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1 | INTRODUCTION

Finding sustainable solutions to overcome the issue of the ectopara-
sitic salmon louse (Lepeophtheirus salmonis) is one of the major chal-
lenges for the salmon (Salmo salar) farming industry (Barrett et
al., 2020; Costello, 2009; Torrissen et al., 2013). The deployment of
cleaner fish has developed as one of the most widely used approaches
to control sea lice (Brooker et al., 2018; Overton et al., 2020). In 2020,
about 50 million cleaner fish were deployed at Norwegian salmon
farms, the majority consisting of two main species, ballan wrasse (Lab-
rus bergylta) and lumpfish (Cyclopterus lumpus) (Norwegian Directorate
of Fisheries, 2021). Nonetheless, there are increasing ethical concerns
about challenges in production and welfare issues with cleaner fish
(Brooker et al., 2018; Mo & Poppe, 2018; Powell et al., 2018). Among
known welfare challenges for cleaner fish are high mortality (Overton
et al., 2020), prevalence of deformities (Cavrois-Rogacki et al., 2021;
Fjelldal et al., 2020) and susceptibility to diseases (Brooker
et al., 2018; Powell et al., 2018). If continued, future use and research
must have increased focus on optimizing hatchery production to pro-
duce robust cleaner fish adapted for environmental conditions in
salmon cages to ensure high welfare and delousing efficacy.

The two main cleaner fish species vary profoundly in terms of biol-
ogy and life history and show differences with regard to thermal toler-
ance. Lumpfish is a semi-pelagic cold water species that can tolerate low
temperatures and is thus often the preferred cleaner fish to be stocked
during winter months (Geitung et al., 2020; Hvas et al., 2018). In con-
trast, ballan wrasse are known to remain in deeper and warmer waters
while entering a dormant state with low activity and metabolic rates in
colder periods (Morel et al., 2013; Noble et al., 2019; Yuen et al., 2019).
Anecdotal reports from Norwegian fish farmers state that ballan wrasse
become dormant around 6°C. This might lead to their low delousing
efficacy during low temperatures (Yuen et al., 2019) and susceptibility to
predation. It has been suggested to best deploy ballan wrasse in spring
months with increasing water temperatures (Brooker et al., 2018). This
is in agreement with results from Cavrois-Rogacki et al. (2019), who
demonstrated increasing growth in ballan wrasse with increasing tem-
peratures (10, 13 and 16°C). The authors suggest that the optimal tem-
perature for growth in this species might be even higher.

Temperature greatly affects the physiology and biochemistry of
ectothermic organisms such as fish in terms of metabolic response
(Guderley, 2004), growth factors (Gabillard et al, 2005), immune
response (Bowden et al., 2007) or gene expression profiling (Malek

internal welfare parameters of ballan wrasse and can be considered a stressor likely
affecting the delousing efficacy. These findings support the seasonal use of different
cleaner fish species. High CF, but not increased dietary EPA levels, appeared to help
fish cope better with low water temperatures and should thus be assessed and con-

sidered before deploying them in salmon cages.

cleaner fish, dietary fatty acids, gene expression, Labrus bergylta, rearing temperature, skin

et al., 2004). Fatty acid (FA) metabolism is one of the key mechanisms
to cope with thermal stress (Johnston & Dunn, 1987; Tocher
et al., 2004), and changes in FA composition under cold stress have
been shown for common carp (Cyprinus carpio L) (Trueman
et al., 2000), rainbow trout (Oncorhynchus mykiss) (Hazel, 1979), milk-
fish (Chanos chanos) and grass carp (Ctenopharyngodon idella) (Hsieh &
Kuo, 2005).

Diets for ballan wrasse have been formulated based on previous
studies on the nutritional requirements and special digestive physiology
and raw material preferences of the species (Hamre et al, 2013;
Kabeya et al., 2018; Kousoulaki et al., 2015, 2021). Kabeya et al. (2018)
characterized the metabolic pathways, concluding that dietary arachi-
donic acid (ARA, 20:4 n-6) and eicosapentaenoic acid (EPA, 20:5 n-3)
are essential to meeting the FA requirements of this species. Although
it is expected that ballan wrasse can biosynthesize docosahexaenoic
acid (DHA) from EPA to some extent, it is suggested that dietary DHA
(22:6 n-3) is required as well (Kabeya et al., 2018). For ballan wrasse lar-
vae, a higher dietary EPA:DHA ratio has been found to be associated
with higher growth performance (Kousoulaki et al., 2015).

Unpublished results show a correlation between condition factor
(CF) and the amount of intestinal fat reserves. Therefore, the aim of the
study was to evaluate whether enhanced dietary EPA during a prepara-
tion period and differences in CF affect mortality, performance and wel-
fare of ballan wrasse kept at two different temperatures. First, fish were
fed two different diets varying in EPA content and reared at 15°C. In the
second part of the experiment, fish fed both diets and with high or low
initial CF were reared at 6 or 15°C. The temperature treatments were
chosen based on experience from the industry, where 15°C is the stan-
dard regime for Norwegian ballan wrasse production, whereas 6°C is the
temperature commonly found in salmon sea cages in Norway during the
winter months. In the present study, the effect of dietary EPA, CF, and
temperature on survival, growth, chemical and FA composition, welfare
scoring, skin histology and gene expression on growth, metabolism and

stress-related genes was assessed.

2 | MATERIALS AND METHODS
21 | Ethics statement

The experiment was approved by the Norwegian Food Authority
(FOTS ID 25965) under the Norwegian regulation for use of animals
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FIGURE 1  Experimental Feeding trial
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for experimental purposes, “FOR-2015-06-18-761 Forskrift om bruk
av dyr i forsgk.” This is a national adaptation of (and in compliance
with) the “Directive 2010/63/EU of the European Parliament and of
the Council on the protection of animals used for scientific purposes.”

2.2 | Dietary treatments and feed formulation

The experimental diets were produced at the Aquafeed Technology
Center of Nofima in Bergen, Norway. The formulation of the two
diets is given in Supporting Information Table S1. The EPA levels in
the standard-EPA diet were kept similar to commercially available
diets (1.2%-1.6% of the diet, own analyses), whereas the EPA levels
in the high-EPA diet were increased by replacing fish oil with an EPA
concentrate (EPAX 6015 TG/N, EPAX Norway AS, Alesund, Norway)
in the diet formulation.

2.3 | Experimental design

The experiment consisted of two parts: (a) a feeding trial preparing
fish with different chemical compositions and CFs for (b) a subsequent
temperature trial. The experimental design is shown in Figure 1.
Experimental fish were produced by Havlandet Marin Yngel, Florg,
Norway and reared at a SalMar ongrowing site at Tjeldbergodden,
Norway. Fish was transported to the Nofima Aquaculture Research
Center in Sunndalsgra, Norway, in December 2020. After transport,
fish were acclimatized to the new environment for 6 weeks and were
fed a commercial diet (OTOHIME S2, PTAqua, Dublin, Ireland) during
the acclimatization period. At the start of the experiment, the mean
fish weight was 37.0 + 0.6 g. Fish were randomly distributed into
6 x 400 | flat bottom tanks with black walls in a flow-through system
with sea water filtered to 20 um and UV treated with a flow of
15 | per minute per tank. Oxygen (O,) was added to holding tanks
before the water entered the experimental fish tanks, and the O, level
was recorded continuously. In addition, the O, levels in fish tank out-
lets were measured using a hand-held meter (Oxygard Handy
Polaris C, Sterner Aqua AS) twice a week to ensure that the oxygen

level in the fish tanks did not go below 80%. Temperature and salinity

were measured daily. Each fish tank was equipped with an LED light
dimmed to 9%, and fish were kept at 24 h light regime, as commonly
used in the Norwegian industry. Throughout the whole experimental
period, all tanks were equipped with shelters (artificial kelp) to provide
hiding places for the fish. This has shown to increase survival during
winter times in sea cages (Treasurer, 2002). Each tank was stocked
with 280 fish, and tanks were randomly assigned treatments.

During the feeding trial, fish in three tanks were fed an experi-
mental diet with EPA levels similar to commercially available diets for
ballan wrasse (standard EPA), whereas fish in the remaining three
tanks received an experimental diet with enhanced polyunsaturated
fatty acid (PUFA) levels (high EPA). The feed was distributed using belt
feeders with 96 feedings per day. The feeding rations were adjusted
according to apparent appetite, based on the feed leftovers observed
at the bottom of the tank, aiming at a low but constant level of left-
over feed to ensure optimal voluntary feed intake. Due to the
required consistency of the pellets for ballan wrasse, it is not possible
to use standard feed waste collection methods. The mean tempera-
ture in the tanks during the feeding trial was 15.1 + 0.2°C, salinity
32.5+0.3 PSU and mean O, saturation 91.04% + 3.28%. Shortly
before the end of the feeding trial, all tank populations were reduced
to 200 fish per tank as fish were growing faster than estimated based
on previous experience and lower mortality occurred than estimated
beforehand. This measure to reduce tank biomass was taken to
ensure high oxygen values throughout the whole experimental period.
The initial feeding trial lasted for 3 months and was followed by a sub-
sequent 4.5-month temperature trial. At the end of the feeding trial,
fish were tagged with a passive integrated transponder (PIT tag), and
length and weight were measured to calculate the CF of individual fish
using the formula: body weight, g/(standard length, cm)® x 100. Fish
with a CF = 2.69 were considered to have a low CF, whereas CF
> 2.70 was considered high. The threshold was defined based on a
previously collected sub-sample of 15 fish randomly sampled from
each of the six tanks used in the feeding trial (a total of 90 fish, 45 per
diet). These recordings were used to calculate the average CF.

After the termination of the feeding trial, 140 individually tagged
fish from both dietary treatments were distributed to each of the six
new tanks. Each tank received similar amounts of fish from each diet

and with high and low CFs. During the temperature trial, the
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temperature of the three tanks was continued to maintain at 15°C,
whereas that of the other three tanks was gradually decreased to 6°C,
lowering 2°C per week. The temperature of the incoming water was
adjusted by adding colder water to a holding tank. Again, temperature
and salinity were measured daily and O, twice per week. Mean mea-
sured temperatures during the temperature trial were 15.1 + 0.3°C
for the high-temperature treatment and 5.8 £ 0.3°C for the low-
temperature treatment (after temperature reduction was completed).
The mean salinity was 32.6 £ 0.5 PSU, and the mean O, saturation
was 95.7% + 4.5%. During the temperature trial, all fish received the
commercial OTOHIME S2 (PTAqua) diet.

24 | Data collection

Ballan wrasses were sampled at the start of the experiment, at the tran-
sition between the feeding and the temperature trial (after 3 months,
mid-sampling) and at the end of the experiment (c. 7.5 months, final
sampling). Mortality was recorded daily throughout the whole experi-
mental period, and survival rates were calculated subsequently. Before

sampling, fish were euthanized with Finquel (250 mg I%).

24.1 | Start of sampling

Ninety fish were sampled randomly from the holding tanks and frozen
at —20°C for whole-body (WB) chemical composition analyses (lipid,
protein, energy, dry matter and ash content) before distributing them
to the experimental tanks. Finally, the fish in each tank were bulk-
weighed. The mean start weights were used for the calculation of the
specific growth rate (SGR) during the feeding trial.

242 | End of feeding trial

At the end of the feeding trial, weight and length were measured for
all fish (950 fish in total). Moreover, 120 fish (20 fish per tank, 10 per
high and low CFs) were sampled and dissected, and the following
additional parameters were measured: liver weight, intestinal weight,
intestinal fat weight and gutted weight. In addition, 180 fish (30 ran-
dom fish per tank) were sampled for external welfare scoring and sub-
sequently frozen at —20°C. A pooled sample of five fish with high CF
and five fish with low CF per tank was analysed for chemical composi-

tion (lipid, protein, energy, dry matter, ash and FA analyses).

2.4.3 | End of temperature trial

At the end of the temperature trial, the final sampling, all remaining
fish were measured again for length and weight (746 fish). Moreover,
240 fish (40 fish per tank, 10 per diet and high and low CFs) were
sampled and dissected for the same parameters as described earlier

for the mid-sampling. In addition, skin samples for histological

analyses were preserved in formalin. The samples were kept at room
temperature for 24 h and subsequently stored at 4°C. Also, a piece of
liver was sampled in RNAlater for gene expression analyses. The sam-
ples were stored at 4°C for 24 h and subsequently frozen at —20°C.
Samples for skin histology and gene expression were taken only for
96 fish in total (16 fish per tank, 4 per diet and high and low CFs).
Finally, 240 fish (40 fish per tank, 10 per diet and high and low CFs)
were sampled for external welfare scoring and subsequently frozen at
—20°C. Two of these samples had to be taken out, leading to a total
of 238 fish used for welfare scoring. A pooled sample of five fish with
high and five fish with low CF per diet and tank was analysed for
chemical composition (lipid, protein, energy, dry matter, ash and FA
analyses).

Based on the fish weight data, the following growth rates were

calculated:

Thermal growth coefficient (TGC) = (Wz 3wy 1/3> x (1000/d°)

Specific growth rate (SGR), %/day = (INW5 — InWy) x (t) ™! x 100

W; and W, are average body weight (g) at the start and end of the
trial, respectively, d° is the sum of day degrees during the trial and t is
the number of days in the trial.

In addition, the following parameters were calculated:

Hepatosomatic index (HSI) = (liver weight/whole fish weight) x 100

Intestinal fatindex (IFI) = (intestinal fat weight /whole fish weight)
x 100

2.5 | Chemical composition

The experimental diets were analysed for dry matter (105°C, until sta-
ble weight), ash (550°C, until stable weight), lipid (Bligh & Dyer, 1959),
FA profile (AOCS Ce 1b-89) and nitrogen (AOAC 2001.11; Kjeltec
8400 Analyser Unit, Tecator, Hoganas, Sweden), and nitrogen-free
extract (NFE) was calculated as a difference (NFE = dry matter — ash
— lipid — crude protein). Whole fish (five fish pooled per tank and
treatment) were analysed for dry matter, ash, lipid, FA profile and
nitrogen following the same methods used for feed samples. Nitrogen
was further calculated to crude protein (N x 6.25). In addition, whole
fish samples were analysed for gross energy (Parr 63000 Bomb calo-
rimeter, Moline, IL, USA).

2.6 | Welfare traits

A total of 12 welfare traits were subjectively scored following the
RENSVEL scheme for ballan wrasse (Espmark et al., 2019) using a
score from O to 3 with 0, no damage; 1, minor damage; 2, moderate
damage; and 3, major damage. The traits were as follows: operculum

damage, snout damage, upper jaw deformities, lower jaw deformities,
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emaciation, vertebral deformities, scale loss and fin damage on the
dorsal fin, caudal fin, pectoral fin, anal fin and pelvic fin. In addition,
for each individual, an overall index trait was calculated as the sum of

the score of all 12 traits.

2.7 | Gene expression

Total RNA was extracted using a Biomek 4000 Automated Worksta-
tion (Beckman Coulter, Indianapolis, IN, USA) and applying the Agen-
court® RNAdvance tissue kit (Agencourt Bioscience Corporation,
Beverly, MA, USA) according to the manufacturer's instructions.
Potential trace levels of DNA were eliminated by the treatment of
RNA with DNase | (Invitrogen, Carlsbad, CA, USA). RNA concentration
and purity were analysed by spectrophotometry using Nanodrop ND-
1000 (NanoDrop Technologies, Wilmington, DE, USA) and a Bioanaly-
zer (Agilent Technologies, Santa Clara, CA, USA).

cDNA was synthesized from the resulting total RNA using Tag-
Man® Reverse Transcription Reagents kit (Applied Biosystems, Foster
City, CA, USA) following the manufacturer's instructions. The quanti-
tative PCR (gPCR) reaction was performed by mixing 4 ul of diluted
(1:10) cDNA, 1 ul of forward and reverse primers (final concentration
of 0.5 uM) and 5 ul of PowerUp SYBR Green Master Mix (Applied
Biosystems). The efficiencies of the primers were tested by including
a standard curve for each primer pair. All samples were analysed in
parallel, and non-template and non-enzyme controls were included.
The qPCR was performed using QuantStudio 5 instrument (Thermo
Fisher Scientific, Waltham, MA, USA) under the following conditions:
95°C for 20 s, 40 cycles at 95°C for 1 s and 60°C for 20 s, 95°C for
1 s and 60°C for 20 s and 95°C for 1 s.

Primers of six genes were retrieved from previous studies, whereas
those of the remaining five genes were designed using Primer-BLAST
(National Center for Biotechnology Information) (Supporting Informa-
tion Table S2). The specificity of the designed primers was confirmed
by sequencing (Sanger sequencing, supreme run, Eurofins Genomics,
Huntsville, AL, USA). B-Actin and efla were evaluated as reference
genes using RefFinder (Xie et al., 2012). The relative gene expression
level was calculated following the AACt method with efficiency correc-

tion (Pfaffl, 2004) using p-actin as the reference gene.

2.8 | Histology

Skin samples fixed in buffered 4% formalin were carefully dissected, ori-
entated and placed in tissue-embedding cassettes (Simport, Beloeil, Que-
bec, Canada). The samples were dehydrated through 100% alcohol and
then in a clearant Xylene bath, using an automated tissue processor
(TP1020, Leica Biosystems, Nussloch GmbH, Nussloch, Germany), before
being infiltrated in melted 60°C paraffin (Merck KGaA, Darmstadt,
Germany). Paraffin-embedded tissue samples were cut into 5 um sec-
tions using a microtome (Leica RM 2165, Leica Biosystems, Nussloch
GmbH, Nussloch, Germany), mounted on polysin-coated slides (VWR,
Avantor, Radnor, PA, USA) and dried overnight at 37°C. The sections
were deparaffinized and rehydrated, and staining was performed using

~mer FISHBIOLOGY @ NI

an automated special stainer (Autostainer XL Leica Biosystems, Nussloch
GmbH). Paraffin sections were stained with Alcian Blue Periodic Acid
Schiff (pH 2.5, Alcian Blue 8GX, Sigma Aldrich, Darmstadt, Germany).
Stained samples were scanned using a light microscope Leica slide scan-
ner and evaluated in Aperio Image Scope (Leica Microsystems, Wetzlar,
Germany).

Measurements for the skin were made in a region of c. 1000 um
per section, at two different positions in each sample: outer and inner
epidermis. Scales are overlapping in fish skin, making the outer epider-
mis on top of the scale in close contact with the environment and the
inner epidermis covered by the scale. In each region, epidermal
mucous cells were counted and defined as either “outer” (those
touching the outer border of the epidermis) or “total” (the total num-
ber of mucous cells in the epidermis). Epidermal thickness was mea-
sured in five different locations of the selected region. Some samples
were lacking the outer epidermis, making them unsuitable for histo-
logical analyses, and were therefore removed. Removing these sam-
ples left n = 27 in the high CF group and n = 14 in the low CF group.

2.9 | Statistical analyses

Data were analysed using SAS/STAT Software (2002-2012). An over-
view of the obtained data sets and statistical models used to analyse
the data is given in Supporting Information Table S3.

291 | Feeding trial

The magnitude of the effect of diet on the studied traits in data sets
1 and 2 was determined from the following linear mixed model using
the PROC MIXED procedure in SAS (Model 1).

Yik =M+ Dj+tj + e

where yj; is the recorded animal trait, M is the overall mean, D; is the
fixed effect of diet with two levels (i = 1, 2), t;; is the random effect of
the tank with three levels within diet (j = 1, 2, 3), and ej is the ran-
dom residual error of fish k within tank ij.

The magnitude of the effect of diet on the studied traits in data
sets 3 and 4 was determined using a similar model without the tank
effect (Model 2) as for these traits there was only one trait value per
tank of the pooled WB sample of five fish per tank, and the random
residual error (e;) is that for tank j within diet i.

The effect of diet on the trait SGR during the feeding trial was
further tested using a t-test. The traits body weight and IFl were addi-
tionally analysed using a two-way ANOVA with the fixed effects of
diet and CF and their interaction.

2.9.2 | Temperature trial

The magnitudes of the fixed effect of temperature and the carry-over
effect of the fixed effects of diet and CF from the feeding trial on the
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studied traits in data sets 5, 6, 7 and 8 were determined from the following
linear mixed model using the PROC MIXED procedure in SAS (Model 3):

Yijkim = M+T,;+ Dj +Cr+ TD,‘] +TCy + DCjk +ty+ €ijkim

where yjium is the recorded animal trait; T; is the fixed effect of tem-
perature with two levels (i = 1, 2); D; is the fixed effect of diet j in the
feeding trial with two levels (j = 1, 2); Cy is the fixed effect of CF at
the end of the feeding trial with two levels (high and low); TD;, TC;
and DCj are the fixed interaction effects between pairs of the main
effects; t; is the random effect of tank | with three levels (I = 1, 2, 3)
within temperature (j = 1, 2, 3); and ejjm is the random error of fish
m within tank il (m = 1, 2, ... number of recorded fish within the tank).

The magnitudes of the effect of diet and the carry-over effect of
the fixed effects of diet and CF from the feeding trial on the studied
traits in data sets 9 and 10 were determined using a similar model
without the tank effect (Model 4) as for these traits there was only
one trait value per tank of the pooled WB sample of 2 x 5 fish per
tank, and the random residual error (e;) is that for tank j within diet i.

For each of the traits in the 11 different data sets, estimates of
the difference between the two diets (feeding trial) and the difference
between the two temperatures, the two diets and the two levels of
the CF (temperature trial) were obtained from single degree-
of-freedom contrast provided by the PROC MIXED procedure. The
relative importance of each effect in the different models was
expressed as the sum of squares of the effect, as a percentage of the
total sum of squares obtained from the PROC GLM procedure in SAS,
because the PROC MIXED procedure does not provide the sum of
squares as it is based on a maximum likelihood approach.

Due to the low number of samples (n = 41), the statistical ana-
lyses of histological data included only the fixed effects of tempera-
ture with two levels (6 and 15°C) and the fixed effect of CF with two
levels (high and low), thus omitting the effect of diet. These data were
also analysed with the PROC MIXED procedure in SAS with the error
term as the only random effect in Model 5.

3 | RESULTS

3.1 | Startof sampling

At the beginning of the feeding trial, the chemical composition of
whole fish analyses showed a dry matter of 26.77% + 2.23%, ash con-
tent of 5.43% + 0.8%, fat content of 4.3% + 2.29%, crude protein of
17.1% + 0.7% and energy content of 5.56 + 1.10 MJ kg™ %.

3.2 | Feeding trial

3.2.1 | Experimental diets

The chemical composition and FA profiles of the two experimental

diets from the feeding trial, as well as the commercial diet OTOHIME

S2 used in the temperature trial, are given in Supporting Information
Table S4. Because fish oil was replaced by the omega-3 concentrate
EPAX 6015 TG/N in high-EPA diet, this diet had higher levels of
PUFA, in particular, n-3 PUFA levels, compared to standard-EPA diet,
which had the highest levels of saturated fatty acids (SFA) and mono-
unsaturated fatty acids (MUFA). FA levels in OTOHIME S2 were
closer to standard EPA than to high EPA. Nonetheless, higher SFA
and n-3 PUFA levels were found in OTOHIME S2 compared to stan-
dard EPA, whereas standard EPA showed higher levels of MUFA and
n-6 PUFA.

3.2.2 | Performance and chemical composition
Results on growth and performance during the feeding trial are pre-
sented in Table 1. Overall, survival during the feeding trial was high,
and no differences (P > 0.05) were found for fish fed standard-EPA
and high-EPA diets. The dietary treatment further did not impact
weight and length or CF of the fish (P > 0.05). Moreover, there was
no influence of dietary regime on the HSI and IFI measured at the end
of the feeding trial (P > 0.05). Furthermore, there was no significant
difference between SGR for fish fed standard-EPA (0.49 + 0.01) and
high EPA (0.50 + 0.04; P > 0.05) diets.

3.23 | FA composition

The FA composition of whole fish at the end of the feeding trial after
being fed standard-EPA and high-EPA diets is presented in Table 3.
The FA levels in fish at this stage reflected the FA composition of the
diets, whereas fish in the high EPA treatment had in their body as
compared to the diet they were fed increased SFA (22% in WB FA vs.
14% in the diet) and MUFA (32% in WB FA vs. 23% in the diet) and
decreased n-3 PUFA levels (34% in the WB FA vs. 48% in the diet),
mostly due to a reduction of WB EPA (18% in WB FA vs. 30% in
the diet).

3.24 | Welfare scoring

The welfare scoring at the end of the feeding trial showed no significant
effect of the dietary regime on emaciation and the sum index of all
12 measured parameters (P > 0.05). Nonetheless, there was a signifi-
cant effect of diet (P = 0.042) on scale loss, with a higher prevalence of
scale loss in fish fed a standard-EPA compared to high-EPA diet.

3.3 | Temperature trial

3.3.1 | Performance and chemical composition

Data on the performance and chemical composition of fish during the

temperature trial are presented in Table 4, and the statistical results
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TABLE 1

o= FISHBIOLOGY |

Survival during the feeding trial period and means and standard deviations (S.D.) of the traits recorded at the end of the feeding trial

for ballan wrasse (Labrus bergylta) fed standard-EPA or high-EPA diets and difference between the least squares means of the two diets with

significance P-values from the applied statistical model 1

Standard EPA High EPA
Trait Mean s.D. Mean
Survival (%) 93.9 2.8 95.7
Final body weight (g) 60.7 21.2 61.3
Standard length (cm) 12.9 1.3 12.9
CF 2.73 0.28 2.74
HSI (%) 1.33 0.53 1.23
IF1 (%) 0.95 0.69 0.91

s.D. Difference of least squares means P-value diet
2.0 -0.20£0.10 >0.05

20.7 —0.50 £ 1.36 >0.05
14 —0.04 £ 0.09 >0.05
0.28 —0.002 £ 0.02 >0.05
0.41 0.10 + 0.09 >0.05
0.63 0.03 +£0.12 >0.05

Abbreviations: CF, condition factor; EPA, eicosapentaenoic acid; HSI, hepato-somatic index; IFl, intestinal fat index.
Note: Finally, the chemical composition measured in fish at the end of the feeding trial did not differ significantly among dietary regimes (Table 2; P > 0.05).

of these parameters are given in Table 5. Overall, survival during the
temperature trial was high. There was lower survival in one of the
tanks, leading to a significant tank effect (P = 0.008) in the statistical
model, which also showed a low level of explanation (R?). Nonethe-
less, a significant effect of CF on survival was found with higher sur-
vival of fish with high CF compared to those with low
CF. Temperature strongly affected SGR and TGC with positive growth
rates at 15°C and negative growth rates at 6°C. Furthermore, TGC
was, to a lower extent, affected by CF and the interaction of tempera-
ture and CF, with higher growth in fish with high CF, in particular, at
15°C. Altogether, this led to significantly higher body weight and
length in fish reared at 15°C and with high CF. There was a significant
effect of diet on HSI; nonetheless, the overall model showed a very
low explanation level (R?). Temperature, CF and temperature x diet
had a significant effect on the amount of intestinal fat in the fish.
Nonetheless, temperature explained by far most of the observed dif-
ferences, with fish reared at 15°C having more fat around the intes-
tine than fish reared at 6°C. Except for survival, no tank effect was
found for any of the measured parameters (P > 0.05).

To analyse the effect of CF on fish entering the temperature trial,
weight and IFI were additionally compared between high and low
CFs. Fish with high CF (69.1 + 2.8 g) had a higher weight than fish
with low CF (51.4+3.1g) independent of the dietary regime
(P < 0.0001). The IFI for ballan wrasse at the end of the feeding trial
and at the end of the temperature trial is shown in Figure 2. At the
end of the feeding trial, the IFI was twice as high in fish with high CF
(1.2 £ 0.6%) compared to that in fish with low CF (0.61 + 0.5%)
(P < 0.0001; Figure 2a). No significant effect of diet or diet x CF
interaction was found (P > 0.05). This trend is confirmed at the end of
the temperature trial, where temperature additionally had a strong
effect on the intestinal fat content, as described earlier (Figure 2b).

The chemical composition of whole fish sampled at the end of
the temperature trial is presented in Table 6, and the statistical results
are given in Table 7. At the end of the temperature trial, dietary
regime during the feeding trial did not affect dry matter, ash, fat,
crude protein or energy (P > 0.05). Nonetheless, temperature and CF

significantly affected the dry matter, ash, fat, crude protein and

energy content of the fish. Here, the temperature regime explained
the largest proportion of differences, except for ash, where tempera-
ture and CF explained the difference to the same extent. Fish reared
at 15°C showed higher levels of dry matter, fat, crude protein and
energy compared to those reared at 6°C. In contrast, ash content was
higher in fish reared at 6°C compared to those reared at 15°C. No
tank effect was found for any of the measured parameters of chemical
composition (P > 0.05).

3.3.2 | FA composition

The FA composition of whole fish sampled at the end of the tempera-
ture trial is presented in Table 8, and the statistical analyses for each
FA are given in Table 9. The dietary regime from the feeding trial had
a significant effect on all FAs except for 18:2 n-6 and DHA. Moreover,
the temperature had a significant effect on the SFAs, in particular,
14:0. Here, fish reared at 15°C showed higher levels compared to
those reared at 6°C. Moreover, temperature treatment showed an
effect on n-6 PUFA, in particular, 18:2 n-6, and on DHA, with fish
reared at 15°C having lower levels compared to those reared at 6°C.
CF had only a low influence on the FA composition at the end of the
temperature trial. No tank effect was found for any of the FA analyses
(P > 0.05).

3.3.3 | Welfare scoring

For each of the 13 welfare traits, the R% of Model 3 in Supporting
Information Table S3 at the end of the temperature trial was as fol-
lows: operculum damage, 0.081; snout damage, 0.075; upper jaw
deformities, 0.055; lower jaw deformities, 0.097; emaciation, 0.111;
vertebral deformities, 0.069; scale loss, 0.220; dorsal fin damage,
0.032; caudal fin damage, 0.057; pectoral fin damage, 0.006; anal fin
damage, 0.075; pelvic fin damage, 0.025; and sum index, 0.093. Due
to the relatively low R? value for most of these welfare traits, more

detailed results were reported only for the traits scale loss, emaciation
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TABLE 2 Means and s.p. of the chemical composition of whole fish samples of ballan wrasse (Labrus bergylta) fed a standard-EPA or a high-
EPA diet and differences between the least squares means of the two diets with significance P-values from the applied statistical model 2

Start Standard EPA High EPA
Trait Mean s.D. Mean s.D. Mean s.D. Difference of least squares means P-value diet
Dry matter (%) 26.77 2.23 28.45 0.80 27.79 1.83 0.67 £ 0.82 >0.05
Ash (%) 5.43 0.8 4.39 0.62 4.80 1.24 —0.42 £0.56 >0.05
Fat (%) 4.3 2.29 6.69 1.08 5.90 216 0.79 £ 0.99 >0.05
Crude protein (N x 6.25) (%) 171 0.7 17.32 0.36 17.18 0.69 0.02 + 0.05 >0.05
Energy (MJ kg™?) 5.56 1.10 6.60 0.44 6.26 1.02 0.34 £ 045 >0.05

TABLE 3 Means and s.p. of the fatty acid composition (% of total fatty acids) of whole fish samples of ballan wrasse (Labrus bergylta) fed a
standard-EPA or a high-EPA diet and differences between the least squares means of the two diets with significance P-values from the applied

statistical model 2

Standard EPA High EPA
Fatty acid Mean s.D. Mean s.D.
14:0 520 0.1 4.0 0.3
16:0 15.8 04 13.6 0.8
18:0 3.60 0.2 3.9 0.2
SFA 247 0.5 21.6 0.9
16:1 n-7 6.0 0.1 4.8 0.3
18:1 235 0.5 21.9 0.6
20:1 57 0.2 3.3 0.2
22:1 44 0.3 1.5 0.1
MUFA® 40.1 0.7 320 1.0
18:2n-6 5.0 0.2 5.0 0.1
20:4 n-6 (ARA) 0.8 0.1 1.7 0.2
n-6 PUFA® 6.6 0.2 7.5 0.1
20:5 n-3 (EPA) 8.6 0.2 17.7 11
22:5n-3 14 0.1 21 0.2
22:6 n-3 (DHA) 10.5 04 10.9 0.7
n-3 PUFA® 235 0.6 34.2 1.6

Note: Significant p-values have been highlighted in bold.

Difference of least squares means (+s.E.) P-value diet
1.27 +0.15 <0.0001
2.17 £0.37 0.0002

—0.30 £0.10 0.012
3.08 £ 0.43 <0.0001
1.18 £ 0.12 <0.0001
1.62 +0.30 0.0003
2.33+0.13 <0.0001
292 +0.11 <0.0001
8.07 + 0.50 <0.0001
0.02 +£0.07 >0.05

—0.85+0.08 <0.0001

—0.97 £0.09 <0.0001

—9.10 £ 0.46 <0.0001

—0.75£0.08 <0.0001

—0.43+0.32 >0.05

—10.73 £ 0.68 <0.0001

Abbreviations: ARA, arachidonic acid; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; MUFA, monounsaturated fatty acids; PUFA,

polyunsaturated fatty acids; SFA, saturated fatty acids.
Includes C24:1 n-9.

PIncludes C20:2 n-6 and C20:3 n-6.

“Includes C18:3 n-3, C18:4 n-3, C20:4 n-3 and C21:5 n-3.

and the sum index, which are shown in Figure 3. The dietary regime
did not influence any of the measured welfare parameters (P > 0.05).
Temperature (P = 0.026) and CF (0.0005) affected the scoring for
emaciation, with fish with low CF and fish reared at 6°C showing
higher prevalence and severity of emaciation (Figure 3a). Moreover,
(P=0.033) and CF
(P < 0.0001; Figure 3b). Here, more scale loss was found in fish with

scale loss was affected by temperature
low CF and reared at 6°C. The overall sum score index was signifi-
cantly affected by the interaction of temperature and CF (P = 0.039)
and by the main effect of CF (P = 0.0004; Figure 3c). Fish with low
CF showed higher signs of welfare issues compared to those with high

CF. This difference was particularly pronounced in fish reared at

15°C, whereas differences in welfare between high and low CFs in
fish reared at 6°C were more balanced. No tank effect was found on

any of the measured welfare parameters (P > 0.05).

3.34 | Gene expression

The relative expression of analysed genes in the liver tissue sampled
at the end of the temperature trial is shown in Figure 4. Overall, there
were no significant effects of CF and any of the tested interactions
for the analysed genes (P > 0.05). The dietary regime affected only
the relative levels of fasn (P =0.023, R? =0.100), with fish fed
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Survival during the temperature trial and means and s.p. of the traits recorded at the end of the temperature trial of ballan wrasse (Labrus bergylta) with high and low CF fed a standard-

EPA or a high-EPA diet and reared at 15 or 6°C

TABLE 4

6°C

15°C

High EPA

Standard EPA

High EPA

Standard EPA

Low CF High CF Low CF High CF Low CF High CF Low CF

High CF

s.D. Mean S.D. Mean s.D. Mean s.D. Mean s.D. Mean s.D. Mean s.D. Mean s.D.

Mean

93.3 5.9 85.5 11.9
18.12
14

9.6
15.94

98.1 3.2 93.8 6.5 92.5 4.2 87.8
28.60 25.01
18 18 14

34
23.75

88.3
17

29

97.1

Survival (%)

15.70
14

49.16
133

65.21
142

51.20
134

19.27
15

65.59

142

7141
145

89.88
153

65.07
140

87.23 32.09
19

152

Body weight (g)

Standard length (mm)

SGR

0.053

—0.062
-0.162

0.048
0.

-0.061
-0.175

0.065

—0.061
-0.162

0.045

—0.053
-0.162
1.86
0.34

0.163 0.113 0.17 0.155

0.157
0.345
0.51
0.51

0.178
2.23
1.51
0.62

0.146
0.393
041
0.69

0.151

0.089
0.46
0.18

09

0.114
0.51
0.21

0.089
0.47
0.32

0.365
0.51
0.56

2.292
1.43
0.96

0.324
0.38
0.62

2476
1.37
1.18

2435
1.49
0.98

TGC

1.50
0.14

1.50 0.37
0.29

0.25

1.48
0.15

HSI (%)
IFI (%)

Abbreviations: CF, condition factor; EPA, eicosapentaenoic acid; HSI, hepato-somatic index; IFl, intestinal fat index; SGR, specific growth rate; TGC, thermal growth coefficient.

- FISHBIOLOGY @ Mk

standard-EPA diet showing higher relative expression levels. Temper-
ature regime had a significant effect on the relative expression levels
of il-6 (P=0.015; R?=0.258; Figure 4b), mstn (P = 0.001;
R? = 0.458; Figure 4e), ghra (P = 0.02; R? = 0.158; Figure 4f), cpt1
(P = 0.027; R? = 0.201; Figure 4h) and elovl5 (P = 0.003; R? = 0.481;
Figure 4j). Although ghra was upregulated in fish reared at 15°C, the
remaining genes with a significant effect of temperature were upregu-
lated in fish reared at 6°C. Moreover, there was a tendency for higher
expression levels of hsp70 in fish reared at 6°C, which was, however,
not significant due to high individual variation (P > 0.05). No differ-
ences were found for relative expression levels of igf 1, igf 2 and
acox1 (P > 0.05; Figure 4c,d,i).

3.3.5 | Histology

The skin of ballan wrasse showed the typical features found in the skin
of other fish species, including the epidermis with mucous cells and the
dermis with scales. The results of the histological analyses are shown in
Figure 5. CF did not significantly affect any of the skin histology parame-
ters (P > 0.05), except the ratio of light/dark blue cells in the inner epider-
mal layer. Temperature significantly affected the number of mucous cells
in the outer (P<0.0001, R?=0.506) and inner epidermal layers
(P = 0.0157, R? = 0.159; Figure 5¢). In both epidermal layers, fish reared
at 15°C had more mucous cells compared to those reared at 6°C. The
ratio between dark and light blue cells in the outer epidermal layer did
not show any differences, whereas the ratio in the inner epidermal layer
was slightly affected by temperature (P = 0.018, R?> = 0.211) and CF
(P = 0.039, R? = 0.211; Figure 5d). Temperature further affected the
thickness of the epidermis in the outer layer (P = 0.018, R? = 0.211),
with fish being reared at 15°C having a thicker epidermis (Figure 5e).
Nonetheless, there was also a significant relationship between body
weight and the thickness of the epidermis in the outer layer within both
temperature treatments. Here, the relationship was best explained by a
positive linear regression for fish reared at 15°C (Y = 30.30 + 0.19x;
P =0.008; R?=0.247) and at 6°C (Y = 18.69 + 0.33x; P = 0.023;
R? = 0.363). The epidermis thickness in the inner layer did not differ
among treatments (P > 0.05). The ratio between mucous cells in the
uttermost part of the epidermis was counted, and the ratio between
these cells to the total number of mucous cells was measured. This ratio
was significantly higher in fish reared at 6°C compared to those reared at
15°C (P < 0.0001, R? = 0.515; Figure 5f).

4 | DISCUSSION

41 | Feeding trial

Overall, the survival and performance of ballan wrasse during the feed-
ing trial were good. The average CF was 2.7 at the end of the feeding
trial, which was lower than that observed in smaller ballan wrasse (11 g)
with CF of c¢. 3 (Kousoulaki et al., 2021) but higher than that reported
for larger fish (c. 700 g) with CF of c. 1.7 (Hamre et al., 2013). The
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TABLE 5 The proportion of total

Trait Temperature  Diet CF Significant interactions R? o X .
variation in each of the studied traits of

Survival 0.592 0.023 1626™* - 0.044 ballan wrasse (Labrus bergylta) with high
Body weight 14.25%** 0.08 10.61*** - 0.263 and low CF fed a standard-EPA or a high-
Standard length 8.13* 0.13 709 - 0.153 EPA diet and reared at 15 or 6°C

- explained by each fixed effect and their
SGR 5122 0.00 0.05 - 0515 interaction in the applied statistical
TGC 93.41™* 0.01 0.13*** Temperature x CF (0.15***)  0.959 model 3 with significance P-values and
HSl 201 2.14* 0.68 - 0.080 the R? values of the model
IFI 35.85%** 0.83 3.50*** Temperature x diet (1.79*%) 0.424

Abbreviations: CF, condition factor; HSI, hepato-somatic index; IFI, intestinal fat index; SGR, specific

growth rate; TGC, thermal growth coefficient.
*P < 0.05. **P < 0.01. ***P < 0.001.

(a) (b)

FIGURE 2 (a) Intestinal fat
index (IF1) for ballan wrasse fed
standard-eicosapentaenoic acid
(EPA) diet and with high or low
condition factor (CF) during the
feeding trial. (b) IFI for ballan
wrasse (Labrus bergylta) reared at
15 and 6°C in the following
temperature trial. Values for bar
plots represent means (+s.E.)

H =

Standard EPA
Il

among each treatment. m, High
| CF; m, Low CF.
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dietary regime did not affect any of the measured parameters in terms
of survival, weight, CF, HSI, IFI or chemical composition. This indicates
that PUFA levels in standard-EPA diet were sufficient to support
growth and performance under normal conditions. This was expected
as the enhanced levels of PUFA in one diet during the feeding trial
were meant to prepare the fish for a more stressful environment at a
lower temperature during the following temperature trial. In other spe-
cies, like salmon, it has been shown that the requirements for EPA and
DHA increase under stressful conditions (Bou et al., 2017).

The FA composition in the WB at the end of the feeding trial
reflected the FA levels in the two diets. As expected, the relative
amount of EPA had increased in fish fed the diet supplemented with
the EPA-rich EPAX oil concentrate, whereas the relative amount of
the SFAs and MUFAs decreased. Finally, fish fed high-PUFA diet
showed a tendency towards lower occurrence of scale loss compared
to those fed standard-EPA diet. This may be related to the n-3 FAs in
the diet that can have a positive effect on skin quality, as previously

shown for salmon (Berge, unpubl. results).

4.2 | Temperature trial
421 | Performance and chemical and FA
composition

Survival during the temperature trial was high, and no large mortality

outbreaks occurred in any of the treatments. There was, however,

6°C

higher mortality in one tank, which gave a significant tank effect in
the model, which explained very little of the variation in survival and
therefore needs to be considered carefully. Nonetheless, there was an
effect of CF, and fish with higher CF had higher survival rates. There
was no enhanced mortality in the cold treatment in the current exper-
iment, contrasting the findings for ballan wrasse in sea cages at low
temperatures (Geitung et al., 2020). Nonetheless, there were distinct
differences in growth and performance between the temperature
regimes. Positive SGR and TGC were observed in the 15°C treatment,
albeit being lower than those observed in literature (Cavrois-Rogacki
et al., 2019; Kousoulaki et al., 2021). Nevertheless, literature data on
ballan wrasse growth are, to a large extent, restricted to earlier life
stages and smaller body sizes (e.g., larval and weaning phases), where
the growth rates are most often higher than those of larger fish. Fish
reared at 6°C showed negative SGR and TGC, leading to weight loss
over time. These results are comparable to those of Geitung et al.
(2020), who found no growth in ballan wrasse during the winter sea-
son in sea cages. In the current study, fish with high CF were growing
better, in particular, at 15°C. Together with improved survival, it
appears that fish with high CF were coping better with low tempera-
tures in this experiment. Yuen et al. (2019) revealed that ballan wrasse
showed very low swimming activity and lower metabolic rates under
cold temperatures. This metabolic depression or dormancy is com-
monly found in fish as an active reduction of energy costs when
exposed to low temperatures (Crawshaw, 1984). This winter dor-
mancy has been found and studied on a related labrid species, the

cunner (Tautogolabrus adspersus), a north temperate species (Gerber
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TABLE 6 Means and s.p. of the chemical composition of whole fish samples of ballan wrasse (Labrus bergylta) with high or low CF fed a standard-EPA or a high-EPA diet and reared at 15 or 6°C

6°C

15°C

High EPA

Standard EPA

High EPA

Standard EPA

Low CF High CF Low CF High CF Low CF High CF Low CF

High CF

S.D. Mean S.D. Mean S.D. Mean S.D. Mean S.D. Mean S.D. Mean S.D. Mean S.D.

Mean

Trait

23.92 0.59

0.46
0.05
0.36
0.34
0.14

25.88
4.87
4.86

16.05
5.40

0.39
0.06
0.34
0.38
0.09

24.40

0.95
0.12
0.77
0.17
0.52

25.94

1.10
0.22
1.21
0.27
0.52

28.00

0.23
0.05
0.51
0.25
0.22

29.58

1.00
0.12
1.10
0.29
0.35

28.64
4.78

0.75
0.25
0.73
0.09
0.38

30.17

Dry matter (%)

Ash (%)
Fat (%)

0.31
0.67

0.20

5.44
2.82
15.87

4.98
3.28
15.82

4.81
4.54
16.85

4.90
5.99
17.23

4.50
7.26

17.51

4.58
7.91

17.7

6.52
17.18

Crude protein (N x 6.25) (%)

Energy (MJ kg™?)

0.38

4.28

4.55

5.39

6.32

7.02

6.62

7.19

Abbreviations: CF, condition factor; EPA, eicosapentaenoic acid.
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et al, 2022; Lewis & Driedzic, 2007; Speers-Roesch et al., 2018).
Observations from this study, where fish reared at 6°C were inactive
and often found lying on the bottom of the tank (pers. obs.), indicate
that a similar winter dormancy might exist in ballan wrasse.

The HSI as lipid storage may serve as an indicator for energy
reserves in fish and has been shown to increase with higher tempera-
tures in coral reef fish (Bernal et al., 2018). The HSI of fish in the cur-
rent experiment was lower than that previously found for ballan
wrasse of different sizes (Hamre et al., 2013; Kousoulaki et al., 2021)
but did not differ among temperature treatments. Intestinal fat seems
to be an important storage for energy in ballan wrasse. Fish with low
CF also had fewer intestinal fat reserves at the start of the tempera-
ture trial. At the end of the temperature trial, the IFI was somewhat
reduced in fish with initially high CF and IFI but was very low in fish
with initially low CF and IFI.

The better state of fish reared at high temperatures and with high
CF was also confirmed by the chemical composition. Higher amounts
of fat, crude protein and energy as well as lower ash content were
found in fish reared at 15°C and to a lower extent but still significant
for fish with higher CF.

Interestingly, the dietary regime from the feeding trial did not
have any effect on the performance of the fish during the tempera-
ture trial. Nonetheless, the FA profile at the end of the temperature
trial remained to be largely influenced by the previous dietary treat-
ment and reflected FA levels in the diets. Moreover, the temperature
had a dominant effect on some of the FAs. Although fish reared at
15°C had higher levels of fat (SFA) at the end of the temperature trial,
n-6 PUFAs were used up to a larger extent in fish reared at 15°C than
at 6°C. This is in line with results for gilthead seabream (Torno
et al., 2018), milkfish and grass carp (Hsieh & Kuo, 2005), where
higher SFA levels and lower PUFA levels were found for fish reared at
higher temperatures. CF, on the contrary, did not have a strong effect
on the FA profile of the fish.

422 | Welfare scoring

When considering the future use of cleaner fish, health and welfare
aspects are of high importance, and currently increasing concerns are
raised on the welfare of cleaner fish in salmon cages (Brooker
et al., 2018; Mo & Poppe, 2018; Powell et al., 2018). So-called opera-
tional welfare indicators that were previously developed for ballan
wrasse (Espmark et al., 2019) were also used in the current study to
evaluate the welfare of experimental ballan wrasse under simulated
cold winter temperatures. Temperature and CF both significantly
affected the welfare of ballan wrasse. Fish under cold temperatures
and with low initial CF showed higher prevalence and severity of ema-
ciation. This is in line with results showing negative growth rates and
low energy reserves underlining the inferior condition of fish for these
treatments compared to fish reared at 15°C and with high CF. Also,
scale loss was affected by temperature and CF, and fish reared at 6°C
and with low initial CF had more scale loss compared to those reared at
15°C and with high CF. This may be related to the behaviour of fish at
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Trait Temperature Diet CF

Dry matter 78.75*** 0.94 13.00***
Ash 31.01** 5.36 30.70***
Fat 69.43*** 081  16.61***
Crude protein (N x 6.25) 71.60%** 2.16 11.74**
Energy 76.77** 0.70 14.14***

Abbreviations: CF, condition factor; EPA, eicosapentaenoic acid.
**P < 0.01. ***P < 0.001.

Significant interactions  R?

TABLE 7 The proportion of the total
variation in chemical composition of

- 0.9370 whole-body samples of ballan wrasse

_ 0.7960 (Labrus bergylta) with high or low CF fed

B 0.884 a standard-EPA or a high-EPA diet and
reared at 15 or 6°C explained by each

- 08900 fixed effect in the applied statistical

- 0.9210 model 4 with significance P-value and the

R? values of the model

TABLE 8 Means and s.p. of fatty acid composition (% of total fatty acids) of total lipids extracted from whole fish samples of ballan wrasse
(Labrus bergylta) with high or low CF fed a standard-EPA or a high-EPA diet and reared at 15 or 6°C

15°C 6°C

Standard EPA High EPA Standard EPA High EPA

High CF Low CF High CF Low CF High CF Low CF High CF Low CF
Fatty acid Mean  s.D. Mean  s.. Mean  s.. Mean S.D. Mean  s.. Mean  s.. Mean  s.. Mean  s..
14:0 6 0.2 6.2 0.2 52 0.1 57 0.2 5 0.2 53 0.2 4.1 0.1 4.2 0.2
16:0 16.2 0.1 16 0.5 15 0.1 15.6 0.3 15.7 0.3 15.9 0.2 13.6 0.2 14.8 0.7
18:0 38 0.1 3.8 0.3 4 0.1 4.1 0.2 38 0.3 38 0.1 4.3 0.3 4.5 0.4
SFA 26.1 0.2 26.1 0.7 243 0 255 0.7 24.6 0.3 251 0.3 221 0.1 235 0.9
16:1 n-7 6.2 0.1 6.2 0.1 5.6 0.1 5.9 0.2 6.3 0.3 6.3 0.1 5.3 0.2 5.1 0.3
18:1 24.2 0.2 23.9 0.3 23.2 0.2 234 0.7 24.3 0.2 23.9 0.2 231 0.8 231 0.6
20:1 54 0.2 51 0.1 4 0.1 43 0.2 5.5 0.3 52 0.2 3.7 0.2 37 0.2
22:1 3.5 0.2 3.1 0.2 1.8 0.1 1.9 0.1 3.9 0.4 3.3 0.3 1.6 0.1 1.7 0
MUFA?* 39.7 0.6 38.7 0.3 35 0.2 35.9 1.2 404 0.7 39.2 0.3 34.1 1.2 34 0.8
18:2 n-6 4.4 0.1 4.4 0.2 44 0.2 43 0.1 4.9 0.1 4.8 0.1 4.8 0.1 4.7 0.1
20:4 n-6 (ARA) 0.7 0 0.7 0.1 1.2 0.1 1 0.1 0.9 0.1 1 0.1 1.5 0.1 1.7 0.2
n-6 PUFA® 5.7 0.1 5.8 0.3 6.4 0.1 6 0.1 6.5 0.1 6.4 0.1 7.2 0.2 7.1 0.1
20:5 n-3 (EPA) 9 0.2 9.5 0.3 14.3 0.2 12.6 0.6 8.6 0.2 9.3 0.4 15.9 0.6 14.6 0.8
22:5n-3 1.5 0 1.5 0.1 2 0.1 1.8 0.2 1.5 0.1 1.5 0.1 21 0.1 21 0.1
22:6 n-3 (DHA) 9.5 0.2 9.9 0.3 10 0.1 10 14 10.7 0.7 111 0.2 10.9 0.2 12 0.4
n-3 PUFA® 23.2 0.4 24.3 0.4 29.6 0.2 27.8 2 235 0.9 245 0.3 32 0.8 314 1.5

Abbreviations: ARA, arachidonic acid; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; MUFA, monounsaturated fatty acids; PUFA,

polyunsaturated fatty acids; SFA, saturated fatty acids.
Includes C24:1 n-9.

BIncludes C20:2 n-6 and C20:3 n-6.

“Includes C18:3 n-3, C18:4 n-3, C20:4 n-3 and C21:5 n-3.

low temperatures that were seen to be inactive and often lying on the
bottom of the tank, which may have led to increased scale loss. In a sea
cage study that looked at the welfare of cleaner fish during cold winter
temperatures, the measured welfare indicators improved throughout
the experimental period (Geitung et al., 2020). Nonetheless, this may
be related to increased mortality of fish with particularly low welfare as
mortality in the sea cage experiment was higher compared to that in
the current study. Overall, the results of this study showed that the
welfare of ballan wrasse was negatively impacted by cold winter tem-
peratures. Nonetheless, the CF of the fish before entering a period with

cold temperatures appeared to be important for the welfare.

In the present study, only two very different temperatures were
investigated; therefore, more information is needed on which exact
temperature between 15 and 6°C ballan wrasse become affected by
the reduced temperatures. Future studies should also elucidate the
duration of low-temperature periods that ballan wrasse can tolerate.

423 | Gene expression

Growth hormone (GH) is involved in many physiological processes,

most importantly growth. GH and its receptors are known to be
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TABLE 9 The proportion of the total

e FISHBIOLOGY [

o . X Fatty acid Temperature Diet CF Temperature x diet Diet x CF R?

variation in each fatty acid of whole fish

samples of ballan wrasse (Labrus bergyita) 14:0 60217 3126™* 255" 1.58 P>0.05 0.962

explained by each fixed effect and their 16:0 16.22* 52.26***  6.61** 4.77* 7.12%* 0.920

interaction in the applied statistical 18:0 702 43.89%* 344 P> 005 P> 005 0.591

model with significance P-values and the . - . .

R2 value of Model 4 SFA 38.72 37.19 8.29 P >0.05 4.05 0.931
16:1 n-7 6.94* 68.33"**  0.21 11.30*** P> 0.05 0.905
18:1 0.49 52.54***  0.95 P> 0.05 P> 0.05 0.634
20:1 0.73 88.83"**  0.39 3.55** 2.38** 0.961
22:1 0.03 90.68***  1.23* 1.44* 3.09** 0.969
MUFA? 0.54 86.77***  0.49 3.74** 2.19* 0.948
18:2 n-6 80.57*** 1.07 1.91 P >0.05 P> 0.05 0.851
20:4 n-6 (ARA) 30.79*** 55.32*** 0.35 5.03** 2.36* 0.947
n-6 PUFA® 60.40*** 29.60***  1.55* 1.55* P>0.05 0.955
20:5 n-3 (EPA) 1.83* 88.43*** 0.71* 3.70*** 3.58"*  0.986
22:5n-3 2.78 79.86™*  1.12 6.63"* P> 0.05 0.944
22:6 n-3 (DHA) 53.28** 5.63 7.00 P >0.05 P> 0.05 0.747
n-3 PUFA® 5.28* 82.56"**  0.02 3.96** 2.59** 0.960

Abbreviations: ARA, arachidonic acid; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; MUFA,
monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; SFA, saturated fatty acids.

Includes C24:1 n-9.

bIncludes C20:2 n-6 and C20:3 n-6.
“Includes C18:3 n-3, C18:4 n-3, C20:4 n-3 and C21:5 n-3.
*P < 0.05. **P < 0.01. ***P < 0.0.01.

influenced by temperature, and their levels show a peak in warm
summer months in several different fish species (reviewed in
Deane & Woo, 2009). In the current study, fish reared at 6°C with
negative SGR and TGC had downregulated GHra levels compared
to fish reared at 15°C, indicating that temperature mediated
growth through the GH system (Gabillard et al., 2005). It will be
interesting to additionally look at the plasma GH levels to confirm
this in future studies. Moreover, mstn is known as a negative
marker for muscle growth (McPherron et al, 1997) and was
accordingly upregulated in fish reared at 6°C. Findings confirm the
positive effect of higher temperature on growth markers by upre-
gulating GHra and downregulating mstn. Fish reared at 6°C further
had upregulated levels of il-6 compared to fish reared at 15°C and
a tendency to higher levels of hsp70. The higher immune response
and higher stress levels in fish at cold temperatures indicate the
negative impact of low winter temperatures on the condition of
ballan wrasse, whereas fish reared at 15°C appeared to be in a
better condition. Suboptimal temperatures are known to negatively
impact the immune system and increase stress in teleosts repre-
sented by increased expression levels of heat shock proteins (HSP)
(reviewed in Abram et al., 2017; Roberts et al., 2010). In the cur-
rent experiment, two genes involved in the synthesis and oxidation
of FAs (elovl5, cptl1) were upregulated in fish reared at 6°C com-
pared to those reared at 15°C. Upregulation of cptl may indicate
that fish were burning FAs to a higher extent under cold tempera-
tures, and these results are in line with complementary findings in
this study, showing that fish reared at cold temperatures used up

most of their energy reserves during this trial. Increased gene
expression of elovl5 involved in PUFA syntheses may be explained
by the need for PUFAs to maintain the fluidity of the cell mem-
branes at low temperatures.

424 | Histology

To the best of the authors’ knowledge, this is the first publication on
skin histology analyses on ballan wrasse. There were several samples
with damaged epidermis that had to be removed from the analyses,
especially at low temperatures. This indicates that the sampling proce-
dures need to be optimized for this species. The high number of dam-
aged samples in the skin from the 6°C group may also indicate other
biological effects caused by temperature, such as weaker attachment
of the epidermis to the basement membrane, as previously observed
in other fish species exposed to stress (Ytteborg et al., 2023). The epi-
dermis was thicker in fish reared at 15°C compared to those at 6°C.
This may be related to fish size, as fish were larger when reared at
15°C. This was supported by a significant positive relationship
between body weight and epidermis thickness within both tempera-
ture treatments. Nonetheless, a decrease in epidermis thickness has
also been related to stress in salmon (Jensen et al., 2015), carp (van
der Marel et al., 2010) and rainbow trout (Iger et al., 1994). Moreover,
fish reared at 15°C had a higher number of overall mucous cells in the
inner and outer epidermis layers. The mucous in fish skin serves as an

important biological barrier acting as a defence mechanism
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(a) Emaciation FIGURE 3  Welfare scoring of ballan
100 - wrasse (Labrus bergylta) with high or low CF
E_— fed standard-eicosapentaenoic acid (EPA) or
80 1 high-EPA diet and reared at 15 or 6°C for
9 (a) emaciation, (b) scale loss and (c) the sum
En 60 | score index (sum of all 12 measured welfare
‘E parameters). Values for bar plots represent
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(Esteban, 2012). Several studies have shown an increased number of
mucous cells as a stress response in European sea bass (Dicentrarchus
labrax) (Vatsos et al., 2010), Arctic charr (Salvelinus alpinus) (Christian-
sen et al., 1991), carp (Iger & Bonga, 1994) or cod (Gadus
morhua) (Ytteborg et al., 2020). The mucous cell response may, how-
ever, be species- or stressor-specific. This study indicates that cold
water temperature hampered the production of mucous cells in ballan
wrasse. Besides the overall number of mucous cells, their organization

in the epidermal layers may serve as a stress indicator. In this study,

the ratio between mucous cells in the outer part of the epidermis to
the overall number of mucous cells was higher in fish reared at 6°C
than that at 15°C. This organization of mucous cells has been related
to increased stress in other species such as salmon (Jensen
et al., 2015; Sveen et al., 2016), cod (Ytteborg et al., 2020), lumpfish
(Ytteborg et al., 2023) and sea bass (Vatsos et al., 2010).

Also, the ratio of light blue to dark blue cells was higher in fish
reared at 6°C compared to those reared at 15°C in the inner part of

the epidermis. Although the coloration of the mucous cells is due to
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FIGURE 4 Relative gene expression
levels (log,) in liver samples of ballan
wrasse (Labrus bergylta) fed standard-
eicosapentaenoic acid (EPA) or high-EPA
diet reared at 15 and 6°C for (a) hsp70,
(b) il-6, (c) igf1, (d) igf2, (e) mstn, (f) ghra,
(g) fasn, (h) cptl, (i) acox1 and (j) elovl5.
Values for bar plots represent means (+s.
£.) among each treatment. Different
lowercase letters represent a significant
statistical difference for the effect of
temperature (P < 0.05). m, Standard EPA;
, High EPA
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the pH value of the mucous produced and caused by glycosylation of

mucins, the function of the differently coloured mucous cell is not yet

known and requires further study. Overall, fish reared at 15°C

appeared to have better skin quality, whereas skin from fish reared at

15°C

elovl5

1

15°C

6°C

6°C showed signs of stress based on the experience from other spe-

cies. Nonetheless, more studies on ballan wrasse skin are needed to

confirm these features as stress indicators in this species, allowing a

comparison to other species.
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FIGURE 5 Histological evaluation of
ballan wrasse skin. (a) Overview of ballan
wrasse (Labrus bergylta) skin showing the
outer epidermis (OE), inner epidermis (IE),
scales (SC), dermis (DE). (b) Increased
magnification of the epidermis showing
different coloured mucous cells in the inner
and outer epidermis (light blue and dark
blue arrows). (c) The number of mucous
cells in the outer and inner epidermal layers.
(d) The ratio between light blue and dark
blue cells in the outer and inner epidermal
layers. (e) Epidermis thickness in the outer
and inner epidermal layers. (f) The ratio
between mucous cells in the uttermost part
b of the epidermis and total mucous cells.
Values for bar plots represent means (+s.E.)
among each treatment. Different lowercase
letters represent a significant statistical
difference for the effect of temperature

(P <0.05).m15°C; m, 6°C

(c) Mucous cells (d) Ratio lightblue/darkblue
6 100
b
5
80
a
E 4 b =
2 S 60
g 3 -
= S
5 2 a s 4
A~
1 20
0 0
Outer Inner Outer Inner
(e) Epidermis thickness (f)  Ratio outer cells
60 70 1
b 60 o
_ 50
= 40
= S
2 S 30
e\° 20 4q
10 1
0

Outer Inner

5 | CONCLUSIONS

Low simulated winter temperatures had a distinct impact on the
performance and welfare of ballan wrasse. Although the dietary
treatment solely affected the FA profiles but not the performance
during different temperatures, there were clear indications of the
importance of fish condition. High CF is important for ballan
wrasse when they need to endure cold temperatures during win-
ter, which is a clear stressor for this species. High temperatures
resulted in higher growth, higher fat and energy reserves and less
ash. Fish reared at lower temperatures, on the contrary, showed
negative growth rates, burned higher amounts of FAs and had very
little energy reserves left at the end of the temperature trial. It can
be speculated that this would affect the delousing efficacy of bal-
lan wrasse during cold winter temperatures, but further studies are
needed to quantify their cleaning abilities. Moreover, low tempera-
ture impacted the welfare of the fish measured in terms of

15°C 6°C

external welfare scoring, gene expression and skin histology ana-
lyses. This should be considered and implemented in the industry
when using ballan wrasse in salmon sea cages during winter
months in the future. The current tendency to select cleaner fish
species depending on the season is supported by the outcome of
this study. Promising results demonstrated that fish in better con-
dition coped better with low temperatures by showing better sur-
vival, growth, performance and welfare. Future studies should
focus on defining parameters that can improve the condition and
welfare of ballan wrasse before deployment and during different

seasonal challenges.
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