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thermal stress. In this study, we simulated heatwave conditions in the South China
Sea by exposing juvenile yellowfin tuna to 34 °C (high-temperature group, HT) and
28 °C (control group, LT), and analyzed hepatic transcriptomic responses at 6 h and
24 h. A total of 778 and 524 differentially expressed genes (DEGs) were identified at
6 h and 24 h, respectively, with 155 shared DEGs. KEGG enrichment analysis showed
that these common DEGs were significantly associated with key pathways such as
protein processing in the endoplasmic reticulum, herpes simplex virus 1 infection, and
antigen processing and presentation. Clustering analysis revealed that classical stress-
response genes, including hspal, dnajc3a, hspa4l, and hsp90bl, were significantly
upregulated under heat stress. Protein—protein interaction (PPI) analysis further
confirmed these genes as central hubs within molecular chaperone and protein-
folding modules. In contrast, immune-related genes such as MHC1, IFIH1,and KRAB
were downregulated and showed weak or no interactions in the network. This study
provides molecular insights into the thermal stress response of yellowfin tuna and
offers a theoretical basis for the development of heat-resilient breeding strategies and
improved aquaculture management.
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1. Introduction

In recent years, climate change has led to a global rise in ocean temperatures, with extreme thermal events
such as marine heatwaves occurring with increasing frequency and intensity, posing a severe threat to marine
ecosystems [1]. El Nino events are often accompanied by elevated sea surface temperatures (SSTs) in the central
and eastern equatorial Pacific, triggering widespread climate anomalies, particularly in Asia where SSTs tend to
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rise significantly [2,3]. These abnormal warming events not only disrupt ecological stability in the South China
Sea but also exert profound effects on aquatic organisms in the region [4]. Water temperatures, as a critical
environmental factor, directly influences the physiological metabolism and adaptive strategies of aquatic
organisms [5]. For fish, elevated temperatures represent a potent environmental stressor, often resulting in
increased oxygen demand, growth inhibition, and reproductive dysfunction [6,7]. Studies have shown that rapid
increases in temperature can trigger secondary stress responses in fish, including elevated glucose and lactate
levels, along with osmotic imbalances during heat stress [8]. Moreover, Munday et al. reported that
Acanthochromis polyacanthus exhibited reduced growth rates under thermal stress at 31 °C [9]. Collectively, these
findings suggest that high-temperature stress can severely disrupt energy metabolism and osmoregulation in fish,
impairing growth and development and ultimately threatening fish health and population stability.

Yellowfin tuna (Thunnus albacares), a widely distributed pelagic species inhabiting tropical and subtropical
oceans, holds substantial economic and ecological value [10]. Although tunas are ectothermic fish, 7. albacares
possesses heat-conserving physiological features—often described as regional endothermy—that allow it to
maintain elevated temperatures in specific tissues such as red muscle, the brain, and viscera [11]. This regional
endothermy enables yellowfin tuna to tolerate and buffer moderate fluctuations in ambient temperature far more
effectively than most teleost fishes, distinguishing it from typical ectothermic marine species [12]. However, it
still experiences pronounced physiological stress under extreme thermal conditions [13]. Previous studies have
revealed that elevated temperatures can induce significant alterations in the metabolic processes, immune
regulation, and behavioral patterns of tunas [14,15]. For instance, Liu et al. reported that under acute thermal stress
at 34 °C, the activities of superoxide dismutase (SOD) in the liver and gill tissues of yellowfin tuna increased
significantly at both 6 h and 24 h, indicating the activation of an antioxidant response within a short timeframe [16].
Concurrently, energy reserves in the muscle tissue were markedly depleted [17]. These findings demonstrate that
although 7. albacares can moderate thermal variability, it still mounts strong and measurable physiological and
molecular responses under thermal challenge. Together with its ecological relevance, broad distribution, and well-
characterized thermal physiology, these characteristics support the use of yellowfin tuna as an informative and
biologically meaningful model for investigating heat-stress mechanisms in pelagic marine fish.

The liver, as a principal immune and metabolic organ in fish, plays a central role in maintaining physiological
homeostasis and orchestrating responses to environmental stressors [18]. Beyond its involvement in energy
metabolism and nutrient storage, the liver also regulates antioxidant defense and immune responses [19,20].
Previous studies have demonstrated that high-temperature stress can induce pronounced physiological and
molecular alterations in fish liver, including disruptions in lipid metabolism, elevated oxidative stress, and aberrant
expression of immune-related genes. For example, exposure of Sander lucioperca to 34 °C heat stress has been
reported to trigger a vicious cycle between hepatic H>O- accumulation and pro-inflammatory cytokines, along with
P53-mediated mitochondrial apoptosis [21]. Similarly, in Labeo rohita, rearing at extremely high temperatures of
37-38 °C for two weeks resulted in a 30% mortality rate, accompanied by marked pro-inflammatory responses
and oxidative damage [22]. These findings underscore the liver’s sensitivity to thermal stress and its pivotal role
in systemic stress adaptation.

Heat stress induces a cascade of molecular responses involving oxidative stress, inflammatory cytokine
release, apoptosis, and disturbances in energy metabolism [23]. However, most previous studies have focused on
individual indicators or specific signaling pathways, limiting our understanding of the liver’s global molecular
regulatory landscape under thermal stress. With the advent of high-throughput sequencing technologies,
transcriptomics has emerged as a powerful tool to systematically investigate organismal responses to
environmental challenges [24]. Transcriptomic analyses have identified core gene networks involved in heat stress
responses across various fish species, including Clarias fuscus [25], Danio rerio [26], Salmo salar [27], and
Scophthalmus maximus [28], providing valuable genomic resources and theoretical foundations for elucidating
molecular adaptation mechanisms in fish under thermal stress.

In the present study, we established a high-temperature stress condition of 34 °C, based on recorded sea
surface temperatures during summer and marine heatwave events in the South China Sea in recent years, where
temperatures have exceeded 34 °C [29,30]. This temperature closely approaches the upper thermal threshold that
Thunnus albacares may encounter in its natural habitat. Nevertheless, comprehensive studies on the molecular and
physiological responses of T. albacares liver under acute heat stress remain limited. Therefore, we simulated an
acute thermal stress scenario representative of natural marine conditions and systematically evaluated the
multidimensional physiological responses of juvenile 7. albacares exposed to high temperature (34 °C) compared
to optimal temperature (28 °C) at two time points (6 h and 24 h). Specifically, we integrated transcriptomic profiles
obtained from RNA-Seq together with gPCR validation to elucidate the molecular responses of yellowfin tuna to
thermal stress, focusing on pathways related to metabolic regulation, immune activation, and oxidative stress.
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Through transcriptomic profiling, this study aims to elucidate the physiological and molecular strategies adopted
by T. albacares to cope with acute thermal stress. The findings are expected to enhance our understanding of heat
adaptation mechanisms in this species and provide a scientific foundation for sustainable resource management
and health-oriented aquaculture under climate change scenarios.

2. Materials and Methods
2.1. Experimental Fish and Design

Juvenile Thunnus albacares were initially reared in offshore sea cages located in Xincun Harbor, Xincun
Town, Lingshui County, Hainan Province, China. They were then transferred to the Sanya Tropical Fisheries
Research Institute for a 7-day acclimation period. During this period, fish were maintained in an indoor
recirculating aquaculture system under controlled rearing conditions. The water temperature was maintained at
28.0 £ 0.5 °C, which corresponded to the ambient water temperature at the time the experiment was conducted,
rather than a direct representation of natural habitat conditions, dissolved oxygen above 5.27 mg/L, ammonia
nitrogen below 0.1 mg/L, pH at 7.57 + 0.12, and salinity at 32%.. Dissolved oxygen, ammonia nitrogen, and pH
were measured using commercial rapid test kits (Hach, Loveland, CO, USA) following the manufacturer’s
protocols, while salinity was measured using a handheld refractometer (ATAGO, Tokyo, Japan). Fish were fed
fresh chopped fish pieces (approximately 4 cm X 2 cm) at a daily feeding rate of 5—8% of body weight.

At the beginning of the experiment, 60 juvenile yellowfin tuna were randomly assigned to a control group (LT,
28 °C) and a heat stress group (HT, 34 °C), with three independent tanks per group. The fish had an average body
length 0f 28.03 + 1.78 cm and an average weight of 503.23 + 36.78 g. Both groups were maintained in 3000 L tanks.
The HT group was gradually heated from the baseline temperature of 28 °C to 34 °C at a rate of 2 °C per hour using
immersion heaters (Zhejiang Sensen Group Co., Ltd., Zhoushan, China). The heating rate of 2 °C/h was chosen
because it is widely used in acute heat stress studies on marine fishes and effectively induces thermal stress without
causing immediate mortality [21]. At the beginning of the experiment, 60 juvenile yellowfin tuna were randomly
assigned to a control group (LT, 28 °C) and a heat stress group (HT, 34 °C), with three independent tanks per group
(10 fish per tank). After reaching the target temperature, tissue sampling was conducted at 6 h and 24 h. At each
sampling time point, three fish were randomly selected from each tank and euthanized with an overdose of MS-222.
Liver tissues from the three individuals within the same tank were pooled to generate one biological replicate,
resulting in three biological replicates per group per time point (totaling 12 RNA-Seq libraries). All collected samples
were immediately frozen in liquid nitrogen and stored at —80 °C for subsequent analyses.

2.2. Transcriptome Library Construction

Total RNA was isolated from liver tissues using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according
to the manufacturer’s instructions. RNA quality and quantity were evaluated by agarose gel electrophoresis,
NanoDrop 2000 spectrophotometry (NanoDrop Technologies, Wilmington, DE, USA), and an Agilent 2100
Bioanalyzer. Only high-quality RNA samples meeting the following criteria were used for subsequent analyses:
0D260/280 between 1.8 and 2.2, 0D260/230 > 2.0, RNA Integrity Number (RIN) > 7.0, and total RNA > 10 pg.

Transcriptome libraries were prepared using the TruSeq™ RNA Sample Preparation Kit (Illumina, San
Diego, CA, USA) from 5 pg of total RNA, polyadenylated mRNA was enriched using oligo(dT) magnetic beads,
followed by fragmentation and first- and second-strand cDNA synthesis using random hexamer primers (Illumina).
The resulting cDNA underwent end repair, phosphorylation, and addition of an ‘A’ base according to the Illumina
library preparation protocol. After quantification using the TBS380 fluorometer, paired-end RNA-seq libraries
were sequenced on the Illumina HiSeq X Ten platform (2 X 150 bp reads) [31]. Each library generated
approximately 45-50 million clean paired-end reads per sample (range: 42.1-57.8 million), providing sufficient
depth for transcriptome profiling and downstream analyses.

2.3. Sequencing Data Quality Control and Assembly

To ensure the accuracy of transcriptomic analysis, raw sequencing reads underwent stringent quality filtering
using Trimmomatic v0.39 [32]. Adapter sequences were trimmed, and reads containing >10% unidentified
nucleotides (N) or >50% bases with Qphred < 10 were discarded. After quality control, high-quality clean reads
were retained for subsequent analyses.

https://doi.org/10.53941/ale.2026.100002 3 of 15



Huang et al. Aquat. Life Ecosyst. 2026, 2(1), 2

2.4. Genome-Guided Alignment and Transcript Assembly

Clean reads were aligned to the Thunnus albacares reference genome using HISAT2 v2.2.1 with default
parameters [33]. Alignment files were then assembled into transcripts using StringTie v2.1.7 [34], enabling
genome-guided transcript reconstruction and accurate estimation of gene and transcript abundances. Gene-level
count matrices generated by StringTie were subsequently used for differential expression analysis.

2.5. Differential Expression and KEGG Pathway Enrichment Analysis

Gene-level raw counts from StringTie were imported into DESeq?2 v1.36.0 for differential expression analysis [35].
Only raw counts (not TPM values) were used for normalization and statistical testing. Genes with an adjusted p-
value < 0.05 (Benjamini—-Hochberg correction) and [logx(fold change)] > 2 were considered significantly
differentially expressed. To examine gene expression patterns, TPM values generated by StringTie were used only
for visualization and low-expression filtering, and not for DESeq?2 [36].

To further explore the biological roles of DEGs, KEGG enrichment analysis was conducted using the
KOBAS platform (http://kobas.cbi.pku.edu.cn/home.do, accessed on 11 Aug 2025). Enrichment tests used all
annotated protein-coding genes in the 7. albacares reference genome as the background gene set. Pathways with a
Bonferroni-adjusted p-value < 0.05 were considered significantly enriched. Hierarchical clustering was performed
in R using the hclust function, and gene—gene correlations were evaluated using Spearman coefficients to construct
co-expression networks [37].

2.6. Protein-Protein Interaction (PPI) Analysis

The PPI network was constructed using STRING v11.5 (https:/www.stringdb.org , accessed on 11 August
2025) [38]. with Danio rerio selected as the reference species due to its high-quality genome annotation and
phylogenetic proximity to Thunnus albacares. Only high-confidence interaction pairs (combined score > 0.70)
based on experimental data, curated databases, and co-expression evidence were retained. The resulting interaction
file was imported into Cytoscape v3.9.1, where network topology parameters—including node degree, edge
number, and connectivity—were calculated using the NetworkAnalyzer plugin. Genes with high node degrees
were identified as hub genes. The final PPI network was visualized using Cytoscape.

2.7. Validation of RNA-Seq Results by Quantitative Real-Time PCR (qRT-PCR)

Eight immune-related genes were subjected to quantitative real-time PCR (qQRT-PCR) to validate the RNA-
Seq results, using a real-time PCR system (Analytik Jena GmbH, Jena, Germany) and SYBR Green mix (Tiangen
Biotech Co., Ltd., Beijing, China). These genes were selected because they represent key immune- and stress-
related functional categories and cover a range of high, medium, and low expression levels in the RNA-Seq dataset,
allowing assessment of expression trend consistency rather than differential-expression significance. Gene-
specific primers were designed based on transcriptome data using Primer Premier 5.0 (Table 1) [39]. Each 20 pL
reaction mixture contained 10 pL of 2x RealUniversal PreMix, 0.6 pL of each primer (10 uM), and 2 pL of diluted
cDNA. The qPCR conditions were as follows: initial denaturation at 95 °C for 15 min, followed by 40
amplification cycles (95 °C for 10 s, 58 °C for 20 s, and 72 °C for 30 s). A melting curve analysis was performed
at the end of each amplification to ensure specific amplification and the absence of primer-dimer formation. No-
template controls were included in all assays to confirm the absence of contamination in the PCR reactions.

The relative mRNA expression levels of target genes were calculated using the 2724t method, normalized to
the expression of the f-actin gene as the internal reference. The stability of f-actin under heat-stress conditions
was confirmed prior to its use, as it showed no significant variation in RNA-Seq data and exhibited consistent Ct
values across all samples. Gene expression in the CG group at 0 h was used as the baseline. Amplification
efficiencies ranged from 90% to 110%. The qRT-PCR results were used to evaluate the consistency of expression
trends (direction of change) with RNA-Seq rather than to validate the exact fold-change magnitude or DEG
significance thresholds. The expression profiles of the chosen genes from qRT-PCR were assessed against RNA-
Seq data for consistency.
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Table 1. qRT-PCR primers for immune-related genes in Thunnus albacares.

Gene Abbreviation

Primer Sequence (5'-3")

Amplicon Size (bp)

p-actin F: TCCCTGTATGCCTCTGGT 217
R: TGATGTCACGCACGATTT
hspaSh F: GTTATGTTGCCTTCACCG 203
R: GTACTCCACCTTTACTTTCG
cat F: TGACAGGCAACAACACCC 173
R: ATCGCTAAACAGGAAGGACA
gpxlb F: GGCACAATAATGGCTAAA 143
R: GTGTAATCCCTGGTGGTC
sodl F: GCAGCGATAACTCAGTCT 127
R: TATGCTAAGCCAACCTAC
inf3 F: AGCCAAACTGACCCAACG 215
R: GGTTCTTGGCAGCATCTC
acadm F: AGAAGAGTTGGCTTATGG 184
R: TGAGAAGTGGTGGTAGGA
Ipl F: AAGAATCGGCTTAGTTTAG 218
R: TTATGAATCCTCCCTGCT
bom F: GCAACAGTAGGCAGTCAG 179

R: TCCTTCTTTACCCACATT

2.8. Statistical Analysis

All RNA-Seq differential expression analyses were performed using DESeq2, with adjusted p < 0.05
considered statistically significant. The design formula used in DESeq2 was design = Group + Time to account
for differences between experimental treatments. All bar charts were generated using Origin 2022 software.

3. Results

3.1. Transcriptome Sequencing, Assembly, and Analysis of DEG Changes over Time under Different Heat

Stress Conditions

The average sequencing and assembly metrics of transcriptome data across different time points and

treatment groups are summarized in Table 2. After quality filtering, a total of 560,563,082 high-quality clean reads
were obtained. On average, each sample generated approximately 45—50 million clean reads, which is sufficient
for transcriptome-wide analysis following rRNA removal during library preparation. Over 92.43% of reads had a
Q-score > Q30, and the mean GC content was 50.93%. Principal component analysis (PCA, Figure 1) revealed
that PC1 and PC2 accounted for 31.63% and 12.92% of the total variance, respectively. Although some overlap
was observed among samples, biological replicates generally exhibited similar expression patterns within each
treatment group. Notably, the HT6h, HT24h, LT6h, and LT24h samples were partially separated along both PC1
and PC2 axes, suggesting distinct transcriptomic shifts among treatments despite within-group variability.

PCA analysis

@ HT24n
i A HTeh

40 : [ LT24h
: ¢ LTeh

PC2(12.92%)

=20

30 \ e

80 60 40 20 0 20 40 60 80 100
PCA{31.63%)

Figure 1. Principal component analysis (PCA) of samples from different groups. The circles indicate the 95%
confidence intervals for samples belonging to the same group (groups are distinguished by color).
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According to the volcano plot analysis of DEGs between the HT and LT groups at 6 h (Figure 2A), a total of
778 significant DEGs were identified, including 482 upregulated and 296 downregulated genes (p < 0.05). At the
24 h time point (Figure 2B), 524 DEGs were detected, comprising 244 upregulated and 280 downregulated genes
(p <0.05). Venn diagram analysis (Figure 2C) revealed that 155 DEGs were shared between the twotime points,
while 623 DEGs were specific to 6 h and 369 DEGs to 24 h.
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g 20 o R 207 < by
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Figure 2. DEGs between the HT and LT groups at 6 h and 24 h. (A) Volcano plot of DEGs in the HT6h vs. LT6h
comparison. Red and blue dots represent significantly upregulated and downregulated genes, respectively (p < 0.05;
[log2FC| > 1); (B) Volcano plot of DEGs in the HT24h vs. LT24h comparison. Red and blue dots indicate
significantly upregulated and downregulated genes, respectively (p < 0.05; |log2FC| > 1); (C) Venn diagram
showing the overlap of DEGs between the HT and LT groups at 6 h and 24 h.

To validate the RNA-Seq expression profiles, eight genes were examined using qRT-PCR. The relative
expression patterns determined by qRT-PCR were consistent with those obtained from the RNA-Seq analysis,

confirming the reliability of the transcriptomic data (Figure S1).

Table 2. Summary of RNA-seq data quality for LT and HT groups at 6 and 24 h.

Sample Raw Reads Clean Reads GC Content (%) Q30 (%)
LT6h-1 56391210 53804672 50.92 92.9
LT6h-2 49039678 47031648 50.85 92.45
LT6h-3 47327214 45227900 51.08 93.22
HT6h-1 48080862 45910332 50.97 92.77
HT6h-2 47853256 45884070 51.15 92.43
HT6h-3 43624808 42075020 50.22 92.87
LT24h-1 46655976 44727834 50.95 93.08
LT24h-2 46794620 44971918 50.95 92.36
LT24h-3 46759816 44419906 51.17 92.62
HT24h-1 46639070 44796650 51.08 92.69
HT24h-2 45946898 43937726 50.98 93.1
HT24h-3 60883394 57775406 50.8 92.84
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3.2. KEGG Annotation and Enrichment Analysis of Shared DEGs at Both Time Points

To further investigate the functional characteristics of the DEGs shared at both time points, KEGG functional
annotation and enrichment analyses were performed. KEGG annotation revealed that the top 20 pathways were
mainly classified into six functional categories, including Metabolism, Genetic Information Processing,
Environmental Information Processing, Cellular Processes, Organismal Systems, and Human Diseases (Figure 3A).
Among these, most genes were associated with signal transduction, followed by pathways related to protein folding
and degradation, cell growth and death, material transport and catabolism, and immune system processes.

KEGG enrichment analysis (Figure 3B) identified three pathways that were significantly enriched (p <0.05),
namely Protein processing in endoplasmic reticulum, Herpes simplex virus 1 infection, and Antigen processing
and presentation. According to the enrichment results (Table S1), Protein processing in endoplasmic reticulum
was categorized under Genetic Information Processing, with the secondary category of Folding, sorting and
degradation. Herpes simplex virus 1 infection belonged to Human Diseases, with the secondary category of
Infectious diseases: viral. Antigen processing and presentation was classified under Organismal Systems, with the
secondary category of Immune system.

KEGG annotations analysis
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Figure 3. KEGG functional annotation and enrichment analysis of common DEGs at 6 h and 24 h in the LT and HT
groups. (A) Annotation results of the top 20 KEGG pathways; (B) KEGG enrichment analysis of the common DEGs.
The bubble plot shows significantly enriched pathways (p < 0.05). The x-axis represents the enrichment factor (Rich

factor), bubble size indicates the number of genes, and bubble color corresponds to the adjusted p-value (Padjust).

https://doi.org/10.53941/ale.2026.100002

7 of 15



Huang et al.

3.3. KEGG Enrichment Analysis of Heat Stress-Specific DEGs at Each Time Point

Aquat. Life Ecosyst. 2026, 2(1), 2

To obtain a broader functional overview of temperature-induced transcriptomic responses, KEGG enrichment
analyses were further conducted separately for DEGs uniquely induced by heat stress at 6 h and 24 h (Figure 4).

At 6 h, the unique DEGs in the comparison between the LT and HT groups were significantly enriched in 5
KEGG pathways (p < 0.05), including “Protein processing in endoplasmic reticulum”, “Ascorbate and aldarate
metabolism”, “Protein export”, “Porphyrin and chlorophyll metabolism”, and “Drug metabolism—other enzymes”
(Figure 4A; Table S2). In contrast, at 24 h, the unique DEGs in the comparison between the T and HT groups were
significantly enriched in 14 KEGG pathways (p < 0.05), including “Influenza A”, “Epstein-Barr virus infection”,
“Coronavirus disease—COVID-19”, “Herpes simplex virus 1 infection”, “Malaria”, “Glutathione metabolism”,
“NOD-like receptor signaling pathway”, “Hepatitis B”, “Arginine and proline metabolism”, “RIG-I-like receptor
signaling pathway”, “Toll-like receptor signaling pathway”, “Cytosolic DNA-sensing pathway”, “Antigen
processing and presentation”, and “Kaposi sarcoma-associated herpesvirus infection” (Figure 4B; Table S3).
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Figure 4. KEGG enrichment analysis of heat stress—specific DEGs at two sampling time points. (A) KEGG
pathways significantly enriched by DEGs uniquely induced under heat stress at 6 h (HT 6 h vs. LT 6 h); (B) KEGG
pathways significantly enriched by DEGs uniquely induced under heat stress at 24 h (HT 24 h vs. LT 24 h).
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3.4. Cluster Heatmap Analysis

A cluster heatmap analysis was performed for 27 genes involved in significantly enriched KEGG pathways
(p <0.05) shared by DEGs between the LT and HT groups at both 6 h and 24 h (Figure 5). Two distinct expression
patterns were observed. Specifically, the genes hspa4l, 0s9, rheb, uggtl, selll, dnajc3a, sill, syvnl, calr3a, hyoul,
SEC24, pdia4, hapa5, dnajbl 1, pdia3, CALR, Iman2, pdia6, hsp90bl, Imanl, calr, herpudl, and GRP58 were
significantly upregulated in the HT group at both time points compared to the LT group (p < 0.05). In contrast,
KRAB, ifihl, MHCI, and srsf5b were significantly downregulated under the same conditions (p < 0.05).
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Figure 5. Heatmap showing normalized expression patterns (TPM, Z-score transformed) of representative genes enriched
in KEGG pathways among DEGs detected at 6 h and 24 h in LT and HT groups. The heatmap represents standardized
expression trends rather than pairwise log fold-change values. Genes were selected from significantly enriched KEGG
pathways shared at both sampling time points to illustrate core transcriptional responses under heat stress.

3.5. PPI Network Analysis

Based on the significantly enriched KEGG pathways of the shared DEGs between the LT and HT groups at
6 h and 24 h, a PPI network was constructed (Figure 6). A total of 27 genes were incorporated into the analysis,
forming a compact interaction network with high overall connectivity. Most of the genes were interconnected
through multiple edges, indicating extensive interaction relationships.
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Figure 6. Protein—protein interaction (PPI) network of genes involved in significantly enriched KEGG pathways
of shared DEGs between the LT and HT groups at 6 h and 24 h. Node size represents the degree of interaction.

Within the network, several genes exhibited high node degrees and occupied central hub positions, including
pdia4, hyoul, calr3a, pdia6, hsp90bl, hspa5, dnajc3a, and hspa4l. These genes showed the largest number of
connections and formed the core of the network. In contrast, genes such as KRAB, SEC24, rheb, and dnajbll
displayed lower connectivity and were located at the periphery of the network.

The network could be roughly divided into two major interaction modules. The first module was dominated
by pdia4, pdia3, pdia6, hsp90bl, CALRand GRP58, mainly consisting of genes associated with protein folding
and endoplasmic reticulum protein processing, which were densely interconnected. The second module centered
on hspadl, hspa5, hyoul, syvnl, uggtl, and dnajc3a, which were primarily involved in molecular chaperones and
signal regulation. In contrast, genes such as KRAB, SEC24, and rheb exhibited smaller node sizes and lower
degrees of connectivity, and were located at the peripheral regions of the network. Although MHC, srsf5bh, and
ifihl were significantly downregulated at the transcriptomic level, they did not form prominent interaction nodes
within the PPI network.

4. Discussion

In this study, we also selected the liver as the target tissue, as it plays a pivotal role in the physiological response
of fish to heat stress. Previous studies have shown that under thermal stress, the liver contributes to cellular
homeostasis by regulating the expression of heat shock proteins, modulating antioxidant enzyme activities, and
activating endoplasmic reticulum (ER) stress pathways [39]. Under high-temperature treatment at 34 °C, we
conducted differential transcriptomic analyses of yellowfin tuna subjected to 28 °C and 34 °C at two time points (6 h
and 24 h). The results revealed that the number of DEGs unique to the early heat stress phase (6 h) reached 623,
which was considerably higher than the 369 DEGs identified at 24 h. This suggests that acute thermal stress triggers
a more intense and rapid molecular response in the early phase, involving stress perception, signal transduction, and
the activation of acute protective mechanisms [40]. By 24 h, the expression of some genes had stabilized, indicating
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that the organism may have initiated adaptive responses to mitigate the ongoing impact of heat stress. These findings
highlight the temporal and dynamic regulation of hepatic responses to thermal challenge in fish [41].

Subsequent KEGG enrichment analysis further elucidated the key functional pathways associated with these
DEGs. Notably, the DEGs common to both the 6 h and 24 h time points were mainly enriched in pathways such
as “Protein processing in endoplasmic reticulum” and “Antigen processing and presentation.” Although KEGG
annotates one of the enriched pathways as “Herpes simplex virus 1 infection,” this pathway is widely recognized
to contain conserved components related to ER stress, antigen presentation, and molecular chaperone activity. Its
enrichment therefore reflects the activation of shared cellular stress—related mechanisms rather than a virus-
specific response. These pathways are known to play critical roles in the heat stress response, further supporting
the notion that high-temperature exposure induces ER stress, activates immune-related pathways, and regulates
molecular chaperone expression to maintain cellular homeostasis [42—44]. A similar time-dependent
transcriptional trend has also been reported in Ctenopharyngodon idellus. In a transcriptomic study by Zhang et
al., the liver and brain tissues of grass carp under heat stress showed significant early enrichment in protein
processing in the ER and immune-related pathways, suggesting that thermal stress rapidly initiates mechanisms
related to cellular homeostasis and immune regulation [45].

To gain a functional overview of heat stress—induced transcriptomic responses, we conducted KEGG
enrichment analyses for DEGs uniquely induced by heat stress at 6 h and 24 h. At 6 h, the significantly enriched
pathways were primarily related to protein folding and metabolism, including Protein processing in endoplasmic
reticulum, Ascorbate and aldarate metabolism, Protein export, and Porphyrin and chlorophyll metabolism, suggesting
that early heat stress triggers rapid activation of protein quality-control and metabolic adjustment mechanisms [46].
In contrast, at 24 h, the uniquely induced DEGs were enriched in a broader set of immune-related and pathogen-
recognition pathways, such as Influenza A, NOD-like receptor signaling pathway, RIG-I-like receptor signaling
pathway, Toll-like receptor signaling pathway, and Antigen processing and presentation, along with metabolic
pathways including Glutathione metabolism and Arginine and proline metabolism [47,48]. This shift indicates that
prolonged heat exposure promotes enhanced innate immune signaling and metabolic adaptation.

Comparative analysis of the shared DEGs between 6 h and 24 h revealed consistent activation of classical stress-
responsive pathways under high-temperature exposure. Hierarchical clustering showed that several molecular chaperone
genes—including Aspal, hspadl, hsp90bl, and dnajc3a—were continuously upregulated at both time points. These
genes play essential roles in the ER stress response and protein folding regulation. Under heat-induced damage or
accumulation of misfolded proteins, their expression is rapidly induced to assist in the recognition and repair of denatured
proteins, thereby maintaining ER homeostasis and overall intracellular stability [49,50]. In addition, genes such as syvnl,
uggtl, selll, and pdiad/pdia6 were also significantly upregulated. These genes are critical components of the ER-
associated degradation (ERAD) pathway and protein quality control system [51,52], indicating that yellowfin tuna
rapidly activates proteostasis mechanisms under thermal stress to mitigate cellular damage. In contrast, genes including
KRAB, ifihl, MHCI, and srsf5b were significantly downregulated during high-temperature exposure. Notably, the
suppression of MHCI suggests that the capacity for antigen recognition and presentation may be impaired under
sustained heat stress, reflecting a potential complexity in immune system regulation [53]. Meanwhile, ififi ], a pattern
recognition receptor (PRR) involved in antiviral responses, exhibited decreased expression, possibly indicating
disruption of innate immune signaling pathways under thermal conditions [54]. Interestingly, the gradual reduction of
heat shock protein—related transcriptional signatures at 24 h, together with the decline in immune-associated gene
activity, may indicate a physiological transition from acute stress defense toward early thermal acclimation. This pattern
suggests that heat shock proteins could participate in a compensatory regulatory mechanism that helps restore cellular
stability and metabolic balance once the initial stress response has been triggered [55]. These findings collectively
demonstrate that under heat stress, the organism simultaneously activates ER protein processing and molecular
chaperone pathways while exhibiting a potential suppression in certain immune recognition modules, highlighting a
finely tuned and dynamic regulatory strategy across multiple pathways in response to thermal stress.

Furthermore, analysis of the constructed PPI network provided additional support for the central roles of
several stress-responsive genes during heat exposure. This network comprised 27 genes, exhibiting a tightly
connected structure and high interaction density, and was generated using high-confidence protein—protein
interactions from the STRING database. Hub genes such as pdia4, hspa5, dnajc3a, hspadl, hsp90bl, calr3a,
hyoul, and pdia6 displayed high connectivity degrees, a pattern consistent with their established functions in
coordinating ER stress responses, protein folding, and proteostasis regulation during heat exposure [56]. Although
these genes encode molecular chaperones rather than classical transcriptional regulators, their central positions
within the network reflect their roles as integrators of unfolded protein response (UPR) and ER-associated
degradation (ERAD) signaling [57].
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Notably, intensive interactions were observed between members of the protein disulfide isomerase (PDI)
family, such as pdia4, pdia6, and pdia3, and molecular chaperones including Aspa5 and hsp90b1 [58], forming a
functional module centered on ER protein folding regulation. This supports the notion that cells enhance protein
processing capacity to mitigate the stress burden caused by the accumulation of misfolded proteins under heat
stress [59]. Heat shock proteins such as dnajc3a, hspa4l, and hyoul also exhibited notable centrality within the
network, suggesting their rapid engagement in the molecular chaperone system during the early phases of stress
response [60]. Although genes like syvnl, uggtl, and selll were located on the network periphery, they
demonstrated clear interactions with central nodes and are primarily involved in the ERAD pathway. This suggests
that under heat stress, the ERAD mechanism may be co-activated to facilitate the recognition and clearance of
misfolded proteins [61]. In contrast, nodes such as KRAB, SEC24, and rheb showed low connectivity and were
positioned at the network margin, implying that they may not be directly involved in the core heat-induced stress
response. Similarly, although MHCI, srsf5b, and ifihl were significantly downregulated at the transcriptomic
level, they did not exhibit high interaction features within the PPI network. This further indicates that under the
current stress condition, the organism prioritizes activation of ER protein processing and folding systems to
maintain homeostasis [62,63], while the immune recognition pathways may exhibit a relatively suppressed status.

5. Conclusions

This study investigated the hepatic transcriptomic responses of juvenile Thunnus albacares under high-
temperature stress (34 °C) compared to a normal temperature control (28 °C) at 6 h and 24 h. The results showed
a greater number of DEGs at 6 h, indicating a more intense early stress response. The shared DEGs were
significantly enriched in pathways related to protein processing in the endoplasmic reticulum, immune regulation,
and viral infection, suggesting that the organism responds to heat stress mainly through adjustments in protein
homeostasis and cellular stress management rather than directional immune activation.

PPI analysis revealed that genes such as pdia4, hspa5, dnajc3a, and hsp90bl acted as central regulators
involved in protein folding and endoplasmic reticulum homeostasis during heat stress. Their roles suggest that
yellowfin tuna increase protein folding capacity to mitigate misfolded protein accumulation under thermal stress.
In contrast, the reduced connectivity and lower expression of immune-associated genes such as mhcl and ifihl
suggest a suppression or functional downscaling of immune signaling during the acute phase of heat stress, rather
than an activation of immune pathways.
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