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Mutation analysis for newly
suggested 30Y-STR loci with high
mutation rates in Chinese
father-son pairs

Fei Wang®'*, Feng Song*, Xindi Wang?, Mengyuan Song®?3, Yuxiang Zhou?, Jing Liu?,
Zheng Wang' & Yiping Hou**

Rapidly mutating Y-STRs (RMY-STRs) harbor great potential to distinguish male relatives and achieve
male identification. However, forensic applications were greatly limited by the small number of the
initially identified 14 RMY-STRs. Recently, with the emergence of 12 novel RMY-STRs, an integrated
panel named RMplex was introduced, which contains all 26 RMY-STRs and four fast mutating

Y-STRs (FMY-STRs). To obtain the first data on the mutation rates and father-son differentiation
rates of the 30 newly proposed Y-STRs in Chinese populations, we performed an empirical mutation
study on 307 DNA-confirmed Chinese paternal pairs. Previously reported mutation rates for 14 RM
Y-STRs in Chinese and European populations were pooled and merged with our data. The highest
meiosis number for the two groups reached 4771 and 2687, respectively. Five loci showed significant
differences between the populations (DYS570, DYS399S1, DYS547, DYS612, and DYF403S1b).

For the new panel covering 30 Y-STR loci, our results show extensive differences in the mutation

rates between the two populations, as well. 10 RMY-STR loci showed relatively low mutation rates
(103-1072 per meiosis) and 2 FMY-STR loci had rapid mutation rates (>1072 per meiosis) in the Chinese
population. Several-fold differences in mutation rates were found in nine Y-STR loci between the
Chinese and reference populations, with two loci having significantly higher mutation rates and one
locus with a significantly lower mutation rate in the Chinese population (P <0.05). Eighteen RMY-STRs
(>1072 per meiosis), 8 FMY-STR loci (5x1073-10~2 per meiosis), 3 moderately mutatingY-STRs (MM
Y-STRs, 1073-5x1073 per meiosis), and one locus with no observed mutation events were identified in
the Chinese population. 40.06% of the Chinese paternity pairs were discriminated with RMplex while
only 20.84% with the initial 14 RMY-STRs, indicating that RMplex is beneficial for distinguishing
paternally related males. Future studies on populations of different genetic backgrounds are necessary
to obtain comprehensive estimates of mutation rates at these new loci.

In forensic genetics, the non-recombining part of the Y chromosome (NRY) has particular advantages in differ-
entiating male components from mixed stains, tracing paternal lineage, and investigating population admixture
history, where autosomal DNA profiling is ineffective'~. Since their discovery in 1990, Y-chromosomal short
tandem repeats (Y-STRs) have been used to generate unique haplotypes of different paternal pedigrees due to
high overall mutation rate (10~* mutations per meiosis)®’. However, the male-limited inheritance and the non-
recombining characteristic suggest that the DNA profiling of general Y-STRs usually points to a male perpetrator
and his many paternally related relatives, sometimes even unrelated men, which limits the forensic applications
and weakens the validity of evidence in court®. Therefore, Y-chromosome genetic markers with high mutation
rates are essential for identifying male individuals from the same paternal line.

In 2010, a large empirical study on Y-STRs mutation rate analysis introduced 14 RM Y-STRs (including
DYF387S1, DYF399S1, DYF403S1a/b, DYF404S1, DYS449, DYS518, DYS526a/b, DYS547, DYS570, DYS576,
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DYS612, DYS626, and DYS627, with DYF403S1a and DYF403S1b considered as separate loci) whose muta-
tion rates > 102 per meiosis, providing a powerful tool for distinguishing patrilineal male relatives®. Over the
last decade, a series of studies on both related and unrelated men has demonstrated the applicability of the 14
RM Y-STRs in forensic genetics'®'¢. However, the relatively small number of RM Y-STRs limited the ability to
discriminate between male relatives. A study based on hundreds of father-son pairs showed that 14 RM Y-STRs
could distinguish 27%, 46%, 54%, and 62% of male relatives separated by 1, 2, 3, and 4 meiotic divisions, respec-
tively, which is insufficient for forensic applications'.

Recently, to overcome this dilemma, an empirical study based on 1616 DNA-confirmed father-son pairs
identified 12 novel RM Y-STRs". Subsequently, an integrated panel named RMplex, containing all 26 RM Y-STRs
and four FM Y-STRs, was introduced into forensic genetics'®. The availability of these novel markers with high
mutation rates provided a more powerful tool to distinguish paternally related males. The integrated system
further facilitated the forensic investigation of large populations, as well. Based on the RMplex, Neuhuber et al.
empirically studied 530 Austrian father-son pairs and found that the mutation rates at these loci were largely in
consistence with those in the European population in the original paper'.However, there is still no data on the
father-son differentiation rate or the mutation rate of the new RM Y-STRs in Chinese populations.

Herein, for the first time, we investigated 30 Y-STRs with high mutation rates in 307 Chinese father-son pairs
using the RMplex panel. The purpose of this study was to estimate the mutation rates of these novel loci in a
Chinese population and to investigate their paternal differentiation rates in order to establish an experimental
basis for addressing forensic practice in this population. In addition, we collected and compared mutation rate
data from the Chinese population with those from the European reference populations to explore genetic dif-
ferences between the inter-continental populations.

Results and discussion

Mutation rates obtained in Chinese population. A total of 169 mutation events were observed in
9202 allelic transfers, with an average mutation rate of 18.4x 10~ per meiosis (95% CI 15.7-21.3x10°). For
each locus, 93.49% of the events belonged to one-step mutations and the rest to two-step and three-step muta-
tions (Table 1), which is consistent with the findings in previous papers”'. The locus mutation rate ranged
from <3.26 x 1073 (95% CI 0.0-11.9 x 10~3) for DYS1003 to 65.15 x 1073 (95% CI 40.2-98.8 x 10-*) for DYF1001.
In the mutation event, the gains and losses were 89 and 80, respectively, with no significant bias, which is also
consistent with previous studies®. The number of pairs distinguished by 1, 2, 3, and 4 mutation events was 92,
22, 6, and 3, respectively, demonstrating the active mutational potential of these loci, in agreement with previous
studies™!”.

Haplotype mutations with the RMplex. During the amplification of the first assay of RMplex system, a
number of dropouts occurred at specific loci. There were eight dropouts (six at DYS526b and two at DYS1012),
and the father-son pairs showed the same haplotype, suggesting possible segmental loss on the Y chromosome
or sequence mutations in the primer binding region. Allelic loss was also observed at the DYF1001 locus, with a
shift from 71, 81.2 to 71 in a father-son (Supplementary Table S1). Notably, seven multi-copy loci showed expan-
sions of copy number in some father-son pairs (DYS1012, DYF1000, DYR88, DYF387S1, DYF399S1, DYS724,
and DYF1001). For example, X155C and X155F showed a five-copy genotype at DYS1000 (reported as a four-
copy locus), 3-copy genotype s for DYR88 and DYF387S1 (reported as two-copy loci), and 4-copy genotype s for
DYF399S1 and DYF1001 (reported as three-copy loci) by Ralf et al'”. Duplications of DYF387S1 have also been
reported previously to be associated with haplogroup-specific ancestral Y chromosome mutations and structural
rearrangements in the azoospermia factor ¢ region*?2. A two-step expansion of copy number was observed at
DYF1001 (272F and 272C), who showed a five-copy haplotype at DYF1001, a three-copy locus as described in
the previous studies. These mutations suggested the possible occurrence of segmental duplications on the Y
chromosome of the Chinese group.

It has also been noted that the mutation rate of the locus rises with increasing copy number. A one-way
ANOVA (Fig. 1a) was performed to test whether there was a significant difference in mutation rates of the loci
with different copy numbers. Significant differences in mutation rates were observed in all groups (P value
0.0006) and between single copy loci and triple copy loci (P value 0.0007). To quantitatively assess the correla-
tion between mutation rate and copy number, we conducted a linear regression analysis. The elevated trend was
pronounced, although some outliers weakened the centrality of data points, which may be related to stochastic
effects due to the small sample size. Notably, that among the single copy loci, DYS712 exceeded the group,
exhibiting a relatively high mutation rate of 52.12 x 10~ per meiosis, significantly larger than the mutation rate
data obtained from the original study in the German and Polish populations (27.2 x 10~ per meiosis, P value
0.0301, Table S2). Overall, the correlation between copy number and mutation rate indicating that each copy of
multi-copy loci can be involved in the mutation process as a relatively independent unit, which is in line with
the speculation proposed in the previous study*®.

Inter-population genetic differences in mutation rates. To assess the differences in the mutation
rates of the 14 RM Y-STR between different populations, we combined the obtained data with all previously
published data on Chinese!*!>**-26 and European populations®!®1*?’ (Table 2, Supplementary Table S5, Supple-
mentary Figure S1). For the combined Chinese population, the number of meioses per locus ranged from 3605
(DYS526b) to 4771 (DYS627, DYS570, DYS518, DYF387S1, DYS449 and DYS576). The average mutation rate
ranged from 6.50 x 107* (95% CI 4.4-9.2 x 10%) at DYS570 to 54.83 x 107* (95% CI 47.6-62.8 x 10~*) at DYS399S1,
which was the same as the lowest and highest mutation rates among the 14 RM Y-STRs in our group. For
pooled European populations, the underlying meioses ranged from 2529(DYS626) to 2687(DYS627, DYS518,
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Number of one-step | Number of two-step | Number of three-step
Locus N | Mutation rate(x 107) | 95% CI(x107®) | Number of gains | Number of losses | mutations mutations mutations
DYF393S1 2 6.51 [0.8,23.3] 0 2 2 0 0
DYS627 4 13.03 [3.6,33.0] 3 1 4 0 0
DYS570 1 3.26 [0.1,18.0] 0 1 1 0 0
DYS713 2 6.51 [0.8,23.3] 1 1 2 0 0
DYS526b 5 16.61 [5.4,38.3] 4 1 5 0 0
DYF1000 7 22.80 [9.2,46.4] 2 5 6 1 0
DYS518 2 6.51 [0.8,23.3] 0 2 2 0 0
DYS1003 0 <3.26 [0,11.9] 0 0 0 0 0
DYS1012 3 9.84 [2.0,28.5] 2 1 2 0 1
DYS1005 6 19.54 [7.2,42.0] 1 5 6 0 0
DYS1010 4 13.03 [3.6,33.0] 0 4 4 0 0
DYS1007 3 9.77 [2.0,28.3] 2 1 3 0 0
DYRS88 8 26.06 [11.3,50.7] 5 3 7 1 0
DYF404S1 5 16.29 [5.3,37.6] 2 3 5 0 0
DYF387S1 13 42.35 [22.7,71.3] 8 5 13 0 0
DYS1013 5 16.29 [5.3,37.6] 0 5 5 0 0
DYS712 16 52.12 [30.1,83.3] 8 8 15 1 0
DYS711 5 16.29 [5.3,37.6] 3 2 4 1 0
DYS626 3 9.77 [2.0,28.3] 3 0 2 1 0
DYF399S1 15 48.86 [27.6,79.3] 7 8 14 1 0
DYS449 1 3.26 [0.1,18.0] 0 1 1 0 0
DYS724 11 35.83 [18.0,63.2] 7 4 11 0 0
DYS547 4 13.03 [3.6,33.0] 1 3 3 1 0
DYS576 6 19.54 [7.2,42.0] 4 2 4 2 0
DYS612 2 6.51 [0.8,23.3] 1 1 2 0 0
DYF1002 5 16.29 [5.3,37.6] 4 1 5 0 0
DYF1001 20 65.15 [40.2,98.8] 15 5 19 1 0
DYF403S1a 7 22.80 [9.2,46.4] 5 2 7 0 0
DYS442 1 3.26 [0.1,18.0] 1 0 1 0 0
DYF403S1b 3 9.77 [2.0,28.3] 0 3 3 0 0

Table 1. Mutation information of the 30 Y-STRs in Chinese Han population. N: Number of mutation events.
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Figure 1. (a) One-way ANOVA for mutation rates on loci with different copy numbers; (b) Linear regression
analysis for mutation rates on loci with different copy numbers (dashed lines represented the 95% CI).
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DYS627 72 4771 15.1(11.8-19.0) 34 2687 12.5(8.8-17.6) 0.4167
DYS570 31 4771 6.5(4.4-9.2) 31 2530 12.2(8.3-17.4) 0.0151 *
DYS526b 40 3605 11.1(7.9-15.1) 34 2685 12.8(8.8-17.7) 0.6366
DYS518 47 4771 9.9(7.2-13.1) 44 2687 16.4(11.9-21.9) 0.0156
DYF404S1 50 3611 13.8(10.3-18.2) 29 2677 11(7.3-15.5) 0.3049
DYF387S1 49 4771 10.3(7.6-13.6) 41 2687 15.4(11.1-21) 0.061
DYS626 27 3611 7.5(4.9-10.9) 26 2529 10.4(6.7-15) 0.2634
DYF399S1 198 3611 54.8(47.6-62.8) 211 2687 78.4(68.6-89.3) 0.0002 b
DYS449 46 4771 9.6(7.1-12.8) 38 2687 14.1(10-19.4) 0.0863
DYS547 43 3611 11.9(8.6-16.0) 52 2686 19.3(14.5-25.3) 0.021 *
DYS576 59 4771 12.4(9.4-15.9) 36 2687 13.3(9.4-18.5) 0.7472
DYS612 27 3611 7.5(4.5-10.9) 40 2687 14.8(10.7-20.2) 0.0059 | **
DYF403S1a 95 3611 26.3(21.3-32.1) 82 2687 30.7(24.3-37.7) 0.3176
DYF403S1b 25 3611 6.9(4.5-10.2) 33 2686 12.1(8.5-17.2) 0.0324 | *

Table 2. The mutation rates of 14 RM Y-STRs in combined Chinese and European populations.
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Figure 2. Mutation rate comparison between the Chinese and the European populations presented by locus.
Error bars represented the 95% CI. Reference mutation data were acquired from Ballantyne et al’, Ralf et al”/,
and Neuhuber et al*’.

DYF387S1, DYF399S1, DYS449, DYS576, DYS612, and DYF403S1a). The mutation rates ranged 10.4x 107
(95% CI 6.7-15.0x 1073) at DYS626 to 78.4x 107> (95% CI 68.6-89.3 x 10-%) at DYF399S1. Fisher’s exact test for
mutation rates between the two populations for each of the 14 RM Y-STR loci revealed significant differences at
five of the loci (DYS570, DYS399S1, DYS547, DYS612 and DYF403S1b). The wide range of differences observed
suggests that there are non-negligible differences in mutation between different continental groups.

For the 30 Y-STR loci, Fisher’s exact test was performed for each pair of mutation events per locus between
our studied group and European reference populations, as well (Fig. 2 and Supplementary Table $2)*'71°. The
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Figure 3. Father-son differentiation rates under different numbers of RM Y-STR loci in Chinese and European
populations. Error bars represented 95% CI.

dashed lines in Fig. 2 represent the different mutation rates (107, 1072, and 10~ per meiosis). In Chinese popu-
lation, 10 RM Y-STRs showed a relatively lower mutation rate (< 1072 per meiosis, DYS570, DYS713, DYS518,
DYS1003, DYS1012, DYS1007, DYS626, DYS449, DYS612, DYF403S1b) and 2 FM Y-STRs (DYS1005 and
DYS1013) showed a higher mutation rate (> 1072 per meiosis). Nine loci exhibited several-folds differences
between the two populations (DYS570, DYS713, DYS518, DYS1003, DYS1005, DYF387S1, DYS449, DYS612,
and DYS442). Significant P-values were spotted at three loci between Chinese population and German and Pol-
ish populations, DYS1003 (P-value 0.0370), DYF387S1 (P value 0.0058) and DYS712 (P value 0.0301), where
the mutation rate of the last two loci in our study group was significantly higher. DYF387S1 was also found to
have significantly higher mutation rate the Chinese population than in Austrian (P value 0.0064). According to
the previous mutation studies on DYF387S1, populations from central and southeastern China tend to show
lower mutation rates'>**-2%(0-10.27 x 10~ per meiosis, Supplementary Table S5) than the European populations
(11.32-21.50 x 1073 per meiosis)>'7"1*?7, and went higher in South Asians such as Pakistan (23.0-37.0x 10~ per
meiosis)'*?. Inconsistency in mutation rates within an ethnic group was also reported in the Pakistan group,
which, like the Han Chinese, is also a largescale population!®?, However, the mutation rates for DYS449 and
DYS570 were relatively low, consistent with previous findings in Chinese populations?>*?* and lower than in
the European populations®’.

According to the nomenclature rules proposed by references”'”'¢, the 30 Y-STR loci in the Chinese population
were re-categorized into 18 RM Y-STRs, 8 FM Y-STR loci, 3 MM Y-STRs, and one locus with no mutation events
(mutation rate <3.26 x 10~® per meiosis) based on the estimated mutation rates. The wide range of intergroup
differences observed in the comparison is striking. The inter-population difference in mutation rate has been
reported in many other papers***. A comparative study of SNPs in 1000 genomic data showed an abundance of
gene conversions in a particular population, which confirms differences in mutagenesis in different populations®.
Another study on the differences in Y-STR mutation rates between different haplogroups also demonstrated
inter-population differences in mutation rates'?. The currently endorsed explanation for inter-population muta-
genic differences is associated with the uneven distribution of the alleles in different populations'*. For further
examine into this hypothesis in future researches, we provided allele frequencies for 30 Y-STR loci in the Chinese
population (Supplementary Tables S3 and S4). In order to elucidate population differences in mutation rates,
more data from populations with different genetic backgrounds are needed. It is reccommended that special care
should be taken when applying reference mutation rate data in populations without validation.

Father-son differentiation rate by the RMplex. Father-son separation rates were extracted from
the previous paper and merged with our data to assess the impact of the newly proposed loci in different
populations'”'?. The visualization of the data is in Fig. 3. The differentiation rates for 14 RM Y-STRs for Euro-
pean were combined from mutation data of German, Polish!’, and Austrian populations', while the rates for 26
RM Y-STRs and 30 Y-STRs rates were extracted from German and Polish data'” and Austrian data'®, respectively.
With the increase in the number of applied RM Y-STR loci, the father-son differentiation rate improved signifi-
cantly in both populations. However, in all three Y-STR loci sets, the Chinese population had lower father-son
pair differentiation than the European populations. Fisher’s exact test was applied to evaluate the differences
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in father-son pair differentiation rates between populations based on the mutation events retrieved from the
publications. When tested with 14 RM Y-STR loci, the separation rate was found to be significantly higher in the
European population (P value 0.0260). When the number of tested loci increased, the differences between popu-
lations became non-significant (P>0.05). RM Y-STRs showed strong potential to discriminate father-son pairs
in both European and Chinese populations and were able to narrow population differences in distinguishing
father-son pairs when tested with a larger number of loci. In conclusion, RM Y-STRs proved to be particularly
useful in distinguishing father-son pairs and could be a promising tool for forensic male relative differentiation.

Methods and materials

Sample collection and DNA extraction. Buccal swabs of 588 Chinese Han males comprising 281
fathers and 307 sons were collected after receiving written consent, which were then stored at room temperature
until extraction®'. For the case of a father corresponding to more than one son, each father-son pair was treated
as an independent pair, reaching a total count of 307 father-son pairs in this study. For each father-son pair, par-
entage was confirmed using an autosomal STRs EX22 amplification kit (AGCU ScienTech, Wuxi, China). The
determination of the paternity is the precondition for the mutation rate analysis. Genomic DNA was extracted
using the standard Chelex-100 method and stored at—20 °C before amplification by polymerase chain reaction
(PCR)™*. This study was approved by the Ethics Committee of the Institute of Forensic Medicine, Sichuan Uni-
versity (approval number: K2019018). All experiments were performed following the relevant guidelines and
regulations.

Y-STRs typing using the RMplex. DNA from the 588 samples was amplified using the primer sequences
provided in the previous study'®. The concentration of each primer pair was in accordance with the previous
study, as well. PCR was performed in total volume of 5 uL which consisted of 2.5 uL Multiplex Master Mix
(Qiagen, Venlo, Netherlands), 0.8 uL PCR primer mix, 1 ng DNA, and sterilized distilled water (Qiagen, Venlo,
Netherlands). PCR was conducted using a ProFlex 96-well PCR System (Thermo Fisher Scientific, Waltham,
Massachusetts, U.S.). Thermal cycling protocol was in line with the former paper as well. The amplification
products were analyzed using an Applied Biosystems 3500 Genetic Analyzer (Applied Biosystems, Waltham,
MA, USA). For accurate genotyping of samples, we used the control DNA 2800 M (Thermo Fisher Scientific,
Waltham, Massachusetts, U.S.) as a calibrator, whose genotype was confirmed in the reference paper's. Based
on the positioning of its peaks in each electrophoresis, we set up the automated genotype bin on the 3500 plat-
form to help obtain the genotypes of the samples. For intermediate alleles, re-amplifications were conducted to
confirm the genotype. The Y-STRs haplotype data were then analyzed using GeneMapper™ ID X software (v. 1.5;
Applied Biosystems, Waltham, MA, USA). Other conditions were the same as described in the original study'.
Haplotypes of 123 mutated father-son pairs is shown in Supplementary Table S1.

Data analysis. The mutation rate per locus was calculated as the ratio between the number of mutation
events and the total number of alleles transferred from father to son. For multi-copy loci, peak height ratio dif-
ferences were not interpreted as mutations. The father-son differentiation rate was calculated by dividing the
number of father-son pairs with mutations by the total number of father-son pairs. Calculations were performed
manually using Microsoft Excel (One Microsoft Way Redmond, Washington, U.S.), and detailed results are
shown in Table 1. 95% Confidence Intervals (95% CI) for mutation rates and father-son differentiation rates were
calculated with Clopper-Pearson intervals using a binomial distribution (https://statpages.info/confint.html).
Significance of mutation rate per Y-STR and father-son differentiation rate between populations was calculated
using Fisher’s exact test. ANOVA, linear regression analysis and histograms were performed on GraphPad Prism
8 (www.graphpad.com, Figs. 1, 2, 3). Haplotypes with missing data were discarded in the calculation of mutation
rates, differentiation rates and P values. Based on the haplotypes of 281 unrelated fathers from the studied sam-
ples, allele frequencies of single-copy and multi-copy loci were calculated and shown in Supplementary Table S3
and $4, respectively.

Quality control. This study was carried out in a laboratory accredited by the China National Accreditation
Service for Conformity Assessment and compliant with ISO 17025. During amplifying and typing of samples,
control DNA 2800 M (Thermo Fisher Scientific, Waltham, Massachusetts, U.S.) and sterilized distilled water
(Qiagen, Venlo, Netherlands) were used as the positive and negative controls, respectively.

Ethical approval. All procedures performed in studies involving human participants followed the ethical
standards of the Ethics Committee of the Institute of Forensic Medicine, Sichuan University (K2019018), and
complied with the 1964 Declaration of Helsinki and its later amendments or comparable ethical standards.
Informed consent was obtained from all participants and/or their legal guardians included in the study.

Conclusion

In this study, we estimated the mutation rate and paternal differentiation rate of 26 RM Y-STRs and 4 FM Y-STRs
in 307 Chinese father-son pairs for the first time, using the newly introduced RMplex panel. Based on the esti-
mated data, we also compared the mutation rates in Chinese and European reference populations for the first
time. For the previously reported 14 RM Y-STR loci, mutation rates of former studies on Chinese and European
populations were pooled together and recalculated, respectively. The highest meiosis number reached 4771 and
2687 in the two pooled groups, respectively. Five loci were found to have significant differences between the
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populations (DYS570, DYS399S1, DYS547, DYS612, and DYF403S1b). The broad differences observed indicated
the non-negligible discrepancy in the mutagenesis between the inter-continental populations.

In our study on 30 Y-STR loci using the RMplex, the estimated mutation rates in the Chinese population
showed extensive differences compared to the European populations, as well. Nine loci were several-fold differ-
ent in the two populations, with two loci having significantly higher mutation rates in the Chinese population
(P<0.05). Based on the naming rules proposed in previous studies, 18 loci could be re-categorized into 18 RM
Y-STRs, 8 FM Y-STRs, 3 loci MM Y-STRs, and one locus with no mutation event in the Chinese population.
With these rapidly mutating loci, significant differences in mutations among different continental populations
were identified. With the RMplex panel, 40.06% of father-son pairs were distinguished, compared to only 20.84%
using the original 14 RM Y-STRs, indicating that RMplex is beneficial for analyzing paternally related males. A
significant decrease in differentiation rate was observed in the Chinese population when tested with the originally
identified 14 RM Y-STR (P <0.05), compared with reference European populations. When tested with more
Y-STR loci, inter-population differences became non-significant, suggesting the compatibility of the novel RM
Y-STR loci in both populations. In general, RMplex showed extensive variabilities across populations and has a
strong potential to discriminate father-son pairs. After further validation in populations with different genetic
backgrounds, RMplex could be a promising tool for forensic male relative differentiation.

Data availability
Data included in this manuscript has been uploaded to YHRD (accession number YA004395) and is also avail-
able at Supplementary Table.

Received: 7 May 2022; Accepted: 7 September 2022
Published online: 20 September 2022

References

1. Kayser, M. Forensic use of Y-chromosome DNA: A general overview. Hum. Genet. 136, 621-635. https://doi.org/10.1007/s00439-
017-1776-9 (2017).

2. Ballantyne, K. N. & Kayser, M. Additional Y-STRs in Forensics: Why, Which, and When. Forensic Sci. Rev. 24, 63-78 (2012).

3. de Knijff, P. et al. Chromosome Y microsatellites: Population genetic and evolutionary aspects. Int. J. Legal Med. 110, 134-149.
https://doi.org/10.1007/s004140050052 (1997).

4. Jobling, M. A, Pandya, A. & Tyler-Smith, C. The Y chromosome in forensic analysis and paternity testing. Int. J. Legal Med. 110,
118-124. https://doi.org/10.1007/s004140050050 (1997).

5. Prinz, M., Boll, K., Baum, H. & Shaler, B. Multiplexing of Y chromosome specific STRs and performance for mixed samples.
Forensic Sci. Int. 85, 209-218. https://doi.org/10.1016/s0379-0738(96)02096-8 (1997).

6. Roewer, L., Arnemann, J., Spurr, N. K., Grzeschik, K. H. & Epplen, J. T. Simple repeat sequences on the human Y chromosome are
equally polymorphic as their autosomal counterparts. Hum. Genet. 89, 389-394. https://doi.org/10.1007/BF00194309 (1992).

7. Roewer, L. Y-chromosome short tandem repeats in forensics—Sexing, profiling, and matching male DNA. WIREs Forensic Sci. 1,
e1336. https://doi.org/10.1002/wfs2.1336 (2019).

8. Buckleton, J. S., Krawczak, M. & Weir, B. S. The interpretation of lineage markers in forensic DNA testing. Forensic Sci. Int. Genet
5,78-83. https://doi.org/10.1016/j.fsigen.2011.01.010 (2011).

9. Ballantyne, K. N. ef al. Mutability of Y-chromosomal microsatellites: Rates, characteristics, molecular bases, and forensic implica-
tions. Am. J. Hum. Genet. 87, 341-353. https://doi.org/10.1016/j.ajhg.2010.08.006 (2010).

10. Adnan, A, Ralf, A, Rakha, A., Kousouri, N. & Kayser, M. Improving empirical evidence on differentiating closely related men
with RM Y-STRs: A comprehensive pedigree study from Pakistan. Forensic Sci. Int. Genet. 25, 45-51. https://doi.org/10.1016/j.
fsigen.2016.07.005 (2016).

11. Wang, Q. et al. Rapidly mutating Y-STRs study in Chinese Yi population. Int. J. Legal Med. 133, 45-50. https://doi.org/10.1007/
$00414-018-1894-5 (2019).

12. Claerhout, S. et al. Determining Y-STR mutation rates in deep-routing genealogies: Identification of haplogroup differences.
Forensic Sci. Int. Genet. 34, 1-10. https://doi.org/10.1016/j.fsigen.2018.01.005 (2018).

13. Wu, W. et al. Mutation rates at 42 Y chromosomal short tandem repeats in Chinese Han population in Eastern China. Int J Legal
Med. 132, 1317-1319. https://doi.org/10.1007/s00414-018-1784-x (2018).

14. Rakha, A. et al. Discriminating power of rapidly mutating Y-STRs in deep rooted endogamous pedigrees from Sindhi population
of Pakistan. Leg. Med. (Tokyo) 34, 17-20. https://doi.org/10.1016/j.]legalmed.2018.08.001 (2018).

15. Min Lang, Y. Y. Jienan Li, Youfang Zhang, Taoxiu Yuan, Yiping Hou, Comprehensive mutation analysis of 53 Y-STR markers in
father-son pairs. Forensic Sci. Int. Genet. Suppl. Series 6, e57-¢58 (2017).

16. Boattini, A. et al. Mutation rates and discriminating wer for 13 Rapidly-Mutating Y-STRs between Related anPod Unrelated
Individuals. PLoS ONE 11, e0165678. https://doi.org/10.1371/journal.pone.0165678 (2016).

17. Ralf, A. et al. Identification and characterization of novel rapidly mutating Y-chromosomal short tandem repeat markers. Hum.
Mutat 41, 1680-1696. https://doi.org/10.1002/humu.24068 (2020).

18. Ralf, A. et al. RMplex: An efficient method for analyzing 30 Y-STRs with high mutation rates. Forensic Sci. Int. Genet. 55, 102595.
https://doi.org/10.1016/j.fsigen.2021.102595 (2021).

19. Neuhuber, E et al. Improving the differentiation of closely related males by RMplex analysis of 30 Y-STRs with high mutation rates.
Forensic Sci. Int. Genet. 58, 102682. https://doi.org/10.1016/j.fsigen.2022.102682 (2022).

20. Wang, Y. et al. Genetic polymorphisms and mutation rates of 27 Y-chromosomal STRs in a Han population from Guangdong
Province, Southern China. Forensic Sci. Int Genet. 21, 5-9. https://doi.org/10.1016/j.fsigen.2015.09.013 (2016).

21. Watahiki, H. et al. Differences in DYF387S1 copy number distribution among haplogroups caused by haplogroup-specific ancestral
Y-chromosome mutations. Forensic Sci. Int. Genet. 48, 102315. https://doi.org/10.1016/j.fsigen.2020.102315 (2020).

22. Ravasini, E. et al. Sequence read depth analysis of a monophyletic cluster of Y Chromosomes characterized by structural rear-
rangements in the AZFc Region Resulting in DYS448 Deletion and DYF387S1 Duplication. Front Genet. 12, 669405. https://doi.
org/10.3389/fgene.2021.669405 (2021).

23. Zhang, W. et al. Multiplex assay development and mutation rate analysis for 13 RM Y-STRs in Chinese Han population. Int. J.
Legal Med. 131, 345-350. https://doi.org/10.1007/s00414-016-1489-y (2017).

24. Yuan, L. et al. Mutation analysis of 13 RM Y-STR loci in Han population from Beijing of China. Int. J. Legal Med. 133, 59-63.
https://doi.org/10.1007/s00414-018-1949-7 (2019).

25. Lin, H. et al. Analyzing genetic polymorphism and mutation of 44 Y-STRs in a Chinese Han population of Southern China. Leg.
Med. (Tokyo) 42, 101643. https://doi.org/10.1016/j.legalmed.2019.101643 (2020).

Scientific Reports |

(2022) 12:15680 | https://doi.org/10.1038/s41598-022-20014-z nature portfolio


https://doi.org/10.1007/s00439-017-1776-9
https://doi.org/10.1007/s00439-017-1776-9
https://doi.org/10.1007/s004140050052
https://doi.org/10.1007/s004140050050
https://doi.org/10.1016/s0379-0738(96)02096-8
https://doi.org/10.1007/BF00194309
https://doi.org/10.1002/wfs2.1336
https://doi.org/10.1016/j.fsigen.2011.01.010
https://doi.org/10.1016/j.ajhg.2010.08.006
https://doi.org/10.1016/j.fsigen.2016.07.005
https://doi.org/10.1016/j.fsigen.2016.07.005
https://doi.org/10.1007/s00414-018-1894-5
https://doi.org/10.1007/s00414-018-1894-5
https://doi.org/10.1016/j.fsigen.2018.01.005
https://doi.org/10.1007/s00414-018-1784-x
https://doi.org/10.1016/j.legalmed.2018.08.001
https://doi.org/10.1371/journal.pone.0165678
https://doi.org/10.1002/humu.24068
https://doi.org/10.1016/j.fsigen.2021.102595
https://doi.org/10.1016/j.fsigen.2022.102682
https://doi.org/10.1016/j.fsigen.2015.09.013
https://doi.org/10.1016/j.fsigen.2020.102315
https://doi.org/10.3389/fgene.2021.669405
https://doi.org/10.3389/fgene.2021.669405
https://doi.org/10.1007/s00414-016-1489-y
https://doi.org/10.1007/s00414-018-1949-7
https://doi.org/10.1016/j.legalmed.2019.101643

www.nature.com/scientificreports/

26. Fan, H. et al. The Y-STR landscape of coastal southeastern Han: Forensic characteristics, haplotype analyses, mutation rates, and
population genetics. Electrophoresis 42, 1578-1593. https://doi.org/10.1002/elps.202100037 (2021).

27. Turrina, S., Caratti, S., Ferrian, M. & De Leo, D. Are rapidly mutating Y-short tandem repeats useful to resolve a lineage? Expand-
ing mutability data on distant male relationships. Transfusion 56, 533-538. https://doi.org/10.1111/trf.13368 (2016).

28. Nazir, S. et al. Mutation rate analysis of RM Y-STRs in deep-rooted multi-generational Punjabi Pedigrees from Pakistan. Genes
13, 1403 (2022).

29. Harris, K. Evidence for recent, population-specific evolution of the human mutation rate. Proc. Natl. Acad. Sci. USA 112, 3439-3444.
https://doi.org/10.1073/pnas.1418652112 (2015).

30. Ge,]J. et al. Mutation rates at Y chromosome short tandem repeats in Texas populations. Forensic Sci. Int. Genet. 3, 179-184. https://
doi.org/10.1016/j.fsigen.2009.01.007 (2009).

31. Matamala-Valdes, L. et al. Detection of intracellular Helicobacter pylori in Candida. SPP from neonate oral swabs. Rev. Assoc.
Med. Bras (1992) 64, 928-935. https://doi.org/10.1590/1806-9282.64.10.928 (2018).

32. Walsh, P. S., Metzger, D. A. & Higushi, R. Chelex 100 as a medium for simple extraction of DNA for PCR-based typing from forensic
material. BioTechniques 10(4), 506-13 (1991). Biotechniques 54, 134-139, https://doi.org/10.2144/000114018 (2013).

Acknowledgements
This study was supported by the National Natural Science Foundation of China (No. 81871532).

Author contributions
EW, ES., X.W,, Z.W,, and Y.H. designed and conducted the experiments. M.S., Y.Z., and J.L. helped with back-
ground check and data analysis. All the authors discussed the results together. EW. and ES. wrote the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-20014-z.

Correspondence and requests for materials should be addressed to Y.H.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:15680 | https://doi.org/10.1038/s41598-022-20014-z nature portfolio


https://doi.org/10.1002/elps.202100037
https://doi.org/10.1111/trf.13368
https://doi.org/10.1073/pnas.1418652112
https://doi.org/10.1016/j.fsigen.2009.01.007
https://doi.org/10.1016/j.fsigen.2009.01.007
https://doi.org/10.1590/1806-9282.64.10.928
https://doi.org/10.2144/000114018
https://doi.org/10.1038/s41598-022-20014-z
https://doi.org/10.1038/s41598-022-20014-z
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Mutation analysis for newly suggested 30 Y-STR loci with high mutation rates in Chinese father-son pairs
	Results and discussion
	Mutation rates obtained in Chinese population. 
	Haplotype mutations with the RMplex. 
	Inter-population genetic differences in mutation rates. 
	Father-son differentiation rate by the RMplex. 

	Methods and materials
	Sample collection and DNA extraction. 
	Y-STRs typing using the RMplex. 
	Data analysis. 
	Quality control. 
	Ethical approval. 

	Conclusion
	References
	Acknowledgements


