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Domestication in fish involves rapid and complex changes in life-history, physiology and behavior under human-
controlled aquaculture conditions. In gilthead seabream (Sparus aurata), a species with a relatively recent
domestication history, we used genome-wide population comparisons to show that domestication targets a core
set of highly conserved regulators of environmental sensing mechanisms. Across farmed stocks and wild pop-
ulations spanning the Mediterranean, our analyses reveal divergence at key genes involved in pathways that
translate oxygen and chemical cues into stress, immune, endocrine and reproductive outcomes. Standout can-
didates include ahrra within the ancient AHR-ARNT/HIF signaling system, kdm6al, a chromatin regulator
coordinating developmental and stress responses, and pigm, a GPI-anchor biosynthesis gene shaping cell-surface
composition and host defense. These functions are shared widely across animals, from invertebrates to verte-
brates, suggesting that domestication often proceeds by tuning long-standing sensory circuitry to aquaculture
conditions. This convergence points to a measure of predictability in the genomic response to captivity, links
molecular pathways to production-relevant traits such as stress tolerance and reproduction, and offers actionable
hypotheses for rapid adaptation in species during domestication. By identifying these conserved regulators
through empirical data, our results connect microevolution under domestication with fundamental biology and
provide tractable gene sets for testing how ancient pathways are repurposed during contemporary evolution and
for monitoring in aquaculture.

1. Introduction evolutionary changes can emerge within only a few generations,
affecting growth, stress tolerance, reproductive timing, and immune
competence (Howe et al., 2024; Milla et al., 2021; Nguyen, 2016). As

such, domestication acts as a natural experiment for examining how

Domestication provides a compelling case of evolution, wherein
species are subjected to novel human-mediated selective pressures that

drive coordinated changes in physiology, behavior, and life-history
traits (Ahmad et al., 2020; Purugganan, 2019; Milla et al., 2021). Un-
like terrestrial livestock, the domestication of fish is relatively recent
(Teletchea, 2015), offering a unique opportunity to study the early
stages of adaptation under controlled conditions. In fish, these
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ecological pressures shape genomic architecture.

Adaptive traits under domestication are often polygenic, with indi-
vidual loci exerting small effects that cumulatively influence physiology
and life-history strategies (Mohamed et al., 2019; Sinclair-Waters et al.,
2020; Moulistanos et al., 2024). This complexity has underscored the
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value of molecular ecology approaches, particularly genome-wide scans,
in identifying genes mediating adaptive responses (Jia and Zhao, 2014;
Liu et al., 2020; Uffelmann et al., 2021; Tsare et al., 2024). In fish
domestication, selective breeding frequently targets traits such as
growth, stress resilience, immune competence, and reproduction, which
together determine the performance and sustainability of farmed pop-
ulations (Chavanne et al., 2016; Janssen et al., 2017; Abdel-Tawwab
et al., 2019; Tillotson et al., 2018). Genomic tools, especially whole-
genome scans using high-density SNPs, have become invaluable for
detecting loci under selection, uncovering mechanisms of local adapta-
tion, and elucidating the molecular basis of key life-history traits
(Sinclair-Waters et al., 2020; Yoshida and Yanez, 2021; Moulistanos
et al., 2024). However, the genetic underpinnings of domestication
remain poorly understood in many species, highlighting the importance
of genome-wide studies to inform both sustainable aquaculture practices
and our understanding of evolutionary and molecular processes.

The gilthead seabream (Sparus aurata), a cornerstone species in
Mediterranean aquaculture, represents an excellent model for investi-
gating early-stage domestication. Selective breeding programs were
initiated in the early to mid-1990s across several Mediterranean coun-
tries. Industry-wide summaries indicate that gilthead seabream breeding
programs typically encompass approximately one to five generations of
selection, depending on the breeding nucleus and country (Villanueva
et al., 2022; Janssen et al., 2017). Analyses of established commercial
nuclei in Greece and France further suggest that programs initiated in
the 1990s have undergone approximately four to six generations of
structured selection (Saura et al., 2021). This relatively recent domes-
tication history is consistent with reduced effective population sizes in
farmed stocks and measurable genetic differentiation from their wild
counterparts (Teletchea, 2021; Saura et al., 2021; Gkagkavouzis et al.,
2021; Penaloza et al., 2021; Villanueva et al., 2022).

Growth rate has been the primary selection objective, given its strong
impact on production efficiency and time to market (Chavanne et al.,
2016; Janssen et al., 2017). Feed efficiency has likewise become
increasingly important as breeding programs seek to reduce production
costs and environmental impacts. Disease resistance, particularly
against major bacterial pathogens and parasitic infections prevalent in
Mediterranean aquaculture, represents another key breeding target
(Abdel-Tawwab et al., 2019; Tillotson et al., 2018). Additional traits
under selection include survival under intensive farming conditions,
body conformation, fillet yield, and product quality characteristics.
More recently, breeding objectives have expanded to incorporate
robustness and tolerance to environmental stressors such as temperature
variability and hypoxia, as well as aspects of reproductive control aimed
at optimizing production cycles (Teletchea, 2021; Saura et al., 2021).
This multi-trait selection framework provides important biological
context for interpreting genomic regions exhibiting elevated differenti-
ation between farmed and wild populations.

To date, only a limited number of genes and QTLs linked to domes-
tication have been identified, primarily associated with morphometric
traits, stress response, immunity, and reproduction (Boulton et al., 2011;
Loukovitis et al., 2011; Loukovitis et al., 2012; Zuzul et al., 2022;
Gkagkavouzis et al., 2021; Moulistanos et al., 2024, 2025; Moulistanos
et al., 2025). However, a comprehensive genome-wide analysis at the
resolution of individual genes is still lacking. Filling this gap is crucial to
understanding the genetic architecture of domestication-related traits in
gilthead seabream.

To address this gap, we set out to characterize genome-wide signa-
tures of domestication in gilthead seabream. We analyzed Illumina Pool-
Seq data from 10 farmed and 10 wild populations distributed across the
Mediterranean, originally generated by Penaloza et al. (2021) for the
development of SNP arrays in gilthead seabream and European seabass.
In that dataset, farmed populations are defined as fish originating from
commercial hatcheries or established breeding programs; however, the
precise number of selected generations for each sampled population is
not individually reported. We have previously used this dataset to
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investigate two chromosomes containing the candidate genes six6 and
vgll3, known to influence maturation in Atlantic salmon (Barson et al.,
2015; Sinclair-Waters et al., 2020; Moulistanos et al., 2024). That
hypothesis-driven analysis revealed localized regions of differentiation
between farmed and wild populations, underscoring the dataset's po-
tential to uncover selection targets associated with domestication
(Moulistanos et al., 2025). Here, we move beyond locus-specific ana-
lyses to conduct a comprehensive genome-wide scan, integrating mul-
tiple differentiation statistics to identify divergence hotspots and
positional candidate genes associated with domestication-related traits,
thereby providing novel insights into the molecular mechanisms of
adaptation to human-controlled environments.

2. Materials and methods
2.1. Studied populations

We analyzed pooled whole-genome sequencing data from 10 farmed
and 10 wild gilthead seabream populations (Table 1; Fig. 1), sampled
across six Mediterranean countries (Penaloza et al., 2021). Table 1 re-
ports the population IDs, country of origin, number of individuals
included per pool, and number of pools prepared for each population as
originally described by Penaloza et al. (2021). The number of in-
dividuals per pool ranged from 13 to 25 in farmed populations and was
25 in all wild populations. Precise latitude and longitude coordinates for
sampling locations were not reported in the original dataset publication
(Penaloza et al., 2021) and are therefore not available for inclusion here;
population origin is reported at the country level as provided in the
original resource. Likewise, farm-level environmental metadata (e.g.,
temperature regimes or local rearing conditions) were not available in
the original dataset, and consequently we avoided attributing observed
genomic differentiation patterns to specific environmental gradients in
the absence of direct environmental information. Genome-wide popu-
lation genetic parameters, including genetic diversity and differentia-
tion among farmed and wild populations, were previously evaluated
using the same dataset by Penaloza et al. (2021) and were therefore not
re-estimated here, as the present study focuses on identifying
domestication-related divergence signals.

To ensure analytical robustness, we excluded seven populations from
the original dataset, which initially comprised 12 farmed and 15 wild

Table 1

Classification of studied gilthead seabream populations. Farmed and wild pop-
ulations sampled across Mediterranean countries are listed, with population IDs
as reported in Penaloza et al. (2021).1

Origin Population Country  Number of individuals Number of pools
ID per pool prepared
fFRA_1 France 25 2
fSPA_2 Spain 25 2
fSPA_3 Spain 25 2
fITA 4 Italy 25 1
Farmed fCRO_5 Croatia 25 2
fGRE_6 Greece 14 1
fGRE_7 Greece 13 1
fGRE_8 Greece 25 2
fGRE_9 Greece 25 2
fGRE_10 Greece 25 2
WwSPA 4 Spain 25 2
wSPA 5 Spain 25 2
wITA 7 Italy 25 2
wiITA 8 Italy 25 2
. WGRE_9 Greece 25 2
wild WGRE10  Greece 25 2
wGRE_11 Greece 25 2
WwGRE_12 Greece 25 2
wGRE_13 Greece 25 2
wTUR_14 Turkey 25 2

1 Labelling was done according to Penaloza et al. (2021).
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Fig. 1. Geographic distribution of studied farmed and wild gilthead seabream
populations in the Mediterranean region.

populations. This filtering was informed by previous population struc-
ture analyses (Penaloza et al., 2021; Villanueva et al., 2022). Three
populations of the Atlantic Ocean origin were removed to maintain a
Mediterranean focus (Penaloza et al., 2021). Two wild populations were
also removed: one due to a very low effective population size (Ne < 70)
relative to other wild populations (Villanueva et al., 2022), while
another was removed because of its unusually high Fgr, suggesting
substantial genetic divergence (Penaloza et al., 2021). Two farmed
populations, one from Egypt and one from Israel, were also excluded:
the Egyptian population exhibited admixture proportions similar to wild
populations, while the Israeli population showed high Fsr compared to
other farmed groups (Penaloza et al., 2021).

2.2. DNA extraction and pooling

The Pool-Seq data analyzed in this study were originally generated
by Penaloza et al. (2021). For each population, genomic DNA was
extracted individually from multiple fish using the standardized pro-
tocols described in the original publication. Equal quantities of high-
quality genomic DNA from each individual were combined to
construct a biological pool per population, ensuring balanced repre-
sentation of allele frequencies.

Each population therefore represents a biological pool composed of
individuals sampled from the same hatchery (farmed populations) or
geographic location (wild populations). In cases where two pools were
prepared for a given population (Table 1), these represent technical
sequencing replicates derived from the same set of individuals rather
than independent biological replicates. To avoid pseudoreplication,
technical replicates were merged prior to read mapping and allele fre-
quency estimation, resulting in a single pooled dataset per population.
All downstream allele frequency estimation and genome scan analyses
were therefore conducted at the population level.

2.3. Read mapping

Pool-Seq data for each population were obtained from the NCBI
Sequence Read Archive under the accession ID PRJEB40423. To ensure
data quality, the sequences were filtered using Trimmomatic (Bolger
et al., 2014) with the following parameters in paired-end mode: ILLU-
MINACLIP: TruSeq3-PE.fa:2:30:10; LEADING:5; TRAILING:5; SLI-
DINGWINDOW:3:15; MINLEN:100. Subsequently, the filtered reads
were mapped to the reference assembly (GCA_900880675.2) using the
bwa mem algorithm (Li and Durbin, 2009). Finally, only properly paired
reads were extracted with a mapping quality of at least 15 (corre-
sponding to a maximum 3% misalignment probability) using samtools
(Li et al., 2009).
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2.4. SNP genotyping

To ensure accurate genotype frequency estimation, properly paired
reads from each population in Table 1 were sorted and merged across
technical replicates using samtools. Read counts for each genomic po-
sition with mapped reads were obtained with bam-readcount v.1.0
(Khanna et al., 2022). Genomic positions were then filtered using an
AWK script, with a minimum read depth of 55 counts required. Allele
frequencies below 1% were excluded to minimize potential sequencing
errors and incorrect mappings, following common practice in popula-
tion genomic analyses (Linck and Battey, 2019). Finally, biallelic SNPs
and their corresponding genotypes were identified using an in-house
Python function. The Python scripts employed for the simulations and
SNP typing are available at the GitHub link provided in the Data
Availability section.

2.5. PCA and genome scan analyses

To assess and characterize differentiation between the studied
farmed and wild populations, a Principal Component Analysis (PCA)
was performed using the Python package ‘sklearn’. Allele frequencies
were compared between farmed and wild populations using two pro-
grams: PoPoolation2 (Kofler et al., 2011) and BayPass v. 2.1 (Gautier,
2015), both of which accommodate Pool-Seq data. Custom Python
scripts were developed to generate the required input files for these
analyses. The p-values produced by both programs were adjusted for
multiple testing using the Benjamini-Hochberg method (Benjamini and
Hochberg, 1995), as implemented in the ‘stats’ package in Python.

PoPoolation2 was used to calculate pairwise Fgr, estimating the ge-
netic differentiation between farmed and wild populations by averaging
Fst across SNPs. Statistical significance for each SNP was assessed with
Fisher's exact test. BayPass was run in Pool-Seq mode with an extended
burn-in of 10,000 iterations (twice the default), followed by 10,000
recorded samples with a thinning interval of 25, resulting in a post-
—burn-in MCMC chain of 250,000 iterations. Default settings were
otherwise applied. BayPass provided the XtX and C, differentiation
statistics. The XtX statistic, analogous to Fsy but adjusted for covariance
among allele frequencies, reduces sensitivity to outlier populations
(Glinther and Coop, 2013). The C, statistic evaluates differentiation
across multiple SNPs simultaneously, incorporating shrinkage toward
population means to provide a more robust, genome-wide measure of
differentiation (Olazcuaga et al., 2020).

2.6. Identification of divergence signals

SNPs were initially classified based on their statistical differentiation
between farmed and wild gilthead seabream populations. Loci with
adjusted p-values below 1072 in both PoPoolation2 (Fsr) and BayPass
(XtX) analyses were considered “divergent”, representing the most
strongly divergent SNPs. Among these, we further applied the C,
approach to highlight loci showing exceptionally pronounced allele
frequency differences. SNPs with Cy p-values below 1073 were desig-
nated as “strongly divergent” only when at least one additional SNP with
a p-value below 1073 was present within a 100 kbp window on either
side. These clusters of significant SNPs represent the strongest candi-
dates for farmed-wild divergence.

As a complementary framework, we additionally implemented a
Composite Selection Signal (CSS) approach (Verity et al., 2017) to
formally integrate evidence across the three independent statistics (Fsr,
XtX, and C5). For each SNP, values from the three tests were converted
into genome-wide ranks to standardize the scale of the statistics and
avoid distributional assumptions. A composite score was then calculated
as the mean rank across methods, thereby prioritizing loci that consis-
tently exhibit extreme values across multiple selection metrics. By
integrating differentiation-based (Fgsy), covariance-based (XtX), and
contrast-based (C,) statistics, the CSS framework reduces reliance on
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any single test and increases robustness to method-specific biases or
demographic confounding effects. SNPs with the lowest composite ranks
were considered the strongest candidates, as they represent loci jointly
supported by multiple independent signals of divergence.

2.7. Functional annotation and gene network analysis

To further explore the potential functional relevance of differenti-
ated regions, we annotated SNPs located within +100 kbp of “diver-
gent” and “strongly divergent” loci. This window size was selected based
on previous teleost studies demonstrating that genomic intervals of
similar scale capture linkage blocks surrounding selected loci (Barson
etal., 2015; Star et al., 2016), indicating that windows of this magnitude
are appropriate for identifying positional candidate genes linked to
selected variants in fish genomes. Genome annotations from BioMart
(Sparus_aurata.fSpaAur1.1.113.gff3) were employed to perform this
mapping (Smedley et al., 2009). Sequences of the identified genes were
downloaded from the Ensembl fSpaAurl.l assembly (GenBank ID:
GCF_900880675.2) and employed to identify better-annotated zebrafish
(Danio rerio Hamilton 1822) orthologs via local BLASTx using zebrafish
UniProtKB/Swiss-Prot identifiers (https://www.uniprot.org/blast). In
each case, the top BLASTx hit was selected, with a maximum E-value
threshold of 1073, The resulting annotations are reported in Supple-
mentary Table S1.

To evaluate whether candidate genes located within differentiated
genomic regions were non-randomly associated with specific functional
properties, we performed Gene Ontology (GO) enrichment analyses
using g:Profiler (Raudvere et al.,, 2019). Zebrafish orthologs corre-
sponding to the identified positional candidate genes (Supplementary
Table S1) were used as input, with Danio rerio specified as the reference
background. Enrichment was tested across the GO Biological Process,
Molecular Function, and Cellular Component categories, and statistical
significance was determined using Benjamini-Hochberg false discovery
rate (FDR) correction.

This set of gene orthologs was submitted to STRING v12.0 to
construct a knowledge-based interaction network (Szklarczyk et al.,
2023). STRING infers putative links from multiple evidence streams,
including regulatory relationships, subcellular co-localization, docu-
mented biochemical/physical interactions, and patterns of co-
expression/co-regulation, to assign confidence scores to gene-gene
connections. To allow the detection of broader interaction patterns
among candidate genes, the minimum interaction score was set to 0.15.
To better capture key regulatory pathways, we included the arnt (HIF-
1pB) gene as a direct interactor of ahrra, enabling the network to reflect
potential functional and regulatory relationships with other candidate
genes (Abel and Haarmann-Stemmann, 2010; Haarmann-Stemmann and
Abel, 2006; Vogel and Haarmann-Stemmann, 2017).

3. Results
3.1. Population differentiation and principal component analysis

Allele frequencies of 5,282,885 biallelic SNPs across the gilthead
seabream genome were examined. Principal component analysis (PCA)
demonstrated clear differentiation between farmed and wild pop-
ulations (Fig. 2). The first principal component accounted for 12.1% of
the total variation, and the second principal component explained 7.3%
of the variation. Within the farmed populations, two distinct subgroups
were observed: one composed exclusively of Greek farmed populations,
and another representing farmed populations from across the Mediter-
ranean (Croatia, France, Greece, Italy, and Spain) (Fig. 2).

3.2. Identification of differentiated genomic regions and candidate genes

To identify genomic regions showing differentiation between farmed
and wild populations, we applied two complementary genome scan
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Fig. 2. Population structure of the studied gilthead seabream populations.
Principal component analysis (PCA) was conducted on 5,282,885 SNPs for the
farmed and wild populations of gilthead seabream across the Mediterranean
region with information of each population ID based on Table 1.

approaches: PoPoolation2 (Fsr) and BayPass (XtX). These analyses
detected 13 “divergent” SNPs across eight chromosomes (3, 6, 9, 10, 14,
18, 19, and 23, Fig. 3a, b, Table S1). Among these, one SNP on chro-
mosome 19 was uniquely identified as “strongly divergent” using the C,
statistic (Cy = 34.732, Padj = 8.71 x 1073 Fig. 3c), indicating marked
selective differentiation at this locus between farmed and wild
populations.

To formally integrate evidence across all three outlier statistics, we
implemented a Composite Selection Signal (CSS) framework (Verity
etal., 2017), combining genome-wide rankings of Fgr, XtX, and C; into a
unified composite score. This integrative analysis reinforced the non-
random concentration of divergence signals on chromosome 19.
Notably, seven of the 10 highest-ranking CSS SNPs clustered within a
narrow genomic interval between positions 10,647,485 and 10,650,957
bp, corresponding precisely to the region identified as “strongly diver-
gent” by the Cy statistic. An additional top-ranked CSS SNP was also
located on chromosome 19, whereas the remaining two top-ranked CSS
SNPs were located on chromosomes 23 and 10. Notably, these three
SNPs were also classified as “divergent” in the original Fgr, XtX, and Cy
genome scans. The concordance among these results highlights a
consistent hotspot of farmed-wild differentiation on chromosome 19,
supporting this region as a prominent candidate target of domestication-
related divergence in gilthead seabream.

Annotation within +100 kbp of each divergent or strongly divergent
SNP revealed that 10 of the 13 SNPs were located in proximity to an-
notated genes. Across these intervals, 62 protein-coding genes were
identified, corresponding to 58 unique zebrafish orthologs (Supple-
mentary Table S1). These genes constitute the complete set of positional
candidate genes identified in this study. Classification of outlier SNPs
according to genomic annotation (Supplementary Table S1) showed that
differentiated variants occur predominantly in intergenic or non-coding
regions, with fewer located within intronic or coding sequences, indi-
cating no apparent enrichment of coding variants among detected
divergence signals. We emphasize that these genes represent candidates
within differentiated genomic regions and should not be interpreted as
causal targets of selection. Regional Manhattan-style plots (+100 kb)
illustrating Fgr, XtX, and C, statistics across each candidate interval are
provided in Supplementary Figs. S1 — S12. Notably, two genes, pigm and
ahrra, were located near the “strongly divergent” SNP on chromosome
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Fig. 3. Manhattan plots depict the statistical significance of tests from the three genome scan methods across the gilthead seabream genome. Panel “a” shows the
log10(1/p-val) of Fisher's exact test in Fgr-based method using PoPoolation2, while panel “b” and “c” display the corresponding values from the Chi-squared dis-
tribution in XtX-based method and C,, respectively, using BayPass. p-values were adjusted for multiple testing using the Benjamini—-Hochberg method. Red dots
indicate genomic regions of SNPs with statistical significance at log;o(1/p-val), corresponding to Pogj= 1072, These SNPs include those identified as “divergent” by
meeting significance thresholds in both PoPoolation2 (Fsy) and BayPass (XtX), as well as those flagged by C, as “strongly divergent” between farmed and wild
gilthead seabream populations. Chromosome names are labeled on the x-axis. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

19 (Fig. S10).

Gene ontology enrichment analysis did not identify any GO cate-
gories significantly enriched after multiple-testing correction (FDR <
0.05). Network analysis using the STRING zebrafish interactome
revealed 45 of the identified genes with potential regulatory and func-
tional interactions (Fig. 4). Among these, kdm6al emerged as a central
hub with numerous interaction partners, while uba7, intu, and arl6ip1
also exhibited high connectivity. Importantly, pigm and ahrra, the two
genes next to the “strongly divergent” SNP, were also network members,
showing interactions with other candidate genes. This analysis identi-
fied multiple forms of connectivity among candidate genes, including
co-regulation, functional associations, conserved genomic neighbor-
hoods, co-expression, and biochemical interactions (Fig. 4).

4. Discussion

Domestication involves exposure to novel environmental, de-
mographic and sensory conditions, and here we used a Pool-Seq dataset
of gilthead seabream populations across the Mediterranean to investi-
gate its genomic architecture. From nearly 5.3 million SNPs, we iden-
tified 58 protein-coding genes that were consistently differentiated
between farmed and wild fish, highlighting them as candidate domes-
tication loci. These genes were defined based on SNPs surpassing our
differentiation thresholds across multiple statistics (Fst, XtX and Cg) and

located within or in close proximity (+100 kbp) to annotated protein-
coding regions (Table S1). We emphasize that these represent posi-
tional candidate genes within differentiated genomic regions rather than
confirmed causative targets of selection. Among these, ahrra and pigm
showed the strongest divergence, while kdméal emerged as a central hub
in the inferred regulatory network.

Importantly, these genomic signals must be interpreted within the
demographic and breeding context of Mediterranean seabream domes-
tication. The separation of Greek farmed populations from Western
Mediterranean stocks in PCA space (Fig. 2) supports heterogeneous
breeding histories among farmed lineages. Previous SNP-based analyses
have likewise shown that farmed gilthead seabream populations can
exhibit measurable genetic differentiation from one another, whereas
wild Mediterranean populations display comparatively weaker large-
scale genetic structure (Gkagkavouzis et al., 2021). Because breeding
programs were initiated independently across countries, typically using
locally sourced broodstock, the farmed populations analyzed here likely
represent multiple semi-independent domestication trajectories (Tele-
tchea, 2021; Saura et al., 2021). Shared genomic signals, such as the
chromosome 19 hotspot, may therefore reflect convergent responses to
common aquaculture-related selective pressures, whereas other differ-
entiated regions may represent lineage-specific divergence shaped by
demographic history, and distinct breeding practices. Consistent with
this interpretation, the Composite Selection Signal (CSS) analysis
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Fig. 4. Predicted interactions between the identified genes in this study. Out of the 58 protein coding genes, 46 showed potential functional/regulatory interactions
through knowledge-based zebrafish interactome database (string-db.org). The connecting lines between the genes represent knowledge-based interactions in
zebrafish such as protein binding, co-regulation, intracellular co-localization and biochemical interaction. Arnt was added as a known dimerization partner of ahrra to
represent the AHR signaling pathway and reveal potential regulatory interactions with other candidate genes in the network.

reinforced the prominence of this region by identifying concordant
differentiation signals across multiple statistical approaches, further
supporting chromosome 19 as a robust candidate target of
domestication-related divergence.

Within this framework of partially independent domestication
pathways, the functional identity of the highlighted genes provides
insight into the types of selection pressures operating under farming
conditions. Ahrra encodes the aryl hydrocarbon receptor repressor A, a
transcriptional modulator interacting with the ARNT/HIF axis and
linking xenobiotic and oxygen-sensing pathways (Haarmann-Stemmann
& Abel, 2006; Fang Li et al., 2021). Pigm, a GPI-anchor biosynthesis
gene, may affect immune function, pathogen recognition and repro-
ductive processes through the organization of cell-surface proteins
(Almeida et al., 2006). Kdmé6al, an H3K27 demethylase, forms a domi-
nant hub that connects oxygen and stress responses to chromatin regu-
lation (Chakraborty et al., 2019; Minikes et al., 2025). Comprehensive
network interrogation revealed genes associated with environmental
sensing and stress responses, including oxidative/xenobiotic stress, ox-
ygen homeostasis, density-related injury, sensory-neural tuning, and
pathogen/parasite defense.

Collectively, these findings indicate that domestication in gilthead
seabream engages conserved regulators of environmental sensing and

adaptation, linking genomic divergence to physiological and life-history
traits relevant under farming conditions. Modern seabream breeding
programs explicitly prioritize growth rate, feed efficiency, disease
resistance, survival under intensive conditions, and product quality
traits. However, domestication also imposes implicit selection pressures,
including tolerance to high stocking densities, fluctuating oxygen re-
gimes, handling stress, and altered sensory environments. The promi-
nence of genes associated with oxygen sensing, stress integration, and
chromatin regulation in our results suggests that adaptation to these
implicit environmental pressures may leave clearer genomic signatures
than highly polygenic traits such as growth or feed efficiency (Pritchard
et al., 2010; Barghi et al., 2020), which may involve numerous small-
effect loci that are more difficult to detect in pooled sequencing ana-
lyses (Schlotterer et al., 2014).

Given the relatively recent history of gilthead seabream domestica-
tion and the reduced effective population sizes of farmed stocks, it is
plausible that some of these differentiated loci reflect linkage to nearby
causative variants (genetic hitchhiking) rather than direct functional
targets (Maynard Smith and Haigh, 1974; Nielsen et al., 2005; Hollinger
et al., 2019). Accordingly, the genomic regions highlighted here may
contain both adaptive mutations and linked neutral polymorphisms
shaped by selection. The absence of significant GO enrichment further
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suggests that domestication-related divergence in gilthead seabream is
not concentrated within a single overrepresented functional pathway,
but instead reflects distributed effects across multiple regulatory and
physiological systems, consistent with a polygenic model of adaptation
(Hollinger et al., 2019; Barghi et al., 2020). Arguably, many primary
breeding targets in aquaculture, such as growth rate and feed efficiency,
are highly polygenic traits influenced by numerous loci of small effect.
Such architectures are less likely to produce strong, localized differen-
tiation signals detectable through genome-wide outlier approaches,
particularly under a pooled sequencing framework. In contrast, genes
functioning as regulatory hubs or mediators of environmental sensing
and stress integration may generate more pronounced divergence sig-
nals, especially under the combined influence of deliberate selection and
intensive farming conditions. In addition to SNP-based divergence,
structural variants, such as chromosomal inversions and copy number
variation, may also contribute to domestication-related differentiation,
as such variants are increasingly recognized as important drivers of
adaptation and population divergence (Wellenreuther and Bernatchez,
2018; Mérot et al., 2020). However, their robust detection and charac-
terization is limited under a pooled short-read sequencing framework
and will require future studies incorporating individual-level rese-
quencing and long-read genomic technologies.

The ahrra gene encodes the aryl hydrocarbon receptor repressor A, a
nuclear protein that enables DNA-binding activity and functions as a
transcriptional repressor in the cellular response to xenobiotic (foreign)
compounds (Haarmann-Stemmann and Abel, 2006; Hahn et al., 2009).
It acts upstream of the aryl hydrocarbon receptor (AHR) pathway
through its principal interactor, ARNT (also known as HIF-1p), the aryl
hydrocarbon receptor nuclear translocator, which serves as a shared
dimerization partner for both AHR and components of the
hypoxia-inducible factor (HIF) pathway (Abel and
Haarmann-Stemmann, 2010; Haarmann-Stemmann and Abel, 2006;
Vogel and Haarmann-Stemmann, 2017). While the AHR pathway is best
known for mediating cellular responses to environmental pollutants and
xenobiotics, with documented adaptive changes in wild fish populations
inhabiting contaminated environments (Hamilton et al., 2016; Reid
et al., 2016; Whitehead et al., 2017; Whitehead et al., 2012), the HIF
pathway plays a central role in oxygen homeostasis and hypoxia toler-
ance across vertebrates (Li et al., 2021; Mandic et al., 2021).

Evidence from a range of taxa, including hybrid sturgeon under
experimental hypoxia (Ren et al., 2024), schizothoracine fish from the
Tibetan Plateau (Chen et al., 2020), crucian carp hybrids differing in
hypoxia tolerance (Luo et al., 2024), and paddy field carp adapted to
shallow, low-oxygen rice paddies (Li et al., 2025), demonstrates the
centrality of HIF-axis genes, including ARNT, in coping with hypoxic
conditions. Similar adaptive signals have been detected in farmed
common carp (Cheng et al., 2024; Suo et al., 2022) and Australasian
snapper exposed to aquaculture stressors such as high temperature and
crowding (Wellenreuther and Bernatchez, 2018), which often co-occur
with fluctuating oxygen availability. In aquaculture contexts, variation
in HIF signaling has been implicated in adaptation to farming environ-
ments with variable or low oxygen availability (Shen et al., 2023), as
shown in farmed strains such as paddy field carp (Li et al., 2025), where
the HIF-1 pathway appears to contribute to enhanced hypoxia resilience.
Beyond fish, convergent selection on HIF-pathway genes has been re-
ported in multiple high-altitude and hypoxia-tolerant species, including
Tibetan sheep (Song et al., 2024), yaks (Wu, 2016; Xiong et al., 2015),
Tibet chicken embryos (Liu et al., 2020), plateau-adapted dogs (Gou
et al., 2014), and reindeer (Pokharel et al., 2023), as well as in goats
acclimatized to high elevation (Tang et al., 2025), emphasizing the
pathway's broad evolutionary importance. Even in non-hypoxia stress
contexts, such as acute heat exposure in golden pompano (Trachinotus
ovatus) (Li et al., 2023), and high-temperature adaptation in carp (Cheng
et al., 2024), HIF signaling can be part of the integrated stress response.

Although direct evidence for AHR pathway involvement in domes-
tication is currently limited, its interaction with ARNT links it
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functionally to the HIF system, suggesting that selection on genes such as
ahrra could influence both xenobiotic sensitivity and oxygen-related
physiological traits relevant to adaptation in farming conditions.
Repeated cases of strong selection on the AHR axis in pollution-tolerant
killifish (Miller et al., 2024; Reitzel et al., 2014) demonstrate how
environmental stressors can shape this pathway. Variation in AHR-
related genes has also been linked to adaptive traits, including im-
mune responses (Segner et al., 2021), morphological divergence in
Arctic charr and groupers (Ahi et al., 2015), and molecular adaptations
in deep-sea fishes (Lemaire et al., 2018). Together, these examples
highlight how toxins, hypoxia and developmental pressures can all drive
divergence through ARNT-centered signaling.

The pigm gene encodes a transmembrane protein with mannosyl-
transferase activity that is located in the endoplasmic reticulum and is
involved in glycosylphosphatidylinositol (GPI)-anchor biosynthesis
(Almeida et al., 2006). In mammals and other eukaryotes, PIG-M (GPI
mannosyltransferase I) catalyzes the first mannose addition to the GPI
precursor within the ER lumen, a committed step in assembling mature
GPI anchors (Kinoshita et al., 2008; Maeda et al., 2001). The GPI-anchor
is found on many blood cells and anchors proteins to the cell surface;
thus, pigm function is required to maintain homeostasis of blood coag-
ulation and neurological function (Almeida et al., 2006). Although
direct studies on pigm in fish are scarce, metabolic genes are often
implicated in adaptive responses to domestication and farming envi-
ronments, where shifts in diet, growth rate, and immune function exert
selection pressures. Consistent with a role in stress and disease resis-
tance, a vertebrate PIG-M ortholog enhances antiviral defense in the
Chinese giant salamander (Andrias davidianus) during iridovirus chal-
lenge, implicating GPI-anchor biosynthesis in host protection under
pathogen pressure (Zhang et al., 2019). Interestingly, infections by iri-
doviruses—particularly lymphocystis disease virus (LCDV), the most
frequently reported viral pathology in gilthead seabream farms (Cordero
etal., 2016)—remain a major and persistent challenge in Mediterranean
aquaculture (Leiva-Rebollo et al., 2020; Lopez-Bueno et al.,, 2016;
Mhalhel et al., 2023). While megalocytiviruses such as RSIV are
important in marine finfish, recent risk assessments suggest that nearby
wild fish are not a significant source of RSIV outbreaks (Kawato et al.,
2024). These findings suggest that the observed SNP differentiation in
pigm may reflect differences in resistance to related viral infections be-
tween farmed and wild gilthead seabream populations in this study.
Moreover, multiple fish pathogens rely on GPI-anchored surface anti-
gens, e.g., the I-antigens of Ichthyophthirius multifiliis (Clark et al., 2001)
and mucin-like glycoproteins of the freshwater-fish parasite Trypano-
soma carassii (Borges et al., 2021; Lischke et al., 2000), and GPI-anchor
signals from Cryptocaryon irritans drive robust surface display in Tetra-
hymena (Watanabe et al., 2024), underscoring the host—parasite inter-
face where variation in GPI-AP biogenesis (potentially via pigm function)
could alter susceptibility and immune recognition.

Beyond immunity, GPI-anchored proteins also shape reproductive
interactions; in guppy (Poecilia reticulata), the Ly6/uPAR protein
Bouncer, a GPI-AP, regulates sperm binding to oocytes, suggesting that
shifts in GPI-anchor biosynthesis may influence fertilization traits that
often diverge between farmed and wild stocks (Yoshida et al., 2024).
These organismal and mechanistic observations align with broader ev-
idence that GPI anchors act as evolutionary “linchpins” organizing
surface repertoires across eukaryotes, making the biogenesis pathway,
including PIG-M, a plausible target of selection under domestication
(Borges et al., 2021). Thus, variation in pigm may affect glycosylation-
dependent processes, including nutrient utilization efficiency, struc-
tural cell integrity, and possibly pathogen defense, traits that are critical
under aquaculture conditions. This functional relevance, combined with
its identification among divergent genes in farmed gilthead seabream,
positions pigm as a credible candidate influencing metabolic adaptation
during fish domestication and breeding. Taken together, the links to
pathogen defense and fertilization provide concrete routes by which
pigm-mediated tuning of the GPI-anchored proteome could contribute



A. Moulistanos et al.

to phenotypic divergence between farmed and wild fish populations.

Except for the two most significant genes already discussed, 46 SNPs
located near protein-coding genes that differentiate farmed from wild
gilthead seabream formed an interconnected regulatory/functional
interaction map-based knowledge-based zebrafish interactome. These
positional associations were inferred based on physical proximity and
functional annotation; consequently, they should be interpreted as
candidate signals pending higher-resolution validation. These candi-
dates formed connected subnetworks (hubs) in which the ortholog
kdmé6al showed the highest degree, marking it as the principal hub
(Fig. 4). KDM6A is an H3K27 demethylase that links oxygen status to
chromatin regulation (Chakraborty et al., 2019) and can also mediate
HIF-independent oxygen sensing relevant to ferroptosis (Minikes et al.,
2025), providing a direct route from environmental oxygen to gene-
expression programs. Interestingly, ferroptosis-related mechanisms are
emerging as adaptive responses of fish to hypoxic conditions (Chen
et al., 2025; Hu et al., 2022; Wang et al., 2025a, 2025b; Zhang et al.,
2025). Across vertebrates, KDM6A repeatedly appears among leading
candidates in adaptation and domestication. Signals including KDM6A
are reported for helmeted guinea fowl domestication (Shen et al., 2021),
altitudinal selection in dairy sheep (Ben Jemaa et al., 2025), and horse
domestication (Gu et al., 2023). In goats, a KDM6A indel associates with
litter size, genome-wide scans implicate KDM6A in selection for this trait
(Cui et al., 2018; Lai et al., 2016), and studies of heat-stress tolerance in
subtropical herds also highlight this locus (Aboul-Naga et al., 2025). In
aquaculture, dense genome-wide analyses in farmed coho salmon detect
selection signatures that include kdmé6a (Lopez et al., 2021). Comple-
mentary fish studies reinforce a chromatin-regulatory role in environ-
mental responses: a survey of chromatin-modifying enzymes in
stickleback emphasizes Kdmé6a within an adaptation-relevant toolkit
(Fellous and Shama, 2019); endocrine perturbation in Nile tilapia shows
broad gonadal transcriptional shifts consistent with developmental
plasticity (Teng et al., 2021); Atlantic killifish adapted to polluted,
hypoxic estuaries exhibit coordinated gene-expression and
DNA-methylation changes (Aluru et al., 2025); hilsa shad diverge
morpho-genetically across heterogeneous migratory habitats
(Asaduzzaman et al., 2020); and a retained chromosomal inversion
underlies alternative freshwater ecotypes in rainbow trout (Arostegui
et al., 2019). Together, the network topology (kdmé6al as the dominant
hub) and the convergent literature across domestication, altitude, heat
stress, reproduction, hypoxia/pollutants, and aquaculture selection
support a KDM6A-centered regulatory axis as a credible mediator of
environment-to-phenotype change. However, whether kdméal itself
represents the primary selective target or is embedded within a broader
linked haplotype remains to be resolved. Disentangling these possibil-
ities will require finer-scale analyses of haplotype structure,
allele-specific expression, and functional perturbation. In gilthead
seabream, this is consistent with contrasts between farmed and wild
conditions (e.g., oxygen regimes, temperature profiles, density, diet). In
future, focused validation, allele-specific and seasonal expression assays,
H3K27 mark profiling, and genotype-by-environment tests, should
clarify how kdméal-linked networks contribute to domestication-related
traits in gilthead seabream.

Finally, the functional search for the rest of the genes within the
identified network in the context of their potential involvement in
sensing and responding to relevant environmental stressors in farming
conditions revealed that an oxygen/xenobiotic—oxidative stress axis in-
cludes: coa”, nrpla, herpud2, arl6ip1, kat8, ino80b, hus1b, anapc2, eifl,
fus, srrm2, aadat, slc4a7 and clen3 (Blondeau-Bidet et al., 2023; Chee
et al., 2019; Chen et al., 2007; Du et al., 2025; Hasvold et al., 2016;
Jakubauskiené and Kanopka, 2021; Mellor et al., 2025; Povea-Cabello
et al., 2024; Schwappacher et al., 2013; Schweizer et al., 2023; Sei-
gneuric et al., 2007; Soto et al., 2025; Takahashi et al., 2017; Torosyan
et al., 2021; Wang et al., 2025a, 2025b; You et al., 2025; Zang et al.,
2025; Zhang et al., 2019); density related physical injury (barrier repair,
tissue regeneration and wound healing): fl13ala.1, lum, kera, epyc,
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mfap3l, macfla, mcc, nitl (Alshehri et al., 2021; Hu et al., 2017; Maha-
patra et al., 2023; Mohammadi et al., 2022; Peracchi et al., 2017; Segars
and Trinkaus-Randall, 2023; Senda et al., 1999; Yamanaka et al., 2013);
sensory-neural tuning (hydrodynamics/noise/light): intu/cplane4,
tubb2, ank3b, camkva, myoz2a, taar13c (Choi et al., 2021; Gomez-Campo
et al., 2024; Ippolito et al., 2021; Martin-salazar and Valverde, 2022;
Miettinen et al., 2023; Watanabe et al., 2024; Zhao et al., 2025); and
pathogen/parasite pressure: uba7, rmf25/ao7, gnai2b, pigt, mstira
(Grimholt et al., 2025; Hahn et al., 2022; Ham et al., 2024; Jing et al.,
2022; Liu and Malik, 2006; Salisbury et al., 2024; Zhang et al., 2023).
Together, these assignments suggest that domestication in gilthead
seabream taps conserved environmental sensing and adaptive response
genes. See Fig. 5 for the gene-stressor mapping that underpins these
conclusions. These findings therefore provide a region-level framework
for understanding domestication-associated divergence in gilthead
seabream and establish a foundation for future fine-mapping and
experimental validation.

The repeated involvement of hypoxia- and stress-related pathways is
also particularly relevant in the context of projected climate change in
the Mediterranean, where rising sea surface temperatures and variable
dissolved oxygen levels are expected to increase environmental stress in
aquaculture systems (Bindoff et al., 2019). These trends are anticipated
to intensify thermal and hypoxic stress in coastal farming environments
(Saraiva et al., 2019). Although our study does not directly assess
climate adaptation, loci associated with oxygen sensing and stress
integration may contribute to physiological resilience under warming
and hypoxic conditions. Incorporating genomic information from these
candidate regions into selective breeding programs could therefore, in
principle, support the development of more climate-resilient farmed
stocks. However, functional validation and genotype-environment
interaction studies will be required to determine the extent to which
these loci confer advantages under future climatic scenarios.

5. Conclusion

This study provides a genome-wide overview of domestication-
driven genetic divergence in gilthead seabream, identifying genomic
regions and candidate genes associated with life-history traits and the
molecular circuitry of environmental sensing, including stress response,
immune function, disease resistance, and reproduction. By integrating
Pool-Seq data from 20 populations across the Mediterranean in farm-
ed-wild comparisons with robust genome scan and network analyses,
we uncovered 58 candidate genes near highly differentiated SNPs, with
a particularly strong signal on chromosome 19. Among these, ahrra,
pigm, and kdm6al emerged as strong candidates based on their genomic
differentiation and known regulatory roles. These candidate genes are
linked to pathways such as ARNT/HIF signaling, GPI-anchor biosyn-
thesis, and epigenetic regulation via chromatin remodeling; core
mechanisms by which organisms translate oxygen availability and
chemical cues into coordinated immune, endocrine, metabolic, and
reproductive outcomes beyond any single aquaculture context. While
the specific genomic targets differ among populations, the implicated
functions are strikingly consistent and are shared broadly across ani-
mals, hinting at constrained evolutionary routes and a degree of pre-
dictability in responses to captivity. Our results indicate that
domestication acts on a conserved set of interconnected regulators that
control sensory and hypoxia/chemical signaling and its downstream
physiological integration. The recurrent involvement of kdmé6al across
vertebrate studies, alongside our signal here, suggests that this locus or
its surrounding regulatory landscape may represent a conserved hub
frequently involved in adaptive divergence that aligns developmental
programs with stress and immune responses. Likewise, the roles of ahrra
and pigm in oxygen sensing and host defense suggest a general mecha-
nism for rapid adjustment to aquaculture environments, where fluctu-
ating oxygen regimes and pathogen exposure are pervasive. Overall, this
work connects microevolution under captivity to fundamental biology



A. Moulistanos et al.

Aquaculture 623 (2026) 744106

oS
4 S
LOC567058 uba?; herpud2
®) &
- =
5D macfla @
srrm2 27N
o e HUS1B
\ N 4
dennd10
&
myoz2a lum £
AR ~arl6ipl . . g
camkva T Kdmeal
Gicnd o o’
h ,/;1\ -
L~ tubb2 znf1158
n@l £ PN
Lans gnai2b eomesa
&7 \ 4
w6 v
_/ [-@
taarl3c ank3p 7
@ 7  2gc-100868
fl3ala.l
ahrra
4

Chemical & oxygen stress
O Injury & tissue regeneration
O Sensory/neurobehavioral stress

O Genome maintenance (DNA repair)
O Pathogen & inflammatory stress

No link to stressors

Fig. 5. Predicted links between the network genes and various environmental stressors. Links to the stressors were inferred by integrating: (i) orthology-based
annotations (Ensembl, UniProt, and ZFIN), (ii) Reactome and KEGG data, and (iii) peer-reviewed literature, prioritizing teleost evidence and the most relevant
farm stressor (hypoxia; nitrogenous wastes/chemicals/oxidants; density related physical injury; hydrodynamics, noise and light; pathogen pressure).

by showing how long-standing sensory and regulatory circuits are
retuned during domestication, and it offers a comparative framework
and tractable gene sets for testing general principles of rapid adaptation
relevant to aquaculture. The candidate genes identified here are prom-
ising targets for functional assays and comparative analyses, and they
provide markers to guide broodstock selection, track domestication
trajectories and interactions between cultured and wild populations.
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.aquaculture.2026.744106.

Funding source declaration

This study was conducted under the project “SEaLIFT: SystEms
Biology Modelling of Key LIFe History Traits for Sustainable Aquacul-
ture Production in the Mediterranean Region” funded by Hellenic
Foundation for Research & Innovation (H.F.R.L).

Ethical approval

No ethical approval was required for this study, as it used previously
published datasets and did not involve any new animal experimentation.
All data used were obtained from publicly available sources that com-
plied with relevant ethical and legal standards at the time of their
collection.

CRediT authorship contribution statement

Aristotelis Moulistanos: Writing — review & editing, Writing —
original draft, Visualization, Validation, Software, Methodology,
Investigation, Formal analysis, Data curation, Conceptualization. Alex-
andros Mitsis: Visualization, Methodology. Konstantinos Gkagka-
vouzis: Writing - review & editing, Visualization, Project
administration, Methodology. Nikoleta Karaiskou: Writing — review &
editing, Project administration, Methodology. Efthimia Antonopou-
lou: Writing — review & editing, Supervision, Methodology, Investiga-
tion. Alexandros Triantafyllidis: Writing — original draft, Supervision,
Project administration, Methodology, Investigation, Funding acquisi-
tion, Conceptualization. Ehsan Pashay Ahi: Writing — review & editing,
Writing — original draft, Visualization, Validation, Methodology, Inves-
tigation, Formal analysis, Data curation, Conceptualization. Spiros
Papakostas: Writing — review & editing, Writing — original draft,
Visualization, Validation, Supervision, Software, Resources, Project
administration, Methodology, Investigation, Funding acquisition,
Formal analysis, Data curation, Conceptualization.

Declaration of competing interest
Authors declare no competing interests.

Data availability

We have shared the data publically and in the attached files


https://doi.org/10.1016/j.aquaculture.2026.744106
https://doi.org/10.1016/j.aquaculture.2026.744106

A. Moulistanos et al.
Acknowledgements

We acknowledge the use of computational resources provided by the
High-Performance Computing Infrastructure of Aristotle University of
Thessaloniki (AUTh). This project was supported by the Hellenic
Foundation for Research and Innovation (H.F.R.I.) under the“SystEms
Biology Modelling of Key LIFe History Traits for Sustainable Aquacul-
ture Production in the Mediterranean Region’’ [Grant Number 00414].

References

Abdel-Tawwab, M., Monier, M.N., Hoseinifar, S.H., et al., 2019. Fish response to hypoxia
stress: growth, physiological, and immunological biomarkers. Fish Physiol. Biochem.
45, 997-1013. https://doi.org/10.1007/s10695-019-00614-9.

Abel, J., Haarmann-Stemmann, T., 2010. An introduction to the molecular basics of aryl
hydrocarbon receptor biology. Biol. Chem. 391 (11), 1235-1248. https://doi.org/
10.1515/BC.2010.128.

Aboul-Naga, A.M., Alsamman, A.M., Melak, S., Nassar, A.E., Abdelsabour, T.H.,

Gamal, L., et al., 2025. Genomic analysis association of tolerance to heat stress in
subtropical Egyptian goats raised in hot dry environment. BMC Genomics 26 (1),
1-14. https://doi.org/10.1186/512864-025-11748-X/FIGURES/6.

Ahi, E.P., Steinhauser, S.S., Palsson, A., Franzdéttir, S.R., Snorrason, S.S., Maier, V.H.,
et al., 2015. Differential expression of the aryl hydrocarbon receptor pathway
associates with craniofacial polymorphism in sympatric Arctic charr. EvoDevo 6 (1),
27. https://doi.org/10.1186/5s13227-015-0022-6.

Ahmad, H.I., Ahmad, M.J., Jabbir, F., et al., 2020. The domestication makeup: evolution,
survival, and challenges. Front. Ecol. Evol. 8, 103:1-17. https://doi.org/10.3389/
fevo.2020.00103.

Almeida, A.M., Murakami, Y., Layton, D.M., Hillmen, P., Sellick, G.S., Maeda, Y., et al.,
2006. Hypomorphic promoter mutation in PIGM causes inherited
glycosylphosphatidylinositol deficiency. Nat. Med. 12 (7), 846-851. https://doi.org/
10.1038/nm1410.

Alshehri, F.S.M., Whyte, C.S., Mutch, N.J., 2021. Factor XIII-A: An indispensable ‘factor’
in Haemostasis and wound healing. Int. J. Mol. Sci. 22 (6), 3055. https://doi.org/
10.3390/1JMS22063055.

Aluru, N., Venkataraman, Y.R., Murray, C.S., DePascuale, V., 2025. Gene expression and
DNA methylation changes in response to hypoxia in toxicant-adapted Atlantic
killifish (Fundulus heteroclitus). Biol. Open 14 (1), 1-14. https://doi.org/10.1242/
BIO.061801/364919.

Arostegui, M.C., Quinn, T.P., Seeb, L.W., Seeb, J.E., McKinney, G.J., 2019. Retention of a
chromosomal inversion from an anadromous ancestor provides the genetic basis for
alternative freshwater ecotypes in rainbow trout. Mol. Ecol. 28 (6), 1412-1427.
https://doi.org/10.1111/MEC.15037.

Asaduzzaman, M., Wahab, M.A., Rahman, M.M., Mariom, M.M., Nahiduzzaman, M.,
Rahman, M.J., et al., 2020. Morpho-genetic divergence and adaptation of
anadromous Hilsa shad (Tenualosa ilisha) along their heterogenic migratory habitats.
Front. Mar. Sci. 7 (538968), 1-14. https://doi.org/10.3389/FMARS.2020.00554/
XML.

Barghi, N., Hermisson, J., Schlotterer, C., 2020. Polygenic adaptation: A unifying
framework to understand positive selection. Nat. Rev. Genet. 21 (12), 769-781.
https://doi.org/10.1038/541576-020-0250-z.

Barson, N.J., Aykanat, T., Hindar, K., et al., 2015. Sex-dependent dominance at a single
locus maintains variation in age at maturity in Salmon. Nature 528 (7582), 405-408.
https://doi.org/10.1038/nature16062.

Ben Jemaa, S., Mastrangelo, S., Carta, F., Riggio, S., Dimauro, C., Persichilli, C., et al.,
2025. Genome-wide identification of selection signatures across altitudinal gradients
in dairy sheep breeds. Sci. Rep. 15 (1), 1-13. https://doi.org/10.1038/541598-025-
14767-6.

Benjamini, Y., Hochberg, Y., 1995. Controlling the false discovery rate: A practical and
powerful approach to multiple testing. J. R. Stat. Soc. 57 (1), 289-300. https://doi.
0rg/10.1111/j.2517-6161.1995.tb02031..x.

Bindoff, N.L., Cheung, W.W.L., Kairo, J.G., et al., 2019. Changing ocean, marine
ecosystems, and dependent communities. In: IPCC Special Report on the Ocean and
Cryosphere in a Changing Climate. Cambridge University Press.

Blondeau-Bidet, E., Banousse, G., LHonoré, T., Farcy, E., Cosseau, C., Lorin-Nebel, C.,
2023. The role of salinity on genome-wide DNA methylation dynamics in European
sea bass gills. Mol. Ecol. 32 (18), 5089-5109. https://doi.org/10.1111/MEC.17089.

Bolger, A.M., Lohse, M., Usadel, B., 2014. Trimmomatic: A flexible trimmer for Illumina
sequence data. Bioinformatics 30 (15), 2114-2120. https://doi.org/10.1093/
bioinformatics/btul70.

Borges, A.R., Link, F., Engstler, M., Jones, N.G., 2021. The glycosylphosphatidylinositol
anchor: a linchpin for cell surface versatility of Trypanosomatids. Front. Cell Dev.
Biol. 9 (720536), 1-14. https://doi.org/10.3389/FCELL.2021.720536/XML.

Boulton, K., Massault, C., Houston, R.D., de Koning, D.J., Haley, C.S., Bovenhuis, H.,
Batargias, C., Canario, A.V.M., Kotoulas, G., Tsigenopoulos, C.S., 2011. QTL affecting
morphometric traits and stress response in the gilthead seabream (Sparus aurata).
Aquaculture 319 (1-2), 58-66. https://doi.org/10.1016/j.aquaculture.2011.06.044.

Chakraborty, A.A., Laukka, T., Myllykoski, M., Ringel, A.E., Booker, M.A.,

Tolstorukov, M.Y., et al., 2019. Histone demethylase KDM6A directly senses oxygen
to control chromatin and cell fate. Science 363 (6432), 1217-1222. https://doi.org/
10.1126/SCIENCE.AAW1026/SUPPL_FILE/AAW1026_TABLE_S6.XLSX.

10

Aquaculture 623 (2026) 744106

Chavanne, H., Janssen, K., Hofherr, J., et al., 2016. A comprehensive survey on selective
breeding programs and seed market in the European aquaculture fish industry.
Aquac. Int. 24 (5), 1287-1307. https://doi.org/10.1007/510499-016-9985-0.

Chee, N.T., Lohse, 1., Brothers, S.P., 2019. mRNA-to-protein translation in hypoxia. Mol.
Cancer 18 (1), 1-13. https://doi.org/10.1186/512943-019-0968-4.

Chen, J., Shen, Y., Wang, J., Ouyang, G., Kang, J., Lv, W., et al., 2020. Analysis of
multiplicity of hypoxia-inducible factors in the evolution of Triplophysa fish
(Osteichthyes: Nemacheilinae) reveals hypoxic environments adaptation to Tibetan
plateau. Front. Genet. 11 (522910), 1-15. https://doi.org/10.3389/
FGENE.2020.00433/BIBTEX.

Chen, L.M., Choi, I., Haddad, G.G., Boron, W.F., 2007. Chronic continuous hypoxia
decreases the expression of SLC4A7 (NBCn1l) and SLC4A10 (NCBE) in mouse brain.
Am. J. Physiol. Regul. Integr. Comp. Physiol. 293 (6). https://doi.org/10.1152/
AJPREGU.00497.200.

Chen, X.Q., Zhou, Y.G., Jia, K.T., Wang, Y.H., Zhao, Z., Zhang, Y.H., et al., 2025. The
histological and molecular response of acute hypoxia and reoxygenation in rainbow
trout and steelhead. Comp. Biochem. Physiol. A Mol. Integr. Physiol. 305 (1),
111854. https://doi.org/10.1016/J.CBPA.2025.111854.

Cheng, X., Li, F., Lu, J., Wen, Y., Li, Z., Liao, J., et al., 2024. Transcriptome analysis in gill
reveals the adaptive mechanism of domesticated common carp to the high
temperature in shallow rice paddies. Aquaculture 578 (1), 740107. https://doi.org/
10.1016/J.AQUACULTURE.2023.740107.

Choi, J.H., Duboue, E.R., Macurak, M., Chanchu, J.M., Halpern, M.E., 2021. Specialized
neurons in the right habenula mediate response to aversive olfactory cues. eLife 10,
€72345. https://doi.org/10.7554/ELIFE.72345.

Clark, T.G., Gao, Y., Gaertig, J., Wang, X., Cheng, G., 2001. The I-antigens of
Ichthyophthirius multifiliis are GPI-anchored proteins. J. Eukaryot. Microbiol. 48
(3), 332-337. https://doi.org/10.1111/J.1550-7408.2001.TB00322.X.

Cordero, H., Cuesta, A., Meseguer, J., Esteban, M.A., 2016. Characterization of the
gilthead seabream (Sparus aurata L.) immune response under a natural lymphocystis
disease virus outbreak. J. Fish Dis. 39 (12), 1467-1476. https://doi.org/10.1111/
JFD.12481.

Cui, Y., Yan, H., Wang, K., Xu, H., Zhang, X., Zhu, H., et al., 2018. Insertion/deletion
within the KDM6A gene is significantly associated with litter size in goat. Front.
Genet. 9 (MAR), 330544. https://doi.org/10.3389/FGENE.2018.00091/BIBTEX.

Du, M., Wang, C., Jiang, Z., Cong, R., Li, A., Wang, W, et al., 2025. Genotype-by-
environment effects of Cis-variations in the Atgl promoter mediate the divergent
pattern of phenotypic plasticity for temperature adaptation in two congeneric oyster
species. Mol. Ecol. 34 (3), e17623. https://doi.org/10.1111/MEC.17623.

Fellous, A, Shama, L.N.S., 2019. Genome survey of chromatin-modifying enzymes in
threespine stickleback: a crucial epigenetic toolkit for adaptation? Front. Mar. Sci. 6,
721. https://doi.org/10.3389/fmars.2019.00721.

Gautier, M., 2015. Genome-Wide scan for adaptive divergence and association with
population-specific covariates. Genetics 201 (4), 1555-1579. https://doi.org/
10.1534/genetics.115.181453.

Gkagkavouzis, K., Papakostas, S., Maroso, F., et al., 2021. Investigating genetic diversity
and genomic signatures of hatchery-induced evolution in gilthead seabream (Sparus
aurata) populations. Diversity 13 (11), 563. https://doi.org/10.3390/d13110563.

Gomez-Campo, K., Sanchez, R., Martinez-Rugerio, 1., Yang, X., Maher, T., Osborne, C.C.,
Iglesias-Prieto, R., 2024. Phenotypic plasticity for improved light harvesting, in
tandem with methylome repatterning in reef-building corals. Mol. Ecol. 33 (4),
el7246. https://doi.org/10.1111/MEC.17246.

Gou, X., Wang, Z., Li, N., et al., 2014. Whole-genome sequencing of six dog breeds from
continuous altitudes reveals adaptation to high-altitude hypoxia. Genome Res. 24
(8), 1308-1315. https://doi.org/10.1101/gr.171876.113.

Grimholt, U., Sindre, H., Sundaram, A.Y.M., 2025. ISGylation and E3 ubiquitin ligases:
an Atlantic salmon genetic perspective. Front. Inmunol. 16, 1554680. https://doi.
org/10.3389/FIMMU.2025.1554680.

Giinther, T., Coop, G., 2013. Robust identification of local adaptation from allele
frequencies. Genetics 195 (1), 205-220. https://doi.org/10.1534/
genetics.113.152462.

Haarmann-Stemmann, T., Abel, J., 2006. The arylhydrocarbon receptor repressor
(AhRR): structure, expression, and function. Biol. Chem. 387 (9), 1195-1199.
https://doi.org/10.1515/BC.2006.147.

Hahn, M.E., Allan, L.L., Sherr, D.H., 2009. Regulation of constitutive and inducible AHR
signaling: complex interactions involving the AHR repressor. Biochem. Pharmacol.
77 (4), 485-497. https://doi.org/10.1016/J.BCP.2008.09.016.

Ham, H., Jing, H., Lamborn, I.T., Kober, M.M., Koval, A., Berchiche, Y.A., Su, H.C., 2024.
Germline mutations in a G protein identify signaling cross-talk in T cells. Science 385
(6715), eadd8947. https://doi.org/10.1126/science.add8947.

Hamilton, J.A., Miller, J.M., Sexton, J.P., 2016. Adaptive introgression as a resource for
management and genetic conservation in a changing climate. Conserv. Biol. 30 (1),
33-41. https://doi.org/10.1111/cobi.12574.

Hasvold, G., Lund-Andersen, C., Lando, M., Patzke, S., Hauge, S., Suo, Z.H., et al., 2016.
Hypoxia-induced alterations of G2 checkpoint regulators. Mol. Oncol. 10 (5),
764-773. https://doi.org/10.1016/J.MOLONC.2015.12.015.

Hollinger, 1., Pennings, P.S., Hermisson, J., 2019. Polygenic adaptation: from sweeps to
subtle frequency shifts. PLoS Genet. 15 (3), e1008035. https://doi.org/10.1371/
journal.pgen.1008035.

Howe, N.S., Hale, M.C., Waters, C.D., Schaal, S.M., Shedd, K.R., 2024. Genomic evidence
for domestication selection in three hatchery populations of chinook salmon,
oncorhynchus tshawytscha. Evol. Appl. 17 (2), 1-18. https://doi.org/10.1111/
eva.13656.

Hu, L., Xiao, Y., Xiong, Z., Zhao, F., Yin, C., Zhang, Y., et al., 2017. MACF1, versatility in
tissue-specific function and in human disease. Semin. Cell Dev. Biol. 69, 3-8. https://
doi.org/10.1016/J.SEMCDB.2017.05.017.


https://doi.org/10.1007/s10695-019-00614-9
https://doi.org/10.1515/BC.2010.128
https://doi.org/10.1515/BC.2010.128
https://doi.org/10.1186/S12864-025-11748-X/FIGURES/6
https://doi.org/10.1186/s13227-015-0022-6
https://doi.org/10.3389/fevo.2020.00103
https://doi.org/10.3389/fevo.2020.00103
https://doi.org/10.1038/nm1410
https://doi.org/10.1038/nm1410
https://doi.org/10.3390/IJMS22063055
https://doi.org/10.3390/IJMS22063055
https://doi.org/10.1242/BIO.061801/364919
https://doi.org/10.1242/BIO.061801/364919
https://doi.org/10.1111/MEC.15037
https://doi.org/10.3389/FMARS.2020.00554/XML
https://doi.org/10.3389/FMARS.2020.00554/XML
https://doi.org/10.1038/s41576-020-0250-z
https://doi.org/10.1038/nature16062
https://doi.org/10.1038/s41598-025-14767-6
https://doi.org/10.1038/s41598-025-14767-6
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
http://refhub.elsevier.com/S0044-8486(26)00489-8/rf0085
http://refhub.elsevier.com/S0044-8486(26)00489-8/rf0085
http://refhub.elsevier.com/S0044-8486(26)00489-8/rf0085
https://doi.org/10.1111/MEC.17089
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.3389/FCELL.2021.720536/XML
https://doi.org/10.1016/j.aquaculture.2011.06.044
https://doi.org/10.1126/SCIENCE.AAW1026/SUPPL_FILE/AAW1026_TABLE_S6.XLSX
https://doi.org/10.1126/SCIENCE.AAW1026/SUPPL_FILE/AAW1026_TABLE_S6.XLSX
https://doi.org/10.1007/s10499-016-9985-0
https://doi.org/10.1186/S12943-019-0968-4
https://doi.org/10.3389/FGENE.2020.00433/BIBTEX
https://doi.org/10.3389/FGENE.2020.00433/BIBTEX
https://doi.org/10.1152/AJPREGU.00497.200
https://doi.org/10.1152/AJPREGU.00497.200
https://doi.org/10.1016/J.CBPA.2025.111854
https://doi.org/10.1016/J.AQUACULTURE.2023.740107
https://doi.org/10.1016/J.AQUACULTURE.2023.740107
https://doi.org/10.7554/ELIFE.72345
https://doi.org/10.1111/J.1550-7408.2001.TB00322.X
https://doi.org/10.1111/JFD.12481
https://doi.org/10.1111/JFD.12481
https://doi.org/10.3389/FGENE.2018.00091/BIBTEX
https://doi.org/10.1111/MEC.17623
https://doi.org/10.3389/fmars.2019.00721
https://doi.org/10.1534/genetics.115.181453
https://doi.org/10.1534/genetics.115.181453
https://doi.org/10.3390/d13110563
https://doi.org/10.1111/MEC.17246
https://doi.org/10.1101/gr.171876.113
https://doi.org/10.3389/FIMMU.2025.1554680
https://doi.org/10.3389/FIMMU.2025.1554680
https://doi.org/10.1534/genetics.113.152462
https://doi.org/10.1534/genetics.113.152462
https://doi.org/10.1515/BC.2006.147
https://doi.org/10.1016/J.BCP.2008.09.016
https://doi.org/10.1126/science.add8947
https://doi.org/10.1111/cobi.12574
https://doi.org/10.1016/J.MOLONC.2015.12.015
https://doi.org/10.1371/journal.pgen.1008035
https://doi.org/10.1371/journal.pgen.1008035
https://doi.org/10.1111/eva.13656
https://doi.org/10.1111/eva.13656
https://doi.org/10.1016/J.SEMCDB.2017.05.017
https://doi.org/10.1016/J.SEMCDB.2017.05.017

A. Moulistanos et al.

Ippolito, D., Thapliyal, S., Glauser, D.A., 2021. Ca2+ /CaM binding to CaMKI promotes
ima-3 importin binding and nuclear translocation in sensory neurons to control
behavioral adaptation. eLife 10, e71443. https://doi.org/10.7554/ELIFE.71443.

Jakubauskiené, E., Kanopka, A., 2021. Alternative splicing and hypoxia puzzle in
Alzheimer's and Parkinson's diseases. Genes 12 (8), 1272. https://doi.org/10.3390/
GENES12081272.

Janssen, K., et al., 2017. Impact of selective breeding on European aquaculture.
Aquaculture 472 (1), 8-16. https://doi.org/10.1016/j.aquaculture.2016.03.012.
Jia, P., Zhao, Z., 2014. Network-assisted analysis to prioritize GWAS results: principles,
methods, and perspectives. Hum. Genet. 133 (2), 125-138. https://doi.org/

10.1007/s00439-013-1377-1.

Jing, W., Pilato, J., Lo, Kay, C., Feng, S., Tuipulotu, D.E., Mathur, A., Man, S.M., 2022.
Clostridium septicum o-toxin activates the NLRP3 inflammasome by engaging GPI-
anchored proteins. Sci. Immunol. 7 (71), eabm1803. https://doi.org/10.1126/
sciimmunol.abm1803.

Kawato, Y., Mizuno, K., Harakawa, S., Takada, Y., Yoshihara, Y., Kawakami, H., Ito, T.,
2024. Risk assessment of wild fish as environmental sources of Red Sea bream
Iridovirus (RSIV) outbreaks in aquaculture. Dis. Aquat. Organ. 158, 65-74. https://
doi.org/10.3354/dao03788.

Khanna, A., Larson, D., Srivatsan, S., et al., 2022. Bam-Readcount—rapid generation of
basepair-resolution sequence metrics. J. Open Source Softw. 7 (69), 3722. https://
doi.org/10.21105/joss.03722.

Kinoshita, T., Fujita, M., Maeda, Y., 2008. Biosynthesis, Remodelling and functions of
mammalian GPI-anchored proteins: recent Progress. J. Biochem. 144 (3), 287-294.
https://doi.org/10.1093/jb/mvn090.

Kofler, R., Orozco-terWengel, P., de Maio, N., et al., 2011. Popoolation: A toolbox for
population genetic analysis of next generation sequencing data from pooled
individuals. PloS One 6 (1), e15925. https://doi.org/10.1371/journal.
pone.0015925.

Lai, F.N., Zhai, H.L., Cheng, M., Ma, J.Y., Cheng, S.F., Ge, W, et al., 2016. Whole-genome
scanning for the litter size trait associated genes and SNPs under selection in dairy
goat (Capra hircus). Sci. Rep. 6 (1), 1-12. https://doi.org/10.1038/srep38096.

Leiva-Rebollo, R., Labella, A.M., Borrego, J.J., Castro, D., 2020. Inmune gene expression
in gilthead seabream (Sparus aurata) after Lymphocystis disease virus (LCDV-Sa)
challenge resulting in asymptomatic infection. J. Appl. Microbiol. 128 (1), 41-53.
https://doi.org/10.1111/jam.14454.

Lemaire, B., Karchner, S.I., Goldstone, J.V., Lamb, D.C., Drazen, J.C., Rees, J.F., et al.,
2018. Molecular adaptation to high pressure in cytochrome P450 1A and aryl
hydrocarbon receptor systems of the deep-sea fish Coryphaenoides armatus.
Biochimica et Biophysica Acta (BBA) - Proteins Proteomics 1866 (1), 155-165.
https://doi.org/10.1016/j.bbapap.2017.06.026.

Li, Fang, Qiao, Z., Duan, Q., Nevo, E., 2021. Adaptation of mammals to hypoxia. An.
Models Exp. Med. 4 (4), 311-318. https://doi.org/10.1002/AME2.12189.

Li, Fangcheng, Cheng, X., He, X., Kumilamba, G., Liao, J., Cao, J., et al., 2025. Molecular
responses of paddy field carp (Cyprinus carpio) in the agricultural heritage to major
environmental factors in paddy fields. Comp. Biochem. Physiol. D Genom.
Proteomics 54, 101410. https://doi.org/10.1016/J.CBD.2024.101410.

Li, H., Durbin, R., 2009. Fast and accurate short read alignment with burrows-wheeler
transform. Bioinformatics 25 (14), 1754-1760. https://doi.org/10.1093/
bioinformatics/btp324.

Li, H., Handsaker, B., Wysoker, A., et al., 2009. The sequence alignment/map format and
SAMtools. Bioinformatics 25 (16), 2078-2079. https://doi.org/10.1093/
bioinformatics/btp352.

Li, Q.Q., Zhang, J., Wang, H.Y., Niu, S.F., Wu, R.X., Tang, B.G., et al., 2023.
Transcriptomic response of the liver tissue in Trachinotus ovatus to acute heat stress.
Animals (Basel) 13 (13), 2053. https://doi.org/10.3390/ANI13132053/S1.

Linck, E., Battey, C.J., 2019. Minor allele frequency thresholds strongly affect population
structure inference with genomic data sets. Mol. Ecol. Resour. 19 (3), 639-647.
https://doi.org/10.1111/1755-0998.12995.

Lischke, A., Klein, C., Stierhof, Y.-D., Hempel, M., Mehlert, A., Almeida, I.C., et al., 2000.
Isolation and characterization of glycosylphosphatidylinositol-anchored, mucin-like
surface glycoproteins from bloodstream forms of the freshwater-fish parasite
Trypanosoma carassii. Biochem. J. 345, 693-700. https://doi.org/10.1042/
bj3450693.

Liu, S.F., Malik, A.B., 2006. NF-kB activation as a pathological mechanism of septic shock
and inflammation. Am. J. Physiol. Lung. Cell. Mol. Physiol. 290 (4), 622-645.
https://doi.org/10.1152/ajplung.00477.2005.

Liu, X., Wang, X., Liu, J., Wang, X., Bao, H., 2020. Identifying candidate genes for
hypoxia adaptation of Tibet chicken embryos by selection signature analyses and
RNA sequencing. Genes 11 (7), 823. https://doi.org/10.3390/GENES11070823.

Lopez, M.E., Cadiz, M.L., Rondeau, E.B., Koop, B.F., Yanez, J.M., 2021. Detection of
selection signatures in farmed coho salmon (Oncorhynchus kisutch) using dense
genome-wide information. Sci. Rep. 11 (1), 1-13. https://doi.org/10.1038/541598-
021-86154-w.

Lépez-Bueno, A., Mavian, C., Labella, A.M., Castro, D., Borrego, J.J., Alcami, A.,

Alejo, A., 2016. Concurrence of Iridovirus, polyomavirus, and a unique member of a
new Group of Fish Papillomaviruses in Lymphocystis disease-affected Gilthead Sea
bream. J. Virol. 90 (19), 8768-8779. https://doi.org/10.1128/JV1.01369-16/
SUPPL _FILE/ZJV999181970SO1.PDF.

Loukovitis, D., Sarropoulou, E., Batargias, C., Apostolidis, A.P., Kotoulas, G.,
Tsigenopoulos, C.S., Chatziplis, D., 2012. Quantitative trait loci for body growth and
sex determination in the hermaphrodite teleost fish Sparus aurata L. Anim. Genet. 43
(6), 753-759. https://doi.org/10.1111/j.1365-2052.2012.02346.x.

Loukovitis, D., Sarropoulou, E., Tsigenopoulos, C.S., Batargias, C., Magoulas, A.,
Apostolidis, A.P., Chatziplis, D., Kotoulas, G., 2011. Quantitative Trait Loci involved
in sex determination and body growth in the gilthead sea bream (Sparus aurata L.)

11

Aquaculture 623 (2026) 744106

through targeted genome scan. PLoS ONE 6 (1). https://doi.org/10.1371/journal.
pone.0016599.

Luo, K., Deng, Y., Han, L., Wang, S., Zhang, Y., Pen, Z., et al., 2024. Comparative study of
hypoxic tolerance between the hybrids of white crucian carp () x red crucian carp
(3) and its parents. Reproduct. Breed. 4 (3), 164-173. https://doi.org/10.1016/J.
REPBRE.2024.06.001.

Maeda, Y., Watanabe, R., Harris, C.L., Hong, Y., Ohishi, K., Kinoshita, K., Kinoshita, T.,
2001. PIG-M transfers the first mannose to glycosylphosphatidylinositol on the
lumenal side of the ER. EMBO J. 20 (1-2), 250-261. https://doi.org/10.1093/
EMBO0J/20.1.250.

Mabhapatra, C., Naik, P., Swain, S.K., Mohapatra, P.P., 2023. Unravelling the limb
regeneration mechanisms of Polypedates maculatus, a sub-tropical frog, by
transcriptomics. BMC Genomics 24 (1), 1-17. https://doi.org/10.1186/512864-023-
09205-8.

Mandic, M., Joyce, W., Perry, S.F., 2021. The evolutionary and physiological significance
of the hif pathway in teleost fishes. J. Exp. Biol. 224 (18), jeb231936. https://doi.
org/10.1242/JEB.231936/272213.

Martin-salazar, J.E., Valverde, D., 2022. CPLANE complex and ciliopathies. Biomolecules
12 (6), 847. https://doi.org/10.3390/BIOM12060847.

Maynard Smith, J., Haigh, J., 1974. The hitch-hiking effect of a favourable gene. Genet.
Res. 23 (1), 23-35. https://doi.org/10.1017/50016672300014634.

Mellor, N.J., Webster, T.H., Byrne, H., Williams, A.S., Edwards, T., DeNardo, D.F., et al.,
2025. Divergence in regulatory regions and gene duplications may underlie
chronobiological adaptation in desert tortoises. Mol. Ecol. 34 (2), €17600. https://
doi.org/10.1111/MEC.17600.

Mérot, C., Oomen, M., Tigano, K., Wellenreuther, M., 2020. A roadmap for
understanding the evolutionary significance of structural genomic variation. Trends
Ecol. Evol. 35 (7), 561-572. https://doi.org/10.1016/j.tree.2020.03.002.

Mhalhel, K., Levanti, M., Abbate, F., Laura, R., Guerrera, M.C., Aragona, M., et al., 2023.
Review on gilthead seabream (Sparus aurata) aquaculture: life cycle, growth,
aquaculture practices and challenges. J. Mar. Sci. Eng. 11 (10), 2008. https://doi.
org/10.3390/JMSE11102008.

Miettinen, A., Dannewitz, J., Palm, S., Ahi, E.P., Romakkaniemi, A., Vaha, V.,
Pritchard, V.L., 2023. Loci associated with maturation, migration and appetite
control are linked with signals of fine-scale local selection in a large Atlantic salmon
population. BioRxiv. https://doi.org/10.1101/2023.08.23.553800.

Milla, S., Pasquet, A., El Mohajer, L., Fontaine, P., 2021. How domestication alters fish
phenotypes. Rev. Aquac. 13 (1), 388-405. https://doi.org/10.1111/raq.12480.
Miller, J.T., Clark, B.W., Reid, N.M., Karchner, S.I., Roach, J.L., Hahn, M.E., et al., 2024.

Independently evolved pollution resistance in four killifish populations is largely
explained by few variants of large effect. Evol. Appl. 17 (1), e13648. https://doi.org/
10.1111/EVA.13648.

Minikes, A.M., Liu, P., Wang, H., Hu, J., Alwaseem, H., Li, Y., Jiang, X., 2025. HIF-
independent oxygen sensing via KDM6A regulates ferroptosis. Mol. Cell 85 (15),
2973-2987.e6. https://doi.org/10.1016/j.molcel.2025.07.001.

Mohamed, A.R., Verbyla, K.L., Al-Mamun, H.A., et al., 2019. Polygenic and sex specific
architecture for two maturation traits in farmed Atlantic salmon. BMC Genomics 20
(1), 1-12. https://doi.org/10.1186/5s12864-019-5525-4.

Mohammadi, A., Sorensen, G.L., Pilecki, B., 2022. MFAP4-mediated effects in elastic
Fiber homeostasis, integrin signaling and Cancer, and its role in teleost fish. Cells 11
(13), 2115. https://doi.org/10.3390/CELLS11132115.

Moulistanos, A., Papasakellariou, K., Kavakiotis, I., Gkagkavouzis, K., Karaiskou, N.,
Antonopoulou, E., Triantafyllidis, A., Papakostas, S., 2024. Genomic signatures of
domestication in European seabass (Dicentrarchus labrax L.) reveal a potential role
for epigenetic regulation in adaptation to captivity. Ecol. Evol. 14 (12), 1-15.
https://doi.org/10.1002/ece3.70512.

Moulistanos, A., Kaitetzidou, E., Minoudi, S., Gkagkavouzis, K., Kallimanis, A.,
Antonopoulou, E., Triantafyllidis, A., Papakostas, S., 2025. Evidence for the
functional relevance of vgll3 and six6 on developmental stages of commercially
important fish species: gilthead seabream (Sparus aurata Linnaeus) and European
seabass (Dicentrarchus labrax Linnaeus). Fishes 10 (3), 96. https://doi.org/10.3390/
fishes10030096.

Nguyen, N.H., 2016. Genetic improvement for important farmed aquaculture species
with a reference to carp, Tilapia and prawns in Asia: achievements, lessons and
challenges. Fish Fish. 17 (2), 483-506. https://doi.org/10.1111/faf.12122.

Nielsen, R., Williamson, S., Kim, Y., Hubisz, M.J., Clark, A.G., Bustamante, C., 2005.
Genomic scans for selective sweeps using SNP data. Genome Res. 15 (11),
1566-1575. https://doi.org/10.1101/gr.4252305.

Olazcuaga, L., Loiseau, A., Parrinello, H., Paris, M., Fraimout, A., Guedot, C.,
Diepenbrock, L.M., Kenis, M., Zhang, J., Chen, X., Borowiec, N., Facon, B., Vogt, H.,
Price, D.K., Vogel, H., Prud’homme, B., Estoup, A., Gautier, M., 2020. A whole-
genome scan for association with invasion success in the fruit fly Drosophila suzukii
using contrasts of allele frequencies corrected for population structure. Mol. Biol.
Evol. 37 (8), 2369-2385. https://doi.org/10.1093/molbev/msaa098.

Penaloza, C., Manousaki, T., Franch, R., et al., 2021. Development and testing of a
combined species SNP Array for the European seabass (Dicentrarchus Labrax) and
gilthead seabream (Sparus aurata). Genomics 113 (4), 2096-2107. https://doi.org/
10.1016/j.ygeno.2021.04.038.

Peracchi, A., Veiga-Da-Cunha, M., Kuhara, T., Ellens, K.W., Paczia, N., Stroobant, V.,
et al.,, 2017. Nitl is a metabolite repair enzyme that hydrolyzes deaminated
glutathione. Proc. Natl. Acad. Sci. 114 (16), E3233-E3242. https://doi.org/
10.1073/PNAS.1613736114.

Pokharel, K., Weldenegodguad, M., Dudeck, S., Honkatukia, M., Lindeberg, H.,
Mazzullo, N., et al., 2023. Whole-genome sequencing provides novel insights into the
evolutionary history and genetic adaptation of reindeer populations in northern
Eurasia. Sci. Rep. 13 (1), 1-16. https://doi.org/10.1038/541598-023-50253-7.


https://doi.org/10.7554/ELIFE.71443
https://doi.org/10.3390/GENES12081272
https://doi.org/10.3390/GENES12081272
https://doi.org/10.1016/j.aquaculture.2016.03.012
https://doi.org/10.1007/s00439-013-1377-1
https://doi.org/10.1007/s00439-013-1377-1
https://doi.org/10.1126/sciimmunol.abm1803
https://doi.org/10.1126/sciimmunol.abm1803
https://doi.org/10.3354/dao03788
https://doi.org/10.3354/dao03788
https://doi.org/10.21105/joss.03722
https://doi.org/10.21105/joss.03722
https://doi.org/10.1093/jb/mvn090
https://doi.org/10.1371/journal.pone.0015925
https://doi.org/10.1371/journal.pone.0015925
https://doi.org/10.1038/srep38096
https://doi.org/10.1111/jam.14454
https://doi.org/10.1016/j.bbapap.2017.06.026
https://doi.org/10.1002/AME2.12189
https://doi.org/10.1016/J.CBD.2024.101410
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.3390/ANI13132053/S1
https://doi.org/10.1111/1755-0998.12995
https://doi.org/10.1042/bj3450693
https://doi.org/10.1042/bj3450693
https://doi.org/10.1152/ajplung.00477.2005
https://doi.org/10.3390/GENES11070823
https://doi.org/10.1038/s41598-021-86154-w
https://doi.org/10.1038/s41598-021-86154-w
https://doi.org/10.1128/JVI.01369-16/SUPPL_FILE/ZJV999181970SO1.PDF
https://doi.org/10.1128/JVI.01369-16/SUPPL_FILE/ZJV999181970SO1.PDF
https://doi.org/10.1111/j.1365-2052.2012.02346.x
https://doi.org/10.1371/journal.pone.0016599
https://doi.org/10.1371/journal.pone.0016599
https://doi.org/10.1016/J.REPBRE.2024.06.001
https://doi.org/10.1016/J.REPBRE.2024.06.001
https://doi.org/10.1093/EMBOJ/20.1.250
https://doi.org/10.1093/EMBOJ/20.1.250
https://doi.org/10.1186/S12864-023-09205-8
https://doi.org/10.1186/S12864-023-09205-8
https://doi.org/10.1242/JEB.231936/272213
https://doi.org/10.1242/JEB.231936/272213
https://doi.org/10.3390/BIOM12060847
https://doi.org/10.1017/S0016672300014634
https://doi.org/10.1111/MEC.17600
https://doi.org/10.1111/MEC.17600
https://doi.org/10.1016/j.tree.2020.03.002
https://doi.org/10.3390/JMSE11102008
https://doi.org/10.3390/JMSE11102008
https://doi.org/10.1101/2023.08.23.553800
https://doi.org/10.1111/raq.12480
https://doi.org/10.1111/EVA.13648
https://doi.org/10.1111/EVA.13648
https://doi.org/10.1016/j.molcel.2025.07.001
https://doi.org/10.1186/s12864-019-5525-4
https://doi.org/10.3390/CELLS11132115
https://doi.org/10.1002/ece3.70512
https://doi.org/10.3390/fishes10030096
https://doi.org/10.3390/fishes10030096
https://doi.org/10.1111/faf.12122
https://doi.org/10.1101/gr.4252305
https://doi.org/10.1093/molbev/msaa098
https://doi.org/10.1016/j.ygeno.2021.04.038
https://doi.org/10.1016/j.ygeno.2021.04.038
https://doi.org/10.1073/PNAS.1613736114
https://doi.org/10.1073/PNAS.1613736114
https://doi.org/10.1038/s41598-023-50253-7

A. Moulistanos et al.

Povea-Cabello, S., Brischigliaro, M., Fernandez-Vizarra, E., 2024. Emerging mechanisms
in the redox regulation of mitochondrial cytochrome c oxidase assembly and
function. Biochem. Soc. Trans. 52 (2), 873-885. https://doi.org/10.1042/
BST20231183.

Pritchard, J.K., Pickrell, J.K., Coop, G., 2010. The genetics of human adaptation: hard
sweeps, soft sweeps, and polygenic adaptation. Curr. Biol. 20 (4), R208-R215.
https://doi.org/10.1016/j.cub.2009.11.055.

Purugganan, M.D., 2019. Evolutionary insights into the nature of plant domestication.
Curr. Biol. 29 (14), R705-R714. https://doi.org/10.1016/j.cub.2019.05.053.

Raudvere, U., Kolberg, L., Kuzmin, I., Arak, T., Adler, P., Peterson, H., Vilo, J., 2019. G:
profiler: A web server for functional enrichment analysis and conversions of gene
lists (2019 update). Nucleic Acids Res. 47 (W1), W191-W198. https://doi.org/
10.1093/nar/gkz369.

Reid, N.M., Proestou, D.A., Clark, B.W., Warren, W.C., Colbourne, J.K., Shaw, J.R., et al.,
2016. The genomic landscape of rapid repeated evolutionary adaptation to toxic
pollution in wild fish. Science 354 (6317), 1305-1308. https://doi.org/10.1126/
SCIENCE.AAH4993/SUPPL_FILE/AAH4993 TABLE_S4.XLSX.

Reitzel, A.M., Karchner, S.I., Franks, D.G., Evans, B.R., Nacci, D., Champlin, D., et al.,
2014. Genetic variation at aryl hydrocarbon receptor (AHR) loci in populations of
Atlantic killifish (Fundulus heteroclitus) inhabiting polluted and reference habitats.
BMC Evol. Biol. 14 (1), 1-18. https://doi.org/10.1186,/1471-2148-14-6/FIGURES/
5.

Ren, Y., Tian, Y., Cheng, B., Liu, Y., Yu, H., 2024. Effects of environmental hypoxia on
serum hematological and biochemical parameters, hypoxia-inducible factor (hif)
gene expression and HIF pathway in hybrid sturgeon (Acipenser schrenckii 38 x
Acipenser baerii @). Genes 15 (6), 743. https://doi.org/10.3390/GENES15060743/
S1.

Salisbury, S.J., Daniels, R.R., Monaghan, S.J., Bron, J.E., Villamayor, P.R., Gervais, O.,
Robledo, D., 2024. Keratinocytes drive the epithelial hyperplasia key to sea lice
resistance in coho salmon. BMC Biol. 22 (1), 160. https://doi.org/10.1186/512915-
024-01952-8.

Saraiva, J.L., Arechavala-Lopez, P., et al., 2019. A global assessment of welfare in farmed
fishes. Fishes 4 (2), 30. https://doi.org/10.3390/fishes4020030.

Saura, M., Caballero, A., Santiago, E., et al., 2021. Estimates of recent and historical
effective population size in turbot, seabream, seabass and carp selective breeding
programmes. Genet. Sel. Evol. 53 (1), 1-8. https://doi.org/10.1186/512711-021-
00680-9.

Schlotterer, C., Tobler, R., Kofler, R., Nolte, V., 2014. Sequencing pools of individuals —
mining genome-wide polymorphism data without big funding. Nat. Rev. Genet. 15
(11), 749-763. https://doi.org/10.1038/nrg3803.

Schwappacher, R., Kilic, A., Kojonazarov, B., Lang, M., Diep, T., Zhuang, S., et al., 2013.
A molecular mechanism for therapeutic effects of cGMP-elevating agents in
pulmonary arterial hypertension. J. Biol. Chem. 288 (23), 16557-16566. https://
doi.org/10.1074/JBC.M113.458729.

Schweizer, R.M., Ivy, C.M., Natarajan, C., Scott, G.R., Storz, J.F., Cheviron, Z.A., 2023.
Gene regulatory changes underlie developmental plasticity in respiration and
aerobic performance in highland deer mice. Mol. Ecol. 32 (13), 3483-3496. https://
doi.org/10.1111/MEC.16953.

Segars, K.L., Trinkaus-Randall, V., 2023. Glycosaminoglycans: roles in wound healing,
formation of corneal constructs and synthetic corneas. Ocul. Surf. 30, 85-91. https://
doi.org/10.1016/J.JT0S.2023.08.008.

Segner, H., Bailey, C., Tafalla, C., Bo, J., 2021. Immunotoxicity of xenobiotics in fish: A
role for the aryl hydrocarbon receptor (AhR)? Int. J. Mol. Sci. 22 (17), 9460. https://
doi.org/10.3390/1JMS22179460.

Seigneuric, R., Starmans, M.H.W., Fung, G., Krishnapuram, B., Nuyten, D.S.A., van
Erk, A., et al., 2007. Impact of supervised gene signatures of early hypoxia on patient
survival. Radiother. Oncol. 83 (3), 374-382. https://doi.org/10.1016/J.
RADONC.2007.05.002.

Senda, T., Matsumine, A., Yanai, H., Akiyama, T., 1999. Localization of MCC (mutated in
colorectal cancer) in various tissues of mice and its involvement in cell
differentiation. J. Histochem. Cytochem. 47 (9), 1149-1157. https://doi.org/
10.1177/002215549904700907.

Shen, Q.K., Peng, M.S., Adeola, A.C., Kui, L., Duan, S., Miao, Y.W., et al., 2021. Genomic
analyses unveil helmeted Guinea fowl (Numida meleagris) domestication in West
Africa. Genome Biol. Evol. 13 (6), evab090. https://doi.org/10.1093/GBE/
EVAB090.

Shen, Y., You, W., Luo, X., Lu, Y., Huang, M., Ke, C., 2023. An overview of the
mechanisms underlying hypoxia tolerance differences in aquatic animals and their
inspirations for aquaculture. Rev. Fish Biol. Fish. 33 (4), 1223-1236. https://doi.
org/10.1007/511160-023-09793-4/TABLES/1.

Sinclair-Waters, M., @degérd, J., Korsvoll, S.A., et al., 2020. Beyond large-effect loci:
large-scale GWAS reveals a mixed large-effect and polygenic architecture for age at
maturity of Atlantic Salmon. Genet. Sel. Evol. 52 (1), 1-11. https://doi.org/
10.1186/512711-020-0529-8.

Song, Y., Yuan, C., An, X., Guo, T., Zhang, W., Lu, Z., et al., 2024. Genome-wide selection
signals reveal candidate genes associated with plateau adaptation in Tibetan sheep.
Animals 14 (22), 3212. https://doi.org/10.3390/AN114223212/S1.

Soto, J., Pinilla, F., Olguin, P., Castaneda, L.E., 2025. Genetic architecture of the thermal
tolerance landscape in Drosophila melanogaster. Mol. Ecol. 34 (7), e17697. https://
doi.org/10.1111/MEC.17697.

Star, B., Tgrresen, O.K., Nederbragt, A.J., Jakobsen, K.S., Pampoulie, C., Jentoft, S.,
2016. Genomic characterization of the Atlantic cod sex-locus. Sci. Rep. 6, 31235.
https://doi.org/10.1038/srep31235.

Suo, N., Zhou, Z.X., Xu, J., Cao, D.C., Wu, B.Y., Zhang, H.Y., et al., 2022. Transcriptome
analysis reveals molecular underpinnings of common carp (Cyprinus carpio) under

12

Aquaculture 623 (2026) 744106

hypoxia stress. Front. Genet. 13, 907944. https://doi.org/10.3389/
FGENE.2022.907944/BIBTEX.

Szklarczyk, D., Kirsch, R., Koutrouli, M., Nastou, K., Mehryary, F., Hachilif, R., et al.,
2023. The STRING database in 2023: protein—protein association networks and
functional enrichment analyses for any sequenced genome of interest. Nucleic Acids
Res. 51 (D1), D638-D646. https://doi.org/10.1093/NAR/GKAC1000.

Takahashi, Y., Murakami, H., Akiyama, Y., Katoh, Y., Oma, Y., Nisijima, H., et al., 2017.
Actin family proteins in the human INO80 chromatin remodeling complex exhibit
functional roles in the induction of heme oxygenase-1 with hemin. Front. Genet. 8
(February), 217248. https://doi.org/10.3389/FGENE.2017.00017.

Tang, L., Zhu, L., Basang, Z., Zhao, Y., Li, S., Kong, X., et al., 2025. Transcriptomic
profiling of hypoxia-adaptive responses in Tibetan goat fibroblasts. Animals 15 (10),
1407. https://doi.org/10.3390/ANI15101407/S1.

Teletchea, F., 2015. Domestication of marine fish species: update and perspectives.

J. Mar. Sci. Eng. 3 (4), 1227-1243. https://doi.org/10.3390/jmse3041227.

Teletchea, F., 2021. Fish domestication in aquaculture: 10 unanswered questions. Animal
front. 11 (3), 87-91. https://doi.org/10.1093/af/vfab012.

Teng, J., Zhao, Y., Chen, H.J., Xue, L.Y., Ji, X.S., 2021. Global expression response of
genes in sex-undifferentiated Nile tilapia gonads after exposure to trace letrozole.
Ecotoxicol. Environ. Saf. 217, 112255. https://doi.org/10.1016/J.
ECOENV.2021.112255.

Tillotson, M.D., Barnett, H.K., Bhuthimethee, M., Koehler, M.E., Quinn, T.P., 2018.
Artificial selection on reproductive timing in hatchery Salmon drives a Phenological
shift and potential maladaptation to climate change. Evol. Appl. 12 (7), 1344-1359.
https://doi.org/10.1111/eva.12730.

Torosyan, R., Huang, S., Bommi, P.V., Tiwari, R., An, S.Y., Schonfeld, M., Kapitsinou, P.
P., 2021. Hypoxic preconditioning protects against ischemic kidney injury through
the IDO1/kynurenine pathway. Cell Rep. 36 (7), 109547. https://doi.org/10.1016/
J.CELREP.2021.109547.

Tsare, E.-P.G., Klapa, M.1., Moschonas, N.K., 2024. Protein—protein interaction network-
based integration of GWAS and functional data for blood pressure regulation
analysis. Hum. Genomics 18 (1), 15. https://doi.org/10.1186/540246-023-00565-6.

Uffelmann, E., Huang, Q.Q., Munung, N.S., et al., 2021. Genome-wide association
studies. Nat. Rev. Methods Primers 1 (1), 59. https://doi.org/10.1038/543586-021-
00056-9.

Verity, R., Collins, C., Card, D.C., Schaal, S.M., Wang, L., Lotterhos, K.E., 2017. Minotaur:
A platform for the analysis and visualization of multivariate results from genome
scans with R shiny. Mol. Ecol. Resour. 17 (1), 33-43. https://doi.org/10.1111/1755-
0998.12579.

Villanueva, B., Fernandez, A., Peiré-Pastor, R., et al., 2022. Population structure and
genetic variability in wild and farmed Mediterranean populations of gilthead
seabream and European seabass inferred from a 60K combined species SNP Array.
Aquac. Reports 24, 101145. https://doi.org/10.1016/j.aqrep.2022.101145.

Vogel, C.F.A., Haarmann-Stemmann, T., 2017. The aryl hydrocarbon receptor repressor —
more than a simple feedback inhibitor of AhR signaling: clues for its role in
inflammation and cancer. Curr. Opin. Toxicol. 2, 109-119. https://doi.org/10.1016/
J.COT0X.2017.02.004.

Wang, J., Zhu, C., Wang, M., Li, L., Lin, R., Han, D., et al., 2025b. Effects of hypoxic stress
on liver metabolism, oxidative stress, and immunity in yellow catfish (Pelteobagrus
fulvidraco) at different water temperatures. Aquaculture 598, 742088. https://doi.
org/10.1016/J.AQUACULTURE.2024.742088.

Wang, Q., Huang, J., Li, Y., Wu, S., Zhao, L., Sun, T., et al., 2025a. Transcriptomic and
biochemical analyses reveal adaptive mechanisms of rainbow trout (Oncorhynchus
mykiss) muscle under hypoxia stress. Aquaculture 607, 742525. https://doi.org/
10.1016/J.AQUACULTURE.2025.742525.

Watanabe, Y., Asada, M., Inokuchi, M., Kotake, M., Yoshinaga, T., 2024. Target protein
expression on Tetrahymena thermophila cell surface using the signal peptide and
GPI anchor sequences of the immobilization antigen of Cryptocaryon irritans. Mol.
Biotechnol. 66, 1907-1918. https://doi.org/10.1007/512033-023-00824-W/
FIGURES/6.

Wellenreuther, M., Bernatchez, L., 2018. Eco-evolutionary genomics of chromosomal
inversions. Trends Ecol. Evol. 33 (6), 427-440. https://doi.org/10.1016/j.
tree.2018.04.002.

Whitehead, A., Pilcher, W., Champlin, D., Nacci, D., 2012. Common mechanism
underlies repeated evolution of extreme pollution tolerance. Proc. Biol. Sci. Royal
Soc. 279, 427-433. https://doi.org/10.1098/rspb.2011.0847.

Whitehead, A., Clark, B.W., Reid, N.M., Hahn, M.E., Nacci, D., 2017. When evolution is
the solution to pollution: key principles, and lessons from rapid repeated adaptation
of killifish (Fundulus heteroclitus) populations. Evol. Appl. 10, 762-783. https://doi.
org/10.1111/EVA.12470.

Wu, J., 2016. The distributions of Chinese yak breeds in response to climate change over
the past 50 years. Anim. Sci. J. 87, 947-958. https://doi.org/10.1111/asj.12526.

Xiong, X., Fu, M., Lan, D., Li, J., Zi, X., Zhong, J., 2015. Yak response to high-altitude
hypoxic stress by altering mRNA expression and DNA methylation of hypoxia-
inducible factors. Anim. Biotechnol. 26, 222-229. https://doi.org/10.1080/
10495398.2014.1002563.

Yamanaka, O., Yuan, Y., Coulson-Thomas, V.J., Gesteira, T.F., Call, M.K., Zhang, Y.,
et al., 2013. Lumican binds ALK5 to promote epithelium wound healing. PloS One 8
(12), e82730. https://doi.org/10.1371/JOURNAL.PONE.0082730.

Yoshida, G.M., Yanez, J.M., 2021. Increased accuracy of genomic predictions for growth
under chronic thermal stress in rainbow trout by prioritizing variants from GWAS
using imputed sequence data. Evol. Appl. 15 (4), 537-552. https://doi.org/10.1111/
eva.13240.

Yoshida, J., Tajika, Y., Uchida, K., Kuwahara, M., Sano, K., Suzuki, T., et al., 2024.
Membrane molecule bouncer regulates sperm binding activity in immature oocytes


https://doi.org/10.1042/BST20231183
https://doi.org/10.1042/BST20231183
https://doi.org/10.1016/j.cub.2009.11.055
https://doi.org/10.1016/j.cub.2019.05.053
https://doi.org/10.1093/nar/gkz369
https://doi.org/10.1093/nar/gkz369
https://doi.org/10.1126/SCIENCE.AAH4993/SUPPL_FILE/AAH4993_TABLE_S4.XLSX
https://doi.org/10.1126/SCIENCE.AAH4993/SUPPL_FILE/AAH4993_TABLE_S4.XLSX
https://doi.org/10.1186/1471-2148-14-6/FIGURES/5
https://doi.org/10.1186/1471-2148-14-6/FIGURES/5
https://doi.org/10.3390/GENES15060743/S1
https://doi.org/10.3390/GENES15060743/S1
https://doi.org/10.1186/S12915-024-01952-8
https://doi.org/10.1186/S12915-024-01952-8
https://doi.org/10.3390/fishes4020030
https://doi.org/10.1186/s12711-021-00680-9
https://doi.org/10.1186/s12711-021-00680-9
https://doi.org/10.1038/nrg3803
https://doi.org/10.1074/JBC.M113.458729
https://doi.org/10.1074/JBC.M113.458729
https://doi.org/10.1111/MEC.16953
https://doi.org/10.1111/MEC.16953
https://doi.org/10.1016/J.JTOS.2023.08.008
https://doi.org/10.1016/J.JTOS.2023.08.008
https://doi.org/10.3390/IJMS22179460
https://doi.org/10.3390/IJMS22179460
https://doi.org/10.1016/J.RADONC.2007.05.002
https://doi.org/10.1016/J.RADONC.2007.05.002
https://doi.org/10.1177/002215549904700907
https://doi.org/10.1177/002215549904700907
https://doi.org/10.1093/GBE/EVAB090
https://doi.org/10.1093/GBE/EVAB090
https://doi.org/10.1007/S11160-023-09793-4/TABLES/1
https://doi.org/10.1007/S11160-023-09793-4/TABLES/1
https://doi.org/10.1186/s12711-020-0529-8
https://doi.org/10.1186/s12711-020-0529-8
https://doi.org/10.3390/ANI14223212/S1
https://doi.org/10.1111/MEC.17697
https://doi.org/10.1111/MEC.17697
https://doi.org/10.1038/srep31235
https://doi.org/10.3389/FGENE.2022.907944/BIBTEX
https://doi.org/10.3389/FGENE.2022.907944/BIBTEX
https://doi.org/10.1093/NAR/GKAC1000
https://doi.org/10.3389/FGENE.2017.00017
https://doi.org/10.3390/ANI15101407/S1
https://doi.org/10.3390/jmse3041227
https://doi.org/10.1093/af/vfab012
https://doi.org/10.1016/J.ECOENV.2021.112255
https://doi.org/10.1016/J.ECOENV.2021.112255
https://doi.org/10.1111/eva.12730
https://doi.org/10.1016/J.CELREP.2021.109547
https://doi.org/10.1016/J.CELREP.2021.109547
https://doi.org/10.1186/s40246-023-00565-6
https://doi.org/10.1038/s43586-021-00056-9
https://doi.org/10.1038/s43586-021-00056-9
https://doi.org/10.1111/1755-0998.12579
https://doi.org/10.1111/1755-0998.12579
https://doi.org/10.1016/j.aqrep.2022.101145
https://doi.org/10.1016/J.COTOX.2017.02.004
https://doi.org/10.1016/J.COTOX.2017.02.004
https://doi.org/10.1016/J.AQUACULTURE.2024.742088
https://doi.org/10.1016/J.AQUACULTURE.2024.742088
https://doi.org/10.1016/J.AQUACULTURE.2025.742525
https://doi.org/10.1016/J.AQUACULTURE.2025.742525
https://doi.org/10.1007/S12033-023-00824-W/FIGURES/6
https://doi.org/10.1007/S12033-023-00824-W/FIGURES/6
https://doi.org/10.1016/j.tree.2018.04.002
https://doi.org/10.1016/j.tree.2018.04.002
https://doi.org/10.1098/rspb.2011.0847
https://doi.org/10.1111/EVA.12470
https://doi.org/10.1111/EVA.12470
https://doi.org/10.1111/asj.12526
https://doi.org/10.1080/10495398.2014.1002563
https://doi.org/10.1080/10495398.2014.1002563
https://doi.org/10.1371/JOURNAL.PONE.0082730
https://doi.org/10.1111/eva.13240
https://doi.org/10.1111/eva.13240

A. Moulistanos et al.

in the viviparous teleost species Poecilia reticulata (guppy). Dev. Growth Differ. 66,
194-204. https://doi.org/10.1111/DGD.12914.

You, Q., Hua, M., Zhang, X., Tang, Y., Ping, Y., Feng, Z., 2025. Inhibition of histone
acetyltransferase KAT8 inhibits oxidative stress and NLRP3 inflammasome
activation through reducing p53 acetylation in LPS-induced acute lung injury. Arch.
Biochem. Biophys. 769, 110425. https://doi.org/10.1016/J.ABB.2025.110425.

Zang, J., Wu, Y., Su, X., Cai, K., Ke, M., He, N., Lu, D., 2025. FUS selectively facilitates
circRNAs packing into small extracellular vesicles within hypoxia neuron. Adv. Sci.
12 (26), 2404822. https://doi.org/10.1002/ADVS.202404822.

Zhang, C., Li, X., Feng, C., Sha, H., Luo, X., Ai, S., et al., 2025. Metabolomics analysis
identifies hypoxia-induced ferroptosis in the liver of silver carp (Hypophthalmichthys
molitrix). Water Biol. Secur., 100422 https://doi.org/10.1016/J.
WATBS.2025.100422.

Zhang, H., Sheng, X., Tang, X., Xing, J., Chi, H., Zhan, W., 2023. Transcriptome analysis
reveals molecular mechanisms of lymphocystis formation caused by lymphocystis

13

Aquaculture 623 (2026) 744106

disease virus infection in flounder (Paralichthys olivaceus). Front. Immunol. 14,
1268851. https://doi.org/10.3389/FIMMU.2023.1268851.

Zhang, Z. Bin, Tan, Y.X., Zhao, Q., Xiong, L.L., Liu, J., Xu, F.F., Wang, T.H., 2019.
MiRNA-7a-2-3p inhibits neuronal apoptosis in oxygen-glucose deprivation (OGD)
model. Front. Neurosci. 13 (January), 409944. https://doi.org/10.3389/
FNINS.2019.00016.

Zhao, R., Ge, W., Xue, W., Deng, Z., Liu, J., Wang, K., Yu, Y.V., 2025. CaMK modulates
sensory neural activity to control longevity and proteostasis. P.N.A.S. 122 (20),
€2423428122. https://doi.org/10.1073/PNAS.2423428122.

Zuzul, 1., Grubisi¢, L., Segvié-Bubié, T., 2022. Genetic discrimination of wild versus
farmed Gilthead Sea bream Sparus aurata using microsatellite markers associated

with candidate genes. Aquat. Living Resour. 35, 8. https://doi.org/10.1051/alr/
20220009.


https://doi.org/10.1111/DGD.12914
https://doi.org/10.1016/J.ABB.2025.110425
https://doi.org/10.1002/ADVS.202404822
https://doi.org/10.1016/J.WATBS.2025.100422
https://doi.org/10.1016/J.WATBS.2025.100422
https://doi.org/10.3389/FIMMU.2023.1268851
https://doi.org/10.3389/FNINS.2019.00016
https://doi.org/10.3389/FNINS.2019.00016
https://doi.org/10.1073/PNAS.2423428122
https://doi.org/10.1051/alr/2022009
https://doi.org/10.1051/alr/2022009

	Highly conserved regulators of environmental sensing and adaptation drive domestication in gilthead seabream (Sparus aurata)
	1 Introduction
	2 Materials and methods
	2.1 Studied populations
	2.2 DNA extraction and pooling
	2.3 Read mapping
	2.4 SNP genotyping
	2.5 PCA and genome scan analyses
	2.6 Identification of divergence signals
	2.7 Functional annotation and gene network analysis

	3 Results
	3.1 Population differentiation and principal component analysis
	3.2 Identification of differentiated genomic regions and candidate genes

	4 Discussion
	5 Conclusion
	Funding source declaration
	Ethical approval
	CRediT authorship contribution statement
	Declaration of competing interest
	datalink4
	Acknowledgements
	References


