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Abstract

Background: The latest development in molecular biology has offered an opportunity to construct multiplex panel with better applica-
bility for forensic purpose, and a self-developed 64-plex panel, including 59 autosomal diallelic InDels, 2 miniSTRs, 2 Y-InDels, and
an Amelogenin gene, was validated to be an effective forensic tool in the previous study. Methods: By applying the 64-plex panel
for DNA profiling, the obtained genotypes and the corresponding frequency data were used to investigate the forensic characteristics
and population genetic structures of the Chinese Manchu group from the Inner Mongolia Autonomous Region and the Chinese Zhuang
group from the Yunnan province. Results: The 64-plex panel was qualified to perform human identification and paternity testing with
the combined powers of discrimination of 0.99999999999999999999999999758 and 0.99999999999999999999999999691; and cumu-
lative probabilities of exclusion of 0.99999866 and 0.99999880 in the studied Manchu and Zhuang groups, respectively. Relatively
closer genetic relationships were found between the Chinese Manchu group and Han population in Beijing; and between the Chinese
Zhuang group and Vietnamese Kinh population. Conclusions: It could be indicated from the results that, with the preliminary ability
to distinguish ancestral components from all the studied groups, the 64-plex panel can not only serve as a robust forensic panel in the
Manchu and Zhuang groups, but also offer genetic insights into the genetic differentiations and substructures of these populations.
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1. Introduction
As one of the most abundant genetic markers in the

human genome that displays length-based polymorphism,
diallelic insertion and deletion (InDel) possesses the advan-
tages of single nucleotide polymorphism (SNP) and short
tandem repeat (STR), for being binary and detectable ge-
netic marker in the capillary electrophoresis (CE) platform
[1]. With no stutter peak, a short amplicon and a relatively
low mutation rate, the InDel genetic marker has demon-
strated better performance in DNA profiling of the highly
degraded sample [2,3] and ancestral information inference
[4] when compared with the STR genetic marker. Even
though most of the diallelic InDel-based different panels
could meet the need for individual identification, they still
fail to obtain comparable efficacies to that of STRs in pa-
ternity testing and are not so instructive when interpreting
and deconvoluting DNA mixture [5]. In contrast, by short-
ening the lengths of the upstream and downstream flanking

sequences of the core repetition region in the STR marker,
miniSTR has dozens of alleles like traditional common STR
and a shorter size of amplicon, resulting in its higher poly-
morphic information and better forensic applicability in
mixture analysis than those of InDel genetic marker [6,7].
However, due to the multi-allelic nature of miniSTR which
consists of multiple different repeat motifs with 2–6 bp in
length, some loci with more alleles in the commercial min-
iSTR kits, such as MiniFiler™ PCR Amplification kit, still
are relatively big amplicon sizes of over 200 bp, which lim-
its the number of loci within the same color fluorescence
lane, and also potentially leads to DNA typing failure in the
highly degraded sample, where allele dropout is more likely
to happen in those miniSTRs with bigger amplicons. At-
tributed to the construction of the home-made 6-dye multi-
plex amplification panel [8], which is comprised of 59 auto-
somal InDels, 2 miniSTRs, 2 Y-InDels and an Amelogenin
(AMEL) gene, it is now possible to further improve the effi-
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cacy of the multiplex panel for individual identification and
paternity testing by combining diallelic InDels with shorter
amplicons and miniSTRs with higher polymorphisms in a
multiplex panel. Moreover, as a result of the addition of two
miniSTRs, the 64-plex panel was able to indicate the pres-
ence of a mixture sample by observing the presence of the
third or more alleles in one miniSTR locus, and the minor
component was explicitly detected in those samples with
themixed ratios of 1:9 and 9:1 in the former validation study
[7]. Although the forensic applicability of the novel self-
developed 64-plex has been preliminarily validated [7], the
polymorphic data of various populations from China still
need to be investigated by the panel, and to further evaluate
the robustness of the panel for the efficacies of individual
identification and paternity testing.

According to the 7th national population census of
China (http://www.stats.gov.cn/tjsj/pcsj/rkpc/7rp/indexch.
htm), Manchu is the sixth largest ethnic group in China,
with a population of over 10.4 million; and Zhuang is the
second largest ethnic group, with over 19 million people.
The native languages of the Manchu and Zhuang groups
are the Manchu-Tungus and Kra–Dai language, which be-
long to the Altaic language family [9] and the Sino-Tibetan
language family [10], respectively. Despite being one of
the ethnic minorities, the Manchu people exerted a great
influence on Chinese history [11,12] from the Jin Dy-
nasty (1115–1234 AD) to the Qing Dynasty (1636–1912
AD), which were founded by Jurchens and their successor
Manchus respectively. Furthermore, the Chinese Manchu
in the Inner Mongolia Autonomous Region (CMI) are the
second largest ethnic minority in this region, as well as
an important part of the local culture for leaving histor-
ical legacies such as the General’s government office of
Suiyuan province during the Qing Dynasty. As for the
Zhuang, their predecessors, the Luoyue, had settled in the
ancient Lingnan region long before the Qin Dynasty (221–
224 BC) unified here [13]. Being part of this region in-
habited by numerous ethnic groups which belong to the
Sino-Tibetan, Kra–Dai, and Austro-Asiatic language fami-
lies, Yunnan province has acted as the center of trade and
cultural exchanges between the Chinese civilization and the
Mainland Southeast Asian civilization for millennia [14].
Thus, the genetic background investigation of the Chinese
Zhuang group in Yunnan province (CZY) is also meaning-
ful.

However, the genetic polymorphic data of CMI and
CZY groups have not yet been systematically analyzed so
far. Most of the studies about these two ethnic groups are
still focused on the fewer populations living in Liaoning
[15–21], Heilongjiang [22], Jilin [23] and Guangxi [24–
28] provinces. Attributed to the unique geographical en-
vironments and cultural conventions of Yunnan province
and Inner Mongolia Autonomous Region, CMI and CZY
groups may have different genetic substructures and admix-
ture histories from the same ethnic groups in other regions.

In this study, the population polymorphic data of CMI and
CZY groups were studied and applied using multiple ge-
netic analysis methods, aiming to validate the forensic ef-
ficacy of the previous self-developed 64-plex panel labeled
by six-color fluorescent dyes, and to further dissect the po-
tential population genetic substructures of the two studied
groups.

2. Materials and Methods
2.1 Sample Collections and Information of the Selected
Loci

All of the 286 participants, including Manchu (n =
187) and Zhuang (n = 99) individuals from the Inner Mon-
golia Autonomous Region and Yunnan province, respec-
tively, who were healthy and genealogically unrelated, had
signed written informed consents before providing their
bloodstain samples. This present study strictly complied
with the Declaration of Helsinki (2013), as revised by
the 64th World Medical Association General Assembly.
The experimental procedure was consistent with the ethical
guidelines of the Southern Medical University and Xi’an
Jiaotong University Health Science Center, and was also
reviewed by the Ethics Committee of Xi’an Jiaotong Uni-
versity Health Science Center (NO. 2019-1039).

As for the control of the following population genetic
analysis, except for the 5 loci of 2 miniSTRs, 2 Y-InDels
and the AMEL gene, the genotype data of other 59 InDel
loci were obtained from the 1000 Genomes Project Phase
3 dataset [29]. The population dataset contained the allelic
variations of the 2504 individuals of the 26 reference pop-
ulations in five continental regions, including East Asian
populations: CDX, CHB, CHS, KHV and JPT; African
populations: ACB, ASW, GWD, ESN, LWK, MSL, and
YRI; European populations: FIN, CEU, GBR, IBS and TSI;
South Asian populations: BEB, GIH, ITU, STU and PJL;
American populations: CLM, PUR,MXL and PEL. The de-
tailed information of the 64 selected loci and full names for
the abbreviations of the aforementioned populations were
illustrated in Supplementary Tables 1,2, respectively.

2.2 DNA Extraction, PCR Amplification and Genotyping
After extracting human genomic DNA from 286

bloodstain samples using PrepFiler BTA™ Forensic DNA
Extraction kit (Thermo Fisher Scientific, MA, USA), a
multiplex PCR amplification was performed with the self-
developed 6-dye 64-plex panel on the GeneAmp PCR Sys-
tem 9700 Thermal Cycler (Applied Biosystems, Foster
City, CA, USA) according to the previously reported re-
search. And then the PCR products were removed from the
PCR cycler and then genotyped by capillary electrophoresis
on an ABI 3500xL Genetic Analyzer (Applied Biosystems,
Foster City, USA). The DNA profiles of the 64-plex panel
were visualized and analyzed by GeneMapper ID-X soft-
ware version 1.5 (Applied Biosystem, Foster City, USA).
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2.3 Statistical Analysis

In the CMI and CZY groups, the allele frequencies
and forensic parameters of the 61 autosomal loci, includ-
ing match probability (MP), power of discrimination (PD),
probability of exclusion (PE), polymorphic information
content (PIC), typical paternity index (TPI), observed het-
erozygosity (Ho) and expected heterozygosity (He), were
calculated by the STRAF online program version 1.0.5
(http://cmpg.unibe.ch/shiny/STRAF/) [30], while Hardy-
Weinberg equilibrium (HWE) and linkage disequilibrium
(LD) tests were operated by the Arlequin Software (ver-
sion 3.5.1.2, Excoffier & Lischer, Switzerland) [31]. Violin
plots of the relevant forensic parameters in the two studied
groups and five reference East Asian populations were gen-
erated by the ‘ggstatsplot’ package (Patil, Germany) [32]
of R software (version 4.0.5, R Foundation for Statistical
Computing, Vienna, Austria), where Kruskal-Wallis chi-
square tests and Dunn’s tests adjusted by Holm’s method
were performed among all the pairwise populations. FST
values of pairwise populations using Reynold’s distance
method based on the same 59 InDel loci and the analyses
of molecular variance (AMOVA) at the 59 InDel loci for
pairwise populations were computed by Arlequin software,
while the pairwise Nei’s DA distances were obtained with
the allele frequency data of the 59 InDel loci by applying
the DISPAN program (Nei & Tajima & Tateno, Japan) [33],
and then heatmaps for FST andDA values were drawn using
the ‘pheatmap’ package (Kolde, USA) in R software.

A biplot of principal component analysis (PCA) at
the population level and the corresponding cos2 factor map
for the 59 InDels with the above-average level of con-
tributions to the total variance were performed by the R
packages of ‘ggplot2’ (Wickham, New Zealand), ‘Fac-
torMineR’ (Sébastien & Julie & François, France), ‘fac-
toextra’ (Kassambara & Mundt, France) and ‘corrplot’
(Wei & Simko, China) [34,35]. The bar plot of variable
contributions to the top two principal components (PC)
was also generated by the ‘factoextra’ package, while the
PCA of the individual level was performed by OriginPro
2021 software (version 9.8.0.200, OriginLab Corporation,
Northampton, MA, USA). On the basis of DA distances
and allele frequencies, a neighbor-joining (NJ) phyloge-
netic tree was reconstructed with MEGA software (ver-
sion 11.0.10, Tamura, Japan) [36], and an unweighted pair
group method with an arithmetic mean (UPGMA) tree was
generated via PHYLIP software (version 3.69, Kalinowski,
Washington) [37]. Additionally, TreeMix software (version
1.1, Pickrell & Pritchard, USA) [38] was applied to pre-
liminarily infer the admixture history and migration edge,
while the ‘OptM’ R package (Fitak, USA) [39] by the
Evanno method was used to estimate the optimum number
of migration events. Meanwhile, multidimensional scaling
(MDS) analyses of the CMI, CZY groups and other 26 ref-
erence populations were conducted using IBM SPSS Statis-
tics (version 26.0, IBM SPSS Statistics, Chicago, USA).

To discern the genetic structures of the CMI, CZY groups
and the other populations, population structure analyses
were performed by STRUCTURE program (version 2.3.4,
Pritchard & Stephens & Donnelly, UK) [40] which is used
to predict the genetic composition of each individual based
on the Bayesian model. Ternary plots based on the calcu-
lated genetic compositions were represented by the ‘ggtern’
package (Hamilton & Ferry, Australia) in R software [41],
and the optimum K value was determined upon the results
of the InPK and deltaK plots, which were drawn by the on-
line Structure Harvester program (http://taylor0.biology.uc
la.edu/structureHarvester/) [42].

3. Results
3.1 Analyses of HWE and LD for Loci of the
Self-Developed 64-Plex Panel in CMI and CZY Groups

Apart from two Y-InDels and the AMEL gene, HWE
and LD tests were performed on 59 InDels and 2 miniSTRs
in the CMI and CZY groups. The p values of HWE and LD
tests were available in Supplementary Tables 3–5. In the
HWE tests, some of the loci showed p values lower than
0.05, which included four loci (rs55965654, rs35828751,
rs56160634 and rs3833559 loci) in the CMI group; and five
loci (rs10556197, rs3082950, rs34802628, rs3988323 and
D1S1656 loci) in the CZY group. But after applying Bon-
ferroni’s correction (p > 0.05/61 = 0.00082), all 61 loci
in CMI group demonstrated nonsignificant departures from
HWE. LD analyses for pairwise loci were used to test if any
significant associations were present among all pairs of the
61 loci, and no significant deviations from LDs were found
in either of the studied groups after Bonferroni’s correction
(p > 0.05/(61×60/2) = 2.7322E-5).

3.2 Allelic Frequency Distributions and Forensic
Parameters of the 64-Plex Panel in CMI and CZY Groups

As shown in Fig. 1, the distributions of the forensic
parameters for all loci with medians labeled accordingly
were demonstrated in the seven East Asian populations.
Since the MP values can be converted to 1-PD, the cor-
responding distributions of MP values were not shown in
this figure. Supplementary Fig. 1 provided an overview
of the allelic frequency, Ho and He values of each InDel
locus. Insertion allele frequencies of the 59 InDel loci
in CMI and CZY groups ranged from 0.313 (rs3833559)
to 0.711 (rs3830338), and from 0.3081 (rs144378883) to
0.6566 (rs5833522), respectively. Moreover, the detailed
forensic parameters of all 61 loci were available in Supple-
mentary Table 3. As demonstrated in Fig. 1A,B, the ranges
of PD and PIC values were from 0.6512 (rs10594574) to
0.5528 (rs3582875), and 0.3749 (rs10536238) to 0.3264
(rs3830338) in CMI group; and from 0.6665 (s34802628)
to 0.4450 (rs10556197), and 0.3750 (rs10581929) to 0.3355
(rs144378883) in CZY group, with the corresponding me-
dians about 0.62 and 0.37 in both groups. Comparing the
two studied groups, the median values of PD and PIC in the
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Fig. 1. Violin plots of forensic parameters for the 59 InDel loci in East Asian populations. The distributions of PD values (A),
PIC values (B), PE values (C), and TPI values (D) of the 59 loci in East Asian populations were shown in the form of violin plots.
CMI, Chinese Manchu in the Inner Mongolia Autonomous Region; CZY, Chinese Zhuang in Yunnan province; CDX, Chinese Dai in
Xishuangbanna; JPT, Japanese in Tokyo; KHV, Kinh in Ho Chi Minh City; CHB, Chinese Beijing Han; CHS, Chinese Southern Han.

CMI group were slightly greater (Fig. 1A,B), while the me-
dian values of PE and TPI in the CZY group were apprecia-
bly higher (Fig. 1C,D). In addition, the smaller interquartile
ranges of parameters in the CMI group suggested that the
forensic efficacy of these 59 loci demonstrated better con-
sistency in this group. It was worth noting that some loci
were observed as outliers in the distributions for forensic
parameters in the two studied groups. As regards the PD
distributions in both of the two groups, only the rs35828751
locus among the 59 InDels in the CMI group was observed
as an outlier, with relatively lower efficiency. However,
the rs56160634 and rs10556197 loci of 59 InDels showed
relatively higher efficacy for paternity testing in the CMI
and CZY groups, respectively. Overall, no significant dif-
ferences were observed among the distributions of foren-
sic parameters in all pairs of the seven East Asian popula-
tions, demonstrating a consistency of efficacy for forensic
applications in the seven East Asian populations. The CHS
group had the smallest spreads of parameters’ distributions
among these populations, with the 59 InDel loci exhibiting a
better robustness in this population. The distributions of PD
and PIC values were symmetrically or negatively skewed in

all the studied and reference East Asian groups, indicating
that half or more of the 59 InDels were with above-average
efficacies in these groups. Positively skewed distributions
could be observed in the PE and TPI values among most of
the groups, except for the JPT group, in which an evident
negatively skewed pattern was consistently demonstrated in
all the forensic parameters.

As common multi-allelic genetic markers with higher
polymorphisms, the miniSTRs of D3S1358 and D1S1656
showed better efficacies than the 59 InDels for individual
identification. As for the CZY group, the PE, PD, PIC,
and He values of the two miniSTRs were 0.364, 0.870,
0.656, 0.709, as well as 0.692, 0.948, 0.834, 0.851, re-
spectively. With TPI values of over 1.4, the two min-
iSTRs also showed their preponderance of efficacy in pa-
ternity testing when compared with the 59 InDels. More-
over, the cumulative values of match probabilities (CMP),
powers of discrimination (CPD) and probabilities of ex-
clusion (CPE) of the selected 61 loci were 2.4227E-27
and 3.0937E-27; 0.999999999999999999999999998 and
0.999999999999999999999999997; and 0.99999866 and
0.99999880 in the CMI and CZY groups, respectively.
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Fig. 2. Heatmaps on the basis of pairwise FST and DA distance values the two studied groups and 26 reference populations.
(A) Heatmap based on the pairwise FST values. (B) Heatmap based on the pairwise DA distance values. CMI, Chinese Manchu in the
Inner Mongolia Autonomous Region; CZY, Chinese Zhuang in Yunnan province; CDX, Chinese Dai in Xishuangbanna; JPT, Japanese
in Tokyo; KHV, Kinh in Ho Chi Minh City; CHB, Chinese Beijing Han; CHS, Chinese Southern Han; ACB, African Caribbean in
Barbados; ASW, African Ancestry in Southwest USA; MSL, Mende in Sierra Leone; ESN, Esan in Nigeria; YRI, Yoruba in Ibadan;
GWD, Gambian in Western Division; LWK, Luhya in Webuye, Kenya; FIN, Finnish in Finland; CEU, Utah residents with Northern and
Western European ancestry; GBR, British in England and Scotland; IBS, Iberian populations in Spain; TSI, Toscani in Italy; ITU, Indian
Telugu in the UK; PJL, Punjabi in Lahore; STU, Sri Lankan Tamil in the UK; BEB, Bengali in Bangladesh; GIH, Gujarati Indian in
Houston; CLM, Colombian in Medellin; PUR, Puerto Rican in Puerto Rico; MXL, Mexican Ancestry in Los Angeles; PEL, Peruvian in
Lima.

Moreover, Supplementary Fig. 2 was drawn to give a
landscape of the insertion allele frequencies of the 59 In-
Dels, and the corresponding frequency of each locus could
be referred from the color of the grid. For example, the
redder the grid was, the greater the value of the insertion
allele frequency for the related locus was, and vice versa.
The clustering analysis for the 59 InDel loci was also per-
formed when generating the heatmap. The 59 InDels were
firstly clustered into two main branches and then the sec-
ond main branch was separated into two subbranches. In
addition, the allele frequencies of the 59 InDels fluctuated
around 0.5 in East Asian populations, including CHB, CHS,
CDX, KHV, JPT, CMI and CZY groups.

3.3 Locus by Locus AMOVA Analyses and Population
Genetic Distances between the Studied Groups and 26
Reference Populations

Locus-by-locus AMOVA analyses were performed to
measure the genetic variances for the 59 InDels among
pairwise populations, and the corresponding p values were
shown in Supplementary Tables 6,7. After Bonferroni’s
correction (p > 0.05/59 = 0.00085), no significant differ-
ences were evident between the CMI group and the Chi-

nese two Han populations, while rs1611025, rs3833559,
rs10535391 and rs11283102 loci were found with signifi-
cant p values between the CMI group and the other East
Asian populations including CDX, CZY, KHV and JPT.
Statistically significant differences were observed between
the CZY group and the two populations i.e. JPT and CHB
at one or two loci.

The FST values and Nei’s DA distances of pair-
wise populations were visualized by two corresponding
heatmaps (Fig. 2A,B), and the relevant detailed informa-
tion was provided in Supplementary Tables 8,9. The FST
values and DA distances can be used to measure the de-
grees of genetic differentiations among pairwise popula-
tions. The smaller the values are, the lower the degrees
are of the genetic differentiations between two populations.
From these figures, we could conclude that populations
from the same continental region were all clustered on the
hypotenuses of the two triangular heatmaps, with the pair-
wise FST and DA values lower than 0.047 and 0.014, re-
spectively, demonstrating their closer genetic relationships.
It is worth mentioning that, compared with other African
populations, ACB and ASW populations located in Amer-
ica showed closer genetic distances to populations from the
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Fig. 3. PCA-biplot in population level for the CMI, CZY and 26 reference populations. The PCA result of population level for
the CMI, CZY groups and the 26 reference populations was visualized by a biplot. The color and length of each arrow stood for the
related cos2 value of its corresponding locus. CMI, Chinese Manchu in the Inner Mongolia Autonomous Region; CZY, Chinese Zhuang
in Yunnan province; CDX, Chinese Dai in Xishuangbanna; JPT, Japanese in Tokyo; KHV, Kinh in Ho Chi Minh City; CHB, Chinese
Beijing Han; CHS, Chinese Southern Han; ACB, African Caribbean in Barbados; ASW, African Ancestry in Southwest USA; MSL,
Mende in Sierra Leone; ESN, Esan in Nigeria; YRI, Yoruba in Ibadan; GWD, Gambian in Western Division; LWK, Luhya in Webuye,
Kenya; FIN, Finnish in Finland; CEU, Utah residents with Northern and Western European ancestry; GBR, British in England and
Scotland; IBS, Iberian populations in Spain; TSI, Toscani in Italy; ITU, Indian Telugu in the UK; PJL, Punjabi in Lahore; STU, Sri
Lankan Tamil in the UK; BEB, Bengali in Bangladesh; GIH, Gujarati Indian in Houston; CLM, Colombian in Medellin; PUR, Puerto
Rican in Puerto Rico; MXL, Mexican Ancestry in Los Angeles; PEL, Peruvian in Lima; AFR, African populations; SAS, South Asian
populations; EUR, European populations; EAS, East Asian populations; AMR, American populations.

other four continental regions, with the maximum FST and
DA values of only 0.14405 and 0.11098. When comparing
all 26 reference populations with the CMI and CZY groups,
the extreme values of FST and DA were observed sepa-
rately from CHB (0.00062 and 0.0011) to ESN (0.13849
and 0.0428); and from KHV (0.00244 and 0.0019) to ESN
(0.13013 and 0.0397).

As shown in Fig. 2B, the distribution pattern of the
heatmap was similar to that of Fig. 2A. The pairwise ge-
netic distances among the 28 populations could be dis-
cerned from the heatmap based on DA values, and the ESN
remained to have the greatest genetic distances from the
two studied groups. It could be concluded that the lower
values of genetic distances lay between the CMI group
and East Asian populations, including CHB (0.0011), CHS

(0.0014), JPT (0.0018), KHV (0.0026), CDX (0.0030), and
CZY (0.0031). For the CZY group, the minimum DA dis-
tance values were found between CZY and KHV (0.0019),
followed by CDX (0.0021), CHS (0.0024), CHB (0.0030),
CMI (0.0031) and JPT (0.0031).

3.4 Principal Component Analyses and Multidimensional
Scaling Analyses

The PCA-biplot of population level based on the al-
lele frequencies data of the 28 populations was employed
to explore the genetic relationships among these popula-
tions. As demonstrated in Fig. 3, 61.4% of the total vari-
ance was explained by the top two principal components
of PC1 (45.83%) and PC2 (15.57%). Populations from the
three continental regions of Africa, Europe and East Asia
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Fig. 4. Reconstructions of phylogenetic trees of the CMI, CZY groups and the 26 reference populations. (A) A rooted NJ phyloge-
netic tree based on pairwiseDA distances of the two studied groups and 26 reference populations. (B) An unrooted UPGMA tree based on
allele frequency data of the two studied groups and 26 reference populations. CMI, Chinese Manchu in the Inner Mongolia Autonomous
Region; CZY, Chinese Zhuang in Yunnan province; CDX, Chinese Dai in Xishuangbanna; JPT, Japanese in Tokyo; KHV, Kinh in Ho
Chi Minh City; CHB, Chinese Beijing Han; CHS, Chinese Southern Han; ACB, African Caribbean in Barbados; ASW, African Ancestry
in Southwest USA; MSL, Mende in Sierra Leone; ESN, Esan in Nigeria; YRI, Yoruba in Ibadan; GWD, Gambian in Western Division;
LWK, Luhya in Webuye, Kenya; FIN, Finnish in Finland; CEU, Utah residents with Northern and Western European ancestry; GBR,
British in England and Scotland; IBS, Iberian populations in Spain; TSI, Toscani in Italy; ITU, Indian Telugu in the UK; PJL, Punjabi in
Lahore; STU, Sri Lankan Tamil in the UK; BEB, Bengali in Bangladesh; GIH, Gujarati Indian in Houston; CLM, Colombian inMedellin;
PUR, Puerto Rican in Puerto Rico; MXL, Mexican Ancestry in Los Angeles; PEL, Peruvian in Lima; AFR, African populations; SAS,
South Asian populations; EUR, European populations; EAS, East Asian populations; AMR, American populations.

were assigned to three corresponding clusters distributed
in the upper left, lower left and middle right of the PCA
plot, while the remaining American and South Asian pop-
ulations scattered between the two clusters of East Asians
and Europeans. As shown in the Supplementary Fig. 3, a
histogram was used to compare contributions of the 59 se-
lected loci to the first two PCs, and loci with contribution
values higher than the average value (i.e., higher than that
of the rs33928328 locus) were also presented in the cos2
plot of the PCA-biplot (Fig. 3), where the color and length
of each arrow stood for the related cos2 value of its corre-
sponding locus. Besides, the contribution of each popula-
tion for inferring ancestral information was revealed by the
size of each point. In other words, the bigger the size of the
dot was, the more the corresponding ancestral information
components the population has.

According to the PCA of individual level based on the
raw genotype data of the Africans, East Asians and Euro-
peans (Supplementary Fig. 4), a three-dimensional PCA
plot was drawn to evaluate the efficiency of the panel when
practicing a more fine-scale ancestral inference from the in-
dividual perspective. As a result, 11.2% of the total vari-

ance was defined by PC1 (6.5%), PC2 (2.4%) and PC3
(2.2%), while the clusters representing Africans, Europeans
and East Asians (including the CMI and CZY groups) could
be roughly separated. Additionally, an MDS analysis was
also performed based on the pairwise FST values to further
survey the genetic relationships among the 28 populations,
and the results were provided in Supplementary Fig. 5.
Regardless of the American populations, most of the pop-
ulations from the four continental regions of Africa, East
Asia, Europe and South Asia sharply clustered respectively,
except for the BEB group.

3.5 Phylogenetic Tree Reconstructions Based on Genetic
Distances and Allelic Frequency Data

A rooted NJ phylogenetic tree (Fig. 4A) and an un-
rooted UPGMA tree (Fig. 4B) were reconstructed on the
basis of pairwise DA distances and allelic frequency data.
The NJ tree was applied to estimate the possible genetic re-
lationships among the 28 populations. In the NJ tree, all the
populations were firstly diverged into two major branches
of African populations and the others, while East Asian,
European, and South Asian populations later clustered into
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Fig. 5. DeltaM plots and the corresponding maximum likelihood trees. A series of maximum likelihood trees with different numbers
of migration events (m = 1–8) were generated for 5 iterations by TreeMix analyses. The deltaM plots (A,B) indicated the optimum
numbers of migration events for all the 28 populations (m = 3) and populations from East Asia (m = 6). The corresponding maximum
likelihood trees were reconstructed when m = 3 (C) and m = 6 (D), with each arrow indicating a certain migration event and its weight.
The residual covariance matrices (C,D) were applied to measure the model fit of trees (i.e., the genetic relationships between the pair of
populations with values greater than zero are underestimated by the model and vice versa). CMI, Chinese Manchu in the Inner Mongolia
Autonomous Region; CZY, Chinese Zhuang in Yunnan province; CDX, Chinese Dai in Xishuangbanna; JPT, Japanese in Tokyo; KHV,
Kinh in Ho Chi Minh City; CHB, Chinese Beijing Han; CHS, Chinese Southern Han; ACB, African Caribbean in Barbados; ASW,
African Ancestry in Southwest USA; MSL, Mende in Sierra Leone; ESN, Esan in Nigeria; YRI, Yoruba in Ibadan; GWD, Gambian in
Western Division; LWK, Luhya in Webuye, Kenya; FIN, Finnish in Finland; CEU, Utah residents with Northern and Western European
ancestry; GBR, British in England and Scotland; IBS, Iberian populations in Spain; TSI, Toscani in Italy; ITU, Indian Telugu in the
UK; PJL, Punjabi in Lahore; STU, Sri Lankan Tamil in the UK; BEB, Bengali in Bangladesh; GIH, Gujarati Indian in Houston; CLM,
Colombian in Medellin; PUR, Puerto Rican in Puerto Rico; MXL, Mexican Ancestry in Los Angeles; PEL, Peruvian in Lima.

three subbranches, respectively. Moreover, CMI and CZY
groups shared the same outermost branch points with CHB
and KHV, respectively, suggesting that these populations
might have more recent common ancestors than the others.
The unrooted UPGMA tree was also generated to serve as
a supplement to the NJ tree without constraining the topo-
logical structure of the tree. However, although the UP-
GMA tree shared a similar branching pattern with the for-
mer NJ tree, the CZY group was located at the first sub-
branch, while PEL and MXL were solely assigned to two
major branches instead of being located at the same sub-
branch like that of the NJ tree. To further explore the popu-
lation splits and gene flow events, a series ofmaximum like-
lihood trees with the numbers of migration events from 1 to
8 (m = 1–8) were generated for 5 iterations by TreeMix soft-
ware. According to the deltaM plots shown in Fig. 5A,B,

the estimated optimal numbers ofmigration events for all 28
intercontinental populations, East Asian populations were
3, 6, respectively. The corresponding trees with m = 3 and
m = 6 were shown in Fig. 5C,D. It could be inferred from
Fig. 5C that the potential ancestors of PUR and STU might
be related to the admixtures between African and Southeast
Asian populations, while a gene flow event was also ob-
served betweenCDX andBEB.Moreover, gene flow events
were observed between KHV people as well as their possi-
ble ancestors and CZY, CHS, CHB groups (Fig. 5D). An
arrow from the CMI to the CZY group was also found in
the Treemix analysis, presenting a latent genetic relation-
ship between these two groups. The heatmap of residual fit
later demonstrated that these two groups might be a candi-
date for a gene flow event.
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Fig. 6. STRUCTURE analyses of the two studied groups and 26 reference populations, with the corresponding pie charts of
ancestral information components geographically labeled on the map when K = 3. (A) STRUCTURE analyses of the two studied
groups and 26 reference populations based on the 59 InDel loci (K = 2–4). (B) Pie charts of the ancestral information components for the
BEB, PJL and the populations fromEast Asia whenK = 3, and each pie chart was labeled to the geographical location of the corresponding
population. The open-source map is available in the QGIS Geographic Information System (https://www.qgis.org/). Different colors
represented different ancestral information components, among which the red color represented the East Asian ancestral component, the
blue color represented the European ancestral information component, and the yellow color represented the African ancestral component.
CMI, Chinese Manchu in the Inner Mongolia Autonomous Region; CZY, Chinese Zhuang in Yunnan province; CDX, Chinese Dai in
Xishuangbanna; JPT, Japanese in Tokyo; KHV, Kinh in Ho Chi Minh City; CHB, Chinese Beijing Han; CHS, Chinese Southern Han;
ACB, African Caribbean in Barbados; ASW, African Ancestry in Southwest USA; MSL, Mende in Sierra Leone; ESN, Esan in Nigeria;
YRI, Yoruba in Ibadan; GWD, Gambian in Western Division; LWK, Luhya in Webuye, Kenya; FIN, Finnish in Finland; CEU, Utah
residents with Northern and Western European ancestry; GBR, British in England and Scotland; IBS, Iberian populations in Spain; TSI,
Toscani in Italy; ITU, Indian Telugu in the UK; PJL, Punjabi in Lahore; STU, Sri Lankan Tamil in the UK; BEB, Bengali in Bangladesh;
GIH, Gujarati Indian in Houston; CLM, Colombian in Medellin; PUR, Puerto Rican in Puerto Rico; MXL, Mexican Ancestry in Los
Angeles; PEL, Peruvian in Lima; AFR, African populations; SAS, South Asian populations; EUR, European populations; EAS, East
Asian populations; AMR, American populations.

3.6 Population Genetic Structure Analyses
To further dissect the population genetic structures of

the 28 worldwide populations, a STRUCTURE analysis
was performed based on raw genotype data, and the results
at K = 2–4 were shown in Fig. 6A. According to the InPK
and deltaK plots (Supplementary Fig. 6) generated by the
online Structure Harvester program, the optimum K value
was eventually confirmed (K = 3). Thereafter, a series of
pie charts were applied to visualize the ancestral compo-
nents of the populations from South Asia and East Asia
when K = 3, and subsequently labeled to their correspond-
ing geographical locations on the map displayed in Fig. 6B.
In summary, the two studied groups demonstrated compar-
atively large proportions of the East Asian ancestral infor-
mation component (86.4% and 86.5%). It could be inferred
from the Supplementary Fig. 6 in which African popula-
tions were the first identified population (K = 2), and then
the East Asian, European and South Asian populations were
successively distinguished as the K values increased from 2
to 7 (Supplementary Fig. 7), while American populations
consistently exhibited admixture patterns of genetic struc-
tures.

Based on the three clusters of African, East Asian and
European populations, a series of ternary plots were made
by gradually adding individuals from different continen-
tal regions to intuitively discern their ancestral information
components when K = 3 (Fig. 7). Most of the individu-
als from CMI and CZY groups overlapped with East Asian
populations, while few individuals distributed along the left
edge of the ternary plots, indicating their relatively higher
proportions of the European ancestral information compo-
nent.

4. Discussion
In the present study, we assessed the genetic polymor-

phisms of 59 InDels and 2 miniSTRs in the CMI and CZY
groups. The detected results showed that all 59 InDels and
2 miniSTRs demonstrated no deviations from HWE and no
LDs in the CMI and CZY groups, and most of the 59 In-
Del loci showed relatively moderate levels of genetic poly-
morphisms, with PIC values of over 0.36. The additional
miniSTRs displayed the highest polymorphisms with PIC
values of over 0.65, and their additions further improved the
efficiency of the multiplex panel. The CPD and CPE values
of the 61 autosomal loci in the CMI and CZY groups were
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Fig. 7. Clustering analyses for individual ancestry estimation among the CMI, CZY and the 26 reference populations when K =
3. A series of ternary plots were made by gradually adding individuals from a new population to intuitively discern their ancestral infor-
mation components when K = 3, with the coordinates of each point representing the proportions of its ancestral information components.
AFR, African populations; SAS, South Asian populations; EUR, European populations; EAS, East Asian populations; AMR, American
populations; CMI, Chinese Manchu in the Inner Mongolia Autonomous Region; CZY, Chinese Zhuang in Yunnan province.

0.99999999999999999999999999758, 0.99999866; and
0.99999999999999999999999999691, 0.99999880, satis-
fying the needs for forensic individual identification and
paternity testing. Even though the above results indicated
that the 64-plex panel could be applied as an effective tool
for forensic genetic applications in the two studied groups,
more populations are still needed to be included in future re-
search to further confirm the robustness of this panel. How-
ever, only 25, 28 loci of the 59 InDels in the CMI and CZY
groups displayed the PE and TPI values greater than 0.186
and 1.0. This might eventually lead to the slightly posi-
tive skewness in distributions of PE and TPI values in the
CMI group, where less than half of the 59 InDels were with
above-average efficacies. In fact, their limited efficiencies
were inevitably attributed to their diallelic nature. There-
fore, future development of InDel panel for complex pater-
nity testing should take multi-allelic InDels into considera-
tion.

Multiple statistics analyses were performed to further
survey the effectiveness of the 59 InDel loci for foren-
sic ancestral information inference purpose and reveal the
population genetic backgrounds of CMI and CZY groups.
The results of the insertion allele frequency heatmap and
follow-up cluster analysis indicated that the CMI and CZY
groups shared a similar pattern of the allele frequencies dis-
tributed equably at approximately 0.5, implying that the
64-plex panel was suitable for forensic individual identi-
fication and paternity testing in the two studied groups.

As shown in the Supplementary Fig. 2, the loci in the
subbranch B-a demonstrated considerable discrepancies in
allelic frequency distributions between European popula-
tions and African populations, while the loci in branch B-
b were lower frequencies in the seven East Asian popu-
lations than those in the others. Evident divergences of
allele frequency distributions were found among the five
continental populations in some loci, such as rs60922184,
rs10556197, and rs34731870 from the subbranches A, B-
a and B-b (Supplementary Fig. 2), indicating that these
loci could be potential markers for ancestral information in-
ference. The results of population differentiation analyses
illustrated closer genetic relationships among CMI, CZY
groups and other five East Asian populations, especially be-
tween CMI and CHB, CZY and KHV groups. The MDS
and PCA plots were applied to further visualize the cluster-
ing analyses results of the biological-geographic origins at
the population and individual levels. Meanwhile, we per-
formed a feature dimension reduction analysis by calculat-
ing the cos2 value for each locus, and several promising
loci in ancestral information inferencewere foundwith cos2
values of over 0.75, including rs60922184 and rs10556197
loci. Even though the NJ tree and the maximum likelihood
tree of all 28 intercontinental populations in the TreeMix
analysis remained generally consistent, there were a few
differences between the topologies of the NJ tree and the
unrooted UPGMA tree. As for the UPGMA tree based on
allele frequency data, the PEL was located in one of the
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primary branches. However, for the NJ tree which is con-
structed by taking into account the effects of evolution rate
and genetic drift, the PEL was clustered with MXL on an
outer branch, indicating the intimate genetic relationship
between the two above-mentioned populations and the bet-
ter performance of the NJ tree when inferring ancestral in-
formation. Interestingly, in the TreeMix analysis performed
within East Asian populations, the estimated optimal num-
ber of migration events rose to 6, reflecting the smaller ge-
ographic scale in this study.

Although CMI and CHB groups belong to different
language families, the two groups still demonstrated a close
genetic relationship in multiple statistical analyses, which
was highly consistent with the results of previous popula-
tion genetic studies involving the Manchu group and north-
ern Han populations from Liaoning, Henan and Beijing
provinces [15,19,20]. With the development of Chinese
society and economy, intermarriages between the above-
mentioned groups have become more common [43], and
the Manchu-Han intermarriage rate in Liaoning province
reached 39.3% in the riverside area as early as 2002 [20].
Many population genetic studies about Chinese Manchu
based on Y-SNPs indicated that the Y chromosome hap-
logroup C3* and its descendant ‘Manchu cluster’ C3b2a-
M48 expanded approximately 1333 ± 653 or 590 ± 340
years ago due to nomadic activities of Jurchens [44–46] and
the establishment of the Qing Dynasty, resulting in the wide
distributions of these haplogroups in the paternal lineages of
the Chinese populations. For example, many ethnic groups
in China, including Mongolian, Ewenki, Oroqen, Hezhen
and Xibe groups, were found to have considerable por-
tions of individuals who shared the haplogroups C3* and
C3b2a-M48 [22]. After the bureaucratization of native Tusi
officers during the Qing Dynasty, the communication be-
tween Manchu and Zhuang groups was further strength-
ened in the Yunnan province [47], which was reflected by
the observed gene flow event in the above TreeMix anal-
ysis. However, the genetic information provided by the
59 InDels was not sufficient to confirm the obtained con-
clusion, and more types of genetic markers and population
samples are needed to analyze the genetic relationship be-
tween Manchu and Zhuang groups in the future. In spite
of that, the CZY group in this study was still relatively re-
lated to KHV, followed by CDX and CHS groups. Accord-
ing to Wang et al. [28], who constructed PCA analyses us-
ing Y-SNP haplogroup frequencies, the Zhuang group had
a closer relationship with the KHV group. As being an eth-
nic group mainly located in the southeastern part of China
adjacent to Vietnam, the compositions of ancestral informa-
tion components of individuals from the CZY group were
basically similar to those of most East Asians, which was
consistent with the previous studies on the Zhuang group
in Guangxi province using autosomal STR, Y-STR and Y-
SNP genetic markers [25,26,28]. However, the obtained
results are still needed to be validated and refined by future

population analyses with more types of genetic markers, es-
pecially sex-related genetic markers with paternal and ma-
ternal inheritances. Such researches will surely provide us
with a more fine-scale exploration of the population genetic
substructures of these two studied groups from different re-
search perspectives.

5. Conclusions
In this study, we investigated the forensic character-

istics using a self-developed 6-dye 64-plex PCR system
comprising 59 InDels, 2 miniSTRs, 2 Y-InDels and an
Amelogenin gene, and the population structures of the Chi-
nese Manchu in Inner Mongolia Autonomous Region and
Zhuang in Yunnan province. The 64-plex panel could not
only meet the demands of forensic individual identifica-
tion and paternity testing in the CMI and CZY groups but
have the preliminary ability to distinguish the African, Eu-
ropean, and Asian ancestral information components from
the two studied groups and 26 reference populations. In ad-
dition, we further explored the genetic backgrounds and re-
lationships of the CMI and CZY groups using the reference
population polymorphic data, and the two aforementioned
groups were believed to have relatively closer genetic rela-
tionships with other reference East Asian populations, espe-
cially the CHB and KHV groups. Future population genetic
studies involving more populations will provide substantial
supports for the enrichment of polymorphic population ge-
netic information resources and further validate the robust-
ness of the self-developed 6-dye 64-plex panel in forensic
and population genetic research.
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