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Simple Summary

This study aims to explore how mating behavior influences ovarian development in the mud crab
Scylla paramamosain, an important species in aquaculture. The single molecule real-time (SMRT)
RNA-seq was employed to analyze the full-length transcriptome of female crabs at four stages: before
molting, unmated, one day post-mating, and three days post-mating. A total of 59,156 high-quality
isoforms were identified, with the most frequent alternative splicing events occurring in the first
exon. The analysis found 1,157 differentially expressed transcripts and 21 differential splicing events
between the unmated and one-day post-mating stages, mainly linked to amino acid metabolism. By
the third day post-mating, 1,963 differentially expressed transcripts and 34 splicing events were
identified, primarily associated with energy metabolism and detoxification. These findings provide
valuable insights into the alternative splicing events and the gene expression changes triggered by
mating behavior, which could have important applications in reproductive regulation and
broodstock management for crustacean aquaculture.

Abstract

The mud crab Scylla paramamosain is a commercially valuable aquaculture species whose
reproductive success depends heavily on ovarian maturation. However, the molecular effects of
mating behavior on ovarian development remain poorly understood. In this study, we used Single
Molecule Real-Time (SMRT) RNA-seq to construct a high-quality full-length transcriptome of female
crabs at four stages: before molting (BM), unmated (UM), 1-day post-mating (M1), and 3-days post-
mating (M3). A total of 59.6 million subreads (34.0 GB) yielded 880,044 circular consensus sequences
(CCSs), from which 59,156 high-quality isoforms (average length: 2,074.8 bp) were obtained. After
collapsing, 51,637 isoforms remained. Alternative splicing analysis identified alternative first exon
(AF) as the most frequent event, followed by A5, A3, AL, RI, SE, and MX. Gene Ontology enrichment
indicated protein-related processes as dominant. Comparative analysis revealed 21 differential
alternative splicing (DAS) events and 1,157 differentially expressed transcripts (DETs) between UM
and M1, mainly enriched in amino acid metabolism pathways. Between UM and M3, 34 DAS events
and 1,963 DETs were associated with energy metabolism and detoxification. These findings highlight
mating behavior-induced shifts in gene expression and splicing, particularly in metabolic and
detoxification pathways, offering new insights into reproductive regulation and broodstock
management in crustacean aquaculture.
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1. Introduction

The genus Scylla includes commercially important aquaculture crab species cultured across
Indo-Pacific regions [1,2]. Among the Scylla crabs, the mud crab (Scylla paramamosain), a key species,
has emerged as one of the most economically important crustaceans and is widely cultured across
China and Vietnam [3,4]. S. paramamosain is valued for its rapid growth, high fecundity, and strong
market demand. In the year 2023, its production was recorded as 157,012 tons in China, showcasing
its significance in crustacean aquaculture [5]. Female crabs are important from both ecological and
aquaculture perspectives due to their economic value and reproduction capabilities [6]. In hatcheries,
female crabs are the primary source of larval production, while their developed ovaries make them
highly sought in seafood markets [7,8]. Additionally, their reproductive traits serve as sensitive
indicators of environmental stress, making female crabs key models in environmental and molecular
research [9]. Ovarian development is a complex process regulated by the neuroendocrine network
involving various hormones and enzymes such as ecdysone and vitellogenin [10]. Ovarian
development in female crabs after mating demands a higher energy and material supply than
unmated individuals [11]. This process involves a multifaceted interplay of molecular entities,
including genes, hormones, enzymes, lipids, and proteins, forming a complicated interactive network
[12]. However, the molecular profiling of post-mated female mud crabs is largely unexplored, leaving
a critical gap in the literature on how mating behavior influences the molecular dynamics of ovarian
development.

In mud crabs, ovarian development follows a gradual process consisting of five stages: starting
from the undeveloped phase (Stage I), progressing through pre-vitellogenic (Stage II), early and late
vitellogenic stages (Stages IIl and IV), and culminating in the fully mature stage (Stage V) [13]. Before
undergoing pubertal molt and mating, mud crabs usually have ovaries at Stage II, which are still
small and appear translucent to milky white [14]. In the early stages of ovarian development, oogonia
actively proliferate and then begin to differentiate into primary oocytes [15]. As Stage II progresses,
follicular cells begin to proliferate around the cytoplasm of the developing oocyte [16]. Following
mating, the mud crab undergoes rapid ovarian development and yolk accumulation [17]. Thus,
mating behavior serves as a potential catalyst of ovary development and vitellogenesis in female
crabs following pubertal molt [18]. Eubrachyuran crabs exhibit six mating strategies, differentiated
by the timing of mating relative to molting (soft- or hard-shell), growth pattern (determinate or
indeterminate), and seminal receptacle position (dorsal or ventral) [19]. The mud crabs mate during
their soft-shell stage and has dorsal seminal receptacles. In the genus Scylla, mating involves
courtship, extended guarding, sperm plugs, and the absence of hinged vulval coverings [20].

Next-generation sequencing (NGS) has made it possible to quickly and accurately analyze
genetic material, opening new doors for understanding how genes function and interact [21,22]. NGS
has enabled fast, affordable DNA sequencing, driving the development of tools like RN A-seq, exome
sequencing, ChIP-seq, miRNA-seq, RAD-seq, and small RNA sequencing to tackle diverse biological
[23-25]. However, short-read NGS poses limitations for accurate transcript reconstruction in
eukaryotes due to complex splicing and transcript isoforms [26]. This complexity stems from the
ability of a single gene to produce multiple isoforms through alternative transcription start sites and
RNA processing. Long-read sequencing overcomes this limitation by capturing full-length isoforms,
enabling more accurate transcriptome analysis [27]. SMRT RNA-seq produces highly accurate long
reads, enabling analysis of alternative splicing, polyadenylation, genome annotation, fusion
transcripts, isoform phasing, and long noncoding RNAs [28]. Its real-time, PCR-free workflow
minimizes bias, reduces costs, and lowers computational requirements [29]. Full-length transcripts
refine genome annotation by precisely mapping gene structures, regulatory elements, and coding
regions, facilitating detailed isoform analysis across the transcriptome [30].
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Previously, Yu et al. [31] reported that ovarian development in unmated mud crabs is prolonged,
taking up to 60 days with smaller oocytes, while mated females reach stage III (proliferative stage)
within 23 days and develop larger oocytes, indicating that mating behavior triggers ovarian
maturation. However, the molecular mechanism linking mating behavior to ovarian development
remains unclear. In this study, we employed full-length transcriptome analysis using SMRT RNA-
seq to explore differentially expressed genes, alternative splicing events, and regulatory pathways
involved in ovarian development in Scylla paramamosain before and post-mating stages.

2. Materials and Methods
2.1. Ethics Statement

All animal handling and experimental procedures were carried out with care and in strict
accordance with ethical guidelines, as approved by the Animal Care and Use Committee of Shantou
University and in compliance with the Guide for the Care and Use of Laboratory Animals.

2.2. Crabs Collection and Mating

A total of 80 female and 30 male mud crabs were collected from a local seafood market in
Chaozhou city (23.26° N, 116.54- E) of Guangdong Province in China, with detail information in our
previous research [31]. Briefly, crabs were reared individually in water tanks containing filtered
seawater maintained at 29 °C and fed twice daily with clams (Sinonovacula constricta). Pubertal
molting and courtship were monitored using a real-time video surveillance system [32]. Artificial
mating between male and female crabs was carried out, following the method of Fazhan et al. [17].
Immediately after reproductive molt, female crabs were paired with potential males in dark and
oxygenated mating boxes for 1-2 days to facilitate copulation. Clean water and food were provided
to maintain water quality and reduce the risk of male cannibalism during mating. Each female crab
was used only once for mating, while the male crabs were used repeatedly. Additionally, four
experimental groups were established to represent key stages of reproductive development: (1) BM
— before pubertal molting, (2) UM - unmated females exhibiting courtship behavior without
successful copulation, (3) M1 - females at 1-day post-mating, and (4) M3 — females at 3 days post-
mating. Mating was confirmed by detecting spermatophores in the seminal receptacles of female
crabs anesthetized on ice [33,34]. The crabs were then dissected, and approximately 50 mg of ovarian
tissue was collected and preserved in RNA Keeper Tissue Stabilizer (Vazyme Biotech Co., Ltd.,
China). Following the incubation at 4 °C for 24 h, the tissue samples were stored -80 °C until RNA
sequencing. A total of 12 ovarian tissue samples—three biological replicates each from the BM, UM,
M1, and M3 groups—were subjected to RNA sequencing.

2.3. RNA Extraction and Sequencing

Total RNA was extracted using the TRIzol Reagent kit (ComWin Biotech, China). RNA quality
was assessed by measuring concentration and integrity using an Agilent 2100 Bioanalyzer (Agilent
Technologies, USA), and a Nanodrop 2000 (Agilent Technologies, CA, USA). Only high-quality RNA
samples with a RNA integrity number (RIN) > 8 and a 285/18S ratio > 1.5 were selected for subsequent
library construction. For SMRT sequencing, libraries were constructed and sequenced using the
PacBio Sequel platform. Briefly, PacBio single-molecule long reads were processed using RS_IsoSeq
(v2.3) in the SMRT Analysis package (v2.3.0.140936.p4.150482) via command line to obtain insert
reads. Full-length transcript characterization was performed using the pbtranscript.py script from
the same package. The SMRT library was constructed from pooled RNA extracted from all 12 crab
ovarian tissue samples. PacBio single-molecule long reads were processed using RS_IsoSeq (v2.3) in
the SMRT Analysis package (v2.3.0.140936.p4.150482) via command line to obtain insert reads. Full-
length transcript characterization was performed using the pbtranscript.py script from the same
package. The Clontech kit was used to identify the 5’ and 3' primers, with the poly(A) tail upstream
of the 3’ primer serving as a key signal for identifying strand-specific full-length reads. Sequencing
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errors in consensus reads were corrected using LSC 2.0
(https://www.healthcare.uiowa.edu/labs/au/LSC/) with Illumina short reads derived from ovarian
tissues of S. paramamosain (parameters: runLSC.py -long reads SQ _SMRT.fa -short_reads
SQ_Illumina.fa —output output). The completeness of the SMRT-based transcriptome assembly was
then evaluated using DETONATE and Ex90N50 metrics. For Illumina sequencing, three libraries
were prepared per group (BM, UM, M1, and M3) and sequenced on the Illumina HiSeq 2500 platform
to generate 150 bp paired-end reads. Library construction and sequencing were carried out by Beijing
Biomarker Technologies Co., Ltd. The RNA-seq date were deposited in the Sequence Read Archive
of the National Center for Biotechnology Information (NCBI) with the accession number of
PRJNA1306745.

2.4. SMRT Sequencing Data Processing

To identify transcript isoforms, we processed the subread sequence data using a structured
bioinformatics pipeline. Firstly, circular consensus sequences (CCS) were generated from the raw
subreads using ccs (v4.2.0) with parameters set to —minLength 50, —maxLength 15,000, and —
minPasses 1 to ensure high-quality reads. Next, full-length (FL) reads were obtained by removing
primers and demultiplexing with lima (v1.11.0), applying the —dump-clips and —peek-guess
parameters for accurate read processing. To eliminate noise, FL reads were refined using the isoseq3
(v3.3.0) refine module, requiring polyadenylation (—require-polya) and a minimum poly(A) tail
length of 20 nucleotides (—min-polya-length 20). These filtered reads were then clustered into
unpolished transcript consensus sequences using the same IsoSeq3 refine module with default
settings. Finally, the unpolished transcripts were polished using the isoseq3 polish module (default
parameters) to generate high- and low-confidence transcript isoforms, ensuring robust isoform
identification for downstream analysis.

2.5. Collapsing Redundant Transcripts Isoforms

To reduce redundancy among transcript isoforms, we implemented a two-step collapsing
approach. Firstly, high-quality isoforms were aligned to the Scylla paramamosain reference genome
[35] using minimap2 (v2.18) (default parameters), generating SAM files [36]. Redundant mapped
isoforms were then collapsed using cDNA_Cupcake (https://github.com/Magdoll/cDNA_Cupcake)
with parameters (—min_aln_coverage 0.95, —min_aln_identity 0.85, —dun-merge-5-shorter). For
unmapped transcripts, we employed Cogent (v8.0) (https://github.com/Magdoll/Cogent) and
cDNA_Cupcake (default parameters) to identify distinct gene families. A "fake genome" was
constructed by concatenating Cogent-derived contigs, allowing unmapped transcripts to be
realigned and collapsed following the same criteria. Finally, CD-HIT (v4.8.1) [37] was applied to both
mapped and unmapped isoforms to remove highly similar sequences (identity threshold: 95%),
ensuring a non-redundant transcriptome for downstream analysis.

2.6. Completeness and Characteristics Analysis of Reconstructed Transcriptomes

To evaluate the quality and completeness of the full-length transcriptomes, we conducted
benchmarking universal single-copy orthologs (BUSCO) (v5.1.3) [38] analysis in transcriptome mode
using the Arthropoda lineage dataset (arthropoda_odbl0) to assess the representation of
evolutionarily conserved single-copy orthologs [39]. The full-length transcripts were then
systematically classified by comparing them to the reference genome annotation using gffcompare
(v0.12.2) (http://ccb.jhu.edu/software/stringtie/gffcompare.shtml) [40] (Table 1). To identify shared
and unique transcripts across the datasets, we performed pairwise comparisons using BLASTn
(v2.11.0%) with stringent parameters (-e value < 1x10-° and percent identity > 95%), where each
transcriptome was alternately used as both the reference database and query sequence. This
comprehensive analytical approach enabled us to thoroughly characterize the transcriptomes and
identify both conserved and sample-specific transcripts.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.1328.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 August 2025 d0i:10.20944/preprints202508.1328.v1

5 of 20

Table 1. The 15 types of class codes and their descriptions.

Class code Description

= complete, exact match of intron chain

C contained in reference (intron compatible)
k containment of reference (reverse containment)
m retained intron(s), all introns matched or retained
n retained intron(s), not all introns matched/covered
multi-exon with at least one junction match
e single exon transfrag partially covering an intron.possible pre-mRNA fragment
0 other same strand overlap with reference exons
s intron match on the opposite strand (likely amapping error)
X exonic overlap on the opposite strand (like o or ebut on the opposite strand)
i fully contained within a reference intron
y contains a reference within its intron(s)
p possible polymerase run-on (no actual overlap)
r repeat (at least 50% bases soft-masked)
u none of the above (unknown, intergenic)

2.7. Gene Functional Annotation

To elucidate the biological functions of the full-length transcripts, we performed comprehensive
gene functional annotation through a multi-step bioinformatics. Firstly, we employed TransDecoder
to identify potential open reading frames (ORFs) from the transcripts, selecting the first ORF when
multiple candidates were present in a single transcript. These ORFs were then functionally annotated
using eggNOG-mapper (v2.1.4) [41] to obtain classifications from multiple databases, including
Clusters of Orthologous Groups (COG), Gene Ontology (GO), Kyoto Encyclopedia of Genes and
Genomes (KEGG), and Protein families database (Pfam). To further validate and expand the
functional annotations, we conducted homology searches against four major protein databases
(Swiss-Prot, TTEMBL, UniRef90, and NR) using DIAMOND (v2.0.4.142) with stringent parameters
(blastp, -outfmt 6, -max_target_seqs 1, —e value 1x107%). Finally, all annotation results were
consolidated into a comprehensive, tab-delimited summary file to facilitate further functional
analyses.

2.8. Alternative Splicing (AS) Events Analysis

Alternative splicing (AS) events were analyzed using SUPPA2 software [42], and seven major
types of AS events were identified using the generateEvents function of SUPPA2 with default
parameters. These included skipped exon (SE), mutually exclusive exon (MX), alternative 5’ splice
site (A5), alternative 3’ splice site (A3), retained intron (RI), alternative first exon (AF), and alternative
last exon (AL). The distribution and frequency of these AS events were compared across different
mating groups to identify potential splicing differences linked to genetic background. Furthermore,
Gene Ontology (GO) enrichment analysis of genes associated with AS events was conducted using
the clusterProfiler package, based on functional annotations obtained through eggNOG-mapper.

2.9. Quantification of Identified Transcripts

To investigate differential alternative splicing (AS) events among the BM, UM, M1, and M3
groups, subread sequences from each group were processed to reconstruct group-specific
transcriptomes, following the pipeline previously described. Transcript and gene expression
quantification were then performed using Salmon (mapping-based mode) [43]. Firstly, a reference
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transcriptome index was generated by constructing a k-mer hash (k = 31) from the reconstructed
transcript sequences. Subsequently, clean RNA-seq reads were aligned to the corresponding group-
specific transcriptomes using Salmon's quant module with the parameters —I IU and —
validateMappings for fast and accurate alignment. Finally, transcript abundance was estimated using
the quantmerge module, which produced transcript per million (TPM) values for each sample. These
TPM values were subsequently used to calculate percent spliced-in (PSI) values, providing a
quantitative measure of alternative splicing across the different groups.

2.10. Differential Alternative Splicing (DAE) Events, Differential Expressed Transcripts (DETs) and Their
Enrichment Analysis

To identify differential alternative splicing (DAS) events between four groups (BM, UM, M1,
and M3), PSI values for each AS event were calculated using the psiPerEvent function of SUPPA2,
based on the transcript per million (TPM) values and the corresponding AS event annotations.
Differential splicing analysis was then performed using the diffSplice function in SUPPA2, with
statistical significance defined by a threshold of IAPSI| 2 0.15 and p < 0.05. In parallel, differential
expression analysis of transcripts between groups (BM, UM, M1, and M3) was conducted using
DESeq?2 [44], based on TPM. Differentially expressed transcripts (DETs) were identified using the
cutoff log(fold change)! =1 and p < 0.05. To explore the functional implications of both significant
DAS events and DETs, Gene Ontology (GO) and KEGG pathway enrichment analyses were
performed. Gene annotations were first retrieved from eggNOG-mapper results, and enrichment
analysis was carried out using clusterProfiler [45]. Only GO terms or KEGG pathways with p <0.05
were considered significantly enriched.

2.11. Validation of Differentially Expressed Genes

To validate the transcriptome sequencing results, five differentially expressed genes were
selected for quantitative real-time PCR (qQRT-PCR). Specific primers for the selected five genes were
designed using Primer Premier 5.0. To validate differential gene expression between (BM, UM, M1,
and M3), two qPCR kits, including the miRcute Plus miRNA qPCR Kit (SYBR Green) and the Talent
qPCR Premix (SYBR Green) (both from TIANGEN Biotech, Beijing, China), were used to perform
qRT-PCR for the five selected genes based on a LightCycler® 480 system (Roche Applied Science,
Indianapolis, IN, USA). 185 rRNA served as the internal control (reference gene). Each gene was
amplified in three biological replicates and three technical replicates. Relative expression levels were
calculated using the 2*~AACt method [46]. Statistical significance was determined using a Student’s
t-test (p < 0.05) implemented in R software.

3. Results
3.1. Summary of PacBio Iso-Seq Data and Collapsing Redundant Isoforms

In the present study, PacBio SMRT RNA-seq was performed on RNA samples obtained from
four experimental groups (BM, UM, M1, and M3), generating a total of 59,566,665 subreads
(approximately 34.0 GB) and 880,044 circular consensus sequences (CCSs). Following IsoSeq3
refinement, clustering, and polishing, a total of 59,156 high-quality isoforms (average length: 2,074.8
bp) and 36 low-quality isoforms (average length: 2,293.1 bp) were obtained. Given their minimal
proportion, the low-quality isoforms were excluded from subsequent analyses (Table 2). Reference-
guided collapsing of redundant transcripts yielded 50,170 unique isoforms. Additionally, pseudo-
reference genome construction identified 1,483 novel isoforms. The final integration of isoforms using
CD-HIT resulted in a non-redundant transcriptome comprising 51,637 isoforms, with an average
length of 2,056 bp (Table 3).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Table 2. The summary of PacBio sequencing data in ovary.

Length of Isoforms
Types Numbers of Sequences N506

Min Mean Max

Subreads 59,566,665 51 1,705.6 240,063 2,300
ccst 880,044 97 2,222.4 14,561 2,721
FL? 717,465 51 2,057.4 10,605 2,681
FLCN3 713,486 50 2,012.4 10,573 2,654
HQ* 59,156 51 2,074.8 8,730 2,769
LQ® 36 140 2,293.1 8,310 3,319

1 CCS = circular consensus sequence; 2 FL = full-length; 3 FLNC = full-length-non-chimeric; ¢+ HQ = high-quality
isoforms; ° LQ = Low-quality isoforms; ¢ N50 = 50% of reads are longer than this value.

Table 3. The summary of features of transcript isoforms after collapsing redundant isoforms with cDNA

cupcake, cogent, and CD-HIT.

Numbers of Transcript Isoforms after Collapsing Redundants Length of Collapsing Redundant Isoforms
Reference N50!
Fake Genome  Unmap-Ped Merge Min Max Mean
Genome
50,170 1,483 25 51,637 82 8,730 2,056 2,761

1N50 = 50% of reads are longer than this value.

3.2. Evaluation of Reconstructed Transcriptomes

In this study, the completeness and structural characteristics of the reconstructed transcriptome
were comprehensively evaluated (Figure 1). Using BUSCO analysis, we identified 25.8% complete
and single-copy orthologs (n = 261), 57.7% complete and duplicated (n = 584), 1.9% fragmented (n =
20), and 14.6% missing orthologs (n = 148) (Figure 1A), indicating a reasonably complete
representation of conserved gene content. Comparative analysis with the reference genome
annotation revealed that the reconstructed transcriptome comprised 11,101 transcripts matching

" n

known isoforms (category "c"), 14,824 potentially novel isoforms sharing splice junctions with known

ner

genes (category "j"), and 6,289 entirely novel transcripts from previously unannotated loci (category
"u") (Figure 1B). These findings suggest that the reconstructed transcriptome not only recovers a
substantial proportion of the reference annotation but also uncovers a considerable number of novel

and potentially functionally relevant isoforms.
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axis and the different colors of the box represent the proportion of different categories, including complete and
single-copy, complete and duplicated, fragmented, or missing. (B) The comparison of reconstructed
transcriptomes with reference genome annotation using gffcompare v0.12.2 software. The Y-axis represents the

number of genes. The X-axis and the different colored bars represent different categories.

3.3. Functional Annotation

To gain biological insight into the reconstructed transcriptome, functional annotation was
performed and aligned with multiple well-established databases. The number of transcript isoforms
annotated varied across different databases, ranging from 26,827 (Swiss-Prot) to 37,883 (TrEMBL),
demonstrating broad but variable annotation coverage (Figure 2A). The overlap in annotation results
across four databases — Swiss-Prot, TrTEMBL, UniRef90, and NR. A total of 38,124 transcript isoforms
were annotated in at least one of these databases, among which 26,826 isoforms were commonly
identified by all four, reflecting a high degree of annotation consistency and supporting the reliability
of the reconstructed transcriptome (Figure 2B). To further characterize transcript functions, isoforms
were classified into Clusters of Orthologous Groups (COG) categories, as presented in Figure 2C. The
largest group of transcripts was assigned to Category S (Function unknown), followed by Category
T (Signal transduction mechanisms) and Category O (Posttranslational modification, protein
turnover, chaperones). This functional distribution suggests the transcriptome encompasses a wide

functions.
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Figure 2. The summary of gene functional annotation using different databases. (A) Statistics of isoforms
annotation results using different databases, including NR, Uniref90, Swiss-Prot, TrEMBL, COG, GO, KEGG,
and PFAMs. The Y-axis represents the number of annotated isoforms. The X-axis represents different databases.
(B) Venn diagrams showing the overlapping isoforms annotation results obtained using a different database. (C)

COG profiles of transcript isoforms.
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3.4. Alternative Splicing Events

To further characterize transcriptomic complexity, we investigated alternative splicing (AS)
events in the reconstructed transcriptome. A total of seven distinct AS event types were identified:
alternative 3’ splice site (A3), alternative 5’ splice site (A5), alternative first exon (AF), alternative last
exon (AL), mutually exclusive exon (MX), retained intron (RI), and skipped exon (SE). A detailed
analysis of AS patterns in ovarian tissue revealed that AF (alternative first exon) was the most
prevalent event, followed by A5, A3, AL, RI, SE, and MX (Figure 3A; Table 4). To elucidate the
biological significance of these splicing events, Gene Ontology (GO) enrichment analysis was
performed on all genes undergoing alternative splicing. As shown in Figure 3B, the top ten
significantly enriched biological process (BP) terms were predominantly associated with protein
regulation and chromatin remodeling. These included peptidyl-serine dephosphorylation, positive
regulation of histone deacetylation, and histone monoubiquitination, suggesting that alternative
splicing in ovarian tissue may contribute substantially to post-translational modification and
epigenetic control mechanisms.

GO enreichment (BP) for AS events in ovary

negative reguiation of DNA bincing
response to ATP
somate muscle development

peplcyi-serine cephosshoniatin

2208
= 198
1776 H
1701 .
acetyhCon metabollc process
1306
positive regulation of histone deaceylation
o 953 H centromere compiox assembly
histone monoubiguitinaion
075
| H membrana assemtsy
3 g N MX R

ST

Ratios(%)

A
A 10
AS events log10 Pvalue

Figure 3. The summary overview of variable splicing events in the reconstructed transcript. (A) The proportion
of each AS type. The Y-axis represents the proportion of different AS events. The X-axis represents different AS
event types, including SE (skipped exon), MX (mutually exclusive exon), A5 (alternative 5’ splice site), A3
(alternative 3’ splice site), RI (retained intron), AF (alternative first exon), and AL (alternative last exon). (B) The
top ten significantly biological processes (BP) obtained from Gene Ontology (GO) enrichment analysis using
genes with AS events in the reconstructed transcript. The Y-axis represents different BP categories. The X-axis

represents the corresponding —log10 transformed p-value.

Table 4. The number of each AS events.

AS events A3 A5 AF AL MX RI SE
Numbers 2400 2676 2983 2298 101 1764 1288

3.5. Differential Alternative Splicing (DAS) Events, Differential Expressed Transcripts (DETs), and Their
Enrichment Analysis

To better understand transcriptomic differences between experimental groups, we examined
both differential alternative splicing (DAS) events and differentially expressed transcripts (DETs)
across the BM, UM, M1, and M3 samples. The DAS analysis revealed that the number of significant
splicing events varied among the six pairwise comparisons. Most of these events were linked to
protein-coding genes and were dominated by four splicing types: retained intron (RI), alternative 5’
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splice site (A5), alternative 3’ splice site (A3), and alternative first exon (AF) (Table 5; Figure 4A). In
terms of differential expression, the UM vs M3 comparison showed the largest number of
significantly different transcript isoforms (1,963), while M1 vs M3 had the fewest (921) (Table 5;
Figure 4B). Interestingly, the most highly differentially expressed transcripts (based on p-value)
varied depending on the comparison group. For instance, in the UM vs M1 group, notable transcripts
included PB.3431.2, PB.10089.7 (with domains found in myosin and kinesin tails), PB.10152.5,
PB.552.5 (a member of the Rho family of small GTPases), and PB.9323.2. In the UM vs M3 group, top
transcripts included PB.8738.1 (belonging to the uncharacterized UPF0029 protein family), along with
PB.5936.9, PB.229.2, PB.9078.1, and PB.9829.3. For the M1 vs M3 comparison, prominent transcripts
included PB.5147.8 (containing a BRIX domain), PB.6586.23 (with a VWC_def domain), PB.2909.2
(from the glycosyl hydrolase family 31), PB.6759.12 (from the class-I aminoacyl-tRNA synthetase
family), and PB.705.6 (a DnaJ homolog subfamily B member).

A changes © DOWN ¢ STABLE ¢ UP
UM vs BM UM vs M1 UM vs M3

value)

= 0.0
1

-logl0 (p

-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
A PSI

changes ¢ DOWN e STABLE © UP

UM vs BM UM vs M1

40

(Fesr2e52] @ Tmzmzz)

-log10 (p-value)

35 0
log2 (fold change)

Figure 4. Differential expression analysis among different groups. (A) The volcano plot indicates p-values with

minus log10-transformed for AS events (Y-axis) against their corresponding difference in inclusion levels (APSI)

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.1328.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 August 2025 d0i:10.20944/preprints202508.1328.v1

11 of 20

of each AS event (X-axis). The horizontal gray dotted line represents the significant threshold (0.05). The red,
blue, and gray points represent up-regulated, down-regulated, and non-regulated AS events in groups,
respectively. (B) The volcano plot indicates with minus logl0-transformed for genes (Y-axis) against their
corresponding log2(Ifold changel) of echo gene (X-axis).

Table 5. The summary of DAS and DETs characteristics of the six comparison groups.

DAS DETs
Group
numbers upregulated downregulated Protein-coding Genes numbers upregulated downregulated
UM vs BM 34 18 16 30 1032 490 542
UM vs M1 21 9 12 16 1157 575 582
UM vs M3 34 16 18 27 1963 1004 959
BM vs M1 22 10 12 19 975 515 460
BM vs M3 32 17 15 26 1245 664 581
M1 vs M3 22 10 12 18 921 457 464

3.6. DAS and DETs Enrichment Analysis

To gain deeper insights into the molecular mechanisms underlying transcriptomic changes, both
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses
were performed using genes associated with differentially expressed transcripts (DETs) and
differentially alternative splicing (DAS) events. In the UM vs M1 comparison, the top ten significantly
enriched GO biological process terms were primarily linked to signaling pathway activation and
neurochemical processes. These included primary amino compound metabolic processes, serotonin
metabolism, positive regulation of catecholamine secretion, and negative regulation of cardiac
contractility via chemical signaling (Figure 5A).

KEGG pathway analysis further revealed enrichment in biosynthesis and metabolic pathways,
such as betalain biosynthesis, isoquinoline alkaloid biosynthesis, indole alkaloid biosynthesis,
arachidonic acid metabolism, phenylalanine metabolism, and pyruvate metabolism (Figure 5B). In
the UM vs M3 comparison, GO enrichment pointed predominantly to pathways involved in energy
metabolism, including oxidative phosphorylation, ribonucleoside triphosphate biosynthetic process,
ATP biosynthetic process, respiratory electron transport chain, and mitochondrial ATP synthesis
coupled with electron transport (Figure 5C). The KEGG results highlighted oxidative
phosphorylation, non-alcoholic fatty liver disease (NAFLD), and carbon fixation in photosynthetic
organisms as the most enriched pathways (Figure 5D). A broader integrative analysis of DAS events
and DETs across all six group comparisons revealed a recurring enrichment in functional categories
related to cellular energy production, protein complex formation, detoxification, and developmental
regulation. The top GO terms included protein tetramerization, oxidative phosphorylation, cellular
detoxification, biogenic amine metabolism, glucose catabolic process, and regulation of endodermal
cell differentiation (Figure 5E). Correspondingly, KEGG pathway enrichment across comparisons
indicated consistent involvement in pathways such as ECM-receptor interaction, oxidative
phosphorylation, glycosaminoglycan binding, complement and coagulation cascades, protein
digestion and absorption, phenylalanine metabolism, tyrosine metabolism, maturity-onset diabetes
of the young, arginine biosynthesis, and isoquinoline alkaloid biosynthesis (Figure 5F). These
findings collectively underscore the interplay between transcriptomic regulation, metabolic activity,
and tissue-specific functional remodeling.
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Figure 5. Results of GO and KEGG analyses. (A) The top ten significant gene ontology (GO) terms obtained from

GO enrichment analysis using genes with DAS events or DETs in UM vs M1. The Y-axis represents different GO

term categories. The X-axis represents the proportion of significantly expressed genes in the list of corresponding

GO terms (GeneRatio). Different sizes and colors of circles represent the number of significantly expressed genes

and the corresponding adjusted p-value of GO terms. (B) The top ten significant pathways obtained from KEGG

enrichment analysis using genes with DAS events or DEGs in UM vs M1. The Y axis represents different pathway

categories. The X-axis represents the number of significantly expressed genes in the corresponding pathway.

Different colors represent the different adjusted p-values of the pathway. (C) The top ten significant gene

ontology (GO) terms obtained from GO enrichment analysis using genes with DAS events or DETs in UM vs

M3. (D) The top ten significant pathways obtained from KEGG enrichment analysis using genes with DAS events

or DEGs in UM vs M3. (E) The top ten significant gene ontology (GO) terms obtained from GO enrichment

analysis using genes with DAS events or DETs in six groups. (F) The top ten significant pathways obtained from

KEGG enrichment analysis using genes with DAS events or DEGs in six groups.
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3.7. Validation of Significant Differential Expression Transcripts

To ensure the accuracy of the transcriptome profiling results, we conducted quantitative real-
time PCR (qRT-PCR) validation on a subset of differentially expressed genes. Five genes—PB.10563,
PB.6079, PB.10649, PB.2978, and PB.3758 —were randomly selected for this purpose. The expression
patterns obtained from qRT-PCR closely paralleled those from the RNA-seq analysis across the
different group comparisons (Figure 6). Specifically, both approaches confirmed that PB.10563,
PB.6079, PB.10649, and PB.2978 were significantly upregulated, while PB.3758 was consistently
downregulated. These findings confirm the reliability and consistency of the transcriptomic data
used in this study.

1 gqRT-PCR
0 RNA-seq

1l ﬂm ﬂm ﬁﬂ
T

log, (Flod Change)
[—]

Figure 6. Validation of significantly differentially expressed genes. The Y-axis is log: Flod Change, X-axis is

different genes.

4. Discussion

Pubertal molting marks a critical transition in the reproductive cycle of crustaceans, signaling
the onset of ovarian development. In the mud crabs, mating is known to accelerate this process
dramatically [31,32,47]. Yet, despite its biological importance, the molecular landscape underlying
this transition has remained largely unexplored. In this study, we applied full-length transcriptome
sequencing to comprehensively map the changes in gene expression and alternative splicing (AS)
following mating. Our results offer new insights into the transcriptional profile and signaling
pathways that drive post-mating ovarian maturation.

A high-quality transcriptome is essential for investigating dynamic developmental processes
like oogenesis. The BUSCO completeness of the reconstructed transcriptome was 25.8%, which was
significantly lower than that of the reference genome [35]. This difference likely reflects the tissue-
specific and temporally restricted nature of ovarian gene expression [48,49]. Encouragingly, the
proportion of fragmented transcripts in our dataset was only 1.9%, which is lower than a previous
SMRT-sequencing-based transcriptome (3.2%) [50], highlighting the reliability and accuracy of the
sequencing and data processing. The reconstructed transcriptome also revealed substantial isoform
diversity, including over 26,000 transcripts not previously annotated —many of which may be novel
regulators of ovarian development.

Alternative splicing analysis revealed extensive transcript diversity, with the most frequent AS
events being alternative first exon (AF) and alternative 5' splice site (A5). These splicing patterns were
enriched in genes associated with chromatin remodeling, protein regulation, and metabolic
processes, suggesting a shift in cellular priorities to support oocyte maturation. The presence of such
complex isoform architecture implies that AS plays a fundamental role in fine-tuning gene function
during ovarian development [51].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.1328.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 August 2025 d0i:10.20944/preprints202508.1328.v1

14 of 20

Through differential expression and AS analyses, we observed significant transcriptional shifts
across developmental stages. The highest number of differentially expressed transcripts (1,963) was
found in the UM vs M3 comparison, highlighting how mating triggers a profound molecular
reprogramming in the ovary. Several upregulated genes stood out due to their functional importance.
For instance, glutathione S-transferase (GST) may reflect increased antioxidant defense during rapid
tissue growth [52], ATP synthase supports high energy demands during oocyte proliferation [53,54],
and LPIN2-like is likely involved in lipid redistribution and membrane biosynthesis essential for yolk
accumulation [53,55,56].

Pathway enrichment analyses offered even deeper insights. In the UM vs M1 comparison, GO
enrichment pointed to the activation of neurochemical signaling pathways, especially those involving
serotonin and catecholamines. These amino acid-derived compounds are known to regulate
reproductive hormones in crustaceans and fish alike [57]. For example, serotonin stimulates
gonadotropin release in the thoracic ganglia [58], while tyrosine-derived metabolites like dopamine
and N-acetylserotonin fluctuate with ovarian stage in Chinese sturgeon, peaking during active
vitellogenesis [59]. The observed enrichment of these pathways in our data suggests that serotonin
and catecholamine signaling may be among the earliest molecular responses to mating, serving as
upstream activators of reproductive gene networks [60].

In contrast, the UM vs M3 comparison highlighted enrichment of energy metabolism-related
pathways, including oxidative phosphorylation, ATP biosynthesis, and electron transport chain
activity. These pathways reflect the high energy demands associated with vitellogenesis and oocyte
growth [61]. Supporting this, KEGG analysis revealed significant enrichment in pathways like
pyruvate metabolism, phenylalanine metabolism, and even non-alcoholic fatty liver disease—
systems that are increasingly recognized for their roles in nutrient sensing and energy regulation
during reproduction [62]. This post-mating shift toward bioenergetic activation is consistent with
observations in Portunus trituberculatus, where energy metabolism genes are downregulated in later
stages, likely indicating a transition from energy storage to energy utilization [63].

Structural remodeling of the ovary also emerged as a central theme. The extracellular matrix
(ECM)-receptor interaction pathway, enriched in our analysis, is critical for follicular development
and oocyte differentiation [64]. In crustaceans and other animals, ECM components such as laminin
and collagen interact with integrin receptors to mediate key processes like steroidogenesis, cell
migration, and structural integrity [65,66]. These interactions activate intracellular pathways—
including TGF-$ and PI3K-Akt—that orchestrate follicular growth and survival [67,68]. Given the
enrichment of these pathways in our dataset, it’s likely that ECM remodeling contributes to the
physical restructuring of the ovary required for oocyte maturation. We also observed enrichment in
the HIF-1 and IL-17 signaling pathways. HIF-1 is known to regulate oxygen availability in growing
tissues and has been implicated in modulating oocyte developmental timing and blastocyst viability
[69,70]. The IL-17 pathway, though traditionally associated with immune function, has recently been
linked to follicular maturation in eels [71,72], and may serve a similar role in S. paramamosain by
regulating ovarian inflammation and tissue remodeling during maturation.

Lipids are vital during ovarian development, not just as structural components but as key energy
reserves for embryos and larvae. In Scylla olivacea, fatty acids such as palmitic acid increase
significantly during vitellogenesis [73], supporting the hypothesis that lipid mobilization supports
later-stage oocyte development. In our study, enrichment of pathways like arachidonic acid
metabolism and nitrogen metabolism suggests that similar mechanisms are at play in S.
paramamosain. The upregulation of LPIN2-like, known to regulate phospholipid and triglyceride
synthesis, further supports the role of lipid remodeling during this critical phase.

Finally, oxidative stress management appears essential for successful oogenesis. While reactive
oxygen species (ROS) can serve as signaling molecules that promote oocyte maturation [74,75], their
overaccumulation can cause cellular damage. Our data revealed strong enrichment in GO terms
related to cellular oxidant detoxification, with genes such as SOD2, CAT, GPX4, and GSTO1 being
significantly upregulated. These enzymes form the core of the antioxidant defense system and likely
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help maintain redox balance in the rapidly developing ovarian tissue [76,77]. Reduced antioxidant
expression in other species has been linked to disrupted ROS balance and altered oocyte
development, suggesting that proper ROS regulation is a conserved feature of reproductive biology.

5. Conclusions

This study shows that SMRT RN A-seq provides a powerful and accurate method to explore the
complex process of ovarian development in S. paramamosain. By generating a high-quality, full-length
transcriptome, we identified 1,963 differentially expressed transcripts and 34 alternative splicing
events between unmated and post-mating stages, revealing major changes in gene activity during
ovarian maturation. Consistent patterns across all six group comparisons pointed to key roles for
energy metabolism, lipid processing, extracellular matrix signaling, and oxidative stress regulation.
In particular, genes linked to oxidative phosphorylation, serotonin and catecholamine signaling, and
detoxification pathways were significantly enriched, suggesting a coordinated effort to support the
energy needs, structural changes, and protection required for oocyte growth and yolk formation.
Altogether, these findings provide valuable insights into the molecular mechanism guiding
crustacean reproduction. This work also offers a rich genomic resource for future studies aimed at
improving broodstock management and reproductive control in aquaculture.
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