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Abstract: We determined the effects of sodium propionate (SP) added to the diets of Atractosteus
tropicus juveniles with respect to the growth, survival, digestive enzyme activity, and expression of
genes that are associated with the immune system. Five treatments (0, 0.5, 1.0, 1.5, and 2.0%) were
evaluated in triplicate on 180 fish (3.65 ± 0.12 g) distributed among 15 (70 L) tanks. The juveniles
were fed five times a day with 5% feed in relation to the biomass of the organism. The treatment with
0.5% SP showed a final weight value of 25.7 ± 4.5 g, absolute weight of gain (AWG) of 21.93 ± 4.39 g,
and specific growth rate (SGR) of 3.1 ± 0.26. Treatments with 1.5 and 2.0% SP showed the highest
survival (91.6%). The control group (0%) showed a greater activity of lipases. There was a tendency
that the highest activity of alkaline proteases and chymotrypsin occurred in the 0 and 0.5% treatments.
The maximum relative expression of the genes ocln, muc2, and nod2 occurred in the 1.5% treatment.
The inclusion of SP in the diet of A. tropicus juveniles could benefit the activity of some digestive
enzymes as well as the expression of genes related to the function of the intestinal barrier, therefore
benefitting the survival of the organisms.

Keywords: tropical gar; sodium propionate; digestive enzyme; gene expression; nutrition

1. Introduction

Tropical gar (Atractosteus tropicus) is a species with ecological, economic, and cultural
importance in several areas of Central America [1]. However, the culture of this species
still has some challenges that limit its production. Proper feeding and nutrition play a
fundamental role in the health status of these fish and their ability to respond to possible
diseases [2].
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In Atractosteus tropicus, several feed formulations have been evaluated according to
the nutritional requirements of the species, adding additives, probiotics, and prebiotics that
could have positive effects on growth and survival; the analysis of these positive effects
can be carried out with the support of tools such as digestive enzymatic biochemistry and
gene expression [3–5].

Short-chain fatty acids (SCFAs) are 1–6 carbon organic fatty acids. SFCAs play im-
portant roles as nutrients for the intestine epithelium; as modulators of intracellular pH,
cell volume, and other functions associated with ion transport; and as regulators of gene
disappearance, differentiation, and expression [6]. The main SCFAs are acetate, propionate,
and butyrate [7]. In species such as Acanthopagrus latus, doses of 5 and 10 g/kg of propi-
onate and 10 g/kg of sodium acetate showed an increase in growth, feeding efficiency, and
liver antioxidant capacity, and it caused a high activity of pepsin, trypsin, and lipase [8]. In
white shrimp (Litopenaeus vannamei), sodium propionate (SP) was evaluated, showing good
results for growth and survival at concentrations of 2% [9]; in zebrafish (Danio rerio), good
results were found when evaluating parameters of the immune mucosa when incorporating
2% SP [10].

The effects of SP are still unknown for many species; therefore, the objective of this
preliminary work was to test different concentrations of SP (0, 0.5, 1.0, 1.5, and 2.0%)
in the diets of tropical gar juveniles (A. tropicus) and provide first insights on growth,
survival, digestive development, and immune system gene expression as affected by the
dietary treatment.

2. Materials and Methods
2.1. Biological Material

The experiment was carried out at the Physiology Laboratory in Aquatic Resources
(LAFIRA) at DACBiol-UJAT. Spawning was induced by injecting a female (3 kg, 69 cm)
with LHRHa hormone (Sigma-Aldrich, Taufkirchen, Germany) (35 µg kg under the pelvic
fin) and six males (1.5 kg, 31 cm no hormone induction). Fish were placed in a 2000 L
circular tank conditioned with raffia thread to simulate the natural spawning site. Spawning
occurred 18 h after induction; the average dissolved oxygen was 4.9 ± 0.3 mg/L (oxygen
meter YSI 85, Yellow Springs, OH, USA), the temperature was 28.5 ± 0.3 ◦C, and the pH
was 7.1 ± 0.1 (HANNA HI 991001, Nusfalau, Romania).

After hatching (72 h post fertilization), larvae were placed in 7 plastic tanks for
maintenance in a recirculated system as described in Section 2.2. Once the yolk sac was
absorbed and after mouth opening (3 days post hatching), the larvae were fed 5 times
per day (8:00, 11:00, 13:00, 15:00, and 18:00 h) with Artemia nauplii, following the feeding
scheme proposed by [11], until reaching juvenile size (30 days after hatching (DAH)). For
this experiment, 180 juveniles (3.65 ± 0.12 g mean weight and 10.38 ± 0.10 cm mean total
length) were used.

2.2. Experimental Design

The design consisted of a completely randomized one-way experiment. Four treat-
ments were evaluated by triplicate with different concentrations of SP (0.5, 1.0, 1.5, and
2.0%) and a control diet (0%). For each experimental unit, 12 organisms were placed in
15 circular tanks of 70 L, connected to a recirculation system with a 1500 L reservoir, and
placed in a biological filter, which were all connected to a 1 HP water pump (Jacuzzi,
JWPA5D-230A, Delavan, WI, USA). Water quality parameters were monitored daily until
the end of the experiment, where we measured data concerning temperature (29.5 ± 0.6 ◦C)
and dissolved oxygen (5.4 ± 0.3 mg/L) using an oxygen meter (YSI 85, Yellow Springs, OH,
USA) and pH (7.2 ± 0.1) using a pH meter (HANNA HI 991001, Nusfalau, Romania). The
organisms were fed 4 times a day (8:00, 11:00, 14:00 and 18:00 h) with 6% of their biomass
following the protocol from De la Cruz-Alvarado et al. [11].
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2.3. Experimental Diets

A diet proposed by Frías-Quintana et al. [12] was used as a base diet; different concen-
trations of SP (Sigma-Aldrich (P1880), Taufkirchen, Germany) were added (Table 1). For
the preparation of the experimental feed, the methodology proposed by [13] was followed.
Macronutrients, micronutrients, and SP were weighed separately. Macronutrients were
mixed for 15 min using an industrial mixer (Bathamex, 178716, Ciuda de México, Mexico);
then, the micronutrients and SP were added and mixed for another 15 min. Finally, the
liquid ingredients (soy lecithin) and water (400 mL kg) were incorporated and mixed for
15 min. The resulting mixture was processed in a grinder (Torrey, M-22RI, Monterrey,
Mexico) to obtain 5 mm pellets, which was subsequently dried in a convection oven (Coriat,
HC-35-D, CDMX, México) at 45 ◦C for 12 h, then crushed with a manual mill, and sieved
in order to obtain a 1.5 mm feed size. They were stored at −20 ◦C for further analysis for
8 h [13]. The proximate composition analysis was determined by following the official
methods of the Official Association of Analytical Chemistry from 1990 [14]. Ash was
determined by heating the diet sediment at 550 ◦C for 24 h. For protein determination, the
Kjeldahl method was used. Lipids were determined using the 1959 technique from Bligh
and Dyer [15], and the nitrogen-free extract calculation was performed by following the
1979 protocol from Brett and Groves [16].

Table 1. Proximal composition of experimental feed with different concentrations of SP.

Sodium Propionate (%)

Ingredients (g/kg) 0 0.5 1.0 1.5 2.0

Pork meal 1 250 250 250 250 250
Poultry meal 1 218.4 218.4 218.4 218.4 218.4
Soybean meal 2 161.1 161.1 161.1 161.1 161.1

Corn starch 3 150 150 150 150 150
Fish meal 1 100 100 100 100 100

Wheat meal 2 55.5 55.5 55.5 40.5 35.5
Sodium propionate 4 0 5 10 15 20

Soybean lecithin 5 30 30 30 30 30
Grenetin 6 20 20 20 20 20

Vitamins and minerals premix 7 10 10 10 10 10
Vitamin C 8 5 5 5 5 5

Proximate composition
(g/100 g dry matter)

Protein 44.32 44.81 43.99 44.83 44.74
Lipids 15.32 15.74 15.43 15.53 15.31

Ash 12.77 12.74 13.23 13.71 13.53
NFE 9 28.49 28.43 28.43 28.48 28.46

1 Proteínas Marinas y Agropecuarias, S. A. de C. V., Guadalajara, Jalisco. 2 GALMEX Comercializadora de Insumos
Agrícolas, Villahermosa, Tabasco, México. 3 MSA Industrializadora de Maíz, Guadalajara, Jalisco, México. 4 Mi
granero Ingredientes Selectos. San Pedro Cholula, Puebla, México. 5 Pronat Ultra, Mérida, Yucatán, México.
6 D’gari Productos alimenticios y dietéticos Relámpago, Tlalpan, Edomex, México. 7 Pedregal (para trucha Silver
Cup), Toluca, Edo. de Mex. México. 8 ROVIMIX® C-EC (Roche) active agent of 35%. 9 NFE: Nitrogen-free extract.

2.4. Growth and Feed Indexes

Every 15 days, the weight and total length of the organisms were measured until the
end of the experiment (61 days). Weight was recorded using an electronic balance (Ohaus
HH120, precision 120 ± 0.01 g, Shenzhen, China) and length was measured using a digital
vernier. Survival was calculated by counting the juveniles at the end of the feeding trial.
With the obtained data, the following indexes were calculated:

Survival (S%) =
final fish number

initial fish number
× 100

Absolute weight gain (AWG) = final weight (g) − initial weight (g)
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Specific growth rate (SGR) =
(ln final weight − ln initial weight)

days of feeding
× 100

Feed conversion rate (FCR) =
feed intake (g)
weight gain (g)

Condition factor (K) =
final weight (g)

total final lenght3 (cm)
× 100

2.5. Biological Samples and Somatic Indexes

All procedures were performed according to the Official Mexican Norm (NOM-062-
ZOO-1999) [17] of Animal Welfare and according to the Declaration of Helsinki. At the end
of the feeding trial, 15 fish per treatment were euthanized with a cold temperature shock;
fish were placed in a tray and then placed in an ultra-freezer at −80 ◦C (Lexicon II ultra
low freezer, Singapore) for 3 min; then, they were dissected to obtain the visceral package
and register the biometric data of the organs.

With the data obtained from the visceral package, somatic indexes were calculated:

Hepatosomatic index (HSI) =
liver weight (g) × 100

body weight (g)

Viscerosomatic index (VSI) =
viscera weight (g) × 100

body weight (g)

Relative intestine length (RIL) =
intestine length (cm) × 100

body length (cm)

For the digestive enzyme analysis, intestines and stomachs from three fish per tank
were extracted and stored at −80 ◦C until further analysis.

For gene expression analysis, intestines and livers from two fish per tank were ex-
tracted and stored in RNAlater at −80 ◦C until processing.

2.6. Digestive Enzyme Activity

The crude enzymatic extract was obtained from the stomachs and intestines, which
were macerated and homogenized separately with distilled water at a 1:10 ratio (weight:
volume) under cold conditions (4 ◦C). The mixture was centrifuged at 12,000 rpm for
15 min at 4 ◦C and the supernatant was aliquoted (1.5 ratio weight: volume) and frozen at
−80 ◦C until analysis. The soluble protein concentration was determined by following the
Bradford (1976) [18] protocol using bovine serum albumin (BSA) as the standard protein.
Acid proteases (stomach) were determined according to the Anson (1938) [19] methodology,
using hemoglobin (0.25%) in L−1 glycine-HCl buffer (100 mM, pH 2) as substrate. The
activity of alkaline proteases in intestine was determined using the method described by
Walter (1984) [20] using casein (0.25%) as a substrate in 100 mM of Tris-HCL buffer + 10 mM
of CaCl2 (pH 9). For both techniques, absorbance was measured at 280 nm (all absorbances
were measured using an xMark™ Microplate Absorbance Spectrophotometer (Bio-Rad,
Hercules, CA, USA) using a molar extinction coefficient (MOC) of 0.005 mL/µM cm. The
methodology described by Erlanger et al. [21] was followed to determine trypsin activity
using 2 mM α-Benzoyl-DL-Arginine-p-nitroanilide (BAPNA) as a substrate diluted in
50 mM Tris-HCL + 10 mM CaCl2 buffer (pH 8.2); the absorbance was measured at 410 nm.
Chymotrypsin activity was determined according to DelMar et al. [22] using 1.25 mM
SAAPNA substrate in 100 mM Tris-HCL + 100 mM CaCl2 buffer (pH 7.8); the absorbance
was measured at 410 nm. Amylase activity was determined according to Robyt and Whe-
lan [23] using 2% starch as a substrate in 100 mM citrate-phosphate buffer + 50 mM NaCl,
pH 7.5; the reaction product was measured at 600 nm. Lipase activity was determined
according to Versaw et al.’s [24] technique using 100 mM β-naphthyl acetate as a substrate
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in 50 mM Tris-HCL buffer (pH 7.5) with 100 mM of sodium cholate; the reaction was
measured at 540 nm. Alkaline and acid phosphatases were determined by following the
methodology described by Bergmeyer [25] using 4-nitrophenyl phosphate (2.4%) dissolved
in 100 mM L−1 glycine-NaOH (pH 10.1) buffer as a substrate for alkaline phosphatases
and 100 mM citric acid (pH 5.5) for acid phosphatases; the absorbance was measured at
410 nm. The enzyme activity was determined using the following equations: units in mL
(U/mL) = [∆abs × final reaction volume (mL)]/[ε× time (min)× extract volume (mL)]−1;
specific activity (U/mg protein) = U mL/mg of soluble protein.

2.7. RNA Extraction and qPCR

RNA was extracted from intestine and liver samples using Trizol Reagent (Invitrogen,
Waltham, MA, USA) in a series of centrifugation–supernatant–sediment steps. RNA con-
centration and purity were measured with a spectrophotometer (NanoDrop2000, Thermo
Fisher Scientific, Madrid, Spain) using an absorbance of 260 and 280 nm. The cDNA syn-
thesis was performed with the Superscript II kit (Invitrogen) using 1 µg of RNA for a final
volume of 20 µL. Reactions were performed in a thermocycler (Mastercycler nexus GSX1,
Eppendorf AG, Hamburg, Germany) using the following protocol: 5 min at 65 ◦C, 10 min
at 25 ◦C (alignment), 50 min at 42 ◦C (cDNA extension), 15 min at 70 ◦C (RT activation),
and finally 20 min at 37 ◦C.

Genes related to intestinal health, including occludin (ocln), nucleotide-binding oligomer-
ization domain-2 (nod2), and mucin 2 (muc2), were analyzed (Table 2).

The RT-qPCR reaction was performed using a CFX96 Real-Time System (BioRad,
Hercules, CA, USA) using 5 µL of SyberGreen, 3 µL of primer mix, and 2 µL of cDNA for a
final volume of 10 µL. The protocol followed was 95 ◦C for 10 min, 40 cycles of 15 s at 95 ◦C,
60 ◦C for 30 s, 70 ◦C for 5 s, and finally a melting curve featuring increments of 0.5 ◦C from
75 ◦C to 95 ◦C. The rpl8 gene was used as the reference gene. Relative gene expression
was calculated as the fold change compared with the control and using the 2−∆∆Ct formula
(Livak and Schmittgen) [26].

Table 2. Designed primers for qPCR of genes from the intestinal barrier of A. tropicus.

Gen Primer Sequence (5′-3′) Size (bp) Amplification
Efficiency (%) Reference Temperature (◦C)

1Ribosomal protein F: TGTGCTGCCTGGAAGAGAAG
R: TTTCGGGGTTGTGGGAGATG 90 99.82 [27] 60

2Occludin F: TGACGAATACCACAGACTGAAG
R: CGATCATAGTCGCTGACCATC 123 [5] 64

3Mucin F: GGCCTCCTCAAGAGCACGGTG
R: TCTGCACGCTGGAGCACTCAATG 100 90.94 [4] 70

4Nucleotide-binding
oligomerization

domain-2

F: GTAGTGAACAAGGAGGCGGAC
R: TGAGCTCATCCAGGCCATCG 295 [5] 68

1 Ribosomal protein (rpl8); 2 occludin (ocln); 3 mucin (muc2); 4 nucleotide-binding oligomerization domain-2 (nod2).

2.8. Statistical Analysis

Normality (Kolmogorov–Smirnov) and homoscedasticity (Bartlett) tests were per-
formed for all variables. A one-way ANOVA test was performed to analyze the variables
(growth and digestive enzyme activity). A posteriori test (Tukey) was performed when
we found significant differences. Gene expression variables were analyzed using the
Kruskal–Wallis test and Dunn´s nonparametric test. Statistical analyses were performed in
GraphPad Prism software (v.8.0.2) with a significance value of 0.05.

3. Results
3.1. Growth and Survival Rates

The 0.5% SP treatment showed a value of 25.7 ± 4.5 g for final weight. Juveniles of
the 1.5% SP treatment achieved a total length of 17.83 ± 2.42 cm; however, there was no
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significant difference in any treatment (p > 0.05). Treatments with 1.5 and 2.0% SP showed
the highest survival rate (91.7 ± 8.33%). Fish fed with 0.5% SP registered 21.93 ± 4.39 for
AWG values and 3.1 ± 0.26 (p > 0.05) for SGR values. The 2% SP treatment obtained an
FCR of 1.40 ± 0.08 (Table 3). No significant differences were found in HSI, VSI, and RIL
(p > 0.05) values (Table 4).

Table 3. Survival and growth parameters and somatic indexes of A. tropicus fed with different SP
concentrations (mean ± standard deviation, SD) for 61 days.

Treatments (SP%)

Growth Parameters 0 0.5 1 1.5 2

Final weight (g) 24.19 ± 1.2 25.79 ± 4.5 22.17 ± 2.5 23.32 ± 1.9 21.38 ± 1.2
Final length (cm) 17.60 ± 0.1 17.74 ± 0.6 17.03 ± 0.5 17.60 ± 0.5 16.79 ± 0.3

Survival (%) 80.5 ± 12.7 a 86.1 ± 4.8 b 86.11 ± 9.6 b 91.6 ± 8.3 c 91.6 ± 8.3 c

AWG (g/fish) 20.53 ± 1.26 21.93 ± 4.39 18.52 ± 2.81 19.81 ± 2 17.69 ± 1.02
SGR (%/day) 3.1 ± 0.14 3.1± 0.26 3.0 ± 0.34 3.05 ± 0.17 2.9 ± 0.14

Condition factor (k) 0.44 ± 0.02 0.46 ± 0.03 0.45 ± 0.01 0.41 ± 0.04 0.45 ± 0.01
FCR 1.61 ± 0.09 1.92 ± 0.38 1.52 ± 0.23 1.46 ± 0.14 1.40 ± 0.08

Note: AWG: absolute weight gain; SGR: specific growth rate; FCR: feed conversion rate. Significant differences
are indicated by different letters (p < 0.05).

Table 4. Somatic indexes of A. tropicus fed with different SP concentrations (mean ± standard
deviation, SD) for 61 days.

Treatments (SP%)

Somatic Indexes 0 0.5 1 1.5 2

HSI 3.26 ± 1.22 3.04 ± 0.67 2.80 ± 0.47 3.47 ± 0.5 2.95 ± 0.61
VSI 9.45 ± 3.65 8.73 ± 1.09 8.01 ± 1.01 10.53 ± 1.77 8.10 ± 1.23
RIL 35.86 ± 4.99 35.18 ± 3.67 38.68 ± 4.91 40.26 ± 4.20 30.92 ± 6.01

Note: HSI: hepatosomatic index; VSI: viscerosomatic index; RIL: relation of intestine length (somatic indexes did
not show significant differences).

3.2. Digestive Enzyme Activity

For acid proteases, fish fed with 1.5% SP (95.73 ± 7.26 U/mg protein) showed the
highest enzyme activity (p < 0.05). Treatment with 0.5% SP showed the highest activity for
alkaline proteases (39.16 ± 3.29) and chymotrypsin (0.44 ± 0.039) (p < 0.05). The control
group (0%) showed the highest lipase (152.41 ± 6.84) and trypsin (3.13 ± 0.22) activities
(Figure 1).
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3.3. Gene Expression

According to the qPCR results, in the intestine, fish from the 1.5 and 2% SP treatments
showed higher ocln expression when compared with the 0.5% treatment (p < 0.05). The fish
from the 1.5% SP treatment showed higher expression of the nod2 and muc2 genes in the
intestine when compared with the 0.5 and 1.0% SP treatments (p < 0.05). In liver, the 1.5%
SP treatment showed a higher expression of nod2 when compared with the 0.5 and 1.0% SP
treatments and a higher expression of ocln gene when compared with the 0 and 2.0% SP
treatments (p < 0.05) (Figure 2).
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oligomerization domain-2 (nod2) in the intestines (a) and livers (b) of A. tropicus juveniles fed different
SP concentrations using rpl8 as the reference gene. Values are presented as the mean ± SE. Significant
differences between the diets are indicated by different letters (p < 0.05).

4. Discussion

Innovative trends in aquaculture nutrition include evaluating the effectiveness of sev-
eral probiotics, prebiotics, and additives that are added to fish diets. Different parameters
have been analyzed to characterize the responses to these immunostimulants.

This study evaluated the inclusion of SP at different concentrations. The results did
not show significant differences in productive parameters, such as the specific growth
rate, feed conversion rate, survival, and somatic indexes. However, Atractosteus tropicus
juveniles fed with 0.5% SP showed a trend of higher growth, AWG, and SGR. The highest
survival occurred in the 1.5 and 2.0% treatments; this is because SCFAs, in this case SP, could
stimulate the activity of one or more intestinal bacteria, which is known to be the action of
immune response, performance, and disease resistance [6]. The effects of including SP in
diets for fish may vary according to the species, environmental conditions, concentration
used, and life stage of the organism. Similar doses were used in other studies. On European
seabass (Decentrarchus labrax), final weight, daily weight gain, and survival were higher
when including 0.3% SP compared with other treatments [28]. In Caspian white fish (Rutilus
frisii kutum), the inclusion of 0.25 and 0.5% SP resulted in a higher final weight and weight
gain in addition to promoting immune response parameters [29]. Another study carried
out by Hoseinifar [10] with zebrafish (Danio rerio) indicated that inclusion of 1 and 2% SP
regulated the expression of genes related to growth hormones (GH and IGF1) and appetite
(GHRL). In yellowfin seabream (Acanthopagrus latus), similar results were obtained when
including 0.5 and 1% SP to promote growth, immune response parameters, and digestive
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capacity [8]. In two studies conducted by the same author in white shrimp (Litopenaeus
vannamei), it has been shown that including 2% SP increased feed intake; additionally, the
concentration of pathogens such as Vibrio spp. in the digestive tract was reduced and final
weight was increased when adding 0.5 to 2% SP into the diet [9,30].

A higher HSI in the liver of A. tropicus juveniles may suggest greater glycogen and
lipid content, which may be related to the composition of the diets, health, and metabolism
of the organism [31,32]. Previous studies with red tilapia (Oreochromis spp.) found no
significant differences in HSI and VSI when comparing the effects of different organic acids
such as propionate, butyrate, and sodium acetate [33]. However, in A. tropicus, significant
differences were found when evaluating this index when adding 0.4% MOS (mannan
oligosaccharide) and FOS (fructooligosaccharides) [3,5], suggesting a greater presence of
energy reserves in the liver due to the energy intake in the diets. In the present study,
no differences were observed in the HSI, VSI, and RIL when including SP. The intestinal
length ratio (RIL) suggests a greater area of nutrient absorption; however, it is necessary to
perform histological studies to assess the structure of the organs related to these indexes.

The effects of the inclusion of probiotics, prebiotics, and other additives to functional
diets for fish has led to the study of various functions of the organism, such as the activity
of digestive enzymes [5,8–10,34,35].

Our results showed the highest activity in fish fed with 1 and 2% SP; similar results
have shown that adding 1% SP and a mix of SP + sodium acetate increased the activity
of this enzyme in yellow fin seabream (Acanthopagrus latus) [8]. In contrast, our results
showed higher activity of alkaline proteases, trypsin, and chymotrypsin in fish fed with 0
and 0.5% SP. These results may be due to the action of organic acid salts, which reduces
pH in the stomach and intestine [36]. Other studies of A. tropicus show an increment in the
activity of alkaline proteases, trypsin, and chymotrypsin in fish fed with low concentrations
of MOS and FOS (0 and 0.5%) [3,5]. The activity of lipases and amylases were not modified
between treatments, similar to the results reported by Nieves-Rodríguez et al. [4] when
including β-glucans in diets for juveniles of A. tropicus. The increment in the activity of
these enzymes may be due to the specificity that the enzymes have in terms of pH and
temperature values [37,38]. In contrast, the modification of the enzymes activities in the
group of proteases (acid, alkaline, trypsin, and chymotrypsin proteases) suggest a positive
effect of organic acids and/or their salts on protein hydrolysis [39].

Short-chain fatty acids play important roles as nutrients that enhance the intestine
epithelium, and they are also regulators of gene disappearance, differentiation, and ex-
pression [6]. The effects of SP on the expression of ocln, nod2, and muc2 genes have been
rarely reported in fish. However, other immune response parameters have been evaluated
in other species when including SP in their diets [10,27,28,40]. Mucus is one of the main
components of the intestine, and it is mainly composed of a protein called mucin, which
plays an important role in protecting the intestinal barrier, regulating homeostasis, and
preventing diseases [41]. Burger-van Paassen [42] suggests that one of the mechanisms
that regulates muc2 expression is the use of short-chain fatty acids such as butyrate or
propionate. Our study showed a higher expression of this gene in the intestine of A. tropicus
juveniles with 1.5% SP. Similar results were reported by Pérez-Jiménez [43], who found
a greater expression of muc2 when increasing the concentrations of FOS (7.5%) in larvae
of A. tropicus. Other components of the intestinal barrier include the tight junctions (TJs),
which provide a barrier within the membrane by regulating paracellular permeability and
protein diffusion, thus maintaining cell surface polarity and enhancing the transportation
of proteins and macromolecules through cells [44]. Our study showed greater expression
of the ocln gene in the intestine at concentrations of 1.5 and 2% SP and in the liver at a
concentration of 1.5% SP, suggesting that the addition of short-chain fatty acids also regu-
lates the expression of genes related to tight junctions. Liu [45] reported similar results of
greater expression of ocln when adding sodium butyrate in diets for Scophthalmus maximus
L. Sun [46] also evaluated the inclusion of 0.5 and 1.0% SP in Scophthalmus maximus L.
combined with soybean meal and found similar results in the expression of the ocln gene.
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Sepúlveda-Quiroz [5] found similar results when evaluating the same genes in juveniles
of A. tropicus when adding 1 and 1.5% FOS. Finally, the present study showed a higher
expression of the nod2 gene, which has been identified as an important sensor in the first
line of defense in invasion by microorganisms in mammals and teleost fish [47]. The results
of this study showed a higher expression of nod2 in the intestine and liver of fish fed with
1.5% SP. Highest expression of this gene was observed in the liver, which agrees with J.
Li’s study [48], wherein a Vibrio infection was induced (V. anguillarum) in miiuy croaker
(Miichthys miiuy), suggesting that the expression of this gene plays an important role in
the innate immune response and exerts important immune functions in liver tissues. In
contrast, a study involving A. tropicus juveniles did not show significant differences in the
expression of ocln and nod2 when incorporating β-glucans into their diets [4]. In our study,
the increase in immune-related genes at a higher concentration of SP corresponded with
the increasing survival rate, which also increased at a higher concentration of SP.

5. Conclusions

The inclusion of 0.5 to 2% SP in diets for A. tropicus did not influence growth parame-
ters and somatic indexes. However, the inclusion of 1.5% SP showed the highest survival
rate and highest enzyme activity for acid proteases. Also, adding 1.5% SP into the diet for
A. tropicus may have positive effects on the immune response by increasing the expression
of muc2, ocln, and nod2 in the intestine and liver. Nevertheless, for future studies, it is
recommended to increase the fish sample in order to find clearer significant differences in
relation to genomic expression.
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