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Abstract

This study investigates the effects of different sources of selenium (inorganic (SSE), organic (OSE), and elemental nano-
selenium (NSE)) on the performance of Nile tilapia (Oreochromis niloticus). In total, 204 Nile tilapia fingerlings were ran-
domly divided into 4 equal groups fed 1 of 4 diets: a control (adding no selenium) and 3 diets as selenium sources (1 mg/kg
diet), After a 65-day feeding trial, the growth performance parameters of Nile tilapia were significantly enhanced by dietary
selenium supplementation (P < 0.05), with the highest values recorded in the OSE- and NSE-supplemented groups. The
selenium-supplemented groups had the highest packed-cell volume, hemoglobin, and red blood cell levels, with the highest
values seen in the NSE-supplemented group (P <0.05). Innate immune-related enzymes and immunoglobulin levels were
significantly enhanced with selenium supplementation (P <0.05); the NSE group demonstrated the highest significant levels
of these enzyme activities (P <0.05). In all selenium-supplemented groups, malondialdehyde levels were significantly and
equally reduced (P <0.05) compared with levels in the control. Bactericidal activity was only enhanced in the NSE group
(P <0.05) compared with other treatments. The expression of TNF-a and IL-If genes was significantly upregulated in
selenium-supplemented groups, with the highest expression in the OSE and NSE groups (P <0.05). These findings support
the importance of incorporating selenium in the diet of Nile tilapia. Furthermore, elementary nano-selenium is more effec-
tive than inorganic or organic selenium supplementation at improving Nile tilapia growth performance and overall health.
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Introduction

Aquaculture can be considered a “fast-food industry” given
the high metabolic levels associated with the accelerated
growth of different aquatic species. Under such conditions,
aquatic animals must be supplied with a balanced, economi-
cal diet containing macro- and micro-elements that meet
the requirements for high levels of growth, productivity,
and health [1, 2]. Selenium is an exceptional microbionutri-
ent agent that could be used to improve aquaculture, as it
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possesses antioxidant properties and affects various aspects
of animal health, including facilitating optimal immune
responses. Additionally, it has a unique characteristic, not
found in other nutritional elements, of being incorporated
directly into proteins known as selenoproteins [1, 3-5].
Selenoproteins, such as glutathione peroxidases (GPx) and
thioredoxin reductases, control the status of cell redox dur-
ing an immune system response. To date, they are known to
be involved in triggering, proliferating, and recognizing cells
that contribute to immune system reactions [6, 7]. Several
scientific reports on the potential benefits of selenium have
already shown that it can protect animal cells from oxidation
by enhancing the action of antioxidant-referred enzymes and
thyroid hormone metabolism in response to a wide range of
stressors including high density, transport, poor water qual-
ity, and infectious disease [8—10].

Augmentation of selenium in the diet of aquatic ani-
mals is a major concern because selenium in ambient
water and food does not provide levels that are sufficient
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for the needs of aquatic cultivated species [11]. On the
other side, the toxicity of selenium was impacted not only
by the element’s status and amount consumed, but also by
its chemical forms [1-5, 8]. Despite the fact that nano-
Se was found to be non-toxic in mice and rats, the fish
experiment demonstrated the inverse. High mortalities,
reduced feed intake, growth response, and hematocrit lev-
els are all indicators of se toxicity in fish. Nano-Se has
a higher toxicity than selenite, according to LC50 tests
[12]. The enhanced toxicity of Nano-Se may be due to
Se hyper-accumulation and sluggish clearance [12, 13].
Selenium bioavailability estimation is required to derive
the optimum selenium requirements and provide dietary
recommendations for optimum fish health. Two forms of
selenium are widely used, namely, organic and inorganic
selenium. In addition, nano-selenium has recently emerged
as an innovative selenium type with unique characteris-
tics [14—16]. Previous fish studies comparing organic and
inorganic selenium forms have shown that organic forms
are more biologically active than inorganic forms and that
the former provide greater levels of tissue deposition [14,
17-19]. Sodium selenite is the most popular and common
inorganic source of selenium; however, selenium can also
be found as an organic form in selenomethionine, sele-
nocysteine, and selenocystine [20-23]. Recently, nano-
elemental sources of selenium have been used owing to
their novel features, which include high bioavailability and
a low cytotoxicity in fish [1, 24, 25]. Nano-selenium forms
also increase growth performance parameters, antioxidant
levels, and immune status in many studied fish species
including common carp [26, 27], crucian carp [25], and
red seabream [1]. To our knowledge, the effects of various
selenium forms have not yet been compared in Nile tilapia
(Oreochromis niloticus).

The objective of the present study was to evaluate sup-
plementation with various selenium types (inorganic,
organic, and nano-selenium) in the diets of Nile tilapia
with the aim of better understanding the species-related
effects of selenium in the aquaculture feed chain. Spe-
cifically, this study investigated the growth performance,
immune-related parameters, tissue composition, gut mor-
phology, antioxidant responses, and biochemical blood
parameters.

Materials and Methods

Ethical Statement.

All the methods, animal care, and experimental proto-
cols used in the present study were authorized by the ethics
review board of the Institutional Animal Care and Use Com-
mittee in Kafrelsheikh University (Kafrelsheikh, Egypt).

Fish and Experimental Facilities

In total, 204 Nile tilapia (O. niloticus) fingerlings with
an average initial body weight of 15.37 +0.22 g/fish were
obtained from a private farm in Kafr El Sheikh, Egypt.
Before the trial, the fish were acclimated to experimen-
tal conditions for 15 days in three indoor circular fiber-
glass tanks (1 m?). During this period, fish were fed a
control diet (30% crude protein and 6.5% crude fat). After
acclimatization, the fish were randomly distributed into
12 glass aquaria each measuring 30 X 40 X 60 cm. These
aquaria represented four experimental treatments (in tripli-
cate). The stocking density was 17 fish per aquarium. Each
aquarium was provided with continuous aeration, and half
the water in each aquarium was replaced daily with fresh
dechlorinated water.

Experimental Design and Diets
Sources of Selenium and Selenium Nano-particles

Sodium selenite (Na2 Se 03.5H20), representing inor-
ganic selenium (SSE), was purchased from Kempex Hol-
land BV (Volkel). Selenomethionine, representing organic
selenium (OSE), was purchased from Diamond V (USA).
Selenium nano-particles, representing the nano-selenium
source (NSE), were produced in Naqaa Foundation for
Scientific Research, Technology and Development, Giza,
Egypt, using a chemical reduction of sodium selenite with
ascorbic acid, which was then stabilized by coating the
particles with dextrin according to a previous method with
modifications [28]. Characterization of produced selenium
nano-particles, including size, shape, morphology, and
crystallinity, was performed using a variety of analytical
tools, including particle spectroscopy, a scanning electron
microscope, and X-ray diffraction. The size of nano-par-
ticles produced and used in our study was 30 nm (Fig. 1).

Table 1 presents the diet formulation and proximate
composition of the basal diet. The ingredients and dif-
ferent selenium sources were mixed, extruded, and air-
dried at room temperature. After drying, the diets were
stored in plastic bags in a refrigerator (at 4°C) until use.
The chemical composition of diet samples was assessed
according to procedures of AOAC [29]. An atomic absorp-
tion spectrophotometer fitted with a transversely heated
graphite atomizer system (Younglin AAS 8020, Anyang,
Korea) was used to determine the real concentration of
Se in each diet as described by [30] (Table 1). The daily
ration was offered twice a day (09.00 and 15.00 h), 7 days
a week, until satiation for 65 days. Water temperature
(22.1-23.3°C), dissolved oxygen (5.10-5.21 mg/L), pH
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Fig. 1 SEM image of Se nano-particle

Table 1 Dietary formulation

and proximate composition of

basal diet
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(7.0-7.5), ammonia (0.010-0.016 mg/L), and a photoper-
iod regime (12:12-h light/dark cycle) during the feeding
trial. These ranges are considered within optimal values
for juvenile Nile tilapia [31, 32].

Growth and Feed Utilization Indices

After 65 days of feeding, all fish were individually weighed
and counted to calculate the final body weight, weight gain,
specific growth rate, and survival rate using the following
equations:

Weight gain = final body weight (g) — initial body weight (g)

Specific growth rate = 100 X [In final body weight(g)
— In initial body weight(g)]
/duration of feeding (day)

Ingredient (g kg™! dry diet) Diets

Control SSE OSE NSE
Fish meal 50 50 50 50
Soybean meal 450 450 450 450
linseed 50 50 50 50
Yellow corn 360 360 360 360
Gluten 55 55 55 55
Fish oil 10 10 10 10
Mono-calcium phosphate 8 8 8 8
Vitamin mixture' 1 1 1 1
Calcium carbonate 5 5 5 5
Nacl 5 5 5 5
Anti-mycotoxin 1 1 1 1
Sodium bicarbonate 1 1 1 1
Choline chloride 1 1 1 1
Organic acids 2 2 2 2
Carboxymethyl cellulose 1 0 0 0
Mineral’s mixture? + selenium 0 1 1 1
Chemical composition (%)
Dry matter 90.8 90.8 90.8 90.8
Crude protein 31 31 31 31
Ether extract 6.8 6.8 6.8 6.8
Total ash 6.95 6.95 6.95 6.95
Gross energy (KJ g~1)* 17.89 17.89 17.89 17.89
Actual Se conc (mg kg™!) 0.36+0.06 1.23+0.05 1.25+0.06 1.2+0.05

1Vitamin mixture (g kg_l diet): p-carotene, 0.10; vitamin D3, 0.01; vitamin (K3), 0.05; vitamin (E), 0.38;
vitamin (B1), 0.06; vitamin (B2), 0.19; vitamin (B6), 0.05; vitamin (B12), 0.0001; biotin, 0.01; ino-
sitol, 3.85; niacine (nicotic acid), 0.77; Ca panthothenate, 0.27; folic acid, 0.01; choline choloride, 7.87;
p-aminobenzoic acid, 0.38; cellulose, 1.92

2Mineral mixture (g kg_1 diet): MgSO,, 5.07; Na,HPO,, 3.23; K,HPO,, 8.87; Fe citrate, 1.10; Ca lactate,
12.09; ZnSO,, 0.13; CuSO,, 0.004; MnSO,, 0.03; CoSO,, 0.04

“Gross energy was calculated based on the values for protein, lipid, and carbohydrate as 23.6, 39.5, and

17.2 kJ g7!, respectively
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Survival (%) = 100 X (final number of fish / initial number of fish)

Randomly, five fish per tank were chosen and stored
at—20°C until carcass proximate analysis was conducted
and the amount of selenium bioaccumulation in muscle and
liver tissues was determined.

Blood Sampling

Three fish were randomly sampled from each replicate tank
in each treatment for blood sampling. Blood was collected
from these fish via puncture of the caudal vein. The collected
blood was divided into two tubes, one containing heparin
(1600 UI/mL) as an anticoagulant agent for hematological
assessment and the other without anticoagulant for serum
collection (conducted at 1112 g and 4°C for 15 min) before
being stored at —20°C. Hematocrit (packed-cell volume
(PCV)) was measured using microhematocrit-heparinized
capillary tubes and a microhematocrit centrifuge (10,000 g
for 5 min). Red blood cells (RBCs) and white blood cells
(WBCs) were counted with a hemocytometer immediately
after dilution with Natt and Herrick’s solution [33]. For
differential leucocytic count, blood films were prepared
and stained according to a previous method [34], and cells
were calculated according to a prior protocol [35]. Blood
hemoglobin levels were measured using a spectrophotom-
eter (Model RA 1000; Technicon Instruments Corporation
Tarrytown, NY, USA) at 540 nm according to a published
method [36].

Total cholesterol and triglyceride were evaluated spec-
trophotometrically using an automated analyzer (SPOT-
CHEM™ EZ model SP-4430; ARKRAY, Inc., Kyoto, Japan)
using an established method [37]. Glucose, total protein lev-
els, and the enzymatic activities of the liver, including ala-
nine aminotransferase (ALT) and aspartate aminotransferase
(AST), were measured calorimetrically at the wavelength of
540 nm [38].

Following blood sampling, the digestive tracts of fish
were removed, cut into small pieces, and rinsed with pure
water. The viscera and liver were then dissected out from the
fish, individually weighed, and measured (length) to calcu-
late the condition factor, viscerosomatic index, and hepato-
somatic index using the following formulas:

Condition factor = fish weight/ (fish length) (cm) x 100
Viscerosomatic index = viscera weight/ fish weight x 100

Hepatosomatic index = liver weight/ fish weight x 100

Immunological Assays

Superoxide dismutase (SOD), catalase (CAT), and GPx
levels in serum were evaluated spectrophotometrically
following the methods in previous studies ([39, 40], and
[41], respectively). Malondialdehyde (MDA) levels were
evaluated using the thiobarbituric acid method [42]. Serum
immunoglobulin (IgM) levels were measured with an
enzyme-linked immunosorbent assay kit specific for fish
IgM (CUSABIO and CusAb, USA) according to the manu-
facturer’s instructions. Serum lysozyme activity was evalu-
ated according to a published method [43]. The lysozyme
unit present in serum (pg/mL) was obtained by comparison
with a standard curve produced using lyophilized hen egg
white lysozyme [43-45]. An NBT assay was completed
using a previously published method [46] with slight modi-
fications. Briefly, blood (0.1 mL) was transferred to micro-
titer plate wells, to which an equal amount of 0.2% NBT
solution (Sigma-Aldrich, USA) was added and incubated for
30 min at room temperature. A sample of the NBT blood cell
suspension (0.05 mL) was then transferred to a glass tube
containing 1-mL N, N-dimethylformamide (Sigma-Aldrich,
USA) and centrifuged for 5 min at 3000 rpm. Finally, the
optical density of the supernatant was measured at 540 nm.
Dimethylformamide was used as the blank. Serum bacteri-
cidal activity against Aeromonas hydrophila was detected
by following a previous method [47]. The results were
recorded as a survival index, with values calculated as fol-
lows: SI=CFU at end /CFU at start X 100.

Gut Morphology Analysis

Three fish from each replicate tank were used for gut mor-
phology analysis. The entire gastrointestinal tract was
extracted to prepare an intestinal sample, and the anterior
and posterior parts of the intestine were collected. All tis-
sues were washed twice with PBS (pH=7.4) and immedi-
ately fixed in Davidson’s solution (agitated for 5 min) for
8 h. Fixed tissues were then steadily dehydrated in etha-
nol (70-100%), washed twice with xylene (1 and 2 h), and
embedded in paraffin. Sections of 5-um thickness were gath-
ered and stained with hematoxylin and eosin. Two cross-
sectional slices were prepared from each tissue. Tissue slices
were stained with hematoxylin and eosin and then inspected
under a light microscope (Eclipse 50i; Nikon, Tokyo, Japan)
and camera (Digital Sight DS2MV with a DS-L2 control
unit; Nikon) with analysis via SigmaScan Pro 5 software.
Villi length, villi width, crypt depth, and goblet cell num-
bers were measured using ImagelJ analysis software with
magnifications of 100 x, 200 %, and 400 % . For each tissue,
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ten measurements were obtained according to an established
protocol [48].

Gene Expression

RT-PCR was used to measure the expression of hepatic
genes. Briefly, TRIzol reagent (Invitrogen, Life Tech-
nologies, Carlsbad, CA, USA) was used to extract total
RNA from approximately 100 mg of hepatic tissue. RNA
samples of 1, 8, or more A260/A280 were used for DNA
synthesis using a cDNA synthesis package (Fermentas,
Waltham, MA, USA) with NanoDrop quantitation also
conducted by Nanodrop (Uv—Vis spectrophotometer
Q5000/Quawell, USA). Following that, cDNA was syn-
thesized through using SensiFASTTM cDNA synthesis
kit (Bioline, UK) according to the manufacturer’s proce-
dure. SYBR green method was used to quantify the gene
expression using RT-PCR (SensiFast SYBR Lo-Rox kit,
Bioline). The thermocycling conditions for the reaction
were 10 min at 95 °C, followed by 40 cycles of 15 s at
95 °C, 30 min at 60 °C, and finally 5 min at 85 °C for
1 min. For each mRNA, gene expression was corrected
by the B-actin content in each sample. After verification
of PCR efficiency to be around 100%, the gene expres-
sion data were calculated according to the method [49].
Selected genes and a stable internal housekeeping stand-
ard (B-actin) were amplified using a specific primer set
(Table 2) [50-53]. The transcription folds were standard-
ized to PB-actin through using the 2 — AACT method [54].

Statistical Analyses
The obtained data were subjected to one-way analysis of
variance using SPSS version 22 (SPSS Inc., IL, USA).

The Shapiro—Wilk and Levene tests were used to assess
the homogeneity and normality of variance. Differences

Table 2 Primer sequences used for gRT-PCR expression analysis

Table 3 Growth performance and survival of Nile tilapia fed on dif-
ferent sources of selenium

Item Test diet

Control SSE OSE NSE
Initial weight 15.3+0.17 153402  153+0.18 15.3+0.13
Final weight 33.75+0.5% 34.1+04® 355+0.3® 357+0.3°

Weight gain =~ 120.6+1.1° 122.7+0.8% 131.8+3.8° 132.2+2.2°
SGR 1.22+0.01* 1.23+0.01*® 1.29+0.03° 1.3+0.01°

Survival rate 97.3+2.7 100 97.7+£23  98+2

Values are means of triplicate groups’ +S.E.M. Within a row, means
with the same superscripts are not significantly different (P> 0.05)

SGR, specific growth rate

between the means were tested at the 5% probability level
using Duncan’s test as a post hoc test.

Results
Growth Performance

Table 3 presents the growth performance and survival rate.
In comparison with the control group, final body weight
was enhanced significantly in selenium-enriched groups
(P<0.05), with OSE and NSE supplements producing the
highest weight gain and specific growth rate values among
all experimental groups (P <0.05).

Carcass Composition and Somatic Indices

Table 4 presents the carcass composition of fish. Compared
with the control group, dietary selenium supplementation
had non-significant (P> 0.05) influences on whole-body
proteins, lipids, ash content, and somatic indices including

Gene Primer sequence (5'-3") Annealing T Amplification =~ Amplicon’s Accession number  Reference
F=forward-R =reverse efficiency (%) size (Pb)
P-actin F  AGCCTTCCTTCCTTGGTATGGAAT 60 86.9558807 451 XM_003443127.5  [50]
R TGTTGGCGTACAGGTCCTTACG
INF-a F  CAGAAGCACTAAAGGCGAAGAACA 60 92.31370038 271 NM_001279533.1  [51]
R TTCTAGATGGATGGCTGCCTTG
TGF-pI F  AAGAGGAGGAGGAATACTTTGCCA 60 93.80113753 271 XM_025897821.1  [52]
R GAAGCTCATTGAGATGACTTTGGG
IL-1p F  GAGCACAGAATTCCAGGATGAAAG 60 94.17103164 168 XM_019365842.2  [53]
R  TGAACTGAGGTGGTCCAGCTGT

Internal reference gene (f-actin, house-keeping gene), TNF-a, tumor necrosis factor alpha; TGF-f1, transforming growth factor beta 1; IL-1p,

interleukin 1 beta
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Table 4 Whole body proximate analysis (g kg™!) and somatic param-
eters in Nile tilapia fed different sources of selenium

Item Test diet

Control SSE OSE NSE
Dry matter 29.2+0.4 31.01+1.05 30.7+0.3 30.5+0.9
Moisture 70.8+0.4 69.03+1.1 693+03 69.5+09
Crude protein  16.08+0.15 16.4+0.04 16.25+04 16.06+0.6
Crude lipid 4.93+04 5.76+£0.5 5.58+0.2 5.55+0.6
Crude ash 4.83+03 5.03+0.4 4.8+0.3 5+0.3
CF (%) 1.6+0.12 1.67+0.05 1.67+0.1 1.77+0.01
VSI (%)? 10.7+£0.6  105+05  10+0.3 10.6+0.2
HSI (%)* 2.4+0.03 2.7+0.2 2.5+0.1 2.35+0.1

“Values are means of triplicate groups +S.E.M. Within a row, means
with the same letters are not significantly different (P> 0.05)

LCF, condition factor= 100 X fish weight/ (fish length); 2ySI, visceras-
omatic index = 100X viscera weight/fish weight; >HSI, hepatosomatic
index =100 X liver weight/fish weight

condition factor, hepatosomatic index, and viscerosomatic
index.

Hematobiochemical Indices

Significantly higher PCV, Hb, and RBC levels were observed
in selenium-supplemented groups, with the highest values
observed in the NSE group (P <0.05) (Table 5). Further-
more, tilapia fed the OSE diet had similar Hb and PCV as
fish fed the SSE diet, whereas RBCs were found at higher

levels in the OSE group relative to the SSE group. Total
serum protein was enhanced significantly with selenium
supplementation, with the highest values shown in the OSE
group; however, there were no differences between SSE-
and NSE-supplemented fish. In contrast, glucose and total
cholesterol levels were significantly decreased in fish fed
selenium-containing diets compared with those fed control
diets. Glucose levels were lowest with OSE diets, while total
cholesterol was lowest with NSE supplementation. AST
levels were significantly decreased with NSE supplemen-
tation relative to the levels in other experimental groups.
The remaining hematological indices were not significantly
impacted by selenium supplementation (P > 0.05).

Antioxidant Activities

Figures 2, 3, and 4 show the SOD (IU L™1), CAT (KU LY,
and GPx (IU L") activities in Nile tilapia fed experimen-
tal diets for 65 days, respectively. Compared with the con-
trol group, SOD, CAT, and GPx activities were enhanced
significantly (P < 0.05) with all selenium-containing diets.
Specifically, NSE produced the highest activities among the
selenium-supplemented groups (P < 0.05). Furthermore, the
MDA activity (IU L") of Nile tilapia fed experimental diets
for 65 days declined significantly (P < 0.05) relative to MDA
activity in the control group (Fig. 5).

Table 5 Hematological and

‘ . Item Test diet

biochemical blood parameters

in Nile tilapia fed different Control SSE OSE NSE

sources of selenium
Hematocrit 30.27+0.5° 32.2+1.3%® 358+1.17°  37.67+0.17°
Hemoglobin 9.4+0.1% 10.24 +£0.4% 10.6+0.1% 11.4+0.1¢
RBCs 3.04+0.04° 3.17+0.05® 3.37+0.12°  3.76+0.06°
WBCs 33.3+0.3 31.3+0.9 32+0.6 32.67+0.3
Heterophil 9.67+0.3 9.33+0.3 933+0.3 10+0.6
Lymphocyte 81.67+0.3 81.67+0.3 81+0.3 81.67+0.6
Monocyte 7.67+0.3 7.67+0.3 7.67+0.3 7.67+0.3
Eosinophil 13403 1+0.00 1+0.00 1+0.00
Basophil 0.3+0.03 0.5+0.05 0.5+0.05 0.67+0.03
Total serum protein (g dL ™) 2.9+0.08% 3.7+0.46% 4.3+0.08" 3.4+0.09%
Glucose (mg dL ™) 12.5+0.14° 11.13+£0.8® 10.3+0.17% 11.5+0.03%
Triglycerides (mg dL™") 1123+15 113.67+2.7 118 +3.06 110.67 +0.67
Total cholesterol (mg dL.™" 87.6+0.5° 81.45+2.67% 81.1+1.1% 75.81+0.3
ALT 2.4+0.015 2.86+0.23 2.9+0.075 2.53+0.01
AST 73.5+1.25° 76.1+0.4° 72.5+1.5° 65.8+0.4°

Data represent means +pooled SEM. Values with different letters are significantly different (P <0.05). Val-
ues with the same letter are not significantly different (P> 0.05). RBCs, red blood cells; WBCs, white blood
cells; ALT, alanine amino-transferase; AST, aspartate aminotransferase
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Fig.2 Super oxide dismutase (IU L") of Nile tilapia fed test diets for
65 days. Values are expressed as mean+SE from triplicate groups.
Values with different letters are significantly different (P <0.05). Val-
ues with the same letter are not significantly different (P> 0.05)
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Fig.3 Serum catalase activity (KU L") in Nile tilapia fed test diets.
Data represent means + pooled SEM. Values with different letters are

significantly different (P <0.05). Values with the same letter are not
significantly different (P>0.05)
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Fig.4 Glutathione peroxidase (IU L7!) of Nile tilapia fed test
diets for 65 days. Values are expressed as mean+SE from tripli-
cate groups. Values with different letters are significantly different
(P<0.05). Values with the same letter are not significantly different
(P>0.05)
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Fig.5 Malonaldehyde activity (IU L7!) of Nile tilapia fed test
diets for 65 days. Values are expressed as mean=+SE from tripli-
cate groups. Values with different letters are significantly different
(P<0.05). Values with the same letter are not significantly different
(P>0.05)
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Fig.6 Immunoglobulin level (mg dL~') activity of Nile tilapia fed
test diets. Values are expressed as mean=+ SE from triplicate groups.
Values with different letters are significantly different (P <0.05). Val-
ues with the same letter are not significantly different (P> 0.05)
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Fig.7 Lysozyme activity of serum (unit/mL) in Nile diet fed test
diets. Data represent means +pooled SEM. Values with different let-
ters are significantly different (P <0.05). Values with the same letter
are not significantly different (P> 0.05)
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Fig.8 Nitro blue tetrazolium (OD at 540 nm) activity of Nile tila-
pia fed test diets. Values are expressed as mean+SE from tripli-

cate groups. Values with different letters are significantly different
(P<0.05). Values with the same letter are not significantly different
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Fig. 9 Bactericidal activity (%) of serum in Nile tilapia fed test diets.
Data represent means +pooled SEM. Values with different letters are
significantly different (P <0.05). Values with the same letter are not
significantly different (P> 0.05)
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Bactericidal activity (%)

Control

Immune Responses

In comparison to the control group, IgM levels were
increased significantly in fish fed selenium-enriched diets
(P <0.05) (Fig. 6). Furthermore, tilapia fed NSE had the
highest IgM activities, with similar activities demonstrated
in the other selenium-supplemented groups. Figure 7 shows
that the lysozyme activity was significantly increased with
all selenium-containing diets relative to fish fed on the con-
trol diet; the highest lysozyme activity was observed in the
NSE group (P <0.05). Respiratory burst activity was sig-
nificantly higher (P <0.05) in SSE and NSE groups than it
was in control and OSE groups (Fig. 8). In addition, Fig. 9
shows that bactericidal activity was only enhanced signifi-
cantly (P <0.05) in the NSE group.

Intestinal Morphology

The anterior part of the intestine exhibited significantly
(P <0.05) increased villi length values in fish fed selenium-
enriched diets compared with villi lengths in the control
group; the NSE group showed the highest villi lengths
among the groups. In contrast, villi width values did not
differ among the experimental groups (P >0.05). Similarly,
crypt depths did not differ between most tested groups
except in the NSE group, which had higher crypt depth val-
ues (P <0.05) than the other groups (Table 6). Goblet cell
values differed significantly in the OSE and NSE groups,
with the NSE group showing the highest values (P <0.05).
In the posterior part of the gut, villi length and goblet cell
values were significantly (P <0.05) higher in fish fed OSE or
NSE than in those fed SSE or a control diet. In addition, villi
width and crypt depth were significantly (P <0.05) increased
in fish fed all selenium-enriched diets compared with the
control group; OSE and NSE produced the highest values
among the groups (Table 6).

Table 6 Micromorphology of

the intestine of Nile tilapia fed ftem Test diet
test diets for 65 days Control SSE OSE NSE
Anterior Villi length (pum)"’ 396.7+7.3*  474+32.9% 494.4 +27% 651.6+52°
Villi width (um)? 77.5+4.5 81.8+1.25 84.6+4.5 94+9.5
Crypt depth (pum)? 34.03+2.6* 25942 282403 54+4.9°
Goblet cells 32.2+1.6° 33.7+£0.3*  38.6+0.9% 452+42.5°
Posterior Villi length (pum)"* 399.3 +3% 401.8+7.3* 500.6+16.5° 568.1+5.3°
Villi width (um)? 86+3.6 94.8+2.1% 99.3+0.6 96.7 +0.8°
Crypt depth (um)? 33.9+2.6 443405 52.7+0.7% 60.1+3.4¢
Goblet cells 39.1+1.3° 39.9+0.6° 45.6+1° 51.9+ 1.5

Data represent means+pooled SEM. Values with different superscript (a, b, c¢) differ significantly
(P <0.05). Values with the same letter are not significantly different (P> 0.05)
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Gene Expression

Figure 10 shows the mRNA expression profiles of the tested
immune-related genes (TNF-a, tumor necrosis factor alpha;
TGF-p1, transforming growth factor beta 1; and IL-1p,
interleukin 1 beta) of Nile tilapia fed experimental diets for
65 days. TNF-a was significantly upregulated in fish fed all
selenium-enriched diets, with the highest levels observed in
OSE and NSE groups (P <0.05). In addition, TGF-f1 was
significantly upregulated in the NSE group relative to the
other groups (P <0.05). IL-1p expression was significantly
upregulated in all selenium-enriched groups than in the con-
trol group, with the highest expression values detected in the
NSE group (P <0.05).

Discussion

Selenium is an extremely important micronutrient in func-
tional feed formulations because it helps ensure that aqua-
culture production levels are optimized [1, 17, 25, 30, 55].
As detailed in this study, three different sources of selenium,
namely, sodium selenite (inorganic form), selenomethionine
(organic form), and nano-selenium, can be incorporated in
fish diets. However, until now, there is lack of information on
the comparative effects of these selenium sources on the per-
formance of Nile tilapia; thus, we investigated these effects
in the present study.

Nile tilapia fed with nano-selenium and organic selenium-
supplemented diets showed significantly improved growth
parameters; thus, the bioavailability of these two selenium
forms may be higher than the bioavailability of sodium sele-
nite, making them more effective as Nile tilapia dietary sup-
plements. The obtained results are similar to those reported
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in previous studies [45, 56]. Improved growth performance
might be attributable to the enhanced intestinal morphol-
ogy, resulting in more efficient and rapid digestion (Figs. 11
and 12) [57]. In addition, it might be due to the increase in
intracellular protein in the intestinal cells, which could lead
to enhanced digestion and better feed metabolism [58]. The
carcass characteristics of Nile tilapia were not significantly
changed among the dietary treatment groups, indicating that
Nile tilapia proximate body composition is not sensitive to
different selenium forms in the diet. This result is in agree-
ment with that of Le and Fotedar [55] for yellowtail kingfish
(Seriola lalandi) and Saffari et al. [59] for common carp
(Cyprinus carpio).

Blood parameters are commonly regarded as a reliable
tool for general health determination, and they can vary
depending on animal nutrition, infections, and stressful
experiences [45, 60, 61]. The tested Nile tilapia had normal
values for various hematological parameters during the cur-
rent experiment [32, 62]. Furthermore, the WBC, heterophil,
triglyceride, ALT, lymphocyte, monocyte, eosinophil, and
basophil content were not significantly changed by feeding
on the experimental diets, indicating that selenium sources
incorporated into the diet were harmless to Nile tilapia.
Hematocrit, hemoglobin, and RBCs play key roles in the
ability of blood to transport and carry dissolved oxygen
[63, 64]; the selenium-enriched groups showed significantly
higher values for these parameters, indicating an improve-
ment in the health status of the fish. This finding is similar
to those in previous studies on wild and cultured aquatic
animals, which demonstrated that high levels of hematocrit,
hemoglobin, and RBCs were associated with high activity
and fast movement [25, 63]. Despite the higher activity of
organic selenium relative to its inorganic form, the nano-
selenium form had comparatively higher values for these
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Fig. 11 Photomicrograph of anterior part of intestine of Nile tilapia
(bar=100 pm, stain H&E.). Control group (A) reveals normal struc-
ture of intestinal villi lined with absorptive cells (black arrow head),
villi connective tissue core (black arrow), propria sub mucosa (S),
and lamina muscularis (M); nano-selenium group (B) reveals marked
increase in intestinal villi length and branching (black arrow head)

with presence of lymphoepithelium (white arrow); sodium selenite
group (C) reveals mild increase in the villi length (black arrow head)
with moderate increase in lymphoepithelium (white arrow); organic
selenium group (D) reveals moderate increase in the villi length
(black arrow head) with lymphoepithelium (white arrow)

Fig. 12 Photomicrograph of posterior part of intestine of Nile tilapia
(bar=100 pm, stain H&E.). Control group (A) showed long branched
villi lined with intestinal absorptive cells (black arrow head) contain
lymphoepithelium (white arrow), villi core (black arrow), propria sub
mucosa (S), and lamina muscularis (M); nano-selenium group (B)
showed moderate increase in the villi length and branching (black
arrow head), moderate increase in lymphoepithelial cells (white
arrow), presence of lymphatic nodules, and diffuse lymphatic tissue

(white arrow head); sodium selenite group (C) showed degeneration
in some intestinal absorptive cells (black arrow head) with lymphoe-
pithelial cells (white arrow), edema in the propria sub mucosa (tailed
arrow), and diffuse lymphatic tissue (white arrow head); organic sele-
nium group (D) showed branched intestinal villi (black arrow head)
with lymphoepithelial cells (white arrow) and diffuse lymphatic tissue
in the propria sub mucosa (white arrow head)
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important parameters. Higher nano-selenium activity was
previously reported and attributed to its essential role in
enhancing cell-mediated immunity [1, 22].

One of the most reliable blood parameter tools for meas-
uring the immune and health status of fish is total serum
protein, which can be affected by the quality of animal feed
[65, 66]. In the current study, the immunological condition
(total serum protein and total IgM) of Nile tilapia was con-
siderably improved by a selenium-enriched diet, particularly
a diet enriched with the nano-selenium source [67]. This
enhancement may be due to the importance of selenium as
an integral component of selenoproteins, which play cru-
cial roles in several biological functions such as antioxidant
protection and thyroid hormone production [58]. Further-
more, this enhancement shows that selenium has an immu-
nomodulatory effect on Nile tilapia and therefore may have
a positive effect on the health of grown fish. Likewise, natu-
ral antibodies (IgM) have a wide range of defense activities
such as reducing infectious agent dispersal, killing patho-
gens, repairing tissue damage, and restoring the healthy
condition. Our results indicated that IgM levels increased
in all selenium-supplemented groups, with the highest levels
found in nano-selenium-supplemented fish. These results are
consistent with previous studies, which also showed the role
played by selenium in improving IgM levels [68—70]. Higher
IgM activity with nano-selenium use may be due to the high
bioactivity of this form in the body of Nile tilapia.

Plasma glucose is a stress indicator in fish; high glucose
levels often indicate high stress because high cortisol lev-
els stimulate the dissolution of liver glycogen to provide
energy during the stress process. Fish in selenium-supple-
mented groups exhibited significantly lower glucose levels
than those in control fish, indicating the possible efficacy of
selenium in stress reduction as well as in the optimization
of the physiological conditions of fish [1, 62].

While there was largely no significant difference in ALT
activity among the experimental groups, a significantly
lower value of AST was recorded when Nile tilapia were
fed a diet containing nano-selenium. This is an indication
that feeding tilapia nano-selenium-supplemented diets could
influence the liver health of fish positively and to a greater
extent than other selenium sources [71].

The bodies of aquatic animals are protected by an endog-
enous enzymatic and nonenzymatic antioxidant defense
system. SOD, CAT, and GPx are the first line in the anti-
oxidant defense system. They may be activated and induced
by reactive oxygen species production in an attempt to
scavenge reactive oxygen species and reduce their harmful
effects [72, 73]. SOD is an important antioxidant enzyme
capable of dispersing two molecules of superoxide anion
to form hydrogen peroxide (H,0,) and molecular oxygen
(O,). SOD activity was significantly enhanced in selenium-
enriched groups compared with in the control, likely due to
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the biological function and the antioxidant activity of sele-
nium; nano-selenium supplementation was most effective at
influencing SOD activity.

CAT is a vital antioxidant enzyme found in nearly all
live tissues that use oxygen. CAT catalyzes the degrada-
tion or reduction of H,0, into water and molecular oxygen;
thus, it completes the SOD-launched detoxification process.
Similar to SOD, CAT activity in Nile tilapia was most influ-
enced by nano-selenium enrichment. GPx also has a major
function in fish; its reduced form reduces H,O, and lipidic
hydroperoxides. The significant increase in the activity of all
three antioxidant enzymes, SOD, CAT, and GPx, in this trial
can be considered an index of enhanced antioxidant activity
achieved with selenium-enriched diets [74, 75].

Nano-selenium seems to be most effective at enhancing
the Nile tilapia antioxidant defense capacity because SOD,
CAT, and GPx activities were most increased with this sup-
plementation. Similarly, Dawood et al. [1] reported that 1 mg
of elemental nano-selenium produced the highest antioxi-
dant activity in red seabream. Similar activity was recorded
in cases for carp fed on 2 mg/kg of a nano-selenium source
[26]. In contrast, Zhou et al. [25] found no significant differ-
ence in GPx levels in nano-selenium- and organic selenium-
fed carp. In our study, there were only differences between
the effects of organic and inorganic selenium sources on
antioxidant enzyme activities for GPx, for which the activ-
ity was higher in Nile tilapia fed on a diet with inorganic
selenium. Similarly, Cotter et al. [76] showed that the GPx
activity in hybrid striped bass was higher with an inorganic
selenium source than with an organic source. In contrast,
organic selenium was reported to be more efficient than inor-
ganic selenium in increasing GPx activity in channel catfish
[77], common carp [78], and crucian carp [21]. Another
study in yellowtail kingfish indicated that the GPx activity
of fish supplied with inorganic and organic selenium sources
(selenocystine, selenomethionine, or selenium yeast) for
6 weeks did not differ significantly [55].

MDA formation is the most widely used assay for lipid
peroxidation, representing the secondary lipid peroxidation
product with the thiobarbituric acid reactive substances test.
The concentration of MDA is the direct proof of damaging
processes caused by free radicals [79-82]. Our data showed
that liver MDA in selenium-supplied Nile tilapia groups
significantly decreased compared with levels in the control,
whereas no differences were detected between the three sele-
nium-supplemented sources. Similarly, the MDA levels of
rainbow trout were reduced as a result of different sources of
selenium supplementation in a previous study [14]. Moreo-
ver, MDA levels were significantly increased in common
carp fed on diets with nano-elemental selenium [26].

It is well documented and scientifically established
that selenium supplementation in aquatic animal diets can
increase serum lysozyme activity, which is seen as evidence
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of improved immune conditions [1, 83-87]. In agreement
with previous studies, our results show significantly higher
serum lysozyme activity in Nile tilapia supplemented with
selenium. Moreover, compared with other selenium sources,
the inorganic form produced higher lysozyme activity than
did the organic form; however, the highest lysozyme activity
was achieved with nano-selenium supplementation. Thus,
nano-selenium seems to be most effective at strengthening
the immune status of Nile tilapia. These findings are consist-
ent with those of previous studies on nano-selenium supple-
mentation, as reported in rainbow trout and tilapia [88, 89].
Respiratory burst activity, measured by NBT, is an important
bactericidal mechanism in fish; higher NBT is considered
a clear indicator of improved immunity [90]. Furthermore,
bactericidal activity is a reliable tool by which to assess the
resistance of aquatic animals against pathogenic bacteria.
The results of the present study showed that only fish in the
nano-selenium-supplied group demonstrated significantly
higher NBT and serum bactericidal activity, indicating that
nano-selenium may be more effective than organic and inor-
ganic selenium in terms of strengthening Nile tilapia bacte-
rial resistance. Similarly, Dawood et al. [1] reported that
dietary nano-selenium significantly increased bactericidal
activity in Nile tilapia. Kumar and Singh [91] and Kumar
et al. [92] also demonstrated the role of nano-selenium in
NBT enhancement, and they referred to the immunoprotec-
tive and antioxidant properties of this relatively new source
of selenium. The enhanced bactericidal activity with nano-
selenium suggests that it could be used as a disinfectant or
antimicrobial agent in the management of fish health [93].
Gut morphology measurements of the intestinal villi and
goblet cells can help predict the efficiency of feed diges-
tion and utilization in the guts of aquatic animals [94, 95].
The intestinal morphometric results in the present study
revealed significant improvement in the groups fed sele-
nium-supplemented diets. In addition, Nile tilapia fed on
a diet with nano-selenium displayed the highest morpho-
metric values for all measured parameters. The absorption
capacity of the intestinal surface can be increased markedly
due to the increased length, width, and depth of the intesti-
nal villi, resulting in better nutrient consumption and ulti-
mately increased growth [96]. This result may be explained
by the role of selenium as a cofactor in gut microflora and
the enhancement of many digestive enzymes that function
in gut morphology and digestion capacity improvement [97,
98]. Furthermore, intestinal goblet cells protect the intestinal
mucosal layer from dehydration and the hazardous effects
of various harmful microbes through production of mucus
and antibacterial substances such as glycoproteins and low-
molecular-weight fatty acids [99, 100]. The number and
efficiency of goblet cells can be affected by the quality of
the diet that reaches the guts of aquatic animals, as well as
environmental stressors and pathogens [101]. In our study,

the organic and nano-selenium forms succeeded in increas-
ing the number of goblet cells. Again, nano-selenium gave
the greatest improvement, providing further evidence that
this form of selenium may enhance the immunity and gen-
eral health of Nile tilapia. These findings were similar to
those reported by [32] for Nile tilapia fed a nano-selenium-
supplemented diet.

In the present work, significant upregulation of proin-
flammatory cytokine genes (TNF-a, TGF, and IL-1p) was
detected in Nile tilapia that fed on a diet enriched with dif-
ferent sources of selenium. These genes showed the high-
est upregulation activity in Nile tilapia that fed on a diet
supplemented with a nano-selenium source. In particular,
tumor necrosis factors, such as TNF-a, are known to be
involved in inflammation, apoptosis, cell proliferation,
and survival [102]. Additionally, TGF-p1 is a cytokine
that plays roles in many cellular processes, including cell
growth, proliferation, differentiation, and apoptosis [103].
IL-1p is among the cytokines that regulate the immune
response via cell proliferation, differentiation, and apop-
tosis [104]. The observed upregulation of these proinflam-
matory cytokines confirmed the anti-inflammatory role of
selenium in tilapia. In addition, the nano-selenium form
was confirmed to have higher bioavailability, which may
lead to enhanced anti-inflammatory function.

Conclusion

Dietary selenium supplementation had beneficial effects on
Nile tilapia in terms of growth efficiency, intestinal mor-
phology, oxidative status, immunity, and immune-related
gene expression. More precisely, nano-selenium-fed Nile
tilapia displayed a comparatively higher performance
and better well-being compared to fish fed other types of
selenium. Comparing inorganic and organic sources of
selenium, organic sources produce better activities in this
fish species. Therefore, nano-selenium feed supplementa-
tion could be used in tilapia culture to improve the overall
performance and nonspecific immune system of the fish.
However, further research is required to determine the eco-
nomic value associated with the commercial use of nano-
selenium in aquaculture.
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