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Abstract

In this study, we analyzed the hematoimmunological effects of dietary supplementation with
immunomodulators (B-glucans + nucleotides) and different levels of vitamins on Nile tilapia (Oreochromis
niloticus) after exposure to physical stress. The following four diet treatments were used: diets with
indicated vitamin levels (Vitind), diets with Vitind + immunomodulator (Vitind + Immune), diets with
high vitamin content (Vithigh), and those with Vithigh + immunomodulator (Vithigh + Immune). The
experiment included 560 fish in 28 tanks (20 fish tank?), with seven replicates per treatment. After
60 days of supplementation, the water temperature was set at 20 °C, and complete biometrics were
performed. The animals were then subjected to physical stress with temperature oscillations of 20 °C to
30°C/30°C to 20 °C/20 °C to 30 °C. Hematoimmunological data from 140 animals were collected post-
stress. Antimicrobial titer and total plasma protein levels were significantly higher in fish not receiving
immunomodulator-supplemented diets (2.88 + 0.431og2 and 26.81+4.01 mgmL™, respectively) than in
those that did. Conversely, the agglutination titer increased in fish fed with lower vitamin levels (3.33 + 0.66
log2) compared to those with higher vitamin levels. Increased immunoglobulin levels were observed in
fish fed diets co-supplemented with vitamins and immunomodulators, revealing an interaction between
immunomodulators and dietary vitamin levels. In summary, the inclusion of immunomodulators in the
diet enhanced the animals' resistance to physical stress and improved hematoimmunological parameters.
Additionally, a high vitamin content in the diet did not modulate the immune responses in the animals.

Keywords: immune system, immunomodulatory effect, synergy, cichlid.

Resumo

Neste estudo analisamos os efeitos hematoimunolégicos da suplementacao dietética com imunomoduladores
(B-glucanos+nucleotideos) e diferentes niveis de vitaminas na tilapia do Nilo (Oreochromis niloticus)
apos exposicao ao estresse fisico. Foram utilizados quatro tratamentos: dietas com niveis indicados
de vitaminas (Vitind), dietas com Vitind + imunomodulador (Vitind+Immune), dietas com alto teor
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Hematoimmunological responses of juvenile Nile tilapia (Oreochromis niloticus) receiving the dietary supplementation of immunomodulators and different levels of vitamins
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de vitaminas (Vithigh) e dietas com Vithigh + imunomodulador (Vithigh+Immune). O experimento
incluiu 560 peixes em 28 tanques (20 peixes tanques?), com sete repetices por tratamento. Apos 60
dias de suplementacdo, a temperatura da agua foi fixada em 20 °C e realizada biometria completa. Os
animais foram submetidos a estresse fisico com oscilagoes de temperatura de 20 °C a 30 °C/30 °C a
20 °C/20 °C a 30 °C. Dados hematoimunolégicos de 140 animais foram coletados pés-estresse. O titulo
antimicrobiano e os niveis de proteina plasmatica total foram significativamente maiores em peixes que
nao receberam dietas com imunomodulador (2,88+0,4310g2 e 26,81+4,01 mg-mL™) do que naqueles que
receberam. Por outro lado, o titulo de aglutinacdo aumentou em peixes alimentados com niveis mais
baixos de vitaminas (3,33+0,66 log2) comparado aqueles com niveis mais elevados. Niveis aumentados
de imunoglobulinas foram observados em peixes alimentados com dietas co-suplementadas com
vitaminas e imunomoduladores, revelando interacao entre imunomoduladores e niveis de vitaminas
na dieta. Em resumo, a inclusao de imunomoduladores na dieta aumentou a resisténcia dos animais ao
estresse fisico e melhorou os parametros hematoimunolégicos. Além disso, o alto teor de vitaminas na
dieta ndo modulou as respostas imunologicas dos animais.

Palavras-chave: sistema imunologico, efeito imunomodulador, sinergia, ciclideo.

Introduction

Oreochromis niloticusis the third most cultivated fish species worldwide (Prabu et al,, 2019) and
the most cultivated in Brazil. According to the Associacao Brasileira da Piscicultura (2024), of the
aquatic organisms cultivated in Brazil in 2023, tilapia contributed to 65.3% of the total produce.
The cultivation of tilapia is attractive because of its high production capacity in intensive and
super-intensive systems (Brito et al., 2017), hardiness during handling, and resistance to changes
in temperature (El-Sayed & Kawanna, 2008), dissolved oxygen (DO), and salinity and to certain
diseases. It is an omnivorous fish that readily accepts exogenous food, has a high growth rate,
and is widely consumed (El-Sayed, 2005; Barroso et al,, 2015; Siqueira et al,, 2021).

Despite the rusticity and resistance of this species, its susceptibility to some parasitic, fungal, or
bacterial infections affects its cultivation. The parasites infecting tilapia include Ichthyophthirius
multifiliis, Trichodina sp., Ambiphyra sp., Apiosoma sp., monogeneans, and digeneans (Zanolo &
Yamamura, 2006; Silva et al.,, 2021). Moreover, the major bacterial species infecting tilapia are
Edwardsiella tarda, Francisella noatunensis orientalis, Streptococcus agalactiae, Streptococcus
iniae, and Aeromonas spp. (Figueiredo & Leal, 2008). In addition, it is faced with inadequate
management and low temperatures, particularly during winters in subtropical regions (Zerai et al,,
2010; Nobrega et al., 2020). Generally, in these regions, between the end of autumn and the
beginning of spring, the culture waters register low temperatures, between 11 and 13 ©C, values
close to lethality for species such as Nile tilapia, as its thermal comfort range is between 26 and
30 9C (Altun et al., 2006; Kubitza, 2006; Zadinelo et al., 2020).

Diseases, nutritional deficiency, the temperature falls and the oscillation of temperature in
winter, stocking density, and neuroendocrine factors affect the immune system of fish, making
them less tolerant to handling and thereby causing mortality (Kubitza, 2006; Falcon et al.,
2007, Zadinelo et al,, 2020). Antibiotics and chemotherapy have been used as prophylactic and
treatment measures to prevent these losses (Ding & He, 2010; Wang et al., 2019). However, their
indiscriminate use can lead to the accumulation of antibiotics and chemotherapy drugs in fish
tissues and the emergence of “super-bacteria,” which do not respond to antibiotic treatments
(Akanmu, 2018; Kraemer et al., 2019).

Owing to the problems associated with the indiscriminate use of antibiotics and the
abovementioned unfavorable factors, it is necessary to develop new products to remedy their
effects. Examples are vitamins, implicated in various physiological and metabolic processes, growth,
health, and reproduction (McDowell, 2000; El-Sayed & Izquierdo, 2021), and immunomodulators,
which improve the immune system and neutralize the immunosuppressive state, increasing
natural resistance (Bagni et al., 2005; Abdelrazek et al., 2017). Inmunomodulators are natural or
chemically synthesized compounds used to modu-late and enhance the immune resistance of
organisms (Ching et al., 2020; Gannam & Schrock). Their components and by-products include
a variety of chemical agents, polysaccharides, mannan oligosaccharides, animal extracts, and
plant extracts (Abdelrazek et al., 2017). Examples of these substances include nucleotides and
B-glucans (Xu et al,, 2015; Dawood et al., 2020).
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B-glucan is a structural polysaccharide formed by a glucose block found in the cell walls of
bacteria, fungi, yeasts, protozoa, and plants (Wismar et al,, 2010; Selim & Reda, 2015). Its structure
comprises B-(1,3) and p-(1,6) bonds in a non-repetitive and non-random order, with side chains of
varying lengths (Chagas et al., 2013; Aramli et al,, 2015). B-glucans stimulate the innate defense
mechanism, increase the phagocytic activity of macrophages, fight pathogens and stress
(Ringg et al, 2016; Lu et al., 2019; Penney et al,, 2019), and stimulate biological activities such as
antimicrobial, antioxidant, and anti-inflammatory effects (Dawood et al., 2020).

Briefly, B-glucans bind to and activate phagocytic cells to produce cytokines, promote a
chain reaction, and increase the production of phagocytes, alerting the immune system to fight
pathogens, stress, and environmental challenges, acting as a prophylactic agent that increases
immune resistance. These peptides have great potential for use in aquaculture in enhancing
resistance against pathogens and stress and as an alternative to antibiotics and chemotherapy
(Pohlenz & Gatlin 3rd, 2014; Watts et al,, 2017; Dawood et al., 2018; Yamamoto et al,, 2018).

Nucleotides, like B-glucans, have both plant and animal origins and can, therefore, be found
in yeast cells (Gil, 2002; Fegan, 2006). These are intracellular compounds with low molecular
weight, a nitrogenous purine or pyrimidine base, a pentose sugar, and one or more phosphate
groups (Gil, 2002). According to Li et al. (2015), Nelson & Cox (2018), and Bowyer et al. (2019),
nucleotides are used as the structural components of enzymatic cofactors and the precursors of
nucleic acids such as DNA and RNA and are implicated in the following biochemical and essential
physiological processes: decoding genetic information, the mediation of energy metabolism,
participation in cell signaling, and the modulation of long-chain polyunsaturated fatty acids.

In addition, p-glucan modifies immune responses (Ringg et al., 2012), with functions in the
assimilation of essential nutrients for vitellogenesis, reproductive performance (Arshadi et al,,
2018), lymphocyte activation and proliferation, phagocytosis in macrophages, immunoglobulin
(Ig) response, intestinal microbiota regulation, cytokine expression (Gil, 2002), and disease
resistance. Although nucleotides are not essential for fish as they are produced naturally, their
presence is limited to tissues with rapid mitotic division (Rossi et al., 2007; Reda et al,, 2018).

However, there are limited studies on the effects of the dietary co-supplementation of
more than one immunomodulator, with no studies investigating the impacts of the dietary
supplementation of high vs. “basal” levels of vitamins and the synergy of immunomodulators
and vitamins. Therefore, in this study, we aimed to evaluate the hematoimmunological effects
of the dietary co-supplementation of p-glucans+nucleotides and different levels of vitamins and
the possible synergism between these factors on Nile tilapia after physical stress.

Materials and methods

Biological materials

Nile tilapia of the GIFT lineage, from a male mono-sex population, having an initial weight of
3.00+ 068 gand alength of 5.33+ 0.66 cm, were obtained from the Experimental Fish Farm of
Camborit, CEPC/EPAGRI-SC, Brazil. The immunomodulatory complex (Rovimax Boost) and the
vitamin and mineral premix Optimum Vitamin Nutrition (OVN) were manufactured by DSM’, Sao
Paulo, Brazil, and provided for the experiment. Streptococcus agalactiae S13 serotype Ib wasisolated
during an outbreak of mortality on a tilapia farm located in Parana State by Facimoto et al. (2017)
and was granted to the AQUOS Laboratory of the Federal University of Santa Catarina (UFSC).
Its complete genome sequence is available in the DNA Data Bank of Japan/ European Molecular
Biology Laboratory-Bank/ GenBank public databases under accession numbers CP018623 and
PRINA356737. Fish handling procedures were approved by the Ethics Committee on Animal
Use of UFSC (CEUA/UFSC 2015231120).

Experimental diets

In general, diets are formulated to meet the animals' nutritional requirements; however, such
formulations donot consider the effects of injuries that the animal may suffer during cultivation owing
tobacterial, parasitic, and viral diseases and stress caused by inadequate handling and temperature
fluctuations, thereby leading to casualties. In this study, we sought to provide experimental diets
that meet the nutritional requirements of tilapia, as indicated in the Nutrient Requirements of Fish
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and Shrimp report published by the National Research Council (NRC), USA (Nutrient Requirements
of Fish, 2011), and promote their resistance to stressful factors or adversities in the environment.

Four experimental diets were formulated to meet the nutritional requirements of the species,
following the recommendations of Furuya (2010) and NRC (Nutrient Requirements of Fish ,2011)
(Table1). The diets produced were isocaloric and isoproteic with different levels of industrial premix
and OVN (DSM’, Brazil) at 2.0 and 3.0 kg-t™, respectively, and the presence or not of the Rovimax
Boost (DSM’, Brazil) immunostimulating complex at a concentration of 5.0 kg-tin the feed. The
manufacturer's recommendation for the inclusion of Premix Rovimax DSM"was 1.5to 2.0 kgt™.

The diets were produced by extrusion in the form of 2 mm pellets. A horizontal mixer (Inbramag,
Riberao Preto, Brazil) was used to mix the dry ingredients, and extrusion was performed using
asimple screw extruder MX40 (Inbramag, Brazil). The conditions for extrusion were tested and
adjusted in advance, and the extrusion parameters were as follows: the temperature in the cannon
head was 85 °C, and a humidity level of 24% was attained with deionized water. After extrusion,
the feed was oven-dried at 50 °C for 4.0 h and then packed and stored at -20 °C until use.

Table1. Formulation and centesimal composition of experimental diets: feed with indicated level of vitamin (Vit_);

Vit , + Immunomodulator (Vit, . . J); food with a high level of vitamin (Vit, ,); Vit + immunomodulator

(Vithighﬂmmune)'

Ingredients (g kg?) Vit Vit o immune Vit Vit immune
Poultry by-product meal 155 155 155 155
Soybean meal 380 380 380 380
Corn 307.2 307.2 307.2 307.2
Corn gluten 55 55 55 55
Wheat bran 80 80 80 80
Dicalcium phosphate 74 74 74 74
DL-Methionine 46 46 46 46
Salt 2 2 2 2
Mineral premix' 30 30 30 30
A vitamin (KUT) 7500 7500 11000 11000
C vitamin (mg) 200 200 900 900
D vitamin (UT) 1500 1500 2000 2000
E vitamin (mg) 100 100 300 300
Kvitamin (Menadiona) (mg) 3 3 10 10
Thiamine (mg) 2 2 20 20
Riboflavin (mg) 4 4 20 20
Niacin (mg) 35 35 120 120
Pantothenic acid (mg) 10 10 50 50
Pyridoxine (mg) 4 4 25 25
Biotin (mg) 01 01 1 1
Folic acid (mg) 4 4 7 7
Cyanocobalamin (mg) 0.02 0.02 0.05 0.05
Imunomodulator? o 50 o) 50
Centesimal composition’

Dry matter (%) 9042 89.98 9043 9049
Crude protein (%) 38 3795 3799 3794
Digestible protein (%) 3468 34.64 34.67 3463
Ethereal extract (%) 52 517 519 517
Crude energy (kcal/kg) 449615 4476.09 449213 4472.08
Digestible energy (kcal/kg) 3701.28 3685.84 369819 3682.75
Crude fiber (%) 313 312 313 312
Ash (%) 6.08 6.08 6.08 6.08

Note.'Mineral premix (0.3%): Copper (mg) 5.00; Iron (mg) 85.00; Manganese (mg) 25.00; Cobalt (mg) 0.05; lodine (mg) 1.00; Zinc (mg)
80.00; Selenium (mg) 0.25; lmmunomodulator: Betaglucans (g.ton-1) 1000.00; Nucleotides (ppm) 150.00; *Proximate composition of
dry matter. "The empty spaces were filled with carbonate (CaCO,).
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The determination of the centesimal composition of the diets was performed by the Nutrition
Laboratory (LabNutri) of UFSC, following the standard protocol provided by the Association of
Official Analytical Chemists (Baur & Ensminger, 1977). The dietary components measured included
moisture levels (samples were dried at 105 °C until a constant weight was achieved, method
950.01), crude protein (Kjeldahl, method 945.01), ether extract (Soxhlet, method 920.39C), and
mineral matter (incineration using muffle, method 942.05) (Table 1).

Experimental design

A total of 560 Nile tilapia juveniles with an initial weight of 3.0 = 0.68 g and length of
5.33 + 066 cm, distributed in 28 polyethylene tanks having a usable volume of 80 L with 20
animals per tank and seven replicates for each treatment, were used. The fish were acclimatized for
15days and fed the ration recommended by the producer during this period. After acclimatization,
the animals were fed four different experimental diets for 60 days as follows:

a) Feed with the indicated levels of vitamins (Vit, ,),

b)Feed with the indicated levels of vitamins +0.5% immunomodulator (Vit,_+Immune),
hlgh), and

d)Feed with high levels of vitamins +0.5% immunomodulator (Vit, , +Immune).

The fish were fed following the feeding table proposed by EPAGRI (Silva & Marchiori, 2018)
based on the water temperature and size of the fish. Weekly biometric measurements were
performed to monitor growth and adjust the feed supply. Excess food and excreta were removed
from the tanks twice daily via siphoning.

During the entire experimental period, the tanks were coupled to a semi-open water recirculation
system (recirculation aquaculture systems), equipped with mechanical and biological filtration,
ultraviolet disinfection, and a 12 h photoperiod maintenance system (Owatari et al,, 2018). The
water quality parameters, such as hydrogenic potential (pH) and the levels of DO, total ammonia,
toxic ammonia, and nitrite, were measured by the colorimetric method (Labcon' test kit; Brazil),
and the temperature was measured using a thermometer. All measured water quality parameters
remained within the safe range for fish described by Leira et al. (2017) as follows: pH 7.3 £ 1.5,
DO 6 + 0.3 mgL?; total ammonia 2.4 + 1.3 mg-L; toxic ammonia 0.006 + 0.003 mg-L}; nitrite
0.30+0.20 mg-L!, and temperature 26.5+13 °C.

After 60 days of supplementation, the fish weighed 3040+310g,34.25+504g,3412+421g,
3412+421g,36+268 gin Vit_, Vit +Immune, Vit,_, and Vit,_ +Immune treatment groups,
respectively, withabody length of 1 73 + 4 23cm,12.02 i 2 82cm, 11 97 +513cm,and13.32+344cm
in the respective groups. Subsequently, the fish were subjected to winter management, wherein
the water temperature was adjusted to 20 °C (achieved within 12 h after adjustment), and two
complete biometrics were performed. Later, the animals were subjected to physical stress wherein
the maximum and minimum temperatures of the thermostat cycles in the tanks with the animals
were set to 30 °C and 20 °C, resulting in three temperature fluctuations of 20 to 30 °C, 30 to 20 °C,
and 20to 30 °C. All animals were exposed for 12 h to 30 °Cand 20 °C temperatures each. At theend
of the experimental period (post-stress), 140 fish were sampled for hematoimmunological analyses.

c)Feed with high levels of vitamins (Vit

Haematological analysis

Atthe end of the experiment, five fish per tank were anesthetized with eugenol Vetec’ (75mgL%),
and the blood was withdrawn from the caudal vein using syringes with the anticoagulant
ethylenediaminetetraacetic acid (EDTA 10%) for hematological analysis. Subsequently, blood
smears were made in duplicate and stained with the May-Grunwald Giemsa Wright stain for
differential leukocyte count and total thrombocyte count. Total leukocyte count (WBC) was
obtained by the indirect method (Ranzani-Paiva et al., 2013) from blood smears. An aliquot of
blood was used to determine the hematocrit (htc) (Goldenfarb et al,, 1971), and another was used
to quantify the total number of erythrocytes (RBC) in a Neubauer chamber after dilution 1:200in
Dacie solution modified according to Blaxhall & Daisley (1973). The analysis of hemoglobin (Hb),
mean corpuscular hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC),
and mean corpuscular volume were realized using the equations by Ranzani-Paiva et al. (2013)
and Glucose is obtained from blood plasma using a colorimetric test (Labteste®).
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Immunological analysis

The remaining blood used in the hematological analysis was allowed to coagulate for 1h and
centrifuged at 1400 gfor 15 min at 4°C to obtain blood plasma. The blood plasma was combined
into pools of five fish per tank and stored at -200C for immunological analysis.

Total plasma protein (TPP) was measured using a commercial total protein kit (Lab Test"). Total
immunoglobulin was measured according to the method of Amar et al. (2000), where 100 uL
of plasma was added to 100 uL of 12% polyethylene glycol solution (PEG) (Sigma-Aldrich) and
incubated at room temperature (24°C) for 2 h for the precipitation of immunoglobulin molecules.
The precipitate was removed by centrifugation (5000 g at 40C for 10 min). After the removal of
the supernatant, the total protein amount was measured with a commercial kit (Lab Test"), and
bovine albumin was used to construct a standard curve. The immunoglobulin concentration
was expressed in mg mL* according to the following formula:

Total immunoglobulin = ( total protein in the serum - total protein PEG treated ) )

Titration of agglutination activity was performed in 96-well U-bottom microplates by diluting
theplasmaina 1:1 ratio in PBS in the first well (50 uL. PBS solution:50 plL plasma) and performing
serial 1:2 dilutions until the 12th well. Subsequently, 50 uL of inactivated S. agalactiae was added to
all the wells. The microplate was incubated at 25°C for 18 h in a humidified chamber. Agglutination
was confirmed by the observation of a precipitate in the bottom of the well and was considered
as the reciprocal of the last dilution that presented agglutination (Silva et al., 2009).

The antimicrobial activity of plasma was determined against S. agalactiae in 96-well flat-
bottom microplates according to Silva et al. (2009). The S. ggalactiae inoculum was cultured
in brain heart infusion (BHI) broth for 24 h at 280C, prepared at a concentration of 0.2 on the
MacFarland scale and diluted in poor broth medium (PB) at 1x10° UFC mL". The plasma was
diluted in a 1:3 ratio in poor broth medium (PB) in the first well (50 pL plasma: 150 uL PB), and
serial 1:2 dilutions were performed until the 12th well. For positive and negative controls, saline
solution was diluted in PB, as was done with the plasma. Finally, 10 uL. of S. agalactiae was added
to the wells containing diluted plasma and the positive control. The microplates were incubated
at 24 h at 280C. The microorganism growth was read in a microplate reader, at a wavelength of
550 nm. The antimicrobial titer was the reciprocal of the last dilution that presented antibacterial
activity with total inhibition of microbial growth.

Statistical analysis

The data were subjected to Shapiro-Wilk and Levene tests to assess the normality and
homoscedasticity of variance, respectively. Inhomogeneous data were transformed into log,
(x+1) values to achieve normality. Subsequently, data were subjected to a two-way analysis of
variance for all analyses, and when appropriate, means were separated using Tukey's test. All
tests were performed at a 5% significance level using Statistica version 10.0.

Results

During the trials, including winter management and experimental stress, no mortality was
observed, indicating strong stress resistance of the fish.

Hematological analysis

The dietary addition of immunomodulators significantly increased the total leukocyte count
and the number of lymphocytes (P <0.05). Regarding the effects of the different levels of vitamins,
their high concentrations positively impacted the increase in hemoglobin (Hb) levels and mean
corpuscular Hb (MCH) (P <0.05) (Table 2). However, the lowest Hb levels and MCH were observed
in the group fed with the indicated vitamin levels.

Thrombocyte, basophil, and neutrophil counts, as well as mean corpuscular volume, cell
Hb concentration mean, hematocrit value, plasma glucose, and red blood cell counts were not
affected (P >0.05) by any of the treatments in this study (Table 2).
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Table 2. Hematological parameters of Nile tilapia (mean + standard deviation) after 60 days with diets supplemented
with: feed with indicated vitamin level (Vit,_); Vit,_, + Immunomodulator (Vit, ); food with a high level of

ind+Immune-
vitamin (Vit,, ); Vit + Immunomodulator (Vit,, . ) after a challenge with physical stress.

P-value

ind Vit g tmmune Vit g, Vit ghammne  Vitamin
level
Thr (x10°pL?)  459+218 4.37+250 508 £2.35 417+224 0.716 0175 0407
WBC (x10° L")  2.34+£044°>  253+029*  233+038"  237+033° 0141 0046 0199
Lym (x10° pLY) 21864 +40.11° 236.26 +3040% 218.01+39.08" 22540+3507* 0311 0030 0366
Mon (x10°uL?) 11614167 1578 £1.69 1147+2.0 1516 +1.52 0874 0111 0918
Neu (x10°pL?)  217+0.98 148+045 1.97+0.83 1.83+104 0922 0489 0614
Baso (x10°pLY)  110+095 120+098 110+ 069 121+1.00 0544 0205 0505
RBC(x10°uL")  2.34+038 253+0.29 233+£038 234+033 0095 0079 0139
Htc (%) 2186+502  2434+480 2446+473  2381+481 0171 0098 0091
Hb (gdL") 6.7+0.93" 6.86+066°  772+072* 719+0774 0029 0540 0256
Glucose (mgdL’) 5365+698  4952+355  4997+494 5269+442 0956 0862 0122
MCV (fL) 096+0.21 097+0.22 01L04+017 0101+016 0159 0993 0374
MCH(gdL?)  029+005® 027+003® 033+003* 031+003* 0004 0066 0756
MCHC (gdL")  3109+216  2845+302  3103+057 3026+156 0193 0102 0616

Note. Different capital letters in the same line indicate statistical differences in the level of vitamin (A, B), and different lowercase letters
in the same line indicate a statistical difference in the inclusion of immunomodulators (a, b). RBC: erythrocytes; Thr: thrombocytes; WBC:
white blood cells; Lym: lymphocytes; Mon: monocytes; Neu: neutrophils; Baso: basophil; Htc: hematocrit; Hb: hemoglobin; MCV: mean
corpuscular volume; MCH: mean corpuscular hemoglobin; MCHC: mean corpuscular hemoglobin concentration. Significance level 95%.

Parameters Vit
Immuno. Inter.

Immunological analysis

After 60 days of supplementation and subsequent subjection to winter management and
physical stress, the dietary addition of the immunomodulator promoted a significant increase
in the levels of plasma Igs (P <0.05); however, it reduced the antimicrobial titer and total plasma
protein (TPP) concentration (P <0.05). In contrast, the agglutination titer was impacted by
the varying levels of vitamins (P <0.05). The antimicrobial titer was higher in the groups fed
with diets without immunomodulators than in the groups fed with diets supplemented with
immunomodulators (Figure 1). For the agglutination titer, a higher concentration was observed
in the group that received the indicated levels of vitamins alone (3.33 + 0.66 log, [x+1]) than in
the group that received high levels of vitamin alone (219 + 0 .30 log, [x+1]) (Figure 1).

] O N
N N N N N

Vit ind Vit ind+~Immune Vit high Vit high+Immune
N Antimicrobial title  © Agglutination title

Figure 1. Antimicrobial title and agglutination tilapia of Nile tilapia (mean + standard deviation) after 60 days
with diets supplemented with: feed with indicated vitaminlevel (Vit_); Vit  +immunomodulator (Vit
High vitamin level (Vit, _); Vit, .+ Immunomodulator (Vit

Note. Different capital letters indicate a statistical difference in the level of vitamin (A, B) and different lowercase letters indicate a
statistical difference in the inclusion of immunomodulators (a, b).

md+lmmune) '

i VG sighmmune) A1T€T @ challenge with physical stress
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Immunoglobulin levels showed a significant difference both in response to the dietary
inclusion of immunomodulators and also to the interactions of immunomodulators with the
basal and high levels of vitamins (P <0.05) (Figure 2). When the immunomodulator inclusion
factor was considered alone, the supplemented group was found to show higher mean levels
of Ig (2314 + 2.88 mgmL™) than that in the non-supplemented group (16.62 + 3.22 mgmL™).
In the TPP levels, a significant difference (P <0.05) was observed upon the dietary inclusion of
immunomodulators (Figure 2), with a higher concentration in the group fed with diets without
the inclusion of immunomodulators (26.81 + 4.01 mg-mL™) than in the group fed with diets
supplemented with immunomodulators (2318 + 2.76 mgmL™).

35 r Aa

30 b Ab AaY
N

s | §§\ Aa
N\ Abx X
N \§

20 \§

Vit ind Vit ind+Immune Vit high Vit high+Immune
Total plasma protein R Total immunoglobulin

Figure 2 . Total plasma protein and immunoglobulin of Nile tilapia (mean + standard deviation) after 60 days
of diet supplemented with: feed with indicated level of vitamin (Vit,_); Vit + immunomodulator (Vit_,, .

High vitamin level (Vit,, gh)? Vit .+ Immunomodulator (Vit ) after a challenge with physical stress.

Note. Different lowercase letters indicate statistical differences in the inclusion of immunomodulator (a, b) and letters (x, y) indicate
an interaction between factors.

high high+Immune

Discussion

Fish fed with higher levels of vitamins had higher concentrations of Hb and MCH. The Hb
molecule in fish and in other vertebrates can bind to and transport gases such as oxygen and
carbon dioxide (di Prisco et al,, 2007). The increase in the Hb levels and MCH may be associated
with thelevels of vitamin Cincorporated into the diet, as treatments with higher levels of vitamins
imply higher levels of vitamin C. Additionally, the stress to which the animals were subjected
must have contributed to this effect. In addition, according to Mazur et al. (1960), vitamin C is
involved in the release of iron stored in the form of ferritin in the liver and in the transport of
plasmairon to theliver and its incorporation as ferritin in the tissue. Similar results were reported
in studies by Lim et al. (2000) and Barros et al. (2002), wherein the effects of the interaction of
vitamin C and iron on Hb concentration were observed in catfish (Ictalurus punctatus) and O.
niloticus, respectively. Fernandes Junior et al. (2010) reported that Nile tilapia fed with different
levels of choline (vitamin B8) also exhibit increased Hb levels.

There was a significant increase in the total leukocyte count and specifically in the number
of lymphocytes in juvenile Nile tilapia fed with diets supplemented with immunomodulators.
Immunomodulators such as B-glucans and nucleotides canincrease the body’'s immune response,
providing resistance against bacterial, viral, and parasitic diseases and stress (Burrells et al., 2001;
Miest et al,, 2016).

Theincrease in the number of leukocytes and lymphocytesin fish fed with immunomodulator-
supplemented diets may be associated with the ability of immunomodulators to modulate
immune responses, which, in turn, increases the number of leukocytes, likely representing a
better immune status. According to Moreira (2014), lymphocytes are immunocompetent cells
that elicit immune responses. Similar results were reported by Sherif & Mahfouz (2019) in Nile
tilapia fed with B-glucan, by Reda et al. (2018) studying the effects of nucleotides in Nile tilapia,
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and by Hassaan et al. (2018) in Nile tilapia fed with diets supplemented with yeast containing
B-glucan and nucleotides.

Contrastingly, Barros et al. (2014) did not observe an increase in the number of lymphocytes
and leukocytesin tilapia fed with B-glucan and vitamin C but observed a decrease in the number
of these cells after transport stress. Sado et al. (2016) did not observe any differences in the number
of these cells when an immunomodulator was included in the diet of Nile tilapia. The results
reported by Barros et al. (2014) can be explained based on the time of dietary supplementation
used in this study (7,15, 30, and 45 days), whereas the results of Sado et al. (2016) may be associated
with the supplementation route (bath and oral) and supplementation time (15 days). Both these
methodologies differ from those used in this study.

It is also likely that this increase in the number of leukocytes is associated with both the
immunomodulatory activity of dietary additives and stress response in animals, as mentioned by
Miest et al. (2016), thus enhancing the immune response of animals fed with immunomodulator-
supplemented diets.

According to Rauta et al. (2012), fish defense mechanisms are robust and are regulated by
innate and specificimmune systems. The innate system instantly provides the first line of defense
wherein defense cells such as monocytes, [ymphocytes, granular leukocytes, humoral components,
and non-specific cytotoxic cells are involved. The specific system acts incisively and effectively
and is linked to the capacity of lymphocytes to recognize antigens, but requires relatively more
time to be activated. Antimicrobial titer, indicating the concentration of antimicrobial peptides,
agglutination titer,and Igand TPP levels in the blood serum are a few parameters indicative of the
activity of the fish immune system. According to Uribe et al. (2011), the antimicrobial peptides act
on the cell membranes of pathogens, inhibiting the activity of proteases, which, in turn, inhibits
the action of bacterial toxins.

In this study, a significant increase was observed in the antimicrobial titer in fish that did
not receive the dietary supplementation of immunomodulators. Similar results were reported
by Ai et al. 2007) in a study with diets containing B-glucans for Pseudosciaena crocea, wherein
the immunological parameters significantly decreased in animals treated with a high content
of this peptide. These findings differ from those reported by Lin et al. (2011) and Amphan et al.
(2019) in Cyprinus carpio koi and O. niloticus, respectively. They also differ from the findings of
Koch et al. (2021), who observed an increase in the innate immune responses of O. niloticus fed
with B-glucans; however, a reduction in these immune responses was observed during the 45
days of feeding,

Similarly, Misra et al. (2006) used 250 mgkg™ of B-glucans in the diet of Labeo rohita and
indicated an increase in immunological parameters until day 42 of the total experimental
period (56 days). Bagni et al. (2005) observed no differences in the immunological parameters
of Dicentrarchus labrax supplemented for 45 days with B-glucans, similar to the observations
of Yamamoto et al. (2018) using B-glucans in the diet of Sciaenops ocellatus, Chagas et al. (2013)
with Colossoma macropomum, and Berto et al. (2016) on the hematoimmunological responses
of Nile tilapia to nucleotide enriched diets.

The time/duration factor and how the supplementation was administered may likely explain
the results obtained in this trial, conducted for 60 days with oral supplementation. According
to Sakai (1999), the effectiveness of immunomodulators decreases in the long term when using
oral supplementation or immersion methods. Another likely explanation for these results is the
enhanced immunological response in fish that did not receive the dietary supplementation of
immunomodulators against the stress exerted on them.

Agglutination is a crucial parameter in immune and serum responses in fish, and the agents
responsible for agglutination are lectins and Igs. Lectins are proteins capable of binding to sugars
(through carbohydrate-binding sites) present in the cell membranes of pathogens that promote
agglutination or opsonization (Vornholt et al., 2007; Magnadottir, 2010). However, Swain (2006)
reported that the agglutination activity of Igs, produced by B lymphocytes, is greater than that
of lectins, as Igs exhibit antigen-specific activity.

The agglutination titer was higher in treatments with the indicated dietary vitamin levels
than in those with high levels of vitamins. However, Ig levels revealed an interaction between
immunomodulators and the levels of vitamins in the diets and were found to be significantly
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increased with the dietary inclusion of immunomodulators. The findings of this study reveal that
high vitamin content in the diets, in general, did not increase the agglutination titer of the animals.
These results corroborate those of Peres et al. (2004), Lim et al. (2009), and Lim et al. (2010) in
their research on Nile tilapia supplemented with vitamins E, inositol, C,and E, respectively. Despite
the immunological importance of lectins found in the serum and mucus of fish, their relevance
is not yet clear, but they may be linked to the fight against microorganisms (Nakamura et al,,
2001; Tasumi et al,, 2004).

The concentrations of Ig in the plasma of O. niloticus reveal an interaction between
immunomodulators and the levels of vitamins present in the diets, with higher concentrations
ofIginthe Vit, ,, *Immune treatment group (quantitatively) than in the other groups. This result
indicates a possible synergy between these factors, as the groups supplemented with high levels
of vitamins or immunomodulators alone exhibited lower Ig concentrations than in the group
co-supplemented with high levels of vitamins and immunomodulators. This finding may also be
attributed to the high levels of vitamin C provided in the co-supplemented diet, as this vitamin
has strong antioxidant properties, causing a protective effect against oxidative damage. Moreover,
Dawood et al. (2017) and Wu et al. (2020) reported the synergistic effects of -glucan with vitamin
C and ascorbic acid in Pagrus major and Epinephelus fuscoguttatus, respectively.

In addition, the Iglevels in the groups fed with diets supplemented with immunomodulators
were significantly higher than those in the groups fed with diets not supplemented with
immunomodulators, showing a better response of this protein to the immunomodulators
used in this study against the stress challenge. Analyzing the Ig concentrations in response to
the basal or high dietary vitamin levels alone, we noticed that the concentrations decreased
drastically inthe Vit ,and Vit treatment groups compared with thatin the Vit_ +Immune and
Vit, ., *Immune groups, respectively. Higher levels of Ig in the groups with the dietary inclusion
of immunomodulators than in those without immunomodulators may be associated with an
immune system response to the stresses suffered by these animals, as according to Vetvicka et al.
(2013), B-glucans increase the immune response and stress resistance.

Lim et al. (2010) and Guimaraes et al. (2014) also showed that vitamins E and A did not affect
Ig production in O. niloticus. In the same study by Lim et al. (2010), higher levels of Ig were
observed in fish fed with vitamin C-supplemented diets (200 mg-kg™) than in those fed with
dietsnot supplemented with vitamin C; however, this increase was not significant when the fish
were challenged with S. inige. E-Murr et al. (2019) and Abdelhamid et al. (2020) observed that
the dietary supplementation of B-glucans in O. niloticus increased the serum levels of M Ig (IgM)
and globulins. Similarly, in I. punctatus, the serum levels of IgM increased upon the inclusion of
1gkg™ of B-glucans in their feed for 30 days (Phu et al., 2016).

Neamat-Allah et al. (2020) reported a moderate increase in IgM levels in Nile tilapia when
treated with B-glucans and stressed with atrazine (pesticide). Moreover, Reda et al. (2018), using
nucleotides (0.25%) in the Nile tilapia diet, reported increased levels of IgM, but only in the initial 15
days, twice aslong (30 days) when the immunomodulator had no significant effect. Murthy et al.
(2009) reported that the co-feeding of B-glucans and nucleotides to shrimp resulted in better
immune responses in these animals.

The TPPlevels help determine the overall condition of fish. This parameter is highly sensitive
to stress (Melo et al,, 2009). The TPP levels are estimated by calculating the sum of the albumin
and globulin contents in the plasma (Rodrigues et al., 2018). In this study, we observed that the
TPP levels were affected by the dietary inclusion of immunomodulators; however, unlike that
observed for Ig levels, the dietary inclusion of immunomodulators resulted in the lowest TPP
levels. These results could be attributed to the better resistance of fish receiving the dietary
supplementation of immunomodulators and the lowered resistance of those not receiving the
supplementation of immunomodulators to stress exerted on them.

When analyzing the plasma glucose levels of the groups fed with diets without the inclusion
of immunomodulators, an increase in plasma glucose concentration was observed, although
not statistically significant, reinforcing the theory of increased stress suffered by the fish. These
results are in agreement with those reported by Barros et al. (2015) for cold-stressed Nile tilapia,
wherein the dietary inclusion of 0.8% B-glucans and 600 mg-kg™ vitamin Cled to the lowest TPP
and the highest globulin concentrations, characterizing a response to the stress.
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Abdelhamid et al. (2020) confirmed that B-glucans tend to decrease the stress caused by
diazinon (pesticide) in Nile tilapia. Melo et al. (2009) observed that male Nile tilapia subjected to
hypoxia exhibited higher TPP concentrations than those in female Nile tilapia, and female Nile
tilapia had higher concentrations of albumin and y-globulin. In contrast, Almeida et al. (2018)
reported that salt stress alone was insufficient to increase the TPP content of Nile tilapia, possibly
owing to the age of the fish.

Inrecent studies with immunomodulators, Selim & Reda (2015) (3 g-kg™ of feed), Abu-Elala et al.
(2018) (01% dietary inclusion), and El-Nobi et al. (2021) (symbiotic) reported an increase in TPP
concentrations with the use of B-glucans in Nile tilapia culture. Moreover, Tahmasebi-Kohyani et al.
(2012) reported increased TPP levels in rainbow trout (Oncorhynchus mykiss) with the inclusion
of 0.15 and 0.2% of nucleotides in the diet and in response to acute stress (30 s out of water). In
contrast, Souza et al. (2020) reported that the TPP levels in Nile tilapia were not affected by the
inclusion of B-glucans in water, as well as that of the snapper (P major) under oxidative stress
caused by exposure to fresh water (Hossain et al., 2016), and in this study, the TPP levels decreased
with the dietary inclusion of immunomodulators, possibly an immune stress response.

Conclusion

We conclude that the inclusion of an immunomodulator in the diet of Nile tilapia provided
resistance to physical stress experienced by these animals. In addition, it increased the number
of leukocytes and lymphocytes in the treated animals. A possible synergism exists between
immunomodulators and high levels of dietary vitamins, as indicated by the changes in Ig levels.
It was also evident that high levels of vitamins in diets do not potentiate the immune response
of fish against physical stress.
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