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ARTICLE INFO ABSTRACT

Handling Editor: Lawrence Lash Peracetic acid (PAA) is an organic peroxide that produces free radicals, which contribute to its potent disin-

fection power. At therapeutic doses, PAA is considered a mild stressor that can trigger transient local and sys-

Keywords: temic oxidative stress in fish, but the resulting consequences in the brain have yet to be identified. Therefore, we
gq“ag‘ﬂt“re report the brain transcriptome of Atlantic salmon (Salmo salar) smolts that have been periodically exposed to
isinfection

PAA. Fish were treated three times (every 15 days) with PAA with either short (15 min) or long (30 min)
exposure periods. After the third treatment, the whole brain was collected and subjected to biochemical and
transcriptomic analyses. The level of reactive oxygen species in the brain was not significantly affected by
recurrent PAA treatments. Microarray analysis was performed on the whole brain and revealed 205 differentially
expressed genes (DEGs), regardless of the duration of the treatment. The short exposure duration had a more
considerable impact on the brain transcriptome, correlating with 70% more DEGs than the long exposure.
Strikingly, the brain transcriptome was characterised by the downregulation of gene expression, especially in the
short exposure group, and around 82% of the identified DEGs were downregulated. Some of the highly affected
genes were key molecules of the vasotocinergic and isotocinergic systems and the corticotropin-releasing factor
signalling system, indicating interference of the stress axis but could also suggest an anxiolytic effect. In addition,
there were alterations in genes involved in cellular metabolism and processing, signalling and trafficking, and
innate immunity, which underscores the physiological changes in the brain following recurrent PAA treatment.
Overall, the transcriptomic data reveal that recurrent oxidant treatment could influence brain functions, and
although the magnitude was marginal, the alterations suggested neurological adaptations of fish to PAA as a
potential chemical stressor. The results identify the risks of PAA, which would be valuable in drafting a
framework for its empirically driven use in fish farming.

Fish welfare
Oxidative stress
Reactive oxygen species

1. Introduction

Modern fish farming uses strategies that improve robustness through
preventive measures, which are mainly achieved by enhanced bio-
security in farms, balanced and fortified nutrition, and effective vaccines
[1]. However, many of these strategies are still ineffective in addressing
standing bottlenecks. The only viable alternative has been to use che-
motherapeutics to treat bacterial, viral, fungal, and parasitic infections.
Unlike a few decades ago, when chemotherapeutics were used
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imprudently, modern aquaculture strives to use these treatment options
cautiously, especially since resistance poses a higher risk [2].
Oxidative biocides such as chlorine, hydrogen peroxide (H205), and
peracetic acid (PAA) are a group of oxidising agents that target many
relevant fish pathogens. As oxidants, they remove electrons from sus-
ceptible chemical groups, oxidise them, and become reduced in the
process [3]. PAA is one of the oxidative chemotherapeutics that has
received considerable attention in the last years because of its innate
features that set it apart from other commonly used therapeutics,
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particularly regarding safety, effectiveness, and environmental impact.
Commercial PAA products are available as acidified mixtures of acetate
and hydrogen peroxide, which degrade into inert and harmless residuals
[4] and are potent against several fish pathogens, even at very low
concentrations [5].

As an oxidising agent, PAA functions through the denaturation of
protein, disruption of cell wall permeability, and oxidation of sulfhydryl
and sulphur bonds in proteins, enzymes, and other metabolites [6]. The
oxidative action can be a highly reversible process, and organisms have
evolved many defences against the effects at lower concentrations.
Nevertheless, these defence mechanisms can be exhausted at higher
levels, which results in significant surface, cell wall, and intracellular
damage [3,7]. Hence, its use in aquaculture must find a balance between
effectiveness against pathogens and minimising the impact on the health
and welfare of host fish.

In recent years, we have progressively established the health impacts
of using PAA on fish, which has revealed that salmonids (i.e., Atlantic
salmon and rainbow trout) can mount strong physiological adaptive
responses to PAA [8-12]. The series of studies on Atlantic salmon
revealed that PAA application could be a mild stressor and trigger
transient mucosal and systemic oxidative stress. This striking conse-
quence is associated with the formation of radicals upon its decay, which
directly interacts with the fish. It could also be due to an indirect effect of
dysregulating internal redox homeostasis [4,13]. The gills and the ol-
factory organ are the main organs that are sensitive to PAA in salmon.
Strikingly, these mucosal organs can orchestrate a cascade of counter-
active responses to the physiological threats of PAA, especially by acti-
vating the antioxidant systems.

PAA is considered a welfare-friendly antimicrobial [14]. This is
exemplified by the stress responses during and following PAA treat-
ments, indicating that fish can mobilise an adaptive response, habituate
to single and repeated exposures, and demonstrate unaltered responses
to a secondary stressor. However, most of our understanding of the stress
physiology concerning PAA treatment in fish is focused on circulating
molecules, such as the traditional indicators cortisol, glucose, and
lactate [12,14]. There have not been explorations of how the response to
PAA is in the brain, a central organ of the central nervous system that
regulates an array of vital processes, such as endocrine function and the
stress response [15]. Environmental pollutants in the aquatic environ-
ment trigger oxidative stress and induce brain damage or dysfunction in
fish [16,17]. The brain and neurons are susceptible to reactive oxygen
species (ROS), and oxidative stress has been considered a critical factor
in neurotoxicity and brain injury [18]. Given the oxidative
stress-inducing potential of PAA, we expect that the brain could be a
target organ that influences the stress responses to the oxidant.

We hypothesise that PAA regulates brain functions, but the neuro-
toxicity of the therapeutic dose is low. Using microarray analysis, we
report the first transcriptome of the brain of Atlantic salmon exposed to
therapeutic doses of PAA. Atlantic salmon smolts were exposed peri-
odically to PAA to simulate a husbandry scenario where fish are sub-
jected to several rounds of oxidant treatment to prevent parasitic
infection during a production cycle [10].

2. Materials and methods
2.1. Ethical use of animals for research

All procedures involving fish in this study adhered to the guidelines
of the Norwegian Animal Welfare Act (Dyrevelferdsloven 2009) and
Directive 2010/63/EU of the European Union (amended 2019/1010).
The trial was approved by the Norwegian Food Safety Authority under
FOTS ID 19321. Key personnel in the trial have FELASA C certification.

2.2. Recurrent exposure to peracetic acid (PAA) trial

Commercially available PAA product (Divosan Forte™ VT6) was
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provided by Lilleborg AS, Norway. The product is a stabilised PAA so-
lution (15%) that is non-foaming. To ensure correct PAA dosing, the
actual concentration of PAA in the product was analysed by an external
laboratory (DTU Aqua, Denmark, through Dr Lars-Flemming Pedersen).
The samples used were collected from an exposure trial that was re-
ported in a sister study [10]. We confirm that no data have been
duplicated in this study since a different perspective is reported
regarding the large-scale in vivo exposure trial.

Briefly, the fish trial was performed at the Tromsg Aquaculture
Station (HiT; Tromsg, Norway). Atlantic salmon smolts (approximately
80-90 g) produced at the station were distributed into nine 500-L cir-
cular tanks in a flow-through system at a density of 40 fish per tank. The
system had the following parameters: a water flow rate of 6-7 L-min"’,
salinity of 35%o, temperature of 13.0 & 1 °C, dissolved oxygen > 90%,
and saturation and photoperiod of 24 L: 0 D. A continuous feeding
regime was applied (Nutra Olympic 3 mm, Skretting, Avergy, Norway).
The fish were allowed to acclimatise for one week before the first PAA
exposure was performed.

There were three treatment groups, and each group had three
replicate tanks that were randomly distributed in the experimental hall.
The two PAA treatment groups were exposed to 10 mg L1 of PAA for
either 15 min (short exposure) or 30 min (long exposure). Exposure was
performed as follows: the water inlet was closed, and PAA was added to
the water column to achieve the target concentration. Aeration was
supplied to allow mixing and maintain oxygen levels > 90%. After the
exposure period (15 or 30 min), the water flow was opened, and at least
90% of the water was replaced within 8-10 min. The control group was
not exposed to PAA. The experimental fish were exposed to PAA every
15 days over 45 days, and there were three exposures in total. This
exposure protocol mimicked an intermittent oxidant treatment in fish
during a parasitic infestation.

2.3. Sample collection

Brain samples were collected 24 h after the last PAA exposure.
Sampled fish were humanely euthanised with an overdose of benzocaine
(Benzoak vet, 200 mg/mL, EuroPharma, Leknes, Norway). Five fish
were collected from each tank (15 fish for each experimental group).
The whole brain was dissected by making an incision on the posterior
region of the skull, immediately placed in dry ice, and eventually stored
at — 70 °C until analysis. Prior to ROS determination and RNA extrac-
tion, the brain samples were homogenised using a micro pestle to ensure
that different regions were analysed en masse.

2.4. Determination of reactive oxygen species (ROS) in the brain

Brain lysate was prepared by suspending the tissue in sterile chilled
1X phosphate-buffered saline, ten times its volume. Samples were son-
icated in ice and centrifuged at 13,000 g for 10 min at 4 °C. The su-
pernatant was transferred to a new tube and immediately used for the
assay. The level of ROS/RNS was determined using a commercially
available kit (OxiSelect™ In Vitro ROS/RNS, CellBiolabs, Inc., USA).
The assay utilises a quenched fluorogenic probe, dichlorodihydro-
fluorescin DiOxyQ (DCFH-DiOxyQ), a specific ROS/RNS probe.
Hydrogen peroxide (H,03) was used as the standard. All 15 fish per
treatment group were used, and analyses were run in duplicate.

2.5. RNA isolation and microarray analysis

Automated total RNA extraction from whole brains (9 fish per
treatment group) was carried out in a Biomek 4000 Benchtop Work-
station using the Agencourt RNAdvance™ Tissue Total RNA Purification
Kit (Beckman Coulter Inc., CA, USA). The quantity and quality of puri-
fied RNA were determined by a NanoDrop 8000 spectrophotometer
(Thermo Scientific, USA). RNA quality was further assessed by an Agi-
lent® 2100 Bioanalyzer™ RNA 6000 Nano Kit (Agilent Technology Inc.,



D. Carletto et al.

Santa Clara, CA, USA). All samples used for microarray had an RNA
integrity number of 8.4 or higher. A custom-designed 15 K Atlantic
salmon DNA oligonucleotide SIQ-6 microarray (Agilent Array,
ICSASG_v2) was used.

RNA amplification was carried out by the One-Color Quick Amp
Labelling Kit, followed by Cy3 labelling using 110 ng of RNA template
per reaction. Gene expression hybridisation kits were used for the
fragmentation of labelled RNA, and the arrays were hybridised for 15 h
in an oven at 65 °C with a constant rotational speed of 10 rpm. Next, the
arrays were successively washed with Gene Expression Wash Buffers 1
and 2 and scanned using an Agilent SureScan Microarray Scanner. Pre-
processing was performed in Nofima’s bioinformatics package STARS
(Salmon and Trout Annotated Reference Sequences) [19]. All reagents
were purchased from Agilent Technologies.

2.6. Data analysis

Sigmaplot 14.0 Statistical Software (Systat Software Inc., London,
UK) was used to analyse the ROS level. A student t-test was used to
compare the change in ROS level in the brain and statistical significance
was set at P < 0.05.

The microarray results were exported from STARS as log2 trans-
formed expression ratios (ER) and further processed in R (version 4.0.2,
https://www.r-project.org/). ERs of the treatment groups were nor-
malised by subtracting the respective ER values of the control group.
Significant differential expressed genes (DEGs) were defined by a p-
value cut-off of < 0.05 (one-way ANOVA, aov() function, stats package)
between the controls and the two treatment groups and a minimum
mean ER difference of 0.5 between the highest and the lowest group.
This resulted in 205 DEGs, which were represented in a heatmap
(heatmap.2() function, gplots package, Fig. 3). Distances between genes
were calculated using the Euclidean distance method, and the complete
linkage algorithm calculated the dendrogram. The dendrogram was split
into four clusters with distinctive expression patterns. The functional
annotation terms, as they are used in STARS, were tested for significant
enrichment within these clusters (fisher.test() with alternative hypoth-
esis set to “greater” only, stats package). Terms with p-values < 0.05 are
shown next to the heatmap with an indication in which cluster they were
identified.

2. Results and discussion

PAA is one of the greener chemotherapeutic alternatives in aqua-
culture because its chemical behaviour is characterised by superior
potency against diverse pathogens, rapid degradation, and inert re-
siduals and by-products. Despite the evidence that the application of
PAA could be a mild stressor for the fish, acute stress responses are not
significantly affected, and robust adaptive responses are mounted,
which underscores its applicability as a welfare-friendly antimicrobial
agent in aquaculture [14,10,12]. We have made significant advance-
ments in understanding the biology of PAA in fish, especially in regard to
how it affects health and welfare, but its neurological effects remain
elusive. To the best of our knowledge, this is the first report describing
the brain responses at a molecular level in fish exposed to PAA. We
found that salmon brains responded to recurrent PAA treatment.
Moreover, the transcriptomic changes reveal that the short exposure
duration had a more substantial impact on the brain than the long
exposure duration.

2.1. Recurrent PAA exposure does not alter the ROS level in the brain

Reactive oxygen species (ROS) are reactive molecules and free rad-
icals derived from molecular oxygen that are the vital molecular actors
in oxidative stress [20]. In particular, exogenously and endogenously
generated peroxides are ROS that are potent activators of cellular
oxidative stress [21]. Chemotherapeutic interventions may cause
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oxidative stress, which is associated with cognitive impairment [22].
Brain tissue is susceptible to oxidative stress due to its limited antioxi-
dant capacity [23]. Evidence indicates that PAA application could alter
the mucosal and systemic ROS balance in fish [8,10,11], which provides
evidence that it is a strong regulator of oxidative stress.

We have shown previously that intermittent administration of PAA
with either short or long exposure durations resulted in increased ROS/
RNS in plasma, indicative of perturbed ROS- homeostasis [10]. In the
present study, we did not find inter-treatment differences in ROS levels
in the brains of salmon (Fig. 1). This was supported by the tran-
scriptomic data showing that genes involved in oxidative stress were not
considerably affected by the treatment. Hence, with the concentration
and administration strategies tested, PAA administration does not
trigger neurological oxidative stress via increased ROS in the brain.
Xenobiotics, such as drugs and pollutants, are often observed to alter the
redox balance in the brain, and this neurotoxicological effect is often
used to evaluate safety [24]. Even though there were behavioural
changes in response to single and recurrent exposure to PAA, which
suggest neurological interference [10,25], the present study clarifies
that these may not be related to the elevation of ROS levels in the brain.
This result did not correspond well with the transcriptomic changes, and
hence we argue that the brain might have experienced other forms of
cellular stress following PAA exposure. One of which might be in the
interference of the ubiquitin-proteosome system, as discussed in the next
section. The present result did not corroborate earlier evidence, espe-
cially in the ROS elevation in plasma of fish exposed intermittently to
PAA [10]. This suggests that oxidative stress triggered by PAA might
depend on organs, e.g. brain versus liver, and thus adding complexity to
how this oxidant affects fish physiology.

Since we only have an endpoint measurement, it is also possible that
we did not capture the exact time point when ROS level was elevated in
the brain. The lack of samples from other timepoints limited us from
further exploring this hypothesis. However, this implication is possible
since earlier studies indicate that the antioxidant response to PAA in
salmon is time dependent [8,9].

2.2. More genes are differentially expressed in the brains of fish with short
PAA exposure than long exposure

Brain serotonergic activity has been shown to be affected by PAA
[14], but the extent of its influence on brain functions in fish remains
barely explored. We attempted the first molecular elucidation of the
consequences of PAA on brain functions in fish. 205 differentially
expressed genes (DEGs) were identified regardless of comparisons
(Fig. 2, Supplementary File 1). We found 109 DEGs when short exposure
was compared to the control, of which 90 were downregulated while 19
were upregulated. In contrast, only 32 DEGs were identified when long

3_
5
€
g
2
y 2 7
2
<
%
c
£ 1 4
g
=y
°
O T 1

Short Long

Fig. 1. Changes in the level of ROS in the brain of Atlantic salmon smolts
subjected to recurrent PAA treatment. Fold change was expressed relative to the
level of ROS arbitrarily as H,O» in the control group. There two exposure du-
rations were short (15 min) and long (30 min). No significant change was
identified. N = 15 fish.
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Control vs Long exposure

Control vs Short exposure  Short vs Long exposure

Fig. 2. Differentially expressed genes (DEGs) in the brain of Atlantic salmon
smolts subjected to recurrent PAA treatment presented as a Venn diagram
showing the interactions of different group comparisons. Complete list of DEGs
is supplied in Supplementary File 1.

exposure was compared with the control. Around 70% (22 genes) of the
DEGs identified were upregulated, demonstrating a different response
profile from the short exposure versus the control. Comparing the two
PAA-exposed groups, 120 DEGs were identified, and 105 of them were
upregulated.

Peroxides are potentially neurotoxic and are known to alter the brain
transcriptome across several organisms, including fish [23,26]. It is
apparent in the number of genes that short exposure to PAA resulted in a
more substantial dysregulation in the brain than long exposure, which
emphasises the regulatory influence of exposure duration on how PAA
impacts brain functions. Previous reports have demonstrated that the
duration of PAA exposure influences how salmonids mobilise physio-
logical adaptive responses to PAA [11,14]. A sister study found that long
exposure instead of short exposure duration to PAA had a more
considerable impact on the gills and liver transcriptome [10]. Therefore,
the present data provide new insight into how the salmon brain is more
sensitive to a shorter duration of PAA exposure than the organs in terms
of mucosal response and hepatic metabolism of the oxidant. This further
supports that responses to PAA are not only dependent on the dose and
exposure duration [9,10], but also elicit tissue-specific responses.

Interestingly, even a 15-min difference in the exposure duration
could provoke a substantial contrast between the two treatments, which
exemplifies the small window of the neuroregulatory function of PAA.
Such a toxicological profile was also revealed in earlier studies [5]. The
apparent sensitivity of the brain to the short duration could be related to
the abrupt response to PAA, which was somehow abated upon more
prolonged exposure.

2.3. Dysregulation in the brain is typified by downregulation of gene
expression following recurrent PAA administration

Next, we grouped the genes according to the signature of their
transcriptional profile (Fig. 3A, Tables 1-3). Cluster 1 is composed of 20
genes that are typified by downregulation relative to the unexposed
control group. In terms of magnitude, downregulation was more sub-
stantial with short exposure than with long exposure (Fig. 3A, Table 1).
With only two genes, Cluster 2 had the lowest number. Both PAA-
exposed groups showed downregulation relative to the control group.
As with Cluster 1, the magnitude of the change was higher in the short-
exposure group.

Cluster 3 had the greatest number in the clustering with 177 genes
(Fig. 3A, Tables 1-3). This cluster is characterised by downregulation in
the short-exposure group and upregulation in the long-exposure group.
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Lastly, Cluster 4 showed a similar tendency to Cluster 3, with down-
regulation observed in the short-exposure group and upregulation in the
long-exposure group (Fig. 3A, Table 3). Functional enrichment of these
DEGs showed no clear overall patterns (Fig. 3B). Nonetheless, we have
identified three major functional groups of genes that stood out: those
exhibiting downregulation were genes involved in tissue differentiation
and tissue endocrine, while upregulated genes were related to nucleo-
tide metabolism.

PAA is considered a mild stressor, and as such, exposure to it ne-
cessitates an array of stress responses in fish, which are considered an
evolutionary adaptation [27]. Some of the significantly downregulated
genes and exhibited considerable change were vasotocin-neurophysin VT
1 and isotocin-neurophysin IT 2. These molecules are biologically active
nonapeptides in teleosts produced in separate neurosecretory neurons in
the hypothalamic nuclei and are involved in both osmotic and handling
stress in fishes [28]. For example, in gilthead seabream (Sparus aurata),
exposure to air for about 3 min alters the hypothalamic expression of
vascotocin and isotocin precursors and receptors, which have been
implicated in the activation of the stress system [29].

We have shown that PAA exposure interferes with the vasotocinergic
and isotocinergic systems in the brains of salmon, which is indicative of
potential inhibition of the stress axis. Repetitive exposure to PAA in
salmonids has not been shown to substantially alter the ability of fish to
respond to the stressor [12,14]. In a sister study, plasma-stress param-
eters and behaviour following PAA exposure, either short or prolonged,
did not change dramatically [10]. A number of chemical pollutants
known to have neurotoxic activity in fish have been identified to disrupt
the vasotocin/isotocin system [30]. This is the first report in fish
showing that PAA affects this system, regardless of whether it is deliv-
ered with short or long exposure durations, and it should be cautiously
considered in terms of the risk assessment concerning its use. Moreover,
the inability of PAA not to trigger a strong stress response can be
favourable for its use in fish as it may indicate that its stress-inducing
potential is low.

Stressors elicit endocrine, autonomic, visceral, and behavioural re-
sponses from an organism, primarily coordinated by activating the
corticotropin-releasing factor signalling system in the brain [31]. Two
genes with key involvement in this mechanism, corticoliberin-1-like and
somatostatin-1A, were downregulated following PAA exposure. This
lends further support to the observation that while the general impact of
PAA might marginal, there is interference to varying degrees with
several molecules involved in the stress response. Corticoliberin (also
known as corticotropin-releasing hormone) is the hallmark brain peptide
that triggers the response to stress and mediates the stimulation of the
hypothalamus-pituitary-adrenal (HPA) axis during stressful episodes.
This response includes other hormonal, behavioural, autonomic, and
visceral components [32]. Moreover, it has been shown to exert
neuronal protection against oxidative stress [33].

Somatostatin comprises a relatively large class of genes that are well
distributed in the brain and respond to acute stress by counteracting the
various components of the stress response, such as the associated
dampening of hypothalamic CRF release or its actions [31]. The tran-
scriptomic response suggests that the tight regulation of these two
molecules can be altered by recurrent PAA administration. The changes
in the genes involved vasotocinergic and isotocinergic systems and the
corticotropin-releasing factor signalling system in the brain suggest that
PAA is an oxidant that did not induce a strong stress response, though
downregulation of these molecules might indicate inhibition to respond
to a potentially stressful stimulus. The long-term cost of this interference
remains to be investigated, but previous studies have shown that it could
be revealed in altered kinetics of the response to a secondary stressor
[12].

The downregulation of vasotocin, isotocin, and corticotrophin-
releasing hormone genes did not follow the classic physiological
response to a potent stressor. Interestingly, such downregulation has
been implicated in the anxiolytic effects of several compounds. For
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Fig. 3. Brain transcriptome of Atlantic salmon smolts exposed to recurrent PAA treatment either short (15 min) or long (30 min) exposure duration. A) The heatmap
on the left shows the down- and upregulation of DEGs in a colour gradient from blue to red. The dendrogram was split into 4 sub-clusters, and the mean values for
genes within these clusters are represented in bar plots (error bars show +/- standard error of the mean) in the centre. B) Enrichment analyses of the 4 sub-clusters.
The identified functional gene categories are shown along the Y-axis, and the six clusters are along the X-axis. Dots were coloured according to the categories, and the

size indicates the p-value according to Fisher’s exact test.

example, fluoxetine exerts anxiolytic effects in goldfish (Carassius aur-
atus) by decreasing the isotocin mRNA levels in the brains [34], while a
lowering of vasotocin mRNA abundance was observed in bluehead
wrasse (Thalassoma bifasciatum) [35]. In another study, it has been
shown that the drugs such as imipramine, fluoxetine, idazoxan, and
phenelzine exhibited a similar anxiolytic effect as evidenced by
decreased expression of corticotropin-releasing hormone mRNA in the
paraventricular nucleus [36]. Further studies are required to validate
whether PAA could reduce anxiety behaviour in fish.
Corticotropin-releasing hormone correlates well with stress status.
Therefore, decreasing mRNA could indicate that PAA does not trigger
substantial stress system activation. This was supported by no
inter-treatments differences in the levels of stress-related hormones such
as cortisol, lactate and glucose between the control and the PAA-exposed
groups after recurring exposures [10].

1465

Like any other cells, brain cells respond to stress in many ways,
ranging from the activation of pathways that promote survival to the
elicitation of programmed cell death to eliminate damaged cells [37].
There are clear differences in how various molecules that regulate
cellular activity respond to PAA administration: downregulation in the
short-exposure group and upregulation in the long-exposure group, as
shown by Cluster 3 in Fig. 3. Cell signalling is a complex process that is
orchestrated when an organism is prompted by a stressful stimulus [38].

The homeobox genes constitute a special group of highly conserved
transcription factors characterised by a common DNA binding motif
[39] and tissue regeneration and repair [40]. We observed two ho-
meobox genes that were differentially expressed in the short-exposure
group: homeobox protein DLX-1 and distal-less homeobox gene 3b. Their
regulation might be connected to tissue repair following recurrent
oxidant exposure. On the other hand, the knockdown of homeobox
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List of differentially expressed genes in the brain from Clusters 1 and 2. Expression is given as Log2 change relative to the control group. Genes without annotated

function were not included. Full list of DEGs is found in Supplementary File 1.

Cluster Annotated function Ids Gene nhame Short Long
1 Tissue Differentiation Ssa#TC69706 protein LBH-like -2.43 -0.72
1 Metabolism Calcium Ssa#GRASP209738279 Calcyphosin-like protein -2.41 -0.60
1 Tissue ECM mucus Omy#S15320733 SCO-spondin -2.27 -0.94
1 Tissue Secretory Ssa#518862026 type-4 ice-structuring protein LS-12-like -2.34 0.02
1 Tissue Differentiation Ssa#530269065 Sp9 transcription factor -1.94 -0.30
1 Cell Transcription Ssa#DW577494 SAM pointed domain-containing Ets transcription fa -1.66 -0.89
1 Tissue Neural Ssa#TC93898 Prospero-related homeobox gene 1a -1.61 -0.78
1 Tissue Differentiation Ssa#GRASP209734699 Anterior gradient homolog 2 -1.61 -0.80
1 Tissue Endocrine Ssa#531999799 Somatostatin-1A -3.20 -0.02
1 Cell Signaling Ssa#518886120 Arrestin-C -2.87 -2.08
1 Tissue Endocrine Ssa#GRASP209736901 isotocin-neurophysin IT 2-like -3.36 -1.56
1 Tissue Endocrine Omy#515341086 AF106006_1 arylalkylamine N-acetyltransferase -2.08 -1.60
2 Tissue Endocrine Ssa#S$32007779 vasotocin-neurophysin VT 1 -4.53 -1.66

protein HOXB13 in HEK293 cells reduces the toxicity of oxidative stress
[41]. Although this has yet to be functionally verified, the down-
regulation observed in the current study points to a potential role of the
homeobox genes identified in resolving potential neurotoxic damage.

GTPases and related molecules play an important role in various
aspects of neuronal development and functions. The Ras homolog family
of guanosine triphosphate hydrolases (Rho GTPases), Ras homolog
family member A (RhoA), Ras-related C3 botulinum toxin substrate 1
(Racl), and cell division cycle 42 (Cdc42) are important regulators in
somatosensory neurons, where they elicit changes in the cellular cyto-
skeleton. Furthermore, they are involved in diverse biological processes,
including transduction of signals that contribute to fundamental cell-
dynamic and survival events [42,43]. Several genes have been identi-
fied to be differentially expressed, including GTP-binding protein GEM,
Ras-dva-2 small GTPase, Intercellular adhesion molecule 2, RasGEF domain
family, member 1Ba, RAB3C, member RAS oncogene family, and Rho
GTPase activating protein 5. In most of these cases, downregulation was
observed. Since these molecules are important for spatiotemporal
fine-tuning of physiological processes, their significant regulation dur-
ing oxidant exposure indicates a crucial control of cellular turnover that
dictates cellular survival following intermittent exposure to a chemical
stressor. GTPases have been identified to be affected in the mucosal
organs of salmon exposed to PAA and were indicated to be involved in
the physiological countermeasures to PAA as a stressor [8,9]. Activation
of GTPases in both mucosal and brain in salmon reveals the crucial
function of these molecules following PAA exposure.

The ubiquitin-proteasome system (UPS) is the major pathway for the
regulation of protein homeostasis in eukaryotic cells [44]. This process
is governed by ubiquitin, a highly conserved 76-amino-acid protein that
is conjugated to substrate proteins through linkage via its C-terminal
glycine residue. Ubiquitin plays a vital role in degradation, DNA repair,
endocytosis, and inflammation [44,45]. Neurons rely on
ubiquitin-mediated quality-control mechanisms for misfolded proteins
or damaged organelles [46]. The regulation of several ubiquitin-related
genes in the study, including E3 ubiquitin-protein ligase RNF130, Ubiq-
uitin-60S ribosomal protein L40 (3 transcripts), and Ubiquitin-like pro-
tein-2, indicates that ubiquitin-mediated processing was activated,
especially for damaged proteins. We have shown earlier that ubiquiti-
nation processes were affected at the transcript level in the gills and at
the protein level in skin mucus in salmon subjected to intermittent PAA
treatment [10]; hence, this group of molecules play a crucial role in
ensuring that damaged proteins are replaced thereby essential physio-
logical processes at mucosal and systemic level proceed following PAA
exposure.

Upregulation was explicitly exhibited in the long-exposure group,

indicating that quality control via ubiquitin targets PAA-induced brain
changes with a longer exposure. Mild oxidative stress has been shown to
upregulate the ubiquitination system and proteasome activity in cells
and tissues and transiently enhances intracellular proteolysis [47].
Although it was not convincingly established that oxidative stress was
triggered locally in the brain, earlier evidence demonstrated that the
PAA administration protocol in this study triggered systemic elevation
of ROS [10]. The interactions among these physiological systems should
be explored in future studies.

Neuronal metabolic processes in the brain ensure that nutrients and
oxygen are supplied to neurons and astrocytes [48], especially when
physiological demands are high, such as during exposure to a chemical
stressor. Different aspects of tissue metabolism were affected following
recurrent PAA treatment. For instance, the long-exposure group showed
significant upregulation of genes responsible for nucleotide metabolism,
such as catechol O-methyltransferase domain-containing protein 1-like and
High affinity cGMP-specific 3,5-cyclic phosphodiesterase, but these were
negatively and marginally affected in the short-exposure group. On the
other hand, the short-exposure group showed downregulation in genes
involved in calcium metabolism, such as Calcyphosin-like protein, s100
calcium-binding protein, and Protein S100-A11, but the opposite was
observed in the long-exposure group.

Dysregulation of neuronal intracellular Ca2 + homeostasis can play
a crucial role in many neurotoxic effects, including impaired brain
functions and behaviour [49]. It could be possible that recurrent PAA
treatment alters the Ca2 + balance in the brain, which increases the risk
of neurotoxicity of PAA with a shorter exposure. It has been reported
that the metabolic function of calcium is crucial during oxidative stress
through activation of the membrane permeability transition, release of
cytochrome c, and respiratory inhibition, among others [50]. We believe
that this is also involved in salmon exposed to PAA.

Proteolytical processing of membrane-bound molecules is a funda-
mental mechanism for the degradation of these proteins and controlling
cell-to-cell communication [51]. Gene encoding for proteases was also
represented in the set of DEGs, including serine (or cysteine) proteinase
inhibitor clade E, nexin, plasminogen activator inhibitor type 1-like, plasma
protease C1 inhibitor-like, Aminopeptidase N, trypsin inhibitor CITI-1-like,
and Kunitz-type protease inhibitor 2 precursor. In most cases, down-
regulation was observed in the short-exposure group, while upregula-
tion was demonstrated in the long-exposure group. This differing
response suggests that proteasomal and lysosomal proteolytic pathways
that continually maintain protein turnover are inhibited by short
exposure duration. The relevance of such inhibition to the neurological
risk of PAA remains to be functionally elucidated, but this observation
warrants consideration in assessing the health risk of PAA to salmon.
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Table 2

List of differentially expressed genes in the brain from Cluster 3. Expression is given as Log2 change relative to the control group. Genes without annotated function

were not included. Full list of DEGs is found in Supplementary File 1.
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Cluster Annotated function Ids Gene name Short Long
3 Tissue Differentiation Ssa#S35666309 Hepatocyte nuclear factor 3-beta -0.90 -0.35
3 Immune Complement Ssa#518849877 Complement factor Bf-1 -0.94 -0.40
3 Cell GTP signaling Ssa#GRASP209154871 RAB3C, member RAS oncogene family -0.92 -0.28
3 Immune Lectin Ssa#S18833713 ladderlectin-like (LOC106568836) -1.02 -0.39
3 Tissue Endocrine Ssa#GRASP209736917 catechol O-methyltransferase-like -1.04 -0.31
3 Metabolism Amino acid Ssa#EG819142 Glutaminyl-peptide cyclotransferase-like a -1.03 -0.14
3 Tissue Differetiation-hox Ssa#DW553112 Homeobox protein DLX-1 -1.07 -0.20
3 Metabolism Iron heme;lmmune Acute phase Ssa#518835321 Serotransferrin 2 -1.06 -0.06

Prostaglandin endoperoxide synthase-1;
3 Immune Eicosanoid Ssa#S35546405 cyclooxygenase-1 -1.29 -0.37
3 Tissue plasma Ssa#CB511693 Thrombospondin-3 -1.24 -0.38
3 Tissue plasma Ssa#519100148 Coagulation factor IX precursor -1.30 -0.31
3 Tissue Neural Ssa#S47729301 neuropeptide B-like -1.43 -0.07
3 Immune Lectin Ssa#550369596 Galectin-4 -1.36 0.12
3 Tissue Neural Ssa#535505983 neuropeptide B-like -1.38 0.13
3 Tissue Differetiation-hox Ssa#GRASP209730959 Distal-less homeobox gene 3b -1.48 0.11
3 Cell transcription factor;Tissue Differentiation Ssa#S47729686 Hairy-related 6 -0.53 -0.03
Tissue Differentiation;Tissue Neural;Cell Protein tyrosine phosphatase, receptor type, N
3 Exocytosis Ssa#GRASP223648469 polypeptide 2 -0.52 -0.03
3 Immune Complement Ssa#S527548663 complement C2-like -0.51 -0.07
3 Tissue Endocrine Ssa#S34426295 follicle stimulating hormone receptor -0.61 -0.06
3 Tissue Adhesion Ssa#GRASP223647363 tetraspanin-8-like -0.61 -0.10
3 Tissue Neural Ssa#GRASP209730859 Secretogranin V -0.55 -0.11
3 Metabolism lon Ssa#STIR43810 sodium channel subunit beta-3-like -0.52 -0.22
3 Tissue Differentiation Ssa#GRASP209738333 Nanos homolog 1 -0.54 -0.25
Transmembrane emp24 protein transport domain
3 Cell Reticulum Ssa#GRASP221219497 containing 3 -0.54 -0.28
Cell Cytoskeleton microtubule Ssa#GRASP221220195 Tubulin polymerization-promoting protein family
member 3 -0.56 -0.29
3 Tissue Endocrine Ssa#535685886 C-type natriuretic peptide 3-like -0.67 -0.25
Platelet-derived growth factor receptor-like
3 Immune Platelet Ssa#GRASP223648063 protein -0.63 -0.27
3 Cell cytoskeleton Ssa#GRASP209148637 PDZ and LIM domain protein 2 -0.61 -0.28
3 Tissue plasma Ssa#535025091 Plasminogen -0.77 -0.32
serine (or cysteine) proteinase inhibitor clade E,
3 Metabolism Protease inhibitor Ssa#546932341 nexin, plasminogen activator inhibitor type 1-like -0.62 -0.40
3 Tissue Neural Ssa#TC73710 Adrenergic receptor, beta 3a -0.73 -0.01
3 Cell endocytosis Ssa#GRASP209147472 EH domain-containing protein 3 -0.79 0.04
3 Immune Ssa#518835494 C1q and TNF-like domains -0.70 0.06
3 Tissue Secretory Ssa#518848149 Beta-2-glycoprotein 1 -0.84 -0.10
3 Tissue Differentiation Ssa#GRASP209154669 hepatocyte growth factor a -0.86 -0.09
3 Metabolism P450;Metabolism Xenobiotic Ssa#535596838 CYP2J2 -0.67 -0.20
3 Cell Autophagy;Cell Apoptosis Ssa#CK897976 cell death activator CIDE-A-like -0.69 -0.13
3 Tissue Differentiation Omy#538753637 CCAAT/enhancer binding protein (C/EBP)_ gamma -0.73 -0.20
3 Metabolism Protease;iImmune Complement Ssa#535025085 plasma protease C1 inhibitor-like -0.77 -0.17
3 Tissue Growth factor Omy#523931884 Pappalysin 2 -0.90 0.13
3 Metabolism Protease inhibitor Ssa#548436303 trypsin inhibitor CITI-1-like -1.00 0.08
Sulfotransferase family 1, cytosolic
3 Metabolism sulfur Ssa#GRASP209736373 sulfotransferase 4 -0.88 0.33
3 Metabolism lon Ssa#531987297 GTP-binding protein GEM -1.14 0.10
3 Metabolism Lipid Ssa#GRASP209155629 Lipolysis stimulated lipoprotein receptor -1.26 0.19
3 Metabolism Protease inhibitor Ssa#S35527824 trypsin inhibitor CITI-1-like -1.04 0.22
3 Tissue Differentiation Ssa#TC110577 Leukocyte cell derived chemotaxin 1 -0.80 0.48
3 Tissue ECM collagen Ssa#Gl226374736 Procollagen, type V, alpha 1 -0.80 0.52
3 Metabolism Protease inhibitor Ssa#S535472944 Kunitz-type protease inhibitor 2 precursor -0.91 0.55
V-ets erythroblastosis virus E26 oncogene
3 Cell Transcription Ssa#GRASP209154495 homolog 2 -0.92 0.52
Tissue Secretory;Metabolism Iron heme Ssa#518835396 hemopexin-like -0.82 0.63
3 Tissue Growth factor Ssa#GRASP221219503 Mimecan precursor -1.19 0.51
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Fish have an established neuroimmune interaction [52], but this
interplay is not often explored in the context of chemotherapeutics
administration. Studies have demonstrated that PAA is a potent modu-
lator of immune functions in salmon, particularly at the mucosal sur-
faces [8,9]. We have identified some immune genes that are affected by
PAA treatment, including those involved in T cells (modified T cell re-
ceptor alpha), cytokines (interferon gamma receptor 1, interleukin-16), and
the complement system (Complement C3, Mannan binding lectin serine
proteases, C1q-like adipose protein, complement C2-like, Complement factor
Bf-1). Microglial cells are the main innate immune cells of the complex
cellular structure of the brain and they respond quickly to pathogens,
stress, and injury by activating a cascade of pro-inflammatory responses
[53]. The complement system is crucial for microglial cells [54]. It
consists of over 30 independent proteins and provides rapid recognition
and response to danger to the host [55]. Aside from their key roles in

Table 3
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defence, complement proteins in the brain exert non-inflammatory
functions in regulating structural plasticity and functional homeostasis
of synapses [54]. Their considerable regulation of several complement
genes following recurrent exposure to PAA is perhaps related to ensuring
brain homeostasis, which is crucial for the adaptive response to the
oxidant.

In summary, this study has presented the first brain transcriptome
data from fish subjected to PAA treatment. Overall, the transcriptomic
changes indicate that recurrent exposure to PAA alters brain functions,
but the magnitude seems marginal given the number of differentially
expressed genes compared with previous transcriptomics studies on
salmon smolts exposed to PAA [8-10]. Although it was not quite clear
whether PAA triggered oxidative stress in the brain, genes involved in
stress responses were affected, especially those involved in the
hypothalamic-pituitary-interrenal (HPI) axis.

List of differentially expressed genes in the brain from Clusters 3 (continuation) and 4. Expression is given as Log2 change relative to the control group. Genes without
annotated function were not included. Full list of DEGs is found in Supplementary File 1.

Cluster Annotated function Ids Gene nhame Short Long
3 Tissue Differentiation Ssa#STIR36587 Protein Wnt-11 -0.39 0.26
3 Metabolism Protease Ssa#531973583 Aminopeptidase N -0.39 0.24

Pancreatic progenitor cell
3 Tissue Differentiation Ssa#535509837 differentiation and proliferation factor -0.39 0.21
3 Metabolism Iron heme Omy#523924054 Ferritin, heavy subunit -0.39 0.11
3 Metabolism P450;Metabolism Xenobiotic |Ssa#535700248 Cytochrome P450 27C1 -0.52 0.15
3 Metabolism Calcium Omy#548432679 5100 calcium binding protein -0.54 0.17
3 Immune T cell;immune Cytokine Ssa#535562605 Possible interleukin-16 -0.49 0.15
Immune Complement;lmmune Acute
3 phase Ssa#KSS1868 Clg-like adipose protein -0.46 0.18
3 Metabolism Calcium Ssa##GRASP209736275 Protein S100-A11 -0.56 0.12
3 Metabolism Xenobiotic Ssa#535675658 ATP-binding cassette, sub-family C -0.45 0.05
Metabolism P450;Metabolism Steroid,
3 bile Ssa#GRASP209155257 Cytochrome P450 3A65 -0.45 0.05
3 Cell cytoskeleton Ssa#TC106546 Desmoplakin -0.46 0.04
3 Tissue Differentiation Ssa#GRASP209736013 chibby homolog 1 -0.48 0.09
3 Cell GTP signaling Ssa#GRASP209732025 Intercellular adhesion molecule 2 -0.47 0.09
3 Cell transcription factor Ssa#518876527 Zinc finger protein 385B - Ident 54 -0.53 0.02
3 Metabolism Retinoid Ssa#GRASP209737503 Retinol binding protein 1a, cellular -0.70 0.23
3 Cell cytoskeleton Ssa#GRASP209155923 Desmin b -0.68 0.27
3 Cell Ubiquitin Ssa#518888523 E3 ubiquitin-protein ligase RNF130 -0.67 0.14
Nuclear receptor subfamily 2, group F,
3 Cell Transcription Ssa#518886064 member 6b -0.75 0.17
3 Cell cycle Ssa#GRASP223647747 G1/S-specific cyclin-D1 -0.35 0.34
3 Tissue ECM Ssa#GRASP209154383 Lumican -0.32 0.44
3 Cell Myofiber Ssa#DW541352 Ryanodine receptor 1b -0.29 0.44
3 Immune Complement Ssa#523659844 Mannan binding lectin serine -0.41 0.42
proteases
3 Tissue Neural Ssa#GRASP221221407 neurogranin-like -0.40 0.43
ATPase, Cu++ transporting, alpha
3 Metabolism Transport Ssa#550694600 polypeptide -0.42 0.37
3 Tissue ECM collagen Ssa#STIR40939 Col6a2 protein - Ident 96 -0.39 0.50
3 Immune T cell Ssa#NP9934346 modified T cell receptor alpha -0.43 0.50
3 Tissue Endothelium;Immune Eicosanoid Ssa#GRASP223648725 vascular endothelial growth factor ¢ -0.35 0.53
3 Tissue Motility Ssa#CA037592 Unconventional myosin-lb -0.24 0.30
Procollagen-proline, 2-oxoglutarate 4-
3 Tissue ECM collagen Ssa#GRASP223648099 dioxygenase -0.26 0.24
3 Immune regulator Ssa#S18889874 Dual specificity phosphatase 22b -0.67 0.82
3 Tissue Endothelium Ssa#535592699 Angiopoietin-like 7 0.07 0.51
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Table 3 (continued)
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Phosphoethanolamine/phosphocholine
3 Metabolism Ssa#GRASP209155279 phosphatase 0.01 0.53
3 Metabolism P450;lmmune Eicosanoid Ssa#530239290 cytochrome P450 2J2-like 0.01 0.62
3 Cell GTP signaling Ssa#TC108644 RasGEF domain family, member 1Ba -0.04 0.58
catechol O-methyltransferase domain-
3 Metabolism Steroid, bile Ssa#TC108320 containing protein 1-like -0.06 0.54
3 Metabolism sulfur Ssa#530289499 Sulfotransferase 6B1 -0.04 0.49
catechol O-methyltransferase domain-
3 Metabolism Nucleotide Ssa#GRASP209736395 containing protein 1-like -0.11 0.41
Basic leucine zipper and W2 domain-
3 Cell transcription factor Ssa#535538660 containing protein 2 -0.16 0.49
3 Cell Ubiquitin Ssa#531996646 Ubiquitin-60S ribosomal protein L40 -0.14 0.67
3 Cell Transcription Ssa#TC69925 FACT complex subunit SPT16 0.15 0.55
3 Cell Signaling Ssa#GRASP221220449 Transmembrane protein 100 0.13 0.58
3 Cell cytoskeleton Ssa#531992041 beta-taxilin 0.18 0.61
3 Tissue Growth factor;Tissue ECM collagen |Ssa#TC72388 Periostin, osteoblast specific factor b 0.20 0.56
3 Metabolism Amino acid Ssa#535589996 Glutamine synthetase 0.20 0.54
3 Cell Apoptosis Ssa#GRASP209735205 Cell death activator CIDE-3 0.15 0.72
3 Immune Complement Ssa#534822137 Complement C3; -1.14 -0.70
3 Immune T cell Ssa#S31980404 Protein kinase C, delta a -1.07 -0.80
3 Metabolism Ssa#GRASP209735437 Prostaglandin-H2 D-isomerase -1.04 -0.57
Nuclear receptor subfamily 4, group A,
3 Tissue Differentiation Ssa#DW571249 member 2a -1.07 -0.58
3 Metabolism RNA Ssa#GRASP209153979 HEXIM protein -0.59 -0.62
3 Metabolism Calcium Ssa#GRASP209154751 Calsequestrin-1 0.12 -0.63
3 Cell Exocytosis Ssa#EG850628 EH-domain containing 1a 0.40 -0.66
3 Metabolism Xenobiotic Ssa#GRASP209737177 Epoxide hydrolase 1 0.14 -1.10
3 Cell Ubiquitin;Immune IFN-virus response | Ssa#KSS3245 Ubiquitin-like protein-2 0.50 0.68
SAM domain and HD domain
Immune Effector Ssa#DY700748 containing protein 1 0.60 0.52
Metabolism Sugar Ssa#535505408 6-phosphofructokinase type C 0.69 0.97
Coagulation factor VI, procoagulant
3 Tissue plasma Ssa#535681202 component 0.19 0.91
3 Cell Myofiber Ssa#S48416777 Alpha-tropomyosin 1.14 0.72
3 Tissue Differentiation Ssa#535570017 Mab-21-like 2 0.75 0.35
3 Metabolism Amine Ssa#GRASP209736025 Arginase-1 0.75 0.21
aspartyl/asparaginyl beta-
3 Metabolism Amino acid Ssa#535523051 hydroxylase-like 0.57 0.17
3 Tissue Neural Ssa#DY699176 Glycine receptor, beta b 0.62 0.05
3 Tissue Neural;Metabolism Lipid Ssa#523659857 Sphingomyelin phosphodiesterase 0.72 -0.18
3 Tissue Neural Ssa#GRASP223649159 Neuronal calcium sensor 1a 0.54 -0.19
3 Tissue ECM mucus Ssa#535547501 Mucin-5B 0.62 -0.34
3 Tissue Adhesion Ssa#S$35522677 basal cell adhesion molecule-like 0.62 -0.34
3 Tissue Differentiation Ssa#GRASP209155331 Mab-21-like 1 0.48 -0.08
3 Cell Folding, protein modification Ssa#531981996 Protein arginine methyltransferase 1 0.49 -0.05
3 Immune Cytokine receptor Ssa#548403715 interferon gamma receptor 1 0.40 -0.10
NADH dehydrogenase [ubiquinone]
3 Metabolism Mitochondria Ssa#530285335 iron-sulfur protein 7, mitochondrial 0.38 -0.12
3 Cell Folding, protein modification Ssa#STIR38053 heat shock protein beta-1-like 0.32 -0.20
4 Metabolism Nucleotide Ssa#535590245 High affinity cGMP-specific 3,5 -cyclic -0.13 1.52
phosphodi

Differentially expressed genes indicate that the short exposure had a
substantially greater impact on the brain than the long exposure. The
results offer new insight that even a 15-min window of exposure has
consequential impacts on the brain functions. These transcriptomic al-
terations present another perspective on how PAA could produce
interference and possibly pose a threat if treatment protocols are not
executed properly. This in spite of PAA generally being considered as a
welfare-friendly antimicrobial for fish [11,14]. Genes that were found to
be responsive to PAA could be used as potential markers for
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physiological impacts of the treatment and should be verified in further
studies. In addition, these results should be valuable in guiding the
evidence-driven use of PAA in aquaculture, particularly as a
chemotherapeutic.
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