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Abstract

Molecular clocks are known to mediate cellular responses during oxidative stress. This
important interplay is less understood in fish, particularly at mucosal surfaces. Here we report
the coordinated modulation of the molecular clocks and antioxidant defence following
chemically induced oxidative stress in the gill mucosa of Atlantic salmon (Salmo salar). A short-
term gill explant (GE) culture was used as a model in a series of experiments aiming to
demonstrate how photoperiod during culture, levels of environmental reactive oxygen
species (ROS), time of oxidative stress induction, and the daily light-dark cycle affect the
expression of molecular clocks and antioxidant genes in the gills. Photoperiod (either 12
light:12 dark cycle, LD or O light:24 dark cycle, DD) during explant culture affected the
transcription of two clock genes, circadian locomotor output cycles kaput (clk) and period 1
(perl), as well as one antioxidant gene, glutathione peroxidase (gpx). When the GEs were
exposed to two ROS-generating oxidants (i.e., peracetic acid, PAA and hydrogen peroxide,
H,0,), photoperiod condition was demonstrated to have a significant impact on the
transcription of the core genes. PAA significantly downregulated the expression of reverb
alpha (reverba) under LD, while perl and per2 expression were significantly upregulated
under DD. Nevertheless, there was no distinct pattern in the oxidant-induced expression of
clock genes. On the other hand, photoperiod was shown to influence the antioxidant defence
under increased ROS level, where significant transcriptional upregulation was a hallmark
response under LD. Interestingly, no changes were identified under DD. Induction of oxidative
stress either at ZT2 (2 h after lights on) or at ZT14 (2 h after lights off) revealed striking
differences that highlighted the temporal sensitivity of the oxidative defence repertoire. Perl
was significantly modulated following time-dependent induction of oxidative stress amongst

the clock genes. Inducing oxidative stress at ZT2 resulted in a significant upregulation of
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antioxidant genes; but when the same stimuli were given at ZT14, all antioxidant genes
exhibited downregulation. It was further revealed that neither of the genes demonstrated
daily rhythmicity in their expression in the GE cultures. Collectively, the study revealed the
coordinated expression of the core elements in the molecular clock and antioxidant systems
in the gill mucosa following oxidative stress. Furthermore, the results reveal that the time of
day plays a crucial influence on how defences are mobilised during oxidative stress, adding

new insights into the rhythms of oxidative stress response in mucosal tissues in fish.
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1. Introduction

Oxygen is essential to life but can also be toxic in its partially reduced forms [1]. Reactive
oxygen species (ROS), such as superoxide radicals (O;7), peroxides (ROOR), and hydroxyl
radicals (OH"), are by-products of normal cellular metabolism, mainly in the mitochondria [2],
and their inherent chemical properties affect many biological targets [3]. One important
function is their participation as second messengers by transducing extracellular signals in a
variety of biological and physiological processes. Tight regulation is required for this process
because ROS imbalances might have serious consequences for lipid metabolism, protein
synthesis, and DNA, among others [4, 5]. ROS imbalance and the inability of the organism to
guench excessive radicals is collectively called oxidative stress. Cells have evolved intricate
machinery for the check and balance of ROS. Anti-oxidative reactions are activated to
decrease the ROS levels and to maintain homeostasis [4]. This includes the production of
protective enzymes (e.g., catalases, glutathione peroxidases, and superoxide dismutases) and
small-molecule antioxidants (e.g., Vitamins C and E, glutathione, and uric acid) that can

neutralise ROS [2, 6].

Organisms exhibit an adaptive response to the 24-h cycle on Earth that is largely
entrained by the daily light-dark cycle. The internal timekeeping system, called the molecular
clocks, provides the regulatory control on how patterns of physical, mental, and behavioural
changes in living organisms vary within the 24-h timescale, which are termed circadian
rhythms [7, 8]. At the core of this mechanism are the autoregulatory transcriptional and
translational feedback loops of clock genes and their corresponding proteins, which provides

temporal order to many clock-controlled genes [9]. External cues or Zeitgebers entrain the
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rhythm of expression of circadian proteins and other rhythmic elements, and light is

presumably the strongest environmental signal [2].

ROS production and scavenging potential have been documented to exhibit circadian
rhythms. The dynamics of DNA damage, lipid peroxidation, and protein oxidation at different
times of the day emphasises the pervasive circadian control to oxidative stress responses
(reviewed in [2]). In mice, the direct role of clock genes on redox balance has been
demonstrated by the global deletion of Bmall, a key clock gene, which resulted in increased
oxidative stress, thereby advancing the ageing process [10]. Loss of function of the same clock
gene dysregulated the redox homeostasis resulting in oxidative stress-induced death of B-cells
in the pancreas [11] and stress-induced neurodegeneration and astrogliosis in the brain [12].
Moreover, global transcriptomic profiles in murine models remarkably exposed the breadth
of circadian control as approximately 5-10% of genes demonstrated daily rhythmic

expression, including those with an essential role in oxidative stress response [13, 14].

In fish, the role of circadian rhythms on oxidative stress is not well understood,
although some evidence suggests that such an interplay is likely present [15, 16]. The activity
of Glutathione peroxidase in serum and skin mucus of permit (Trachinotus falcatus) exhibited
daily oscillation with contrasting peaks of activity, suggesting that there might be differences
on the circadian control of mucosal and systemic antioxidant defence [16]. The differential
regulation of genes coding for antioxidative defence revealed that the magnitude of responses
to ROS, such as elevated environmental H,0; in Atlantic salmon (Salmo salar) [17] and
cadmium-induced oxidative stress in zebrafish (Danio rerio) [18], are largely controlled by the

time of the day. Moreover, recent studies have revealed that the sensitivity of fish defences
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to external stimuli is time-dependent, indicating the significant influence of circadian rhythms

on mounting an adaptive response to challenging conditions [18-21].

In this study, we explored how the transcription of key genes governing the molecular
clock and antioxidant defence systems were impacted by photoperiodic changes and further
investigated whether there was temporal order in engaging a response to an increased level
of ROS in the gill mucosa of Atlantic salmon. Mucosal organs, such as the gills, provide the first
line of defence in fish. The gill surface area is estimated to be 0.1-0.4 m?/kg body weight,
representing the largest organ-specific surface interacting with the external environment [22],
and is an excellent model to study the interaction of host and oxidative stress induced by
exogenous ROS. Induction of oxidative stress was achieved using two oxidants commonly used
in aquaculture, peracetic acid (PAA), and hydrogen peroxide (H20;). PAA is mainly degraded
by chemical oxidation, while H,0; is generally by microbial breakdown facilitated by catalase
activity [23]. The oxidative potential of both compounds contributes to their effectiveness as
disinfectants, with PAA considered to be far more potent antimicrobial agent than H,0;

because of its fat solubility.

2. Materials and methods
2.1. Ethics statement

All fish handling procedures complied with the Guidelines of the European Union
(2010/63/UE), as well as with national legislation.

2.2, Fish

The fish used in the study were from the culture stocks of the Freshwater Fish Lab at the

Norwegian University of Life Sciences, As, Norway. They were cultured in a 300-L tank in a
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flow-through system with water temperature maintained at 13°C and photoperiod set at 24
light:0 dark daily cycle. Constant illumination was the standard light regime in the facility. Fish
were fed with a commercial diet (Skretting Nutra, 2mm) at a daily ration of 3% biomass.
Feeding was ceased 24 h prior to each explant culture experiment.

2.3. Short-term gill explant culture

Upon arrival at Nofima’s Biotechnology Laboratory, fish (50-80 g) were humanely
euthanised with an overdose of Aqui-S® (Scanvacc, Norway). The weight of each individual
fish was recorded. The gill explant culture (hereafter referred to as GE culture) was established
as described earlier [24, 25], but with modifications. Briefly, blood was withdrawn from the
caudal artery with a heparinised vacutainer. The operculum was cut, and the entire gills were
dissected out and immediately placed in chilled wash medium (i.e., Leibovitz’s L-15
GlutaMax™ Supplement (Gibco, USA) with 5% v/v fetal bovine serum [FBS, Sigma-Aldrich,
USA], 1% 100x Antibiotic Antimycotic Solution (AA, Sigma-Aldrich), 1% 1M 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid [Hepes, Sigma-Aldrich] and 0,2% 5000 IU/mL heparin
[Biochrom, Germany]). Both the left and right gills were collected. Sterile 1x phosphate
buffered saline (PBS, Gibco) was injected into the collected gill tissue through the gill arch. PBS
perfusion was performed 3—4 times until the gill tissue was almost blanched, indicating the
significant elimination of blood. Perfused gill tissues were gently washed with wash medium
and then transferred to chilled growth medium (i.e., Leibovitz’s L-15 GlutaMax™ Supplement
with 10% FBS, 1% AA, 1% Hepes and 1% 100x Non-essential amino acids solution [Sigma-
Aldrich]), where they were cut into small pieces of approximately 1-2 mm in size. Gill
fragments (eight to ten pieces) were placed onto each well of a 24-well CelIBIND™ (Corning,
USA) plate earlier seeded with 100 pl of the growth medium. The plates with the gill fragments

were placed in an incubator set at 13°C overnight to allow adherence. After 24 h, each well
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was supplemented with an additional 200 ul of the growth medium as gently as possible to
avoid disturbing the fragments. A series of preliminary trials on culturing and maintaining the
explants were conducted prior to performing the series of experiments in Section 2.4. Daily
microscopic evaluation of the explants and their outgrowths were performed under a light
microscope during a 7-day period. All gill explants for tissue culture characterisation (i.e.
growth, morphology, development) and that were not used in the experiments in Section 2.4
were cultured under total darkness, which is the conventional protocol in fish cell and tissue
culture.

2.4. Light manipulation and induction of oxidative stress
2.4.1. Experiment 1: Effects of photoperiod during explant culture

The first experiment investigated the impact of photoperiod during explant culture on
the expression of clock and antioxidant genes. The GE culture plates were prepared, as
described in Section 2.3. The explants were collected from the same fish stock used in Section
2.3. One group was cultured under 12 light:12 dark (LD) cycle, with lights on at 6000 and lights
off at 1800, while the other group was under 0 light:24 (DD) dark cycle. lllumination in the
incubator was provided by an LED light connected to a timer. The GE cultures were maintained
under these photoperiod conditions for 7 days. About 80% of the medium was replaced on
the 3™ and 5" day. When the plates under DD regime were outside the incubator, they were
covered in aluminium foil and placed in a light-impermeable black container. Moreover, the
plates were exposed to ambient light no longer than 3 mins, in which preliminary trials
indicated no significant impact on the parameters studied. The room was in dim light and the
light inside the biological hood was not on during the whole process. On the 7t day, 90% of
the growth medium was pipetted out and replaced with Lysis Buffer (kit information in Section

2.5). The tissue fragments were collected, together with the explant outgrowths that were
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thoroughly scraped off. The samples in lysis buffer were immediately stored in -80°C until RNA
extraction.

2.4.2. Experiment 2: Effects of varying levels of environmental reactive oxygen species

We then asked whether photoperiod history could influence the responses of
molecular clocks and antioxidant genes with the increased level of environmental ROS. GE
cultures were prepared as in Section 2.3 and kept under LD and DD for 7 days, as detailed in
Section 2.4.1. On the 7% day, the GE cultures were exposed to ROS-generating compounds,
namely peracetic acid (Divosan Forte™, Lilleborg AS, Norway) and hydrogen peroxide (Sigma-
Aldrich) at concentrations 10 ppm (low) and 100 ppm (high) at 0900 in the morning. The
unexposed group served as control. During the ROS exposure period, all plates were inside
their respective incubators. Handling of plates under DD was performed similarly as described
in section 2.4.1. The exposure duration lasted for 30 min and, thereafter, all of the medium
was pipetted out, the culture was gently washed with the growth medium once, and then a
new growth medium was added. This step was also performed with the control group. The
plates were returned to the incubator corresponding to their photoperiod condition prior to
exposure. Samples for RNA were similarly collected 24 h after, as in Section 2.4.1.

2.4.3. Experiment 3: Time-dependent chemical induction of oxidative stress

The third experiment investigated the temporal sensitivity of the gill mucosa to oxidative
stress. To this end, GE cultures were prepared as described above and cultured for 7 days
under 12L:12D photoperiod (i.e. lights on at 0600, lights off at 1800). Oxidative stress was
induced at day 7 by exposing the GE cultures to 100 ppm of either PAA or H,0; for 30 min, as
in Section 2.4.2. One group was exposed to these oxidative stressors at Zeitgeber time ZT2 (2
h after lights on; day) while the other group was subjected to the same stressors at ZT14 (2 h

after lights off; night). The samples for the night period were handled similarly as with the
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samples for DD group in section 2.4.1. A control group was included, handled similarly as
described in Section 2.4.2, at each occasion. Samples for RNA were collected 4 and 24 h post-
exposure in the same way as in Section 2.4.1.

2.4.4. Experiment 4: Daily rhythm of the clock and antioxidant gene expression in the GE
culture

The last experiment was aimed at identifying whether the expression of clock and
antioxidants genes in the GE culture exhibited daily rhythmicity by employing a 12L:12D
entraining signal. GE cultures were prepared as described above and cultured for 7 days under
LD photoperiod regime. At day 7, a time series sampling was performed every 4 h (ZT1, 5, 9,
13, 17, 21) during a 24 h cycle. Each sampling point had been dedicated to a single culture
plate to avoid disturbance. Sampling was performed as in the previous experiments.

2.5. RNA extraction, cDNA synthesis, and real-time quantitative PCR

The explants and their outgrowths suspended in lysis buffer were homogenised with
zirconium beads using a tissue homogenizer. Next, the total RNA from the resulting
supernatant was isolated following the manufacturer’s protocol (Quick-RNA™ Microprep kit,
CA, USA). The RNA quantity was measured with NanoDrop 1000 Spectrophotometer
(ThermoFisher Scientific, DE, USA) and the quality was further assessed using an Agilent® 2100
Bioanalyzer™ RNA 6000 Nano kit (Agilent Technology Inc., Santa Clara, CA, USA). All samples

had an RNA integrity number greater than 8.8.

Complementary DNA was synthesised from 300 ng input RNA as a reaction template
using a High Capacity RNA-to-cDNA Reverse Transcription kit (Applied Biosystems, CA, USA).
First strand synthesis was carried out following this thermocycling protocol: 25°C for 10 min,

followed by 37°C for 120 min, and then the reaction ends after 5 min at 85°C.

10
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The quantification of the transcript levels of the clock and antioxidant genes was
carried out using the PowerUp™ SYBR™ Green master chemistry (Applied Biosystems, CA USA)
in a QuantStudio5 real-time quantitative PCR system (Applied Biosystems). The qPCR reaction
mixture included 4 uL 1:10 dilution of cDNA, 5 uL SYBR™ Green Master, and 1 uL of the forward
and reverse primer. All samples were run in duplicate, including minus reverse transcriptase
and no template controls. The thermocycling protocol included a pre-incubation at 95°C for 2
min, amplification with 40 cycles at 95°C for 1 s, and 60°C for 30 min, and a dissociation step
series of 95°C for 15 s, 60°C for 1 min, and 95°C for 15 s. The primers used in the study are
given in Table 1. The primer sets were verified in silico and crossed intron/exon borders,
thereby avoiding the amplification of contaminating genomic DNA. A melting point analysis
was likewise performed to confirm the specificity of the primers. A five-point standard curve
of 2-fold dilution series was prepared from pooled cDNA to calculate the amplification

efficiencies.

Four reference genes were tested for their suitability for normalisation of the expression
data. Ribosomal protein L13 (rpl13), elongation factor 1a (eefla), acidic ribosomal protein
(arp), and B-actin (actb) were evaluated. The expression of arp and eefla was identified as
stable across samples and under different experimental procedures, and thus, their geometric

average was used to normalise the expression of the target genes.

2.6. Statistics

All statistical tests were performed in SigmaPlot 14.0 Statistical Software (Systat
Software Inc., London, UK). Student’s t-test was used to identify significant differences in the
expression following culture, either under LD or DD. The expression data from oxidative stress

induction and the daily rhythm experiments were analysed by one-way ANOVA after
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complying with the requirements for normal distribution and equal variance. Differences
between treatment groups/ZTs were further identified by Tukey's multiple comparison test.
The level of significance was set at P < 0.05 in all statistical tests performed. Kruskal-Wallis
one-way ANOVA on ranks followed by Dunn’s multiple comparison test were used for any data

sets that did not comply with the requirements of ANOVA.

COSINOR was employed to determine the parameters defining the rhythmicity and the
significance of oscillation of the gene expression. Analysis was performed by fitting a periodic
sinusoidal function to the gene expression values across the six ZTs, using the formula: f (t) =
M + Acos (t/pi/12 — ¢), where f (t) is the transcript level at given time, mesor (M) is the mean
value, A is the sinusoidal amplitude of oscillation, t is time in hours, and f is the acrophase. For
gene expression to be characterised with a significant daily rhythm, it has to pass the level of

significance set for both ANOVA (P < 0.05) and COSINOR (p < 0.05) [19].

3. Results and discussion

Detoxification of ROS is an evolutionarily conserved regulatory mechanism to maintain
redox homeostasis. The increase in ROS production and/or dysregulation in the level of
radicals and the inability of the organism to quench and neutralise them might lead to
oxidative-stress related pathologies. Though several factors have been demonstrated to
influence the scavenging potential of the antioxidant system [26, 27], the role of circadian
rhythms has gained significant interest in recent years and has been shown to be a crucial
determinant for a robust anti-oxidative response [2, 6]. ROS can be produced endogenously
(i.e., cellular metabolism) or come from exogenous sources. In fish farming, exogenous

sources of ROS include chemotherapeutics (e.g., H202) and water disinfectant (e.g., PAA),

12
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among others. In this study, we employed H,0; and PAA (degrades into H,O, and O3) as
exogenous sources of ROS because they are used in salmon aquaculture. They also exhibit
different degradation profiles: microbial breakdown through catalase for H,0; vs. chemical
oxidation for PAA [28]. This feature might dictate the rate at which these oxidants could trigger

antioxidative responses.

Mucosal barriers of fish are in intimate contact with the water matrix, and
environmental ROS might likely target them. Because of their less complicated structure and
large surface contact area with the water, the gills mount a robust adaptive response to
varying ROS levels in the environment [17, 27, 29]. A short-term gill explant culture was
successfully established (Figure 1) to study the interactions of molecular clock and antioxidant
genes in a mucosal tissue under different environmental ROS conditions. A day after
explantation, new cells surrounded the tissue fragments (Figure 1B). More cell outgrowths
were observed in the next 5 days (Figure 1C), and some cells started to differentiate (Figure
1D) and acquire a typical morphology of gill epithelial cells [25]. Mucus secretion was noted
to be prominent at day 7 (Figure 1E) and about 80—-90% of the explants exhibited the feature
by visual inspection. These manifestations indicate that the tissue explants were
physiologically and metabolically active under culture conditions, supporting the use of such

a model to study key processes in the gill mucosa [25, 30].

3.1. Photoperiod affects the expression of the circadian oscillators and
antioxidant genes in the gill mucosa

Photoperiod is a powerful external cue for molecular clocks in fish [8, 9, 31], and earlier
studies suggest that photoperiodic changes could trigger differential modulation in the
expression of several oxidative stress markers [16, 32]. We first explored whether light

conditions during culture influence the transcription of the clock and antioxidant genes in the
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GE. Constant darkness was selected together with the equal day:night entraining signal
because, in typical cell/tissue culture experiments, DD is the standard light condition in the
incubator. Light conditions during explant culture affected the expression of two clock genes,
clk and per1 (Figure 2). Culturing the explants under DD (i.e., constant darkness) resulted in
significantly elevated transcript levels of these clock genes. Expression of clk under DD was
20% higher than the explant cultured under LD. The relative increase was even higher for per1,
in which a 54% increase was observed under DD compared with LD. Though there was a clear
tendency that the expression of antioxidant genes was higher in explants cultured under LD
than DD, only the expression of gpx displayed a significant difference. The transcript level of
gpx for the LD group was 60% higher compared with the group under DD. It is important to
emphasise that samples were only collected at a single time point (i.e., 0900, for both LD and
DD). These differences can likely be attributed to the apparent variations in the expression of
these genes during the LD cycle (Figure 6). Moreover, there is a possibility that there were
physiological alterations in the explant in response to photoperiodic changes, thus accounting
for the differential regulation of the genes. This implication was supported by the next trial
that revealed the impact of photoperiod history in the oxidative stress responses.

3.2. Increased ROS regulates the expression of clock and antioxidant

genes, and the LD cycle is essential for mounting an adaptive response to
the radicals in the gill mucosa

The changes in the transcription of the target genes either under LD or DD led us to
hypothesise that photoperiod condition impacts the regulation of clock and antioxidant gene
expression when environmental ROS level increases. It was indeed apparent that photoperiod
history played a vital function in how gills responded to the two oxidants (Figures 3 and 4).

The expression of rev-erba was significantly downregulated by at least 70% in PAA-exposed
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GE compared with the control group under LD, regardless of the concentration (Figure 3). This
transcriptional response was not identified in GE under DD. Rev-erba represents an essential
link between the positive and negative loops of the circadian clock by repressing Bmall gene
expression and ensures the stability of the transcriptional-translational loop [8, 9]. More
importantly, REV-ERBa mediates responses during oxidative stress [33]. As a mediator of the
crosstalk in the circadian clock system, the regulation of reverba suggests that it serves a
crucial function in maintaining the homeostasis and fidelity of the clocks in the gills under
increased environmental ROS, though this might be influenced by the timing of oxidative
stress induction (Figure 5). The stable expression of the rest of the clock genes, regardless of
the oxidant and dose, lends support to such an implication. Interestingly, the expression of
the two period genes (i.e., perl and per2) was significantly upregulated (by at least 30%) in
PAA-exposed GE under DD compared with the unexposed group. The role of Period genes
during oxidative stress has been elucidated to some extent in murine models [2], though
evidence in fish is limited. The upregulation of per expression indicates that they probably
protected the GE from the deleterious effects of increased ROS level and dysregulated
antioxidant defence due to the absence of an LD signal (absence of antioxidant response under
DD as shown in Figure 4), as Period has been implicated in protecting cells during oxidative

damage [34].

The transcriptional responses of the antioxidant genes revealed a striking influence of
photoperiod condition on how responses were mobilised when oxidative stress was triggered
(Figure 4). An elevated level of radicals from both sources resulted in significant increases of
gpx, gr, mnsod, and cu/znsod expression, demonstrating a classical adaptive response to

exogenously induced oxidative stress, predominantly a heightened activity [2, 3, 32]. These
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four genes represent both the glutathione and superoxide dismutase families of the
antioxidant system that are known to have an active role in ROS scavenging [6]. The
upregulation of these genes suggests an increased scavenging potential to protect the GE from
oxidative damage. It appeared that in most cases, the high dose (100 ppm) elicited more
significant responses. Unlike in clock genes, where it was evident that PAA impacted the
expression more than H;0,, both of the ROS-generating oxidants provoked similar responses,
especially in the expression of gr and cu/znsod. We can speculate that the two oxidants likely
have the same capacity to trigger anti-oxidative responses in the gills, though the time of
induction might influence the responses, as discussed in the next section. It is interesting to
observe that oxidative response was only observed when GE was cultured under LD but not
in DD. It seems plausible that the LD cycle maintains the ability of the antioxidant repertoire
to mount responses, and the absence of this external cue might have dysregulated the
antioxidant system. Therefore, an appropriate response to increased ROS was not exhibited.
A recent human study might shed insight on this ostensible difference. Teixeira and colleagues
[35] showed that night workers have a lower antioxidant defence; hence, they are more prone

to oxidative stress damage.

3.3. Chemically induced oxidative stress elicits a time-dependent
response from the antioxidant repertoire

The striking difference identified in the oxidant exposure experiment, particularly with
the transcriptional changes in antioxidant defence, prompted us to explore whether the time
of the day might impart a significant influence on the magnitude and type of response to
increased ROS levels. To this end, we induced oxidative stress in the LD-cultured GE either at
ZT2, representing responses when oxidative stress was experienced during the day, or at ZT14,

representing responses when the same stimulus was given at night. Interestingly, only the
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transcription of perl was affected amongst the clock genes (Figure 5). The expression was
significantly downregulated 4 h after exposure to H,02 at ZT2 and 24 h after exposure to the
same oxidant at ZT14. Downregulation 24 h after exposure was also identified when GE was
stimulated with PAA at ZT14. This profile was in contrast with the expression data for per1 in
Experiment 2; hence, emphasising the importance of the timing of oxidative stress induction
played in the magnitude and type of responses. Some of the clock genes also tended to vary
according to the time-dependent induction of oxidative stress. However, the changes relative
to the unexposed group were not statistically different. We are unsure of why it appeared that
the clocks were not dramatically affected, such as for the antioxidant genes by PAA and/or
H.0;, as shown in Experiments 2 and 3 (Figures 3-5), and as demonstrated in other species [4,
33, 34]. Nonetheless, we can speculate that the stable expression is related to the
maintenance of physiological homeostasis, where the clock has a ubiquitous function, in the
period when the antioxidant system is actively quenching excessive radicals in the
environment, which can be a metabolically demanding process [36]. There was a marked
pattern in the transcriptional responses of the antioxidant genes to the two oxidants: When
oxidative stress was induced during the day, the post-exposure profile of the antioxidant gene
expression demonstrated significant upregulation. This was identified in the transcription of
gr, gsta, and mnsod. It also appeared that an antioxidative response was already mobilised 4
h after exposure to H,0,, unlike in PAA, for which significant alterations were only observed
24 h post exposure. When the same stimuli were given at night, gr, gsta, mnsod, and cu/znsod
were significantly downregulated 24 h after exposure. This response pattern was particularly
striking when GE was exposed to H;0 as the transcript level of four genes (i.e., gr, gsta,
mnsod, and cu/znsod) was reduced by at least a fold compared with the unexposed group.

Collectively, the differential regulation of the antioxidant genes to increased ROS level
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highlights the temporal sensitivity of antioxidant defence in the gills, which dictates the time-
wise regulation of the magnitude and type of response to oxidative stress. The ROS scavenging
potential in the gills, as indicated by heightened antioxidative state, was likely more efficient
when oxidative stress or increased ROS level is encountered during the day than at night.
Encountering increased ROS at night might limit the ability of the gills to quench the radicals
and hence the downregulation of expression in most of the genes. This is likely due to the
normal daily fluctuations of antioxidant defence which have been documented in many
organisms, including fish [2, 6, 16, 17]. Salmon is a diurnal species (active during the day). This
might explain, at least in part, why active responses were generated when oxidative stress

was induced at ZT2.

3.4. The expression of clock and antioxidant genes in the GE culture
does not exhibit a daily rhythm

Lastly, we asked whether the expression of clock and antioxidant genes oscillate during
the daily cycle under an LD entraining signal. Though there were tendencies in the expression
to vary during the LD cycle, such as with reverba, clk, and cu/znsod, all core genes did not
exhibit significant daily rhythm (Figure 6). The absence of rhythmicity in the expression of clock
genes in GE is in line with an earlier report in the gills of seawater-adapted salmon [17].
Despite a direct LD signal being provided in this study, this did not entrain the expression in
vitro. The COSINOR algorithm provided some critical parameters on how the gene expression
behaved during the LD cycle despite being arrhythmic (Table 2). Two of the clock genes (i.e.,
bmall and reverba) displayed peak expression (acrophase) in the early hours of the dark
phase, while clk and per2 were identified to peak at mid hours of the dark phase. Only per1
displayed an elevated transcript level at early hours of the light phase. For the antioxidant

genes, the expression of gpx, mnsod, and cu/znsod had peak expression during the early to
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mid hours of the light phase, while gr and gsta displayed elevated transcript levels at the
beginning of the dark phase. There was an interesting pattern in the expression of mnsod,
concerning how it responded to time-dependent oxidative stress induction. Mnsod expression
peaked in the early hours of the dark phase (Table 2) and was likewise demonstrated to be
highly responsive to induced oxidative stress at ZT2 (Figure 5). This might partially explain why
a strong mnsod transcriptional response was observed when oxidative stress was induced in
the early hours of the light phase and can perhaps be attributed to the heightened state of
mnsod activity at this period. This similar association has been demonstrated earlier in
rainbow trout (Oncorhynchus mykiss), where a strong serum-mediated bacterial killing activity
was identified in the period where most of the potent molecules were at elevated status [19].
It is also interesting to highlight that the experimental peak of mnsod expression in this study
was similar to the identified peak of mnsod expression in the gills of salmon post-smolts in

vivo [17].

3.5. Conclusions

The current study supports the strong link between circadian rhythms and antioxidant
defence. To our knowledge, this is the first report that shows how the key molecular regulators
of these two important mechanisms are mediated under different photoperiod and oxidative
states in a mucosal tissue of a teleost fish. Our results reveal that a daily LD cycle is needed
for the antioxidant molecules to mount an effective response to increased environmental
ROS. The differential response to time-dependent induction of oxidative stress revealed that
the ROS scavenging potential — as indicated by the heightened antioxidative state in the gills

— was higher during the day. It is interesting to explore in the future the role of photoperiod
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condition (i.e. LD, DD, LL) prior to tissue explantation on the distinct responses observed in

the gill explant model to the different manipulations ex vivo.

Endogenous ROS in aquaculture is often from peroxide-based treatments. The results
of the study have implications on the timing of treatment using these peroxides, taking into

account the time of the day in the application as well as the impact of photoperiod history.
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553

Table 1. Primers used in the present study.

Gene name Abbreviation Sequence (5'>3’) Reference

Brain and Muscle ARNT-Like 1 bmall F: GCCTACTTGCAACGCTATGTCC [37]
R: GCTGCGCCTCGTAATGTCTTCA

Circadian Locomotor Output Cycles Kaput clk F: AGAAATGCCTGCACAGTCGGAGTC [37]
R: CCACCAGGTCAGAAGGAAGATGTT

Period 1 perl F: AGGGGGTCATGCGGAAGGGGAAGT [37]
R: TGGGCCACCTGCATGGGCTCTGT

Period 2 per2 F: GCTCCCAGAATTCCTAGTGACAAG [37]
R: GAACAGCCCTCTCGTCCACATC

Rev-ErbA alpha reverbo F: CCCCCAAGACGAACCCAACAAGAC [37]
R: AGAGGGAGGCAAAGCGCACCATTA

Glutathione peroxidase gpx F: GATTCGTTCCAAACTTCCTGCTA [38]
R: GCTCCCAGAACAGCCTGTTG

Glutathione reductase gr F: CCAGTGATGGCTTTTTTGAACTT [38]
R: CCGGCCCCCACTATGAC

Glutathione S-transferase gsta F: AGGGCACAAGTCTAAAGAAGTC This study*
R: GTCTCCGTGTTTGAAAGCAG

Manganese superoxide dismutase mnsod F: GTTTCTCTCCAGCCTGCTCTAAG [38]
R: CCGCTCTCCTTGTCGAAGC

Copper/Zinc superoxide dismutase cu/znsod F: CCACGTCCATGCCTTTGG [38]
R: TCAGCTGCTGCAGTCACGTT

Elongation factor alpha-1 efla F: GAATCGGCTATGCCTGGTGAC [39]
R: GGATGATGACCTGAGCGGTG

Acidic ribosomal protein arp F: TCATCCAATTGCTGGATGACTATC [40]
R: CTTCCCACGCAAGGACAGA

B-actin actb F: CCAAAGCCAACAGGGAGAA [40]
R: AGGGACAACACTGCCTGGAT

Ribosomal protein L13 rpl13 F: CGCTCCAAGCTCATCCTCTTCCC [39]
R

: CCATCTTGAGTTCCTCCTCAGTGC

*NM_001141492.2
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554  Table 2. Rhythmicity parameters identified by COSINOR.

Gene Mesor Amplitude Acrophase (h) P valuel! % V?
bmall 1.49 0.19 14.56 0.34 49.62
clk 1.42 0.34 17.14 0.14 72.62
perl 1.22 0.08 1.26 0.74 17.57
per2 1.69 0.26 20.17 0.57 31.25
reverba 1.94 0.26 13.18 0.61 27.83
gpx 1.56 0.21 0.19 0.33 52.64
gr 1.42 0.07 15.22 0.89 7.70
gsta 1.43 0.25 14.43 0.14 73.19
mnsod 1.30 0.12 5.40 0.71 20.17
cu/znsod 1.09 0.29 1.07 0.19 66.76

555  !Significance of rhythmicity is set at P>0.05. 2 Percentage of variance



556

557

558 Figure 1. Gill explants and their outgrowths. A) Gill epithelial cell outgrowths surrounded the tissue fragment 1 day after
559 explantation (4x). B) Cells coming out of the explant, magnified (10x). C) and D) The cells outgrowths were proliferating and
560 differentiating between day 2—-6. E) Explant appeared to excrete mucus profusely at 7 days after explantation.
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Figure 2. Transcript levels of the clock and antioxidants genes in gill explants cultured either under equal length of day and night
(LD) or total darkness (DD). Expression value represents mean + SD. N = 4 wells, where each well has gill tissue fragments from
three individual fish. Asterisk (*) indicates that expression between LD and DD displayed a significant difference at P =0.05.
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Figure 3. Regulation of clock gene expression following increased environmental ROS level in gill explants cultured either under
equal length of day and night (LD) or total darkness (DD). GE cultures were exposed either to low (10 ppm) or high (100 ppm)
concentrations of PAA or H202. Expression value represents mean x SD. N = 3 wells, where each well had gill tissue fragments
from three individual fish. Asterisk (*) indicates that expression displayed a significant difference from the control group.
Different letters denote that a significant difference exists between the low and high group within a particular oxidant. The level
of statistical difference was set at P = 0.05.
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Figure 4. Regulation of clock gene expression following increased environmental ROS level in gill explants cultured either under
equal length of day and night (LD) or total darkness (DD). GE cultures were exposed either to low (10 ppm) or high (100 ppm)
concentrations of PAA or H202. The expression value represents mean + SD. N = 3 wells, where each well had gill tissue fragments
from three individual fish. Asterisk (*) indicates that expression displayed a significant difference from the control group.
Different letters/numbers denote that a significant difference exists between the low and high group within a particular oxidant.
The level of statistical difference was set at P = 0.05.
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Figure 5. Temporal sensitivity in the expression of clock and antioxidant genes in the LD-cultured gill explant exposed to oxidants
either at ZT2 (day) or at ZT14 (night). Samples were collected 4 and 24 h after exposure. Expression values were expressed as
the ratio between the transcript level in the treated group relative to the transcript level in the control group at that timepoint.
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gill tissue fragments from three individual fish.
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592 Figure 6. Expression of the clock and antioxidant genes during a complete 24-h LD cycle in GE cultures. None of the genes
593 displayed significant daily oscillation. Expression value represents mean + SD. N = 4 wells, where each well had gill tissue

594  fragments from three individual fish.
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