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Abstract

Current treatment strategies for relevant infectious diseases in Atlantic salmon (Salmo salar
L.) include the use of low salinity or freshwater bathing. However, often availability is
restricted, and hydrogen peroxide (H20>) is used as an alternative. The potential impacts of
H>0> on fish mucosal tissues, especially the gills therefore need to be considered. In this study
the mucosal and immunological effects of H.O. treatment on the gills of healthy Atlantic
salmon were examined by gene expression (QPCR) and immunohistochemistry (IHC)
investigating T-cell, B-cell, and mucin activity. Healthy fish were treated with H>O. and
sampled at different times: 4 h, 24 h and 14 days post-H20> treatment (dpt) (total n = 18) to
investigate the effect of holding time and H20: treatment. Treatment with H20- resulted in up-
regulation of markers for T-cell activity and anti-inflammatory response and down-regulation
of mucin expression in the gills at 14 dpt compared to fish sampled prior to treatment (Oh; n=5

fish). These findings were supported by IHC analysis, which despite being highly variable
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between samples, showed an increase in the number of CD3* T cells at 14 dpt in 50% of treated
fish compared to pre-treatment fish. The results from this study suggest that H.O> treatment
does not immune compromise healthy Atlantic salmon after 14 dpt (i.e., post-recovery) but
modulates gill immune activity and disrupts the mucus covering of the gills. However, further
studies are required to determine whether the effects observed are related to H20- treatment in

isolation or other variables such as holding time or environmental factors.

1. Introduction

Gill diseases have become a consistent problem in worldwide salmonid aquaculture through
the exposure to non-infectious [1] and infectious agents [2-10] following aquaculture
intensification and climate change.

Low salinity or freshwater bath treatments have been applied to treat parasitic diseases, such
as amoebic gill disease (AGD) or sea lice infection, where freshwater is readily available or
where resources exist to produce low salinity water from seawater [11,12]. However, when
fresh- or low salinity water is not easily obtainable, chemotherapeutants may be applied to fish
stocks as an alternative strategy to mitigate the impacts of pathogenic agents. Worldwide,
hydrogen peroxide (H20) is the most used chemical due to its anti-pathogen efficacy [13]
while being readily decomposed into oxygen and water. While this treatment successfully kills
or removes pathogens, potential adverse effects on the gills of treated fish have also been
reported [14, 15].

Treatment with high concentrations of H2O provoked intense signs of respiratory distress and
accelerated mortality of affected turbot (Scophthalmus maximus (Linnaeus, 1758)) [15].
Similar acute effects were observed on kingfish (Seriola lalandi Valenciennes, 1833), although
the implications of H2O treatment were significantly less severe than the effects on the fish
following chronic infection with the monogean parasite Zeuxapta seriolae (Meserve, 1938),

being targeted by treatment [16]. Although commonly used as a treatment, increasing
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concentration of H20- has been correlated with increased fish mortalities [17,18]. Side effects
on mucous cells and lysozyme in gills has been noted in olive flounder Paralichthys olivaeceus,
which exhibited innate immune response modulation due to treatment [19]. Lysozyme
activities were observed to decline gradually in gill mucus of treated fish, potentially due to the
strong oxidising nature of H2O> which causes peroxidation of lipid and cellular membranes,
inhibition of DNA replication and inactivation of enzymes [20].

H20> treatment has been found to cause physiological stress in Atlantic salmon, whereby
various stress markers (e.g., glucose, lactate, cortisol gpx1, cat, Mn-sod and hsp70) were
upregulated post-treatment when 1500 mg/L of H2O. was applied for 20 min at six different
times of the day during a 24-h cycle [21]. However, the implications of using H20: in the
context of mucosal and immune responses has never been determined. Mucosal tissues include
mucosal epithelia with epithelial and mucous cells. The latter produce mucus, which is
composed of mucins, that are known to play a key role in innate immunity. They are gel-
forming glycoconjugates which produce a protein matrix that accommodates the natural
commensal flora within mucosal tissues and restrain infectious disease [22]. Immune and
mucosal responses of Atlantic salmon have been broadly investigated in the context of diseases
such as AGD [24] and during sea lice infection [25, 26], but not in apparently healthy fish that
will also be exposed to H2O> during treatment of a farmed population.

The current study was conducted to investigate the potential mucosal and immunological
effects of H.O> on the gills of healthy Atlantic salmon through the evaluation of three different
mucin types, in addition to eleven genes related to T-cell, B-cell, and Th1/Th17 and Th2
pathways. The objective of this study was to inform further of the safety margins with regards
to applying H2O:> as a treatment for farmed Atlantic salmon, highlighting potential side effects
on the mucosal coat and immune responses of gills from healthy Atlantic salmon over a period

of 14 days post-treatment recovery, by investigating the effect of timing of the treatment.
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2. Material and Methods

2.1. Experimental fish, H,O. treatment and sampling

A total of 24 fish were netted out from a naive stock and randomly allocated into 4 x 250 L
tanks (n=6 fish per tank) at the Marine Environmental Research Laboratory (MERL)
(Machrihanish, Scotland). Tanks were held at a temperature of 11+1°C, in full-strength
seawater from wells located 50 m from the shore (ca. 35 %o) in a flow-through system, and at
a concentration of dissolved oxygen (DO) ranging between 8.6 and 8.8 ppm. Fish were fed
daily with commercial salmon pellets (Inicio Plus, BioMar, UK) at 1% of their body weight.
H>0> treatment was performed by decreasing tank volume to 200 L and administering the
treatment as a bath at a concentration of 1250 mg L™ for 15 min (exposure time). Water
chemistry parameters such as oxygen concentration and pH were monitored and logged every
3 min during the entire duration of the H20, treatment. As mentioned, water temperature was
monitored and kept maintained at 11+1°C. Due to logistical limitations, and the preference to
not interfere with fish and avoid stress-induced responses during sampling procedures, only 1
tank was used per H20- treatment exposure group. The study therefore investigated the effetv
of timing of H20. exposure on fish gills. When treatment was completed, weights (kg) and

lengths (cm) of all fish were registered (Table 1).

Table 1. Collection of the weight (kg), fork length (cm) (z s.e.m) of each fish used during the H,O, treatment
experiment (n = 24). Table shows data from the treated Atlantic salmon from time points 4 h, 24 h and 14 d

(including pre-treatment group).

Group Fish (n) Weight (kg) Length (cm)
T(ig‘rz_(:r:gtre%l;p 6 0.177 + 0.014 233+2.1
Time 4 h group 6 0.155 +0.011 25.3+0.677
Time 24 h group 6 0.166 + 0.011 26.16 + 0.54
Time 14 d group 6 0.190 + 0.008 26.8 + 0.360
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Fish were sampled from each tank at O h (pre-treated group), 4 h, 24 h and 14 days post
treatment (dpt) (total n=24). Fish were subject to anaesthetic overdose using MS-222 (100 mg
L) and destruction of the brain according to UK Home Office Schedule 1i methods.

For gill collection, samples were taken from the second left gill arch for further processing.
One eighth was preserved in RNA preservation solution (0.45 M ammonium sulphate, 2 mM
EDTA, and 25 mM sodium citrate, pH 5.2) for RNA extraction and subsequent gPCR analysis
for assessing gene expression. A record of the fish fork lengths and weights was taken
immediately following euthanasia.

Additional gill arches (third and fourth) were excised and fixed in different fixatives, including
Modified Davidson’s (standard - with buffered PBS solution) and methacarn fixative [27].
All experimental procedures were all approved by the Animal Welfare and Ethical Review
Body (AWERB) of the University of Stirling and were conducted under UK Government

Home Office project licence 60/4189.

2.2. SYBR® green qPCR analysis for gene expression on gills

2.2.1. RNA extraction from gills and cDNA synthesis

Gills were sampled from every time point post H202 treatment (4h, 24h and 14 dpt) and from
time point 0 h (pre-treated group) and were processed for RNA extraction and subsequent
cDNA synthesis. First, gills were cut into small pieces and 1 mL of TRI Reagent was added
(approx. per 100 mg of gill (maximum of 1.5 mL in screw cap tubes)). Samples were incubated
on ice for 60 min.

Homogenised samples were incubated at RT for 5 min and centrifuged at 12,000 x g for 10
min at 4°C. The supernatant was combined with 100 uL 1-Bromo-3-chloropropane (BCP) and
shaken vigorously by hand for 15 s. Tubes were incubated at RT for 15 min, followed by

centrifugation at 20,000 x g for 15 min at 4°C.
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For precipitation of the RNA, RNA precipitation solution (1M NaCl, 1M CsHeNa207) and
isopropanol were added at 50% volume to the aqueous phase. Then, the samples were gently
inverted 4-6 times and incubated for 10 min at RT. Samples were centrifuged at 20,000 x g for
10 min at 4°C and the RNA pellet was retained.

The RNA pellet was washed for 15 min at RT with 1 mL of 75% ethanol. The pellet was then
re-suspended and centrifuged at 20,000xg for 5 min at RT. The ethanol was removed, and the
RNA re-suspended in 100 puL of RNase free water and the concentration measured using a
NanoDrop 1000 Spectrophotometer. Dilutions of the RNA samples (1:10) were made for a
final total RNA concentration of 2 pug in 10 puL. The remainder of RNA samples were stored at
-70°C.

DNase treatment of the samples was performed prior to cDNA synthesis with Ambion ® DNA-
free™ DNase Treatment and Removal Reagents (ThermoFisher, UK) according to the
manufacturer’s instructions.

cDNA synthesis was performed using the High-Capacity cDNA Reverse Transcription Kits
(Applied Biosystems, Cheshire, UK) according to the manufacturer’s protocol.

cDNA samples were diluted by pipetting 10 puL from the stock solution to a volume of 90 uL
of ddH20 (1:10 dilution). Dilutions and stock cDNA samples were stored at -20 °C. RNA
samples were visualised via electrophoresis through 1% agarose/tris—borate EDTA buffer and
bands were visualized by staining with a final concentration of 0.5 ug mL™* from a 10 mg mL"
! ethidium bromide stock. After cDNA synthesis was performed, conventional PCR was
performed with the samples with housekeeping transcript ELF-la primers (FW: 5’
CTGCCCCTCCAGGACGTTTACAA 3’ and RV: 5> CACCGGGCATAGCCGATTCC 3’
NCBI accession number: AF321836) for Atlantic salmon to assess viability. Cycle conditions
were 95°C for 5 min; 95°C for 30 s, 58°C for 30 s and 73°C for 2 min, for 35 cycles; and 73°C

for 8 min. The PCR reaction products were subjected to electrophoresis as described before.
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2.2.2. qPCR and data analysis

gPCR was performed on a gTOWER? (Analytik Jena, Germany) using SYBR green chemistry
to measure the differential expression of the target genes and primer sequences listed in Table
2. Each PCR reaction consisted of 15 pL of the SYBR® master mix (Thermo Scientific,
Epsom, Surrey, UK) along with the forward and reverse primers (final concentration 0.2 uM
each) and 5 uL cDNA template in molecular grade water to a final volume of 20 pL. Samples
were assayed in duplicates and cycling conditions consisted of an initial activation of DNA
polymerase at 95 °C for 3 min, followed by 40 cycles of 5 s at 95 °C, 10 s at 60 °C, and 10 s at
72 °C. The mRNA transcripts / gene expression was calculated relative to the geometric mean
of three reference genes ELF1-a, B-actin and B-tubulin which were previously described as

valid reference genes in Atlantic salmon [28].



167 Table 2. List of primers (5’ = 3”) used for the immune and mucin gene expression analysis in pre-treated fish treated with H20».

Gene target name Accession number (NCBI) Oligonucleotides (5’ > 3°) Product size (bp) Tm (°C) Efficiency (%0)
Housekeeping

ELF-1a AF321836 FW: CTGCCCCTCCAGGACGTTTACAA 176 60 97.57
RV: CACCGGGCATAGCCGATTCC 60

B-actin XM_014194537 FW: CCCATCTACGAGGGTTACGC 112 60 86.21
RV: TGAAACTGTAACCGCGCTCT 61

B-tubulin NM_001140841 FW: CCGTGCTTGTGGACTTGGAG 144 60 91.92
RV: CAGCGCCCTCTGTGTAGTGC 62

Immune response

CD3y6-B NM_001123721 FW: CCGGCAAGAAAACATCTACCAAA 81 59 98.15
RV: GCTGATAGTGGCCAATGGGG 61

CD4-20, XM_014163618 FW: GCCCCTGAAGTCCAACGA 79 61 88.58
RV: AGGCTTCTCTCACTGCGTCC 63

CD8ao. XM_014167443 FW: ACTTGCTGGGCCAGCC 96 62 81.76
RV: CACGACTTGGCAGTT 58

1L-4/13 B2 HG794525 FW: GCATCATCTACTGAGGAGGATCATGAT 63 60 95.07
RV: GCAGTTGCAAGGGTGAAGCATATTGT 63

IL-10 XM_014186180 FW: GGGTGTCACGCTATGGACAG 118 61 80.17
RV: TGTTTCGGATGGAGTCGATG 57

HQ664669 FW: CCAGACATCGATACTAAAAAGAACCACA 110 59 99.24
IL-22 RV: TGTGGTGGTGGTCAGTGTAGTGTT 63

IFN-y NM_001171804 FW: TCTCCCTCTAACGGTGAAGGT 148 60 99.7
RV: TGGCCAGTTGAGGCATTTTGT 62

IgT ACX50291 FW: CAACACTGACTGGAACAACAAGGT 121 60 99.8
RV: CGTCAGCGGTTCTGTTTTGGA 61
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m IgM AAB24064 FW: TGCGCTGTAGATCACTTGGAA 134 59 86.21
RV: ATGGTGTTGCTGCATGGACA 60

TCRa XM_014140002 FW: AACTGGTATTTTGACACAGATGC 146 56 88.89
RV: ATCAGCAGGTTGAAAACGAT 54

TNF-02 NM_001123590 FW: ACTGGCAACGATGCAGGATGG 144 64 98.25
RV: GCGGTAAGATTAGGATTGTATTCACCCTCT 62

Mucin response

Mucl XM_014160723 FW: TCACGTCCAGAAACCAGGAAG 101 60 82.52
RV: GTCGCAGGCTGAGAAAACCT 61

Mucl7 XM_014171406 FW: TTTCCCGACTTCCCAGTTTCC 163 60 89.16
RV: CTGGCATCTTGATTAACCGCTG 59

Muc5ac XM_014189016 FW: TTTTCTCAGTTGCCGCTTTT 92 58 82.37

RV: AGTCGGAGCCCATAAGACGT

61
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2.5. Mucous cell semi-quantitative analysis

Gill samples from all time points were treated following a previously validated and developed
fixation technique using a Modified Davidson’s solution [27] and all sections were stained
using a combined Alcian blue-PAS technique [29, 30]. Then, preparations were analysed to
quantify the presence of mucous cells.

All sections (3 slides per fish; n=6) were scanned for any signs of histopathological events.
Davidson’s fixed gill sections were scanned using a 10x objective, selecting an area with at
least 3 whole primary lamellae, and an image of ~ 1mm? was acquired from each sample. On
each of the 3 primary lamellae present in the micrograph, one mid-section comprising 10 inter-
secondary lamellar spaces on each side of the primary lamellae was chosen and used for
standardised mucous cell counts.

Selected fields of primary lamellae were limited to only primary lamellae that appeared to be
equally transversally sectioned with limited cutting or folding secondary lamellar artefacts. The
3 resulting counts from each section were exported and a mean count for each sample was

obtained. In addition, a mean was also calculated for each sampling group.

2.6. Immunohistochemistry (IHC) for evaluation of CD3+ cells expression and
localisation in gill sections

Sections obtained from samples fixed in methacarn [27], with the modification of using
SuperFrost Plus™ Adhesion slides (Fisher scientific, UK) were dewaxed in 2 steps of xylene
for 5 min each, then in 100% ethanol for 5 min and 70% ethanol for 3 min. After dewaxing,
sections were rinsed in TBS (2.42 g L™ Tris Base (10 mM), 24.24 g L"*NaCl (0.5 mM), pH 7.5
in distilled water). A wax circle was drawn around the gill section with a PAP pen (Merck,
UK) and sections were transferred to a humidifying chamber. DAKO Peroxidase block (DAKO

EnVision System kit, Agilent, US) was added, just enough to cover the fixed gills, and slides

10
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were incubated for 5 min. After incubation, a rinse was performed for 5 min with TBST (same
as TBS recipe by adding 0.5 mL/ L Tween-20). Following this, sections were processed for
antigen retrieval; this procedure was carried out by immersing the slides in 500 mL of tri-
sodium citrate solution (2.94 g L™* Tri-sodium citrate, pH 6) and heating twice at 900W in a
microwave for 2 min, with a cooling step of 5 min in between.

Non-specific antibody blocking was performed by covering the fixed gill with 2% bovine
serum albumin (BSA) in TBST. Sections were incubated for 30 min at RT in a humidifying
chamber. After this, the BSA-TBST blocker was dabbed off and sections were covered with
10% goat serum diluted in the TBST. After 30 min incubation RT primary antibodies (CD3g/d,
clone T1 - mouse IgG monoclonal antibody (Vertebrate Antibodies Ltd., Aberdeen, UK)) and
negative controls (TBS only and an isotype matched monoclonal antibody control raised to Koi
herpesvirus antigen; KHV [31]) were prepared by preparing 1/5 dilutions of antibodies in 1%
BSA in TBS. Without washing the slides, the primary antibodies and controls were added to
the sections by covering the fixed gills. An overnight incubation was followed at 4°C in the
humidifying chamber.

The following day, sections were washed in TBST three times for 3 min. DAKO Labelled
polymer HRP Anti-mouse (DAKO EnVision System Kit, Agilent, US) was added to the
sections at sufficient volumes to cover the gill section and then incubated for 30 min at RT.
Sections were then washed 3x 3 min in TBST. After this, DAKO AEC+ Substrate chromogen
(DAKO EnVision System kit, Agilent, US) was added the same way as before and sections
were incubated between 5-30 min until a signal was evident in the positive control without any
background in the negative controls. The reaction was stopped by dipping of the slides in

distilled water.

11
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Slides were then counterstained by immersing in haematoxylin for 3-4 min. Excess stain was
washed away by submerging in a running tap water bath for 10 min. Sections were cover

slipped and left to dry for 1h or overnight.

2.7. Image analysis for CD3+ cell expression quantification

Quantification of the expression of CD3+ cells in the gill section was undertaken using ImageJ
1.8v software. Twelve randomised fields of view of 10 inter-secondary lamellar spaces in the
mid-section of the primary lamella (n=6 pre-treated fish (Oh) and n = 6 14 dpt fish) were
assessed, one section per fish and six different images taken within the section. Gill images
were processed splitting the colour channels. Blue channel was selected because it provided
best highlighting of the CD3* marked cells. This image was then adjusted to a threshold of 0 —
121. The same parameters were used for all images. The threshold adjustment masked labelled
cells which belonged to the CD3" cell population. After this, the analysis feature was used to
measure the area of the image that was stained with colour red (IHC staining previously
explained in section 2.6). The expression ratio was calculated following the equation shown

below.

% experimental (Oh and 14dpt) slides area stained

D , o
(D3 + cell expressionratio % TBS buffer only slides area stained

2.8. Statistical analysis

All the results obtained from the semi-quantitative analysis and image analysis for CD3+ cell
expression quantification was exported to IBM SPSS statistical analysis software (v23, IBM
Corporation) and were all processed and tested to determine significant differences between
mucous cell counts and cell expression within the different time points and fish. Kolmogorov-
Smirnov test was first performed on the data to verify normality. As a result of non-normalised

data, a Kruskal-Wallis was performed on the data, to examine the significance between

12
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medians (time-point after treatment vs semi-quantification of mucous cells; time 0 fish vs time
14d fish for the CD3* cell expression quantification). Mann Whitney test was performed
between the two sets of data from time 0 fish and 14d fish to investigate significant differences
between fish.

Regarding the gPCR results, Kolmogorov-Smirnov test was performed on the data, to verify
normality again. Data were then subjected to a one-way ANOVA to examine the significance
between means (pre-treatment fish vs different time points post-treatment) for the gene
expression. A further post-hoc Tukey HSD test was conducted to confirm the differences

between groups.

3. Results and Discussion
3.1. Gill pathology
Pre-treated fish presented no pathological signs like the H>O> treated fish when screened at 4h,

24h and 14d after treatment.

3.2. Mucous cells semi-quantitative analysis

Different distributions were observed in the number of mucous cells when ANOVA testing
was performed on the data (p < 0.05). Semi-quantification of mucous cells showed a significant
decrease in mucous cells numbers 14 dpt compared to the pre-treated group (Oh) (post-hoc

Tukey HSD test; p = 0.00027; n = 6) (Fig. 1).

13
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Figure 1. Semi-quantitative analysis of Atlantic salmon gill mucous cells. Graph showing the mucous cell counts
across all the time points 0 h, 4 h, 24 h and 14 d post-H-0- treatment. Bars represent mean of mucous cell counts

+s.e.m,n=6, 3 random fields of 10 interlamellar spaces; post-hoc Tukey HSD test: p < 0.001**).

Results indicated that the lowest number of cells were observed at 14 dpt. Thus, it could be
speculated that H.O> had an impact on the ability of gills to regenerate mucous cells over a 14-
day period. Previously, gill mucus lysozyme activity was found to gradually decline in H20-
treated olive flounder, Paralichthys olivaeceus, where a decrease in mucous cell numbers was
also observed after 12 days with a H.O treatment at a dose of 500 mg L [19]. Skin mucus
lysozyme activity has also been related to changes in epidermal thickness and mucus

production/composition caused by H>O; treatment [32].
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3.4. Immunohistochemistry for CD3"* cell expression quantification

Two of the 6 H2O»-treated fish (F1 and F2) had a CD3" cell expression ratio between 2-5 fold
greater than the highest CD3" cell expression ratio of non-treated fish (Fig. 2). However, the
use of a limited gill arch area and a small gill size resulted in high variability amongst the gill
sections from the pre-treated and 14 dpt fish. For future work, a greater number of replicates
may need to be assessed on different gill arches to determine whether the trend observed is
statistically significant.

T-cells are found to be distributed in many tissues of the fish; however, accumulations of these
cells are greater in the thymus, spleen and, more recently, reported in the gill epithelium where
lymphoid structures were characterised [33]. As the development of the CD3 monoclonal
antibody applied for IHC in the current study was not undertaken until after this trial, and the
targeted T cell analysis was only decided following gPCR analysis of crude gill samples, thus
specific sampling of the interbranchial lymphoid (IBL) tissue was not performed. Therefore,
the distribution of the CD3" cells were assessed along the primary and secondary lamellae
through image analysis (ImageJ software), but this may have resulted in high variation due to
vast differences between lamellar tissues compared to more immunologically active tissue (e.g.

IBL).
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Figure 2. Quantification of the presence of CD3* cells within the gills of Atlantic salmon in time Oh fish and 14
dpt fish treated with H,O,: a. CD3" is the pre-treated slides with TBS buffer only; b. TO pre-treated fish 1 (F1) to
fish 6 (F6); c. T14d is the time point 14 dpt from fish 1 (F1) to fish 6 (F6). Error bars show s.e.m. Different letters
on top of the bars represent statistical differences (p < 0.05). Statistical differences only between pre-treated group

(CD3) and the different time points with CD3" cells.

TBS buffer only pre-treated slides with no anti-CD3 antibody can be observed in Figure 3A,
where no red colouration was observed. For the time Oh fish, red stained cells (CD3" cells) can
be observed (Fig. 3B) but fewer than observed in the 14dpt fish (Fig. 3C). However, not all
fish displayed obvious colouration, with a lot of variation observed between gill sections and
fish. This could be due to the different responses to the treatment between fish or more likely

to individual animal / lamellae variability.
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Figure 3. Representative images from (A) Atlantic salmon gills with: TBS buffer only; (B) Atlantic salmon gills
from time point Oh (pre-treated fish) with antibody added; (C) Atlantic salmon gills from time point 14 dpt with
antibody added. Boxes show the area with CD3+ cells along the primary and secondary lamellae (arrows).
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3.5. Gill gene expression

Gene expression was quantified in relation to the geometric mean of the three reference genes
EF1-a, B-actin and B-tubulin, in the fish gill after H.O> treatment. Of the 6 fish that were
sampled, one provided very poor quality of RNA, therefore only 5 fish was used for the gene
expression analysis.

Quantitative PCR results showed that T-cell activity appeared significantly up-regulated 14 d
post-H20; treatment, in TCRa chain (p = 0.00058, n = 5), CD8a (p < 0.00021, n = 5) and
CD3y6-B (p = 0.013, n = 5) genes; up-regulation of a cytokine indicative of an anti-
inflammatory response, 1L-4/1332 gene, was observed after 14 d post-treatment (p = 0.017, n
= 5) (Figure 4A&C). Meanwhile, significant down-regulation was observed in IL-22 (p =
0.0003, n = 5) across all time points (Figure 4C) and in the three mucin genes after 14 d post-

treatment (p = 0.00026, n = 5) (Figure 5).
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Figure 4. Quantitative RT-PCR analysis of (A) T-cell, (B) B-cell, and (C) Th1l/Th17 and Th2 pathway related
gene expression in healthy gill samples from Atlantic salmon after H.O, treatment within different time points
(Oh, 4h, 24h and 14 d). Statistical differences were determined by a post-hoc Tukey HSD test. Results are
normalised expression ratios (average + s.e.m, n = 5) of the expression of these genes in relation to pre-treatment
time point (Oh). Asterisk (*) denotes statistically significant regulation in target gene expression relative to the
pre-treated fish (p < 0.05) while double asterisk (**) represents highly significant regulation (p < 0.001).
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Figure 5. Quantitative PCR analysis of mucin related gene expression in healthy gill samples from Atlantic
salmon after H2O, treatment within different time points (Oh, 4h, 24h and 14 d). Statistical differences were
determined by a a post-hoc Tukey HSD test. Results are normalized expression ratios (average + s.e.m, n = 5) of
the expression of these genes in relation to pre-treatment time point (Oh). Asterisk (*) denotes statistically
significant regulation in target gene expression relative to the pre-treated fish (p < 0.05) while double asterisk (**)

represents highly significant regulation (p < 0.001).
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The down-regulated mucin gene expression could be related to a potential reduction in mucus
production which can lead to the stimulation of immune responsiveness in the gills to external
environmental antigens (e.g., pollutants, chemicals, other insults), when fish are exposed with
less protective mucus covering the gill epithelium [22]. There have been studies investigating
the role of certain insults in the aquatic environment in wild populations [37, 38]. This has also
been a problem in the aquaculture industry, where the accumulation of high fish stocks can
provoke fluctuations in the environment (e.g., algal blooms, temperature oscillations, hypoxia,
supersaturation, chemical, predation, escapees, and infectious diseases) [39]. The most
common routes of exposure to these insults are through gill surfaces [40, 41, 42]. Because of
their large surface, they become the first targets of insults in the water causing histopathological
changes [43] which translate in a potential shift in the immune response as was observed in the

current study.

This translated in significant up-regulation of T-cell markers (i.e., CD8a, TCRa chain and
CD3y6-B) at 14 dpt, which could mean that there is infiltration and involvement of a cellular
response [44]. The up-regulation of the CD3y3-B marker also correlates with the higher
presence of CD3* cells along the primary and second lamellae of the 14 dpt gill as observed
with IHC in gill sections (Fig. 3C). Even though these differences were not statistically
significant between the pre-treated fish and the 14 dpt fish, a tendency of higher presence of
CD3" cells in the fish sampled 14 dpt was noted with 2/6 treatment fish exhibiting 2-5-fold

greater numbers of CD3" cells compared to the highest CD3* cell count of pre-treatment gills.

Lastly, the up-regulation of the Th2 cytokine IL-4/13p32, which is known to have an anti-
inflammatory capacity [45], may be induced to prevent extensive inflammatory responses that
may occur beyond pathogen/agent clearance. This prevents further damage to healthy gills by
chronic inflammation, causing down-regulation of the immune response until homeostasis is
reached [46, 47]. In addition to this cytokine, IL-22 transcripts were down regulated, even after
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4-24 h post-treatment, which has been hypothesised to play a role in activating antimicrobial
peptide genes and antibacterial immunity [47-50]. Hence, its down regulation may have
implications on the presence of bacterial pathogens in the gill and the ability of salmon to resist

a potential pathogen/agent.

However, the experimental design of this study could be improved. During this study, the only
pre-treated fish were from the time point 0 h. As a result, there were no pre-treated fish sampled
over time and thus, time and treatment being confounded. It must be considered that there
might be a potential difference between time 0 and treated fish on day 14 post-treatment due
to changes caused by the holding time and conditions during those two weeks. Nonetheless,
treatment-induced immune modulation was certainly likely considering the rapid significant
down-regulation of certain cytokines, i.e., IFNy and IL-22 after only 4-24 h post-H202

treatment compared to untreated fish from the same stock.

4. Conclusions

This study highlighted H.O> impacts on immunological activity in the gills of healthy treated
Atlantic salmon. This immune modulation may be due to the decrease in mucous cell numbers
up to 14 dpt, translating into a potential reduction of the protective mucosal coat normally
found in untreated fish during a 14-day period of recovery after exposure to H2Oa.
Understanding the safety margins of applying this important chemical is key for monitoring

health of treated stocks, including healthy fish within the treated population.

Ultimately, this study suggests that H.O> treatment does not immunocompromise Atlantic
salmon but does result in modulation of immunity and disruption of the mucus covering the
gills. This provides a platform for future research focusing on the mucosal health in salmon.

Future work must study the effects of holding time and hydrogen peroxide separately.
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