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Abstract: In the cultivation of Mytilus unguiculatus, the broodstock are shade-dried to stimulate sperm
and egg production. To identify the functional genes affecting gonad development in M. unguiculatus,
the transcriptome of gonads in mussels stimulated by shade-drying and those not stimulated were
compared. Differential gene expression analysis revealed that there were 22 differentially expressed
genes (DEGs) in the testis and 70 DEGs in the ovary among the experimental groups. KEGG
enrichment analysis identified a total of 11 pathways that might be related to environmental stimuli
affecting gonadal development. Nicotinic acetylcholine receptors (AChRs), the cholecystokinin A
receptor (CCKAR), hypocretin (orexin) receptor 2 (HCRTR2), and gamma-aminobutyric acid type
B receptor (GABBR) were highly expressed in the neuroactive ligand-receptor interaction pathway,
indicating that these genes might be involved in the transduction of environmental information that
stimulates gonadal development. Meanwhile, nuclear receptor co-repressor 2 (NCoR2) was highly
expressed in the notch signaling pathway, indicating that NCoR2 might be involved in the regulation
of gonad development. To validate the transcriptome data, we selected five DEGs in the KEGG
signaling pathway, including AChRs, CCKAR, HCRTR2, GABAB, and NCoR2, for real-time quantitative
PCR (RT-qPCR), which produced results consistent with the RNA-Seq data. The transcriptome
analysis and gene pathway identification in this study have enhanced our comprehension of the
reproductive mechanisms in M. unguiculatus.

Keywords: Mytilus unguiculatus; drying treatment; gonadal gene response; transcriptome

Key Contribution: This study explored the regulatory role of AChRs, CCKAR, HCRTR2, GABAB,
and NCoR2 genes in the drying-based stimulation of reproductive activities of M. unguiculatus. It
laid the foundation for exploring the molecular regulation mechanism of gonad development and
reproductive function in M. unguiculatus.

1. Introduction

Mussels (Mytilus) are a dominant marine genus, present in estuaries, as well as subtidal
and intertidal zones [1]. The hard-shelled mussel Mytilus unguiculatus Valenciennes, 1858
(also known as Mytilus coruscus Gould, 1861), is an ecologically and economically important
mussel with a high nutritional value and commodity price [2]. Hard-shelled mussels are
mainly distributed in coastal China [3] and other coastal areas of Asia [4]. To date, wild
hard-shelled mussel populations have been greatly reduced due to overfishing and changes
in the marine environment, such as ocean acidification [5], warmer water temperatures
due to global warming [6], and the salinity effects of changes in climate and river flows on
estuaries and intertidal zones [7]. Therefore, research on mussel breeding technology is
necessary to enhance the development of the industry.

Research on gonadal development has always been a significant aspect of the re-
productive biology of marine bivalves. Currently, many experts categorize the gonadal
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development of bivalve mollusks into five distinct stages based on characteristics such as
the color, size, and external morphology of the gonads. These stages are the proliferation
stage, growth stage, maturation stage, spawning stage, and resting stage [8]. Growth and
reproductive performance are two main economic traits that directly affect the efficiency
and progress of selective breeding of target varieties, thereby affecting the industry’s de-
velopment. Hence, research related to the gonadal development of M. unguiculatus is
valuable. Cheng et al. [9] analyzed the fertility degree and biochemical components of
the gonads of M. unguiculatus at different developmental stages, and it was found that
gonadal development and biochemical composition varied. Gonadal development reached
its highest point during the development of germ cells but rapidly declined after gamete
release, reaching its lowest point during the resting period. During the development of
germ cells, carbohydrates gradually transformed into yolk-like substances, and the contents
of fat and crude protein reached their peak during the mature stage but decreased to their
lowest level during the resting period. The total sugar content was highest during the
gamete release period and lowest during the mature stage. Wang et al. [10] conducted
transcriptome sequencing analysis of sex-related genes in the gonads of M. unguiculatus,
and the results showed that dmrt4, foxl2, zp4, and other genes were highly expressed in
the ovary as compared to the testis, while sox2 showed a lower expression in the ovary.
These analyses provided fundamental knowledge of the gonadal development process and
related functional genes in M. unguiculatus.

During the cultivation of hard-shelled mussels, the broodstock are shade-dried for
4–6 h to stimulate sperm and egg production [11]. The fluctuations and changes in the en-
vironment can not only exert potential effects on the phenotypic characteristics of mussels
but also impose food restriction and other physiological pressures during critical periods
such as development and reproduction [12]. Apart from certain hermaphroditic species
such as scallops and clownfish [13,14], as well as some species like freshwater eels [15]
that undergo gender differentiation later in life, the gender of the majority of animals is
established early and remains constant throughout their lifetime, and this is referred to as
gonochorism [16]. The gonad, testis or ovary, is regulated by genes that express themselves
differently among the sexes [17]. In M. unguiculatus, gonadal development exhibits typical
bivalve characteristics, consisting of five periods: proliferation, growth, maturation, dis-
charge, and resting [4]. Recent studies have reported several genes, including Foxl2, Dmrt,
SoxE, SoxH, and Wnt4 in shellfish [18–21], which are associated with gonadal development
and sex differentiation.

RNA-seq is a powerful and useful technology that offers a comprehensive view of gene
transcription, elucidating the activities of specific biological processes [22,23]. It has been
widely adopted to identify crucial genes and pathways governing the response of aquatic
animals including fishes, shrimps, mollusks, and some reptiles [24–27] to the environment,
thereby shedding light on the underlying physiological and immune mechanisms. In the
context of transcriptomic studies related to gonads, numerous authors have investigated the
molecular mechanisms of gonadal development in shellfish via transcriptome sequencing
or candidate gene analysis. Additionally, they have identified known functional genes
through transcriptome sequencing. For example, Sun et al. [28] discovered a novel HMG-
box-containing homolog of the Sox gene in Crassostrea gigas (named CgSox-like), which was
found to be involved in the sex determination or gonadal development process in male
oysters. Lian [29] selected several genes related to sex determination and differentiation
in Tapes conspersus, including Zglp1, Foxl2, Tssk1, and Spag6, and showed the effect of their
expression on gonadal development. Liao [30] performed transcriptomic sequencing on
testes and ovaries of Cyclina sinensis at the proliferative stage by RNA-seq and identified
DEGs associated with sex determination and the differentiation of the Dmrt1, Hpgds,
Ctsd, Smad4, Sox30, Cdk2, Foxl2, and Gata4 genes, as well as the gonadal hair of Ccnb3,
Cdc20, and Vn by screening fertility-associated DEGs. Furthermore, several researchers
conducted comparative transcriptome analyses on gonads across various developmental
stages. For instance, Sun et al. [31] investigated the expression of Foxl2 and Dmrt1l in
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testis and ovary samples collected at different development periods, as well as in annual
gonad samples in the Pacific oyster Crassostrea gigas. The study demonstrated that Log10

(Foxl2/Dmrt1l) values were an effective method for performing sex identification in oysters.
Zhao [13] analyzed the expression and function of the Foxl2 and Dmrt1 genes in the scallop
Patinopecten yessoensis and found significant differences in the expression level of Dmrt
between the growth and maturity stages of male gonads. The expression level of Dmrt1 in
male individuals was significantly higher than that in females, while the expression level
of Foxl2 in the ovary at maturity was the highest, when its expression was significantly
higher than that in the testis. Transcriptomic analysis of shellfish gonads at different
developmental stages has thus become a significant approach to study their developmental
molecules and regulatory mechanisms.

To gain a deeper understanding of the functional genes involved in gonadal devel-
opment in M. unguiculatus and to examine their expression patterns, we isolated gonadal
tissues that were stimulated by drying and performed transcriptome analysis. The study
unveils potential pathways and candidate genes involved in the regulation of reproductive
processes in the gonadal tissues of M. unguiculatus in response to environmental stimuli.
These data provide essential support for elucidating the underlying regulatory mechanisms
governing reproductive activities in M. unguiculatus and offer theoretical guidance for the
breeding of clam seedlings.

2. Materials and Methods
2.1. Animals and Experimental Conditions

A total of 120 M. unguiculatus were collected from Gouqi Island, Zhoushan City,
Zhejiang Province (30◦43′12 N, 122◦46′48 E). All the mussels were acclimated in a laboratory
environment for one week, in 10 L tank at 18 ◦C and salinity of 30‰ before treatment.
Commercial Chlorella powder was supplied daily, and filtered seawater was replaced in half
of the tanks every day. Dead individuals were picked out in time to avoid compromising
the results, with a total of 11 dead individuals discarded during the week.

Subsequently, four groups were set up: the control male group (CM), the control female
group (CF), the shade-dried stimulation treatment male group (EM), and the shade-dried
stimulation treatment female group (EF).

Gonad samples of the CM and CF groups were collected by observing whether sperm
production and ovulation were present. If sperm production and ovulation were found, the
mussels were picked out and not used. In this process, a total of 15 hard-shelled mussels
were discarded. If there was no spermatogenesis or ovulation, the gonadal glands were
collected directly after dissection. Since the male and female mussels cannot be directly
judged from their appearance, we confirmed male and female identification by observing
the gonads after dissection; gender was visually ascertained based on gonadal coloration,
with males exhibiting a white hue and females displaying an orange hue [32]. A total of
3 female samples and 27 male samples were obtained during the dissection process and
stored in RNA Store (Cwbio, Taizhou, China) at −80 ◦C.

The gonad samples of the EM and EF groups were collected by placing the remaining
60 hard-shelled mussels in a tray for drying stimulation for 6 h, and then placed in seawater
with a salinity of 30‰; 30 min later; the hard-shelled mussels with sperm production or
ovulation were dissected for observation and the collection of gonad samples. A total
of 6 female and 32 male gonad samples were collected and stored in RNA Store (Cwbio,
Taizhou, China) at −80 ◦C.

Finally, the collected samples were labeled and grouped, and 3 samples from each group
were selected and sent to BGI Genomics (Shenzhen, China) for transcriptome sequencing.

2.2. RNA Extraction and Library Construction

Total RNA was extracted using Trizol (Solarbio, Beijing, China), and the concentration
and integrity of the total RNA were evaluated using NanoDrop (Thermo Fisher, Waltham,
MA, USA) and agarose gel electrophoresis, followed by storage at −80 ◦C for later use. The
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preparation and sequencing of the transcriptome library for this study were performed by
BGI Genomics (Shenzhen, China) on the Illumina HiSeq 4000 platform.

2.3. Data Assembly, Functional Annotation, and Differential Gene Screening and Clustering

Removing PCR duplication, the cleaned reads were de novo assembled into uni-
genes by Trinity software (version 2.1.1, created by Brian Haas, Waltham, MA, USA)
(https://github.com/trinityrnaseq/trinityrnaseq/wiki) (accessed on 10 March 2023) with
default parameter settings [33]. Raw reads were obtained from HiSeq sequencing. The se-
quencing data were filtered with SOAPnuke (version 1.5.2, created by Ruiqiang Li, Beijing,
China) (https://github.com/BGI-flexlab/SOAPnuke) (accessed on 10 March 2023) [34]
by: (1) removing reads containing the sequencing adapter; (2) removing reads whose low-
quality base ratio (base quality less than or equal to 5) was more than 20%; (3) removing
reads whose unknown base (‘N’ base) ratio was more than 5%; afterwards, clean reads were
obtained and stored in FASTQ format. HISAT2 (version 2.0.4, created by Daehwan Kim,
MD, USA) (http://daehwankimlab.github.io/hisat2/manual/) (accessed on 10 March
2023) [35] was used to align the clean reads to the reference genome obtained from NCBI
(https://www.ncbi.nlm.nih.gov/genome/?term=Mytilus+coruscus) (accessed on 8 March
2023). Bowtie2 (version 2.2.5, created by Ben Langmead, MD, USA) (Bowtie 2: fast and
sensitive read alignment (sourceforge.net)) (accessed on 10 March 2023) [36] was used to
align the clean reads to the reference coding gene set, and gene expression levels were cal-
culated using RSEM (version 1.2.12, created by Bo Li, MO, USA) (GitHub-deweylab/RSEM:
RSEM: accurate quantification of gene and isoform expression from RNA-Seq data) (ac-
cessed on 10 March 2023) [37]. Finally, DESeq2 (version 1.4.5, created by Simon Anders,
WA, USA) (Bioconductor - DESeq2) (accessed on 10 March 2023) [38] was used for differ-
ential expression analysis to identify differentially expressed genes (DEGs) with a false
discovery rate (FDR) < 0.05 and |log2FoldChange| ≥ 1.00. To understand changes in phe-
notype, Phyper (https://en.wikipedia.org/wiki/Hypergeometric_distribution) (accessed
on 10 March 2023) based on the hypergeometric test was used for Gene Ontology (GO;
http://www.geneontology.org/) (accessed on 10 March 2023) [39] and the Kyoto Ency-
clopedia of Genes and Genomes (KEGG; https://www.kegg.jp/) (accessed on 10 March
2023) [40] enrichment analysis of annotated DEGs, with functional enrichment typically
considered significant when the Q value <= 0.05 [41]. Based on the results of GO and KEGG
enrichment analysis, the pathways and GO classes with high enrichment scores were
selected, and the differentially expressed genes related to oviposition and reproduction
were screened for cluster analysis.

2.4. RT-qPCR

Five DEGs in the KEGG signaling pathway associated with environmental stimulation
and affecting gonadal development were selected for RT-qPCR validation, including the
nicotinic acetylcholine receptors, invertebrate (AChRs), cholecystokinin A receptor (CCKAR)
from males, and the hypocretin (orexin) receptor 2 (HCRTR2), gamma-aminobutyric acid
type B receptor (GABAB), and nuclear receptor co-repressor 2 (NCoR2) from females, were
examined using quantitative real-time PCR (qRT-PCR). Table 1 displays information on the
gene-specific primers. Reactions were performed in a total volume of 10 µL, containing 5 µL
2 × TB Green Premix E × Taq (Tli RNaseH Plus) (TaKaRa, Dalian, China), 0.4 µL forward
and reverse primers, 0.4 µL ROX Reference Dye (50×), 1 uL cDNA, and 3.4 uL H2O. The
thermal cycling profile consisted of predenaturation at 95 ◦C for 30 s, with 40 cycles of
denaturation at 95 ◦C for 5 s and annealing at 58–60 ◦C for 34 s. The 2∆∆Ct method was
used to analyze gene transcription levels [42], which were then normalized to the reference
gene (β-actin). Data analysis and graphing were performed using GraphPad Prism 8.0.

https://github.com/trinityrnaseq/trinityrnaseq/wiki
https://github.com/BGI-flexlab/SOAPnuke
http://daehwankimlab.github.io/hisat2/manual/
https://www.ncbi.nlm.nih.gov/genome/?term=Mytilus+coruscus
https://en.wikipedia.org/wiki/Hypergeometric_distribution
http://www.geneontology.org/
https://www.kegg.jp/
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Table 1. Primers used for RT-qPCR analysis.

Gene Primer Sequence (5′-3′)

AChRs
F: TGAGGTTTGGTCAGAGCTGAAATGG

R: CCTTGCCTCCCGAACAACACTC

CCKAR
F: TTATCACGAACGCCTTGGTACTGTC

R: CGTCGATGCTTCAGGCTCAGTG

HCRTR2
F: GCAGATAGGGCGTGAGATTAACCG
R: TTTCCGTCTTCGCTTTACTGTACCG

GABAB
F: AGTTGAGAAAGGACCCGGTCTATGG

R: TTGTCTCCGTCTATGGCCCAGTC

NCoR2
F: ACCCGATTTTGATGCCGAGAATGG
R: AGCCTTGCCTGTCTCAACGAATC

3. Results
3.1. Assembly, Annotation, and Bioinformatical Analysis

Transcriptome sequencing was performed on six testis samples from the groups CM
and EM, generating a total of 276.14 million raw reads with an average of 46 million
raw reads per sample. In addition, six ovary samples from the groups CF and EF were
sequenced, resulting in 274.39 million raw reads with an average of 45 million raw reads
per sample. After filtering, 258.01 million and 257.87 million clean reads were obtained for
males and females, respectively, with a corresponding average of 43 million and 42.9 million
reads per sample. The combined clean data from each sample totaled more than 6.30 Gb,
with Q20 and Q30 percentages higher than 96% and 90%, respectively. The proportion of
clean reads accounted for more than 92% of the raw data (The detailed data is available in
Supplementary Tables S1 and S2).

3.2. Functional Annotation and Classification of the Unigenes

Based on the annotated results from the GO database (the detailed data is available
in Supplementary Tables S3 and S4), the groups CM and EM were classified into seven
subcategories of three GO categories: “Biological process”, “Cellular component”, and
“Molecular function”. The largest category was “Cellular component”, in which subcat-
egories, “Cellular anatomical entity”, contained the largest number of unigenes at six,
respectively. Additionally, “Biological adhesion”, “Cellular process”, “Catalytic activity”,
and “Transporter activity” contained only one gene each. In the groups CF and EF, the
results were classified into 16 subcategories of three GO categories, similar to the male
groups, with “Cellular component” being the largest category. “Cellular anatomical entity”
contained the most unigenes at 30, while “Structural molecule activity” and “Transporter
activity” had the lowest number of genes at 1 (Figure 1, and the detailed data is available
in Supplementary Table S5).

According to the KEGG database annotation results, eight genes in males were clas-
sified into 14 different secondary pathways of five branches. The top two secondary
pathways were “Signaling molecules and interaction”, and “Global and overview maps”,
each containing three genes. In females, 33 genes were classified into 21 different secondary
pathways of five branches, with the top three secondary pathways being “Signal transduc-
tion”, “Endocrine system”, and “Immune system”, with 12, 10, and 11 genes, respectively
(Figure 2).
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KEGG signal pathway classification of differentially expressed genes between the control group
and the experimental group for male gonads, while (b) pertains to the KEGG signal pathway
classification of differentially expressed genes between the control group and the experimental group
for female gonads.

3.3. KEGG Enrichment Analysis

Based on the KEGG enrichment analysis of the DEGs in gonads from the groups CM
and EM of males, two KEGG signaling pathways were potentially impacted: “Pyrimidine
metabolism” and “Drug metabolism—other enzymes”. Additionally, among the 17 path-
ways shown in Figure 3a (the detailed data is available in Supplementary Table S6), we
identified 7 pathways that might be related to environmental stimuli affecting gonadal de-
velopment, including “Pyrimidine metabolism”, “Neuroactive ligand–receptor interaction”,
“Nucleotide excision repair”, “RNA degradation”, “ECM–receptor interaction”, “Ubiquitin
mediated proteolysis”, and “Thyroid hormone signaling”. In the groups CF and EF, we
found three potentially impacted KEGG signaling pathways in Figure 3b: “Ribosome”,
“Thyroid hormone signaling”, and “Notch signaling pathway”. Furthermore, among the
20 pathways shown in Figure 3b (the detailed data is available in Supplementary Table S7),
we identified 12 pathways that might be related to environmental stimuli affecting gonadal
development, including “Ribosome”, “Thyroid hormone signaling”, “Notch signaling
pathway”, “Nucleotide excision repair”, “FoxO signaling pathway”, “Neuroactive ligand–
receptor interaction”, “Ubiquitin mediated proteolysis”, and “Wnt signaling pathway”.
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transcriptome of M. unguiculatus before and after shade-dried stimulation. (a) represents the enrich-
ment analysis of KEGG signaling pathways for differentially expressed genes between the control
and experimental groups in male gonads, while (b) pertains to the enrichment analysis of KEGG
signaling pathways for differentially expressed genes between the control and experimental groups
in female gonads.

To investigate the relationship between environmental stimulation and gonadal devel-
opment, we selected 22 DEGs from males and 70 DEGs from females related to gonadal
development for DEG clustering analysis to show their expression patterns. The result
of cluster analysis showed that some genes were differentially expressed between the
control groups and experimental groups (Figure 4). For males, the heat maps for DEGs
demonstrated that LG10.g3141 and LG08.g2375 were highly expressed in both the groups
CM and EM. Moreover, the invertebrate nicotinic acetylcholine receptors (AChRs) were
highly expressed only in the group CM, and LG12.g708 was highly expressed only in
the group EM. In contrast, the heat maps for DEGs demonstrated that there were no
genes that were simultaneously highly expressed in both female groups. Five genes were
highly expressed only in the group (CF), including LG12.g1371, LG09.g2415, LG12.g708,
LG08.g1150, and LG08.g1458. Three genes were highly expressed only in the group EF,
including Contig02065.g1, LG12.g2275, and LG01.g3352.
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expression levels. (a) ANKRD50: ankyrin repeat domain-containing protein 50. CIT: citron
Rho-interacting kinase. EXD1: exonuclease 3′−5′ domain-containing protein 1. TNS: tensin.
AChRs: nicotinic acetylcholine receptor, invertebrate. CUL4: cullin 4. RSKL: ribosomal protein
S6 kinase−like. KRAB: domain−containing zinc finger protein. CCKAR: cholecystokinin A recep-
tor. BGI_novel_G002832: the gene has not yet been named. NCoR1: nuclear receptor co−repressor
1. CHCHD2: coiled−coil−helix−coiled−coil−helix domain-containing protein 2. LG12.g708: the
gene has not yet been named. NID: nidogen (entactin). (b) LG01.g3352: the gene has not yet been
named. CAPRIN2: caprin-2. GABAB: gamma-aminobutyric acid type B receptor. NOTCH1: notch 1.
NCoR2: nuclear receptor co-repressor 2. RPLP0: ribosomal protein lateral stalk subunit P0. CCKAR:
cholecystokinin A receptor. LG12.g2011: the gene has not yet been named. ACTB_G1: actin beta.
MLL3: histone−lysine N-methyltransferase MLL3. LG12.g708: the gene has not yet been named.
LG09.g2415: the gene has not yet been named. RPLP1: ribosomal protein lateral stalk subunit P1.
HCRTR2: hypocretin (orexin) receptor 2.

3.4. RT-qPCR Validation

The RT-qPCR data confirmed the expression patterns of the four down-regulated
genes, CCKAR, AChRs, GABAB, and NCoR2, as observed in the RNA-seq data (Figure 5).
Additionally, the one up-regulated gene in the RNA-seq, HCRTR2, was also up-regulated
in the RT-qPCR validation. These results suggest that the transcriptomic data are reliable
and that the expression levels of the selected genes are consistent with the findings from
the transcriptome analysis.
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(orexin) receptor 2. NCoR2: nuclear receptor co-repressor 2.

4. Discussion
4.1. Analysis of KEGG Enrichment Pathways

The KEGG enrichment analysis of metabolic pathways provides insights into the
potential mechanisms underlying the effects of environmental stimulation on gonadal
development in M. unguiculatus. The enrichment analysis identified a total of 11 pathways
that might be related to this process, including those related to environment-stimulated
interactions in neural tissue, hormone metabolism, cell physiological activity, and gonadal
development. Interestingly, two pathways, “Pyrimidine metabolism” and “Ribosome”,
were potentially impacted in this analysis. DNA and RNA comprise the genetic material in
living organisms, widely found in all animals, plants, and microorganisms [43]. Ribosomes,
in turn, are made of RNA and proteins, so pyrimidines and ribosomes are also present
in living organisms. In this transcriptome KEGG enrichment analysis, the “Pyrimidine
metabolism” and “Ribosome” pathways were potentially impacted; thus, it is hypothesized
that pyrimidine and ribosomes might indirectly affect the development of the gonads in
M. unguiculatus.

Following drying-based stimulation, interestingly, four pathways were potentially
impacted in both sexes of M. unguiculatus. These pathways are the neuroactive ligand–
receptor interaction, nucleotide excision repair, ubiquitin-mediated proteolysis, and thyroid
hormone signaling. The neuroactive ligand–receptor interaction pathway is a complex
signaling pathway that involves all receptors and ligands associated with intracellular
and extracellular signaling pathways on the plasma membrane. Notably, a previous
study examining the effects of 17α-methyltestosterone exposure on gonadal histology in
Pseudorasbora parva also found enrichment of the neuroactive ligand–receptor interaction
pathway in both sexes [44]. The nucleotide excision repair pathway is a pluripotent pathway
that recognizes and removes various types of DNA lesions induced by environmental
sources to counteract their deleterious effects [45]. A study on triploid oysters revealed
that hypermethylated genes involved in nucleotide excision repair may have functional
significance in producing gametes during both meiosis divisions in M-3nα [46]. The
ubiquitin proteolytic system plays a critical role in several basic cellular processes, such
as regulating the cell cycle, modulating immune and inflammatory responses, controlling
signal transduction pathways, and facilitating development and differentiation [47]. ECM
–receptor interaction and FoxO signaling pathways are also directly or indirectly involved
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in the physiological activities of cells [48,49]. The energy metabolism of animals undergoes
dynamic changes that significantly impact the secretion of reproduction-related hormones,
ultimately affecting individual reproductive performance [50]. The thyroid hormone (TH)
plays a crucial role in regulating growth, development, differentiation, and metabolism.
TH signaling modulates energy expenditure through both central and peripheral pathways,
and its effects are executed at the cellular level via TH receptor binding. In previous
studies, the thyroid hormones (THs) were shown to play important roles in development,
metamorphosis, and metabolism in vertebrates. Zebrafish is the best model system to study
the involvement of thyroid hormones in vertebrate development, and can help in more
detailed studies of embryonic development outside the ovaries of zebrafish [51]. Several
researchers have found that THs may be involved in oyster embryo development and the
process of oyster metamorphosis [52]. However, the correlation with the TH signaling
pathway in invertebrates is relatively limited, and further exploration is needed.

Gonadal development is a complex process that encompasses somatic cell growth
and germ cell growth, involving diverse biological phenomena such as sex determination,
oogenesis, and spermatogenesis [53]. Among the key signaling pathways involved in
embryogenesis, the highly conserved Wnt family of secreted proteins plays a critical role
in mediating cell–cell signaling events [54], and in recent transcriptome studies, the Wnt
signaling pathway has been implicated in regulating gonad development in both fish and
shellfish species [55,56]. The notch signaling cascade, mediated by the notch gene encoding
transmembrane receptors, is another important pathway involved in basic processes such
as cell proliferation, stem cell maintenance, and differentiation during embryonic and adult
development in animals [57]. The notch signaling pathway has been shown to regulate sex-
ual differentiation in the mollusks Hyriopsis cumingii and Crassostrea hongkongensis [58,59].
In the current transcriptome study of M. unguiculatus, the enrichment of these pathways
suggests their potential involvement in the regulation of gonad development in this species.
Moreover, environmental stimulation can influence these pathways, leading to changes
in cell development and ultimately affecting gonadal development and gametogenesis in
M. unguiculatus.

4.2. Key Differentially Expressed Genes

The present study has shown that several genes, including the invertebrate nicotinic
acetylcholine receptors (AChRs), and cholecystokinin A receptor (CCKAR) from males, as
well as the hypocretin (orexin) receptor 2 (NCRTR2), gamma-aminobutyric acid type B
receptor (GABAB), and nuclear receptor co-repressor 2 (NCoR2) from females, may play
important roles in regulating gonadal development in M. unguiculatus.

The nicotinic acetylcholine receptors (AChRs) belong to a family of acetylcholine-gated
cation channels, which are primarily expressed in muscles and nerves within the peripheral
nervous system but are also expressed in lower levels on neurons throughout the central
nervous system [60]. Moreover, numerous studies have put forth the proposition that
the acetylcholinesterase gene (AChE) regulates a multitude of crucial functions. These
encompass the frontal ciliary activity of the gill epithelium, temperature resistance, ciliary
activity involved in the transportation of suspended particulate matter, valve opening,
and embryo development [61]. In studies of vertebrates, the castration of male zebra
finches Taeniopygia guttata leads to a 50% reduction in AChE activity and a 40% decrease in
the number of acetylcholine receptors (AChRs) [62,63]. Similarly, decreases in size, AChE
activity, and AChR number occur in the dorsal bulbocavernosus muscle after the castration
of rats [64,65]. The present results suggest that AChRs are involved in up-regulating and
down-regulating the neuroactive ligand–receptor interaction pathway in males, indicating
that AChRs may contribute to gonad development in male M. unguiculatus.

The cholecystokinin gene (CCK) encodes a peptide hormone and neurotransmitter that
plays a crucial role in the regulation of feeding behavior. Studies using subtype-selective
agonists have suggested that the anorectic effect of exogenous cholecystokinin is mediated
by the CCKA receptor (CCKAR) [66–68]. CCK is widely expressed in important neuronal
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pathways and co-localizes with classical neurotransmitters such as dopamine in the ventral
tegmental area [69], GABA in the hippocampus [70], and CRF in the paraventricular nucleus
of the hypothalamus [71]. Investigations in Lophotrochozoa species have demonstrated
that the expression analysis of oysters with varying nutritional status or during their
reproductive cycle highlights the potential role of Cragi-CCK signaling in regulating feeding
behavior and its possible involvement in coordinating nutrition and energy storage in the
gonad [72]. The results show that CCKAR is involved in the regulation and down-regulation
of the neuroactive ligand–receptor interaction pathway, which might be involved in the
coordination of energy storage in the gonads in M. unguiculatus.

The hypocretin (HCRT), also referred to as orexin, system encompasses a set of reg-
ulatory peptides that govern diverse neuroendocrine and autonomic functions, such as
feeding behavior and sleep–wakefulness regulation [73]. Orexins have been associated
with several functional pathways, including the modulation of gonadotropin-releasing
hormone (GnRH) neurons and the secretion of pituitary gonadotropins, based on numerous
in vivo and in vitro experiments in both rodent [74–82] and human models [83]. In addition,
studies of the metabolism of the anchovy Coilia nasus in their natural feeding state during
migration have shown that females make up a large percentage of the feeding group during
migration. When migrating closer, females expend more energy relative to males due to
ovarian development, and a larger proportion of feeding individuals are females [84]. The
results of this study of hard-shelled mussels showed that the expression of HCRTR2 in the
gonads of the female was higher than that of males, which was consistent with the results
of the C. nasus study above. This suggests that HCRTR2 might play an important role in
regulating gonadal development, particularly in females, in M. unguiculatus. In addition,
because vertebrate nervous systems are more complex than those of invertebrates, we must
further study the expression of these genes in M. unguiculatus.

The synthesis of gamma-aminobutyric acid (GABA, neurotransmitter) and kisspeptins
(neuropeptides) by specialized neurons innervating the hypothalamus can stimulate go-
nadotropin (FSH and LH) release and regulate reproductive functions [85]. A study on the
sex differentiation mechanism of the scallop Patinopecten yessoensis has shown that ovary-
biased genes are enriched in neurotransmitter transporters and GABA-ergic synapse genes,
suggesting that neurotransmitters such as GABA and glycine may play a role in scallop
ovary development [20]. The current findings indicate a higher expression of GABAB in
female M. unguiculatus than in males, and down-regulation, suggesting that GABAB may
be involved in the regulation of ovarian development.

The duplication and divergence of the nuclear receptor co-repressor (NCoR) gene
during vertebrate evolution has resulted in NCoR1 (also known as NCoR) and NCoR2
(also known as SMRT), which have distinct molecular properties and mediate different
biological functions [86–92]. NCoR1 and NCoR2 were initially recognized as transcriptional
corepressors that interact with unliganded thyroid and retinoid receptors [93,94]. Their
indispensable regulatory roles in normal development are suggested by embryonic lethality
in both NCoR and NCoR2 knockouts in mice [95]. In the study of Caenorhabditis elegans,
GEI-8 was identified as the closest homolog of NCoR and SMRT in C. elegans, and it was
found to regulate gonad development and neuronal functions in C. elegans [96]. Hence, the
identification of the NCoR/SMRT homolog in C. elegans allows us to extend the conserved
developmental functions of these crucial corepressors to invertebrates. Based on the results
of this study and the progress of previous studies, it is speculated that Ncor2 may also
regulate gonad development in M. unguiculatus.

In summary, the identified genes in M. unguiculatus, including AChRs, CCKAR,
NCRTR2, GABAB, and NCoR2, may play a significant role in gonadal development in
response to drying stimulation, providing valuable insights into the reproductive biology
of this species. However, further research is needed to investigate the specific mechanisms
by which these genes affect gonadal development following drying stimulation and their
broader implications for the reproductive biology of the species.
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5. Conclusions

In conclusion, transcriptomic analysis of gonads from M. unguiculatus stimulated by
drying in the shade and those not to stimulated identified 33,778 unigenes, enriching the
database of gonadal development-related genes in M. unguiculatus. Comparative analy-
sis of the transcriptomes revealed 11 key pathways that may be involved in the gonadal
development of M. unguiculatus; these pathways are mainly involved in environmental
stimulation interactions in neural tissue, hormone metabolism, cell physiological activity,
and gonadal development. Importantly, several key genes (AChRs, CCKAR, HCRTR2,
GABAB, NCoR2) were identified that may play roles in environmental information process-
ing and gonadal developmental sex differentiation. This study has obtained transcriptomic
data from the gonadal tissues in thick-shelled mussels following desiccation stimulation.
It has enriched our understanding of gene expression related to gonadal development
and reproductive activities in M. unguiculatus. These data provide a foundational basis
for further investigating the intrinsic molecular regulatory mechanisms associated with
reproductive activities in M. unguiculatus.
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