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Introduction

Eriocheir sinensis, commonly known as Chinese mitten 
crab (CMC), is a freshwater crustacean native to China. It 
has also become an invasive species in both United States 
(US) and Europe (Anger 1991). In addition to China, this 
crab is one of the most important and cost-efficient species 
for freshwater aquaculture in Korean Peninsula and East-
ern Pacific coast (Sui et al. 2009). E. sinensis is a unique 
crustacean that it requires two distinct environmental condi-
tions to complete its life cycle. As an adult, this crab lives 
in freshwater but migrates to brackish (saline) water for 
reproduction (Zhang et al. 2018). They are highly valued in 
China’s aquaculture industry due to their rapid growth, high 
productivity and rich nutritional content (Hong et al. 2019). 
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Abstract
Background The Chinese mitten crab (Eriocheir sinensis) is a commercially important crustacean, highly valued in China 
and Korean peninsula for its nutritional benefits and delicate flavor. However, the aquaculture industry has been signifi-
cantly impacted by hepatopancreatic necrosis disease (HPND), leading to substantial economic losses. The exact cause and 
molecular mechanisms underlying HPND remain poorly understood.
Objective This study aimed to decipher the genetic and molecular basis of HPND through an integrative transcriptomic 
meta-analysis to identity consistent and disease related gene expression patterns.
Methods Publicly available RNA-Seq datasets from three different studies were systematically integrated and analyzed. 
Differentially expressed transcripts (DETs) were identified through meta-analysis, followed by functional annotation and 
enrichment analyses of Gene Ontology and KEGG pathways.
Results The meta-analysis identified 571 DETs, including 245 up-regulated and 326 down-regulated transcripts in dis-
eased hepatopancreas. Functional enrichment revealed significant disruptions in the pathways of protein modification, lipid 
metabolism, and vesicle-mediated transport. These processes are crucial for immune functions including pathogen detection, 
antigen presentation, cytokine secretion, and metabolic adaptation to stress in the hepatopancreas. Moreover, we found 11 
novel DETs (6 up-regulated and 5 down-regulated), highlighting the ability of meta-analysis to uncover low-abundance or 
context-specific genes that may escape detection in individual studies.
Conclusions Our study provides valuable insights into the causes and pathogenic mechanisms of HPND, identifies novel 
genetic factors and gene markers for detection, and offers a deeper understanding of the disease, highlighting potential bio-
markers for its prevention in E. sinensis aquaculture.
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Recognized for their nutritional benefits, flavor, and taste, 
these crabs have become one of the most economically sig-
nificant crab species in China and the Korean Peninsula, 
with an annual production of 808,293 tons in 2021 (FAO, 
2024). However, over the last few decades, the rapid expan-
sion of intensive crab farming has led to significant eco-
nomic losses due to diseases associated with high stocking 
densities (Wang et al. 2019). Among these diseases, hepato-
pancreatic necrosis disease (HPND, "shuibiezi" in Chinese) 
has gained prominence, causing high mortality rates (Ding 
et al. 2016; Liu et al. 2017; Wang et al. 2021). Clinical symp-
toms of HPND include discoloration of the hepatopancreas 
from orange-yellow to pale yellow or grayish white, muscle 
atrophy and edema (Yang et al. 2020). Affected crabs, while 
do not die immediately, lose their economic value. Addi-
tional symptoms include pale hepatopancreas, water-filled 
abdominal cavity, black, thin, and brittle shells, and nearly 
empty stomach and intestine (Chen et al. 2017).

Despite extensive research, the exact cause of HPND in 
E. sinensis remains unclear. Initially, the microsporidian 
fungus Hepatospora eriocheir was thought to be respon-
sible for HPND due to its damage to the hepatopancreas 
and subsequent metabolic and immune disruptions (Ding et 
al. 2016). However, later studies found no evidence impli-
cating microorganisms, such as bacteria, fungi, or viruses, 
in diseased crabs. Furthermore, HPND symptoms failed 
to manifest when healthy crabs were exposed to infected 
tissues. These findings suggest that environmental factors 
such as high-water pH may play a more significant role than 
pathogens (Pan et al. 2017). Other studies have suggested 
bacterial imbalances rather than microsporidia or viruses as 
potential contributors to HPND (Shen et al. 2017). Addi-
tionally, metabolic abnormalities, including issues with fatty 
acid metabolism and high levels of fungicide propamocarb 
in diseased crabs, further supported a link to environmental 
stressors (Gao et al. 2018a, b). Yang et al. (2018) also found 
no pathogens but proposed that non-living agents could be 
the cause. Overall, while environmental factors appear to be 
critical, the exact cause of HPND remains unknown, there-
fore highlighting the need for further research to identify 
causative agents and develop effective control measures.

Regardless of the causative factors, transcriptional 
responses to external stimuli are both rapid and sensi-
tive. Changes in the gene expression may provide insights 
into how crabs respond to specific stressors (Olsvik et 
al. 2007). Previous transcriptomic studies on crustacean 
hepatopancreas have shown variability in findings, with 
gene expression influenced by physiological states, envi-
ronmental stress, or pathogen exposure. For instance, the 
hepatopancreas transcriptome of Portunus trituberculatus 
exhibits diverse gene expression patterns linked to growth 
and ovarian development (Wang et al. 2014). Similarly, 

research on Procambarus clarkii identified 2,497 differen-
tially expressed transcripts (DETs) responding to immune 
challenges, emphasizing immune and metabolic pathway 
enrichment. Dietary factors also significantly influenced 
gene expression in the E. sinensis, particularly affecting 
lipid and carbohydrate metabolism pathways (Dai et al. 
2017; Guo et al. 2019). These findings contrast with stress-
induced transcriptomic changes in Macrobrachium rosen-
bergii, where immune response and detoxification pathways 
were predominant (Guo et al. 2019; Liu et al. 2021). In Lito-
penaeus vannamei, transcriptomic studies under cold stress 
conditions identified significant changes in energy metabo-
lism and oxidative stress pathways, findings distinct from 
transcriptomic profiles under normal conditions or during 
disease challenges in other species (Fan et al. 2019).

Although the transcriptome of diseased hepatopancreas 
has been extensively studied, these findings might not reflect 
transcriptomic alterations associated with diverse dysfunc-
tions of the organ. For instance, Yang et al. (2020) linked 
hepatopancreatic necrosis disease (HPND) to pyrethroid 
exposure; however, their study focused mainly on a single 
environmental factor, overlooking the multifactorial nature 
of hepatopancreatic impairment where pathogens, pollut-
ants, and physiological stressors likely interact. Similarly, 
Chen et al. (2017) reported only 69 differentially expressed 
genes, limiting both statistical robustness and biological 
interpretation, as pathway enrichment or systems-level 
analyses were not performed. Li et al. (2013) investigated 
responses to three pathogens and provided valuable insight 
into pathogen-induced immune responses, yet did not con-
sider additional influences such as dietary, environmental, 
or metabolic stress. Collectively, these studies offer useful 
perspectives on specific conditions but fall short of depict-
ing an integrated molecular landscape of hepatopancreatic 
dysfunction.

To address these gaps, the present study performs a com-
prehensive meta-analysis of publicly available RNA-Seq 
datasets focused on the hepatopancreas of E. sinensis, with 
particular attention to conditions associated with HPND 
(Fig. 1). By integrating transcriptomic data from three inde-
pendent experiments, we aim to identify consistent gene 
expression patterns, key biological pathways, and poten-
tial biomarkers that underpin hepatopancreatic health and 
disease. This meta-analytic approach overcomes the limi-
tations of small sample sizes in individual RNA-Seq stud-
ies—enhancing statistical power, improving reproducibility, 
and enabling the detection of shared molecular signatures 
across diverse stressors (Marot et al. 2020; Toro-Domínguez 
et al. 2021; Cho et al. 2016; Piras et al. 2019). Furthermore, 
by comparing datasets across different pathological and 
environmental contexts, we seek to uncover both conserved 
and context-specific gene expression patterns that are not 
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apparent in isolated analyses. To our knowledge, this is the 
first RNA-Seq meta-analysis to systematically investigate 
transcriptomic alterations in the diseased hepatopancreas 
of E. sinensis. Our findings provide new insights into the 
molecular mechanisms driving hepatopancreatic dysfunc-
tion and offer a foundation for improved disease manage-
ment and aquaculture sustainability.

Materials and methods

Datasets

The National Center for Biotechnology Information (NCBI) 
BioProject ( h t t p  s : /  / w w w  . n  c b i  . n l m  . n i  h . g  o v / b i o p r o j e c t)  d a t a b 
a s e was utilized to identify RNA-Seq-based studies focus-
ing on the diseased hepatopancreas of the E. sinensis. The 
raw sequencing reads for the selected samples were down-
loaded as fastq files from the NCBI’s sequence read archive 
(SRA:  h t t p  s : /  / t r a  c e  . n c  b i . n  l m .  n i h  . g o v / T r a c e s / s r a /) using the 
fastq-dump tool from the SRA Toolkit ( h t t p  : / /  n c b i  . g  i t h  u b . i  
o / s  r a -  t o o l s /). Table 1 summarizes the final datasets used in 
this study.

Dataset Condition Raw Reads Trimmed 
Reads

Reads 
Retained 
Post-filter-
ing (%)

References

Study A White hepatopancreas 
syndrome

368,111,382 286,145,522 77.73 (Chen et al. 
2017)

Study B Hepatopancreatic necrosis 
disease (HPND)

427,883,286 416,360,578 97.30 (Yang et al. 
2020)

Study C Microbial Challenged Mitten 
Crab

206,557,731 173,259,260 83.88 (Li et al. 2013; 
Chen et al. 2017)

Study D Microbial Challenged Mitten 
Crab

313,629,052 310,912,187 99.13 (Li et al. 2013; 
Yang et al. 2020)

Table!1 Overview of the datasets 
and the number of trimmed reads 
retained post-filtering

 

Fig.!1 Schematic overview of the meta-transcriptome analysis work-
flow for Eriocheir sinensis. RNA-seq datasets were retrieved from the 
NCBI database and assembled de novo. Differential expression analy-
sis was performed to identify key genes, followed by a meta-analysis 

to detect consistent expression patterns across datasets. Network and 
pathway analyses (GO and KEGG) were then conducted to uncover 
functional modules and enriched biological pathways associated with 
core cellular machinery, metabolic adaptation, and regulatory signaling
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Di!erential expression and transcriptome meta-
analysis

Differential expression (DE) analysis for each study was 
performed at the isoform level using the edgeR (Robinson 
et al. 2010) package within the Trinity pipeline. The DE 
results from all datasets were then combined for a meta-
analysis using the metaRNASeq (Rau et al. 2014) package, 
which applies Fisher’s combined probability test (Fisher 
1992). Fisher’ method combines p-values for each gene 
across individual studies using the following formula:

fg = −2
∑

s = 1s ln (pgs)

where, pgs corresponds to the raw p-value calculated for a 
gene (g) in a differential analysis for the study (s).

Transcripts (genes) with an FDR < 0.05 and an average 
fold change (FC) of ≥ 2 (log2FC ≤  − 1 or log2FC ≥ 1) were 
classified as DETs in the meta-analysis. Visualization, 
including heatmap was generated using the pheatmap ( h t t p  s 
: /  / c r a  n .  r - p  r o j e  c t .  o r g  / p a c k a g e = p h e a t m a p) package within the 
R programming environment (https://www.r-project.org/).

Network analysis and community detection

The amino acid sequences of the DETs were mapped to the 
STRING v.12.0 (Szklarczyk et al. 2023) database to predict 
the potential interactions among them. STRING is a com-
prehensive protein–protein interaction (PPI) database that 
integrates both experimental data and computational pre-
dictions to identify functional associations. The mapping 
process utilized high-confidence interaction scores, filter-
ing interactions with a combined confidence score of ≥ 0.7 
to focus on reliable associations. This threshold ensures 
that the resulting network reflects biologically meaning-
ful interactions relevant to the hepatopancreatic disease 
context. The interaction network of the DETs was visual-
ized and analyzed using Cytoscape v.3.8.0 (Shannon et al. 
2003). Cytoscape enables detailed exploration and annota-
tion of complex networks, which is critical for identifying 
key players and interaction hubs within the DET network. 
Network topology was characterized using the Networ-
kAnalyzer plugin (Assenov et al. 2008), which computes 
fundamental metrics such as node degree. Such metrics pro-
vide insight into the structure of the network, highlighting 
central nodes with a high degree of connectivity that may 
represent critical regulatory elements. To identify distinct 
functional modules within the PPI network, the GLay plu-
gin (Su et al. 2010) was employed for community detection. 
GLay implements the modularity-based clustering algo-
rithm, which groups nodes into communities based on their 
interaction patterns. This approach helps to reveal tightly 

De novo assembly of RNA-Seq datasets

Prior to assembly, the raw reads were processed using Trim-
momatic (Bolger et al. 2014), integrated within the Trinity 
v.2.15.1 (Haas et al. 2013) pipeline, to filter the reads by 
removing the adapter sequences, and then, scanning the 
reads with a 4-base-wide sliding window, trimming regions 
where the average quality per base dropped below 20. Fur-
thermore, the reads were also discarded if their lengths were 
reduced below 50% of the original read length. De novo 
transcriptome assembly was performed on the quality fil-
tered reads by using the Trinity v2.15.1 Docker image, and 
each dataset was assembled independently.

Assembly statistics and completeness

Assembled transcripts might not always fully represent 
properly paired-end reads, as some transcripts may be frag-
mented or short, leading to only one fragment of a pair 
aligning (Haas et al. 2013). To evaluate the composition of 
reads in our assembly, we aimed to capture and count all 
reads that mapped to the assembled transcripts, including 
both properly paired reads and those that were unpaired. 
Therefore, Bowtie2 (Langmead and Salzberg 2012) was 
used to align reads to the transcriptome, and the number 
of properly paired and unpaired alignments were recorded. 
BUSCO v.4.0.6 (Seppey et al. 2019) was used to assess 
the transcriptome completeness of all datasets against the 
arthropoda_odb10 ( h t t p  s : /  / b u s  c o  . e z  l a b .  o r g  / f r  a m e s / a r t)  l i n 
e a g e as a reference. Transcript abundance was quantified 
using kallisto, an ultra-fast alignment-free method (Bray et 
al. 2016) bundled within the Trinity Docker image.

Functional annotation of the transcripts and 
enrichment analysis

Potential coding regions and open reading frames (ORFs) 
were predicted with the TransDecoder (Haas, BJ.  h t t p  s : /  
/ g i t  h u  b . c  o m / T  r a n  s D e  c o d e r / T r a n s D e c o d e r) pipeline with 
the default settings. Redundant sequences were removed 
using CD-HIT v4.6.8 (Fu et al. 2012). The resulting pro-
tein sequences were scanned against the UniProtKB/Swiss-
Prot (UniProt Consortium 2019) database using BLASTp 
(Camacho et al. 2009) implemented via Diamond v2.1.9.163 
(Buchfink et al. 2021). Orthologous groups were identified 
through the eggNOG-mapper (Huerta-Cepas et al. 2017), 
an online functional annotation tool. Enrichment analysis 
of gene ontology (GO) terms and KEGG pathways of the 
differentially expressed transcripts (DETs) was performed 
using KOBAS-I (Bu et al. 2021) webserver. Only categories 
with a corrected p-value of < 0.05 cutoff were considered 
enriched.
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paralogs or complete genes with multiple copies). For non-
model organisms such as E. sinensis, BUSCO scores within 
the range of 50–95% are expected (Seppey et al. 2019).

Identi"cation of coding regions and functional 
annotation

The TransDecoder pipeline identified 316,596, 368,325, 
251,360, and 320,069 transcripts with the longest open 
reading frames (ORFs) for four datasets, respectively. 
Each identified ORF was at least 100 amino acids long, 
and sequences shorter than 100 residues were excluded 
from further analysis. To remove potential duplicates, the 
datasets were filtered using CD-HIT, removing the redun-
dant sequences with 100% similarity. Filtration resulted 
in 138,410, 167,283, 118,474, and 149,413 sequences in 
each dataset, respectively. This redundancy reduced data-
sets were then used for functional annotation. Based on the 
BLASTp search, 20.71%, 26.42%, 23.06%, and 27.65% of 
sequences from studies A–D, respectively, mapped to the 
UniProt database. These mapping rates are consistent with, 
and in some cases, they are comparable to the previous stud-
ies on this non-model organism (Malik et al. 2021; Yang et 
al. 2019). These data suggest that many of the CMC tran-
scripts could be novel and are not represented in the current 
databases.

Meta-analysis of CMC hepatopancreas 
transcriptome

Following the DE analysis of each individual dataset, Fish-
er’s method was applied, identifying 571 transcripts with 
an average fold change of ≥ 2 (log 2FC ≤  − 1 or log2FC ≥ 1) 
and an adjusted p-vaue of < 0.05. Several transcripts were 
excluded from the analysis because of their inconsistent or 
conflicting expression patterns. Among these 571 DETs, 
245 transcripts were up-regulated and 326 were down-regu-
lated when the diseased hepatopancreas of the CMCs were 
compared with the normal hepatopancreas. These 571 DETs 
were used for further downstream analysis. Figures 2 and 
3 provide the overview of top 20 up- and down-regulated 
transcripts, and the complete list of 571 transcripts with 
detailed annotations is provided as additional information 
in Table S3. Notably, the membrane-associated protein Hem 
is the topmost up-regulated transcript, whereas the most 
down-regulated transcript encoded endoglucanase A.

Additionally, the p-value combination approach using 
Fisher’s technique identified 11 new transcripts that were 
not found in individual studies (Fig. 4). Among these, only 
eight exhibited an average log2FC ≥ 2 (Table 2).

connected subgroups that may correspond to specific bio-
logical processes or pathways.

Results

Description of the datasets

Based on the search criteria outlined in the methods sec-
tion, three RNA-Seq datasets related to diseased hepatopan-
creas of E. sinensis were retrieved from the NCBI database 
(Table 1). These datasets are briefly described as follows:

i. Study A: This study compared gene expression profile 
of the hepatopancreas in CMC exhibiting white hepato-
pancreas syndrome with those in normal (yellow) hepa-
topancreas (Chen et al. 2017).

ii. Study B: This study analyzed the transcriptome differ-
ences of the hepatopancreas of CMCs with and without 
HPND (Yang et al. 2020).

iii. Study C: This study investigated the hepatopancreas 
transcriptome of CMCs infected with a mixture of three 
pathogenic strains (Micrococcus luteus, Vibrio algino-
lyticus and Pichia pastoris). The primary objective of 
the study was to annotate functional genes and identify 
potential immune molecules involved in various signal-
ing pathways (Li et al. 2013). A limitation of this study 
was the absence of control samples. To address this, 
control datasets from study A were used.

iv. Study D: This dataset is same as Study C (Li et al. 
2013); however, control datasets from Study B were 
used instead of those from Study A.

De novo transcriptome assembly

Each dataset was assembled individually, and Table 1 sum-
marizes the basic assembly statistics for reads from each 
dataset. To evaluate composition of reads in our assembly, 
we calculated the proportion of reads that mapped back to 
the assembled transcripts. The mapping rates ranged from 
95–96% (Table S1), which is above 80% threshold and sig-
nify a good quality assembly (Haas et al. 2013). The average 
contig length for all the datasets ranged between 988 and 
1079 bp. The N50 value was lowest for Study C (1826), and 
highest for Study D (2129), suggesting differences in assem-
bly quality. The completeness of the assembled transcripts 
using BUSCO showed the percentage of orthologs among 
the Arthropods represented in our assembled CMC tran-
scriptomes. Of the 1013 BUSCO groups analyzed, a high 
percentage (92–94%) of complete orthologs were identified 
in each dataset (Table S2). This includes both the complete 
single-copy ortholog and complete duplicates (putative 
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Although both up- and down-regulated transcripts 
mapped to overlapping pathways, their distribution pat-
terns differed. Pathways related to lipid and amino acid 
metabolism (e.g., fatty acid metabolism, glycerophospho-
lipid metabolism, cysteine and methionine metabolism) 
were dominated by down-regulated transcripts, while endo-
cytosis and fructose and mannose metabolism showed a 
predominance of up-regulated genes (Fig. 6). Notably, ten 
KEGG pathways were exclusively enriched with down-
regulated transcripts, including lysosome and beta-alanine 
metabolism.

GO enrichment analysis of 571 DETs revealed 83 sig-
nificantly enriched terms across biological processes (BP), 
molecular functions (MF), and cellular components (CC) 

Enrichment analysis of DETs based on KEGG 
pathways and gene ontology

KEGG enrichment analysis identified 36 significantly 
enriched pathways, mainly grouped into amino acid metab-
olism, carbohydrate metabolism, lipid metabolism, and 
energy metabolism (Table S4). A total of 181 DETs were 
mapped to these pathways—116 down-regulated and 65 
up-regulated. The most enriched pathways included gly-
cosphingolipid biosynthesis (ganglio series), synthesis and 
degradation of ketone bodies, glycosphingolipid biosynthe-
sis (globo and isoglobo series), and butanoate metabolism 
(Fig. 5).

Fig.!2! Heatmap showing top 20 
up-regulated and down-regulated 
transcripts identified by meta-anal-
ysis in the diseased hepatopancreas 
of Chinese mitten crabs. Only tran-
scripts with an average fold change 
(FC) of ≥ 2 and a Benjamini–Hoch-
berg adjusted p-value of < 0.05 
were considered to be differentially 
expressed
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Fig.!3 Top 20 up- and down-regulated differentially expressed transcripts
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reorganization (actin cytoskeleton organization, regulation 
of cell shape), metabolic reprogramming (carbohydrate 
metabolism, fatty acid β-oxidation, gluconeogenesis), and 
oxidative stress response (response to oxidative stress).

(Table 3). The most enriched BP term, mRNA splicing 
via spliceosome (GO:0000398), suggests potential post-
transcriptional regulation in the diseased hepatopancreas. 
Other significantly enriched terms indicated cytoskeletal 

Fig.!4 Venn diagram showing the number of differentially expressed transcripts (DETs) identified from individual studies and meta-analysis based 
on the Fisher method
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Within MF and CC categories, enrichment of ATP 
binding, RNA binding, and cellular components such as 
cytoplasm, mitochondrion, and endoplasmic reticulum 
highlights major changes in energy utilization and organelle 
activity associated with the diseased state.

Together, the KEGG and GO analyses indicate that the 
diseased hepatopancreas undergoes extensive transcrip-
tional reorganization, particularly affecting cellular struc-
ture, metabolism, and stress response pathways, which may 
underlie the observed pathological alterations.

Interaction network of DETs

The DETs were then used to construct the protein–protein 
interaction (PPI) network which comprised 369 nodes (each 
node representing a protein/gene) and 1271 edges (PPI 
enrichment p-value < 1.0e-16). The node degree of each 
gene (node) in the network ranged from 1 and 39. At least 
five nodes exhibited a node degree of over 30, and these 
nodes were considered as hub genes. These hub nodes 
encode for the following proteins: bifunctional glutamate/
proline–tRNA ligase (GluProRS: node degree = 39), DNA 
topoisomerase 2-alpha (TOP2A: node degree 37), Phos-
phoglycerate kinase (Pgk: node degree = 36), Cystathionine 
beta-synthase (CBS: node degree = 32), and Small ribosomal 
subunit protein uS5 (RPS2: node degree = 30). Among these 
five genes, GluProRS and Pgk are up-regulated and TOP2A, 
CBS, and RPS2 were down-regulated in the meta-analysis.

Furthermore, the PPI network could be divided into 
20 modules or communities (clusters). We also observed 
that only 8/20 modules (Clusters 1–7, and 10) contained 
10 or more nodes, and, therefore, only these clusters were 
selected for enrichment analysis (Fig. 7). Among these 
modules, cluster 4 was the largest with 93 nodes and 400 
edges whereas cluster 10 contained only 14 nodes and 22 
edges. We also observed that the hub nodes TOP2A, Pgk, 
and CBS were present in cluster 4, and the remaining two 
hub nodes (GluProRS and RPS2) were found in cluster 1. 
Additionally, among the 11 new transcripts identified by the 
meta-analysis, only five were mapped to the network. Spe-
cifically, a transcript that encodes nuclear hormone receptor 
E75 (E75) was grouped in cluster 3, whereas two other tran-
scripts that encode cyclic AMP-responsive element-binding 
protein 3-like protein 4 (Creb3l4) and 2-hydroxyacyl-CoA 
lyase 2 (ilvbl) were found in cluster 4. Transcripts encoding 
protein SCO1 homolog, mitochondrial (SCO1) and Synap-
tobrevin homolog (YKT6) were grouped in clusters 5 and 6, 
respectively.

The enrichment analysis of selected eight modules 
highlighted the specific functional roles of each individual 
cluster (Fig. 7). For example, Cluster 1: enriched in gene 
expression, RNA processing, and mRNA splicing; Cluster 

Table! 2 List of 11 additional differentially expressed transcripts 
(DETs) identified through meta-analysis
Uniprot 
ID

Protein names Organism Gene Ontol-
ogy (Biologi-
cal process)

Effect

A1A4J8 Protein SCO1 
homolog, 
mitochondrial

Bos taurus Mitochondrial 
cytochrome 
c oxidase 
assembly

Up

A1ZAX0 Neuropeptide 
CCHamide-1 
receptor

Drosophila 
melanogaster

G protein-
coupled recep-
tor signaling 
pathway

Down

O02194 Presenilin homo-
log (DmPS)

Drosophila 
melanogaster

Amyloid-beta 
formation; 
apoptotic 
process

Up

O77245 Nuclear hormone 
receptor E75

Metapenaeus 
ensis

Cell dif-
ferentiation; 
hormone-
mediated 
signaling 
pathway

Down

P29775 DNA-binding 
protein D-ETS-4

Drosophila 
melanogaster

Regulation of 
transcription 
by RNA poly-
merase II

Down

Q3T000 Synaptobrevin 
homolog YKT6

Bos taurus Endoplasmic 
reticulum to 
Golgi vesicle-
mediated 
transport

Up

Q5UEM7 Cyclic AMP-
responsive 
element-binding 
protein 3-like 
protein 4

Rattus 
norvegicus

Positive 
regulation of 
transcription 
by RNA poly-
merase II

Up

Q6NV04 2-hydroxyacyl-
CoA lyase 2

Danio rerio Embryonic 
cranial skel-
eton morpho-
genesis; fatty 
acid alpha-
oxidation

Down

Q6TNS2 p21-activated 
protein kinase-
interacting 
protein 1-like

Danio rerio Negative 
regulation 
of signal 
transduction;

Down

Q8N8S7 Protein enabled 
homolog

Homo 
sapiens

Actin polym-
erization or 
depolymeriza-
tion

Up

Q9N2W7 Probable NADH 
dehydrogenase 
[ubiquinone] 1 
alpha subcom-
plex subunit 12

Caenorhab-
ditis elegans

Mitochondrial 
respiratory 
chain complex 
I assembly; 
response to 
oxidative 
stress

Up

The ‘Effect’ column indicates whether each transcript is up- or down-
regulated.Underlined UniProt IDs denote genes whose average fold 
change is < 2, in contrast to the other listed genes, which show an 
average fold change ≥ 2.
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modular organization, highlighting the biological processes 
associated with the DETs (Fig. 7 and Figure S1).

Discussion

Transcriptome studies of E. sinensis with diseased hepa-
topancreas have mainly focused on immune-related genes 
and pathways, and little is known about the overall dynamic 
changes that undergo during this pathological stress 
period. In crustaceans, the hepatopancreas serves as both 
a digestive gland and an immune organ, playing a pivotal 
role in xenobiotic metabolism and the innate immune sys-
tem (Gross et al. 2001; Ried et al. 1996; Roux et al. 2002). 
The enrichment analysis of these individual clusters high-
lights a network of biological processes essential for cel-
lular functionality, regulation, and adaptation to external 

2: exhibited regulatory roles such as cellular regulation, 
biological regulation, and signal transduction. Cluster 3: 
involved in protein modification, nitrogen compound meta-
bolic processes, and macromolecule metabolism. Cluster 4 
and 7 are enriched with metabolic processes including small 
molecule metabolism (e.g. organic acids and oxoacids) and 
lipid metabolism (e.g. phospholipid metabolic processes 
and glycolipid metabolism). Cluster 5 shows enrichment of 
processes involving mitochondria such as mitochondrion 
organization, ion transport, and proton transmembrane 
transport. In contrast, cluster 6 is enriched in processes 
related to vesicle-mediated transport, cellular localization, 
and Golgi vesicle transport. Cluster 10 being the smallest 
cluster shows enrichment of only three processes related to 
tRNA metabolic processes, especially tRNA aminoacyla-
tion for protein translation. These finding provide a detailed 
functional characterization of the PPI network and its 

Fig.!5 Bar plot illustrating the enrichment of metabolic pathways based on their enrich ratio
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The hepatopancreas serves as a vital digestive gland in 
CMCs, playing a crucial role in synthesizing and secreting 
digestive enzymes (Jiang et al. 2009). It is also essential for 
the digestion and absorption of nutrients and is responsible 
for its metabolism (Rosas et al. 1995). These changes are 
often triggered by stress conditions, including diseases, 
environmental challenges, or dietary modifications. Pre-
vious studies have shown that stressors such as fasting 
environmental pollutants, or nutrient deficiencies can signif-
icantly impact the hepatopancreases’ metabolic and immune 
functions (Guo et al. 2019).

Earlier studies have also suggested that the immune 
response of crustaceans can be significantly influenced by 
metabolic demands, pathogens or environmental stressors. 
Bacterial infections like Vibrio spp. and diseases like White 
Spot Syndrome Virus (WSSV) are known to significantly 
alter energy and protein metabolism. These alterations indi-
rectly affect ribosomal protein synthesis by disrupting met-
abolic homeostasis and increasing the demand for energy 
to fuel immune responses and cellular repair mechanisms 
(Huang et al. 2020; Betancourt et al. 2024). This dynamic 
interplay between cellular machinery and immune activa-
tion offers potential insights into the biochemical connec-
tions between hepatopancreatic disease (HPND) symptoms 
and its progression.

The up-regulation of mitochondrial import genes, includ-
ing Tim13, Tim17-B, Tim22, and TOM7, indicates increased 
mitochondrial protein import activity in the hepatopan-
creas, a key function for maintaining mitochondrial pro-
cesses under stress. These translocases facilitate the import 

stimuli, particularly during immune responses. These clus-
ters represent components of a cohesive system enabling 
cells to adapt to environmental changes, balance energy and 
resource demands, and perform intricate tasks such as sig-
nal transduction and gene expression. This integrated per-
spective underscores the central theme emerging from the 
clusters:

Core cellular machinery

Clusters 1, 3, 5, and 10 are associated with the biological 
processes that represent the core cellular machinery. These 
processes represent the framework of cellular functions, 
ensuring the availability of essential building blocks such 
as protein and RNA, while also meeting energy demands. 
Specifically, these clusters play critical roles in gene expres-
sion, RNA processing, and protein modifications, forming 
the foundation for maintaining cellular functions. The DETs 
in these clusters are also involved in tRNA metabolism and 
mitochondrial organization, which are essential for efficient 
protein synthesis and energy production. Both processes are 
indispensable for active cellular processes such as immune 
response. Notably, several down-regulated genes encode 
ribosomal subunit proteins, including RPS2, RPS7, RPS10, 
RPL7, and RPL13. Ribosomal proteins are integral to cel-
lular metabolism, with ribosome synthesis being crucial for 
cell growth and development. Beyond their role in subunit 
assembly, these ribosomal proteins also ensure the accurate 
folding and cleavage of rRNA as highlighted by Badhai et 
al. (2009).

Fig.!6 Venn diagram illustrating 
the overlap of metabolic pathways 
between upregulated (blue) and 
downregulated (red) groups. Num-
bers within the diagram represent 
the count of unique or shared 
pathways
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and mitochondrial respiration. SLC25A22 refills TCA cycle 
intermediates while SLC25A51 enhances NAD + transport, 
critical for maintaining mitochondrial efficiency during 
stress (Fiermonte et al. 2002). In contrast, down-regulation 
of SLC25A11 (mitochondrial 2-oxoglutarate/malate car-
rier), SLC25A40 (mitochondrial glutathione transporter) 
and mitochondrial Rho GTPase (Miro) suggests disruption 
in redox homeostasis and mitochondrial dynamics, pos-
sibly contributing to hepatopancreatic disease pathology. 
SLC25A11 mediates metabolite exchange to shield against 
oxidative stress, while SLC25A40 supports glutathione 

of nuclear-encoded proteins into mitochondria, ensuring 
the proper functioning of oxidative phosphorylation and 
other mitochondrial processes (Chaudhuri et al. 2020; Sir-
renberg et al. 1996). Up-regulation of mitochondrial inner 
membrane protease ATP23 homolog (ATP23) (which pro-
cesses the ATP6 subunit to assemble ATP synthase), high-
lights the role of mitochondria in ATP production during 
energy stress and enhanced energy requirements (Osman 
et al. 2007; Zeng et al. 2007). Similarly, transporters such 
as SLC25A22 (mitochondrial glutamate carrier 1) and 
SLC25A51 (NAD + transporter) support energy metabolism 

GO term id GO term description P-value Corrected P-value GO category
GO:0000398 mRNA splicing, via spliceosome 4.13337647701E-08 6.08019679768E-06 BP
GO:0048749 compound eye development 2.44311626982E-06 0.0002114014137
GO:0030036 actin cytoskeleton organization 4.37003066666E-06 0.000321415755533
GO:0008360 regulation of cell shape 1.20321108384E-05 0.000737468126803
GO:0030866 cortical actin cytoskeleton organization 1.63927912171E-05 0.000893103551125
GO:0008340 determination of adult lifespan 4.38312265791E-05 0.00195381013024
GO:0005975 carbohydrate metabolic process 4.68855428575E-05 0.00202848922186
GO:0006635 fatty acid beta-oxidation 4.97320040043E-05 0.00209016508258
GO:0000902 cell morphogenesis 0.000111967708691 0.00422319229446
GO:0051294 establishment of spindle orientation 0.000135517643301 0.00463180308525
GO:0007430 terminal branching, open tracheal system 0.000137406331349 0.00463180308525
GO:0007010 cytoskeleton organization 0.00017933126349 0.00561268699136
GO:0055114 oxidation–reduction process 0.000186872299715 0.00572685735168
GO:0042417 dopamine metabolic process 0.000208004974433 0.00599951602727
GO:0045167 asymmetric protein localization involved in cell fate determination 0.000233350285663 0.00657562062672
GO:0006094 gluconeogenesis 0.000304760344009 0.00786495554452
GO:0006888 endoplasmic reticulum to Golgi vesicle-mediated transport 0.000317345296747 0.00804853330198
GO:0007297 ovarian follicle cell migration 0.000429994665812 0.0100400341811
GO:0042060 wound healing 0.000557104756101 0.0126077091727
GO:0006979 response to oxidative stress 0.000675797042576 0.0150620825701
GO:0007035 vacuolar acidification 0.00102023932206 0.0206540232949
GO:0006468 protein phosphorylation 0.00115704563944 0.0226935218083
GO:0008593 regulation of Notch signaling pathway 0.00127275385403 0.0236989989782
GO:0045324 late endosome to vacuole transport 0.00127275385403 0.0236989989782
GO:0005978 glycogen biosynthetic process 0.00127275385403 0.0236989989782
GO:1902600 proton transmembrane transport 0.00151232974189 0.027807963129
GO:0008347 glial cell migration 0.00195820585853 0.0338884802105
GO:0006487 protein N-linked glycosylation 0.00202573564336 0.0346495015278
GO:0035293 chitin-based larval cuticle pattern formation 0.00247383198279 0.0387128387945
GO:0032880 regulation of protein localization 0.00247383198279 0.0387128387945
GO:0009416 response to light stimulus 0.00247383198279 0.0387128387945
GO:0007029 endoplasmic reticulum organization 0.00247383198279 0.0387128387945
GO:0030041 actin filament polymerization 0.00260978780855 0.039173447616
GO:0072583 clathrin-dependent endocytosis 0.00260978780855 0.039173447616
GO:0001737 establishment of imaginal disc-derived wing hair orientation 0.0029855801819 0.0414319664866
GO:0007163 establishment or maintenance of cell polarity 0.0029855801819 0.0414319664866
GO:0007314 oocyte anterior/posterior axis specification 0.0029855801819 0.0414319664866
GO:0035088 establishment or maintenance of apical/basal cell polarity 0.00351045637134 0.0452097983981
GO:0018990 ecdysis, chitin-based cuticle 0.00356515065546 0.0452097983981
GO:0002009 morphogenesis of an epithelium 0.00356515065546 0.0452097983981
GO:0043087 regulation of GTPase activity 0.00371035896326 0.0466490430338
GO:0045214 sarcomere organization 0.00385124536043 0.0476065708

Table!3 Enrichment of Gene ontology (GO) terms of DETs identified by meta-analysis
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these genes reflects the mitochondrial involvement to adapt 
to heightened metabolic demand and oxidative stress, high-
lighting their crucial role in maintaining the cellular func-
tion during hepatopancreatic disease.

Regulation and signaling

Clusters 2 and 6 are related to processes such as signal trans-
duction, cellular regulation, and vesicle-mediated transport, 
emphasizing the dynamic cellular response to environmen-
tal changes. These processes are vital for systems such as the 
immune response, which continuously adapts to infection 

import for antioxidant defense (Lash 2006; Kawase et al. 
2022). Among the 11 additional DETs identified in the meta-
analysis (Table 2), nuclear hormone receptor E75 (E75) was 
down-regulated, and protein SCO1 homolog (SCO1), mito-
chondrial, was up-regulated in clusters 3 and 5, respectively. 
E75 is an early-responsive gene in the 20-hydroxyecdysone 
(20E) signaling pathway (Bialecki et al. 2002) and plays key 
roles in many aspects of crustaceans’ development includ-
ing molting and immune response (Xie et al. 2016). In con-
trast, SCO1 supports mitochondrial function during stress 
and is up-regulated under copper induced stress in CMCs 
(Barresi et al. 2016; Tang et al. 2021). Overall, the DE of 

GO term id GO term description P-value Corrected P-value GO category
GO:0005524 ATP binding 9.53623253884E-10 2.33796634411E-07 MF
GO:0005516 calmodulin binding 2.61840519724E-05 0.00128389134838
GO:0003723 RNA binding 3.41941523413E-05 0.00160370692074
GO:0003729 mRNA binding 0.000120016067141 0.00441359086912
GO:0046961 proton-transporting ATPase activity, rotational mechanism 0.000125187209889 0.00449147282311
GO:0005515 protein binding 0.000138544755779 0.00463180308525
GO:0003779 actin binding 0.000163444725605 0.00522667807314
GO:0004602 glutathione peroxidase activity 0.000783300363799 0.0167293881672
GO:0052650 NADP-retinol dehydrogenase activity 0.00186750675897 0.0335012492981
GO:0000287 magnesium ion binding 0.00194619745745 0.0338884802105
GO:0004674 protein serine/threonine kinase activity 0.00240518715115 0.0387128387945
GO:0003730 mRNA 3'-UTR binding 0.00260632328244 0.039173447616
GO:0001664 G protein-coupled receptor binding 0.00298287874328 0.0414319664866
GO:0004300 enoyl-CoA hydratase activity 0.00351045637134 0.0452097983981
GO:0051117 ATPase binding 0.00351045637134 0.0452097983981
GO:0008553 proton-exporting ATPase activity, phosphorylative mechanism 0.00351045637134 0.0452097983981
GO:0005737 cytoplasm 1.1146122144E-13 8.19797283693E-11 CC
GO:0005739 mitochondrion 1.43542233683E-11 7.03835419158E-09
GO:0005829 cytosol 7.8608025694E-10 2.31264811592E-07
GO:0071011 precatalytic spliceosome 5.81974419874E-09 1.22297767376E-06
GO:0071013 catalytic step 2 spliceosome 1.79212308383E-07 2.02785619717E-05
GO:0005783 endoplasmic reticulum 5.85126289105E-07 6.1480055091E-05
GO:0005777 peroxisome 1.72535616038E-06 0.000158624931995
GO:0012505 endomembrane system 2.43372290403E-05 0.0012344849627
GO:0005759 mitochondrial matrix 7.86609448458E-05 0.00321417360745
GO:0005886 plasma membrane 0.000111475158165 0.00422319229446
GO:0005634 nucleus 0.000159166354591 0.00520297128009
GO:0030864 cortical actin cytoskeleton 0.000208004974433 0.00599951602727
GO:0005789 endoplasmic reticulum membrane 0.000369718752565 0.00910363439067
GO:0000220 vacuolar proton-transporting V-type ATPase, V0 domain 0.000377513050871 0.00910363439067
GO:0016471 vacuolar proton-transporting V-type ATPase complex 0.000429994665812 0.0100400341811
GO:0015629 actin cytoskeleton 0.000784723170317 0.0167293881672
GO:0005769 early endosome 0.00098541807579 0.020416197035
GO:0005938 cell cortex 0.00122300640723 0.0236716108557
GO:0005703 polytene chromosome puff 0.00194619745745 0.0338884802105
GO:0033181 plasma membrane proton-transporting V-type ATPase complex 0.0029855801819 0.0414319664866
GO:0005793 endoplasmic reticulum-Golgi intermediate compartment 0.0029855801819 0.0414319664866
GO:0005768 endosome 0.00320280840769 0.043623436738
GO:0005765 lysosomal membrane 0.00356515065546 0.0452097983981
GO:0005770 late endosome 0.00385124536043 0.0476065708

Table 3 (continued) 
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synaptobrevin homolog YKT6 (YKT6) further underscores 
the increased trafficking required during immune activa-
tion and stress adaptation (Pokrywka et al. 2022; Gao et al. 
2018a, b; Zhang et al. 2023) (Table 2). Such processes con-
tribute to hepatopancreatic adaptation to HPND symptoms 
by enhancing cellular signaling and immune communica-
tion under pathological stress.

Metabolic adaptation

Metabolic and immune processes are closely interconnected, 
as immune activation often triggers metabolic reprogram-
ming to meet increased energy demands (Amo-Aparicio et 
al. 2024). Key pathways such as lipid, carbohydrate, and 
small-molecule metabolism, along with ion transport, play 
essential roles in this adaptive response (Qiu et al. 2023; 
Chen et al. 2023; Zhang et al. 2022). Lipids, in particular, 
serve as a primary energy source in E. sinensis (Wen et 
al. 2001). In this study, the down-regulation of transcripts 
encoding long-chain fatty acid transport protein 4 (FATP-
4), long-chain specific acyl-CoA dehydrogenase (LCAD), 
and long-chain-fatty-acid-CoA ligase 4 (ACSL4) indicates 
impaired lipid metabolism and reduced energy storage, con-
sistent with previous reports of metabolic disruption in the 

and damage (Wang et al. 2024). Up-regulated kinases, 
including cAMP-dependent protein kinase catalytic subunit 
3 (Protein kinase DC2), MAP/microtubule affinity-regu-
lating kinase 3 (MARK3), phosphorylase b kinase gamma 
catalytic chain, skeletal muscle/heart isoform (PHKG1), 
and protein kinase C (PKC), suggest enhanced signaling 
for stress adaptation and metabolic regulation (Lim et al. 
2015). In contrast, the down-regulated kinases such as epi-
dermal growth factor receptor (EGFR), LIM domain kinase 
1 (LIMK1), phosphoinositide 3-kinase regulatory subunit 4 
(PIK3R4), and phosphorylase b kinase regulatory subunit 
alpha (CG7766) suggest reduced cell proliferation, cyto-
skeletal dynamics, and immune modulation (Cheng et al. 
2022; Lee et al. 2020).

Vesicle transport processes, including Golgi-mediated 
transport, were predominant in the cluster 6. These are 
crucial for immune communication, cytokine release, and 
antigen presentation (Kaminska et al. 2024). Small GTP-
binding proteins (GTPases), such as ADP-ribosylation fac-
tor-related protein 1 (ARF) and ras-related protein (RAB6), 
which regulate vesicle formation, tethering and fusion, were 
up-regulated, reflecting increased vesicular activity in dis-
eased states (Homma et al. 2021; Ortega et al. 2022). Simi-
larly, up-regulation of soluble N-ethylmaleimide-sensitive 
factor attachment protein receptor (SNARE) proteins like 

Cluster 6
(Vesicle mediated transport)

Cluster 2
(Regulation of Cellular Processes)

Regulation and Signaling

Cluster 1
(RNA processing and Splicing) Cluster 5

(Mitochondrial Organization)

Cluster 3

Core Cellular Machinery

Cluster 10
(tRNA Metabolic Process)

Cluster 4
(Small molecules metabolic process)

Cluster 7
(Lipid Metabolic Process)

Metabolic Adaptation

2
r Processes)

Regulation and Signaling

r 1
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Core Cellular Machinery
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Fig.!7 Functional clustering of gene networks: Core Cellular Machin-
ery, Metabolic Adaptation, and Regulation. This network diagram 
illustrates the functional clustering of gene networks based on their 
biological roles. Nodes represent individual genes or proteins, with red 
circles denoting down-regulated genes and blue diamond showing up-

regulated elements. Five enlarged nodes in green and purple represent 
hubs. Additional genes identified by meta-analysis are represented as 
either octagon (light-purple; down-regulated), or arrow-shaped (light-
blue; up-regulated) nodes. Edges indicate functional interactions 
between the nodes. The clustering highlights key biological processes
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Although meta-analysis can identify consistent patterns 
across studies, it does not establish causal relationships or 
the functional roles of the identified transcripts. Validation 
experiments, such as knockdown or overexpression studies 
are necessary to confirm the roles of key genes and path-
ways in disease mechanisms. Moreover, as a non-model 
organism, genomic resources for the E. sinensis are limited. 
This restricts detailed annotation and comparative func-
tional analyses, potentially leaving some novel transcripts 
uncharacterized. Environmental stressors, including water 
quality, temperature, and pathogen load vary across studies 
and may confound the observed transcriptomic responses. A 
more systematic approach under controlled environmental 
conditions is needed to isolate specific stress-response path-
ways. As the industry faces growing challenges from dis-
eases and environmental stressors, utilizing these insights 
will be essential for ensuring the sustainability and profit-
ability of CMC farming.
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