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Genetic diversity analysis of four
Parabramis pekinensis populations
based on microsatellite markers

Yuting Liu™, ChunmeiYan"?, Haibo Li, Xiangqin Jin, Peng Liu, Weigiang Chen, Huiji Liu,
Ying Zhang & Jianan Liu

To investigate the germplasm differences between northern and southern populations of Parabramis
pekinensis and analyze their genetic diversity and population structure, this study employed 10
developed microsatellite markers to analyze 133 individuals collected from the Yangtze River Basin
(Jiangsu JS, Hunan HN) and the Amur River Basin (Jilin JL, Heilongjiang HLJ). The HLJ population

is considered a wild stock, while the other three groups are classified as cultured populations. The
analysis revealed that four Parabramis pekinensis populations exhibited high levels of genetic diversity,
with polymorphic information content (PIC) ranging from 0.5130 to 0.6142. A total of 249 alleles were
detected, among which the HN population showed the highest genetic diversity (Na=8.0+4.59).

The analysis of molecular variance (AMOVA) revealed significant genetic differentiation among
populations, with 34% of gene variation attributed to inter-population differences (Fst=0.337). The
UPGMA clustering and STRUCTURE analysis (optimal K = 3) grouped the JL and HLJ populations into

a single cluster, which subsequently merged with the JS population to form a larger clade. In contrast,
the HN population was distinctly separated as an independent branch. The study demonstrates that
the HN population of P. pekinensis should be prioritized for conservation as a distinct genetic unit,

with the enhancement of habitat connectivity among northern populations could effectively mitigate
genetic diversity loss. These findings provide a scientific foundation for the preservation of P. pekinensis
germplasm resources.
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Parabramis pekinensis is classified within the order Cypriniformes, family Cyprinidae, subfamily Cultrinae, and
genus Parabramis. This species is distributed extensively, with a primary habitat in rivers and lakes within China’s
major river systems, including the Amur River basin, the Yangtze, and the Pearl Rivers. Additional occurrences
have been reported in North Korea and Russia. P. pekinensis is highly regarded for its tender and delicate flesh,
exquisite flavour, and high nutritional value, thus classifying it as a premium freshwater fish with significant
market potential. The genetic diversity of P. pekinensis has been subject to a substantial decline as a consequence
of habitat fragmentation. As a pelagic-egg spawning species, its reproductive capacity is significantly diminished
by the development of hydraulic infrastructure, thereby posing a substantial threat to the viability of its
population. Furthermore, practices such as lake reclamation for farmland, overfishing, unsustainable artificial
domestication, and unscientific management have collectively led to a drastic decline in the germplasm resources
of P. pekinensis, causing severe erosion of its genetic diversity.

In recent years, research on P. pekinensis has focused on the mechanisms of gonadal development!, external
morphological characteristics®?, dynamics of trophic niches?, and structure of gut microbial communities.
However, systematic investigations into its germplasm resources remain relatively insufficient, particularly
regarding the evaluation of genetic diversity and characterization of the genetic structure among different
regional populations of P. pekinensis, for which there is currently a paucity of relevant reports.

Microsatellite markers are defined by three characteristics: codominant inheritance, high mutation rates
and locus-specific variations. The capable to discern subtle population differentiation with a high degree of
precision has led to the extensive utilisation of these methods in the evaluation of genetic structure and diversity
in a multitude of fish species® !, In recent years, microsatellite markers have been successfully developed and
used to evaluate the genetic diversity of various cyprinid species!!~!%. However, there are currently no published
microsatellite markers specifically available for the P. pekinensis.
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Materials and methods

Ethic statement

All sampled Parabramis pekinensis were neither endangered nor protected species. According to Chinese
regulations, no special permits are required for catching Parabramis pekinensis in natural waters. This study was
approved by the Institutional Animal Care and Use Committee of Jilin Fisheries Research Institute (Approval
No. JFRIAEC-2023-015), and all procedures were conducted in strict compliance with the ARRIVE guidelines.
All experiments were performed in accordance with national laws and institutional guidelines for animal care
and use established by Jilin Fisheries Research Institute.

Collection of experimental materials

A total of 133 P. pekinensis individuals were collected from wild samples in Fuyuan County, Heilongjiang
Province (48°21'18.062” N, 134°1632.007” E) (HLJ, n=14); cultured samples in Jilin City, Jilin Province
(43°57'2.200" N,126°41'23.087" E) (HLJ, n=14) (JL, n=52); cultured samples in Jingjiang County, Jiangsu
Province (31°551.878" N, 120°8'47.480" E) (JS, n=22), and cultured samples in the Hunan Academy of Aquatic
Sciences (28° 16" 14.833" N, 113°6'19.459” E) (HN, n=45). The average overall length was 9.78 cm. The average
body length was 7.92 cm, the average height was 2.55 cm and the average body mass was 8.07 g. The HL]J and
JL populations were from the Heilongjiang River system and the HN and JS populations were from the Yangtze
River system. The collected fin tissues were preserved by immersion in 95% ethanol. The DNA was extracted
using the QIAGEN DNeasy Blood & Tissue Kit according to the instructions. Its integrity was verified by 1%
agarose gel electrophoresis, and its concentration and purity were detected using the NanoDrop 2000 Micro
UV-Vis Spectrophotometer. The DNA was diluted to 50 ng/uL, and then stored at — 20 °C for storage.

Microsatellite primer design and screening

Using the publicly available reference genome GCA_018812025.1 of Megalobrama amblycephala from the NCBI
database. SSR Hunter was used to search for microsatellite regions. Sequences with more than eight trinucleotide
repeats were selected as candidate sequences. Primers were designed using Primer Premier 5.0. The primers
were synthesized by Beijing Le8 Technology Co. The PCR reaction system contained a total volume of 25 yuL,
including 2 pL (50 ng) of DNA template, 0.5 pL (20 uM) of primers, 0.5 uL of ANTPs, 2.5 pL of 10xPCR
buffer, 0.5 uL of Taq DNA polymerase (Takara) and 18.5 uL of ddH,O. Amplification was performed using a
GeneAmp PCR System 9600 manufactured by PerkinElmer, USA. The PCR reaction conditions were as follows:
pre-denaturation at 95 °C for 5 min; 35 cycles, each consisting of 30 s at 95 °C, 30 s at 56 °C and 30 s at 72 °C and
a final extension at 72 °C for 10 min. Forty-eight pairs of microsatellite primers were obtained.

Three samples were selected from each population to screen the polymorphic primers. PCR reaction system
was 15 pL, including 0.8 uL of TP-M13 (5 mM), 1 uL of primers (5 mM), 7.5 pL of PCR Mix, 1.5 pL of DNA
template, and ddH20 was added to 15 puL. Amplification was carried out by TP-M13-SSR fluorescence labeling
PCR. The PCR reaction program was as follows: pre-denaturation at 94 °C for 2 min; 5 cycles, (each cycle
denaturation at 94 °C for 30 s, annealing temperature starting from 60°C, lowering 1 °C to 55 °C for each cycle,
extension at 72 °C for 30 s); 30 standard cycles (30 s at 94 °C, 30 s at 55 °C, 30 s at 72 °C); 10 labeling cycles (30 s
at 94 °C, 30 s at 53 °C, 30 s at 72 °C), and final extension at 60 °C for 30 min to ensure product integrity. After the
PCR reaction, the amplification products were detected by agarose gel electrophoresis, and those with the target
bands were selected for detection on the 3730xl Genetic Analyzer. The results of electrophoresis detection were
analyzed with Genemapper 4.0 and to Size results, and then the results of each pair of primers were analyzed,
if the number of alleles was greater than or equal to three, it indicated that the primer was polymorphic, and it
could be used as molecular markers for genetic diversity analysis at a later stage.

Finally, 10 pairs of microsatellite primers with good polymorphism were selected and detailed sequence
information is listed in Table 1(Accession number: BankIt2968220 CCB-2 PV765790, BankIt2968220 CCB-
3 PV765791, BanklIt2968220 CCB-5 PV765792, BankIt2968220 CCB-6 PV765793, BankIt2969170 CCB-7
PV771622, BanklIt2969170 CCB-10 PV771623, BankIt2969170 CCB-11 PV771624, BankIt2969170 CCB-13
PV771625, BankIt2969170 CCB-14 PV771626 and BanklIt2969170 CCB-15 PV771627). The collected samples
were subjected to PCR amplification, the PCR products were subjected to agarose gel electrophoresis, and the
genotypes of each SSR locus of each sample were detected using a 3730xl Genetic Analyzer (Applied Biosystems,
USA).

Data analysis
We used POPGENE 3.2° to analyse the genotypes of different loci across populations to calculate the following
parameters for each microsatellite locus: the number of alleles (Na), the effective number of alleles (Ne), the
observed heterozygosity (Ho), the expected heterozygosity (He), Shannon’s information index (I), Nei’s standard
genetic distance, the inbreeding coefficient (Fis), the fixation index (Fst), the gene flow (Nm) and the Hardy-
Weinberg equilibrium test (p-value), We also constructed phylogenetic trees among populations based on
Nei’s genetic distance. Polymorphic information content (PIC) was calculated using Cervus 3.0.7'°. Molecular
variance analysis (AMOVA) was conducted using Arlequin version 3.5.2.2'7. The GenAlEx 6.5 Excel add-in'®
was employed for chi-square tests of Hardy-Weinberg equilibrium, as well as principal coordinates analysis
(PCoA) based on pairwise genetic distances among populations and individuals.

Population genetic structure was analyzed using Structure Selector'®, which determined the optimal K value
based on two criteria: Mean InP(K)?® and AK*!. The integrated CLUMPAK program was then used to generate
the final graphical results.
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Locus Peimer sequences (5'-3") Size(bp) | Repeat motif | Na Ne Ho He 1 PIC

F: AGAGCTGCTCGTGATGATTAA
CCB-2 R: GAGGAACGCTTGAGTTTGG 352 (CAT)10 4.5000 | 2.5269 | 0.4588 | 0.5850 | 1.0639 | 0.5187
F: AAAGGACTGAGGCTTCAAACA
R: TCTCCGTCTTCCTCTGGTTC

F: AGGTTCGTTCAGAGGCAGTG
CCB-5 R: CGTGTCGAGCGTTTCCAG 217 (TGA)8 4.0000 |2.3773 | 0.6172 | 0.5861 | 1.0349 | 0.5180
F: TAATTGTATCCTGTAAAGCGTCCTT
R: TTGGGTTCATCATCTCACCTTC

F: CGGAAAGAACGTCATCAGC

CCB-7 R: AAATGTTACCCATCCCAAACT 196 (AAT)7 3.0000 | 1.5035 | 0.3534 | 0.3117 | 0.5540 | 0.2801

F: CAGCTTCCTTCGGTTCTGC

CCB-3 323 (TGGA)7 5.0000 |2.4189 | 0.5092 | 0.5930 | 1.0930 | 0.5446

CCB-6 336 (TAT)10 5.5000 |2.7994 | 0.6243 | 0.6535 | 1.2633 | 0.6091

CCB-10 R: GTCCAAATCCCATCATTAGTGTAT 253 (TGT)8 4.7500 | 2.8353 | 0.5980 | 0.6469 | 1.2031 | 0.5722
CCB-11 f{ 22%%%22?;531?3(?:?%2&(;(: 164 (TCTA)16 15.2500 |9.7019 | 0.7721 | 0.9070 | 2.4210 | 0.8794
CCB-13 f{ éﬁgggiﬁgiiéﬁgéﬁﬁgﬁGGTG 282 ggg)); 4.5000 | 1.6997 | 0.3555 | 0.3557 | 0.7153 | 0.4346
CCB-14 f{ é&%%gg%%ié%%%g%&ér%?fTT 248 (TCA)8 4.0000 | 1.7432 | 0.3646 | 0.4270 | 0.8005 | 0.3744
CCB-15 E ?gégég%;?ggggéi?g%Ach 339 (ATCT)12 11.7500 | 7.2112 | 0.7986 | 0.8580 | 2.1093 | 0.8000
Mean 6.2250 | 3.4817 | 0.5412 | 0.5924 | 1.2258 | 0.5531

Table 1. Information on 10 pairs of microsatellite primers and genetic diversity parameters of 133 Parabramis
pekinensis. Na, Number of alleles; Ne, Number of effective alleles; Ho, Observed heterozygosity; He, Expected
heterozygosity; I, Shannon’s information index; PIC, Polymorphism information content.
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Fig. 1. Allelic peak profiles of microsatellite loci in representative P. pekinensis individuals (allele sizes in base
pairs, bp).

Results and analysis

SSR genotyping results

Genomic DNA was extracted from 133 P. pekinensis tissue samples. This was followed by PCR amplification
using 10 microsatellite primer pairs. The amplification products were separated by capillary electrophoresis, and
genotypes were analyzed using GeneMapper software. Figure 1 displays the allele peak profiles of selected loci
in representative individuals.

Genetic diversity
We evaluated the genetic diversity of four P. pekinensis populations using 10 microsatellite primer pairs. We
analyzed the number of alleles (Na), the effective number of alleles (Ne), the observed heterozygosity (Ho),
the expected heterozygosity (He), the Shannon’s index (I), Nei’s standard genetic distance, and polymorphic
information content (PIC) (Table 2). A total of 249 alleles (Na) were detected, with an average of 6.225 per locus.
The He values ranged from 0.0714 to 0.9656, and I values from 0.1541 to 2.7502. Nefi’s genetic distance ranged
from 0.0689 to 0.9311. The average I values for all populations exceeded 1, indicating high genetic diversity. PIC
values calculated using specialized software showed a maximum of 0.9268, a minimum of 0.0665, and an average
of 0.5554 (PIC>0.5). Notably, two microsatellite loci (CCB-7, CCB-13) exhibited PIC values below 0.3, whereas
the remaining loci showed PIC values above 0.3, demonstrating that most markers were highly polymorphic.
Hardy-Weinberg equilibrium (HWE) tests were performed on the 10 microsatellite loci across the four
populations. Among these, 27 loci conformed to HWE (p>0.05), while 13 loci significantly deviated (p <0.05).
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locus Group | Na Ne Ho He Neil I PIC H-wW
IS 3 1.6026 | 0.4545 | 0.3848 | 0.3760 | 0.6889 | 0.3436 | 0.640387
CCB2 HLJ 4 2.4968 | 0.5000 | 0.6217 | 0.5995 | 1.0762 | 0.5322 | 0.095086
JL 4 2.5642 | 0.4808 | 0.6159 | 0.6100 | 1.0897 | 0.5397 | 0.000000
HN 7 3.4439 | 0.4000 | 0.7176 | 0.7096 | 1.4017 | 0.6593 | 0.000463
IS 5 2.6814 | 0.5000 | 0.6416 | 0.6271 | 1.1983 | 0.5703 | 0.041650
HLJ 5 2.6133 | 0.5714 | 0.6402 | 0.6173 | 1.1696 | 0.5601 | 0.321467
oo JL 5 1.9860 | 0.3654 | 0.5013 | 0.4965 | 0.9353 | 0.5240 | 0.761118
HN 5 2.3950 | 0.6000 | 0.5890 | 0.5825 | 1.0689 | 0.5241 | 0.074940
IN 3 2.1851 | 0.5909 | 0.5550 | 0.5424 | 0.8465 | 0.4367 | 0.514696
CCB.5 HLJ 4 2.6849 | 0.7143 | 0.6508 | 0.6276 | 1.1596 | 0.5753 | 0.312993
JL 4 2.2356 | 0.5192 | 0.5581 | 0.5527 | 1.0031 | 0.5182 | 0.909737
HN 5 2.4036 | 0.6444 | 0.5905 | 0.5840 | 1.1306 | 0.5419 | 0.677564
IN 4 2.4506 | 0.5909 | 0.6057 | 0.5919 | 1.0180 | 0.5102 | 0.914532
CCB HLJ 5 3.1870 | 0.7143 | 0.7116 | 0.6862 | 1.3239 | 0.6385 | 0.956695
JL 5 2.9504 | 0.4808 | 0.6675 | 0.6611 | 1.2415 | 0.6748 | 0.004183
HN 8 3.6096 | 0.7111 | 0.7311 | 0.7230 | 1.4709 | 0.6127 | 0.041631
IS 3 1.4556 | 0.3636 | 0.3203 | 0.3130 | 0.5944 | 0.2894 | 0.817377
CCB7 HLJ 2 1.0740 | 0.0714 | 0.0714 | 0.0689 | 0.1541 | 0.0665 | 1.000000
JL 3 1.6119 | 0.4231 | 0.3833 | 0.3796 | 0.6031 | 0.3424 | 0.830701
HN 4 1.8724 | 0.5556 | 0.4712 | 0.4659 | 0.8642 | 0.4221 | 0.552825
IN 5 2.4757 | 0.6364 | 0.6099 | 0.5961 | 1.1720 | 0.5561 | 0.871692
HLJ 5 2.5621 | 0.5000 | 0.6323 | 0.6097 | 1.1967 | 0.5662 | 0.675124
cep-10 JL 3 2.6839 | 0.5000 | 0.6335 | 0.6274 | 1.0330 | 0.4910 | 0.032024
HN 6 3.6193 | 0.7556 | 0.7318 | 0.7327 | 1.4105 | 0.6756 | 0.010656
IN 10 6.9640 | 0.8182 | 0.8763 | 0.8564 | 2.0704 | 0.8402 | 0.099290
CCB11 HLJ 17 14.5158 | 0.7143 | 0.9656 | 0.9311 | 2.7502 | 0.9268 | 0.000844
JL 15 7.9529 | 0.7115 | 0.8827 | 0.8743 | 2.3524 | 0.8641 | 0.035092
HN 19 9.3750 | 0.8444 | 0.9034 | 0.8933 | 2.5111 | 0.8847 | 0.102786
IN 3 1.2040 | 0.0000 | 0.1734 | 0.1694 | 0.3676 | 0.5582 | 0.000280
CCB-13 HLJ 5 2.4198 | 0.6429 | 0.6085 | 0.5867 | 1.1786 | 0.5524 | 0.782182
JL 3 1.1450 | 0.1346 | 0.1279 | 0.1267 | 0.2742 | 0.1638 | 0.972602
HN 7 2.0301 | 0.6444 | 0.5131 | 0.5074 | 1.0408 | 0.4642 | 0.983644
IS 3 1.6491 | 0.3182 | 0.4027 | 0.3936 | 0.6809 | 0.3440 | 0.429024
CCB-14 HLJ 3 1.5556 | 0.2857 | 0.3704 | 0.3571 | 0.6560 | 0.3254 | 0.301902
JL 4 1.7060 | 0.3654 | 0.4128 | 0.4135 | 0.7594 | 0.3372 | 0.373461
HN 6 2.0621 | 0.4889 | 0.5208 | 0.5151 | 1.1056 | 0.4911 | 0.630885
IN 6 3.6667 | 0.6818 | 0.7442 | 0.7273 | 1.4533 | 0.6810 | 0.154177
HLJ 12 9.8000 | 0.7857 | 0.9312 | 0.8980 | 2.3759 | 0.8892 | 0.000145
ces JL 16 7.1629 | 0.8846 | 0.8687 | 0.8604 | 2.3202 | 0.8486 | 0.000026
HN 13 8.2150 | 0.8444 | 0.8881 | 0.8783 | 2.2867 | 0.8665 | 0.000555
IN 4.5000 | 2.6335 | 0.4955 | 0.5314 | 0.5193 | 1.0090 | 0.5130 | -
Mean HLJ 6.2000 | 4.2912 | 0.5500 | 0.6204 | 0.5982 | 1.3041 | 0.5638 | -
JL 6.2000 | 3.1999 | 0.4865 | 0.5657 | 0.5602 | 1.1612 | 0.5304 | -
HN 8.0000 | 3.9026 | 0.6489 | 0.6657 | 0.6583 | 1.4291 | 0.6142 | -

Table 2. Parameters of genetic diversity analyzed by ten loci in populations of P. pekinensis.

Genetic structure

The analysis of genetic differentiation coefficients (Fst) and gene flow (Nm) between pairwise populations of four
Parabramis pekinensis populations (Table 3) revealed that Nm ranged from 1.3428 to 3.3530. Nm was greater
than 1 between populations, with the highest gene flow observed between the HLJ and JL populations (3.3530),
and the lowest between the HN and JS populations (1.3428). The genetic differentiation coefficients (Fst) were
less than 0.15 for other population pairs except for the HN-JS and HN-JL population pairs.

The genetic similarity coefficients and genetic distances between the four P. pekinensis populations ranged
from 0.4194 to 0.8336 and 0.1819 to 0.9567, respectively (Table 4). The HL] and JL populations exhibited the
highest genetic similarity (0.8336) and the smallest genetic distance (0.1819), while the HN and JS populations
showed the lowest genetic similarity (0.3841) and the largest genetic distance (0.9567). Analysis of Molecular
Variance (AMOVA) revealed that 34% of the genetic variation originated from differences between populations,

Scientific Reports |

(2025) 15:26694 | https://doi.org/10.1038/541598-025-10664-0 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Populations | JS HLJ JL HN

IN 1.9566 | 3.1982 | 1.1467
HLJ 0.1133 3.3530 | 1.8074
JL 0.0725 | 0.0694 1.3428
HN 0.1790 | 0.1215 | 0.1570

Tab.3. Fst (diagonal below) and gene flow (diagonal above) in four populations of P. pekinensis.

Populations | JS HLJ JL HN

IN 0.6756 | 0.7975 | 0.3841
HLJ 0.3921 0.8336 | 0.5285
JL 0.2263 | 0.1819 0.4194
HN 0.9567 | 0.6378 | 0.8689

Table 4. Nei’s genetic identity (diagonal above) and genetic distance (diagonal below) in four populations of P
pekinensis.

Sum of square Estimated | Percentage of
Source of variance | Degree of freedom | of mean deviation | Variance | total variance | Fixation index | P-value
Among populations | 3 123.923 1.292 34 0.337 0.001
Within populations | 129 328.227 2.544 66
Total 132 455.150 3.836 100

Table 5. The results of analysis of molecular variance of Parabramis pekinensis populations.
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Fig. 2. UPGMA phylogenetic tree of four P. pekinensis populations constructed based on Nei’s genetic
distance.

while 66% stemmed from variation within populations (Table 5). These results suggest significant genetic
differentiation between the four P. pekinensis populations, to varying extents.

The phylogenetic tree constructed using UPGMA method and based on Nei’s genetic distance (Fig. 2) showed
that the four P. pekinensis populations share a common ancestral origin and clustered into two major groups.
Specifically, the JL and HLJ populations first grouped together, then clustered with the JS population, while the
HN population formed a distinct group. The results of Principal Coordinates Analysis (PCoA) are shown in
Fig. 3, no significant genetic clustering was observed.

Genetic clustering analysis

The optimal genetic clustering number (K= 3) was determined by Structure Harvester analysis, revealing that the
four P. pekinensis populations were derived from three distinct ancestral gene pools (Fig. 4). Additionally, based
on Q-value statistics of the population probability distribution of the 133 samples, shows that these populations
can be categorized into three taxa: the Jiangsu population, the Heilongjiang and Jilin populations, and the Hunan
population (Fig. 5).

Discussion

Genetic diversity analysis

Genetic diversity is defined as the degree of genetic variation among individuals or populations within a species.
It is an important resource for species to cope with environmental change and human interference. Higher
genetic diversity has been demonstrated to provide populations with richer adaptive variation, thus enhancing
their survival and evolutionary potential in dynamic environments?>~2%. In this study, we obtained discrete
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Fig. 3. Principal coordinate analysis (PCoA) plot of P. pekinensis individuals based on genetic distance.
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Fig. 5. Genetic structure analysis of individuals from four P. pekinensis populations under K =3 hypothesis.
Each vertical bar represents an individual, with different colors indicating the proportional contribution of
each K genetic cluster to the individual’s genotype: 1. JS population, 2. HL] population, 3. JL population, and 4.
HN population.
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allelic data for 133 Parabramis pekinensis accessions from 4 populations based on analysis using 10 microsatellite
markers. The average polymorphic information content (PIC) for each population ranged from 0.5130 to 0.6142.
This was higher than that reported for other carp species in the Yangtze River basin, such as the bighead carp
(Hypophthalmichthys nobilis)*>2¢ and grass carp (Ctenopharyngodon idella)*’. This suggests that the P. pekinensis
population may have greater adaptive potential, which is highly valuable for breeding and resource conservation
purposes. We evaluated the genetic diversity of P. pekinensis in terms of allelic richness (Na), heterozygosity (He),
and allelic diversity (I). In the present study, the mean genetic parameters detected at each microsatellite locus
(Na=6.2250, He=0.5924, I=1.2258) indicated that the genetic diversity level of P. pekinensis was slightly lower
than that of blunt snout bream (Megalobrama amblycephala) (Na=10.000, He=0.734, [=1.755)%, a closely
related species from the genus Megalobrama. Furthermore, compared to other aquaculture fish species, the
genetic diversity of P. pekinensis was higher than that of largemouth bass (Micropterus salmoides) (Na=6.571,
He=0.484, I=0.988)* but lower than that of spotted sea bass (Lateolabrax maculatus) (Na=28.7273, He=0.8248,
1=2.3202)%.

In our study, significant genetic diversity differences were detected among the four geographically distinct
populations of P. pekinensis. In biostatistics and sampling surveys, a sample size of 30 is conventionally used
as the threshold to distinguish between large and small samples. Although the sample sizes varied across
populations in this study, the HL]J and JS populations had fewer than 30 individuals. Nevertheless, these samples
were sufficient to broadly reflect the genetic resource status of their respective regional groups. Due to the
influence of sample size on the number of alleles (Na), expected heterozygosity (He) is more commonly used to
measure genetic diversity within populations®'. When He values range between 0.500 and 0.800, the population
can be considered to possess relatively high genetic diversity*’. In conclusion, our findings demonstrate that
the HN population displayed the highest level of genetic variability (Na=8.0000, He=0.6657, 1=1.4291),
followed sequentially by the HL] and JL populations, with the JS population exhibiting the lowest diversity.
The complex hydrological conditions characteristic of the middle and lower Yangtze River basin likely generate
heterogeneous selective pressures that maintain multiple adaptive alleles through balancing selection®,
potentially accounting for the elevated genetic diversity observed in the HN population. The HL] population
(Na=6.2000, He=0.6204, I=1.3041) and JL population (Na=6.2000, He=0.5657, [=1.1612) exhibited similarly
high levels of genetic diversity. This genetic pattern may be attributed to the relatively intact aquatic ecosystem
and lower intensity of anthropogenic disturbances characteristic of the Heilongjiang River basin. In contrast, the
JS population exhibited significantly lower genetic diversity parameters (Na=4.5000, He=0.5314, I=1.0090).
As a major aquaculture region®, the cultivation of P. pekinensis in Jiangsu Province may have long relied on a
limited number of high-quality broodstocks for artificial propagation. This intensive artificial selection pressure
likely contributed to the reduced genetic diversity observed in the Jiangsu population, a phenomenon consistent
with the findings of Zhang et al.*® regarding the congeneric M. amblycephala. Genomic analyses further revealed
that farmed populations of M. amblycephala in Jiangsu experienced significant declines in key genetic diversity
indices, including allele number (Na) and heterozygosity (He), following seven generations of artificial selection.

It is particularly important to emphasize that the neutral theory of molecular evolution provides an
incomplete explanation for genetic diversity patterns. This theory originated from the flawed “molecular clock
hypothesis”, which fundamentally misinterpreted the phenomenon of genetic equidistance. Recent empirical
studies have conclusively refuted the neutral theory*’. A recent seminal study has demonstrated that the human
mitochondrial DNA genome is predominantly functional rather than neutral, providing direct empirical
evidence that falsifies the neutral theory of molecular evolution®. While short tandem repeats (STRs) were
originally postulated to be evolutionarily neutral, emerging evidence demonstrates their functional capacity
to bind transcription factors?. This paradigm shift has contributed to the development of novel theoretical
frameworks, most notably the Maximum Genetic Diversity Theory, which is progressively superseding the
neutral theory of molecular evolution”.

The Hardy-Weinberg equilibrium conditions are: infinitely large groups; random mating; there are no
mutations; there is no choice; there is no migration; there is no genetic drift (random fluctuations in gene
frequencies within a small population)*. In practical applications, populations rarely meet all ideal assumptions.
The deviation of genotype distribution from Hardy-Weinberg equilibrium is typically measured using P-values,
where lower P-values indicate greater deviations. In this study, there may be insufficient sample size, wrong
typing, or biased sample selection®!, and only 27 of the 40 polymorphic loci met the H-W equilibrium.

Genetic structure analysis

Maintaining high genetic diversity within biological populations plays a crucial role in their environmental
adaptability. Specifically, parameters such as the fixation index (FST) can effectively reflect the level of
genetic differentiation among populations, and these differences are often closely associated with ecological
adaptation processes??*3. The molecular variance analysis (AMOVA) in this study revealed that 34% of the
genetic variation occurred among populations (fixation index FST=0.337, P<0.001), while the remaining
66% of variation was distributed within populations (Table 5). This differentiation pattern aligns well with the
ecological characteristics of habitat fragmentation in freshwater fishes, likely resulting from dispersal limitations
and hydrological connectivity constraints*!. Current research demonstrates significant variation in FST values
(0.0725-0.1790) among the four geographically distinct P. pekinensis populations, indicating varying degrees of
genetic differentiation between these groups. The HN population exhibited relatively high pairwise FST values
(0.1570-0.1790) compared to other populations, which may be attributed to its geographical location. The
Yangtze River likely serves as a natural barrier that restricts gene flow between the southern HN population and
northern populations (JS, JL, HL]). A similar phenomenon was reported by Wang et al.** in Large yellow croaker
(Larimichthys crocea) populations from the South China Sea, where the Qingdao (QD) population, though
geographically located in northern waters, genetically clustered with southern populations due to restricted gene
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flow caused by natural barriers formed by the Yellow Sea and East China Sea. The JS, JL, and HL] populations
exhibited low genetic differentiation but strong genetic admixture, as evidenced by their interpopulation FST
values (0.0694-0.1133), gene flow estimates (1.9566-3.3530), and Nei’s genetic similarity coeflicients (0.6756-
0.8336). Notably, the JL and HL]J populations showed the highest Nei’s genetic similarity (0.8336) and smallest
genetic distance (0.1819), likely attributable to their hydrological connectivity—the JL population inhabits
Songhua Lake, a tributary of the Heilongjiang River system, which probably facilitates gene exchange between
these populations.

The UPGMA phylogenetic tree based on Nei’s genetic distance (Fig. 1) clustered all P. pekinensis specimens
into three major clades: one comprising the northeastern populations (JL and HL]J), one consisting of the JS
population, and one containing the HN population. This clustering pattern is consistent with the population
structure analysis (K=3) (Figs. 4, 5). In conclusion, we recommend designating the HN population as a distinct
Evolutionarily Significant Unit (ESU) for prioritized conservation, while simultaneously enhancing ecological
connectivity among northern populations’ habitats to maintain their genetic diversity levels. However, significant
discrepancies were observed among the phylogenetic tree, population structure analysis, and PCA results. These
inconsistencies may stem from the limited genetic differentiation and close genetic distances among individuals.
Furthermore, methodological differences between phylogenetic reconstruction and principal component
analysis could contribute to this divergence?>*¢. The underlying causes of these discordant patterns warrant
further investigation.

Conclusion

This study systematically analyzed the genetic diversity and population structure of four geographic populations
(JS, HN, JL, HL)) of P. pekinensis using 10 microsatellite markers. The results demonstrated that P. pekinensis
populations collectively maintained relatively high genetic diversity (mean PIC=0.5130-0.6142). Specifically,
the HN population exhibited the highest genetic variation (Na=8.0000, He=0.6657, I=1.4291), followed by
HLJ and JL populations, while the JS population showed the lowest diversity levels. Both population structure
analysis (K=3) and UPGMA phylogenetic tree consistently identified three distinct clusters: northeastern
populations (JL and HLJ) forming one branch, JS population as a separate branch, and HN population as an
independently diverged lineage. The study revealed close genetic relationships between the JS population and
northeastern populations (JL/HLJ), indicating substantial historical gene flow among these groups. The study
recommends designating the HN population as a distinct Evolutionarily Significant Unit (ESU) for prioritized
conservation due to its unique genetic divergence, while simultaneously enhancing habitat connectivity among
northern populations (JS, JL, HL]) to maintain their genetic diversity. These findings provide crucial scientific
foundations for the conservation and management of P. pekinensis germplasm resources.

Data availability
The datasets used and analysed during the current study available from the corresponding author on reasonable
request.
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