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This study aims to analyze the genetic diversity and differences among wild populations 
of Pinctada maxima, providing a foundational reference for the enhancement and 
optimization of its germplasm. In this study, we developed SSR primers based on 
simplified genome sequencing and screened 10 pairs using fluorescent PCR amplification 
to assess the genetic diversity of wild populations of P. maxima from Danzhou (DZ), 
Nansha (NS), and Xuwen (XW), China. Additionally, we investigated the genetic richness 
and the degree of differentiation among the populations. The results indicated that the 
number of alleles (Na) detected by the 10 SSR primer pairs ranged from 8 to 17 across the 
three P. maxima populations, with a total of 130 alleles. The polymorphic information 
content (PIC) varied from 0.769 to 0.865, with an average of 0.8531. All ten pairs of SSR 
primers exhibited high levels of polymorphism. The observed heterozygosity (Ho) among 
the three P. maxima populations ranged from 0.1333 to 1.000, with an average of 0.7884. 
The expected heterozygosity (He) ranged from 0.6333 to 0.8755, with an average of 
0.7815. The mean values of Hardy-Weinberg equilibrium indices (F) ranged from -0.032 
to 0.058, indicating that all populations were approximately in Hardy-Weinberg 
equilibrium, with the F values for DZ and XW populations being negative, suggesting a 
heterozygote deficit. The mean Fst value for the three P. maxima populations was 0.098, 
and molecular ANOVA revealed that 10% of the genetic differentiation occurred between 
populations, while 90% arose from individual variation. The average gene flow (Nm) 
between populations was 2.804, suggesting that genetic drift did not dominate the 
changes in population genetic structure. Among the three populations, the genetic 
distance between the DZ and XW populations was the smallest (0.3352), while the NS and 
DZ populations exhibited the greatest genetic distance (0.6462). UPGMA clustering 
analysis based on genetic distances revealed that the three P. maxima populations could 
be divided into two major groups, with the DZ and XW populations clustering 
independently into one group. Significant genetic differentiation and high genetic 
diversity were observed among the three P. maxima populations, although heterozygous 
deletions were present. Therefore, during the breeding process of P. maxima, the genetic 
diversity of the offspring can be enhanced by introducing these three populations, each 
with distinct genetic backgrounds from different marine regions and distant phylogenetic 
affinities, as parent stock. 

1. INTRODUCTION 

Pinctada maxima, commonly referred to as the white but
terfly shell, is a Grade II protected species in China and 
is considered the optimal shell for producing large, high-
quality seawater pearls, known as “Nanyang pearls”.1 P. 
maxima is a tropical and subtropical species with a rela

tively limited distribution range, primarily found in the In
dian Ocean and along the South Pacific coast. In China, it is 
predominantly distributed in the coastal waters of Hainan 
Island, the Xisha Islands, and the Leizhou Peninsula.2 It 
prefers to inhabit groups on coral reefs, shells, rocky sub
strates, and other marine environments, leading a sessile 
lifestyle.3 Since the 1980s, wild populations of P. maxima 
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have become progressively scarce and endangered. To facil
itate the proliferation of P. maxima, researchers from coun
tries including China, Australia, and Japan have been en
gaged in artificial breeding efforts, achieving significant 
advancements.4‑6 Although artificial breeding techniques 
for P. maxima have gradually matured in recent years, the 
quality of seedlings has declined, leading to significant 
losses in production operations. The causes of mortality 
in P. maxima have attracted significant attention from re
searchers, with numerous studies indicating that some 
mortality is attributed to limitations in production man
agement, while others are linked to external environmental 
factors, such as changes in water quality and viral infec
tions. However, the primary cause is the degradation of 
seedling quality due to gradual inbreeding.7,8 Therefore, to 
protect and rationally utilize its germplasm resources, it is 
both necessary and urgent to investigate the genetic diver
sity of P. maxima. 
Currently, research on gene cloning,9 microsatellite 

marker isolation and screening,10 and genetic diversity 
analysis of P. maxima11 has emerged as a prominent area of 
study. Microsatellite markers have become a routine tech
nology in aquaculture, particularly in the study of shellfish 
germplasm resources and genetic breeding. Microsatellite 
DNA, also referred to as Short Tandem Repeat (STR) DNA 
or Simple Sequence Repeat (SSR) DNA, is widely distributed 
in the genomes of eukaryotes and some prokaryotes.12 Mi
crosatellites exhibit a high degree of variability in the num
ber of repeat units, which may result in variability in the 
number of repeats or sequence divergence within the repeat 
units, leading to polymorphism at the locus. Microsatellite 
DNA is considered one of the most suitable genetic markers 
for population genetic diversity analysis due to its wide 
distribution, high polymorphism, reproducibility, confor
mity to Mendelian inheritance patterns, and co-dominance. 
Evans et al.13 used microsatellite markers to examine six 
cultured populations of Haliotis midae from South Africa 
and Haliotis rubra from Australia, finding a general de
crease in genetic diversity across all cultured populations, 
with the number of alleles reduced by 35-62% compared 
to wild populations. Han et al.14 used microsatellite mark
ers to analyze the genetic diversity of the Giant Ezo Scallop, 
employing six microsatellite loci to compare three cultured 
populations, including the Chinese population and two 
wild Japanese populations. Du et al.15 employed phenotypic 
traits, RAPD, and ISSR molecular markers to analyze the 
genetic diversity of three Perna viridis populations collected 
from Beihai (Guangxi), Zhanjiang, and Shanwei (Guang
dong), China. Although there are many species of econom
ically significant marine shellfish, only a few have been 
studied using SSR and inter-simple sequence repeat (ISSR) 
markers, and the application of these molecular techniques 
in shellfish research remains in its early stages. For P. max
ima, Smith et al.16 and Evans et al.13 identified eight and six 
polymorphic microsatellite DNA markers, respectively. Due 
to technological limitations at the time, the initial findings 
on P. maxima require further investigation and refinement. 
Moreover, most studies focused on artificially bred species, 
with limited research on the genetic diversity of wild popu

lations. With the rapid advancement of shellfish molecular 
genetics and biotechnology, the application of SSR markers 
in population genetic diversity, genetic structure analysis, 
identification of relatedness and hybrid offspring, genetic 
map construction, and the evaluation and conservation of 
P. maxima germplasm resources has become increasingly 
urgent. 
This study utilized a 96-channel fully automated ABI 

3730XL genetic analyzer to assess the genetic diversity of 
three wild P. maxima populations collected from the coastal 
areas of Danzhou (DZ), Hainan Province, China; Nansha 
City (NS), Hainan Province; and Xuwen City (XW), Guang
dong Province, China. Specific primers were designed based 
on microsatellite conserved sequences, fluorescent groups 
were incorporated, fluorescent PCR amplification was con
ducted, and the amplified products with fluorescent signals 
were detected via 3730 capillary fluorescence electrophore
sis. The fragments with varying numbers of repeat units 
exhibited peaks at distinct positions on the electrophero
gram. By interpreting the peak plots, we can identify dif
ferent alleles, thereby enabling the analysis of the genetic 
diversity of P. maxima. In conclusion, this study aims to in
vestigate the genetic diversity of three geographic popula
tions of P. maxima using SSR molecular markers, with the 
objective of revealing their genetic structure, genetic di
versity levels, and inter-population differences, as well as 
providing theoretical insights for the conservation, restora
tion, and breeding of P. maxima germplasm resources. 

2. MATERIALS AND METHODS 

2.1. MATERIAL 

Three distinct wild populations of P. maxima were collected 
from coastal areas at depths ranging from 20 to 30 meters 
in Danzhou (DZ), Hainan Province; Nansha (NS), Hainan 
Province; and Xuwen City (XW), Guangdong Province, 
China. P. maxima were temporarily reared in a land-based 
recirculating water system at the Sanya Tropical Aquatic 
Research Institute. The water exchange rate was 100–200% 
per day, and the water quality parameters were as follows: 
water temperature ranged from 29 to 30°C, salinity from 
32‰ to 33‰, pH between 7.5 and 8.2, dissolved oxygen 
≥7.2 mg·L⁻¹, ammonia nitrogen ≤0.2 mg·L⁻¹, and nitrite 
≤0.02 mg·L⁻¹. 
Fifteen healthy and viable individuals were randomly se

lected from each of the three P. maxima populations for 
sampling. Fresh closed-shell muscle tissue of P. maxima was 
excised and fixed in 70% ethanol for 2 hours, followed by 
replacement with 95% ethanol, and after 2 to 4 hours, re
placed again with 95% ethanol before being stored at -70°C. 

2.2. TESTING OF SAMPLES 

The samples were analyzed by Wuhan Tianyi Huayu Genetic 
Technology Co. The analysis process included, in sequence, 
nucleic acid extraction and detection, typing primer syn
thesis, fluorescent PCR amplification, primer polymor
phism screening, population typing pre-tests, and popu
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lation typing detection. The experimental reagents were 
provided by Applied Biosystems, GeneTech, and Axygen. 

2.2.1. SYNTHESIS OF TYPING PRIMERS 

SSR primers were designed based on simplified genome 
sequence analysis, resulting in the identification of 192 
primer pairs for subsequent experiments. The primers were 
synthesized using the splice method, with a 21-bp splice se
quence incorporated into the upstream primer during syn
thesis. PCR amplification was performed using the junction 
method, where the upstream primer containing the junc
tion sequence and the downstream primer bind to the tem
plate in the first step to generate a PCR product with the 
junction sequence. In the second step, the junction primer, 
which contains a fluorescent motif, binds to the down
stream primer of the PCR product from the first step to pro
duce a fluorescently labeled PCR product with the 21-bp 
junction sequence. 

2.2.2. FLUORESCENT PCR AMPLIFICATION 

Ten pairs of polymorphic primers were selected to analyze 
45 population samples, and PCR reactions were conducted 
using a Veriti384 PCR instrument (Applied Biosystems). 
The PCR amplification program was configured as follows: 
pre-denaturation at 95°C for 5 minutes; denaturation at 
95°C for 30 seconds, gradient annealing from 62°C to 52°C 
for 30 seconds, and extension at 72°C for 30 seconds for 10 
cycles; denaturation at 95°C for 30 seconds, annealing at 
52°C for 30 seconds, and extension at 72°C for 30 seconds 
for 25 cycles; followed by an extension at 72°C for 20 min
utes, and final storage at 4°C. After completion of the PCR 
reaction, the amplification products were analyzed using 
fluorescence capillary electrophoresis (DYY-6C, Beijing Li
uyi). 

2.3. DATA ANALYSIS 

2.3.1. ANALYSIS OF GENETIC DIVERSITY 

Various genetic diversity indices for SSR loci and popula
tions, including the number of observed alleles (Na), effec
tive number of alleles (Ne), Shannon’s index (I), polymor
phism information content (PIC), observed heterozygosity 
(Ho), expected heterozygosity (He), and inbreeding coeffi
cient (Fis), were calculated using software such as GenAlEx 
version 6.501. 

2.3.2. ANALYSIS OF POPULATION GENETIC STRUCTURE 

Genetic distances between populations were computed us
ing PowerMarker software. Cluster analysis was conducted 
using the UPGMA method, and a circular dendrogram was 
generated. Population structure analysis was conducted on 
45 samples using STRUCTURE 2.3.4, with K values ranging 
from 1 to 20, a Burn-in period of 10,000, and 100,000 it
erations for the MCMC (Markov Chain Monte Carlo). Each 
K value was run 30 times, and the optimal ∆K value was 
calculated using the online tool STRUCTURE HARVESTER. 

Plots were generated based on the optimal K value obtained 
from the analysis. The resulting plots from the structural 
analysis were visualized using CLUMPP and DISTRUCT 
software. 

2.3.3. ANALYSIS OF MOLECULAR VARIANCE (AMOVA) 
AND GENE FLOW ESTIMATION 

Based on the results of the population genetic structure 
analysis, the variation and differentiation both between 
and within populations were calculated and tested for sta
tistical significance using GenAlEx version 6.501 software. 
The coefficients of genetic differentiation (Fst) and gene 
flow (Nm) were calculated. Gene flow (Nm) was estimated 
using Wright’s (1931) formula: Nm = 0.25(1 - Fst) / Fst. 

3. RESULTS 

3.1. PRIMER SCREENING RESULTS 

A total of 192 primer pairs were sourced from the alter
native primer library, and 10 primer pairs with a polymor
phism information content (PIC) value greater than 0.7 and 
a minimum allele number of 4 were selected for further 
analysis. The details of the selected primers are presented 
in Table 1. 

3.2. GENETIC POLYMORPHISM ANALYSIS 

The genetic diversity parameters for the 10 microsatellite 
loci across 45 individuals are summarized in Table 2. A total 
of 130 alleles (Na) were detected across the 45 samples us
ing 10 primer pairs, with the number of alleles per locus 
ranging from 8 (minimum) to 17 (maximum), and an av
erage of 13 alleles per locus. The total number of effective 
alleles (Ne) was 78.798, ranging from 4.874 (PMA036) to 
10.33 (PMA164), with an average of 7.8798 effective alleles 
per locus. The Shannon Index (I) values ranged from 1.774 
(PMA036) to 2.513 (PMA164), with a mean value of 2.246. 
Observed heterozygosity (Ho) ranged from 0.455 (PMA164) 
to 1 (PMA085), with a mean value of 0.7868. Expected het
erozygosity (He) ranged from 0.795 (PMA036) to 0.903 
(PMA164), with a mean value of 0.8662. The polymorphic 
information content (PIC) values ranged from 0.769 
(PMA036) to 0.895 (PMA164), with a mean value of 0.8531. 
According to the criteria outlined by Botstein et al.,17 a PIC 
value greater than 0.50 indicates that the locus is highly 
polymorphic. The PIC values of all loci exceeded 0.7, indi
cating that all loci were highly polymorphic and suitable 
for effective analysis. The mean inbreeding coefficient was 
-0.006, with values ranging from -0.199 (PMA085) to -0.410 
(PMA164). 
The genetic parameters for the three P. maxima popula

tions at 10 microsatellite loci are presented in Table 3. In 
the NS population, a total of 56 alleles were detected, with 
the mean number of alleles being 5.6. The effective allele 
count ranged from 2.1844 to 6.7164, with a mean of 4.0028. 
Observed heterozygosity ranged from 0.1333 to 1.0, with a 
mean of 0.6985, while expected heterozygosity ranged from 
0.5422 to 0.7959, with a mean of 0.7221. The Shannon In
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Table 1. Primer Information   

Name Repeating unit Upstream primer Downstream primer Reference size 

PMA036 (ATC)9 TCTAAAGCCAATTCCTCTCTTAGTT TAACATTGCCACCTCCAACA 239 

PMA066 (CT)11 CTGTTCAGTGTTTCACTCGGA AAAAATCCGCCTCAACGATA 178 

PMA069 (TC)10 TCCATGGAAGCTGATGGAAT GGAAGTTAAAATTGTTCCTAAAATGAA 159 

PMA081 (GT)10 TCTACCCCTCATGATACAAACG GAAGCTACTGTCATTTTCCGC 130 

PMA085 (CT)13 TCAACGGTCATTCCATTTCA TTCAAGGTACCTGTTATAGCTTTGG 126 

PMA092 (CT)12 CCATTTGGCTGTTCTGAATC TTGAAATGCGAACGAGTGAG 159 

PMA127 (CT)15 TGCATGCTTCCTCACATTTT TCCCGTTCACACTTCATTTG 135 

PMA152 (TATC)5 ATATGGGCGAACGAGAGAAA ACGCTATCCACCAGACCATC 162 

PMA164 (GA)15 AGGCGCTTCTTCAGAGAAAA GTCCCACTGGCGATAACACT 118 

PMA186 (GA)18 AGCAAAGTTCGGAGCCTGTA AGATGAAGGCATTGGAATCG 126 

Table 2. Polymorphism of 10 pairs of SSR primers        

locus Na Ne I Ho He F PIC Prob Signif 

PMA036 8 4.874 1.774 0.884 0.795 -0.112 0.769 0.000 *** 

PMA066 13 6.113 2.126 0.591 0.836 0.294 0.819 0.000 *** 

PMA069 13 6.682 2.224 0.814 0.85 0.043 0.838 0.000 *** 

PMA081 14 9.038 2.379 0.822 0.889 0.075 0.88 0.000 *** 

PMA085 12 9.981 2.367 1 0.9 -0.111 0.891 0.000 *** 

PMA092 10 6.748 2.053 0.909 0.852 -0.067 0.835 0.000 *** 

PMA127 17 8.509 2.455 0.93 0.882 -0.054 0.873 0.000 *** 

PMA152 13 7.298 2.202 0.622 0.863 0.279 0.849 0.000 *** 

PMA164 17 10.33 2.513 0.455 0.903 0.497 0.895 0.000 *** 

PMA186 13 9.225 2.367 0.841 0.892 0.057 0.882 0.000 *** 

Mean 13 7.8798 2.246 0.7868 0.8662 0.0901 0.8531 

St Dev 2.74874 1.80049 0.22081 0.17348 0.03397 0.20361 　 　 　

Note: Na: observed allele; Ne: effective allele; I: Shannon’s index; Ho: observed heterozygosity; He: expected heterozygosity; F: fixation index, an index that assesses the degree of 
deviation of the actual observations from the theoretical values, PIC: polymorphic information index; Prob: P-value; Signif: significance (ns denotes non-significant, i.e., the popula
tion conforms to the HWE; * denotes significant difference P< 0.05, ** indicates significant difference P<0.01, *** indicates significant difference P<0.001)。Same below 

formation index ranged from 0.9164 to 2.0375, with a mean 
of 1.4524. Overall, the NS population exhibited lower mean 
values for all genetic parameters compared to the other two 
populations (Table 4). 

3.3. ANALYSIS OF GENETIC DIFFERENTIATION 

The inbreeding coefficients and gene flow values for the 
three P. maxima populations at 10 loci are presented in 
Table 5. The mean inbreeding coefficient (Fis) was -0.006, 
with a more negative value indicating a low level of in
breeding among the populations. Genetic differentiation 
between populations is commonly quantified by the genetic 
differentiation index (Fst) and gene flow (Nm). Only one 
microsatellite locus, PMA036, had an Fst value ranging 
from 0 to 0.05, indicating negligible genetic differentiation 
at this locus in the P. maxima population. The remaining 
nine microsatellite loci exhibited Fst values ranging from 
0.063 to 0.185, indicating significant genetic differentiation 
at these loci. Since Nm is negatively correlated with Fst, 
it reflects the reciprocal relationship between population 
genetic differentiation and gene flow. Among the 10 mi
crosatellite loci, only one locus (PMA036) had an Nm value 

greater than 4.000, while the remaining eight loci had Nm 
values between 1.000 and 4.000. 
The Fst and Nm values for the three P. maxima popula

tions relative to one another are provided in Table 6. No
tably, the Fst between XW and DZ is the highest (7.3878), 
while the Nm is the lowest (0.033). In contrast, the Fst be
tween NS and DZ is the lowest (2.1400), yet its Nm is the 
highest (0.105). This suggests a distinct genetic divergence 
between the XW and NS populations. 
According to the results of the analysis of variance 

(ANOVA) for genetic variation in P. maxima populations 
(Table 7), The results revealed that the majority of the ge
netic variation in the three P. maxima populations (90%) 
originated from individuals, whereas only 10% of the vari
ation was attributed to differences between populations. 
Thus, individual variation constitutes the primary source of 
genetic variation in P. maxima. 

3.4. GENETIC DISTANCE AND CLUSTER ANALYSIS 

Principal Coordinate Analysis (PCoA) presents visual coor
dinates of similarities or differences in research data, and 
is a non-constrained method of dimensionality reduction 
analysis of data that can be used to study similarities or dis
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Table 3. Genetic diversity of loci in 45       P. maxima   individuals  

Pop Locus Na Ne I Ho He F 

DZ PMA036 5 4.017857143 1.456271089 0.866666667 0.751111111 -0.153846154 

PMA066 6 2.98013245 1.396733859 0.666666667 0.664444444 -0.003344482 

PMA069 5 3.629032258 1.443405323 0.666666667 0.724444444 0.079754601 

PMA081 6 5.487804878 1.745326602 1 0.817777778 -0.222826087 

PMA085 7 6.164383562 1.870755418 1 0.837777778 -0.193633952 

PMA092 7 4.090909091 1.624572135 0.8 0.755555556 -0.058823529 

PMA127 9 5.696202532 1.969290044 0.8 0.824444444 0.029649596 

PMA152 8 6.818181818 1.994250631 1 0.853333333 -0.171875 

PMA164 7 5.625 1.815526385 0.4 0.822222222 0.513513514 

PMA186 9 8.035714286 2.127668467 1 0.875555556 -0.14213198 

NS PMA036 5 3.62962963 1.40203977 1 0.724489796 -0.38028169 

PMA066 4 2.184466019 0.916481553 0.266666667 0.542222222 0.508196721 

PMA069 7 5.297297297 1.762079546 0.785714286 0.81122449 0.031446541 

PMA081 9 6.71641791 2.037556225 0.733333333 0.851111111 0.138381201 

PMA085 6 4.9 1.659550467 1 0.795918367 -0.256410256 

PMA092 6 4.368932039 1.599611548 1 0.771111111 -0.296829971 

PMA127 6 4.260869565 1.589916183 1 0.765306122 -0.306666667 

PMA152 5 3.040540541 1.261545892 0.133333333 0.671111111 0.801324503 

PMA164 4 2.727272727 1.134337987 0.533333333 0.633333333 0.157894737 

PMA186 4 2.903225806 1.161073849 0.533333333 0.655555556 0.186440678 

XW PMA036 8 5.521126761 1.886407722 0.785714286 0.818877551 0.040498442 

PMA066 9 6.426229508 2.035907191 0.857142857 0.844387755 -0.01510574 

PMA069 9 6.322580645 2.007556307 1 0.841836735 -0.187878788 

PMA081 10 5.844155844 1.985764848 0.733333333 0.828888889 0.115281501 

PMA085 10 7.538461538 2.147063863 1 0.867346939 -0.152941176 

PMA092 6 4.041237113 1.550465512 0.928571429 0.75255102 -0.233898305 

PMA127 10 5.297297297 1.965237049 1 0.81122449 -0.232704403 

PMA152 8 5.487804878 1.857928577 0.733333333 0.817777778 0.10326087 

PMA164 10 6.75862069 2.069202466 0.428571429 0.852040816 0.497005988 

　 PMA186 9 7.259259259 2.078865916 1 0.862244898 -0.159763314 

Note: Pop: name of group; Locus: name of the locus。Same below 

Table 4. Genetic diversity of loci in three       P. maxima   populations  

Pop Na Ne I Ho He F 

DZ 6.9 5.254521802 1.744379995 0.82 0.792666667 -0.032356347 

NS 5.6 4.002865154 1.452419302 0.698571429 0.722138322 0.05834958 

XW 8.9 6.049677353 1.958439945 0.846666667 0.829717687 -0.022624492 

Mean 7.133333333 5.10235477 1.718413081 0.788412698 0.781507559 0.001122913 

similarities in the composition of sample populations.PcoA 
analysis can reflect differences between 2 groups of sam
ples by visually comparing the straight-line distances be
tween samples in the axes. PCoA was conducted on the 
three populations, with the results displayed in Figure 1. 
The NS population is positioned farther from both DZ and 
XW along the principal coordinate axes, suggesting greater 
genetic differentiation. In contrast, the closer proximity of 

DZ and XW along the coordinate axes indicates lower ge
netic differentiation between the two populations. 
The population structure of the 45 samples was analyzed 

using 10 molecular markers. The ∆K method of structure 
analysis plots the change in K values as shown in Figure 2. 
Based on the principle of maximum likelihood, the optimal 
value of K was determined to be 2 , which resulted in the 
45 samples being divided into two distinct subpopulations. 
Figure 3 represents the STRUCTURE results for 45 samples 
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Table 5. Inbreeding coefficients and gene flow for 10 primer pairs          

Locus Fis Fit Fst Nm 

PMA036 -0.156 -0.112 0.038 6.328 

PMA066 0.127 0.289 0.185 1.099 

PMA069 -0.031 0.041 0.070 3.330 

PMA081 0.012 0.075 0.063 3.697 

PMA085 -0.199 -0.112 0.073 3.158 

PMA092 -0.197 -0.069 0.107 2.087 

PMA127 -0.166 -0.057 0.094 2.420 

PMA152 0.203 0.279 0.095 2.381 

PMA164 0.410 0.498 0.149 1.429 

PMA186 -0.058 0.054 0.106 2.108 

Mean -0.006 0.088 0.098 2.804 

SE 0.063 0.064 0.014 0.468 

Note: Fis: within-population inbreeding coefficient, Fit: overall inbreed 

Table 6. Gene flow between populations (upper triangle) and genetic differentiation coefficients (lower triangle)             

　 DZ NS XW 

DZ - 2.140020598 7.387849811 

NS 0.105 - 2.546114202 

XW 0.033 0.089 - 

Table 7. Molecular analysis of variance (AMOVA) for populations        

Source df SS MS Est. Var. % 

Among Pops 2 37.400 18.700 0.478 10% 

Among Indiv 42 183.233 4.363 0.270 6% 

Within Indiv 45 172.000 3.822 3.822 84% 

Total 89 392.633 　 4.570 100% 

Note: Source: source of variation; df: degrees of freedom; SS: total variance; MS: mean squared error; Est. Var.: estimated value of variation; %: percentage of variation; Among Pops: 
between populations; Among Indiv: between individuals; Within Indiv: within individuals. 

when K=2. It is clear from the figure that out of the 45 sam
ples, 15 of them contain 14 NS individual samples and 1 XW 
individual sample grouped into one subspecies, while the 
remaining 30 samples are grouped into one subspecies. 
UPGMA clustering analysis was performed based on ge

netic distances among the P. maxima populations using 
MEGA 5.0, and the results (Figure 4) revealed that XW and 
DZ clustered together, while NS formed a distinct group. 
The UPGMA clustering analysis of the 45 sample individu
als is depicted in Figure 5. The analysis reveals that XW and 
DZ are genetically similar and closely related, while NS is 
more genetically distant from the other two populations. 

4. DISCUSSION 

4.1. TRANSCRIPTOME SSR SITE SCREENING 

The continuous advancement of transcriptome sequencing 
technology has led to increased sequencing coverage and 

reduced sequencing costs, making it a crucial tool for the 
large-scale and high-throughput development of SSR 
markers. In contrast to traditional SSR marker development 
methods, transcriptome sequencing technology offers ad
vantages such as reduced time consumption, large data vol
ume, and high efficiency, and has been successfully ap
plied to SSR marker development in aquatic animals. In 
this study, a 96-channel fully automated ABI 3730XL Ge
netic Analyzer was used, recognized as the gold standard 
platform for genetic analysis. This marks the first use of 
this platform in the genetic analysis of different P. maxima 
populations. In this study, 192 primer pairs were obtained 
from the alternative primer library, and 10 SSR loci with 
a PIC value greater than 0.7 and more than 3 alleles were 
selected. Compared to Gu et al.,18 who used traditional 
SSR marker development methods to screen six loci for 
genetic diversity analysis of P. maxima populations, the 
polymorphic loci identified from transcriptome data are 
more accurate and efficient. These loci may be associated 
with functional genes, providing strong support for subse
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Fig 1. Principal coordinate analysis of 45 samples       

Fig 2. Change in K plotted by the ΔK method of structure analysis            

Fig 3. STRUCTURE results for 45 samples at K=2        
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Fig 4. UPGMA clustering results for three populations       

Fig 5. UPGMA clustering results for 45 individuals       

quent analyses of growth trait associations, genetic map 
construction, and QTL localization. 

4.2. COMPARISON OF GENETIC DIVERSITY WITHIN 
POPULATIONS OF P. MAXIMA 

Genetic diversity within a population is typically assessed 
using metrics such as polymorphic information content 
(PIC), allele number, and heterozygosity. Polymorphic in
formation content (PIC) serves as a reliable indicator of 
population diversity. It is widely accepted that a locus is 
highly polymorphic when PIC > 0.5, moderately polymor
phic when 0.25 < PIC < 0.5, and lowly polymorphic when 
PIC < 0.25.19 In this study, the PIC values of the 10 SSR 
primers in the three P. maxima populations ranged from 
0.769 to 0.895, with a mean value of 0.853, suggesting that 
the genetic diversity of these populations is high. Regard
ing the number of alleles, the 10 loci in the three popula
tions (ranging from 8 to 17 alleles) exhibited fewer alleles 
compared to the Australian wild population (14-68 alle
les),16 suggesting a loss of genetic diversity in the Chinese 
coastal populations of P. maxima. This loss may be linked to 
the decline in P. maxima resources in China in recent years. 

The Hardy-Weinberg equilibrium index (F) characterizes 
the equilibrium between observed and expected heterozy
gosity. A positive F-value indicates an excess of heterozy
gotes, while a negative F-value suggests a deficiency of het
erozygotes; the closer F is to 0, the closer the genotype 
distribution approximates Hardy-Weinberg equilibrium.20 

In this study, the F-values of the three populations ranged 
from -0.0323 to 0.0583, indicating that their genotype dis
tributions are relatively close to Hardy-Weinberg equilib
rium. Both the DZ and XW populations exhibited negative 
F-values, indicating a deficiency of heterozygotes. Previous 
studies have suggested that heterozygous deficiencies may 
be associated with null alleles, genotyping errors, sex-
linked loci, small sample sizes, and inbreeding.21‑23 The 
two wild populations (DZ and XW) are geographically iso
lated, suggesting that their heterozygous deficiencies are 
unlikely a result of inbreeding. The main reason for this 
phenomenon may be the alteration of the genetic structure 
of the wild populations of P. maxima due to the massive 
decrease in the number of wild populations of P. maxima 
as a result of environmental changes in the sea area and 
anthropogenic fishing, among others. This occurs in many 
aquatic animal groups, such as ctenophore scallops,24 tur
bot,25 carp,26 and Atlantic salmon.27 The mean expected 
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heterozygosity (0.8662) was higher than the observed het
erozygosity (0.7868), suggesting that genetic traits are pri
marily driven by genetic variation and that the population 
exhibits high genetic diversity. This finding is consistent 
with the results of Su et al.,28 who analyzed the genetic di
versity of P. maxima from Hainan Island, China. Therefore, 
wild P. maxima from the three regions could be selected to 
construct target groups with desirable traits, thereby im
proving seedling quality through continuous optimization. 

4.3. GENETIC DISTANCE AND GENETIC 
DIFFERENTIATION IN OF P. MAXIMA 

Fst is a crucial parameter that reflects the extent of genetic 
differentiation among populations. In this study, the mean 
Fst value for the three P. maxima populations was 0.098, in
dicating that 9.8% of the genetic differentiation originated 
from inter-population variation, while 80.2% arose from in
dividual variation, suggesting a moderate level of popula
tion differentiation. Hamrick et al.29 argued that when Nm 
> 1.000, it counteracts the effects of genetic drift and pre
vents differentiation between populations, whereas when 
Nm < 1.000, genetic drift can dominate and drive changes 
in population genetic structure. The results of this study 
showed that the average Nm among the three P. maxima 
populations was 2.804, indicating that genetic drift did not 
dominate changes in the populations’ genetic structure. 
This suggests that heritable traits across populations 
tended to homogenize, and the differentiation index among 
the populations decreased. Furthermore, molecular ANOVA 
results indicated that 10% of the genetic variation occurred 
between populations, while 90% was attributed to variation 
within individuals, with individual variation being the pri
mary source of total genetic variation in the three P. max
ima populations. Crawford and Littlepohn30 noted that the 
timing of population differentiation is a key determinant of 
variation among populations, and genetic distance serves 
as an objective indicator of the timing of differentiation 
and the extent of genetic variation. The maximum genetic 
distance detected among the three P. maxima populations 
was 0.6462, and the minimum genetic distance was 0.3352, 
which are significantly greater than the maximum (0.294) 
and minimum (0.026) genetic distances reported by Su et 
al.28 Modern hybrid dominance theory suggests that hybrid 
vigor in offspring is positively correlated with genetic vari
ation among parents.31 Therefore, in the artificial breeding 
of P. maxima, individuals with desirable traits from genet
ically distant populations should be selected as parents to 
improve seed quality and expand the parental gene pool. 

4.4. MOLECULARLY ASSISTED POPULATION BREEDING 
OF P. MAXIMA 

Population selection technique is a phenotypic consistency 
selection to make the genotypes tend to be the same is to 
increase the degree of purity, to establish varieties with ex
cellent traits, and then through the establishment, mainte
nance of different sources of populations and often in two 
or more populations between the exchange of parentage to 
control inbreeding, to maintain a certain level of heterozy

gosity of varieties or strains.32 Understanding the genetic 
background between different populations plays a very im
portant role in seed conservation and establishing further 
selection programmes. Studies have shown that the use of 
microsatellite markers developed to assess the genetic di
versity of parental populations and to evaluate genetic dif
ferences between individuals at the molecular level can be 
effective in guiding the establishment of family lines and 
avoiding inbreeding.33,34 In this study, the UPGMA clus
tering results of the three populations revealed that the 
XW and DZ populations had the smallest genetic distances 
from each other and clustered into one group, while the NS 
population clustered into a separate group.In terms of ge
ographic distribution, the XW and DZ populations are lo
cated at similar latitudes, although they come from differ
ent seas, and their growth traits and genetic backgrounds 
are more similar because the two populations are subjected 
to similar external environmental factors, such as climate 
and temperature, for their growth and reproduction. Gale 
et al.35 found that in localised waters at the same latitude, 
especially around islands or closed bays, gene flow between 
populations is limited due to current constraints, resulting 
in reduced genetic diversity. This also confirms the view
point of this paper. The NS population is geographically 
isolated, and its growth environment is in the tropical sea, 
so its genetic diversity is relatively high.This is in line with 
the findings of this study. Hedgecock et al.36 found that 
gene flow may be more frequent in warmer tropical regions 
where water temperatures are higher and biodiversity is 
abundant, resulting in higher genetic diversity. This is con
sistent with the results of this study. Combined with the 
fact that the He of the XW population was higher than that 
of the DZ population, this indicates that the XW and NS 
population has relatively greater potential for variety selec
tion. However, in order to further enrich the genetic diver
sity of the populations, improve and enhance the viability 
and adaptability of the populations, and avoid the inbreed
ing decline of the populations, we can prioritise the NS and 
XW populations as the base breeding groups. 
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