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To elucidate the toxic effects and adaptive mechanisms of copper stress on Ruditapes 
philippinarum, and to screen for sensitive biomarkers, this study established a 14-day 
stress experiment using the 48h median lethal concentration (LC₅₀) of copper as a 
reference. Two treatment groups were established: 0.0568 mg/L (low concentration, 1/
100 of 48h LC50) and 0.568 mg/L (high concentration, 1/10 of 48h LC50). Enzyme activity 
results showed that LDH, PK, and HK in the clams peaked on Day 2 and then slowly 
declined, indicating enhanced anaerobic respiration in the early stage of stress; SOD and 
CAT peaked on Day 7, reflecting the organism’s response to oxidative stress during the 
middle stage; ACP first dropped to a minimum and then peaked in the middle-to-late 
stage, marking the activation of immune function in the later stage; TG and TCHO levels 
both showed a trend of initial decrease followed by an increase, indicating energy 
consumption for stress response in the early stage and adaptive regulation to maintain 
membrane function in the later stage; AKP showed no significant regularity. There were 
significant differences in core response indicators at different stages of copper stress: PK, 
HK, and LDH responded significantly in the initial stage; SOD and CAT responded 
strongly in the middle stage, serving as key indicators for the organism to resist oxidative 
damage; ACP, TCHO, and TG responded significantly in the later stage. Among them, 
LDH, SOD, ACP, and TG showed stable and prominent responses throughout the stress 
cycle and can be used as core biomarkers for assessing the toxic effects of copper 
pollution on Ruditapes philippinarum. Transcriptomic analysis indicated that the number 
of differentially expressed genes (DEGs) between the high and low concentration groups 
increased significantly with stress duration, reaching 5,337 (5,088 upregulated, 249 
downregulated) on Day 14. GO and KEGG enrichment analyses revealed that the 
low-concentration group initiated rapid stress responses in material transport and fatty 
acid metabolism pathways in the early stage, activated antioxidant defense pathways in 
the middle stage, and coordinated multiple pathways to maintain homeostasis in the 
later stage. The high-concentration group resisted acute toxicity through lipid 
metabolism and mitophagy in the early stage, and strengthened detoxification, repair, 
and metabolic-immune coordinated regulation to adapt to long-term stress in the later 
stage. This study systematically elucidates the dynamic response patterns of Ruditapes 
philippinarum to copper stress., providing important physiological and molecular data 
support for heavy metal pollution monitoring and adaptive mechanism research in 
marine bivalves. 

1. INTRODUCTION 

Ruditapes philippinarum is an important bivalve for large-
scale intertidal aquaculture in China, possesses high eco

nomic and ecological value. Copper sulfate is a common 
fishery drug used in aquaculture to control parasites, bac
teria, and cyanobacteria; however, its misuse, overuse, and 
abuse can easily lead to the accumulation of copper in wa
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ter bodies and sediments, making it a persistent source of 
pollution. 

To comprehensively evaluate the impact of environmen
tal stress on Ruditapes philippinarum, this study employed 
an integrated multi-index analysis method. The Integrated 
Biomarker Response (IBR) represents a robust approach for 
integrating multi-biomarker responses in the evaluation of 
ecological risk and stress exposure. The star plot illustrates 
the biomarker transformation data in the hepatopancreas 
of Ruditapes philippinarum and Chlamys farreri under mi
croplastic exposure in Laizhou Bay. This graphical method 
allows intuitive visualization of response differences 
among multiple biomarkers across various concentration 
groups, and the enclosed area corresponds to the IBR value 
1. 

Elucidating the organism’s response mechanisms at the 
molecular level is equally crucial. Transcriptomics, a branch 
of molecular biology, focuses on the entire RNA transcrip
tome of specific cells or tissues within a biological entity 
at a given time. It enables a comprehensive analysis of 
gene expression characteristics, revealing differentially ex
pressed genes and their impact on cellular function 2‑4. 
Transcriptomics techniques have been widely applied to 
studies on stress responses across various organisms. Tran
scriptomics provides a new perspective on the hypoxic 
stress response of aquatic organisms 5. Association analysis 
of transcriptomic and proteomic data from the hepatopan
creas of Eriocheir sinensis identified the expression patterns 
of differentially expressed genes and proteins6.GO and 
KEGG functional enrichment analyses of differentially ex
pressed genes predicted the key genes and molecular path
ways underlying the response to high-temperature stress in 
Mizuhopecten yessoensis, laying a theoretical foundation for 
the breeding of thermo-tolerant varieties of this scallop7. 

This study systematically elucidated the dynamic re
sponse mechanisms of Ruditapes philippinarum to copper 
stress, filling a gap in existing research by integrating phys
iological and molecular data. 

2. MATERIALS AND METHODS 

2.1. BIOLOGICAL MATERIALS AND EXPERIMENTAL 
REAGENTS 

The experimental Ruditapes philippinarum were purchased 
from Tianjin Hengqian Aquaculture Co., Ltd. and trans
ported to the laboratory under ice temperature conditions 
for temporary acclimation. First, the clams were rinsed with 
seawater to remove surface debris, dead individuals were 
removed, and those with intact shells, uniform specifica
tions, and vigorous activity were selected for temporary 
acclimation for 5-6 days. The temporary acclimation con
tainer was a 100 cm × 80 cm × 50 cm transparent glass tank. 
The temporary seawater was prepared using Haiding Tech
nology aquaculture special synthetic lobster salt (salinity 
25-28), and was continuously aerated for 24 hours before 
use. During the acclimation period, 2/3 of the seawater was 
replaced every 48 hours, and 300 mL of Chlorella was fed to 
each tank after water change. The environmental parame

ters for temporary acclimation were controlled as follows: 
pH 7.20 ± 0.16, dissolved oxygen 8.45 ± 0.56 mg/L, water 
temperature (22 ± 2)°C. Clam activity was observed daily, 
and dead individuals were promptly removed. Subsequent 
experiments were conducted when the mortality rate was 
below 5%. Feeding was stopped 24 hours before the exper
iment, and individuals with vigorous vitality and sensitive 
stress responses were selected as experimental subjects. 

The heavy metal copper used in the experiment was an
alytical grade copper sulfate pentahydrate (CuSO₄·5H₂O) 
crystals from Tianjin Zhonglian Chemical Reagent Co., Ltd. 
A 1 g/L copper sulfate stock solution was prepared and di
luted to the required concentration during the experiment. 
Artificial seawater was prepared using Haiding Technol
ogy brand synthetic lobster salt produced by Jiangxi Haizhi 
Technology Co., Ltd. All experimental water was deionized 
water. 

2.2. EXPERIMENTAL DESIGN 

Previous acute toxicity experiments in our study deter
mined that the 48h median lethal concentration (LC50) of 
copper sulfate to Ruditapes philippinarum was 5.68 mg/L. 
Based on this, two stress concentrations were selected: 
0.0568 mg/L (low concentration, 1/100 of 48h LC50) and 
0.568 mg/L (high concentration, 1/10 of 48h LC50). Each ex
perimental tank (specification 1 m × 0.8 m × 0.5 m) was 
filled with 200 L of artificial seawater. A semi-static expo
sure method was used for the stress experiment. During the 
experiment, continuous aeration was maintained (aeration 
intensity sufficient to keep dissolved oxygen ≥ 7.5 mg/L), 
and 1/2 volume of fresh seawater with the same copper con
centration was replaced every 24 hours to maintain a sta
ble pollutant concentration. Three treatment groups were 
used: a low concentration group (0.0568 mg/L), a high con
centration group (0.568 mg/L), and a blank control group. 
Each treatment group had 3 replicates, and 30 vigorous Ru
ditapes philippinarum were stocked in each replicate. The 
stress experiment lasted for 14 days. Water quality parame
ters were strictly controlled and kept stable during the ex
periment: water temperature (20 ± 0.5)°C, pH (7.8 ± 0.5), 
salinity 30, and dissolved oxygen (8.0 ± 0.2) mg/L, consis
tent with the parameters during the acclimation period to 
minimize interference from environmental factors. 

2.3, SAMPLE COLLECTION AND ENZYME/LIPID 
METABOLITE DETERMINATION 

After the start of the experiment, samples were taken on 
Day 0, 2, 7, and 14 (D0, D2, D7, D14). For each experimental 
group, 10 Ruditapes philippinarum were randomly selected; 
5 were used for enzyme activity, tissue lipid substance, 
and protein content determination, and the other 5 were 
used for transcriptome analysis sample preparation. During 
sampling, the shell surface was wiped dry with gauze, 
placed on an ice tray, and rapidly dissected. The hepatopan
creas tissue was stripped and placed in a cryotube, frozen in 
liquid nitrogen for 6 hours, and then transferred to a -80°C 
freezer for storage. 

Indicators and transcriptome in the clam’s hepatopancreas under copper stress

Israeli Journal of Aquaculture - Bamidgeh 213



The processing procedure for tissue samples used for 
biochemical indicator analysis was as follows: the frozen 
sample was removed and placed in a centrifuge tube. Phys
iological saline (0.9%) was added at a 1:9 (m/V) ratio to 
the tissue sample. Glass beads were added simultaneously, 
and the system pH was adjusted to 7.2. Tissue homoge
nization was performed under ice bath conditions (12,000 
r/min, 60 Hz, 10 s each time, continuous 4-5 times). After 
homogenization, the homogenate was placed in an ice bath 
centrifuge and centrifuged at 4°C, 4,000 r/min for 10 min. 
The supernatant was taken and centrifuged again under the 
same conditions. After the second centrifugation, the su
pernatant was taken for indicator determination. The indi
cators measured in this experiment included the activities 
of 7 enzymes: Superoxide Dismutase (SOD), Catalase (CAT), 
Acid Phosphatase (ACP), Alkaline Phosphatase (AKP), Hex
okinase (HK), Pyruvate Kinase (PK), Lactate Dehydrogenase 
(LDH), and 2 lipid metabolism indicators: Total Cholesterol 
(TCHO) and Triglycerides (TG). All kits used for determina
tion were purchased from Nanjing Jiancheng Bioengineer
ing Institute, and experimental procedures were performed 
strictly according to the kit instructions. 

2.4. RNA EXTRACTION AND TRANSCRIPTOME 
SEQUENCING 

Hepatopancreas tissue samples were collected, and total 
RNA was extracted using the TRIzol method, following the 
kit instructions. After extraction, multiple tests were per
formed on RNA quality: RNA purity was determined using 
a NanoPhotometer spectrophotometer, assessed by the 
OD260/OD280 ratio (1.8~2.0 as qualified) and OD260/
OD230 ratio (≥ 2.0 as qualified); RNA concentration was 
precisely quantified using a Qubit 2.0 Fluorometer; RNA in
tegrity was detected using an Agilent 2100 Bioanalyzer (RIN 
value ≥ 7.0 as qualified). 

The transcriptome sequencing library construction 
process was as follows: qualified long-chain RNA was frag
mented to the target length using Fragmentase® enzymatic 
digestion to complete RNA fragmentation; the first strand 
of cDNA was synthesized using reverse transcriptase, then 
using the first strand of cDNA as a template, the second 
strand was synthesized by replacement synthesis to obtain 
the double-stranded cDNA basic product; the double-
stranded cDNA was subjected to end repair and Klenow 
fragment A-tailing; TrueSeq® UDI adapter ligation method 
was used for adapter ligation, while adding Unique Mole
cular Identifier (UMI), and the adapter concentration was 
gradient optimized to inhibit dimer formation; finally, the 
constructed library was quality tested and quantified, and 
qualified libraries were sent to the sequencing platform to 
complete sequencing. The sequencing work was commis
sioned by Guangzhou GeneDenovo Biotechnology Co., Ltd. 

2.5. GENE EXPRESSION AND DIFFERENTIAL 
EXPRESSION ANALYSIS 

Gene expression levels were quantified using StringTie 
v2.2.1 and calculated as fragments per kilobase of tran
script per million mapped reads (FPKM) based on transcript 

assembly and the estimation of mapped read abundance8. 
Differential expression analysis was performed using the 
DESeq2 v1.34.0 R package9. Specifically, library size dif
ferences were corrected by size factor normalization, read 
counts were fitted to a negative binomial generalized linear 
model, and significance was assessed using the Wald test. 
Differentially expressed genes (DEGs) were identified based 
on the criteria of |log2(Fold Change)| > 1 and an adjusted 
P-value < 0.05 (Benjamini-Hochberg method)10. Gene On
tology (GO) and Kyoto Encyclopedia of Genes and Genomes 
(KEGG) enrichment analyses were conducted using the 
clusterProfiler v4.2.2 R package. The GO analysis used the 
hypergeometric test to identify significantly enriched GO 
terms among DEGs, while the KEGG pathway analysis used 
KEGG ortholog annotations to identify significantly over-
represented biological pathways. A Benjamini-Hochberg 
corrected false discovery rate (FDR) < 0.05 was set as the 
significance threshold for both enrichment analyses. 

2.6. STATISTICAL ANALYSIS 

Statistical analyses were performed using IBM SPSS Sta
tistics 26. Prior to analysis, data were tested for normality 
and homogeneity of variance to ensure the assumptions 
were met. A two-way analysis of variance (ANOVA) was 
employed to evaluate the effects of copper concentration, 
stress duration, and their interaction on the physiological 
indices. When significant main effects or interactions were 
detected (p < 0.05), Tukey’s honestly significant difference 
(HSD) test was conducted for post-hoc multiple compar
isons to identify specific differences between groups. All 
data are presented as mean ± standard deviation (SD), and 
the level of statistical significance was set at p < 0.05. 

3. RESULTS 

3.1. ENZYME ACTIVITIES AND LIPID METABOLITE 
RESULTS 

As shown in Figure 1A , the LDH activity in the he
patopancreas of clams in both the high concentration group 
(0.568 mg/L) and the low concentration group (0.0568 mg/
L) reached a maximum value on Day 2, and the difference 
between the two treatment groups and the control group 
was significant (p < 0.05). During the period from Day 2 to 
Day 7, the LDH content in the hepatopancreas of the two 
concentration groups showed a downward trend and was 
significantly different from the control group (p < 0.05). By 
Day 14, it had returned to a level close to that of the con
trol group, and the difference between the two concentra
tion groups and the control group was not significant (p > 
0.05). 

As shown in Figure 1B , the HK activity in the he
patopancreas of clams in both the high concentration group 
(0.568 mg/L) and the low concentration group (0.0568 mg/
L) reached a maximum value on Day 2, which was signifi
cantly different from the control group (p < 0.05). It showed 
a linear downward trend from Day 2 to Day 7, with a sig
nificant difference from the control group (p < 0.05). From 
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Figure 1. Changes in energy metabolism enzyme activities in the hepatopancreas of           Ruditapes philippinarum   
Note: Different lowercase letters a, b, c indicate significant differences at the same concentration among different time points. Different lowercase letters x, y, z indicate significant 
differences at the same time point among different concentrations. The same as other graphs. 

Day 7 to Day 14, the difference between the low concentra
tion group (0.0568 mg/L) and the high concentration group 
(0.568 mg/L) compared with the control group was signifi
cant (p < 0.05). 

As shown in Figure 1C , the PK activity in the he
patopancreas of clams in both the low-concentration 
(0.0568 mg/L) and high-concentration (0.568 mg/L) groups 
peaked on day 2, showing significant differences compared 
to the blank control group (p < 0.05). On day 7, the low-
concentration group (0.0568 mg/L) still exhibited a signifi
cant difference from the blank control group (p < 0.05). In 
contrast, the PK activity in the high-concentration group 
(0.568 mg/L) decreased to near control levels on day 7, with 
no significant difference observed (p > 0.05). By day 14 of 
stress, neither concentration group showed significant dif
ferences compared to the blank control group (p > 0.05). 

As shown in Figure 2A , SOD activity in the hepatopan
creas of clams in the high concentration group (0.568 mg/
L) and the low concentration group (0.0568 mg/L) increased 
on Day 2 of stress, with significant differences between 
groups (p < 0.05). On Day 7 of exposure, the two concentra
tion groups were significantly different from the blank con
trol group (p < 0.05). From Day 7 to Day 14, the low con
centration group (0.0568 mg/L) was significantly different 
from the blank control group (p < 0.05), while the high con
centration group (0.568 mg/L) was not significantly differ
ent from the blank control group (p > 0.05). 

As shown in Figure 2B , in both the high-concentration 
(0.568 mg/L) and low-concentration (0.0568 mg/L) groups, 
CAT activity in the hepatopancreas of clams increased sig
nificantly on day 2 of stress compared to the blank control 
group (p < 0.05). Both groups reached their peak values on 

day 7, after which a downward trend was observed; notably, 
CAT activity in both groups remained significantly higher 
than that of the control group (p < 0.05). On day 14 of 
stress, both concentration groups still exhibited significant 
differences relative to the control group (p < 0.05). 

As shown in Figure 3A , ACP activity in the hepatopan
creas of clams in both the high-concentration (0.568 mg/
L) and low-concentration (0.0568 mg/L) groups reached its 
lowest value on day 2, which was significantly lower than 
that of the control group (p < 0.05). Subsequently, ACP ac
tivity in both groups increased significantly from day 2 to 
day 14, with differences from the control group throughout 
this period (p < 0.05). 

As shown in Figure 3B , the AKP activity in the he
patopancreas of clams in the high concentration group 
(0.568 mg/L) reached a maximum value on Day 2, while 
that in the low concentration group (0.0568 mg/L) reached 
a minimum value on Day 2. Both concentration groups were 
significantly different from the control group (p < 0.05). 
Both concentration groups showed an overall downward 
trend from Day 2 to Day 7. Overall, the AKP activity in the 
high concentration group (0.568 mg/L) was higher than that 
in the low concentration group (0.0568 mg/L), and both 
concentration groups were significantly different from the 
control group (p < 0.05). On Day 14, the difference between 
the high concentration group and the control group was not 
significant (p > 0.05), whereas that between the low con
centration group and the control group was significant (p < 
0.05). 

As shown in Figure 4A , the TG activity in the he
patopancreas of clams in both the high concentration group 
(0.568 mg/L) and the low concentration group (0.0568 mg/
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Figure 2. Changes in antioxidant enzyme activities in the hepatopancreas of          Ruditapes philippinarum   

Figure 3. Changes in hydrolase activities in the hepatopancreas of         Ruditapes philippinarum   

L) experienced a sharp drop on Day 2, with a significant dif
ference (p < 0.05). It rebounded from Day 2 to Day 7, re
turning to normal levels on Day 7; the difference between 
the two concentration groups and the control group was 
not significant (p > 0.05). The change from Day 7 to Day 
14 was relatively gentle, with no significant difference from 
the control group (p > 0.05). 

As shown in Figure 4B , the TCHO content in the he
patopancreas of clams in both the high concentration group 
(0.568 mg/L) and the low concentration group (0.0568 mg/
L) was similar to the TG content change, both dropping to 
the lowest point on Day 2, with a significant change com
pared to the control group (p < 0.05). Between Day 2 and 
Day 7, both concentration groups showed an upward trend, 
and the difference between the two concentration groups 
and the control group was significant (p < 0.05). Between 

Day 7 and Day 14, they tended to be stable and were signif
icantly different from the control group (p < 0.05). 

3.2. INTEGRATED BIOMARKER RESPONSE 

After the hepatopancreas of Ruditapes philippinarum was 
exposed to two copper concentrations (0.0568 mg/L, 0.568 
mg/L) for 2, 7, and 14 days, the star chart (Figure 5 ) inte
grally displayed the transformation data of all biomarkers. 
The Integrated Biomarker Response (IBR) index was pos
itively correlated with biological toxic stress, with higher 
IBR values indicating greater toxic stress pressure.The re
sults showed that on Day 2 of exposure to the two copper 
concentrations, the biomarkers in the hepatopancreas of 
Ruditapes philippinarum generally indicated Lactate De
hydrogenase (LDH), Pyruvate Kinase (PK), and Hexokinase 
(HK). This suggests that under stress, the organism meets 
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Figure 4. Changes in lipid metabolism in the hepatopancreas of         Ruditapes philippinarum   

Figure 5. Biomarker Star Chart of     Ruditapes  
philippinarum  Hepatopancreas  

emergency energy supply needs by maintaining or enhanc
ing glycolysis pathways. The upregulation of the activities 
of these enzymes is a key response for cells to meet energy 
and biosynthesis requirements. On Day 7 of exposure, the 
biomarkers generally indicated Superoxide Dismutase 
(SOD) and Catalase (CAT), suggesting that, under continu
ous copper stress, clams have initiated an oxidative damage 
defense system to cope with oxidative stress. On Day 14 of 
exposure, the biomarkers of the two concentration groups 
generally pointed to Acid Phosphatase (ACP), Triglycerides 
(TG), and Total Cholesterol (TCHO), suggesting that under 
long-term stress, clams’substance metabolism and cell 
damage-related pathways have undergone significant 
changes. 

3.3. SEQUENCING DATA QUALITY ASSESSMENT 

The raw data of transcriptome sequencing were quality-
controlled using fastp software to obtain high-quality clean 
reads for subsequent analysis. Specific quality control stan
dards were as follows: discard reads containing adapter se
quences; remove reads where unknown bases (N) accounted 
for more than 10%; discard reads consisting entirely of ade
nine (A) bases; filter out low-quality reads, defined as se
quences where bases with a quality value Q ≤ 20 accounted 
for 50% or more of the entire read length (Table 1 ). 

3.4. ANALYSIS OF DIFFERENTIALLY EXPRESSED GENES 
IN RUDITAPES PHILIPPINARUM 

Figure 6  shows the volcano plot comparing differentially 
expressed genes (DEGs) between the 0.0568 mg/L concen
tration group and the control group. Red dots represent sig
nificantly upregulated differentially expressed genes, blue 
dots represent significantly downregulated differentially 
expressed genes, and black dots represent genes with no 
significant difference. On Day 2 of exposure (D2), 432 DEGs 
were identified, including 408 significantly upregulated and 
24 significantly downregulated. On Day 7 of exposure (D7), 
439 DEGs were identified, including 407 significantly up
regulated and 32 significantly downregulated. On Day 14 
of exposure (D14), there were 5,337 DEGs, including 5,088 
significantly upregulated and 249 significantly downregu
lated. The total number of differentially expressed genes 
increased with increasing exposure time, peaking on Day 
14, indicating that clams’ gene expression was most sensi
tive to copper stress at this time. 

Figure 7  shows the volcano plot comparing differentially 
expressed genes between the 0.568 mg/L concentration 
group and the control group. On Day 2 of exposure (D2), 
there were 84 DEGs, including 53 significantly upregulated 
and 31 significantly downregulated. On Day 7 of exposure 
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Table 1. Statistics and quality assessment of transcriptome sequencing data of Ruditapes philippinarum under             
copper stress   

Sample RawData(bp) CleanData(bp) Q20(%) Q30(%) GC(%) 

D0-1 5638936500 5455895222 97.73% 95.21% 34.39% 

D0-2 8271150934 7902777060 95.53% 95.94% 33.64% 

D0-3 7015760188 6789073851 97.45% 92.75% 34.42% 

D2-L-Cu-1 5896716402 5758845587 97.80% 95.23% 32.90% 

D2-L-Cu-2 7620339424 7417342632 97.41% 94.56% 34.17% 

D2-L-Cu-3 7047546600 6988332690 97.85% 94.15% 32.47% 

D2-H-Cu-1 7094582490 6986082504 98.86% 97.14% 34.16% 

D2-H-Cu-2 7121362340 6970180118 98.08% 95.89% 32.48% 

D2-H-Cu-3 7083705960 6933181478 97.87% 95.33% 32.93% 

D7-L-Cu-1 7087633772 6885300210 97.97% 95.77% 33.99% 

D7-L-Cu-2 8997463652 8796499208 97.92% 95.54% 33.53% 

D7-L-Cu-3 6815824712 6672416327 98.27% 96.19% 34.68% 

D7-H-Cu-1 6129979390 6024579815 98.37% 96.27% 38.69% 

D7-H-Cu-2 6531594392 6408857555 97.87% 95.31% 39.50% 

D7-H-Cu-3 5998759484 5922713669 98.71% 96.94% 40.20% 

D14-L-Cu-1 6540153300 6496771351 98.17% 94.83% 40.30% 

D14-L-Cu-2 6072946992 5967057853 98.09% 95.77% 36.99% 

D14-L-Cu-3 6264875844 6137299130 97.77% 95.14% 38.71% 

D14-H-Cu-1 7615484170 7459930914 98.55% 96.82% 38.67% 

D14-H-Cu-2 5905390200 5873412221 98.43% 95.25% 41.04% 

D14-H-Cu-3 5638936500 7675680288 98.89% 97.22% 38.85% 

Figure 6. Volcano plot of differentially expressed genes in low concentration experimental group and control              
group  

(D7), there were 4,325 DEGs, including 4,108 significantly 
upregulated and 217 significantly downregulated. On Day 
14 of exposure (D14), there were 4,145 DEGs, including 

3,850 significantly upregulated and 295 significantly down
regulated. The total number of differentially expressed 
genes showed an upward trend with the extension of expo
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Figure 7. Volcano plot of differentially expressed genes in high concentration experimental group and control              
group  

Figure 8. Comparison of GO Enrichment Classification between the Low-Concentration Copper Stress Group and             
the Blank Control Group     

sure time, peaking on Day 14, indicating that clams’ gene 
expression was most sensitive to copper stress at this time. 

3.5. GO CLASSIFICATION OF DIFFERENTIALLY 
EXPRESSED GENES 

As shown in Figures 8 , in the GO functional enrichment 
analysis of the low concentration copper exposure group 
(0.0568 mg/L), the gene functions at different exposure 
time points presented obvious temporal response charac
teristics: 

On Day 2 of exposure, the organism’s core was rapid 
stress response. In terms of molecular function, a large 
number of genes were enriched in transmembrane receptor 
activity, ion channel activity, and transporter activity, 

which are related to signal perception and material trans
port. Combined with the high gene enrichment in biolog
ical processes such as cellular process, metabolic process, 
and response to stimulus, this indicates that clams rapidly 
initiated transmembrane signal recognition, material 
transport, and basic metabolic regulation in the early stage 
of stress, providing a molecular basis for subsequent energy 
metabolism conversion. 

On Day 7 of exposure, the organism entered the defense 
and homeostasis maintenance stage. In terms of molecular 
function, new enrichments in antioxidant activity and pro
tein folding chaperone functions were added, reflecting 
that the organism initiated defense mechanisms against 
copper-induced oxidative damage while activating path
ways related to protein homeostasis maintenance. Al
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Figure 9. Comparison of GO Enrichment Classification between the High-Concentration Copper Stress Group and             
the Blank Control Group     

though metabolic and regulatory processes in biological 
processes continued to be enriched, the number of genes 
fell back, reflecting the adjustment from rapid initiation of 
stress response to precise defense adaptation. 

On Day 14 of exposure, the organism was in a stage 
of maintaining homeostasis and multi-dimensional adap
tation. The number of enriched genes in each GO category 
increased significantly. In cellular components, the number 
of genes related to structural functions such as cell 
anatomical entities and protein complexes rose sharply. In 
biological processes, immune system processes and repro
ductive-related pathways were newly enriched. This indi
cates that under long-term stress, clams not only continued 
to strengthen basic metabolism and regulation but also ini
tiated adaptive mechanisms such as immune defense and 
tissue regeneration to maintain organism homeostasis. 

As shown in Figures 9 , in the GO functional enrichment 
analysis of the high concentration copper exposure group 
(0.568 mg/L), the gene functions at different exposure time 
points also presented obvious temporal response character
istics: 

On Day 2 of exposure, the core was rapid stress defense. 
In terms of molecular function, functions related to mate
rial transport, transcriptional and translational regulation, 
and signal transduction were rapidly enriched, reflecting 
that the organism immediately initiated transmembrane 
material transport and gene expression regulation under 
high concentration stress. In biological processes, the im
mune response, interspecies interactions, and positive/
negative regulatory pathways were simultaneously acti
vated. Combined with the enrichment of protein complexes 
and cell anatomical entities in cellular components, this in
dicates that in the early stage of stress, the organism si
multaneously mobilized defense, metabolism, and struc
tural maintenance responses to cope with the acute stress 
of high concentration copper. 

On Day 7 of exposure, the organism entered the stage 
of metabolic homeostasis and somatic repair. In molecular 
functions, catalytic activity and binding ability continued 
to be enriched, and the number of genes increased signif
icantly. The structural support function in cellular com
ponents remained stable. In biological processes, cellular 
process and metabolic process became the core enriched 

pathways, while immune-related pathways temporarily fell 
back. This indicates that the organism shifted from acute 
defense to metabolic adaptation, repairing damage and 
maintaining energy supply by strengthening basic metabo
lism and cellular functions to meet the continuous energy 
demand under high-concentration stress. 

On Day 14 of exposure, the organism presented home
ostasis maintenance and detailed regulation. Similar to the 
low concentration group, the number of enriched genes in 
each GO category further increased. Core functions in mol
ecular functions and cellular components remained stable. 
In biological processes, immune response pathways were 
reactivated, and positive/negative regulation pathways 
were added to achieve more precise metabolic and immune 
balance. The enrichment of multicellular organismal 
processes suggested that the organism initiated tissue re
generation and long-term adaptation mechanisms, indicat
ing that Ruditapes philippinarum under long-term high-
concentration stress had constructed a system of 
metabolic-immune defense-protein regulation. 

3.6. KEGG ENRICHMENT ANALYSIS 

As shown in Figures 10 , in the KEGG pathway enrich
ment analysis of the low concentration copper exposure 
group (0.0568 mg/L), the activation of pathways at different 
exposure time points presented a clear temporal evolution
ary characteristic: 

On Day 2 of exposure (D2), it was in the stage of initial 
stress and metabolic adjustment. Pathway enrichment was 
centered on fatty acid metabolism pathways and cellular 
stress defense, accompanied by the initiation of initial im
mune responses. This indicates that, in the early stage of 
stress, clams adjusted energy metabolism and activated ba
sic defense mechanisms to cope with acute copper ion stim
ulation. 

On Day 7 of exposure (D7), it was in the stage of immune 
defense and metabolic adaptation. Pathway enrichment 
turned towards immune metabolism related directions. The 
lysosome pathway continued to be activated, while carbo
hydrate and lipid metabolism adjustment pathways were 
newly added. Inflammation-related pathways were also si
multaneously activated, reflecting that the organism 
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Figure 10. KEGG Enrichment Bubble Diagram between the Low-Concentration Group and the Blank Control             
Group  

Figure 11. KEGG Enrichment Bubble Diagram between the High-Concentration Group and the Blank Control             
Group  

shifted from initial stress to a response mode with immune 
defense as the focus accompanied by fine metabolic adap
tation. 

On Day 14 of exposure (D14), it was in the stage of com
prehensive homeostasis remodeling. Core metabolic net
works, xenobiotic detoxification systems, and oxidative 
stress defense pathways were widely activated. Ruditapes 
philippinarum built a more stable intracellular homeostasis 
through multi-dimensional metabolic remodeling and pro
tein synthesis remodeling to adapt to the long-term copper 
stress environment. 

As shown in Figures 11, in the KEGG pathway enrich
ment analysis of the high concentration copper exposure 
group (0.568 mg/L), the activation of pathways at different 
exposure time points presented temporal response char
acteristics different from those of the low concentration 
group: 

On Day 2 of exposure (D2), it was in the stage of neuro-
metabolic stress and multi-system disturbance. Exposure 
to high concentration early on triggered multi-system dis
turbances related to neuro-metabolic stress. Neuroprotec
tive pathways, amino acid and lipid metabolism adjustment 
pathways, as well as cell autophagy pathways were simulta
neously annotated, indicating that high concentration cop
per stress in the early stage had a rapid and broad impact 

on the nervous system and energy metabolism network of 
clams. 

On Day 7 of exposure (D7), it was in the stage of large-
scale metabolic activation and strong detoxification. Core 
metabolic pathways were comprehensively activated, while 
the enrichment of xenobiotic detoxification systems, cell 
damage clearance pathways, and ribosomal protein synthe
sis-related pathways was significantly enhanced. This re
flects that under continuous high concentration stress, the 
organism coped with toxic pressure by strengthening meta
bolic supply and damage repair. 

On Day 14 of exposure (D14), it was in the stage of 
steady-state defense and oxidative stress response. Core 
metabolic pathways and detoxification systems remained 
in an activated state, and new enrichments in oxidative 
stress defense pathways appeared. This indicates that un
der long-term high-concentration stress, clams stabilized 
the intracellular environment by maintaining basic meta
bolic supply, continuous detoxification, and enhanced de
fense against oxidative damage. 
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4. DISCUSSION 

4.1. ENERGY METABOLIC SHIFT AND COMPENSATORY 
MECHANISM 

During the early phase of copper stress (D2), Ruditapes 
philippinarum relied on a synergistic glycolysis–fatty acid 
cycle to cope with acute stress. Transcriptomic data showed 
that the fatty acid metabolism pathway was significantly 
enriched in the low-concentration group, indicating acti
vation of fatty acid oxidation. Concurrently, activities of 
HK, PK and LDH peaked on day 2, reflecting an emergency 
activation of the glycolytic pathway. Such metabolic re
programming can maintain ATP supply while alleviating 
copper toxicity 11, compensating for the low efficiency of 
glycolysis alone. Compared with previous studies on cop
per-stressed Pacific oysters, our results demonstrate that 
fatty acid metabolism is activated as early as the initial 
stage, highlighting differences in metabolic adaptation to 
heavy metal stress among bivalves 12. By contrast, the 
high-concentration group (0.568 mg/L) exhibited an early 
overload response, characterized by concurrent activation 
of lipid and amino acid metabolism pathways, with lipid 
metabolism being markedly more pronounced than in the 
low-concentration group. 

In the mid-stage of copper stress (Day 7), the organism 
maintained homeostasis through oxidative defense mech
anisms, with the activities of superoxide dismutase (SOD) 
and catalase (CAT) peaking on Day 7. Five unique reductase 
gene families：PNDR, hydroxylamine reductase/Ni-CO de
hydrogenase, VDE, PPO, and Rieske-type—were identified 
in Ruditapes philippinarum, suggesting their role in antioxi
dant defense against ROS-induced oxidative stress13.In the 
low-concentration groups, pathways related to autophagy 
and antigen metabolism were enriched. The autophagy sys
tem facilitated the degradation of damaged components to 
recycle amino acids, thereby providing energy for the syn
thesis of antioxidant enzymes14. In contrast, the high-con
centration groups entered a phase of extensive metabolic 
activation, during which core metabolic pathways, such as 
carbohydrate and lipid metabolism, were fully activated to 
provide sufficient ATP for the catalytic reactions of antiox
idant enzymes. 

In the late stage of stress (Day 14), core metabolic path
ways were annotated in both the high- and low-concentra
tion groups. This indicates that copper toxicity had been ef
fectively alleviated, eliminating the need for the organism 
to maintain a state of high-intensity metabolic activation; 
instead, it shifted toward establishing a stable energy sup
ply system. It has been reported that virus-infected Rudi
tapes philippinarum produce two lipid metabolites, diacyl
glycerol (DG) and triacylglycerol (TG), which facilitate lipid 
regulation and provide long-term energy reserves for the 
shellfish15. This finding is consistent with the variations 
in TG content observed in the present study. Furthermore, 
prolonged copper stress disrupted cholesterol homeostasis 
and impaired cell membrane structure and function. Con
sequently, the organism upregulated total cholesterol syn

thesis to repair the damage, thereby further safeguarding 
intracellular homeostasis. 

4.2. CELLULAR AUTOPHAGY AND IMMUNE DEFENSE 
SYSTEM 

In the early stage of stress (Day 2), GO enrichment analysis 
revealed that both concentration groups prioritized a rapid 
stress response. The autophagy pathway was annotated in 
the low-concentration group. The autophagy pathway rec
ognizes specific carbohydrate molecules to tag damaged 
components or pathogen-associated molecules, providing a 
basis for targeted degradation by the autophagic machin
ery16. In terms of energy coordination, amino acids recy
cled via autophagy entered the gluconeogenesis pathway, 
while ATP rapidly generated by glycolysis reciprocally fu
eled autophagic activity, thereby forming an efficient en
ergy feedback loop. The high-concentration group showed 
activation of immune warning pathways, including mi
tophagy and atherosclerosis, in addition to autophagy. The 
response intensity was significantly higher than that in the 
low-concentration group. 

In the mid-stage of stress (Day 7), the lysosomal path
way was annotated in both concentration groups. During 
this phase, ROS levels peaked, the autophagy system se
questers damaged mitochondria and misfolded proteins 
into autophagosomes, which subsequently fuse with lyso
somes for degradation. This process not only eliminates 
ROS sources and oxidatively damaged components but also 
recycles amino acids to replenish energy, thereby maintain
ing energy homeostasis and stabilizing SOD and CAT activ
ities. Furthermore, experimental findings revealed that the 
lysosomal pathway serves functions beyond degradation; it 
facilitates the sequestration of copper complexes to miti
gate free copper toxicity and processes antigenic peptides 
for presentation to the immune system, thereby initiating a 
specific immune response17. 

In the late stage of stress (Day 14), GO enrichment re
sults formally identified the addition of “immune system 
processes.” Concurrently, genes related to structural com
ponents, such as cellular anatomical entities and protein 
complexes, were significantly upregulated, indicating that 
the organism had shifted from a passive damage response 
to active maintenance of homeostasis. Both concentration 
groups showed persistent enrichment in the lysosome 
pathway, hematopoietic cell lineage pathway, and glu
tathione metabolism pathway. During this phase, lyso
somes continued to degrade damaged proteins and release 
amino acids; ribosomes then utilized these recycled amino 
acids to preferentially synthesize stress-related functional 
proteins, such as metallothioneins, heat shock proteins, 
and antioxidant enzymes, thereby re-establishing pro
teostasis. ACP and AKP, two essential lysosomal hydrolases, 
play pivotal roles in disease resistance and non-specific im
mune responses.18. Studies on shellfish subjected to tem
perature variation reported that the activation of the im
mune defense system and the peak of ACP activity lagged 
behind those of SOD and CAT, coinciding with the activa
tion of the lysosome pathway19. This temporal pattern is 
consistent with the findings of the present study. 
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4.3. PROTEIN HOMEOSTASIS AND HEAVY METAL 
DETOXIFICATION 

In the early stage of copper stress (D2), the prion disease 
pathway was significantly enriched in the high-concentra
tion group but not in the low-concentration group, likely 
because high copper concentrations exacerbate protein 
damage via thiol oxidation20. In contrast, the enrichment 
of the ABC transporter pathway in the low-concentration 
group indicated that active efflux of copper ions was the 
primary detoxification mechanism21. Furthermore, the 
glycine, serine, and threonine metabolism pathway was en
riched in the high-concentration group, suggesting that 
amino acid chelation of copper ions mitigated toxicity22. 

In the mid-stage of stress (Day7), the cytochrome 
P450-mediated xenobiotic metabolism pathway was newly 
enriched in the high-concentration group. The CYP450 en
zyme system facilitates the enzymatic transformation and 
detoxification of toxic substances23. In contrast to the low-
concentration group, which achieved detoxification primar
ily through lipid chelation and lysosomal activity, the high-
concentration group necessitated the activation of 
CYP450-mediated enzymatic transformation mechanisms. 
This strategy prevented the continuous intracellular accu
mulation of toxic substances that could otherwise induce 
apoptosis or necrosis, further corroborating the concentra
tion-dependent nature of the detoxification response. 

In the late stage of copper stress (Day14), the lysosome, 
phagosome, ribosome, and glutathione metabolism path
ways remained continuously enriched, indicating that the 
organism maintained homeostasis by degrading damaged 
proteins to synthesize stress proteins and scavenge ROS24,

25. The enrichment of the cholesterol metabolism pathway 
in the high-concentration group suggested that the organ
ism restored cell membrane fluidity to minimize copper ion 
influx26. In contrast, the low-concentration group main
tained activation of the ABC transporter pathway, resulting 
in complete elimination of toxicity. 

ACKNOWLEDGMENTS 

The study was supported by Foundation National Key R&D 
Program of China (2023YFD2400800), Earmarked Fund for 
CARS (CARS-49), Tianjin Fisheries Green Development 
Project (YYLSFZ202501). 

AUTHORS’ CONTRIBUTION 

Conceptualization: Chen Li (Lead). Methodology: Chen Li 
(Lead). Investigation: Chen Li (Equal), Yucheng Liu (Equal), 
Xiaoyu Wang (Equal). Data curation: Chen Li (Equal), 
Yucheng Liu (Equal). Writing – original draft: Chen Li 
(Lead). Writing – review & editing: Chen Li (Equal), Shuang 
Liang (Equal), Yongren Li (Equal), Dexian Gu (Equal). Fund
ing acquisition: Yongjun Guo (Lead). Formal Analysis: Xi
aoyu Wang (Lead). Resources: Xiaoyu Wang (Lead). 

COMPETING OF INTEREST – COPE 

No competing interests were disclosed. 

ETHICAL CONDUCT APPROVAL – IACUC 

This experiment was strictly conducted in accordance with 
the regulations and operational guidelines formulated by 
the Animal Care and Use Committee of Tianjin Agricultural 
University, and formal approval was obtained from the 
committee. 

INFORMED CONSENT STATEMENT 

All authors and institutions have confirmed this manuscript 
for publication. 

DATA AVAILABILITY STATEMENT 

All are available upon reasonable request. 

Submitted: February 12, 2026 CDT. Accepted: April 15, 2026 
CDT. Published: May 12, 2026 CDT. 

This is an open-access article distributed under the terms of the Creative Commons Attribution 4.0 International License 

(CCBY-4.0). View this license's legal deed at http://creativecommons.org/licenses/by/4.0 and legal code at http://creativecom

mons.org/licenses/by/4.0/legalcode for more information. 

Indicators and transcriptome in the clam’s hepatopancreas under copper stress

Israeli Journal of Aquaculture - Bamidgeh 223

http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/licenses/by/4.0/legalcode
http://creativecommons.org/licenses/by/4.0/legalcode


REFERENCES 

1. Teng J. Characteristics of Microplastic Pollution in 
Laizhou Bay and Its Ecotoxicological Effects on Typical 
Bivalves. Doctoral dissertation. University of Chinese 
Academy of Sciences (Yantai Institute of Coastal 
Zone Research, Chinese Academy of Sciences); 2021. 
doi:10.27841/d.cnki.gytha.2021.000014 

2. Li Y, Wang YL, Ouyang LL. Comparative analysis of 
transcriptome of free-living zooxanthellae under 
different phosphate concentrations. Journal of Fishery 
Sciences of China. 2022;29(4):585-595. doi:10.12264/
JFSC2021-0212 

3. Zhou QS, Ren XY, Shi KP. Full-length 
transcriptome analysis of Oplegnathus punctatus. 
Marine Fisheries. 2021;43(5):542-552. doi:10.3969/
j.issn.1004-2490.2021.05.004 

4. Grabherr MG, Haas BJ, Yassour M. Full-length 
transcriptome assembly from RNA-Seq data without 
a reference genome. Nature Biotechnology. 
2011;29(7):644-652. doi:10.1038/nbt.1883 

5. Fu Z. Study on the Molecular Mechanism of 
Mizuhopecten Yessoensis in Response to Hypoxia 
Stress Based on Whole Transcriptomics and 
Metabolomics. Master’s thesis. Dalian Ocean 
University; 2024. doi:10.27821/
d.cnki.gdlhy.2024.000027 

6. Zhao S. Analysis of the Effects of Sacculina Gregaria 
on Oxidative Stress and Apoptosis in the 
Hepatopancreas of Eriocheir Sinensis Based on Multi-
Omics. D. Shenyang Agricultural University; 2024. 
doi:10.27327/d.cnki.gshnu.2024.001116 

7. Fan Z. Study on the Molecular Mechanism of 
Mizuhopecten Yessoensis Response to High 
Temperature Stress Based on Transcriptomics and 
Proteomics. D. Dalian Ocean University; 2024. 
doi:10.27821/d.cnki.gdlhy.2024.000051 

8. Trapnell C, Williams BA, Pertea G, et al. Transcript 
assembly and quantification by RNA-Seq reveals 
unannotated transcripts and isoform switching 
during cell differentiation. Nature Biotechnology. 
2010;28(5):511-515. doi:10.1038/nbt.1621 

9. Love MI, Huber W, Anders S. Moderated estimation 
of fold change and dispersion for RNA-seq data with 
DESeq2. Genome Biology. 2014;15(12):550. 
doi:10.1186/s13059-014-0550-8 

10. Anders S, Huber W. Differential expression 
analysis for sequence count data. Genome Biology. 
2010;11(10):R106. doi:10.1186/gb-2010-11-10-r106 

11. Jensen IJ, Eilertsen KE, Otnæs CHA, Mæhre HK, 
Elvevoll EO. An Update on the Content of Fatty Acids, 
Dioxins, PCBs and Heavy Metals in Farmed, Escaped 
and Wild Atlantic Salmon (Salmo salar L.) in Norway. 
Foods (Basel, Switzerland). 2020;9(12):1901. 
doi:10.3390/FOODS9121901 

12. Liu X, Zhao Y, Ke H, et al. Comprehensive 
Physiological and Transcriptomic Profiling of Triploid 
Pacific Oysters (Crassostrea gigas) Under Ammonia 
Exposure. Biology. 2025;14(9). doi:10.3390/
BIOLOGY14091121 

13. Seyoung M, Yun-Ji K, Kesavan M, et al. The 
Whole-Genome and Transcriptome of the Manila 
Clam (Ruditapes philippinarum). Genome biology and 
evolution. 2017;9(6):1487-1498. doi:10.1093/gbe/
evx096 

14. Zhang Y, Hu J, Yan K, et al. Immune response of 
Silver pomfret (Pampus argenteus) to Photobacterium 
damselae subsp. Damselae: Virulence factors might 
induce immune escape by damaging phagosome. 
Aquaculture. 2023;740014:578. doi:10.1016/
J.AQUACULTURE 

15. Jiang H, Wang Y, Fu S, et al. Effect of Natural 
Perkinsus olseni Infection Abundance on the Lipid 
Metabolism in the Gills of Manila Clam (Ruditapes 
philippinarum). Marine biotechnology (New York, NY). 
2025;27(6):163. doi:10.1007/S10126-025-10544-8 

16. Zhang J, Wang J, Cheng G, Gu Z, Liu X. 
Transcriptome analysis of response mechanism to 
Microcystin-LR and microplastics stress in Asian 
clam (Corbicula fluminea). Fish & shellfish 
immunology. 2023;139:108875-108875. doi:10.1016/
J.FSI.2023.108875 

17. Dalzon B, Devcic J, Bons J, et al. A proteomic view 
of cellular responses of macrophages to copper when 
added as ion or as copper-polyacrylate complex. 
Journal of Proteomics. 2021;239:104178. doi:10.1016/
J.JPROT.2021.104178 

18. Zhang T, Yao J, Xu D, Ma X, Jin W, Lü G, et al. Gill 
physiological and transcriptomic responses to 
salinity changes in the endangered freshwater mussel 
Solenaia oleivora. Comparative Biochemistry and 
Physiology Part D: Genomics and Proteomics. 
2021;40:100913. doi:10.1016/j.cbd.2021.100913 

Indicators and transcriptome in the clam’s hepatopancreas under copper stress

Israeli Journal of Aquaculture - Bamidgeh 224

https://doi.org/10.27841/d.cnki.gytha.2021.000014
https://doi.org/10.12264/JFSC2021-0212
https://doi.org/10.12264/JFSC2021-0212
https://doi.org/10.3969/j.issn.1004-2490.2021.05.004
https://doi.org/10.3969/j.issn.1004-2490.2021.05.004
https://doi.org/10.1038/nbt.1883
https://doi.org/10.27821/d.cnki.gdlhy.2024.000027
https://doi.org/10.27821/d.cnki.gdlhy.2024.000027
https://doi.org/10.27327/d.cnki.gshnu.2024.001116
https://doi.org/10.27821/d.cnki.gdlhy.2024.000051
https://doi.org/10.1038/nbt.1621
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/gb-2010-11-10-r106
https://doi.org/10.3390/FOODS9121901
https://doi.org/10.3390/BIOLOGY14091121
https://doi.org/10.3390/BIOLOGY14091121
https://doi.org/10.1093/gbe/evx096
https://doi.org/10.1093/gbe/evx096
https://doi.org/10.1016/J.AQUACULTURE
https://doi.org/10.1016/J.AQUACULTURE
https://doi.org/10.1007/S10126-025-10544-8
https://doi.org/10.1016/J.FSI.2023.108875
https://doi.org/10.1016/J.FSI.2023.108875
https://doi.org/10.1016/J.JPROT.2021.104178
https://doi.org/10.1016/J.JPROT.2021.104178
https://doi.org/10.1016/j.cbd.2021.100913


19. Ting Z, Dongpu X, Guohua L, et al. Histological, 
physiological, and transcriptomic responses of 
hepatopancreas to air exposure in Asian freshwater 
clam Corbicula fluminea. Frontiers in Physiology. 
2022:13952744-952744. doi:10.3389/
FPHYS.2022.952744 

20. Sempou E, Biasini E, Pinzón-Olejua A, Harris DA, 
Málaga-Trillo E. Activation of Zebrafish Src family 
kinases by the prion protein is an amyloid-β-
sensitive signal that prevents the endocytosis and 
degradation of E-cadherin/β-catenin complexes in 
vivo. Molecular neurodegeneration. 2016;11(1):18. 
doi:10.1186/s13024-016-0076-5 

21. Zaja R, Munić V, Klobučar RS, Ambriović-Ristov 
A, Smital T. Cloning and molecular characterization 
of apical efflux transporters (ABCB1, ABCB11 and 
ABCC2) in rainbow trout (Oncorhynchus mykiss) 
hepatocytes. Aquatic Toxicology. 2008;90(4):322-332. 
doi:10.1016/j.aquatox.2008.09.012 

22. Qiu X, Wang Y, Yu T, et al. Vibrio 
parahaemolyticus infection in Manila clams 
(Ruditapes philippinarum): A case study of 
microbiome perturbation. Comparative biochemistry 
and physiology Part D, Genomics & proteomics. 
2025;57:101655. doi:10.1016/J.CBD.2025.101655 

23. Shen Z, Kumar D, Liu X, et al. Metatranscriptomic 
Analysis Reveals an Imbalance of Hepatopancreatic 
Flora of Chinese Mitten Crab Eriocheir sinensis with 
Hepatopancreatic Necrosis Disease. Biology. 
2021;10(6):462-462. doi:10.3390/BIOLOGY10060462 

24. Zhang Y, Nie H, Huo Z, Yan X. Heat hardening 
enhances the energy metabolism activity and 
oxidative defense ability of Manila clam Ruditapes 
philippinarum under different thermal stress. 
Aquaculture. 2025;595(P1):741511-741511. 
doi:10.1016/J.AQUACULTURE.2024.741 

25. Zhou Y, Liu Q, Hu K, et al. Comparative analysis 
of the effect of nano-copper and Cu2O treatment on 
Cryptocaryon irritans tomonts in large yellow croaker 
(Larimichthys crocea) farming. Aquaculture. 2023;577. 
doi:10.1016/J.AQUACULTURE.2023.739924 

26. Xianfang Y. Study on the Effects of Replacing Fish 
Meal with Defatted Black Soldier Fly Larvae Meal on 
Growth Performance, Histological Structure, and Muscle 
Quality of Micropterus Salmoides and Its Mechanism. 
Master’s Thesis. Northwest A&F University; 2023. 
doi:10.27409/d.cnki.gxbnu.2023.003700 

Indicators and transcriptome in the clam’s hepatopancreas under copper stress

Israeli Journal of Aquaculture - Bamidgeh 225

https://doi.org/10.3389/FPHYS.2022.952744
https://doi.org/10.3389/FPHYS.2022.952744
https://doi.org/10.1186/s13024-016-0076-5
https://doi.org/10.1016/j.aquatox.2008.09.012
https://doi.org/10.1016/J.CBD.2025.101655
https://doi.org/10.3390/BIOLOGY10060462
https://doi.org/10.1016/J.AQUACULTURE.2024.741
https://doi.org/10.1016/J.AQUACULTURE.2023.739924
https://doi.org/10.27409/d.cnki.gxbnu.2023.003700

	Integrated analysis of physiological indicators and transcriptome in the hepatopancreas of Ruditapes philippinarum under copper stress
	1. Introduction
	2. Materials and Methods
	2.1. Biological Materials and Experimental Reagents
	2.2. Experimental Design
	2.3, Sample Collection and Enzyme/Lipid Metabolite Determination
	2.4. RNA Extraction and Transcriptome Sequencing
	2.5. Gene Expression and Differential Expression Analysis
	2.6. Statistical analysis

	3. Results
	3.1. Enzyme Activities and Lipid Metabolite Results
	3.2. Integrated Biomarker Response
	3.3. Sequencing Data Quality Assessment
	3.4. Analysis of Differentially Expressed Genes in Ruditapes philippinarum
	3.5. GO Classification of Differentially Expressed Genes
	3.6. KEGG Enrichment Analysis

	4. Discussion
	4.1. Energy metabolic shift and compensatory mechanism
	4.2. Cellular Autophagy and Immune Defense System
	4.3. Protein Homeostasis and Heavy Metal Detoxification
	Acknowledgments
	Authors’ Contribution
	Competing of Interest – COPE
	Ethical Conduct Approval – IACUC
	Informed Consent Statement
	Data Availability Statement

	References


