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Comparative transcriptome analysis

reveals differences in immune responses

to copper ions in Sepia esculenta under high-
temperature conditions
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Abstract

Sepia esculenta is one of the most abundant extant squid populations in Southeast Asia and is of interest due to its
rapid reproductive rate and high commercial value. In recent years, with the rapid development of industrialization,
issues such as global warming and heavy metal pollution in the oceans have emerged, posing a serious threat

to the life activities of marine organisms. In this study, we used transcriptomic techniques to investigate the
differences in Cu exposure immune responses in S. esculenta larvae under different temperature conditions. The
enrichment of solute carrier family (SLC) genes and genes related to DNA replication and damage was significantly
higher in the CuT group than in the Cu group. Functional enrichment analysis revealed that the FcyR-mediated
phagocytosis and autophagy pathways were enriched in the CuT group. Based on the analysis of differentially
expressed genes (DEGs) and functional enrichment results, we can preliminarily infer that the CuT group caused
more severe disruption of intercellular ion transport and DNA replication and repair in larvae compared to the Cu
group. This may have further interfered with the normal physiological activities of S. esculenta larvae. Overall, at
high temperatures, Cu exposure induces a more intense inflammatory response. The results of this study provide a
theoretical foundation for researchers to further understand the effects of environmental factors on the immunity
of S. esculenta larvae, as well as preliminary insights into the enhanced toxic effects of metallic copper on aquatic
organisms under high-temperature conditions.
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Introduction

As industrialization progresses, heavy metal pollution in
the sea is becoming more and more serious [1]. Recent
studies have demonstrated that heavy metals can severely
influence the growth and development of marine organ-
isms, inducing tissue damage and immune dysfunction
[2]. Harmful effects of heavy metals on aquatic organisms
include tissue damage and impairment of the immune
system [3]. For example, in fish, high concentrations of
heavy metals significantly increase the rate of malforma-
tions and morbidity, and previous studies have shown
that heavy metal enrichment has serious effects on mol-
luscan physiological processes such as immunity and
metabolism [4].

The rapid development of industrialization has not
only led to the intensification of heavy metal pollu-
tions but has also increased the rate of global warm-
ing [5]. Previous studies have shown that temperature
induces changes in the toxicity of heavy metals to marine
organisms [6]. Ren et al. found that high temperatures
enhanced the intoxication of heavy metals to Ruditapes
philippinarum, significantly inhibiting its growth and
development [7]. Malhotra et al. showed that tempera-
ture would affect the toxicity induced by Cu exposure.
Compared with low temperature (15+1°C), the dissolu-
tion rate and aggregation of copper ions were enhanced
at high temperature (26 + 1°C) [8]. However, the effect of
high temperatures on Cu exposure toxicity has not been
thoroughly studied in mollusks. Therefore, understand-
ing whether high temperatures have an effect on cop-
per-induced toxicity is important for mollusk research,
aquaculture, and the environmentally sound manage-
ment of marine ecosystems.

S. esculenta is one of the most abundant squid popula-
tions surviving in Southeast Asia, with tasty meat, high
protein content, and rapid reproduction [9], Therefore, it
quickly attracted the attention of scholars. As a result of
the degradation of the marine environment and the large-
scale exploitation of marine resources by human beings,
the population of S. esculenta has declined drastically,
and in recent years, it has even become an endangered
species [10]. Usually, S. esculenta is cultured in captivity
in shallow coastal waters. High concentrations of heavy
metals and high temperatures along the ocean coast have
a profound effect on the growth and development of S.
esculenta [11]. Therefore, it is essential to understand the
consequences of high temperatures and heavy metals on
S. esculenta.

RNA sequencing technology has developed rapidly
due to its high throughput and accuracy, and it has been
widely used in recent years to study the immune mecha-
nisms of aquatic organisms. Examples include the use
of RNA-Seq to study the molecular response of Cu to
Argopecten purpuratus larvae, as well as the study of the
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molecular mechanisms of high temperature on Octopus
vulgaris and the response of the transcriptome to Cu
exposure in Mytilus coruscus [12—14]. Therefore, we can
use RNA-Seq to preliminarily explore the toxicological
mechanism of Cu exposure in S. esculenta larvae at high
temperature.

In our study, we used high-throughput transcriptome
sequencing to explore differences in Cu exposure immu-
nity in S. esculenta larvae at different temperatures. By
GO and KEGG functional enrichment analysis, it was
found that high temperature significantly affected the Cu
exposure immune response and induced a more intense
inflammatory response in S. esculenta larvae. At the
same time, high temperatures can induce more severe
DNA damage and ion transport disorders. Our find-
ings provide a basis for further exploration of differences
in Cu exposure imaginal responses in S. esculenta lar-
vae under different temperature conditions and provide
more scientific breeding suggestions for golden squid and
cephalopods.

Materials and methods

Collection of S. esculenta larvae and stress experiments
During the breeding season of S. esculenta, captures
were made from the Yellow Sea area to obtain wild
parents(Active and apparently healthy adult S. esculenta
(manth length: 14.82+0.21 cm; weight: 351.88+11.75 g)
were collected from the Yellow Sea near Qingdao,
China.), and the captured wild parents were placed in
workshop pools (Approximately 8 m long, 1 m wide and
1.2 m high, made of concrete) for transient rearing. After
a week, the female parents began to lay eggs, with the col-
lected eggs placed in moving seawater and temporarily
raised until they hatched. At the same time, S. esculenta
eggs hatched into larvae and were transferred to white
buckets (100 L capacity). The larvae were divided into
three groups including control (Group C), normal tem-
perature Cu exposure (Cu Group), and high temperature
Cu exposure (CuT Group), with 100 S. esculenta larvae
in each group (mantle length (body size) =6.2+0.2 mm;
weight=62.8 £ 8.2 mg). The control group was grown in
normal seawater (water temperature of 20.5+1°C, dis-
solved oxygen of 5.6+0.2 mg/L, pH of 8.3+0.1, salin-
ity of 30.1+£0.4, and continuous oxygenation) for 24 h.
Anhydrous CuCl2 was added to seawater to achieve a Cu
concentration of 50 pg/L in the Cu group and the CuT
group(S. esculenta larvae were too small to measure Cu
content in the body). The CuT group raised the tempera-
ture to 28 °C, as determined by preliminary experiments
and references [15]. Finally, during the experiment, S.
esculenta larvae were collected at 0 h (C_Oh), 4 h (C_4h),
and 24 h (C_24h) in the control group, at 4 h (Cu_4h)
and 24 h (Cu_24h) in the Cu group, and at 4 h (CuT_4h)
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and 24 h (CuT_24h) in the CuT group. All samples were
stored in liquid nitrogen tanks until RNA extraction.

RNA extraction, library construction and sequencing

RNA extraction, library construction, and sequencing
were performed by Beijing Novozymes Technology Co.,
Ltd., which used the TRIzol method for RNA extraction.
The RNA samples were then subjected to stringent qual-
ity control by the Agilent 2100 bioanalyzer. The kit used
for library construction was the NEBNext® Ultra™ RNA
Library Prep Kit for Illumina®. Nine larvae were selected
from each group, and three were randomly selected to
form one replicate, for a total of three replicates. We
sequenced S. esculenta larval RNA using the Illumina
NovaSeq 6000 platform (Illumina, USA) [16].

Screening of differential genes and annotation of gene
functions

First, we removed some raw reads, reads containing
adapter sequences, and more than 10% of unidentified
bases, as well as low-quality reads, and mapped the clean
reads to the S. esculenta reference genome using HISAT2
software (unpublished). We used the DESeq2 method to
identify DEGs and compared these genes with SwissProt,
KEGG, GO, and other databases to find out their func-
tions and used them for functional enrichment analysis.
In our study, the p-value threshold was set to <0.05 [17,
18].

Enrichment analysis

We performed GO and KEGG analyses of genes using
the DAVID bioinformatics resource (https://david.ncifcr
f.gov/tools.jsp). Terms and pathways with p-values <0.05
were selected to be used in subsequent analyses.
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Quantitative RT-PCR analysis

In this experiment, we screened 15 DEGs and designed
primers using Primer Premier 5.0 (Table S1). Since the
expression level of B-actin tends to be stable, we chose
the B-actin gene as the reference gene for quantitative
reverse transcription polymerase chain reaction. qRT-
PCR was performed according to Liu et al. (2017) and
Wang et al. (2023). Then, qRT-PCR was conducted in a
20 pL solution containing 10 ng of template cDNA and
SYBR Premix Ex Taq II (TaKaRa) using a LightCycler 480
at 95 °C for 5 min pre-incubation, followed by 45 cycles
of 95 °C for 15 s and 60 °C for 45 s. Finally, we analyzed
the melting curve to detect single amplification. Fluores-
cent signal accumulation was recorded during the 60 °C
for 45 s phase of each cycle using the LightCycler 480.
The 2 - AACt comparative Ct method was used to calcu-
late the relative quantities of the target genes expressed
as fold variation over B-actin. Quantitative RT-PCR was
applied for the expression verification of key and hub
genes in this investigation [19, 20].

Results

Transcriptome sequencing results

Sequencing of healthy, copper stress, and elevated tem-
perature conditions copper stress S. esculenta larvae
using RNA-seq methods; specific sequencing results are
shown in Table S2. On average, 87.68% of clean reads
were mapped to our reference genome. The structure and
function of unigenes were annotated into several data-
bases, including NR, SwissProt, KEGG, GO, and PFAM.

Analysis of DEGs

By means of a dynamic multi-group difference scatter
plot (Fig. 1A), we found that a total of 787 DEGs were
detected in the Cu_4h vs. C_4h comparison group. Of

CuT_4hvsC_4h

Cu_24hvsC_24h

Fig. 1 A: Dynamic multi-group difference scatter plot of the distributional expression of DEGs, with numbers representing different groups, red dots
representing up-regulation of DEGs, and green dots representing down-regulation of DEGs, and each dot representing a gene; B: Venn diagram of DEGs,
with blue, green, yellow, and red representing DEGs in different groups, and other different colors representing the number of shared genes between

different groups
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these, 463 were up-regulated genes and 324 were down-
regulated genes. A total of 1,418 DEGs were detected
in the Cu_24h vs. C_24h comparison group, of which
680 were up-regulated genes and 738 were down-regu-
lated genes. A total of 1,021 DEGs were detected in the
CuT_4h vs. C_4h comparator group, with 566 up-reg-
ulated genes and 455 down-regulated genes. A total of
2,397 DEGs were found in the CuT_24h vs. C_24h com-
parison group, of which 1,071 were up-regulated and
1,326 were down-regulated.

The DEGs Venn diagram (Fig. 1B) clearly shows the
unique and shared DEGs between each group. In both
the Cu and CuT groups, we found the presence of genes
from the SLC family (SLC6A9) and the ATP-binding
cassette(ABC) subfamily (ABCC10, ABCC1, ABCBI1). In
the CuT group, we found that the SLC family (SLC16A4,
SLC16A14, SLC22A21, SLC35B2, SLC6A9, SLC12A2)
and the ABC subfamily (ABCF2) were present. Genes
related to DNA replication and damage were found in
genes unique to the CuT group, such as RFC4, RFC5,
POLD3, RPA2, and RPA3.

The results of the clustering heat map showed that the
expression pattern of the CuT group was obviously not
the same as that of the Cu group (Fig. 2).

GO analysis

120, 208, 85, and 236 GO terms were enriched in the
Cu_4h vs. C_4h, Cu_24h vs. C_24h, CuT_4h vs. C_4h,
and CuT_24h vs. C_24h groups, respectively. The first
10 terms of the three clusters (biological process, cel-
lular component, molecular function) included in each
set of GO functional enrichment analyses are shown in
the figure (Fig. 3A-D). Immunity-related overlapping
terms between all four groups of the top 30 GO terms
were identified through the GO Venn diagram (Fig. 3E)
as including zinc ion binding (G0O:0008270), oxidoreduc-
tase activity (GO:0016491), and alcohol dehydrogenase
(NAD) activity (GO:0004022). Unique and immunologi-
cally relevant in the CuT group are apoptotic processes
(GO:0006915) and DNA repair (GO:0006281).

We selected the GO terms with a large amount of
DEGs enrichment and high significance to observe their
copper stress and elevated temperature conditions cop-
per stress changes in the amount of DEGs, as shown in
the line chart (Fig. 3F). We found that during the Cu
exposure process, the increase in temperature would lead
to changes in the amount of DEGs enrichment in these
terms, which showed an upward trend; the longer the
high-temperature duration, the greater the number of
enriched genes.

KEGG analysis
14, 18, 8, and 23 pathways were enriched in the Cu_4h
vs. C_4h, Cu_24h vs. C_24h, CuT_4h vs. C_4h, and
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CuT_24h vs. C_24h groups, respectively, and the bubble
plots show the six pathways (Fig. 4A-D). According to the
KEGG Venn diagram (Fig. 4E), the immune-related path-
ways shared by the Cu group and CuT group included the
DNA replication pathway, tight junction pathway, and
cell cycle pathway, and the CuT group was enriched with
more DEGs in the pathways compared to the Cu group.
In addition, the nucleotide excision repair pathway, base
excision repair pathway, mismatch repair pathway, nucle-
oside, FcyR-mediated phagocytosis pathway, and autoph-
agy pathway were identified as unique to the CuT group
and immunologically relevant.

Many DEGs are concentrated in the secondary KEGG
signaling pathway associated with immunity (Fig. 5A-
D), including the immune system and immune diseases.
More DEGs were enriched in immune-related pathways
in the CuT group than in the Cu group, which may imply
that Cu exposure at high temperatures has a greater
impact on the immune system of S. esculenta larvae.

gRT-PCR to verify DEGs

We verified the accuracy of 15 genes related to copper
stress and elevated temperature conditions copper stress
genes using qRT-PCR, and the results showed that the
folding changes of DEGs detected by qPCR were consis-
tent with the folding changes determined by RNA-Seq
expression analyses, suggesting that the results of the
RNA-Seq expression analyses were reliable (Fig. 6).

Discussion

Expression analysis of DEGs

The response of S. esculenta larvae to copper (Cu) expo-
sure is a complex process involving various regulatory
pathways and genes [21]. Our findings revealed that SLC
family genes, as well as ABC family genes, were more
highly enriched in the CuT group compared to the Cu
group. Additionally, we identified DEGs associated with
DNA damage, repair, and replication processes.

Analysis of SLC and ABC family-related DEGs
Sheng et al. demonstrated that the SLC family can regu-
late the function of macrophages and T cells. It plays an
important role in various diseases involving inflamma-
tion and immune responses. These transporter cells can
improve immune responses, such as T-cell activation, so
SLCs play an important role in the immune process [22].
It has been shown that the ABC family is considered to
play an essential role in the first line of cellular defense.
When inflammation occurs in the body, genes in the
ABC family reduce inflammation by positively regulat-
ing the NF-kB pathway and promoting the expression of
antimicrobial peptides [23]. ABC transporter proteins
are also expressed in a wide range of immune cells and
are a key link between innate and adaptive immunity. In
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Fig. 2 DEGs heat map of hierarchical clustering. Each pillar represents a group, and each row represents a gene. Green to red indicates low to high

expression levels

invertebrates, ABCB and ABCC transporter proteins reg-
ulate the entry of exogenous substances from the external
environment and are the main mode of defense in inver-
tebrates [24].

Based on the functions of the ABC and SLC families,
we hypothesize that the accumulation or dissolution rate
of copper ions in S. esculenta larvae may increase under
elevated temperatures, leading to a stronger immune
response. In this study, the number of DEGs in the SLC
and ABC families varied before and after the temperature
increase. We speculate that copper (Cu) exposure under

high-temperature conditions may exacerbate the inflam-
matory response in S. esculenta larvae.

Analysis of DEGs related to DNA replication, damage, and
repair

Furthermore, in the comparison of the Cu group with the
CuT group, we newly identified other key DEGs enriched
in multiple pathways in the CuT group; for example,
RFC4, RFC5, POLD3, RPA2, and RPA3, and their expres-
sions were down-regulated. These genes play a key role
in DNA damage, replication, and repair [25-27]. The
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downregulation of the expression of these genes, which
we speculate is due to increased inflammation, leads to

larvae.

dysfunctional DNA replication and repair in S. esculenta

larvae.

In summary, we speculate that Cu exposure effects on
ion transport, as well as DNA replication and repair, are
stronger in S. esculenta larvae at high temperatures, and
that high temperatures may be able to lead to higher rates

GO functional enrichment analysis

Analysis of common GO terms between Cu and cut groups

In the GO functional enrichment analysis, we found
three GO terms the Cu group shared with the CuT group,
namely zinc ion binding (GO:0008270), oxidoreductase

of aggregation or solubilization of Cu ions in S. esculenta
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activity (G0:0016491), and
(NAD) activity (GO:0004022).

Previous studies have shown that zinc ions play an
important role in immune processes and signal regu-
lation, and that a deficiency of zinc ions leads to dys-
function in many organs and the immune system [28].

alcohol dehydrogenase

Oxidoreductase is an important regulator of immune
pathways. An increase in oxidoreductase activity pro-
motes the generation of reactive oxygen species, and
these by-products may modulate pro-inflammatory
pathways [29]. Alcohol dehydrogenase activity is closely
related to autoimmune inflammation, and alcohol
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Fig.5 Class 2 KEGG signaling pathway annotations; vertical coordinates indicate the type 2 KEGG category, and horizontal coordinates indicate the num-

ber of corresponding DEGs. A: Enriched Class 2 KEGG signaling pathways for the Cu_4h vs. C_4h group;

- Enriched Class 2 KEGG signaling pathways for

the Cu_24h vs. C_24h group; C: Enriched Class 2 KEGG signaling pathways for the CuT_4h vs. C_4h group; D: Enriched Class 2 KEGG signaling pathways

for the CuT_24h vs. C_24h group
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Fig. 6 gRT-PCR and RNA-Seq results of key DEGs. The vertical coordinates
tion of exposure

dehydrogenase is essential for the metabolism of organ-
isms and the regulation of macrophage function. It is
mainly used to remove apoptotic cells from the body [30].

The enrichment of these terms may indicate that Cu
exposure may lead to a decrease in ion binding ability
and reductase activity in S. esculenta larvae, which may
result in an imbalance of the immune system of S. escu-
lenta larvae or promote inflammation. We also found
that the number of DEGs in the terms zinc ion binding
(G0O:0008270) and oxidoreductase activity (GO:0016491)
differed between the Cu group and CuT group, with
an increase in DEGs in the CuT group. This trend may
indicate that high temperature can enhance the harmful
effects of copper exposure on S. esculenta.

Analysis of unique GO terms in the CuT group
Unique GO terms enriched in the CuT group compared
to the Cu group that are relevant to immunity include
apoptosis (GO:0006915) and DNA repair (GO:0006281).
Apoptosis is important in the maintenance of tissue
homeostasis and the reduction of inflammation, and
organisms can gradually eliminate or reduce inflamma-
tion by renewing cells through apoptosis in vivo [31].
DNA damage repair and innate immunity are two con-
served mechanisms that play a role in both cellular stress

represent the fold change, and the horizontal coordinate represents the dura-

responses, and it has been found that DNA repair is
closely linked to inflammation and that organisms can
effectively control inflammation through their own DNA
repair [32].

Through GO enrichment analysis, we were able to
speculate that Cu exposure inflammation in S. esculenta
larvae is more severe under high-temperature conditions
and that S. esculenta larvae may reduce inflammation in
vivo by accelerating apoptosis of damaged cells them-
selves. Moreover, Cu exposure at high temperatures may
lead to DNA repair dysfunction in S. esculenta larvae,
thereby affecting their immune function and potentially
resulting in more severe inflammation.

KEGG functional enrichment analysis
Analysis of common KEGG pathways between Cu and CuT
groups
The pathways found to be common to the Cu and CuT
groups and immunologically relevant through KEGG
functional enrichment analysis were the DNA replication
pathway, the tight junction pathway, and the cell cycle
pathway.

DNA replication is associated with innate immunity
in animals, and some innate immune errors are caused
by mutations in DNA replication factors. The DNA
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replication pathway is a complex signaling pathway that
plays an important role in regulating the repair of DNA
damage and inducing cell apoptosis [33]. In our research,
the significant enrichment of the DNA replication path-
way in S. esculenta larvae is likely due to Cu exposure
leading to errors in DNA replication in S. esculenta lar-
vae, which results in innate immune disorders in S. escu-
lenta larvae. Research has found that inflammation can
increase damage to the nervous system by degrading
tight junction proteins. There is an interaction between
tight junction proteins and inflammation, and protecting
these proteins can also alleviate inflammatory responses,
thereby reducing the potential for impaired neurological
function [34]. Genes in the tight junction pathway, such
as TUBAIC and MICALL2, showed down-regulated
expression, and we speculate that S. esculenta larvae
undergo in vivo inflammation following Cu exposure and
degradation of tight junction proteins. Cell cycle activ-
ity is related to immune function, and dysregulation of
the cell cycle often indicates the presence of abnormal
immune cells. Some cell cycle regulators can modulate
the cell cycle to exert immunomodulatory effects, and
cell cycle programs may be linked to immune behav-
ior through mechanisms that can influence immunity
[35, 36]. We found down-regulation of the CDK1 gene,
a cell cycle protein-dependent kinase, in our tran-
scriptome results. CDK1 influences its catalytic activ-
ity through unique interactions with various cell cycle
protein complexes, ensuring that cell cycle progression
is not impaired. Additionally, CDK1 plays a significant
regulatory role in modulating various cellular immune
responses during inflammation [37, 38]. Therefore, the
downregulation of the CDK1 gene after copper induction
in S. esculenta larvae likely indicates an abnormality in
the cell cycle.

In conclusion, the activation of the DNA replication
pathway, tight junction pathway, and cell cycle pathway
following Cu exposure may be linked to the presence of
inflammation in S. esculenta larvae. We also observed a
differential distribution of DEGs across the three shared
pathways between the Cu and CuT groups, with an
increased number of DEGs in the CuT group. This trend
suggests that copper exposure under elevated tempera-
ture conditions may exacerbate the adverse effects on S.
esculenta.

Analysis of unique KEGG pathways in the CuT group
Comparison of the Cu group with the CuT group
revealed that the pathways unique to the CuT group
related to immunity were the nucleotide excision repair
pathway, base excision repair pathway, FcyR-mediated
phagocytosis pathway, and autophagy pathway.
Nucleotide excision repair is unique in that it recog-
nizes and removes truncated damage in DNA and is
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involved in the repair of DNA, which is closely linked
to autoimmunity and inflammation present in the self
[39—41]. Base excision repair (BER) is the primary path-
way for eukaryotic cells to resolve single-base damage,
enabling rapid and efficient DNA damage repair [42].
Therefore, we deduced that the enrichment of DEGs in
the nucleotide excision repair pathway and base excision
repair pathway was most likely caused by high-temper-
ature Cu exposure, resulting in further disruption of the
replication of S. esculenta larval DNA. Phagocytosis is a
biological process; phagocytosis is usually accompanied
by inflammation; phagocytosis is fundamental to the
immune response and ensures that the body removes
pathogens and apoptotic cells. Activation of phagocy-
tosis by FcyR stimulates phospholipase D (PLD) activ-
ity and stimulates the macrophage plasma membrane
to produce phosphatidic acid (PA), thereby increasing
phagocytic efficiency [43—45]. Activation of the phagocy-
tosis pathway in S. esculenta larvae may further exacer-
bate inflammation in vivo due to Cu exposure at elevated
temperatures, and phagocytosis is required to remove
damaged cells in vivo and thereby inhibit inflammation.
Autophagy is associated with many essential biological
processes, which include immunity, cell development,
and the differentiation of cells through the regulation
of inflammation. Through autophagic cells, damaged
or harmful components can be eliminated [46, 47]. We
found that the Prkcd and Sqstml genes were enriched
and up-regulated in this pathway. Therefore, we postulate
that high-temperature Cu exposure and inflammation in
S. esculenta larvae result in an increase in the number of
damaged cells in the body and an increase in autophagy,
which accelerates the clearance of damaged cells from
the body and thus reduces the inflammatory response.

In conclusion, high temperatures enhanced the toxicity
of metallic copper ions, which further led to DNA dam-
age in S. esculenta larvae and interfered with the ability
of the larvae to replicate and repair DNA. Cu exposure
under high-temperature conditions was able to cause
more severe inflammation in S. esculenta larvae, which
attenuated the inflammatory response by enhancing
autophagy and phagocytosis in vivo.

Conclusion

We employed transcriptome sequencing to investigate
the impact of copper (Cu) exposure on the immune
responses of S. esculenta larvae under high-temperature
conditions. Through the analysis of (DEGs and functional
enrichment pathways, we preliminarily observed that the
CuT group exhibited a more pronounced disruption of
intercellular ion transport, immune function, and DNA
replication and repair compared to the Cu-only group.
This disruption likely interfered with the normal physio-
logical processes of S. esculenta larvae, potentially leading
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to enhanced inflammation. Inflammatory responses
were more intense in the CuT group, as indicated by the
increased DNA damage and stronger immune response
observed in the larvae. This study contributes to bridg-
ing the knowledge gap regarding the combined effects
of temperature and heavy metals on S. esculenta larvae,
offering new insights into how their interactions exacer-
bate the health risks to these organisms. Furthermore,
our findings provide a valuable reference for understand-
ing the survival and reproductive challenges faced by
other cephalopods in similar environmental conditions.
In the context of rising global temperatures and increas-
ing heavy metal pollution, the present study is an impor-
tant practical guide for the breeding of S. esculenta and
other cephalopods. The reference data and theories we
provide will help aquaculture enterprises or individu-
als to better understand and cope with these challenges,
thus promoting the sustainable development of related
industries.
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