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Abstract
Background In the domain of forensic science, the application of kinship identification and mixture deconvolution 
techniques are of critical importance, providing robust scientific evidence for the resolution of complex cases. 
Microhaplotypes, as the emerging class of genetic markers, have been widely studied in forensics due to their high 
polymorphisms and excellent stability.

Results and discussion In this research, a novel and high-efficient panel integrating 33 microhaplotype loci along 
with a sex-determining locus was developed by the next generation sequencing technology. In addition, we also 
assessed its forensic utility and delved into its capacity for kinship analysis and mixture deconvolution. The average 
effective number of alleles (Ae) of the 33 microhaplotype loci in the Guizhou Han population was 6.06, and the Ae 
values of 30 loci were greater than 5. The cumulative power of discrimination and cumulative power of exclusion 
values of the novel panel in the Guizhou Han population were 1-5.6 × 10− 43 and 1-1.6 × 10− 15, respectively. In the 
simulated kinship analysis, the panel could effectively distinguish between parent-child, full-sibling, half-sibling, 
grandfather-grandson, aunt-nephew and unrelated individuals, but uncertainty rates clearly increased when 
distinguishing between first cousins and unrelated individuals. For the mixtures, the novel panel had demonstrated 
excellent performance in estimating the number of contributors of mixtures with 1 to 5 contributors in combination 
with the machine learning methods.

Conclusions In summary, we have developed a small and high-efficient panel for forensic genetics, which could 
provide novel insights into forensic complex kinships testing and mixture deconvolution.
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Background
Short tandem repeat (STR) loci, known for their high 
polymorphism and widespread distribution, are currently 
the most commonly used genetic markers in forensic 
work [1]. However, the presence of stutter during STR 
typing can pose challenges in the analysis of mixed sam-
ples [2]. Moreover, due to high mutation rates of STRs, 
they have limitations in some kinship analyses [3–7]. 
Single nucleotide polymorphism (SNP), exhibited great 
application prospect in forensic genetics since its low 
mutation rate and widespread distribution in the human 
genome. Whereas, SNPs usually have lower genetic poly-
morphism [8], and therefore possess less discriminative 
power for individual identification. Better forensic per-
formance for SNPs could be achieved with the parallel 
detection of a larger number of markers [9–13]. Even so, 
the construction of the multiplex amplification panel for 
a larger number of SNPs is usually involved with complex 
chemistry and operation procedures, which is time-con-
suming and labor-intensive.

In 2013, Kidd and colleagues [14] proposed a new type 
of genetic marker, microhaplotype, which can solve these 
problems mentioned above to a certain point. Micro-
haplotypes are genetic markers that composed of two 
or more SNPs in the short DNA region (commonly less 
than 300  bp), combining the advantages of both STRs 
and SNPs [4, 15]. They exhibit high stability and genetic 
polymorphism, providing enhanced performance in kin-
ship identification, particularly among individuals with 
complex kinships. In mixed-sample analysis, it is diffi-
cult to reckon the number of contributors (NOCs) due to 
the loss of alleles and the sharing of alleles among con-
tributors. Previous studies found that microhaplotypes 
with higher the effective of alleles (Ae) could not only 
reduce allele sharing among different contributors, but 
also detect more likely alleles in mixed samples [16–19]. 
Nowadays, a large number of microhaplotype compos-
ite detection systems have been developed for various 
purposes in forensic genetics [10, 15, 18, 20–29]. For 
examples, Zhang et al. [23] assessed the potential of three 
microhaplotype loci for individual identification and 
ancestry inference in the Hainan Li ethnic group and 26 
reference populations from the 1000 Genomes Project; 
In 2022, Wen et al. [10] developed a panel of 29 micro-
haplotype loci for paternity testing and sibling testing; 
Yang et al. [22] employed machine learning algorithms to 
estimate NOCs in mixtures and they found the feasibil-
ity of this panel in inferring the NOCs; Zhao et al. [24] 
demonstrated that microhaplotypes could be effectively 
used for personal identification, paternity testing, and 
ancestry inference even when analyzing highly degraded 

and unbalanced mixtures, implying that microhaplotypes 
were also beneficial to assessing degraded samples. How-
ever, it should not be overlooked that the uneven perfor-
mance of selected microhaplotypes in these systems have 
been observed, which could provide relatively limited 
information in forensic personal identification, kinship 
analysis, and mixture deconvolution. Therefore, it is cru-
cial for us to develop a high-efficient panel of microhap-
lotypes for forensic genetics.

In this study, we firstly screened microhaplotypes with 
highly genetic diversities in Chinese populations based 
on previous reported microhaplotypes [18, 30–34]. 
Next, a multiplex amplification panel composing these 
microhaplotypes has been constructed by the next gen-
eration sequencing (NGS) technology. Furthermore, 
performance validation of the novel panel like sensitiv-
ity, repeatability, species specificity and applicability of 
mixed samples was conducted. Finally, we also explored 
the ability of the system for inferring NOC of the mix-
tures and assessing complex kinship relationships.

Material and method
Locus screening, primer design, and reference populations
Microhaplotypes were selected from previous studies 
[18, 30–34] according to the following criteria: (1) each 
region contained at least 3 SNP loci; (2) Ae value was 
greater than 5 in East Asian populations; (3) microhap-
lotype loci located on the same chromosome were more 
than 1 Mb apart. General information of selected micro-
haplotypes was given in Supplementary Table 1.

For selected microhaplotype loci, we searched flank-
ing sequence information of these microhaplotypes by 
the Ensembl (http://www.ensembl.org/) database. In 
addition, we also added a sex-determining locus (Amelo-
genin) to these microhaplotypes. The primers of these 
loci were designed by the Oligo tool (version 7) [35].

Based on data of the 1000 Genome Project phase III 
[36], 26 populations in five continents (African, Ameri-
can, East Asian, South Asian, and European) were used 
as reference populations for population genetics analysis.

Sample preparation and DNA extraction
A total of 201 bloodstain samples of unrelated healthy 
Han individuals from Guizhou were collected after 
obtained their written consent. We performed DNA 
extraction of these samples by the method of IGT™ Pure 
Beads (iGeneTech, Beijing, China).

DNA positive sample 9948 was used for dilution of 
1ng/µL, 0.5ng/µL, 0.25ng/µL, and 0.125ng/µL for sen-
sitivity analysis. 9948 (1ng/µL) and 9947 (1ng/µL) were 
mixed at different mix ratio (1:1, 1:2, 2:1, 1:4, 4:1, 1:9, 9:1, 
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1:19, 19:1, 1:49, and 49:1) for mixture deconvolution eval-
uation. This study was approved by the Ethics Committee 
of Guizhou Medical University.

Library preparation, sequencing, and data analysis
The library preparation was carried out according to the 
specification of the MultipSeq® Custom Panel (iGene-
Tech, Beijing, China). In brief, the first-round PCR sys-
tem consisted of 9 µL ddH2O, 3.5 µL Enhancer buffer NB 
(1 N), 2.5 µL Enhancer buffer M, 5 µL Primer pool, 10 µL 
IGT-EM808 polymerase mixture and 1ng DNA sample, 
with a total reaction system of 30 µL. The cycling con-
ditions were listed as below: denaturation for 3 min and 
30 s at 95 °C; 22 cycles of 20 s at 98 °C, 60 s at 55 °C, 60 s 
at 60 °C, and 2 min at 65 °C; extension was performed for 
5 min at 72 °C and held at 4 °C. Subsequently, IGT™ Pure 
Beads were used to purify the first-round PCR amplified 
product. After that, purified PCR product was used for 
second-round PCR. The reaction reagents included 13.5 
µL purified PCR product, 2.5 µL Enhancer buffer M, 2 µL 
UDI Index (5 µM), 10 µL IGT-EM808 polymerase mix-
ture, and 2 µL ddH2O. The cycling parameters were set as 
follows: 3 min and 30 s at 95 °C; 9 cycles of 20 s at 98 °C, 
60 s at 58 °C, and 30 s at 72 °C; followed by 5 min at 72 °C 
and held at 4 °C. Likewise, we used IGT™ Pure Beads to 
purify the second-round PCR products. The DNA library 
concentration of each sample was measured by the Qubit 
dsDNA HS Assay Kit (Thermo Fisher Scientific, USA) 
on the Qubit® 3.0 Fluorometer. Finally, all samples were 
mixed into a well and were conducted for sequencing on 
the DNBSEQ-T7 platform (BGI, Shenzhen, China).

For obtained raw data, we firstly removed low-quality 
and index sequences by the Trimmomatic software (ver-
sion 0.38) [37]. Next, these clean sequences were aligned 
and annotated onto the human reference genome by the 
BWA software (version 0.7.12) [38] with the method of 
mem. The parameters for mem were listed as below: -M, 
-k 40, and -t 8. Finally, we used perl-based script (https://
github.com/moonlightfurion/microhaplotype) to con-
duct microhaplotype analysis of these samples according 
to the following parameters: haplotypes frequency ≥ 15% 
and depth of coverage ≥ 20X. For mixed samples, analyti-
cal threshold was set to 5X.

Statistical analysis
Haplotype frequencies and forensic statistical parameters 
including expected heterozygosity (He), observed hetero-
zygosity (Ho), polymorphic information content (PIC), 
match probability (PM), power of discrimination (PD), 
and probability of exclusion (PE) of selected microhap-
lotype loci in East Asian and Guizhou Han populations 
were estimated by the STRAF online program (ver-
sion 2.1.5) [39]. The Ae values of these loci in Guizhou 
Han and five continental populations were calculated 

according to the formula: Ae = 1/pi2 (pi is the allele/hap-
lotype frequency of ith allele/haplotype in one popula-
tion). The allele coverage ratio (ACR) of each locus was 
calculated by the ratio of the coverage depth of the minor 
allele to the coverage depth of the major allele.

Population genetic analyses of 26 reference populations 
from different continents were conducted to evaluate 
ancestral resolution of selected microhaplotypes. Firstly, 
pairwise Fst genetic distances of these 26 populations 
were estimated by the Genepop program (version 4.0.10) 
[40]. Next, the vegan (2.6-8) and ggplot2 packages (ver-
sion 3.5.1) in R software (version 4.4) were used to per-
form the multidimensional scaling analysis (MDS) of 
these 26 populations based on their pairwise Fst values. 
Subsequently, the phylogenetic tree of these populations 
was constructed with the neighbor-joining (NJ) method 
by the MEGA software (version X) [41] based on their 
pairwise Fst values. Finally, population structure analysis 
of these populations was performed using STRUCTURE 
software (version 2.3.4) [42]. The detailed parameters 
for STRUCTURE were: K from 2 to 7 and 10 iterations 
for each K value with 10,000 burn-in and 10,000 Mar-
kov Chain Monte Carlo. We used the StructureHar-
vester software (version cpython-312) [43] to determine 
the optimal K value and CLUMPP program (version 1.1) 
[44] to process the data to avoid random effects. Genetic 
structure of these populations were visually shown by the 
pophelper online program (version 1.0.10) [45] based on 
the output results of CLUMPP.

Based on haplotype frequencies of selected microhap-
lotype loci in Guizhou Han population, the Familias3 
software (version 3.3.1) [46] was used to simulate six 
types of kinship relationships: parent-child, full-sibling, 
half-sibling, grandfather-grandson, aunt-nephew, and 
first cousins. Two hypotheses of relationships were set: 
H1 assumes a certain kinship, and H2 assumes unrelated 
individuals. Each kinship relationship was simulated 1000 
times, and the Log10 (LR) value of the likelihood ratio was 
calculated. The density plot of Log10 (LR) for different 
kinship relationships was drawn using the ggplot2 pack-
age of the R software. Furthermore, we also set t1 and t2 
thresholds based on the Log10 (LR). If the Log10 (LR) was 
greater than t2, it is judged to have a certain kinship. If 
the Log10 (LR) was less than t1, it was judged to be unre-
lated individuals. When t1 < Log10 (LR) < t2, it cannot be 
determined whether there was a certain kinship. Based 
on t1 and t2 thresholds, we calculated the sensitivity, 
specificity, positive predictive value (PPV), negative pre-
dictive value (NPV), error rate, uncertainty, and system 
effectiveness of the system in identifying different kinship 
relationships.

Genetic profile of mixed samples with different NOCs 
was simulated by R software based on the haplotype fre-
quencies of selected microhaplotype loci in the Guizhou 
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Han population, with 2000 samples for each type of mix-
ture. Based on the number of alleles observed on each 
microhaplotype, we explored the performance of six 
machine learning algorithms (Naive Bayes, random for-
est, decision tree, XGBoost, classification and regression 
trees, and linear discriminant analysis) for inferring NOC 
of these mixtures by the rtemis package (version 0.97.54) 
of R software.

Result
Loci information and preliminary evaluation for forensic 
efficacy of selected microhaplotypes
According to the criteria mentioned in Material and 
Methods, we totally screened 33 microhaplotypes. Gen-
eral information of these loci was shown in Fig.  1 and 
Supplementary Table (1) As we can see, these 33 micro-
haplotypes mainly distributed 19 autosomes except for 
6, 14, and 17 chromosomes. These 33 microhaplotypes 
totally included 166 SNPs and the number of SNPs in 
these loci ranged from 3 to 11. The length of the micro-
haplotypes ranged from 48 bp (MH19WL-015) to 111 bp 
(MH365), with an average length of 82 bp, and the length 
of 29 loci was less than 100  bp. The Ae values of these 
33 microhaplotypes in five different continental popula-
tions (African, European, East Asian, South Asian, and 
American) were shown in Fig.  1a and Supplementary 
Table (2) The average Ae values of these 33 microhap-
lotypes in these five continental populations were 5.48 
(African), 4.78 (European), 6.36 (East Asian), 5.60 (South 
Asian), and 5.38 (American), respectively. Overall, the 
majority of loci showed high Ae values (> 3) in these five 
continental populations, especially in East Asian popula-
tion. Next, we also estimated forensic parameters of 33 
microhaplotype loci in East Asian population, as shown 
in Fig. 1b and Supplementary Table (3) The average Ho, 

He, PIC, PM, PD, and PE values of these 33 microhap-
lotypes in East Asian population were 0.8246, 0.8238, 
0.8021, 0.0604, 0.9396, and 0.6533, respectively. Among 
these 33 microhaplotypes, MH052 locus displayed 
the lowest Ho (0.5159), He (0.5101), PIC (0.4648), PD 
(0.713), and PE (0.2018) values; whereas, MH03USC-3qC 
locus showed the highest Ho (0.9464), He (0.9257), PIC 
(0.9200), PD (0.9880), and PE (0.8909) values. The cumu-
lative PM (CPM) and PE (CPE) values of these 33 loci in 
East Asian population were 1.2 × 10− 43 and 1-7.1 × 10− 17, 
implying that these microhaplotypes showed extremely 
high forensic application values in personal identification 
and paternity analysis.

Population genetic analyses of different continental 
populations based on 33 microhaplotypes
Firstly, we estimated pairwise Fst genetic distances of 26 
reference populations based on selected 33 microhap-
lotypes, as presented in Supplementary Table 4. Results 
indicated that populations from the same continent pos-
sessed low Fst genetic distances; whereas, populations 
from different continents displayed high Fst genetic dis-
tances. Next, the MDS of these 26 populations was plot-
ted based on their Fst genetic distances, as shown in 
Fig. 2a. It could be seen from Fig. 2a that the MDS1 could 
distinguish seven African populations from other conti-
nental populations, and MDS2 could distinguish five East 
Asian populations from other continental populations. 
In addition, five South Asian populations were mainly 
located on the right part and five European populations 
were mainly situated on the bottom right part. However, 
four American populations were mainly scattered among 
South Asian and European populations. Subsequently, 
the phylogenetic tree of these 26 populations was con-
structed, as shown in Fig.  2b. Five different branches 

Fig. 1 General information of selected 33 microhaplotype loci. Physical positions of selected 33 microhaplotypes in different chromosomes (a) and 
their forensic parameters in East Asian population (b). The heatmap in the circle diagram was the Ae values of selected 33 microhaplotypes in different 
continental populations
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could be observed from the phylogenetic tree, which 
exactly corresponded to their continental origins. Last, 
we assessed genetic structure of these 26 reference popu-
lations by the STRUCTURE software, as shown in Sup-
plementary Fig.  1. At K = 2, African populations mainly 
showed yellow genetic components; whereas, other 
populations mainly displayed pink genetic components. 
At K = 3, African, East Asian, and European populations 
mainly exhibited pinked, yellow, and blue genetic compo-
nents. At K = 4, we found that African, East Asian, South 

Asian and European populations displayed different 
genetic components, which could be differentiated from 
each other. At K = 5, we found that the PEL population 
exhibited distinct genetic components compared to other 
continental populations. Nonetheless, no further genetic 
components among these populations were discerned at 
higher K values. According to the mean LnP(K) values of 
each K (Supplementary Fig. 2), we found that the plateau 
could be observed at K = 5, indicating that K = 5 is the best 
K value. Therefore, we further provided genetic structure 

Fig. 2 Population genetic analyses of 26 reference populations from different continents based on selected 33 microhaplotypes. a, MDS analysis of 26 
populations; b, the phylogenetic tree of 26 populations; c, population genetics structure analyses of 26 reference populations
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analyses of these 26 populations at  K = 5, as shown in 
Fig. 2c.

Constructing the panel of 33 microhaplotypes and 
amelogenin locus by the NGS platform
Based on the NGS platform, we successfully developed 
a multiplex amplification panel of one sex-determining 
locus (the Amelogenin locus) and 33 microhaplotypes. 
The primer sequences of these loci were presented in 
Table 1. Results revealed that the amplicon size of these 
loci ranged from 106 to 271, with an average size of 221.

Next, we used the panel to detect 201 Guizhou Han 
individuals. Sequencing results of these 201 samples for 
these 33 microhaplotypes were shown in Fig.  3. Results 
showed that the average depth of coverage (DoC) values 
of 33 microhaplotypes in these samples ranged from 937 
to 14,795, with the median of 4,270. The ACRs of these 
33 loci ranged from 56.33% to 92.47%, with the mean 

value of 81.75%, indicating the developed panel showed 
relatively good allele balances.

Performance validation of the developed panel
To verify the sensitivity of the panel, we performed gra-
dient dilution on 9948 DNA positive sample. Next, dif-
ferent concentrations of 9948 samples (1-0.125ng) were 
detected by the developed panel. Results revealed that 
all alleles could be detected in these samples regardless 
of their concentrations. Even when the amount of DNA 
template was as low as 0.125ng, the mean ACR of these 
microhaplotypes were still more than 80%. Furthermore, 
the typing results of each locus were consistent for differ-
ent concentrations of 9948 samples.

We used 9947 DNA sample to construct three DNA 
libraries, respectively. Each DNA library was sequenced 
at 1µL loading volume under the same reaction condi-
tions and repeated three times. The typing results for 

Table 1 Primer sequences and amplicon sizes of the amelogenin locus and 33 microhaplotypes
Loci Forward primer (5’-3’) Reverse primer (5’-3’) Amplicon length
MH01WL-048  T G A G C G A T C T A G G C C T T A G T G A  G G A A C T C G G T C A A G G T G A A G A A 255
MH02FHL-006  T G C A C T A A G G C A G A G T T T T C A T G  A A G C T T T A C C T C C C G G G T T T G 258
MH052  A A A G A C G T A C T T G A G A C T G G G T A A T  A C C T G G T G G G A G A C A C A T G A 255
MH02FHL-010  A G G G T A C T T T C C G T A G G A C C A A  T G G T C T G G G A G G T C C T C T T T A A 210
MH03LV-01  G C T A G A C T C C A A G T C G A A A C T G A G  G A T C A C T T G A G C C C A G G A G G A 232
MH03FHL-001  C T C C C C C A A G C A T A C T C A T A T C T C  C G T A A A A T G T T C T G G A A G G G A C T G 221
MH03WL-022  A C A A A A G C T T C A C T C A G G A A G G A  C C A T T G T T C A C A G A C A T G A G C G 240
MH03USC-3qC  C A G T A A A A T T C A G G A T G C C C A G T G  A C A G G A G T C A T T G C C T T G T G G 259
MH04WL-041  G G G A G A C T A G T G C A T G A G A A G A A G  C A G A G G A T A C T C A T T A G C C T G C T C 211
MH04WL-038  C T T C T G G A G A C A G G A C A T G T C A A G  G G A A G T A T G A T G G T T A T G G G T G G G 160
MH05WL-003  A C T C T G C T G T G A T G C C C T C T  A G C A A C T T T T C A G G A T G C C C A 259
MH161*  T A G G A G C A T A G G C A G A G C C T T  C A T C C A G T C A G T G T C T G C A G A T 229
MH07SHY-001  G C G C T A T G C T T G T G G T A G T G A  A G A C A T A C C T G A G A C T G G G A A G A 204
MH07WL-023  G A G A T A T G T G T G A G G T G C T T A G C A  G A C A G A A G C T T T T A C T G C T C C G A 251
MH181  G A T G G G A G A A A A A C C T C C C T A T G G  G T A G G A G G G C A G G G T G A T A A T A A G 213
MH09WL-006  T C A G A G A A C T G G T G A A G A C A A A G G  G G A T C T C A C T A C C T G A C A A T T C C C 251
MH09WL-005  A T G A A G T C A G G A G T C C T G C T G T  T G C T G G G C A C A C T C A T T T A T T T C 222
MH10WL-023  T C A A C C A A A G T C C C A T T C T G A C A  C A G A A A A T A C C A T A T G G C C A C T G C 249
MH218  C A C T A A A G G C T G T C A G C A A A G G  C A T G T G C C A C T A C A C C C A G A T A 205
MH10WL-013  A G G G C T C T G C A C G T A T T A A G T G  T G T C T C A G C A G A G A G G T G G T T A 187
MH11FHL-007  A A T C C C C A T G A A G G A C A G T G T  G A G A C T C C G T C T C G A G G A A A 199
MH12WL-030  A A G T C A C A C T G G C T G A A G T C A G  A A G C C A T C A G T A G T G T G A G G A T C 205
MH13WL-019  C G G A T A A T G G C G A T T T C A A T G C T  G A C T T A C A G C C C T G T G G T T G T T 248
MH15WL-003  G C A A C C A T C A T C T C T T G C C T C A  A G T G A G G T G G T C A G G G T G A T A G 181
MH16WL-020  C T G T G T G C T T T C T G T A G G C A G A  A A G G C T T T G A C A C G C A T T A T C T G 258
MH16WL-019  T T C A G C A A G T C C A G C A G A T G T G  T G C T C A G C C A A C A T T T A G C T G T 218
MH18FHL-004  G T A T T T T T A G T A G A G A C A G G G C T T C A C  A C A G T A A A T G G A G A G A G A G T T G T C T G 194
MH365  G G A A G T C T A G C C A G A G C A A T T A G G  G T T G T C A T G C A G G G A G T G T C T A C 271
MH19WL-015  G G A G G T G A T C A G G G A T G A C G A  A C C A G A G A C A G A C A C T C G T T T C 194
MH19WL-014  G T G C A T G A C C A G G A G A T A A A T G C  A C A C C T G A A C A G C A A A T C G T T T G 260
MH20ZBF002  T G T A C C A A C C T C C T T G C T C T C T  G A A C G C C C T T G G G A T T C A C T T A 203
MH21WL-008  G A C A A A T T A T T C C G C C T C C C T G A  C A T G T T T C A T G A T A T T G C C T A T A A C C T T 249
MH22WL-008  A G A C T G G A C A G A G C C T T G G A  C A C A G G C T G G T C T A A G T C T C C 169
Amelogenin  C C C T G G G C T C T G T A A A G A A T A G T G  A T C A G A G C T T A A A C T G G G A A G C T G 106
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each locus were consistent, indicating that the panel had 
good repeatability.

Next, we evaluated the species specificity of the devel-
oped panel by the online tool BLAST. Obtained results 
exhibited that these loci were only blasted to human 
DNA sequences and some primate species. And no 
cross-reaction among common species (like dog, cat, 
chicken, horse, rat, and so on) was observed for the 
developed panel, indicating that the panel had good spe-
cies specificity.

Subsequently, we also assessed the power of the devel-
oped panel to dissect mixtures. Different ratios of 9948 
and 9947 DNA samples were detected by the developed 
panel. Loci detection ratio of 33 microhaplotypes was 
shown in Fig. 4. It could be seen that all alleles could be 
observed for these 33 microhaplotypes when mixture 
ratio ranged from 1:1 to 1:4. When mixing ratios reached 
1:9, loci detection ratio was more than 96%. In addition, 
more than one third of loci could be still detected when 
mixing ratios were 1:19 and 1:49.

Genetic distributions and forensic efficiency evaluation of 
the novel panel in the of Guizhou Han population
Genetic distributions and forensic statistical parameters 
of 33 microhaplotypes in the Guizhou Han population 
were assessed. Firstly, we assessed Hardy-Weinberg equi-
librium (HWE) and linkage disequilibrium (LD) of these 
microhaplotypes in the Guizhou Han population, as pre-
sented in Supplementary Tables 5–6. For these 33 loci, we 
found that three loci (MH19WL-014, MH22WL-008, and 
MH03LV-01) did not conform to HWE in the Guizhou 
Han population after applying to Bonferroni correction 
(p < 0.05/33). Even so, no LD among these 33 loci was 

observed in the Guizhou Han population, implying that 
these loci could be employed as independent loci from 
each other.

Next, we evaluated allele frequency distributions of 
these 33 microhaplotypes in the Guizhou Han popu-
lation, as shown in Fig.  5a. A total of 439 alleles were 
detected at these microhaplotypes, with the number of 
alleles ranging from 6 to 27. We also estimated Ae values 
of these 33 loci in the Guizhou Han population, as shown 
in Supplementary Table 5. The Ae values of 33 micro-
haplotype loci ranged from 3.60 to 8.72, and the aver-
age values were 6.06. Except for MH04WL-041 (4.59), 
MH09WL-005 (3.6), and MH22WL-008 (4.19), the Ae 
values of the other loci were greater than 5. The foren-
sic parameters of these loci were shown in Fig.  5b and 
Supplementary Table 5. The average Ho, He, PIC, PM, 
PD and PE values of these 33 loci in the Guizhou Han 
population were 0.8112, 0.8316, 0.8084, 0.0554, 0.9446 
and 0.6286, respectively. In addition, we found that the 
MH01WL-048 locus showed the highest He, PIC, and PD 
values; whereas, the MH09WL-005 locus displayed the 
lowest He, PIC, and PD values. The cumulative PD and 
PE values of these 33 microhaplotypes in the Guizhou 
Han population were 1-5.6 × 10− 43 and 1-1.6 × 10− 15, 
respectively, implying that the novel panel could be 
viewed as the high-efficient tool for forensic individual 
identification and paternity testing in the Guizhou Han 
population.

Performance evaluation of the novel panel for assessing 
different degree of kinships
By simulating six different kinships (parent-child, 
full-sibling, half-sibling, grandparent-grandson, 

Fig. 3 Sequencing results (depth of coverage and allele coverage ratio) of the 33 microhaplotypes in the Guizhou Han population

 



Page 8 of 13Gu et al. BMC Genomics          (2024) 25:958 

aunt-nephew, and first cousins), we further evaluated 
the performance of the developed panel for differen-
tiating these kinships from unrelated individuals. The 
density plot of Log10(LR) of each kinship and unrelated 
individuals was shown in Fig.  6. Furthermore, we also 
set different thresholds to evaluate the system efficacy of 
the novel panel for assessing these kinships, as listed in 
Table  2. For parent-child, no overlapped between simu-
lated parent-child and unrelated-individual cases was 
observed  (Fig. 6a). In addition, all parent-child pairs 
could be correctly predicted as parent-child regardless 
of the thresholds. For full-sibling, there were no overlap-
ping between the density plots of full-sibling and unre-
lated-individual cases (Fig. 6b). The PPV and NPV of the 
panel for full-sibling cases were 100% and 100% when 
the threshold was set to -1/1 or -2/2. Less than 1% full-
sibling or unrelated cases were identified as uncertainty 
cases. For half-sibling, grandfather-grandson, and aunt-
nephew kinships, a slight overlapped area between these 
kinships and unrelated individuals were observed for the 

density plot of Log10(LR) (Fig. 6c-e). The system effective-
ness of the panel for half-sibling, grandfather-grandson, 
and aunt-nephew kinships was basically over 70% regard-
less of the threshold set to -1/1 or -2/2. For first cousins, 
almost one-third overlapped area between first cousins 
and unrelated-individual cases was seen from the density 
plot  (Fig. 6f ). Besides, the sensitivity and specificity of 
the system in identifying first cousins and unrelated indi-
viduals were low, and the uncertainty rate for first cousin 
cases increased significantly. Under the threshold value 
of -1/1, the efficiency of the system for first cousin kin-
ships was only 37.25%.

The efficiency of the novel panel for inferring number of 
contributors of mixtures
The NOC for mixtures is the pivotal index for mixture 
deconvolution, which usually need to be firstly deter-
mined before dissecting alleles of each contributor. In 
this study, we also estimated the power of the novel panel 
to infer NOCs of mixtures consisting of 1–5 contributors.

Fig. 4 Loci detection rates of 33 microhaplotypes in different mixed ratios of 9948 and 9947 A samples. The hollow circle indicated the missing locus
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Firstly, we conducted simulations of mixture samples 
ranging from 1 to 5 contributors based on allelic fre-
quencies of 33 microhaplotypes in the Guizhou Han 
population by the R software. Next, a set of features were 
defined according to the number of alleles observed in 
each locus. These features included the number of alleles 
per locus, the maximum allele count, the minimum allele 
count, total allele count, mean allele count, and median 
allele count. Thirdly, based on these features observed in 
simulated mixtures, we constructed six different machine 

learning models to evaluate the efficiency of the novel 
panel to infer NOCs of these mixtures. The predicted and 
actual NOCs in training samples were shown in Supple-
mentary Fig.  3. Results revealed that the NOC of most 
samples could be correctly estimated, especially for mod-
els built by Naive Bayes, random forest, decision tree, 
XGBoost, and linear discriminant analysis algorithms. 
Confusion matrix of predicted and actual NOCs in test-
ing samples was shown in Fig.  7. We found that these 
models displayed good performance for inferring NOCs 

Fig. 6 The density plot of Log10(LR) for different relationships. Log10(LR) were drawn for true relationships (blue curve) and true unrelated pairs (pink 
curves)

 

Fig. 5 Allele frequency distributions (a) and forensic parameters (b) of the 33 microhaplotypes in the Guizhou Han population
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of mixed samples (1–5 contributors) except for classifica-
tion and regression trees.

Discussion
Microhaplotype, as the novel genetic markers, showed 
great potential in forensic genetics given that it had the 
advantages of high genetic diversities and extremely 
low mutation rate. In the current study, we assembled 
a set of microhaplotypes with highly polymorphisms in 
East Asian population and developed a small panel of 
33 microhaplotype loci and a sex-determination locus 

for forensic genetics based on the NGS technology. For 
the novel panel, He and PIC values of 33 microhaplo-
types were more than 0.7000 and 0.6500 in the Guizhou 
Han population, indicating that these loci showed 
highly genetic diversities in the Guizhou Han popula-
tion. In addition, the average Ae value of these loci in 
the Guizhou Han population was more than 6, which 
were superior to the results reported by Wu et al. [18] 
(the average Ae value was 5.44) and Yang et al. [22] (the 
average Ae value was 4.41), implying that the panel had 
better efficiency for dissecting mixtures. As listed in 

Table 2 System powers of the 33 microhaplotypes for different pairwise kinships at different thresholds
Relationship Threshold (t1\t2) Sensitivity Specificity PPV NPV Error rate Uncertainty rate Effectiveness
Parent-child -1\1 100.00% 100.00% 100.00% 100.00% 0.00% 0.00% 100.00%

-2\2 100.00% 100.00% 100.00% 100.00% 0.00% 0.00% 100.00%
Full-sibling -1\1 99.70% 100.00% 100.00% 100.00% 0.00% 0.30% 99.85%

-2\2 99.40% 99.50% 100.00% 100.00% 0.00% 0.60% 99.45%
Half-sibling -1\1 89.90% 88.10% 99.01% 99.32% 0.75% 4.75% 89.00%

-2\2 73.60% 68.30% 99.86% 100.00% 0.05% 13.20% 70.95%
Grandfather-grandson -1\1 88.50% 86.40% 99.55% 98.18% 1.00% 4.95% 87.45%

-2\2 73.10% 67.10% 100.00% 100.00% 0.00% 13.45% 70.10%
Aunt-nephew -1\1 86.70% 88.90% 99.66% 98.45% 0.85% 5.95% 87.80%

-2\2 69.80% 69.50% 100.00% 99.86% 0.05% 15.05% 69.65%
First cousins -1\1 40.60% 33.90% 97.60% 94.69% 1.45% 28.75% 37.25%

-2\2 13.00% 3.10% 100.00% 100.00% 0.00% 43.50% 8.05%

Fig. 7 Confusion matrices of predicted and actual results for the number of contributors in testing samples by the Naive Bayes (a), random forest (b), 
decision tree (c), XGBoost (d), classification and regression trees (e) and linear discriminant analysis methods (f)
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Supplementary Table 7, CPD and CPE values of different 
panels were also compared. We found that the panel in 
this study showed higher CPD and CPE values than the 
a previously developed 40-plex panel [22]. Even CPD and 
CPE values in this study were less than other studies [15, 
47, 48], which might be related to more microhaplotypes 
included in these studies. Thus, the panel in this study 
is expected to reach comparable or greater performance 
in comparison to these studies if the panel had the same 
number of microhaplotypes. More critically, the devel-
oped panel displayed high sensitivity, good resolution 
for two mixtures and species specificity. From the above 
results, the developed panel could be viewed as high-effi-
cient tool for forensic personal identification and pater-
nity testing in the Guizhou Han population.

For population genetics of different continental popula-
tions, we found that selected 33 microhaplotypes could 
achieve ancestral resolution for different continental 
populations, especially for African, European, East Asian 
and South Asian populations. Accordingly, these 33 
microhaplotypes were not only highly genetic diversi-
ties in these continental populations, they also could be 
viewed as ancestry informative markers to infer biogeo-
graphical origins of these populations.

In the simulation of kinship analysis, the discrimina-
tory efficiency of the novel panel for parent-child rela-
tionships and unrelated individuals was 100% at 1/-1 and 
2/-2 thresholds. However, the system effectiveness of the 
panel gradually decreased with the degree of kinships 
increased, especially for first cousins and unrelated indi-
vidual cases. In a previous study, Du et al. developed a 
188-plex panel for 2nd-degree kinship testing [49]. They 
found that 188 microhaplotypes could obtain clear opin-
ions for 83.36% of 2nd-degree identifications; whereas, 
these loci were not enough to assess 3rd-degree kinship 
(like first cousin), and more loci (more than 800) were 
needed to identify the 3rd-degree kinship. In order to 
improve the identification efficiency of distant relatives, 
the panel in this study need to be further optimized by 
the following methods: (1) combined with different types 
of genetic markers, like autosomal STR, SNP, InDels, and 
allosomal genetic markers; (2) added more microhaplo-
types with highly genetic diversities in the existing panel.

The machine learning algorithm has been proved to 
be feasible in inferring the NOC to the mixtures [22]. 
In the typing results of the mixed samples, the number 
of unique alleles is the key to inferring NOC of the mix-
ture [16, 50]. In this study, we also employed six machine 
learning algorithms to evaluate the efficiency of the novel 
panel in deducing NOC based on the number of unique 
alleles per locus. The results showed a slight increase 
in the frequency of false estimates as NOCs increased, 
especially for the classification and regression trees 
model. Even so, high accuracy could be achieved by the 

remaining five machine learning methods. Accordingly, 
Naive Bayes, random forest, decision tree, XGBoost, 
and linear discriminant analysis methods could be used 
to construct models for predicting NOCs of mixed sam-
ples based on the novel panel, which could provide more 
valuable information for mixture deconvolution. How-
ever, NOC inferences were affected by mixed ratio, mix-
ture concentration, mixture status, and other factors in 
forensic practice. Therefore, the performance of the novel 
panel for predicting NOCs should be further evaluated in 
more forensic-related biological samples.

Conclusion
In this study, we have developed a novel panel of 33 
microhaplotypes and a sex-determining locus for foren-
sic genetics based on the NGS platform. The novel panel 
not only showed good sensitivity and species specificity, 
it was also suitable for mixture deconvolution and com-
plex kinships testing. More importantly, microhaplotypes 
included in the panel were also used as ancestry informa-
tive markers for biogeographical origin inferences of dif-
ferent continental populations. To conclusion, the novel 
panel could be viewed as an independent and high-effi-
cient tool for forensic genetics.
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