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ABSTRACT:
							                           
The aim of this study was to evaluate the inclusion of different levels of soybean meal in pirarucu’s diet. 200 pirarucu juveniles (152.15 ± 0.8 g) were distributed in 20 polyethylene tanks with a continuous water flow system. A completely randomized experimental design was used, with five treatments (n = 4) containing 0, 10, 20, 30 and 40% of soybean meal inclusion levels. Growth performance was measured as specific growth rate, feed conversion, weight gain and survival. Body composition, protein retention rate and histopathological changes in the intestine were analyzed. The different treatments did not affect weight gain, specific growth rate and survival. The body composition of the fish was affected by treatments for ash and ether extract and the IHS was also affected. The diet with 40% soybean meal compromised feed conversion rate. Additionally, the distal intestine of fish fed with the same diet showed a reduction in the height of mucosal folds and a loss of supranuclear vacuolation in enterocytes. Based on these results, the inclusion of up to 30% of soybean meal in the diet of juvenile pirarucu is possible without negative effects on performance and enteric morphology.
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			Introduction

			The use of fish meal from capture fisheries as the main source of protein and amino acids in formulations for aquaculture diets has remained stable in the past 10 years. Since then, its use has been preferentially applied in starter diets, with decreasing inclusion in diets for fish in the grow-out, finishing and reproduction phases (Naylor et al., 2021; Glencross et al., 2023). The reduction of this dependence is connected to several technological advances in the aquaculture sector, such as improvements in feed processing and increasing use of meals from fish by-products and alternative plant-based protein sources (Naylor et al., 2021). Among the numerous sources of plant proteins, soybean meal stands out for being present in most commercial feed formulations used in aquaculture. This is due to its great availability and desirable nutritional characteristics, such as high protein content, constant composition, and good balance in amino acids (National Research Council [NRC], 2011). However, soybean meal has a low level of methionine and a wide variety of antinutrients that interfere in the digestion process and affect animal health and performance (Zhou, Ringø, Olsen, & Song, 2018). These undesirable characteristics of soybean meal are especially critical for carnivorous fish, which have greater sensitivity to antinutritional factors and limited ability to utilize the carbohydrates commonly present in vegetable sources (Buddington, Krogdahl, & Bakke-Mckellep, 1997; Ostaszewska, Dabrowski, Palacios, Olejniczak, & Wieczorek, 2005).

			The pirarucu, Arapaima gigas, is considered one of the largest freshwater fish species in the world, reaching up to three meters in length and 200 kg in weight (Pino-Hernández et al., 2021). It stands out for aquaculture due to its rapid growth (up to 10 kg year-1), rusticity, and high-quality meat, with mild flavor and boneless fillets (Ono, Halverson, & Kubitza, 2004; Pereira-Filho & Roubach, 2018). Furthermore, it supports high stocking densities and has obligatory air breathing behavior (Pereira-Filho & Roubach, 2018). Despite the characteristics above mentioned, its production is still low and has remained stable in the last four years (
Instituto Brasileiro de Geografia e Estatística [IBGE], 2021) due to the lack of a consolidated consumer market and a series of technological limitations, such as the absence of species-specific feeds for the different growth phases.

			Pirarucu farming, as well as other native fish species produced in Brazil, is based on the use of generalist diets formulated to attend only the fish feeding habits, resulting in low feed efficiency and productive performance. In the case of pirarucu, there are reports of mortalities during the grow-out phase associated with reduced feed intake, cachexia, and signs of enteritis after necropsy (Lima et al., 2017). Those signals are possibly related to the presence of antinutritional factors from soybean meal in the feed, the main source of vegetable protein used in Brazilian fish feed. Reduction in growth in response to increasing inclusion of soybean meal in diet was observed in juvenile pirarucu by Cerdeira et al. (2018). The authors also observed a reduction in diet digestibility and probable anemia in fish fed diet with 44% soybean meal inclusion. However, the effects of this ingredient on the intestinal morphology of pirarucu have not been investigated. Considering the carnivorous feeding habit of the species and the high levels of soybean meal in Brazilian diets, this work evaluated growth and aspects of intestinal morphology of juvenile pirarucu fed diets with increasing levels of soybean meal.

		

		
			Materials and methods

			
				Experimental design

				The experiment complied with Brazilian legislation for the care and use of animals for educational and scientific purposes (Concea - protocol Ceua/Inpa 16/2017), and with the National System for the Management of Genetic Heritage and Associated Traditional Knowledge (Sistema Nacional de Gestão do Patrimônio Genético e do Conhecimento Tradicional Associado -AA4F2B0).

				Juvenile pirarucu with an average weight of 152.2 ± 0.8 g were randomly distributed in 20 polyethylene tanks (500 L; 10 fish/tank) in a continuous water flow system. Fish were fed twice a day until apparent satiety (10:00 am and 3:30 pm) with diets formulated with 0, 10, 20, 30 and 40% inclusion of soybean meal (SB0, SB10, SB20, SB30 and SB40, respectively). The diets were evaluated in a completely randomized design with four replications per treatment for 58 days. Temperature (25.3 ± 0.1°C) and oxygen (5.9 ± 0.2 mg L-1) were monitored daily, in the morning and afternoon, while pH (7.0 ± 0.0) and total ammonia (≤ 0.25 mg L-1) were monitored weekly.

			

			
				Diet formulation and processing

				The diets were formulated to be isonitrogenous and isoenergetic, according to the estimated requirement for essential amino acids (Rodrigues, Bicudo, Moro, Gominho-Rosa, & Gubiani, 2022b) and crude protein (Mattos et al., 2017) defined for pirarucu (Table 1). The ingredients were finely ground (Ø = 0.7 ± 0.2 mm), mixed and homogenized, and the mixture obtained was processed in an experimental extruder. Pellets of 3 to 4 mm were obtained, dried at 50°C for 24 hours and subsequently stored at 4°C until use. The digestible protein of the experimental diets was calculated based on the apparent digestibility coefficients of the ingredients defined for pirarucu (Cipriano et al., 2016; Rodrigues et al., 2022a; Ramos et al., 2022a).

				
					

Table 1




Ingredients and proximal composition of experimental diets.
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1 Guabi Nutrição e Saúde Animal S.A. mg kg-1: manganês (26); zinco (140); ferro (100); cobre (14); cobalto (0.2); iodo (0.6); selênio (0.6). Vit. A (10.000 UI); Vit D3 (4.000 UI); Vit E (100); Vit K (5); Vit B1 (25); Vit B2 (25); Vit B6 (25); Vit B12 (30); niacina (100); ácido fólico (5); ácido pantotênico (50); biotina (0.8); colina (2000); inositol (50); Vit C (350). 2Gross energy value was calculated based on combustion values of 23.7 protein, 39.5 fat, and 17.2 kJ g-1 carbohydrates (Molina-Poveda, 2016). 3Analyzed according to Association of Official Analytical Chemists (AOAC, 1999).






				

			

			
				Performance and body composition

				Fish weight was recorded at the beginning and the end of the experimental period. Daily feed consumption was calculated by subtracting the uneaten feed in the container from that in the pre-weighed feed. The calculated performance variables were:

				Average weight gain (g): WG = (average final weight - average initial weight);

				Specific growth rate (% day-1): SGR = [100 × (ln final body weight - ln initial body weight)/ experimental period];

				Feed conversion ratio: FCR = feed intake (g, as fed basis)/ weight gain (g, wet). 

				Body composition was assessed in 10 fish sampled at the beginning of the experiment and four fish per experimental unit sampled at the end of the experiment. Fish were euthanized in an overdose of eugenol, after fasting for 48 hours. The carcasses were analyzed according to the procedures defined by AOAC (1999). The apparent net protein utilization (Anpu) was calculated according to the formula:

				Anpu = [final body weight (g) × final body protein (g kg-1) × initial body protein (g kg-1intake (dry weight) (g) × 100.

			

			
				Intestinal histology

			

			
				hepatosomatic index and intestinal coefficient

				At the end of the trial, eight fish per treatment were sampled for histological analysis of the intestine, hepatosomatic index (HSI) and intestinal coefficient (IC), after fasting for 48 hours. Fish were euthanized in an overdose of eugenol and subsequently dissected to collect the proximal and distal intestine (Rodrigues, Saturnino, & Fernandes, 2017). The tissues were fixed in 4% buffered formalin and subsequently processed for paraffin embedding. Non-sequential 5-µm longitudinal sections were stained with hematoxylin and eosin. The morphological aspect of the distal intestine, as well as the height of the branched intestinal folds (30 measurements per fish, at least) of both segments were analyzed under a light microscope with a digital camera and image analyzer system (Leica DM 2500, Heidelberg, Germany - Baeverfjord & Krogdahl, 1996).

			

			
				Statistical analysis

				Data obtained were analyzed by analysis of variance (ANOVA), followed by Tukey’s test (α = 0.05) to find possible differences between means. The assumptions of homoscedasticity and normality of residuals were checked. Variable values were expressed as mean ± standard deviation.

			

		

		
			Results and discussion

			The inclusion of increasing levels of soybean meal in the diet for juvenile pirarucu did not affect final weight, weight gain, specific growth rate and survival of juvenile pirarucu (Table 2; p>0.05). However, feed conversion was significantly higher for fish fed SB40 diet compared to the other treatments, which did not differ from each other (Table 2; p < 0.05).

			Fish body composition varied only for ash and ether extract (Table 3; p < 0.05). SB30 and SB40 diets provided less body fat in pirarucu compared to SB0, SB10 and SB20 diets. S0 diet resulted in a higher concentration of ash in fish carcass in comparison to S40 diet. The ANPU did not vary with the increase in the inclusion of soybean meal in the diet (Table 3; p < 0.05).

			Increasing levels of soybean meal in pirarucu diet affected the hepatosomatic index (Table 4; p < 0.05) but did not affect the height of the mucosal folds in the proximal intestine and the intestinal coefficient (Table 4; p > 0.05). In the distal intestine, however, there was a shortening of mucosal folds in fish fed with SB40 compared to those fed with SB0 (Table 4; p < 0.05). Supranuclear vacuoles were less evident or even absent in the enterocytes of the distal intestine of fish fed soybean meal (Figure 1). In the SB40 treatment, the frequency of fish with this condition was higher and fish with normal supranuclear vacuolation (abundant vacuoles) was not observed. In the SB0 treatment, most fish presented many supranuclear vacuoles (Figure 1).

			
				

Table 2




Performance of juvenile pirarucu fed diets with increasing levels of soybean meal for 58 days.
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 a,bDifferent letters in the same column indicate differences between diets by the Tukey’s test (p < 0.05).






			

			
				

Table 3




Body composition (wet basis) and Anpu of juvenile pirarucu fed diets with increasing levels of soybean meal for 58 days.
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 a,bDifferent letters in the same column indicate differences between diets by the Tukey’s test (p < 0.05).






			

			
				

Table 4




Hepato-somatic index (HSI), intestinal coefficient (IC) and height of the proximal and distal intestinal mucosal folds of juvenile pirarucu fed diets with increasing levels of soybean meal for 58 days.
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 a,bDifferent letters in the same column indicate differences between diets by the Tukey’s test (p < 0.05).
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Figura 1



Distal intestine of juvenile pirarucu fed diets with 0 (A and B), 20 (C and D) and 40% (E and F) inclusion of soybean meal for 54 days. With the increase of soybean meal inclusion in the diet a reduction in the number of supranuclear vacuoles (rectangle) in the intestinal epithelium (C and D) is observed, up to their total absence (E and F). Hematoxylin-eosin staining at 100 and 400× magnification.













			

			Unlike the results found in our study, the inclusion of soybean meal above 33% in pirarucu diet resulted in growth reduction (Cerdeira et al., 2018). In the same study, higher feed conversion and probable anemia were observed in fish fed with 44% inclusion of soybean meal, suggesting a maximum inclusion of 22% of soybean meal for juvenile pirarucu diet. This divergence can be attributed to the period fish were fed with soybean meal diets.; while in our study fish were fed for 58 days, Cerdeira et al. (2018) fed fish for 120 days, which submitted the animals to a longer exposure to the antinutrients of soybean meal. Another study, evaluating the total replacement of fish meal with soybean meal (20% inclusion in the diet) for juvenile pirarucu, found higher final weight in fish fed the control diet (20% inclusion of fishmeal), with no differences, however, in weight gain and specific growth rate (Corrêa et al., 2022). In this work, which lasted 64 days, pirarucu growth was similar to that obtained in our study.

			For the carnivorous European catfish (Silurus glanis), the inclusion of 40% of soybean meal in diet impaired growth and feed conversion rate, being possible to replace 60% of fishmeal with soybean meal (30% inclusion in diet), without a decline in fish productive performance (Kumar et al., 2017). Hernández, Martínez, Jover, and García (2007) tested the inclusion of soybean meal for the sharpsnout seabream (Diplodus puntazzo) in two size classes (40 to 58 g and 175 to 216 g). Growth reduction at higher levels of soybean meal inclusion (above 40%) was only observed in fish of the larger size class. According to the authors the long-term supply of the tested diets could result in growth reduction, possibly due to histological changes in the digestive tract. In addition to these results, Hien, Be, Lee, and Bengtson (2015) found that the inclusion of soybean meal at up to 35% did not affect the growth of the snakehead (Channa micropeltes). The authors also observed a worsening in fish performance at the inclusion level of 43.5% soybean meal, even with the addition of phytase enzyme in the diet. For the Japanese seabass (Lateolabrax japonicus), a carnivorous fish species, it was observed a worsening in fish performance after 50% replacement of fish meal with soybean meal (30% of dietary soybean meal inclusion - Zhang et al., 2018). Likewise, replacing 100% of fishmeal with soybean meal (70% of dietary inclusion) in the Orange-spotted grouper (Epinephelus coioides) diet resulted in a significant worsening in weight gain, feed intake and feed efficiency, when compared to diets with 0 and 50% replacement (0 and 35% inclusion - Wang, Wang, Zhang, Zhang, & Song, 2017). Considering the studies aforementioned, the maximum inclusion level of soybean meal in diets for carnivorous fish species seems to be around 30-35%.

			According to Krogdahl, Penn, Thorsen, Refstie, and Bakke (2010), the presence of antinutritional factors in plant protein sources directly influences the performance of fish fed with soy derivatives; however, this was not observed in the present study in relation to fish growth, except for feed conversion rate that was impaired in SB40 diet. According to Hernández et al. (2007), fish compensate the lower availability of nutrients in diets with high levels of soybean meal inclusion by increasing feed consumption. 

			Regarding the concentration of nutrients in the carcass and the use of protein, several authors report, for different fish species, no change in body protein and similar levels of use of dietary protein, although it is reported reductions in body fat and ash with the inclusion of soybean meal in diet (Tomás, De La Gándara, Garcáa-Gomez, Párez, & Jover, 2005; Hernández et al., 2007; Hien et al., 2015; Zhang et al., 2018; Zhao, Wang, Wang, & Ye, 2021; Rawles et al., 2022). According to Refstie et al. (2000), reduction in protein retention is more pronounced in older fish, being less evidenced in younger animals. Furthermore, intestinal morphological changes derived from the antinutritional factors in soy products provide a reduction in the absorption of nutrients throughout fish development, which may not be observed in young fish fed for short periods (Krogdahl, Bakke-McKellep, & Baeverfjord, 2003).

			In our study, body fat was reduced with SB30 and SB40 diets. According to Hernández et al. (2007), this can occur due to less absorption of nutrients (protein and carbohydrates) caused by the presence of antinutrients that lowers enzymatic activity in fish digestive tract. Consequently, fish use most of the fat ingested as an immediate source of energy, leaving a smaller amount to be stored in the body. Another possibility, as noted by Zhang et al. (2018), is that the increase in dietary soybean meal inclusion causes a reduction in intestinal lipases and proteases, which leads to less digestion and absorption of fats by fish. Regarding body ash, it is possible that the presence of phytate in soybean meal leads to a lower availability of minerals to be digested and absorbed, as reported by Lanari, D’Agaro, and Turri (1998), Storebakken, Shearer, and Roem (1998) and Elangovan and Shim (2000).

			A reduction in fish hepatosomatic index with the increase of soybean meal inclusion was also observed for Diplodus puntazzo (Hernández et al., 2007) and Totoaba macdonaldi (Fuentes-Quesada et al., 2018) and correlated with the reduction of fat vacuoles in the liver hepatocytes which possibly resulting in a smaller liver size and, consequently, a smaller HSI. This reduction in fat vacuoles is due to a lesser absorption and/or a greater use of dietary fat, similarly to what occurred for body fat. 

			The inflammatory process caused by the inclusion of soybean meal in diet causes important changes in the distal portion of the intestine, leading to atrophy and consequently, a reduction in the intestinal coefficient of fish (Fuentes-Quesada et al., 2018). This change was not observed in the present study, possibly because it is more evidenced in fish fed for longer periods with soybean meal.

			The distal intestine performs an important immunological function in fish (Buddington et al., 1997), which explains the changes found in the mucosa of this intestinal segment for pirarucu. Morphological changes in the mucosa of the distal intestine induced by the inclusion of soybean meal in diet were first described for Atlantic salmon (Salmo salar L.) by Baeverfjord and Krogdahl (1996), who also observed a shortening of the intestinal folds as well as a loss of supranuclear vacuolation of enterocytes. This enteritis condition affects the integrity of the epithelial barrier, which together with the reduced nutrient digestion and absorption, may affect fish immunity (Krogdahl, Bakke-McKellep, & Baeverfjord, 2000; Gu, Bai, Zhang, & Krogdahl, 2016). More liquid and less consistent feces, common in cases of enteritis, were reported in studies evaluating the digestibility of soybean meal for pirarucu with diets containing 20% inclusion of this ingredient (Rodrigues, Moro, Santos, Freitas, & Fracalossi, 2019; Ramos, Fracalossi, Freitas, Santos, & Rodrigues, 2022b), corroborating the fish intestinal inflammation observed in this study.

		

		
			Conclusion

			Although the inclusion of soybean meal in the diet did not affect pirarucu growth in our study, previous studies indicate compromised production performance (Cerdeira et al., 2018; Corrêa et al., 2022) and loss of feces consistency (Rodrigues et al., 2019; Ramos et al., 2022b) with inclusion levels above 20%. However, changes in the mucosa of the distal intestine were more evident for fish fed the SB40 diet, indicating that the inclusion of up to 30% of soybean meal for juvenile pirarucu diet is possible without impairing fish growth and intestinal morphology.
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