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A B S T R A C T   

Insertion/deletion polymorphisms (InDels) as ideal genetic markers for forensic genetics are 
appreciated by scholars both nationally and internationally because they integrated the favorable 
features of single nucleotide polymorphisms (SNPs) and short tandem repeats (STRs). Never-
theless, with the limited identification efficiency of InDels, the multiplex amplification systems of 
InDels might just be applied as the supplementary methods in paternity testing with respect to 
commonly used STRs. 

In the current research, we successfully genotyped 105 unrelated individuals from the Guizhou 
Sui population based on a six-color fluorescence multiplex panel that could simultaneously detect 
64 genetic markers (59 autosomal InDels, two autosomal miniSTRs and three Y chromosomal 
genetic markers). In addition, frequency distributions and forensic statistical parameters of these 
loci in the Sui group were assessed using the STRAF software. Phylogenetic relationships among 
the Sui group and other reference populations were dissected by two methods (principal 
component analysis and phylogenetic trees) based on 59 InDels. The combined discrimination 
power and probability of exclusion values of 61 autosomal genetic markers in the Sui group were 
nearly equal to 1–1.90063 × 10− 27 and 0.999998272, respectively. Furthermore, we observed 
that the Sui group from Guizhou had closer genetic affinities with East Asian populations with 
respect to other continental populations. 

In summary, we stated that the multiplex amplification system might be utilized as a pro-
spective independent tool for human individual identification and parentage testing in the Sui 
group residing in Guizhou.   

1. Introduction 

Insertion/deletion polymorphisms (InDels) are diallelic markers generated through one mutation event [1]. InDels stand out 
among genetic markers as desirable genetic markers in forensic genetics and are preferred by academics both domestically and globally 
because they partially integrate the beneficial traits of STRs and SNPs. On the one hand, the amplicon of InDels is short and they display 
low mutation rate and high genetic stability. On the other hand, InDels are length polymorphisms, so they can be typed quickly and 
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accurately with capillary electrophoresis (CE) technology at low prices [2–4]. Researchers in forensic science have developed a series 
of multiplex amplification InDel panels. A novel InDel typing system better suited for East Asian populations, was developed by Fan 
et al. to increase forensic application efficiency of InDels, which was a reliable tool for intercontinental population differentiation and 
human identification [5]. Huang et al. exploited a novel 32-plex InDel panel for personal identification [6]. Tao et al. developed the 
SifaInDel 45-plex panel for complex kinship analysis [7]. Working on the CE platform, Li et al. designed and created a multiplex 
amplification panel of 18 autosomal multi-InDels for the forensic investigation of highly degraded specimen [8]. Besides, a new panel 
of 52 ancestral informative InDels was developed by Zhou et al. for biogeographic ancestry inferences of individuals [9]. Nevertheless, 
due to the limited identification efficiency of InDels, the multiplex amplification systems of InDels might just be considered as the 
supplementary methods in paternity testing in relatively to commonly applied STRs. Comfortingly, in the prior investigation by Liu 
et al., they built a 64-plex panel including two autosomal miniSTRs, 59 autosomal InDels and three Y chromosomal genetic markers by 
the PCR-CE and six dyes labeled technology. The system is not only suitable for the identification of highly degraded samples and 
mixed samples, it is also more efficient in the forensic investigation of complex cases [10]. Nevertheless, the forensic performance of 
the 64-plex panel in various populations should be further evaluated. 

The Sui population is a member of the Tai-Kadai language family and officially recognized as an ethnic minority in China. Almost 
90 % of the population of Sui resides in Guizhou province, with the remainder spread out through other regions like Guangxi, Yunnan, 
and Sichuan [11,12]. The characters, medical culture, and costumes of the Sui people have been studied by several researchers 
[13–15], which has promoted our understanding of them. Nonetheless, the source of the Sui population remains controversial and 
exploring of the genetic structure for the Sui population is still limited [16,17]. As a result, we used the 64-plex panel previously 
developed by Liu et al. [10] to perform the population genetic analysis of the Guizhou Sui population. Firstly, forensic statistical 
parameters of these 64 loci in Sui group living in Guizhou were calculated to provide fundamental information for kinship testing as 
well as personal identification. Secondly, frequency distribution comparisons of 59 overlapping InDels among the Sui and previously 
reported populations were conducted to explore genetic divergences of these loci. Finally, phylogenetic relationships of these pop-
ulations were analyzed deeply to dissect the genetic structure of the studied Sui group. 

2. Materials and methods 

2.1. Sample collection 

In this investigation, there were 105 bloodstain specimens (52 males and 53 females) collected from unrelated healthy Sui par-
ticipants. The present work was performed in accordance with the Guizhou Medical University Ethics Committee guidelines. We also 
collected genetic data of 59 InDels in different continental populations from the 1000 Genomes Project [18]. Besides, the previous 
reported Guizhou Han (CHG), Guizhou Dong (CDG), Tibet Tibetan (CTT), Qinghai Tibetan (CTQ) and Hunan Han (CHH) populations 
were also considered as reference populations [10,19–21]. The details of the populations were shown in Supplementary Table 1. 

2.2. PCR amplification and allele genotyping 

Firstly, we obtained 1 cm2 blood cards from the bloodstain samples. Afterward, the samples were extracted for DNA with the 
Chelex-100 method and DNA was quantified with Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific, Wilmington, USA). 
We next conducted the multiplex amplification of 64 loci for each sample using the GeneAmp PCR System 9700 apparatus (Thermo 
Fisher Scientific, Foster City, CA, United States). The above involved PCR reagents and thermal cycling conditions were reported in Liu 
et al. [19]. The amplified product was then mixed thoroughly. Later we isolated and detected the mixture by ABI 3500xL Genetic 
Analyzer (Thermo Fisher Scientific, Foster City, CA, USA). Finally, GeneMapper ID-X software v1.5 (Thermo Fisher Scientific, Foster 
City, CA, USA) was applied for genotyping. 

2.3. Statistical analysis 

Firstly, we performed a series of calculations based on STRAF software [22] for the forensic parameters of 59 InDels and two 
miniSTRs in the Guizhou Sui population, including Hardy–Weinberg equilibrium (HWE) testing, linkage disequilibrium (LD) analysis, 
allelic frequencies, expected heterozygosity (He), observed heterozygosity (Ho), polymorphic information content (PIC), matching 
probability (PM), discrimination power (PD), probability of exclusion (PE), and typical paternity index (TPI). Next, we used the see 
package v0.7.4 of R software v4.2.2 to draw the raincloud plot of the forensic parameters. Besides, we estimated the allelic frequencies 
and the pairwise fixation index (FST) of 59 InDels among the Sui group and 31 previously published populations by applying STRAF. 
Next, on the basis of allelic frequencies of 59 InDels, genetic distances (DA) of these 32 populations were calculated with the DISPAN 
program. Furthermore, the phylogenetic tree was carried out using the MEGA program [23] on the basis of DA values. Finally, we 
performed the principal component analysis (PCA) of these populations by the factoextra package v1.0.7 and the ggplot2 package 
v3.4.1 of R software v4.2.2 based on allelic frequencies of 59 InDels. 
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3. Results 

3.1. LD and HWE results of 59 InDels and two miniSTRs in the Sui group residing in Guizhou 

The linkage disequilibrium tests (p-values) for all pairs of 59 InDels and two miniSTRs in the Sui population from Guizhou province 
were given in Supplementary Table S2. The smallest p-value (0.0001) was observed between rs3030496 and rs5877451 loci. After 
Bonferroni correction (p > 0.05/ 1830 = 0.00002732) being employed, we observed that p-values of these pairwise loci weren’t 
statistically significant. Therefore, we concluded that 61 loci complied with linkage equilibrium in Guizhou Sui population. The p- 
values for Hardy-Weinberg equilibrium were shown in Supplementary Table S3. The results demonstrated that the HWE p-values of 
these 61 loci in the Guizhou Sui population fluctuated from 0.0090 to 1.0000, with just one locus deviating slightly from HWE. 
Following the Bonferroni correction (p > 0.05/61 = 0.0008197), HWE p-values of all loci were all within admissible range. As a result, 
we thought that the 61 loci were in line with HWE in the Sui group. 

3.2. Frequency distributions and forensic statistical indexes of 59 InDels and two miniSTRs in the Sui group from Guizhou 

Allele frequencies of 59 InDels and two miniSTRs in Guizhou Sui population were listed in Supplementary Table S3. Amount of 136 
alleles were noticed at the 61 loci. Not surprisingly, D1S1656 and D3S1358 loci displayed maximum amount of alleles in the Guizhou 
Sui population, with allele counts reaching 11 and 7, respectively. With respect to insertion allele of 59 InDels, their frequencies varied 
from 0.3000 to 0.6905. For two miniSTRs, their allelic frequencies varied from 0.0048 to 0.3333, with the median value of 0.0786. 

Forensic parameters for 59 InDels and two miniSTRs of the Guizhou Sui population were demonstrated in Fig. 1 and Supplementary 
Table S3. As to two miniSTRs, values of the He, PIC, Ho, PM, PD, PE, and TPI were 0.8506, 0.8289, 0.8571, 0.0483, 0.9517, 0.7090, 
and 3.5000 for the D1S1656 locus, respectively; for the other locus D3S1358, they were 0.7293, 0.6759, 0.7714, 0.1322, 0.8678, 
0.5471, and 2.1875, respectively. As to 59 InDels, values of the He, PIC, Ho, PM, PD, PE and TPI ranged from 0.4220 (rs60922184) to 
0.5024 (rs67365630), 0.3318 (rs60922184) to 0.3750 (rs67365630, rs66739142, rs2308292, and rs10546179), 0.3238 (rs10535391) 
to 0.5714 (rs3061475), 0.3448 (rs111626822) to 0.4500 (rs10581929), 0.5500 (rs10581929) to 0.6552 (rs111626822), 0.0738 
(rs10535391) to 0.2580 (rs3061475), and 0.7394 (rs10535391) to 1.1667 (rs3061475), with the median values of 0.4935, 0.3705, 
0.4857, 0.3798, 0.6202, 0.1753 and 0.9722, respectively. At the same time, values of the combined PM, PD and PE of 59 InDels were 
2.9749 × 10− 25, 1–2.9749 × 10− 25 and 0.999986889, respectively. After two miniSTRs were adding into these 59 InDels, the values of 
CPM, CPD and CPE of 61 loci were 1.90063 × 10− 27, 1–1.90063 × 10− 27 and 0.999998272, respectively. Furthermore, we evaluated 
haplotype frequencies of two Y-InDel (rs759551978, and rs199815934), as presented in Supplementary Table S4. Two haplotypes 
were identified in the Guizhou Sui population with frequencies varying from 0.3077 to 0.6923. 

3.3. Allelic frequency distribution of 59 InDels among different populations 

Comparison of allelic frequency distributions of 59 InDels among the studied Sui and 31 previously reported populations was 

Fig. 1. The raincloud plot of forensic parameters for the 59 InDels and two STRs in the Guizhou Sui population. PIC, polymorphic information 
content; He, expected heterozygosity; Ho, observed heterozygosity; PM, matching probability; PD, discrimination power; PE, probability 
of exclusion. 
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conducted, as shown in Fig. 2. It is possible to interpret the color transition from green to white and then to orange as representing the 
range from the lowest to the highest allelic frequencies. Loci which exhibited pronounced allelic distribution differences among these 
populations could be easily discerned from Fig. 2. For instance, rs66739142, rs71698233, rs3083268, rs10579944, rs1611025 and 
rs144378883 loci showed comparatively high insertion allele frequencies in African populations. Oppositely, rs6481 and rs111626822 
loci displayed relatively low insertion allelic frequencies in African populations, so did rs35173752 and rs5833522 loci in South Asian 
and European populations. Besides, we observed that rs35453727 and rs71698233 loci indicated higher insertion allelic frequencies in 
the other continental populations than those in East Asian populations. The above-mentioned loci could be ideal markers of ancestral 
information to differentiate these continental populations. 

Meanwhile, we also noticed that these 59 InDels could be divided into four clusters on the left of the heatmap. In addition, these 32 
populations were also classified into five branches on the top of the heatmap, which were basically consistent with their continental 
origins. 

3.4. Genetic divergence evaluation between the Sui from Guizhou and other populations using 59 InDels 

Genetic differentiations among Guizhou Sui and other reference populations were explored by FST and DA genetic distances, as 
shown in Supplementary Tables S5–6 and Fig. 3. A heatmap based on DA values could be spotted in the top right corner of Fig. 3. The 
transition in color from pink to pale yellow indicated the progression of DA values from small to large. Similarly, the heatmap of FST 
values were shown in the lower-left corner of Fig. 3. The color shifting from dark blue to light blue symbolized the progression of FST 
values from small to large. Meanwhile, the size of the circles represented the genetic distances among these 32 populations: the larger 
the circle was, the larger genetic distances of paired populations. In general, it was obvious that the genetic distances between Guizhou 
Sui population and East Asian populations were relatively close with small circles. Whereas, compared with populations in Africa, the 

Fig. 2. The heatmap of the insertion allelic frequencies among the Guizhou Sui and other reference populations.  
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Guizhou Sui population was discovered to be large circles representing the further genetic distances. On the one hand, the Sui pop-
ulation in Guizhou shared close genetic affinities with East Asian populations, particularly with the CDG, which has the smallest DA 
(0.0018) and FST (0.0035) values. On the other hand, the furthest genetic affinities were found between the Sui population in Guizhou 
and the African populations, especially with the Esan population in Nigeria, the DA and FST values were 0.0440 and 0.0753, 
respectively. 

Fig. 3. Heatmaps of DA (the upper right part) and FST (the lower left part) among the Guizhou Sui population and other 31 comparison populations.  

Fig. 4. Phylogenetic tree reconstructed of Guizhou Sui and other reference populations based on the neighbor-joining algorithm.  
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3.5. Neighbor-joining phylogenetic tree 

The phylogenetic tree of the studied Sui and other comparsion populations was reconstructed according to their paired DA values, 
which were presented in Fig. 4. Five diverse colors stood for the five continents spreading throughout different geographic regions. 
According to the analyses of the phylogenetic tree, it was clear that the Guizhou Sui population clustered with the East Asian pop-
ulations. Additionally, the Guizhou Sui population and CDG were classified on the same branch, signifying that the Guizhou Sui 
population and CDG got closer phylogenetic relationships than the other nine populations in East Asia. 

3.6. PCA of the Sui group and other comparison populations 

On the basis of allele frequencies of 59 InDels in the Sui group from Guizhou and 31 previously published populations, the PCA of 
these populations was constructed, as displayed in Fig. 5. The first three principal components we chose could explain 58.34 %, 18.09 
% and 6.36 % variation among these populations. Moreover, the different colors and shapes in Fig. 5 represented continental origins of 
populations. 

For PC1, we noticed that the 32 populations can be dispersed into two parts, including the populations in Africa on the right side 
and the non-African populations on the left side. For PC2, these populations could be further classified into three parts: the European 
populations, the East Asian populations and other reference populations. Due to loose aggregation degree than other continents, the 
PUR and CLM populations in the America were dispersed into the South Asian populations. For PC3, the South Asian and the European 
populations could be distinguished from other intercontinental populations. Taking these three principal components into account, the 
Sui population in Guizhou generally clustered with other East Asian populations, suggesting that Sui population shared close genetic 
relationships with these East Asian populations. 

4. Discussion 

Based on the 64-plex panel, several academics have evaluated genetic distributions and forensic application efficiency of the panel 
in some populations to date [19–21]. Nevertheless, the forensic performance and the genetic structure of the Guizhou Sui population 
have not been explored utilizing the 64-plex panel. Therefore, this study focused on the values of the forensic applications of the panel 
in the Guizhou Sui population. Furthermore, genetic structure of the Guizhou Sui population was also dissected by multiple methods in 
comparison with other reference populations. 

Prior studies indicated that the SNPs which could be used for personal identification had an average heterozygosity ≥0.4 [24]. As 
similar to SNPs, InDels usually displayed di-allelic mutations. In our study, the average heterozygosity of the 59 InDels was more than 
0.4 in the Guizhou Sui population, revealing that these loci might be used in personal identification. A previous research by Botstein 
et al. stated that genetic markers were reasonably informative when their PIC values were more than 0.25 [25]. For this current work, 
we discovered that the PIC values of 59 InDels were higher than 0.3 in the Guizhou Sui population, signifying that these InDels could 
offer reasonable genetic information for the Guizhou Sui population. Next, we compared the forensic efficiency of the various kits, as 
displayed in Supplementary Table S7. It was discovered that the 64-plex panel could offer lower CPM and higher CPD and CPE values 
than other previously developed InDels [26–28], emphasizing the value of the application in forensic parentage testing and personal 

Fig. 5. Principal component analysis of Guizhou Sui and other reference populations. a PCA results based on PC1 and PC2; b PCA results based on 
PC1 and PC3. 
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identification. In addition, we observed that forensic efficiency of the 64-plex panel was also greater than some STR panels [29–31], 
indicating that the 64-plex panel might be viewed as an independent and valuable tool to conduct forensic research in the Guizhou Sui 
population. What is more, the physical distances between the majority of InDels from the 64-plex panel and the commonly used STRs 
on the same chromosome were greater than 10 MB (Supplementary Table S8), signifying that these InDels might be employed for 
forensic research in combination with commonly employed STRs. Even so, we should evaluate linkage disequilibrium of these InDels 
and STRs before them being employed for forensic research. 

For genetic markers, previous studies have indicated that loci with significant frequency variations in different populations could 
be used as potential ancestral informative markers for population origin inferences [32–34]. In our study, loci rs35453727 and 
rs71698233 were found with relatively low allelic frequencies in the East Asian populations. Also, the allelic frequency of locus 
rs35173752 was relatively lower in the South Asian and European populations than those in other populations, which was consistent 
with a prior research by Zheng et al. [21]. In contrast, loci rs10579944, rs144378883, rs1611025 and rs3083268 shared high allelic 
frequencies in African populations, which were consistent with the findings previously reported by Wan et al. [20]. Overall, these loci 
might be utilized as potential ancestral informative markers in the identification of the intercontinental populations. 

Through the genetic analysis of the Sui population in Guizhou, we observed that the Guizhou Sui population possessed closer 
genetic affinities with East Asian populations than other reference populations, which was akin to the preceding research by Yang et al. 
[26]. There was no doubt that the Guizhou Sui population and several nearby populations shared close genetic affinities, such as CDG, 
Kinh in Ho Chi Minh City, Vietnam (KHV), CHG, and Chinese Dai in Xishuangbanna (CDX). However, there existed relatively large 
genetic divergences between the Guizhou Sui population and Han Chinese in Beijing (CHB), CTQ, and CTT populations. The explo-
ration of genetic relationships among the Guizhou Sui population with the CHG and Tibetan populations was already conducted in the 
previous research [12], and obtained results were in agreement with the results in the present research. The reasons for these results 
might be due to the long-time isolated geographical location and long-term endogamy of the Guizhou Sui population [35]. In addition, 
we noticed that the Guizhou Sui population exhibited closer genetic affinity with the CDG than other East Asian populations. Possible 
reason was that the Sui and Dong people in Guizhou spoke the same Tai-Kadai language, which led to more communication. None-
theless, there were some limitations in this study. On the one hand, the sample size of the Guizhou Sui population in this study was 
relatively small. In the future, it is necessary to obtain more Sui individuals from various regions and further assess their genetic 
relationships via the 64-plex panel. On the other hand, population genetic analyses in the Guizhou Sui population and other reference 
populations were performed only by 59 InDels. These InDels were mainly used to forensic personal identification and paternity test. 
Accordingly, it’s essential for us to comprehend genetic structure of the Guizhou Sui population with ancestral informative markers 
and genome-wide data. 

5. Conclusion 

In the present work, the forensic application efficieiny and genetic structure of the Sui group from Guizhou were investigated 
utilizing a 64-plex panel. The findings suggested that the panel might be applied as a prospective independent tool for personal 
identification and paternity test in the Guizhou Sui population. Following population genetic analysis, it was obvious that the Guizhou 
Sui population shared closer genetic affinities with the East Asian populations than the other intercontinental reference populations, 
especially with the CDG. 
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi.org/10.1016/j.heliyon.2023.e21384. 
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