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Abstract

Understanding the chronic thermal acclimation capacity of chum salmon (Oncorhynchus
keta) is essential for predicting species resilience and developing mitigation strategies
under ocean warming. We investigated the upper limit of chronic thermal acclimation and
its underlying molecular mechanisms in chum salmon smolts exposed to four constant
temperatures (10, 14, 18, and 22 °C) for 6 weeks. Transcriptional responses of genes
related to cellular stress protection, endocrine feedback regulation, antioxidant defense,
metabolic regulation (AMPKa and mTOR), and protein degradation were quantified in
the liver, skeletal muscle, and brain. Chronic exposure to elevated temperature elicited
tissue-specific molecular responses, with the most pronounced effects observed at 22 °C. At
this temperature, all tissues showed marked induction of heat shock proteins and ubiquitin,
accompanied by suppression of antioxidant defenses, glucocorticoid receptor signaling, and
AMPKa-mTOR-mediated metabolic regulation, particularly in the liver and muscle. These
responses were consistent with previously reported impairments in growth performance,
lipid reserves, and hematological indices from the same growth trial. In contrast, smolts
maintained at 18 °C exhibited molecular signatures indicative of effective physiological
compensation without severe cellular stress. Collectively, these results indicate that chum
salmon smolts can acclimate to chronic warming up to 18 °C, whereas exposure to 22 °C
exceeds their acclimation capacity and induces a tertiary stress response.

Keywords: chum salmon; chronic thermal acclimation; ocean warming; heat shock protein;
stress physiology; AMPKa-mTOR signaling

Key Contribution: This study defines the upper limit of chronic thermal acclimation in
chum salmon smolts by linking tissue-specific transcriptional responses to growth and
physiological performance. We demonstrate that smolts can effectively acclimate to chronic
warming up to 18 °C, whereas exposure to 22 °C exceeds their acclimation capacity and
induces a tertiary stress response characterized by disrupted metabolic regulation and
cellular stress defenses. These findings provide mechanistic insight into the vulnerability
of juvenile chum salmon to ocean warming.
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1. Introduction

The Republic of Korea represents the southern boundary of the spawning distribution
of chum salmon (Oncorhynchus keta) in the Northwest Pacific [1,2]. However, sea surface
temperatures in this region have increased at rates two to three times higher than the
global average rate, driven by intensified regional oceanographic processes [3,4]. This rapid
warming poses a critical challenge to the persistence of southern chum salmon populations
and to the feasibility of sustainable salmon aquaculture under future climate scenarios [2].

In the context of global climate warming, a substantial body of literature has examined
the effects of elevated temperature on salmonids [5-7]. Reported temperature-related effects
include thermal tolerance [8], growth performance [9-11], metabolic regulation [12], stress
physiology [13-15], antioxidant responses [16-21], and immune function [22]. However, much
of this literature has focused on acute thermal stress, thereby primarily characterizing short-
term physiological responses [5,13,14,23-26]. Classic work by Brett [5] demonstrated that the
upper incipient lethal temperature (UILT; defined as the temperature causing 50% mortality
during a 7-day acute exposure) for juvenile chum salmon was approximately 23.8 °C, and
that behavioral avoidance occurred at temperatures above 15 °C. Similarly, Palmisano [13]
showed that acute exposure to 21.6 °C induced cellular stress responses without eliciting
an endocrine stress response in juvenile Chinook salmon (Oncorhynchus tshawytscha). While
such studies provide critical benchmarks for thermal limits and cellular responses, they offer
limited insight into the consequences of sustained exposure to elevated temperatures.

In contrast, studies employing chronic or long-term thermal exposures provide more
ecologically relevant information on fitness- and survival-related traits at both individual
and population levels, including growth and osmoregulatory capacity, under warming con-
ditions. For example, chronic exposure to 17-20 °C did not impair growth but did reduce
hypo-osmoregulatory performance, whereas exposure to 21-24 °C significantly compromised
both growth and osmoregulatory capacity in juvenile Chinook salmon [9]. Likewise, pro-
longed exposure to 20 °C significantly reduced growth and body energy reserves in brown
trout (Salmo trutta), with potential consequences for population fitness [11]. Despite these
advances, comparatively little information is available on the physiological consequences of
prolonged exposure to elevated temperatures in chum salmon, highlighting a critical gap in
our understanding of how ongoing marine warming may affect this species.

Several long-term studies have demonstrated that fish can acclimate to suboptimal tem-
peratures through physiological and cellular adjustments, but only up to a species-specific
threshold [8,11,14,18,27]. The upper limit of chronic thermal acclimation can be defined as
the highest temperature at which physiological performance, such as growth and osmoregu-
lation, can be maintained via compensatory physiological and molecular mechanisms [28,29].
Beyond this limit, sustained thermal exposure triggers a shift from secondary to tertiary
stress responses, characterized by reduced energy reserves, osmotic and ionic homeostasis,
immune competence, and ultimately decreased growth and survivorship [28,30].

Despite the high vulnerability of chum salmon, particularly populations at the south-
ern margin of their distribution, to ongoing ocean warming, information on the chronic
thermal biology of this species, including its capacity for chronic thermal acclimation,
remains limited [7,31,32]. Early work by Brett [5] demonstrated, based on acute thermal
tolerance experiments, that juvenile chum salmon exhibited the lowest upper thermal
tolerance among Pacific salmon, with an UILT of approximately 23.8 °C. In contrast, the
ecological preferendum of chum salmon has been reported to range between 9 and 13
°C [33,34], while peak growth has been observed at higher temperatures (16-19 °C) in short-
term growth trials of approximately 10 days [35,36]. However, these findings have not been
evaluated under long-term, integrative experimental conditions. Accordingly, in this study,
chum salmon smolts were exposed to four constant temperatures (optimal: 10 and 14 °C;

https:/ /doi.org/10.3390/ fishes11020095


https://doi.org/10.3390/fishes11020095

Fishes 2026, 11, 95

30f17

elevated: 18 and 22 °C) for 6 weeks to assess their capacity for chronic thermal acclimation
and to elucidate the physiological and molecular mechanisms that define the upper limits of
thermal tolerance. Transcriptional responses of genes involved in cellular stress protection
(heat shock proteins, HSPs), endocrine regulation of cortisol signaling, antioxidant defense,
cellular energy and anabolic regulation (AMP-activated protein, AMPK« and mechanistic
target of rapamycin, mTOR signaling), and protein degradation pathways were quantified
in three metabolically and functionally distinct tissues (liver, skeletal muscle, and brain).

Our results, integrated with previously reported data on growth performance, body com-
position, and hematological parameters obtained from the same growth trial (Table A2; [32]),
were used to evaluate the capacity for chronic thermal acclimation and to better understand
its underlying mechanisms. By characterizing chronic cellular and molecular responses to
sustained thermal exposure, this study provides mechanistic insight into the constraints on
thermal acclimation capacity in chum salmon and offers a physiological framework to inform
conservation and aquaculture strategies under ongoing marine warming.

2. Materials and Methods
2.1. Fish Rearing and Seawater Acclimation

Approximately 300 juvenile chum salmon (approximately 2 months post-hatch) were
transported to an indoor facility at Sejong University, Seoul. Following initial acclimation,
240 healthy individuals of similar size were selected and distributed into 12 recirculat-
ing rearing tanks (300 L; environmental conditions: ~14 °C, 9.0 mg O, /L, photoperiod:
12L/12D). Fish were reared for 1.5 months and fed a commercial trout pellet (crude protein:
51%; crude lipid: 12%; crude fiber: 3%; crude ash: 9%) twice daily at a feeding rate of 3-5%
of body weight (BW). Subsequently, the fish were gradually acclimated to seawater (30 ppt)
over a period of 2 weeks using a modified method established [37] (Figure 1).
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10°C )

Rearing in freshwater

14 °C

1.5 months

Seawater
Acclimation

Gradual increase

over 2 weeks;

14 °C

-~
- e

2 weeks

(0 —10 — 20 — 25 — 30 ppt

3 days at each increase)

Salinity acclimation at 30 ppt

Temperature
Acclimation

Increase/decrease
1 °Clday

Growth trial
for 6 weeks
(3 tanks / temperature)

1 week

Figure 1. Schematic overview of the experimental design for the chum salmon (Oncorhynchus keta)
study, illustrating the seawater transfer and subsequent temperature acclimation procedures prior to
the 6-week growth trial.

2.2. Experimental Design and Sampling Procedure

Four temperature treatments (10, 14, 18, and 22 °C) were randomly assigned to
12 tanks containing seawater-acclimated chum salmon (mean BW 7.0 g), with three replicate
tanks per temperature (completely randomized design). Tank temperatures were adjusted
at arate of 1 °C per 12 h using aquarium heaters or chillers with temperature controllers
until target treatment temperatures were reached. After a 1-week acclimation, the fish were
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reared under constant-temperature conditions for 6 weeks (Table A1). Water temperature
was monitored twice daily using a multiparameter water quality meter (HI9829, Hanna
Instruments, Inc., Smithfield, RI, USA) and verified with a glass thermometer. Total
ammonia, nitrite, and nitrate were measured weekly using commercial assay kits (Tetra
Spectrum Brands, LLC, Blacksburg, VA, USA). The fish were fed a commercial diet (crude
protein, 46.6%; crude lipid, 11.9%; crude fiber, 1.4%; and crude ash, 15.2%) at 3% BW per
day. Fork length and BW were measured at 0, 3, and 6 weeks (20, 8, and 12 fish from
each tank, respectively). Three fish per tank were randomly sampled at 3 and 6 weeks,
euthanized with MS-222, and tissues (liver, muscle, and brain) were collected, snap-frozen
on dry ice, and stored at —80 °C.

2.3. mRNA Quantification Procedure

Total RNA was extracted from the liver, muscle, and brain tissues using the phenol-
chloroform method (TRIzol, Invitrogen, Carlsbad, CA, USA). RNA concentration and purity
(A260/280 and A260/230 ratios) were assessed using a NanoDrop spectrophotometer
(Thermo Fisher Scientific, Wilmington, DE, USA). cDNA was synthesized from 1 pg of total
RNA using a reverse transcription kit (Qiagen, Hilden, Germany) in a T100 thermal cycler
(Bio-Rad Laboratories, Inc., Hercules, CA, USA). The relative mRNA level of each target
gene was quantified by quantitative reverse transcription PCR using the QuantiNova SYBR
Green PCR kit (Qiagen, Hilden, Germany) in a Bio-Rad C1000 thermal cycler with a CFX96
optical reaction module (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Synthesized
cDNA was diluted 4-fold with DNase/RNase-free water and used as a template in a total
reaction volume of 20 uL. All reactions were performed in duplicate. The cycling conditions
were 95 °C for 2 min, followed by 40 cycles of 95 °C for 5 s and 60 °C for 10 s. Relative
mRNA level was calculated relative to that of B-actin (reference gene) using the 2-44¢t
method. The primer information is provided in Table 1. B-actin was selected as the reference
gene based on its stable expression across experimental temperature groups [32].

Table 1. Primers used for qPCR analysis in this study.

Gene Names Accession Number Oligo Sequences (5 to 3') Reference

B-actin AB032464 F: ATCTGGCATCACACCTTCTA [38]
R: CTTCTCCCTGTTGGCTTTG

HSP70 XM_035755459.2 F: GTTGTAGCGATGAGACAAGATAGTAGCC [39]
R: CCTAAATAGCACTGAGCCATAAAAATGT

HSP90 XM_035775220.2 F: CTTTGAGAACAAGAAGAAGAAGAAC [40]
R: CACACCCTTAATGAAGTTGAGGTAC

Ubiquitin XM_035776959.2 F: GTGAAGACGTTGACGGGGAA [41]
R: GGGTGGACTCTTTCTGGATGT

GR1 MK990540 F: AATGAAAGGGCCTGCACCC [42]
R: GCCTCTGGCTCAATGGCTTTA

GR2 MK990542 F: ATGGAGCTTCTGGAATGCAAGG [42]
R: ACCATGCTTGGAGGTAGAACTGG

HSD11pB XM_052513703.1 F: AAGGGACGCATCGTCACAATCT [43]
R: AACAGGTTGAGAGCTGCCTTGG

SOD XM_035767823.2 F: GGGAGCCCTGGTACACACTA [44]
R: CGAGTCAAAGCCCTCAGAAC

Catalase XM_035746928.2 F: TGATGTCACACAGGTGCGTA [45]
R: GTGGGCTCAGTGTTGTTGAG

GPx XM_035742816.2 F: AATGTGGCGTCACTCTGAGG [46]
R: CAATTCTCCTGATGGCCAAA

AMPKa XM_035772525.2 F: ATCTTCTTCACGCCCCAGTA [47]
R: GGGAGCTCATCTTTGAACCA

mTOR XM_035740983.2 F: GCAACAGCGACAGCGAGGTAG [48]

R: TGGAGAGGGAGATTGAGCGGAAG

HSP70: heat shock protein 70c; HSP90: heat shock protein 90«; GR: glucocorticoid receptor; HSD113: 11-3
hydroxysteroid dehydrogenase 2; SOD: Cu/Zn Superoxide dismutase; GPx: glutathione peroxidase; AMPKa:
AMP-activated protein kinase «; mTOR: mammalian target of rapamycin.
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2.4. Data Analysis

The results were analyzed using two-way analysis of variance (ANOVA) in SPSS software
(version 21; IBM SPSS Statistics, Armonk, NY, USA) to evaluate the effects of temperature,
time, and their interaction at a significant level of p < 0.05. When a significant interaction
was detected, data were analyzed separately at each sampling time point using one-way
ANOVA, followed by pairwise comparisons using Duncan’s multiple range test. Three fish
(technical replicates) from each tank were individually analyzed for mRNA expression, and
the resulting values were averaged to obtain a mean value per tank. Each tank was treated as
an experimental unit (n) for statistical analysis, with three replicate tanks per treatment. All
data are presented as mean = standard error of the mean (1 = 3 tanks).

3. Results
3.1. Temperature-Dependent Induction of Cellular Stress Responses (HSP70, HSP90 & Ubiquitin)

HSP70 and HSPI0 expression patterns were previously reported [37] and are presented
here to provide an integrated comparison with other tissues. Chronic exposure to elevated
temperatures (18 and/or 22 °C) significantly induced HSP70 and HSP90 mRNA expression
across tissues, with the strongest and most consistent upregulation observed at 22 °C
(Figure 2A-F). In the liver, both HSP70 and HSP90 mRNA levels were significantly elevated
at 18 and 22 °C after 6 weeks, with temperature being the primary explanatory factor
(2W ANOVA, temperature: p-values < 0.001; Figure 2A,D). In skeletal muscle, HSP70
and HSP90 mRNA levels were markedly increased at 22 °C (2W ANOVA, temperature:
p-values < 0.001; Figure 2B,E), whereas time-dependent effects were minimal. In the
brain, both genes exhibited strong temperature- and time-dependent induction, with
significantly higher expression at 22 °C compared to all other temperatures at both sampling
points 2W ANOVA, temperature: p-values < 0.001). Hepatic ubiguitin mRNA levels were
significantly elevated at 22 °C, particularly at week 3 2W ANOVA, temperature: p-value
= 0.002), whereas muscle ubiquitin expression was primarily influenced by time rather
than temperature (2W ANOVA, time: p-value 0.005; Figure 2G,H). No significant effects of
temperature or time were detected in brain ubiguitin expression (Figure 2G-I), suggesting
tissue-specific activation of protein degradation pathways under chronic thermal stress.
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Figure 2. Relative mRNA expression of heat shock proteins (HSPs) and ubiquitin in the liver, skeletal muscle
and brain of chum salmon (Oncorhynchus keta) after exposure to 10, 14, 18 and 22 °C for 3 and 6 weeks.
Error bars represent the standard error of the mean (n = 3 tanks). Different letters denote significant
differences among temperatures and exposure duration, as determined by two-way ANOVA followed
by Duncan’s multiple range test. Panels (A-I) show gene-specific expression profiles.

3.2. Suppression of Glucocorticoid Signaling Under Chronic Thermal Stress
(GR1, GR2 & HSD11p)

Chronic exposure to elevated temperatures resulted in a consistent downregula-
tion of glucocorticoid receptor (GR) transcripts across tissues, particularly at 18 and 22
°C (Figure 3A-F). Hepatic GR1 and GR2 mRNA levels were significantly reduced at ele-
vated temperatures, although the magnitude and temporal patterns differed between recep-
tor isoforms (2W ANOVA, temperature: p-values = 0.002 and 0.019; Figure 3A,D). In skeletal
muscle, both GR1 and GR2 exhibited pronounced temperature-dependent decreases, with
the lowest expression observed at 22 °C at both time points 2W ANOVA, temperature:
p-values < 0.001; Figure 3B,E). Similarly, brain GRI expression declined progressively
with increasing temperature (2W ANOVA, temperature: p-value < 0.001), whereas GR2
expression remained unaffected (Figure 3C,F). 11B-hydroxysteroid dehydrogenase (HSD11p)
mRNA expression showed limited temperature sensitivity, with no significant changes
detected in liver or brain tissues. In contrast, muscle HSD11p expression was significantly
influenced by both temperature and time (2W ANOVA, temperature: p-value < 0.001, time:
p-value = 0.008), indicating tissue-specific modulation of local cortisol metabolism during
prolonged thermal exposure (Figure 3G-I).

3.3. Altered Antioxidant Defense Capacity Under Elevated Temperatures (SOD, Catalase & GPx)

Antioxidant gene expression exhibited clear tissue- and temperature-specific patterns,
reflecting differential oxidative stress regulation under chronic warming (Figure 4A-I). In
the liver, Superoxide dismutase (SOD) expression peaked at intermediate elevated temper-
atures (14-18 °C), whereas Glutathione peroxidase (GPx) mRNA levels were significantly
suppressed at 18 and 22 °C (2W ANOVA, temperature: p-values < 0.001; Figure 4A,D,G),
suggesting reduced antioxidant capacity at higher temperatures. In skeletal muscle, SOD
and GPx expression declined progressively with increasing temperature 2W ANOVA,
temperature: p-values < 0.001 each; GPx interaction: p-value 0.022), particularly at 22 °C,
while catalase showed a transient increase at 18 °C at week 3 2W ANOVA, time: p-value
0.003; Figure 4B,E,H). In the brain, SOD expression was consistently lower at elevated
temperatures, whereas catalase remained unchanged. Brain GPx expression displayed a
non-linear response, with higher levels at 10 and 22 °C at week 3 (2W ANOVA, temperature:
p-value 0.047; Figure 4C El), indicating complex regulation of oxidative stress responses in
neural tissue.
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Figure 3. Relative mRNA expression of glucocorticoid receptors and 11-B hydroxysteroid dehydroge-
nase 2 (HSD11B) in the liver, skeletal muscle and brain of chum salmon (Oncorhynchus keta) after
exposure to 10, 14, 18 and 22 °C for 3 and 6 weeks. Error bars represent the standard error of
the mean (n = 3 tanks). Different letters denote significant differences among temperatures and
exposure duration, as determined by two-way ANOVA followed by Duncan’s multiple range test.
Panels (A-T) show gene-specific expression profiles.

3.4. Temperature-Mediated Disruption of Anabolic—Catabolic Signaling Balance
(AMPKa & mTOR)

Genes associated with cellular energy sensing and anabolic regulation exhibited
marked temperature-dependent suppression, particularly at 22 °C (Figure 5A-F). In the
liver, AMPKu expression was highest at 14 °C and significantly reduced at 22 °C at week 3
(Figure 5A), while hepatic mTOR expression was significantly downregulated at 22 °C after
6 weeks (2W ANOVA, interaction: p-values 0.006 and 0.002; Figure 5D), indicating impaired
anabolic signaling under chronic thermal stress. In skeletal muscle, both AMPKa and mTOR
mRNA levels declined monotonically with increasing temperature at both sampling points
(2W ANOVA, temperature: p-values < 0.001; Figure 5B,E), demonstrating a coordinated
disruption of metabolic regulation. In the brain, AMPKax expression remained stable
across temperatures; however, mTOR expression decreased significantly with increasing
temperature (2W ANOVA, temperature: p-value < 0.001; Figure 5C,F), highlighting tissue-
specific vulnerability of anabolic pathways to chronic warming.
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Figure 4. Relative mRNA expression of Cu/Zn Superoxide dismutase (SOD), catalase, and glutathione
peroxidase (GPx) in the liver, skeletal muscle and brain of chum salmon (Oncorhynchus keta) after
exposure to 10, 14, 18 and 22 °C for 3 and 6 weeks. Error bars represent the standard error of the
mean (n = 3 tanks). Different letters denote significant differences among temperatures and exposure
duration, as determined by two-way ANOVA followed by Duncan’s multiple range test. Panels (A-I)
show gene-specific expression profiles.
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Figure 5. Relative mRNA expression of AMP-activated protein kinase & (AMPKa) and mechanistic target
of rapamycin (mTOR) in the liver, skeletal muscle and brain of chum salmon (Oncorhiynchus keta) after
exposure to 10, 14, 18 and 22 °C for 3 and 6 weeks. Error bars represent the standard error of the
mean (n = 3 tanks). Different letters denote significant differences among temperatures and exposure
duration, as determined by two-way ANOVA followed by Duncan’s multiple range test. Panels (A-F)
show gene-specific expression profiles.

4. Discussion

The present study demonstrates that chum salmon smolts exhibit a capacity for thermal
acclimation up to 18 °C, beyond which exposure to 22 °C is consistent with a transition
toward a tertiary stress-like response. This interpretation is supported by coordinated
temperature-dependent changes in (1) HSP expression, (2) ubiquitin-mediated protein
degradation, (3) antioxidant defense capacity, and (4) cellular energy and anabolic signaling
(AMPKa and mTOR). These responses were most pronounced in the liver, while consistent
patterns were also observed in the skeletal muscle and brain tissues. The progressive
downregulation of genes associated with glucocorticoid signaling, antioxidant defense,
and metabolic regulation at elevated temperatures suggests constrained stress regulation
and reduced metabolic scope at the transcriptional level under chronic warming. We
further integrated these molecular responses with previously reported changes in growth
performance, lipid reserves, and red blood cell (RBC) indices observed in the same growth
trial (Table A2; [32]) to elucidate a more integrative physiological mechanisms underlying
chronic thermal acclimation in chum salmon smolts. Collectively, these findings support
the concept that 22 °C represents a biologically stressful condition that exceeds the upper
limit of chronic thermal acclimation for this species.

It should be emphasized that the present study is based on mRNA expression analyses
of a selected set of genes. Because transcriptional changes do not necessarily translate
directly into protein abundance, enzyme activity, or signaling pathway activation due to
post-transcriptional and post-translational regulation [49,50], the results should be inter-
preted as transcriptional indicators associated with cellular stress, metabolic regulation, and
antioxidant capacity rather than direct functional measurements. Accordingly, references to
altered signaling pathways or physiological processes in this discussion reflect regulatory
trends inferred from gene expression patterns. Further studies incorporating protein-level
analyses, enzymatic assays, and direct pathway activity measurements will be required to
fully resolve the functional consequences of chronic thermal exposure.

4.1. Heat Shock Protein Induction as a Marker of Chronic Thermal Stress Severity

HSPs are highly conserved molecular chaperones that maintain cellular homeostasis
by promoting protein folding, preventing aggregation, and facilitating degradation of dam-
aged proteins [29,51,52]. Among these, the inducible forms of HSP70 and HSP90 are major
chaperones that protect cells from proteotoxicity caused by various stressors including ther-
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mal stress [52]. The present findings show significant upregulation of HSP70 and H5P90
mRNA expression in chum salmon, which is consistent with previous results reported in
salmonids exposed to elevated temperatures [11,13,26,53,54]. The upregulation of HSP70
and/or HSP90 in multiple tissues, including the muscle and liver, has been reported in
Chinook salmon exposed to acute temperature elevations [13,54]. Both studies demon-
strated pronounced tissue-specific differences in the magnitude of the heat shock response.
Bowen [54] identified the liver as the most heat-sensitive tissue, whereas Palmisano [13] re-
ported greater sensitivity in the muscle and brain. This discrepancy may reflect differences
in the life stages of salmon and the experimental procedure (e.g., acclimation temperature).
In contrast to acute HSP upregulation, Marcoli [21] reported downregulations of HSP90
mRNA levels in the liver, spleen, and gill of Chinook salmon subjected to chronic exposure
to combined elevated temperature (20 °C) and hypoxia, which was attributed to energy
deprivation and metabolic depression resulting from energy reallocation toward essential
maintenance processes under prolonged stress. Considering that the heat shock response
is a critical emergency mechanism for coping with thermal stress [29,51,52], the direction
and magnitude of HSP regulation likely depend on the exposure duration, presence of
additional stressors, and stress severity.

In the present study, HSP70 and HSP90 mRNA expression in liver increased at both
18 and 22 °C, whereas expression in muscle and brain increased only at 22 °C. HSP90
expression at 22 °C was ~7-fold higher in the liver than in the muscle and brain, indicating
greater sensitivity of liver to heat stress. Moreover, hepatic HSP70 and HSP90 mRNA
expressions increased by ~4-fold and ~10-fold, respectively, from 18 °C to 22 °C, indicating
substantially greater thermal stress at 22 °C. Accordingly, the marked elevations in HSP70
and HSP90 mRNA levels at 22 °C suggest a possible metabolic burden on the liver, and
potentially on whole-body metabolism, given its central metabolic role in fish [54]. The
persistence of this heat shock response during the 6 weeks supports this interpretation
and is consistent with physiological alterations observed under chronic thermal stress,
including the previously reported reductions in growth, body lipid content, and RBC
indices obtained from the same growth trial (Table A2; [32]).

4.2. Downregulation of Glucocorticoid Receptors Under Prolonged Thermal Exposure

GRs are ligand-activated transcription factors that mediate cortisol signaling and
negative feedback regulation within the hypothalamic-pituitary—interrenal (HPI) axis [55].
Teleost fish possess two GR isoforms, GR1 and GR2, which are widely expressed across
tissues and differ in ligand affinity. GR2 exhibiting higher cortisol sensitive than GR1
in species such as rainbow trout (Oncorhynchus mykiss) [56]. Through mediating corti-
sol actions and feedback regulation, GRs play a vital role in the HPI axis during stress
responses [57,58].

Acute stress typically elicits rapid increases in plasma cortisol, followed by GR-
mediated negative feedback that restores homeostasis [28,59,60]. Consistent with this
mechanism, Benitez-Dorta [61] demonstrated that acute thermal stress in the Senegalese
sole (Solea senegalensis) induces a rapid elevation in plasma cortisol, accompanied by tran-
sient upregulation of GR1 and GR2 mRNA in the liver and brain, which subsequently
returns to basal levels, indicating a time-dependent GR response to thermal stress. In
contrast, chronic stress is frequently associated with GR downregulation. For example,
prolonged stress decrease GR1 and GR2 transcript levels in specific brain regions of the
Atlantic salmon (Salmo salar) [59]. Similarly, Terova [62] reported persistently elevated
plasma cortisol levels coupled with downregulated hepatic GR mRNA expression in sea
bass (Dicentrarchus labrax) under chronically high stocking density, which is likely a protec-
tive mechanism against prolonged cortisol exposure. Similarly, Shrimpton and Randall [63]
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demonstrated that chronically elevated plasma cortisol levels decreased gill sensitivity to
cortisol by decreasing the GR concentration in coho salmon (Oncorhynchus kisutch), even
after plasma cortisol levels had returned to basal values.

In agreement with these observations, the present study documented a general down-
regulation of GR1 and GR2 mRNA across tissues at elevated temperatures, particularly in
the skeletal muscle and brain. This pattern suggests reduced transcriptional sensitivity to
cortisol signaling under prolonged thermal exposure, which may represent a compensatory
response to sustained glucocorticoid stimulation [59,60]. Such transcriptional downregulation
is consistent with a constrained regulatory state often associated with chronic stress.

4.3. Impairment of Antioxidant Defense Under Chronic Warming

In the present study, antioxidant enzyme mRNA expression generally decreased at
elevated temperatures across tissues (with the exception of hepatic SOD at 18 °C), a pattern
that contrasts with some previous reports of increased antioxidant enzyme activity or gene
expression at elevated temperatures in teleosts [19,20]. In ectothermic aquatic animals, acute
or moderate increases in temperature can accelerate overall metabolic processes, leading to
elevated reactive oxygen species (ROS) production as a result of enhanced metabolism and,
subsequently, reactive upregulation of antioxidant enzyme activity [16,64].

However, other studies have reported decreased antioxidant enzyme activity or mRNA
levels in fish exposed to elevated temperatures [17,18,21], consistent with the present find-
ings. Two mechanisms have been proposed to explain these effects. First, prolonged
temperature elevations induce ectothermic animals to opt out of demanding conditions
by entering a state of metabolic depression [64,65]. Such temperature-induced metabolic
depression has been reported in teleosts including white sucker (Catostomus commersoni)
and rainbow trout [65,66], and is accompanied by decreased ROS production and de-
creased antioxidant enzyme activity or gene expression in Atlantic salmon and Chinook
salmon [18,21]. Alternatively, the decreased expression of antioxidant enzymes may reflect
oxidative damage and compromised antioxidant capacity under conditions of excessive
ROS production. For example, Topal [46] reported that the suppression of SOD, catalase, and
GPx mRNA expression in the brain of rainbow trout following acute exposure to elevated
temperatures (20 and 25 °C), attributing this response to oxidative stress, overwhelming
antioxidant defenses. Taken together, SOD and GPx in the liver peaked at 18 °C and
14 °C, respectively, before declining at 22 °C, whereas both transcripts in muscle and brain
decreased with increasing temperature. Regardless of the underlying mechanisms, the
coordinated decline in antioxidant gene expression at 22 °C across multiple tissues indicates
a reduced transcriptional capacity associated with antioxidant defense, supporting the
classification of this temperature as exceeding the chronic acclimation capacity for chum
salmon smolts.

4.4. Suppression of AMPKa and mTOR Signaling Pathway

AMPKu is a master energy sensor and metabolic regulator that maintains cellular en-
ergy homeostasis by promoting ATP-generating processes and suppressing ATP-consuming
pathways in response to changes in intracellular ATP and AMP levels [67]. In aquatic an-
imals, both activation and transcriptional upregulation of AMPKa« have been reported
under acute stress conditions in rainbow trout [68]. However, Dai [69] demonstrated that
although metabolic stress (e.g., metformin) activates AMPKua, thereby suppressing both
heat shock factor 1 (HSF1) activation and the induction of HSPs, proteotoxic stress, such
as heat shock, can inactivate AMPKu, leading to HSF1 activation and subsequent HSP
induction. Similarly, Sappal [65] reported that warm acclimation (20 °C) in rainbow trout
suppressed hepatic AMPKa mRNA expression and activity of ATP-producing enzyme.
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These findings are consistent with our observations of reduced AMPKax mRNA expression
in the liver and skeletal muscle at elevated temperatures and support the conclusion of
Dai [69] that heat shock-induced AMPK« inactivation facilitates HSP production to protect
cells. Taken together, our results suggest that the decreased AMPKax mRINA expression
observed at chronically elevated temperatures in both liver (at week 3) and muscle tissues
may be triggered by heat shock-mediated HSF1 activation and HSP induction. This in-
terpretation is further supported by metabolic depression—characterized by the decreased
phosphocreatine, ATP, and glycogen levels—reported in steelhead trout (Oncorhynchus
mykiss) chronically exposed to elevated temperature (20 °C [12]). Overall, the decreased
AMPKa mRNA expression in liver and muscle suggests downregulation of transcripts asso-
ciated with catabolic energy regulation under elevated temperatures, potentially reflecting
a shift in cellular priorities toward stress-related processes such as HSP induction.

mTOR is a central metabolic sensor in phosphatidylinositol 3-kinase-protein kinase B-
mTOR (PI3K/AKT/mTOR pathway) signaling pathway that integrates nutrient availability,
energy status, and growth factor signals to regulate ribosome biogenesis, protein synthesis,
and cell growth [70]. Stress, particularly chronic stress, can suppress mTOR activity,
thereby inhibiting anabolic metabolism, inducing autophagy, and conserving resources
under adverse conditions [71]. Accordingly, previous studies have reported stress-induced
modulation of genes associated with the mTOR signaling pathway in teleosts [18,53,72].
Acute heat stress upregulates the components of the PI3K/AKT/mTOR pathway, including
PI3K and AKT to prioritize cellular maintenance and survival during an acute thermal
challenge [72]. In contrast, chronic thermal exposure is associated with the suppression
of mTOR signaling. For example, Pandey [53] reported downregulation of mTOR gene
expression in rainbow trout chronically exposed to 22 °C, reflecting an adaptive reallocation
of resources towards stress-coping mechanisms. Similarly, Olsvik [18] observed decreased
mTOR mRNA levels in Atlantic salmon exposed to elevated temperatures (19 °C), together
with depressed growth and hepatic metabolic activity. Consistent with these findings,
the present study detected the downregulation of mTOR mRNA in the liver, muscle, and
brain, indicating reduced transcription of genes associated with anabolic regulation. This
pattern may reflect a reallocation of cellular resources away from anabolic processes under
prolonged thermal challenge.

4.5. Enhanced Ubiquitin-Mediated Protein Degradation Above the Upper Thermal
Acclimation Limit

Elevated temperatures can cause irreversible protein denaturation that cannot be res-
cued by molecular chaperones [30]. Such irreversibly denatured proteins are subsequently
removed through proteolytic ubiquitin—proteasome pathways, which involve covalent
tagging of target proteins with multiple ubiquitin molecules (ubiquitination), followed by
recognition and degradation by the 26S proteasome [73]. In the present study, the increased
ubiquitin mRNA expression at 22 °C in the liver is consistent with elevated transcriptional
demand for protein turnover mechanisms under thermal stress. The concurrent upregu-
lation of HSPs and ubiquitin transcripts at 22 °C suggests intensified proteostasis-related
transcriptional responses, likely reflecting the need to manage thermally damaged proteins
under stressful conditions. Notably, Logan and Somero [30] reported that ubiquitination-
related genes are upregulated at temperatures exceeding those that trigger HSP upregula-
tion. In the present study, the concurrent upregulation of HSPs and ubiquitin transcripts at
22 °C indicates heightened protein turnover and degradation, likely reflecting the need to
eliminate irreversibly damaged proteins under stressful thermal conditions [72].
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5. Conclusions

This study demonstrates that chronic exposure to elevated temperatures elicits distinct,
tissue-specific transcriptional responses in chum salmon smolts, reflecting differential
regulation of cellular stress responses, metabolic signaling, and antioxidant defense. In the
liver, reduced mTOR expression closely paralleled the decline in growth performance and
whole-body lipid reserves observed in the same growth trial, indicating that hepatic mTOR
signaling plays a central role in coordinating systemic growth under chronic thermal
challenge. In skeletal muscle, the concurrent downregulation of AMPKa and mTOR,
together with previously reported reductions in RBC indices, suggests suppression of both
catabolic and anabolic processes, consistent with reduced metabolic scope or metabolic
depression at elevated temperature. This response likely reflects the strategic reallocation
of limited energetic resources toward essential cytoprotective mechanisms, such as HSP-
mediated protein homeostasis, at the expense of growth-related anabolic processes.

At 18 °C, relatively moderate HSP expression, sustained GR1 and GR2, stable ubig-
uitin levels, and elevated antioxidant and metabolic gene expression in the liver indicate
effective physiological compensation and thermal acclimation. In contrast, exposure to
22 °C was characterized by pronounced induction of HSPs and ubiquitin, coupled with
downregulation of GRs, antioxidant enzymes, and mTOR, consistent with the onset of
a tertiary stress response involving heightened cellular stress, compromised antioxidant
capacity, and constrained energy and anabolic metabolism. These molecular signatures are
further supported by concomitant impairments in growth performance, body composition,
and hematological parameters.

Collectively, these findings indicate that chum salmon smolts can acclimate to elevated
temperatures up to 18 °C, whereas exposure to higher temperatures (22 °C) exceeds their
thermal acclimation capacity and induces tertiary stress responses. These results provide
a mechanistic framework for defining the upper limits of chronic thermal acclimation in
chum salmon and highlight the vulnerability of southern populations under ongoing climate
warming. Further studies incorporating additional environmental stressors and longer
exposure durations are warranted to refine predictions of thermal resilience in chum salmon.
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Abbreviations

The following abbreviations are used in this manuscript:

UILT Upper incipient lethal temperature
AMPKa  AMP-activated protein kinase
mTOR mechanistic target of rapamycin
HSD11B  11-f hydroxysteroid dehydrogenase
HPI hypothalamic—pituitary-interrenal
SOD Cu/Zn Superoxide dismutase
GPx Glutathione peroxidase
ANOVA  Analysis of variance
DMR Duncan’s multiple range
ROS Reactive oxygen species
RBC Red blood cell
HSF1 Heat shock factor 1
Appendix A
Table Al. Summary of experimental water parameters and photoperiod conditions during the 6-week
growth trial.
Parameter Temperature (°C)
10 18 22
Water temperature (°C) 10.70 £ 0.09 14.23 £ 0.06 18.29 £ 0.03 21.77 £ 0.08
Dissolved oxygen (mg/L) 11.03 +0.10 9.81 £ 0.09 8.70 & 0.06 8.24 +0.05
pH 8.03 £0.01 7.99 £0.01 8.08 £ 0.01 8.08 £ 0.01
Conductivity (mS/cm) 311.98 + 30.04 389.05 + 31.65 317.68 + 33.60 318.03 £ 31.73
Photoperiod (L:D) 12:12 12:12 12:12
Total-NH3/NH;* (mng/L) * Not detected Not detected Not detected Not detected
NO; ™ (mg/L) ** Not detected Not detected Not detected Not detected
NO;~ (mg/L) 13.54 +£1.04 19.79 £ 3.25 18.75 £ 3.26 19.79 £3.25
Data are presented as mean =+ standard error (1 = 3 tanks). * Detection limit: 0.25 mg/L; ** Detection limit:
0.3mg/L.
Table A2. Growth performance of chum salmon (Oncorhynchus keta) during the 6-week growth trial.
T o
Parameter Weeks emperature (°C)
10 14 18 22
0 6.75 + 0.18 6.91 £+ 0.30 6.99 +0.17 7.40 £0.11
Body weight (g) 3 12.74 £+ 0.51 12.01 £ 0.32 12.24 + 0.66 12.83 £ 0.17
6 1571 £026Db 16.82 £ 0.91 ab 1779 £ 0.36 a 16.94 + 0.41 ab
0 9.45 +0.11 941 +0.16 9.57 £ 0.08 9.64 + 0.08
Fork length (cm) 3 11.58 £0.16 ¢ 11.18 £ 0.06 d 11.14 £021d 11.10 £ 0.10d
6 12.27 + 0.02 ab 1238 £0.19a 12.21 £0.10 ab 11.83 + 0.02 be
Specific growth 3 1.38 £ 0.14 bc 121 £0.13¢ 1.21 £ 0.06 ¢ 1.19+£0.01 ¢
rate (Y%obw/d) 6 110+ 0.18 ¢ 1.86 = 0.26 ab 209+020a 1.54 £ 0.20 be
Condition F 3 0.81+0.01e 0.85 £ 0.01 cde 0.87 £ 0.00 bed 092£0.01b
ondition Factor 6 0.82 £ 0.01 de 0.88 =+ 0.02 bed 0.91 = 0.04 be 1.01+0.02a
Hepatosomatic 3 1.40 + 0.04 cd 1.50 £ 0.07 bed 1.57 £ 0.07 abc 1.32+£0.08d
index 6 1.56 £ 0.06 abc 1.76 = 0.03 a 179 +£0.02a 1.64 + 0.13 ab

Data are presented as mean = standard error (n = 3 tanks) [32]. Twenty, eight, and twelve fish from each tank
were measured for fork length and BW at 0, 3, and 6 weeks, respectively. Different letters indicate significant
differences (p < 0.05) among treatments at each time point (when the interaction was significant) or both time
points (otherwise) as determined by two-way repeated measures ANOVA and Duncan’s multiple range test.
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