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Simple Summary: Climate change has resulted in rising water temperatures, threatening the survival
of fish species such as the Hong Kong catfish. This study aimed to understand how these fish adapt
their brains to heat stress. Our findings indicate that fish acclimated to higher temperatures exhibit
better brain protection under sudden heat stress. Specifically, their brains rapidly activate genes
involved in preventing cell death, repairing tissue, and clearing damaged components. These insights
could inform the breeding of more heat-tolerant fish, ensuring sustainable aquaculture practices as
global temperatures continue to rise.

Abstract: Global climate change presents a significant challenge to aquatic ecosystems, with
ectothermic fish being particularly sensitive to temperature fluctuations. The brain plays a crucial
role in perceiving, regulating, and adapting to thermal changes, and its response to heat stress is
crucial for survival. However, the molecular mechanisms underlying heat stress and acclimation in
fish brains remain poorly understood. This study aimed to investigate the adaptive mechanisms of
Hong Kong catfish (Clarias fuscus) brains under heat acclimation and acute heat stress using
transcriptome analysis. Fish were divided into two groups: a normal temperature group (NT, 26°C
for 90 days) and a heat-acclimated group (HT, 34°C for 90 days), followed by acute heat stress (34°C
for 72 hours) and recovery (26°C for 72 hours). Heat acclimation improved C. fuscus tolerance to acute
heat stress, with faster gene responses and stronger neuroprotection. Key pathways enriched
included cell adhesion and ECM-receptor interactions during recovery. Apoptosis regulation was
balanced, with the HT group upregulating anti-apoptotic genes to mitigate neuronal cell death.
Additionally, the lysosome-phagosome pathway was activated during recovery, facilitating the
transport of lysosomal enzymes and clearance of damaged cellular components, aiding neuronal
repair. Ribosome biogenesis was suppressed under heat stress to conserve energy, but this
suppression was less pronounced in the HT group. In summary, heat acclimation enhances neural
protection in C. fuscus brains by promoting neuronal repair, suppressing apoptosis, and activating
lysosomal pathways, thereby improving tolerance to acute heat stress. These findings offer a
molecular basis for breeding heat-tolerant fish species in aquaculture and deepen our understanding
of thermal adaptation in aquatic animals amid global climate change.
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1. Introduction

With the rapid advancement of global industrialization, climate warming has become an
increasingly pronounced trend, resulting in rising atmospheric and water temperatures, as well as
an increase in the frequency of extreme climatic events [1]. These environmental changes are having
profound effects on aquatic ecosystems, with thermal stress becoming a growing concern in both
freshwater and marine environments [2]. As ectothermic organisms, fish are highly sensitive to
fluctuations in environmental temperature, with their body temperature directly corresponding to
that of the surrounding water [3]. Within an optimal thermal range, fish are capable of maintaining
physiological homeostasis through biochemical regulation [4]. However, when water temperatures
approach or exceed their thermal tolerance limits, fish experience stress responses that disrupt their
physiological balance, which, in extreme cases, can lead to mortality [5]. In aquaculture settings,
rising water temperatures have been linked to reduced growth rates, impaired reproductive
performance, and increased mortality, all of which negatively impact farming efficiency [6]. Given
these challenges, understanding the adaptive strategies of economically important aquaculture
species in response to high-temperature conditions is critical for improving their resilience and
ensuring sustainable production in the face of increasingly frequent temperature extremes|7].

The fish brain plays a crucial role in perceiving, regulating, and adapting to temperature
fluctuations [8]. It maintains physiological homeostasis through multiple mechanisms, including
temperature sensing, neuroendocrine regulation, neuroprotection, behavioral modulation via
neurotransmitters, and long-term adaptation through gene expression regulation [9]. Temperature
fluctuations not only influence the physiological state of neurons but also alter neurotransmitter
secretion and the activation patterns of brain signaling pathways. For instance, in juvenile common
carp (Cyprinus carpio), heat stress has been shown to affect neurotransmitter metabolism pathways
and modulate the expression of synaptic plasticity-related genes [10]. Similarly, in grass carp
(Ctenopharyngodon idella), high-temperature stress leads to a significant upregulation of heat shock
proteins (HSPs) and calcium homeostasis-related genes in the brain, suggesting that the brain
employs enhanced protein homeostasis and neural signaling as adaptive strategies to cope with
thermal stress [11]. Moreover, in Senegalese sole (Solea senegalensis), the stress-responsive gene crfbp
was significantly upregulated one week after heat stress, potentially indicating a role in the negative
feedback regulation of the hypothalamic—pituitary—interrenal (HPI) axis. However, further studies
are needed to clarify its involvement in the long-term adaptation to elevated temperatures [12]. Due
to its distinct metabolic demands and highly specialized neuronal populations, the fish brain may
adopt unique adaptive strategies under heat stress, different from those observed in other tissues.
Despite these observations, the molecular response mechanisms of the fish brain to acute heat stress
remain largely unexplored. Furthermore, the ways in which long-term thermal acclimation
influences brain heat tolerance are still poorly understood, necessitating further systematic
investigation.

In recent years, the advancement of high-throughput sequencing technologies has positioned
transcriptomics as a powerful tool for investigating heat stress responses in aquatic organisms [13].
Understanding how fish regulate their physiological responses to acute temperature fluctuations
under varying rearing conditions is essential for unraveling their thermal plasticity. Transcriptomic
analysis offers a comprehensive approach to exploring gene expression changes in response to
environmental stress, allowing for the identification of key signaling pathways involved in stress
adaptation. For instance, in turbot (Scophthalmus maximus), studies have shown that acute heat stress
significantly alters metabolic regulatory networks, particularly affecting glucose and amino acid
metabolism in the kidney[14], while lipid metabolism pathways in the liver are also notably
modulated [15]. Similarly, in spotted sea bass (Lateolabrax maculatus), exposure to acute thermal stress
(from 25°C to 32°C) results in the upregulation of genes associated with endoplasmic reticulum (ER)
protein processing, suggesting the activation of ER stress pathways to maintain protein homeostasis
under heat stress. Furthermore, genes associated with the AGE-RAGE signaling pathway were
downregulated, potentially reducing oxidative stress and inflammatory responses [16]. In Korean
rockfish (Sebastes schlegelii), transcriptomic analysis revealed that acute heat stress induces the
activation of the NF-kB pathway through regulation of ikkalpha and other related genes, triggering
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an inflammatory response and upregulating immune-related genes to enhance heat tolerance [17].
These studies highlight that different fish species may adopt distinct molecular strategies to cope with
heat stress, reflecting species-specific differences in adaptive response. Overall, transcriptomic
analysis provides valuable insights into the molecular mechanisms underlying heat stress responses
in fish, offering a genetic foundation for the selective breeding of heat-tolerant strains in aquaculture.

The Hong Kong catfish (Clarias fuscus) is a freshwater species widely distributed across
Southeast Asia and southern China. It is the only freshwater species within the Clariidae family
native to China and has become an economically significant aquaculture species due to its strong
environmental adaptability, broad omnivorous diet, and high economic value [18]. However, it
remains vulnerable to the impacts of global warming. The optimal temperature range for C. fuscus
growth is 25-30°C; however, when water temperature exceeds 35°C, juvenile mortality rates increase
significantly [19]. Previous studies have shown that under chronic heat stress, C. fuscus maintains
physiological homeostasis by modulating immune metabolism [20]. Long-term exposure to heat
stress has been found to damage the liver and alter gene expression patterns in response to acute heat
stress [21]. In the gills, heat tolerance is enhanced through structural modifications and increased
antioxidant capacity [22]. Furthermore, heat-acclimated C. fuscus exhibits improved tolerance to acute
heat shock in the head kidney, largely through the regulation of energy metabolism [23]. Despite
these valuable insights, the molecular mechanisms of heat acclimation and acute heat stress responses
in the brain—a critical component of the central nervous system (CNS) —remain largely unexplored
in C. fuscus. Investigating the brain's response to heat stress will provide important insights into its
neural adaptation strategies under extreme temperature fluctuations, helping to better understand
the species' resilience and capacity to thrive under climate change conditions.

This study investigates the adaptive mechanisms of the brain in C. fuscus under heat acclimation
and acute heat stress through transcriptomic analysis. By comparing gene expression changes
between control and heat-acclimated groups, we focused on the regulatory patterns of key molecular
pathways, including cell adhesion, anti-apoptosis, and intracellular degradation. This study
enhances our understanding of the molecular mechanisms underlying neural adaptation to elevated
temperatures in fish and provides theoretical insights for the molecular breeding of heat-tolerant
strains and the optimization of aquaculture strategies in the context of climate change.

2. Materials and Methods
2.1. Ethics statement

The Animal Research Ethics Committee of Guangdong Ocean University (201903003) approved
the experimental protocols for this study [24], in accordance with the Guide for the Care and Use of
Laboratory Animals (NIH Pub. No.85-23, revised 1996). This study does not involve any endangered
or protected species.

2.2. Animals

Juvenile C. fuscus used in this experiment were sourced from Guangxi Hongtai Aquaculture
Farm, Guangxi Province, China. The experimental temperature and duration were controlled based
on a previously established method [21]. Juvenile C. fuscus were randomly divided into two groups:
one group was kept at 26 + 2°C for 90 days (NT group) and the other group was kept at 34 + 0.5°C for
the same duration (HT group). Each group was set up with three replicates and fed twice daily at
9:00 and 17:00 hours. After 90 days of acclimation, the two groups of fish (body weight 77.62 £ 6.55 g
and body length 19.01 + 0.50 cm) were exposed to acute high-temperature stress (34°C) for 72 hours,
followed by a recovery phase at 26°C for 72 hours, as shown in Figure 1. Brain tissues were collected
from six randomly selected fish in both the NT and HT groups at three time points: immediately
before acute heat exposure (C), after 72 hours of heat stress (172), and after 72 hours of recovery at
26°C (R72).The collected tissues were immediately preserved in liquid nitrogen at -80°C for further
analysis. Detailed procedures were described in a previous experiment [21].
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Figure 1. Schematic diagram of temperature treatments at different stages and data analysis workflow for the
NT and HT groups.

2.3. Brain Transcriptome Analysis

RNA libraries were constructed using the NEBNext® Ultra™ RNA Library Prep Kit (NEB, USA)
according to the manufacturer’s protocol. Library quantification was performed using a Qubit 2.0
Fluorometer (Thermo Fisher Scientific, USA), and the concentration was adjusted to 1.5 ng/ul. The
insert size of the library was evaluated using the Agilent Bioanalyzer 2100. Subsequently, qRT-PCR
was conducted to determine the effective concentration of the libraries, ensuring that they met the
quality threshold (=2 nM). Sequencing was conducted on an Illumina NovaSeq 6000 platform
(Ilumina, USA), generating 150 bp paired-end reads. Raw sequencing reads were quality-filtered to
remove low-quality bases and adapter sequences. Clean reads were assembled using the Trinity
software package [25] with default parameters. Paired-end clean reads were then mapped to the
reference genome [18] using HISAT2 v2.0.5. Gene expression quantification was performed using the
Subread package, followed by differential expression analysis with DESeq2, applying a significance
threshold of padj < 0.05 and |logz2FoldChange!| > 1.0. Gene Ontology (GO) annotation and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses were conducted using
the clusterProfiler R package to identify key biological processes associated with differentially
expressed genes (DEGs). RNA-Seq data have been deposited in the NCBI database under the project
accession number PRJNA1224955.

2.4. Trend Clustering

The temporal dynamics of DEGs were analyzed by assessing their expression patterns over time.
Firstly, DEGs from both the NT and HT groups were normalized, and the average expression level
of each gene at various time points was calculated. Next, the Elbow Method was applied to determine
the optimal number of clusters, ensuring maximal inter-cluster variability while minimizing intra-
cluster differences. A Total Within Sum of Squares (WSS) curve was plotted against various cluster
numbers (k) for both the NT and HT groups (Figure S1). Based on the curve trend, WSS stabilized
when the cluster number exceeded 5 in the NT group, whereas the HT group showed the last
significant drop in WSS at k = 8, after which it remained stable. Therefore, k=8 was chosen as the
optimal number of clusters for subsequent trend analysis. Fuzzy c-means clustering analysis was
conducted using the Mfuzz R package to classify DEGs into distinct temporal expression patterns.

2.5. qRT-PCR Validation

To verify the reliability of the RNA-Seq results, qRT-PCR was performed to validate the
expression patterns of nine DEGs. This analysis allows us to confirm the accuracy of the
transcriptomic data by assessing the consistency of gene expression trends. Nine genes are listed in
Table S1. Total RNA extraction and reverse transcription were performed according to an established
protocol [21]. The qRT-PCR cycling parameters were initial denaturation at 95°C for 5 min, 40 cycles
of denaturation at 95°C for 30 s and annealing/extension at 53°C for 30 s. The qRT-PCR cycle was
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performed with a 2-AACt method. Finally, the relative expression was calculated using the 2-AACt
method to determine the expression changes of the selected genes during the temperature treatment.

3. Results
3.1. Quality of Transcriptome Sequencing

In the NT group, the number of clean reads ranged from 39,096,830 to 54,391,062, while in the
HT group, it ranged from 38,316,990 to 53,383,510. The Q20 values for all samples exceeded 96.39%,
and Q30 values ranged from 91.43% to 93.52%, indicating high sequencing quality with low error
rates. GC content analysis revealed that the GC content in the NT group ranged from 41.31% to
46.39%, whereas in the HT group, it ranged from 42.29% to 47.48%. The unique mapping rate varied
63.21% to 97.12% in the NT group and between 76.23% to 88.14% in the HT group (Tables 52-53).
These results confirm that the sequencing data generated in this study exhibit high quality and meet
the criteria for subsequent analyses.

3.2. Analysis of DEGs

Differential expression analysis using DESeq?2 identified a total of 10386 DEGs, including 4443
in the NT group and 5943 in the HT group. In the NT group, comparisons between T72 vs. C, R72 vs.
C, and R72 vs. T72 revealed 78, 508, and 1067 upregulated genes, and 14, 839, and 2355
downregulated genes, respectively. In the HT group, the corresponding comparisons identified 106,
2069, and 1563 upregulated genes, and 137, 2517, and 1905 downregulated genes (Figure 2A). When
comparing the HT and NT groups, at the C and T72 stages, 2 and 29 genes were upregulated, and 4
and 146 genes were downregulated, respectively. No DEGs were detected at the R72 stage (Figure

2B).
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Figure 2. (A) The number of DEGs produced by the comparison of the two groups at different treatment periods.
(B) The number of DEGs generated between the two groups at the same treatment period.

To further investigate DEGs across different treatment stages and between groups, Venn
diagram analysis was conducted (Figure 3A—C). During the acute heat stress phase (T72 vs. C), the
number of shared DEGs between the NT and HT groups was relatively low (20 genes), with the NT
group showing 72 unique DEGs and the HT group exhibiting 223 unique DEGs. This suggests that
heat acclimation has a distinct regulatory effect on gene expression in C. fuscus. During the
temperature recovery phase (R72 vs. C), the number of shared DEGs between the two groups
increased to 914 genes. However, the HT group still exhibited a strong specific regulatory effect, as
evidenced by the 488 unique DEGs in the NT group and the 3672 unique DEGs in the HT group.
Heatmap analysis (Figure 3D-F) further revealed the expression patterns of the shared DEGs. The
response patterns of these genes to acute heat stress were similar in both groups, but the magnitude
of gene expression changes was greater in the NT group.


https://doi.org/10.20944/preprints202503.2007.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 March 2025 d0i:10.20944/preprints202503.2007.v1

6 of 21

A) (B) ©
NT-T72 vs NT-C HT-T72 vs HT-C NT-R72 vs NT-C HT-R72 vs HT-C NT-R72vs NT-T72 HT-R72 vs HT-T72
(D) (E) . (F)
r = o) b ! 2.50 2.00
% —] i 200 1.50
= 1.50 1.00
il i = 1.00 |—] 1.00 0.50
0.50 . 0.50 0.00
= = 000 o
| 0.00 - .50
e -0.50
-0.50 — 100 s
1 -1.00 1.50 1.50
i 150 B 22,00 2.00
L -
— o
= =
— —
||
_—
O A LA A 9 = - Ry vy o
SO GELLE &5 L oE < SEEEESF
RFSAFSRE AR TG &Y YEE

Figure 3. (A)Overlap of DEGs between NT-T72 vs. NT-C and HT-T72 vs. HT-C. (B) Overlap of DEGs between
NT-R72 vs. NT-C and HT-R72 vs. HT-C. (C) Overlap of DEGs between NT-R72 vs. NT-T72 and HT-R72 vs. HT-
T72. (D) Hierarchical clustering analysis of shared DEGs in NT-T72 vs. NT-C and HT-T72 vs. HT-C. (E)
Hierarchical clustering analysis of shared DEGs in NT-R72 vs. NT-C and HT-R72 vs. HT-C. (F) Hierarchical
clustering analysis of shared DEGs in NT-R72 vs. NT-T72 and HT-R72 vs.HT-T72.

3.3. Functional and Pathway Enrichment Analysis of DEGs

To investigate the impact of long-term heat acclimation on the brain’s response to temperature
fluctuations in C. fuscus, GO and KEGG enrichment analyses were conducted for DEGs across
different treatment groups. In the NT group (Figure 4A-C), GO enrichment analysis revealed distinct
patterns  at different treatment stages. After acute heat stress (NT-T72 vs. NT-C), DEGs were
significantly enriched in heme binding and tetrapyrrole binding, both of which were predominantly
downregulated. Following temperature recovery (NT-R72 vs. NT-C), DEGs were significantly
enriched in calcium ion binding, glycosaminoglycan binding, cell adhesion, and biological adhesion,
showing overall upregulation. In the NT-R72 vs. NT-T72 comparison, enriched GO terms were
mainly associated with calcium ion binding, active transmembrane transporter activity, secondary
active transmembrane transporter activity, and cell adhesion. In contrast, the HT group (Figure 4D-
F) displayed distinct enrichment patterns. After acute heat stress (HT-T72 vs. HT-C), no significantly
enriched GO terms were observed. Following temperature recovery (HT-R72 vs. HT-C), DEGs were
enriched in ribosomal structural components and translation-related processes, with a trend of
downregulation. In the HT-R72 vs. HT-T72 comparison, DEGs were significantly enriched in
transmembrane transporter activity terms related to neural activity, with overall upregulation.
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Figure 4. GO Enrichment Analysis of DEGs in Each Comparison Group. The inner ring represents the
enrichment significance of each GO term, with bar height decreasing from inside to outside, indicating
decreasing enrichment significance. The bars are color-coded based on the Z-score, where red represents
upregulated enrichment, blue represents downregulated enrichment, and the color gradient from red to blue
reflects a decreasing Z-score. The outer ring displays DEGs distributed according to their log,FC values, where
red dots represent upregulated genes and blue dots represent downregulated genes. (A-C) represent NT-T72
vs. NT-C (A), NT-R72 vs. NT-C (B), and NT-R72 vs. NT-T72 (C) comparisons, while (D-F) correspond to HT-T72
vs. HT-C (D), HT-R72 vs. HT-C (E), and HT-R72 vs. HT-T72 (F) comparisons.

KEGG pathway enrichment analysis identified metabolic and signaling pathways associated
with DEGs under different temperature treatments (Figure 5). In the NT group (Figure 5A-C), after
acute heat stress, DEGs were significantly enriched in the protein processing in the endoplasmic
reticulum and the spliceosome pathway. Following temperature recovery, DEGs were significantly
enriched in the lysosome and phenylalanine metabolism pathways. In the NT-R72 vs. NT-T72
comparison, DEGs were predominantly enriched in pathways related to lysosome, phagosome, fatty
acid metabolism, and ferroptosis. In the HT group (Figure 5D-F), DEGs during acute heat stress
phase were primarily enriched in the apoptosis pathway. During temperature recovery, DEGs were
primarily enriched in the ribosome, lysosome, and extracellular matrix (ECM)-receptor interaction
pathways. In the HT-R72 vs. HT-T72 comparison, DEGs remained enriched in ECM-receptor
interaction pathway, along with the phagosome and cell adhesion molecule pathways.
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Figure 5. KEGG Pathway Enrichment Analysis of DEGs in Each Comparison Group. (A-C) represent NT-T72
vs. NT-C (A), NT-R72 vs. NT-C (B), and NT-R72 vs. NT-T72 (C) comparisons, while (D-F) correspond to HT-T72
vs. HT-C (D), HT-R72 vs. HT-C (E), and HT-R72 vs. HT-T72 (F) comparisons.

3.4. Trend Clustering Analysis

Trend clustering analysis revealed distinct gene expression patterns among the DEGs in the NT
and HT groups, resulting in eight clusters (C1-C8). In the NT group (Figure 6A), the gene counts for
clusters C1-C8 was 420, 772, 411, 489, 500, 970, 358, and 495, respectively. In the HT group (Figure
6B), the corresponding counts were 818, 771, 725, 986, 637, 610, 490, and 886. GO and KEGG
enrichment analyses were performed for each cluster in both groups to uncover the functional
significance of genes exhibiting specific expression trends (Figures 7 and Figure S2).

In the NT group, genes in C3 and C7 exhibited sustained downregulation following acute heat
stress, failing to return to normal levels even after rewarming. GO enrichment analysis revealed that
C3 genes were primarily associated with ribosomal function and protein metabolism, while C7 genes
were enriched in cellular organelles and structural components(Figures 7A). KEGG pathway analysis
further confirmed that both clusters were significantly enriched in the ribosome pathway,
highlighting a heat-induced inhibition of ribosome biogenesis(Figures 7B). Conversely, genes in C2
and C6 peaked in expression during the rewarming phase, suggesting their potential involvement in
neural repair mechanisms. GO analysis indicated that C2 was enriched in transmembrane transporter
activity, while C6 was significantly associated with calcium ion binding and cell adhesion. KEGG
enrichment analysis further showed that C2 was significantly enriched in the phagosome pathway,
whereas C6 was highly associated with the lysosome pathway, suggesting their roles in cellular
degradation and repair processes.

In the HT group, the expression patterns of C3 and C6 closely resembled those of C3 and C7 in
the NT group, but with a larger number of genes involved. GO analysis confirmed that genes in C3
and C6 (HT group) were all enriched in ribosomal structural components and translation-related
processes(Figures 7C), and KEGG pathway analysis consistently placed them in the ribosome
pathway(Figures 7D). Genes in C4 and C8 exhibited a sharp increase during the rewarming phase.
GO analysis showed that C4 genes were significantly enriched in calcium ion binding and
extracellular matrix (ECM) structure, while C8 genes were predominantly associated with
transmembrane transporter activity and antigen processing and presentation. KEGG enrichment
analysis revealed that C4 was significantly enriched in the ECM-receptor interaction pathway,
whereas C8 was primarily associated with the phagosome pathway.
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Figure 6. Trend clustering analysis of DEGs in the NT group (A) and HT group (B). DEGs in both groups were
classified into eight distinct expression patterns (Cluster 1-8). The y-axis represents normalized gene expression
levels, while the x-axis indicates different treatment stages. The color of the curves represents gene membership,
with red indicating higher membership values and blue (A) or green (B) indicating lower membership values.
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3.5. Molecular Pathway Alterations in the Brain Under Heat Stress

Under different temperature treatments, several key pathways in the brain of C. fuscus exhibited
significant changes in gene expression, particularly those associated with apoptosis, lysosome,
phagosome, ribosome, and cell adhesion molecules (Figure 8).

In the apoptosis pathway, several genes involved in cellular stress responses and apoptosis
inhibition, such as ptpn13, fosaa, ctso, fosab, and ctsd, showed elevated expression during heat stress,
but were downregulated after rewarming, with overall lower expression in the HT group compared
to the NT group (Figure 8C). During rewarming, genes such as bcl211, bcl2a, dab2ip, tnfrsfla, mapk3,
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mapk9, napsa, Imna, and Imnb2, which are linked to apoptosis inhibition and nuclear integrity, were
overexpressed, with significantly higher levels in the HT group than in the NT group.

In the lysosome pathway, genes associated with lysosomal structure and function were
significantly upregulated during rewarming, with higher expression levels in the HT group (Figure
8D). These included lysosomal membrane proteins (lampla, lamplb, scarb2a, scarb2b, scarb2c,
slc17a5) and lysosomal acid hydrolases (gusb, fucal, neul, arsa, tppi, lgmn). Autophagy-related
genes, such as lapmt4b and abcb9, were also highly expressed in the HT group. Genes involved in
lysosomal enzyme transport, acidification, and regulation were upregulated during rewarming,
except for cltcb, which was downregulated after acute heat stress and remained low. In the
phagosome pathway, most genes were significantly upregulated during rewarming, with higher
overall expression in the HT group (Figure 8E). For example, genes involved in early endosome
formation and phagosome maturation, like rab5b and rab5a, were upregulated. Tubulin genes
(tubb4b, tubb5), which facilitate phagosome movement and fusion with lysosomes, also showed
increased expression. Additionally, genes associated with antigen presentation after phagosome
degradation, including tapl and mhcluxa2, were upregulated during the rewarming phase.

In the cell adhesion molecule (CAM) pathway, multiple genes were significantly upregulated
during the rewarming phase, with higher expression levels observed in the HT group (Figure 8B).
These genes include those involved in axon myelination, such as mpz11], mag, and cdhl; genes that
mediate adhesion between Schwann cells and neuronal axons, including cntnla, cntnapl, and
cntnap2a; and genes that facilitate direct adhesion between neurons, such as ncamla, ncam?2, licama,
nectinlb, nectin3b, cdh2, and cadmla. In the ribosome pathway, ribosomal component genes were
highly expressed under normal temperatures, exhibited a uniform decline during acute heat stress,
and remained significantly downregulated in the rewarming phase, with overall lower expression
levels in the HT group compared to the NT group (Figure 8F). These genes primarily belong to the
rpl and rps gene families, encompassing the major structural components of both the large and small
ribosomal subunits.
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Figure 8. (A) Key pathways with significant changes under the experimental conditions (partial list).Orange
represents the cell adhesion molecule (CAM) pathway. Yellow represents the apoptosis-related pathways. Pink
represents the lysosomal function pathway. Purple represents the phagosome function pathway. (B)Heatmap of
DEGs in the cell adhesion molecule pathway. (C) Heatmap of DEGs in the apoptosis pathway. (D) Heatmap of
DEGs in the lysosome pathway. (E) Heatmap of DEGs in the phagosome pathway. (F)Heatmap of DEGs
encoding ribosomal large and small subunit components.

3.6. qRT-PCR Validation

Nine genes (canx, tgfbr2, cript, apoh, cryab, mbp, atp5g3, fabp4, and tubb4b) were selected for
gRT-PCR analysis. The qRT-PCR results confirmed that the expression patterns of these genes were
consistent with the RNA-seq data across different treatments (Figure 9). This validation indicates that
the gene expression trends observed in the RNA-seq data are accurate and reliable.
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Figure 9. Comparative expression analysis based on RNA-seq and qRT-PCR results.

4. Discussion

This study investigated the adaptive mechanisms of C. fuscus brain under heat acclimation and
acute heat stress using transcriptomic analysis. The results indicate that heat-acclimated fish exhibit
a more rapid gene response, enhanced anti-apoptotic capacity, and more active cellular repair
mechanisms, suggesting that long-term heat adaptation confers increased thermal tolerance. A
particularly noteworthy finding was that the brain of C. fuscus adopted an anti-apoptotic strategy in
response to acute heat stress, a response that contrasts with those observed in other tissues. Pro-
apoptotic genes were downregulated, while anti-apoptotic genes were upregulated, potentially
contributing to neuronal survival and the stabilization of the neural system. This pattern diverges
from the typical apoptotic responses seen in other tissues under heat stress, suggesting that the brain
utilizes a more conserved neuroprotective strategy to withstand acute thermal challenges. The
following discussion will focus on the neuroprotective mechanisms of C. fuscus under heat stress, the
role of heat acclimation in enhancing thermal tolerance, and the regulation of ribosome biogenesis
and protein synthesis in maintaining cellular function under thermal stress.

4.1. Adaptive Regulation of Cell Adhesion and ECM-Receptor Interactions in Neuroprotection

Cell adhesion molecules (CAMs) play a crucial role in maintaining connections between
Schwann cells, neurons, and the myelin sheath, regulating synaptic connectivity, myelination, and
neural repair [26]. In this study, KEGG enrichment analysis revealed significant enrichment of CAMs
in the HT group during both the high-temperature phase and the rewarming phase. Similar findings
have been reported in other species under heat stress such as turbot (Scophthalmus maximus) and
yamame (Oncorhynchus masou) [27,28], suggesting that regulation of CAMs may serve as a strategy
for fish to maintain tissue structural stability under thermal stress. In the brain, CAMs not only
contribute to structural integrity but also play critical roles in neural function. For instance, mpzl1l
maintains myelin sheath stability and enhances neural impulse conduction [29], while cdh1, which
encodes classical E-cadherin, forms tight junctions between Schwann cells, preserving myelin
integrity and neural function [30]. Additionally, mag contributes to axon adhesion and recognition,
promoting neuronal survival and regeneration [31]. In this study, both mpzlll and mag were
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significantly upregulated during the recovery phase following acute heat stress, with expression
levels notably higher in the HT group compared to the NT group. These findings suggest that C.
fuscus exhibits transcriptional upregulation of cell adhesion-related genes following heat stress,
contributing to neural structural stability. Notably, while cdh1 showed no significant changes in the
NT group, it was significantly upregulated in the HT group during recovery, indicating that heat
acclimation may reinforce neuroprotection, enabling a faster and more stable response to thermal
stress.

In neuron-Schwann cell interactions, cntnla is essential for axon myelination, promoting axon
stability and myelin formation [32]. Cntnapl, encoding contactin-associated protein, cooperates with
cntnla to stabilize myelin segment organization [33]. Meanwhile, cntnap2a facilitates axon-Schwann
cell interactions, ensuring myelin-node connectivity and efficient nerve impulse transmission [34]. In
this study, cntnla, cntnapl, and cntnap2a were significantly upregulated during the recovery phase
following acute heat stress, with higher expression levels observed in the HT group compared to the
NT group. These results suggest that heat-acclimated C. fuscus may enhance neuron-Schwann cell
adhesion, mitigating heat-induced damage to myelin and neural conduction. In neurons, nectin3b
and nectinlb encode Nectin-class adhesion molecules essential for synapse formation and
maintenance, particularly at pre- and postsynaptic sites [35]. Similarly, nrxn3a, nlgn2b, and nigndxb
encode synaptic adhesion proteins that form trans-synaptic bridges, stabilizing synaptic connections
[36]. Other adhesion molecules, including cadm1a, cadm1b, cdh2, ncamla, ncam2, and I1cama, contribute
to neural circuit stability and synaptic plasticity. Notably, [1cama plays a key role in axon guidance,
synapse formation, and neuronal migration, and its upregulation during recovery suggests a role in
neuron repair after heat stress [37]. In this study, these genes were highly expressed during the
recovery phase, with the HT group showing upregulation as early as the acute heat stress phase. This
suggests that heat acclimation accelerates the transcriptional response, facilitating thermal adaptation.

In addition to cell adhesion molecules, we observed that integrin family genes, itga8 and itgb8,
in neuronal cell membranes under heat stress. Integrins interact with the extracellular matrix (ECM)
to regulate cytoskeletal dynamics and activate PI3K/AKT and MAPK/ERK signaling pathways,
enhancing anti-apoptotic responses and promoting cellular repair [38]. KEGG enrichment analysis
revealed significant upregulation of the ECM-receptor interaction pathway in the HT group, with
integrin-related genes and ECM components, such as laminins and collagens, showing marked
upregulation. This suggests that heat acclimation may facilitate ECM-mediated neuroprotection,
improving the brain’s resilience to thermal stress. A similar adaptive strategy has been reported in
grass carp (Ctenopharyngodon idellus), where transcriptome analysis at 34°C revealed significant
upregulation of integrins, suggesting their involvement in regulating cell survival and stress
responses through ECM-receptor signaling pathways [39]. Similarly, in yamame, the expression
levels of ECM-related genes, including collagens, integrins, and laminins, was upregulated under
high-temperature conditions [28]. Notably, our trend analysis showed that Cluster 4 in the HT group
exhibited a pattern consistent with temperature changes, and KEGG enrichment analysis of this
cluster revealed significant enrichment in the ECM-receptor interaction pathway. This suggests a
strong association between this pathway and heat stress responses. In contrast, such a pattern was
not observed in the NT group, further indicating that heat acclimation may accelerate the
transcriptional response of ECM-related genes to cope with acute heat stress.

Overall, cell adhesion molecules and ECM-receptor interactions play a critical role in neural
repair and structural reconstruction, promoting cell-cell adhesion and interaction to restore brain
tissue functionality. The enhanced expression of these genes in the HT group suggests a
transcriptional response potentially associated with enhanced neural recovery following heat stress.

4.2. Suppression of Apoptosis and Autophagy-Lysosome-Mediated Neuronal Self-Repair

Apoptosis is a genetically regulated process that eliminates damaged cells, preventing further
harm to surrounding tissues under environmental stress [40,41]. However, neurons, as highly
differentiated cells, have limited regenerative capacity. Compared to other tissues, neuronal
apoptosis more readily reaches a threshold where tissue function is compromised, making neurons
more vulnerable to excessive cell death[42]. Thus, suppressing unnecessary apoptosis is essential for
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maintaining neural function during acute heat stress. Our study revealed that heat acclimation
modulates both the JNK/AP-1 pro-apoptotic pathway and the PI3K/AKT anti-apoptotic pathway,
which may help mitigate heat-induced neuronal damage and contribute to neuroprotection.

Under heat stress, the JNK signaling pathway plays a central role in neuronal apoptosis in fish
[43]. In this study, we observed differential expression of key genes in this pathway. Tnfrsfla mediates
TNF-o/TNFR1 signaling, leading to the activation of JNK (mapk9), which subsequently
phosphorylates c-Jun and induces the AP-1 transcription factor complex (fosaa, fosab). This complex,
in turn, induces the expression of downstream pro-apoptotic genes, including p53, Fas, Fas-L, Bim,
and HRK [44,45]. Additionally, cathepsins, a group of lysosomal proteases, may contribute to
apoptosis through lysosomal leakage [46]. However, in the C. fuscus brain, key genes involved in
JNK/AP-1-mediated apoptosis exhibited relatively low expression, and were further downregulated
in the HT group. This suggests that heat acclimation may enhance anti-apoptotic capacity as an
adaptive response to high temperatures. Previous studies on Chinese tongue sole (Cynoglossus
semilaevis) have found that the JNK signaling pathway is rapidly activated in response to temperature
changes, regulating neuronal apoptosis [47].Our results demonstrated that focal adhesion kinase
(FAK) activates PI3K through integrin signaling, which subsequently activates AKT, enhancing NF-
kB signaling and promoting the expression of Bcl-2 family anti-apoptotic factors. Notably, chuk, bcl2a,
and bcl211 were significantly upregulated in the acute heat stress phase of the HT group, suggesting
that NF-kB activation occurs early during heat acclimation, contributing to enhanced neuronal
survival [48]. A similar upregulation of the PI3K/AKT pathway was observed in Siberian sturgeon
(Acipenser baerii) under chronic heat stress, where it helped reduce apoptosis [49]. These results
indicate that heat-acclimated C. fuscus may employ a dual regulatory strategy —suppressing JNK/AP-
1-mediated apoptosis while activating the PI3K/AKT survival pathway—to strengthen
neuroprotection under thermal stress.

Despite the suppression of apoptosis reducing neuronal damage, heat stress-induced metabolic
waste and damaged proteins must be promptly cleared to maintain neural homeostasis [50]. In this
study, we observed differential expression of genes associated with lysosome and phagosome
pathways in the C. fuscus brain following heat stress. This may represent a compensatory clearance
mechanism for apoptosis, potentially contributing to neuronal repair [51].The lysosome, as the
intracellular degradation center, facilitates the removal of damaged proteins and organelles,
preventing their accumulation and subsequent neurotoxicity [52]. Notably, m6pr, aplm1, apIm2, and
ggal were significantly upregulated during the rewarming phase in the HT group, indicating
enhanced lysosomal enzyme transport, which may contribute to increased lysosomal degradation
capacity. A similar mechanism has been reported in pikeperch (Sander lucioperca) and Atlantic salmon
(Salmo salar), where heat stress upregulated lysosomal acid hydrolases, improving autophagic
efficiency and supporting cellular homeostasis [53,54]. Furthermore, the upregulation of
cytoskeleton-related genes tubb4b and tubb5 following heat stress may facilitate phagosome transport
and lysosome fusion in C. fuscus, potentially contributing to the clearance of damaged components
[55]. Interestingly, our results indicate that heat stress may enhance antigen presentation in the C.
fuscus brain. The degradation products from lysosomes and phagolysosomes can be processed via
MHCI and MHCII molecules and presented through TAP, thereby triggering a specific immune
response [56,57]. We found that mhcluxa2, canx, and tap1 were significantly upregulated immediately
after acute heat stress in the HT group, reaching peak expression during the rewarming phase. This
suggests that heat acclimation may influence immune-related gene expression in the C. fuscus brain,
consistent with findings in grass carp, where genes related to phagocytosis and MHCII molecules
were upregulated under heat stress conditions [39]. These findings suggest that C. fuscus exhibits
transcriptional activation of intracellular degradation pathways and antigen presentation-related
genes under heat stress, which may play a role in neuronal homeostasis.

In summary, by regulating apoptosis-related pathways under stress conditions, C. fuscus may
reduce the risk of large-scale neuronal loss. The coordinated action of lysosomes and phagosomes,
along with microtubule-mediated phagosome maturation and its integration with antigen
presentation, contributes to a comprehensive neuroprotective mechanism under heat stress.
Following heat acclimation, C. fuscus exhibits an enhanced adaptive response, accelerating these
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processes to improve resilience. This adaptation not only facilitates the efficient removal of heat
stress-induced cellular damage but also strengthens immune responses, equipping the species with
a robust survival strategy against extreme environmental fluctuations.

4.3. Significant Reduction in Ribosome Biogenesis and Regulation of Protein Synthesis

The widespread anti-apoptotic response and active clearance of damaged cellular components
in the C. fuscus brain entail high energy consumption [58]. To accommodate these metabolic
demands, cells must strategically allocate resources, with ribosomal function likely playing a central
role in this regulation. In our study, ribosome-related genes (RPL and RPS families) were highly
expressed under normal temperature conditions (NT-C and HT-C) but significantly downregulated
following acute heat stress (NT-T72 and HT-T72), with a further decline during the recovery phase
(NT-R72 and HT-R72). This pattern suggests that C. fuscus might adjust its protein synthesis strategy
to cope with thermal stress. Similar ribosomal suppression has been observed in other fish species
under heat stress. A similar suppression of ribosomal biogenesis has been observed in other fish
species under heat stress. For example, in hybrid catfish ( ? Ictalurus punctatus x & Ictalurus furcatus),
high-temperature stress significantly reduced ribosomal biogenesis and overall protein synthesis,
while simultaneously upregulating genes involved in protein folding and degradation to maintain
cellular homeostasis [59]. Heat stress often triggers a cellular "energy-saving mode", suppressing
ribosomal gene expression to reduce protein synthesis and conserve energy, thereby enhancing cell
survival. A comparable mechanism has been reported in rainbow trout (Oncorhynchus mykiss), where
high-temperature stress downregulated ribosomal RNA expression while significantly upregulating
heat shock proteins, suggesting a strategy to optimize energy utilization by reducing protein
synthesis [60].

In the KEGG enrichment analysis of the T72 vs. C group in the NT condition, the endoplasmic
reticulum (ER) protein processing pathway was significantly enriched. This finding is consistent with
studies in silver pomfret (Trachinotus ovatus), where high-temperature exposure enhanced ER stress
and suppressed ribosomal gene expression in the liver, reducing the accumulation of misfolded
proteins [61]. A similar effect has been observed in rainbow trout (Oncorhynchus mykiss), where acute
heat stress upregulated ER stress-related genes while simultaneously downregulating ribosomal
genes, indicating a shift in cellular priorities from protein synthesis to stress mitigation [62].
Additionally, transcriptomic analyses in largemouth bass (Micropterus salmoides) revealed that heat
stress suppressed protein translation machinery while enhancing microRNA-mediated post-
transcriptional regulation, further supporting the energy conservation strategy through ribosomal
suppression [10,15]. Interestingly, the degree of ribosomal gene downregulation was significantly
lower in the HT group compared to the NT group. This suggests that heat-acclimated C. fuscus could
better maintain basal protein synthesis during acute heat stress, ensuring fundamental biosynthetic
support for neurons. This adaptive capacity may have been progressively established through long-
term acclimation, allowing the HT group to more effectively balance cellular survival and protein
synthesis under extreme environmental conditions. In Atlantic salmon (Salmo salar), long-term heat
adaptation also improved ER stress responses and attenuated ribosomal suppression, boosting
cellular resilience to acute heat stress [63]. In summary, our findings indicate that C. fuscus mitigates
metabolic stress and energy expenditure by suppressing ribosome biogenesis and reducing de novo
protein synthesis under heat stress conditions. However, the HT group exhibited a less pronounced
decline in ribosomal gene expression than the NT group, suggesting that heat acclimation can
alleviate ribosomal suppression. By maintaining a more stable level of basal protein synthesis under
acute heat stress, heat-acclimated C. fuscus may have developed an adaptive advantage that facilitates
a more effective balance between cellular survival and protein synthesis regulation in extreme
thermal environments.

5. Conclusions

This study employed transcriptomic analysis to investigate the adaptive mechanisms in the
brain of C. fuscus under different temperature treatments, focusing on the effects of heat acclimation
and acute heat stress on neural responses. The results emphasized the critical role of CAMs and ECM
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in the initial heat stress response, stabilizing brain cell structures and activating downstream
signaling pathways via integrins to promote cell survival and repair. Additionally, C. fuscus
maintained neuronal viability and function through multiple mechanisms, including inhibition of
apoptosis, enhanced lysosome-phagosome interactions, and suppression of ribosome biogenesis.
Heat-acclimated C. fuscus exhibited faster gene responses and enhanced tissue repair capacity, with
increased resistance to apoptosis and a stronger immune response. These findings suggest that heat
acclimation significantly improves C. fuscus tolerance to acute temperature fluctuations, offering
valuable insights and theoretical support for understanding the adaptive strategies of aquaculture
species in the face of global climate change.
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