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Introduction

Abstract

This study evaluated the genetic diversity and population structure of six Pelodiscus
sinensis populations in China through mitochondrial DNA 16S rRNA gene sequences
and simple sequence repeat (SSR) analyses. The populations include HH (Huanghe
population), JP (Japan population), DQ (Deqing population), SY (Songyang population),
DT (Dongtinghu population), and HS (Huangsha population). In the 16S rRNA analysis,
49 haplotypes were identified among 138 individuals, with haplotype diversity (Hd)
ranging from 0.642 to 0.989 and nucleotide diversity (Pi) from 0.0050 to 0.0110
(Hd>0.5, Pi=0.005), indicating high genetic diversity. SSR analysis revealed an average
observed heterozygosity (H,) of 0.617 and an expected heterozygosity (He) of 0.800,
with a polymorphism information content (PIC) of 0.857, further confirming high
genetic diversity. Analysis of molecular variance (AMOVA) showed that 34.75% (16S
rRNA gene) and 30.53% (SSR) of the total genetic variation was among populations,
while 65.25% (16S rRNA gene) and 69.47% (SSR) was within populations, highlighting
that most genetic variation occurs within rather than between populations. Genetic
differentiation index (Fs:) analysis indicated Fs: values mostly between 0.05 and 0.15,
suggesting moderate genetic differentiation among most populations. The genetic
data provided herein are crucial for the development and utilization of P. sinensis
resources.

nutritionally rich, boasts tender and delicious flesh, and
possesses high medicinal value (Huang et al., 2023). To

The soft-shelled turtle has long been cherished as
a traditional delicacy in China and across various parts of
Asia (Shi et al., 2008). In China, the farming output of
soft-shelled turtles reached 497,536 metric tons in 2023
(Wang et al., 2024), making it a significant category in
freshwater aquaculture. Within the soft-shelled turtle
aquaculture sector, the Chinese soft-shelled turtle
(Pelodiscus sinensis Wiegmann, 1835), belonging to the
class Reptilia, order Testudines, and family
Trionychidae, is the predominant species with high
economic value (He et al., 2015). This species is

Published by Central Fisheries Research Institute (SUMAE) Trabzon, Turkiye

better develop and utilize this species, recent studies
have concentrated on its nutrition, genetics, captive
breeding, artificial incubation, immunology, and
reproductive physiology (Du and Ji, 2003; Zhu, 2009;
Yasumasu et al., 2010; Liang et al., 2021; Xu et al., 2021;
Huang et al., 2023; Yang et al., 2023). However, the
degradation of breeding stock quality, the widespread
occurrence of serious infectious diseases, and the
deficiency in fundamental research regarding its biology
have significantly impacted the sustainability of the
turtle farming industry.
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Studies on genetic diversity and genetic structure
are fundamental to the development and selective
breeding of aquatic animal resources. Knowledge
regarding the genetic diversity and population
differentiation of wild populations is critical for the
implementation of effective conservation strategies
(Osentoski et al., 2002). High levels of genetic diversity
can facilitate adaptation to changing environmental
conditions through natural selection (Alacs et al., 2007;
Barrett and Schluter, 2008), and are advantageous for
artificial selection and breeding programs. Conversely,
low genetic diversity often indicates genetic erosion,
increasing the risk of species extinction and hindering
artificial selection efforts. In recent years, investigations
and evaluations of the genetic diversity and genetic
structure of P. sinensis have gained attention to
promote reasonable development and utilization of this
species. For instance, Liang et al. (2021) analyzed the
genetic diversity of three P. sinensis populations; Jin et
al. (2018) analyzed the morphological diversity of five P.
sinensis  populations. However, comprehensive
assessments employing a variety of methods to evaluate
the genetic diversity and genetic structure of P. sinensis
across broad scales have been limited.

To date, molecular genetic approaches are the
primary methods used for assessing genetic diversity
and genetic structure in species. Among these, analyses
based on mitochondrial DNA (mtDNA) and simple
sequence repeats (SSRs), also known as microsatellites
or short tandem repeats derived from nuclear DNA, are
commonly employed techniques. The mtDNA offers
advantages such as rapid evolution, maternal
inheritance, and no recombination, making it useful for
phylogenetic studies and population genetics (Huang et
al., 2009; Yan et al., 2022). The mtDNA 16S rRNA gene is
often used (Yan et al., 2022). On the other hand, SSRs
are characterized by high polymorphism, co-dominant
inheritance, and ease of analysis, which make them
valuable for studying genetic diversity and population
structure (Chistiakov et al., 2006; Madesis et al., 2013).
These methods have been widely applied in various
organisms, including mollusks (Yan et al., 2022; Teng et
al., 2015), arthropods (Dai et al., 2010; Li et al., 2011),
fish (Xu et al., 2015; Gong et al., 2024), and reptiles
(zheng et al., 2011; Wang et al., 2020). For instance, Yan
et al. (2022) utilized mtDNA 16S rRNA gene sequence
analysis to investigate the genetic diversity of four
shellfish species; Gong et al. (2024) employed SSR
analysis to examine the genetic diversity among
breeding populations of Epinephelus lanceolatus.

In this study, we employed mtDNA 16S rRNA gene
sequence analysis and SSR analysis to evaluate the
genetic diversity and population structure among six
populations of P. sinensis. These populations are located
in Shandong, Zhejiang, Guangxi, and Hunan provinces of
China and are referred to as HH (Yellow River
population), JP (Japan population), DQ (Deging
population), SY (Songyang population), DT (Dongtinghu
population), and HS (Huangsha population), several

representative populations in China. The findings from
this research contribute to a better understanding of the
current state of genetic resources in P. sinensis and
provide theoretical guidance for their rational
exploitation and selective breeding.

Materials and Methods
Sample Collections and DNA Extraction

A total of 138 adult individuals from six populations
were collected along the freshwater area of Shandong,
Zhejiang, Hunan, and Guangxi provinces, known as HH
(Yellow River population), JP (Japan population), DQ
(Deqing population), SY (Songyang population), DT
(Dongtinghu  population), and HS (Huangsha
population), several representative populations in China
(Figure 1). The sample sizes collected from each site
were as follows: 18 samples from DQ, 40 samples from
SY, and 20 samples each from DT, HH, HS, and JP. Total
genomic DNA was isolated from muscle tissue preserved
in 90% ethanol using the TIANamp Marine Animals DNA
Kit (Beijing, China). The quantity and quality of extracted
DNA were estimated on 0.8% agarose gels stained with
ethidium bromide.

16S rRNA Gene Amplification and Sequencing

The mitochondriall6S rRNA gene was amplified

using two pairs of primers 16S-1F  (5'-
AAAGCATTCAGTTTACACCTGA-3'), 16S-1R (5'-
AAGTTCCGCAGGGTCTTCTCG-3'), 16S-2F (5'-

ACAGGAGCGTAGGATAAGAAAG-3') and 16S-2R (5'-
ATTGGGGAGGGGAGTTG-3') designed from the reported
mtDNA sequences of P. sinensis (Jungt et al. 2006;
GenBank accession numbers: AY962573). PCR
amplification was performed using a final concentration
of 0.4 uM of each primer, 1 x MasterMix (Cwbiotech,
Inc., Beijing) and, 100 ng DNA templates. The
amplification conditions were: 94 °C for 5 min; followed
by 35 cycles of 94 °C for 30 s, 52-54 °C for 30's, and 72
°C for 90 s; and a final extension at 72 °C for 10 min. The
PCR product was purified using a DNA Purification Kit
from Cwbiotech, Inc. (Beijing), in accordance with the
manufacturer's instructions, and was subsequently
sequenced by Sangon Biotech, Inc. (Shanghai).

16S rRNA Gene Sequence Data Analysis

Sequences were edited by BioEdit 7.2.5 and
aligned using the ClustalW 2.0.11 at the default
parameters. Gene diversity analyses were performed
with the software package DnaSP 6.12.03. For each data
set, we computed gene diversity statistics at the
haplotype and nucleotide levels. An analysis of
molecular variance (AMOVA) and the significance of
genetic differentiation among populations was
documented in Arlequin 3.5.2.2 by calculating fixation
indices  (Fst). Phylogenetic  relationships  were
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reconstructed using the maximum likelihood method in
MEGA 12.1. The median-joining network was
constructed using Network 10.2 software.

SSR Amplification

Ten samples of each population were screened for
variation at each of the 12 microsatellite loci (CST26,
CST28, CST42, CST43, CST46, CST47, CST52, CST57,
PS106, PS107, PS110, PS112) (Bu et al. 2011; Ma et al.
2014). PCR amplifications were performed in reaction
mixtures of 10 uL containing 1U DNA polymerase
(TaKaRa, Japan), 1uL PCR buffer (TaKaRa, Japan), 1 uL
template DNA (50 ng/uL), 0.8 uL dNTP (2.5 mM), 0.2 pL
(10 puM each) and 6.6 pL distilled water. The
amplification conditions were conducted as follows:
95°Cfor 5min; followed by 35 cycles of 94°C for 30 s,
60°C for 30 s, and 72°C for 45 s; and a final extension at
72 °C for 7 min. Each forward primer for the
microsatellite loci was labeled with a fluorescent dye at
its 5' end. The amplified products were then analyzed on
an ABI PRISM 3730 Genetic Analyzer, utilizing LIZ 500
(Applied Biosystems) as the internal size standard.
Microsatellite alleles were accurately sized and

SSR Data Analysis

The observed heterozygosity (Ho), expected
heterozygosity (He), and mean polymorphic information
content (PIC) were calculated using Cervus 3.0.7. The
number of alleles (Na) was estimated using Popgene
1.32. The genetic relatedness of individuals was
analyzed by GenAlEx 6.51.

Results
16S rRNA Gene Sequence Analysis
Genetic Diversity

After PCR amplification and sequencing, we
obtained 138 fragments of the 16S rRNA gene. In these
sequences, the proportions of A, T, C, and G are 40.22%,
22.49%, 21.47%, and 15.82%, respectively. The A-T
content (62.71%) is greater than the G-C content
(37.29%). These sequences contain 102 variable
(polymorphic) sites, including 35 singleton variable sites
and 67 parsimony-informative sites. A total of 49 unique
16S rRNA gene haplotypes (designated as H1 to H49)

characterized using GeneMarker software were identified (GenBank accession numbers:
(SoftGenetics), which determined the allele count, PQ686693-PQ686741) (Figure 2).
range, and distribution.
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Figure 1. A map showing the sampled populations of Pelodiscus sinensis. HH: Huanghe population (Shandong province; JP: Japan
population (Zhejiang province); DQ: Deqing population (Zhejiang province); SY: Songyang population (Zhejiang province); DT:
Dongtinghu population (Hunan province); HS: Huangsha population (Guangxi province).
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The haplotype distribution across the different
geographical populations is as follows: 11 haplotypes
were identified in DQ, representing 61% of its samples;
12 haplotypes were found in DT, comprising 60% of its
samples; 8 haplotypes were detected in HH, accounting
for 40% of its samples; 13 haplotypes were observed in
HS, making up 65% of its samples; 4 haplotypes were
present in JP, corresponding to 20% of its samples; and
19 haplotypes were recorded in SY, covering 47.5% of its
samples. Among the 49 haplotypes, H2 and H9 are
widely distributed across the DQ, DT, HH, JP, and SY
populations. H8 is also broadly found in DQ, DT, HH, and
SY populations. These are considered widely distributed
haplotypes. Additionally, H7 is present in the DQ, HH,
and SY populations. H3, H21, H22, H23, and H24 are
each found in at least two geographical populations. The
remaining 40 haplotypes were identified in only a single
geographical population (Table 1).

The haplotype diversity (Hd) and nucleotide
diversity (Pi) of the six populations ranged from 0.642 to
0.989 and from 0.0050 to 0.0150, respectively (Table 2).
This resultindicates that all populations of the P. sinensis
exhibit relatively high genetic diversity (Hd>0.5,
Pi=0.005; with the HH population having a Pi of 0.0050).
When comparing the different geographical
populations, the DT and HS populations showed the
highest haplotype diversity (Hd= 0.9890) and nucleotide
diversity (Pi= 0.0150), respectively. In contrast, the JP
and HH populations had the lowest haplotype diversity
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(Hd= 0.6420) and nucleotide diversity (Pi= 0.0050),
respectively. Overall, the DT population exhibits high Hd
(0.9890) and Pi (0.0110) values, indicating a greater level
of genetic diversity.

Population Structure

The AMOVA analysis revealed that 34.75%
(P<0.01) of the total genetic variance is distributed
among populations, while 65.25% (P<0.01) is distributed
within populations. This indicates that the majority of
genetic variation occurs within populations, although
there is also a high level of genetic differentiation
between populations. The pairwise Fst values ranged
from 0.012 to 0.184 (Table 3). Overall, Fst values
predominantly fall between 0.05 and 0.15, indicating
moderate levels of genetic differentiation between
most populations. Notably, higher levels of genetic
differentiation are observed between the HS and HH
populations, as well as between JP and HS, with Fs
values of 0.174 and 0.184 (Table 3), respectively. These
high Fs values suggest a substantial degree of genetic
differentiation between these pairs of populations. In
contrast, the Fs: values between JP and DQ, HH and DQ,
and HH and SY are 0.012, 0.026, and 0.023 (Table 3),
respectively, indicating relatively low levels of genetic
differentiation among these populations.

As shown in Figure 3A, all haplotypes clustered into
two major clades, with each clade comprising
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Figure 2. Variable nucleotide positions and haplotypes of mitochondrial 16S rRNA gene in six populations of P. sinensis. Identity
with the first sequence is indicated by dots (.), while insertions or deletions are represented by short horizontal lines (-). H1 to

H49 respectively represent haplotype 1 to haplotype 49.
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haplotypes from 6 and 3 populations, respectively,
indicating a mixed distribution of haplotypes from
different  geographic  populations  within  the
phylogenetic tree. Notably, the haplotypes of the SY and
HH populations, the HS and DT populations, as well as
the DQ and JP populations, tended to cluster closely
together, suggesting closer genetic relationships among
these geographic populations. In contrast, haplotypes
from other geographic populations rarely grouped
together (Figure 3A), indicating greater genetic distance
between them (a neighbor-joining tree of P.
sinensis haplotypes showed the same results; data not
shown). The median-joining network analysis yielded
similar results (Figure 4B). These results are consistent
with the previously mentioned moderate levels of
genetic differentiation observed among most
geographic populations.

SSR Analysis
Genetic Diversity

Based on the amplified profiles from 12 highly
polymorphic microsatellite loci, a total of 206 alleles
were scored across all loci in 60 individuals, with an
average of 17.2 alleles per locus (ranging from 4 to 27).
The average observed heterozygosity (Ho) was 0.617
(ranging from 0.182 to 0.941), while the expected
heterozygosity (He) ranged from 0.261 to 0.946, with an
average of 0.800. The polymorphism information
content (PIC) varied from 0.772 to 0.928, averaging
0.857 (Table 4). The substantial number of alleles, along
with the high levels of observed and expected
heterozygosity, as well as the high PIC values, all indicate
a rich genetic variation within the studied P. sinensis
populations.

Table 1. Haplotype distribution of the 16S rRNA gene in six populations of P. sinensis

Haplotypes DQ DT HH HS JP SY Total | Haplotype DQ DT HH HS JP SY Total
H1 1 1 H26 2 2
H2 5 1 2 14 1 23 H27 1 1
H3 3 1 4 H28 7 7
H4 1 1 H29 1 1
H5 1 1 H30 1 1
H6 1 1 H31 1 1
H7 1 8 8 17 H32 1 1
H8 1 1 1 7 10 H33 1 1
H9 2 1 2 3 2 10 H34 1 1
H10 1 1 H35 1 1
H11 1 1 H36 1 1
H12 2 2 H37 1 1
H13 8 8 H38 1 1
H14 1 1 H39 1 1
H15 1 1 H40 1 1
H16 1 1 H41 3 3
H17 1 1 H42 1 1
H18 1 1 H43 1 1
H19 1 1 H44 1 1
H20 1 1 H45 1 1
H21 1 3 4 H46 1 1
H22 1 2 3 H47 1 1
H23 2 1 3 H48 1 1
H24 3 4 7 H49 1 1
H25 1 1

The number of samples collected from each population was as follows: 18 samples from Deqing population (DQ), 20 samples each from Dongtinghu
population (DT), Huanghai population (HH), Huangsha population (HS), and Japan population (JP), and 40 samples from Songyang population (SY).

H1 to H49 correspond to haplotypes 1 through 49, respectively.

Table 2. Population genetic polymorphism elucidated through mitochondrial 16S rRNA gene sequencing and SSR analysis

Mitochondrial 16S rRNA gene data

SSR data

Population Haplotypic diversity(Hd) Nucleotide diversity (Pi) Observed alleles number (N,)  Observed heterozygosity (H,)
DQ 0.9080 0.0090 7.00 0.6100
DT 0.9890 0.0110 8.83 0.5600
HH 0.8210 0.0050 9.00 0.6300
HS 0.8990 0.0150 8.17 0.6300
JP 0.6420 0.0080 7.75 0.6200
SY 0.9210 0.0060 8.67 0.5700
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Table 3. The F,;: value among six populations of P. sinensis, based on SSR data (below diagnosis) and mitochondrial 16S rRNA gene
data (above diagnosis)

DQ DT HH HS JP SY
DQ - 0.107* 0.026 0.151* 0.012 0.052*
DT 0.056* - 0.124 0.111* 0.139* 0.126*
HH 0.052 0.083 - 0.174* 0.075%* 0.023
HS 0.131* 0.050* 0.065* - 0.184* 0.138*
JP 0.027 0.073* 0.065* 0.124* - 0.121*
SY 0.099* 0.021 0.017 0.051* 0.102* -
*indicated Fs: value’s level of significance at P<0.05.
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Figure 3. Phylogenetic trees and median-joining network analysis based on haplotypes of mitochondrial 16S rRNA gene. (A)
Maximum likelihood tree of P. sinensis haplotypes based on mitochondria 16S rRNA gene. The numbers preceding the population
codes, which follow the haplotype designations, indicate the number of individuals assigned to each respective haplotype. (B) The
median-joining network based on 49 haplotypes of P.sinensis. Different colored rectangles represent distinct populations, with
the area of each rectangle proportional to the number of haplotypes it represents. H1 to H49 represent haplotypes 1 to 49,
respectively. DQ: Deqing population; JP: Japan population; DT: Dongtinghu population; SY: Songyang population; HH: Huanghe
population; HS: Huangsha population.
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When examining the different geographical
populations, the observed number of alleles (No) and
observed heterozygosity (Ho) across the six populations
ranged from 7.00 to 9.00 and from 0.5600 to 0.6300,
respectively (Table 2). The HH population exhibited the
highest Nq (9.00), while both the HH and HS populations
showed the highest Ho, (0.6300). Conversely, the DQ
population had the lowest N, and the DT population
displayed the lowest H, (0.5600) (Table 2).

Population Structure

Analysis of molecular variance and population
differentiation in six populations were calculated. The
AMOVA analysis indicated that 30.53% (P<0.01) of the
total genetic variance is distributed among populations
and 69.47% (P<0.01) is distributed within populations.

The pairwise Fst values ranged from 0.017 to 0.131
(Table 3). Generally, these Fst values are predominantly
within the range of 0.05 to 0.15, as observed in the 16S
rRNA analysis. Notably, the Fs: values between JP and
DQ, SY and DT, and SY and HH are 0.027, 0.021, and
0.017, respectively (Table 3), indicating a relatively low
level of genetic differentiation among these population
pairs.

Based on the calculated genetic distances, the
phylogenetic tree constructed from SSR data revealed a
pattern largely consistent with the 16S rRNA analysis:
most P. sinensis individuals exhibited a mixed
distribution across geographic populations (Figure 4A).
Notably, individuals from HS and DQ rarely clustered
together, whereas those from JP and DQ frequently
grouped together, despite being dispersed across
multiple branches of the tree (Figure 4A). At the

DQ

JF @

DT

sYe®
HH

HS @

0.62 0.72 0.81

0.91 1.00

Figure 4. Phylogenetic relationships of P. sinensis individuals and populations inferred from SSR markers. (A) Genetic relatedness
among 60 individuals, with tips color-coded by population of origin. (B) Neighbor-joining tree of six P. sinensis populations.
DQ: Deqing population; JP: Japan population; DT: Dongtinghu population; SY: Songyang population; HH: Huanghe population;

HS: Huangsha population.
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population level, the phylogenetic tree showed that SY,
DT, HS, and HH formed one clade, while DQ and JP
formed a distinct, separate clade (Figure 4B), indicating
a closer genetic relationship between DQ and JP, as
revealed by the 16S rRNA analysis.

Correlation Analyses of Geographic Distance and
Genetic Differentiation Based on 16S rRNA and SSR
Data

A correlation analysis between geographic
distance and Fst was performed (Figure 5). Initial analysis
based on 16S rRNA gene data revealed a moderate
linear relationship between the two variables
(Figure 5A). However, the Fst values for the DQ-HH and
SY-HH population pairs markedly deviated from the
fitted geographic distance—Fst regression line. After
removing these outliers, Fst showed a significant positive
correlation with geographic distance (Figure 5B),
supporting the presence of an isolation by distance
pattern. In contrast, no significant association between
Fs« and geographic distance was observed in the SSR
dataset (Figure 5C), suggesting that recent gene flow or
anthropogenic activities may have disrupted the natural
pattern of isolation by distance.

Discussion
Genetic Diversity of P. sinensis

Genetic diversity is an important component of
biodiversity. The higher the genetic diversity within a
population, the stronger its ability to adapt to the
environment, which in turn benefits the survival and
expansion of the population (Barrett and Schluter,
2008). Molecular genetics is the most important tool for
evaluating genetic diversity, including methods that
utilize mitochondrial DNA and nuclear DNA. In China, P.
sinensis is an aquatic animal with significant economic
value, therefore it is necessary to conduct periodic
analyses of its genetic diversity to monitor the dynamics
of its population diversity and ensure good genetic
quality. This study integrates the results of 16S rRNA
gene and SSR analysis to evaluate the genetic diversity
of six populations of P. sinensis (DQ, DT, HH, HS, JP, SY)
to understand the current state of genetic resources of
P. sinensis.

In our study, we found that the Hd and Pi ranged
from 0.6420 to 0.9890 and 0.0050 to 0.0150,
respectively, as determined by 16S analysis. The Hd and
Pi are key parameters for assessing genetic diversity and

Table 4. Genetic polymorphism among population based on 12 SSR loci

Number of alleles

Observed heterozygosity

Expected heterozygosity

Polymorphism information

Locus (Na) (Ho) (He) content (PIC)
PS106 4 0.367 0.505 0.772
PS107 9 0.467 0.627 0.781
PS110 12 0.182 0.261 0.753
PS112 11 0.500 0.824 0.788
CST26 25 0.941 0.914 0.893
CST28 22 0.471 0.933 0.914
CST42 18 0.441 0.918 0.898
CST43 27 0.794 0.946 0.928
CST46 20 0.647 0.924 0.904
CST47 19 0.853 0.918 0.897
CST52 20 0.824 0.910 0.854
CST57 19 0.912 0.923 0.903
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Figure 5. Analysis of isolation by distance for different genetic markers. (A) Correlation between geographic distance and Fs: using
16S rRNA data. (B) Same as (A), but excluding the DQ-HH and SY-HH population pairs. (C) Correlation based on SSR data.
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have been widely used in studies of various aquatic
species (Gao et al., 2017; Liang et al., 2021). Grant and
Bowen (1998) proposed that a Hd of 0.5 and a Pi of 0.005
are critical thresholds that divide population events into
four patterns: the first pattern has low Hd and Pi
(Hd<0.5, Pi<0.005); the second pattern has high Hd but
low Pi (Hd>0.5, Pi<0.005); the third pattern has low Hd
but high Pi (Hd<0.5, Pi>0.005); and the fourth pattern
has both high Hd and Pi (Hd>0.5, Pi>0.005). The P.
sinensis examined in this study falls into the fourth
category, indicating that all the populations have high
genetic diversity. This is consistent with the results
obtained by Huang et al. (2012) using mitochondrial
DNA D-loop region in JB, HH and HS populations.

In the SSR analysis, the Na, Ho, He, and PIC are
crucial parameters for assessing the genetic diversity of
a population and are positively correlated with genetic
diversity (Li et al., 2024). In these parameters, the PIC
refers to the probability that a particular allele marker in
an offspring comes from the same allele in its parent,
and the average PIC is an ideal measure of allelic
fragment polymorphism. Botstein et al. (1980)
suggested that when PIC is greater than 0.5, the locus is
highly polymorphic; when 0.25<PIC<0.5, the locus is
moderately polymorphic; and when PIC is less than 0.25,
the locus is considered to be of low polymorphism. In
aquatic animals, this standard has been widely applied
(Li et al., 2011; Zheng et al., 2023; Gong et al., 2024). In
this study, the Na and Ho values for all six populations
were at high levels. The PIC range was 0.772 to 0.928,
with an average of 0.857, greater than 0.5, suggesting a
high abundance of polymorphic loci and high genetic
diversity. This result aligns with the findings of Zhang et
al. (2013) who reported that P. sinensis exhibits an
elevated PIC in several populations in China. These
results indicate that the P. sinensis examined has high
genetic diversity. This finding is consistent with the
genetic diversity assessments of Pelodiscus sinensis
reported by Liang et al. (2021) and Liang et al. (2025),
which is beneficial for future germplasm screening and
the development of superior breeds. However, we note
that among the analyzed populations, the HH
population exhibited relatively low Hd and the lowest Pi,
while the JP population showed the lowest Hd, along
with relatively low Pi, Na, and Ho, suggesting that both
HH and JP may harbor lower genetic diversity compared
to other populations. This reduction is likely attributable
to factors such as inbreeding or genetic bottlenecks.
Appropriate conservation and management measures
should therefore be implemented to prevent further
erosion of their genetic diversity.

Population Structure of P. sinensis

Analysis of population genetic structure helps to
reveal the evolutionary history of species, explore
mechanisms of endangerment, formulate conservation
strategies, preserve and utilize genetic resources, and
provide a theoretical basis for breeding programs. This

study utilized 16S rRNA gene and SSR analysis to assess
the genetic structure of six populations of P. sinensis
(DQ, DT, HH, HS, JP, SY). The AMOVA analysis revealed
that the majority of genetic variation (65.25% for 16S
rRNA analysis and 69.47% for SSR analysis) originated
within populations. However, there was still notable
genetic differentiation among different geographic
populations, accounting for 34.75% (from 16S rRNA
gene analysis) and 30.53% (from SSR analysis) of the
total variation. The result is consistent with that
obtained by Ding et al. (2023) using ISSR molecular
markers. This pattern, where the majority of genetic
variation occurs within populations rather than among
them, is commonly observed in aquatic organisms
(McGlashan et al., 2001; Gao et al., 2017; Zhang et al.,
2025).

To further analyze genetic differentiation among
populations, we analyzed Fs;, an important indicator of
population genetic differentiation (Wright, 1965). A
higher Fst value indicates a lower level of gene flow and
higher genetic differentiation among populations.
Wright (1965) suggested that an Fs; value from 0 to 0.05
indicates very little genetic differentiation between
populations; an Fst value from 0.05 to 0.15 suggests a
moderate level of genetic differentiation between
populations; an Fst value from 0.15 to 0.25 signifies a
high degree of genetic differentiation between
populations; and an Fst value above 0.25 represents
extremely high genetic differentiation between
populations. This parameter has been applied to the
genetic structure analysis of Protosalanx chinensis and
E. lanceolatus, among others (Zheng et al., 2023; Gong
et al., 2024). In our analysis, whether using 16S rRNA or
SSR analysis, the Fst values between most populations
were in the range of 0.05 to 0.15, indicating that most
populations are at a moderate level of genetic
differentiation. This finding is consistent with recent
result reported by Liang et al. (2025). Notably, several
population pairs exhibited Fst values below 0.05,
implying very low genetic differentiation. Specifically,
the JP-DQ and SY-HH pairs showed minimal divergence
in both marker systems. Additionally, the DQ-HH pair (in
16S rRNA analysis) and the SY-DT pair (in SSR analysis)
also displayed Fs<0.05. This pattern likely reflects
frequent gene flow driven by human-mediated
translocations, such as intentional introductions, which
have homogenized the genetic composition of these
geographically distinct populations. From a breeding
perspective, crosses between genetically divergent
populations are more likely to generate heterosis
(Wirschum et al., 2023). Therefore, selecting parental
lines from populations with higher Fs values (i.e.,
greater genetic distance) may be a promising strategy
for developing superior strains of P. sinensis in future
selective breeding programs.

Under typical circumstances, as geographic
isolation increases, gene flow between populations
becomes more restricted with greater geographic
distance, leading to pronounced genetic differentiation,
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a pattern known as isolation by distance. For example,
Zhang et al. (2025) found a significant linear relationship
between geographic distance and gene flow in
Pelteobagrus fulvidraco populations. However, this
pattern is less evident in the present study. In the SSR
analysis, no clear linear relationship was observed
between Fst and geographic distance. In the 16S rRNA
analysis, the values for the DQ-HH and SY-HH population
pairs markedly deviated from the fitted geographic
distance-Fst regression line. After removing these
outliers, a significant linear relationship emerged
between geographic distance and Fs, indicating a
discernible isolation by distance. This suggests that non-
geographic factors, such as strong anthropogenic
translocations between DQ and HH, and between SY and
HH, may have played a more dominant role than
geographic distance in shaping the genetic structure of
P. sinensis populations. Interestingly, a notable
discrepancy exists between the 16S rRNA and SSR
results. The SSR data likely reflect the impact of recent
(past few decades) anthropogenic translocations among
P. sinensis populations, whereas data from the 16S rRNA
gene (mtDNA) still retain signals of deeper, historical
population relationships.

Conclusions

In this study, we found high Hd and Pi through 16S
rRNA gene sequence analysis, and detected high Na and
Ho through SSR analysis for all six P. sinensis populations.
The PIC range was 0.772 to 0.928, with an average of
0.857, which is greater than 0.5, suggesting a high
abundance of polymorphic loci. These findings indicate
that the P. sinensis populations exhibit high genetic
diversity, and the genetic resources are favorable, which
is beneficial for future breeding work. Analysis of
population genetic structure showed that, whether
using 16S rRNA or SSR analysis, genetic variation within
populations was greater than between populations. The
Fst values between most populations were in the range
of 0.05 to 0.15, indicating that most populations are at a
moderate level of genetic differentiation. This research
provides fundamental genetic data for P. sinensis, offers
methodological references for future assessments of
genetic diversity, and provides data support for resource
utilization and development.
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