
Frontiers in Ecology and Evolution 01 frontiersin.org

Insight into forensic efficiency 
and genetic structure of the 
Guizhou Dong group via a 
64-plex panel
Wen Wan †, Zheng Ren †, Hongling Zhang , Qiyan Wang , 
Ting Wang , Yunteng Yang , Jiangtao You , Kun He , 
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Insertion/deletion polymorphisms (InDels) show great application values in 

forensic research because they own superiorities of short tandem repeats 

(STRs) and single nucleotide polymorphisms (SNPs). Whereas, InDels 

commonly display low genetic diversities in comparison to STRs. Therefore, 

they may provide limited genetic information in forensic kinship testing. Here, 

we evaluated forensic application efficiency of a novel multiplex amplification 

system including two STRs, 59 InDels, and three sex-determination loci in the 

Guizhou Dong group. In addition, we explored the genetic background of the 

Guizhou Dong group in comparison to other reported populations based on 

59 InDels. We found that 59 InDels displayed relatively high genetic diversities 

in the Guizhou Dong group. Moreover, the cumulative forensic efficiency of 

two STRs and 59 InDels could meet the requirement of individual identification 

and paternity testing in the Guizhou Dong group. For these 59 InDels, 

we observed that some loci exhibited relatively high genetic differentiations 

among different continental populations, especially for African and Non-

African populations, which could be viewed as candidate ancestry informative 

markers in the future. Genetic structure results indicated that the Dong 

group had close genetic relationships with East Asian and some Southern 

Chinese Han populations. To sum up, we stated that the 64-plex panel could 

be performed for forensic application of the Guizhou Dong group.
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Introduction

In forensic research, forensic geneticists commonly need to solve two dominant tasks: 
personal identification and kinship testing. STRs are viewed as the mainstream genetic 
markers for forensic researchers because of their high genetic diversities and discrimination 
power (Fan et al., 2021; Harrel et al., 2021; Qu et al., 2021). Nonetheless, there are still some 
defects for STRs in forensic practice. For example, the relatively high mutation rate of STRs 
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may make incorrect conclusions in complex paternity analyses 
(Liu et al., 2021; Chandra et al., 2022); the large amplicon of STRs 
is not conducive to assessing outdated and degraded biological 
samples (Boelens et al., 2021; Song et al., 2022). To avoid these 
issues of STRs in practical application, SNPs are usually employed 
as supplemental genetic markers for forensic research because 
they have widespread in the human genome, show small amplicon, 
and possess low mutation rates. Accordingly, a set of panels of 
SNPs have been constructed (Li et al., 2018; Avent et al., 2019; 
Hwa et al., 2019; Zhao et al., 2021). In spite of this, SNPs belong to 
sequence variants, which are commonly involved with complex 
detection methods and high costs for SNP typing (Wei et  al., 
2014). Therefore, it is unfavorable for us to promote and 
popularize SNPs in forensic grassroots laboratories.

InDels are genetic markers that display the insertion or 
deletion of random DNA fragments in the genome (Weber et al., 
2002). InDels have some advantageous features that resemble 
SNPs: small amplicon and low mutation rate (LaRue et al., 2012; 
Wei et  al., 2014). Intriguingly, alleles of InDels exhibit length 
differences that are analogous to STRs, which could be compatible 
with the extant capillary electrophoresis (CE) technology. A set of 
multiplex amplification systems of InDels for forensic various 
purposes have been developed: Jin et  al. (2019) constructed a 
panel of 35 InDels for forensic personal identification via the CE; 
Zhang et al. (2021) developed a multiplex amplification panel of 
39 ancestral informative InDels for forensic ancestral origin 
analyses of different continental populations; Tao et al. (2019) 
developed a panel of 27 autosomal InDels, 16 X chromosomal 
InDels, and two Y chromosomal InDels for complicated paternity 
relationship testing. Even so, these available InDel panels could 
be applicable for forensic paternity testing as additional tools since 
InDels possess relatively low genetic diversities. Moreover, these 
InDels are also unfavorable for dissecting mixed samples 
consisting of more than two contributors because they exhibit two 
allelic variations at best. To this end, genetic markers that show 
multiple allelic variations could be  integrated into the extant 
panels to improve their performance in forensic paternity testing 
and mixture deconvolution.

Previously, a novel multiplex amplification system (64-plex) 
that includes two STRs, 59 InDels, and three sex-determination 
loci has been developed based on the CE (Liu et al., 2022a). In the 
following study of developmental validation, Liu et al. (2022b) 
found that the novel panel displayed greater application value in 
forensic individual identification and kinship testing than the 
extant InDel and miniSTR panels. In addition, the novel panel 
showed good tolerance to common inhibitors, strong species 
specificity, and good applicability for case-type samples. In a 
nutshell, they proposed that the panel could be performed for 
forensic research in Chinese populations well. Even so, the 
application efficiency of the system in Chinese other populations 
needs to be further evaluated before it will be put into practice.

Dong group, also known as Kam, is one of 55 minority groups 
in China and mainly lives in Guizhou, Guangxi, and Hunan 
provinces. Dongs do not have their own traditional script and 

their language belongs to Tai-Kadai. Regarding the ancestral 
origins of Dongs, some scholars thought that they were 
descendants of ancient Liaos (Geary, 2003). Furthermore, Dongs 
stated that their ancestors might be  immigrants from Eastern 
China and Southern China regions (Skutsch, 2013). At all events, 
controversy about the ancestral origins of the Dong group still 
exists. Therefore, ancestral components of the Dong group should 
be explored by multiple genetic markers to understand its genetic 
background better.

Currently, we  firstly investigated allelic distributions and 
forensic parameters of the novel panel in the Guizhou Dong 
group. Besides, population genetic analyses of Guizhou Dong and 
other previously reported populations (1000 Genomes Project 
Consortium et al., 2015; Liu et al., 2022a,b) were performed by 
multiple methods to dissect the genetic structure of the Guizhou 
Dong group based on 59 InDels.

Materials and methods

Sample information

Bloodstains of 142 Guizhou Dong individuals (86 males and 
56 females) who have lived in the Guizhou province for at least 
three generations were gathered. All participant provided their 
written informed consent. Furthermore, these Dongs were 
unrelated healthy individuals. The study was conducted in line 
with the guideline of the Ethics Committee of Guizhou Medical 
University and was warranted by the Ethics Committee of 
Guizhou Medical University (Approval number: 2021-224).

Based on the same 59 InDels, the genetic structure of the 
Guizhou Dong group was dissected in comparison to the 
previously reported 29 populations. The general information of 
populations used in this study was listed in Supplementary Table 1.

PCR and allele typing

1 cm2 card was punched from the bloodstain and added to the 
PCR mixture. The mixture comprised 2 μL Master Mix (HEALTH 
Gene Technologies, Ningbo, China), 2 μL Primer Mix, and 6 μL 
deionized water. Next, the PCR cocktail was amplified on the 
GeneAmp PCR System 9,700 equipment (Thermo Fisher 
Scientific, Foster City, CA, United  States) according to the 
recommended parameters (Liu et al., 2022b). Thirdly, we extracted 
1 μL amplified product and added it into the cocktail including 
0.5 μL SIZE-500 (HEALTH Gene Technologies) and 8.5 μL Hi-Di 
deionized formamide. And then we  utilized the ABI 3500xL 
Genetic Analyzer (Thermo Fisher Scientific, Foster City, CA, 
United States) to separate and detect the cocktail. Finally, allelic 
typing of two STRs, 59 InDels, and three Y-chromosomal loci for 
all samples were generated by the GeneMapper ID-X Software 
v1.5 (Thermo Fisher Scientific, Foster City, CA, United States) in 
comparison to the allelic ladder.
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Statistical analysis

We estimated allelic frequencies and forensic parameters that 
included polymorphic information content (PIC), matching 
probability (MP), discrimination power (DP), observed 
heterozygosity (Ho), expected heterozygosity (He), probability of 
exclusion (PE), and typical paternity index (TPI) of two STRs and 
59 InDels by the STRAF software v1.0.5 (Gouy and Zieger, 2017). 
In addition, Hardy–Weinberg equilibrium (HWE) and linkage 
disequilibrium (LD) testing of two STRs and 59 InDels were also 
conducted by the STRAF. Insertion allelic frequency heatmap of 
59 InDels in the Guizhou Dong and 29 compared populations was 
conducted by the Sangerbox online tool v3.0.1 Informativeness-
for-assignment metric (In) values of 59 InDels were computed by 
the infocalc program v1.1 (Rosenberg et  al., 2003). Principle 
component analysis (PCA) of the Guizhou Dong and other 
compared populations at the population level was conducted by 
the factorextra package v1.0.7.999 of R software v4.1.0. Besides, 
PCA of these populations at the individual level was performed 
and plotted by the STRAF software and ggplot2 package v4.1.3 of 
R software, respectively. Genetic distances (DA) of the Guizhou 
Dong and other compared populations were computed by the 
dispan software2 based on allelic frequencies of 59 InDels. An 
unweighted pair-group method with the arithmetic means-based 
tree of these populations was constructed by the MEGA software 
(Kumar et al., 2018) based on pairwise DA values. Pairwise fixation 
index (FST) of Guizhou Dong and other reference populations 
were estimated and plotted by the Arlequin software v3.5 
(Excoffier and Lischer, 2010) and corrplot package v0.92 of R 
software, respectively. Population genetic structure of these 
populations was performed by the ADMIXTURE software v1.3 
(Alexander et  al., 2009) at K = 2–7 according to the default 
parameters. Ancestral components of these populations were 
further displayed by the AncestryPainter program (Feng et al., 
2018) at K = 4.

Results

HWE and LD results of two STRs and 59 
InDels in the Guizhou Dong group

Results of HWE testing for two STRs and 59 InDels in the 
Guizhou Dong population were listed in Supplementary Table 2. 
We found that the p values of rs5877451, rs4024564, rs35453727, 
rs10649306, and rs148501393 loci were less than 0.05. Even so, 
these loci did not show statistically significant after Bonferroni’s 
correction (p = 0.05/61 = 0.00082). Accordingly, we  stated that 
these 61 loci conformed to HWE in the Guizhou Dong group.

1 http://vip.sangerbox.com/login.html

2 https://mybiosoftware.com/dispan-genetic-distance-phylogenetic-

analysis.html

p-values of LD analyses for pairwise loci were listed in 
Supplementary Table 3. Equally, p-values of pairwise loci did not 
display statistically significant after Bonferroni’s correction 
(k = 1.83 × 103, p < 0.000027). Therefore, we stated that these 61 loci 
could be  considered independent loci from each other in the 
Guizhou Dong group.

Allelic frequencies and forensic 
parameters of two STRs and 59 InDels in 
the Guizhou Dong population

Allelic frequencies of two STRs and 59 InDels in the Guizhou 
Dong were given in Supplementary Table 2. There were 136 alleles 
observed in the Guizhou Dong group for these 61 loci. As 
expected, D1S1656 and D3S1358 loci exhibited the most number 
of alleles in the Guizhou Dong group and the number of alleles of 
these two loci was 12 and 6, respectively. Allelic frequencies of two 
STRs were distributed from 0.0035 to 0.3451. For the remaining 
59 InDels, we found that the majority of loci showed relatively 
even frequency distributions with the values distributing from 
0.3345 to 0.6655.

Forensic parameters of two STRs and 59 InDels in the 
Guizhou Dong group were presented in Supplementary Table 2. 
For two STRs, PIC, Ho, He, MP, DP, PE, and TPI values of 
D1S1656 locus were 0.8171, 0.8239, 0.8391, 0.0489, 0.9511, 0.6442, 
and 2.8400, respectively; and they were 0.6853, 0.6901, 0.7351, 
0.1161, 0.8839, 0.4132, and 1.6136 for D3S1358 locus, respectively. 
For InDels, the average PIC, Ho, He, MP, DP, PE, and TPI values 
of 59 InDels were 0.3694, 0.4816, 0.4909, 0.3800, 0.6200, 0.1746, 
and 0.9712, respectively. Cumulative MP, DP, and PE of these 61 
loci in the Guizhou Dong group were 8.34 × 10−28, ~1.00, and 
0.999997602, respectively. In addition, we also estimated gene 
diversities (GD) of two Y-InDels (rs759551978 and rs199815934) 
in the Guizhou Dong group. GD values of these two loci 
(rs759551978 and rs199815934) were 0.2079 and 0.2758, 
respectively.

Allelic frequency distributions of 59 
InDels in the Guizhou Dong and other 
reference populations

Insertion allelic frequencies of 59 InDels in the studied Dong 
and other reference populations were shown in Figure  1. 
We  observed that some loci displayed relatively high allelic 
frequency divergences among these populations. For instance, 
rs6481 and rs5833522 loci exhibited relatively low frequencies in 
African and European populations, respectively; rs3083268, 
rs35173752, rs144378883, rs10579944, and rs1611025 loci 
displayed relatively high allelic frequencies in African populations. 
In can measure genetic differentiations of genetic markers in 
different populations (Phillips, 2015). Therefore, we also estimated 
In metrics of these 59 InDels among different continental 
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populations (Figure 1). Obtained results revealed that In values of 
these loci distributed from 0.0009 (rs10535391) to 0.1198 
(rs35173752). Besides, we also estimated In values of these loci 
between pairwise populations, as given in Supplementary Table 4. 
Results revealed that there were 13 loci showing relatively high In 
values between African and other continental populations. For 
example, In values of rs10579944 locus were greater than 0.1 
between African and Non-African populations.

Population genetic analyses of the 
Guizhou Dong group and other 
reference populations based on 59 
InDels

Based on allelic frequencies of 59 InDels, we conducted the 
PCA of the Guizhou Dong and other reported populations, as 
shown in Figure  2A. The first two principle components can 
explain more than 76% variances of the original data set. At PC1, 
we observed that these populations could be classified into two 
clusters: seven African populations located in the right part; the 

remaining populations located in the left part. At PC2, East Asian, 
African, European, and South Asian populations could 
be  separated from each other. Besides, we  found that four 
American populations were distributed between East Asian and 
South Asian populations. Next, we  further assessed the 
contributions of 59 InDels to differentiating these populations, as 
shown in Figure  2B. We  found that rs5833522, rs35173752, 
rs6481, and rs10563906 loci possessed high contributions to PC1; 
rs5833522, rs35173752, rs71698233, and rs35453727 loci showed 
high contributions to PC2, implying that these loci could 
be viewed as candidate ancestry informative markers for forensic 
ancestral analyses of these continental populations. Thirdly, 
we performed the PCA of these populations at individual levels 
(Figure 2C). We found that most Africans could be differentiated 
from other continental populations at PC1. Furthermore, most 
East Asians could be separated from European, South Asian, and 
American populations at PC2. For the studied Dongs, we observed 
that most Dongs were overlapped with East Asian individuals.

A phylogenetic tree of the Guizhou Dong and other reference 
populations was shown in Figure 3A. Five branches were discerned 
from the tree: seven African populations formed a branch; Guizhou 

FIGURE 1

Insertion allelic frequency heatmap and In values of 59 InDels in the Guizhou Dong and other compared populations.
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Dong and other East Asian populations clustered in the same 
branch; five South Asian populations formed a branch; five 
European and three American populations clustered in the same 

branch; PEL population formed a branch. In addition, DA genetic 
distances of the Guizhou Dong and other compared populations 
were also displayed in Figure 3A; Supplementary Table 5. We found 

A B

C

FIGURE 2

Principle component analysis of the Guizhou Dong and other compared populations. (A) Principle component analysis at population levels. 
(B) Contributions of each InDel locus to explaining the variability of the data set. (C) Principle component analysis at individual levels.

A B

FIGURE 3

The Unweighted pair-group method with arithmetic means-based tree (A) and FST (B) of the Guizhou Dong and other compared populations.
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that the studied Dong population had the smallest DA value with 
CDX, followed by KHV, Hunan Han, CHS, and CHB populations. 
Instead, the studied Dong group showed high DA values with seven 
African populations. We  also estimated FST values of Guizhou 
Dong and other reported populations, as shown in Figure  3B; 
Supplementary Table  6. Likewise, the Guizhou Dong had the 
lowest FST value with CDX, followed by KHV, CHS, Hunan Han, 
and CHB populations; whereas, it possessed higher FST values with 
other continental populations.

Population genetic structure analyses of 30 populations at 
K = 2–7 were conducted, as given in Supplementary Figure  1. 
Besides, we also calculated the cross-validated error of each K, as 
shown in Supplementary Figure 2. We observed that the smallest 
cross-validated error was seen at K = 2, indicating K = 2 was the 
best K for the data set used in this study. At K = 2, seven African 
populations exhibited similar ancestral components that could 
be discriminated from the resting populations. When K increased 
to 3, nine East Asian populations could be further differentiated 
from other populations. When K become 4, East Asian, European, 
South Asian, and African populations showed different ancestral 
component distributions and could be discriminated from each 
other, which was also displayed in Figure 4A. However, no further 
genetic structure could be discerned from these populations at 
larger K values. Next, we  assessed ancestral components of 
Guizhou Dongs at K = 4, as shown in Figure 4B. We found that 
these Dongs showed higher ancestral proportions of East Asian 
populations than other continental populations.

Discussion

Recently, forensic geneticists developed a set of multiplex 
amplification panels of InDels for forensic personal identification 
and paternity analyses (Li et al., 2011; Chen et al., 2019; Huang 
et al., 2020; Jin et al., 2021; Fan et al., 2022). However, InDels of 
these panels showed lower genetic diversities than commonly 
used STRs, which could provide limited genetic information in 
kinship analyses. The combination of InDels and STRs can 
be developed into a high-efficient tool for forensic research since 
it could integrate their advantageous features. Hereto, we evaluated 
the forensic application values of a novel multiplex system 
comprising two STRs, 59 InDel, and three sex determination loci 
in the Guizhou Dong group. We found that 59 InDels showed 
relatively high genetic heterozygosities (He >0.4000) in the 
Guizhou Dong group. Besides, these InDels also possessed 
relatively high PIC values (>0.3400), implying that these loci could 
provide reasonable genetic information content in forensic 
research. The forensic performance comparisons of different kits 
were provided in Table 1. We found that the system presented in 
this study owned higher forensic application values, especially for 
kinship testing in comparison to previously developed InDel 
panels (Liu et  al., 2020; Jin et  al., 2021; Liu J. et  al., 2022). In 
addition, we observed that the panel presented in this study also 
showed better performance for forensic individual identification 

than commonly used STRs (Zhang, 2015; Guo, 2017). In 
conclusion, we proposed that the novel multiplex panel could 
be  suitable for forensic individual identification and paternity 
testing in the Guizhou Dong group as an independent system.

For 59 InDels, different frequency distribution patterns of 
some loci were observed among these continental populations. 
Accordingly, we further assessed In values of these loci among 
these continental populations. Thirteen loci including rs10540867, 
rs10563906, rs10579944, rs144378883, rs1611025, rs3076465, 
rs3083268, rs34731870, rs35173752, rs5833522, rs6481, 
rs66739142, and rs71698233 displayed relatively high In values 
between African and Non-African populations. In addition, 
we also found that these loci provided relatively high contributions 
to PC1, implying that these loci could be viewed as candidate 
ancestry informative markers of African populations since PC1 
could discriminate Africans and non-Africans (Figure  2). 
Nonetheless, we  found that these 59 InDel loci were hard to 
differentiate European, East Asian, South Asian, and American 
populations at individual levels, which might be related to similar 
frequency distributions of most loci in these populations. Besides, 
we observed that minor allelic frequencies of these 59 loci in nine 
East Asian populations were larger than 0.2000, indicating these 
loci could also be utilized as valuable loci for forensic individual 
identification in East Asian populations.

For population genetic analyses of the Guizhou Dong 
group, we found that the studied Dong group showed low DA 

A

B

FIGURE 4

Ancestral component analyses of the Guizhou Dong group in 
comparison to other reference populations. (A) Population 
genetic structure of the Guizhou Dong group and other 
reference populations at K = 4; (B) Ancestral component 
proportions of the Guizhou Dong group from different 
continental populations.
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and FST values with East Asian populations. More importantly, 
the Guizhou Dong group showed similar ancestral proportions 
with East Asian populations, implying that they possessed 
close genetic affinities in comparison to other reference 
populations. In addition, we observed that the Guizhou Dong 
group displayed the closest genetic relationships with CDX, 
KHV, and some southern Han populations, which was similar 
to results obtained by 30 InDels (Liu et al., 2020). Previous 
studies of Dong group based on X-STRs and the mitochondrial 
DNA control region also pointed out that Guizhou Dong 
group showed relatively intimate genetic affinities with 
Tai-Kadai-speaking, Hmong-Mien-speaking, and Han 
populations (Yang et al., 2021; Ren et al., 2022). Dong and 
CDX groups belong to the same language family, Tai-Kadai, 
which may result in more interaction between these two 
populations. Besides, population genetic analyses of the Kinh 
population also revealed that the Kinh population possessed 
close genetic affinities with the Dai population based on a 
large number of SNPs (Huang et  al., 2018), which might 
be related to their similar genetic structure. From the above 
results, we  stated that the studied Dong group had close 
genetic relationships with Southern Chinese minority groups 
and Han populations. As more data on these loci in Southern 
Chinese populations is being reported, we  can explore 
phylogenetic relationships of the Guizhou Dong and its 
surrounding populations better.

Conclusion

To sum up, the 64-plex panel showed relatively high genetic 
diversity and could be  utilized as the independent system for 
forensic individual identification and paternity testing in the 
Guizhou Dong group. In addition, some loci exhibiting high 
genetic differentiations among different continental populations 
could be viewed as candidate ancestry informative markers in the 
future. Population genetic analyses of the Guizhou Dong and 
other reference populations demonstrated that the studied Dong 
group displayed intimate genetic affinities with CDX, KHV, and 
some Southern Chinese Han populations.
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