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Acute and chronic high-temperature stress negatively impact olive flounder (Paralichthys olivaceus) aquaculture,
weakening immune function and increasing mortality. This study conducted a genome-wide association study
(GWAS) to identify genetic markers linked to thermal stress resilience. A total of 384 fish were exposed to acute
stress (29 °C for 30 min and 1 h) and chronic stress (19.8-30 °C for 16 days). Genomic DNA from 329 deceased

and 55 surviving fish was genotyped using a 70 K SNP chip, yielding 57,638 SNPs from 376 fish after quality
filtering. GWAS identified 34 SNPs associated with both acute and chronic thermal stress on chromosomes 4, 10,
11, 15, 18, 19, and 23, surpassing the suggestive (p < 1 x 10™% and Bonferroni-corrected (p < 8.6 x 1077)
thresholds. Genes myhc, nirc5, hydin, and gfod1 were linked to thermal stress. These findings may support marker-
assisted selection for thermal stress resilience strains, promoting sustainable aquaculture.

1. Introduction

Olive flounder (Paralichthys olivaceus), renowned for its delicate
flavor and high economic value, is a commercially dominant fish species
in global aquaculture. Owing to decades of research and the develop-
ment in intensive aquaculture techniques, South Korea has become the
leading producer of olive founder, accounting for over half of global
production [1]. Therefore, this species plays a critical role in South
Korea’s aquaculture industry. Both acute and chronic high-temperature
stress, owing to environmental fluctuations, particularly rising water
temperatures, pose as major challenges to olive flounder aquaculture.
These stressors stemming from transportation, varying dissolved oxygen
(DO) levels, tank design, and climate change disrupt essential physio-
logical processes in this species. Elevated temperatures also compromise
the immune system of olive flounders, leading to reduced growth rates
and increased mortality [2]. Cortisol, a stress hormone, plays a crucial

role in the fish’s response to thermal stress. Therefore, understanding
the genetic mechanisms of cortisol regulation and the survival of this
species under high-temperature conditions is essential for improving
aquaculture practices [3].

Genome-wide association studies (GWAS) have become increasingly
important in aquaculture research, benefiting olive flounder and other
commercially important species. For example, GWAS have been
employed to clarify the genetic basis of thermal stress tolerance in
Atlantic salmon (Salmo salar) [4,5] European sea bass (Dicentrarchus
labrax) [6], and zebrafish (Danio rerio) [7-10], highlighting a complex
interaction between heat shock proteins, immune response elements,
and endocrine regulation. For olive flounder, researchers have
employed high-density single nucleotide polymorphism (SNP) markers
in GWAS to explore various traits, including growth performance [11],
viral hemorrhagic septicemia virus (VHSV) resistance [12], and thermal
stress tolerance [13]. However, the integration of the levels of stress

* Corresponding authors at: Marine Molecular Genetics Lab, Jeju National University, 102 Jejudaehakno, Jeju 63243, Republic of Korea.

E-mail addresses: jihun137@jejunu.ac.kr (J. Lee), jehee@jejunu.ac.kr (J. Lee).

! These authors contributed equally to this work.

https://doi.org/10.1016/j.ygeno.2025.111124

Received 24 March 2025; Received in revised form 8 August 2025; Accepted 29 September 2025

Available online 30 September 2025

0888-7543/© 2025 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:jihun137@jejunu.ac.kr
mailto:jehee@jejunu.ac.kr
www.sciencedirect.com/science/journal/08887543
https://www.elsevier.com/locate/ygeno
https://doi.org/10.1016/j.ygeno.2025.111124
https://doi.org/10.1016/j.ygeno.2025.111124
https://doi.org/10.1016/j.ygeno.2025.111124
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

H.A.C.R. Hanchapola et al.

hormones, such as cortisol, as a trait of interest in GWAS is still a rela-
tively novel approach with the potential to offer in-depth understanding
regarding the physiological mechanisms underlying stress resilience.

The primary objective of this study was to identify the genetic var-
iants associated with both acute cortisol responses and chronic thermal
tolerance in olive flounder using GWAS. We hypothesized that specific
genetic polymorphisms within the genome of olive flounder drive in-
dividual variations in cortisol regulation and thermal stress tolerance.
Therefore, cortisol levels were measured in individuals following acute
high-temperature exposure, and the same fish were subsequently
exposed to chronic high-temperature conditions to assess survival.
Through this approach, SNPs significantly associated with both cortisol
response and survival following chronic thermal exposure were identi-
fied. The findings of this study provide insights into the genetic mech-
anisms underlying both acute and chronic thermal stress adaptation in
olive flounder, and the identified markers may serve as potential targets
for selective breeding programs aimed at improving thermal resilience
in olive flounders.

2. Methodology
2.1. Fish population and progeny information

The parental generation for obtaining the dFO generation consisted
of three groups—oFO0, JJ, and WD groups. The oF0 group comprised 100
males and 110 females, while the JJ and WD groups comprised 70 and
57 females, respectively. dFO offspring were produced by crossbreeding
selected parent fish from a broodstock of 192 female and 74 male olive
flounders. The breeding was conducted in October 2022 at the Haeyeon
hatchery, Jeju, South Korea, in accordance with standard commercial
procedures. For strip spawning, 16 groups, each comprising dams and
sires, were established, ensuring that the genetic relatedness between
parents of opposite sexes and between individuals of the same sex did
not exceed 0.15 and 0.25, respectively. Eggs and sperms were manually
collected and mixed at a ratio ranging from 1:3 to 1:5 to facilitate
fertilization [14]. The resulting progeny were reared in the nursery for
185 days post-fertilization, reaching an average body weight of 63.44 +
12.3 g and an average total length of 18.48 £+ 1.5 cm. Subsequently, a
total of 1200 fish were transferred to a 2000 L tank at the Jeju Special
Self-Governing Province Ocean and Fisheries Research Institute. There,
they were acclimated to a temperature range of 19-21 °C in a system
equipped with continuous aeration and sand-filtered seawater. The fish
were reared for 8 months prior to the experiment and were fed com-
mercial extruded pellet (Daebong LF, Korea) twice daily until 2 days
before the experiment during the acclimatization period.

2.2. Acute thermal challenge, blood sample collection, and serum
separation

After a three-week acclimation period, the fish were distributed into
four 500-L tanks, with approximately 146 fish per tank, for acute high-
temperature exposure experiments. A total of 576 fish (average weight,
591.31 + 1.4 g; average length, 37.21 + 3.0 cm; and average width,
14.31 + 1.3 cm) were directly exposed to a temperature of 29 °C for 30
min. Thereafter, blood samples (3 mL) were collected from the caudal
veins of the fish using a needle syringe and the fish were returned to the
same tanks for another acute high-temperature exposure experiment at
29 °C for 1 h. After the 1 h exposure step, blood samples (3 mL) were
again collected from the caudal veins of the fish using the same pro-
cedure. Throughout the experiment, tank temperatures, maintained
using a heating ventilation system, were monitored using both elec-
tronic and alcohol-based thermometers.

The collected blood samples were stored at 4 °C for 24 h to allow
clotting. Subsequently, serum samples were isolated by centrifugation at
1300 xg for 10 min at 4 °C and stored at —80 °C until further analysis.
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2.3. Chronic thermal challenge and sampling

The same experimental groups as described in Section 2.2 were used
for the chronic thermal tolerance experiment. Following blood collec-
tion after the acute thermal stress exposure experiment, the fish were
acclimated for 3 weeks at the Marine Fishery Research Institute,
Pyeoseon-Jeju, South Korea. During acclimation, the water temperature
and dissolved oxygen level were maintained at 19.4 4 0.5 °C and above
90 %, respectively. Thereafter, the temperature was gradually increased
to 28 °C at a rate of 2 °C per day and then to 30 °C at a rate of 1 °C per
day and maintained until the end of the experiment.

During the experiment, dead fish were removed hourly, and their fins
were collected and stored at —80 °C for subsequent genomic DNA
(gDNA) extraction. Additionally, at the end of the chronic exposure
experiment, fin samples were collected from surviving fish and stored
under the same conditions for gDNA extraction. Morphometric mea-
surements, including weight, length, width, and any deformities, were
recorded for both dead and surviving fish, based on three traits defined
as follows: (1) Survival, a binary trait indicating whether a fish died (0)
or survived (1) until the end of the challenge period; (2) Days to death,
defined as the number of days a fish survived during the experiment
based on its time of death; and (3) Hours to death, defined as the number
of hours a fish survived during the experiment until death. All the ex-
periments performed on the test animals were reviewed and approved
by the Animal Care and Use Committee of Jeju National University
(approval numbers 2023-0034 and 2024-0006).

2.4. Cortisol level measurement using ELISA

A commercially available enzyme-linked immunosorbent assay
(ELISA) kit (MyBioSource, San Diego, CA, USA) was used to measure
cortisol levels in fish serum at two time points following acute high-
temperature exposure experiments. The serum samples were diluted to
1:100 and all the reagents and working standards were prepared ac-
cording to the manufacturer’s instructions. The ELISA plate included
blank wells that contained neither samples nor standards, while in each
test well, 50 pL of standard or diluted sample was added, followed by the
addition of 50 pL of antibody conjugate (diluted 1 x).

The contents of each well were thoroughly mixed by pipetting or
gentle shaking for 60 s and incubated for 40 min at 37 °C. Thereafter,
they were aspirated and washed three times with 200 pL of wash buffer,
and further incubated for 2 min. After the wash buffer was completely
removed, 100 pL of HRP-conjugate (diluted 1x) was added to each well
(excluding the blank wells) and the plates were then covered and
incubated for 30 min at 37 °C. Next, the washing step was repeated five
times using the wash buffer. Subsequently, 90 pL of TMB substrate was
added to each well and incubation was again performed in the dark at
37 °C for 3-5 min. Finally, the reaction was stopped by adding 50 pL of
stop solution to each well, and absorbance measurements were per-
formed at 450 nm using a microplate spectrophotometer (Multiskan GO,
Thermo Fisher Scientific, Waltham, MA, USA) at 25 °C within 5 min.

2.5. Genotyping and quality control

To isolate gDNA from the caudal fin tissues of the 384 experimental
fish, the fin tissues (approximately 50 mg each) were preserved in 100 %
ethanol and sent to Bluegen (Busan, South Korea) for gDNA extraction
and genotyping using the Affymetrix® Axiom® myDesign™ 70 K SNP
Genotyping Array. Specifically, genotype calling was performed using
Axiom® Analysis Suite 4.0 software, which employs internal clustering
algorithms. Quality control filtering was also performed in accordance
with the recommended best practices workflow of the Axiom® Analysis
Suite. Only samples meeting the criteria: dish quality control (DQC)
values >0.82 and QC call rates >0.95 were retained for further SNP
filtering. Additionally, during the SNP filtering process, several quality
thresholds: minimum call rate (> 0.99), Fisher’s linear discriminant
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cluster separation (FLD) > 5.2, heterozygous strength offset (HetSO) >
0.01, and minor allele frequency (MAF) > 0.05, were applied. This
stringent filtering process yielded a high-quality genotypic dataset with
an average call rate of 99.6 %. An additional quality control step was
performed on the 384 dFO fish using the PLINK 1.9 software (www.co
g-genomics.org/plink/1.9/) [15] to ensure that the genotype call rate
and MAF exceeded 0.90 and 0.05, respectively. Finally, the distributions
and densities of the quality-controlled SNPs across the flounder genome
were visualize using the CMplot R package [16].

2.6. Descriptive statistics, heritability estimation, and trait correlation

Descriptive statistics for body weight (BW), body length (BL), body
height (BH), cortisol levels at 30 min (C30) and 1 h (C90), sex, date of
death (DPC_date), time of death (DPC_time), and survival status (SUR)
were obtained using R software (version 4.1.2).

Further, to determine additive genetic and residual effects for heri-
tability calculations, the following mixed linear model was used:

Y=Xp+Zu+e

where Y represents phenotype (C30, C90, DPC_date, DPC_time, and
SUR), p denotes fixed effects (sex and first 10 principal component (PC)
values), u represents additive genetic effects (assumed to be normally
distributed with the mean 0 and variance G), e represents residual effects
(assumed to be normally distributed), and X and Z represent the inci-
dence matrices of the fixed and additive effects, respectively. The
genomic relationship matrix (GRM) was calculated using the “gaston”
package in R (https://rdocumentation.org/packages/gaston/versions/
1.4.9).

Narrow-sense heritability (hz) and the associated variances were also
estimated using R packages, “gaston” and “heritability” [11], and heri-
tability was calculated using the following equation:

2 %

- 2 2
O'A+6E

where 62 represents additive genetic variance and o2 represents residual
variance.

Phenotypic correlations among traits were assessed using Pearson’s
correlation coefficient in R. Genetic correlations were further estimated
using R package “gaston” (https://www.rdocumentation.org/packa
ges/ga%20ston/versions/1.4.9) based on the following equation:

. covg(X,Y)
=
\/%ax X 04y

where covy(X, Y) represents the genetic covariance between traits X and
Yand 62, and o2 , represent the additive genetic variances of traits X and
Y, respectively.

2.7. Population structure and linkage disequilibrium (LD) analysis

Principal component analysis (PCA) was conducted in R to evaluate
genetic similarity and determine the overall genetic structure of the test
population. The analysis included genotype data from individuals who
passed quality control filtering criteria. The genetic structure of the
population was further visualized using the ggplot2 package (https://gg
plot2.tidyverse.org) in R.

The SNP chip, with markers distributed across the genome of olive
flounder was used to assess linkage disequilibrium (LD) within the
population. Pairwise correlations between SNPs were also analyzed
using PLINK 1.9 software. Then, to visualize LD decay, the squared
correlation coefficient (rz) for each SNP pair was plotted against their
physical distance (in kilobases, kb). The r? values ranged from 0 to 1,
with 0 indicating no LD (free recombination) and 1 indicating complete
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LD (little or no recombination).

2.8. Association analysis, SNP annotation, and candidate gene
identification

The Gaston package and a mixed linear model (as described in Sec-
tion 2.6) were utilized to conduct the GWAS and to account for poly-
genic effects, a GRM was employed to estimate additive genetic
variances. Specifically, associations between individual SNPs and
selected traits were determined using Gaston, employing methods, such
as the Wald test, linear mixed model (LMM) approach and quantitative
trait analysis [17]. Significant SNPs were then identified using the
Bonferroni-adjusted significance threshold (0.05/57,638 = 8.6 x 1077)
and the suggestive significance threshold (1 x 10~ in line with pre-
viously reported GWAS analyses [18,19]. For visualization, Manhattan
and quantile-quantile (QQ) plots were generated using the Gaston and
qqman R packages (https://github.com/stephenturner/qqman).
Further, the genomic inflation factor (A) was estimated as previously
outlined by Aslam et al., [20].

The ParOil 1.1 General Feature Format (GFF) file for olive flounder
(Accession No: GCA_001904815.2) was used to obtain detailed genomic
sequence information for identifying significant SNPs across various
genomic regions, including intergenic, intronic, and exonic sequences.
The extracted sequences were manually annotated using National Cen-
ter for Biotechnology Information (NCBI) BLAST (Basic Local Alignment
Search Tool; https://blast.ncbi.nlm.nih.gov/Blast.cgi). Specifically, for
SNPs located in intragenic regions, candidate genes were defined as
those located within the same LD block, spanning a window of +21 kb
surrounding the SNP. Additional comprehensive gene annotation was
achieved by integrating GFF and FASTA files from the ParOil 1.1
reference data using SnpEff software (https://pcingola.github.
io/SnpEff/) [16].

2.9. Functional annotation of candidate genes

The functional characterization of significant SNP-harboring genes
identified by GWAS was performed using the Database for Annotation,
Visualization, and Integrated Discovery (DAVID). First, the significant
genes associated with these SNPs were first identified using the UniProt
database (https://www.uniprot.org/). Thereafter, their unique identi-
fiers were analyzed using DAVID (https://david.ncifcrf.gov/). Enriched
gene ontology (GO) terms and pathways that met two criteria: a statis-
tically significant p-value (p < 0.05) and the inclusion of at least two
candidate genes, were also identified, and for visualization, bubble plots
were generated using the Viridis R package (https://github.com/sjm
garnier/viridis).

3. Results
3.1. Descriptive statistics

Table 1 provides a summary of descriptive statistics regarding the
effects of acute and chronic high temperature exposure on the different
phenotypic traits of olive flounder. In this table, C30 and C90 capture
the responses of olive flounder to acute high temperatures, whereas
SUR, DPC_date, and DPC_time reflect the effects of chronic high tem-
peratures. Chronic high-temperature exposure resulted in a cumulative
mortality rate of 90.1 % and a survival rate of 9.9 %, as per the tank-
specific fish mortality presented in supplementary Fig. 1.

3.2. Genotyping and SNP quality control

From the initial set of 576 collected samples, 384 were selected for
genotyping; among them, 376 (324 from dead fish and 52 from survi-
vors) that passed stringent QC filtering were retained for further anal-
ysis. These samples were genotyped using the PolyHighResolution probe
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Table 1
Descriptive statistics for the phenotypes measured in the experimental
population.

Trait No of Minimum  Median  Max Mean SD (1)
samples
(QC
filtered)
Body 376 163 492.50 806 494.69  117.80
Weight
(€3]
Body 376 23.70 35.90 44.50 35.81 2.88
Length
(cm)
Body 376 9.40 13.20 16.30 13.18 1.10
Height
(cm)
C30 (ng/ 376 41.68 62.19 81.42 62.19 6.81
ml)
C90 (ng/ 376 45.83 64.70 102.32 65.50 7.52
ml)
DPC_time 376 12 63.50 162 76.02 46.28
(h)
DPC_date 376 1 3 7 3.64 1.85
(days)

set, yielding 57,651 SNPs. Additional QC filtering resulted in a final set
of 57,638 high-quality SNPs, which were then used for downstream
analysis. The distribution of these SNPs across olive flounder chromo-
somes was non-uniform, with chromosomes 7 and 14 showing the
highest and lowest SNP distribution densities, respectively (Fig. 1).

3.3. LD and population structure analysis

LD was investigated across the genotyped QC-filtered SNPs in the
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genome of olive flounder. A plot of LD decay against the physical dis-
tance (in kb) between SNP pairs revealed that the LD decayed to half its
maximum value (1/2 LD) within 21 kb (Fig. 2A). The use of this decay
distance to determine the minimum number of markers required for the
experiment showed that at least 26,000 SNPs were needed to provide
sufficient coverage for the 546 Mb genome.

Scree plot analysis to determine the optimal number of offspring
clusters based on genetic variance identified three distinct populations
(Fig. 2B), consistent with the GRM heat map results (Fig. 2C). Addi-
tionally, PCA of genotypic data to assess population structure and ge-
netic relatedness among the offspring revealed that the first 10 principal
components (PCs) accounted for 67.04 % of the total observed genetic
variance, with PC1 and PC2 explaining 11.09 % and 9.92 % of the
variation, respectively, underscoring their primary roles in defining the
population structure (Fig. 3).

3.4. Genome-wide association analysis

GWAS was employed to investigate the association between SNPs
and high-temperature stress responses in the experimental population.
Based on Bonferroni correction (8.7 x 10~7) and suggestive cutoff (1 x
1074 significance thresholds, 34 significant SNPs associated with C30,
C90, SUR, DPC_date, and DPC_time were identified via a Manhattan
plot. For acute high-temperature stress, three SNPs were associated with
C30 (Fig. 4A) and four were associated with C90 (Fig. 4B) with the
significance levels above the suggestive threshold, and for chronic high-
temperature stress, two SNPs were associated with SUR with the sig-
nificance level above the suggestive threshold (Fig. 4C), and three were
associated with DPC_date (Fig. 4D) and four with DPC_time (Fig. 4E),
with the significance level exceeding the Bonferroni threshold. A
quantile-quantile (QQ) plot analysis yielded genomic inflation factors

The number of SNPs within 1MB window size
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(A) of 0.910, 1.089, 1.073, 0.991, and 0.977 for C30, C90, SUR,
DPC_date, and DPC_time, respectively, indicating minimal inflation of
test statistics owing to unaccounted factors.

3.5. Heritability estimation and genotypic and phenotypic correlation

Heritability estimates for the five traits, determined using pheno-
typic and genotypic data, revealed higher heritability for chronic ther-
mal stress traits than for acute thermal stress traits (Table 2). The
phenotypic and genotypic correlations among all the considered traits
were also examined. Thus, phenotypic correlation analysis revealed no
association between C90 and DPC_date or DPC_time. However, a weak
positive correlation (0.1) was observed between C90 and SUR, while

strong correlations were observed between SUR and DPC_date (0.73)
and between SUR and DPC_time (0.75). Additionally, DPC_date and
DPC_time showed a very strong correlation (0.99), indicating strong
concordance between these two death time measurements (Fig. 5A).

Similarly, genetic correlation analysis revealed weak associations
between C90 and both SUR and DPC_time (0.01) and between C90 and
DPC_date (0.02). However, the genotypic correlations between SUR and
both DPC_date and DPC_time (both 0.71) were comparable to their
phenotypic correlations, suggesting a genetic basis for the association
between survival and time to death. Additionally, the genotypic corre-
lation between DPC_date and DPC_time remained high (0.93), consistent
with their phenotypic correlation (Fig. 5B).
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tion factors for the GWAS. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

3.6. SNP effects on cortisol levels and fish survival

Significant correlations were observed between fish genotypes and
phenotypes, with several significant SNPs explaining up to 7 % of the
phenotypic variance (Table 3). These correlations suggest that the SNPs
play potential roles in cortisol regulation under acute high-temperature
stress. Notably, when cortisol levels and sex were considered as fixed
effects, SNPs that appeared to influence fish survival were identified.
Nine candidate SNPs showed highly significant associations with
DPC_time, DPC_date, and SUR (Supplementary Fig. 2), while six showed
significant associations with cortisol level, with the significance level
surpassing the suggestive significance threshold. Among the six SNPs,

three were associated with cortisol level at the C30 and three at C90
(Table 3). Overall, among the 34 significant SNPs associated with C30,
C90, DPC_time, DPC_date, and SUR, gene annotation analysis revealed
that 2 SNPs were located in exons, 14 in introns, and 18 SNPs in inter-
genic regions (Supplementary Table 2).

3.7. Functional enrichment analysis of candidate genes using DAVID

The analysis of GWAS results using based on DAVID led to the
identification of 20 candidate genes associated with the significant
SNPs. The functional annotation of these genes based on three functional
categories: biological processes, cellular components, and molecular
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Fig. 4. (continued).
to thermal homeostasis.
Table 2

Genotypic variance (V(G)), environmental variance (V(e)), phenotypic variance
(Vp), and heritability estimates (V(G)/Vp) for five phenotypes.

Phenotype V(G) V(e) V(p) Heritability (V(G)/V(p))

C30 0.000046 45.71 45.71 0.000001

C90 2.153 54.31 56.46 0.038

SUR 0.0282 0.08 0.11 0.252
DPC_date 1.352 1.63 2.99 0.454
DPC_time 851.78 1015.69 1867.47 0.458

functions revealed the enrichment of genes associated with six biological
process terms, three molecular function terms, and two cellular
component terms. These enrichment patterns were further visualized
using a bubble plot (Supplementary Fig. 3), which showed that all the
identified genes were directly or indirectly associated with cellular and
biological processes, molecular functions, and binding activities related

(A)
SUR
Phenotypic
Correlation
DPC_date I o7
" 0.50
DPC_time 0.25

0.00

4. Discussion

Environmental stressors, including high temperature, hypoxia, and
low salinity, significantly affect the aquaculture industry as they induce
behavioral and structural changes in aquatic organisms, leading to sig-
nificant production losses. To counter these challenges, fish activate
endocrine pathways and defense mechanisms that help maintain ho-
meostasis [21]. Among the abovementioned stressors, heat stress is
particularly concerning owing to its association with an elevated mor-
tality rate [22]. Acute high-temperature-related mortality can be trig-
gered by multiple factors, including transportation stress, reduced
dissolved oxygen levels, suboptimal tank design, and inadequate water
flow. Consequently, developing stress-tolerant aquaculture species is
crucial for ensuring sustainable production.

The current study addressed this challenge by employing GWAS to
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0.5
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-1.0

Fig. 5. Heat map of (A) phenotypic correlation (B) genetic correlation and across four traits.
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Table 3
Significant SNPs and associated candidate genes identified by GWAS for stress-related and thermal tolerance traits in olive flounder.
Chr  SNPID Position Al A2  FrEq. (A2) P-value  Significance VarP Associated gene Associated trait
(bp) (%)
AX- 8.69E- Genome- Myosin heavy chain, fast skeletal muscle-like, DPC_date and
0,
19 419312234 4,330,372 ¢ T 0.614361702 12 wide 7% transcript variant X2 (myhc) DPC_time
AX- 2.48E- Genome- NLR family CARD domain containing 5 DPC _date and
0,
19 419312236 4,344,315 G A 0.635869565 11 wide 6.7 % (nlrc5) DPC_time
AX- 2.58E- Genome- HYDIN, axonemal central pair apparatus DPC_date and
0,
19 419194856 4,248,358 A ¢ 0.542553191 11 wide 6.7 % protein (hydin) DPC _time
AX- 9.23E- Genome- Glucose-fructose oxidoreductase domain- DPC_date and
o _
18 419305596 12,631,578 G A 0.554521277 08 wide 45% containing protein 1 (gfod1) DPC_time
AX- 5.37E- Genome- S-phase cyclin A associated protein in the ER DPC _date,
0,
19 419197913 14,012,485 T ¢ 0.543882979 07 wide 4% (scaper) DPC_time and SUR
AX- 1.61E- . Catenin delta-2-like, transcript variant X4 DPC_date and
o _
18 419292991 2,390,583 G A 0.634308511 06 Suggestive 3.6 % (ctnnd2) DPC_time
AX- 1.99E- . RNA binding protein fox-1 homolog 2-like DPC_date and
o _
10 419296956 3,777,074 C T 0.63368984 06 Suggestive 3.6 % (rbfox2) DPC_time
AX- 9.39E- . Chromosome unknown C3orf58 homolog, DPC_date and
1 2 A B 12 .1 % -
8 4os01103 7299387 G 05375335 06 Suggestive 3.1 % transcript variant X2 (cunh3orf58) DPC_time
AX- 1.55E-
. o . . .
15 419263188 14,331,018 T C 0.66 05 Suggestive 2.9 % Ephrin B2, transcript variant X2 (efnb2) C90
AX- 1.91E- . Cadherin-related family member 5-like DPC _date and
19 419195929 15,640,134 G A 0.5625 05 Suggestive 2.9 (cdhr5) DPC_time
AX- 2.20E- . TSC22 domain family protein 2-like DPC_date and
o _
11 419250528 3,479,233 A C 0.865691489 05 Suggestive 29% (t5c22d2) DPC_time
AX- 2.40E- . . . DPC_date and
o X
11 419178439 2,265,643 A G 0.825333333 05 Suggestive 29% Ribosomal protein S15 (rps15) DPC_time
4 AX- 15,473,804 C T 0.77393617 3.28E- Suggestive 3.3 % Urotensin-2 receptor-like (uts2r) C30
419162164 7S : 05 &8 = P
AX- 3.65E- DPC_date and
. o . . . X
19 419312138 13,866,568 C T 0.613031915 05 Suggestive 2.7 % Talin 2, transcript variant X6 (tIn2) DPC_time
AX- 4.05E- DPC_date and
. o _
10 419275573 7,107,648 T C 0.545576408 05 Suggestive 2.7 % PET100 homolog (pet100) DPC_time
AX- 4.50E- DPC_date and
. o _
10 419273505 7,105,576 A G 0.545212766 05 Suggestive 2.7 % PET100 homolog (pet100) DPC_time
AX- 4.50E- DPC_date and
. o _
10 419178488 7,108,662 G A 0.545212766 05 Suggestive 2.7 % PET100 homolog (pet100) DPC_time
AX- 4.50E- DPC_date and
. o _
10 419248002 7,101,264 G A 0.545212766 05 Suggestive 2.7 % PET100 homolog (pet100) DPC_time
15 AX- 7,129,383 A G 0.647453083 4.67E- Suggestive 2.6 % Peptidyl-prolyl cis-trans isomerase-like (ppil) C90
419302826 e - 05 88 a plidy-proly PP
AX- 5.31E- DPC_date and
. o . " _
11 419303472 19,397,451 T C 0.825797872 05 Suggestive 2.6 % Dystrobrevin alpha-like (dtna) DPC_time
AX- 6.04E- . Guanine nucleotide-binding protein G(o) DPC_date and
¥ 49197121 07308 T C 0660857909 05 Suggestive 26 subunit alpha (gnaol) DPC_time
AX- 6.04E- DNA, contains MHC class Ia chain, clone:
. o s 5
23 419324683 7,360,126 T C 0.779255319 05 Suggestive 3% BAC-55I6 (mhc) C30
AX- 6.27E- . RNA binding protein fox-1 homolog 2-like DPC_date and
1 A B 2.6 % -
0 419288429 3,755,655 G 0.544 05 Suggestive 6 % (rbfox2) DPC_time
AX- 6.42E- . Monocarboxylate transporter 13-like, DPC_date and
o _
19 40312717 7822959 T € 0546542553 05 Suggestive 2.6 % transcript variant X3 (mects) DPC_time
AX- 7.11E-
. o . . .
15 419188978 14,315,040 T G 0.575880759 05 Suggestive 2.5% Ephrin B2, transcript variant X2 (efnb2) C90
AX- 7.51E- Uncharacterized LOC109646336 DPC_date and
. o _
10 419295423 3,805,009 T C 0.568918919 05 Suggestive 25% (LOC109646336) DPC_time
AX- 7.84E- . . .
0,
4 419224866 16,199,792 T C 0.740691489 05 Suggestive 3% Glucagon like peptide 2 receptor (glp2r) C30
AX- 8.60E- . Myosin heavy chain, fast skeletal muscle DPC_date and
1 1 T B 2.5 % -
0 419248000 7,100,487 C 0.636968085 05 Suggestive 5% (myhc) DPC_time
AX- 8.68E- . HYDIN, axonemal central pair apparatus DPC_date and
0,
19 419104853 4,230,401 A G 0.751329787 05 Suggestive 25% protein (hydin) DPC_time
AX- 8.69E- DPC_date and
. o e T . . X
10 177849800 3,791,404 A C 0.534574468 05 Suggestive 2.5% CD9 antigen-like, transcript variant X2 (cd9) DPC_time
AX- 9.06E- . Collagen alpha-1(XI) chain, transcript variant DPC_date and
0,
10 419273564 6,865,375 A G 0.505319149 05 Suggestive 25% X3 (colllal) DPC_time
19 AX- 23,974,713 C T 0.506648936 9.40E- Suggestive 2.5 % REST corepressor 3 (rcor3) SUR
419313660 27 - 05 &8 > P
AX- 9.61E- . USP6 N-terminal-like protein, transcript DPC_date and
o _
19 419197179 5,704,736 C A 0.646276596 05 Suggestive 2.4 % variant X2 (usp6n) DPC_time
AX- 9.63E- . Myosin heavy chain, fast skeletal muscle DPC_date and
0,

10 419275564 7,065,718 T C 0.56097561 05 Suggestive 25% (myhc) DPC_time
identify SNPs that are associated with cortisol level, a key marker of examined the physiological responses of olive flounder to thermal stress
acute and chronic high-temperature stress in olive flounder, and provide [23], the genetic factors underlying acute stress responses remain poorly
a foundation for understanding the genetic mechanisms underlying both understood. Further, we examined chronic thermal tolerance in the
acute and chronic stress responses. Although previous studies have same individuals subjected to acute thermal stress with the expectation
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that combining the results would provide a more comprehensive un-
derstanding of the resilience and adaptability of olive flounders to high
temperatures.

Olive flounders exhibit broad-range temperature tolerance consid-
ering their diverse habitats, with wild populations surviving in waters
below 9 °C in winter and above 27 °C in summer. However, their optimal
rearing temperature in South Korea ranges from 19 to 21 °C [24], and
despite their adaptability, sudden temperature fluctuations can induce
acute stress, highlighting the need to clarify the genetic mechanisms
underlying their responses to such conditions. Moreover, prolonged
exposure to elevated temperatures, especially as global warming drives
environmental temperatures beyond optimal ranges, induces chronic
stress. Therefore, we hypothesized that similar to Atlantic salmon, olive
flounder populations harbor additive genetic variations that contribute
to both acute and chronic high-temperature stress tolerance [25].

The heritability of chronic high-temperature tolerance in olive
flounder is estimated to be 0.29 [13]. Similarly, Ma et al. reported heat
stress tolerance heritabilities in the range 0.019 to 0.239 for four turbot
stocks from England, France, Denmark, and Norway [26]. To the best of
our knowledge however, the present study is the first to investigate the
heritability of acute high-temperature stress in olive flounder. Based on
a 1-h exposure assessment, C90 heritability was estimated to be 0.038,
which was low; however, chronic high-temperature stress traits showed
moderate heritability, with the values at 0.454, 0.458, and 0.252 for
DPC_date, DPC_time, and SUR, respectively. These findings indicated
that selective breeding could potentially enhance high-temperature
stress tolerance.

QC filtering yielded 57,638 SNPs across 24 chromosomes from 376
individuals. Further, PCA and cross-validation identified three distinct
populations within the experimental group and the PCA plot revealed
shared genetic characteristics among individuals in these clusters, sug-
gesting minimal genetic differences based on ancestral backgrounds.
These shared characteristics possibly reflect the genetic relatedness
captured by the analysis [27]. Additionally, the GRM heat map
corroborated these findings by visually illustrating three major popu-
lation groups.

Positive phenotypic correlations were observed among all traits,
along with moderate correlations between the genotypic and phenotypic
traits. These positive genetic correlations may benefit breeding pro-
grams by enabling the simultaneous improvement of multiple traits
[28]. Notably, C90 showed lower positive correlations with all other
traits, including SUR. This observation possibly suggesting that cortisol
level plays a complex role in acute stress response and could be
improved concurrently with chronic thermal tolerance traits.

GWAS effectively identified SNPs associated with specific traits.
Several of these markers were located within or near previously reported
thermal stress response genes, while a few others were located in regions
containing unknown genes or regulatory elements, potentially indi-
cating novel genetic mechanisms underlying the complexity of heat
stress response. Building on a previous study, wherein thermal stress
response genes were categorized into four groups (metabolic, neural/
neuroendocrine, molecular/cellular, and physiological/behavioral)
[13], we identified highly significant SNPs associated with C30 and C90
post-exposure. These findings highlighted the diverse physiological
processes involved in thermal stress response, including energy pro-
duction and utilization, nervous system regulation, cellular repair
mechanisms, and behavioral adaptations.

Urotensin-2 receptor (UTS2R), primarily expressed in vascular and
cardiac tissues, functions as a receptor of vasoactive peptide urotensin-
II, and its upregulation influences heart rate and blood pressure regu-
lation [29]. During acute temperature elevation, UTS2R may help
modulate cardiovascular responses by inducing blood vessel constric-
tion or dilation, and thus, maintain circulatory homeostasis under stress.
Additionally, studies have shown that UTS2R is implicated in the
regulation of stress-induced lymphocyte DNA damage and oxidative
changes in mammals, suggesting a protective function against stress-
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induced cellular damage [29].

Further, MHC class Ia chain, a critical component of the immune
system, is responsible for presenting antigens to cytotoxic T cells. While
acute heat stress can impair immune function, making fish more sus-
ceptible to infections, MHC class Ia molecules help to maintain immune
competence during thermal stress by enhancing antigen presentation
and promoting T-cell activation [30].

EFNB2, a member of the ephrin signaling family, is essential for
mediating cell communication and development. Specifically, ephrin
signaling facilitates multiple stress-adaptive processes such as cell sur-
vival, angiogenesis, tissue repair, and inflammation regulation [31]. Our
findings indicate that EFNB2 plays a crucial role in the recovery and
adaptation of olive flounder to high-temperature stress.

GLP2R, predominantly expressed in mammalian gut tissues, pro-
motes intestinal growth and nutrient uptake [32], and its expression in
fish gut tissues during stress suggests that it is implicated in post-stress
recovery rather than in immediate response. It has also been reported
that after acute thermal stress, GLP2R likely contributes to maintaining
gut health by enhancing nutrient absorption, promoting tissue regen-
eration, and restoring energy metabolism [33], indicating that it plays
an important role in long-term recovery and stress resilience.

PPIase-like genes represent an emerging area of research in fish stress
resilience. While their specific roles in acute thermal stress response
remain unclear, their known functions in protein folding, signaling
regulation, and cellular protection suggest their involvement in complex
stress response networks. Although the exact mechanisms are unknown,
it is possible that PPlase-like genes influence cortisol regulation by
modulating the signaling pathways involved in cortisol synthesis or
release and by interacting with cortisol-binding proteins [34]. In
mammals, mutations in these genes are associated with neurodegener-
ative conditions, such as pontocerebellar hypoplasia with microcephaly
(PCHM) [35], implying that they play important roles in neuronal
development and function. However, further research is necessary to
elucidate their specific roles in stress response in olive flounder.

Acute high-temperature stress triggers cortisol release in fish, and
this stress-response mechanism is highly conserved across vertebrates.
Elevated cortisol levels can compromise fish health by causing immu-
nosuppression, growth reduction, and increased disease susceptibility.
However, genetic variations may modulate stress resilience by altering
the magnitude and duration of cortisol release. Further, the identifica-
tion of significant stress resilience-associated SNPs advances our un-
derstanding of the genomic basis for enhanced stress tolerance in olive
flounder, and these SNPs represent promising targets for selective
breeding programs.

In addition to examining the genes involved in acute high-
temperature stress response, we investigated the genetic basis of
chronic high-temperature stress tolerance. Thus, we identified signifi-
cant SNPs associated with chronic high-temperature stress tolerance.
Several of these SNPs were found to be located within or close to genes
that have been implicated in heat shock response, antioxidant defense,
and DNA repair [13]. Notably, the most significant SNP was located
within the MyHC gene, which encodes the myosin heavy chain, a key
protein involved in muscle contraction. This observation suggested that
MyHC plays a key role in maintaining motor function and survival
during thermal stress, particularly because swimming patterns are
affected by increasing temperatures. Previous studies have also reported
upregulated MyHC expression in Japanese rice fish exposed to high
temperatures, particularly in the lower skeletal muscle [36,37].

The second most significant SNP was located in the gene region of
NLRC5, a well-known immune regulatory gene that directly influences
innate immune response. Specifically, NLRC5 interacts with IFN-y to
stimulate downstream pro-inflammatory response genes, such as TNF-a,
IL-6, and IL-1p [38], suggesting that it plays a crucial role in maintaining
immune function and combating infection under chronic high-
temperature stress.

The third most significant SNP was located within the HYDIN gene,
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which is associated with sensory perception and has been previously
associated with pain sensitivity under heat stress conditions possibly
because HYDIN plays a key role in controlling the movement of cilia, i.
e., hair-like structures within the brain that regulate cerebrospinal fluid
flow [39]. The disruption of ciliary function may impair sensory
perception and contribute to the adverse effects of heat stress.

Further, 26 additional significant SNPs associated with genes
involved in diverse functions were identified, indicating that a complex
genetic architecture underlies thermal tolerance in olive flounder. For
instance, one SNP showed association with GOD1, which is involved in
carbohydrate metabolism [40]. Notably, carbohydrates serve as a pri-
mary energy source given that they can be readily be converted into
ATP, which fuels various metabolic processes. Under chronic high-
temperature stress, energy demands increase significantly owing to
factors such as protein refolding for heat damage repair and decreased
reliance on fat utilization [41]. Consequently, accelerated carbohydrate
metabolism is required to generate the necessary energy surplus.
Therefore, the observed association between an SNP and GOD1 suggest
that GOD1 expression is likely upregulated under thermal stress to
enhance carbohydrate metabolism and meet the elevated energy re-
quirements of stressed fish.

GNAO1, previously identified in mice, encodes a protein that is
involved in neuroendocrine functions, and reportedly, it regulates
calcium-dependent neuronal signaling, growth, and cytoskeletal
remodeling [42], implying that its role in neural developmental pro-
cesses may be critical for coordinating physiological responses to ther-
mal stress. In olive flounder, GNAOI may also play a key role in
integrating physiological and behavioral responses to chronic thermal
stress, possibly by influencing the release of stress hormones or modu-
lating neuronal activity in response to temperature changes.

CTNND2 has emerged as a potential candidate gene implicated in
response to elevated water temperatures, possibly via the mitigation of
the effects of hypoxia, which is common in warmer rearing environ-
ments. Increased metabolic demands in fish due to elevated tempera-
tures often lead to increased ventilation rates as hypoxia develops.
Studies have also suggest that hypoxia-inducible factor (HIF) directly
upregulates CTNND2 expression, resulting in the production of §-catenin
[43], which acts as a downstream target of HIF-1a and may help regulate
cellular response to hypoxia. Further, RBFOX2 has been identified as a
hypoxia-inducible gene [44], and together with the abovementioned,
these genes may be crucial for maintaining oxygen homeostasis and
ensuring survival in oxygen-depleted environments under thermal
stress.

CDHR5, a gene that is highly expressed in the epithelial cell micro-
villi of the intestine and kidney, plays a crucial role in nutrient transport
and absorption [45]. During thermal stress, elevated metabolic rates in
fish necessitate increased nutrient uptake and efficient digestion. Under
these conditions, enhanced CDHR5 expression may boost nutrient and
ion absorption through microvilli to meet heightened metabolic de-
mands and support survival.

A significant SNP was identified within the TSC22 gene, which plays
a vital role in regulating tissue osmotic pressure, especially with
increasing water temperatures [46]. Maintaining proper tissue osmotic
balance is critical for fish survival, and midwater fish are particularly
susceptible to disruptions in this equilibrium. It has also been shown that
elevated temperatures reduce the activity of Na'/K™-ATPase, an
essential enzyme that maintains osmotic balance in gill tissues [47],
ultimately disrupting osmotic equilibrium and posing a significant
threat to fish survival. Therefore, TSC22 may be crucial for maintaining
osmotic balance and preventing cellular damage under thermal stress.
Several other genes with significant SNPs that potentially affect thermal
resistance were identified, including TLN2, PET100, DTNA, MCTs,
RCOR3, and USP6N, all of which have been implicated in various
physiological functions [48-54]. Interestingly, RPS15 plays a role in
immune response regulation [48].

Overall, these findings highlight the complex genetic architecture
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underlying thermal stress resistance in olive flounder, involving genes
that regulate diverse physiological processes, such as oxygen homeo-
stasis, nutrient absorption, osmotic balance, and immune response.

To comprehensively clarify the pathways involved in thermal stress
response in olive flounder, our analysis using DAVID focused on three
main functional categories, biological processes, cellular components,
and molecular functions. Complementary annotations based on Inter-
Pro, UP_KW_Domain, and UP_SEQ _Feature provided additional insights
into protein functions at the molecular level; sequence features within
biological, molecular, and cellular contexts; and clarified the in-
teractions among the 20 candidate genes identified in this study. This
multifaceted approach enhanced our understanding of the functional
roles of these genes in thermal stress response. Previous studies have
shown that biological processes and cellular components play critical
roles in response to high-temperature stress [55], indicating that or-
ganisms must adapt to extreme temperatures to maintain cellular ho-
meostasis and reduce stress levels [56]. Notably, cell-cell adhesion
exhibited the highest statistical significance, suggesting a strong asso-
ciation between thermal tolerance and stress resilience. Further, it
played a crucial role in maintaining tissue integrity and cellular
communication under environmental stress conditions [57]. Therefore,
enhanced cell-cell adhesion possibly contributed to thermal tolerance
and stress resilience by stabilizing cellular structures, reducing stress-
induced damage, and facilitating coordinated stress response mecha-
nisms. For example, cellular stress response pathways, such as the heat
shock response pathway, are activated to protect cells from high
temperature-induced damage. Although rising temperatures may
initially enhance the activity of certain molecular functions, sustained
exposure can eventually lead to dramatic inhibition [58], and thus,
disrupt molecular pathways by altering DNA, RNA, and protein syn-
thesis [59], and ultimately impairing cellular function and viability.

In conclusion, this study, to the best of our knowledge, is the first to
investigate both acute and chronic high-temperature stress resistance in
olive flounder using the GWAS approach. Specifically, we identified 34
significant SNPs associated with thermal stress resistance. These SNPs
were also associated with various genes that directly or indirectly
mediate thermal tolerance and help maintain physiological homeostasis
during high-temperature exposure. Notably, MyHC, NLRC5, HYDIN, and
GOD1, which have been previously implicated in thermal tolerance in
other species, were identified in this study, further supporting their
importance in stress response. DAVID analysis also confirmed the exis-
tence of associations between these candidate genes and thermal stress
resistance. Moreover, the moderate heritability of stress-induced cortisol
levels and the high heritability of fish survival under chronic stress
conditions underscored the potential of these traits for improving olive
flounder aquaculture sustainability via MAS and genomic selection, i.e.,
by incorporating these markers into breeding programs, the resilience of
olive flounder to thermal stress may be enhanced, thereby improving
their sustainability and profitability amid climate change and other
environmental challenges. The findings of this study also provide valu-
able insights that may enhance understanding regarding the mecha-
nisms of thermal stress response in other fish species, contributing to a
broader understanding of stress responses in vertebrates.
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