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Abstract: This study was conducted to investigate the effects of dietary fructooligosaccharides (FOS)
on the growth, survival rate, digestive enzyms activity, and the expression of intestinal barrier
function genes in tropical gar (Atractosteus tropicus) larvae. A total of 960 larvae (0.030 + 0.006 g)
were fed three diets supplemented with increasing FOS concentrations (2.5, 5, and 7.5 g kg~!) and a
control diet for 15 days. Results revealed that a 7.5 g kg ~! FOS supplementation improved weight
gain, specific growth rate, and survival rate (p < 0.05). Furthermore, 5 g kg~! FOS supplementation
increased alkaline protease and amylase activities and induced an upregulation of the claudin-17 gene
expression (p < 0.05). Meanwhile, the inclusion of 7.5 g kg ~! FOS induced the upregulation of mucin
2 (muc-2), and the tight junction genes zo0-2 and claudin-3 (p < 0.05). In addition, 2.5, 5, and 7.5 g kg !
FOS promoted the downregulation of the claudin-15 gene expression (p < 0.05). At the same time,
FOS inclusion did not increase the pro-inflammatory cytokine il-8 expression. We can conclude that
7.5 g kg~ FOS supplementation improves growth performance, survival rate, and digestive capacity,
and could contribute to the reinforcement of the intestinal barrier function of Tropical gar larvae.

Keywords: fructooligosaccharides; digestive enzymes; intestinal barrier function; tight junction;
Atractosteus tropicus; larvae

1. Introduction

The ancestral fish Atractosteus tropicus, known as tropical gar, is a carnivorous species
from Mexico and Central America. The demand for this freshwater fish is high, and its
biological and ecological role in the region justifies its culture [1]. In recent years, this
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species’ aquaculture efforts have focused on exploring new feeding strategies to maximize
their survival rate, growth, intake, and efficiency of feed in the larval stage [2,3]. However,
the percentage of mortality in the larval stage is still very high due to cannibalism and the
weaning process. Additionally, a problem to consider during its culture is the appearance
of diseases. Disease development is usually controlled through the widespread use of
antibiotics, which unfortunately leads to resistant pathogens and reduces the beneficial
microbiota in the fish gastrointestinal system. Therefore, the use of dietary supplements
such as probiotics that can favor the larval stage of this species is essential. The use of
prebiotics in aquaculture can enhance fish resistance against diseases and promote the
health status of the organisms [4]; it can also improve growth and decrease mortality.
However, the effect of prebiotics on growth, feed utilization, and health may vary results
will depend on feeding strategies, supplement dose, type of prebiotics, fish species, and
their gut microbiota [5]. Prebiotics are non-digestible ingredients that beneficially affect
the host by stimulating the growth of beneficial resident gut bacteria and improving host
health [6]. Inulin, galactooligosaccharides (GOS), mannan-oligosaccharides (MOS), short-
chain fructooligosaccharides (scFOS), and fructooligosaccharides (FOS) are the most used
prebiotics in aquaculture [7]. FOS are a type of dietary fiber composed of short chains of
fructose with 3 (2-1) glycosidic bonds, synthesized by the hydrolytic activity of fructofura-
nosidases [8]. Recent studies have reported that the use of FOS show a positive effect on
growth, survival rate, and activity of digestive enzymes in several species, such as rainbow
trout (Oncorhynchus mykiss) [9], Caspian roach fry (Rutilus rutilus) [10], blunt snout bream
fingerlings (Megalobrama amblycephala) [11], starry sturgeon (Acipenser stellatus) [12], among
others. In A. tropicus juveniles, 5-10 g kg ~! FOS inclusion improved the digestive capacity,
growth, and survival [13]. However, the effect of FOS inclusion in the larval stage and on
the intestinal barrier function has not been described. In fishes, the intestinal barrier forms
a physical and immunological barrier that blocks the translocation of potentially harmful
antigens, toxins, pathogens and prevents the infection and development of inflammatory
bowel diseases [14,15]. This barrier comprises a) a mucus layer, b) an epithelial cell mono-
layer, and ¢) immune cells. This study focused on the mucin layer and the tight junctions
complex, the structure connection between epithelial cells that comprise a series of proteins
such as zonula occludens (ZO) and various claudin subtypes. The tight junctions regulate
paracellular permeability and promote a selective barrier [16]. This study was carried out
to determine the effects of dietary FOS on growth, survival rate, digestive enzymes activity,
and expression of intestinal barrier genes in A. tropicus larvae to provide a partial reference
to formulate a commercial feed for healthy breeding of this species.

2. Materials and Methods
2.1. Larviculture

The larvae used in this study were produced in the Laboratory of Physiology in
Aquatic Resources (LAFIRA), Division Académica de Ciencias Bioldgicas (DACBIOL) of
the Universidad Judrez Auténoma de Tabasco (UJAT). A female of 3.5 kg was induced
with a GnRH synthetic hormonal analog (Sanfer Salud Animal, Ciudad de México, México)
(35 nug kg~ ! of fish) and placed in a 2000 L circular tank with three males of 1.5 kg average
weight. After spawning, the female and male were removed to keep eggs incubating to
hatching. The larvae (4 days after hatching (DAH)) were placed in 70 L experimental
tanks with a recirculation system operated by a 0.5 HP-water pump (Jacuzzi, JWPA5D-
230A, Delavan, WI, USA) and a biofilter. Water quality was monitored daily using an
oxygen meter; 5.7 = 0.2 mg L~ (YSI 85, YSI, Yellow Springs, OH, USA) and a pHmeter;
7.3 £ 0.2 (HANNA HI 991001, HANNA instruments, Woonsocket, R, USA) and an average
temperature of 27.1 & 0.8 °C. Tanks were inspected daily for mortalities, and any excess
feed and feces were siphoned.
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2.2. Experimental Diets

In this study, a basal diet was used according to [2] (44% of protein and 15% lipid) with
modifications (Table 1), and the feed preparation method was according to [17]. All diets
were grounded and sieved until obtaining specific particle sizes (20-150 um) considering
larval growth. The diet without FOS was used as a control diet, and three experimental diets
were designed by replacing starch with three FOS concentrations: 2.5, 5, and 7.5 g kg~ 1.
All diets were analyzed for proximal analysis (humidity, ash, lipid, and protein) according
to [18] (Table 1) and were maintained at —20 °C.

Table 1. Composition of experimental diets with different concentrations of FOS.

FOS (gkg™1)
Ingredients (g kg—1) Control Diet 2.5 5 7.5
Fish Meal 2 305.4 305.4 305.4 305.4
Poultry meal ? 150 150 150 150
Pork meal 2 150 150 150 150
Soybean meal ? 150 150 150 150
Starch P 123.7 121.2 118.7 116.2
Soybean oil € 79.9 79.9 79.9 79.9
FOS ¢ 0 25 5 7.5
Mineral premix € 5 5 5 5
Vitaminic premix € 10 10 10 10
Grenetin f 20 20 20 20
Vitamin C 8 5 5 5 5
Vitamin E P 1 1 1 1
Proximate composition (g kg ! of dry matter)
Energy (k] g7 1) 17.67 17.63 17.67 17.81
Protein (%) 43.58 4451 43.28 43.79
Ether extract (%) 15.01 14.34 14.73 15.03
Ash (%) 15.09 14.74 14.21 15.18
NEFE ! (%) 26.32 26.41 27.78 26

@ Marine and agricultural proteins S.A. de C.V., Guadalajara, Jalisco; b Pronat Ultra, Merida, Yucatan, Mexico;
¢ Ragasa Industries S.A. de C.V.; ¢ Agaviética, Monterrey, Nuevo Leon; ¢ Vitamin premix composition g/mg
or International Units per kg of diet: Vitamin A, 10,000,000 IU; Vitamin D3, 2,000,000 IU; Vitamin E, 100,000 IU;
Vitamin K3, 4.0 g; Thiamine B1, 8.0 g; Riboflavin B2, 8.7 g; Pyridoxine B6, 7.3 g; Vitamin B12, 20.0 mg; Niacin,
50.0 g; Pantothenic acid, 22.2 g; Inositol, 0.15 mg; Nicotinic Acid, 0.16 mg; Folic Acid, 4.0 g; Biotin, 500 mg;
Vitamin C, 10.0 g; Choline 0.3 mg, Excipient q.s. 2 g; Manganese, 10 g; Magnesium, 4.5 g; Zinc, 1.6 g; Iron,
0.2 g; Copper, 0.2 g; Todine, 0.5 g; Selenium, 40 mg; Cobalt 60 mg. Excipient q.s. 1.5 g; f D’gari, food and diet
products reldmpago, S.A. de C.V,; 8" ROVIMIX® STAY-C® 35-DSM, Guadalajara, Mexico; NFE ! = Nitrogen-free
extract:100—(% protein-% etherel extrac-% ash-% fiber).

2.3. Experimental Design

The study was conducted under the agreement of the Declaration of Helsinki. The
protocol was authorized by Secretaria de Agricultura, Ganaderia, Desarrollo Rural, Pesca
y Alimentacion (SAGARPA), Mexico, NOM-062-Z0O0-1999.2001. The treatments and the
control diet were evaluated in triplicates and randomly selected, using 80 larvae per
experimental tank. The feeding of A. tropicus larvae started at 4 DAH using a co-feeding
with Artemia nauplii and experimental diets for five days. From 9 DAH, the larvae were
fed exclusively with the FOS experimental diets and the control diet for 10 days until their
transformation to juveniles (19 DHA). Larvae were fed four times a day (7:00, 11:00, 15:00,
and 19:00 h).

2.4. Evaluation of Growth Indexes and Survival Rate

At the beginning (4 DAH) and end of the experiment (19 DAH), sampling of each
larva was performed to determine the wet weight (g) using an analytical scale (Ohaus
HH120, Shenzhen, China) and the total length (cm) through scale photography using the
Software Image 1.5. At the end of the bioassay, productive parameters were calculated
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considering only the days of administration of the experimental diets, including feed intake
(FI): total feed intake per experimental unit/number of rearing days; the weight gain (WG):
[final weight (g) — initial weight (g)] x 100; specific growth rate (SGR): (exp(g) — 1) x 100
(where g = (In (final weight) — In (initial weight))/days) [19]; condition factor (CF): (final
mean body weight/final mean body lenght®) x 100; the feed conversion factor (FCE):
feed intake in dry matter (g)/fish weight gain (g) x 100; the protein efficiency ratio (PER):
weight gain (g)/protein delivered (g), and survival rate (S): (number of final fish/number
of initial fish) x 100.

2.5. Biological Sampling

At the end of the trial, nine larvae per treatment (three larvae per replicate) were
collected for enzyme activity quantification, and nine larvae per treatment (three larval per
replicate) were collected for gene expression analysis. All the larvae collected were washed
with freshwater after collecting them. Heads and tails were cut and discarded. The samples
for enzyme activity were frozen at —80 °C. For molecular analysis, samples were kept in
RNAlater solution and frozen at —80 °C.

2.6. Enzyme Activities Quantification

Extracts were obtained by maceration of viscera from three larvae per replicate in
50 mM Tris-HCl pH 7.5, then were centrifuged at 14,000x g at 4 °C for 15 min. The
supernatant was kept in aliquots and stored at —80 °C. Soluble protein was quantified with
the Bradford method [20]. Acid protease activity was quantified using 1% hemoglobin as
substrate in 0.1 M Glycine HCl buffer, pH 2. The absorbance was measured in a microplate
reader (xMark, Biorad, Hercules, CA, USA) at 280 nm. Alkaline protease activity was
determined using the Walter technique [21] with 1% casein (1%) as substrate and 100 mM
Tris-HCl, 10 mM CaCly, pH 9, and the absorbance was measured at 280 nm. Trypsin
activity was quantified using the Erlanger et al. (1961) technique [22] with 1 mM BAPNA as
substrate (Nx-Benzoyl-DL-Arginine-P-nitroanilide) in 50 mM Tris-HCl, 10 mM CaCl,, pH
8.2, and the absorbance was measured at 410 nm. Chymotrypsin activity was quantified
following the technique of Del Mar et al. [23], using 1.25 mM SAPNA as substrate (135 uL)
with 50 mM Tris-HCl, pH 8.2, and the absorbance was measured at 410 nm. Lipase activity
was carried out with a modify method by [24], using 4-nitrophenil palmitate as substrate
and 0.5 M Tris-HCI, pH 7.4, 6 mM of sodium taurocholate, and 5 pL of extract and the
absorbance was measured at 415 nm. The x-Amylase activity was quantified using 2%
starch as substrate in buffer sodium citrate, 0.05 M NaCl, pH 7.5, and the absorbance
was measured at 600 nm. All data obtained are shown as U mg protein ! according to
the following equations: units by mL (U mL~!) = [Aabs x final reaction volume (mL)]
[¢ x time (min) x extract volume (ml)]~!; specific activity (U mg protein—!) = U mL mg~!
of soluble protein.

2.7. RNA Extraction and Reverse Transcription

Total RNA of each larval sample was isolated using Trizol (Invitrogen, Waltham, MA,
USA) according to the manufacturer’s instructions. The concentration and purity of RNA
samples were assessed by the ratio of the absorbance at 260 and 280 nm in a spectrophotometer
(Jenway GenovaNano, Cole-Parmer, Staffordshire, UK). RNA integrity was verified by visual-
izing 285 and 185 RNAs in a 1% agarose/formaldehyde gel electrophoresis. One microgram
of RNA was inversely transcribed into cDNA in a thermocycler (Mastercycle nexus GSX1,
Eppendorf, Hamburg, Germany) by using the high-capacity cDNA inversely transcription
kit (Maxima First Strand cDNA Synthesis Kit for RI-qPCR, ThermoScientific, Waltham, MA,
USA) in a final volume of 20 pL, following the manufacturer’s recommendations.

2.8. Gene Expression Analysis

To determine the expression of intestinal barrier function genes like zo-1, zo-2, claudin-3,
claudin-12, claudin-15, claudin-17 (tight junction proteins), muc-2 (mucus layer protein),
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and il-8 (cytokine pro-inflammatory) in larval samples; transcripts of A. tropicus were
obtained by a bioinformatic blast search on the available transcriptome project number
PRJNA395289, on the National Center for Biotechnology Information (NCBI). Specific
primers were designed using the PrimerBlast tool (https://www.ncbi.nlm.nih.gov/tools/
primer-blast/, accessed on 22 April 2022) (Table 2). A standard curve for each pair of
primers was generated to confirm the amplification efficiencies using five serial dilutions
(from 100 to 0.1 ng of DNA). qPCR reactions were carried out using 10 puL of Eva Green
supermix (BioRad, Hercules, CA, USA), 9 uL of cDNA (5 ng uL~ 1)y and 1 uL primers mix,
in a final volume of 20 pL. A negative control was performed with each run by replacing
the template cDNA with sterile water. The (3-actin gene [25] was used as the reference
gene. qPCR was performed in a CFEX96TM Real Time Thermocycler (BioRad, Hercules, CA,
USA) using de following conditions: one denaturation cycle of 10 min at 95 °C followed by
40 cycles of 15 s at 95 °C and 1 min at 60 °C. The relative changes in gene expression were
calculated employing the 2-44Ct method [26] with the efficiency correction of the genes
(Table 2).

Table 2. Primers used for qPCR analysis.

Target Gene

Primer Sequence (5'-3') Amplification Efficiency (%) R? Amplicon Size (bp) Reference

FW: TGTGCCTCAGATCACTCCAC

z0-1 RV: AAAGGCAGAGGGTTGGCTTC 98.58 0.95 123 This study
s PmCCTGAMMETCCTC .
s W CCTGTATATCGGCTGAGCTG o554 - This sy
claudin-12 F&%ﬁ%ﬁ%gﬁgﬁigﬁég éTC é: CIXXFET 96.06 0.93 105 This study
claudin-15 I;VQ]/ CAESE"% g (C;; g&%%ii%%gféi 97.63 0.93 70 This study
claudin-17 i‘(}\/ ,19 AC CITAAGACCAC(;}GGITA%FCS égigiﬁ?g 96.95 091 261 This study
il-8 A GO0 AT 94.18 0.9 369 This study
i pmEECCCCMGCSCTE e . m
Beactin FW: GGACTTTGAGCAGGAGATGG 89.91 ) 355 [24]

RV:GACGGAGTATTTACGCTCTGG

2.9. Statistical Analysis

Normality (Kolmogorov-Smirnov) and homoscedasticity (Bartlett) were tested for
all treatments. Differences in growth indexes, the survival rate, and digestive enzyme
activities between diets were assessed using one-way ANOVA, followed by Tukey’s test.
Gene expression differences were determined by the Kruskal-Wallis and Nemenyi methods.
All data were statistically analyzed using GraphPad Prism 8 (GraphPad Software, San
Diego, CA, USA) software whit a significance value of 0.05.

3. Results
3.1. Growth Indexes and Survival Rate

The means of growth indices and survival rate are shown in Table 3. At the end of
the bioassay, larvae fed with 7.5 g kg ~! FOS had the greatest weight gain (0.13 4 0.0005 g)
(p < 0.05). For total length, larvae fed with control diet and 7.5 g kg~! FOS diets showed the
highest length (3.13 & 0.01 and 3.11+ 0.02 cm, respectively) but there was no differences
between them (p > 0.05). While larvae fed with 5.0 g kg ™! and 2.5 g kg ~! were significantly
smaller (p < 0.05).
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Table 3. Growth indexes and survival rate (mean =+ standard deviation, SD) of A. tropicus larvae fed
with a diet supplemented with different levels of FOS (2.5,5,and 7.5 g kg_l) and a diet without FOS
(control diet) for 15 days.

FOS (g Kg—1)
Control Diet 2.5 5 7.5

initial weight (g) 0.03 £ 0.006 0.03 £ 0.006 0.03 £ 0.006 0.03 + 0.006
final weight (g) 0.12 £ 0.001® 0.10 £ 0.009 € 0.09 £ 0.001 4 0.13 £ 0.0005 2

initial lenght (cm) 1.69 + 0.12 1.69 + 0.12 1.69 + 0.12 1.69 + 0.12
final lenght (cm) 3.13+0.012 2.78 +0.04b 2.79 +0.08 b 3.11 +0.022

FI(gd™") 0.04 £0.004 0.05 + 0.14 0.04 +0.11 0.06 £ 0.016
WG (%) 3024 +5.01° 253.01 + 30.50 € 2082 +4.314 355.35 + 1.79 2
SGR (% d~1) 9.73 +£0.09P 8.76 4+ 0.64 € 7.79 +0.104 10.63 + 0.03 2
CF 0.39 & 0.002 P 0.49 + 0.064 2 0.43 +0.041 2P 0.45 + 0.008 ab

FCE 23.38 + 3.88 23.29 +8.22 32.18 + 4.44 25.97 + 3.05

PER 0.09 & 0.01 @b 0.10 +0.032 0.06 & 0.009 P 0.08 &+ 0.01 2P
S (%) 17.33 £ 094b 2257 +1.073b 17.39 £2.04b 2418 +1.742

FI: feed intake; WG: weight gain; SGR: specific growth rate; CF: condition factor; FCE: the feed conversion factor;
PER: the protein efficiency ratio; S: the survival rate. Values are mean + SD. Significant differences between the
diets are indicated by different letters (p < 0.05).

Weight gain and specific growth rate values showed significant differences between
the four diets, where higher values were observed in larvae fed with the 7.5 g kg ~! FOS
diet (p < 0.05). The condition factor in larvae fed with the 2.5 g kg~! FOS diet exhibited
a highest value (0.49 + 0.06). There was a significant difference for CF between larvae
fed with control diet and 2.5 g kg~! FOS diet (p < 0.05), while 5 and 7.5 g kg~! FOS diets
did not show differences (p > 0.05). The feed intake, the feed conversion factor, and the
protein efficiency ratio values did not show significant difference. After 15 days of feeding,
larvae fed with 7.5 g kg’l FOS had the highest survival rate (24.18% =+ 1.74) and showed
significant differences (p < 0.05) from larvae fed with the 5 g kg~! and control diet.

3.2. Digestive Enzyme Activities

The effect of the experimental diets on the digestive enzyme activities of larvae is
presented in Figure 1. The specific activity of acid protease was significantly higher (p < 0.05)
in larvae fed with 2.5 g kg~! FOS (Figure 1a). Alkaline protease activity was higher in
larvae fed 5 g kg~! FOS and showed significant differences among all treatments (p < 0.05)
(Figure 1b). No significant differences were observed in trypsin activity when compared
with the larvae fed with control diet (Figure 1c). The specific activity of chymotrypsin
decreased in larvae fed with 2.5 g kg~! FOS (p < 0.05), while larvae fed with 5and 7.5 g kg !
did not show significant differences with control diet (Figure 1d). The highest lipase activity
was detected in larvae fed with control diet, while the lowest lipase activity was detected in
larvae fed with5 g kg_1 FOS (p < 0.05) (Figure 1e). Finally, amylase activity showed higher
values in larvae fed with 5 g kg~! FOS (p < 0.05) (Figure 1f).
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Figure 1. Digestive enzyme activities (U mg protein ~!) of A. tropicus larvae (19 DAH) fed a diet
supplemented with different levels of FOS (2.5, 5.0, and 7.5 g kg ') and a diet without FOS (control
diet) for 15 days. (a) acid protease, (b) alkaline protease, (c) trypsin, (d) chymotrypsin, (e) lipase,
and (f) amylase. Values are mean + SD. Significant differences between the diets are indicated by
different letters (p < 0.05).

3.3. Intestinal Barrier Protein Gene Expression

The effect of FOS dietary supplementation on the expression of intestinal barrier
function genes in larvae was analyzed. The relative changes in gene expression of zo-1, z0-2,
claudin-3, claudin-12, claudin-15, claudin-17 (T] proteins), muc-2 (mucus layer protein), and
il-8 (a pro-inflammatory cytokine) are presented in Figure 2.
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Figure 2. Expression levels of intestinal barrier function genes in A. tropicus larvae (19 DAH) fed a diet
supplemented with different levels of FOS (2.5, 5.0, and 7.5 g kg ') and a diet without FOS (control
diet) for 15 days. Tight junction proteins: (a) zo-1, (b) zo-2, (c) claudin-3, (d) claudin-12, (e) claudin-15,
(f) claudin-17. Mucus layer protein: (g) muc-2. Cytokine pro-inflammatory: (h) il-8. The relative
mRNA levels were measured by RT-qPCR using (3-actin as the reference gene. Each bar represents
the mean of the relative mRNA levels changes compared with larvae fed with control diet (dotted
line). Values are mean =+ SD. Significant differences between the diets are indicated by different
letters (p < 0.05).
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Relative zo-1 expression showed a tendency of up-regulation when increasing the
FOS inclusion but did not show significant differences among treatments (Figure 2a). The
expression of zo-2 (Figure 2b) and claudin-3 (Figure 2c) were significantly (p < 0.05) up-
regulated in the larvae fed with 7.5 g kg ! FOS supplemented diet compared with the larvae
fed with the control diet. In contrast, claudin-15 relative expression was downregulated
(p < 0.05) in larvae fed with the 2.5, 5, and 7.5 g kg ~! FOS diet (Figure 2e). No significant
difference in expression level of claudin-12 (Figure 2d) was observed. The expression
of claudin-17 (Figure 2f) was significantly (p < 0.05) up-regulated in the larvae fed with
5 g kg~! FOS diet. Relative expression of muc-2 was up-regulated (p < 0.05) in larvae fed
with 7.5 g kg ~! FOS (Figure 2g). Finally, transcriptional regulation of -8 was not affected
in larvae fed with any experimental diet (p > 0.05) (Figure 2h).

4. Discussion

The use of diets made with functional ingredients has gained much interest since they
have been shown to promote growth and health of fishes fed with them [27]. Particularly,
the incorporation of prebiotics in diets has beneficial effects on growth performance, disease
resistance, health, and gut microbiota composition [4]. Nevertheless, the results obtained
in the studies with prebiotics depend on the administration pathways, concentration, type
of probiotics used, and the response of the fish species and their microbiota [5]. In this
study, the administration of different concentrations of fructooligosaccharides (FOS) in the
diet of A. tropicus larvae did not show a linear effect concerning the variables evaluated.
However, we confirmed the positive effect of FOS administration on growth performance,
survival rate, digestive enzyme activities, and gene expression related to the intestinal
barrier function of A. tropicus larvae. The inclusion of 7.5 g kg ~! FOS to the diet improved
weight gain, specific growth rate, and survival rate in larvae compared with the larvae fed
with control diet. Besides, positive effects have been observed in studies with juveniles
of the same species, like [28], who proved that the supplementation of 2 g kg~! MOS in
A. tropicus juveniles increased weight gain, total length, specific growth rate, and protein
efficiency ratio. In addition, [13] determined that the administration of 5 g kg~! FOS to
A. tropicus juveniles benefits its growth and the somatic indexes, weight gain, and spe-
cific growth rate. However, [24] determined that A. tropicus juveniles fed with different
concentrations of B-glucans (up to 2 g kg ') no-showed significant difference in growth
performance. Concerning our results, it has been observed that dietary FOS also produces
positive effects in other fishes, such as in rainbow trout (Oncorhynchus mykiss), where the
administration of 5 and 10 g kg ~! FOS had a positive effect on body weight [9]. In blunt
snout bream (Megalobrama amblycephala) fingerlings, the administration of increasing levels
of FOS significantly increased the final body weight, weight gain, specific growth rate, and
survival rate [11]. In the starry sturgeon (Acipenser stellatus), a supplementation of 10 g kg !
FOS promoted a significant difference in growth [12]. Other prebiotics used in aquacul-
ture with positive effects are inulin, xylooligosaccharides (XOS), galactoooligosaccharides
(GOS), and some commercial prebiotic mixtures [7]. Nile tilapia (Oreochromis niloticus)
juveniles fed diets supplemented with 2 g kg~! inulin exhibited better growth performance,
specific growth rate, feed conversion ratio, and survival rate [27]. A diet formulated with
10 g kg~! XOS promoted higher final body weight, specific growth rate, and protein ef-
ficiency ratio, but the feed conversion factor showed the opposite trend in the common
carp, according to [29]. The effect of feeding with 2% GOS in roach (Rutilus rutilus) was
significantly higher for growth, absolute weight gain, specific growth rate, feed conversion
ratio, and survival rate [30]. The evaluation of the activity of digestive enzymes in farmed
fish is essential to understand the digestion mechanism and how the organisms adapt to
nutritional changes [31]. Larval capacity to assimilate the required nutrients will depend
on the diet and on their capacity to modulate their digestive enzymes [32]. In this work,
the activity of digestive enzymes of larvae was affected by FOS. Fish fed with 5 g kg~! of
FOS had the highest alkaline proteases, trypsin, and amylase activity. While acid protease
activity was greater in fish fed with 2.5 g kg~! FOS, chymotrypsin and lipase activities were
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higher in the control diet. Similar to these results, previous work with A. tropicus juveniles
showed that fish fed with 5 g kg~! FOS showed higher acid protease activities [13]. Acid
proteases are more abundant in the stomach of carnivorous fish species [33]. Our results
agree with the higher activity detected of acid proteases with 2.5 g kg ~! FOS. Likewise, [28]
reported that juveniles of A. tropicus fed with 4 g kg~! MOS had higher alkaline protease,
trypsin, and amylase activity. According to [34], trypsin activity influences the growth rate
of Atlantic cod (Gadus morhua); in our results, we observed a similar trend in larvae fed with
5 g kg~ ! of FOS, which presented higher specific growth rate and trypsin activity. Likewise,
the amylase activity increment was similar to the results reported in blunt snout bream
(Megalograma amblycephala) fingerlings fed with 4 and 8 g kg ! of FOS [11]. As for Caspian
roach fry (Rutilus rutilus), the administration of 2 and 3% FOS promoted amylase activity
compared to the control diet [10]. Ref. [35] related the increase of amylase activity in the
Oscar (Astronotus ocellatus) fed with 1% of scFOS, with the exogenous microbial activities
stimulated by scFOS. Thus, the increase in digestive enzyme activities observed in fish fed
with prebiotics may be due to bacterial enzymes production since prebiotics modify the
composition of the intestinal microbiota and therefore affect digestion [10,36]. In this study,
no changes were observed in the enzyme activity of chymotrypsin and lipase. Concerning
this, some studies report that the administration of prebiotics in fish diets does not promote
changes in the activity of digestive enzymes. In gilthead seabream (Sparus aurata) [37]
and Atlantic salmon (Salmo salar) [38], inulin inclusion did not improve changes in diges-
tive enzyme activities (amylase, alkaline phosphatase, trypsin, leucine aminopeptidase).
Ref. [36] reported that the mix of prebiotics (FOS, Bio-MOS, transgalactooligosaccharide
and GroBiotic-A) in diets for the hybrid striped bass (Morone chrysops x Morone saxatilis)
and the red drum (Sciaenops ocellatus) did not cause changes in the activities of pepsin,
trypsin, chymotrypsin, aminopeptidase, amylase, and lipase. According to [39], the pres-
ence or absence of certain digestive enzymes in fishes depends on the feed, feeding habits,
and the functional morphology of the various parts of the gut. A considerable improvement
in growth, feed utilization, and health in fishes are some of the benefits that prebiotics
provide but depend on the fish species, feeding duration, supplement dose and type of
prebiotics [5]. Likewise, the establishment of normal gut microbiota is complementary to
the role of digestive enzymes, favoring the digestive process, although more studies are
necessary to confirm the relationship between both.

In addition to the enzyme activity, intestinal homeostasis is essential for the host’s
health since the intestine also acts as a physical and immune barrier. Thus, a disturbance
of this physical barrier may lead a bacterial, antigen, pathogenic and toxic translocation
into the circulation system and activate the immune system [14], which can cause infection
and inflammatory diseases [40]. Therefore, the integrity of this barrier is vital to intestinal
health and plays an essential role in nutrient digestion, absorption, and growth. Deficiency
of nutrients disturbs the intestinal physical barrier by disrupting tight junction proteins,
leading to poor fish growth [41-43]. However, to date, there are no reports focused on the
relationship between dietary prebiotics supplementation and the integrity of the intestinal
barrier mediated by tight junctions in fish. Our study describes the effects of FOS adminis-
tration on the intestinal physical barrier function correlated with tight junction expression
in A. tropicus larvae. Our results showed a tendency of up-regulation of the mRNA level
of zo-1 as the concentration of FOS increases in the diet; however, this expression was
not statistically significant. In addition, the inclusion of 7.5 g kg ~! FOS promoted an up-
regulation of the mRNA of zo-2 and claudin-3, And 5 g kg ~! FOS up-regulated the mRNA
level of claudin-17. Previous reports indicate that zo-1, zo-2, claudin-3, and claudin-17 are
tight junction proteins that help to seal off the physical intestinal barrier of many organisms,
and a decreased in expression may reduce the intestinal barrier function and lead to intesti-
nal disorders [44,45]. In contrast, previous studies indicate that up-regulated claudin-12
(Ca”" channel) and claudin-15 (Na* channel) expression disturbed intestinal barrier function
by increasing pore-forming and the intestinal permeability [42,45]. A similar trend was
observed in other studies, where a dietary valine deficiency disrupted the intestinal barrier
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by increasing the claudin-15 expression in young grass carp (Ctenopharyngodon idella) [41].
Meanwhile, [43] showed that a deficiency of dietary pyridoxine up-regulated the mRNA
levels of claudin-12 and claudin-15a in young grass carp affected the function of the tight
junction proteins. In the current study, the expression levels of claudin-12 were not signif-
icantly altered under any treatment. Despite that, no effects on the intestinal barrier can
be assumed since the effects of claudin-12 on intestinal barrier function is not completely
clear as variable results have been recorded in a different model of studies [46]. However, a
significant change in claudin-15 mRNA transcript abundance was observed. The inclusion
of 2.5, 5, and 7.5 g kg~ FOS diet promoted a down-regulation of the mRNA level of
claudin-15. Thus, these results suggest that the FOS inclusion in the A. tropicus diet could
indirectly reinforce the intestinal barrier integrity through transcriptional up-regulation
of zo-2 and claudin-3 and down-regulation of claudin-15. Another element of the intestinal
physical barrier is the mucus layer that overlays the intestinal epithelium and limits di-
rect contact with microorganisms [47], preventing activation of the subepithelial immune
system. The major component of mucus is the MUC-2 protein. A deficient protective
mucus layer, inflammation diseases, and severe colitis has been shown in mammal models
with a MUC-2 deficiency and with mutations in the muc-2 gene [48,49]. In this study, we
evaluated the expression of the mucus layer protein MUC-2. Our results showed that
muc-2 relative expression was up-regulated in A. tropicus larvae fed with 7.5 g kg~! FOS,
according to [13], who reported that A. tropicus juveniles fed 10 and 15 g kg ~! FOS showed
overexpression of muc-2. While [24] did not show any differences in the muc-2 expression
with the supplementation of 3-glucans in juveniles of A. tropicus. Finally, to elucidate the
relationship between dietary FOS and the immune response, we considered analyzing the
intestinal pro-inflammatory cytokine il-§ gene expression. In fish, it is well known that
the inclusion of different prebiotics provoked the activation of the immune system at the
molecular level [50]. Special attention has been focused on pro-inflammatory cytokines
in several fish species. Many studies are focused on evaluating the effect of prolonged
stress, feed allergens, and nutrient deficiency on the expression of IL-13, TNF-«, and
IL-8, affecting digestion, absorption, and immune system, resulting in negative effects in
growth [14,41,42]. Our results showed that dietary FOS does not regulate il-§ mRNA level,
suggesting that FOS inclusion does not promote an intestinal inflammatory response medi-
ated by this pro-inflammatory cytokine. However, more studies are required to elucidate
a more detailed model in which FOS supplementation influences these gene expressions
to develop strategies that enhance the barrier integrity and fish health using a functional
diet supplementation.

5. Conclusions

The results obtained indicate that supplementation of 7.5 g kg~! FOS in the diet of
A. tropicus larvae benefits weight gain, specific growth rate, and survival rate. Moreover,
the inclusion of 5 g kg ~! FOS increased alkaline protease and amylase activities, improving
the capacity to hydrolyze nutrients. In addition, we report that the inclusion of 7.5 g kg ™!
FOS induces upregulation of muc-2, zo-2, and claudin-3 genes. In contrast, the inclusion
of 2.5,5,and 7.5 g kg ~! FOS induces downregulation of the pore-forming gen claudin-15
(Na* channel). At the same time, the FOS inclusion does not increase il-8 mRNA level
suggesting that it does not promote an intestinal inflammatory response mediated by
this pro-inflammatory cytokine. Thus, this report provides evidence that prebiotics as a
supplement in the diet improves the intestinal barrier function via regulating the epithelial
structural integrity of larval intestine. Thus, the supplementation of 5-7.5 g kg~! FOS can
positively affect the development and intestinal health of A. tropicus larvae.
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