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Multi-InDel, as the novel genetic markers, showed great potential in forensic research. Whereas, most scholars mainly focused on autosomal Multi-InDels, which might provide limited genetic information in some complex kinship cases. In this study, we selected 17 Multi-InDels on the X chromosome and developed a multiplex amplification panel based on the next-generation sequencing (NGS) technology. Genetic distributions of these 17 loci in Beijing Han, Chinese Southern Han, and the studied Guizhou Han populations revealed that most loci showed relatively high forensic application values in these Han populations. In addition, more allelic variations of some loci were observed in the Guizhou Han than those in Beijing Han and Southern Han populations. Pairwise FST values, multi-dimensional analysis, and phylogenetic tree of different continental populations showed that selected 17 loci generally could differentiate African, European, East Asian, and South Asian populations. To sum up, the developed panel in this study is not only viewed as the high-efficient supplementary tool for forensic individual identification and paternity analysis, but it is also beneficial for inferring biogeographical origins of different continental populations.
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Introduction

Insertion/deletion (InDel) polymorphisms were the third genetic markers that displayed insertion or deletion of different deoxyribonucleic acid (DNA) fragments in the genome. As InDels were firstly identified by Weber et al. (2002), they have been paid a large number of attention by forensic researchers and human geneticists because they had low mutation rates and showed wide distributions in the human genome. Till now, a set of multiplex amplification panels have been developed for various forensic purposes (Chen L. et al., 2021; Jin et al., 2021; Zhang et al., 2021; Fan et al., 2022a). However, InDels commonly showed bi-allelic variations that result in their low genetic diversities in comparison with short tandem repeats (STRs). Therefore, there were defects of these bi-allelic InDels in forensic application. On the one hand, they were not conductive to mixture deconvolution; on the other hand, more InDels need to be incorporated into a multiplex amplification panel if forensic researchers wish to obtain comparable forensic efficiency of commonly used STR kits. To avoid the aforementioned shortcomings, a novel genetic marker (Multi-InDel) was proposed by Huang et al. (2014), formed by some closely linked InDels in the small molecular interval (200 bp). Multi-InDel could exhibit multiple allelic variations in the population and showed great application values in forensic individual identification and ancestry origin inferences (Sun et al., 2019; Qu et al., 2020). Nonetheless, the extant research mainly focused on Multi-InDel loci on the autosomes. These loci might provide relatively limited genetic information in some complex kinship cases like deficiency paternity cases. Hereto, genetic markers on the allosome may get more valuable insights into these complex kinship testing.

Genetic markers on the X chromosome possessed unique genetic patterns: for males, they were only transmitted from father to daughter; on the contrary, they showed a similar inheritance mode with genetic markers on the autosomes for females (Gomes et al., 2020). The specific genetic characteristics made genetic markers on the X chromosome play crucial roles in some complex kinship cases like grandparent-grandchild comparisons, half-sisters testing, paternity analyses in incest cases, and so on (Szibor, 2007). Currently, forensic workers generally employed X-STRs to paternity analysis. However, relatively high mutation rates of X-STRs might exert adverse effects on complex paternity analyses. Therefore, some X-InDel panels have been developed for forensic parentage testing (Zhang et al., 2015; Caputo et al., 2017; Chen L. et al., 2021) because InDels possess some advantageous features in comparison to STRs. In the subsequent studies, Fan et al. (2015, 2016) chose 13 Multi-InDels on the X chromosome and evaluated their forensic application values; obtained results revealed that these 13 loci were not only useful for personal identification and kinship testing, but they could also achieve ancestry resolutions of different continental populations. Even so, they proposed that more Multi-InDels need to select to obtain higher forensic effectiveness and discern genetic substructure of Chinese populations.

In the current study, we selected 17 Multi-InDels on the X chromosome. Next, genetic distributions and forensic efficiency evaluations of these loci in Chinese Beijing Han (CHB) and Southern Han (CHS) populations were conducted based on the previously reported data (Donnelly et al., 2015). Thirdly, a multiplex amplification system of these 17 loci was developed by the NGS technology and was used to genotype 217 Guizhou Han individuals in order to further evaluate its forensic application values. Finally, population genetic analyses of different continental populations were performed to assess the power of these loci to discriminate these continental populations.



Materials and methods


Sample information

We collected bloodstain samples of 217 unrelated healthy Guizhou Han individuals who have lived in Guizhou for at least three generations. All individual participants in this study provided their written informed consent. In addition, genetic data of selected loci in different continental populations were downloaded from 1000 Genome Project Phase III (Donnelly et al., 2015) to evaluate their genetic distributions. Only males were assembled because we could directly determine haplotype information of different InDels in the short DNA region. The general information of 26 reference population like CHB, CHS, and so on was given in Supplementary Table 1. This study was performed in line with the guidelines of the Guizhou Medical University ethics committee and warranted by the Guizhou Medical University ethics committee.



Selection of multi-insertion/deletion loci on the X chromosome

Multi-InDel loci on the X chromosome were selected based on previous reports (Donnelly et al., 2015; Fan et al., 2015) according to the following criteria: (1). physical distances between InDels on the short molecular interval were less than 200 bp; (2). fragment length of insertion/deletion was less than 30 bp; (3). the minor allelic frequencies of InDels in Chinese Han populations were greater than 0.1; (4). InDels on the short molecular interval (200 bp) showed different allelic frequency distributions. (5). Multi-InDel loci on the X chromosome were 1 Mb apart from each other.



Primer design and multiplex polymerase chain reaction of selected X-chromosomal multi-insertion/deletion

Primer sequences of selected X-chromosomal Multi-InDels were designed by the ATOPlex online tool.1 Detailed primer information was presented in Supplementary Table 2.

We conducted two steps of polymerase chain reaction (PCR) to construct the sequencing library. Firstly, one 1.2 mm bloodstain card from each individual was obtained by the punch and pro-processed with 25 μL Clean Buffer at 60°C for 10 min. After removing 16.5 μL Clean Buffer, we added 16.5 μL PCR cocktail including 12.5 μL PCR Enzyme Mix and 4 μL PCR Primer Pool. Next, the PCR mixture was conducted to thermal cycle reaction on the 9700 Thermal cycle PCR System (Thermo Fisher Scientific, MA, USA). The detailed reaction conditions were listed as follows: an initial pre-denaturation at 98°C for 5 min; 14 cycles of 98°C for 15 s, 64°C for 1 min, 60°C for 1 min, and 72°C for 30 s; 72°C for 2 min. And then we purified the amplified product by the MagBead DNA Purification kit (CWBIO, Beijing, China) according to the kit’s instructions. We used 6.5 μL TE Buffer to wash the purified DNA off and added second round PCR reagents comprising 12.5 μL PCR Enzyme Mix, 2 μL PCR Block, 2 μL PCR Dual Barcode Primer F, and 2 μL PCR Dual Barcode Primer R. The 9700 Thermal cycle PCR System was also used to conduct thermal cycle reaction according to the below parameters: 98°C for 5 min; 16 cycles of 98°C for 15 s, 64°C for 30 s, 60°C for 30 s, and 72°C for 30 s; 72°C for 2 min. Finally, the amplified product was also purified by the same method mentioned above.



Deoxyribonucleic acid sequencing and data analysis

DNA library was quantitated by the Quant-iT™ PicoGreen dsDNA Assay kit (Thermo Fisher Scientific, MA, USA). Based on DNA quantitation results, DNA libraries of all samples were mixed into a well (30 ng). We constructed the DNA Nano Ball (DNB) by the DNBSEQ OneStep DNB Make Reagent kit (MGI, Shenzhen, China) following its recommended specifications (Li et al., 2021; Fan et al., 2022b).

MGISEQ-2000RS sequencing platform was used to perform DNA sequencing of DNB with the mode of SE400 + 10 + 10. Raw data were processed to filter low-quality sequences and reads with multiple N bases by the Soapnuke software (Chen et al., 2018). Clean data were aligned to hs37d5 reference sequence by the Burrows-Wheeler Alignment software (Li and Durbin, 2009). Next, we used GATK HaplotypeCaller (Schmidt et al., 2010) with the -ERC GVCF parameter to generate GVCF files, and then used GATK CombineGVCFs with default parameters to combine the potential variants and joint genotyping. The mutations with depth more than 100 and frequency more than 0.2 were allowed. Analytical threshold and interpretation threshold were depth of coverage (DoC) × 1.5% and DoC × 4.5% if DoC were greater than 650; if not, they were 15 × and 30 ×, respectively.



Statistical analyses

Allelic frequencies and forensic related parameters of 17 Multi-InDels in CHB, CHS, and studied Guizhou Han populations were calculated by the StatsX v2.0 software (Lang et al., 2019). Further, the number of alleles and forensic parameters of these 17 loci in three Han populations were visually shown by R v4.1.0 and TBtools v1.0 software (Chen et al., 2020). Linkage disequilibrium analyses of 17 Multi-InDels in the studied Guizhou Han population were conducted by the STRAF online tool (Gouy and Zieger, 2017). Next, forensic parameters of two linkage groups were also estimated by the StatsX. Fixation index (FST) values of 17 Multi-InDels between different continental populations were calculated by the Arlequin v3.5.2.2 software (Excoffier and Lischer, 2010). Besides, we also estimated pairwise FST values of different continental populations by the Arlequin. Based on pairwise FST values, multi-dimensional analysis and phylogenetic tree of these continental populations were conducted by SPSS v18 and MEGA v11.0.9 (Kumar et al., 2018) software, respectively.




Results and discussion


Loci information

In this study, we screened 18 X chromosomal Multi-InDel loci based on established selection conditions. Even so, we found that two Multi-InDel loci (rs112111922_rs35401470 and rs201707878_rs71943052) showed complex sequences in their neighboring regions, which were hard to determine their genotype. In addition, rs58222634 locus of rs58222634_rs200362185 displayed a large number of di-nucleotide repeats, which brought about many noise reads. Thus, the rs58222634 locus and two Multi-InDels were eliminated from the developed multiplex panel. Moreover, we also added a multi-allelic InDel (rs78613336) locus into the developed system. Finally, we successfully developed the multiplex amplification system of 17 Multi-InDels. Loci information and physical locations of these loci were given in Table 1 and Figure 1A.


TABLE 1    General information of 17 selected Multi-InDel loci on the X chromosome.
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FIGURE 1
Physical locations (A), genetic diversities (B), and forensic efficiency evaluations (C) of 17 X-chromosomal Multi-InDels in Beijing Han (CHB) and Southern Han (CHS) populations. For genetic diversities, different colors represented different expected heterozygosity (He) values: red and blue denote small and large He values, respectively; the size of shape is proportional to the number of alleles observed in each locus.




Forensic efficiency evaluations of selected 17 loci in training data

Based on the selected 17 loci on the X chromosome, we firstly assessed the number of alleles and expected heterozygosities (He) of these loci in training data (CHB and CHS), as shown in Figure 1B. Not surprisingly, the M8 locus showed the lowest He and the least number of alleles in CHB and CHS populations since it only included one bi-allelic InDel (rs200362185). In addition, the rs59241399 locus of M12 was not reported in 1000 Genome Project Phase III. Therefore, we also observed that M12 locus showed two allelic variations in CHB and CHS populations. For the remaining 15 loci, more than two alleles could be observed in these loci, especially for M1 and M10. More importantly, most loci displayed relatively high He values (>0.5) in CHB and CHS populations, indicating they showed relatively high genetic diversities in these two Han populations.

Forensic-related parameters of these 17 loci in CHB and CHS populations were also estimated, as given in Figure 1C and Supplementary Table 3. In the CHB population, polymorphic information content (PIC) values of most loci were greater than 0.5 except M8, M12, and M17 loci. Power of discrimination in male (PD_M) and female (PD_F) for these 17 loci ranged from 0.4055 (M8) to 0.6655 (M6) and 0.5643 (M8) to 0.8231 (M1), respectively. Mean exclusion chance of these 17 loci in deficiency cases according to Krüger et al. (1968) (MEC_Krüger) and standard trios according to Kishida et al. (1997) (MEC_Kishida) distributed from 0.1616 (M8) to 0.3961 (M1) and 0.3233 (M8) to 0.5939 (M1), respectively. Further, we also calculated MEC in duos (MEC_Desmarais_duo) and trios (MEC_Desmarais) according to Desmarais’s study (Desmarais et al., 1998). The average MEC_Desmarais_duo and MEC_Desmarais values of 17 loci were 0.3927 and 0.5373, respectively. Cumulative PD_M, PD_F, MEC_Krüger, MEC_Kishida, MEC_Desmarais_duo, and MEC_Desmarais of these 17 loci in the CHB population were 0.9999999138, 0.99999999999236, 0.99897, 0.999998, 0.99981, and 0.999998, respectively. In the CHS population, similar results could be discerned from these forensic parameters. The average PIC, PD_M, PD_F, MEC_Krüger, MEC_Kishida, MEC_Desmarais_duo, and MEC_Desmarais values of these 17 loci were 0.5394, 0.6097, 0.7692, 0.3340, 0.5394, 0.3955, and 0.5394, respectively. The M1 locus showed the highest forensic application values; whereas, the M8 locus demonstrated the lowest forensic efficiencies. Cumulative PD_M, PD_F, MEC_Krüger, MEC_Kishida, MEC_Desmarais_duo, and MEC_Desmarais values of these 17 loci in the CHS population were 0.9999999212, 0.99999999999377, 0.99909, 0.99999856, 0.999833, and 0.99999856, respectively. In a nutshell, we proposed that these 17 loci could be used for forensic individual identification and paternity analyses in CHB and CHS populations since they showed high cumulative PD and MEC values.



Genetic distributions and forensic-related parameters of selected 17 loci in the studied Guizhou Han population

Even though capillary electrophoresis was widely used in forensic practice, it only detected length-based genetic variants that might reduce genetic diversities of studied genetic markers to some extent. Instead, not only can NGS detect length-based genetic variants, it can also discern sequence-based and additional genetic variants in surrounding regions of targeted markers (Børsting and Morling, 2015). In a previous study, Chen C. et al. (2021) investigated genetic polymorphisms of 231 genetic markers in the Chinese Hui group by the NGS, and they found that sequence-based genetic markers could show more allelic variations than length-based genetic markers. Thus, we developed the multiplex amplification system of 17 X chromosomal Multi-InDels based on the NGS technology. In this study, we chose the MGISEQ-2000RS sequencing platform to construct the multiplex amplification panel because previous studies pointed out that the MGISEQ-2000RS showed comparable or better performance than Illumina sequencing platforms (Jeon et al., 2021; Zhu et al., 2021).

Quality control results of 217 Guizhou Han individuals were presented in Supplementary Table 4. We found that Q20, Q30, and Coverage > = 100 of these individuals were greater than 0.89, 0.80, and 0.94, respectively. In addition, we also displayed DoC values of selected 17 loci in the Guizhou Han population (Figure 2A). Results revealed that most loci showed high DoC values, implying the developed panel possessed relatively balanced amplification performance. Even so, we found that the M10 locus displayed low DoC values in comparison to other loci.
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FIGURE 2
Depths of coverage (A), expected heterozygosities (B), and forensic parameters (C) of 17 X-chromosomal Multi-InDels in the studied Guizhou Han population.


The number of alleles and He values of these 17 loci in the Guizhou Han population were shown in Figure 2B and Supplementary Table 5. We found that most loci showed at least three allelic variations except the M8 locus. In addition, more than 10 alleles were observed at M1, M2, M7, and M17 loci. Compared to results from CHB and CHS populations, some loci showed more allelic variations in the studied population. We thought that NGS could detect potential sequence variations and other variations in the neighboring area, which made these loci possess higher genetic diversities. In addition, we observed that He values of 16 loci were larger than 0.5, implying that these loci exhibited relatively high genetic polymorphisms in the studied Han populations. Forensic-related parameters of these 17 loci were displayed in Figure 2C and Supplementary Table 5. The average PIC, PD_Male, PD_Female, MEC_Kruger, MEC_Kishida, MEC_Desmarais, and MEC_Desmarais_duo values of these 17 loci were 0.5828, 0.6449, 0.7999, 0.3875, 0.5827, 0.5828, and 0.4440, respectively. Besides, we also assessed linkage disequilibrium of these 17 loci in the Guizhou Han population (Supplementary Table 6). After applying Bonferroni correction (P = 0.05/136 = 0.0004), two linkage groups (LGs) were discerned from the studied Guizhou Han group. Among these two linkage groups, the number of haplotypes observed in LG1 (M2 and M3 loci) and LG2 (M10 and M17 loci) were 22 and 94, respectively. Haplotype diversities, PIC, PD_Male, PD_Female, MEC_Kruger, MEC_Kishida, MEC_Desmarais, and MEC_Desmarais_duo of LG1 were 0.8930, 0.8790, 0.8889, 0.9778, 0.7777, 0.8789, 0.8790, and 0.7936, respectively; and they were 0.9860, 0.9811, 0.9815, 0.9993, 0.9614, 0.9797, 0.9811, and 0.9634 at the LG2 locus, respectively. Next, we evaluated the cumulative forensic efficiency of two LGs and the remaining 13 X-chromosomal Multi-InDels in the Guizhou Han population. Accumulative PD_Male, PD_Female, MEC_Kruger, MEC_Kishida, MEC_Desmarais, and MEC_Desmarais_duo were 0.999999993691, 0.999999999999976, 0.999967, 0.999999936, 0.99999994, and 0.99999186, respectively. Compared to 17 autosomal Multi-InDels, 13 X chromosomal Multi-InDels, and 38 X-InDels (Fan et al., 2015; Qu et al., 2020; Chen L. et al., 2021), we found that these 17 loci presented in this study showed higher forensic application values in individual identification and paternity analysis, implying that the developed panel could be viewed as a more valuable tool for forensic research, especially for those complex paternity testing cases. Nonetheless, we found that the M8 locus showed relatively low genetic diversity in the Guizhou Han population. Besides, the M10 locus exhibited relatively low DoC values in comparison to other loci. Therefore, the developed system needs to be further improved in the future. Furthermore, developmental validation of the novel panel including mixture deconvolution, species specificity, stability, and concordance studies should be performed in the following study.



Population genetic analyses of different continental populations based on selected 17 loci

In a previous study, Fan et al. (2016) explored hierarchical genetic structure of different continental populations via 13 X-chromosomal Multi-InDels and found that these 13 loci could be used to differentiate East Asian, European, and African populations. Further, they also stated that Multi-InDels might be more appropriate for inferring biogeographical origins of different continental populations than multi-allelic InDels and STRs (Fan et al., 2016). Therefore, we also evaluated the power of these 17 loci to differentiate continental populations.

As shown in Figure 3A, we found that those populations from the same continent showed low FST values; whereas, populations from different continents had large FST values. Next, an MDS was also plotted based on pairwise FST values (Figure 3B). We found that these 26 populations formed four population clusters: five European populations located in the left bottom region; seven African populations positioned in the right area; five East Asian populations situated in the left top region; five South Asian populations clustered closely and distributed between East Asian and European populations. In addition, four American populations scattered among South Asian and East Asian populations. The phylogenetic tree of these 26 populations was given in Figure 3C. Similar to population distributions in MDS, we found that those populations from the same continent formed a branch except American populations. For American populations, abnormal population distribution patterns in MDS and phylogenetic tree might be related to their complex genetic components. On the one hand, the study about ancient DNA revealed that there were western Eurasian genetic signatures in modern-day Native Americans (Raghavan et al., 2014). On the other hand, four populations (MXL, PEL, PUR, and CLM) from American possessed different ancestral components from African, European, and indigenous American populations (Donnelly et al., 2015).
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FIGURE 3
Population genetic analyses of different continental populations based on selected 17 loci. (A) Pairwise FST distances of different continental populations. Different colors represented different FST values: red denoted small FST values; blue denoted large FST values. (B) Multi-dimensional analysis of different continental populations. (C) The phylogenetic tree of different continental populations.


To further discern those loci showing large genetic differentiations among different continental populations, we also estimated pairwise FST values of each locus between different populations, as given in Supplementary Table 7. A previous study stated that genetic markers with high FST values between compared populations were conductive to differentiating these two populations (Phillips, 2015). We found that M2, M5, M6, M11, M14, and M15 loci displayed relatively high FST values (>0.1) between African population and other continental populations, implying that these loci could be viewed as potential ancestry informative markers for inferring biogeographical origins of African populations. Likewise, M14 locus showed relatively high FST values between East Asian and European, American, and South Asian populations; M13 locus displayed relatively high FST values between European and American and South Asian populations, which indicated that these loci could be utilized for differentiating these continental populations. In the following study, we need to further evaluate whether these loci can discern population substructure of Chinese different ethnic groups.




Conclusion

To conclude, we developed a novel multiplex amplification panel of 17 X-chromosomal Multi-InDels via the NGS platform. The majority of these loci showed relatively high genetic diversities in CHB, CHS, and studied Han populations, and they can be viewed as a valuable supplementary tool for forensic personal identification and paternity analyses, especially for those deficiency cases. In addition, we found that some out of these 17 loci were also beneficial to differentiating African, European, East Asian, and South Asian populations.
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