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Ultraviolet B (UVB) radiation has recently been recognized as a major stressor for marine
vertebrates, particularly fish confined to aquaculture cages. Here, the harmful effects of
UVB radiation on gilthead seabream (Sparus aurata), which is a widely cultured species,
were investigated. Seabream juveniles were exposed to three UVB conditions (UVB-
H - high UVB, 12 kd m~2 d~'; UVB-M - moderate UVB, 6 kJ m~2 d~'; UVB-L -
low UVB, 2.4 kJ m—2 d~') that are representative of natural underwater UVB levels
throughout the water column in the Red Sea. One experimental treatment without UVB
exposure was used as a control. The adverse effects of UVB were evaluated after short-
(10 days) and long-term (43 days) exposure. The results indicated that short- and long-
term exposure to UVB retarded growth and decreased survival rates. UVB exposure
resulted in behavioral changes, mainly in UVB-H and UVB-M exposed fish. Swimming
activity was reduced; most of the fish tried to avoid exposure and showed a stationary
behavior with slow caudal and dorsal fins movements (UVB-H), or a slow displacement
behavior (UVB-M). Moreover, a reduction in appetite, reflected by a remarkable increase
in the time required to consume the food was observed. Lesions on the skin occurred
in the three UVB treatments, and the incidence and severity increased under long-term
UVB exposure. Also, physiological changes were observed, including a decrease in total
protein and total cholesterol concentrations (all UVB treatments). A potential modulation
of the innate immune system (reduction of total anti-protease and total peroxidase
activities) was observed (UVB-M, UVB-L). The present results suggest that exposure
to solar underwater UVB radiation levels has the potential to interfere and affect the
health of S. aurata. Indeed, aquaculture fish species growing at locations where water
transparency and UVB incidence is as high as the Mediterranean in summer, and the
Red Sea year-round, may be affected, and their welfare, resistance to pathogens, and
survival may be compromised. Strategies should be considered to mitigate the adverse
effects of UVB exposure, such as deeper and more-shaded cages, or the development
of functional foods.

Keywords: Sparus aurata, aquaculture, UVB radiation, reduced growth, skin lesions, behavioral response,
physiological changes, immune system modulation
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INTRODUCTION

The adverse effects of ultraviolet radiation (UVR) on fish have
been documented since the beginning of the 20th century
(reviewed by Hider et al., 2007, 2015; Lawrence et al., 2019).
Increased mortality and decreased hatching success, together
with higher incidence of morphological abnormalities and DNA
damage, are the most common adverse effects reported in
embryos and larvae (Applegate and Ley, 1988; Mitchell et al.,
2009; Fukunishi et al., 2010; Aksakal and Ciltas, 2018). The early
development stages appear to be very sensitive to ultraviolet
A (UVA) and ultraviolet B (UVB) radiation, which both cause
severe damage. The tolerance of juveniles and adult fish to the
detrimental effects of UVR has also been demonstrated (Dahms
and Lee, 2010). Many fish species in their later development
stages are sensitive to both UVA and UVB (Jokinen et al., 2008;
Rick et al., 2014; Sayed et al., 2016; Seebacher et al., 2016). UVB
negatively affected the growth and body condition of Atlantic
salmon (Salmo salar) and three-spined stickleback (Gasterosteus
aculeatus) under long-term exposure of more than 50 days
(Jokinen et al., 2008; Vitt et al., 2017). The energy allocation
used by fish during the DNA repairing mechanisms may prevent
the use of energy for digestion or growth (Jokinen et al., 2008,
2011; Vitt et al., 2017). A limited number of studies have reported
changes in behavior due to UVB exposure. Restless behavior,
an increase or decrease in swimming activity, a reduction of
predatory performance, and preference for habitat selection are
some of the reported behavioral changes observed in UVB-
exposed fish (Alemanni et al., 2003; Pulgar et al., 2015; Seebacher
etal., 2016; Valifias and Walter Helbling, 2016).

High natural UVR levels have deleterious consequences for
aquaculture fish species inhabiting shallow waters, such as tanks,
ponds, and cages in offshore areas (Bullock, 1982; Rodger, 1991;
Lowe and Goodman-Lowe, 1996; Zagarese and Williamson,
2001). Handinger et al. (1997) suggested that UVR can have
a significant role in the infection of salmonids by Flexibacter
maritimus. UVB exposure induces immunosuppression in
rainbow trout (Oncorhynchus mykiss) and Mozambique tilapia
(Oreochromis mossambicus), thus decreasing their resistance to
infection by opportunistic agents like bacteria and parasites.
Increased mortality observed in these two species most probably
resulted because of the high incidence of infections (Markkula
et al., 2007; Subramani et al., 2015). Losses in the production of
farmed Atlantic salmon and rainbow trout exposed to ambient
UVR has been reported, in which fish showed severe dorsal
skin lesions (Bullock, 1988). Indeed, damage and the occurrence
of lesions in the skin are the most frequently documented
detrimental effects of UVB exposure in fish. Signs of sunburn,
hyperpigmentation, disruption of the mucous layer (e.g., a
decrease in the number of mucus-producing cells, hyperplasia
of superficial mucous cells), epidermis edema, necrosis, and
sloughing of the epidermis are some of the consequences
of UVB overexposure on fish skin (Bullock, 1988; Blazer
et al, 1997; Manek et al, 2012). In addition, UVB is also
responsible for inducing melanoma in Xiphophorus hybrid fish
(Mitchell et al., 1993, 2010).

UVR exposure has also been demonstrated to induce
metabolic and physiologic responses in fish. For example,
changes in cortisol, hematocrit, and the plasma total protein
content resulted from short- and long-term UVR exposure in
fathead minnow (Pimephales promelas), rainbow trout, roach
(Rutilus rutilus), common carp (Cyprinus carpio), Atlantic
salmon, and North African catfish (Clarias gariepinus) (Salo et al.,
1998, 2000; Markkula et al., 2006; Jokinen et al., 2008; Manek
et al., 2012). It has also been established that UVB exposure can
induce immunological suppression and affect the susceptibility
of fish to diseases. UVB-induced immunomodulation has been
demonstrated in peripheral blood, spleen and head kidney (Salo
et al., 1998; Jokinen et al., 2000; Markkula et al., 2009). The
occurrence of lymphopenia and granulocytosis in peripheral
blood is considered a stress indicator of UVB exposure in roach,
common carp, rainbow trout, and three-spined stickleback,
even after long-term exposure (Salo et al., 1998; Jokinen
et al., 2000; Markkula et al.,, 2005, 2007; Vitt et al., 2017).
Moreover, in Atlantic salmon, long-term exposure to UVB
resulted in a decrease of both immunoglobulin M (IgM) levels
and complement bacteriolytic activity in the plasma (Jokinen
et al,, 2008, 2011).

The impacts of UVB in marine biota are expectedly more
severe in oligotrophic and highly transparent waters, mostly due
to deeper UVB penetration (Morel et al., 2007; Al-Aidaroos
et al., 2014; Garcia-Corral et al., 2015; Overmans and Agusti,
2019). From an economic point of view, the damage caused by
UVB on sensitive species can result in a decline of harvesting
in fisheries, and also significant losses in the aquaculture sector
(Zagarese and Williamson, 2001; Barnes et al., 2019; Williamson
et al,, 2019). Gilthead seabream (Sparus aurata) is a temperate
species found in the Mediterranean and along the eastern North
Atlantic waters, from the British Isles to the Canary Islands. Most
seabream for consumption comes from aquaculture production,
with Greece, Turkey, Spain, and Italy being the major producers
(FAO, 2019). The Mediterranean Sea is highly transparent in
summer, allowing for deeper penetration of harmful UVB levels
(Tedetti and Sempéré, 2006; Llabrés et al., 2010). Furthermore,
the Kingdom of Saudi Arabia (KSA) has plans to prioritize the
aquaculture sector to respond to the increasing demand for
seafood by the Saudi population. However, local fish aquaculture
cage production in the Red Sea is exclusively based on non-native
species, namely the S. aurata (FAO, 2013; Khan et al., 2018).
Thus, since the Red Sea is in a tropical region that receives high
levels of solar UVR throughout the year (Overmans and Agusti,
2019), seabream growing in cages can potentially be exposed to
higher UVB doses for extended periods compared to their natural
habitat in the Mediterranean. To the best of our knowledge, no
previous studies have evaluated the sensitivity of S. aurata to
UVB radiation, and considering the aspects outlined above, many
questions arise on the tolerance of S. aurata to current UVB levels
in these oligotrophic waters, such as: Is the growth and survival
of seabream kept in confinement affected by short- and long-
term UVB exposure? What are the behavioral changes, primary
physiological responses, and impacts on the immune function
associated with UVB exposure? Are these UVB levels inducing
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damage to the skin? Finally, are the detrimental effects of UVB
exposure cumulative and dose-dependent?

To this end, the aim of the present study was to assess
the sensitivity of S. aurata to underwater UVB radiation levels.
S. aurata juveniles were exposed to different UVB experimental
treatments by simulating irradiance reduction throughout the
water column (e.g., we replicate UVB levels that were recorded
between 2 and 10 m depth at two fish farms in the Red
Sea). The effects of short- (10 days) and long-term (43 days)
UVB exposure were evaluated by measuring the following
potential responses: (1) growth reduction and loss of body
condition (growth and animal/tissue indexes); (2) behavioral
changes; (3) presence of skin lesions/damage (sunburn); (4)
stress, metabolic and physiological responses (cortisol, total
protein, glucose, lactate and total cholesterol levels in the plasma);
and (5) immune function suppression (anti-protease and total
peroxidase activities, C reactive protein and prothrombin
levels in the plasma).

MATERIALS AND METHODS

Ethics Statement

The present study was carried out in the wet laboratory facilities
of the Coastal and Marine Resources Core (CMOR) lab at
King Abdullah University of Science and Technology (KAUST),
Saudi Arabia. We performed the UVB exposure experiments
during April-June 2018 with gilthead seabream (Sparus aurata)
juveniles in accordance with Saudi Arabia’s National Committee
of Bioethics (NCBE) code of practice and under the approval
of the KAUST Institutional Animal Care and Use Committee
[IACUCML(SA)#18-04-016].

Animals and Experimental Design

Sparus aurata juveniles with approximately 10-15 g of total
weight were obtained from a commercial fish farm (Tharawat
Seas Company, Ar Rayis, KSA), and the Fish Health and Safety
Laboratory (Fisheries Research Center, Jeddah, KSA) provided
the fish’s health profile. Fish were transported to the quarantine
area in the CMOR laboratory facilities (following KAUST
university guidelines), where the fish were kept for 30 days until
the beginning of the experiment. A total of 320 specimens with
similar biometric characteristics (total weight, 32.03 £ 4.17 g)
were randomly and equitably distributed in eight rectangular-
shaped incubating glass tanks (4 treatments x 2 replicate tanks;
each tank with 300 L each of total volume, 40 specimens in
each tank; Supplementary Figure S1), in a flow-through system,
and kept for acclimation for 2 weeks before the UVB exposure
experiments. The water flow rate was fixed to 0.3 m®> h™! to
ensure tank self-cleaning and checked the flow rate once a week.
Water temperature, salinity, pH, and dissolved oxygen (DO) were
daily checked using a multi-parameter measuring instrument
(YSI, Professional Plus - Pro Plus, United States). The specimens
were kept throughout the whole experiment under the following
established conditions: water temperature (26.98 £ 0.78°C),
salinity (40.48 £ 0.13%0), pH (8.09 % 0.07), and DO (>6 mg/L,
92.90 £ 5.97%). Ammonia, nitrite and nitrate levels were weekly

checked through colorimetric tests (Tropic Marin, United States),
and kept below the detection limits. The photoperiod during
the experiment was 12 h light and 12 h dark (12L:12D). For
each tank, four daylight tubes (FHO39W Reef White 10000,
Aqua Medic, Germany) emitted the PAR (Photosynthetically
Active Radiation) irradiance. PAR inside the tanks was also daily
monitored and maintained at 36.8 & 2.5 W.E m~2 s~!. The fish
were manually fed twice a day (3-5% average body weight, BW)
with a commercial diet (Arasco, Saudi Arabia) based on 94.4% of
dry matter, of which 52.5% was crude protein, 13.3% was crude
fat, with a raw energy 21.0 MJ kg . After the acclimation period,
fish were exposed to different UVB treatments representative of
natural UVB underwater levels registered in the Mediterranean
and the Red Sea (Supplementary Figure S1). We describe the
methodology used to establish the UVB irradiance levels required
in this study in the following section.

UVB Exposure
The UVB irradiances and daily doses applied in this study
were based on the data available from the patterns of UVB
attenuation and daily UVB doses in oligotrophic water, including
the Mediterranean (mainly in the summer) and in the Red Sea (all
year round), and based on the UVB attenuation profiles obtained
in fish farms located in the central Red Sea coast of Saudi Arabia
(please see Supplementary Note for detailed information).
Supplementary Table S1 resumes the main published literature
that showed information regarding the UVB exposure in the
water column in both the Mediterranean and the Red Sea. For
example, in the Mediterranean during the summer, the UVB daily
doses at the water surface can vary between 11 and 41 k] m—2
d~!, and the biologically effective depths of UVB ranged from 4.9
(Z10% - 305 nm) and 16 (Z19% — 310 nm) m, reviewed by Tedetti
and Sempéré (2006). In the central Red Sea, the mean annual
daily doses of UVB (280-315 nm) in 2017 at 0, 2, 4, 6, 8, and
10 m were 33.10 &£ 7.84, 16.52 £ 4.46, 8.30 £ 2.57, 4.18 £ 1.48,
2.13 £0.85,and 1.09 & 0.50 k] m~2 d ™!, respectively (Overmans
and Agusti, 2020). Supplementary Table S2 shows the profiles
of UVB attenuation obtained during March 2018 were in two
fish farms located in the central Red Sea coast of Saudi Arabia,
Tharawat Seas Company (Ar Rayis, KSA), and Tabuk Fisheries
Company (Al Muwaileh, KSA). The maximum depth that the
cages reach in the farms mentioned above is around 10-14 m.
Taking into consideration all the collected and available
data described above, seabream juveniles were exposed to three
different treatments representing natural underwater UVB levels
from the Mediterranean and the Red Sea, simulating UVB
reduction throughout the water column: (i) high UVB (UVB-
H, 04 W m~2, 11.9 k] m~> d™'), (i) moderate UVB (UVB-M,
021 W m™2, 6.1 k] m™2 d~!, 50% of the irradiance of UVB-
H), and (iii) low UVB (UVB-L, 0.10 W m™2, 2.5 k] m~2 d™,
20% of the irradiance of UVB-H). One experimental treatment
without UVB exposure was used as a control (Supplementary
Figure S1). The three chosen treatments are representative of the
UVB irradiance/dose received by fish farms in the Red Sea: UVB-
H - levels corresponding to the UVB radiation between 2 and
5 m depth; UVB-M - levels corresponding to the UVB radiation
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between 5 and 7 m depth; and UVB-L - levels corresponding to
the UVB radiation between 7 and 10 m depth.

A lighting system using TL20W/12RS UVB Broadband lamps
(Philips, Germany) was designed to simulate the required daily
UVB doses. The UVB Broadband TL lamps emitted radiation
in the ‘B’ bandwidth of the UV spectrum (290-315 nm). Two
UVB lamps were used in the UVB-H treatment, whereas only one
UVB lamp was used in the UVB-M and UVB-L treatments. The
lighting systems were covered with different layers of a mosquito
net with a mesh size of about 2 mm to obtain the required UVB
irradiation for each experimental group. In the control tanks, the
same lighting system without UVB lamps was installed to achieve
the same shade as that of the UVB treatments. The distance
between the tanks and the lighting system was approximately
40 cm. Fish were exposed daily for 8 h to the three different UVB
conditions (from 10.00 AM to 6.00 PM). The UVR penetrating
the water was daily measured in the tanks at different positions
daily, using an underwater PMA2100 data-logging radiometer
(Solar LightTM, United States) fitted with a UVB (280-320 nm)
sensor. Before starting the experiment, adhesive tape was applied
to each tank to divide it into three equal zones (top, middle, and
bottom) (Supplementary Figure S1). The UVB irradiance levels
were determined by measuring the irradiance at nine distinct
positions within the experimental tanks, and the mean values
were used to calculate the daily UVB doses for each treatment.
The UVB exposure trial lasted for 43 days, and the different
cumulative radiation dosages were tested by sampling fish on day
1 (short-term) and day 44 (long-term) of the experiment.

Sampling

Fish were sampled at two time-points to evaluate the harmful
effects of short-term (10 days) and long-term (43 days) exposure
to UVB radiation (Supplementary Figure S1). For each sampling
point, 15 fish were randomly collected from each experimental
tank (n = 30 per treatment). All the specimens were euthanized by
immersion in an overdosed tricaine methanesulfonate (MS222)
solution (150-200 mg/L; Sigma-Aldrich, United States) buffered
with sodium bicarbonate (MS222: NaHCOs3 - 1:2), sized and
weighed (total length, TL, and total weight, TW). Each fish
was photographed on both sides to evaluate the presence of
skin lesions/damage (sunburn) due to UVB exposure. Before
cervical sectioning, peripheral blood was collected by puncture
of the caudal vein using a syringe previously treated with an
anticoagulant (heparin ammonium salt from porcine 1,000 U
mL~! in saline solution 0.9% NaCl). The blood samples were
then centrifuged (2,000 x g, 10 min, 4°C) to collect the plasma,
which were stored at —80°C until further biochemical analysis.
The liver, brain, and spleen were also sampled and weighted
to determine the tissue fitness indexes (short- and long-term
exposure/n = 30 fish from each treatment).

Behavior Assessment

The swimming/locomotor activity and feeding behavior were
assessed during the whole experiment to detect any possible
behavioral responses due to UVB exposure. The cameras for
video recording (Sony, DCR-SX33) were mounted on a tripod

and positioned it in front of the tank to document possible
behavioral changes.

Swimming/Locomotor Activity

The swimming fish behavior was recorded in each tank for 10 min
in the morning (daily, 1 h after starting UVB exposure) and
10 min in the afternoon (daily, 5-6 h after beginning UVB
exposure) for a total of 9 days during the experiment (8, 9,
127, 16, 26", 27, 30", 39" and 40™ day of UVB exposure).
For each recorded video, the number of fish located in each tank
zone (top, middle, bottom) were counted every 30 seconds (sec),
representing a total of 20 observations. Between the 8th and
16th day of UVB exposure, a total of 160 observations for each
treatment (80 per duplicate tank) was made. Between the 26th
and 40th day of UVB exposure, a total of 200 observations for
each treatment (100 per duplicate tank) was made. The procedure
set out in Alemanni et al. (2003) was followed, where behavioral
changes were classified in several categories: (a) a UVB avoidance
strategy when fish remained at the bottom of the tank and at
the lateral side of the tank where the UVB levels are slightly
lower, (b) slow displacement behavior (“swimming smoothly”),
(c) stationary behavior showing no movements other than the
opercular, (d) stationary behavior with rapid caudal and dorsal fin
movement; (e) stationary behavior with slow caudal and dorsal
fin movement, and (f) rapid and erratic displacements.

Feeding Behavior

The behavior during feeding periods was recorded. Both feeding
periods were recorded, in the morning (9 AM, 1 h before start the
UVB exposure) and in the afternoon (between 2 and 3 PM, 4 h
after UVB exposure commenced). The time needed to consume
all the food (sec) was registered on the 8th, 9th, 10th, 23rd,
24th, 25th, 26th, 30th, 38th, and 39th day of UVB exposure.
After 30 min of each feeding period, a visual confirmation of the
consumption of all feeding pellets by fish was made.

Body Condition and Animal Fitness

Indexes
The Weight gain rate (WGR,%) calculated according to the
formula:

final body weight (g) — initial body weight (g)

WGR(%) = 100
(%) initial weight (g)

The Specific growth rate (SGR,%) calculated according to the
formula:

SGR (%) = 100ln final weight (g) — In initial weight (g)

days

The Fulton’s K index (K) was directly calculated from the
biometric data to determine the fish condition, according to the

formula: TW(g)
K =100—%—"—
TL3(cm)
where TW is the total weight, and TL is the total length
(Ricker, 1975).
The relationship between fish total weight and the respective
organ weight for liver (hepatosomatic index, HSI), spleen

Frontiers in Marine Science | www.frontiersin.org

May 2020 | Volume 7 | Article 306


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Alves et al.

UVB Negatives Effects in Seabream

(splenosomatic index, SSI) and brain (i.e., brain to body mass
ratio, BB,4s,) was calculated to provide information on liver and
brain condition, using the following equations:

liver weight (g)

ST = 10spleen weight ()
TW(g)

HSI = 100
W (g)

BBratio = IOO—bmm weight (g)

™
Skin Damage
The presence of superficial skin lesions (e.g., sunburn) was
identified in S. aurata juveniles after short-term (10 days) and
long-term (43 days) exposure to UVB radiation. Each fish
was individually photographed on both sides of the body, and
the presence of skin lesions/injuries (sunburn) for each UVB
exposure period was monitored according to the following
aspects: (a) percentage of fish showing lesions on the skin; (b)
location of lesions (specific body region or whole-body); (c)
severity of injuries (we defined four lesions categories after a
visual inspection of all specimens: slight, moderate, severe, and
extremely severe); (d) distribution of the four lesion types in
affected fish. The terminology used to define the different types
of skin lesions was based on the UVB-induced skin lesions
described by Bullock (1988).

Plasma Biochemical and Innate Humoral

Immunological Parameters

The plasma samples were used to assess the following
biochemical and non-specific humoral immunological
parameters: total protein, cortisol, glucose, lactate, total
cholesterol, total anti-protease, and total peroxidase (PO)
activities, C reactive protein (CRP) and prothrombin (PT). We
analyzed total protein, cortisol, total anti-protease and total
peroxidase activities, CRP and PT, in the samples from short-
and long-term UVB exposure (10 and 43 days). A significant
reduction in the food intake by the fish from the highest and
middle UVB treatments was observed during the experiment,
and thus, the glucose, lactate and total cholesterol concentrations
were analyzed after 43 days of exposure.

The total protein (Bradford protein assay kit, Bio-
Rad, United States), cortisol (Fish CORT ELISA Kit,
MBS007869, MyBiosource, San Diego, CA, United States),
glucose (MBS2540580, MyBiosource, San Diego, CA,
United States), lactate (MBS169270, MyBiosource, San
Diego, CA, United States), total cholesterol (MBS168109,
MyBiosource, San Diego, CA, United States), C reactive protein
(Fish CRP ELISA Kit, MBS016586, MyBiosource, San Diego,
CA, United States) and prothrombin (Fish PT ELISA Kit,
MBS037265, MyBiosource, San Diego, CA, United States)
plasma concentrations were determined using commercial kits,
and following the manufacturer’s instructions.

The methodology used for the total anti-protease activity was
based on the ability of plasma anti-proteases to inhibit trypsin
activity and is based on the method of Secombes (1990), which
was modified by Hanif et al. (2004). Azocasein hydrolysis was
assayed by incubating 20 pl of the plasma samples with 200 1

of phosphate buffer (0.1M, pH 7.0), 20 pl of trypsin (5 mg
mL~!), and 250 pl of azocasein 2% for 2 h at 37°C. The reaction
was stopped by adding 500 pl of 10% (w v—!) trichloroacetic
acid (TCA) and incubated for 30 min at 22°C, followed by a
centrifugation step at 10,000 x g Hundred pl of the resultant
supernatant and 100 pl 1 M NaOH were added to a 96-well
plate and measured the absorbance at 450 nm. For the positive
control, the phosphate buffer replaced the plasma, and for the
negative control, the phosphate buffer replaced both plasma and
trypsin solution. The inhibitory capacity of anti-protease was
expressed in terms of percentage trypsin inhibition, using the
positive control as described by Zuo and Woo (1997).

Total peroxidase activity (PO), which includes the
myeloperoxidase, was measured based on the methodology
described by Quade and Roth (1997). Thirty pl from each
plasma sample were diluted with 120 1l of Hank’s Balanced Salt
Solution (HBSS, Ca312/Mg3™2 -free, Thermo Fisher Scientific,
United States) in a 96-well microtiter plate, and then incubated
for 2 min with 50 pl of 20 mM 3,3',5,5'-tetramethylbenzidine
hydrochloride (TMB, Sigma-Aldrich, United States) and 50 w1
of 5 mM H;0,. The reaction was stopped by adding 50 pl of
4 M sulfuric acid, and the absorbance was read at 450 nm in
a microplate reader. The peroxidase activity (units ml~!) was
determined considering that one unit of peroxidase produces an
absorbance change of 1 OD.

For all the parameters, the analyses were done in duplicates,
except for the total protein where triplicates were used. The
total protein, cortisol, lactate, total cholesterol, total anti-
protease, total PO, CRP, and PT were analyzed using the
SpectraMax Paradigm Multi-Mode microplate reader (Molecular
Devices, United States). Glucose was measured using a UV-1800
spectrophotometer (Shimadzu, Japan).

Statistical Analysis
Statistical analysis and data visualization were performed using
JMP Pro 14 (SAS Institute Inc., Cary, United States) and
SigmaPlot v10.0 (Systat Software, Inc., United States) to detect
significant differences between the treatments (control, UVB-
L, UVB-M, and UVB-H) and between short- and long-term
exposure (within each treatment) for the following parameters:
total length (TL), total weight (TW), weight gain rate (WGR),
specific growth rate (SGR), Fulton’s K index (K), hepatosomatic
index (HSI), splenosomatic index (SSI), brain to body mass ratio
(BBratio), swimming behavior, total protein, cortisol, glucose,
lactate, total cholesterol, anti-protease, total PO, CRP, and PT.
Differences between treatments and sampling points (short-
and long-term exposure) for TL, TW, WGR, SGR, K, HIS, SSI,
BBatio, total protein, cortisol, anti-protease, total PO, CRP, and
PT were assessed using two-way ANOVA. At the long-term
exposure, differences between treatments for glucose, lactate,
and total cholesterol were assessed using one-way ANOVA.
For the swimming behavior, a three-way ANOVA was used to
assess significant differences between treatments (CTRL, UVB-
L, UVB-M, UVB-H), tank zone (bottom, middle, top) and day
exposure period (morning, afternoon) for sampling days 8th-
16th, and 26th-40th. Before the ANOVA analysis, normality
(Shapiro-Wilk) and homogeneity of variances (Levene’s test)
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were checked. Data were log-transformed, whenever necessary,
to accomplish the assumptions of normality and homogeneity
of variances required for ANOVA analysis. Tukey’s post hoc
test was used for the multiple pairwise comparisons to detect
for statistical significance. When normality tests failed, even
for the log-transformed data, the statistical analysis was carried
out using ANOVA Kruskal-Wallis on Ranks, and Dunn’s test
was applied for the multiple pairwise comparisons. A value of
P < 0.05 was taken as significant. Results are presented as
mean =+ standard deviation (SD).

RESULTS

UVB Doses

The mean UVB irradiance, daily, and absolute UVB doses for
each treatment are presented in Table 1. The irradiance values
shown in Table 1 represent the mean of the irradiance measured
in nine distinct positions in the tanks (three positions in each
zone). The highest irradiance of UVB applied in the present
experiment was 0.41 & 0.06 W m~2 for UVB-H. UVB-H treated
fish were exposed to a daily dose of 11.86 + 1.79 k] m~2,
and the absolute dose for this treatment was 118.60 &+ 17.94 kJ
m~2 after 10 days of exposure. A humane endpoint for the
UVB-H treatment was defined after 16 days of exposure due to
the unexpectedly high mortality in the highest UVB treatment.
Therefore, the fish who received the highest absolute UVB dose
were the ones in the UVB-M treatment, after 43 days of exposure
(260.64 & 35.97 k] m~?) (Table 1).

For each treatment, UVB irradiance and UVB doses for
each treatment (daily and absolute), in each tank zone, are
presented in Supplementary Table S3. A consistent reduction
in the daily UVB doses in the middle and bottom tank zones
was observed across all UVB treatments when compared to the
top tank zone, ranging from 34-39 and 62-72%, respectively
(Supplementary Table S3).

Effects of UVB on Growth and Body

Condition
In the first 10 days of exposure (short-term exposure), fish from
the UVB-H and UVB-M treatments, exhibited lower total length
(TL) and total weight (TW) than fish from the control treatment
(Two-way ANOVA, UVB-H, P < 0.001; UVB-M, P < 0.05).
However, no differences in TL or TW were observed in the UVB-
L treatment (Two-way ANOVA, P > 0.05). No mortality was
observed during the first 10 days of UVB exposure. After 10 days
of exposure, the weight gain rate (WGR) and specific growth rate
(SGR) decreased with increasing UVB doses (Two-way ANOVA,
UVB-H, P < 0.001; UVB-M, P < 0.01). Similar animal conditions
(Fulton’s K index - K, hepatosomatic index — HSI, and brain to
body mass ratio — BB,4,) were observed across all experimental
groups (Two-way ANOVA P > 0.05). Fish exposed to UVB-
M showed the highest SSI values (UVB-M/control, P = 0.009)
(Table 2). Contrary to all other treatments, a 15% mortality was
observed in UVB-H fish between 10 and 16 days of exposure.
After long-term exposure (43 days), the adverse effects of UVB
on fish growth and body condition were more evident. The lowest

TL) and TW were observed in UVB-M exposed fish (Two-way
ANOVA, P < 0.001) compared to control. Both TW and TL
of fish in the UVB-L treatment were lower than in the control
(P < 0.001) (Table 2). Similarly, both TL and TW of fish in
the UVB-L treatment were also decreased (Two-way ANOVA,
P < 0.001) (Table 2). Eight percent mortality was observed in
the UVB-M treatment, with no mortality observed in the control
and UVB-L treatments. A decrease in the WGR, and SGR was
observed at the end of the experiment in UVB-M exposed fish
(Two-way ANOVA, P < 0.01) (Table 2). No differences between
treatments were observed for K;,.c. A decrease in the HSI was
observed in fish exposed to the UVB-L treatment (ANOVA by
Ranks, P < 0.05). No significant changes were observed for SSI.
In the case of BB, an increase in the ratio was observed
in both UVB-M and UVB-L treatments (Two-way ANOVA,
P < 0.05) (Table 2).

Effects of UVB on Behavior
Swimming/Locomotor Activity

Exposure day: 8th-16th

Between 8 and 16 days of exposure, the swimming/locomotor
behavior changed remarkably with an increase of the UVB
doses (Figure 1A).

During the morning exposure period, no significant
differences were observed between treatments in any zone
of the tank (Three-way ANOVA, P > 0.05). Regarding the
preference of fish for a particular tank zone, control fish swam
randomly and were evenly distributed across the three regions of
the tank. Similar results were observed in fish under UVB-L and
UVB-M treatments (Three-way ANOVA, P > 0.05) (Figure 1A
and Table 3). However, under the UVB-H treatment, around 65%
of fish remained at the bottom of the tank during the morning
period, and only 10% of fish were located in the top tank
zone (Three-way ANOVA, P < 0.05) (Figure 1A). Moreover,
most fish from this treatment showed a slow displacement
behavior (Table 3).

During the afternoon exposure period, in the bottom tank
zone, the UVB-H treatment showed an increase in the percentage
of fish when compared to all other treatments (Three-way
ANOVA, UVB-M - P < 0.05; control and UVB-L - P < 0.001).
In contrast, a decrease in the percentage of fish at the middle tank
zone was observed with the increasing UVB doses (e.g., control -
36%, UVB-H - 5%, Three-way ANOVA, P = 0.0028) (Figure 1A).

Regarding the preference of fish for a particular tank
zone, control fish showed no changes in the behavior. In the
UVB-L and UVB-M treatments, the percentage of fish was
significantly different between tank zones (Three-way ANOVA,
P < 0.05, Figure 1A). Notably, most fish from UVB-H treatment
preferred to stay in the bottom of the tank in the afternoon,
representing > 90% of the UVB-H fish (Three-way ANOVA,
bottom vs. middle/top, P < 0.001, Figure 1A). The daily UVB
doses at the bottom of the UVB-H tanks were around 6.4 kJ
m~2 (average daily UVB dose in the tank - 12 KkJ m~2)
(Supplementary Table S3). In the UVB-H exposed fish, the
number of individuals remained at the bottom of the tank
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TABLE 1 | Mean irradiance (W m~2), the daily dose (kJ m~2), and absolute dose (kJ m~2) of UVB used on the irradiated S. aurata juveniles.

Irradiance Daily dose Absolute dose (kJ m~2) Absolute dose (kJ m~2)
Treatment (Wm2) (kd m—2) 10 days exposure 43 days exposure
Control 0.0+ 0.0 0.0+ 0.0 0.0+ 0.0 0.0+ 0.0
UVB-L 0.10 + 0.03 2.40 +0.29 23.97 £2.89 103.10 £ 12.41
uvB-M 0.21 +0.03 6.06 + 0.84 60.61 £+ 8.37 260.64 + 35.97
UVB-H 0.41 £ 0.06 11.86 +1.79 118.60 £ 17.94 —

The UVB irradiance levels and respective daily doses for each treatment were determined by measuring the irradiance in nine distinct positions within the experimental
tanks (n = 2), and the mean irradiance values were used to calculate the daily UVB doses for each treatment. Control — group without UVB; UVB-L — low UVB treatment;

UVB-M — moderate UVB treatment; UVB-H — high UVB treatment.

increased in the afternoon when compared with the morning
period (Three-way ANOVA, P = 0.02, Figure 1A).

Most of the UVB-H exposed fish remained at the bottom of
the tank and positioned themselves on the left and right sides of
the tank, where the UVB irradiance was slightly lower. In this
treatment, this change in behavior became evident after 8 days of
exposure (UVB-H, absolute doses - 95 k] m~2), when exposed
fish started to lie at the bottom and lateral side of the tank
(avoidance strategy). Supplementary Video S1 shows an example
of the behavior recorded for the four experimental groups
(afternoon period - 8 days of exposure). Moreover, the majority
of fish during the afternoon period in the UVB-H (between
8 and 16 days of exposure) treatment showed a stationary
behavior with slow caudal and dorsal fin movements (Table 3
and Supplementary Video S2). Other behavioral responses were
observed between 8 and 16 days of exposure in the UVB-H
treatment, which included slow displacement behavior, stationary
behavior with rapid caudal and dorsal fin movements, stationary
behavior showing no movements other than the opercular, and
rapid and erratic displacements (Supplementary Video S2).
However, less than 10% of fish showed these behavioral changes
in the UVB-H during this exposure period (Table 3).

Exposure day: 26th-40th

The cumulative adverse effects in the swimming/locomotor
behavior during long-term exposure to UVB were observed in
UVB-L and UVB-M exposed fish (Figure 1B and Table 3).
For example, the number of fish remained at the bottom of
the tank was higher in the UVB-M treatment when compared
with UVB-L and control (morning and afternoon, Three-way
ANOVA, bottom vs. middle/top, P < 0.001). In the case of
the middle tank zone (morning and afternoon), the number
of fish remained in this zone decreased in UVB-L and UVB-
M treatments when compared with the control (Three-way
ANOVA, UVB-L - P <0.01, UVB-M - P < 0.001). No significant
differences were observed in the number of fish remained at
the top tank zone between treatments at any exposure period
(Three-way ANOVA, P > 0.05).

Regarding the preference of fish for a particular tank zone,
significant changes were observed between treatments during
the morning and afternoon exposure periods. No major changes
in the swimming behavior were observed in the control fish
(Figure 1B and Table 3). In the case of UVB-L treatment, the
percentages of fish remaining at the bottom of the tank were 54

and 58% in the morning and the afternoon, respectively (Three-
way ANOVA, bottom vs. middle/top, P < 0.01) (Figure 1B). In
this treatment, behavioral changes such as avoidance strategy and
slow displacement behavior were observed (Table 3).

Similar behavioral changes to those that occurred in the UVB-
H exposed fish (after 10 days of exposure) were observed in
the UVB-M treatment (absolute doses after 26 days of exposure,
158 k] m~2). After 43 days of exposure, most of the UVB-M
exposed fish remained at the bottom of the tank (morning -
77, afternoon - 87%), where the daily UVB doses in this
tank zone were about 3 k] m~2 (Three-way ANOVA, bottom
vs. middle/top, P < 0.001) (Figure 1B and Supplementary
Table S3). The majority of the UVB-M exposed fish exhibited the
avoidance strategy, slow displacement behavior (morning), and
stationary behavior with slow caudal and dorsal fins movements
(afternoon) (Table 3).

Feeding Behavior

Throughout the 43 days of the experiment, the feeding behavior
changed in UVB exposed fish, mainly during the afternoon
feeding period (Figure 2 and Supplementary Videos S3, S4).
Overall, a decrease in fishes' appetite was observed during the
experiment under all UVB exposure conditions.

In the morning, no evident differences were observed between
the control and UVB-L fish in the time required to consume
all the available food. On the other hand, the time spent to
consume the food increased considerably in fish from the UVB-
M and UVB-H treatments (Figure 2A). For example, on the
8th day of exposure, the average time spent consuming the food
for the control, UVB-L, UVB-M, and UVB-H was 63, 131, 147,
and 289 s, respectively (Supplementary Video S3). On the 9th
and 10th days of exposure, fish exposed to UVB-H irradiance
conditions did not consume all the food available. After 10 days
of exposure and until the end of UVB exposure, fish from
the UVB-M treatment spent more than 5 min consuming the
food (Figure 2A).

In the afternoon feeding period, the time spent consuming
the food changed drastically between the control and UVB
exposed fish. The increase in time to consume the food was
directly proportional to the increase in UVB dose (Figure 2B
and Supplementary Video S4). For example, in the UVB-L
treatment, fish took more than 5 min to consume the food.
For half of the days where we monitored feeding behavior, they
did not consume the whole amount of food. Furthermore, fish
exposed to irradiation levels of UVB-M continued to ingest
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TABLE 2 | Total length (TL, cm) and total weight (TW, g), survival (%), weight gain rate (WGR, %), specific growth rate (SGR, %), Fulton’s condition index (Kingex), hepatosomatic index (HSI), splenosomatic index (SSI)
and brain-to-body mass ratio (BBratio) in S. aurata after 10 and 43 days of exposure to UVB (mean + SD; n = 30).

Weight Specific
Total length Total weight Survival gain rate growth rate
(TL, cm) (TW, 9) (%) (WGR, %) (SGR,%) Kindex HSI SSI BBiatio
Initial
Control — 32.3+4.0 — — — — — — —
UVB-L - 31.3+3.9 - - - - - - -
UVvB-M - 324+45 - - — — - - —
UVB-H - 32.4+45 - - - - - - -
10 days
Control 14.7 £ 0.6A* 58.23 + 8.89A" 100 44.5 £ 0.5A* 3.68 + 0.05A* 1.8+02 156+£02 0.17 £ 0.07B* 0.29 £+ 0.05*
UVB-L 14.2 £ 0.8AB* 54.13 + 10.21AB* 100 42.2 + 1.3A* 3.43 £+ 0.14A* 1.9+0.2 1.6+0.2" 0.25 4+ 0.10A* 0.31 £+ 0.05*
UVB-M 14.1+£0.7B* 49.68 + 8.67B* 100 35.2 +1.28* 2.71 £0.11B* 1.7+0.2 1.5+ 04" 0.21 &+ 0.07AB* 0.32 £+ 0.06*
UVB-H 14.0 £ 0.68B 48.80 + 7.20B 100 33.5+1.6B 2.55 +£0.158B 1.8 +£0.1 16+£04 0.21 £ 0.08AB 0.29 £ 0.09
43 days
Control 18.4 £ 0.6a 119.64 £ 13.72a 100 73.0 £ 0.5a 2.62 £+ 0.04a 1.9+0.2 1.4+0.2a 0.08 &+ 0.04 0.19 &+ 0.03b
UVB-L 17.3+0.8b 96.96 + 13.72b 100 67.8+£0.2b 2.26 £ 0.01ab 1.8+0.1 1.2+£0.2b 0.10 £ 0.04 0.23 £ 0.04a
UvB-M 16.5+ 1.1c 84.89 + 18.09¢c 88 — 95 62.1 +0.9c 1.94 + 0.06b 1.9+0.2 1.3+ 0.2ab 0.11 £ 0.06 0.26 £ 0.05a
UVB-H' - - - - - - - - -

In each column, upper and lower case letters indicate significant differences between treatments after exposure to UVB after 10 and 43 days, respectively. For each body condition index, * indicates significant differences
between 10 and 43 days of UVB exposure (P < 0.05, two-way ANOVA). Abbreviations: Control — group without UVB; UVB-L — low UVB treatment; UVB-M — moderate UVB treatment; UVB-H — high UVB treatment.
! Sampling was not performed for this treatment after 43 days. Humane endpoint defined after 16 days of exposure.
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FIGURE 1 | Effect of UVB on the S. aurata swimming behavior observed along the experimental time. The fish position inside the tanks was recorded in the morning
(1 h after starting UVB exposure) and in the afternoon (after 5-6 h under UVB exposure). The percentages of fish observed (mean + SEM) at the top, middle, and
bottom positions inside the tanks represent the mean from all the observations recorded during the first 8-16 days (A) and 26-40 days (B), for each treatment and
replicates. Significant differences between treatments within each tank zone and exposure period are represented by upper case letters (P < 0.05; three-way
ANOVA). For each treatment (within each exposure period), significant differences between tank zones are represented by lower case letters (P < 0.05; three-way
ANOVA). Within the treatment, * indicates significant differences between morning and afternoon (P < 0.05; three-way ANOVA). Supplementary Figure S2 shows
the percentage of fish observed in each tank zone on each day where behavior was recorded. In general, UVB doses in the middle and bottom tank zones were

reduced by about 34-40% and 62-72%, respectively, compared to UVB in the top tank zone.
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TABLE 3 | Ethogram of the changes in swimming behavior observed in S. aurata during 43 days of exposure to UVB.

Slow Stationary
displacement behavior with Stationary behavior  Stationary behavior
behavior, rapid caudal and with slow caudal showing no Rapid and
Normal Avoidance swimming dorsal fins and dorsal fins movements other eerratic
swimming strategy’ smoothly movements movements than the opercular  ddisplacements
8-16 days Morning
Control +++ - - - - - -
UVB-L +++ - - - - - -
UvB-M +++ + - - - -
UvB-H ++ ++ ++ + + +
Afternoon
Control +++ - - - - - -
UVB-L +++ - + - - - -
UvB-M ++ ++ +++ - ++ - -
UvB-H - +++ + + +++ + +
26-40 days Morning
Control +++ - - - - - -
UVB-L +++ - + - - - -
uvB-M + +++ ++ + ++ - +
UVB-H NA NA NA NA NA NA NA
Afternoon
Control +++ - - - - - -
UVB-L +++ + + - - - -
UvB-M + +++ ++ + +++ - +
UVB-H NA NA NA NA NA NA NA

Swimming behavior was recorded in the morning (1 h after starting UVB exposure) and afternoon (5-6 h after starting UVB exposure). For both morning and afternoon,
the changes in the swimming behavior were registered for 2 min (each tank) on the 8th, 9th, 12th, 16th, 26th, 27th, 30th, 39th, and 40th day of UVB exposure. For the
UVB-H treatment, the feeding behavior was analyzed only on the 8th, 9th, 12th, and 16th day of exposure. +(0-20% of the fish showed the behavior), ++(>20-50% of the
fish showed the behavior), +++(>50% of the fish showed the behavior), — (behavior was not observed), NA (not analyzed). The different changes in swimming behavior
are shown in Supplementary Video S2. ' - fish remained at the bottom of the tank and at the lateral side of the tank, where the UVB levels are slightly low.

A Mornin B Afternoon
e=@ue Control e=@m=s UVB-M e=@ue Control emmss [JVB-M
emg=s UVB-L «< UVB-H emges UVB-L «< UVB-H
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g 250 - g 250 1
2 200 - & 200 |
k=) bS]
Q (9]
& 150 &£ 150 A
| =
(53 Q
2100 A 2100 1
£ g
2 50 = 50
5 10 15 20 25 30 35 40 45 S 10 15 20 25 30 35 40 45
Days of exposure Days of exposure

FIGURE 2 | Effect of UVB on the S. aurata feeding behavior observed during the experimental time: (A) morning (1 h before starting the UVB exposure) and (B)
afternoon (4 h after starting the UVB exposure) meals. The time spent to consume the food (seconds, sec) was recorded on the 8th, 9th, 10th, 23rd, 24th, 25th,
26th, 30th, 38th, and 39th day of UVB exposure. Due to the humane endpoint for the UVB-H experimental group, the feeding behavior analysis in this treatment was
done only on the 8th, 9th, and 10th days of exposure. Filled symbols indicate that fish consumed all the feed pellets; open symbols indicate that fish did not
consume all the feed pellets. Fish were fed 3-5% of their body weight per day. The feed was provided twice a day in two equal meals, one in the morning (9 AM) and
the other during the afternoon (between 2 and 3 PM).
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some feed pellets but did not consume all of the provided
feed. On the 9th and 10th day of the experiment, no food was
ingested by fish exposed to the UVB-H conditions (Figure 2B and
Supplementary Video S4).

Effects on Skin: Tissue Damage

On the 5th day of the experiment, the first signs of superficial
skin lesions and evidence of typical sunburn from UVB exposure
were observed in the UVB-H exposed fish. The percentage of fish
that showed lesions on the skin after short- and long-term UVB
exposure is shown in Figure 3A.

Short- and long-term UVB irradiation dose-dependently
increased the percentage of fish with skin lesions and typical
signs of sunburn. The percentage of fish showing skin lesions
after 10 days UVB exposure was 86, 18, 4, and 0% in UVB-H,
UVB-M, UVB-L, and the control, respectively. The percentage of
fish with skin lesions increased remarkably in UVB-M (73%) and
UVB-L (34%) treatments by the end of the experiment (43 days)
(Figure 3B). On the contrary, under qualitative inspection, the
skin of the control group exhibited a normal shape with a healthy
appearance (Figure 3A).

The observed skin lesions were classified into four different
categories: slight (hyperpigmentation, desquamation), moderate
(desquamation and emergence of epidermal sloughing), severe
(desquamation, generalized epidermal sloughing), and extremely
severe (advanced epidermal sloughing and necrosis) (Figure 3C).
The skin lesions were mostly located on the dorsal surface
of the fish between the head (after the operculum) and the
caudal fin, predominantly below the dorsal fin and above
the lateral line. Less than 20% of fish with skin lesions had
their entire body affected (Figure 3A). By day 10, fish from
the UVB-M and UVB-L treatments only showed slight skin
lesions. Instead, UVB-H exposed fish showed slight (69%)
moderate (26%) and severe (5%) skin lesions (Figure 3C).
The cumulative damage to the skin resulting from long-term
exposure to UVB was evident in the UVB-M and UVB-L
treatments. For example, fish from the UVB-M irradiation
group revealed all four categories of skin lesion: slight
(42%), moderate (32%), severe (16%), and extremely severe
(10%) (Figure 3D).

Effects of UVB on Physiological
Condition

After 10 days of exposure, the highest cortisol concentration
was observed in the UVB-L exposed fish (65.5 + 3.7 ng
ml~!, ANOVA by Ranks, P < 0.05), but there was no
significant difference between the control and any of the
UVB exposed fish after 43 days of exposure (ANOVA by
Ranks, P > 0.05). Within each treatment, no significant
differences in the cortisol concentration were observed
10 and 43 days of UVB exposure (ANOVA by Ranks,
P > 0.05) (Figure 4A).

Short- and long-term UVB exposure resulted in a decrease
in the plasma total protein concentration (Two-way ANOVA,
P < 0.05). After ten days of UVB exposure, the lowest protein

concentration (23.46 & 4.69 mg ml~!) was observed in the UVB-
H exposed fish (Two-way ANOVA, P < 0.05). Furthermore,
after long-term UVB exposure, the total protein concentration
decreased significantly in the UVB-M treatment (29.72 & 1.78 mg
ml™!), when compared with the control (33.35 & 1.90 mg
ml™!), (Two-way ANOVA, P < 0.05) (Figure 4B). When
comparing short- and long-term UVB exposure, the total protein
concentration increased significantly after 43 days in the control
and UVB-M (Two-way ANOVA, control - P < 0.001, UVB-
L - P < 0.0195). Such increase was not observed in the UVB-M
exposed fish (Two-way ANOVA, P = 0.8420) (Figure 4B).

UVB radiation did not affect the seabream plasma glucose
or lactate concentrations after 43 days of exposure (One-way
ANOVA, P > 0.05) (Figure 5). UVB exposure resulted in
a dose-dependent significant decrease in the total cholesterol
concentration, Control > UVB-L > UVB-M (One-way ANOVA,
P < 0.001).

A reduction by more than 50% was observed in the UVB-
M (172.41 £ 25.62 mg dl™!) treatment, when compared with
the control (381.27 + 67.32 mg dl™!), (One-way ANOVA,
P < 0.001) (Figure 5).

Effects of UVB on the Innate Immune

System

After 10 days of UVB exposure, there was a significant
decrease in the anti-protease activity (expressed as% of trypsin
inhibition) of fish exposed to UVB-M (75.0 & 7.1%, Two-way
ANOVA, P < 0.0016) and UVB-H (72.4 £ 9.9%, Two-way
ANOVA, P < 0.001) treatments when compared with the control
(83.4 £ 5.4%) (Figure 6A). After 43 days of exposure, the anti-
protease activity significantly decreased in UVB-M exposed fish
(Two-way ANOVA, P < 0.05) (Figure 6A).

After 10 days of UVB exposure, the lowest total peroxidase
activity (PO) was observed in the UVB-L irradiation treatment
(Two-way ANOVA, P < 0.05). However, none of the
physiological and morphological data collected from those
specimens explain this reduction. The UVB irradiation dose-
dependently decreased the total PO activity after 43 days of UVB
exposure, control > UVB-L > UVB-M (Two-way ANOVA,
P < 0.05) (Figure 6B). In UVB-M exposed fish, a significant
decrease in the total PO activity was observed after 43 days
when compared with 10 days of exposure (Two-way ANOVA,
P =0.004) (Figure 6B).

The C reactive protein (CRP) levels in the plasma ranged
between 1.18 & 0.38 pg/ml and 1.69 £ 0.16 pg/ml in UVB-
H and UVB-L, respectively, after 10 days of UVB exposure
(Two-way ANOVA, P < 0.05). Similar changes were observed
in the prothrombin (PT) levels after 10 days of UVB exposure
(Figure 6C). Additionally, after 43 days of UVB exposure, CRP
and PT plasmatic levels increased significantly in the UVB-M
fish (Two-way ANOVA, P < 0.05). In all experimental groups,
a decrease in the CRP and PT plasmatic levels throughout the
experiment (t-student, P < 0.05) (Figures 6C,D). Differences
in the CRP and PT concentrations between 10 and 43 days of
exposure may have arisen because two ELISA plates were used
from the same assay, but from different lots.
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FIGURE 3 | Superficial skin lesions (sunburn) on S. aurata after 10 and 43 days exposure to UVB. (A) Lesions location. *Lesions located only below the dorsal fin; **
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DISCUSSION

The present study is the first to describe and characterize the
sensitivity of S. aurata to underwater UVB radiation. The daily
UVB doses (2.40-11.86 k] m~2) used in this experiment are
of the same order of magnitude as those detected underwater
in oligotrophic seas. For example, Garcia-Corral et al. (2015)
reported high daily UVB doses (41 k] m™2) during June 2013

in the surface waters of the Northwestern Mediterranean. Given
that 10% of this UVB radiation (Z19%, 312 nm) can be detected at
9 m (Tedetti and Sempéré, 2006), fish at this depth can receive
daily UVB doses of 4.1 k] m~2. Another study conducted in
Mediterranean waters showed daily UVB doses of 17 k] m~2 and
1.7 k] m~2 at the surface and at 6 m, respectively (Kouwenberg
and Lantoine, 2007). Daily UVB doses of 11 k] m~?2 at the surface
have also been reported during the fall in the Southwestern
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Mediterranean (Llabrés et al, 2010). Although S. aurata is
considered to be an exotic species in the Red Sea, it has already
become an established fish species in the aquaculture sector of
KSA (FAO, 2013). Recent studies have reported exceptionally
high daily UV doses in the Red Sea. Recent studies have reported
exceptionally high daily UV doses in the Red Sea. In the central
Red Sea during 2017-2018, high daily UVB doses in surface
waters have been reported to range from 20 k] m~2 in December
2017 to 45 k] m~2 in June 2017 (Overmans and Agusti, 2020).
In that study, the lowest monthly mean daily underwater dose of
UVB was observed in December 2017, where the UVB doses at 1,
4, 8, and 10 m were 13.7, 4.4, 1.0, and 0.5 k] m~2, respectively.
In contrast, in July 2018, the average daily UVB dose at 4 m
exceeded 14 kJ m~2, and at 10 m, UVB doses of 3 k] m 2 were still
detectable (Overmans and Agusti, 2020). The results should in the
present study demonstrate that S. aurata is sensitive to the UVB
doses applied in this study, which were equivalent to underwater
levels above 10 m depth. These results are relevant for fish that
are confined in farming cages, where UVB exposure can result in
losses for the aquaculture sector, especially in oligotrophic waters
with high UVB incidence. Moreover, exposure of S. aurata to
UVR may increase in the future, especially in the summer and
fall, if marine waters become more oligotrophic with climate
change (Duarte et al, 2004; Regaudie-De-Gioux et al., 2014;
Garcia-Corral et al., 2015).

UVB Exposure Resulted in Reduced
Growth, Loss of Body Condition and

Behavioral Changes

The present results indicate that short- and long-term UVB
exposure reduces seabream juvenile’s growth in UVB-H (11.9 kJ
m~2 d~!; absolute UVB doses for the experimental period of
119 kJ m™2) and UVB-M (6.1 k] m™ d™'; absolute UVB
doses for the experimental period of 261 k] m~2), respectively.
Also, this observed reduction in growth was strongly dose-
dependent. After 43 days of exposure, fish from UVB-L (2.4 kJ
m~—2 d~!; absolute UVB doses for the experimental period of

103 k] m™?) and UVB-M (6.1 k] m~? d~'; absolute UVB
doses for the experimental period of 261 k] m~2) treatments
grew 27 and 40% less, respectively, compared to the control. In
agreement with findings for other teleost fish, a reduction in
growth can be due to exposure to UVB radiation. For example,
in Atlantic salmon, a reduction in growth was observed after
exposure to enhanced UVB conditions over 52 days, simulating
a stratospheric ozone loss of 20% (daily dose at the bottom
of the cage, 3.5 k] m~2 d~!; absolute UVB doses for the
experimental period of 182 kJ] m~2), when compared to fish
kept under UVB-depleted sunlight (daily dose at the bottom
of the cage, 0 kJ m~2 d71) (Jokinen et al, 2008). Similar
findings were obtained for three-spined stickleback and sea
chub (Graus nigra) juveniles after 68 (6.5 kJ m~2 d~!; absolute
UVB doses for the experimental period of 442 k] m~2) and
7 (3.2 k] m~2 d~!; absolute UVB doses for the experimental
period of 22.4 k] m~2) days of exposure to UVB, respectively.
The reduction in growth due to UVB exposure was generally
accompanied by poor nutritional status (Garcia-Huidobro et al.,
2017; Vitt et al., 2017).

The results obtained in the present study show a reduction
in appetite and an increase in the time taken to consume food
of the UVB exposed fish, mainly in the UVB-H and UVB-
M treatments. These behavioral changes became more evident
during the afternoon feeding period. Appetite reduction and
behavioral feeding changes have been previously reported in
three-spined stickleback as a consequence of UVB exposure
(Vitt et al., 2017) and a decrease in food consumption often
resulted in lower energy intake. This energy deficit is very
detrimental because energy-demanding mechanisms, such as
DNA repairing, increase upon UVB exposure due to induced
DNA damage. In such cases, seabream juveniles do not allocate
sufficient energy for digestion or other biological processes such
as reproduction and growth (Olson et al., 2006; Groff et al., 2010;
Fukunishi et al., 2013).

The animal fitness indexes also changed after UVB exposure
(e.g., 10 days — UVB-L: an increase in SSI; 43 days - UVB-
M: a decrease in HSI). This lower body condition may be
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due to cell damage caused by UVB exposure, which can
result in apoptosis or activation of the (energetically costly)
cell repair mechanisms, as is suggested to occur for three-
spined stickleback after long-term UVB exposure (Vitt et al.,
2017). Furthermore, under chronic stress conditions, metabolic
changes may occur, which can interfere with the deposition of

glycogen in fish liver. Subsequently, the stability of structural
components such as proteins and lipids can be compromised,
affecting the overall liver weight (Maulvault et al., 2018).
Moreover, previous studies have shown that tissue hypertrophy
and hyperplasia can also occur after UVR exposure (Blazer et al.,
1997; Sayed et al., 2007, 2013).

The behavioral analysis showed that UVB exposure affects
the swimming activity in gilthead seabream juveniles exposed
to natural underwater UVB levels, particularly levels of UVB-M
(6.1 k] m™2 d~') and UVB-H (11.9 k] m—2 d~!). After the 8th
day of exposure, UVB-H exposed fish began to lay in the bottom
and on the lateral side of the tank. This behavioral change was
evident in the UVB-M exposed fish after 26 days of exposure, and
this behavior continued until the last day of the experiment. In
those fish, swimming activity was significantly reduced, and most
of the fish showed a slow displacement behavior and a stationary
behavior with slow caudal and dorsal fins movements. Alemanni
et al. (2003) described the same type of behavioral changes in
juvenile rainbow trout after receiving a single UVB dose of 3.35kJ
m~2. The present study also showed that seabream juveniles
tried to avoid UVB exposure, especially during the afternoon
period (8-16 days - UVB-H, 26-40 days - UVB-M). Previous
studies have shown that fish generally adopt a UVB avoidance
strategy to escape radiation exposure (Kelly and Bothwell, 2002;
Sucré et al,, 2012; Pulgar et al., 2015; Vargas et al.,, 2018). The
UVB avoidance strategy can be triggered by the early perception
of skin damage, or due to UVB detection in the eyes by UV-
sensitive retinal photoreceptors, as suggested by Alemanni et al.
(2003) and Sharma et al. (2007). Nonetheless, the factors causing
UVB-dependent behavioral changes, or how fish perceive UVB
radiation, have not yet been established directly and are still
poorly studied and understood.

UVB Exposure Resulted in Skin Damage

Fish skin acts as the primary barrier between the external
and internal environment, and its epidermis is composed of
metabolically active epithelial cells (e.g., mucous-producing
cells) (Esteban, 2012; Gomez et al., 2013). Due to a lack of
keratinization, fish skin is more susceptible to damage by UVR
exposure than human skin (Bullock, 1982; Elliott, 2011). In the
current study, the first signs of sunburn and lesions in seabream
skin occurred after 5 days of exposure in the UVB-H treatment.
These alterations in skin morphology increased in all fish from
the three UVB exposure treatments. At the end of the experiment,
the percentage of fish showing lesions on their skin was 73 and
35% in the UVB-M (6.1 k] m~2 d~!; absolute UVB doses for
the experimental period of 261 k] m~2) and UVB-L (2.4 k] m 2
d~!; absolute UVB doses for the experimental period of 103 kJ
m~2) treatments, respectively. Evidence of sunburn and skin
lesions after UVB overexposure has been reported during all fish
development stages (Gevertz et al., 2012; Sucré et al., 2012). For
example, Fabacher and Little (1995) studied the effect of UVB
exposure over 7 days (UVB dose, 34.2 k] m~2 d~!; absolute UVB
doses after 7 days of exposure, 239.4 k] m~2), producing sunburn
and skin lesions in different fish species. In rainbow trout and
Lahontan cutthroat trout (Oncorhynchus clarki henshawi), the
first signs of sunburn and skin hyperpigmentation appeared after
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3 days of UVB exposure and were located close to the dorsal fin
just behind the head (Fabacher and Little, 1995). Similarly, in our
experiment, observed skin lesions were located in the same body
region. Additionally, UVB exposure (2.4 k] m~2 d~!; absolute
UVB doses after 28 days, a total of 12 irradiations — 28.8 kJ m2)
induced morphological changes in the skin of common carp
(Markkula et al., 2005). Moreover, more than 50% of fish showed
lesions and sunburn on their skin after 28 days of exposure
(Markkula et al., 2005).

Moreover, the severe lesions (e.g., desquamation, necrosis,
sloughing of the skin) observed in juveniles in this study
corroborate our hypothesis that seabream is susceptible to
standard underwater UVB levels from the Red Sea, and also from
the Mediterranean, especially during the summer months. As
mentioned in the section above, fish also avoid UVB exposure
as a strategy to cope with overexposure (Fukunishi et al., 20065
Pulgar et al., 2015; Valifias and Walter Helbling, 2016). However,
when confined, such as occurs with S. aurata in aquaculture
cages, fish cannot avoid UVB exposure by moving to lower
depths or by sheltering. In fact, significant production losses
were previously reported in several fish farms between the
1980 and 1990s, where skin lesions and sunburn in fish from
outdoor tanks were indicated as a potential cause for increased
mortality rates (Bullock, 1982; Bullock and Coutts, 1985;

Lowe and Goodman-Lowe, 1996). Fifteen percent mortality was
observed during the first 16 days of the experiment in the UVB-
H (UVB doses — 11.9 k] m~2d~!) exposed fish, and about 8%
of fish from the UVB-M treatment died during the 43 days of
exposure (daily UVB doses - 6.1 k] m~2d~!). Furthermore, fish
that died due to UVB exposure showed extremely severe lesions
and sunburn on their skin.

UVB Exposure Resulted in Several
Metabolic, Physiological and

Immunological Responses

In this study, after short-term exposure, UVB-L exposed fish
(2.4 k] m~2 d~!; absolute UVB doses after 10 days of exposure -
24.0 k] m~2) showed the highest plasma cortisol levels. Similar
findings were observed in common carp (0.6 k] m~2 d7!,
absolute UVB doses after a total of 3 irradiations - 1.8 k] m~2;
Markkula et al., 2005) and rainbow trout (0.07 k] m~2% d~1,
absolute UVB doses after a total of 17 irradiations — 1.2 k] m™2;
Markkula et al., 2009) juveniles exposed to UVB. Fish exposed
to the lowest UVB doses unexpectedly had the highest increase
in cortisol levels. Indeed, under acute exposure to UVR, cortisol
levels in plasma increased significantly in roach and fathead
minnow (Jokinen et al., 2000; Manek et al., 2012). The cortisol
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peak in the juveniles from the UVB-H and UVB-M treatments
due to UVB exposure probably occurred before the 10th day of
exposure, as suggested also in Markkula et al. (2005, 2009). After
43 days of exposure, there were no significant changes in the
cortisol levels between control and any of the UVB-exposed fish,
probably due to adaptation to these chronic stress conditions,
which can result in its reduction to basal levels (Alves et al., 2010).
Similar results were obtained in common carp (absolute UVB
dose, 28.8 k] m—2) and rainbow trout (absolute dose, 10.2 k] m—2)
after long-term exposure (Markkula et al., 2005, 2009).

Low hematocrit values and a decrease in the plasma total
protein levels have been used as indicators of poor nutritional
status due to UVA and UVB exposure (Jokinen et al., 2000,
2008, 2011; Markkula et al., 2005, 2009). Under stress conditions,
the levels of plasma circulating proteins can decrease due to
the potential peripheral proteolysis or amino acid oxidation (Di
Marco et al., 2008; Peres et al., 2014; Rossi et al., 2015). Our results
are in agreement with previous studies, where the plasma total
protein levels in seabream juveniles decreased after short- and
long-term UVB exposure.

In agreement with previous findings (Osman et al., 20105
Sharma et al., 2010), the present data showed that UVR exposure
can result in metabolic disturbance, as evidenced by the reduction
in more than 50% of the circulating total cholesterol levels in
the UVB-M exposed fish after 43 days of exposure. Also, glucose
and total cholesterol concentrations decreased in adult North
African catfish (Clarias gariepinus) exposed to UVA for 3 days
Sayed et al. (2007). Furthermore, the decrease in the appetite
observed in UVB-H and UVB-M exposed fish can also be a
plausible explanation for the evidence metabolic disturbance.
In fact, during starvation, lipid metabolism pathways can be
affected. Total cholesterol levels decreased in some fish species
due to lack of available dietary lipids and inhibition of fatty
acids’ synthesis (Pérez-Jiménez et al., 2007; Peres et al., 2013). In
addition, lipogenesis inhibition during food deprivation can help
to maintain plasma glucose levels (Costas et al., 2011; Menezes
et al., 2015). In addition, lipogenesis inhibition during food
deprivation can help to maintain plasma glucose levels (Costas
etal., 2011; Menezes et al., 2015).

The immunosuppressive effects of UVB exposure in fish
have been previously documented (Jokinen et al., 2001, 2008,
2011; Alemanni et al., 2003; Markkula et al., 2005, 2006, 2009).
The present work outlines the potential adverse effects of
short- and long-term UVB exposure on the innate immune
system of S. aurata juveniles, through the analysis of humoral
parameters in the plasma. After 10 and 43 days of UVB exposure,
both anti-protease and total peroxidase (PO) activity decreased.
Furthermore, the cumulative adverse effects of UVB on the
juveniles’ immune system were more evident after 43 days of
exposure, as observed for total peroxidase activity in the UVB-
M treatment. When circulating in plasma, anti-proteases and
peroxidases (e.g., myeloperoxidase), that have anti-inflammatory
and bactericidal functions, prevent pathogens from adhering and
colonizing, thus preventing the spread of diseases (Magnadottir,
2010; Uribe et al.,, 2011). Therefore, the doses used in the
present study suggest that UVB exposure can affect the seabream
innate immune response against pathogens (Sitja-Bobadilla and

Pérez-Sanchez, 1999; Talpur and Ikhwanuddin, 2013). To date,
no studies have provided evidence that shows the effects of
UVB radiation on the activity of these two enzymes in fish.
Nevertheless, some studies have demonstrated that these enzymes
can be suppressed under long-term exposure to different stress
factors, such as overcrowding, exposure to parasites and other
pathogens, wounding on the skin, thermal stress, starvation, and
exposure to pollutants (Chebaani et al., 2014; Sadhu et al., 2014;
Yarahmadi et al., 2016; Eslamloo et al., 2017; Borgia et al., 2018;
Ceballos-Francisco et al., 2018).

C-reactive protein is a pentraxin-like molecule that is
commonly involved in the acute phase response (APR), and
its levels can increase in the plasma due to tissue injury and
inflammation. CRP has been identified in several fish species,
and its function in the immune system, other than its role
in the APR (reviewed by Whyte, 2007), includes the removal
of apoptotic cells and activation of the complement pathways
(Nauta et al., 2003; Tarnawska et al., 2019). The current results
confirm the relationship between CRP and tissue injury and
inflammation. Fish exposed to UVB-M levels during 43 days
showed an increase in CRP levels, and most fish from this
treatment acquired skin lesions. Moreover, 25% of these lesions
were considered in the present study to be severe or extremely
severe. Like CRP, prothrombin was also increased after long
term exposure to UVB. PT, also known as clotting factor
I, is involved in blood coagulation (Hanumanthaiah et al,
2002; Day et al., 2004; Tavares-Dias and Oliveira, 2009) but
also plays a role in the immune response to tissue injury
and inflammation in vertebrates (Godwin and Brockes, 2006).
PT’s concentration was significantly increased in the plasma of
fish from both UVB-L and UVB-M treatments after 43 days
of exposure. Although the effect of long-term UVB exposure
on prothrombin levels in fish is unknown, long-term UVB
exposure does impact the inflammation-induced activation of
coagulation. This process has been extensively described in
humans (Levi et al., 2003) and the CRP levels observed in
the present experiment point toward a systemic inflammation
response, which may lead to the activation of coagulation
due to tissue factor-mediated thrombin generation in fish with
severe skin lesions.

Even though the selected markers for this study showed
a possible detection of immune system suppression and
inflammatory/tissue injury pathways occurring in the UVB-
treated seabream, additional research to verify possible immune
system suppression in fish under natural underwater UVB levels
from the Red Sea is recommended. Such studies may include, for
example, analysis of cellular innate/acquired immune parameters
and expression of immune-related genes, and should be assessed
(i) in several developmental stages, as early stages are generally
more susceptible to UVB radiation and (ii) in other species that
may show different resilience to UVB exposure. In addition,
climate change is expected to increase the incidence of disease
outbreaks and the appearance of new diseases in fish (Karvonen
et al, 2010; Baez et al, 2011; Anyanwu et al, 2015), and
the impact of climate change on UVR should be addressed
soon in order to develop mitigation strategies to prevent
the cumulative immunosuppressive effects of both stressors
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(Jokinen et al., 2011). A plausible mitigation strategy might
be the use of immunostimulants, prebiotics, or probiotics as
feed additives, promoting fish immunity, and subsequently,
growth performance (Hai, 2015; Carbone and Faggio, 2016;
Dawood et al., 2018).

CONCLUSION

The present study shows that seabream can suffer considerable
stress induced by UVB radiation, being susceptible to underwater
UVB levels detected in oligotrophic waters above 10 m
depth. This species will be more sensitive to UVB radiation
when confined in aquaculture cages in locations such as the
case of the Red Sea or the Mediterranean, especially during
the summer months.

In the case of confinement, short- and long-term exposure
to daily UVB doses of 2.40-11.86 k] m~2 compromised both
the growth and survival of seabream juveniles, resulting in a
poor nutritional status. The UVB exposure resulted in changes
in normal swimming and feeding behavior, including a reduction
in the swimming behavior, fish adopted an UVB avoidance
strategy, and increase in the time required to consume the food
(reduction in appetite).

Moreover, the reduction in the plasmatic total protein and
total cholesterol levels suggest that UVB radiation has an
impact on fish physiological and metabolic functions. In terms
of immune system functioning, we observed a pronounced
modulation of several measured parameters after long-term
UVB exposure (e.g., reduction of total anti-protease and
total peroxidase activities), leading to adverse effects and a
potential reduction in the resistance against pathogens of
seabream juveniles.

Furthermore, all these biochemical changes observed due
to UVB overexposure were accompanied by the presence and
development of superficial skin damage. The identified lesions
included sunburn, desquamation, epidermal sloughing, and
necrosis. In addition, the detrimental effects of UVB exposure
observed in this study were dose-dependent and cumulative for
some of the analyzed biomarkers throughout the experiment.

In a real-world scenario, fish reared in cages will, of course, not
stay at the same depth throughout the whole day. Nevertheless,
the information presented here can be used to adjust fish rearing
conditions in offshore cages (e.g., deeper and shaded cages) to
minimize the damage caused by UVB overexposure and improve
aquaculture production in this species. Even though considerable
uncertainty remains regarding future UVB incidence and
respective doses received by fish in oligotrophic waters, recent
studies indicate that climate change and stratospheric ozone
depletion can interact with solar UVR, enhancing the exposure of
fish to underwater UVB. This latter aspect is especially important
for the Red Sea and the Mediterranean, which have both
undergone remarkably fast warming recently. Further research is

recommended to understand how fish growth and survival can
be affected by the interactions of UVR with other environmental
and atmospheric factors.
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