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Introduction

Aquaculture is the fastest-growing source of animal protein worldwide, playing a crucial role
in global food security under rapid population growth. However, climate change and the
associated rise in extreme events, including both marine heatwaves and cold spells, have
emerged as major threats to aquaculture productivity and sustainability (Islam et al., 2022).
Phenotypic plasticity, the ability of a single genotype to express different phenotypes under
different environments, provides the most immediate buffering mechanism (Pigliucci ef al.,
2006), allowing individuals to survive and reproduce before genetic adaptation occurs. The
large yellow croaker (Larimichthys crocea) is one of China’s most important marine
aquaculture fish. Its shallow floating cage farming system exposes individuals to rapid and
sometimes extreme surface temperature fluctuations, while behavioral thermoregulation (e.g.,
diving to deeper and cooler water levels) is not possible. Over the past decade, a comprehensive
genomic and physiological toolkit has been established for L. crocea (Chen et al., 2019),
genome-wide markers and GWAS platforms for stress-related traits (Zhou et al., 2020),
providing a solid foundation for mechanistic studies of environmental plasticity in this species.
Within the domain of thermal biology, studies have evaluated its thermal tolerance, safety
margins, and identified candidate genomic variants (Wu et al, 2021; Wu et al., 2022).
Nevertheless, the molecular mechanisms underpinning its thermal plasticity, particularly the
interaction between transcriptional and epigenetic regulation, remain poorly understood. In this
study, we performed an integrated transcriptome—methylome study of L. crocea acclimated to
11 °C (Cold) and 30 °C (Heat) conditions. This study will enrich our understanding of
molecular mechanisms underlying climate adaptation in aquaculture fishes and provide
candidate biomarkers for selective breeding and resilience-based management.

Materials & Methods

Approximately 700 healthy individuals (average body weight 69.58 + 14.00 g) were transferred
to an indoor aquaculture facility. After acclimation at ambient temperature (17.34 £ 0.41°C)
for one week, fish were divided into three groups: control group, cold-acclimated group (Cold,
11 °C), and heat-acclimated group (Heat, 30 °C), with each treatment including two replicate
tanks (100 fish per tank). Temperature was gradually adjusted at 1.0~1.8 °C per day until the
target levels were reached and then maintained for three weeks. Control fish were sampled
prior to thermal acclimation as baseline controls, whereas fish samples from Cold and Heat
groups were taken at the end of the 3-week acclimation period. Three individuals per group
were used as biological replicates for both transcriptome sequencing and whole-genome
bisulfite sequencing (WGBS). Sequencing was conducted on the Illumina NovaSeq 6000
platform to obtain 150 bp paired-end reads. Differential expression analysis was performed
using DESeq2, with |log2FC| > 1 and FDR < 0.05 as thresholds. Pairwise comparisons were
performed for Heat vs pre-acclimation controls and Cold vs pre-acclimation controls. Liver
DNA from the same individuals used for RNA-seq was subjected to whole-genome bisulfite
sequencing. Differentially methylated regions (DMRs) were identified with thresholds of P <
0.05 and methylation difference > 20%. Promoter regions were defined as the interval from
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2000 bp upstream of the transcription start site (TSS), and transcription termination region
(TTR) was defined as the region 2000 bp downstream of the transcription termination site
(TTS). Genomic annotations therefore included promoter regions (-2000 bp to TSS), 5° UTR,
CDS, intron, 3’ UTR, and TTRs. The resulting differentially methylated genes (DMGs) were
subjected to further functional analysis. DMGs were compared with differentially expressed
genes (DEGs) from transcriptomic analyses to identify methylation-regulated differentially
expressed genes (MeDEGs) under thermal acclimation. PPI networks were analyzed with
Metascape (Zhou et al., 2019), with emphasis on highly connected MCODE (Molecular
Complex Detection) clusters to explore biological relevance.

Results

We performed transcriptome sequencing on liver samples from large yellow croakers
acclimated to 30 °C (Heat) or 11 °C (Cold). Differential expression analysis identified 642
DEGs in the heat-acclimated group, with 288 upregulated and 354 downregulated genes; 293
DEGs were detected in the cold-acclimated group, including 155 upregulated and 138
downregulated genes. Although heat acclimation triggered more DEGs, cold acclimation was
associated with larger magnitudes of fold change and higher transcriptional plasticity. Under
heat acclimation, the PPI network revealed significant enrichment of functional modules
associated with apoptosis regulation (e.g., tp53, cdkl and myc) and lipid metabolism (e.g., fdft1,
sqle, nsdhl and hmgcr). The genes involved in lipid metabolism formed a tightly interacting
cluster involved in the steroid biosynthesis pathway. Genes related to stress response and
apoptosis inhibition (e.g., capnl, hspbl and hspdl) were enriched in the p53 and AMPK
signaling pathways. Under cold acclimation, the PPI network was characterized by functional
modules centered on carbohydrate processing, including glycolysis/gluconeogenesis (gopc,
pckl) and the TCA cycle (mdhl), which were associated with genes in the glucagon signaling
pathway (prkach, ppargcla) to activate glucose production.

Regarding temperature-induced changes in the DNA methylation landscape, we identified
15,813 and 16,508 DMRs in the heat- and cold-acclimated groups, respectively, most of which
were located in the intronic regions. To further explore the functional and transcriptional
relevance of methylation changes, we performed an integrative methylome—transcriptome
analysis by intersecting DMGs with DEGs to obtain MeDEGs. We identified 176 MeDEGs in
the heat-acclimated group and 81 MeDEGs in the cold-acclimated group. Among these, 65
(heat) and 23 (cold) displayed hypomethylation with upregulation (hypo-up), whereas 31 (heat)
and 19 (cold) showed hypermethylation with downregulation (hyper-down); the remaining
MeDEGs fell into discordant-direction categories (hypo-down and hyper-up).

A subset of MeDEGs was recurrently identified across heat and cold acclimation comparisons,
including midn, myc, bpgm, rassf8, phactr2, gck, ankl, igfbpl, gnl3, and tbc1d10b. These
shared candidates were mainly related to carbohydrate metabolism and energy production
(Figure 1). Notably, midn and tbc1d10b showed promoter hypomethylation in both temperature
treatments accompanied by substantially increased expression, with midn exhibiting the most
pronounced change. We next performed gene-specific correlation analyses for representative
candidates (gck, bpgm, and midn) to characterize locus-level methylation—expression
dynamics during thermal acclimation. In both treatments, gck was downregulated (log2FC: -
1.42 at 30 °C, -1.18 at 11 °C) but exhibited opposite methylation shifts in the associated DMRs
(-22.3% under heat acclimation vs. +18.7% under cold acclimation). bpgm showed consistent
hypermethylation (+24.1% at 30 °C; +19.8% at 11 °C) accompanied by reduced expression
(logoFC: -1.67 at 30 °C, -1.35 at 11 °C), whereas midn was consistently hypomethylated
(—35.2% at 30 °C; —31.8% at 11 °C) and upregulated log2FC: 2.31 at 30 °C, 1.96 at 11 °C).
Correlating DMR methylation levels with mRNA expression across sequenced individuals
yielded gene-specific associations (Pearson’s R = 0.53, P = 0.28 for gck; R =-0.77, P=0.076
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for bpgm; and R = -0.74, P = 0.092 for midn), these associations showed moderate-to-strong
trends but did not reach statistical significance, suggesting gene-specific methylation—
expression coupling during thermal acclimation.
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Figure 1. The putative regulatory mechanisms of thermal-plasticity related glycometabolism
in the liver cell of large yellow croaker. Words in red, green and white represent genes that
were significantly up-, down- and non-regulated after thermal acclimation, respectively. Genes
in bold overlapped ones which were differentially expressed in both heat- and cold-acclimated
groups.

Discussion

This study integrated transcriptomic and DNA methylation analyses of large yellow croaker
liver under thermal acclimation, revealing distinct plasticity mechanisms under heat and cold
acclimation. Both transcriptional and epigenetic regulation contributed to thermal adaptation,
with glucose metabolism and endocrine signaling pathways mediating heat acclimation, while
methylation of steroid metabolism and thyroid hormone-related genes supported cold tolerance
(Ahi et al., 2025; Cayuela et al., 2021). Although numerous DMGs were identified, the
genome-wide correlation between methylation changes and gene expression was relatively low,
consistent with observations in other marine fishes but differing from some mammalian and
plant systems (Kelley et al., 2021; Lou et al., 2014). However, when DMRs were categorized
by their genomic locations, 36 genes with DMRs located in promoter or transcriptional
termination regions exhibited either strong or statistically significant correlations between
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methylation and expression levels. Notably, many core genes were included in this subset,
indicating that the regulatory effect of DNA methylation on gene expression is complex and
location-dependent. Due to limitations in sample size, the methylation-expression relationships
of key genes may require further validation through larger-scale studies. Additionally, research
on Pacific oysters has shown that changes in protein acetylation can mediate energy
suppression and influence thermal tolerance differentiation (Li et al, 2018). Thus, it is
plausible that beyond DNA methylation, other epigenetic regulatory mechanisms, such as
histone acetylation and precursor mRNA alternative splicing, may also contribute to thermal
tolerance plasticity in large yellow croaker. Future multi-omics studies integrating
transcriptomic, histone modification, and alternative splicing data will further elucidate the
epigenetic basis of environmental adaptation in large yellow croaker.

Conclusions

This study provides critical insights into the molecular basis of thermal plasticity in the large
yellow croaker. By integrating transcriptomic and epigenomic data, we identified significant
gene expression changes and DNA methylation alterations in response to both heat and cold
acclimation. Our findings highlight the role of carbohydrate metabolism, endocrine signaling,
and stress response pathways in mediating thermal tolerance. Specifically, genes involved in
glucose metabolism, such as gck and bpgm, and hormone regulation, like midn, were strongly
associated with methylation changes, demonstrating the complex interplay between
transcriptional and epigenetic regulation. These results not only advance our understanding of
phenotypic plasticity mechanisms in marine species but also provide valuable candidate
biomarkers for improving breeding strategies and management practices in aquaculture,
particularly in the face of climate change-induced temperature fluctuations. Future research
should aim to further explore the heritability of these epigenetic changes and their role in long-
term climate adaptation.
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