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Transcriptional response of
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crab Uca arcuata
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Fishery College, Zhejiang Ocean University, Zhoushan, China, 2Zhoushan Marine Workstation, East
China Sea Branch of State Oceanic Administration, Zhoushan, China

This research identified functional genes and regulatory pathways of salinity
stress in red claw crab Uca arcuata, which a globally distributed intertidal species
inhabiting saline ecosystems, providing data and theoretical basis for the
protection and utilization of U. arcuata in global climate change. In this study,
we performed RNA sequencing on U. arcuata gill tissues exposed to salinity
gradients (15%., 25%. control, and 35%.) to profile transcriptional responses. A
total of 63.83 GB of high-quality clean reads were generated, yielding 125,462
unigenes with robust assembly metrics (N50 = 969 bp; mean length = 688 bp).
The transcriptome analysis predicted 101,280 coding sequences (CDSs) and
52,706 simple sequence repeats (SSRs). Compared with the control group, the
high-salinity group obtained 52 differentially expressed genes (DEGs), with 36
upregulated and 16 downregulated genes. The low-salinity group obtained 1,035
DEGs, with 780 upregulated and 255 downregulated genes. GO analysis showed
a significant enrichment of DEGs in signal transduction, enzymatic activity, and
binding. KEGG analysis showed that most DEGs were associated with signaling
pathways and metabolism. APOAL, APOA2, GPX and GST were specific genes
related to salinity adaptation. Five DEGs were randomly selected for quantitative
RT-PCR validation, and the results demonstrated that the transcriptome data are
highly reliable. However, we did not delve into the key functional genes and their
regulatory mechanisms. Joint analysis of the genome and transcriptome of U.
arcuata should conduct in the future, and comprehensively elucidate its
adaptation mechanism to salinity fluctuations.

KEYWORDS

Uca arcuata, salinity stress, transcriptional response, RNA sequencing, differentially
expressed genes

Introduction

Salinity is a pivotal abiotic factor governing the survival, distribution, and physiological
performance of aquatic organisms (Doney et al, 2012). Climate change, through the
alteration of precipitation patterns and the disruption of ocean circulation, has significantly
exacerbated the salinity fluctuations in marine ecosystems. These exacerbated salinity
variations pose a substantial threat to the aquatic biodiversity, jeopardizing the survival and

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fmars.2025.1575833/full
https://www.frontiersin.org/articles/10.3389/fmars.2025.1575833/full
https://www.frontiersin.org/articles/10.3389/fmars.2025.1575833/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2025.1575833&domain=pdf&date_stamp=2025-03-19
mailto:d6339124@163.com
https://doi.org/10.3389/fmars.2025.1575833
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
https://doi.org/10.3389/fmars.2025.1575833
https://www.frontiersin.org/journals/marine-science

Wang et al.

ecological balance of numerous aquatic species within these
ecosystems (Brierley and Kingsford, 2009; Durack et al., 2012).
These environmental disturbances disrupt habitat structure
(Durack, 2015) and impair key physiological processes (Rothig
et al., 2023). Specific impacts include compromised
osmoregulation (Soria et al., 2007), disrupted energy metabolism
(Verween et al., 2007), and altered hormonal balance (Arjona et al.,
2007). While osmoregulatory adaptations have been extensively
studied in brachyuran crabs such as Portunus pelagicus (a
euryhaline species with well-characterized osmoregulatory
pathways) (Romano and Zeng, 2006) and Carcinus maenas (a
model organism for salinity stress responses) (Henry et al., 2002),
the molecular mechanisms underlying salinity tolerance remain
poorly characterized, particularly in ecologically vital species like U.
arcuata. The above research can provide critical comparative
insights into how U. arcuata might adapt molecularly to
fluctuating salinity.

U. arcuata, also known as red claw crab, a decapod crustacean
of the family Ocypodidae, thrives in tropical to temperate intertidal
zones, where it excavates burrows in compact coastal sediments
(Nabout et al., 2010). This species serves as a “mangrove engineer”
(Kristensen, 2008; Penha-Lopes et al., 2009), enhancing ecosystem
health through bioturbation-driven sediment oxygenation, where
organisms like crabs or worms dig burrows, allowing oxygen to
penetrate deeper layers, nutrient cycling (breaking down organic
matter and redistributing nitrogen, phosphorus, and other essential
elements), and pollutant mitigation (trapping heavy metals or
breaking down toxins through microbial activity) (Botto et al.,
2005; Holdredge et al., 2010; Lautenschlager et al., 2010). Despite
its ecological significance, research on U. arcuata has historically
prioritized morphology (Yamaguchi, 2001; Yamaguchi and Henmi,
2001; Yamaguchi et al., 2005) and behavior (Wada and Murata,
2000; Wada et al, 2011), likely due to their direct relevance to
ecological interactions and taxonomic classification. However, its
molecular responses to salinity stress remain understudied.

RNA sequencing (RNA-seq) has emerged as a powerful tool in
deciphering transcriptomic adaptations—the analysis of RNA
transcripts produced under specific conditions or within specific
cells—to environmental stressors (Qian et al., 2014). RNA-seq has
identified salinity-responsive genes and pathways in aquatic species
such as Oreochromis niloticus (Cheng et al., 2022; Xu et al.,, 2022)
and Pseudosciaena crocea (Zeng et al., 2017), as well as Charybdis
japonica (Shui et al,, 2022) and Scylla paramamosain (Wang et al.,
2018), elucidating osmoregulatory mechanisms. However, such
studies have yet to be conducted for U. arcuata. Given the
sensitivity of crustacean gills to osmotic challenges (Ni et al,
2021), we conducted RNA-seq on U. arcuata gills under low-
salinity (15%o), medium-salinity (25%o), and high-salinity (35%o)
conditions. This study aims to (1) identify stress-responsive key
genes and pathways involved in salinity adaptation, providing a
molecular toolkit for targeted habitat restoration in climate-
vulnerable regions, and (2) enhance understanding of climate
driven habitat changes to guide adaptive management strategies,
such as designing marine protected areas with optimal salinity
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thresholds or providing information for aquaculture practices that
improve population adaptation to salinity fluctuations.

Materials and methods
Ethical approval

U. arcuata is not an endangered or protected species. During
the sampling process, all U. arcuata individuals were chilled to
induce anesthesia to minimize the suffering of animals. The Animal
Care and Use Committee of Zhejiang Ocean University reviewed
and approved this animal study.

Experimental materials and methods for
salinity stress

From October 2023 to November 2023, 24 adult male U.
arcuata were collected from the muddy intertidal zone beneath
the Aoshan Bridge in Zhoushan. The specimens were transported to
the laboratory and evenly distributed among three plastic water
tanks for 24 hours. During this time, the water temperature and
salinity in the tanks were maintained at 20°C and 25, respectively.
Feeding was suspended to minimize the potential effect of other
factors. After 24 h, 18 U. arcuata were evenly divided into three
groups and placed in three plastic water tanks. Three groups were
established: the high-salinity group (HSG), the low-salinity group
(LSG), and the control group (SCG). The salinity levels for LSG,
SCG, and HSG were 15, 25, and 35, respectively. According to the
preliminary experiment, the duration of salinity stress was
determined to be 24 hours, which can ensure the survival of all
individuals. Throughout the experiment, the salinity among the
tanks varied, whereas the water temperature was consistently
maintained at 20°C for each group, with no significant variations
in other factors. During the experiment, all groups ceased feeding,
and individuals on the brink of death or already deceased were
promptly removed. After the experiment, three crabs were
randomly selected from each experimental group and placed on
ice for freezing anesthesia. The gill tissues were then quickly
dissected and immediately placed in numbered sterilized sterilized
tubes. Subsequently, they were rapidly frozen in liquid nitrogen.
After all samples were collected and frozen with liquid nitrogen,
they were transferred to a —80°C refrigerator for storage.

Total RNA extraction, library preparation,
and illumina sequencing

After nine samples were removed from the —80°C refrigerator,
total RNA was extracted from each tissue sample by using the
TRIzol Reagent Kit (Invitrogen, Carlsbad, CA, USA). The RNA
samples were then analyzed by 1% agarose gel electrophoresis to
assess integrity and check for DNA contamination. RNA
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concentration (ng/UL) and purity (A260/280 ratio between 1.8 and
2.2) were measured using a Nanodrop 2000 spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA). Total RNA
integrity was evaluated using an Agilent 2100 bioanalyzer (Agilent
Technologies, Santa Clara, CA, USA). RNA libraries were
constructed with the TruSeq RNA Sample Prep Kit (Illumina, San
Diego, CA, USA). First, under the action of reverse transcriptase,
random primers were utilized to synthesize the first strand of cDNA
by using mRNA as a template, followed by the synthesis of the second
strand. A blend of enzymes (e.g., T4 DNA polymerase and Klenow
fragment) was added to repair frayed or uneven ends of double-
stranded cDNA, converting them into blunt termini compatible with
downstream adapter ligation. Purification and fragment sorting were
conducted on the products linked to the adapter, followed by PCR
amplification to purify the final library. Finally, paired-end
sequencing (150 bp) was performed on the Illumina HiSeq platform.

Transcriptome quality control, structure
analyses, and gene functional annotation

Raw reads from three experimental groups obtained through
the sequencing platform were filtered using SeqPrep and Sickle
software to obtain high-quality clean reads. Raw reads containing
sequencing adapters, unknown nucleotide ratio exceeding 10%, and
sequence end mass values below 20, which account for over 50% of
all base quantities, were eliminated to ensure high-quality clean
reads. Quality evaluation of the clean reads was performed using
FastQC software to obtain their Q30, representing the percentage of
bases with a quality value higher than 30 relative to the total number
of reads. Clean reads that passed quality testing were utilized for
subsequent transcript splicing.

Trinity software was employed to assemble the file with default
parameters to obtain transcripts and unigenes. The integrity of the
transcriptome assembly was assessed using BUSCO. TransDecoder
software was utilized to predict the coding sequences (CDSs) of
unigenes. Simple sequence repeats (SSRs) were analyzed using
MISA (version 1.0) software with default parameters. The
repeating units and their minimum number of nucleotide
repetitions for mono-nucleotide, di-nucleotide, tri-nucleotide,
tetra-nucleotide, penta-nucleotide, and hexa-nucleotide were 10,
six, five, five, five, and five, respectively.

The assembled unigenes were compared against six major
databases (Protein Families [Pfam], Swiss-Prot, Non-Redundant
[NR] Protein Sequence, EuKaryotic Orthologous Groups [KOG],
Gene Ontology [GO], and Kyoto Encyclopedia of Genes and
Genomes [KEGG]) to obtain annotation information from
each database.

Gene quantification and differential
expression analysis

The unigenes assembled from Trinity served as the reference
by using RSEM (version 1.3.0) (Langmead, 2009), utilizing
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bowtie2 (Li and Dewey, 2011) with default parameters to
compare the clean reads of each sample against the reference.
The comparison results were compiled to determine the number
of reads mapped to each transcript for each sample, which were
then converted to fragments per kilobase per million base values.
EdgeR and DESeq2 (Leng et al., 2013) were employed to analyze
the DEGs between different groups. Subsequently, false discovery
rate (FDR) and fold change (FC) values were applied to identify
DEGs, with screening criteria set at FDR < 0.05 and |log2FC| > 1.
Volcano and MA plots were generated using R for visual analysis.
Functional information of the differentially expressed genes
(DEGs) was analyzed using Goatools and KOBAS (version 2.0),
leveraging the GO and KEGG databases to identify key functional
genes and regulatory mechanisms of U. arcuata under
salinity stress.

Quantitative reverse
transcription validation

Five DEGs from three experimental groups were randomly
selected to validate the RNA-seq results by using 18S rRNA as
the internal reference gene. As shown in Table 1, Specific primers
were designed with Primer Premier 5.0. Initially, the
complementary DNA (cDNA) samples were diluted by fivefold.
Then, following the manufacturer’s instructions, the reaction
system totaled 20 uL, comprising 2.0 uL of diluted cDNA
template, 10 pL of ChamQ Universal Sybr qPCR Master Mix
(2x), 0.4 pL of forward and reverse primers, and 7.2 pL of
ddH,0. The amplification procedure was conducted using the
ABI 7300 Plus real-time PCR instrument (Applied Biosystems,
Carlsbad, CA, USA). It involved holding at 95°C for 3 s, followed
by 40 cycles of 95°C for 10 s and 60°C for 30 s. Three parallel
experiments were performed for each cDNA template. The relative
expression levels of these genes were calculated using the 274"
method (ACT = CT e gene ~ Clreterence genes AMCT = ACT emmens
— ACT contro1) (Livak and Schmittgen, 2001).

TABLE 1 Primer sequences of DEGs for qRT-PCR.

Gene Primer (5’ to 3) Product Length
For_ ACCTGAAGACACTTGGCGAG
APOAL - p v CTGGCCTTGTCGATCACACT 115 bp
APOAy | For_ GAGATTCAGAGCCAGGCCAA s b
Rev_ GCCGGTTTCTCCTCAAGGTT P
For_ TTACCCAGTGGCGGATCTTC
PPP1C 141 bp
Rev_ TCAGGCGCTCATGGTTTGAT
For_ GCTATTCCTACAGCGACCCC
CYP2J 160 bp
Rev_ AAGTAGGGCATCACGTGCAA
For_ ACCTTGTGTTCGCGGTACTT
CYPIAL pev_ ACAACTACTGGTCTTCGCGG 133 bp
For_ TTAGTGAGGCCTTCGGACTG
185 rRNA 132 bp

Rev_ GACTTTTACTTCCTCTAAACT
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Results
RNA-seq data and De novo assembly

The raw RNA-seq reads of nine U. arcuata were placed in the
NCBI Sequence Read Archive (SRA) database under the accession
number of SRR32325637, SRR32325636, SRR32325635,
SRR32325634, SRR32325633, SRR32325632, SRR32325631,
SRR32325630 and SRR32325629 under BioProject
PRJNA1222120. As shown in Table 2, RNA sequencing of Uca
arcuata gill tissues in high-salinity group (HSG, 35%o), salinity
control group (SCG, 25%o), and low-salinity group (LSG, 15%o)
generated 426.85 million clean reads after rigorous quality control.
Each sample yielded > 6.81 Gb of high-quality data, with Q30 scores
exceeding 97.36%. De novo assembly produced 223,813 transcripts
(N50 = 1,407 bp; mean length = 858 bp) and 125,462 unigenes (N50
= 969 bp; mean length = 688 bp), demonstrating robust assembly
continuity (Table 3). The BUSCO (version 3.1.0) analysis identified
1013 genes in the BUSCO database. Among them, 93.3% were
detected for complete BUSCOs and 3.4% for missing BUSCOs,
indicating good assembly quality (Table 4).

Gene function annotation

The unigenes were compared and annotated in databases such
as Protein Families [Pfam], Swiss-Prot, Non-Redundant [NR]
Protein Sequence, EuKaryotic Orthologous Groups [KOG], Gene
Ontology [GO], and Kyoto Encyclopedia of Genes and Genomes
[KEGG]. As shown in Table 5, 29.44% of unigenes were annotated
in the Pfam database, representing the highest proportion. The
unigenes annotated in the NR database accounted for 20.99%, and
8059 unigenes were annotated in the GO database, constituting
7.96% of the total. Additionally, 2945 unigenes were annotated in
the KEGG database, accounting for 2.91% only. Meanwhile, 33,936
(33.51%) unigenes matched one or more databases.

The transcriptome information was compared with the GO
database and categorized into three classifications: biological

TABLE 2 Clean reads information.

10.3389/fmars.2025.1575833

process, cellular component, and molecular function. The top 20
most annotated secondary classifications within each category were
selected for plotting (Figure 1). The most significant annotated
items in biological process were cellular process and metabolic
process. The most significant annotated item in cellular component
was cellular anatomical entity, and the most significant annotated
items in molecular function were binding and catalytic activity.

KEGG annotation revealed that the unigenes were mapped to
33 pathways and categorized into five groups on the basis of their
involvement in KEGG pathways (Figure 2). This classification
included 652 in cellular processes, 838 in environmental
information processing, 643 in genetic information processing,
1189 in metabolism, and 1499 in organismal systems. Signal
transduction was the most dominant group, with 767 unigenes in
33 pathways.

In the KOG database, 11,643 genes were annotated into 25
orthologous groups (Figure 3). Among them, the largest group
consisted of function unknown, Ttranslation, ribosomal structure
and biogenesis, and unnamed protein, followed by transcription,
intracellular trafficking and secretion, and vesicular transport.

Based on TransDecoder software, 101,280 CDSs were obtained.
Additionally, 52,706 SSRs were discovered (Figure 4). The numbers
of mono-nucleotide, di-nucleotide, tri-nucleotide, tetra-nucleotide,
penta-nucleotide, and hexa-nucleotide were 10,620, 22,307, 9946,
1396, 241, and four, respectively.

Differentially expressed genes analysis

A salinity of 25 was used in SCG to statistically analyze the
number of differentially expressed genes (DEGs) in HSG and LSG.
As shown in Figure 5, the expression levels of DEGs were visualized
using volcano and MA plots. A total of 52 DEGs were identified in
HSG compared with SCG, including 36 upregulated and 16
downregulated ones. In LSG versus SCG, 1035 DEGs were
identified, with 780 upregulated and 255 downregulated ones. In
LSG versus HSG, 660 DEGs were found, comprising 359
upregulated and 301 downregulated ones.

Salinity Replicate Clean Reads (M)  Clean Bases (G) GC Content % > Q30
1 4553 6.81 47.41% 97.65%
15%o 2 47.33 7.08 46.50% 97.56%
3 48.42 7.24 48.87% 97.71%
1 48.52 7.26 46.60% 97.67%
25%o 2 47.66 7.11 42.28% 97.95%
3 46.29 6.92 46.38% 97.36%
1 47.56 7.11 48.14% 97.67%
35%o 2 47.62 7.13 47.24% 97.69%
3 47.92 7.17 45.01% 97.63%
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TABLE 3 Transcripts and unigenes statistical information.

Length (bp) Transcripts Unigenes
<500 118,181 76,559
500-1000 54,451 28,742
1000-2000 29,892 12,865
>2000 21,289 7296
Total number 223813 125,462
Min length 176 201
Max length 18,873 18,873
Mean length 858 688
N50 length 1407 969

TABLE 4 Evaluation results using BUSCO and single-copy gene set in
Eukaryotes (Arthropoda_odb10).

Cc S D F M Total
945 420 525 33 35 1013
(93.3%) (41.5%) (51.8%) (3.3%) (3.4%) (100%)

C: Complete BUSCOs; S: Complete Single-Copy BUSCOs; D: Complete Duplicated BUSCOs;
F: Fragmented BUSCOs; M: Missing BUSCOs; Total: Total BUSCO groups searched.

TABLE 5 Unigene annotation statistical information.

Type Number Percent
Pfam 29,812 29.44%
Swiss-Prot 11,498 11.35%
NR 21,256 20.99%
KOG 11,643 11.50%
GO 8059 7.96%
KEGG 2945 2.91%
Annotation 33,936 33.51%

GO functional enrichment analysis of DEGs

GO enrichment analysis can identify the primary biological
functions and characteristics of DEGs. In this study, DEGs were
categorized into three main categories in GO: biological process,
cellular component, and molecular function. As shown in Figure 6,
the GO analysis revealed that the significant DEGs in HSG were
involved in GO terms such as phosphorelay signal transduction
system (GO:0000160), G protein-coupled receptor signaling
pathway (GO:0007186), and DNA integration (GO:0015074) in
biological processes and G protein-coupled receptor activity
(G0O:0004930) in molecular function. The significant DEGs in
LSG were primarily involved in the phosphorelay signal
transduction system (GO:000160) in biological processes. In HSG

Frontiers in Marine Science

10.3389/fmars.2025.1575833

versus LSG, the significant DEGs were involved in GO terms such as
lipid transport (GO:0006869) and carboxylic acid metabolic process
(GO:0019752) in biological process; extracellular space
(GO:0005615) and extracellular region (GO:0005576) in cellular
component; and signaling receptor binding (GO:0005102), iron ion
binding (G0O:000556), lipid binding (GO:0008289), oxidoreductase
activity, acting on paired donors, with incorporation or reduction of
molecular oxygen (GO:0016705), carboxy-lyase activity
(G0O:0016831), heme binding (GO:0020037), and pyridoxal
phosphate binding (GO:0030170) in molecular function.

KEGG pathway analysis of DEGs

The functions of gene products and their potential metabolic
pathways were analyzed by KEGG annotation. As shown in
Figure 7, the KEGG analysis revealed that the significantly
enriched pathways in HSG were primarily associated with
signaling pathways, including the Fc epsilon RI signaling pathway
(ko04664), the NF-kappa B signaling pathway (ko04064), the B cell
receptor signaling pathway (ko04662), and the phospholipase D
signaling pathway (ko04072). Additional pathways included natural
killer cell mediated cytotoxicity (ko04650), arachidonic acid
metabolism (ko00590), and Fc gamma R-mediated phagocytosis
(ko04666). In LSG, the DEGs were significantly enriched in
glutathione metabolism (ko00480). In HSG versus LSG, the DEGs
were significantly enriched in the PPAR signaling pathway
(ko03320), fat digestion and absorption (ko04975), complement
and coagulation cascades (ko04610), and platelet activation
(ko04611). Most of the enrichment pathways in the three groups
were related to signaling pathways and metabolism.

Validation of transcriptomic data via
gRT-PCR

Five significant DEGs were randomly selected from the three
experimental groups for validation to verify the accuracy of the
transcriptome data. As shown in Figure 8, the results indicated that
the expression trend of QRT-PCR results was consistent with the
RNA-seq results, confirming the reliability of the latter.
Furthermore, the expression trends of different genes, whether
based on transcriptome or qRT-PCR, were specific at different
salinities. The gene expression levels of APOAI and APOA2
increased with increasing and decreasing salinity, whereas those
of PPP1C, CYP2J, and CYP3A4 decreased.

Discussion

At present, global climate change has resulted in continuous
changes in ocean salinity. When salinity changes exceed the
tolerance range of organisms, it can lead to mortality. Salinity is
one of the crucial environmental factors that significantly affect
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FIGURE 1

Secondary classification distribution of GO annotation.

aquatic organisms. Numerous studies have confirmed that salinity
plays a key role in influencing the development and survival of
crustaceans (Beeuf and Payan, 2001). Changes in salinity typically
have a direct effect on the osmotic regulation ability of aquatic
organisms (Ponce-Palafox et al., 2013). Salinity significantly affects
the respiratory function, growth, survival, and immune defense of
crabs (Sang and Fotedar, 2004). Therefore, crustaceans may be
more vulnerable to the effects of salinity stress (Romano and
Zeng, 2012).

Under salinity stress, marine organisms undergo cellular stress
responses to changes in salinity. Cells can exert repair and
protective effects, which can result in the inhibition of cell
proliferation and programmed cell death (Evans and Kiiltz, 2020).
Changes in seawater salinity directly affect the osmotic pressure
regulation mechanism of aquatic animals. Once an osmotic
pressure imbalance occurs, it can damage other physiological
processes such as growth, development, metabolism, and
immunity in aquatic animals (Shaughnessy et al., 2015). So far,
no research has indicated the salinity adaptation mechanism and
the effect of salinity changes on U. arcuata. Therefore, in the present
study, U. arcuata was selected as the research subject to investigate
its response mechanism to salinity stress.

U. arcuata was placed in high-salinity (35%o) and low-salinity
(15%0) environments and sequenced using the Illumina HiSeq
platform. The results showed that the quality values of clean read
bases in each sample were relatively high, at least 97.36%, indicating
that the sequences had high sequencing accuracy. The obtained
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clean reads are reliable, and they could be used for subsequent
transcript splicing. The N50 value and average value of the sequence
were high, indicating a good assembly effect of the transcripts,
which can be further analyzed.

Analysis of the results of DEGs revealed that under salinity
stress, the expression levels of many genes in U. arcuata changed
significantly to cope with the stress induced by external salinity
variations, respond to salinity regulation mechanisms, and ensure
survival. However, the number of differentially expressed genes in
low-salinity group was significantly higher than that in high-salinity
group. This result is consistent with a study on Charybdis japonica
(Shui et al., 2022), but we cannot simply infer that U. arcuata was
under greater stress at this salinity. In addition, the number of
upregulated genes in LSG was significantly higher than that in HSG.
This difference may be attributed to the necessity for a larger
number of genes to regulate salt tolerance mechanisms in U.
arcuata under low-salt environment.

In the GO enrichment analysis, DEGs were primarily enriched
in signal transduction, enzymatic activity, and binding. Due to
salinity fluctuations, U. arcuata activates cellular regulatory
mechanisms, such as osmotic balance control and stress response
pathways to survive. When salinity changes, cells adjust ion
concentrations (e.g., pumping out excess sodium via Na"/K'-
ATPase) and produce protective molecules like osmolytes to
prevent dehydration or swelling. These mechanisms ensure that
critical functions like nutrient uptake, energy production, and cell
structure stability are maintained. Without this adaptability, salinity
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shifts could overwhelm the organism, thereby leading to cellular
dysfunction or death. This alteration ultimately helps maintain a
relative balance between the organism’s internal environment and
the external surroundings (Rahi et al., 2018). Crustaceans possess a
mechanism for regulating osmotic pressure, and changes in salinity
can disrupt this balance. At this point, the osmotic pressure
regulation mechanism begins to function. When U. arcuata are in
a low-salt environment, they absorb a significant amount of water
through their gill cells, along with a considerable number of ions,
and continuously excrete urine to maintain isotonic flow. In a high-
salt environment, they lose a substantial amount of water from their
bodies, and the gills expel more salt to sustain osmotic pressure
balance. Moreover, ion transport enzymes in crustaceans contribute
to maintaining osmotic pressure balance. Na™-K"-ATPase, which
has been extensively studied, is the primary ion transport enzyme in
aquatic animals. It facilitates ion absorption or emission to enhance
salinity regulation in response to changes in salinity (Liu et al,
2008). Therefore, under salinity stress, U. arcuata is speculated to
regulate the activity of key enzymes in its body to adapt to external
salinity changes. The expression levels of key salinity-responsive
enzymes, such as ion transporters (e.g, Na*/K'-ATPase, V-type
H*-ATPase), osmolytes synthesis enzymes (e.g., myo-inositol
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oxygenase), and stress signaling regulators (e.g., NF-xB), were
dynamically regulated in U. arcuata to maintain critical bodily
functions. For example, ion transporters adjust cellular salt balance,
osmolytes stabilize proteins and membranes under osmotic stress,
and signaling genes coordinate systemic responses to salinity
changes. This precise regulation of gene networks ensures
physiological processes like ion homeostasis, cellular hydration,
and oxidative stress mitigation remain functional, enabling
survival in fluctuating salinity environments.

Most DEGs were associated with signaling pathways and
metabolism. In HSG, the DEGs were significantly enriched in the
Fc epsilon RI signaling pathway, NF-kappa B signaling pathway, B
cell receptor signaling pathway, and phospholipase D signaling
pathway. The IGH (immunoglobulin heavy chain) genes, which
encode critical components of antibodies essential for recognizing
and neutralizing pathogens like bacteria and viruses, showed a trend
of downregulation. Immunoglobulins (Igs) are produced by B cells,
which are essential components of the humoral immune response
(Mashoof and Criscitiello, 2016). The basic structure of Ig consists
of two identical heavy (H) chains and two identical light (L) chains
(Schroeder and Cavacini, 2010). The expression levels of three Ig
isotype classes, IgM, IgD, and IgT, increased following parasitic,
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bacterial, and fungal pathogen infections in Misgurnus
anguillicaudatus (Xu et al,, 2019). This downregulation suggests a
potential weakening of the organism’s immune defense capacity, as
fewer functional antibodies could impair its ability to combat
infections. Such a decline in immune-related gene activity may
leave U. arcuata more vulnerable to diseases, particularly in
stressful environments where energy is diverted toward coping
with osmotic challenges instead of maintaining robust immunity.

25000
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15000

10000

Number of SSRs

5000

c c* pl p2 p3 p4d p5 pb
Type of SSRs

FIGURE 4

Results of SSRs. x-coordinate: SSR type, y-coordinate: number of
SSR. pl: mono-nucleotide, p2: di-nucleotide, p3: tri-nucleotide, p4:
tetra-nucleotide, p5: penta-nucleotide, p6: hexa-nucleotide and c:
compound type. c* means compound type with additional
annotations (such as special structure or functional markings).
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The B cell receptor (BCR) plays a vital role in B cell development
and antibody production. After Streptococcus agalactiae infection,
CD79, which forms B cell antigen receptors with membrane
immunoglobulin, was significantly upregulated in Oreochromis
niloticus (Wu et al., 2019). Similarly, Cryptocaryon irritans
infection led to CD79 upregulation in Epinephelus coioides (Mo
et al,, 2016). The expression levels of IGH genes is closely linked to
the activity of BCRs (Lange et al., 2009). This may be related to the
high-salt tolerance mechanism of U. arcuata, which does not
necessitate upregulation of IGH in high-salt environments.

Glutathione metabolism was significantly downregulated in
LSG. It plays a crucial role in regulating metabolism and
promoting detoxification and antioxidation. It is also an essential
metabolic process in organisms (Wu et al., 2004). The gpx
(glutathione peroxidase) and GST (glutathione S-transferase) are
key genes in cellular detoxification systems that protect cells against
reactive oxygen species (ROS) (Choi et al,, 2008). Changes in
salinity can induce an increase in GPX activity in the white leg
shrimp (Litopenaeus vannamei) and lead to severe oxidative stress
(Liu et al., 2007). Furthermore, a correlation exists between changes
in salinity and GST activity. Salinity fluctuations may be a
nonbiological factor contributing to an increase in GST activity in
Mediterranean mussels (Mytilus galloprovincialis) (Bebianno et al.,
2007). Low-salt stress accelerates cellular senescence and places cells
at increased risk of stress (Maher, 2005). The downregulation of key
enzymes related to glutathione levels in these results may be
associated with cellular senescence.

In HSG versus LSG, the DEGs were significantly enriched in the
PPAR signaling pathway, fat digestion and absorption, complement
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Volcano and MA plots of DEGs in different salinity comparison groups. (A, B) represent the DEGs between HSG and SCG; (C, D) represent the DEGs
between LSG and SCG; and (E, F) represent the DEGs between LSG and HSG.

and coagulation cascades, and platelet activation. These pathways
are associated with fat metabolism and traumatic coagulation
reactions. The FABPI (fatty acid-binding protein 1, liver), FABP2
(fatty acid-binding protein 2, intestinal), APOAI (apolipoprotein A-
I), APOA2 (apolipoprotein A-II) and APOA4 (apolipoprotein A-
IV) in these pathways showed a trend of upregulation, as found in
Synechogobius hasta (Chen et al., 2020). Peroxisome proliferators
activated receptors (PPARs) are nuclear hormone receptors

Frontiers in Marine Science

activated by fatty acids and their derivatives. Essentially, they
represent a class of ligand-dependent transcriptional regulatory
factors that govern numerous cellular metabolic processes (Chen
et al., 2017). Current research has indicated that PPAR is involved
in lipid, sugar, and energy metabolisms in fish (Feng et al., 2021).
PPAR can assist fish in maintaining energy balance in extreme
environments (Ning et al., 2016; Xiong et al., 2022). Fat serves as a
vital energy source and the primary form of energy storage
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(Borlongan and Benitez, 1992). Most aquatic organisms possess a
strong ability to utilize fat while exhibiting poor efficiency in
carbohydrate utilization, making fat the optimal energy source
(Meng et al., 2019). Fatty acids are the essential building blocks of
fat. They can enhance the activity of various enzymes such as Na'-
K*-ATPase, promote ion absorption or release, and improve the
body’s ability to adapt to fluctuations in salinity (Moya-Falcon et al.,
2004; Huang et al., 2010, 2020). In the present study, PPAR levels
were speculated to be significantly upregulated, enhancing fat
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digestion and absorption, thereby regulating lipid metabolism
processes to maintain body balance. The complement system is
the humoral component of the immune system, and it plays a
crucial role in human immune defense by inducing hemolysis,
phagocytosis, chemotaxis, and natural immune bactericidal effects.
The coagulation cascade reaction is a vital process in the body that
helps prevent blood vessel damage and bleeding. An association was
found between complement and coagulation cascade reactions in
certain physiological processes (Amara et al., 2010). Platelets in

frontiersin.org


https://doi.org/10.3389/fmars.2025.1575833
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Wang et al. 10.3389/fmars.2025.1575833

A Fc epsilon Rl signaling pathway-
Natural killer cell mediated cytotoxicity {
Arachidonic acid metabolism {

NF-kappa B signaling pathway
B cell receptor signaling pathway piacist
010
Fc gamma R-mediated phagocytosis { L

Phospholipase D signaling pathway o014

016
Thyroid hormone synthesis
Count

[ Nl

MAPK signaling pathway - fly
Glutathione metabolism {

Calcium signaling pathway

PI3K~-Akt signaling pathway

Phagosome { [ ]

0.200 0.225 0.250 0.275
GeneRatio

B Glutathione metabolism { @
Linoleic acid metabolism {

Nucleotide excision repair

Arachidonic acid metabolism{

Mismatch repair Count

® 100
@
@ =
@
@

padjust

DNA replication {
EbB signaling pathway
Homologous recombination {

Steroid hormone biosynthesis {
Glycerolipid metabolism {

Retinol metabolism{

Phospholipase D signaling pathway
0228

0230
0232
0234
023

Fanconi anemia pathway
Neurotrophin signaling pathway
Glycerophospholipid metabolism {

Drug metabolism - cytochrome P450

Thyroid hormone synthesis

Metabolism of xenobiotics by cytochrome P450
Axon guidance

Lysine degradation {

0.14
GeneRatio

C PPAR signaling pathway
Platelet activation

Fat digestion and absorption {

Complement and coagulation cascades
Linoleic acid metabolism {
Vitamin digestion and absorption{
Fructose and mannose metabolism {
Inflammatory mediator regulation of TRP channels
MAPK signaling pathway - fly
Insulin signaling pathway-
Glycolysis / Gluconeogenesis {

Peroxisome {

Ovarian steroidogenesis {

Cell adhesion molecules {

Proximal tubule bicarbonate reclamation {
Pentose phosphate pathway
Arachidonic acid metabolism {

Mineral absorption {

Steroid hormone biosynthesis {

Retinol metabolism {

0.04 0.08 0.12 0.16
GeneRatio

FIGURE 7
KEGG analysis of DEGs in different salinity comparison groups. (A) represent the DEGs between HSG and SCG; (B) represent the DEGs between LSG
and SCG; and (C) represent the DEGs between LSG and HSG.

crustaceans are referred to as clotting cells. Platelets not only Conclusion

participate in clotting but also function as blood macrophages,

forming a protective barrier against foreign substances (Yu et al., Salinity is one of the environmental factors essential for aquatic
2021). They can directly clear cell debris from the bloodstream  organisms. For intertidal crabs like U. arcuata, fluctuations in
through phagocytosis (Zhou et al., 2018). U. arcuata may prevent  salinity may have a more profound impact compared to those
vascular rupture by activating the coagulation cascade reaction. It  experienced by species living exclusively in the ocean. Therefore,
also regulates the killing effect of immune cells by activating the  studying its salinity tolerance mechanism is of paramount
complement system and enhances the phagocytic ability of blood  importance. The RNA-seq analysis revealed that gill tissues of U.
cells by activating platelets. This process boosts the body’s immune  arcuata in high-salinity group (HSG) and low-salinity group (LSG)
function to adapt to changes in osmotic pressure under exhibited 52 and 1035 differentially expressed genes (DEGs),
salinity stress. respectively. DEGs are genes with significantly altered activity
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levels under environmental stress. The number of DEGs in the LSG
is nearly 20 times higher than that in the HSG, which may indicate
that low salinity imposes a greater transcriptional burden on the
organism. This implies that U. arcuata must activate or suppress a
larger suite of genes to adapt to low-salinity stress, potentially
disrupting biological processes such as ion transport, energy
metabolism, and osmotic balance.

The GO annotation and KEGG pathway analysis indicated that
U. arcuata mainly adapts to salinity fluctuations by regulating
signaling pathways, enzyme activity, and metabolism.
Fluctuations in salinity can profoundly influence the physiology
of U. arcuata, impacting processes such as osmotic regulation,
enzyme activity, and ion homeostasis. For instance, abrupt
changes in salinity disrupt osmotic balance, forcing the organism
to expend energy to regulate intracellular water and ion
concentrations, which may divert resources from growth and
development. Additionally, salinity shifts can alter the function of
enzymes critical for metabolism (e.g., those involved in ATP
production or nitrogen excretion), either by destabilizing their
structure or modifying substrate affinity. Ion transport systems,
particularly those managing sodium (Na"), potassium (K*), and
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chloride (CI'), may also become dysregulated under extreme
salinities, leading to cellular stress or impaired neuromuscular
function. These physiological disruptions collectively compromise
survival, reproduction, and long-term fitness in dynamic estuarine
environments. The results of this study provide data and a
theoretical basis for understanding the adaptation of U. arcuata
to salinity stress, but further research is needed to explore the
regulatory mechanism.
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