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Abstract

The swimming crab (Portunus trituberculatus) is a commercially important marine aquacul-
ture species. After multiple generations of selective breeding, the third improved variety
in China, “Huangxuan No 2” (HX2), was successfully developed in 2018. Compared to
the original wild populations, HX2 exhibits enhanced resistance to low salinity stress
and growth RATE. However, the genomic characteristics underlying these selected traits
remain largely unexplored. To investigate the genetic variation associated with artificial
selection, we genotyped 90 individuals from the HX2 strain and two wild populations (C
and D) using a high-density SNP array. A total of 43,314 single nucleotide polymorphisms
(SNPs) were identified, which were evenly distributed across the genome in 1 Mb win-
dows. Genetic diversity analysis showed that HX2 and wild populations were similar but
overall low in diversity levels. Population structure analysis and fixation index (Fst) values
revealed low-to-moderate genetic differentiation between HX2 and the wild populations,
whereas no differentiation was observed between the two wild populations. Using the
wild populations as a reference, we identified 24 genomic regions under potential selection
in HX2 based on the Fst between populations and the nucleotide diversity ratio (π-ratio),
encompassing 425 candidate genes. Enrichment analysis indicated that these genes are
primarily involved in pathways related to immune response, infection, signal transduction,
and metabolism. Notably, genes associated with stress tolerance (e.g., GPX3, HMGCS1,
Duox), immunity (e.g., LAMB1, HSPG2), and growth (e.g., Cht5) were identified. These
findings provide valuable insights into the genomic signatures of artificial selection and
offer fundamental resources for further genetic improvement of P. trituberculatus.

Keywords: SNP genotyping array; genetic structure; selective sweep

Key Contribution: This study provides new insights into the genomic characteristics of
“Huangxuan No 2”, an improved variety of Portunus trituberculatus. Identifying functional
genes associated with low salinity tolerance and immunity, it reveals genomic signatures
shaped by artificial selection and provides references for new variety breeding and the
formulation of germplasm conservation strategies.
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1. Introduction
The swimming crab (Portunus trituberculatus) is primarily distributed in the coastal

waters of China, Korea, and Japan. Due to its rapid growth and adaptability to coastal aqua-
culture environments, it has become an important aquaculture species in China, especially
in the coastal regions of eastern China [1,2]. As farming areas have gradually expanded
toward nearshore and even inland waters, decreasing salinity caused by precipitation
and other environmental factors has become a major constraint affecting the survival and
growth of P. trituberculatus [3]. Therefore, there is an urgent need to develop a new P. tritu-
berculatus variety with rapid growth and low-salinity tolerance that can adapt to changing
aquaculture environments and meet market demands. In 2018, the Yellow Sea Fisheries
Research Institute of the Chinese Academy of Fishery Sciences successfully developed a
new variety named “Huangxuan No 2” (HX2) (GS-01-006-2018), which is the third officially
registered P. trituberculatus variety in China. Compared with unselected populations, HX2
exhibits significantly improved survival and growth performance, with a 31.2% increase
in survival rate and an 18.8% increase in average body weight under the same rearing
conditions, highlighting its superior stress-resistance traits. To date, an increasing number
of studies have focused on the stress resistance of P. trituberculatus. Multi-omics analyses
have elucidated the regulatory mechanisms of competing endogenous RNAs (ceRNAs)
in response to Vibrio parahaemolyticus infection [2]. Whole-genome bisulfite sequencing
(WGBS) has revealed epigenetic regulation through functional DNA methylation in the
gill tissue under low-salinity stress [4]. These advances have been largely facilitated by
the successful assembly of the P. trituberculatus reference genome [5]. However, the ge-
netic structure, diversity, and selection signatures of this species under long-term artificial
selection remain poorly understood.

Artificial selection targeting specific traits is an effective strategy for enhancing stress
resistance and environmental adaptability in aquaculture species [6]. Understanding the
genetic diversity and structure of the HX2 population is essential for the conservation and
improvement of P. trituberculatus germplasm resources. Such knowledge is indispensable
for enhancing aquaculture efficiency and stress resistance [7]. Moreover, long-term direc-
tional selection may also lead to a reduction in genetic diversity, genetic drift, and popula-
tion bottlenecks [8,9]. Genetic diversity represents the total pool of genetic variation within
a species. Higher diversity enhances adaptability to environmental challenges [10–12],
whereas reduced diversity can adversely affect key traits such as growth, stress tolerance,
and disease resistance [13]. Therefore, analyzing the genetic diversity and population struc-
ture among different P. trituberculatus populations are of great significance for the detection
of selection signals and the elucidation of their underlying molecular mechanisms.

With the advancement of high-throughput sequencing technologies, single nucleotide
polymorphisms (SNPs) have become the most abundant type of genetic marker in the
genome and are considered ideal tools for analyzing population structure and detecting
selection signals [14]. SNP genotyping arrays, which utilize miniaturized probes arranged
on chips, enable cost-effective genotyping of large sample sets [15]. This technology
has been widely applied in various aquatic species, such as blotched snakehead (Channa
maculata) [16], Atlantic salmon (Salmo salar) [17], mud crab (Scylla paramamosain) [18],
and whiteleg shrimp (Litopenaeus vannamei) [19]. In this study, to investigate the genetic
structure and genome-wide selection signals of the improved P. trituberculatus variety
HX2, we performed SNP chip genotyping on 90 individuals, comprising one selectively
bred strain and two wild populations. The resulting genomic data were used to evaluate
population structure across the three groups. Furthermore, selection signals in the HX2
population were identified using pairwise fixation index (Fst) and nucleotide diversity ratio
(π-ratio) methods. This study aims to provide valuable insights for the conservation of P.
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trituberculatus germplasm resources and for enabling genomic-assisted breeding, offering a
solid foundation for future genetic improvement.

2. Materials and Methods
2.1. Samples Collection

A total of 90 P. trituberculatus individuals were collected from three populations, with
30 individuals sampled from each group (Figure 1). Two of the populations were wild
groups, designated as C and D, originating from Tangshan, China (39.6◦ N, 118.2◦ E) and
Dandong, China (40.1◦ N, 124.4◦ E), respectively. The third population was a selectively
bred strain, designated as HX2, obtained from Changyi, Weifang, China (36.8◦ N, 119.3◦ E).
All individuals from the three populations were collected at the adult stage, and only
healthy crabs with normal external morphology were selected for subsequent SNP genotyp-
ing analysis. The wild populations were collected with the assistance of local aquaculture
farms outside the seasonal fishing moratorium in China. All sampling procedures complied
with local regulations, and no specific collection permit was required for these samples.

Figure 1. Geographic location of sampled P. trituberculatus. Each dot of a given color on the East
Asian map represented the geographic location of sampled P. trituberculatus.

2.2. DNA Extraction, Library Construction, and Quality Control

For SNP genotyping, cheliped muscle tissue was collected from each P. trituberculatus
individual. Briefly, the cheliped was removed from each crab, and muscle tissue was dis-
sected using sterile scissors and forceps on ice. The collected muscle tissue was placed into
a 1 mL cryotube and immediately snap-frozen in liquid nitrogen. Genomic DNA was then
extracted from the cheliped muscle tissue using a magnetic bead-based method (TIANGEN,
Beijing, China). DNA integrity was assessed via 1% agarose gel electrophoresis (voltage:
120 V; duration: 25 min; loading volume: 1 µL). DNA concentration and purity were
determined using a spectrophotometer. All samples had DNA concentrations exceeding
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10 ng/µL, with A260/A280 ratios between 1.8 and 2.2. Only DNA samples meeting quality
control standards were used for library construction.

The prepared DNA libraries were sequenced on the MGI high-throughput platform
(Higentec, Changsha, China) using a paired-end read length of 150 bp (PE150). All raw
sequencing data generated in this study are available in the NCBI BioProject database
under accession number PRJNA1300839. Raw reads were subjected to quality control and
filtering using Fastp 0.21.0 [20] to remove adapter sequences and low-quality reads. Reads
were discarded if more than 50% of bases had a quality score ≤ Q20, if they contained more
than five ambiguous bases (Ns), or if the read length was <100 bp. After filtering, high-
quality clean reads were retained. Clean reads were aligned to the reference genome (NCBI
Accession No: GCA_043638975.1) using BWA 0.7.17 [21], and the resulting alignments were
sorted to produce BAM files for subsequent variant calling.

2.3. Variant Calling

Genomic variation refers to DNA sequence polymorphisms arising from nucleotide
changes at the genomic level, including single nucleotide polymorphisms (SNPs) and inser-
tions/deletions (InDels). Based on the alignment of clean reads to the reference genome,
variant calling was conducted using the HaplotypeCaller module in GATK v4.0 [22] to de-
tect genotypes at target loci. Variants were filtered using the following thresholds: QD < 2.0,
QUAL < 30.0, MQ < 40.0, FS > 60.0, MQRankSum < −12.5, and ReadPosRankSum < −8.0.
SNP loci corresponding to the chip were specified using the --intervals option. Func-
tional annotation of the identified variants was conducted using ANNOVAR version
2020Jun08 [23].

2.4. Population Genetic Diversity and Structure Analysis

SNPs were further filtered using PLINK v1.9 (https://www.cog-genomics.org/plink/
1.9/, accessed on 6 July 2026) with the parameters --geno 0.1, --maf 0.01, and --biallelic-only
strict. Variants with a genotype missing rate > 10% or a minor allele frequency (MAF) < 1%
were removed, and only strictly biallelic SNPs were retained for subsequent analyses.

Genetic diversity was assessed based on expected heterozygosity (He), observed
heterozygosity (Ho), nucleotide diversity (π), inbreeding coefficient (F), and polymorphism
information content (PIC). Nucleotide diversity (π) was calculated using Vcftools v0.1.16
with a 500 kb sliding window and a step size of 50 kb.

The phylogenetic tree was constructed using the neighbor-joining (NJ) method
implemented in Fastme v2.0 (https://www.atgc-montpellier.fr/fastme/, accessed on
6 July 2026) based on genetic distance matrices generated by the VCF2Dis (https://
github.com/hewm2008/VCF2Dis, accessed on 12 May 2025) toolkit, and visualized
with the iTOL platform v7.0 (https://itol.embl.de, accessed on 6 July 2026). Princi-
pal component analysis (PCA) was performed using the --pca function in PLINK v1.9
(https://www.cog-genomics.org/plink/1.9/, accessed on 6 July 2026), and the top 10
principal components were visualized using the ggplot2 package in R v4.4.2. To estimate
population genetic structure and admixture, individual ancestry proportions were inferred
in ADMIXTURE v1.3.0 (http://dalexander.github.io/admixture/, accessed on 6 July 2026)
under different assumed numbers of ancestral populations (K).

2.5. Selective Sweep Analysis and Functional Annotation

To investigate the genetic differentiation between the selectively bred HX2 population
and wild populations, we applied two statistical approaches: the fixation index (Fst) and the
nucleotide diversity ratio (π-ratio), both widely used to detect signals of positive selection.
Based on the population structure results, the HX2 population was designated as the target
group, with the C and D populations serving as reference groups. Sliding window analysis
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was performed with a 500 kb window size and a 50 kb step size. Genomic regions within the
top 5% of both Fst and π-ratio values were identified as candidate selective sweep regions.
The results were visualized using the ggplot2 package in R. Candidate regions were merged
using BEDtools v2.31.1 (https://bedtools.readthedocs.io/, accessed on 6 July 2026), and
genes located within these regions were extracted. All coding genes of P. trituberculatus
were annotated using eggNOG-mapper (https://github.com/eggnogdb/eggnog-mapper/,
accessed on 6 July 2026) and used as the background for subsequent enrichment analyses.
Functional enrichment for Gene Ontology (GO) terms and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathways was conducted using the ClusterProfiler package in R.

3. Results
A total of 1.21 billion reads were generated from liquid-phase SNP chip sequencing of

90 P. trituberculatus individuals. After alignment and quality control, 43,314 high-quality
SNPs were identified. Of these, 28,043 SNPs (64.74%) were located in genic regions, in-
cluding 15,328 (35.4%) in exons, 10,706 (24.7%) in introns, 655 (1.5%) in 5′ untranslated
regions (5′ UTRs), and 1354 (3.1%) in 3′ untranslated regions (3′ UTRs). Library construc-
tion and sequencing were successful, with no evidence of contamination in any of the
90 samples. The genomic distribution of SNPs (Figure 2) indicated an even dispersion
across all 53 chromosomes.

Figure 2. Number of SNPs per 1 Mb window based on the 43K SNP chip data of P. trituberculatus.

3.1. Genetic Diversity and Population Structure Analysis

Analysis of genetic diversity among the HX2, C, and D populations (Table 1) revealed
that the expected heterozygosity (He) and observed heterozygosity (Ho) were generally
similar across the three populations. The C population exhibited the highest He and Ho
values (0.3069 and 0.3054, respectively), whereas the D population had the lowest (0.3021
and 0.2912, respectively). Notably, the Ho of the D population was substantially lower than
its He, resulting in an inbreeding coefficient (F) of 0.0362, indicative of a small degree of
inbreeding. In contrast, the HX2 population exhibited only a small difference between Ho
and He, with the lowest F value (0.0045), indicating that genotype frequencies in HX2 were
in close agreement with Hardy–Weinberg equilibrium expectations. Nucleotide diversity
(π) showed minimal variation among the three populations, all approximately 1.15 × 10−5,
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reflecting a generally low level of genetic variation. The polymorphism information content
(PIC) was marginally higher in the C population (0.2472) and marginally lower in the D pop-
ulation (0.2436), indicating that the C population harbors somewhat higher polymorphism.
As shown by the pairwise Fst values (Table 2), genetic differentiation between populations
C and D was negligible, whereas HX2 showed low-to-moderate genetic differentiation
from both wild populations.

Table 1. Genetic diversity statistics for three P. trituberculatus populations.

Population He Ho π F PIC

HX2 0.3039 0.3024 1.160 × 10−5 0.0045 0.2455
C 0.3069 0.3054 1.157 × 10−5 0.0048 0.2472
D 0.3021 0.2912 1.150 × 10−5 0.0362 0.2436

Table 2. Genetic differentiation coefficient for the three P. trituberculatus populations.

Population HX2 C D

HX2
C 0.0409
D 0.0387 −0.000039

The kinship matrix revealed that most individuals exhibited low pairwise relatedness
(Figure 3a). The neighbor-joining (NJ) tree further demonstrated substantial genetic di-
vergence between the selectively bred HX2 population and the two wild populations (C
and D) (Figure 3b). This result is consistent with the results of the principal component
analysis (PCA), which separated all individuals into two distinct clusters: HX2 formed an
independent clade, whereas populations C and D clustered together (Figure 3c). At K = 2,
population structure analysis clearly distinguished HX2 from the wild groups, and the
differentiation between HX2 and wild populations (C and D) became more pronounced
with increasing K values (Figure 3d). The CV error (Figure S1) reached its lowest value at
K = 7; however, we did not interpret K = 7 as indicating seven biological populations. In
ADMIXTURE analysis, the K value represents the number of inferred ancestry components
rather than the number of sampled populations, and higher K values may reflect fine-scale
substructure within populations. Considering that only three populations were sampled
in this study, and that PCA and NJ phylogenetic tree analyses showed a major separation
between HX2 and the two wild populations, we focused on K = 2 and K = 3 for biological
interpretation. Specifically, K = 2 represents the major differentiation between HX2 and the
wild populations, whereas K = 3 provides additional resolution corresponding to the three
sampled populations.

3.2. Detection of Selection Signature

To identify genomic regions potentially affected by selection pressure, we combined
the population differentiation index (Fst) and the log-transformed nucleotide diversity
ratio (log θπ ratio) between the selectively bred population HX2 and two wild populations
(Figure 4). Genomic windows falling within the top 5% of Fst and π ratio values were
defined as candidate regions under selection. A total of 24 putative selective sweep regions
were identified in the HX2 population based on 20,408 sliding windows, encompassing
425 candidate genes. These regions were distributed across multiple chromosomes of P.
trituberculatus. Notably, four selective regions were located on chromosome 12, exhibiting
stronger selection signals (higher Fst and π ratio values) than other chromosomes.
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Figure 3. Genetic structure analysis of the three P. trituberculatus populations. (a) Kinship analysis
among individuals from the three populations. (b) Neighbor-joining (NJ) phylogenetic tree con-
structed based on SNP genotyping data. (c) Principal component analysis (PCA) based on SNP chip
genotyping data. (d) Population structure analysis of the three populations using the ADMIXTURE
program. In panel (d), the ADMIXTURE bar plots correspond to K = 2, K = 3, and K = 4 from top to
bottom. Each accession is represented by a bar, and the length of each coloured segment in the bar
represents the proportion contributed by that ancestral population.

 

Figure 4. Genomic signature analysis of the HX2 population of P. trituberculatus compared with
wild populations (C and D). (a) Plot of moving average Fst (HX2 vs. wild) values of SNPs per
chromosome. Different colors indicate different chromosomes; (b) Plot of moving average π-ratio
(wild/HX2) values of SNPs per chromosome. (c) Distribution of π-ratio (wild/HX2) and Fst values
were calculated in 50-kb steps in a500-kb window. Data points located on the left and right vertical
dashed lines, respectively (corresponding to the 5% left and right tails of the empirical θπ ratio
distribution), and above the horizontal dashed line (the 5% right tail of the empirical Fst distribution)
was identified as selected region for the HX2 population (green point).
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3.3. Functional Enrichment Analysis of Selected Genes

GO and KEGG enrichment analyses were performed on the candidate genes identified
from selective sweep regions. GO pathways (Figure 5a) showed that, in the “Biological
Process (BP)” category, significantly enriched GO terms included positive regulation of
synaptic vesicle endocytosis, visual perception, molting cycle, chitin-based cuticle, and
sensory perception of light stimulus, suggesting that these genes may be involved in critical
physiological processes such as sensory responses, neural transmission, and exoskeleton
formation. In the “Molecular Function (MF)” category, the enriched terms were primarily
associated with glycine binding, integrin binding, and glycine-gated chloride ion channel
activity, indicating that these genes may participate in transmembrane signaling and
neural regulation, particularly involving amino acid-mediated neurotransmission. Within
the “Cellular Component (CC)” category, candidate genes were significantly enriched
in structures such as the mitotic spindle pole, lamellar body, chloride channel complex,
and acrosomal vesicle, implying potential roles in mitotic regulation, membrane structure
formation, and ion channel activity. KEGG pathway (Figure 5b) analysis further revealed
that candidate genes were significantly enriched in several biologically important signaling
pathways, including the PI3K-Akt signaling pathway, cGMP–PKG signaling pathway,
ECM-receptor interaction, ABC transporters, and DNA replication. Additionally, genes
were enriched in endocrine regulatory pathways such as thyroid hormone synthesis and
cortisol synthesis and secretion. These pathways are likely to play key roles in cellular
metabolism, signal transduction, neural activity, and environmental response.

Figure 5. Enrichment analysis of the HX2 population compared with wild populations in P. trituber-
culatus. (a) GO enrichment analysis; (b) KEGG pathway enrichment analysis.

4. Discussion
P. trituberculatus is a commercially valuable crab species, widely appreciated for its high

nutritional value and palatable taste [24]. To date, most studies on P. trituberculatus have
focused on the species as a whole [25–27], with limited systematic investigations conducted
on individual breeding strains. Although the selective breeding of P. trituberculatus was
initiated later than that of many other crustaceans, three new strains had been developed by
2025. Among them, the HX2 population exhibits desirable traits such as rapid growth and
strong tolerance to low salinity. However, the genomic changes associated with the selective
breeding process of this strain remain largely unknown. In this study, a SNP genotyping
chip was employed to identify genomic regions under selection in the HX2 population and
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to assess the genetic structure and diversity between the selectively bred HX2 population
and two wild populations (C and D). These findings aim to provide important insights
informing future genetic improvement and genome-assisted breeding of P. trituberculatus.

Genetic diversity is essential for the conservation and utilization of germplasm re-
sources [28], as it facilitates the evaluation of genetic variation, bottleneck effects, and
inbreeding levels in breeding populations and underscores the broad prospects of genomic
selection [29]. Heterozygosity is a key indicator of genetic variation, including expected
heterozygosity (He) and observed heterozygosity (Ho), with higher values indicating
greater genetic diversity [30]. In this study, all three populations exhibited higher He
than Ho (He > Ho), which is consistent with the findings of Duan [13] and has also been
reported in other species such as the Pacific oyster (Crassostrea gigas) [31] and grass carp
(Ctenopharyngodon idella) [32], suggesting a certain degree of heterozygosity deficiency. This
phenomenon may be attributed to deviations from Hardy–Weinberg equilibrium (HWE),
including inbreeding effects [33].

Notably, the overall levels of genetic diversity were relatively similar between the
selectively bred and wild populations (π = 1.15–1.16 × 10−5; PIC = 0.2436–0.2472). In
general, reduced genetic diversity in selectively bred populations is often attributed to
factors such as small breeding population sizes, directional artificial selection, and limited
gene flow from external populations [34]. The genetic diversity of wild P. trituberculatus
populations may also have been influenced by the boom-bust population dynamics char-
acteristic of many marine fishes and invertebrates [35]. In this study, we hypothesize that
the implementation of effective and scientifically guided breeding programs may have
minimized the loss of genetic diversity in the improved strain. Conversely, the genetic
diversity of wild P. trituberculatus populations may have declined due to reduced effective
population sizes resulting from intensive fishing pressure, as wild stocks are primarily
sustained through capture fisheries [36,37].

In addition, we calculated the genetic differentiation index (Fst) to evaluate the genetic
relationships among P. trituberculatus populations. Extremely low genetic differentiation
was observed between the two wild populations (Fst = −0.000039), which may be attributed
to the hydrological connectivity between the Yellow Sea and Bohai Sea, as well as the
long-distance migratory behavior of P. trituberculatus, which facilitates gene flow and
reduces genetic divergence between populations [38]. In contrast, HX2 showed low-to-
moderate genetic differentiation from the wild populations (Fst = 0.0387–0.0409), which
may be associated with its selective breeding history and geographical isolation. Both the
phylogenetic tree and principal component analysis (PCA) supported a clear separation of
the crabs into two major clusters. Admixture was evident between the two wild populations,
consistent with the low Fst value. ADMIXTURE analysis further revealed a complex
ancestral composition within the HX2 population. This pattern may be related to the
known breeding and conservation practice of maintaining a relatively large broodstock
population during the continued selection of HX2. As an economically important species,
understanding the genetic structure of P. trituberculatus provides valuable insights for
genetic improvement, germplasm conservation, and sustainable utilization.

Artificial selection can leave detectable signatures across the genome of P. tritubercula-
tus, providing valuable insights into the genetic consequences of selective breeding [39].
To identify potential genomic regions and mechanisms underlying long-term artificial
selection in the “Huangxuan No 2” strain, we performed selective sweep analysis based
on SNP data using two complementary approaches: pairwise population differentiation
(Fst) and the nucleotide diversity ratio (π ratio). This combined strategy was employed
to enhance the robustness and comprehensiveness of selection signal detection. Previous
studies have reported that applying multiple genome-wide scan methods can improve
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the accuracy of detecting true signals under selection and reduce the number of false
positives [40]. Using both approaches in this study, we jointly identified 24 selective sweep
regions encompassing 425 candidate genes. Given that HX2 was primarily bred for low-
salinity tolerance and rapid growth, the biological relevance of these selection signatures
was interpreted in the context of these two major breeding objectives. These genes were
significantly enriched in pathways related to infection and immunity (e.g., amoebiasis, hep-
atitis B, toxoplasmosis), signal transduction (e.g., PI3K-Akt signaling pathway, cGMP-PKG
signaling pathway), and metabolism (e.g., one carbon pool by folate, DNA replication,
Aminoacyl-tRNA biosynthesis), suggesting potential involvement in stress resistance, im-
mune response, and growth regulation. Notably, the top three most significantly enriched
pathways were all immunity-related. Several putative candidate genes identified within
these pathways included LAMB1, HSPG2, MTFMT, and AMT. Among them, LAMB1 en-
codes laminin subunit beta-1, a critical component of the extracellular matrix, which was
enriched in multiple pathways such as Amoebiasis and ECM–receptor interaction. LAMB1
plays essential roles in cell adhesion, migration, and tissue morphogenesis during devel-
opment and has been strongly associated with various cancers [41]. The LAMB1 gene has
been identified as a key regulator of skin immunity in half-smooth tongue sole (Cynoglossus
semilaevis) [42]. In giant freshwater prawn (Macrobrachium rosenbergii), the HSPG2 gene
has been shown to promote the regeneration of chelipeds and pleopods [43]. Moreover,
several studies have demonstrated that the heparan sulfate proteoglycan (HSPG) protein
family plays a critical role in limb regeneration [44,45]. In P. trituberculatus aquaculture,
limb autotomy [46] caused by competition during the molting period [47] is a major factor
contributing to increased mortality. Therefore, LAMB1 and HSPG2 may represent candi-
date genes potentially associated with immune-related processes and injury repair in HX2,
although their specific roles in P. trituberculatus remain to be experimentally validated.

In addition, this study identified several other candidate genes that may play impor-
tant roles in stress resistance and growth in P. trituberculatus. For example, GPX3, HMGCS1,
and Duox are potentially involved in stress tolerance, while Cht5 is associated with growth
regulation. GPX3 encodes a glutathione peroxidase, which plays a critical role in salt stress
resistance in rice (Oryza sativa L.) [48], and is essential for the defense mechanisms against V.
parahaemolyticus in whiteleg shrimp (L. vannamei) [49]. HMGCS1 is a key enzyme involved
in the de novo synthesis of cholesterol, serving as an important precursor for the production
of secondary metabolites such as steroids and sterols [50,51]. Previous studies have shown
that HMGCS1 is significantly upregulated in fishes [52–54] under low salinity and low
temperature stress conditions. Duox is an essential enzyme for the generation of reactive
oxygen species (ROS) [55]. In the Chinese mitten crab (Eriocheir sinensis), nitrite stress
has been shown to induce Duox-mediated ROS production, which activates the Dorsal
transcription factor and subsequently promotes the expression of antimicrobial peptides
(AMPs) [56–58], thereby contributing to resistance against white spot syndrome virus
(WSSV). Studies on the kuruma shrimp (Marsupenaeus japonicus) have also indicated that
Duox-mediated ROS play a crucial role in the immune system. Moreover, Duox has been
identified as a key gene responsive to low salinity stress in Bohai red scallop [59]. We found
that the functional mechanisms of this gene are closely associated with reactive oxygen
species (ROS) [60]. Crustaceans primarily rely on innate immunity to defend against micro-
bial invasion [61]. ROS, including superoxide anion (O2

−) and hydrogen peroxide (H2O2),
are highly reactive oxygen radicals. These findings suggest that ROS-related pathways may
be involved in the innate immune response of P. trituberculatus, but their exact roles in HX2
require further investigation.

Notably, among the candidate genes identified, we detected Cht5 (chitinase), a gene
strongly associated with growth, which is known to be essential for insect development [62].
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Previous studies have shown that chitinases in crustaceans participate in a variety of phys-
iological processes, including growth, development, and immune defenses, through the
hydrolysis of chitin [63,64]. We hypothesize that during the molting phase of P. trituber-
culatus, which demands high energy consumption, chitinase may contribute to growth
by breaking down chitin to supply energy [65]. However, the specific biological effects of
artificial selection on these selected genes remain to be further elucidated. A limitation
of this study is that the functional interpretation of candidate genes was mainly based on
annotation results and previous studies in other species. Therefore, genes such as GPX3,
HMGCS1, Duox, LAMB1, HSPG2, and Cht5 should be considered putative candidates.
Further functional validation is required to confirm their roles in low-salinity tolerance,
tissue repair, and growth-related traits in P. trituberculatus.

5. Conclusions
In this study, we analyzed the genetic diversity and population structure of the

selectively bred P. trituberculatus population HX2 and wild populations (C and D) using
a self-developed 43K liquid-phase SNP genotyping array. The genetic diversity of HX2
was comparable to that of the wild populations, indicating that genetic variation was
effectively retained during the selective breeding process. However, low-to-moderate
genetic differentiation was observed between HX2 and the wild populations. Furthermore,
using two wild populations as reference groups, we conducted a selection sweep analysis
and identified 425 candidate genes in the HX2 population. These genes were significantly
enriched in pathways related to immunity and growth, suggesting their potential roles in
stress tolerance and growth traits in HX2. Overall, our findings provide scientific guidance
for the further genetic improvement of P. trituberculatus and offer insights into the molecular
mechanisms underlying stress resistance and growth.
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