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The high temperature associated with heat waves is a relevant abiotic factor that could impact the biology of
teleost fish. The innate immune response, muscular growth, and oxidative stress status are relevant functions in
fish tissues that could be affected by increased temperature. In this study, black cusk-eel (Genypterus maculatus)
juveniles were subjected to increased temperature, to experimentally replicate heat waves registered from the
South Pacific Ocean for five days. The results showed that thermal stress modulated the immune response in gills,
with up-regulation of antibacterial peptides, pro-inflammatory cytokines, and Toll-like receptors genes, including
hepcidin, gzma, tnfa, cxcl8, and tlr5, with no effect on complement system genes. In skeletal muscle, high tem-
perature triggered atrophy-related gene expression, with up-regulation of foxo1, foxo3, fbxo32, murf1, and atgl6l.
Increased temperature also generated an up-regulation of transcripts encoding heat shock protein (hsp60 and
hsp70) in gills and skeletal muscle, generating oxidative stress in both tissues, with increased expression of the
antioxidant genes sod1 and gpx1 in gills and skeletal muscle, respectively, with oxidative damage observed at the
DNA level (AP sites), protein (carbonyl content), and lipoperoxidation (HNE content) in both tissues. The present
study shows that short-term increases in temperature like those observed in heat waves could affect the immune
response in gills, induced atrophy in skeletal muscle, and generate oxidative stress in a teleost species important
for Chilean aquaculture diversification, information relevant under the context of climate change scenario.

1. Introduction

The temperature is an environmental factor that influences the
metabolism of the poikilotherms fish. When the water temperature in-
creases over the physiological range for one species, it could lead to a
stress response and affect several fish functions (Dammark et al., 2018).
Changes in water temperature could be relevant across seasons, (Abram
et al., 2017), with increased frequency of extreme events such as heat
waves in the ocean associated with climate changes (Montie et al.,
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2020). These extreme events in the South Pacific Ocean will increase
related to El Nino-Southern Oscillation and the impact of climate change
in its intensity (Wang et al., 2019). Marine fish could be affected by
extreme heat events in the South Pacific Ocean, including wild and
commercial populations associated with fisheries and aquaculture
(Hsiung et al., 2018; Ong et al., 2015; Espinoza et al., 2023). Addi-
tionally, an increase in the water temperature of the ocean is expected to
affect aquaculture species, generating stress in the fish and increasing
disease outbreaks (Barange et al., 2018).
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The black cusk-eel (Genypterus maculatus) is a teleost fish from the
Genypterus genus, which includes species that inhabit the Chilean, South
African, New Zealand, Australian coast, and Atlantic coast of South
America (Santaclara et al., 2014). The G. maculatus is an endemic species
of the South Pacific coast, part of the native Genypterus species of Chil-
ean fisheries (SERNAPESCA and SNdPy, 2023). Additionally, these
species are relevant for aquaculture diversification (Gonzalez et al.,
2019). Nevertheless, the biological knowledge is limited, without
studies that evaluate the impact of high temperatures on the immune
response of G. maculatus which could be relevant for the aquaculture
development of this species.

An essential function in the teleost fish is the immune response,
which allows response to infection and generates immunological
memory to improve the response against new challenges with the same
agent (Dezfuli et al., 2023). The immune system is formed by the innate
immune system, which is the primary defense line with rapid response
against pathogens; and the adaptive immune system, which is highly
specific and could generate immunological memory against pathogens
(Mokhtar et al., 2023). The normal function of the innate immune sys-
tem is crucial to maintaining health and welfare in fish (Bjorgen et al.,
2022). However, environmental stressors could affect the immune ca-
pacity of fish (Tort, 2011). Even more, a change in the temperature of
the water could directly change the immune response of teleost,
affecting the immune capacity of the fish, which could vary according to
the temperature change and species affected (Abram et al., 2017).
Additionally, stressors could affect the growth capacity in fish, modi-
fying the protein composition of skeletal muscle in aquaculture species,
and generating induction of atrophy (Bodine and Furlow, 2015; Molina
et al., 2023a). These stressors also could generate cellular stress, modi-
fying the oxidative status and generating oxidative stress in the cells in
fish (Lesser, 2006). However, there is no information on how tempera-
ture affects G. maculatus response at immune response, atrophy, and
oxidative stress. This study evaluated for the first time the impact of high
temperatures associated with marine heat waves in the transcriptional
regulation of immune response in gills, the induction of
atrophy-associated biomarkers in skeletal muscle, and the oxidative
stress induction in both tissues of G. maculatus.

2. Materials and methods
2.1. Ethics statement

All the procedures performed with black cusk-eel were approved by
the bioethical committee of Andres Bello University (number 007/2018)
according to animal welfare procedures and guidelines of the Chilean
government’s National Research and Development Agency (ANID).

2.2. Experimental procedure and fish sampling

To determine the effect of high temperature on immune response and
oxidative stress in gills and skeletal muscle of black cusk-eel, juveniles of
black cusk-eels of 1-year, reproductive immature, were used. Fishes
were provided by the Center of Marine Research of Quintay (CIMARQ),
with an average size of 600 + 21 g and 50 + 3 cm. The fish were
maintained under natural photoperiod conditions (L:D 14:10), fed with
6 mm commercial pellet food (Skretting, Puerto Montt, Chile), and
acclimatized for two weeks at 13 °C and constant air supply. Fish were
separated in two replicated tanks per group with a recirculating system
with UV and biological filters, and maintained for 5 days at the exper-
imental temperature that simulated a heat wave (Dettleff et al., 2024) in
each of the experimental groups, the control group (Control, n = 4) was
maintained at 13 °C (0.4 °C), and the stress by high-temperature group
(Stress, n = 4) was maintained at 18 °C (£0.17 °C), after an initial
increasing temperature protocol previously standardized for Genypterus
species (0.5 °C/2.5 h) (Dettleff et al., 2020a). After 5 days, fish were
euthanized with anesthetic overdose with tricaine (300 mg/L, Virbac,
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Puerto Montt, Chile). The gills and skeletal muscle tissue of the fish were
sampled and stored on RNAsave solution (Biological Industries, Crom-
well, CT, USA) and maintained at —80 °C for posterior RNA extraction.
Additionally, gill and skeletal muscle tissue were frozen on liquid ni-
trogen and stored at —80 °C for oxidative stress analysis (AP sites,
protein carbonylation, and lipoperoxidation analysis).

2.3. Oxidative stress evaluation

To evaluate the impact of temperature on oxidative status, we
determined the effect at three levels of oxidative damage, including
DNA, proteins, and lipids. For this, we determined the formation of
apurinic/apyrimidinic sites or AP sites on genomic DNA from gills and
skeletal muscle. Genomic DNA was obtained from samples using 20 mg
of tissue with the DNAzol reagent (Invitrogen, Carlsbad, CA, USA) ac-
cording to manufacturer protocol, and quantified by Epoch Spectro-
photometer System (BioTek, Winooski, VT, USA). The AP sites were
measured with the OxiSelect Oxidative DNA Damage Quantification Kit
(Cell Biolabs, San Diego, CA, USA). To evaluate protein oxidation we
measure protein carbonyl, generated by ROS interaction with proteins.
For this, total proteins were extracted using 100 mg of tissue in 1 mL of
lysis buffer containing 50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM
EDTA, and 1% NP-40, with protease inhibitor cocktail (Calbiochem, San
Diego, CA, USA), centrifugated at 14,000 rpm for 30 min at 4 °C. Total
proteins were quantified by Pierce BCA Protein Assay Kit (Thermo Sci-
entific, Rockford, IL, USA) and protein carbonyl content was determined
with the OxiSelect Protein Carbonyl ELISA kit (Cell Biolabs, San Diego,
CA, USA). To determine the effect of temperature on lipids, we evaluated
the 4-hydroxynonenal (HNE) protein adducts, which is one of the
quantitatively most important products of lipid peroxidation. For this,
we use total proteins extracted from tissues as previously informed,
measuring HNE with the OxiSelect HNE Adduct Competitive ELISA Kit
(Cell Biolabs, San Diego, CA, USA). For AP sites, Protein Carbonyl, and
HNE adducts determination, the Epoch Spectrophotometer System
(BioTek, Winooski, VT, USA) was used.

2.4. Primer design, RNA purification and real-time quantitative PCR
(qPCR)

Four genes were selected to determine the effect of temperature on
oxidative stress and heat shock response in gills and skeletal muscle,
including hsp60, hsp70, gpx1, sodl. Additionally, the gene hifla was
measured on gills, associated with oxygenation. To determine the effect
of temperature on immune response in gills we selected 10 genes,
including hepcidin, gzma, tnfa, il1b, c3, clqc, cxcl8, tr2, tir5, and tr9.
Finally, to determine the effect of temperature on atrophy-associated
biomarkers in skeletal muscle, we evaluated five genes, including
foxol, foxo3, fbxo32, murfl, and atgl6l. Additionally, we used two
reference genes (actb and taf12) previously validated for Genypterus
species in several tissues (Dettleff et al., 2020a, 2020b, 2022). Primers
were designed for each target gene using the Primer Quest™ Tool (In-
tegrated DNA Technology, Inc.) using transcript sequences from a
reference transcriptome previously generated in our group
(DDBJ/EMBL/GenBank under the accession GKNIO0000000, version
GKNI01000000). The description of primers for G. maculatus, including
sequence, size, Tm, and efficiency are in Table 1.

The total RNA was extracted from gills or skeletal muscle tissue
stored in RNAsave solution (Biological Industries, Cromwell, CT, USA)
using the TRIzol® reagent (Invitrogen, Carlsbad, CA, USA) protocol. The
RNA quantification, the 260/280 ratio (above 2.0), and the 260/230
ratio (between 2.0 and 2.2) were determined with an Epoch Spectro-
photometer system (BioTek, Winooski, VT, USA). The RNA integrity was
evaluated using gel electrophoresis in a 1.2% formaldehyde agarose gel,
where only samples with clear 28s and 18s bands were used. The RNA
samples were treated with DNAse I and then reverse transcribed with the
Affinity Script qPCR cDNA synthesis kit (Agilent, La Jolla, CA). The
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Table 1
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Primers sequences, amplicon size, Tm and efficiency of references and target genes of Genypterus maculatus.

Gene abbreviation Gene name Forward sequence (5-3") Reverse sequence (5-3) Amplicon size (bp) Tm Efficiency (%)
taf12 transcription initiation factor tfiid subunit 12 gatctgtaacgacgacgaag; caaatcagagggacgtcatgta 92 62 102
actb Beta actin tgtecctgtatgettetggt cccctetcagtcagaatettcat 172 62 104
hifla hypoxia-inducible factor 1 alpha ccaatctgtgggcagtagaa gaccaacaagagcaggagaa 96 62 102
hsp60 Heat shock protein 60 gacggttccaatctctacatcte cgctctccaaaccagttaca 86 62 100
hsp70 Heat shock protein 70 aagatcagcgacgacgataag ctggtgcetcatactectettte 105 62 96
gx1 Glutathione Peroxidase 1 acctcagagagacgctacat ttgaccgccaatctectaac 93 62 100
sod1 Superoxide dismutase 1 agttctggtgetgetggttt aaaaggcggtaacgacgag 100 62 103
hepcidin Hepcidin gaggagagagcccaagaaatc gcagaggagcaccacaata 93 62 100
gzma Granzyme A-like acaggagatgtttgtcggtaag tgtgaaggtgtgcttgtagg 100 62 103
tnfa Tumor necrosis factor alpha cagtgatgctggagactgatac gcaaggcaaagggtgattg 97 62 102
il1b Interleukin-1 beta-like gggcgtacagaggagtataaag ccagagcatcagacagatcaa 95 62 101
c3 Complement C3-like ctgettetggtgacctgttta cttegtgtectetecatettte 99 62 104
clqc Complement Clq 2-like gatgtttgtggegacgtatttg gttgetttetcagectetgta 99 62 99
cxcl8 C-X-C Motif Chemokine Ligand 8 cttgcgattggtetgetete cctggetttegtggetattt 99 63 101
tir2 Toll-like receptor 2 acacactcaacacccagaaata aggaggaagactgagagaaaga 130 62 99
tr5 Toll-like receptor 5 ggactcttggagtgaacagtag tgtgeteggettcaacat 103 62 100
tir9 Toll-like receptor 9 cgatgctttcattgggett gecagactgaggacttctaaat 138 62 100
foxol Forkhead box 01-A-like cagacgagacgtgacagattac ctacggcgaaagacagaatca 98 62 99
foxo3 Forkhead box 03-like gtgtgtcacgagtccaatga cgtcgagatgaagaggaagaag 102 62 100
fbxo32 F-box only 32-like (atrogin-1) gaagtgcagagtgtcattgtattg cgcctgatggtgtcagataaa 105 62 101
murfl E3 ubiquitin- ligase TRIM63-like gacggtaacatcgaccttctaac cagaggacgaagaggaggaata 94 62 99
Atglél Autophagy-related protein 16-1 taagaagcgagcagaca caggaatcaccagcattg 152 62 104

qPCR was performed using a Rotor Gene Q qPCR platform (Qiagen,
Hilden, Germany). The qPCR reaction contained 100 ng of total cDNA,
200 nM of each primer, 7.5 pl of 2x Brilliant® II SYBR® Green master
mix (Agilent Technologies, Santa Clara, CA, USA) in a total volume of
15 pl. The qPCR amplification conditions were initial activation of 2 min
at 95 °C, 40 cycles of 30 s of denaturation at 95 °C, 30 s of annealing at
62 °C, and 30 s of elongation at 72 °C. A melt curve was generated to
confirm the presence of a single qPCR product and the absence of primer
dimers. All samples were run on triplicates, with no template control and
no RT control, following the MIQE guidelines (Bustin et al., 2009). The
efficiency of each primer was determined with a standard curve using
2-fold dilutions with the E = 10C"/1°P9).1 formula. The geometric
means of actb and taf12 were used to normalize the expression of target
genes, according to the methodology described by (Vandesompele et al.,
2002).

2.5. Statistical analysis

Significant differences between means of control and stress groups
were determined using a multiple t-test analysis, with a threshold of P <
0.05, with correction by false discovery rate. All data are expressed as
means + standard errors of the means (SEM). Analyses and plots were
performed with GraphPad Prism, v.5.00 (GraphPad Software, San
Diego, CA, USA), and the free online platform SRplot (https://www.
bioinformatics.com.cn/en).

3. Results

3.1. Oxidative stress response and heat shock protein under high
temperature in gills and skeletal muscle

The effect of high temperature was determined in the oxidative stress
response in gills and skeletal muscle, evaluating the antioxidant
response and the oxidative damage in both tissues. The high tempera-
ture generated oxidative damage to DNA in gills observed as an increase
in AP sites (Fig. 1A) (P < 0.05). This oxidative stress in gills was also
observed in oxidative damage in proteins associated with increased
carbonyl content (Fig. 1C) and lipid peroxidation (Fig. 1E) in response to
temperature (P < 0.05). In the skeletal muscle, the effect of high tem-
perature on oxidative stress was also observed, with a significant in-
crease in DNA oxidative damage and protein oxidation (Fig. 1B and D)
(P < 0.05). However, no significant difference was observed in lipid

peroxidation in skeletal muscle in response to temperature (Fig. 1F).

At the transcriptional level, the increase in temperature associated
with heat waves causes a significant up-regulation of transcripts
encoding heat shock proteins hsp60 and hsp70 in the stress group
(Fig. 2A and 2B) in the skeletal muscle (P < 0.05). Additionally, an
antioxidant response was observed in this tissue, with the up-regulation
of the antioxidant gene gpx1 in the stress group (Fig. 2C) (P < 0.05), with
no significant differences in the sodl in skeletal muscle between the
groups (Fig. 2D).

In the gills, the transcriptional effect of the high temperature also
generated a heat shock response, with a significant increase of hsp60 and
hsp70 transcripts expression in the stress group (Fig. 3A and 3B) (P <
0.05). In terms of the antioxidant response in gills, the high temperature
induces an up-regulation of sod1 (Fig. 3E) (P < 0.05), with no significant
differences in gpx1 expression between the groups (Fig. 3D). Finally, we
evaluated transcriptional response to hypoxia in the gills of stress group,
measuring the hypoxia-inducible factor hifla expression, with no sig-
nificant differences observed due to temperature treatment (Fig. 3C).

3.2. Effect of high temperature on immune-related genes in gills of
G. maculatus

To evaluate the effect of the high temperature on the immune
response in gills, we determined the transcriptional response in several
immune-related genes. The high temperature generates an up-regulation
in the expression of the antibacterial peptide and iron regulator hepcidin
(Fig. 4A) (P < 0.05). The cell-mediated cytotoxicity-related serine pro-
tease gzma was also increased in response to high temperature in the
gills of the stress group (Fig. 4B) (P < 0.05). As part of the innate im-
mune response, we evaluate two pro-inflammatory cytokines in gills,
with a significant up-regulation of tnfa (Fig. 4C) (P < 0.05), with no
differences in the pro-inflammatory cytokine il1b (Fig. 4D). An up-
regulation was observed in response to high temperature in the acute-
phase cytokine cxcl8 (Fig. 4G) (P < 0.05). Related to the complement
system, we evaluate the expression of c¢3 and clqc, with no significant
effects of high temperature in these genes (Fig. 4E and F). To study the
effect of temperature on receptors related to innate immunity defense,
we determine the gene expression of three Toll-like receptors. The tir5
was up-regulated in the gills of the stress group (Fig. 4I) (P < 0.05), with
no significant differences in the tIr2 and tir9 expression (Fig. 4H and J).
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Fig. 1. Evaluation of oxidative damage in gills and skeletal muscle of G. maculatus under high temperature. Level of DNA damage as AP sites (A = gills; B =
skeletal muscle), protein oxidation as carbonyl content (C = gills; D = skeletal muscle), and lipid peroxidation as HNE adducts (E = gills; F = skeletal muscle) in
control and stress groups. Bars represent means + SEM. Different letters indicate significant differences between the control and stress groups (p-value <0.05).

3.3. High temperature induces atrophy-related genes in the skeletal muscle
of G. maculatus

To determine the effect of high temperature on skeletal muscle
atrophy-associated biomarkers in black cusk-eel, we evaluate five atro-
phy and protein catabolism-related genes in G. maculatus. The high
temperature generates an up-regulation of the atrophy-related tran-
scription factor foxol (Fig. 5A) (P < 0.05), but not in the foxo3 tran-
scription factor (Fig. 5B) in skeletal muscle. In the target atrogenes
fbx032 and murfl, an up-regulation was observed in the stress group
(Fig. 5C and D) (P < 0.05). Finally, in the atgl6l gene associated with
protein catabolism through autophagy, a significant increase was
observed in response to high temperature in the skeletal muscle (Fig. 5E)
(P < 0.05).

4. Discussion

The black cusk-eel is a relevant marine species for fisheries and
aquaculture diversification in the Chilean industry. It is pertinent to
understand the effect of heat waves associated with an increase in
seawater temperature on the immune response in this species in relevant

tissue such as gills, the impact on oxidative stress, and the effect on the
protein catabolism of muscle. For this, we performed an experimental
assay that simulated the marine heat waves in the black cusk-eel. Pre-
vious studies have evaluated the impact of high temperatures on other
species of the Genypterus genus, determining the effect of temperature on
liver metabolism, gills response, egg quality, and muscle atrophy in the
red cusk-eel (Genypterus chilensis) (Dettleff et al., 2020a, 2021, 2022,
2024). However, the stress responses against different stressors,
including temperature, could vary, according to the teleost species and
their life environment (Dammark et al., 2018). In the black cusk-eel, no
studies have been done evaluating the impact of temperature on the
immune response, requiring more knowledge to understand the effect of
environmental stressors in this species.

4.1. Temperature generates a moderated innate immune modulation in
the gills of G. maculatus

In teleost fish, the immune response is a complex process, which
involves two main components: innate immune response, associated
with the response to pathogens via identifying pathogen-associated
molecular patterns (PAMPs) (Dezfuli et al., 2023; Mahapatra et al.,
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taf12). Bars represent means + SEM. Different letters indicate significant differences between the control and stress groups (p-value <0.05).

2023); or adaptative immune response, related to specific antigen
recognition and memory development, including B and T cells (Abos
et al., 2022). This immune response is generated in the fish based on
several organs and tissues with relevant immune functions, including
the head kidney, spleen, bursa, nasopharynx-associated lymphoid tissue,
thymus, and gills (Bjorgen et al., 2022; Das and Salinas, 2020). The gills
represent one of the first physical barriers against infections with bac-
teria, viruses, and parasites. Additionally, this organ could participate
actively in the immune response, through specialized immune compo-
nents such as leukocytes, and cytokines, which are present in the
gill-associated lymphoid tissue (GIALT) (Resseguier et al., 2020). In
teleost fish, stressors could affect the gills response, as previously
observed in mandarin fish (Siniperca chuatsi), where different salt con-
centrations affect inflammation and immune-related pathways,

associated with down-regulation of immune genes (Zhao et al., 2023).
The down-regulation of immune pathways was also observed in the gills
of medaka (Oryzias melastigma) for osmotic stress (Li et al., 2022).
Temperature induces an effect on the immune response of teleost, with
modulation of the inflammatory and cellular response in fish under low
temperatures (Abram et al., 2017; Wentworth et al., 2018). It has been
observed that high temperature could modulate the immune response of
gills in G. chilensis, with down-regulation of inflammatory cytokines and
complement systems factors (Dettleff et al., 2024). However, the im-
mune response to stressors is complex, with several studies showing an
increase in the expression of immune-related genes in response to stress.
This has been observed in hypoxia stress, with up-regulation of innate
immune genes and down-regulation of adaptive immune genes in the
gills of Nile tilapia (Oreochromis niloticus) (Ma et al., 2023), and stress by
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air exposure in rainbow trout (Oncorhynchus mykiss), with increased tnfa
and il1b expression (Khansari et al., 2018). In salinity stress was also
observed an increased tnfa and il1b expression, with down-regulation of
tlr2 in gills of silvery pomfret (Pampus argenteus) (Li et al., 2020). Pre-
vious studies have shown that temperature in teleost could also induce
the immune response, with an enrichment of process associated with the
immune response in gills of sharp-snouted lenok (Brachymystax lenok
tsinlingensis) under high temperature (Li et al., 2021), which is consistent
with our results, where five of the ten immune-related genes evaluate
were up-regulated in response to high temperature.

Regarding the proinflammatory response, we evaluated the expres-
sion of tnfa and il1b in gills, with an up-regulation of tnfa in response to
high temperature. TNFa is a cytokine member of the TNF superfamily,
that regulates the innate inflammatory response in fish, including sys-
temic inflammation, apoptosis, cell proliferation, and regulation of im-
mune cells (Mokhtar et al., 2023). Similar results have been previously
observed in response to high temperature in other teleost fish, with
increased expression of tnfa and il1b in gills of the O. niloticus (Esam
et al., 2022), striped catfish (Pangasianodon hypophthalmus) (Kumar
et al., 2022), as well as in the spleen of white sturgeon (Acipenser
transmontanus) (Soto et al., 2022). This increase of tnfa expression in
gills was also observed for other stressors, including hyposalinity in
spotted scat (Scatophagus argus) (Zhong et al., 2021). The acute-phase
cytokine cxcl8, was up-regulated in our study in response to high tem-
perature. The CXCL8 is a cytokine with chemotactic activity for immune
cells and participates in oxidative burst, inflammation, and angiogenesis
(Umasuthan et al., 2020; van der Aa et al., 2010). The increased
expression of cxcl8 was also observed in response to other stressors,
including restraint stress in common carp (Cyprinus carpio) (Klak et al.,
2022). Other immune components that presented an increased response
to temperature in G. maculatus were hepcidin, an antimicrobial peptide
and iron regulator in fish (Alvarez et al., 2022; Liu et al., 2022), and
gzma, a serine-protease that participates in the cell-mediated cytotox-
icity in fish (Chaves-Pozo et al., 2019). Different responses have been
observed for these molecules, with variable responses for hepcidin in
largemouth bass (Micropterus salmoides) and Atlantic cod (Gadus
morhua) (Sun et al., 2020; Hori et al., 2013). For gzma, no significant
effect has been observed in the head kidney of olive flounder (Para-
lichthys olivaceus) (Avunje et al., 2012).

Another relevant factor in the innate immune response is the
recognition of pathogens through the pattern recognition receptors
(PRRs). The TLRs are a particular group of PRRs that recognize
conserved pathogen molecules (Palti, 2011), with several TLR families,
including three TLRs families associated mainly with prokaryote ligands
recognition: TLR2 (recognition of lipoteichoic acid and peptidoglycan),
TLR5 (recognition of flagellin in its heterodimer form and dsRNA in its
homodimer form) and TLR9 (recognition of CpG DNA) (Palti, 2011;
Pietretti and Wiegertjes, 2014; Zhang et al., 2014). The temperature
could affect TLR expression, as observed in the liver of P. hypophthalmus
(Kumar et al., 2022) and B. lenok tsinlingensisas (Li et al., 2021). In
zebrafish (Danio rerio), increased temperature up-regulates the expres-
sion of TLR3, TLR5, and TLR21 in visceral mass after immunostimula-
tion (Chen et al., 2021). Similarly, we observe an increase in the
expression of tIr5 in response to high temperature in gills, with no sig-
nificant differences in the expression of tlr2 and tIr9. In the gills of
P. olivaceus opposite pattern of response according to temperature was
observed in gills, with several down-regulated TLRs under
low-temperature stress, and an up-regulation of some TLRs under
high-temperature stress, with other TLRs without significant differences
in this tissue (Yao et al., 2023). These results reveal that TLRs response
could vary according to the specific TLR, temperature, and species, as
was observed for G. maculatus in our study. Response of complement
systems-related genes to temperature has been previously observed in
gills, with down-regulation of c¢3 in O. niloticus and several
complement-related genes in G. chilensis (Dettleff et al., 2024; Esam
et al., 2022). However, we did not observe an effect on complement
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system gene expression, showing that G. maculatus responds differently
at the immune level to high temperature compared with G. chilensis.

4.2. Oxidative stress and heat shock response under high temperature

The oxidative stress is generated in the tissues when the balance
between reactive oxygen species (ROS) production and the antioxidant
capacity to detoxify these products is lost (Betteridge, 2000). The ROS
plays relevant functions in fish, including cell signal transduction, as
well as a role in the immune response through the respiratory burst
associated with phagocytosis (Lesser, 2006; Biller and Takahashi, 2018).
In our study, oxidative stress was evidenced by oxidative damage in
DNA, protein, and lipoperoxidation, with an increased antioxidant
expression of sod1 in gills. This oxidative damage in gills generated by
temperature has been previously observed in pacu (Piaractus meso-
potamicus), pearlspot (Etroplus suratensis), and rock goby (Gobius paga-
nellus) (Nitz et al., 2020; Joy et al., 2017; Vinagre et al., 2014). This
response was also consistent with the heat wave effect observed in the
gills of the related species G. chilensis, where oxidative damage was
detected in response to temperature (Dettleff et al., 2024), supporting
the susceptibility of gills to thermal stress. In the skeletal muscle
oxidative damage and antioxidant activation also was observed in
G. maculatus, with DNA damage, protein carbonylation, and gpxI
up-regulation. Consistent results have been previously observed in
oxidative stress generated by high temperature in muscle in seabass
(Dicentrarchus labrax), O. mykiss, white seabream (Diplodus sargus),
thinlip mullet (Liza ramada), and G. chilensis (Dettleff et al., 2020a;
Madeira et al., 2013; Vinagre et al., 2012; Molina et al., 2023b).

The cellular stress response to temperature is executed by molecular
chaperones known as heat shock proteins (HSP), which participate in
the correct folding of the protein and preserve its integrity (Glickman
and Ciechanover, 2002). A general up-regulation of transcripts encoding
HSP was observed in the gills and skeletal muscle of G. maculatus, with
increased expression of hsp60 and hsp70. An up-regulation of these HSPs
in response to temperature has been previously observed in the skeletal
muscle, liver, and gills of G. chilensis (Dettleff et al., 2020a, 2022, 2024).
This response has also been observed in skeletal muscle and gills of
teleost fish in other genera, including O. mykiss, catfish (Horabagrus
brachysoma), Atlantic salmon (Salmo salar), goby fish (Gillichthys mir-
abilis), clown anemonefish (Amphiprion ocellaris), and G. morhua, (Currie
et al., 2000; Dalvi et al., 2012, 2017; Hori et al., 2010; Madeira et al.,
2017; Vargas-Chacoff et al., 2018; Logan and Somero, 2011; Shi et al.,
2015). However, the pattern of HSP response to temperature may vary
according to tissue and species (Madeira et al., 2017), which is relevant
to understanding the specific response in G. maculatus.

4.3. Transcriptional induction of muscle atrophy by stressors in fish

The skeletal muscle is the main commercial product of several
aquaculture species, including G. maculatus. The growth in this tissue is
regulated by myoblast proliferation, the hypertrophy of the muscular
fiber by protein synthesis, and muscular protein degradation (known as
muscular atrophy) (Johnston et al., 2011). The process of atrophy in fish
is regulated by the ubiquitin-proteosome system, with two key ubiquitin
ligases in fish, the FBXO32 and the MuRF1, which are regulated by the
forkhead transcription factors FOXO1 and FOXO3 (Bonaldo and Sandri,
2013; Braun and Marks, 2015; Bodine and Baehr, 2014). In G. maculatus
the high temperature induces atrophy-associated biomarkers of the
skeletal muscle at the transcriptional level, observed by the increase in
the transcription factors foxo1 and foxo3, and its target genes fbxo32 and
murfl. This muscle atrophy induced by stressors has been observed in
other teleost species, including the O. mykiss, G. chilensis, and fine
flounder (Paralichthys adspersus) (Dettleff et al., 2020a; Molina et al.,
2023b; Cleveland and Evenhuis, 2010; Fuentes et al., 2012). Our results
evidence that stressors could affect muscle growth in fish, generating
atrophy, HSP response, and oxidative stress, as immune modulation in
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G. maculatus.
5. Conclusion

This study evaluated the effect of high temperature on the gills and
skeletal muscle of G. maculatus for the first time. In conclusion, increased
temperature could modulate the innate immune response in gills and
induce atrophy-associated biomarkers response in skeletal muscle,
generating oxidative stress and heat shock response in both tissues of
G. maculatus. This information is relevant considering the increased
frequency and intensity of heat waves in the South Pacific Ocean under
the climate change scenario.
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