 
Table S5). The N-J tree of 35 populations is shown in Figure 5. 
Two main branches were clustered in the dendrogram, the 
Asian Branch (except India) and the European and American 
Branch (except Asian American). Guizhou Gelao was first 
clustered with Guizhou Han, then formed a clade with other 
Han populations and the Guizhou Miao population.
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Figure 2 Multidimensional scaling plot among 20 Chinese populations base on Nei’s genetic distances. The two-dimensional plot of (A) PCA1 and PCA2, 
(B) PCA1 and PCA3, and (C) PCA2 and PCA3. (D) The three-dimensional plot of principal component analysis results. 

Figure 3 Principal component analysis among 20 Chinese populations base on Nei’s genetic distances. The two-dimensional plot of (A) PCA1 and PCA2, 
(B) PCA1 and PCA3, and (C) PCA2 and PCA3. (D) The three-dimensional plot of principal component analysis results. 

The MDS plot is shown in Supplementary Figure S1. The  
results showed that Asian groups were concentrated in the 
first and fourth quadrants, except India in the third quadrant. 
Among these Asian populations, Guizhou Gelao and Sinitic-
speaking populations showed strong aggregation. Besides, 
the Turkic-speaking populations in Northwest China were 
between Europeans and East Asians. 

The PCA results indicated that the first two components 
(PC1: 78.289%; PC2: 13.416%) could extract 91.705% vari-
ations from the total variations of 35 world populations (Sup-
plementary Figure S2). From the PCA plots, we observed that 
most Chinese groups, two Southeast Asian groups and Asian 
American gathered at the bottom right, Turkic-speaking pop-
ulations were scattered on the upper right, and the American
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Figure 4 Heatmap among 20 Chinese populations base on Nei’s genetic distances. 

Figure 5 Neighbour-joining phylogenetic tree among 35 world populations base on Nei’s distances. 
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and European groups were distributed on the left side of the 
PCA plot. 

Heatmap analysis indicated that the African American 
had the furthest genetic distance from the Guizhou Gelao, 
while some southern Chinese groups, such as Guizhou Han 
and Guangdong Han, showed a close genetic relationship 
with Guizhou Gelao (Supplementary Figure S3). Besides, we 
found that the Sinitic-speaking, Tibeto-Burman-speaking, 
and Turkic-speaking populations demonstrated obvious 
linguistic aggregation. Asian groups, including Chinese 
groups, Vietnam, and the Philippines, aggregated as a large 
group, showing significant geographic agglomeration. 

Discussion 
China, populated by over 1.3 billion people, consists of 56 
officially recognized ethnicities. Because of China’s large 
population size, diversified geographic distributed, complex 
ethic origination and admixture, it is of great significance 
for human genetics to study the genetic characteristics of 
different Chinese populations. Guizhou, a mountainous 
province in Southwest China and geographically isolated from 
other places, harbours the most ethnically and linguistically 
diversified minority groups. Recently, an increasing number 
of genetic studies in Guizhou populations were performed 
by forensic and human genetic researchers using a variety 
of genetic markers such as STR, single nucleotide poly-
morphisms (SNPs), InDels, and mitochondrial DNA. Newly 
developed STR multiple detection kits, which include the 20 
updated core loci of the Ministry of Public Security of China, 
can improve discriminating ability and have been widely 
applied in forensic paternity testing, personal identification, 
and the construction of DNA databases. Although the 
forensic characteristics and genetic relations of the Guizhou 
Gelao population were also widely investigated using several 
markers, they were not explored using highly discriminating 
STR marker sets, such as the 23 STR panel. 

In this study, we provide the first genetic data using a 23 
STR panel based on 490 Gelao individuals from the Guizhou 
province of Southwest China. Compared with the previous 
report on 15 STRs on the Guizhou Gelao people [13], except 
for the additional eight loci, consistent results were observed 
in POX and D18S51, which was the lowest and highest poly-
morphic locus, respectively. Moreover, based on the additional 
eight STR, Pent E and D6S1043 displayed higher discrimi-
nation ability than D18S51. The comprehensive analysis of 
allele frequencies and forensic parameters proved that the 
23 STR panel had much higher genetic polymorphism and 
discrimination power than the 15 STR set, proving that the 
kit could be efficiently used for forensic investigations on the 
Guizhou Gelao population, especially for individual identifi-
cation, paternity testing, and DNA database construction. 

Moreover, population genetic construction of the Gelao 
and other populations was performed at both domestic and 
international levels with two reference population datasets 
based on genetic data from the same 23 STRs. A series of 
visual analyses, such as the N-J tree, MDS, heatmap, and 
PCA, based on Nei’s genetic distance demonstrated a complex 
phylogenetic model influenced by ethnic, geographic, and 
linguistic factors. 

Comparisons between Guizhou Gelao and Chinese popula-
tions indicated that the Guizhou Gelao people were closely 
related to the Guizhou populations and the Chinese Han 

populations. This result was also concordant with findings 
of other genetic markers, for instance autosomal Indel and 
X-STR [9, 10]. The genetic maps obtained by different ana-
lytic methods confirmed that Guizhou Gelao has a strong 
genetic affinity with Guizhou Han but was far away from 
populations speaking Turkic and Tibeto-Burman languages. 
The N-J tree showed that groups speaking Sinitic, Turkic, and 
Tibeto-Burman languages were closely clustered, respectively, 
and significant genetic homogenization was found in popula-
tions belonging to the same language families. 

Additionally, a closer genetic affinity between the Guizhou 
Gelao who speak Tai-Kadai language and the Guizhou Miao 
who speak Hmong-Mien language was demonstrated than 
the Turkic and Tibeto-Burman speakers. As shown in the 
MDS plot, the two Guizhou ethnic groups shared the same 
first quadrant. Whereas compared with the Sinitic-speaking 
populations, the genetic distance between Guizhou Miao 
and Guizhou Gelao was relatively far, which was similar 
as reported in previous studies and might be attributed to 
geographical location and ethnic origin [9, 46]. 

Based on the analysis between the Guizhou Gelao and dif-
ferent populations across the world, similar results were also 
obtained, Guizhou Gelao and populations speaking the Sinitic 
language gather together. Additionally, except for India, pop-
ulations across Asian regions were geographically clustered, 
and populations from the same language family also showed 
genetic affinities. These observed genetic affinity reflect the 
common pattern that populations with geographic proximity 
or linguistic affinity share more ancestral information [47]. 
Besides, the genetic map also showed that the Turkic-speaking 
populations were between Europeans and East Asians and 
are considered descendants of ancient mixed populations of 
East Asians and Europeans. Due to geographical isolation, 
group migration, customs, and many other factors, the genetic 
relationship between ethnic groups is more complex. Further 
elucidation of the origin and migration of the Gelao group 
requires large scale studies on populations in different nations 
and regions with higher density genetic marker sets. 

Conclusion 
In conclusion, the Huaxia Platinum PCR amplification kit 
demonstrated high genetic polymorphisms and discrimination 
power and could be efficiently used for forensic applica-
tions on the Guizhou Gelao population. The comprehensive 
genetic relationships at the domestic and worldwide levels 
using various methods demonstrated a complex phyloge-
netic model influenced by ethnic, geographic, and linguistic 
factors. The Guizhou Gelao is genetically closer to Sinitic-
speaking populations, especially the geographically neigh-
bouring Guizhou Han. In addition, a closer genetic affin-
ity was observed between the Tai-Kadai-speaking Guizhou 
Gelao and the Hmong-Mien-speaking Guizhou Miao than the 
Tibeto-Burman and Turkic speakers. 
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