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The intertidal salinity fluctuations provide pose a significant physical challenge for the
crustaceans that live here. In the present study, Charybdis japonica was selected as the
research species to explore the genetic regulatory mechanisms of intertidal crustaceans
responding to salinity fluctuations. We cultured C. japonica s with three salinity gradients
(the salinity of 15%0, 25%0, and 35%.) and 68.90 Gb clean transcriptome reads were
obtained by RNA-seq. All clean reads were then de novo assembled to 41,058 unigene
with a mean length of 1,179.39 bp and an N50 length of 2,033 bp. Furthermore, a total
of 18,100 (24.74%) unigenes were successfully matched with the sequences from at
least one database. We further analyzed the transcriptome structure of C. japonica and
a total of 26,853 CDSs and 12,190 SSRs were predicted. The gene expression levels of
C. japonica at 25%. were used as control, and 204 and 5,392 DEGs were found at the
salinity of 35%. and 15%., respectively. Based on the annotated information of DEGs,
we speculated that C. japonicas were subjected to greater stress under the salinity of
35%0 and isotonic intracellular regulation was activated. Furthermore, neuronal activity,
oxidation response, intracellular regulatory activity and osmotic regulation-related genes
were speculated to be critical genes for C. japonica to cope with salinity fluctuations. The
present results will provide fundamental information for revealing the salinity fluctuation-
related genetic regulatory mechanisms of C. japonica and other intertidal crustaceans,
and then help us predict how future salinity changes will affect the survival of crustaceans.

Keywords: Charybdis japonica, intertidal crustaceans, transcriptome, salinity fluctuation regulation,
genetic adaption

INTRODUCTION

The rapid climate change in the last decades has caused particularly alarming damage to marine
ecosystems (Poloczanska et al., 2013; Molinos et al., 2016). Based on previous studies, seawater
warming has been predicted to fluctuate dramatically and continuously due to the large amount
of carbon dioxide (CO,) absorbed by seawater (Wiltshire et al., 2010). In fact, seawater warming is
expected to increase the evaporation and air humidity, and further drive the salinity of ocean water
toward more extremes, signifying lower salinity in low-salt areas and higher salinity in high-salt
areas (Held and Soden, 2006). It is worth noting that salinity fluctuation may exceed the practical
and potential microenvironment of some species and even threaten their survival (Nielsen and
Brock, 2009; Waterkeyn et al., 2011).
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Crustaceans are one of the most species-abundant taxa in
the ocean and are widely distributed (Greenaway, 2003; Bar-On
etal., 2018). Although the high global invasive potential of many
crustaceans may mean that they are able to adapt to changing
salinity, salinity still affects many physiological processes and
natural behaviors of crustaceans (Whiteley et al., 2018; Young
and Elliott, 2020). This is the case because there is lack effective
salinity regulation mechanisms in crustaceans and thus their
biological processes such as hormone release, metabolism and
immunity will be hindered by osmoregulation disturbance
caused by salinity changes (Huni and Aravindan, 1985). In fact,
crustaceans also exhibit a variety of behavioral and physiological
responses that allow them to relieve salinity changes (Whiteley
and Taylor, 2015). Such as crustaceans move away from their
original shelter where salinity changes, but may be exposed to
new biological or abiotic stresses (Stein and Harzsch, 2021).
Meanwhile, crabs such as Carcinus maenas has also been shown
to respond to different salinities by modulating hemolymph
(Winkler et al., 1988). Additionally, changes in the abundance
of some neuroendocrine factors (i.e. neuropeptides) are also
thought to involved in osmoregulation during salinity fluctuations
by altering the neurobehavioral and immune behaviors of
crustaceans (Delorenzi et al., 2000; Zhang et al., 2015). It is worth
explaining that the difference in osmoregulation ability also leads
to the salinity tolerance-specificity of crustaceans (Rubio et al.,
2005; Ye et al., 2009). Specifically, euryhaline crustaceans appear
to show greater responsiveness to salinity fluctuations because
they are always exposed to continuous and significant salinity
changes (Jung et al., 2012). In conclusion, there is no denying
that some macroscopical effects of salinity fluctuations on
crustaceans have been identified, but we know very little about
the internal molecular regulatory mechanisms. Consequently, it
is necessary to explore the regulatory mechanisms of crustaceans
under salinity fluctuations at the molecular level.

Intertidal ecosystems show particularly pronounced and rapid
salinity changes than open subtidal ecosystems, and such changes
seem to more easily threaten the crustaceans’ survival compared
with slow fluctuations in salinity averages (Somero, 2012; Stein
and Harzsch, 2021). With this in mind, intertidal crustaceans
may be more tolerant to salinity fluctuations, but the intertidal
salinity fluctuations also provide pose a significant physical
challenge for the crustaceans. Therefore, intertidal crustaceans
can be used as excellent models to explore the responses of
marine crustaceans to salinity fluctuations. As an intertidal
crustacean, the Charybdis japonica is a euryhaline marine crab
and predominantly distributed in the China, Japan, the Korean
Peninsula and Southeast Asia countries (Yu et al., 2004). This
species can tolerate a wide range of salinity from 10%o to 35%o,
and its optimum survival salinity ranges from 15%o to 27%o.
Therefore, the C. japonica could be chosen as proxies to explore
the effects of salinity fluctuations on intertidal crustaceans. The
acquisition of transcriptome will help to explore the gene-level
regulation mechanisms in C. japonica under salinity fluctuation
(Wang et al., 2009), but relevant studies have yet to be developed.
At present, RNA sequencing (RNA-seq) based on high-
throughput sequencing has been successfully used to identify
gene expression patterns in a variety of crustaceans under

salinity stresses, such as Oratosquilla oratoria (Lou et al., 2019),
Scylla paramamosain (Wang et al., 2018) and others. Meanwhile,
salinity fluctuations have also been shown to activate some gene
(i.e. CPT-1, LRPI, etc) expression, enzyme (i.e. Na*/K*-ATPase,
etc) activity, and metabolic pathways (i.e. glucocorticoid receptor
signaling, protein kinase A signaling, etc) in crabs, and ultimately
improve their fitness (Chen et al., 2015; Wang et al., 2015; Wang
et al, 2018). Therefore, there is every reason to believe that
RNA-seq can reveal the genetic modulation of C. japonica under
salinity stresses.

Here, RNA-seq was applied to determine the transcriptome
of C. japonmicas under three salinity gradients and we then
identified differentially expressed genes (DEGs) in C. japonicas
under different salinities based on comparative transcriptome.
We hope to discover the salinity regulation-related genes and
relevant regulation mechanisms of C. japonica. Furthermore, the
aim was to provide a theoretical basis for predicting the effects of
salinity fluctuations caused by climate change on C. japonica and
crustaceans.

METHODS
Ethics Approval

We have read the animal experiments-related policies and
we have guaranteed that our research is in compliance.
Meanwhile, C. japonica is not protected animal in China or
any other countries. In conclusion, the present research did
not require specific authorization. In fact, frost anesthesia was
also used to reduce the suffering of all C. japonica individuals
during dissection.

C. japonica Maintenance and Salinity
Fluctuation Schemes

We have collected 30 healthy female C. japonicas (mean
carapace length: 50.43 mm; mean carapace width: 72.33 mm;
mean weight: 72.85 g) from the coastal water of Zhoushan
(Temperature: 19.89°C; Salinity: 33.13 %o), China. All
individuals were equally and randomly distributed into 3
plastic aquariums (temperature: 20°C, salinity: 25%o, length
x width x height: 100 cm x 70 cm x 40 cm) and then kept
temporarily for 48 hours. During the temporary rearing
process, the sea water in each aquarium is continuously
oxygenated and circulated.

As a euryhaline crustacean, C. japonica can survive at
salinities ranging from 10%o to 35%o. Therefore, we designed
three salinity gradients (15%o, 25%o and 35%o). After
acclimatization, we have increased the salinity of one aquarium
from 25%o to 35%o, decreased the salinity of another aquarium
from 25%o to 15%o, and kept the salinity of the remaining
an aquarium at 25%o. The salinity increase and decrease
processes were completed within 1 hour (salinity fluctuation
rate: 10%o/hour). C. japonicas remain in each salinity for 12
hours and thus reducing the impact of circadian rhythms on
their regulatory mechanisms. In brief, three salinity gradients
(15%o, 25%o, and 35%o) were performed in the present study,
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and 25%o, 15%o, and 35%o was as control salinity, low- and
high- salinity stresses, respectively. It is worth noting that all
factors except salinity are similar in the three aquariums.

Sample Collection and RNA Extraction
Three C. japonicas were randomly selected from each salinity
group. Considered that the gill tissue is critical organs for
respiration and osmotic regulation, and then gill tissues
from nine individuals was immediately harvested after frost
anesthesia. All obtained gill tissues were separately snap-frozen
in liquid nitrogen and then stored at -80°C for the subsequent
RNA extraction. We have isolated the total RNA of each gill
tissue using a standard Trizol Reagent Kit (Huayueyang Biotech
Co., Ltd., Beijing, China) and following the manufacturer’s
protocol and all total RNAs was then quantified based on the
Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara,
CA, USA). We further used RNA Purification Beads (Illumina,
San Diego, CA, USA) to delete rRNA from each total RNA to
obtain mRNA for subsequent RNA-seq, and purified all the
mRNAs for three times with Beads Binding Buffer (Illumina,
San Diego, CA, USA).

RNA-Seq Library Preparation

and Sequencing

The purified mRNAs was incubated at 94°C for 8 min to
complete fragmentation. The segmented mRNAs was then
combined with 8 pl of First Strand Synthesis Act D Mix
(Ilumina, San Diego, CA, USA) and SuperScript II Reverse
Transcriptase (Invitrogen, Carlsbad, CA, USA) and incubated
at 25°C for 50 min to synthesize the first-strand cDNA.
Subsequently, we added 5 pl of End Repair Control (Illumina,
San Diego, CA, USA) and 20 pl of Second Strand Marking
Master Mix (Illumina, San Diego, CA, USA) to the first-strand
c¢DNA, and the formed conjugated product was incubated at
16°C for 60 min to synthesize the second-strand cDNA. Each
synthesized double-stranded cDNA was purified using 90 ul of
AMPure XP beads (Beckman Coulter, Beverly, USA) and then
added with A-tailing and adapter ligation using A-Tailing and
Ligation Control. Furthermore, 5 pl of PCR Primer Cocktail
(Beckman Coulter, Beverly, USA) and 25 pl of PCR Master Mix
(Beckman Coulter, Beverly, USA) were added to the all double-
stranded cDNAs mentioned above and the compound was then
amplified using the following enrich reaction system: the initial
denaturing at 98°C for 30 sec, the 15 cycles of denaturing at 98°C
for 10 sec, the annealing at 60°C for 30 sec, and the extension at
72°C for 30 sec, the final extension at 72°C for 5 min. Dilute all
cDNA libraries to 10 pM. The quantified cDNA libraries were
finally performed on an Illumina HiSeq 2000 platform across
one lane with 150 bp paired-end.

Transcriptome Sequencing

Reads Processing

The low-quality reads (including reads containing sequencing
adaptors, the proportion of unknown nucleotides greater than
10%, and the quality score less than 20) in the raw transcriptomic

reads generated by the Illumina sequencing platform were
filtered out to obtain the high-quality clean transcriptomic
reads. We have combined the clean reads of 9 C. japonicas into
a multifasta file and Trinity software (version 2.4.0; Grabherr
et al., 2011) was applied to de novo assembly to obtain the
transcripts. The parameter of Trinity software was as follows:
min_kmer_cov 3. Corset software (version 1.05; Nadia and
Alicia, 2014) was applied to map all reads to transcripts to
hierarchically cluster the sequences, and ultimately spliced
the unigenes for subsequent analyses. The default parameters
were used for Corset software. To explore the functional
information of these unigenes, we compared these unigenes
to the National Center for Biotechnology Information (NCBI)
Non-redundant (NR), Swiss-Prot, Gene Ontology (GO),
Eukaryotic Othologous Groups (KOG), eggNOG and Kyoto
Encyclopedia of Genes and Genomes (KEGG) databases
using BLAST software (Altschul, 1990) and the parameter as
follows: E < le-5.

Transcriptome Structure Analyses

The transcriptome structure (including coding sequences
[CDSs] and simple sequence repeats [SSRs]) of C. japonicas were
further analyzed. Firstly, we use TransDecoder software to
predict the CDSs of unigenes, and software parameters are the
default. Subsequently, SSRs of unigenes were excavated
based on MISA (version 1.0), and the software parameters
(SSR type [including mononucleotide, dinucleotide, trinucleotide,
tetranucleotide, pentanucleotide, hexanucleotide] - repetition
number) as follows: 1-10, 2-6, 3-5, 4-5, 5-5, 6-5.

Salinity Fluctuation - Related

Gene Regulation

It is considered that RNA extraction, library construction
and sequencing may increase noise in samples and lead to
outliers of gene expression, principal component analysis
(PCA) was performed based on the expression levels of all
genes to demonstrate the clustering of samples. To explore
how C. japonicas adapt to fluctuating salinity through genetic
regulation, we analyzed the differentially expressed genes
(DEGs) and their biological functions in C. japonicas with
different salinity gradients. Firstly, all unigenes of individual
C.japonica were aligned to the multifasta file mentioned above
using the “bwa-mem” algorithm in the BWA (version 0.7.12;
Li and Durbin, 2009), the obtained expression level of each
unigene of individual was standardized and then calculated
the fragments per kilobase of exon model per million mapped
fragments (FPKM) using DESeq2 (Leng et al., 2013), the
software parameters are the default. Furthermore, we used
the gene expression levels of C. japonicas at 25%o as the
control and then quantified the DEGs according to the gene
expression levels of C. japonicas at 15%o0 and 35%o. The false
discovery rate (FDR) < 0.01 and |log2 fold change (FC)| = 2
were used as the screening thresholds of DEGs. The number
of DEGs in C. japonicas at 15%o and 35%o were visualized
using Venn, volcano and MA diagrams. We used Blast2GO
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software (E < le—5; Conesa et al., 2005) to predict the function
of DEGs to explore the GO terms and pathways of C. japonica
response to salinity fluctuations. Furthermore, we calculated the
P-value of each GO term and conducted Bonferroni correction
for all P-values. The GO terms with corrected P-values lower than
0.05 were considered to be significantly enriched. Meanwhile,
enrichment factors were used to analyze enrichment degree of
KEGG pathways, and qvalue after Fisher’s exact test represented
enrichment significance.

Accuracy Validation of RNA-Seq

Data Based on Quantitative Reverse
Transcription PCR (qRT-PCR)

In the present study, qRT-PCR experiments were performed
to verify the accuracy of RNA-seq data. Eight genes (including
FAXC, Cystatin, ADAMTSI, NKCC, TauD, SNTGI1, LIMD,
and PTP3) that might contribute to the C. japonica cope with
salinity fluctuations were chosen for qRT-PCR experiments and
Primer Premier 6.0 software was used to design these genes-
specific primers (Table 1). Meanwhile, B-actin (ACTB) gene and
18s gene were selected as the reference genes for the internal
standardization of the present QRT-PCR results. We used the
nuclease-free water to dilute 9 cDNA samples 20-fold according
to the standard curve to obtain cDNA templates for qRT-PCR
experiments. A 25 pL qRT-PCR reaction system was designed
following the manufacturer’s instructions for SYBR™ Premix Ex
TaqTM (Tli RNaseH Plus) RR420A kit and the reaction system
consisted of 2.0 ul of cDNA template, 12.5 ul of SYBR Premix
Ex Taq (2%), 0.5 pl of each of the forward and reverse primers
and 9.5 pl of nuclease-free water. Then, the constructed qRT-PCR
reaction system was performed in an ABI PRISM 7300 Real-
time PCR System and the amplification processes consisted of a
holding stage of 30 sec at 95°C, followed by 40 cycles of 5 sec at

95°C and 30 sec at 54°C. Each qRT-PCR reaction was designed to
be repeated three times to increase the accuracy of the ultimate
reSultS. FinaHY) 27anCT (ACT = CTsalinity fluctuations response-related genes
CTacrs and 189 AACT = ACT 5y, o 354, — ACTsy,) method was
applied to calculate the relative expression levels of eight salinity

fluctuations response-related genes.

RESULTS

Transcriptome Sequencing Results of

Nine C. japonicas

The raw RNA-seq reads of nine C. japonicas sequenced using the
Mumina HiSeq 2000 platform were placed in the NCBI Sequence
Read Archive (SRA) database under the accession number of
SRR17422011, SRR17422010, SRR17422009, SRR17422008,
SRR17422007, SRR17422006, SRR17422005, SRR17422004, and
SRR17421997 under BioProject PRINA793994. A total of 68.90
Gb clean reads were obtained after removing the low-quality
reads of raw RNA-seq reads and the statistical results of all clean
reads are shown in Table 2. The clean reads obtained in each C.
japonica were exceeded 6.27 Gb. Meanwhile, the Q30 of all clean
reads were exceeded 90%.

C. japonica Transcriptome De Novo
Assembling, Annotation and

Structure Analyses

All clean reads of nine C. japonica individuals were applied to
perform de novo assembly and 73,169 transcripts were generated.
The N50 and mean length of transcripts was 2,502 bp and
1,504.58 bp, respectively. Furthermore, a total of 41,058 unigenes
were spliced after redundant transcripts were removed and the
N50 and mean length of unigenes was 2,033 bp and 1,179.39 bp,

TABLE 1 | Primers of reference genes and eight salinity fluctuations response-related genes.

Unigene name Gene name Primer (5' to 3)) Product length

- ACTB For_ATCGTTCGTGACATTAAGGA -
Rev_CAAGGAATGAAGGCTGGAA

- 18s For_GAAGGATTGACAGATTGAGAG
Rev_GTAGCGACGGACACATAT -

¢82676.graph_c0 FAXC For_TCCAGAAGCAACAGAGAAG 173 bp
Rev_CATCGGTTCCTCGTAGTC

©86682.graph_c0 Cystatin For_CAGCGTTCTCCTCCTTAC 194 bp
Rev_CCACTACTTGCGTCTTGT

¢91033.graph_c0 ADAMTS1 For_TACCGTGGAGTGAGTGTT 192 bp
Rev_TATTGAAGGCGTGGCATT

€92322.graph_c1 NKCC For_GTGCCTGATTGTGATGTTC 132 bp
Rev_GTCTGTGCCTGTGTTGAT

€92515.graph_c0 TauD For_ATCCTCAACCAACACTTCC 130 bp
Rev_CTATGCTGCCTCTTCACTT

€94076.graph_c0 SNTG1 For_ATGCGTGTTGAGAGGTGG 123 bp
Rev_ATGGGATGGGTGTGTGAG

€94738.graph_c1 LIMD For_ AAGCAGGTGTTCCAGATG 104 bp
Rev_GTATGTCTCCAGCGTCAG

c94774.graph_c PTP3 For_ACATCAGTCATCGTCATCAT 198 bp

Rev_CCTCTTGCTCTTCCTCCT
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TABLE 2 | Clean reads information.

Salinity Replicate Read Number Base Number GC Content % > Q30
15%o 1 27,833,609 8,287,110,930 46.27% 93.45%
2 33,418,310 9,960,219,200 46.44% 92.74%
3 21,766,659 6,495,535,016 45.41% 95.18%
25%o 1 25,995,046 7,721,147,496 47.82% 93.46%
2 26,283,160 7,815,681,954 50.38% 93.63%
3 25,432,862 7,561,972,996 50.30% 93.54%
35%o 1 24,981,943 7,434,181,750 46.72% 93.14%
2 24,798,593 7,350,259,606 47.46% 93.38%
3 20,955,523 6,271,520,548 48.34% 94.34%

respectively (Table 3). We further compared all unigenes with
the sequences in the protein database mentioned above, and the
comparison results showed that 16,262, 9,901, 7,834, 11,626,
16,189 and 8,453 unigenes were successfully matched with the
sequences in NR, Swiss-Prot, GO, KOG, eggNOG and KEGG
database, respectively. Meanwhile, a total of 18,100 (24.74%)
unigenes were successfully matched with the sequences from
at least one database. We further analyzed the transcriptome
structure of C. japonica and a total of 26,853 CDSs and 12,190
SSRs were predicted. Meanwhile, we also found a negative
correlation between the number of SSR and base repetition,
and the number of mononucleotides, dinucleotides,
trinucleotides,  tetranucleotides,  pentanucleotides  and
hexanucleotides were 4,124, 4,261, 2,767, 162, 7 and 4,
respectively.

Samples Clustering

PCA was performed on the expression levels of all genes in nine
C. japonicas from three salinity gradients (15%o, 25%o0 and 35%o).
Results showed that C. japonicas from the same salinity had
similar gene expression levels and eventually clustered together
(Figure 1).

The Number of DEGs That Occur With
Salinity Fluctuations

The present study used the gene expression levels of C.
japonica at the salinity of 25%o as controls and then counted
the number of genes that expression levels changed in C.
japonica at the salinity of 15%o and 35%o. We compared the
number of DEGs of three salinity gradients based on Venn,
volcano and MA diagrams. Venn diagram showed that a

TABLE 3 | Transcripts and unigenes statistical information.

Length range Transcript Unigene

300-500 bp
500-1000 bp
1000-2000 bp
>2000 bp
Total Number
Total Length
N50 Length
Mean Length

20,561 (28.10%
18,282 (24.99%
16,174 (22.10%
18,147 (24.80%
73,169
110,088,750
2,502

1504.58

)
)
)
)

16,097 (39.21%)
10,750 (26.18%)
7,279 (17.73%)
6,931 (16.88%)
41,058
48,423,446
2,033

1179.39

substantial overlap of DEGs were found at different pairs
(15%0-vs-35%o, 25%0-vs-15%o, and 25%o-vs-35%o), although
29 unigenes were differentially expressed in three pairs
(Figure 2). Meanwhile, volcano and MA diagrams showed
that the expression levels of 204 genes changed significantly
(73 up- and 131 down-regulated) when the salinity increased
to 35%o while 5,392 genes were significantly changed (2,362
up- and 3,030 down-regulated) when salinity decreased to
15%o. Furthermore, compared with the salinity of 15%o, the
expression levels of 1,681 and 1,566 genes of C. japonica in
the salinity of 35%o were up-regulated and down-regulated,
respectively (Figure 3).

The GO Enrichment and KEGG
Pathway of DEGs That Occur With
Salinity Fluctuations.

To explore how the above-mentioned DEGs might potentially
regulate C. japonica responses to salinity fluctuations, we
conducted GO enrichment (Figure 4) and KEGG pathway
(Figure 5) analyses for these DEGs.

GO enrichment showed that the functions of all DEGs mainly
includes three categories, including biological processes, cellular
components and molecular functions. Results showed that the
functions of DEGs and their gene products were remarkably
enriched in cell (GO: 0005623) and cell part (GO: 0044464)
under cellular component; in catalytic activity (GO: 0003824)
and binding (GO: 0005488) under molecular function and in
metabolic process (GO: 0009987) and cellular process (GO:
0008152) under biological processes. Meanwhile, whether
salinity increases (25 to 35%o or 15 to 35%o) or decreases (25 to
15%o), the functions of up- or down- regulated genes and their
gene products are similar.

KEGG pathway enrichment showed that the up-regulated
genes were significantly enriched in the biosynthesis of
amino acids pathway (ko01230; P = 0.043468) when the
salinity increased to 35%o, but the down-regulated genes were
not significantly enriched in any pathway. Meanwhile,
although the up-regulated genes were significantly enriched
in the RNA polymerase pathway (ko03020; P = 0.005364),
basal transcription factors pathway (ko03022; P = 0.031888),
and aminoacyl-tRNA  biosynthesis pathway (ko00970;
P = 0.011846) when the salinity decreased to 15%o, the
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FIGURE 1 | PCA based on the expression levels of all genes. Note: The same color represents three individuals at the same salinity. Meanwhile, the difference
between the first principal component (PC1) and the second principal component (PC2) can explain 70.8% and 14.4% of the all analysis results, respectively.

0
PC1(70.8%)

T
40000

down-regulated genes were significantly enriched in the hippo
signaling pathway (ko04391; P = 9.94E-12), apoptosis pathway
(ko04214; P = 0.000653), and notch signaling pathway (ko04330;
P =0.005347). Additionally, compared with the salinity of 15%o,
the up-regulated genes of C. japonicas at the salinity of 35%o were
significantly enriched in hippo signaling pathway (ko04391; P =
9.94E-12) and notch signaling pathway (ko04330; P = 0.005347),
whereas the down-regulated genes were significantly enriched in
the spliceosome pathway (ko00564; P = 0.002237), proteasome
(ko03050; P = 0.004687) and basal transcription factors pathway
(ko03022; P = 0.031891).

25%0-vs-15%o

25%0-vs-35%0

15%0-vs-35%0

FIGURE 2 | Global overview of DEGs based on Venn diagram.

Validation of Gene Expression Level
by gRT-PCR

We randomly selected 8 potential salinity regulation-related genes
and performed qRT-PCR to obtain gene expression levels and
verify the accuracy of transcriptome data. Results showed that
the expression trends of the 8 genes were similar, whether based
on transcriptome or qRT-PCR (Figure 6). However, it is worth
noting that the expression trends of different genes at different
salinities are specific. Specifically, the expression levels (relative
expression level > 1) of Cystatin gene and SNTGI gene increased
with increasing or decreasing salinity, but the expression levels
(relative expression level < 1) of ADAMTSI gene, NKCC gene,
LIMD gene, PTP3 gene decreased with the increase or decrease
of salinity. Additionally, the expression level of FAXC gene
increased with the decrease of salinity and decreased with the
increase of salinity, but the expression trend of TauD gene was
opposite.

DISCUSSION

Although crustaceans appear to cope with salinity fluctuation
with a range of natural behavioral (i.e. fluctuation) and
physiological (i.e. osmotic regulation) responses, it is undeniable
that long-term and constant salinity changes can disrupt the
metabolism, immunity, and reproduction of crustaceans (Ruscoe
etal,, 2004; Rahmi and Zeng, 2007; Whiteley et al., 2018). In fact,
intertidal crustaceans are more susceptible to additional salinity
changes, because the tide fluctuation often exposes them to
extreme salinity (Hofmann et al., 2011; Baumann et al., 2015).
Therefore, C. japonica was selected as the research object in
this study and the genetic response of intertidal crustaceans to
salinity fluctuations was explored.
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We explored the gene regulatory mechanisms of C. japonica
responding to salinity fluctuations from two aspects of the
number and function of DEGs. Although the expression levels
of more genes changed significantly as the salinity decreased to
15%o, we cannot simply infer that C. japonicas were under greater
stress at this salinity. In fact, we also found that a large number of
genes were down-regulated in the C. japonicas of the salinity of
15%o, but it is not clear that the salinity of 15%o is more suitable

MMMDEG Unigene | 40
All Unigene [ 7834

Number of genes

Percentage of genes

biological process. cellular component ‘molecular function

FIGURE 4 | The GO terms of DEGs of C. japonica at three salinity gradients.

for C. japonica survival than 25%o. Future studies still need to
set more intensive salinity gradients within the optimum salinity
range (15%o and 27%o) to provide evidence for accurate more
optimal salinity of C. japonica from the gene expression level.
However, the present results do not prevent us from confirming
that C. japonica need to mobilize different numbers of genes in
response to different external salinity changes. It is worth noting
that C. japonicas with the salinity of 35%o had a large proportion
of up-regulated genes than C. japonicas with the salinity of 15%o,
which seems to indicate that C. japonicas are subjected to stress
at the salinity of 35%o and some functional genes come into play.

We further identified the gene functional changes of C.
japonica at different salinities and results showed that the
function of DEGs were mainly enriched in the cellular structure,
membrane, metabolic process, catalytic activity and other GO
terms. This means that the DEGs may change the cellular level,
enzyme and hormone content of C. japonica, and ultimately help
maintain homeostasis in C. japonica during salinity fluctuations
(Romano and Zeng, 2012). Previous study has confirmed that
the osmotic pressure of crustaceans remains in a steady isotonic
state with the surrounding salinity, but this equilibrium is easily
upset by salinity fluctuations (Marshall and Grosell, 2006).
In order to maintain isotonic state, crustaceans in low-salt
environment need to absorb a large number of ions and expel
urine constantly, which is mainly to cope with the large amount
of water entering the body through gill cells, while crustaceans
in high-salt environment need to expel more iron through
gill to cope with water loss (Marshall and Grosell, 2006).
Except for the osmotic regulation of the cells themselves, the
endocrine organs of crustaceans also influence certain critical
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ion transport enzymes (i.e. Na*-K*-ATPase) through the
synthesis and release of hormones, and ultimately promote ion
absorption or emission (Pequeux, 1995; Péqueux et al., 2002;
Wang et al., 2018). In conclusion, the biological functions
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based on transcriptomes data and gRT-PCR data.

(such as material transport, energy conversion and information
transfer) related to the osmotic regulation of C. japonica will
change with the salinity fluctuation, which will activate or
inhibit the ion conversion and hormone release-related critical
genes, and ultimately ensure the survival of C. japonica under
different salinity.

KEGG pathway enrichment analyses can help us understand
the regulatory mechanisms of C. japonica responding to salinity
fluctuations in the surrounding environment and the present
study also found that DEGs in different salinity were significantly
enriched in different pathways. Results showed that the DEGs
and related pathways of C. japonica are more pronounced when
salinity decreased to 15%o than when salinity increased to 35%o.
It is worth noting that salinity is an important abiotic factor that
affect the growth, survival, and molting of crustacean (Liu et al,,
2022). Considering that the optimum survival salinity ranges of
C. japonica from 15%o to 27%o, thus we came up with provocative
thesis: the salinity of 15%o is belonging to the optimum survival
salinity range, allowing more genes to be mobilized and activated
in response to the salinity fluctuations, in fact, heat shock
proteins have been shown to be highly expressed at low salt
levels to reduce cell damage (Jin et al., 2022); Meanwhile, the
salinity of 35%o reached the survival threshold of crabs, and the
functional gene overexpression tended to the survival threshold
and ceased to function (Lou et al., 2022). However, future studies
are needed to test these hypotheses. The up-regulated genes of
C. japonica at the salinity of 35%o were significantly enriched
in the biosynthesis of amino acids pathway. In fact, previous
study has suggested that crustaceans generally adapt to salinity
fluctuations through both non-isotonic extracellular and isotonic
intracellular regulation (Pequeux, 1995; Augusto et al., 2007).
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Non-isotonic extracellular regulation is the primary osmotic
regulation mechanism of crustaceans, and it can play a role in
the initial stage of salinity fluctuation through ion transport or
hormone regulation. When salinity stress reaches the limit of
crustaceans, isotonic intracellular regulation is activated as a
compensatory mechanism, and the isotonic equilibrium between
the organism and the external salinity is guaranteed by changing
the amino acid content in crustaceans (Augusto et al., 2007).
Amino acid content has been proved to contribute significantly
to the osmotic pressure level of many crustaceans (even up to
70%) (Gerard and Gilles, 1972), and the amino acid content of
crustaceans also increases with the increase of ambient salinity
(Cobb et al., 1975; Wang et al., 2012; Lu et al., 2015). Therefore,
the up-regulated of amino acid synthesis-related genes also
means that the salinity of 35%o has reached the salinity tolerance
limit of C. japonica. At this time, C. japonica needs to synthesize
amino acids quickly to maintain the isotonic balance between
the body and the external environment. The up-regulated genes
of C. japonica at the salinity of 15%o were significantly enriched
in the genetic information transmission-related pathways, but
the related pathways were significantly enriched by the down-
regulated genes of C. japonica at the salinity of 35%o. This may
mean that salinity stress may affect the transmission of genetic
information, but the exact mechanisms are not clear. Additionally,
the down-regulated genes of C. japonica at the salinity of 15%o
were significantly enriched in the hippo and notch signaling
pathways, but these two pathways were significantly enriched
by the up-regulated genes of C. japonica at the salinity of 35%o.
Hippo signaling pathway and notch signaling pathway are widely
and evolutionarily highly conserved pathways in invertebrates
and vertebrates (Callahan and Egan, 2004; Zhao et al,, 2010). It
is worth noting that inhibition of hippo signaling pathway might
effectively reduce the apoptosis of C. japonica under salinity
stress, but inhibition of notch signaling pathway might affect
the embryonic development of C. japonica (Callahan and Egan,
2004; Mummery-Widmer et al., 2010; Zhao et al., 2010). This
provides evidence for our conjecture above that C. japonica are
subjected to greater stress at the salinity of 35%o, which indicates
that the salinity of 35%o may affect cell proliferation or growth
of C. japonica, leading to cell apoptosis and ultimately death
of C. japonica. Additionally, we also speculate that low salinity
within the survival salinities seems to be more likely to limit
reproductive behavior of C. japonica, but this hypothesis needs
further verification.

Eight genes associated with potential salinity responses
were further analyzed in the present study. Salinity stress
can affect the neural behavior and thus the maintenance
of neuronal activity in C. japonica may help to mitigate the
behavioral and endocrine damages caused by environmental
changes (Kushinsky et al., 2019). Interestingly, we
found that FAXC gene is up-regulated in the salinity of
15%0 and this gene may play an important role in the
neuronal axonal development of C. japonica. Salinity
fluctuations has been shown to pose a direct challenge to motor
axons (especially leg axons), and the membrane potential and
volume of axons in some crustaceans also vary with salinity
changes (Gleeson et al., 2000; Curtis et al., 2010). Therefore,

the up-regulated of FAXC may help promote rapid salinity
adaptive behavior in C. japonica under the 15%o. However, the
neuronal activity of C. japonica fails at the salinity of 35%o probably
because the C. japonica needed to expend more energy to cope
with stress at this salinity (Stein and Harzsch, 2021). At least one
study has suggested salinity fluctuations can altered long-term
memory of crustaceans (Delorenzi et al., 2000). A gene (SNTGI;
Joe et al., 2012) that may alter memory in C. japonica by affecting
the balance of water molecules and potassium (K*) outside the
cell was found to be up-regulated in the salinity of 15%o and
35%o. In conclusion, specific neuronal activity adaptations may
protect the C. japonica from direct influences of salinity, but
further research is needed to determine the mechanisms and
extent of these adaptation. The cystatin protein encoded by
Cystatin gene is a reversible and competitive inhibitor of cysteine
proteases, which plays an important immune-modulatory role in
crustaceans (Henskens et al., 1996; Pierre and Mellman, 1998; Li
etal, 2010). As an acute-phase reactive negative-related protein,
the content of cystatin protein decreases sharply when the
organism is subjected to stresses (van-Oss et al., 1975; Lebreton
etal., 1979). The Cystatin gene was down-regulated in C. japonica
at the salinity of 35%o but up-regulated in C. japonica at the
salinity of 15%o, which seemed to confirm that the C. japonica
were under more stress at the salinity of 35%0. Meanwhile, the
high expression of oxidative stress-related TauD gene (Yew
et al., 2016) also supports that C. japonica were subjected to
greater stress at the salinity of 35%o. Additionally, three genes
(ADAMTSI, LIMD and PTP3) might involve in intracellular
regulatory activity were found to be down-regulated at both
the salinity of 15%o and 35%o, which may indicate that salinity
fluctuation changes intracellular activity of C. japonica, but the
mechanism is still unclear. Surprisingly, the NKCC gene was also
down-regulated under both the salinity of 15%o and 35%o. In
fact, our previous study found that NKCC is a gene that facilitate
salt extrusion (Lou et al., 2019). The up-regulation of NKCC in
the high-salinity can promoted the transport of sodium (Na*),
chlorine (CI') and K* into the cell, which made the crustacean
reach the isotonic state with the external salt environment (Hiroi
et al,, 2008; Velotta et al.,, 2014). In the present study, the NKCC
of C. japonica was down-regulated in the salinity of 35%o, which
may be due to the excessive stress suffered by C. japonica at this
salinity, the gene potency was thus suppressed. Considering that
the salinity of 15%o is also within the optimum salinity range for
C. japonica, further discussion of gene expression in this salinity
is not required in this study. In the future, more salinity gradients
will be required to accurately explore the expression levels of
these functional genes.

CONCLUSION

The habitats of intertidal crustaceans are more likely to
approach the salinity tolerance limit and therefore more
sensitive to possible future salinity changes. To investigate
the genetic response of intertidal crustaceans to salinity
fluctuations, C. japonica was selected as subject and
transcriptome differences were then compared at three
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temperature gradients. The present study confirm that C.
japonica show specific regulatory mechanisms in response to
high- and low-salinity. Additionally, salinity fluctuation is also
speculated to affect the physiological processes of C. japonica,
such as neuronal activity, oxidation response, intracellular
regulatory activity and osmotic regulation. Our present study
provides some insights into the genetic regulatory mechanisms
of C. japonica and other intertidal crustaceans under further
salinity fluctuation caused by climate change.
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