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Abstract
Background  Global climate change has significantly increased environmental stress in marine ecosystems, with 
rising sea surface temperatures and declining dissolved oxygen (DO) levels. These stressors pose critical challenges to 
aquaculture, particularly for Apostichopus japonicus, an economically significant species in China. A. japonicus is highly 
sensitive to combined high-temperature and hypoxia stress, which disrupts physiological processes, suppresses 
immune responses, and increases mortality. While epigenetic mechanisms such as N6-methyladenosine (m6A) RNA 
modifications are known to regulate stress adaptation, their role under dual stressors in A. japonicus remains poorly 
understood.

Results  This study integrates m6A methylation sequencing (MeRIP-seq) and transcriptomic analysis (RNA-seq) to 
investigate molecular responses in A. japonicus under combined high-temperature (32 °C) and hypoxia (DO = 2 mg/L). 
Results show that approximately 90% of genes had 1–3 m6A peaks, with single peaks being the most frequent 
(∼ 60%). Genes with m6A modifications exhibited varying expression levels, with some showing significantly higher 
expression, suggesting a complex relationship between m6A methylation and stress-responsive gene expression. 
GO and KEGG enrichment analyses revealed that m6A-modified genes regulate pathways associated with oxidative 
stress, protein homeostasis, and energy metabolism, such as the PI3K-Akt and MAPK signaling pathways. Key stress-
responsive genes, including HSP70, NOX5, and SLC7A11, exhibited dynamic m6A methylation changes, highlighting 
their roles in redox homeostasis and cellular resilience. Comparative analysis across experimental groups revealed 
distinct molecular responses to hypoxia, high-temperature stress, and their combination, with combined stress 
inducing more pronounced changes in m6A methylation and gene expression.

Conclusion  In this study, we explored the central regulatory role of m6A RNA methylation in the response of 
A. japonicus to the dual environmental stress of high-temperature and hypoxia. The findings show that m6A 
modification regulates the expression of key genes, allowing A. japonicus to effectively adapt to harsh environmental 
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Introduction
Due to the ongoing effects of global climate change, 
environmental pressures on Marine ecosystems have 
increased significantly. Since the 1970s, sea surface tem-
peratures have shown a clear upward trend, rising by an 
average of about 0.13 °C per decade, significantly impact-
ing marine environments and biomes [1]. The Yellow and 
Bohai Seas, critical places for Chinese aquaculture, have 
warmest at rates faster than the world-wide average, with 
extreme high-temperature events becoming more fre-
quent during the summer [2]. Simultaneously, dissolved 
oxygen levels in these regions have consistently decreased 
due to stratification and eutrophication, leading to criti-
cally low oxygen levels below 2 mg/L, threatening aquatic 
life and ecosystem stability [3, 4]. These environmental 
changes pose significant threats to marine organisms by 
impairing physiological processes, suppressing immune 
responses, and reducing survival rates [5].

According to the Food and Agriculture Organization 
(FAO), extreme climate events have caused annual global 
economic losses of billions of dollars [6]​. In China, the 
extreme hot weather season has become directly linked 
to increased mortality incidences in animal species, 
including the sea cucumber (Apostichopus japonicus) [7]. 
With an annual production exceeding 200,000 tons and a 
market value of over $4 billion, A. japonicus is one of the 
most important aquaculture species in China, particu-
larly in Shandong and Liaoning provinces [8]. The opti-
mum growth temperature of A. japonicus is 16 ∼ 21℃, 
when temperatures exceed 26  °C, causing oxygen con-
sumption to increase. However, as the temperature rises 
further, metabolism is disrupted, leading to a decrease in 
oxygen consumption [7]. Furthermore, A. japonicus has 
shown a marked decrease in survival rates when exposed 
to temperatures exceeding 30  °C. Studies have demon-
strated that at 32  °C, sea cucumbers experience signifi-
cant physiological stress, including increased metabolic 
demand and reduced immune function, which may con-
tribute to mortality in aquaculture systems [9, 10]. When 
the temperature of the water body is high and the oxygen 
content is low, the aquaculture system will be seriously 
affected, and this adverse environment will cause adverse 
effects on the health and survival of aquatic animals, such 
as reduced immune function, increased physiological 
burden and reduced survival rate [6]​.

N6-methyladenosine (m6A) is a common RNA modifi-
cation essential for organisms to adapt to environmental 
stress. It is widely present in organismal mRNA and plays 
a key role in regulating protein synthesis, RNA stability, 
translation efficiency, and stress response, enabling cells 
to adjust to external changes without disrupting normal 
processes [11, 12]. Recent studies in marine invertebrates 
have shown that m6A modifications regulate immune 
responses under stress in species such as Mytilus corus-
cus [13], where m6A influences immune function dur-
ing stress conditions. In Marsupenaeus japonicus, m6A 
modifications are involved in metabolic reprogramming 
during viral infections and regulate molting processes 
[14]. Additionally, exposure to environmental stressors 
like ammonia nitrogen has been shown to alter m6A 
modification patterns in Litopenaeus vannamei [11]. 
While m6A’s role in stress adaptation has been explored 
in other marine species, research in A. japonicus is lim-
ited, particularly regarding combined high-temperature 
and hypoxia stress. The response mechanisms of m6A 
modification to combined high-temperature and hypoxia 
stress may involve complex cellular signaling pathways 
related to energy metabolism, immune regulation, and 
oxidative stress, all of which are crucial for the organism’s 
survival under harsh environmental conditions [12, 15].

This study utilizes m6A methylation sequencing 
(MeRIP-seq) and RNA-seq to investigate the role of m6A 
modification in A. japonicus under combined high-tem-
perature and hypoxia stress. We reveal that m6A modi-
fication regulates immune and oxidative stress-related 
genes in A. japonicus, particularly in oxygen-sensitive 
respiratory tree tissues, enhancing the species’ adapt-
ability and survival in hypoxia and high-temperature 
environments. These findings provide new insights into 
how marine organisms adapt to complex environmen-
tal stresses, highlighting the epigenetic role of m6A 
modification.

Results
RNA sequencing data quality and mapping statistics
Each sequencing library generated around 40  million 
high-quality reads, with Q30 scores consistently sur-
passing 92.80%. The alignment rate to the A. japonicus 
reference genome ranged between 68.42% and 76.46%, 
with more than 45% of the reads being uniquely mapped 
(Supplementary Table S1). These outcomes confirm that 

conditions. This study not only provides an important new perspective on the molecular stress recovery mechanism 
of marine invertebrates in the face of complex environmental stress, but it also provides theoretical support for 
aquaculture practice, assisting in the development of more stress-resistant aquaculture systems to deal with the 
severe challenges posed by global climate change.

Keywords  m6A RNA methylation, High-temperature stress, Hypoxia stress, Apostichopus japonicus, Stress adaptation 
mechanisms
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Fig. 1 (See legend on next page.)
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the sequencing data met the necessary quality criteria for 
subsequent analyses.

A total of 12,768, 8,679, and 10,983 m6A peaks were 
identified in the T18DO7, T18DO2, and T32DO2 groups, 
respectively (Fig. 1B). Shared and unique peaks between 
groups are presented in Fig.  1C, with 4,188 peaks over-
lapping to all conditions. Approximately 90% of the genes 
had 1–3 m6A peaks, with single peaks being the most fre-
quent, accounting for roughly 60% of the genes across all 
groups (Fig. 1D). Specifically, the T18DO2 group exhib-
ited the highest proportion of genes with a single m6A 
peak (60.39%), followed by the T32DO2 group (56.62%) 
and the T18DO7 group (54.82%). Genes with more than 
three m6A peaks were rare, making up less than 10% in 
all groups (Fig. 1D).

m6A peak distribution across gene functional elements
The distribution of m6A peaks across gene functional 
elements is illustrated in Fig.  1E. Most m6A peaks 
were localized within coding sequences (CDS), with 
the T18DO7, T18DO2, and T32DO2 groups showing 
41.11%, 41.08%, and 42.44% of peaks in the CDS, respec-
tively. In contrast, the 5’ untranslated region (UTR) had 
the fewest m6A peaks (3.41–3.66%). Peak counts were 
highest in T18DO7 (12,768 peaks), followed by T32DO2 
(10,983 peaks), and lowest in T18DO2 (8,679 peaks).

The distribution of m6A peaks across different gene 
functional elements revealed specific trends (Fig.  1F). 
In the 5’ UTR, the proportion of m6A peaks increased 
gradually, reaching a slight plateau across all groups. A 
sharp rise in peak density was observed at the start of the 
CDS region, followed by a decline in the middle portion 
of the CDS. At the terminal region of the CDS, a sec-
ondary increase in peak density was noted, which then 
sharply declined. In the 3’ UTR, a moderate rise in m6A 
peak density was observed, followed by a final decrease 
towards the end. While similar trends were observed in 
all three groups, T18DO7 consistently exhibited higher 
m6A enrichment across all regions compared to T18DO2 
and T32DO2, indicating that hypoxia and combined 
high-temperature stress may reduce overall m6A enrich-
ment levels.

A motif refers to a short, recurring sequence of nucle-
otides in RNA, typically associated with the binding 
of specific proteins or modifications, such as m6A. In 

this study, motifs like ARAAACWKT (T18DO2) and 
RRAAACWTT (T32DO2) were significantly enriched 
in the stressed groups (Fig. 1G). The enrichment of these 
motifs was notably higher in the stressed groups com-
pared to the control group, indicating a shift in gene 
regulation due to the stress. The motifs in the stressed 
conditions showed high similarity, likely reflecting the 
regulatory convergence of stress-related pathways acti-
vated by environmental stressors, such as heat and 
hypoxia.

Comparative m6A peak analysis between groups
A comprehensive analysis of m6A peaks revealed sig-
nificant differences across the experimental groups. In 
the T18DO7_VS_T18DO2 comparison, 299 peaks were 
identified (Fig.  1H), with 71 peaks upregulated and 228 
downregulated (P < 0.05,|log2FC| > 1) (Fig.  1J), includ-
ing genes such as MMP14 (Matrix metallopeptidase 14), 
Sstr4 (Somatostatin receptor 4), NOX5 (NADPH oxidase 
5), and others. The comparison between T18DO7 and 
T32DO2 identified 651 peaks (Fig. 1H), with 337 upreg-
ulated and 314 downregulated peaks (Fig.  1J), includ-
ing TNR (Tenascin R), Slc6a5 (Solute carrier family 6 
member 5), PRSS12 (Serine protease 12), among others. 
In the T18DO2_VS_T32DO2 comparison, 626 peaks 
were identified (Fig. 1H), with 466 upregulated and 160 
downregulated (Fig.  1J), including genes such as NOX5, 
TNR, TMEM246 (Transmembrane protein 246), and oth-
ers. Gene analysis related to m6A peaks showed that the 
T18DO7_VS_T18DO2 comparison revealed 178 distinct 
genes (Fig. 1I), while the T18DO7_VS_T32DO2 compar-
ison showed 377 distinct genes (Fig.  1I), and T18DO2_
VS_T32DO2 had 340 distinct genes (Fig.  1I). Notably, 
only 15 genes were common across all three comparisons 
(Fig.  1I), suggesting that hypoxia and high-temperature 
stress impact different gene sets, although some overlap 
exists. These findings highlight the significant impact of 
high-temperature and hypoxia stress on m6A methyla-
tion. High-temperature stress in T32DO2 caused more 
upregulated peaks, indicating a stronger influence on 
m6A modification compared to hypoxia. This suggests 
distinct stress-induced reprogramming of m6A modifica-
tions under different conditions.

(See figure on previous page.)
Fig. 1  Illustrates the experimental design and the general distribution patterns of m6A peaks under different stress conditions in A. japonicus. (A) Rep-
resents the experimental treatment groups, detailing the environmental stress conditions applied, including variations in temperature and dissolved 
oxygen levels. (B) Summarizes the total number of m6A peaks identified in each group, reflecting the overall methylation landscape under each condi-
tion. (C) Shows a Venn diagram displaying shared and unique m6A peaks among the different treatment groups, while (D) Categorizes the proportion of 
genes containing different numbers of m6A peaks. (E) Visualizes the distribution of m6A peaks across transcript regions, including 3’UTR, 5’UTR, CDS, start 
codon, and stop codon, emphasizing functional localization patterns. (F) Depicts the density distribution of m6A peaks along transcripts, highlighting po-
sitional preferences and regions with higher methylation density. (G) Identifies consensus motifs associated with m6A peaks, revealing sequence-specific 
regulatory features linked to stress adaptation. (H) and (I) present Venn diagrams comparing shared and unique m6A peaks and m6A-associated genes 
across group pairs, respectively. Finally, (J) displays the volcano plot illustrating the differential m6A peaks between groups and their associated genes
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Functional enrichment analysis of differential m6A peaks
To further investigate the role of m6A modification in 
A. japonicus under high-temperature (T32) and severe 
hypoxia (DO2) conditions, GO enrichment analysis 
was conducted on differentially m6A peak-associated 
genes across the three comparison groups: T18DO7_
VS_T18DO2, T18DO7_VS_T32DO2, and T18DO2_
VS_T32DO2. The results revealed substantial overlap in 
GO terms among the three groups (Fig. 2A), particularly 
in categories such as metabolic processes (e.g., primary 
metabolic processes, organic substance metabolic pro-
cesses, and nitrogen compound metabolic processes), 
while also highlighting unique GO terms specific to each 

group, reflecting distinct biological responses under dif-
ferent stress conditions. In the biological process (BP) 
category, enriched terms were primarily associated with 
metabolic and cellular processes. The cellular component 
(CC) category showed significant enrichment in cellular 
cytoplasm, organelles, and membrane-bounded organ-
elles. In the molecular function (MF) category, key terms 
included binding activities (e.g., protein binding and 
anion binding) and catalytic activities (e.g., transferase 
and hydrolase activities). These findings underscore the 
pivotal role that m6A modification plays a critical role in 
regulating both general fundamental biological functions 

Fig. 2  Demonstrates the functional enrichment analysis of genes associated with differential m6A peaks across stress conditions. (A) GO annotation 
results for biological processes (BP), molecular functions (MF), and cellular components (CC) of genes associated with differential m6A peaks. (B) KEGG 
pathway enrichment analysis of m6A peak-associated genes
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Fig. 3 (See legend on next page.)
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and condition-specific responses in A. japonicus under 
high-temperature and hypoxia stress.

KEGG pathway enrichment analysis was performed 
for the comparison groups T18DO7_VS_T18DO2, 
T18DO7_VS_T32DO2, and T18DO2_VS_T32DO2 
(Fig.  2B). The analysis identified a considerable overlap 
in enriched pathways across the groups, including meta-
bolic pathways, the PI3K-Akt signaling pathway, and pro-
tein processing within the endoplasmic reticulum, which 
suggests shared mechanisms for responding to stress. 
Nonetheless, unique KEGG pathways were identified 
in each group, highlighting physiological responses tai-
lored to specific conditions. In the comparison between 
T18DO7 and T18DO2, several unique pathways were 
enriched, including various types of N − glycan biosyn-
thesis, proteoglycans in cancer, dopaminergic synapse, 
cAMP signaling pathway, PI3K − Akt signaling pathway, 
and focal adhesion. For T18DO7 vs. T32DO2, spliceo-
some was the unique pathway identified. In the compari-
son between T18DO2 and T32DO2, unique pathways 
such as the NOD − like receptor signaling pathway and 
shigellosis were observed.

Shared and unique DEGs in A. japonicus under stress
RNA-seq analysis revealed distinct clustering of the three 
treatment groups in the PCA plot (Fig.  3A), with the 
T32DO2 group showing the greatest separation from the 
other two groups. This separation indicates a unique gene 
expression profile under extreme conditions of combined 
heat and hypoxia stress.

The shared and unique differentially expressed genes 
(DEGs) among the groups are summarized in Fig.  3B. 
A core set of five DEGs (DMBT1(Deleted in malignant 
brain tumors 1), Cyp2u1 (Cytochrome P450 family 2 sub-
family u member 1), ITIH3 (Inter-alpha-trypsin inhibitor 
heavy chain 3), hsp90ab1 (Heat shock protein 90 alpha 
family class B member 1) and slc5a8 (Solute carrier family 
5 member 8)) was identified across all comparisons, high-
lighting their central roles in general stress responses. In 
addition, 26 DEGs were shared between the T18DO7_
VS_T18DO2 and T18DO2_VS_T32DO2 comparisons, 
29 DEGs were shared between T18DO7_VS_T18DO2 
and T18DO7_VS_T32DO2, and 923 DEGs were shared 
between T18DO7_VS_T32DO2 and T18DO2_VS_
T32DO2, reflecting transitional and temperature-specific 
molecular adaptations.

The DEGs identified in each pairwise comparison 
was detailed in Fig.  3C and D. From the comparison of 

T18DO7_VS_T18DO2, a total of 117 DEGs includ-
ing 23 upregulated and 94 downregulated genes were 
detected. T18DO7_VS_T32DO2 revealed 1,257 DEGs 
with 361 upregulated and 896 downregulated genes. 
Through T18DO_VS_T32DO2 1,921 DEGs were found, 
with 1,070 being the upregulated and 851 the downregu-
lated genes. For instance, in the T18DO7_VS_T18DO2 
comparison, among the identified genes were OLFM4 
(Olfactomedin 4), DMBT1 and SFTPD (Surfactant pul-
monary defensin, whereas those like SLC2A5 (Solute car-
rier family 2 member 5) and HSP70IV (Heat shock protein 
70 family member 4) were conspicuously expressed in 
T18DO7_VS_T32DO2. Also, there were such genes as 
AQP9 (Aquaporin 9), SLC2A5, and Hsp67B (Heat shock 
protein 67 kDa, family B) that stood out in the T18DO2_
VS_T32DO2 comparison.

The Gene Ontology (GO) enrichment analysis (Fig. 3E) 
revealed commonalities among the three treatment 
groups, with differentially expressed genes (DEGs) pre-
dominantly enriched in biological processes like oxi-
dation-reduction, protein folding, and transcriptional 
regulation, indicating a broad molecular response to 
environmental stress. In contrast, KEGG pathway analy-
sis (Fig.  3F) highlighted group-specific variations. For 
instance, the T18DO7_VS_T18DO2 comparison showed 
enrichment in pathways related to steroid biosynthesis 
and DNA replication, suggesting shifts in metabolic and 
cellular activities under normothermic hypoxia. In the 
T18DO7_VS_T32DO2 comparison, pathways associ-
ated with protein digestion and lipid metabolism were 
enriched, reflecting adaptations to the combined effects 
of heat and hypoxia. Additionally, the T18DO2_VS_
T32DO2 comparison revealed significant enrichment in 
pathways such as glutathione metabolism, emphasizing 
oxidative stress responses under combined high-temper-
ature and hypoxia.

Role of m6A methylation in gene expression regulation
In the T18DO2, T18DO7, and T32DO2 groups, genes 
with m6A modifications consistently showed significantly 
higher expression compared to those without m6A modi-
fication (Fig.  4A). Integrated analysis of m6A-seq and 
RNA-seq data revealed that, under combined high-tem-
perature and hypoxia stress conditions, genes with m6A 
modifications showed varying expression changes, either 
higher or lower. Across the treatment groups, m6A-
modified genes were more likely to exhibit synchronized 
changes in both m6A methylation and mRNA expression 

(See figure on previous page.)
Fig. 3  Visualizes transcriptional differences and functional characteristics of DEGs under varying stress conditions. (A) PCA plot shows distinct clustering 
of the three experimental groups. (B) Venn diagram summarizes shared and unique DEGs among the groups. (C) Bar plot displays the number of up-
regulated and downregulated DEGs in each pairwise comparison. (D) Volcano plots illustrate the magnitude and significance of transcriptional changes, 
identifying key stress-responsive genes. (E) GO annotation categorizes DEGs by biological functions. (F) KEGG pathway analysis highlights pathways 
involved in stress adaptation
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Fig. 4 (See legend on next page.)

 



Page 9 of 13Wang et al. BMC Genomics          (2025) 26:363 

levels. A higher proportion of genes fell into the “hyper-
up” (increased m6A and mRNA levels) or “hypo-down” 
(decreased m6A and mRNA levels) categories. Specifi-
cally, in the T18DO7_VS_T32DO2 comparison, 56 genes 
showed significant changes, including 1 hyper-up gene 
and 53 hypo-down genes. In the T18DO7_VS_T18DO2 
comparison, 160 genes were differentially affected, with 
35 hyper-up and 80 hypo-down genes. Meanwhile, in the 
T18DO2_VS_T32DO2 comparison, 186 genes exhibited 
significant changes, including 104 hyper-up and 34 hypo-
down genes. The distribution of these genes across the 
four categories, as illustrated in the four-quadrant plots 
and Venn diagrams (Fig. 4B and C), highlights the critical 
role of m6A methylation in modulating gene expression 
in response to environmental stress in A. japonicus.

GO and KEGG pathway enrichment analyses were 
performed using the key genes identified from the inte-
grated analysis of m6A-seq and RNA-seq data (Fig. 4D). 
In the comparison of T18DO7_VS_T18DO2, the abun-
dance of ATP binding, RNA helicase activity, and nucleic 
acid binding was observed in the genes of the biological 
process, which is linked to RNA processing, and energy 
metabolism which are the underlying mechanisms work-
ing. During the comparison of T18DO7_VS_T32DO2, 
the genes were dense in the processes responsible for pro-
tein folding and the mitochondria, signifying the cellular 
stress responses. Similarly, in the T18DO2_VS_T32DO2 
comparison, processes such as Hsp70 protein binding 
and SRP-dependent protein targeting were enriched in 
the RNA processing and energy metabolism, and pro-
tein synthesis, etc., under stress conditions. The fact that 
m6A modifications in gene expression regulation become 
extremely threatened particularly in environmental stress 
could be highly supported by shared GO terms across all 
comparisons, such as methyltransferase activity, hydro-
lase activity, and ribosome biogenesis. Furthermore, 
with regard to KEGG pathway analysis, such pathways 
as glycosaminoglycan degradation and ribosome bio-
genesis in eukaryotes emerged as significantly enriched 
particularly in the T18DO2_VS_T32DO2 comparison 
implying m6A’s involvement in cellular metabolism and 
protein synthesis under high-temperature and hypoxic 
conditions.

The expression levels of representative genes in 
T18DO7, T18DO2, and T32DO2 are shown in Fig.  4E. 
Genes such as Mettl16 (Methyltransferase like 16), 
RNF19A (Ring finger protein 19  A), and Slc6a5 are 
involved in various biological processes linked to stress 

adaptation. Specifically, these genes play critical roles in 
RNA processing (Mettl16, TRMT2A (tRNA methyltrans-
ferase 2  A)), protein folding and degradation (RNF19A, 
PRSS12), antioxidative responses (SLC7A11 (Solute car-
rier family 7 member 11), DHCR24 (24-Dehydrocholes-
terol reductase)), and mitochondrial function (AMOT 
(Angiomotin), HAO1(Hydroxyacid oxidase 1)). Addition-
ally, genes such as Bambi (BMP and activin membrane-
bound inhibitor) and Trib2 (Tribbles pseudokinase 2) are 
involved in signaling pathways related to cellular sur-
vival under stress. Collectively, these genes regulate key 
pathways associated with high-temperature and hypoxic 
stress responses, contributing to cellular homeostasis, 
metabolism, and stress adaptation.

Discussion
The combined effects of high temperature and hypoxia on 
marine aquaculture
Rising temperatures and decreasing oxygen levels are 
increasingly affecting marine ecosystems [16, 17], par-
ticularly in areas like the Yellow and Bohai Seas, where 
the combined effects of high temperature and low dis-
solved oxygen (DO) pose significant threats to marine 
life, including A. japonicus. These stressors impair physi-
ological functions, such as metabolic processes and 
immune responses, and can drastically affect the survival 
of aquatic organisms [18, 19].

In this study, we simulate typical environmental condi-
tions of high temperature (32  °C) and hypoxia (2  mg/L 
DO) to investigate the physiological and molecular 
response mechanisms of A. japonicus. Previous studies 
on other marine invertebrates, such as shrimp (Penaeus 
vannamei) [20, 21] and sea urchins (Strongylocentro-
tus purpuratus) [22–24], have shown similar stress 
responses, including oxidative damage, immunosuppres-
sion, and metabolic disruptions under high-temperature 
and hypoxic conditions. Our study aims to deepen the 
understanding of how these combined stresses impact 
the survival and adaptability of A. japonicus in these chal-
lenging environments.

In combined high-temperature and hypoxia stress, 
antioxidant-related genes such as NOX5 and DHCR24 
were significantly upregulated, indicating that A. japoni-
cus may have a special antioxidant mechanism that is 
relatively rare in other marine invertebrates. At the same 
time, the expression levels of metabolic regulatory genes 
ALPL (Alkaline phosphatase) and AMOT changed sig-
nificantly, reflecting the metabolic reprogramming of 

(See figure on previous page.)
Fig. 4  Integrated Analysis of m6A Methylation and mRNA Expression. (A) Displays the expression levels of genes with and without m6A modifications. 
(B) Venn diagram shows the overlap between differentially m6A-methylated genes and DEGs. (C) Categorizes genes into four groups based on changes 
in m6A methylation and expression levels, reflecting diverse regulatory responses. (D) Functional enrichment analysis identifies key biological processes 
and pathways associated with genes showing coordinated changes in methylation and expression. (E) Presents representative genes involved in stress 
adaptation, emphasizing their roles in cellular responses
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A. japonicus in lipid metabolism and energy generation 
pathways. These findings are consistent with the research 
results of Litopenaeus vannamei, further emphasizing the 
key role of metabolic regulation in coping with environ-
mental stress [25–27].

Gene regulation and molecular adaptation under high-
temperature and hypoxia stress in A. japonicus
A. japonicus exhibits regulatory mechanisms in response 
to combined stress of high-temperature and hypoxia, 
particularly in terms of gene expression and m6A methyl-
ation. These results provide different perspectives on the 
adaptive strategies of organisms. Genes related to heat 
shock proteins (HSPs), antioxidant defense, and meta-
bolic regulation showed significant changes in expres-
sion levels and m6A modification patterns. Under stress 
conditions, the products and m6A methylation patterns 
of heat shock proteins such as HSP70 and HSP90 (Heat 
shock protein 90) increased significantly. When the envi-
ronment becomes harsh, heat shock proteins play a vital 
role in stress environments by maintaining protein stabil-
ity and cellular homeostasis [28, 29]. Results show that 
m6A modification is involved in post-transcriptional 
regulation. When A. japonicus respond to environmen-
tal stress, they increase post-transcriptional epigenetic 
modifications, which promotes the expression regulation 
of related genes. Similar regulatory patterns have also 
been reported in shrimps, such as the significant increase 
in the expression of heat shock proteins under high-tem-
perature stress and hypoxia [30].

This study found that the expression of antioxidant-
related genes NOX5 and SLC7A11 changed significantly 
under the dynamic regulation of m6A methylation. These 
genes maintain redox balance by regulating the level of 
reactive oxygen species (ROS) in cells [31, 32]. Nota-
bly, the NADPH oxidase encoding gene NOX5 showed 
a significant upregulation in A. japonicus, suggesting a 
molecular adaptation mechanism under the combined 
effects of high temperature and hypoxia-induced oxida-
tive stress. Additionally, changes in traditional antioxi-
dant enzymes, such as SOD and CAT, were also observed 
under stress conditions in A. japonicus, and similar 
regulatory patterns have been reported in other marine 
organisms like shrimps and sea urchins [33, 34].

Metabolic regulation has been identified as an impor-
tant component of the stress response in A. japonicus 
[35, 36]. The finding that genes such as ALPL and AMOT 
underwent significant changes in expression levels and 
m6A methylation in this study. ALPL, which plays a criti-
cal role in bone mineralization and energy metabolism, 
and AMOT, involved in cell migration and angiogenesis, 
are key regulators of metabolic pathways. Suggests that 
metabolic reprogramming is an important component of 
the adaptive mechanism of A. japonicus. This metabolic 

adjustment is mainly focused on oxidative phosphory-
lation and fatty acid metabolism pathways, meeting the 
higher energy demand during stress [37]. Similar meta-
bolic changes have also been reported in other marine 
invertebrates, with studies in shrimp showing enhanced 
lipid mobilization under conditions of high temperature 
and hypoxia [38, 39].

Functional roles of signaling pathways in stress adaptation
Signaling pathways play an important role in the pro-
cess of cell adaptation to environmental stress. This 
study revealed that A. japonicus uses a specific signaling 
network to cope with the combined stress of high tem-
perature and hypoxia. GO and KEGG pathway analysis 
showed that oxidative stress response, protein homeo-
stasis, and metabolism-related pathways are important 
in the adaptation process of A. japonicus, reflecting the 
complex adaptive strategies of organisms in response to 
adverse living conditions.

This study found that the PI3K-Akt and MAPK signal-
ing pathways were significantly enriched under various 
stress conditions, indicating that they play a key role in 
cell survival, immune response and metabolic regula-
tion. The PI3K-Akt pathway prevents cell apoptosis by 
alleviating oxidative stress and maintaining metabolic 
homeostasis, a function that has been widely confirmed 
in a variety of organisms [40]. In A. japonicus, the activa-
tion of this pathway may provide important support for 
cell adaptation to high temperature and hypoxia stress 
by reducing oxidative damage and supporting energy 
metabolism. As a key stress signal transduction regula-
tor, the significant upregulation of the MAPK signal-
ing pathway may be related to the activation of immune 
function and tissue repair processes. Similar adaptation 
patterns have also been observed in Litopenaeus vanna-
mei and Strongylocentrotus purpuratus, where the MAPK 
pathway is considered a conserved mechanism for coping 
with heat or hypoxia stress [41–44].

Pathways related to protein processing were signifi-
cantly enriched in the endoplasmic reticulum (ER), and 
high levels of expression of heat shock proteins (HSP70 
and HSP90) highlighted the necessity of cells to main-
tain protein quality under stress conditions, suggesting 
that cells respond to extreme environments by prevent-
ing protein misfolding and aggregation. Consistent with 
studies in other marine organisms (such as A. japonicus 
and bivalves), these results further verify the importance 
of protein homeostasis, which is essential for A. japoni-
cus to survive under stress conditions [45–47].

Adaptations of A. japonicus to environmental stress and 
future directions
This study revealed important adaptations in signaling 
pathways related to environmental stress. For example, 
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the significant upregulation of calcium signaling-related 
genes emphasizes its crucial role in stress adaptation in 
A. japonicus. Calcium signaling regulates essential cel-
lular processes, including apoptosis, immune responses, 
and oxidative stress, and has been shown to play a role 
in stress responses in other marine invertebrates, such 
as corals and shrimp. However, the specific regulatory 
mechanisms of calcium signaling in A. japonicus remain 
poorly understood [48, 49]. Additionally, the enrichment 
of neuroactive ligand-receptor interaction pathways 
points to potential cross-talk between metabolic and 
immune signaling, warranting further exploration.

Under the combined stress of high temperature and 
hypoxia, signaling pathways related to oxidative stress 
regulation (such as glutathione metabolic pathways) 
were significantly enriched. Genes such as SLC7A11 in 
this pathway play a central role in neutralizing ROS and 
maintaining redox homeostasis, and are of key signifi-
cance in the response of A. japonicus to stress. Changes 
in m6A methylation of these genes suggest that cells 
may adapt to environmental stress by precisely regulat-
ing gene expression. These findings suggest that signal-
ing pathways have dual functions in alleviating oxidative 
damage and promoting cell recovery.

Conclusions
This study explored the regulatory role of m6A RNA 
methylation in A. japonicus response to combined stress 
of high temperature and hypoxia. The results showed 
that key genes such as HSP70, NOX5, and SLC7A11, 
as well as PI3K-Akt and MAPK signaling pathways, 
played a key role in regulating oxidative stress, meta-
bolic reprogramming, and enhancing immune response 
in A. japonicus. The complex relationship between m6A 
methylation and gene expression further suggests that 
this epigenetic mechanism helps A. japonicus adapt to 
environmental stress more efficiently by finely regulating 
gene expression. This mechanism enables A. japonicus to 
better cope with oxidative damage, maintain metabolic 
balance, and improve immunity, thereby increasing sur-
vival in extreme environments. Next, research will focus 
on exploring the long-term effects of stress and expand-
ing to additional tissues to gain a more comprehensive 
understanding of the stress response mechanisms in A. 
japonicus.

Materials and methods
Experimental design and stress treatment protocols
A total of 90 A. japonicus individuals (mean weight 
106 ± 15.3  g, mean ± SD) were obtained from Shandong 
Anyuan Aquatic Products Co., Ltd. All specimens were 
bred under identical growth conditions. Before the 
experiments, the A. japonicus were acclimatized under 
controlled conditions (18 ± 0.5  °C, salinity 30‰, and a 

12  h light:12  h dark photoperiod) for 14 days. During 
this period, they were fed a commercial diet twice daily, 
and uneaten feed was removed to maintain water qual-
ity. The experiment included three treatment groups, 
each consisting of 3 biological replicates, each contain-
ing 10 individuals housed in separate 50  L tanks with a 
recirculating water supply, biofiltration system, and aera-
tion. The stress conditions were: T18DO7 (control: 18 °C, 
DO = 7  mg/L), T18DO2 (hypoxia: 18  °C, DO = 2  mg/L), 
and T32DO2 (combined high temperature and hypoxia: 
32  °C, DO = 2 mg/L). A gradual temperature increase of 
1  °C every 12 h was achieved using temperature control 
rods. To establish low oxygen conditions, nitrogen gas 
was bubbled into the water to reduce oxygen levels. The 
DO was continuously monitored using a DO meter to 
ensure that the required levels were maintained during 
the exposure period. The stress conditions were main-
tained for 24  h, simulating environmental stress sce-
narios (Fig. 1A). At the end of the exposure period, three 
individuals from each treatment groups were randomly 
sampled to ensure unbiased selection. Respiratory tree 
tissues were rapidly collected, frozen in liquid nitrogen, 
and stored at − 80 °C for molecular analyses.

Methylated RNA immunoprecipitation sequencing (MeRIP-
Seq) and RNA sequencing
Total RNA was extracted from respiratory tree tissues 
using TRIzol reagent (Invitrogen, USA) according to 
the manufacturer’s protocol. RNA integrity and concen-
tration were assessed using agarose gel electrophore-
sis, NanoDrop ND-1000, and Bioanalyzer 2100. Poly(A) 
RNA was isolated from 50 µg of total RNA using Dyna-
beads™ Oligo(dT)25 (Thermo Fisher, USA). To enhance 
m6A peak resolution, RNA was fragmented to ∼ 100 nt. 
Immunoprecipitation was performed with 10  µg frag-
mented RNA using 2  µg m6A antibody (Synaptic Sys-
tems, Germany) in IP buffer (50 mM Tris-HCl, 750 mM 
NaCl, 0.5% Igepal CA-630) at 4 °C for 2 h. RNA-antibody 
complexes were captured using Dynabeads™ Protein A 
(Thermo Fisher, USA), eluted, and recovered via ethanol 
precipitation. Both input and immunoprecipitated RNA 
were reverse-transcribed using SuperScript™ II (Invit-
rogen, USA). cDNA libraries were prepared with dual-
index adapters and amplified via PCR. The libraries were 
sequenced on an Illumina NovaSeq™ 6000 platform (LC-
Bio Technology Co., Ltd., China).

Analysis of MeRIP-Seq and RNA-Seq data
Raw sequencing data were quality-filtered using fastp 
(v0.18.0) to remove low-quality bases and adapter 
sequences. Reads were mapped to the ribosomal RNA 
(rRNA) database with Bowtie2 (v2.2.8), and rRNA-
mapped reads were excluded. The remaining clean reads 
were aligned to the A. japonicus reference genome (NCBI 



Page 12 of 13Wang et al. BMC Genomics          (2025) 26:363 

Assembly Version ASM275485v1) using HISAT2 (v2.1.0). 
For MeRIP-Seq, m6A-enriched regions (peaks) were 
identified using the R package exomePeak2 (v1.12.0) with 
a default p-value threshold of < 1e-5. Peaks were anno-
tated using ANNOVAR to classify their genomic distri-
bution (5’ UTR, CDS, or 3’ UTR). Significant peaks were 
defined as those meeting|log2(fold change)| > 1 and false 
discovery rate (FDR) < 0.05. Motif discovery was per-
formed with HOMER (v4.11), and visualizations were 
generated using ggseqlogo and ggplot2. Differential peak 
analysis was conducted using DiffBind (v2.8.0), and over-
lapping peaks were identified as common peaks with the 
nearest gene considered peak-related.

For RNA-Seq, clean reads were aligned to the refer-
ence genome with HISAT2 (v2.1.0) and assembled into 
transcripts using StringTie (v1.3.4). Gene expression was 
quantified as FPKM using RSEM (v1.2.19). Differentially 
expressed genes (DEGs) were identified using DESeq2 
(v1.20.0) with thresholds of|log2(fold change)| ≥ 2 and 
FDR < 0.05. Functional enrichment analysis of peak-
associated genes and DEGs was performed using GO.db 
(v3.14.0) and the KEGG database (Release 101), with sig-
nificance defined at adjusted P < 0.05.

Integrated analysis of differential m6A methylation and 
transcriptomic changes
Differentially expressed genes and m6A methylated 
peaks were analyzed using edgeR (v4.4.1) on biological 
replicates, applying thresholds of|log2(fold change)| > 
1 and P < 0.05 to identify significant differences. Genes 
were categorized into four groups based on methylation 
and expression changes: “hyper-up” (increased meth-
ylation and expression), “hypo-down” (decreased meth-
ylation and expression), “hyper-down,” and “hypo-up.” A 
four-quadrant diagram was generated to visualize these 
relationships. GO and KEGG enrichment analyses were 
performed on genes in each category to identify path-
ways potentially regulated by m6A methylation.

Statistical analysis
Statistical analyses were applied to both MeRIP-Seq and 
RNA-Seq datasets. Differences between two groups were 
assessed using a two-tailed Student’s t-test, * and *** indi-
cate significant difference at P < 0.05 and P < 0.001. Data 
are presented as mean ± SD (n = 3, biological replicates).
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