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A B S T R A C T

The present study aimed to determine the effects of dietary inclusion of selenium (Se) in the form of either
inorganic Se (sodium selenite, NaSe) or organic Se (hydroxy-selenomethionine, OH-SeMet) on gilthead seabream
(Sparus aurata). Triplicate groups of 150 fish each (6.2 ± 0.04 g initial body weight) were distributed in 15
tanks and fed one of five experimental diets for 63 days. A control diet (C) without Se supplementation (0.8 mg
Se/kg diet), was formulated and served as a basal diet for the other 4 experimental feeds, supplemented with
either 0.2 or 0.5mg Se/kg supplied in the form of NaSe or OH-SeMet. Fish growth performance, biochemical
composition of liver and muscle and Se content, malondialdehyde (MDA) concentration in muscle and hepa-
topancreas, hepatocyte morphology and lysozyme activity in the serum were studied. Furthermore, expression of
related hepatic genes, such as manganese superoxide dismutase (Mn-sod), catalase (cat), heat shock protein 70
(hsp70), and glutathione peroxidase (gpx) was also analyzed. After the trial, fish were exposed to an acute and
chronic confinement stress. Blood samples for cortisol analysis were taken at 0 and 2 h after the acute stress and
after 7 days of chronic stress.

The highest growth rate was observed in fish fed OH-SeMet at a level of 0.2 mg/kg, but with no significant
difference with fish fed the control diet with no-added Se. The lowest growth was observed in fish fed NaSe up to
0.5 mg/kg. Increase in dietary Se, particularly in the form of OH-SeMet, led to an increase in Se contents in liver
and muscle. Furthermore, dietary inclusion of OH-SeMet, led to a significant (p < .05) reduction in MDA in both
liver and muscle. Se inclusion as NaSe at 0.2 mg/kg was not as effective as organic Se to improve muscle
oxidative status. Dietary inclusion of Se at 0.2 mg/kg significantly reduced plasma cortisol after 2 h of acute
stress, regardless of the Se form fed. Lysozyme activity measured in the serum was decreased with the increase in
dietary Se supplementation.

In summary, supplementation of Se up to 0.2 mg/kg (1–1.1 mg/kg analyzed dietary Se), particularly in the
form of OH-SeMet, led to a beneficial effect on growth, maintenance of hepatic morphology and improved
protection of juvenile gilthead seabream from acute or chronic stress. Besides, OH-SeMet was found to be more
effective than NaSe in protection against oxidative stress in fish muscle.

1. Introduction

Selenium (Se) is an essential trace element for fish (Watanabe et al.,
1997; NRC, 2011), important for growth. The central role of Se is the
conservation of biological compounds, especially DNA, proteins and
lipids, exerting protection against free radicals resulting from normal
metabolism (Rider et al., 2009). Se is essential for the functioning of

selenoproteins, especially for Se-dependent glutathione peroxidase
(GPX) (Antony Jesu Prabhu et al., 2014), an enzyme involved in pro-
tecting cells against oxidative damage (Toppo et al., 2008). This en-
zyme complex made of several isoenzymes, uses the reduced glu-
tathione to catalyze the reduction of peroxides and hydroperoxides and
converts it into more stable alcohols and water (Halliwell and
Gutteridge, 2007). Thus, the hepatic GPX activity has been suggested as
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a relevant indicator of the Se status in fish (Antony Jesu Prabhu et al.,
2014). For instance, a linear regression relationship was found between
hepatic GPX activity and hepatic or whole body Se concentration in
channel catfish, Ictalurus punctatus (Gatlin III and Wilson, 1984),
Atlantic salmon, Salmo salar (Bell et al., 1987), grouper, Epinephelus
malabaricus (Lin and Shiau, 2005), Gibel carp, Carassius gibelio (Lin and
Shiau, 2007) or African catfish, Clarias gariepinus (Abdel-Tawwab et al.,
2007). Se is also involved in maintaining adequate skeletal develop-
ment. Thus, the expression of bone morphogenetic protein (bmp) and
osteocalcin (oc) genes, which encode for two important proteins in-
volved in bone cells differentiation and mineralization has been shown
to be strongly dependent on dietary Se inclusion (Saleh et al., 2014;
Terova et al., 2018). Moreover, Se is known to be involved in the reg-
ulation of expression of different genes involved in phospholipid
synthesis, redox reactions, and immune response (Persson-Moschos
et al., 2000; Behne and Kyriakopoulos, 2001; Schweizer et al., 2011).

Se deficiency can induce loss of appetite, reduced growth, increased
mortality, decreased muscular tone, oxidative damage to cells and
membranes by decreasing GPX activity and fish defense functions
(Felton et al., 1996; Watanabe et al., 1997; Poston and Combs, 1979;
Lin and Shiau, 2005; Deng et al., 2007; Wang et al., 2007; Jaramillo Jr
et al., 2009). However, like in terrestrial domestic animals, high Se
levels may also cause toxicity in fish. Se toxicity has been associated to
changes in the intracellular concentration of GPX (Dickson and Tappel,
1969; Han et al., 2011). Nevertheless, the consequences of Se excess or
deficiency depend on various factors, such as the species of fish, Se
oxidation state and Se concentration in the feed (Pedrero and Madrid,
2009; Han et al., 2011).

Se is contained in different dietary ingredients, it may be specifically
supplemented in different forms in the diet and its bioavailability de-
pends on the dietary form of supply (Fairweather-Tait et al., 2010). In
fish, Se supplementation through organic forms showed higher bioa-
vailability and tissue retention rate than the inorganic forms (Antony
Jesu Prabhu et al., 2014; Le and Fotedar, 2014a, 2014b; Fontagne-
Dicharry et al., 2015). Moreover, an increase of dietary Se in organic
form showed higher bioavailability and effectiveness in regulating the
expression of oxidative stress related genes in seabream (Domínguez
et al., 2017). Therefore, the European Food Safety Authority (EFSA),
considering the value of other dietary antioxidant nutrient levels (vi-
tamin E and C) and to maintain a good antioxidant status in the fish
avoiding excessive levels, recommends a maximum Se content in an-
imal feeds of 0.5mg/kg (EFSA, 2012) and a maximum supplementation
of selenomethionine (Se-Met) as an additive of 0.2mg/kg (EFSA, 2013).

Sodium selenite (NaSe) is the most common and traditional in-
organic source of Se added to animal feeds, including fish feeds (Surai,
2006). Nevertheless, new organic forms such as hydroxy-seleno-
methionine (OH-SeMet) have been recently developed to improve Se
bioavailability. The efficacy of this new organic Se source has been
studied in poultry (Briens et al., 2013; Jlali et al., 2013) as well as in
pigs (Jlali et al., 2014), but so far, no studies have been undertaken with
marine fish. Therefore, in the present study we investigated the effect of
OH-SeMet in comparison to NaSe on growth performance, antioxidant
status, and resistance to stress of gilthead seabream (Sparus aurata).

2. Materials and methods

2.1. Experimental animals and trial conditions

Seven hundred fifty fish (6.16 ± 0.04 g body weight and
7.65 ± 0.01 cm total length) were randomly distributed into 15 tanks
(250 l each). Tanks were supplied with fresh seawater (36 ppt) with
continuous aeration and kept under a natural photoperiod (approxi-
mately 12 L:12D). Temperature and dissolved O2 were measured daily
with a multiparametric probe (Oxy Guard, Zeigler Bros, Gardners,
USA), whereas pH was weekly measured with pH-meter (GLP 21+,
CRISON, Barcelona, Spain). Water temperature, dissolved oxygen and

pH along the whole trial were 23.3 ± 0.5 °C, 5.6 ± 0.0mg/l and
7.8 ± 0.1, respectively. Seawater from the tanks was sampled and
collected in small tubes to determine Se concentration at four different
points during the feeding trial. At the beginning of the experiment,
water samples were taken from the 15 tanks. One week after starting
the feeding trial, 15 other water samples were collected by filling small
tubes at 8:00 am before starting to feed the fishes, and 30min after
feeding them 15 other samples were collected. In addition, at the end of
the experiment, 15 other samples were taken. In total, the 60 water
samples (15 samples ∗ 4) were stored in a cool dark room until analysis.

2.2. Diets and feeding

Five isonitrogenous and isoenergetic practical diets were formulated
with low levels of fish meal (10% FM) and fish oil (6% FO) and sup-
plemented or not with one of two different Se sources (organic and
inorganic). Two different inclusion levels of Se (0.2 and 0.5mg/kg)

Table 1
Formulation and analyzed composition of experimental diets containing dif-
ferent Se sources.

Ingredients Diet

C NaSe 0.2 NaSe 0.5 OH-
SeMet
0.2

OH-
SeMet
0.5

Peruvian fishmeal 10.0 10.0 10.0 10.0 10.0
Squid meala 2.0 2.0 2.0 2.0 2.0
Blood mealb 4.5 4.5 4.5 4.5 4.5
Rapeseed mealc 12.7 12.7 12.7 12.7 12.7
Corn gluten meal 12.2 12.2 12.2 12.2 12.2
Soy protein concentrated 18.3 18.3 18.3 18.3 18.3
Wheat meal 5.7 5.7 5.7 5.7 5.7
Wheat gluten 12.2 12.2 12.2 12.2 12.2
Fish oil 6.0 6.0 6.0 6.0 6.0
Rapeseed oil 4.0 4.0 4.0 4.0 4.0
Linseed oil 4.0 4.0 4.0 4.0 4.0
Soy lecithine 1.5 1.5 1.5 1.5 1.5
Vitamin mixf 2.0 2.0 2.0 2.0 2.0
Mineral mixg 2.0 2.0 2.0 2.0 2.0
NaSe – 0.2 0.5 – –
OH-SeMet – – – 0.2 0.5
Ca (H2PO4)2 1.6 1.6 1.6 1.6 1.6
L-Lysine 0.46 0.5 0.5 0.5 0.5
DL-Methionine 0.06 0.06 0.06 0.06 0.06
L-Histidine 0.1 0.1 0.1 0.1 0.1
Cholesterolh 0.1 0.1 0.1 0.1 0.1
Carboxymethylcellulose 0.5 0.5 0.5 0.5 0.5
α-Cellulose 6.9 6.9 6.9 6.9 6.9
Analytical composition % dry

matter (DM)
Selenium (mg /kg diet) 0.8 1.0 1.3 1.1 1.4
Protein, % DM 43.0 44.6 43.2 43.4 43.6
Lipids, % DM 16.9 16.3 17.8 18.2 17.8
Ash, % DM 7.3 7.4 7.0 7.4 7.4

a Squid meal (Skretting, Spain).
b Blood meal (Porcine origen, ceded by Dibaq, Spain.
c Rapeseed meal (0.0 glucosinalates, ceded by Dibaq, Spain).
d Soycomil PC (Sopropeche, France).
e Soy lecithin (Deliply, Spain).
f Vitamin mixture (% premix); Thiamine (B1), 0.04; Riboflavin (B2), 0.05;

Pyridoxine (B6), 0.04; Calcium pantothenate, 0.1169; Nicotinic acid, 0.2; Biotin
(H), 0.001; Folic acid, 0.01; Cyanocobalamine (B12), 0.0005, Choline, 2.7;
Myo-Inosiol, 2; Ascorbic acid (Sigma Aldrich, free form) (C), 5; γ-tocopherol
(E), 0.02; Menadione (K3), 0.005; Cholecalciferol (D3), 0.025; Retinol acetate
(A), 0.1, α-Cellulose, qsp.

g Mineral mixture (% premix) (Sigma, USA); (H2PO)2Ca, 1.605; CaCO3, 4;
FeSO47H2O, 1.5; MgSO47H2O, 1.605; K2HPO4, 2.8; Na2PO4H2O, 1; Al
(SO4)36H2O, 0.02; ZnSO47H2O, 0.28; CuSO45H2O, 0.12; MnSO4H2O, 0.08; KI,
0.02; CoSO47H2O, 0.08; α-Cellulose, qsp.

h Cholesterol (96.3%, C27H46O; Acofarma, Spain).
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(Table 1) were tested according to the maximum levels of total Se in
animal feeds (including fish feed) allowed by European legislation
(EFSA, 2013). Thus, the control diet had no added Se (C), two diets
were supplemented with NaSe at 0.2 or 0.5 mg Se/kg, and other two
diets with OH-SeMet (Selisseo®, Adisseo, France) at 0.2 and 0.5mg Se/
kg. The diets were pelleted using a California Pellet Mill (CPM, 2HP
mod 8.3 USA). The diets were afterward dried at 40 °C for 24 h and then
stored in a cool dark room.

Fish were manually fed with approximately 25% of the daily ration
four times per day (9:00 am, 12:00 pm, 2:00 pm and 4:00 pm, 6 days per
week) for 63 days. The fish were fed slowly to ensure that all animals
would have access to feed and no uneaten feed would remain in the
tanks. The amount of feed consumed was daily recorded to determine
the feed intake. During the trial, dead fish, if any, were collected,
identified and weighed to calculate the survival rate.

2.3. Growth performance

Fish were anesthetized with clove oil (4%) (Guinama S.L.U.,
Valencia, Spain) and weighed every 3 weeks, and daily rations were
adjusted accordingly. Weight gain (WG), Feed Efficiency (FE), Thermal
Growth Coefficient (TGC), Condition Factor (K), Hepatosomatic Index
(HSI) and survival were calculated using the following formulae:
TGC= (W2^1/3 – W1^1/3)/ temp ∗ days ∗ 1000; WG= [(W2-W1)/
W1] ∗ 100, K= (W/L^3) ∗ 100, FE=wet weight gain / dry feed intake,
Survival (%)= (N° final fish/ N° initial fish) ∗ 100; where W1: initial
weight (g), W2: final weight (g), L: length (cm), Temp: temperature
(°C). At the end of the feeding trial 5 fish/tank were randomly selected,
anesthetized and sacrificed with an excess dose of clove oil. Samples of
liver and muscle were collected to perform the following analyses:
proteins, lipid, ash, moisture, fatty acid methyl esters (FAMEs), thio-
barbituric acid reactive substances (TBARs), and total Se concentration.
Furthermore, prior to stress challenge, liver samples were taken from 6
fish/tank for the molecular study. In addition, blood samples were
sampled from 5 fish/tank for the analyses of immune parameters and
livers were collected from 5 fish/tank for histological studies.

2.4. Stress resistance

After the feeding trial (63 days), gilthead seabream juveniles were
subjected to three different stressful situations by persecution, handling
and confinement (2 h), followed by a chronic confinement stress (7d). A
total of 18 fish per tank (6 fish/ tank/ measurement point: 0 h–2 h and
7d) were handled and confined in 2.4 l plastic net cages to be sampled
for blood at 0 h, 2 h and 7 days. At the point 0 h, six fishes from each
tank were captured and blood samples were taken for the cortisol
measurement, in the meantime, 12 other fishes from each tank (6 fish/
net cage) were captured and confined in small cages (for 2 h and 7 days
sampling). After two hours from the confinement, cages were collected
one by one and fishes were taken out from the cage and blood samples
were taken. Same after 7 days of confinement. Fish were fed twice per
day during the stress challenge. Blood was obtained from all the 6 fish
of each cage in<4min to avoid further increase in plasma cortisol and
immediately stored in iced cold heparinized tubes. Plasma obtained by
centrifugation (5000 rpm, 10min) was used for cortisol analyses by
immunoassay (Access Immunoassays system, Cortisol ref.: 33600,
Beckman Coulter, Inc., USA), whereas serum (3000 rpm, 10min) was
used for lysozyme activity measurements (Parry Jr et al., 1965).

2.5. Biochemical analysis

Crude protein content was determined as N x 6.25, according to the
Kjeldahl technique (AOAC, 2000), total crude lipid content following
the method of Folch et al. (1957), ash content by incineration at 600 °C
(AOAC, 2000), and moisture level by drying at 110 °C until constant
weight (AOAC, 2000). Transmethylation (Christie, 1989) was used to

obtain fatty acid methyl esters of the lipids, which were then separated
by gas liquid chromatography according to the method described by
Izquierdo et al. (1990). Malondialdehyde (MDA) concentration in
muscle and hepatopancreas (liver) was determined following the
method of Burk et al. (1980).

2.6. Selenium determination

Total Se concentration was determined in water, liver and muscle,
and analysis was carried out in the UT2A (Helioparc Pau, France), using
the method described by Mester et al. (2006). For the digestion, sam-
ples were acidified with 7ml of high purity nitric acid and 0.2 ml hy-
drogen peroxides (ASC grade) and digested afterwards in the CEM
MDS-2100 microwave oven. A combination of a ThermoFinnigan Ele-
ment2 sector field ICP-MS (SF-ICP-MS; Bremen, Germany) with a Scott-
type double-pass glass spray chamber fitted with a PFA self-aspirating
nebulizer (Elemental Scientific, Omaha, NE), along with a plug-in
quartz torch and a sapphire was used for total Se content measurement.

2.7. Liver morphology

Prior to the stress challenge, five fish per tank were sampled for the
histological study of the livers, which were kept in 10% buffered for-
maldehyde and stained with hematoxylin-eosin (Martoja and Martoja-
Pierson, 1970). Samples were checked for: nucleus size, necrosis, lipid
accumulation, hepatocytes dimorphism and pyknosis (Table 2). A
double evaluation was conducted based on a range from 0 to 3 assigned
to each feature, considering the score 0 as normal liver histomor-
phology, and score 3 as severely affected (Caballero et al., 2004).

2.8. Gene expression

Prior to the stress challenge, 6 seabream juveniles per tank were
selected and liver samples were collected and conserved in RNA Later
(Sigma-Aldrich, Madrid, Spain) overnight at 4 °C then RNA Later was
removed, and samples were kept at 80 °C until RNA extraction. Total
RNA extraction was realized using the RNeasy Mini Kit (Qiagen) fol-
lowing the manufacturer's protocol. Firstly, the six livers were divided
in two groups of 3 samples each. Then, the 3 livers were pooled and
homogenized, to end up with 2 samples of one hundred milligrams from
each tank. Afterwards, total tissues were homogenized using the
TissueLyser-II (Qiagen, Hilden, Germany) by adding 1ml of tri-reagent
per each 50–100mg of tissue. Samples were centrifuged with chloro-
form to separate the RNA from the remains of DNA, proteins and re-
agents (12,000 G, 15min, 4 °C). The upper aqueous phase containing
RNA was mixed with 70% ethanol (ETOH 70%) (600 μl RNA+600 μl
ETOH 70%), then transferred into a RNeasy spin column. From this
point, a series of buffers (RW1 and RPE) have been added to obtain
RNA without contaminants. Total purified RNA concentration and its
quality was measured by NanoDrop 1000 spectrophotometer
(ThermoScientific, Wilmington, DE, EE.UU.) at 260 and 280 nm of
absorbance and by electrophoresis (1.4% agarose gel).

Synthesis of cDNA was carried out using the iScript cDNA Synthesis
Kit (Bio-Rad) following manufacturer's instructions. First, the RNA was
diluted to obtain a concentration of 0.5 μg/μl (CiVi=CfVf) and a vo-
lume of 10 μl Afterwards, the denaturation of the purified RNA was
realized with the thermal cycler iCycler (Bio-Rad, Hercules, CA,
EU.UU.) by adding 13 μl of RNase-free water for each 2 μl of samples.
Subsequently, cDNA synthesis was performed in a thermal cycler, using
the iScript cDNA synthesis kit (Bio-Rad). Once the samples were syn-
thesized, they were diluted with sterile Milli-Q water at a 1:10.

Real-time quantitative PCR reactions were all performed in an iQ™5
Multicolor Real-Time PCR detection system (Bio-Rad, Hercules, CA,
USA) using ribosomal protein L27 (rpl27) as the housekeeping gene in a
final volume of 20ml per reaction. PCR primer sequences used for the
transcripts quantification encoding rpl27, and the target genes such as
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glutathione peroxidase (gpx), manganese superoxide dismutase (Mn-
sod), heat shock protein 70 (hsp70) and catalase (cat) are reported in
Table 3. The efficiency of the primer sequences was elaborated and
evaluated: each gene sample was analyzed once per gene and each
assay was performed in duplicate. For gpx, Mn-sod and cat, cycling
conditions for enzyme denaturation were the followings: 95 °C for 3min
and 30 s, followed by 40 cycles of 95 °C for 15 s, 58.1 °C for 30 s, and
72 °C for 30 s; 95 °C for 1min and final step 58 °C for 10 s. The efficiency
of the primers sequences was previously evaluated. The Ct values ob-
tained by real time PCR amplification were used to create standard
curves for target genes and Livak method (2-ΔΔCT) was used to de-
termine relative mRNA expression.

2.9. Statistical analyses

Data were analyzed using SPSS v21 software (IBM Corp., Chicago,
IL, USA) and the results are presented as mean and standard deviation
(SD) of three replicates. All data were tested for normality and homo-
geneity of variance. The effects of dietary Se source were analyzed by
one-way ANOVA. To determine differences between treatments, means
were compared using post hoc Tukey test if variances were the same, or
Games-Howell test whenever variances were different. Differences were
considered significant when p < .05. In addition, two-way ANOVA was
undertaken to check the individual effect of Se source and Se level as
well as the interactions between both and p values are presented as part
of the results tables.

3. Results

Analysis of Se levels in the water showed no significant differences
between tanks with fish fed different Se sources and along the feeding
trial (average value 3.4 μg/l) (Table 6). After 63 days of feeding, no
significant differences in the survival rate were found. Final body
weight was higher in fish fed OH-SeMet at 0.2mg Se/kg than in fish fed
NaSe at 0.5 mg Se/kg, without significant differences with fish fed the
control diet (Table 4). Relative growth rates followed a trend similar to
that of the final body weight: fish fed OH-SeMet at 0.2mg Se/kg
showed higher values than the group of fish fed NaSe at 0.5 mg Se/kg.
In terms of feed efficiency, feed intake, and condition factor, no sig-
nificant differences were found between fish fed the different diets
(Table 4). HSI was significantly increased (p < .05) by dietary Se
supplementation, showing higher values in fish fed OH-SeMet 0.5 diet
as compared to the other groups. Liver lipid content was significantly
(p < .05) lower in fish fed the C diet (18.7 ± 2% fresh weight) than in
those fed OH-SeMet (24.1 ± 2.0% fresh weight) (Table 5). No sig-
nificant differences were found in moisture, protein, and ash levels of
liver and muscle from seabream juveniles (Table 5).

The accumulation of Se in muscle and liver after 63 days of feeding
depended on the Se concentration in feed and its form of supple-
mentation (Table 6). Indeed, fish fed basal diet with no added Se
(containing 0.8mg Se/kg dry matter), showed a similar value of Se
concentration in liver of fish fed basal diet supplemented with NaSe or
OH-SeMet at 0.2 and to the group of fish fed NaSe at 0.5 in the case of
muscle. In liver, Se concentration was increased by dietary Se supple-
mentation either as NaSe or OH-SeMet, following similar exponential
regressions (y= 0.82×+0.52, R2= 0.97 for NaSe, and
y= 0.83×+0.52, R2= 0.99 for OH SeMet). However, higher levels
were found in muscle of fish fed diets supplemented with OH-SeMet
(y= 0.83x− 0.28, R2= 0,99), than in fish fed diets supplemented with
NaSe (y=0.21x+ 0.22, R2= 0,84). Thus, fish fed diets with OH-
SeMet showed significantly higher Se concentrations in muscle than fish
fed NaSe.

MDA content was significantly (p < .05) reduced by the increase in
dietary Se, following an inverse exponential regression (y=−51.89 ln
(x)+ 24.46, R2= 0.78) and being higher in liver of fish fed 0.5 NaSe or
OH-SeMet than in those fed the C diet (Table 6). Moreover, MDATa
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content was also significantly related to Se contents in liver
(y= 798.78e-2.618x, R2= 0.870, p= .021). Similarly, MDA content in
the muscle was significantly reduced by the increase of dietary Se
supplementation and was inversely related to the levels found in both,
diet, and muscle. However, dietary inclusion of OH-SeMet at 0.2mg Se/
kg led to a significant reduction in MDA, whereas the NaSe at 0.2mg
Se/kg was not sufficient to significantly reduce MDA, in comparison to
fish fed the control diet. On the contrary, no significant differences
(p > .05) were found in lysozyme activity between fish fed the dif-
ferent experimental diets (Table 7).

The histological examination of hepatic tissue (Table 8) showed a
significantly (p < .05) higher degree of lipid accumulation, pyknosis,
necrosis, erythrocytes dimorphism, and sinusoids dilation, in the liver
of fish fed OH-SeMet at 0.5mg Se/kg diet in comparison to fish fed the
other diets.

The gene expression of the antioxidant enzymes as well as the hsp70
in liver of seabream juveniles did not show significant differences be-
tween the different groups (Table 9). Nevertheless, increased supple-
mentation of Se as OH-SeMet up-regulated gpx expression following a
linear regression (y=1.88× - 0.31, R2= 0.95, p < .05) and down-

regulated Mn-sod (y=−0.45×+1.61, R2= 0.91). On the contrary,
no relation was found between NaSe supplementation and the expres-
sion of any of the studied genes.

No significant differences were found in the basal plasma cortisol
concentrations measured before the stress challenge (0 h) between fish
fed the different diets (Table 10). However, an increase in plasma
cortisol levels was observed 2 h after capture and confinement (acute
stress). The highest values were found in fish fed diet C, followed by
those in fish fed OH-SeMet 0.5, and NaSe 0.5 diets, whereas the lowest
values were found in fish fed OH-SeMet up to 0.2 mg Se/kg, and NaSe
up to 0.2mg Se/kg. After 7 days of confinement (chronic stress), there
were no significant differences in plasma cortisol concentrations, with
slightly high values in fish fed the C diet.

4. Discussion

Survival of gilthead seabream fed either control diet or supple-
mented diet with Se in the form of NaSe or OH-SeMet (0.8–1.4 mg Se/
kg diet) was not affected after 63 days of feeding, in agreement with
previous studies conducted in the same or other fish species. For

Table 3
Sequences of forward and reverse primers (5′-3′) used for PCR quantification of selected genes and accession numbers for Sparus aurata.

Gene Product size (pb) GenBank accession n° Forward primer 5′ – 3′ Reverse primer 5′ – 3′

gpx 1156 KC201352.1 CTGACGGGACTCCAAATGAT GCTTTGAGCCAAAGATCCAG
Mn-sod 133 JQ3088331 AGTGCCTCCTGATATTTCTCCTCTG CCTGACCTGACCTACGACTATGG
cat 145 JQ308823 ATGGTGTGGGACTTCTGGAG AGTGGAACTTGCAGTAGAAAC
hsp70 127 EU805481.1 TCC TTC TTG TAC TTG CGC TTG TTG ACC ATT GAG GAT GGC ATC
rpl27 DQ629167.1 CTGACGGGACTCCAAATGAT GCTTTGAGCCAAAGATCCAG

Table 4
Growth performance, feed intake, feed efficiency, condition factor, and hepatosomatic index of gilthead seabream fed for 63 days diets with different sources of
selenium at two different supplementation levels.

Diet C NaSe 0.2 NaSe 0.5 OH-SeMet 0.2 OH-SeMet 0.5 Two-way ANOVA (p-value)

Se source Se level Source ∗ level

Initial weight (g) 6.2 ± 0.5 6.2 ± 0.5 6.2 ± 0.6 6.2 ± 0.6 6.1 ± 0.5 0.6 0.5 0.4
Final weight (g) 23.1 ± 3.2ab 22.7 ± 3.8ab 21.9 ± 3.3b 23.4 ± 3.8a 22.7 ± 3.8ab 0.04 0.7 0.2
Initial length (cm) 7.6 ± 0.3 7.7 ± 0.3 7.7 ± 0.3 7.7 ± 0.3 7.6 ± 0.3 0.5 0.23 0.7
Final length (cm) 11.5 ± 1.0 11.6 ± 1.0 11.4 ± 1.0 11.5 ± 1.3 11.4 ± 0.6 0.8 0.4 0.2
Weight gain (%) 275 ± 6.0a 267 ± 4.5ab 254 ± 11.3b 276 ± 7.4a 272 ± 6.0ab 0.01 0.1 0.4
K 1.5 ± 0.1 1.5 ± 0.1 1.5 ± 0.0 1.6 ± 0.1 1.6 ± 0.0 0.9 0.7 0.7
Feed efficiency (FE) 0.8 ± 0.2 0.8 ± 0.2 0.8 ± 0.2 0.8 ± 0.2 0.8 ± 0.2 0.8 0.8 0.7
TGC 0.7 ± 0.0ab 0.7 ± 0.0 ab 0.7 ± 0.0b 0.7 ± 0.0a 0.7 ± 0.0ab 0.01 0.05 0.4
FI (g feed fish− 1 day-1) 0.3 ± 0.0 0.4 ± 0.0 0.4 ± 0.0 0.4 ± 0.0 0.4 ± 0.0 0.2 0.3 0.7
HSI (%) 1.6 ± 0.2b 1.8 ± 0.1ab 1.7 ± 0.0ab 1.9 ± 0.2ab 2.0 ± 0.2a 0.02 0.5 0.2
Survival (%) 98.7 ± 1.2 100 ± 0.0 98.7 ± 2.3 98.7 ± 1.2 98.7 ± 2.3 0.5 0.7 0.8

Data presented as means± SD (n= 3) different letters denote significant differences between fish groups fed different diets (p < .05). TGC= (W2^1/3 – W1^1/3)/
temp ∗ days ∗ 1000; FE=wet weight gain / dry feed intake; WG= [(W2-W1)/W1] ∗ 100; K= (W/L^3) ∗ 100; Survival (%)= (N° final fish/ N° initial fish) ∗ 100.

Table 5
Overview of protein, lipid, ash and moisture content (%) in the liver and muscle of gilthead sea bream fed experimental diets (% fresh weight) (mean ± SD, n=3).

NC NaSe 0.2 NaSe 0.5 OH-SeMet 0.5 OH-SeMet 0.2 Two-way ANOVA (p-value)

Se source Se level Source ∗ level

Liver
Protein 11.0 ± 0.6 11.2 ± 0.7 10.9 ± 0.4 10.8 ± 0.4 10.7 ± 0.3 0.3 0.6 0.4
Lipid 18.7 ± 2.0c 21.6 ± 1.0bc 20.2 ± 2.0bc 24.1 ± 2.0a 23.2 ± 2.0ab 0.003 0.7 0.2
Ash 0.3 ± 0.1 0.4 ± 0.2 0.3 ± 0.2 0.2 ± 0.1 0.4 ± 0.3 0.4 0.08 0.4
Moisture 66.6 ± 2.0 64.4 ± 3.0 65.9 ± 4.0 62.3 ± 1.0 65.0 ± 3.0 0.2 0.7 0.5

Muscle
Protein 19.6 ± 0.5 19.2 ± 0.4 19.5 ± 0.3 18.9 ± 1.0 19.2 ± 0.8 0.5 0.4 0.5
Lipid 4.6 ± 0.6 4.3 ± 1 5.1 ± 0.4 5.9 ± 1.0 5.5 ± 0.6 0.1 0.07 0.5
Ash 1.6 ± 0.4a 1.5 ± 0.1b 1.5 ± 0.5ab 1.5 ± 0.1b 1.5 ± 0.1ab 0.02 0.5 0.9
Moisture 76.9 ± 1.0a 75.5 ± 3.0ab 73.5 ± 1.0b 73.5 ± 1.0b 72.9 ± 1.0b 0.04 0.3 0.04
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instance, increase in dietary Se levels from 0.45 to 1.70mg Se/kg
supplemented as NaSe, did not affect survival in gilthead sea bream
juveniles (Dominguez et al., accepted). Similarly, survival rate was not
affected by increased dietary Se levels supplemented as SeMet in white
sturgeon (Acipenser transmontanus, 0.04–19.1 mg Se/g diet, Tashjian
et al., 2006), cutthroat trout (Oncorhynchus clarki, Hardy et al., 2009),
and yellowtail kingfish (Seriola lalandi, 2.3–20.87mg Se/kg diet, Le and
Fotedar, 2014a, 2014b) or as NaSe (0.97–2.06mg Se/kg) in largemouth
bass, Micropterus salmoides (Zhu et al., 2011). In contrast, survival of
juveniles of cobia (Rachycentron canadum L) was increased by dietary Se
supplementation, (0.21–0.8 mg Se/kg, Liu et al., 2010). In the present
study, neither feed intake nor feed utilization were significantly af-
fected by dietary Se level or source, in agreement with studies con-
ducted in crucian carp (Carassius carassius) (0.5 mg Se kg− 1 as sodium
selenite or selenomethionine, Wang et al., 2007), hybrid striped bass
(0–3.2mg kg− 1 as SelPlex or 0.2 and 0.4 mg kg− 1 as sodium sele-
nite, Cotter et al., 2008) or largemouth bass (0.97, 1.17, 1.42, 1.60,
1.85 and 2.06mg Se kg− 1 diet as sodium selenite, Zhu et al., 2011).
The basal levels obtained in the control diet without Se supplementa-
tion (0.8 mg Se/kg) were close to the values on requirements reported
for gilthead seabream (0.9 mg Se/kg, Domínguez et al., pers. comm),
which can possibly explain the lack of effect of dietary supplementation
up to 1mg Se/kg as NaSe on gilthead sea bream performance.

The increase in dietary Se content contributed to markedly increase
the Se concentration in liver and to reduce oxidation, as denoted by the
reduction in MDA. These results are in line with the positive relation
between dietary and hepatic Se content reported in seabream
(Dominguez et al., accepted) and in other fish species (Hilton et al.,
1980; Gatlin III and Wilson, 1984; Liu et al., 2010). Furthermore, MDA
content was effectively decreased with increasing dietary Se level in the

different forms, with higher reduction in the hepatic tissue. These re-
sults are in agreement with a reduction in seabream larval MDA content
when dietary Se was increased up to 11.65mg Se/kg diet (Saleh et al.,
2014). Similarly, Se supplementation in diets for European sea bass
(Dicentrarchus labrax) markedly enhanced larvae growth performance,
improved cell antioxidant capacity, decreased the oxidative risk de-
noted by the MDA reduction, as well as the incidence of muscular injury
(Betancor et al., 2012).

Interestingly, in the present study supplementation with 0.2mg/kg
OH-SeMet (total Se content: 1.1 mg Se/kg) maintained fish growth and
increased Se content in the muscle and reduced muscle oxidative stress
to a larger extent than NaSe supplemented at 0.2mg Se/kg. These re-
sults denote a higher bioavailability and tissue accumulation when Se is
supplemented as OH-SeMet than as NaSe, in agreement with previous
studies in other species (Fontagne-Dicharry et al., 2015). Similarly, in
yellowtail kingfish, supplementation with 2mg/kg of seleno-methio-
nine (SeMet) or Se-yeast increased Se content in the muscle in a higher
extent than selenocysteine (SeCys) or NaSe (Le and Fotedar, 2014a,
2014b). Also, a higher deposition of Se supplemented as SeMet than as
an inorganic form (NaSe) has been found in whole body of hybrid
striped bass (Jaramillo Jr et al., 2009). In Atlantic salmon, feeding or-
ganic Se as selenium yeast (Se-yeast) also led to a higher deposition of
Se in muscle in comparison to NaSe, and it was demonstrated that in
organic Se fed fish, SeMet accounts for 90% of the total Se, whereas in
fish fed NaSe, SeMet only accounts for 30% (Sele et al., 2018). Because
of the higher Se deposition in gilthead sea bream muscle in the present
study, oxidative risk was reduced in this tissue, in line with the higher
reduction of MDA found in rainbow trout fed SeMet in comparison to
selenite forms (Küçükbay et al., 2009).

Several studies have shown that an increase in dietary Se levels is

Table 6
Selenium content in water, in the liver and muscle (mg/kg) of gilthead seabream juveniles fed experimental diets for 63 days.

Diet C NaSe 0.2 NaSe 0.5 OH-SeMet 0.2 OH-SeMet 0.5 Two-way ANOVA (p-value)

Se source Se level Source ∗ level

Dietary Se (mg/kg DM) 0.8 1.0 1.3 1.1 1.4
Water Se (μg/L) 3.0 ± 0.1 3.6 ± 0.2 3.4 ± 0.4 3.2 ± 0.2 3.4 ± 0.2 0.5 0.38 0.2
Liver Se (mg/kg fresh weight) 1.2 ± 0.1c 1.3 ± 0.0cb 1.6 ± 0.1ab 1.4 ± 0.2abc 1.7 ± 0.2a 0.2 0.004 0.9
Muscle Se (mg/kg fresh weight) 0.4 ± 0.0c 0.4 ± 0.0c 0.5 ± 0.0c 0.6 ± 0.0b 0.9 ± 0.0a 0.00 0.05 0.01

Data are presented as means± SD (n= 3), different letters denote significant differences between fish groups fed different diets (p < .05).

Table 7
Lysozyme activity (units/ml serum) and TBARs (MDA nmol/g) in liver and muscle of gilthead seabream fed five experimental diets for 63 days.

Diet C NaSe 0.2 NaSe 0.5 OH-SeMet 0.2 OH-SeMet 0.5 Two-way ANOVA (p-value)

Se source Se level Source ∗ level

Lysozyme 0 h 47.8 ± 24.3 44.6 ± 20.0 44.2 ± 15.8 43.8 ± 20.1 35.0 ± 20.7 0.7 0.5 0.5
MDA in liver 39.2 ± 3.3c 22.0 ± 4.5b 9.5 ± 2.6a 16.1 ± 1.5b 11.2 ± 0.9a 0.02 0.004 0.002
MDA in muscle 3.9 ± 0.4b 3.6 ± 0.2b 3.0 ± 0.4a 2.7 ± 0.2a 2.4 ± 0.4a 0.01 0.07 0.2

Data presented as means± SD (n= 3), different letters denote significant differences between fish groups fed different diets (p < .05).

Table 8
Different microscopic evaluation of liver sections of gilthead seabream fed the five experimental diets for 63 days.

Diet C NaSe 0.2 NaSe 0.5 OH-SeMet 0.2 OH-SeMet 0.5 Two-way ANOVA (p-value)

Se source Se level Source ∗ level

Lipid accumulation 0.8 ± 1.2a 0.9 ± 0.8a 1.1 ± 0.9a 1.3 ± 1.1a 2.1 ± 1.0b 0.04 0.7 0.9
Pyknosis 0.9 ± 0.8a 1.0 ± 0.7a 1.2 ± 0.7a 1.5 ± 0.5ab 2.4 ± 0.5b 0.04 0.07 0.3
Necrosis 0.9 ± 0.7a 1.3 ± 0.8ab 1.4 ± 0.7ab 1.7 ± 0.5ab 2.1 ± 0.6b 0.03 0.1 0.2
Sinusoids dilation 0.5 ± 0.5a 1.1 ± 0.8ab 1.2 ± 0.9ab 1.4 ± 1.0ab 2.1 ± 0.8b 0.009 0.07 0.03
Hepatocytes dimorphism 1.3 ± 0.8a 1.7 ± 0.5a 1.7 ± 0.8a 2.2 ± 0.4ab 2.7 ± 0.5b 0.01 0.7 0.2

Data presented as means± SD (n= 3), different letters denote significant differences between fish groups fed different diets (p < .05)
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directly related to GPX activity (Gatlin III and Wilson, 1984; Daniels,
1996; Watanabe et al., 1997; Lin and Shiau, 2005; Abdel-Tawwab et al.,
2007; Antony Jesu Prabhu et al., 2014; Terova et al., 2018). However,
the expression of the gene that codifies for this enzyme (gpx) does not
show such a strong direct relationship with dietary Se and only very low
dietary Se levels in fish larvae (Penglase et al., 2010) or a large dif-
ference in dietary Se levels in juveniles seems to significantly up-reg-
ulate gpx expression (Pacitti et al., 2015; Wang et al., 2018). In the
present study, increase of dietary Se from 0.8 to 1.3 mg/kg supple-
mented as NaSe did not affect liver expression of gpx. These results are
in agreement with the lack of significant effect of dietary Se (supple-
mented as NaSe) from 0.45 to 1.7 mg/kg diet on gpx expression in
gilthead seabream (Dominguez et al., accepted). Interestingly, despite
large deviations did not allow to obtain significant differences between
means, increased dietary Se levels supplemented as OH-SeMet were
linearly related to increased gpx expression.

An increase in supplemented OH-SeMet led to an increase in stress
tolerance, as shown by the decreased cortisol levels during the stress
challenge and disease resistance with reduced mortality of seabream
juveniles submitted to stress. Se plays an important role to prevent
oxidative stress and, in chinook salmon (Oncorhynchus tshawytscha)
transport-causing stress has been found to induce a loss of whole body
Se (Halver et al., 2004). The levels of plasma cortisol found in the
present study were in the range of those previously found for gilthead
seabream (Rotllant et al., 2001) or other fish species (Barton, 2002).
Although basal cortisol levels were not affected by dietary Se level or
source, after a crowding stress, plasma cortisol concentrations increased
in all treatments, but progressively reduced along with the increase in
dietary Se. Se supplementation has been reported to allow salmonids to
better cope with stressful conditions caused by handling (Rider et al.,
2009). Dietary organic selenium (in form of selenomethionine) has
been shown to be related with amelioration of overcrowding-related
deleterious stress effects on rainbow trout (Küçükbay et al., 2009). In
the present study, Se supplementation had no significant effect
(p > .05) on lysozyme activity measured in pre-challenged gilthead
seabream juveniles, in line with hybrid striped bass exposed to Strep-
tococcus iniae in the study of Jaramillo Jr et al. (2009). Similar results
were also obtained in pre-challenged yellowtail kingfish with Vibrio
anguillarum fed diets supplemented with SeMet. However, post-chal-
lenged fish showed an increase in lysozyme activity with increasing
dietary Se levels (Le and Fotedar, 2014a, 2014b).

The margin line between required and toxic Se can be very narrow
for some species (Khan et al., 2017) and the toxicity signs include

reduced growth and feed intake, increased oxidative stress or dis-
turbance of fatty acid metabolism (Berntssen et al., 2017). Increased
supplementation with SeMet up to 4.2 mg/kg causes histopathological
changes in white sturgeon liver such as hepatocellular vacuolar de-
generation and necrosis (Tashjian et al., 2006). In a previous study,
undertaken with gilthead seabream, an increase in dietary Se as NaSe
from 1.1 to 1.70mg Se/kg significantly reduced growth (Dominguez
et al., accepted). In the present study, supplementation with 0.5 OH-
SeMet (providing 1.4mg Se/kg) led to an increased in HSI, liver lipid
content and altered liver morphology, but did not negatively affect
growth. These results agree well with the liver histopathological al-
teration found in Atlantic salmon fed 5.4mg selenite kg−1 or 21mg
SeMet kg−, as denoted by the presence of hepatocyte degeneration and
focal necrosis (Berntssen et al., 2018). Further studies must be con-
ducted to determine Se toxicity levels supplemented either as inorganic
or organic forms in diets for gilthead sea bream juveniles.

In summary, the present study has shown the importance of dietary
Se supplementation on health and welfare in gilthead seabream. Thus,
although fish fed a non-supplemented diet (0.8 mg Se/kg) maintained
good growth and high survival rates as the other groups fed diets
supplemented with two different sources and levels of Se, this dietary
Se level was insufficient to protect fish from oxidation and stressful
conditions. Supplementation with 0.2mg/kg OH-SeMet (total Se con-
tent: 1.1 mg/kg) provided good fish growth, raised Se contents in
muscle and reduced oxidative stress in this tissue in a more effective
way than NaSe.
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Table 9
Glutathione peroxidase (gpx), manganese superoxide dismutase (Mn-sod), catalase (cat) and heat shock protein (hsp70) genes expression levels (means± SD, n=3)
measured in liver of gilthead seabream fed five experimental diets for 63 days.

Diet C NaSe 0.2 NaSe 0.5 OH-SeMet 0.2 OH-SeMet 0.5 Two-way ANOVA (p-value)

Se source Se level Source ∗ level

gpx 1.3 ± 0.9 1.3 ± 0.9 1.3 ± 1.0 1.6 ± 1.2 2.4 ± 1.1 0.3 0.3 0.5
sod 1.3 ± 0.9 1.7 ± 1.1 0.8 ± 0.3 1.1 ± 0.4 1.0 ± 0.7 0.3 0.6 0.4
cat 0.9 ± 0.5 1.0 ± 0.5 1.2 ± 0.9 1.5 ± 0.9 1.0 ± 0.6 0.3 0.7 0.9
hsp70 1.3 ± 0.9 1.1 ± 0.9 1.4 ± 1.1 1.3 ± 0.0 1.5 ± 0.6 0.06 0.3 0.5

Table 10
Plasma cortisol concentrations (ng/dL, means± SD, n=3) in gilthead seabream during stress challenge for 15 days at three different sampling points (0 h, 2 h and
7 days).

Diet C NaSe 0.2 NaSe 0.5 OH-SeMet 0.2 OH-SeMet 0.5 Two-way ANOVA (p-value)

Se source Se level Source ∗ level

0 h 20.2 ± 1.4 10.8 ± 1.8 10.2 ± 0.8 20.3 ± 0.7 10.8 ± 0.0 0.4 0.8 0.6
2 h 200.1 ± 12.4a 60.1 ± 3.6b 80.4 ± 9.1ab 50.5 ± 2.8b 90.2 ± 4.3ab 0.01 0.7 0.8
7d 30.2 ± 4.0 17.0 ± 0.1 20.1 ± 0.6 10.0 ± 1.2 16.1 ± 0.0 0.8 0.1 0.9
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