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Global climate change has caused rapid temperature changes in marine

environments. Understanding how marine organisms respond to temperature

changes can help predict their richness of future biodiversity. In this study, we

examined the gene expression levels and the difference in the pathways that are

responsive to acute temperature stress in low- and high-latitude populations of

the shore swimming crab, Charybdis japonica. The two populations of C.

japonica were exposed to low- and high-temperature stresses (15°C and 28°C)

and used for transcriptome sequencing. Genetic regulatory ability changes were

compared to determine the diverse response of the two crab populations to

temperature change. The gene expression levels and functional enrichment

analysis showed that the low-latitude crab regulated more genes (938) that

were mainly enriched in DNA replication and metabolic pathways, whereas the

high-latitude crab regulated less genes (309) that were mainly enriched in

genetic information processing at low-temperature stress. Furthermore, the

low-latitude crab regulated less genes (33) that were mainly enriched in

genetic information processing, whereas the high-latitude crab regulated more

genes (280) that were mainly enriched in signal transduction and cellular process

at high-temperature stress. These results implied that the low-latitude

population was more resilient to high-temperature stress, while the high-

latitude population was more resilient to low-temperature stress. This study

enhances our understanding of how different geographic C. japonica

populations respond to varying temperature environments in their living zone,

which could be helpful for predicting future biodiversity trends of intertidal

crustaceans under global climate change.
KEYWORDS

Charybdis japonica, temperature stress, Illumina sequencing, gene expression
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1 Introduction

With the global climate change, land temperatures have been

exhibiting significant year-to-year fluctuations (Solomon et al.,

2007; Bopp et al., 2013). As an important environmental factor,

temperature variation has a remarkable influence on the intrinsic

physiological state of organisms (Pörtner and Farrell, 2008;

Hofmann and Todgham, 2010; Zhang et al., 2020). However, the

ocean as another habitat for living organisms, its environmental

temperature also has a significant effect to the marine organisms

(Dissanayake and Ishimatsu, 2011; Johansen et al., 2014; Greenberg

and Palen, 2021). As we all known, although the specific heat

capacity of sea water is higher than terrenes, the temperature in it

also variation caused by many factors such as latitude, tides and

circadian rhythms (Edwards and Richardson, 2004; Perry et al.,

2005). Thus, the survival and sustainable development of marine

organisms are under serious threat by extreme variations in water

temperature (Bopp et al., 2013). To date, many studies have shown

that the temperature fluctuations of the marine environment affect

the reproductive, swimming, feeding, and migration behavior and

distribution of marine organisms (Green and Fisher, 2004; Saucedo

et al., 2004; Scott and Johnston, 2012; Garcıá Molinos et al., 2016;

Poloczanska et al., 2016; Boyd et al., 2018). To deal with variations

in water temperature, marine organisms can alleviate the negative

effect of temperature stress through physiological adaptability

(Yang et al., 2022; Li et al., 2023). Thus, understanding the

underlying molecular mechanism of physiological adaptation of

marine organisms to temperature stress may help reveal their

genetic adaptation to temperature variation and protect marine

biological germplasm resources.

Gene expression regulation in marine organisms were thought

to play a crucial role in the process of physiological adaptability

(Oulhen et al., 2007). Previous studies demonstrated that many

marine organisms, like fishes, mollusks, and crustaceans, have their

own gene regulatory network in response to environmental

temperature changes (Qian and Xue, 2016; Lyu et al., 2018; Ning

et al., 2021; Shrestha et al., 2021; Jahan et al., 2022; Yang et al.,

2022). In fish, the zebrafish Danio rerio can alleviate apoptosis

induced by low-temperature stress through mitochondrial b-
oxidation of hepatocytes to improve their frost resistance (Sun

et al., 2021). In mollusk, Crassostrea gigas,Mytilus galloprovincialis,

and Katelysia rhytiphora can improve the activity of antioxidant

enzymes in hemocytes to activate the immune response under high-

temperature stress (Rahman et al., 2019). In crustaceans, the

porcelain crab Petrolisthes cinctipes can improve the expression of

heat shock protein to adapt to thermal stress (Stillman and

Tagmount, 2009). As a result, these organisms can produce

different reactions to temperature changes. Furthermore, to adapt

to temperature changes, different geographical groups of marine

species may have varying coping strategies because the

heterogeneity of long-term environmental temperature directly

leads to the evolution of temperature adaptability among different

biological groups (Thiyagarajan et al., 2003; Yannic et al., 2014).

Previous studies have shown that two different populations of

Japanese mantis shrimp Oratosquilla oratoria have dissimilar
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molecular stress responses under thermal stress, which the low-

latitude mantis shrimps regulated the genes of metabolic pathways,

whereas the high-latitude mantis shrimps regulated genes of genetic

information processing, immune and environmental information

processing (Lou et al., 2019). Furthermore, two different

populations of manila clam Ruditapes philippinarum also have

dissimilar molecular stress responses under acute temperature

changes, which the low-latitude clams regulated the genes of

xenobiotic metabolism pathway under both heat and cold stress,

whereas the high-latitude clams regulated genes of encoding

peroxisomes under heat stress (Jahan et al., 2022). Thus, studies

on the differences between different geographical groups of

organisms under varied temperature conditions are crucial.

The shore swimming crab, Charybdis japonica, belongs to the

family Portunidae. It is a commercial marine crab in China that has

high nutritional value (Yu et al., 2004). As an intertidal crustacean,

C. japonica has a wide adaptation range to temperature (5-30 °C)

and salinity (6.5-45.5‰) (Yu et al., 2004; Lou et al., 2022).

Therefore, it is an ideal material for studying the response of

organisms to temperature stress. Although a previous study has

demonstrated that C. japonica can activate more genes under heat

stress and these genes were mainly enriched in the endoplasmic

reticulum pathway, whereas activate less genes under cold stress

and these genes were mainly enriched in the insect hormone

biosynthesis pathway (Lou et al., 2022), its gene regulatory ability

of physiological adaptation to acute temperature changes in

different geographic populations is unknown. In addition,

verifying molecular regulatory mechanisms to acute temperature

stress in different geographic populations would help us thoroughly

understand the temperature adaptation of C. japonica populations

and improve the resource management and protection of C.

japonica under global climate change.

In this study, the low- and high-latitude populations of C.

japonica were exposed to low- and high-temperature conditions.

After acute temperature stress treatment, the muscle tissues of C.

japonica were collected and sequenced. Subsequently, the

differentially expressed genes (DEGs) and molecular pathways of

related functional genes were analyzed to determine the molecular

regulation mechanisms of different geographical groups of C.

japonica to temperature stress. This study was the first to identify

how the different geographical groups of C. japonica respond to

short-term changes in ambient temperature. Our results can

provide significant referential value for other crustaceans.
2 Materials and methods

2.1 C. japonica collection

Twenty-five healthy C. japonica individuals were collected in

November 2022 from the coastal area of Zhoushan, Zhejiang

Province (low-latitude group) and Dalian, Liaoning Province

(high-latitude group). The crabs were transported to the

laboratory at Zhejiang Ocean University. Before the experiment,

the crab individuals of two different populations were distributed
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into three plastic aquariums (length × width × height: 55 cm × 40

cm × 35 cm) and acclimated in sand-filtered seawater with

temperature of 20°C and salinity of 25‰ for 48 h. During the

temporary maintenance period, all crabs were not fed and

oxygenated continuously to prevent any factors on subsequent

experiments. The water of the plastic aquariums was also changed

daily to ensure that the water was clean.
2.2 Temperature treatment and
tissue sampling

In this study, two crab populations were randomly divided into

low- and high-temperature stress groups and the control group. A

total of six groups were set, namely, two control groups (ZSC and

DLC) in which the water temperature was maintained at 20°C, two

low-temperature stress groups (ZSL and DLL) in which the water

temperature was maintained at 15°C, and two high-temperature

stress groups (ZSH and DLH) in which the water temperature was

maintained at 28°C. After the temperature stress treatment for 12 h,

the crabs in the six groups were anesthetized using the MS-22

Tranquillizer (Henan Nanhua Qianmu biological technology Co.,

Ltd.), and the muscle tissue of the crabs was dissected immediately.

There were three replicates for each group, and each replicate

contained three crabs. Finally, the samples were frozen in liquid

nitrogen and stored at −80°C for the subsequent experiments.
2.3 Total RNA extraction and
transcriptome sequencing

Total RNA of 18 tissue samples was extracted using TRIzol

reagent (Invitrogen, Carlsbad, CA, USA) according to the

manufacturer’s instructions. The RNA samples were then

subjected to strict quality control. The integrity of RNA was

verified using 1% agarose gel electrophoresis. The concentration

and quality of RNA were determined using a NanoDrop 1000

Spectrophotometer (Thermo Fisher Scientific, San Jose, CA, USA)

and Agilent Bioanalyzer 2100 system (Agilent Technologies, Santa

Clara, CA, USA). Eligible RNA samples were then used for

subsequent transcriptome sequencing.

Approximately 1.5 mg of total RNA per sample was treated with

the NEBNext Ultra™ RNA Library Prep Kit for Illumina (NEB,

Ipswich, MA, USA) following the manufacturer’s protocols to

establish the pair-end RNA-Seq library. First, mRNA with poly A

tail was enriched by Oligo (dT) magnetic beads, and the purified

mRNA was randomly interrupted with divalent cations in NEB

Fragmentation Buffer. Second, the first-strand cDNA and second-

strand cDNA were synthesized under the M-MuLV reverse

transcriptase system and DNA polymerase I system, respectively.

Third, double-stranded cDNA was purified and repaired, and the

poly A-tail was added. The 250–300bp cDNAs were screened using

AMPure XP beads (Beckman Coulter, Beverly, USA), and PCR

amplification was performed to obtain the final library. All RNA-

seq libraries were quantified using Qubit 2.0 Fluorometer, diluted to

1.5 ng/µL, and purified using the Agilent Bioanalyzer 2100 system.
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Finally, the 18 cDNA libraries were used for de novo transcriptome

sequencing on an Illumina HiSeq 2000 sequencer (Illumina, San

Diego, CA, USA).
2.4 Assembly and annotation
of transcriptome

The raw reads were trimmed using Trimmomatic-0.36 (Bolger

et al., 2014), and the clean reads were subjected to quality control

using FastQC (Andrews, 2010). After the low-quality reads (Phred

score ≤ 5), non-polyA reads, unknown nucleotides (N ratio > 10%),

and reads with adapters were removed, the high-quality clean RNA-

Seq reads were aligned to the reference genome of C. japonica

(NCBI BioProject database under BioProjectID PRJNA766329)

using Hisat2 v2.0.5, and novel transcripts were generated using

StingTie software (Kim et al., 2015). Furthermore, novel transcripts

from each sample were integrated using Cuffmerge software and

compared with the reference genome of C. japonica (Han et al.,

2022). The nonredundant sequences were annotated in the Pfam

database, SUPERFAMILY database, GO database, and KEGG

database using HMMER 3.0 package and Blast2GO software.
2.5 Differential expression analysis

The gene expression levels of the C. japonica samples were

calculated using RSEM software (Li and Dewey, 2011; Kim et al.,

2015). FPKM (fragments per kilobase of the exon model per million

mapped fragments) value was used to describe the gene expression

level. The DEGs between the groups ZSC versus ZSH, ZSC versus

ZSL, DLC versus DLH, and DLC versus DLL were identified using

the DEG method (Robinson et al., 2010). The regulation of gene

expression in each temperature treatment of C. japonica was

determined using the Bioconductor package DEGSeq2 (Love

et al., 2014), and |log2 fold change (FC)| > 1 and false discovery

rate (FDR) < 0.05 were used as the threshold criteria for significant

DEGs. Finally, a volcano plot was used to present the different

numbers of DEGs of each group. We used GOseq and KOBAS to

perform the GO and KEGG enrichment analyses of DEGs (Mao

et al., 2005; Young et al., 2010).
2.6 Validation of transcriptomic data by
quantitative real-time PCR

To validate the expression level of DEGs in RNA-seq data, we

selected eight DEGs from the high- and low-temperature treatment

groups for qRT-PCR analysis. The RNA samples of each treatment

group were used to synthesize the cDNA using the Prime Script™ RT

reagent Kit with gDNA Eraser (TaKaRa). The primers of the internal

reference gene (b-actin) and eight DEGs were designed using Primer

Premier 6.0 and are listed in Table 1. The reaction system of qRT-

PCR was as follows: 10 mL of SYBR Green qPCR master mix, 0.5 mL
of forward primer, 0.5 mL of reverse primer, 1 mL of cDNA, and 8 mL
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of RNase Free ddH2O. The reaction conditions were as follows: 95°C

for 3 min, 40 cycles at 95°C for 10 s, and 58°C for 30 s. Three technical

replicates were performed on each biological sample. Finally, the

relative expression levels of each genes were calculated using the

2-DDCt method (Livak and Schmittgen, 2001).
3 Results

3.1 Sequencing data, assembly, and
annotation of transcriptome

In this study, we obtained 107.26 Gb clean reads from 18 cDNA

libraries after the quality control of the raw data. The Q30

(percentage of Phred quality score > 30) ratio of the clean reads

ranged from 89.42% to 92.19%. A summary of sequencing data is

shown in Table 2. After we aligned the clean reads to the reference

genome of C. japonica, the mapping ratio of each sample ranged

from 74.80% to 89.16% (Table 3). A total of 45,952 novel transcripts

for annotated genes were obtained, including 21,453 coding

transcripts and 24,499 noncoding transcripts (Table 4).
3.2 Quantitative analysis of DEGs

In both populations, the high-temperature treatment group

(ZSH and DLH) and low-temperature treatment group (ZSL and

DLL) were compared with the control group (ZSC and DLC). The

DEGs in each population group were statistically analyzed. Under

high-temperature stress, the results showed that 33 DEGs with 28

upregulated genes and 5 downregulated genes were found in the

low-latitude population, and 280 DEGs with 84 upregulated genes

and 196 downregulated genes were found in the high-latitude
Frontiers in Marine Science frontiersin.org04
population (Figures 1A, C). Under low-temperature stress, the

results showed that 938 DEGs with 68 upregulated genes and 870

downregulated genes were found in the low-latitude population,

and 309 DEGs with 182 upregulated genes and 127 downregulated

genes were found in the high-latitude population (Figures 1B, D).

Venn-diagram analysis of the four comparisons showed that 28

DEGs were shared between two temperature treatments in Dalian

population, seven DEGs were shared between two temperature

treatments in Zhoushan population, 47 DEGs were shared

between two populations under cold stress, and none DEGs were

shared between two populations under heat stress (Figure 2;

Supplementary Tables S1–S3).
3.3 GO enrichment analysis of
DEGs in C. japonica under different
temperature stresses

The main biological functions of DEGs and their properties

were determined by GO functional enrichment analysis (Figure 3).

In the low-latitude population, compared with the ZSC group, the

DEGs in the ZSH group were mainly annotated with the structural

constituent of cuticle (GO:0042302) and DNA replication initiation

(GO:0006270; Supplementary Table S4). The DEGs in the ZSL

group were mainly annotated with the nucleosome (GO:0000786)

and nucleus (GO:0005634; Supplementary Table S5). In the high-

latitude population, compared with the DLC group, the DEGs in the

DLH group were mainly annotated in protein kinase activity

(GO:0004672), protein phosphorylation (GO:0006468), and

steroid hormone receptor activity (GO:0003707; Supplementary

Table S6). The DEGs in the DLL group were mainly annotated

with extracellular space (GO:0005615), peptidyl-dipeptidase
TABLE 1 Primer sequences of reference gene and eight target genes using qRT-PCR.

Unigene ID Gene name Primer (5’–3’) Product length (bp)

– b-actin
For_CTGCGGAATCCACGAAAC
Rev_GTCAGCAATGCCAGGGTA

121

Cha0003310.1 RPS6K
For_CGACACCTCAGCCTCAATCAT
Rev_GAAGCATCCACCGTCAACAAC

126

Cha0181660.1 AMPK
For_GTCAGCAATGCCAGGGTA

Rev_GTGCTTGAGGTGTGACTTGAG
189

Cha0252170.1 LIG1
For_TGCCGCCGAGACCAATAGT

Rev_GCTTCAGTTCTGCCGTCATCT
218

Cha0010070.1 CDC45
For_GTTCCGCTCAGACCACATCC
Rev_TCACCAGCAGCACAACCTTC

110

Cha0297820.1 PRSS
For_ACACGAGTGAACAGCAACAATC
Rev_TTCCACCACAGAACTGAGTAGC

220

Cha0116750.1 EDEM1
For_AGGTGGACTGCTCAGGACTC
Rev_AGGTGCTTCTCAATGGCTGTC

113

Cha0051190.1 HSP70
For_CGAAGAACGCAATGTCCTCATC
Rev_GCACGAAGAAGTTCACCATCC

158

Cha0064240.1 HDAC
For_GAGCCCAGAGGAAACTGTTGA
Rev_CTGTTGCTTCACTTGGACTCAC

245
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TABLE 2 Summary table of sequencing data quality.

Sample Raw reads (M) Clean reads (M) Clean base (G) Q20 (%) Q30 (%) Clean reads ratio (%)

DLC1 43.33 42.84 6.42 96.94 92.02 98.88

DLC2 40.44 39.90 5.98 96.88 91.95 98.67

DLC3 39.68 39.23 5.88 96.84 91.80 98.87

DLH1 39.82 39.38 5.90 96.87 91.72 98.89

DLH2 36.88 36.44 5.46 96.78 91.68 98.81

DLH3 42.49 42.02 6.29 97.00 92.19 98.90

DLL1 28.71 28.34 4.25 96.91 91.97 98.70

DLL2 41.52 40.96 6.14 96.78 91.73 98.66

DLL3 42.39 41.89 6.28 97.01 92.09 98.81

ZSC1 43.93 43.27 6.48 96.63 91.44 98.49

ZSC2 43.29 42.49 6.36 96.04 90.39 98.14

ZSC3 44.22 43.74 6.55 97.01 92.17 98.92

ZSH1 36.25 35.56 5.32 95.69 89.42 98.11

ZSH2 39.64 39.08 5.85 96.77 91.70 98.58

ZSH3 38.69 38.24 5.73 96.92 91.94 98.85

ZSL1 43.48 43.03 6.45 97.01 92.15 98.97

ZSL2 40.39 39.95 5.98 96.90 91.91 98.90

ZSL3 40.10 39.65 5.94 96.85 91.82 98.88
F
rontiers in Marine
 Science
 05
TABLE 3 Statistics of comparison between sample and reference genome.

Sample Clean reads (M) Total Mapping (%) Unique Mapping (%) Multiple Mapping (%)

DLC1 42.84 86.56 79.60 6.96

DLC2 39.90 85.88 79.01 6.87

DLC3 39.23 85.29 78.69 6.60

DLH1 39.38 88.22 79.93 8.29

DLH2 36.44 84.93 79.04 5.89

DLH3 42.02 85.10 78.88 6.22

DLL1 28.34 84.86 77.66 7.20

DLL2 40.96 86.40 78.11 8.29

DLL3 41.89 88.03 80.03 8.00

ZSC1 43.27 83.59 76.44 7.15

ZSC2 42.49 76.37 71.67 4.70

ZSC3 43.74 88.98 77.53 11.45

ZSH1 35.56 74.80 70.66 4.14

ZSH2 39.08 83.32 78.20 5.12

ZSH3 38.24 89.16 78.63 10.53

ZSL1 43.03 88.31 78.32 9.99

ZSL2 39.95 87.46 79.05 8.41

ZSL3 39.65 88.99 78.55 10.44
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activity (GO:0008241), and sequence-specific DNA binding

(GO:0043565; Supplementary Table S7).
3.4 KEGG enrichment analysis of DEGs
in C. japonica under different
temperature stresses

The DEGs were analyzed by KEGG enrichment to identify the

biological regulatory pathways in the two crab populations under

different temperature stress conditions (Figure 4). At 28°C, compared
Frontiers in Marine Science 06
with the control group, the DEGs in the ZSH group were enriched

into seven pathways, and the most significant pathway was DNA

replication (Supplementary Table S8). The DEGs in the DLH group

were enriched into 152 pathways and mainly included the apelin

signaling pathway and autophagy (Supplementary Table S9). At 15°

C, compared with the control group, the DEGs in the ZSL group were

enriched into 88 pathways, including alcoholism and systemic lupus

erythematosus (Supplementary Table S10). The DEGs in the DLL

group were enriched into 100 pathways, including influenza A,

protein processing in endoplasmic reticulum, and cholinergic

synapse (Supplementary Table S11).
TABLE 4 Novel transcript type statistics.

Total Novel Transcript Coding Transcript Noncoding Transcript Novel Isoform Novel Gene

45,952 21,453 24,499 16,572 3,124
FIGURE 1

Volcanic maps of differentially expressed genes in different temperature groups of Zhoushan population and Dalian population. (A)Represent the
DEGs between 20 and 28 °C in Dalian population; (B)represent the DEGs between 20 and 15 °C in Dalian population; (C)represent the DEGs
between 20 and 28 °C in Zhoushan population; (D)represent the DEGs between 20 and 15 °C in Zhoushan population. DLH, Dalian population under
high temperature stress; DLC, Dalian population control group; DLL, Dalian population under low temperature stress; ZSH, Zhoushan population
under high temperature stress; ZSC, Zhoushan population control group; ZSL, Zhoushan population under low temperature stress; Up, upregulated
genes; Down, downregulated genes; No, no significant difference.
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3.5 Transcriptomic data validation

A total of eight DEGs were chosen for qRT-PCR analysis. The

relative expression levels of these eight randomly selected genes based

on qRT-PCR and transcriptome analysis were consistent (Figure 5),

whichmeant that the RNA-seq data were reliable. Of these eight DEGs,

RPS6K and AMPK were downregulated in the high-latitude

population, whereas LIG1 was upregulated and CDC45 was

downregulated in the low-latitude population under high-

temperature stress. In addition, PRSS and EDEM1 were upregulated

and HSP70 was downregulated in the high-latitude population,
Frontiers in Marine Science 07
whereas HDAC was downregulated in the low-latitude population

under low-temperature stress.
4 Discussion

Global climate change is already causing a number of adverse

impacts on marine ecosystems and biodiversity. As a crucial

element in climate variability, ocean temperature not only affects

the growth, reproduction, and metabolism of marine organisms but

also influences their spatial distribution, habitat preferences, and
FIGURE 2

Venn diagrams showing unigenes significantly differentially expressed in all populations. Different colors indicate different comparison groups.
FIGURE 3

GO categorization (top 20) of unigenes in the transcriptome of C. japonica between DLH vs DLC (A), DLL vs DLC (B), ZSH vs ZSC (C) and ZSL vs ZSC
(D). Count indicates the number of differential genes annotated to the GO number. The colour bar in p.adjust enrichment analysis represents the
significance of enrichment. The red dot size indicates highly enriched unigenes.
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migration patterns (Saucedo et al., 2004; Scott and Johnston, 2012;

Garcıá Molinos et al., 2016; Poloczanska et al., 2016; Boyd et al.,

2018; Zhang et al., 2020). As poikilotherms, crustaceans are highly

sensitive to temperature changes (Stillman and Somero, 2000;

Somero, 2010; Soofi et al., 2014; Legrand et al., 2018). Previous

studies have shown that some crustaceans can adapt to

environmental temperature changes by regulating related gene

expression levels (Stillman and Tagmount, 2009; Lou et al., 2022).

Furthermore, the adaptive capacity of crustaceans in different

geographical groups varies under ocean temperature changes

(Cheng et al., 2024). However, the differences in molecular

regulation of crustaceans to temperature stresses from different
Frontiers in Marine Science 08
populations need to be elucidated. C. japonica, an intertidal

crustacean, is widely distributed along the Chinese coast, ranging

from the Bohai Sea to the East China Sea and covering a wide range

of ambient temperatures (Lou et al., 2022). To adjust to variations in

environmental temperature, different populations of C. japonica

may develop various survival strategies or unique temperature

adaptability to cope with temperature stress. In this study, we

showed, for the first time, how C. japonica from two populations

regulated their functional gene expression levels to adapt to changes

in environmental temperature.

The differential gene expression levels and gene function

enrichment were compared between the two crab populations at

15°C and 28°C. The results showed that the number of upregulated

genes of the high-latitude population at 15°C and 28°C was higher

than that of the low-latitude population. These results further

confirmed that the species belonging to different geographical

groups may exhibit varying physiological adaptations in response

to changes in environmental temperature (Archambault et al., 2018;

Pfeiffer et al., 2018). Furthermore, as the temperature increased, the

number of differentially expressed genes in the two populations

decreased. Compared with the control group (DLC and ZSC), a

total of 309 and 938 DEGs were found in the DLH and ZSH groups

at 15°C and 280 and 33 DEGs in the DLL and ZSL groups at 28°C.

The gene regulatory trend of C. japonica to temperature stress was

similar to that of O. oratoria in previous studies (Lou et al., 2019).

The shared 28 DEGs between two temperature treatments in Dalian

population were mainly corresponded to zinc finger protein of

which plays an important role under temperature stress in many

organisms (Sugano et al., 2003; Yang et al., 2020), whereas the

shared seven DEGs between two temperature treatments in

Zhoushan population were mainly corresponded to cuticle
FIGURE 4

KEGG assignment (top 20) of unigenes in the transcriptome of C. japonica between DLH vs DLC (A), DLL vs DLC (B), ZSH vs ZSC (C) and ZSL vs ZSC
(D). Count indicates the number of differential genes annotated to the KEGG number. The colour bar in p.adjust enrichment analysis represents the
significance of enrichment. The red dot size indicates highly enriched unigenes.
FIGURE 5

Relative expression levels of eight randomly selected genes obtained
based on RNA-seq and qRT-PCR.
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protein of which plays an important role in environmental

adaptation in arthropods (Zheng et al., 2023). Furthermore, the

shared 47 DEGs between two populations under cold stress were

mainly corresponded to metabolism related genes of which plays an

important role under cold stress in fish (Sun et al., 2021).

Functional enrichment analysis showed that the DEGs of the

high-temperature group and low-temperature group of both

populations were mainly enriched in GO terms such as protein

kinase activity, protein phosphorylation, hemoglobin binding,

structural constituent of cuticle, and extracellular space. Previous

studies have shown that phosphorylation is an important cellular

regulatory mechanism, and protein kinases play important roles in

it (Johnson, 2009). When an organism is under temperature stress,

temperature signals are primarily transduced to downstream targets

by protein kinases, activating the expression of related genes (Jost

et al., 2015; Chen et al., 2021). Furthermore, under environmental

pressure, the distribution of hemoglobin transport protein genes

differs among various populations, and gene inactivation and

horizontal transfer may play important roles in the occurrence of

intra-species genetic diversity (Lemos and Osorio, 2007). Moreover,

the DEGs of both populations were enriched in cell structure-

related GO terms, such as the structural constituent of cuticle and

extracellular space. The cell function and structure of C. japonica

changed under temperature stress, and some functional enzymes

and structural proteins were activated to help C. japonica resist

external stresses (Pinney et al., 2021). These cellular stress responses

are considered a defensive response of organisms to environmental

stress, and they usually lead to the deformation or damage of DNA,

proteins, or other basic macromolecules (Kültz, 2020). In summary,

C. japonica of both populations could regulate related genes to cope

with temperature stress. However, disparities exist in the regulatory

ability of the two groups to handle temperature stress.

Most of the enriched KEGG pathways are related to signal

transduction, genetic information processing, cellular process, DNA

replication, and metabolic process. Under high-temperature stress,

the DEGs (280) of the high-latitude population were remarkably

enriched in signal transduction and cellular process. In the apelin

signaling pathway and autophagy animal pathway, we found that

ribosomal protein S6 kinase (RPS6K) and AMP-activated protein

kinase (AMPK) showed a downregulation trend. Previous studies

have shown that the phosphorylation of RPS6K can promote body

growth by improving protein synthesis (Jastrzebski et al., 2007;

Chauvin et al., 2014), so we speculated that the body growth of C.

japonica is inhibited when the environment is too hot. In addition,

AMPK is a major cellular regulator of metabolic process in

organisms (Jiang et al., 2023). In general, the activation of AMPK

weakens the related metabolic process of consuming ATP, which

preserves ATP for acute cell survival processes and replenishes ATP

through catabolic processes (Li et al., 2019). Thus, we speculated that

the ATP consumption of C. japonica increased by downregulating

AMPK under high-temperature stress to support their growth in this

study. By contrast, we noted less DEGs (33) in the low-latitude

population at 28 °C, and the DEGs were mainly enriched in genetic

information processing, among which the most significant pathway

was DNA replication. We found that DNA ligase 1 (LIG1) showed
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an upregulation trend, whereas cell division control protein 45

(CDC45) showed a downregulation trend under this treatment.

Previous studies have shown that LIG1 and CDC45 are involved

in cell proliferation, especially in regulating the initiation and

elongation stages of eukaryotic chromosome DNA replication

(Srinivasan et al., 2013; Liddiard et al., 2019). Therefore, we

speculated that C. japonica of the low-latitude population

increased the expression of LIG1 and reduced the expression of

CDC45 to inhibit cell proliferation to adapt to heat stimulation.

These results demonstrated that C. japonica of the low- and high-

latitude populations showed different genetic regulatory

mechanisms under high temperature, and the low-latitude

population was more resilient to high-temperature stress than the

high-latitude population. This result was similar to that of Cynoscion

nebulosus in previous studies (Song and McDowell, 2021).

Under low-temperature stress, the DEGs (309) of the high-

latitude population were significantly enriched in genetic

information processing. The expression of trypsin (PRSS), which

is involved in physiological processes such as digestion, absorption,

immune defense, cell growth, cell death, and apoptosis (Kaur and

Singh, 2022), is significantly upregulated in the influenza A

pathway. The antifreeze protein (AFGP) gene originates from the

trypsin gene, and the chimera of AFGP-trypsin as the antifreeze

glycoprotein can withstand cold stress in many fishes and other

organisms (Cheng and Chen, 1999). Thus, the increased expression

of trypsin may improve the cold resistance of C. japonica in high

latitude. In addition, endoplasmic reticulum degradation enhancer,

mannosidase alpha-like 1 (EDEM1), shows an upregulation trend,

whereas heat shock 70 kDa protein (HSP70) shows a

downregulation trend in the endoplasmic reticulum protein

processing pathway. EDEM1 is induced by endoplasmic

reticulum stress (Hosokawa et al., 2001). When the temperature

environment changes, the increase in misfolded proteins disrupts

the homeostasis of the endoplasmic reticulum, and upregulated

EDEM1 can degrade the misfold proteins (Zuber et al., 2007).

However, HSP70, which can fold and assemble proteins, regulate

protein activity, and proofread protein structures, is downregulated

(Ryan and Pfanner, 2001; Mayer and Bukau, 2005). Therefore, we

speculated that upregulated EDEM1 can offset the downregulated

HSP70 in high-latitude C. japonica under low-temperature

pressure. By contrast, there were more DEGs (938) in the low-

latitude population than in the high-latitude population at 15 °C,

and the DEGs were mainly enriched in metabolic pathways.

Histone deacetylase (HDAC) is significantly decreased in the

alcoholism pathway. HDAC has been shown to regulate the

activity and function of proteins, and it can activate gene

transcription (Cui et al., 2023). In addition, HDAC has been

found to mediate thermal plasticity in zebrafish (Danio rerio),

and HDAC inhibition promotes regenerative neurogenesis in D.

rerio (Seebacher and Simmonds, 2019; Kiyooka et al., 2020).

Therefore, we speculated that the downregulation of HDAC is the

adaptation of low-latitude C. japonica to cold stimuli. The above

results revealed that low- and high-latitude C. japonica showed

different genetic regulatory mechanisms under low-temperature

stress. The high-latitude population regulated less genes than the
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low-latitude population, which indicated that the former was more

resilient to low-temperature stress than the latter.
5 Conclusions

Temperature is an environmental factor that significantly

impacts the behavior and physiology of intertidal crustaceans.

This study analyzed the transcriptome of two populations of C.

japonica at low- and high-temperature stress to identify differences

in the genetic regulation. Results showed that C. japonica from the

low-latitude population regulated more genes at low-temperature

stress, and C. japonica from the high-latitude population regulated

more genes at high-temperature stress. In addition, the

physiological processes differed with temperature fluctuations

between the two populations. The disparity in gene expression

levels and the distinct pathways that respond to temperature stress

in the two populations of C. japonica highlight the importance of

genetic regulatory adaptations in response to fluctuations in

environmental temperature. The results of this study provide

valuable information on the sensitivity of low- and high-latitude

C. japonica populations to temperature-related environmental

stress. Our results offer valuable insights into the molecular

regulatory mechanisms of temperature fluctuations in

other crustaceans.
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