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Introduction: The molting processes are crucial for the survival and

development of crustaceans. Eriocheir sinensis demonstrates representative

discontinuous growth during molting, while muscle is the most obvious tissue

exhibiting this property. However, the signal regulation mechanisms involved in

muscle during molting remain unexplored.

Methods: In this work, a comprehensive analysis of the gene expressions in E.

sinensis muscle between post-molt and inter-molt stages were performed by

integrating the ATAC-seq and RNA-seq techniques.

Results: The integration analysis identified 446 up-regulated and 21 down-

regulated genes in the two stages. GO enrichment analysis revealed that the

up-regulated genes are largely associated with protein phosphorylation and

phosphorus metabolism, while the down-regulated genes are mainly involved

in DNAmetabolism, transcription, cell adhesion, and G protein-coupled receptor

(GPCR) signaling pathway. In all the enriched signaling pathways, GPCR signaling

pathway includes the most differentially expressed genes (8 genes), which

underlines its importance in the signal transduction from the post-molt stage

to the inter-molt stage. Further protein structure analysis and RT-qPCR validation

confirmed five GPCR genes related to molting process, in which four genes

(GRM7, FMRFaR, mth2, gpr161) are active during the post-molt stage and one

gene (moody) functions during the inter-molt stage.

Discussion: These findings highlight the key regulatory proteins and pathways

involved in E. sinensis muscle during molting and also offer foundational data for

studying the mechanisms of molting and discontinuous growth in crustaceans.
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1 Introduction

Eriocheir sinensis (Chinese Mitten Crab) belongs to the

Crustacea, Mollusca, Decapoda, Crabaidae, and Eriocheir. It is a

valuable species in aquaculture, where molting serves as a critical

physiological process affecting its growth and development.

Understanding the physiological properties and gene expression

of E. sinensis across various molting stages is essential for improving

its aquaculture production. In crustaceans, the molting cycle is a

cyclical event defined as the interval from the last molting to the

next molting (Chang and Mykles, 2011). This cycle includes four

distinct stages: (1) inter-molt (C stage): after the last molting is

completed and the new shell hardens, the subcutaneous cells of

crustaceans begin to increase and elongate, and secrete the

epidermis and pigment layer that make up the new skin. This

process is called the inter-molt stage, which is the longest period of

molting process among the four molting stages; (2) pre-molt (D

stage, with sub-stages D0, D1, and D3-4): at this stage, crustaceans

begin to prepare for molting, including absorbing calcium

carbonate from the old shell and storing it in bodily fluids, while

soft folds grow in the shell; (3) molt (E stage): crustaceans begin to

molt, and their old shells slowly crack open and fall off. During this

process, the folds gradually expand, forming new shells; (4) post-

molt (A-B stages): the new shell is still soft just after molting. The

period from the soft shell to the completely hardening of the new

shell is called the pre-molt stage (Kang et al., 2012). E. sinensis

undergoes approximately 18 times of molting in its lifetime.

Molting is closely related to its growth and development. The

abnormal of molting may cause death or precocious puberty,

which is a significant issue affecting the yield and economic value

of E. sinensis. Exploration of the molting mechanism of E. sinensis is

of great significance for addressing the issue of precocious puberty

and breeding new varieties with better properties.

The molting process is known to be regulated through the

antagonistic effects of ecdysone and molting-inhibiting hormones

(MIH) secreted by Y-organ (Pu et al., 2015). Ecdysone primarily

promotes molting and the MIH delays the molting process by

regulating the secretion of ecdysones through a negative feedback

mechanism. Several molting related genes have been found and

cloned in E. sinensis, such as ecdysone receptor gene, retinoid X

receptor gene, chitinase genes, myostatin genes and hyperglycemic

hormone gene (Wang et al., 2013; Gong et al., 2014). However, the

underlying molecular mechanism about how the other organs/

tissues receive these hormone signals and produce responses is

currently unknown. Molting is a multi-stage process involving

multiple organs/tissues. The expressions of molting-related genes

are significantly changed during molting cycle, with unique gene

expression patterns in various tissues. For example, in the

hepatopancreas of E. sinensis, the differentially expressed genes

(DEGs) enriched in the post-molt stage were found related to

energy consumption, whereas genes enriched in the inter-molt

stage were linked to carbohydrates, lipids metabolic and

biosynthetic processes. In the pre-molt stage, the highly expressed

genes were enriched in response to steroid hormone stimulus and

immune system development (Huang et al., 2015; Li et al., 2023). In

the gill of E. sinensis, genes in chitin metabolism were found
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enriched during the post-molt and molt stages, while glucosamine

metabolic enzymes were up-regulated during the inter-molt and

pre-molt stages (Li et al., 2019). These studies indicates that the

molting process may be regulated by different mechanisms in

various organs/tissues and stages. Therefore, the analysis of the

regulation mechanism of molting requires independent analysis for

different organs/tissues and molting stages.

Muscles of E. sinensis exhibit obvious discontinuous growth

during molting. Significant differences in fiber diameter and density

of muscle are observed across various molting stages (Yue et al.,

2021). Muscle fiber diameter and density increase considerably

during the molt stage and gradually revert to normal levels in the

post-molt and inter-molt stages (Jiang et al., 2020). Tian et al.

conducted a transcriptome analysis of E. sinensis claw muscle across

molting stages, revealing that molting-related gene expression in

claw muscle is primarily linked to muscle contraction, energy

metabolism and cytoskeletal remodeling (Tian and Jiao, 2019). In

addition, Sun et al. utilized ATAC-seq and RNA-seq to investigate

GPCR activity in E. sinensis muscle during the pre-molt and post-

molt stages, finding that six GPCRs are significantly up-regulated in

the post-molt stage (Sun et al., 2022). These observations indicate

that distinct regulation mechanism may be employed in different

molting stages due to the unique physiological changes in

each stage.

The signaling regulation during molting in E. sinensis is still

unclear. Hou et al. discovered that RNA interference targeting the

serine/threonine-protein kinase EsmTOR significantly delayed the

molting process in E. sinensis, suggesting the involvement of

EsmTOR in molting (Hou et al., 2021). Within the mTOR

signaling pathway, the following genes showed significant down-

regulation after EsmTOR interference: the upstream genes

EsSLC7A5 and EsVATB involved in amino acid transport; the

downstream gene EsS6K1, which facilitates ribosomal protein

synthesis; and the key molting-related genes EsMIH and EsEcR.

This finding indicates that EsmTOR plays a critical role in the

molting regulation via the SLC7A5-V-ATPase-mTORC1 network.

Furthermore, in Gecarcinus lateralis, up to 23 signaling pathways

were found existing in the Y-organ to control the molting hormone

synthesis, with significant expression changes observed in genes

associated with MIH, mTOR, TGF-b/activin, Notch, MAPK, and

Wnt signaling pathways (Das et al., 2018). Shyamal et al. also

reported that mTOR directly or indirectly regulates the

transcription of genes that activate the Y-organ in G. lateralis

(Shyamal et al., 2018).

The transition from the post-molt to inter-molt stage represents

a crucial period characterized by notable changes in muscle

morphology and distinct intermittent growth patterns. However,

no studies have explored the signal regulation in muscle of E.

sinensis during these stages. Besides, the current high-throughput

analysis about the molting process is mostly based on the RNA-seq

data, while it is difficult to avoid the problem of false positives results

with the RNA-seq technique. ATAC-seq is a technology to study

the chromatin accessibility with the DNA transposase Tn5

(Buenrostro et al., 2015). Many studies have shown that the

combination of ATAC-seq and RNA-seq techniques can

effectively improve the quality of the testing results and have been
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https://doi.org/10.3389/fmars.2024.1529684
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Wang et al. 10.3389/fmars.2024.1529684
applied well in analyzing the gene regulation and expression (Yang

et al., 2019; Wang et al., 2022; Xu et al., 2022).

In this work, an integrated analysis of ATAC-seq and RNA-seq

data from E. sinensis muscle during the post-molt and inter-molt

stages were firstly performed to identify the DEGs specific to these

periods. The GO and KEGG pathway enrichment analyses were

conducted with particular emphasis on the genes associated with

signal regulation. The purpose of this study is to explore the signal

regulation process and reveal the key genes involved in the signal

regulation during post-molt and inter-molt stages within muscle of

E. sinensis. The results may offer new insights for a more

comprehensive understanding of molting mechanisms and the

discontinuous growth observed in crustaceans.
2 Materials and methods

2.1 Experiment design of this work

In order to perform an integrated analysis of ATAC-seq and

RNA-seq for the post-molt and inter-molt stages, the E. sinensis

muscle samples at the inter-molt stage were collected and

sequenced with ATAC-seq and RNA-seq. The ATAC-seq and

RNA-seq data for post-molt stages were obtained from GEO

database with GEO number as GSE206233. The peak enrichments

of the two stages obtained from ATAC-seq were compared to

identify the differentially enriched peaks (DEPs), and then the

gene expressions of the two stages obtained from RNA-seq were
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compared to find the DEGs. The genes with DEPs from ATAC-seq

were compared with the DEGs from RNA-seq to obtain the

integrated DEGs (IDEGs). Based on the GO and KEGG

enrichment analysis of the IDEGs, signal regulation were found

to have essential roles in the regulation of molting from post-molt

to inter-molt stages, and the signaling pathways and candidate

GPCR genes involved in this process were identified. Structure

analysis and Real-time quantitative PCR (RT-qPCR) were

subsequently performed to further verify the GPCRs functioning

in the two stages. The diagram of experiment design was shown

in Figure 1.
2.2 Animals and sampling

Healthy juvenile E. sinensis crabs were obtained from Tianjin

Xieyuan Aquaculture Co., Ltd., averaging a carapace length of 24.28

± 1.54 mm, carapace width of 26.97 ± 1.65 mm, and a weight of 8.41

± 1.47 g. The crabs were housed in a plastic incubator (70 × 40 × 50

cm) under controlled conditions of 20 ± 1°C and natural light

exposure for over 7 days. They were fed a compound diet twice

daily, with each feeding amounting to approximately 5% of their

body weight. To maintain water quality, a siphoning method was

used to remove leftover feed and introduce fresh water, ensuring

more than 50% of the water was refreshed daily.

For muscle sample collection, three crabs were selected from the

inter-molt stage. Muscle samples were extracted from the crabs’

walking legs. The inter-molt stage can be confirmed by the
FIGURE 1

The diagram of experiment design.
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hardening of the new exoskeleton, with the disappearance of the

translucent space between the epithelium and exoskeleton.

Additionally, the setae at the distal ends of the maxillipedal

exopods showed a tubular epidermal structure, with the setal

matrix undergoing fibrillation to form setal cones, which is the

distinct morphological markers of the inter-molt phase (Kang

et al., 2013).

To prepare for tissue collection, crabs in the inter-molt stage

were first anesthetized using ice. Muscles from the walking legs were

rapidly collected and submerged immediately in liquid nitrogen for

preservation, and then stored at -80°C for long-term storage. Each

muscle sample was divided into two parts for analysis: one for

ATAC-seq and the other for RNA-seq. The cell activity of the

muscle samples was assessed with the Trypan blue assay.
2.3 ATAC-seq analysis

For ATAC-seq analysis, three muscle samples from inter-molt

stages were designated as Mu_C_1, Mu_C_2, and Mu_C_3. The

ATAC-seq protocol was based on the method described by Corces

et al (Corces et al., 2017). Briefly, nuclei were isolated from the

muscle samples and treated with a Tn5 transposase reaction

mixture. Next, adapter 1 and adapter 2 were added in equal

concentrations, followed by PCR amplification of the library.

Library quality was confirmed using Qubit analysis. Sequencing

was then performed on the Illumina NovaSeq platform (Illumina,

San Diego, CA, USA), producing 150 bp paired-end reads. The raw

data were trimmed with the skewer software (version 0.2.2, Beijing,

China) (Jiang et al., 2014). Quality metrics, Q20 and Q30, were

calculated for both raw and processed data. The reads were then

aligned to a reference genome from the NCBI BioProject database

(accession number PRJNA555707) using BWA (version 0.7.12-

r1039, Cambridge, UK) (Li and Durbin, 2009) with default

settings. High-quality reads (MAPQ ≥ 13) that mapped to non-

mitochondrial chromosomes were retained. Peak calling was

performed using MACS2 (version 2.1.2, Boston, MA, USA)

(Zhang et al., 2008)

The ATAC-seq dataset for the post-molt stage was obtained

from the GEO database (GSE206233). The data of post-molt and

inter-molt stages were compared with the DESeq2 R package

(version 1.20.0, Boston, MA, USA) (Love et al., 2014). P-values

were adjusted using the Benjamini-Hochberg method to control the

false discovery rate. Peaks with p-value ≤ 0.05 and |log2FoldEnrich|

≥ 1 were identified as DEPs. The distribution of these peaks across

various genomic regions was assessed with ChIPseeker (version

1.38.0, Hong Kong, China) (Yu et al., 2015), following a hierarchical

classification: promoter, untranslated region (UTR), exon, intron,

downstream of transcription termination site (TTS), and distal

intergenic regions.

GO enrichment analysis for genes with DEPs was conducted

using Goseq (version 4.10.2, Parkville, Australia) (Young et al.,

2010) and KOBAS (version 3.0, Beijing, China) (Mao et al., 2005)

was used for Kyoto Encyclopedia of Genes and Genomes (KEGG)

pathway enrichment analysis.
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2.4 RNA-seq analysis

RNA-seq of E. sinensis muscle samples was performed using

Illumina high-throughput technology. Total RNA was extracted via

the TRIzol method (Invitrogen), and its integrity was evaluated with

RNA Nano 6000 Assay Kit on an Agilent Bioanalyzer 2100 system

(Agilent Technologies, Santa Clara, CA, USA). The library was

conducted and the quality of the libraries was confirmed on the

same system. Sequencing was then conducted on an Illumina

NovaSeq platform, generating 150 bp paired-end reads. Initial

sequencing data, or raw reads, were processed into usable data

through base-calling. Clean reads were generated by removing reads

containing adapters, poly-N sequences, and low-quality scores. Key

quality metrics such as Q20, Q30, and GC content were calculated

for these clean reads. The reference genome for E. sinensis, obtained

from the NCBI BioProject database (accession number

PRJNA555707), was used for alignment. The clean reads were

aligned with the reference genome with Hisat2 (version 2.0.5,

Baltimore, Maryland, USA) (Kim et al., 2015). The FPKM

(Fragments Per Kilobase of exon model per Million mapped

fragment) values were calculated for each gene.

The RNA-seq dataset for the post-molt stage was sourced from

the GEO database (GSE206233). Differential expression analysis

between post-molt and inter-molt stages was conducted with

DESeq2 (version 1.20.0, Boston, MA, USA) (Love et al., 2014).

Genes with padj ≤ 0.05 and |log2FoldChange| ≥ 1 were classified as

DEGs. GO and KEGG pathway enrichment analysis for these DEGs

were conducted using Goseq (version 4.10.2, Parkville, Australia)

(Young et al., 2010) and KOBAS (version 3.0, Beijing, China) (Mao

et al., 2005), respectively. The ATAC-seq and RNA-seq datasets for

inter-molt stage in muscle of E. sinensis have been submitted to

GEO database with the accession number as GSE281094.
2.5 Integration analysis of ATAC-seq and
RNA-seq

For the integration analysis of ATAC-seq and RNA-seq data,

the correlation between genes with DEPs from ATAC-seq and the

DEGs from RNA-seq was examined. DEGs that were up-regulated

in the RNA-seq data were compared with the corresponding genes

linked to up-regulated peaks identified in ATAC-seq. Conversely,

down-regulated DEGs from RNA-seq were matched with genes

related to down-regulated peaks in ATAC-seq. Genes

demonstrating consistent profiles across both analytical methods

were selected for further GO enrichment analysis.
2.6 Structure analysis of proteins encoded
by candidate GPCR genes

For structural analysis of the proteins encoded by the identified

candidate GPCRs, TMHMM (https://services.healthtech.dtu.dk/

service.php?TMHMM-2.0, accession on Mar. 24th, 2024) (Krogh

et al., 2001) was utilized to predict the transmembrane helices
frontiersin.org
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(TMHs) in the candidate GPCRs. PredictProtein (https://

predictprotein.org/, accession on Mar. 24th, 2024) (Bernhofer

et al., 2021) and SWISS-MODEL (https://swissmodel.expasy.org/,

accession on Mar. 24th, 2024) (Waterhouse et al., 2018) were

employed for predicting the secondary and three-dimensional

structures of the proteins.
2.7 RT-qPCR verification of candidate
GPCR genes

Gene expression levels of these candidate GPCRs were verified

through RT-qPCR. Each gene had three corresponding muscle

samples used for RT-qPCR validation as biological replicates.

Each of these samples consisted of mixed muscle tissues from

three different crabs to minimize individual variance. Primer

sequences ut i l ized in the RT-qPCR are provided in

Supplementary Table 1. RNA extraction was performed using

TRIzol reagent (Invitrogen, San Diego, CA, USA), followed by

reverse transcription using the PrimeScriptTM RT Master Mix

(Perfect Real Time) test kit (Takara, Japan). Fluorescence

quantification was performed using the TB Green® Premix Ex

TaqTM II(Tli RNaseH Plus) *2 test kit (Takara, Japan) with the ABI

Applied Biosystems instrument. The housekeeping gene used for

normalization was b-actin. The RT-qPCR reaction mix was 20-µl

and the thermal cycling conditions were set at 95°C for 30 s,

followed by 40 cycles at 95°C for 5 s and 60°C for 30 s,

concluding with a final extension at 60°C for 1 min. Quantitative

analysis of the data was performed using the 2^–DDCt method.
3 Results

3.1 Results of ATAC-seq analysis

3.1.1 Results and quality control of ATAC-seq
The results and quality control parameters for ATAC-seq of the

three inter-molt samples are shown in Table 1 (See also

Supplementary Figure 1). The average Q20 and Q30 for the clean

reads across the samples were 93.66% and 85.95%, respectively,

indicating high sample quality. The A/T and G/C ratios of reads are

within the deviation. The deviation of GC content distribution of reads

from the theoretical value is less than 15%. The N ratio does not

exceed 5%. The average alignment rate of clean reads to the non-

mitochondrion reference genome is 87.67%. In the analysis of ATAC-

seq data, the unique-mapped and non-duplicated reads is the focus of

subsequent analysis. The average rate of unique-mapped reads relative
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to clean reads was 65.07%, and that of the de-duplicated unique reads

relative to the clean reads is 51.93%. The sequence duplication level is

within the deviation. The number of detected peaks ranged from

49,000 to 58,000, with summit counts ranging from 62,000 to 77,000.

The density of total mapped reads aligned to each chromosome

(divided into positive and negative chains) on the genome was also

counted. From the graph of the reads mapped to the chromosome,

the relationship between the chromosome length and the total

number of reads was reflected intuitively (Supplementary

Figure 2). Normally, the longer the chromosome is, the more

reads mapped to it. The results in Supplementary Figure 2 exactly

displayed the positive correlation between the chromosome length

and the number of reads, which reflects the reliability of

sequencing quality.

3.1.2 Correlation analysis of samples
To assess the quality of the six ATAC-seq samples—Mu_A_1,

Mu_A_2, Mu_A_3 in the post-molt group and Mu_C_1, Mu_C_2,

Mu_C_3 in the inter-molt group—, a Spearman correlation analysis

was conducted based on the FoldEnrich values of peaks (Figure 2A).

The results showed that the correlations among samples within the

same group exceeded 0.92 and the intragroup correlations were

higher than the intergroup correlations, thereby reflecting the

reliability of the sample quality. The average signal distribution

across a 3 kb region upstream and downstream of peak summits

were analyzed and revealed significant differences among samples

in the gene regulatory regions. The Genebody heatmap highlighted

the enhanced transcriptional activity within gene body regions

under specific conditions (Figure 2B), while the TSS heatmap

underscored the key role of promoter regions and adjacent areas

in transcription initiation (Figure 2C). These results indicate

substantial transcriptional activity enhancement in these regions

under specific conditions.

3.1.3 Identification of DEPs
DEPs were analyzed between samples from Mu_A and Mu_C

(Figure 3A). A total of 9,266 peaks exhibited up-regulated

enrichment, 3,738 peaks showed down-regulated enrichment, and

88,535 peaks were statistically insignificant. By identifying and

categorizing transcriptional regulatory regions across the genome

and calculating their proportions among up-regulated and down-

regulated peaks, the complete genomic distribution of differential

peaks was mapped (Figure 3B). Among the up-regulated peaks,

0.66% was located in promoter regions near the transcription start

site (Promoter-TSS), while 0.72% of the down-regulated peaks were

found in this area. Exonic regions accounted for 4.23% of the up-

regulated peaks and 13.04% of the down-regulated peaks,
TABLE 1 Results of ATAC-seq.

Sample
Clean
reads

Clean
ratio

Q20 Q30 Unique_mapped1 Dedup_unique_mapped2 Peak Summits

Mu_ C_1 46,653,049 72.99% 92.50% 83.31% 31,044,864(66.54%) 25,036,817(53.67%) 57,320 76,917

Mu_ C_2 43,498,496 67.67% 94.56% 87.82% 27,718,950(63.72%) 21,874,560(50.29%) 49,574 62,643

Mu_ C_3 42,792,140 69.52% 93.92% 86.71% 27,793,624(64.95%) 22,182,228(51.84%) 56,919 75,785
f

1 The number of reads with unique alignment positions on the reference sequence (the proportion in parentheses is the percentage of unique_mapped reads relative to clean reads).
2 The number of reads after removing multiple reads in unique_mapped reads (the proportion in parentheses is the percentage of dedup_unique_mapped reads relative to the clean reads).
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highlighting the role of exons in gene expression regulation.

Intronic regions comprised 48.06% of the up-regulated peaks and

27.43% of the down-regulated peaks, suggesting a complex

regulatory role for introns in transcription. Additionally, un-

translated regions (UTRs) accounted for 13.04% of the up-

regulated peaks and 2.11% of the down-regulated peaks, possibly

indicating a role for the 5’ or 3’ UTRs in the precise regulation of

gene expression. In the distal intergenic regions, 70.75% of the

down-regulated peaks and 17.99% of the up-regulated peaks were

located, suggesting that distal regulatory elements may play a

crucial role in the downward regulation of genes.

3.1.4 GO enrichment analysis of genes with DEPs
from ATAC-seq

The GO enrichment analyses were performed for genes with

up-regulated and down-regulated DEPs to identify significantly
Frontiers in Marine Science 06
enriched biological processes, cellular components, and molecular

functions. Figure 4A presents the GO enrichment analysis results

for genes with up-regulated DEPs. In the biological process

category , terms such as “ce l lu lar process ,” “prote in

phosphorylation,” “phosphate-containing compound metabolic

process,” and “amino sugar metabolic process” were notably

enriched. Additionally, the enrichment of “regulation of

biosynthetic process” and “regulation of transcription, DNA-

templated” suggests an essential role for biosynthesis and

transcriptional regulation in the post-molt stage. In the cellular

component category, genes with up-regulated DEPs were primarily

enriched in the “extracellular matrix” and “cell periphery,”

indicating the communication between cells through extracellular

and cell periphery may play important roles in the post-molt stage.

The significant enrichment of “transferase complex, transferring

phosphorus-containing groups” aligns with the enrichment of
FIGURE 3

Differential enrichment analysis of ATAC-seq peaks. (A) Differential enrichment of ATAC-seq peaks; (B) The genome-wide distribution of differentially
enriched peaks.
FIGURE 2

Results of the assay for ATAC. “A” represents the post-molt stage, and “C” stands for the inter-molt stage. (A) Heatmap of spearman correlation
analysis; (B) Mapped read distributions across the gene bodies; (C) mapped read distributions across the TSS.
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“protein phosphorylation” in biological process category. In the

molecular function category, terms like “protein kinase activity”

and “phosphotransferase activity” further highlight the importance

of phosphorylation in the post-molt stage.

Figure 4B shows the GO enrichment analysis results for genes

with down-regulated DEPs in the ATAC-seq analysis, where these

genes are predominantly active during the inter-molt stage. In

biological process, genes with down-regulated DEPs were

significantly enriched in terms related to “DNA recombination,”

“DNA integration,” “DNA metabolic process,” and “chromosome

condensation,” suggesting that these genes are involved in DNA

repair, replication, and chromosomal maintenance. In the cellular

component category, terms like “intermediate filament

cytoskeleton” and “supramolecular complex” imply the roles of

genes in the cytoskeleton and supramolecular structures. In

molecular function, the enrichment of terms such as “transposase

activity,” “sigma factor activity,” and “RNA-DNA hybrid

ribonuclease activity” underscores the significance of these genes

in transposition, DNA binding, and RNA processing during the

inter-molt stage.
3.2 Results of RNA-seq analysis

3.2.1 Results and quality control of RNA-seq
The results and quality control for RNA-seq sequencing of the

three inter-molt samples are shown in Table 2 (see also

Supplementary Figure 3). The average Q20 and Q30 values for all

samples were 96.63% and 91.92%, respectively, indicating high

sample quality. The A/T and G/C ratios of reads are within the
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deviation. The ratios of clean reads relative to raw reads exceed 92%

in all the samples. The clean reads were mapped to the reference

genome of E.sinensis (Tang et al., 2019). The assembled size of the

reference genome was 1.27 Gb. Approximately 94.00% of the

expected eukaryotic genes were completely present in the genome

assembly based on assessment using Benchmarking Universal

Single-Copy Orthologs (BUSCO). Totally 22,619 protein-coding

genes were annotated in the genome. The average alignment rate of

the clean reads to the reference genome across the three samples

was 79.82%.

To evaluate the quality and correlation among the six samples, a

Spearman correlation analysis was conducted using the FPKM

values for all the genes. The results showed strong correlations

within groups, confirming the high quality of the samples

(Figure 5A). Additionally, an analysis of genomic composition

across the six samples indicated that the intergenic regions

represented the largest percentage, suggesting that non-coding

regions make up a substantial portion of RNA in these samples

(Figure 5B). The proportion of exons was significantly higher than

that of introns. Typically, exons should make up the largest

proportion in the RNA samples, however, for E. sinensis, the

genome sequence is less complete compared to the model

organisms, which may account for the relatively high proportion

of intergenic regions.

3.2.2 DEGs and GO enrichment analysis
The RNA sequencing results revealed significant differences in

gene expression between the Mu_A and Mu_C groups (Figure 6A).

A total of 2716 genes were up-regulated, 2539 were down-regulated,

and 10,200 showed no significant expression difference. These
TABLE 2 Results of RNA-seq.

Sample Raw reads Clean reads Error rate Q20 Q30 GC Unique_mapped1

Mu_ C_1 26,454,128 25,623,436 0.01 96.65 92 52.62 20,472,977(79.9%)

Mu_ C_2 29,523,954 28,406,970 0.02 96.49 91.7 52.1 22,594,948(79.54%)

Mu_ C_3 26,907,334 25,906,670 0.01 96.75 92.05 56.55 20,703,099(79.91%)
1 The number of reads with unique alignment positions on the reference sequence (the proportion in parentheses is the percentage of unique_mapped reads relative to clean reads).
FIGURE 4

GO enrichment analysis of genes with up-regulated (A) and down-regulated (B) DEPs identified in ATAC-seq.
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findings highlight substantial gene expression variations between

the post-molt and inter-molt stages.

GO enrichment analysis was performed on DEGs obtained

from the RNA-seq. Figure 6B displays the results for up-regulated

DEGs, highlighting several biological processes significantly

associated with these genes, including “protein phosphorylation”,

“DNA packaging”, “DNA conformation changes”, “organic

phosphate catabolism”, and “phosphate-containing compound

metabolism”. These processes are essential for cell signaling, DNA

replication and repair. In terms of cellular component, the up-

regulated DEGs were primarily linked to the “plasma membrane”,

“thylakoid”, and “photosynthetic membrane”. For molecular

function, these DEGs were significantly enriched in “protein

kinase activity”, “phosphotransferase activity”, and “sigma factor

activity”. These items are all closely related to the phosphorylation

events. Notably, 29 DEGs were associated with protein kinase

activity, emphasizing the importance of phosphorylation in

cellular activity regulation during the post-molt stage, which is in

consistence with the results based on ATAC-seq analysis.

The GO enrichment results for down-regulated DEGs are

shown in Figure 6C. Genes highly expressed at the inter-molt

stage were significantly linked to the “protein phosphorylation”,

“organic phosphate catabolism”, “phosphate-containing compound

metabolism”, and “phosphate metabolism”. These processes play

crucial roles in cell signaling, energy balance, and biosynthesis
Frontiers in Marine Science 08
regulation. Cellular component analysis revealed significant

enrichment in the “plasma membrane” and “cell periphery”. For

molecular function, the down-regulated DEGs were enriched in

“hydrolase activity”, “protein kinase activity”, “phosphotransferase

activity”, and “sigma factor activity”, which is same with the up-

regulated DEGs. These results suggest that phosphorylation-related

biological processes are also critical during the inter-molt stage.
3.3 Integration analysis of ATAC-seq and
RNA-seq

3.3.1 GO enrichment analysis of IDEGs
By comparing the genes with DEPs from ATAC-seq and DEGs

identified from RNA-seq, the genes with consistent expression and

chromatin accessibility were identified, which were named

integrated differentially expressed genes (IDEGs) in this work.

The comparison result was summarized in Table 3. A total of 446

up-regulated and 21 down-regulated IDEGs were found by

integrating the two sequencing methods (see Supplementary

Table 2). GO enrichment analysis was conducted to explore the

functions of these IDEGs. In terms of biological process, the up-

regulated IDEGs were significantly enriched in “protein

phosphorylation”, “phosphate-containing compound metabolic

processes”, “amino sugar metabolic processes”, and “the
FIGURE 6

DEGs and GO enrichment analysis in RNA-seq. (A) Volcano plot depicting the DEGs between Mu_A and Mu_C. (B) GO enrichment analysis of up-
regulated DEGs. (C) GO enrichment analysis of down-regulated DEGs.
FIGURE 5

Heatmap of Spearman correlation analysis (A) and proportions of genomic elements (B) for six samples.
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regulation of transcription”, DNA-templated” (Figure 7A). These

processes play essential roles in cell signaling, energy metabolism,

and gene expression. The cellular component analysis revealed

significant enrichment of IDEGs in the “cell periphery”,

“extracellular region”, “transferase complex”, and “RNA

polymerase complex”. At the molecular function level, significant

enrichment was observed in “protein kinase activity” and

“phosphotrans ferase ac t iv i ty” , bo th assoc ia ted wi th

phosphorylation. Additionally, enrichment in “actin binding”

suggests that these genes may participate in the dynamic

regulation of the cytoskeleton.

The down-regulated IDEGs were significantly enriched in “DNA

metabolic processes” and “DNA-templated transcription, initiation”

(Figure 7B), indicating their roles in gene expression and maintaining

DNA integrity. Enrichment in “biological adhesion” and “cellular

adhesion” suggests the involvement of genes in cell-cell interactions

and tissue structure formation. The enrichment of down-regulated

IDEGs in the “G protein-coupled receptor signaling pathway”

underscores the importance of signaling pathways during the inter-

molt stage. Enrichment in “anion transport” points to a role for

IDEGs in maintaining ion balance between cells, while enrichment in

the “heterocycle metabolic process” suggests that these genes may be

involved in the metabolism of various nitrogen-containing

compounds. At the cellular component level, the down-regulated

IDEGs were associated with the “origin recognition complex,”

“ubiquitin ligase complexes,” and “nuclear chromosomes,”

suggesting their roles in the DNA replication and protein

degradation pathways. The enrichment of molecular functions such

as “sigma factor activity,” “RNA-DNA hybrid ribonuclease activity,”

and various ribonuclease and hydrolase activities highlights the
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potential roles of genes in RNA processing pathways, which is also

related to the gene expression.

The published study have mentioned the DEGs involved in gene

expression, protein synthesis, muscle development, new cuticle

reconstruction and energy metabolic pathways in claw muscle

during post-molt at inter-molt stages (Tian and Jiao, 2019).

Although they did not distinguish up- or down-regulated genes,

part of the results in this work are in consistent with their study,

including the up-regulated IDEGs enriched in energy metabolism

and gene expression, and the down-regulated IDEGs enriched in

the gene expression and protein degradation pathways. In addition,

the enrichment analysis of IDEGs in this work further emphasized

the important role of signal regulation during the post-molt and

inter-molt stages. Although the signal regulation mechanism of

muscle in E. sinensis is still unknown, its importance has been

indicated in the studies on G. lateralis. The mTOR signaling

pathway has been hypothesized to regulate the protein synthesis

in claw muscle of G. lateralis (Maclea et al., 2012). And several

signaling pathways have been found to be involved in the Y-organ

of G. lateralis during molting, such as mTOR, MAPK and Wnt

signaling pathways. In our previous study, the MAPK signaling

pathways were also found to be included in the regulation from pre-

molt to post-molt stages in muscle of E. sinensis (Sun et al., 2022).

3.3.2 Signaling pathway analysis of IDEGs
Regardless of whether genes are up-regulated or down-

regulated, the biological processes they enriched are strongly

linked to the regulatory processes. Protein phosphorylation is a

common chemical process wherein a phosphate group from ATP is

added to a cellular compound. This reaction is generally catalyzed

by kinases, enzymes that play essential roles in diverse signaling

pathways and regulatory mechanisms by modifying protein

structures and modulating their activities (Cohen, 2000; Ubersax

and Ferrell, 2007). Notably, the G protein-coupled receptor

signaling pathway is highly enriched among down-regulated

IDEGs, underscoring the significance of signal regulation in both

the post-molt and inter-molt stages. Consequently, the GO and

KEGG enrichment analyses were further performed to explore the

signaling pathways active during these stages, with detailed results

provided in Supplementary Table 3.
FIGURE 7

GO enrichment analysis of up-regulated (A) and down-regulated (B) IDEGs.
TABLE 3 Comparison of genes with DEPs from ATAC-seq and DEGs
from RNA-seq.

Subject
Up-

regulated
Down-

regulated
Total

genes with DEPs from
ATAC-seq

2723 597 3276

DEGs from RNA-seq 1376 635 2011

IDEGs 446 21 467
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In the GO enrichment analysis, 32 IDEGs were identified in the

signaling category (GO:0023052), spanning in nine signaling

pathways (Figure 8A). KEGG enrichment analysis further showed

that these IDEGs were enriched in the Hippo, TGF-b, Wnt, mTOR,

MAPK, FoxO, and Hedgehog signaling pathways (Figure 8B). The

Wnt signaling pathway appeared consistently in both GO and

KEGG pathway analyses. In all the signaling pathways, the G

protein-coupled receptor signaling pathway contained the most

genes (8 genes), with 7 up-regulated and 1 down-regulated IDEG,

indicating its importance in signal regulation throughout the post-

molt and inter-molt periods of E. sinensis.

3.3.3 Structure analysis of candidate GPCRs
The 8 GPCR genes identified by enrichment analysis underwent

further structural examination of their encoded proteins. TMHMM

was applied to determine whether these proteins possess the

transmembrane helical structures, while PredictProtein and

SWISSMODEL were used to analyze their secondary and tertiary

structures, respectively (see Supplementary Figure 4). These genes

were verified as part of the GPCR family with at least two tools

confirmed the presence of a characteristic 7-transmembrane helical

(7-THM) structure in their encoding proteins. As summarized in

Table 4, all genes except U36, U103, and U306 displayed typical

GPCR structural features. Notably, the 3D structure of U116

revealed two seven-transmembrane regions, consistent with the

typical configuration of type C GPCR metabotropic glutamate

receptors. Among the five genes with confirmed GPCR features,

U116, U244, U314, and U176 were up-regulated, suggesting a role

in the signal regulation during the post-molt stage, while U415 was

down-regulated, indicating its role in the signal regulation during

the inter-molt stage.

3.3.4 RT-qPCR verification of GPCR genes
Based on the GO enrichment analysis, 8 genes were found

enriched in the GPCR signaling pathway. In these genes only the

ones with their encoding proteins exhibited the typical 7-THM

structural of GPCRs were selected for further verification. There are

5 such genes (U116, U244, U314, U176 and U415) fulfil this

selection criteria, and these genes were further validated using

RT-qPCR to determine their expression patterns in the post-molt

and inter-molt stages. The results indicate that U116, U244, U314,
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and U176 were up-regulated, while U415 was down-regulated

(Figure 9). The RT-qPCR results are consistent with the results of

the integrated analyses, further confirming the reliability of the

integration analysis based on the ATAC-seq and RNA-seq.

In the five identified GPCRs, U116 (GRM7) is known to initiate

signaling through guanine nucleotide-binding proteins and

modulate the downstream effector activity in humans (Song et al.,

2021). U244 (FMRFaR) acts as a receptor for FMRFamide peptides,

binding with high affinity to FMRFamide and related peptides,

which stimulates intracellular calcium signaling through the inositol

1,4,5-trisphosphate receptor, Itpr, in dopaminergic neurons. It may

play a role in maintaining neuronal excitability and regulating flight

duration (Cazzamali and Grimmelikhuijzen, 2002; Ravi et al., 2018).

U314 (mth2) has been identified as a possible genetic marker for

normal pigmentation development in shrimp (Huang et al., 2020)

and may also participate in aging and stress responses (Song et al.,

2002). U176 (gpr161) is critical in development by suppressing

hedgehog signaling (Hoppe et al., 2024). It also forms part of a

ciliary-localized signaling complex with type I PKA holoenzymes

and helps coordinate precise signal propagation within the primary

cilium by acting as a sensory signaling platform (Tschaikner et al.,

2020). U415 (moody) is found to be essential for maintaining the

blood-brain barrier’s integrity in adult Drosophila. A Moody-

mediated signaling pathway in glial cells is thought to regulate

nervous system insulation and influence sleep (Bainton et al., 2005;

Axelrod et al., 2023). However, there is currently no direct

experimental evidence linking these GPCRs to molting regulation.

Therefore, our findings may offer valuable clues for the roles of

these genes in the molting regulation of E. sinensis muscle.
4 Discussion

Signal regulation has been found to be involved in the molting

process based on the studies in crustaceans (Mykles, 2021). Twenty-

three KEGG signaling pathways were found in the Y-organ of G.

lateralis during molting (Das et al., 2018). Besides, mTOR and MIH

signaling pathways have also been found in Carcinus maenas and

Cancer antennarius (Mattson and Spaziani, 1987; Oliphant et al.,

2018). In this work, IDEGs in post-molt and inter-molt stages are

found to be distributed in the GPCR, Hippo, TGF-b, Wnt, mTOR,
FIGURE 8

Enrichment analysis of signaling pathways. (A) GO enrichment analysis of IDEGs in signaling pathways. (B) KEGG enrichment analysis of IDEGs in
signaling pathways.
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MAPK, FoxO, and Hedgehog signaling pathways based on the GO

and KEGG enrichment analyses. Our study is the first to report the

participation of these pathways in the signal regulation of muscle in

E. sinensis.

In addition, the involvement of protein phosphorylation in the

signal regulation was further explored in this work. Totally 14 genes

were found enriched in the protein phosphorylation process.

Actually, some protein kinases have been identified as key players

in the molting process in other crustaceans. Adenosine

monophosphate-activated protein kinase (AMPK) has been found

serving as an intracellular energy sensor and is vital for hormone

signaling in Apolygus lucorum. AMPK influences molting and

metamorphosis by adjusting its phosphorylation state (Tan et al.,

2023). Additionally, protein phosphorylation triggered by the

prothoracicotropic hormone (PTTH) has been shown to initiate

ecdysteroidogenesis (biosynthesis of molting hormones) in the

prothoracic glands of the tobacco hornworm, Manduca sexta

(Song and Gilbert, 1995).

The involvement of GPCRs in the molting process from post-

molt to inter-molt stages were identified in this work based on the

enrichment analysis, structure analysis and RT-qPCR experiment.
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GPCRs are a crucial group of membrane proteins that play a broad

role in cell signaling and regulation of various physiological

functions such as immune response (Qin et al., 2019),

environmental stress adaptation (Wang et al., 2021), nervous

system regulation (Yang et al., 2018), growth, development (Ma

et al., 2018), and sex differentiation (Wang et al., 2020). GPCRs have

also been found to influence the molting process in insects. Studies

indicate that 20E rapidly initiates cellular responses through GPCR

signaling, which involves the swift release of Ca2+ from the

endoplasmic reticulum and influx from the extracellular medium,

along with rapid protein phosphorylation and subcellular

localization changes (Zhao, 2020). A GPCR, Drosophila

dopamine/ecdysteroid receptor (DopEcR) can binds the molting

hormone 20E and functions in response to stress (Petruccelli et al.,

2020). Some studies suggest that molting is arguably a stressful

event and ecdysteroid changes muscle excitability through GPCR

signaling (Cooper and Ruffner, 1998; Ruffner et al., 1999; Petruccelli

et al., 2020). Besides, the 20E-responsive GPCRs are also explored in

Helicoverpa armigera to influence its molting process (Cai et al.,

2014; Wang et al., 2015). In C. maenas, 62 contigs encoding GPCRs

were found in the central nervous system to control the molting
FIGURE 9

RT-qPCR verification of candidate GPCR genes.
TABLE 4 Structure analysis of candidate GPCR proteins.

Code Gene ID Gene symbol TMHMM PredicProtein SWISSMODEL

U116 evm.TU.CM024146.1.116 GRM7 7 7 7×2

U244 evm.TU.CM024127.1.244 FMRFaR 6 7 7

U314 evm.TU.CM024134.1.314 mth2 7 7 7

U176 evm.TU.CM024164.1.176 gpr161 7 7 7

U415 evm.TU.CM024100.1.415 moody 7 7 7

U36 evm.TU.CM024097.1.36 PFD1115c 1 0 2

U103 evm.TU.CM024125.1.103 TGIF2 0 0 2

U306 evm.TU.CM024099.1.306 Arl5b 0 0 0
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process (Oliphant et al., 2018). In our previous study, GPCR

signaling pathway has been found in the regulation from pre-

molt to post-molt stages in muscle of E. sinensis (Sun et al.,

2022). While in this work, GPCRs were found also important in

the process from post-molt to inter-molt stages in muscle, but with

totally different genes.

The genes involved in the signal transduction process identified

in this study differ significantly from those found from pre-molt to

post-molt stages identified in our previous research (Sun et al.,

2022). There are a total of 19 and 18 genes involved in signal

transduction process during the pre-molt to post-molt stages and

the post-molt to inter-molt stages, respectively. But there are only 5

common genes between these two studies. Especially for GPCR

genes, the two studies share only one common GPCR gene. All of

these indicate that the signal transduction mechanisms in muscle

vary greatly at different stages of molting. Therefore, the results of

this work provide important new findings for the study of the

regulation mechanism in the molting process of crustacean.
5 Conclusion

Molting is a crucial biological process that profoundly impacts

the growth and development of most crustaceans. This study

conducted a systematic analysis of gene expression changes in the

muscle of E. sinensis across the post-molt and inter-molt stages,

employing a combined approach of ATAC-seq and RNA-seq

technologies, with a specific focus on the signaling regulation-

related genes. The findings revealed significant differences in gene

expression and chromatin accessibility between the two stages. The

importance of protein phosphorylation and GPCRs in the signal

regulation was emphasized. In all the signaling pathways with

IDEGs, the GPCR signaling pathway includes the highest number

of genes, underscoring its role in the post-molt and inter-molt

stages. Structural analysis and RT-qPCR validation further

ident ified five GPCR genes . This study provide new

understanding of the signaling regulatory in E. sinensis muscle

during the transition from post-molt to inter-molt stages. It also

offers valuable insights for further exploration of the molecular

regulatory network governing the molting process and

discontinuous growth of crustaceans.
Data availability statement

The datasets presented in this study can be found in online

repositories. The names of the repository/repositories and accession

number(s) can be found in the article/Supplementary Material.
Ethics statement

The animal study was approved by College of Life Sciences,

Tianjin Normal University. The study was conducted in accordance

with the local legislation and institutional requirements.
Frontiers in Marine Science 12
Author contributions

BW: Conceptualization, Formal analysis, Investigation,

Methodology, Software, Visualization, Writing – original draft,

Writing – review & editing. JL: Conceptualization, Data curation,

Formal analysis, Methodology, Resources, Validation, Writing –

original draft, Writing – review & editing. MZ: Data curation,

Formal analysis, Investigation, Methodology, Validation, Writing –

original draft. AL: Writing – original draft, Writing – review &

editing, Data curation, Visualization, Investigation, Funding

acquisition. ZS: Data curation, Formal analysis, Investigation,

Methodology, Visualization, Writing – original draft. ZH: Data

curation, Formal analysis, Investigation, Methodology, Writing –

original draft. RZ: Data curation, Formal analysis, Investigation,

Methodology, Writing – original draft. TH: Conceptualization,

Funding acquisition, Investigation, Methodology, Project

administration, Supervision, Writing – original draft, Writing –

review & editing. JS: Conceptualization, Funding acquisition,

Investigation, Methodology, Project administration, Supervision,

Writing – original draft, Writing – review & editing.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. This work

was supported by the National Natural Science Foundation of China

(32102764, 31770904), Tianjin Aquatic Seed Industry Innovation

Project (SCZYGG202402) and Tianjin Development Program for

Innovation and Entrepreneurship team (ITTFRS2017007).
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Generative AI statement

The author(s) declare that no Generative AI was used in the

creation of this manuscript.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
frontiersin.org

https://doi.org/10.3389/fmars.2024.1529684
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Wang et al. 10.3389/fmars.2024.1529684
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fmars.2024.

1529684/full#supplementary-material

SUPPLEMENTARY FIGURE 1

Quality control of clean reads from the ATAC-seq. For each sample, the upper

left graph is the per base sequence quality; the upper middle graph is per base

sequence content; the upper right graph is per sequence quality scores; the
bottom left graph is per sequence GC content; the bottom middle graph is per

base N content; the bottom right graph is sequence duplication levels.

SUPPLEMENTARY FIGURE 2

The density of total mapped reads from ATAC-seq aligned to

each chromosome.
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SUPPLEMENTARY FIGURE 3

Quality control of the RNA-seq data. The upper graphs are the distribution
map of sequencing error rate; the middle graphs are the GC content

distribution map; the bottom graphs are the sequencing data filter

of samples.

SUPPLEMENTARY FIGURE 4

Results of structure analysis for candidate GPCRs.

SUPPLEMENTARY TABLE 1

Primers for candidate GPCR genes and house-keeping genes in RT-

qPCR experiment.

SUPPLEMENTARY TABLE 2

List of IDEGs.

SUPPLEMENTARY TABLE 3

GO and KEGG enrichment analysis of IDEGs.
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