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Abstract

Background Biallelic Deletion/Insertion polymorphisms (DIPs), known for their significant diversity across various
populations, serve as valuable markers for forensic ancestry inference and personal identification. In this study, we
utilized DIPs to provide a potentially powerful forensic examination tool specifically tailored for East Asian populations.
Our focus on ancestry allows us to delve deeper into the genetic signatures that characterize this diverse group, offer-
ing enhanced resolution in forensic analyses.

Methods A total of 56 autosomal DIPs, 3 Y-chromosome DIPs, and the Amelogenin were selected to build

the 60-panel. Population genetic parameters, principal component analysis (PCA), STRUCTURE analysis, and phylo-
genetic tree construction were employed to evaluate the capacity for ancestry inference. The verification guidelines
recommended by the Scientific Working Group on DNA Analysis Methods were followed in the developmental
validations of the 60-panel.

Results The PCA, STRUCTURE, and phylogenetic tree constructions were not only consistent with each other

but also corroborated by previous research. The combined probability of discrimination and the cumulative
probability of paternity exclusion values were 0.999999999999 and 0.9937, respectively. These values indicate

that the 60-panel is not only a useful tool for personal identification testing within the East Asian population

but also provides valuable biogeographic information. Furthermore, the validation study of the 60-panel, which
included assessments of PCR conditions, sensitivity, species specificity, stability, mixture analysis, reproducibility,

and case sample studies, as well as analysis of degraded samples, demonstrated that the panel is well-suited for foren-
sic testing. The panel’s performance was particularly notable in the analysis of degraded samples, showcasing its
potential for use in challenging forensic cases.

Conclusion The newly developed 60-panel demonstrated robust performance in validation tests, yielding reliable

genotypes even from poor-quality samples like degraded DNA. It offers valuable biogeographic insights and suffi-
cient polymorphism for personal identification, which assisted forensic examinations in East Asian populations.
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Introduction
Deletion/Insertion Polymorphisms (DIPs), Single Nucle-
otide Polymorphisms (SNPs), and Short Tandem Repeats
(STRs) are DNA markers that serve as essential tools
in forensic ancestry inference and personal identifica-
tion. In the field of forensic ancestry inference, popula-
tion genetic methods are commonly employed to provide
investigative evidence. These methods always utilize
ancestry informative marker-DIPs (AIM-DIPs) and
ancestry informative marker-SNPs (AIM-SNPs) to draw
genetic characteristics. The examination of SNPs depends
on the second-generation sequencing platform or SNap-
Shot technology, which has a high price and complex
operation [1]. On the other hand, the DIPs depend on
the second-generation sequencing platform or capillary
electrophoresis platform (CE), which could overcome the
limitations of the SNPs and have the advantages of Short
Tandem Repeats (STRs). The mutation rates of DIPs are
estimated on the order of 1078, ensuring their stability
in the genome [2]. The DIPs also have no stutter peaks
when examined by the PCR-CE platform, ensuring typing
accuracy [3]. Considering the characteristics of the DIPs,
they could be applied to various forensic specimens in
forensic ancestry inference and individual identification.
East Asian populations are of high homogeneity.
According to the “Southern coastal route hypothesis’, the
initial peopling of West Asia, India, Southeast Asia, and
East Asia began between roughly 50,000—70,000 years
ago. Their descendants later eventually colonized Eura-
sia [4, 5]. Recently, another theory, the “Northern” route
hypothesis, has been proposed based on evidence of
archaeology, molecular anthropology, and the geographic
status of the Pleistocene. According to the hypothesis,
later than the southern dispersal period, modern humans
expanded eastward, passing through Central Asia and
North Asia, and finally reached East Asia. They inter-
bred with other archaic humans during the dispersal
about 30,000-50,000 years ago [6]. After arriving in East
Asia, modern humans continued their expansion and
interbreeding in the long historical process. To better
understand the population stratification and to perform
ancestry assignment of East Asians precisely, several
assays have been developed: A 39-AIM-InDel panel
tested several Chinese groups and provided valuable
information [7, 8]. A twelve Multi-InDel markers assay
has proved effective in distinguishing Han and Tibetan
people [9]; A 49AISNP panel can differentiate three eth-
nic groups (northern Han, Japanese, and Korean ethnic
groups) in the north of East Asia [10]. In the present
study, we aimed to explore the ancestry inference capac-
ity of DIP markers and select candidates that could suc-
cessfully assign populations from the north and south of
East Asia.

Page 2 of 13

Finally, a total of 56 autosomal DIPs, 3 Y-Chromo-
some DIPs, and an Amelogenin marker were selected
to construct the forensic ancestry inference assay. The
amplicons of the newly established 60-panel were lim-
ited to 200 bp to meet the need of typing various foren-
sic specimens, especially the degraded ones. Then, the
Fq value, principal component analysis (PCA), STRU
CTURE analysis, and phylogenetic tree construction
were involved in the ancestry inference ability assess-
ment. The forensic parameters, CPD, and CPE values
were used for individual identification ability assess-
ment. Finally, the verification guidelines recommended
by the Scientific Working Group on DNA Analysis
Methods (SWGDAM) were followed [11] to assess the
PCR amplification performance and typing results by
CE.

Materials and methods

Candidate selection

DIPs were selected from the 1000 Genomes Project data-
base (http://grch37.ensembl.org) and the Nucleotide
Polymorphism Database (https://www.ncbi.nlm.nih.gov/
snp). Genomic data of five global populations and five
East Asia subgroup populations were employed in the
selection and evaluation process. Candidates were sub-
ject to the following seven criteria for inclusion:

a. Each marker must have a minimum allele frequency
(MAF) of>0.1;

b. Markers must be bi-allelic ins, del, or delins;

c. The allele length variation of each indel from 1 to
20 bp;

d. Different markers must be located on different chro-
mosomes or chromosomal arms, or be more than
5 Mb apart if on the same chromosomal arm, and
they should be independently inherited;

e. The candidate markers should not deviate from
Hardy—Weinberg equilibrium (HWE) in Japanese in
Tokyo (JPT), Kihn in Ho Chi Minh city (KHV), Chi-
nese Dai in Xishuangbanna (CDX), Han Chinese in
Beijing (CHB), and Southern Han Chinese (CHS);

f. The candidates should exhibit allele frequency dif-
ferences between populations: For East Asian, Euro-
pean, and African populations, the pairwise differ-
ence should not be less than 0.5; For South Asian,
East Asian, and American populations, the pairwise
difference should not be less than 0.3; For European,
South Asian, and American populations, the pairwise
difference should not less than 0.2; For the 5 sub-
groups of East Asian, the pairwise difference should
not less than 0.2. A candidate locus will be included if
it meets just one of these specified conditions;
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g. The flanking sequence of the candidate markers
should have no polynucleotides, indels, or genetic
variations such as SNPs.

Candidates evaluation

Allele frequencies and five forensic statistical param-
eters in East Asia, including typical paternity index (TPI),
power of exclusion (PE), polymorphic information con-
tent (PIC), match probability (MP), and power of dis-
crimination (PD) were calculated by STRAF [12]. The
combined probability of discrimination (CPD) was con-
ducted based on the formulae: CPD =1-(1-DP;) (1-DP,)
... (1-DP}), and the cumulative probability of paternity
exclusion (CPE) was conducted based on the formulae:
CPE=1-(1-PE,) (1-PE,) ... (1-PE,). The HWE and the
Linkage disequilibrium (LD) were conducted using the
GENEPOP 4.0 [13].

To explore population affinities and genetic struc-
tures, pairwise Fgr was performed using STRAF, and
DA distance was calculated using the DISPAN program.
Principal component analysis (PCA) based on the 2504
individual genotypes was conducted using ggbiplot of
R software. The genetic structure was dissected using
STRUCTURE v2.3.4 with 10,000 Markov Chain Monte
Carlo steps and 10,000 burn-in periods. K was set from
2 to 7. The ancestry components were plotted with Dis-
truct 1.1 [14]. Molecular Evolutionary Genetics Analysis
Version 7 (Mega 7) was used to discover the patterns of
genetic affinities through phylogenetic tree reconstruc-
tion with the neighbor-joining method, minimum evolu-
tion method, and UPGMA method instrumented in the
software [15].

Establishment and validation of the 60-panel

The newly established 6-dye system 60-panel enables
to simultaneously type 56 A-DIPs, 3 Y-DIPs, and the
Amelogenin loci. The DNA sequences were obtained
from GenBank. Primer Premier 5.0 and AutoDimer soft-
ware were applied in the primer design and evaluation.
The ratio of Primer mix, reaction mix, Taq-polymerase,
magnesium ion, and DNA Taq polymerase was adjusted
to get optimal performance.

Samples

The PCR condition studies were conducted using 1 ng
9948. For the Reaction Mix and the Primer Mix volume
test, 9948 was amplified with 0.5, 0.75X, 1X (recom-
mended), 1.25%, 1.5XReaction Mix and Primer Mix,
respectively; For the reaction volume, 5 puL, 10 pL, 15 pL,
20 pL, and 25 pL PCR premixtures was prepared with
the ratios of components remain unchanged in testl,
then, 8 pL, 9 pL, 10 pL (recommended), 11 pL, and
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12 pL premixtures were prepared in test 2 by adjusting
the amount of water; For the denaturation temperature
test, 9948 was amplified with 89 °C, 90 °C, 91 °C, 92 °C,
93 °C, 94 °C (recommended), 95 °C, 96 °C, 97 °C, 98 °C,
and 99 °C; For the annealing temperature test, 9948 was
amplified with 55 °C, 56 °C, 57 °C, 58 °C, 59 °C, 60 °C
(recommended), 61 °C, 62 °C, 63 °C, 64 °C, and 65 °C;
For the cycling number test, 9948 was amplified with 21,
22, 23, 24, 25 (recommended), 26, and 27 cycles; For the
final extension time test, 9948 was amplified with 5 min,
10 min, 15 min, 20 min, 25 min. Each cycle number was
tested in triple.

The sensitivity study was conducted using 5 ng, 2 ng,
1 ng, 500 pg, 250 pg, 125 pg, 62.5 pg, and 31.25 pg male
genomic DNA 9948. Each concentration was tested three
times.

The species specificity was tested using 10 ng genomic
DNA extracted from samples of horse, cow, pig, sheep,
dog, cat, chicken, duck, rabbit, mouse, fish, and Escheri-
chia coli (JM109). Negative and positive control 9948
were contained in the study as well.

The stability study was tested using six common inhibi-
tors (Ethanol, calcium ion, tannic acid, EDTA, humic
acid, and hematin). The concentration of inhibitors was
set as follows: 50%, 60%, 70%, 80%, and 90% Ethanol;
10 mM, 15 mM, 20 mM, 25 mM, and 35 mM calcium
ion; 8 mg/mL, 10 mg/mL, 20 mg/mL, 30 mg/mL, and
40 mg/mL tannic acid; 3 mM, 4 mM, 5 mM, 8 mM, and
10 mM EDTA; 1 mol/L, 1.2 mol/L, 1.5 mol/L, 2 mol/L,
and 2.5 mol/L humic acid; 4 mM, 5 mM, 6 mM, 7 mM,
and 8 mM hematin.

The mixture study was conducted by mixing up 9947A
and 9948 at the following ratios: 1:1, 1:4, 1:9, 1:19, 19:1,
9:1, and 4:1.

The reproducibility study employed 3 buccal-indicating
FTA® cards and 3 blood FTA® cards, two operators con-
ducted the experiments at the same time.

The case sample study was conducted using one blood
on the dagger, two cigarette butts, two epithelial cell abra-
sions, one costal cartilage bone, one semen, one muscle
tissue, and one blood filter. The 9 samples were extracted
by ML- DNA Extraction Kit (Bokun Biotech, China).

The degradation study examined mock degraded sam-
ples and dated blood samples. The mock degraded sam-
ples were prepared by exposing 1 ng genomic DNA 9948
to WD-9430C Ultraviolet instrument (254 nm) for O h,
0.5 h, 1.0 h, 1.5 h, and 2.0 h at room temperature. The
dated blood filter papers have been preserved for 7 years.

Amplification and capillary electrophoresis

The amplification was performed on the ABI GeneAmp®
PCR System 9700 Thermal Cycler (Thermo Fisher Sci-
entific, USA). The standard thermal cycling parameters
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were set to initial incubation at 95 °C for 5 min; 2 cycles
consisting of denaturation at 94 “C for 10 s and annealing
at 63 °C for 90 s, followed by 25 cycles of 94 °C for 10 s
and 60 C for 90 s; final extension time was 15 min.

The CE was performed on Applied Biosystems®3500
xL Genetic Analyzer (Thermo Fisher Scientific, USA)
with the run condition set as follows: injection for 15 s at
1.2 kV, electrophoresis for 24 s at 1.2 kV; run at 60 C for
1210 s. The loading mixture was made of 8.75 pL of the
Hi-Di" Formamide (Thermo Fisher Scientific, USA) and
0.25 pL SIZE-500(S). The PCR product (1 pL) was added
to the corresponding well on the CE plate. A standard
run condition was set as follows: samples injection for
15 s at 1.2 kV; electrophoresis for 24 s at 1.2 kV; run at
60 °C and lasted for 1210 s. The raw data were subse-
quently analyzed by GeneMapper® ID-X (GMID-X) Soft-
ware v1.2 (Thermo Fisher Scientific, USA).

Results

Selected DIPs for forensic ancestry inference

The final list of the selected 56 A-DIPs was given in
Table 1. The 56 A-DIPs distributed in 20 chromosomes.
The corresponding Fyy for AFR, AMR, (EUR, EAS,
and SAS varied from 0.01 to 0.46, while the value var-
ied from 0 to 0.37 for five EAS subgroups (CDX, CHS,
CHB, JPT, and KHV) [16]. Moreover, 3 Y-chromosome
DIPs (rs771783753, rs759551978, and rs2032678) and the
Amelogenin loci were added in the final panel to assist
examiners to determine the sex of samples. Fg; calcula-
tions, pairwise 8 calculations, HWE test, LD test, foren-
sic parameter calculations, PCA, STRUCTURE analysis,
and phylogenetic tree constructions were applied in the
candidate selection and evaluation process.

The 6 value is the difference of the allele frequency at a
specific locus, which can be used to evaluate the differ-
ence of a locus between different populations [17]. When
the screening value was 0.5, 25 loci and 13 loci can be
used to differentiate AFR-EAS and EUR-EAS, respec-
tively. When the screening value was 0.3, 24 loci and 21
loci can be used to differentiate EAS-AMR and EAS-
SAS, respectively. For subgroups of East Asia, when the
0 value was set great than 0.2, a total of 11 loci met the
criteria. Among them, rs35171885 showed a distinguish-
ing ability to differentiate all five subgroups (Fig. 1).

The HWE and LD was tested in the CDX, CHS,
CHB, JPT, and KHV groups, respectively. When the
significance level of the p-value set at 0.05, deviations
from HWE were observed at rs10555216 (p=0.0005),
rs2067350 (p=0.0358), and rs66715534 (p=0.0085) in
the CDX ethnic group; at rs35171885 (p=0.0138), and
rs56038358 (p=0.0214) in the CHB group; at rs56038358
(p=0.0185) in the KHV group. After applying the Bon-
ferroni correction (p=0.0009) [18], only rs10555216 was

Table 1 The information of 56 A-DIPs
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Loci dbSNPrs#  Build 37 nt position Fgrforall Fgfor
groups  EAS
groups
B1 rs34477782  Chr3:194506203-194506204 0.25 0.00
B2 rs4647655 Chr4:185557899-185557909  0.30 0.01
B3 rs35323999  Chr2:212541539-212541542 0.23 0.01
B4 rs66715534  Chr6: 32576385-32576392 0.01 0.06
B5 rs2067350 Chr5: 33968753-33968754 0.17 0.02
B6  rs141022607 Chr2:187695430-187695432 0.21 0.00
B7 rs3831885 Chr5:109133010-109133011 0.28 0.00
B8 rs33948716  Chr4: 123774811-123774815 0.39 0.00
B9 rs34891898  Chr2: 153227885-153227886 0.24 0.00
B10  rs3988320 Chr8:18908781-18908782  0.20 0.00
B11  rs3032990 Chr10: 118830844- 0.16 0.00
118830849
B12  rs4147539 Chr4: 100237480-100237487 0.10 0.01
B13 1510555216  Chr8:27207896-27207903 0.16 0.01
B14  rs3029066 Chr1:6396827-6396828 044 0.04
G1 rs3045215 Chr1: 234740918 0.26 0.02
G2 rs10560368  Chr9: 38440395-38440396 0.16 0.00
G3 156038358  Chr2:77314047-77314049  0.19 0.03
G4 rs76533131 Chr9: 34261853-34261854 0.23 0.00
G5 rs3028822 Chr5:172575763-172575771  0.12 0.01
G7 rs11273905  Chr11:46085383-46085393  0.17 0.02
G8 rs146391383  Chr7: 138207599-138207606 0.19 0.00
G10  rs16432 Chr20: 2128698-2128706 033 0.00
G11 1534024438  Chr13:92421048-92421049  0.24 0.00
G12 155891435 Chr8: 52749044-52749051 0.46 0.01
G13 1510580743  Chr9: 139791625-139791632 0.08 0.00
G14 1510538061 Chr10: 74572523-74572525  0.21 0.01
Y1 rs35434967  Chr2:133216470-133216476 0.15 0.01
Y2 rs5860664 Chr4:102157449-102157450 0.21 0.04
Y4 rs34618829  Chr6: 121477884-121477887 0.37 0.00
Y5 rs34383321 Chr11:10383323-10383324  0.17 0.00
Y6 rs66471060  Chr4: 118990299-118990302 0.36 0.02
Y7 rs67853165  Chr15: 27990090 0.14 0.00
Y8 rs57406754  Chr9:133617278-133617281 0.23 0.00
Y9 rs68108181 Chr18:77344953-77344955  0.34 0.01
Y10  rs35171885  Chr14: 106091744 0.20 0.37
Y11 1567185986  Chr3:129519507-129519510 0.36 0.03
R1 rs3840222 Chr3:4356252-4356265 040 0.01
R2 rs148177611  Chr12: 111390455- 0.16 0.04
111390460
R3 rs34530228  Chr7:134761552-134761553 0.16 0.01
R4 1571997819  Chr11:60567526-60567530  0.26 0.00
R5 rs10534050  Chr15:99343470-99343471  0.17 0.02
R6 rs10569275  Chr10: 11336961-11336962  0.31 0.00
R7 rs10533245  Chr17:70347822-70347826  0.28 0.00
R8 rs61044006  Chr13:46370078-46370079  0.22 0.01
RO 153842715 Chr22:36708050-36708057  0.25 0.00
R10  rs5868949 Chrb5: 78364989-78364990 0.25 0.02
R11 rs3835409 Chr1:29633492-29633502  0.18 0.00
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Table 1 (continued)

Loci dbSNPrs#  Build 37 nt position Fg;forall Fgfor
groups  EAS
groups
P1 152307840 Chr1: 36099089-36099093 0.38 0.00
P2 15138324 Chr22:41210550-41210552  0.16 0.01
P3 5840834 Chr20: 19190654-19190655  0.25 0.00
P4 rs35794676  Chr14:92786986-92786990  0.11 0.04
P5 153044252 Chr20: 55044840-55044845  0.19 0.00
p7 s5896844 Chr9: 19564552-19564563 0.27 0.01
P8 rs71960622  Chr9: 125966268-125966286 0.27 0.04
P9 153840794 Chr12:1724156-1724174 0.15 0.01
P10 rs3033760 Chr3:173557661-173557671 0.16 0.02

found to be out of HWE in the CDX group. No devia-
tions were found in other four East Asian groups (Sup-
plementary Table s1). Although the rs10555216 locus did
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not adhere to the HWE criteria within the CDX group,
its value in the CHB, CHS, JPT, and KHV populations
were 0.4010, 0.4416, 0.9494, and 0.0508, respectively.
These values suggest a generally good performance. Fur-
ther testing in additional populations, including the Han
Chinese from Guizhou, Shaanxi Han [19], and the Man-
chu group from Inner Mongolia [20], also showed no evi-
dence of HWE imbalance. Consequently, we have opted
to retain this locus for continued analysis. The LD was
carried out by Genepop and the results showed that they
are independently inherited (Supplementary Table s2).
The forensic parameters were calculated based on the
genotypes of 504 East Asian individuals (Supplemen-
tary Table s3). The CPE and the CPD values were 0.9937
and 0.999 999 999 999, respectively, similar to the Inves-
tigat0r® DIPplex kit (Qiagen, Hilden, Germany) [21],
suggesting the 60-panel could also provide a powerful
supplement for personal identification testing.

(A) (B)
5 AFR__AFR__AFR__AFR _AMR AMR AMR EAS EAS EUR 5 CDX CDX CDX CDX CHB CHB CHB CHS CHS JPT
AMR EAS EUR SAS EAS EUR SAS EUR SAS SAS CHB CHS JPT KHV CHS JPT KHV JPT KHV KHV

rs10533245 022 061 045 055 039 023 033 016 006 010 rs10533245 011 006 008 007 006 003 004 002 002 000
rs10534050 044 043 037 021 001 007 023 006 022 016 rs10534050 004 003 017 001 001 013 005 014 004 018
rs10538061 0.00 047 043 010 047 013 010 060 037 023 rs10538061 001 002 005 001 001 004 000 002 001 004
rs10555216 015 044 0.00 008 030 014 006 044 036 008 rs10555216 006 003 012 001 009 005 007 015 002 012
rs10560368 030 049 007 017 019 023 014 042 033 010 rs10560368 003 006 006 000 003 003 002 000 005 0.05
rs10569275 048 059 049 055 011 002 007 009 004 006 rs10569275 003 004 004 003 001 002 001 000 001 001 Legend
rs10580743 030 0.00 010 0.06 030 020 024 010 006 004 rs10580743 000 001 005 001 001 005 002 004 000 003
rs11273905 0.14 0.1 038 028 025 024 014 049 039 010 rs11273905 006 000 016 001 006 010 007 016 001 0.17
rs138324 032 026 012 011 058 020 021 038 037 001 rs138324 004 007 011 006 004 007 002 004 002 005 >0.5
rs141022607 037 060 036 032 023 002 005 025 028 003 rs141022607 001 000 007 003 001 006 003 007 004 003
rs146391383 019 049 0.01 0.21 030 018 003 048 028 o021 rs146391383 001 001 000 001 001 001 000 001 001 0.01 03'05
rs148177611 0.00 016 0.00 000 0.16 000 000 016 016 000 rs148177611 012 022 012 009 011 000 002 011 013 002
rs16432 023 068 003 031 045 026 008 071 037 034 rs16432 000 002 003 000 002 003 000 004 002 003 02_03
rs2067350 008 034 015 017 042 007 025 050 017 033 rs2067350 001 006 014 000 005 015 001 020 005 014
rs2307840 036 004 068 045 040 033 009 072 049 023 rs2307840 008 004 003 001 003 005 009 001 005 004 0.1-0.2
rs3028822 011 015 031 001 026 020 010 045 016 029 rs3028822 009 003 001 010 007 010 001 004 008 0.11 o &
rs3029066 067 072 068 064 005 001 003 003 008 005 rs3029066 009 009 020 005 000 011 004 012 004 015 <0.1
rs30329080 027 005 043 037 022 016 009 038 032 006 rs3032990 006 002 003 002 008 003 004 005 004 002 :
rs3033760 005 041 009 012 046 004 017 050 029 021 rs3033760 000 003 008 009 003 008 009 011 006 016
rs3044252 011 049 007 006 039 018 005 05 044 012 rs3044252 003 004 001 001 007 003 004 005 003 002
rs3045215 032 060 010 042 029 022 010 051 019 032 rs3045215 015 001 012 005 014 003 010 011 004 007
rs33948716 054 077 059 058 023 005 002 018 021 003 rs33948716 003 003 001 001 000 002 004 002 004 002
rs34024438 022 053 031 05 031 009 034 022 004 026 rs34024438 007 002 008 008 005 001 001 006 006 0.00
rs34383321 014 048 004 009 035 017 005 052 033 013 rs34383321 001 000 003 003 001 003 004 002 003 000
rs34477782 028 020 058 041 008 030 012 038 020 018 rs34477782 001 001 006 006 001 005 005 005 005 0.00
rs34530228 020 047 023 000 027 002 020 025 047 022 rs34530228 003 001 009 002 004 006 005 010 001 0.11
rs34618829 035 054 069 067 018 034 031 016 013 003 rs34618829 006 005 002 003 001 008 003 007 002 005
rs34891898 005 050 015 012 055 010 017 064 038 026 rs34891898 0.04 002 004 001 003 001 006 002 003 005
rs35171885 018 050 026 023 032 008 005 024 027 003 rs35171885 057 034 081 020 023 024 038 047 015 062
rs35323999 016 063 017 027 047 001 011 046 036 010 rs35323999 002 002 005 003 000 003 005 004 005 009
rs35434967 013 014 035 005 028 022 009 049 019 031 rs35434967 008 006 005 001 003 003 009 001 007 006
rs35794676 016 031 037 032 015 021 016 006 001 005 rs35794676 003 001 021 002 003 024 001 021 003 024
rs3831885 019 059 009 033 039 010 014 050 025 025 rs3831885 002 002 006 006 000 004 008 003 008 012
rs3835409 021 053 013 033 032 007 013 039 019 020 rs3835409 002 001 007 008 001 005 006 006 007 001
rs3840222 058 077 052 064 019 006 006 025 013 012 rs3840222 002 003 003 005 004 002 003 006 008 0.02
rs3840794 004 037 016 003 033 020 000 053 033 020 rs3840794 003 001 011 001 004 008 002 012 002 0.10
rs3842715 017 057 017 040 040 000 024 040 016 024 rs3842715 007 001 004 007 006 003 000 003 006 0.03
rs3988320 029 003 044 039 026 015 011 041 036 005 rs3988320 004 000 001 003 004 003 007 001 003 004
rs4147539 025 002 001 003 023 024 028 000 005 005 rs4147539 006 001 001 002 007 005 007 002 001 002
rs46476556 021 061 000 020 040 020 000 060 040 020 rs4647655 014 013 015 008 001 001 006 002 005 0.07
rs56038358 040 013 051 037 027 011 003 038 024 014 rs56038358 0.09 013 024 005 004 015 004 011 008 019
rs57406754 038 022 061 042 017 023 004 040 021 019 rs57406754 005 000 007 003 005 003 001 008 004 004
rs5840834 022 057 003 008 035 019 014 055 050 005 rs584083¢ 002 003 000 003 005 003 000 003 005 003
rs5860664 029 011 057 033 018 028 003 046 022 024 rs5860864 015 010 020 001 004 005 0145 010 011 0.21
rs5868049 050 059 045 041 010 005 009 014 018 004 rs5868949 009 010 021 006 001 012 003 011 004 015
rs5891435 068 054 079 073 014 011 005 025 019 006 rs5891435 013 010 017 008 003 004 005 007 002 009
rs5896844 035 052 031 046 017 004 012 021 005 016 rs5896844 000 001 000 002 001 000 002 001 001 0.02
rs61044006 034 060 016 027 027 018 007 045 034 0.1 rs61044006 003 000 004 001 003 007 004 004 001 003
rs66471060 065 066 059 060 0.01 007 005 007 006 001 rs66471060 011 008 020 009 003 009 002 012 001 011
rs66715534 000 003 006 009 003 006 009 003 006 004 rs66715534 024 022 015 028 002 009 005 007 006 013
rs67185986 0.54 027 070 065 028 015 010 043 038 005 1rs67185986 023 012 022 010 011 001 014 010 002 013
rs67853165 022 018 024 005 040 001 027 041 012 029 re67853165 002 001 001 004 001 002 002 002 003 005
rs68108181 040 074 050 058 034 010 017 024 016 008 rs68108181 008 011 013 011 004 005 003 001 001 002
rs71960622 024 0.04 049 047 028 025 023 054 052 002 rs71960622 013 008 027 006 005 014 007 019 002 0.21
rs71997819 029 062 026 053 033 004 024 037 009 027 rs71997819 006 008 001 001 003 004 006 007 009 002
rs76633131 013 067 002 023 044 015 010 059 034 025 rs76533131 007 005 004 002 002 003 005 001 002 0.02

Fig. 1 The & value of 56 A-DIPs: A The & value between different continent populations; B The § value between 5 subgroups of East Asian
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PCA is a dimensionality reduction technique and
groups samples together based on their similarity. Geo-
graphically close populations often mix genetically and
this leaves a clear signal in PCA plots. In the present
study, the individuals of the 26 worldwide populations
were employed in the test, and a point in the PCA plot
represented one person. The proportions of the top two
principal components PC1 and PC2 were shown in the
PCA plot. At the population level, whether it’s interconti-
nental groups or intra-East Asian groups, the application
of the 60-panel can achieve a high degree of discrimina-
tion (Fig. 2A, B). When the analysis included 661 African
individuals, 504 East Asian individuals, and 503 European
individuals, the PCA results demonstrated that Afri-
cans, East Asians, and Europeans formed well-defined
clusters. Notably, the first two principal components
accounted for 41% of the total genetic variation (Fig. 2C).

(A)  AFR-EAS-EUR-SAS-AMR
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However, when the analysis was expanded to include 347
American individuals and 489 South Asian individuals,
some overlap was observed among the European (EUR),
South Asian (SAS), and American (AMR) data points.
This overlap is likely due to the lower resolution of these
groups relative to the more distinct clusters formed by
the three main continental groups (Fig. 2D). Further
analysis focusing solely on the EUR, SAS, and AMR indi-
viduals revealed that they indeed formed three separate
clusters. In this case, the first two principal components
explained a smaller proportion of the variation, at 13.3%.
The PCA results also indicated that the genetic back-
ground of AMR individuals is complex in terms of their
dispersion (Fig. 2E). For the East Asian populations, the
CDX individuals and JPT individuals were analyzed and
a small number of individuals have overlapped (Fig. 2F).
Then, we merged the CHS and the CHB individuals into

(B) JPT-CHB-CDX-CHS-KHV
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Fig. 2 The PCA plot revealed by the frequencies of 56 A-DIPs: A PCA Plot of 26 Populations from the 1000 Genomes Project; B PCA plot of 5 East
Asian populations; The PCA plot revealed by the genotype of 56 A-DIPs: C PCA plot of AFR, EAS, and EUR populations; D PCA plot of AFR, EAS, EUR,
AMR and SAS populations; E PCA plot of EUR, SAS, and AMR populations; F PCA plot of JPT, and CDX; G PCA plot of JPT, CHH, and CDX populations;

H PCA plot of JPT, CDX, CHH, and KHV populations
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the CHH group in the analysis. As expected, the CHH
group was located between the CDX group and the JPT
group, and had a certain degree of overlap with the two
groups (Fig. 2G). When KHYV individuals participated in
the analysis, they partly coincided with the CHH groups,
partly with CDX groups (Fig. 2H). For the 3 Chinese
groups, the plots showed that the CHB, CHS, and CDX
individuals harbor subtle differences along a North-to-
South gradient (Supplementary Fig. s1).

STRUCTURE analysis used Bayesian iterative algo-
rithm to infer the genetic structure. First, 26 worldwide
populations were analyzed with the putative “ancestral
populations” from 2 to 7. For K=2, AFR and other
continental populations were separated, the results can
be interpreted by the important demographic event of
out-of-Africa bottleneck; For K=3, continental groups
of AFR, EUR, and EAS had been separated; For K=5,
all five continental groups have been separated. The
Peruvian in Lima (PEL) and Mexican Ancestry in Los
Angeles (MXL) from AMR showed AMR specific com-
ponent, while Puerto Rican in Puerto Rico (PUR) and
Columbians in Medellin (CLM) showed more EUR
related component (Fig. 3A). Then, 5 East Asian sub-
groups were analyzed with the putative “ancestral
populations” from 2 to 7. For all values, the JPT group
can be distinguished from other 4 groups. For K=5,
the dominant genetic component of JPT group was
labelled blue, representing the Ancestral North EAS
component; the dominant genetic component of CDX
was labelled brown, representing the Ancestral South
EAS component. The CHB, CHS and KHV groups har-
bored both components and a north—south cline was
visible (Fig. 3B, Supplementary Fig. s2).

The neighbor-joining method, minimum evolu-
tion method, and UPGMA method were employed
to reconstruct the phylogenetic tree (Fig. 3C, Sup-
plementary Fig. s3). The results of the three methods
confirmed each other and were consistent with the
known morphology. The four main clusters in the phy-
logenetic trees were the East Asian, South Asian, Euro-
pean, and African clusters. Four American populations
fell into two groups. The PUR and CLM were close to
the EUR while the MXL and the PEL were close to the
SAS.

(See figure on next page.)
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Validation of the 60-panel

The PCR condition studies

Firstly, we tested the PCR conditions with each single
locus. The initial typing results showed that non-specific
peaks were detected at rs3045215, rs146391383, and
rs34383321 (Supplementary Fig. s4). By adjusting the
primers and the corresponding annealing temperature,
the problems were solved. In the subsequent multiplex
amplification of the 60 markers, a satisfactory profile was
obtained by repeatedly adjusting the PCR conditions the
ratio of the PCR components (Supplementary Fig. s5).

The allele dropout, peak height, and heterozygote bal-
ance (HB) were the three main parameters when we eval-
uated the typing results of the PCR condition studies.

For the Reaction Mix and the Primer Mix volume test,
allele dropouts were observed at 0.5 X Reaction Mix (GS8,
R3, and R9), 0.5 X Primer Mix (B10), and 1.5 X Primer Mix
(B13, G8, and R11). When the 9948 was amplified with
0.75%, 1x, 1.25%, and 1.5XReaction Mix, the average
peak heights were 3387 RFUs, 5114 RFUs, 6042 RFUs,
and 5944 RFUs, respectively. When the 9948 was ampli-
fied with 0.75%, 1%, 1.25X Primer Mix, the average peak
heights were3387 RFUs, 5114 RFUs, and 6328 RFUs. The
qualified peak height and peak height ratio (PHR) of het-
erozygous (>0.7) were obtained at 1XxReaction Mix and
the Primer Mix volume (Supplementary Fig. s6).

For the reaction volume, full profiles can be obtained
under all conditions. With the increase of volume, the
average peak height decreased gradually, but the equilib-
rium between loci increased gradually (Supplementary
Fig. s7).

For the denaturation temperature test, allele dropouts
were observed at 89 °C, 90 °C, and 99 °C. The average
peak heights were 3808 RFUs, 5391 RFUs, 6453 RFUs,
5114 RFUs, 2734 RFUs, 6290 RFUs, 4631 RFUs, and 4045
RFUs when it was from 91 to 98°C. Then, we calculated
the PHR of heterozygous. The PHR value of all loci was
higher than 0.7 when it was 94 °C. For the annealing tem-
perature test, allele dropouts were observed at 64 °C and
65 °C. The average peak heights were 2359 RFUs, 2277
RFUs, 3311 RFUs, 5351 RFUs, 4475 RFUs, 5114 RFUs
(recommended), 3108 RFUs, 3312 RFUs, and 2537 RFUs
when it was from 55 °C to 63 °C and the PHR showed
best performance in the Box plot when it was 60 °C (Sup-
plementary Fig. s8).

Fig. 3 STRUCTURE analysis using 56 A-DIPs: A Stacked chart of 26 worldwide populations come from AFR, AMR, EAS, EUR and SAS. The dominant
ancestral component of AFR was labeled with yellow, and it was pink, red, and brown for EAS, EUR, and SAS, respectively. For American populations,
the dominant ancestral component of MXL and PEL was labeled with blue, while it was blue and red for PUR and CLM; B Stacked chart of five
subpopulations of EAS and a north-south cline was visible. The Ancestral North EAS component was labeled with blue while the Ancestral South
EAS component was labeled with brown; C The NJ-tree of 26 worldwide populations
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(A) K =5 for 26 worldwide populations

Fig. 3 (Seelegend on previous page.)



Li et al. Human Genomics (2025) 19:30

For the cycling number test, allele dropouts were
observed at 20 cycles. Then, peak heights increased and
HB advanced from 21 to 25 cycles. At 26 cycles, the peak
heights increased but the HB decreased. At 27 cycles a
large area of saturation was observed due to the over-
loading DNA quality (Fig. 4).

In the final extension time test, loci R4, B7, G11, Y11,
B12, G13, and G14 had minus-A peaks for the 5 min-
hold, the situation improved for the 10 min-hold, normal
peak morphologies were obtained when the final exten-
sion time was more than 15 min (Supplementary Fig. s9).

Developmental validation of 60-panel
Besides the PCR-based studies, the developmental vali-
dation process also included the sensitivity study, species
specificity study, the stability study, the mixture study, the
reproducibility study, and the Case-type sample study.
For the sensitivity study, allele dropouts were
observed when 31.25 pg template was amplified. Full
profiles could be obtained from 62.5 pg to 5 ng. The
fluorescent signal increased with the increase of the
template amount. When 5 ng templated was amplified,
large area of pull-up peaks and fluorescent saturation
appeared; When 2 ng templated was amplified, most
peak heights were between 2300 and 12,000 RFUs,
with several pull-up peaks; When the amount of DNA
was 1 ng, most peak heights were between 2300 and
12,000 RFUs; When the amount of DNA was 500 pg,
most peak heights were between 501 and 2300 RFUs
(Fig. 5A). The average peak heights were 28,349 RFUs,
9,416 RFUs, 5,163 RFUs, 1,825 RFUs, 978 RFUs, 614
RFUs, and 106 RFUs for template DNA amounts of
5 ng, 2 ng, 1 ng, 500 pg, 250 pg, 125 pg, and 62.5 pg,
respectively (Fig. 5B). Given that the peak heights were
exceptionally high when the DNA amount exceeded
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2 ng, and to provide a clearer representation, Fig. 5C
focuses on displaying the average peak heights for DNA
amounts of 1 ng or less. It’s important to note that the
data point for 31.25 pg was omitted from Fig. 5C due to
locus dropout occurring at this concentration.

For the species specificity study, negative results were
detected for all nine non-human samples as expected
(Supplementary Fig. s10).

For the stability study, full profiles were yielded at 50%
of Ethanol, 15 mM of calcium ion, 8 mg/mL of tannic
acid, 3 mM of EDTA, 1 mol/L of humic acid, and 5 mM
of hematin. The call rates decreased as the concentration
of inhibitors increased, and the large amplicons dropped
out first. When the concentration reached 90% of Etha-
nol, 35 mM of calcium ion, 40 mg/mL of tannic acid,
10 mM of EDTA, 2.5 mol/L of humic acid, and 8 of mM
hematin, almost all alleles were lost (Supplementary Fig.
s11).

For the mixture study, the allele number of a full pro-
file was 86, 74, and 100 for 9948, 9947A, and the mixture,
respectively. When the ratio was 1:1, 1:2, 1:4, 4:1, and 2:1,
the call rates of the minor contributors were 100%. The
allele dropouts of minor contributor appeared at the ratio
of 1:9, 1:19, 9:1, and 19:1 (9948:9947A) (Table 2). It sug-
gested that reliable profiles for analysis can be yielded
when the DNA amount was greater than 200 pg.

For the reproducibility study, two operators conducted
6 samples separately, the typing results were concordant
with each other. No significant differences in the peak
heights, HB, or peak morphology were observed.

For the case-type sample study, nine samples from
crime scenes were examined. All of them rendered full
profiles and normal peak morphologies. The results
showed that the 60-panel could be used to examine dif-
ferent forensic specimens (Supplementary Fig. s12).
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Fig. 4 The peak heights and heterozygote balances (HB) when the cycling number was from 21 to 27 cycles: A The dot plot showed the peak
height of each locus."B’, "G, "Y",“R’, and “P" represented loci labeled with FAM, JOE, TAMRA, ROX, and AEXA594, respectively; B The box chart showed
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Fig. 5 AThe peak heights for male control DNA 9948 when the following template amounts were amplified: 5 ng, 2 ng, 1 ng, 500 pg, 250 pg,

125 pg, 62.5 pg, and 31.25 pg. The peak height ranges were highlighted as follows: < 50 RFUs (orange), 50-100 RFUs (purple), 101-500 RFUs (blue),
501-2300 RFUs (yellow), 2301-12,000 RFUs (green) and > 12,000 RFUs (pink); B The average peak heights when the following template amounts
were amplified: 5 ng, 2 ng, 1 ng, 500 pg, 250 pg, 125 pg, 62.5 pg, and 31.25 pg; C The average peak heights when the following template amounts
were amplified: 1 ng, 500 pg, 250 pg, 125 pg, and 62.5 pg

For the degradation sample study, we examined a series  expected. For samples exposed to UV light for 0.5 h, the
of samples exposed to UV light and some blood spots  profile showed a degradation trend, and several drop-
kept for seven years. Theoretically, the degradation effect  outs were observed. When the time extended to 2 h,
would increase as time goes on, and the results were as  about 50% of alleles were lost (Supplementary Fig. s13).
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Table 2 The results of mixture studies using 60 panel

Ratio Allele number The allele call rate of
the minor contributor

Test1 Test2 Test3 (o)

9948:9947A=1:1 100 100 100 100

9948:9947A=1:2 100 100 100 100

9948:9947A=14 100 100 100 100

9948:9947A =19 94 96 93 93

9948.9947A=1:19 87 92 88 83

9948:9947A=2:1 100 100 100 100

9948:9947A =4:1 100 100 100 100

9948:9947A=9:1 94 94 90 90
9948:9947A=19:1 87 89 89 84

For blood spots kept for seven years, which had a typical
degradation pattern confirmed previously by a STR sys-
tem: SureID®Y35 kit (Health gene Tech, China), all alleles
were successfully yielded using the 60-panel (Supplemen-
tary Fig. s14).

Discussions

The newly established 60-panel consisted of the Amelo-
genin, 3 Y-chromosome DIPs, and 56 Autosomal DIPs.
The Amelogenin and the 3 Y-chromosome DIPs were
used in sex determination. The 56 Autosomal DIPs
included were selected to distinguish the north and south
of the East Asian populations on the premise of correctly
discriminating the five major global populations (AFR,
EAS, SAS, AMR, and EUR). The PCA results showed that
AFR, EAS, and EUR formed distinct clusters, so did the
EUR, SAS, and AMR. But when the five populations were
analyzed together, some points of EUR, SAS, and AMR
overlapped, reflecting the indelible mark left on South
Asia and America by colonialism and their low resolution
compared to the high accuracy of the three main conti-
nent groups. The STRUCTURE analysis and phyloge-
netic tree results corresponded to the PCA results.

For the East Asian populations, CHB and JPT were
quite close compared with the other three EAS groups.
Genealogical research had indicated similar genetic pro-
files of a less than 1% total variation among Han Chinese,
Japanese and Korean [22]. Japanese bore genetic signa-
tures from three ancient populations: hunter-gatherers
called the Jomon, farmers called Yayoi, and migrations
of the Kofun period. About 300 AD, people from China
and Korea came to Japan and contributed approximately
71% genetic ancestry [23]. The genome-wide results
were concordant with that revealed by the newly estab-
lished ancestry inference panel. For the CHB and CHS,
the differences between them are much smaller than
that between Chinese Han and Japanese. The three large
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migratory waves and continuous small-scale migration of
northern China inhabitants escaping to southern China
made northern Han the primary contributors to the
gene pool of the southern Han [24]. Given the historical
genetic admixture of various ethnic groups with the Han
population, the CHB was genetically close to the ethnic
groups living in north China while the CHS was close to
the ethnic groups living in the south. Thus, the CHS was
also genetically close related to the CDX and the KHV.
The Kinh is one of the main groups of Vietnam and inter-
acted extensively with Hmong and Tai-Kadai groups. The
possible origin included Southern China [25]. The high
frequency of subclades of O-M175 among Tai people
indicated a common ancestor of other southern Chinese
[26].

The genetic evidence was concordant with the PCA
plot, STRUCTURE results, and phylogenetic tree
revealed by the 60-panel, proving the newly established
panel was applicable in ancestral inference.

Forensic ancestry inference provides valuable clues
when the sources of the specimens are unknown. For
missing person cases, large-scale disasters, and armed
conflicts, ancestry information could help practitioners
quickly sift through the abundant information during the
investigation and help handle the remains according to
their cultural beliefs [27, 28]. Specimens of missing per-
son cases often involve old bones or severely damaged tis-
sues, while specimens of large-scale disasters and armed
conflicts often involve corrupted, disfigured, and broken
corpses. These challenging samples often have varying
degrees of degradation, leading to failures of large frag-
ments during the PCR. As known to all, the smaller the
amplicon size, the more complete the profile. To meet the
need of typing compromised forensic samples, the size of
the amplicons of the 60-panel was limited to 200 bp con-
sidering three aspects: firstly, the nucleosome is essen-
tial for the maintenance of genome integrity and proper
chromatin organization. Markers located in nucleosome
core particles are prone to be successfully genotyped in
ancient or degraded samples [29]. Structurally, the nucle-
osome subunit of chromatin consists of the core particle
and the linker DNA. The core particle of approximately
146 bp DNA is very stable, and the stretches of linker
DNA consisting of about 80 bp of DNA are unbound
[30]. In total, the nucleosome contains about 200 bp of
DNA, which can resist a certain degree of degradation.
Secondly, the length of ancient human DNA fragments,
the poorly preserved, and degraded samples are usually
between 100 and 200 bp [31, 32]. Lastly, the Ion Torrent
and Illumina systems have average read lengths of about
200 bp [33]. The amplicon size of the 60-panel is com-
parable to NGS systems and surpasses traditional STR
systems.



Li et al. Human Genomics (2025) 19:30

In forensic practice, mixture samples are common,
particularly in sexual assault cases or scenarios with
multiple suspects. When DNA from multiple individu-
als is present in a sample, our panel’s ability to distin-
guish and attribute genetic markers to each contributor
becomes invaluable. The reliable generation of profiles
from such mixtures, as evidenced with DNA amounts
exceeding 200 pg, underscores the utility of our 60-DIP
panel for forensic applications. This is especially true
for cases involving degraded or trace samples. Con-
sequently, this study not only confirms the panels
effectiveness but also establishes a benchmark for the
minimum DNA requirements necessary for reliable
analysis. Our panel’s performance in validation studies,
including assessments of simulated casework samples,
degradation, inhibition, and mixed sources, has been
commendable. These studies reinforce the suitability
of our panel for forensic analysis, ensuring reliable and
effective results in real-world applications.

Our newly established panel comprises 56 loci,
selected with a priority on their potential for popula-
tion discrimination and their level of polymorphism.
The inclusion of loci with higher polymorphism signifi-
cantly aids in personal identification—a fundamental
aspect of forensic science with extensive applications.
The Investigator® DIPplex Kit from Qiagen [34], which
was the first to utilize DIPs for personal identification,
includes 30 autosomal DIP markers. Our panel showed
similar CPD and CPE values compared with the Investi-
gator® DIPplex Kit, despite most of our loci not exhib-
iting the same high degree of polymorphism. However,
by expanding the number of loci, we have managed to
attain comparable effectiveness. The validation studies
have confirmed that our 60-loci panel is well-suited for
forensic testing, fulfilling the necessary criteria for such
applications.

Conclusions

In the present study, we utilized the DIPs for forensic
ancestry inference and personal identification in East
Asian. A total of 56 autosomal DIPs, 3 Y-DIPs, and the
Amelogenin were selected to build the 60-panel. The
PCA, STRUCTURE, and phylogenetic tree construc-
tion results were consistent with each other, and con-
cordant with the previous findings. Besides, the CPD
value of the panel reached 0.999 999 999 999, suggest-
ing the 60-panel not only provides some degree of bio-
geographic information but also a powerful supplement
for personal identification in the East Asian popula-
tion. Subsequent validation studies confirmed that the
60-DIP panel satisfies the stringent criteria for forensic
examinations.
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