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Abstract
Mutation analysis of 42 Y chromosomal short tandem repeats (Y-STRs) loci was performed using a sample of 1160 father–son
pairs from the Chinese Han population in Eastern China. The results showed that the average mutation rate across the 42 Y-STR
loci was 0.0041 (95%CI 0.0036–0.0047) per locus per generation. The locus-specificmutation rates varied from 0.000 to 0.0190.
No mutation was found at DYS388, DYS437, DYS448, DYS531, and GATA_H4. DYS627, DYS570, DYS576, and DYS449
could be classified as rapidly mutating Y-STRs, with mutation rates higher than 1.0 × 10−2. DYS458, DYS630, and DYS518
were moderately mutating Y-STRs, with mutation rates ranging from 8 × 10−3 to 1 × 10−2. Although the characteristics of the Y-
STRmutations were consistent with those in previous studies, mutation rate differences between our data and previous published
data were found at some rapidly mutating Y-STRs. The single-copy loci located on the short arm of the Y chromosome (Yp)
showed relatively higher mutation rates more frequently than the multi-copy loci. These results will not only extend the data for
Y-STRmutations but also be important for kinship analysis, paternal lineage identification, and family relationship reconstruction
in forensic Y-STR analysis.
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Chinese Han population

Knowledge of the mutability of Y chromosome short tandem
repeats (Y-STRs) is necessary for the correct interpretation of
genetic profiles, kinship calculations, and genealogical rela-
tionship reconstructions. However, the current information on
Y-STR mutability is still limited, since empirical data are only
available for a small number of particular loci commonly used
in the forensic field. Furthermore, the accuracy of the Y-STR
mutation rate estimates needs further analysis with large fam-
ily data. In this paper, we examined the mutations of 42 Y-

STRs, including 17 newly developed loci that have not been
embodied in YHRD (https://yhrd.org/) and lack accurate
mutation rate data in the Chinese Han population. We reveal
the mutation rate differences between the present data and
other estimates at the rapidly mutating STRs (RM-STRs)
and describe the characteristics of Y-STR mutations.

Buccal swab samples of 1160 father–son pairs were taken
from individuals in an Eastern Chinese Han population
(Zhejiang Province). Informed consent was obtained from
the volunteers or legally authorized representatives of all fa-
ther–son pairs. All procedures performed in this study were
approved by the Medical Ethics Committee of the Zhongshan
Medical School of Sun Yat-sen University in accordance with
the 2013 Helsinki Declaration.

Genomic DNA was extracted using the DNA IQ system
(Promega Corporation, Madison, USA). DNA samples were
examined with 3 Y-STR multiplex PCR reactions: Yfiler®
Plus PCR Amplification kit, AGCU GFS Y STR kit, and
AGCU Y24 STR kit. The biological relationship of all fa-
ther–son pairs was confirmed by analysis of 38 autosomal
STRs with paternity index values above 100,000. The STR
kits and STR loci are listed in Table S1. All assays were
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performed according to the manufacturer’s recommendations.
Control DNA (such as 007, 008, and 9947A) was genotyped
as a standard reference.

In mutation counting, if changes of motifs occurred in both
DYS389I and DYS389II (e.g., 12→ 13 and 29→ 30), then
only one mutation was counted for DYS389I because the
DYS389I PCR product was actually a subset of the
DYS389II amplified product. For the multi-copy markers
DYS385a/b, DYF387S1a/b, DYS459a/b, and DYS527a/b,
the number of allele transmissions was counted as twice the
number of meioses. The mutation rates and their confidence
intervals (CIs) were calculated using the exact binomial prob-
ability distribution (see http://statpages.info/confint.html).

The number of repeat gains vs. losses and the different
mutation rates were compared using an exact test to assess
whether the different values significantly deviate from the null
hypothesis of a 1:1 ratio. A statistical method similar to that
described byGe et al. [1] was applied to assess the relationship
between the number of repeats and mutation rates. Statistical
analysis was implemented in the R package Bstats^. An algo-
rithm similar to that described by Ge et al. [1] was used to
investigate the independence of mutations across the 42 loci
using the R package BXNomial^ to compute the p value.

A total of 38 single-copy and 4 multi-copy Y-STR markers
were investigated in this study. Although the mutation rates in
the Chinese Han population have been previously estimated
for 25 of these 42 markers (DYF387S1, DYS19, DYS385a/b,
DYS389I, DYS389II, DYS390, DYS391, DYS392, DYS393,
DYS437, DYS438, DYS439, DYS448, DYS449, DYS456,
DYS458, DYS460, YS481, DYS518, DYS533, DYS570,
DYS576, DYS627, DDYS635, and GATA_H4) [2], only a
small sample (100 father–son pairs) was analyzed for the other
17 loci (DYS388, DYS443, DYS444, DYS446, DYS447,
DYS459a/b, DYS510, DYS520, DYS522, DYS527a/b,
DYS531, DYS552, DYS557, DYS587, DYS622, DYS630,
and GATA_A10) [3], indicating a lack of accurate mutation
rates for these 17 loci. The accuracy of the Y-STR mutation
rate estimation needs more large family data.

In our study, the number of allele transmissions (which var-
ied from 1153 to 2343 at each locus since null alleles andmulti-
alleles were detected), number of mutations, mutation rates,
and their 95% CIs were calculated for each locus and are pre-
sented in Table S2. The average mutation rate across all loci
was 0.0041 (95% CI 0.0036–0.0047) per locus per generation.
The observed locus-specific mutation rates for the 42 Y-STRs
ranged from 0.000 to 0.0190. No mutation was found at
DYS388, DYS437, DYS448, DYS531, and GATA_H4.
Comparison of the average mutation rates calculated in the
present study with those reported by other authors yielded re-
sults comparable to those based on the direct count in father–
son pairs [2, 4–6] and derivation from deep root pedigrees [7].

Mutation rate differences at rapidly mutating STR (RM Y-
STR) loci were observed between our data and those in other

previous reports. The DYS518 locus in our study showed a
relatively low average mutation rate (8.6 × 10−3) compared
with that reported by Ballantyne et al. [6], Wang et al. [2],
and Oh et al. [4], in which the average mutation rate of
DYS518 ranged from 13.6 × 10−3 to 18.4 × 10−3. We also no-
ticed that the mutation rate at DYF387S1a/b (5.13 × 10−3,
95% CI 2.65–8.94 × 10−3) in our study was significantly low-
er than that estimated by Ballantyne et al. [6] at 15.9 × 10−3

(95% CI 10.8–22.4 × 10−3). In contrast, the present mutation
rate was similar to that reported in a Southern Chinese Han
population (4.8 × 10−3, 95% CI 2.3–8.3 × 10−3) [2] and the
95% confidence interval of Central Chinese Han population
(8.7 × 10−3, 95%CI 4.0–16.5 × 10−3) [8]. Therefore, different
mutation rates at DYF387S1a/b may exist among different
populations.

In contrast to the low mutation rates at DYS552 (< 2.84 ×
10−3) and DYS630 (< 4.86 × 10−3) calculated in Ref [6, 9],
relatively high mutation rates of 7.76 × 10−3 and 8.62 × 10−3,
respectively, were detected at these two loci in the present
study, consistent with the rates reported in the Southern
Chinese Han population [2]. Although the mutation rates of
the two loci were lower than those of RM Y-STRs [10], these
values are much higher than those of conventional forensic
analyses using Y-STRs and can be identified as moderately
mutating loci [11]. Again, different Y-STR mutation rates
were indicated between populations.

All observed mutation events were single-repeat changes,
with the exception of the 5 two repeat changes that occurred at
DYS481, DYS533, DYS570, and DYS627 (Table S2 and
Table S3). The vast majority of mutations were one-step
events (214/219 = 97.72%), fitting to the stepwise mutation
model (SMM). None of the observed mutations were addi-
tions or deletions of an incomplete repeat. Namely, STR mu-
tations arise by replication slippage.

The overall ratio of repeat gains versus losses was ~
1.3298:1 (125:94) (Table S2). The level of statistical signifi-
cance (p value = 0.1081) indicated that mutations at these Y-
STR markers have approximately equal gains and losses of
repeats, consistent with the results of previous studies [1, 2, 6,
11]. However, gain bias of repeats [6] or loss bias of repeats
[12, 13] has been observed.

The distribution of the mutation counts by allele size is
shown in Fig. S1. The STRs showed a length dependency of
the mutation rate. A significant difference in the mutation rates
was observed among the short, moderate, and long alleles
(p = 0.0002). Mutations at longer alleles were more common
than those at shorter alleles (Table S4) [6].

We found that the mutation rates may be related to the locus
position on the Y chromosome. DYS627, DYS570, DYS449,
andDYS576 had themutation rates exceeding 0.0100, and these
STRs were single-copy markers located on the Y chromosome
short arm (Yp). Notably, the single-copy loci on Yp showed
relatively higher mutation rates more frequently than multi-
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copy loci, such as DYF387S1a/b, DYS385a/b, DYS459a/b, and
DYS527a/b. This finding may be related to the structure com-
plexity of repetitive and surrounding regions [6].

In addition, the distribution of the number of repeat gains
versus losses in short, moderate, and long alleles (Fig. S2)
showed that longer alleles tended to lose repeats, whereas
shorter alleles significantly and more frequently gained re-
peats (expansion). Furthermore, a significant correlation
(R = 0.5094, p = 4 × 10−9) was observed between the gene di-
versities and the locus-specific mutation rates. Our results are
consistent with the findings of previous studies [1, 6, 13].

Most of the father–son pairs with mutations had a mutation
at one of the 42 Y-STRs, but 13 father–son pairs had muta-
tions at two loci, and 3 father–son pairs had mutations at three
loci (Table S3). Comparison of the observed counts of father–
son pairs showed no, one, two, and three or more mutations
with the expected numbers of father–son pairs involving zero,
one, and two, and three or more mutations under the hypoth-
esis of independence of mutation across loci was presented in
Table S5. No significant deviation was shown between the
observed and expected numbers (p = 0.1707), indicating that
the mutations across the 42 STRs randomly occurred.

In summary, the average mutation rate across the 42Y-STR
loci was 0.0041 (95% CI 0.0036–0.0047) with locus-specific
mutation rates ranging from 0.000 to 0.0190. Mutation rate
differences between our data and previously published data
were observed at some loci. The single-copy loci located on
Yp showed relatively higher and more frequent mutation rates
than the multi-copy loci. However, the characteristics of Y-
STR mutations are consistent with those reported in previous
studies [1, 6].
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