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Abstract

The aim of the study was to evaluate the effects of inulin on stress and innate immunity of
hybrid catfish (P. reticulatum X L. marmoratus). A total of 208 juvenile surubim, with initial
average weight and length 37.91+5.58 g and 18.51 +0.69 cm, were randomly distributed in 16
tanks (100 L) in a 4 x5 factorial scheme. Inulin was used at four inclusion levels (0% — con-
trol, 0.25%, 0.50%, and 0.75%) for 31 days. At the end of period, blood aliquots were collected
to characterize time zero. Then, the fish were exposed to pursuit/capture/atmospheric exposure
stress for a new blood collection after 0.5 h. Soon after, the fish were exposed to A. hydrophila,
and new blood samples were obtained at 3, 6, and 24 h post-challenge. There was a signifi-
cant interaction on plasma cortisol in 0.50% inulin group. There was a significant reduction
in hemoglobin and hematocrit at 24 and 3 h, respectively, after stress management+ bacterial
challenge. For glucose, a significant increase was observed after stress management (0.5 h)
as well as a significant decrease at 6 h after stress management+ bacterial challenge. A sig-
nificant increase in total leukocytes and lymphocytes was observed at 6 h, while thrombocytes
increased significantly at 6 and 24 h. No significant interaction was observed in leukocyte res-
piratory activity. Fish supplemented with 0.50% inulin showed a significant increase in serum
lysozyme. The inclusions of inulin at 0.25% and 0.75% provide greater hormone cortisol
homeostasis, while inulin at 0.50% improved the immune system of hybrid surubim.
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Highlights

o Inulin at 0.50% significantly increases serum lysozyme in hybrid catfish Pseudoplatystoma
reticulatum®Q X Leiarius marmoratusd.

o Inulin supplementation reduced the impact of chase/capture/aerial exposure stress.

o The inulin dietary supplementation at 0.25 and 0.75% provides greater stability of the hormone cortisol.
e Supplementation at 0.50% inulin improves the immune system of surubim.
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Introduction

Brazil stands out as one of the largest aquaculture producers in the world (FAO 2022), producing
approximately 860 thousand tons of farmed fish in 2022 (Peixe BR 2023). Although Tilapia pro-
duction is dominant in Brazilian fish farming (63.93% of the total volume), other Brazilian native
fish species stand out in the aquaculture scenario, such as catfish of the genus Pseudoplatystoma
and its hybrids, popularly known as surubim (Peixe BR 2023). In recent years, joint actions for
scientific and technological development have enabled improvements in the commercial produc-
tion of Neotropical species (Valenti et al. 2021), promoting gains in productivity and competi-
tiveness of native Brazilian species in the national and international market (Peixe BR 2023).

The surubim reached the third position in Brazilian fish farming exports in 2022, with
a growth of 186% in the year, being the highest percentage of growth among the native
species of Brazil (Peixe BR 2023). Surubim, which include fish of the genera Pseudo-
platystoma, Phractocephalus, and Leiarius (Hashimoto et al. 2012), are commercially
valued fish, with the absence of intramuscular spines, white meat with a mild flavor, low
fat content, and high carcass yield (Silva et al. 2015). Its total production in Brazil was
approximately 11,571 tons, in 2019 (IBGE 2020). The most farmed siluriformes in South
American aquaculture are surubim Cachara Pseudoplatystoma reticulatum, Pintado Pseu-
doplatystoma corruscans, and their hybrids (Fantini-Hoag et al. 2022). Another cultivated
and economically important hybrid surubim is generated by crossing Pseudoplatystoma
reticulatumQ X Leiarius marmoratusd.

Fish farming, including the cultivation of hybrid surubim (P. reticulatum X L. mar-
moratus) (Matos and Meurer 2021), faces many obstacles related to sanitary problems
that most often result in bacterial outbreaks that can cause considerable economic losses
(Maldonado-Miranda et al. 2022), mainly due to bacterial infections caused by Aero-
monas spp. (Tavares-Dias and Martins 2017). Sustainable practices such as the use of
phytotherapics, prebiotics, and probiotics are becoming popular in the international com-
munity, as they are seen as alternatives to the indiscriminate use of antibiotics capable
of reducing such economic losses and preventing the spread of bacterial resistance in
aquaculture environments (Mourifio et al. 2012; Brum et al. 2017; Vanderzwalmen et al.
2019; Butt et al. 2021; Tadese et al. 2022; Yilmaz et al. 2022; Rohani et al. 2022).

Among the prebiotics commonly used in aquaculture are gluco-oligosaccharides, man-
nan-oligosaccharides, and fructooligosaccharides (Ringg et al. 2010). A fructooligosaccha-
ride that has gained prominence in aquaculture is inulin (Cerezuela et al. 2012; Song et al.
2014; Carbone and Faggio 2016; Herrera et al. 2019; Campos et al. 2022; Li et al. 2023),
which occurs naturally in foods of plant origin and some plant varieties (Cerezuela et al.
2008), such as onion, garlic, burdock, chicory, and wheat (Niness 1999).

Inulin is a polysaccharide with a prebiotic reputation. It is a non-digestible food compo-
nent (fiber) that acts as a microbial substrate, stimulating the proliferation of beneficial gut
bacteria, increasing intestinal absorption, and providing physiological improvements that
help strengthen innate immunity in the host (Niness 1999; Kaur and Gupta 2002).

In humans, a diet enriched with inulin fructans combined with probiotics can increase the
biodiversity and richness of the intestinal microbiota, reduce symptoms of infectious dis-
eases, stimulate the intestinal immune system, and modulate the response of the respiratory
tract’s immune system (De Giani et al. 2022). In addition, in tests with human models, it
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was verified that in the bacterial fermentative catabolism of inulin fructans, short-chain fatty
acids, which are fundamental biological molecules, are produced; however, negative effects
related to inulin consumption have also been described, such as gastrointestinal symptoms
in humans and exacerbated intestinal inflammation in mice (Tawfick et al. 2022). In broiler
chickens, administration of inulin has been shown to be effective in generating potent stimu-
lation of gene expression in the spleen and cecal tonsils (Dunislawska et al. 2021).

In aquaculture, soybean meal supplemented with inulin and oligofructose was effective
to partially replace fish meal (up to 50%) in the pikeperch (Sander lucioperca) diet without
impairing the growth performance or the immune system (Dadras et al. 2022). In common
carp (Cyprinus carpio), dietary inulin has been shown to be beneficial to improve growth
performance, immune systems, and innate antioxidants and promote biochemical param-
eters and digestion (Ajdari et al. 2022), while in Nile tilapia (Oreochromis niloticus), inulin
supplementation at 0.4% was considered a promising strategy to improve fish healthy under
saline stress at 16%o (Zhou et al. 2020). In recent years, inulin has gained prominence in
Brazilian aquaculture research due to its positive effects on the physiology of native fish
(Mourifio et al. 2015; Campos et al. 2022; Oliveira et al. 2022).

Research in the field of immunology of marine (Cerezuela et al. 2008, 2012; Ahmdifar
et al. 2011) and freshwater fish (Mourifio et al. 2015; Tiengtam et al. 2015; Campos et al.
2022) has shown that inulin supplementation improves the immune system by using selec-
tive interruption of the growth of pathogenic microorganisms and stimulating the prolifera-
tion of macrophages. However, there are no research data related to the effects of inulin-
dietary supplementation on fish production factors, such as fish capture followed by air
exposure and pathogen exposure.

Here, in the present study, we evaluated in an unprecedented way the effects of inulin
dietary supplementation on the innate immune system of the hybrid surubim (P. reticu-
latum X L. marmoratus) before and after the physiological stress caused by the manage-
ment of pursuit, capture, and atmospheric exposure, followed by exposure to Aeromonas
hydrophila.

Material and methods
Experimental design

All procedures that involved the use of fish in this study were performed according to ethi-
cal principles in animal experimentation and approved by the Ethics Committee on the Use
of Animals (CEUA) of the State University of Mato Grosso do Sul — UEMS, in Aqui-
dauana, MS, Brazil, under protocol n° 14/2013. In all procedures for obtaining biological
samples, fish were anesthetized by immersion in a eugenol solution at 50 mg L™ according
to De Oliveira et al. (2019). The fish came from a local fish farm and remained in a 7-day
acclimatization period.

The experiment was carried out in the fish farming sector of the State University of Mato
Grosso do Sul, at the University Unit of Aquidauana— MS, for 31 days. Two hundred and eight
juveniles surubim, with average initial weight of 37.91+5.58 g and length 18.51+0.69 cm,
were randomly distributed in 16 tanks of 100 L (13 fish per tank) with continuous water flow.
The fish were fed twice daily with the experimental diets until apparent satiation. A completely
randomized design in a 45 factorial scheme was structured, corresponding to the levels of
inclusion of prebiotics in the diet and the periods of sample collection.

@ Springer



1774 Aquaculture International (2024) 32:1771-1784

The experimental diet consisted of a commercial diet (maximum moisture content of
12%, digestible energy 3500 kcal kg™, vitamin C 350 mg kg™, crude fat 8%, and mini-
mum percentages of 40% crude protein, 3.5% calcium, and 1.5% phosphorus) with four
inclusion levels of inulin (INUFLORA®) 0.0% (control), 0.25%, 0.5%, and 0.75%, with
four replications for each treatment. The different levels of inulin were added and homog-
enized with the aid of a mixer (concrete mixer type) to the commercial feed and stored
under refrigeration at 5 °C until use.

Water quality was evaluated daily (7:00 am and 6:00 pm) before feeding, with mul-
tiparameter HANNA. During the experimental period, the variables remained in dissolved
oxygen 5.21+0.59 mg L™!, temperature 25.90+0.91 °C, and pH 7.18 +0.32. Total ammo-
nia and nitrite were not detectable.

Hemato-immunological analysis, bacterial challenge, and stress parameters

At the end of the dietary supplementation period, blood aliquots from 2 fish per experimen-
tal unit (n=S8§ per treatment) were collected by puncture of the caudal vessel with syringes
emulsified with anticoagulant and antiglycolytic (3% EDTA, Heparin, and Glistab). Ini-
tially, a baseline blood collection was performed, characterizing moment zero (initial sam-
pling). Then, the fish were subjected to physiological stress management (pursuit/capture/
aerial exposure) using a net for pursuit and capture (for 1 min), followed by atmospheric
exposure (for 1 min). Thirty minutes after the physiological stress, the blood was collected
again, and then the fish were exposed to A. hydrophila.

The bacterial challenge consisted of intraperitoneal inoculation of A. hydrophila
(0.8% 10° colony-forming unit — CFU) according to Rodrigues et al. (2021) after stress
induction by pursuit/capture and aerial exposure. The bacterial suspension was predeter-
mined with a subclinical dose to stimulate the immune system of the fish. Blood samples
from 2 fish per experimental unit (n=38 per treatment per collection time) were collected
at 3, 6, and 24 h after exposure to the pathogen. With the blood samples, hematological,
physiological, and immunological indicators were determined.

An aliquot of blood collected with EDTA (3%) was used to determine hematocrit (Ht)
using the microhematocrit method by Goldenfarb et al. (1971), hemoglobin by cyanmethe-
moglobin method according to Collier (1944), and counting the number of erythrocytes
in a Neubauer chamber. With the values of hematocrit, hemoglobin, and number of eryth-
rocytes according to Wintrobe (1934), mean corpuscular volume (MCV) and mean cor-
puscular hemoglobin concentration (MCHC) were calculated. Blood smears were made
in duplicate and stained with May Griinwald-Giemsa-Wright (Tavares-Dias and Moraes
2004) for differential leukocyte count and total thrombocyte and leukocyte count.

The analysis of the respiratory burst activity of blood leukocytes was performed by
means of reactive oxygen species (ROS) using the nitroblue tetrazolium dye (NBT). For
this purpose, 100 pL of heparinized blood was added to 100 pL of nitroblue tetrazolium
(NBT), homogenized, and incubated at 25 °C for 30 min. After the incubation period, 50
pL of the mixture was diluted in 1000 pL of N, N-Dimethylformamide (DMF) and centri-
fuged at 3000 g for 5 min, with the supernatant reading at optical density by spectropho-
tometry at a wavelength of 540 nm.

Serum lysozyme analysis was performed with serum obtained from blood samples col-
lected without anticoagulants, left at room temperature for about 2 h for clotting. To obtain
the serum, the samples were centrifuged at 3000 g for 5 min and stored in a—70 °C freezer
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until the moment of the analysis, which was carried out by means of a turbidimetric test,
according to Ellis (1990) and adapted by Abreu et al. (2009). Survival was calculated based
on the following formula (100 X final number of animals) / initial number of animals).

An aliquot of blood was collected with EDTA anticoagulant (3%) and used for the
determination of plasma glucose by the endpoint method using a commercial colorimet-
ric determination kit (Glistab). Plasma cortisol was performed using stored heparinized
plasma (— 70 °C), using the Diagnostics Biochem Canada Inc. (DBC) Kit.

Statistical analysis

For the physiological, immunological, and hematological data, a completely randomized
design in a 4x5 factorial scheme (levels of the prebiotic inulin X sampling times) was
adopted. All data were submitted to normality (Shapiro—Wilk), the means were subjected
to an analysis of variance (ANOVA), and when significant to the means, they were com-
pared using the Tukey test (p <0.05).

Results

There was a significant interaction (p <0.001) on plasma cortisol in surubim fed a diet
with 0.50% inulin and in the control group. An increase in circulating cortisol levels was
observed after 3 h of interaction between the factors (stress management + bacterial chal-
lenge +0.50% inulin) and 0.5 h after stress management in the control group. Inulin sup-
plementation reduced the impact of stressors at levels of 0.25% and 0.75%, maintaining
circulating cortisol levels (Table 1).

For the hematological variables of the red series, there was no significant interaction
(p>0.05) between the different levels of inulin and the other factors.

However, a significant difference (p <0.05) was observed in the blood variables in
relation to the collection period, with a significant increase in the number of eryth-
rocytes after stress management (0.5 h). There was a significant reduction in hemo-
globin 24 h after stress management + bacterial challenge, and a significant reduction

Table 1 Plasma cortisol (ug dL™'") of hybrid surubim (Pseudoplatystoma reticulatumx Leiarius marm-
oratus) after 31 days of inulin-dietary supplementation at different inclusion levels. The table shows the
amount of plasma cortisol (mean =+ standard error) at different collection times, with or without the influ-
ence of capture stress-atmospheric exposure + bacterial infection. Means followed by lowercase letters on
the same line indicate a significant difference by Tukey’s test (p <0.05) between the treatments. Means fol-
lowed by capital letters in the same column indicate an interaction effect (p <0.001) between the treatments
and sampling times. PE, 30 min after capture-exposure to air; AH, after Aeromonas hydrophila challenge

Sampling time Treatments

0% 0.25% 0.50% 0.75%
Basal O 3.53+0.16*C 3.81+0.16*8 3.4440.17%8 3.79+0.16*8
PE @M 421+0.168 4.11+0.17%8 3.98+0.168 4.08+0.16"8
PE+AH @D 4.57+0.16"® 422+0.16°® 5.44+0.16* 4.41+0.16°®
PE+AH ©D 5.65+0.16 5.84+0.16% 5.95+0.16 5.65+0.16%
PE+AH ®*P 5.71+0.16* 5.69+0.16% 5.97+0.16* 5.89+0.16%
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Table 2 Erythrogram (mean + standard error) of hybrid surubim (Pseudoplatystoma reticulatum X Leiarius
marmoratus) after 31 days of inulin-dietary supplementation at different inclusion levels. The table shows
the erythrogram (mean =+ standard error) at different collection times, with or without the influence of cap-
ture stress-atmospheric exposure + bacterial infection. Means with different letters in the column indicate a
significant difference by Tukey’s test (p <0.05) between the sampling time. PE, 30 min after capture-expo-
sure to air; AH, after Aeromonas hydrophila challenge; RBC, total erythrocytes; MCV, mean corpuscular
volume; MCHC, mean corpuscular hemoglobin concentration

Sampling time Hematocrit (%) Hemoglobin RBC (x 10° pL_l) MCV (fL) MCHC (g dL_l)
(gdL™)

Basal O 40.18+1.56*  4.59+0.51* 1.60+0.17° 271.88+14.32° 11.94+1.62°

PE @M 36.50+1.56*  5.11+0.51% 2.72+0.17* 165.08+14.32° 14.81+1.62°

PE+AH®M  2600+1.56° 531+0.52° 3.15+0.17 96.19+14.32° 20.71+1.64*

PE+AH®M  2746+1.56° 5.08+0.53° 3.56+0.17* 87.45+14.32° 19.16+1.68°

PE+AH ®M  2909+1.56* 3.46+0.51° 223+0.17° 139.72+14.32° 12.04+1.62°

in hematocrit from 3 h after stress management + bacterial challenge. Mean corpuscular
volume significantly reduced after stress management and was more significant between
3 and 6 h (stress management + bacterial challenge) (Table 2).

The interaction between the factors was not significant (p >0.05) and did not change
the blood glucose levels of the fish between treatments. However, a significant differ-
ence (p<0.05) was observed between the different sampling times. There was a sig-
nificant increase (p <0.001) in fish blood glucose levels after stress management (0.5 h)
as well as a significant decrease at 6 h after stress management+ bacterial challenge
(Fig. 1).

No significant interaction (p > 0.05) was observed between supplementation with dif-
ferent levels of inulin and the other factors in the blood variables leukocytes and throm-
bocytes of surubim. However, there was an acute innate immune response related to
stress management + bacterial challenge. A significant increase (p <0.05) in the number
of total leukocytes and lymphocytes was observed at 6 h, while the number of thrombo-
cytes increased significantly (p < 0.05) at 6 and 24 h (Table 3).

No significant interaction (p>0.05) was observed between supplementation with
different levels of inulin and the other factors in leukocyte respiratory activity. How-
ever, it was possible to verify a significant increase (p <0.001) in leukocyte respiratory
activity related to time after stress management (0.5 h), as well as after stress manage-
ment + bacterial challenge, when compared to the baseline sample (Fig. 2).

A significant interaction (p<0.001) in serum lysozyme levels was evidenced
between treatments. Fish supplemented with 0.50% inulin showed a significant increase
(»<0.05) in serum lysozyme at baseline sampling, with a subsequent reduction after
capture stress and aerial exposure; returning to baseline levels after 24 h with the joint
action of the factors (stress management + bacterial challenge) (Table 4).

Discussion

According to Sopinka et al. (2016), the different adaptive physiological responses to stress
that impact the immune system, such as changes in circulating cortisol levels, may vary
according to the species and their different lineages, the age and size of the animals, and
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Fig. 1 Plasma glucose of hybrid surubim (P. reficulatumX L. marmoratus) after 31 days of inulin-
dietary supplementation at different inclusion levels. The figure shows the amount of plasma glucose
(mean + standard error) under the effect of different concentrations of inulin (0%, 0.25%, 0.50%, and 0.75%)
in the diet of surubim, and at different sampling times. Basal (0 h) — no influence of pursuit/capture/
atmospheric exposure stress and bacterial infection. (0.5 h) — with influence of pursuit/capture/atmos-
pheric exposure stress. (3 h) (6 h), and (24 h) — with influence of chase/capture/atmospheric exposure
stress + bacterial challenge with A. hydrophila. Different letters indicate a significant difference by Tukey’s
test (p <0.05) between treatments

Table 3 Thrombogram and leukogram of hybrid surubim (Pseudoplatystoma reticulatum X Leiarius mar-
moratus) after 31 days of inulin-dietary supplementation at different inclusion levels. The table shows the
thrombogram and leukogram (mean + standard error) at different collection times, with or without the influ-
ence of capture stress-atmospheric exposure + bacterial infection. Means with different letters in the column
indicate a significant difference by Tukey’s test (p <0.05) between the sampling time. /L, immature leuko-
cytes; TL, total leukocytes; Thrb, thrombocytes; Lf, lymphocytes; Nt, neutrophils; PE, 30 min after capture-
exposure to air; AH, after Aeromonas hydrophila challenge

Sampling time IL (x 10° pL™") TL (x 10> pL™!) Thrb (x 10> pL™!) Lf (x 10> pL™") Nt (x10° uL™")

Basal O 1.16£0.20° 23.97 £3.59° 27.13+5.10° 19.36+3.17°  3.42+0.57
PE 05D 1.35+0.20* 33294359  22.85+5.10° 27.60+3.17°  4.14+0.57
PE+AH®GP  035+0.35" 23.07+4.35°  20.77+6.17° 20.30+3.840" 2.28+0.69
PE+AH©®P  023+046" 54.12+5.15° 52.05+7.49° 50.62+4.55*  3.35+0.81
PE+AH @M 186+0.19 25.65+3.59° 58.69+5.01° 19.40+3.11°  4.29+0.56

according to the duration and the nature of the stressor stimulus and experimental proce-
dures adopted.

Brycon amazonicus and Brycon cephalus require a long recovery time for circulat-
ing cortisol, approximately 24 h and 96 h. In adult and juvenile matrinxas, the return of
cortisol levels to baseline values occurred in about 24 h (Urbinati et al. 2004; Montoya
et al. 2017, 2018), while in Salmon (Salmo salar), this return of cortisol to baseline lev-
els did not occur after 48 h (Culbert et al. 2022). Acerete et al. (2004) stated the return to
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Fig.2 Leukocyte respiratory activity of hybrid surubim (P. reficulatum X L. marmoratus) after 31 days of
inulin-dietary supplementation at different inclusion levels. The figure shows the results (mean + standard
error) of the analysis of the respiratory burst activity of blood leukocytes performed using reactive oxy-
gen species (ROS) using nitroblue tetrazolium (NBT) under the effect of different concentrations of inulin
(0%, 0.25%, 0.50%, and 0.75%) in the diet of surubim, and at different sampling times. Basal (0 h) — no
influence of pursuit/capture/atmospheric exposure stress and bacterial infection. (0.5 h) — with influence
of pursuit/capture/atmospheric exposure stress. (3 h) (6 h), and (24 h) — with influence of chase/capture/
atmospheric exposure stress + bacterial challenge with A. hydrophila. Different letters indicate a significant
difference by Tukey’s test (p <0.05) between treatments

Table 4 Serum lysozyme (ng pL~') of hybrid surubim (Pseudoplatystoma reticulatumX Leiarius marm-
oratus) after 31 days of inulin-dietary supplementation at different inclusion levels. The table shows the
amount of serum lysozyme (mean =+ standard error) at different collection times, with or without the influ-
ence of capture stress-atmospheric exposure + bacterial infection. Means followed by lowercase letters on
the same line indicate a significant difference by Tukey’s test (p <0.05) between the treatments. Means fol-
lowed by capital letters in the same column indicate an interaction effect (p <0.001) between the treatments
and sampling times. PE, 30 min after capture-exposure to air; AH, after Aeromonas hydrophila challenge

Sampling time Treatments

0% 0.25% 0.50% 0.75%
Basal O™ 7.93+1.36"8 5.46+1.36°¢ 1033 +1.15% 5.8441.24%8
PE ©3h 8.26+1.75%8 10.02+1.15%8 5.74+1.75"8 9.4241.75%
PE+AH @P 4.81+1.24% 5.53+1.24% 6.23 +1.24%8 6.32+1.52°B
PE+AH ©PM 8.27+1.15% 9.90+1.24%8 7.42+1.0728 8.83+1.24%
PE+AH @M 13.19+1.15% 14.41 +£1.07°4 11.17 £ 1.15% 11.18 +1.15%

baseline levels of cortisol after transport only between 7 and 14 days after handling. Here,
we present similar results, whose plasma cortisol levels remained elevated after 24 h from
the stressful handling of the capture followed by the bacterial challenge. Research such as
these demonstrate that the normalization of cortisol levels after stressors tends to take more
than 24 h, both for Brazilian teleost species and for exotic species. Thus, studies that assess
cortisol levels over longer periods are necessary.
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The concentration of erythrocytes is related to the nutritional status of the fish, tending
to be lower in anemic individuals (Fazio 2019). This blood cell is related to the transport
of oxygen in the respiratory process, and its concentration is a relevant parameter related
to the animal adaptive response to stress conditions (Sopinka et al. 2016). Resembling
the results found in the present study, supplementation with the prebiotic inulin did not
improve the hematological variables of Oreochromis niloticus, Huso huso, and Pseudo-
platystoma spp. (Ibrahem et al. 2010; Ahmdifar et al. 2011; Mourifio et al. 2012), while
satisfactory results were reported by Tiengtam et al. (2015) and Mourifio et al. (2015),
with increased erythropoiesis in supplemented groups compared to the control group. The
different responses found may be related to the concentrations used, longer or shorter sup-
plementation, species and intestinal morphology, fermentation, and intestinal microbiota
(Hoseinifar et al. 2010; Ringg et al. 2010).

In routine fish farming activities, animals are exposed to biotic and abiotic stressors
such as transport, overpopulation, different rearing systems, temperature changes, and low
dissolved oxygen in water, which can alter the physiological state and disrupt homeostasis
(Sampaio and Freire 2016; Vanderzwalmen et al. 2018; Herrera et al. 2019).

Here, in the present study, an increase in hemoglobin (3 h after stress manage-
ment + bacterial challenge) and in the number of erythrocytes (0.5 h after stress manage-
ment) suggests a greater requirement for oxygen transport as a mechanism for supplying
the energy demand and maintaining homeostasis for survival (Tavares-Dias and Moraes.
2004), while the reduction in hematocrit and corpuscular volume indicates hemodilution of
cells, due to osmoregulatory disorders (Burgos-Aceves et al. 2019).

The significant increase in glycemia observed in surubim after stress-inducing man-
agement indicates glucose mobilization with the purpose of replacing energy demands,
through the action of catecholamines in the degradation of hepatic glycogen (Mommsen
et al. 1999; Salbego et al. 2017). According to Tort (2011), still as part of an acute response
to stress and due to the release of catecholamines, erythrocytes and leukocytes can be
mobilized by the autonomic nervous system, as happened in surubins after handling cap-
ture-exposure to air and bacterial infection, increasing circulation of total leukocytes and
lymphocytes (6 h) and thrombocytes (6 and 24 h) (Table 3).

Leukocytes are related to the immune response of fish to infections caused by invasive
agents (Fazio 2019). Pickering (1993) reported that the decline in lymphocytes may be
related to a reduction in the fish’s ability to defend itself against pathogens. However, die-
tary supplementation with different levels of inulin did not influence the leukogram or the
thrombogram of the surubim. These results are similar to those found in species such as
Oncorhynchus mykiss, supplemented with prebiotics and probiotics, with no effect on such
blood elements (Hoseinifar et al. 2015).

In short-term stress events, the immune system may remain unaffected, with cardiovas-
cular responses quickly returning to balance. While some essential immune mechanisms
such as phagocytosis remain active, others may not be significantly affected (Tort 2011).

Cerezuela et al. (2008) did not observe significant effects on leukocyte respiratory activ-
ity when supplementing the Sparus aurata diet with different concentrations of inulin.
However, Cerezuela et al. (2012) obtained satisfactory results with S. aurata, while Gupta
et al. (2008) observed an increase in the levels of oxidative activity, hemoglobin, total leu-
kocyte count, serum lysozyme activity, and greater survival of Labeo rohita post-challenge
with A. hydrophila.

Acute stress can become adaptive because the fish reacts to the challenge and the suc-
cessful outcome can result in an adaptability to new stressful episodes (Awad and Awaad
2017). This was demonstrated in the 6-h sample time, with an increase in blood leukocytes
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(thrombocytes, lymphocytes, and total leukocytes), as well as the activation of leukocyte
respiratory activity after stress, in which the acute phase of stress favored the mobiliza-
tion of defense cells and the distribution of different cell types, according to the biologi-
cal demand (Barcellos et al. 2000). However, maintaining its long-term effects can lead to
chronic stress.

Resembling results to those found here in the present research were described by
Buentello et al. (2010) in Sciaenops ocellatus, Mourifio et al. (2015) in Pseudoplaty-
stoma spp., and Soleimani et al. (2012) in Rutilus Rutilus, who found an increase in
serum lysozyme after supplementation with prebiotic sources.

Lysozyme — which is mainly produced by leukocytes — is an important bacteriolytic
component of the innate immune system of several species of marine and freshwater fish
(Lie et al. 1989). Lysozyme acts as a primary reaction of the fish’s innate defense. Serum
lysozyme levels naturally rise in the hours following the infectious process and correlate
with the intensity of the leukocyte response to the infectious process (Jeney et al 1997;
Roberts 2012; Levinson 2016). This variation described above for lysozyme concentration
was found in the present study, with its levels decreasing in the first hours after capture
stress and aerial exposure and returning to baseline values after 24 h of exposure to stress-
ors (capture stress and aerial exposure + infection with A. hydrophila).

The immune response of fish to A. hydrophila depends on several factors, such as strain
virulence, concentration used, water temperature, and age of the fish (Nayak 2020). Under
stressful conditions such as those simulated in the present study (persecution/capture/
exposure to air), pathogenic bacteria such as A. hydrophila have their development and
pathogenicity enhanced (Barcellos et al. 2000), a fact that was not evidenced in the present
research. Therefore, it is possible to state that the dose of A. hydrophila used was not suf-
ficient to cause generalized septicemia, and only stimulated the innate immune system of
the fish as planned.

Conclusion

In common situations in aquaculture activity, such as high densities and environmental
variations, the inclusions of inulin at 0.25% and 0.75% provide greater hormone cortisol
homeostasis, which at high levels can negatively affect the immune system of the animals
and consequently the growth performance. To improve the immune system of hybrid sur-
ubim, supplementation of 0.50% inulin is indicated, as it provided an increase in serum
lysozyme.

Acknowledgements The authors thank the fish health laboratory team of UEMS — Aquidauana, Brazil, for
the support during this research period.

Author contribution PTNV: experimental execution, writing — original draft, methodology. TARR: experi-
mental execution. LEF: experimental execution. RAR: experimental execution; FP: methodology, respon-
sible for the bacterial challenge. MSO: data curation, final writing. MLM: writing — original draft. CMC:
conceptualization, methodology, project administration, resources, and supervision.

Funding The National Council of Scientific and Technological Development (CNPq) provided the Research
Fund (Proc. N° 552395/2011-0). The Foundation for the Development of Education, Science and Technol-
ogy of the State of Mato Grosso do Sul/FUNDECT-MS provided the scholarship to P.T.N. Veiga and T.A.R.
Rodrigues. The Coordination for the Improvement of Higher Education Personnel (CAPES) provided the
scholarships to L.E. Fantini and R.A. Rodrigues.

@ Springer



Aquaculture International (2024) 32:1771-1784 1781

Data availability The data related to this research are available upon prior request.

Declarations

Ethical approval All procedures that involved the use of fish in this study were performed according to
ethical principles in animal experimentation and approved by the Ethics Committee on the Use of Animals
(CEUA) of the State University of Mato Grosso do Sul — UEMS, in Aquidauana, MS, Brazil, under protocol
n° 14/2013.

Competing interests The authors declare no competing interests.

References

Abreu JS, Marzocchi-Machado CM, Urbaczek AC, Fonseca LM, Urbinati EC (2009) Leukocytes res-
piratory burst and lysozyme level in pacu (Piaractus mesopotamicus Holmberg, 1887). Braz J Biol
69:1133-1139. https://doi.org/10.1590/S1519-69842009000500018

Acerete L, Balasch JC, Espinosa E, Josa A, Tort L (2004) Physiological responses in Eurasian perch (Perca
fluviatilis, L.) subjected to stress by transport and handling. Aquaculture 237(1-4):167-178. https://
doi.org/10.1016/j.aquaculture.2004.03.018

Ahmdifar E, Akrami R, Ghelichi A, Zarejabad AM (2011) Effects of different dietary prebiotic inulin lev-
els on blood serum enzymes, hematologic, and biochemical parameters of great sturgeon (Huso huso)
juveniles. Comp Clin Pathol 20:447-451. https://doi.org/10.1007/s00580-010-1017-2

Ajdari A, Ghafarifarsani H, Hoseinifar SH, Javahery S, Narimanizad F, Gatphayak K, Van Doan H (2022)
Effects of dietary supplementation of primaLac, inulin, and biomin imbo on growth performance, anti-
oxidant, and innate immune responses of common carp (Cyprinus carpio). Aquac Nutr 2022:1-13.
https://doi.org/10.1155/2022/8297479

Awad E, Awaad A (2017) Role of medicinal plants on growth performance and immune status in fish. Fish
Shellfish Immunol 67:40-54. https://doi.org/10.1016/j.£s1.2017.05.034

Barcellos LIG, Sousa SMG, Woehl VM (2000) Stress in fish: physiology of the stress-response, causes and
consequences (review). Bol Inst Pesca 26(1):99-111

Buentello JA, Neill WH, Gatlin DM III (2010) Effects of dietary prebiotics on the growth, feed efficiency
and non-specific immunity of juvenile red drum Sciaenops ocellatus fed soybean-based diets. Aquac
Res 41(3):411-418. https://doi.org/10.1111/j.1365-2109.2009.02178.x

Burgos-Aceves MA, Lionetti L, Faggio C (2019) Multidisciplinary haematology as prognostic device in
environmental and xenobiotic stress-induced response in fish. Sci Total Environ 670:1170-1183.
https://doi.org/10.1016/j.scitotenv.2019.03.275

Butt UD, Lin N, Akhter N, Siddiqui T, Li S, Wu B (2021) Overview of the latest developments in the role
of probiotics, prebiotics and synbiotics in shrimp aquaculture. Fish Shellfish Immunol 114:263-281.
https://doi.org/10.1016/j.£51.2021.05.003

Campos CM, Zanuzzo FS, Gimbo RY, Favero GC, Soares MP, Pilarski F, Urbinati EC (2022) Dietary inulin
modulated the cortisol response and increased the protection against pathogens in juvenile pacu (Piar-
actus mesopotamicus). Aquac Res 53(3):860-869. https://doi.org/10.1111/are.15626

Carbone D, Faggio C (2016) Importance of prebiotics in aquaculture as immunostimulants. Effects on
immune system of Sparus aurata and Dicentrarchus labrax. Fish Shellfish Immunol 54:172-178.
https://doi.org/10.1016/j.s1.2016.04.011

Cerezuela R, Cuesta A, Meseguer J, Esteban MA (2008) Effects of inulin on gilthead seabream (Sparus
aurata L.) innate immune parameters. Fish Shellfish Immunol 24(5):663-668. https://doi.org/10.
1016/j.£51.2007.10.002

Cerezuela R, Cuesta A, Meseguer J, Esteban M (2012) Effects of dietary inulin and heat-inactivated Bacil-
lus subtilis on gilthead seabream (Sparus aurata L.) innate immune parameters. Benefic Microbes
3(1):77-81. https://doi.org/10.3920/BM2011.0028

Collier HB (1944) Standardization of blood haemoglobin determinations. Can Med Assoc J 50(6):550

Culbert BM, Regish AM, Hall DJ, McCormick SD, Bernier NJ (2022) Neuroendocrine regulation of
plasma cortisol levels during smoltification and seawater acclimation of Atlantic salmon. Front
Endocrinol 13:859817. https://doi.org/10.3389/2Ffendo.2022.859817

Dadras H, Chupani L, Imentai A, Malinovskyi O, Esteban MA, Penka T, Kolafova J, Rahimnejad S,
Policar T (2022) Partial replacement of fish meal by soybean meal supplemented with inulin and

@ Springer


https://doi.org/10.1590/S1519-69842009000500018
https://doi.org/10.1016/j.aquaculture.2004.03.018
https://doi.org/10.1016/j.aquaculture.2004.03.018
https://doi.org/10.1007/s00580-010-1017-2
https://doi.org/10.1155/2022/8297479
https://doi.org/10.1016/j.fsi.2017.05.034
https://doi.org/10.1111/j.1365-2109.2009.02178.x
https://doi.org/10.1016/j.scitotenv.2019.03.275
https://doi.org/10.1016/j.fsi.2021.05.003
https://doi.org/10.1111/are.15626
https://doi.org/10.1016/j.fsi.2016.04.011
https://doi.org/10.1016/j.fsi.2007.10.002
https://doi.org/10.1016/j.fsi.2007.10.002
https://doi.org/10.3920/BM2011.0028
https://doi.org/10.3389/2Ffendo.2022.859817

1782 Aquaculture International (2024) 32:1771-1784

oligofructose in the diet of pikeperch (Sander lucioperca): effect on growth and health status. Front
Mar Sci 9:1009357. https://doi.org/10.3389/fmars.2022.1009357

De Giani A, Sandionigi A, Zampolli J, Michelotti A, Tursi F, Labra M, Di Gennaro P (2022) Effects of inulin-based
prebiotics alone or in combination with probiotics on human gut microbiota and markers of immune sys-
tem: a randomized, double-blind, placebo-controlled study in healthy subjects. Microorganisms 10(6):1256.
https://doi.org/10.3390/microorganisms 10061256

De Oliveira CPB, da Paixdo Lemos CH, Vidal LVO, Couto RD, Pereira DSP, Copatti CE (2019) Anaes-
thesia with eugenol in hybrid Amazon catfish (Pseudoplatystoma reticulatumx Leiarius marmora-
tus) handling: biochemical and haematological responses. Aquaculture 501:255-259. https://doi.
org/10.1016/j.aquaculture.2018.11.046

Dunislawska A, Herosimczyk A, Lepczynski A, Slama P, Slawinska A, Bednarczyk M, Siwek M (2021)
Molecular response in intestinal and immune tissues to in ovo administration of inulin and the com-
bination of inulin and Lactobacillus lactis subsp. cremoris. Front Vet Sci 7:632476. https://doi.org/
10.3389/fvets.2020.632476

Ellis AE (1990) Lysozyme Assays. Tech Fish Immunol 1:101-103

Fantini-Hoag L, Hanson T, Kubitza F, Povh JA, CorréaFilho RAC, Chappell J (2022) Growth perfor-
mance and economic analysis of hybrid catfish (channel catfish Ictalurus punctatus@x blue catfish,
1. furcatus?) and channel catfish (I. punctatus) produced in floating in-pond raceway system. Aqua-
culture Reports 23:101065. https://doi.org/10.1016/j.aqrep.2022.101065

FAO (2022) The state of world fisheries and aquaculture 2022. Towards blue transformation. Rome,
FAO, p 266. https://doi.org/10.4060/cc0461en

Fazio F (2019) Fish hematology analysis as an important tool of aquaculture: a review. Aquaculture
500:237-242. https://doi.org/10.1016/j.aquaculture.2018.10.030

Goldenfarb PB, Bowyer FP, Hall E, Brosious E (1971) Reproducibility in the hematology laboratory: the
microhematocrit determination. Am J Clin Pathol 56(1):35-39. https://doi.org/10.1093/ajcp/56.1.35

Gupta SK, Pal AK, Sahu NP, Dalvi R, Kumar V, Mukherjee SC (2008) Microbial levan in the diet of
Labeo rohita Hamilton juveniles: effect on non-specific immunity and histopathological changes
after challenge with Aeromonas hydrophila. J Fish Dis 31(9):649-657. https://doi.org/10.1111/j.
1365-2761.2008.00939.x

Hashimoto DT, Senhorini JA, Foresti F, Porto-Foresti F (2012) Interspecific fish hybrids in Brazil:
management of genetic resources for sustainable use. Rev Aquac 4(2):108-118. https://doi.org/10.
1111/j.1753-5131.2012.01067..x

Herrera M, Mancera JM, Costas B (2019) The use of dietary additives in fish stress mitigation: com-
parative endocrine and physiological responses. Front Endocrinol 10:447. https://doi.org/10.3389/
fendo.2019.00447

Hoseinifar SH, Zare P, Merrifield DL (2010) The effects of inulin on growth factors and survival of the
Indian white shrimp larvae and postlarvae (Fenneropenaeus indicus). Aquac Res 41(9):e348—e352.
https://doi.org/10.1111/j.1365-2109.2010.02485.x

Hoseinifar SH, Mirvaghefi A, Amoozegar MA, Sharifian M, Esteban MA (2015) Modulation of innate immune
response, mucosal parameters and disease resistance in rainbow trout (Oncorhynchus mykiss) upon synbiotic
feeding. Fish Shellfish Immunol 45(1):27-32. https://doi.org/10.1016/j.£51.2015.03.029

IBGE - Brazilian Institute of Geography and Statistics (2020) Directorate of Research, Coordination of Agricul-
ture, Municipal Livestock Research, 2020. https://www.ibge.gov.br/. Accessed June 2023

Ibrahem MD, Fathi M, Mesalhy S, Abd El-Aty AM (2010) Effect of dietary supplementation of inulin and
vitamin C on the growth, hematology, innate immunity, and resistance of Nile tilapia (Oreochromis
niloticus). Fish Shellfish Immunol 29(2):241-246. https://doi.org/10.1016/j.£s1.2010.03.004

Jeney G, Galeotti M, Volpatti D, Jeney Z, Anderson DP (1997) Prevention of stress in rainbow trout
(Oncorhynchus mykiss) fed diets containing different doses of glucan. Aquaculture 154(1):1-15.
https://doi.org/10.1016/S0044-8486(97)00042-2

Kaur N, Gupta AK (2002) Applications of inulin and oligofructose in health and nutrition. J Biosci
27:703-714. https://doi.org/10.1007/BF02708379

Levinson W (2016) Medical microbiology and immunology. McGraw Hill Brasil. Available in: https://
books.google.com.br/books?hl=pt-BR&Ir=&id=OFDWCwAAQBAJ&oi=fnd&pg=PP1&dq=
Microbiologia+m%C3%A9dica+e+imunologia&ots=tEBTZTm6Nm&sig=E5av-QeA702G4gN
hzKZPEyBzSM8#v=onepage&q=Microbiologia%20m%C3%A9dica%20e%20imunologia&f=false

Li M, Zhang M, Jiang H, Qin C (2023) Comparison of dietary arginine or/and inulin supplementation on
growth, digestive ability and ammonia tolerance of juvenile yellow catfish Pelteobagrus fulvidraco.
Aquac Rep 30:101543. https://doi.org/10.1016/j.aqrep.2023.101543

Lie @, Evensen @, Sorensen A, Froysadal E (1989) Study on lysozyme activity in some fish species. Dis
Aquat Org 6(1):1-5. https://doi.org/10.3354/dao006001

@ Springer


https://doi.org/10.3389/fmars.2022.1009357
https://doi.org/10.3390/microorganisms10061256
https://doi.org/10.1016/j.aquaculture.2018.11.046
https://doi.org/10.1016/j.aquaculture.2018.11.046
https://doi.org/10.3389/fvets.2020.632476
https://doi.org/10.3389/fvets.2020.632476
https://doi.org/10.1016/j.aqrep.2022.101065
https://doi.org/10.4060/cc0461en
https://doi.org/10.1016/j.aquaculture.2018.10.030
https://doi.org/10.1093/ajcp/56.1.35
https://doi.org/10.1111/j.1365-2761.2008.00939.x
https://doi.org/10.1111/j.1365-2761.2008.00939.x
https://doi.org/10.1111/j.1753-5131.2012.01067.x
https://doi.org/10.1111/j.1753-5131.2012.01067.x
https://doi.org/10.3389/fendo.2019.00447
https://doi.org/10.3389/fendo.2019.00447
https://doi.org/10.1111/j.1365-2109.2010.02485.x
https://doi.org/10.1016/j.fsi.2015.03.029
https://www.ibge.gov.br/
https://doi.org/10.1016/j.fsi.2010.03.004
https://doi.org/10.1016/S0044-8486(97)00042-2
https://doi.org/10.1007/BF02708379
https://books.google.com.br/books?hl=pt-BR&lr=&id=OFDWCwAAQBAJ&oi=fnd&pg=PP1&dq=Microbiologia+m%C3%A9dica+e+imunologia&ots=tEBTZTm6Nm&sig=E5av-QeA7O2G4gNhzKZPEyBzSM8#v=onepage&q=Microbiologia%20m%C3%A9dica%20e%20imunologia&f=false
https://books.google.com.br/books?hl=pt-BR&lr=&id=OFDWCwAAQBAJ&oi=fnd&pg=PP1&dq=Microbiologia+m%C3%A9dica+e+imunologia&ots=tEBTZTm6Nm&sig=E5av-QeA7O2G4gNhzKZPEyBzSM8#v=onepage&q=Microbiologia%20m%C3%A9dica%20e%20imunologia&f=false
https://books.google.com.br/books?hl=pt-BR&lr=&id=OFDWCwAAQBAJ&oi=fnd&pg=PP1&dq=Microbiologia+m%C3%A9dica+e+imunologia&ots=tEBTZTm6Nm&sig=E5av-QeA7O2G4gNhzKZPEyBzSM8#v=onepage&q=Microbiologia%20m%C3%A9dica%20e%20imunologia&f=false
https://books.google.com.br/books?hl=pt-BR&lr=&id=OFDWCwAAQBAJ&oi=fnd&pg=PP1&dq=Microbiologia+m%C3%A9dica+e+imunologia&ots=tEBTZTm6Nm&sig=E5av-QeA7O2G4gNhzKZPEyBzSM8#v=onepage&q=Microbiologia%20m%C3%A9dica%20e%20imunologia&f=false
https://doi.org/10.1016/j.aqrep.2023.101543
https://doi.org/10.3354/dao006001

Aquaculture International (2024) 32:1771-1784 1783

Maldonado-Miranda JJ, Castillo-Pérez LJ, Ponce-Hernandez A, Carranza-Alvarez C (2022) Chapter 19 -
Summary of economic losses due to bacterial pathogens in aquaculture industry. In Bacterial fish dis-
eases, p 399-417. Academic Press. https://doi.org/10.1016/B978-0-323-85624-9.00023-3

Matos EJA, Meurer F (2021) Nutrition of Surubim (Pseudoplatystoma spp) and its hybrids — literature
review. Braz J Anim Environ Res 4(2):2320-2335. https://doi.org/10.34188/bjaerv4n2-062

Mommsen TP, Vijayan MM, Moon TW (1999) Cortisol in teleosts: dynamics, mechanisms of action, and
metabolic regulation. Rev Fish Biol Fish 9(3):211

Montoya LNF, Martins TP, Gimbo RY, Zanuzzo FS, Urbinati EC (2017) $-Glucan-induced cortisol lev-
els improve the early immune response in matrinxa (Brycon amazonicus). Fish Shellfish Immunol
60:197-204. https://doi.org/10.1016/;.fs1.2016.11.055

Montoya LNF, Favero GC, Zanuzzo FS, Urbinati EC (2018) Distinct B-glucan molecules modulates differ-
ently the circulating cortisol levels and innate immune responses in matrinxa (Brycon amazonicus).
Fish Shellfish Immunol 83:314-320. https://doi.org/10.1016/j.£51.2018.09.042

Mourifo JLP, Vieira FDN, Jatoba AB, Silva BC, Jesus GFA, Seiffert WQ, Martins ML (2012) Effect of die-
tary supplementation of inulin and W. cibaria on haemato-immunological parameters of hybrid surubim
(Pseudoplatystoma sp). Aquac Nutr 18(1):73-80. https://doi.org/10.1111/j.1365-2095.2011.00879.x

Mourifio JLP, Vieira FN, Jatobd A, Silva BC, Pereira GV, Jesus GFA, Ushizima TT, Seiffert WQ, Martins
ML (2015) Symbiotic supplementation on the hemato-immunological parameters and survival of the
hybrid surubim after challenge with Aeromonas hydrophila. Aquac Nutr 23(2):276-284. https://doi.
org/10.1111/anu.12390

Nayak SK (2020) Current prospects and challenges in fish vaccine development in India with special ref-
erence to Aeromonas hydrophila vaccine. Fish Shellfish Immunol 100:283-299. https://doi.org/10.
1016/j.£51.2020.01.064

Niness KR (1999) Inulin and oligofructose: what are they? J Nutr 129(7):1402S-1406S. https://doi.org/10.
1093/jn/129.7.1402S

Oliveira FC, Soares MP, Oliveira BPN, Pilarski F, Campos CM (2022) Dietary administration of Bacillus subtilis,
inulin and its synbiotic combination improves growth and mitigates stress in experimentally infected Pseudo-
platystoma reticulatum. Aquac Res 53(12):4256-4265. https://doi.org/10.1111/are.15923

Peixe BR — Brazilian Association of Piscculture (2023) Peixe BR Piscculture Yearbook 2023. Sao Paulo, p
65. https://www.peixebr.com.br/anuario/. Accessed 01 June 2023

Pickering AD (1993) Growth and stress in fish production. In Genetics in aquaculture, Proceedings of the
Fourth International Symposium on Genetics in Aquaculture, Elsevier, pp 51-63. https://doi.org/10.
1016/B978-0-444-81527-9.50010-5

Ringg E, Olsen RE, Gifstad T@, Dalmo RA, Amlund H, Hemre GI, Bakke AM (2010) Prebiotics in aqua-
culture: a review. Aquac Nutr 16(2):117-136. https://doi.org/10.1111/j.1365-2095.2009.00731.x

Roberts RJ (2012) Fish pathology. John Wiley & Sons, p 592

Rodrigues TAR, Owatari MS, Veiga PTDN, Povh JA, Kasai RYD, Pilarski F, Fernandes CES, Campos CM
(2021) Bacillus subtilis improves non-specific immunity and survival of Pseudoplatystoma reticula-
tum challenged with Aeromonas hydrophila during the feeding training phase. Aquac Res 52(5):2348—
2352. https://doi.org/10.1111/are.15055

Rohani MF, Islam SM, Hossain MK, Ferdous Z, Siddik MA, Nuruzzaman M, Padeniya U, Brown C, Shah-
jahan M (2022) Probiotics, prebiotics and synbiotics improved the functionality of aquafeed: upgrad-
ing growth, reproduction, immunity and disease resistance in fish. Fish Shellfish Immunol 120:569—
589. https://doi.org/10.1016/j.£s1.2021.12.037

Salbego J, Toni C, Becker AG, Zeppenfeld CC, Menezes CC, Loro VL, Heinzmann BM, Baldisserotto B (2017)
Biochemical parameters of silver catfish (Rhamdia quelen) after transport with eugenol or essential oil of Lip-
pia alba added to the water. Braz J Biol 77:696-702. https://doi.org/10.1590/1519-6984.16515

Sampaio FD, Freire CA (2016) An overview of stress physiology of fish transport: changes in water quality
as a function of transport duration. Fish Fish 17(4):1055-1072. https://doi.org/10.1111/faf. 12158

Silva APD, Lima AF, Lundstedt LM (2015) Surubin fisheries and aquaculture in Brazil: overview and con-
siderations for sustainability. Embrapa Fisheries and Aquaculture 21:42. http://www.infoteca.cnptia.
embrapa.br/infoteca/handle/doc/1039656. Accessed June 2023

Soleimani N, Hoseinifar SH, Merrifield DL, Barati M, Abadi ZH (2012) Dietary supplementation of fruc-
tooligosaccharide (FOS) improves the innate immune response, stress resistance, digestive enzyme
activities and growth performance of Caspian roach (Rutilus rutilus) fry. Fish Shellfish Immunol
32(2):316-321. https://doi.org/10.1016/j.fsi.2011.11.023

Song SK, Beck BR, Kim D, Park J, Kim J, Kim HD, Ringg E (2014) Prebiotics as immunostimulants in
aquaculture: a review. Fish Shellfish Immunol 40(1):40—48. https://doi.org/10.1016/j.fsi.2014.06.016

Sopinka NM, Donaldson MR, O’Connor CM, Suski CD, Cooke SJ (2016) Stress indicators in fish. In Fish
Physiol 35:405-462. https://doi.org/10.1016/B978-0-12-802728-8.00011-4. (Academic Press)

@ Springer


https://doi.org/10.1016/B978-0-323-85624-9.00023-3
https://doi.org/10.34188/bjaerv4n2-062
https://doi.org/10.1016/j.fsi.2016.11.055
https://doi.org/10.1016/j.fsi.2018.09.042
https://doi.org/10.1111/j.1365-2095.2011.00879.x
https://doi.org/10.1111/anu.12390
https://doi.org/10.1111/anu.12390
https://doi.org/10.1016/j.fsi.2020.01.064
https://doi.org/10.1016/j.fsi.2020.01.064
https://doi.org/10.1093/jn/129.7.1402S
https://doi.org/10.1093/jn/129.7.1402S
https://doi.org/10.1111/are.15923
https://www.peixebr.com.br/anuario/
https://doi.org/10.1016/B978-0-444-81527-9.50010-5
https://doi.org/10.1016/B978-0-444-81527-9.50010-5
https://doi.org/10.1111/j.1365-2095.2009.00731.x
https://doi.org/10.1111/are.15055
https://doi.org/10.1016/j.fsi.2021.12.037
https://doi.org/10.1590/1519-6984.16515
https://doi.org/10.1111/faf.12158
http://www.infoteca.cnptia.embrapa.br/infoteca/handle/doc/1039656
http://www.infoteca.cnptia.embrapa.br/infoteca/handle/doc/1039656
https://doi.org/10.1016/j.fsi.2011.11.023
https://doi.org/10.1016/j.fsi.2014.06.016
https://doi.org/10.1016/B978-0-12-802728-8.00011-4

1784 Aquaculture International (2024) 32:1771-1784

Tadese DA, Song C, Sun C, Liu B, Liu B, Zhou Q, Xu P, Ge X, Liu M, Xu X, Tamiru M, Zhou Z, Lakew
A, Kevin NT (2022) The role of currently used medicinal plants in aquaculture and their action mecha-
nisms: a review. Rev Aquac 14(2):816-847. https://doi.org/10.1111/raq.12626

Tavares-Dias M, Moraes FR (2004) Hematologia de peixes teledsteos, Marcos Tavares-Dias, Ribeirdo Preto.
Sao Paulo, p 144

Tavares-Dias M, Martins ML (2017) An overall estimation of losses caused by diseases in the Brazilian fish
farms. J Parasit Dis 41:913-918. https://doi.org/10.1007/s12639-017-0938-y

Tawfick MM, Xie H, Zhao C, Shao P, Farag MA (2022) Inulin fructans in diet: role in gut homeostasis,
immunity, health outcomes and potential therapeutics. Int J Biol Macromol 208:948-961. https://doi.
org/10.1016/j.ijbiomac.2022.03.218

Tiengtam N, Khempaka S, Paengkoum P, Boonanuntanasarn S (2015) Effects of inulin and Jerusalem arti-
choke (Helianthus tuberosus) as prebiotic ingredients in the diet of juvenile Nile tilapia (Oreochromis
niloticus). Anim Feed Sci Technol 207:120-129. https://doi.org/10.1016/j.anifeedsci.2015.05.008

Tort L (2011) Stress and immune modulation in fish. Dev Comp Immunol 35(12):1366-1375. https://doi.
org/10.1016/j.dci.2011.07.002

Urbinati EC, de Abreu JS, da Silva Camargo AC, Parra MAL (2004) Loading and transport stress of juve-
nile matrinxa (Brycon cephalus, Characidae) at various densities. Aquaculture 229(1-4):389-400.
https://doi.org/10.1016/S0044-8486(03)00350-8

Valenti WC, Barros HP, Moraes-Valenti P, Bueno GW, Cavalli RO (2021) Aquaculture in Brazil: past, pre-
sent and future. Aquac Rep 19:100611. https://doi.org/10.1016/j.aqrep.2021.100611

Vanderzwalmen M, Eaton L, Mullen C, Henriquez F, Carey P, Snellgrove D, Sloman KA (2019) The use of feed
and water additives for live fish transport. Rev Aquac 11(1):263-278. https://doi.org/10.1111/raq.12239

Wintrobe MM (1934) Variations in the size and hemoglobin content of erythrocytes in the blood of various
vertebrates. Folia Haematol 51(32):32-49

Zhou L, Zhang J, Yan M, Tang S, Wang X, Qin JG, Chen L, Li E (2020) Inulin alleviates hypersaline-stress
induced oxidative stress and dysbiosis of gut microbiota in Nile tilapia (Oreochromis niloticus). Aqua-
culture 529:735681. https://doi.org/10.1016/j.aquaculture.2020.735681

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this article under a
publishing agreement with the author(s) or other rightsholder(s); author self-archiving of the accepted manuscript
version of this article is solely governed by the terms of such publishing agreement and applicable law.

Authors and Affiliations

Pamela Thainara do Nascimento Veiga' - Tatiane Auxiliadora Ribeiro Rodrigues’ -
Leticia Fantini-Hoag'® - Robson Andrade Rodrigues®* - Fabiana Pilarski’ -
Marco Shizuo Owatari® - Mauricio Laterca Martins® - Cristiane Meldau de Campos'-?

Cristiane Meldau de Campos
cmeldau@uems.br

Postgraduate Program in Animal Science at the State University of Mato Grosso Do Sul, UEMS, Rod.
Graziela Maciel Barroso, Km 12, Zona Rural, Caixa Postal 25, Aquidauana, MS 79200-000, Brazil

Animal Science Graduate Program, Federal University of Mato Grosso Do Sul (UFMS), Av. Costa
E Silva, S/N°, Campo Grande, Mato Grosso Do Sul 79070-900, Brazil

3 School of Fisheries, Aquaculture and Aquatic Science, Auburn University (SFAAS-AU), 203
Swingle Hall, Auburn, AL 36849, USA

AQUOS - Aquatic Organisms Health Laboratory, Aquaculture Department, Federal University
of Santa Catarina (UFSC), Florianépolis, SC 88066-260, Brazil

Centro de Aquicultura, Laboratério de Patologia de Organismos Aquaticos, Universidade Estadual
Paulista (UNESP), Via de Acesso Prof. Paulo Donato Castellane, S/n°, Jaboticabal, SP 14870-000, Brazil

@ Springer


https://doi.org/10.1111/raq.12626
https://doi.org/10.1007/s12639-017-0938-y
https://doi.org/10.1016/j.ijbiomac.2022.03.218
https://doi.org/10.1016/j.ijbiomac.2022.03.218
https://doi.org/10.1016/j.anifeedsci.2015.05.008
https://doi.org/10.1016/j.dci.2011.07.002
https://doi.org/10.1016/j.dci.2011.07.002
https://doi.org/10.1016/S0044-8486(03)00350-8
https://doi.org/10.1016/j.aqrep.2021.100611
https://doi.org/10.1111/raq.12239
https://doi.org/10.1016/j.aquaculture.2020.735681
http://orcid.org/0000-0002-0336-5043

	Inulin dietary supplementation attenuates the stress induced by pursuitcaptureatmospheric exposure and improves innate immune response in hybrid catfish (Pseudoplatystoma reticulatum♀ × Leiarius marmoratus♂) after exposure to Aeromonas hydrophila
	Abstract
	Introduction
	Material and methods
	Experimental design
	Hemato-immunological analysis, bacterial challenge, and stress parameters
	Statistical analysis

	Results
	Discussion
	Conclusion
	Acknowledgements 
	References


