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Impact of arabinoxylan-enriched diets on the intestinal chemical barrier and microbiota composition in rainbow trout (Oncorhynchus mykiss)
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Introduction: This study was conducted to evaluate the effects of dietary AX inclusion on the chemical barrier, antioxidant function and intestinal microbiome of rainbow trout.

Methods: Five isoproteic and isolipidic experimental diets were formulated to contain 0.03% arabinoxylanase, as well as 0%, 2.5%, 5% and 10% AX (CAX, Con, AX2.5, AX5 and AX10), respectively.

Results: The trypsin and maltase activities in the foregut of AX10 group were significantly lower than those in Con group. Similarly, the amylase and sucrase activities of the middle intestinal mucosa, maltase of the distal intestinal mucosa, and MUC2 mRNA levels of the middle and distal intestinal mucosa in AX10 group were also lower than those in Con group. Additionally, the levels of GSH, GST, MDA in the plasma, SOD and CAT in the middle and distal intestinal mucosa, as well as MDA in the middle intestinal mucosa, were significantly higher in AX10 group compared to the CAX and Con groups. Conversely, the levels of CAT, GSH-Px, IGF-1, mTOR, AST in the plasma and AMPD, GDH in the liver were significantly lower in AX10 group compared to the CAX and Con groups. Furthermore, the Chao 1, Shannon index, and the abundance of Cyanobacteria, Aurantimicrobium, Bacteroides decreased with the decreasing dietary AX content. In contrast, the abundance of Proteobacteria, Actinobacteria, and Stenotrophomonas were increased in AX10 group compared to Con group.

Discussion and conclusion: These results suggest that high AX (10%) diets may reduce the chemical barrier, antioxidant function, and protein metabolism in rainbow trout, while also reducing intestinal microbiome α-diversity and retarding the colonization of beneficial bacteria.
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Highlights

• Excessive dietary arabinoxylan (10%) damaged the chemical barrier of rainbow trout.

• Dietary 10% arabinoxylan reduced the antioxidant function of rainbow trout.

• Excessive dietary arabinoxylan retarded the colonization of beneficial bacteria in rainbow trout.



1 Introduction

For decades, the rapidly expanding aquaculture industry has driven a sharp increase in the demand for fish meal, making it a significant constraint on fishery resources (1, 2). Consequently, it is necessary to identify alternative protein sources for aquatic feed to mitigate the reliance on fish meal (3). Recently, plant proteins have emerged as a sustainable alternative to fish meal in aquatic feed formulations (4, 5). However, the extensive inclusion of plant proteins in diets can result in high levels of antinutritional factors, including phytic acid, tannic acid, non-starch polysaccharides (NSPs), and soybean agglutinin, which are detrimental to the growth and health of fish (6). Arabinoxylan (AX), a major class of NSP found in various cereals such as wheat, barley, rice, and maize, presents a particular challenge (7). Numerous studies in monogastric animals, including fish, indicate that they struggle to break down and digest AX in feed due to the absence of the necessary enzymes in their gastrointestinal tracts (8). Furthermore, AX’s high water-binding capacity can increase the viscosity of chyme, hindering the binding of nutrients and digestive enzymes and affecting the digestion and absorption of nutrients in the intestine (9, 10). Additionally, AX slows down digestion and reduces oxygen utilization, potentially creating a favorable environment for the growth of anaerobic bacteria and certain pathogens (11). As such, the anti-nutritional effects of AX may arise from its impact on intestinal digestive enzymes and the structure of the microbial community.

Intestinal mucosal chemical barrier mainly refers to mucopolysaccharides, digestive enzymes, active factors, and gastrointestinal hormones secreted by mucous cells within the mucous layer, which are closely related to the physiological functions of fish (12, 13). It resists the invasion of external harmful substances through biochemical action and protects the stability of the intestinal environment (14). Among these, protease, amylase, and lipase are the most common digestive enzymes, which participate in the decomposition of proteins, carbohydrates, and lipids, respectively (15). Additionally, the main components of mucus are mucins, a variety of glycosylated proteins synthesized and secreted by goblet cells (16). Mucoprotein 2 (MUC2) is a major mucin that can isolate bacteria and intestinal epithelial cells through its continuous renewal and supplementation, thereby defending against bacteria invasion of the intestinal epithelial cells and playing a barrier function (17). Further, studies have shown that the synthesis and secretion of MUC2 are affected by microorganisms and their metabolites (18). The adjustment of the intestinal microbiota crucial for the growth and health of the host, as it may be involved in the animal’s immune system, nutrient digestion and absorption, vitamin synthesis, the production of short-chain fatty acids, and the control of pathogen growth (19, 20). However, the physiological effects of dietary AX on fish intestinal microbiota, whether beneficial or harmful, remain controversial (21). For example, AX extracted from Plantago asiatica has been shown to alleviate type 2 diabetes by modulating the gut microbiota and its metabolites, while AX from corn bran has been reported to alter the composition of the bacterial community and decrease α-diversity (21, 22). This discrepancy may be due to the differences in AX structure, which lead to varying physiological functions and impacts on gut microbiota. Unfortunately, there are limited studies that focus on these tissues in fish.

As a carnivorous fish, the rainbow trout (Oncorhynchus mykiss) has emerged as one of the primary cold-water fish species bred in China, with an annual output of 30,000 tons (23). Several previous studies have demonstrated the adverse effects of dietary NSPs, such as cellulose and guar gum, on the growth performance and digestibility of rainbow trout (24, 25). Furthermore, our previous research within our group has indicated that the inclusion of 2.5–10% AX in the diet increases intestinal mucosal permeability, triggers an intestinal inflammatory response, and consequently impairs the intestinal mucosal barrier function and growth performance of rainbow trout (26). However, to date, no studies have confirmed the impact of AX on the intestinal chemical barrier and microbial community structure in rainbow trout. Therefore, the primary objective of this study is to investigate the effects of AX on intestinal digestive enzymes, antioxidant activity, and microbial community structure in rainbow trout, with the aim of elucidating the mechanisms by which dietary AX modulates the intestinal microbiota to influence intestinal health in carnivorous fish.



2 Materials and methods


2.1 Experimental diets

The four isoproteic and isolipidic experimental diets were supplemented with 0, 2.5, 5 and 10% AX (Con, AX2.5, AX5 and AX10). In addition, 300 mg/kg arabinoxylanase (800,000 U/g) was supplemented in the Con diet (CAX). The ingredients and proximate composition of the experimental diet was shown in Table 1. The experimental ingredients were ground through a 320-μm mesh sieve. All ingredients were thoroughly mixed with soybean oil and soybean lecithin, and the mixture was pelleted by an experimental pellet feed mill (KS-180; Jiangsu Jingu Rice Mill Co., Ltd., Jiangsu, China) through a 1.5-mm diameter die. The moist pellets were dried at 40°C for about 12 h in room temperature, and then stored at −20°C until used (26).



TABLE 1 Ingredients and proximate composition of experimental diets (%, dry matter basis).
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2.2 Fish and experimental procedure

Rainbow trout (Oncorhynchus mykiss) obtained from a local commercial farm was acclimatized to the experimental conditions for 2 weeks before the start of the experiment. At the start of the feeding trial, healthy fish with similar sizes (initial average weight 3.14 ± 0.02 g) were distributed into 15 tanks (1.0 m × 0.7 m × 0.8 m) with 35 juveniles per tank. Each tank was then randomly assigned to one of three replicates of the five dietary treatments. Water was recirculated through biological and mechanical filters utilizing high-density polyester screens to remove particulate material and provide substrate for nitrifying bacteria. Fish were hand-fed to apparent satiation twice (07:00 and 17:00) daily for 9 weeks. During the feeding experiment, the water quality parameters were recorded as follows: temperature ranged from 16°C to 18°C, dissolved oxygen 7.8–9.2 mg/L, pH 6.7–7.7, total ammonia nitrogen 0.04–0.07 mg/L, and nitrite 0.02–0.04 mg/L.



2.3 Sample collection

At the end of the feeding trial, the fish were fasted for 24 h before harvesting. The experimental fish were anesthetized with eugenol (1:12,000; Shanghai Reagent Corporation, Shanghai, China) before sampling. A total of six fish per tank were randomly collected from each tank, and samples of plasma, liver, intestine, and intestinal mucosa were collected. Blood was collected from the caudal vein using a heparinised syringe and transferred into a heparinised tube. Plasma was recovered after centrifugation (4,000 g, 10 min) at 4°C and immediately stored at −80°C until analysis. The intestines of six fish per tank were quickly removed, then segmented into proximal (the section from the pyloric sphincter to the last pyloric cecum, PI), middle (the section distal to the most distal pyloric cecum and proximal to the increase in intestinal diameter, MI) and distal intestine (the section from the distal end of the MI to the anus, DI). The mucosa of PI, MI and DI were scraped from the serosa and stored frozen in liquid nitrogen and then stored at −80°C for subsequent determination. Another six fish were randomly collected from each tank for intestinal contents.

Dissections were performed on a low temperature sterile bench to avoid sample contamination. The whole intestinal contents of two fish in each cage were mixed to form a sample, collected in a 2-mL storage tube, and quickly frozen in liquid nitrogen and then transferred to −80°C for storage.



2.4 Chemical analysis


2.4.1 Proximate composition

The proximate composition of feed ingredients and experimental diets were subjected following standard methods of AOAC: dry matter by drying to constant weight at 105°C; crude protein (N × 6.25) by the regular Kjeldahl method; crude lipid by the Soxhlet method with ether extraction; ash by incineration at 550°C for 16 h; gross energy in a bomb calorimeter (Parr1351; Parr Instrument Co., Moline, IL, United States). The total arabinoxylan contents were determined by the colorimetric method (70). For dietary viscosity measurement, 10 g crushed samples were mixed with 40 mL of distilled water, incubated for 30 min at 28°C, and then centrifuged at 12,000 × g for 10 min. The viscosity of the supernatant was immediately measured by NDJ-8S digital viscometer (Shanghai Precision & Scientific Instrument Co., Ltd., Shanghai, China), absolute viscosity was expressed in centipoise (cP) at a shear rate of 750/s.



2.4.2 Intestinal mucosal chemical barrier-related parameters

The supernatant was obtained from the sample treated with reference to Deng et al. (26) as the enzyme source. The cholecystokinin (CCK) level in the foregut was measured using commercial ELISA kits for fish (Shanghai Enzyme Link Biotechnology Co., Ltd., Shanghai, China) according to the manufacturer’s protocols. Trypsin, lactase, maltase, sucrase, amylase and lysozyme activities were detected using commercial assay kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the manufacturer’s instructions (No. A080-2-2, No. A082-1-1, No. A082-3-1, No. A082-2-1, No. C016-1-1, No. A050-1-1). Specific enzyme activities were expressed as enzyme activity per gram soluble protein. The soluble protein content of extracts was determined according to Bradford (27).



2.4.3 MUC2 gene expression

Total RNA was extracted from intestinal (proximal, middle and distal) mucosa with RNAiso Plus (TaKaRa Biotechnology (Dalian) Co. Ltd., Dalian, China) (No. 9108), the concentration and integrity were determined by a nanophotometer (Nano Photometer NP80 Touch, Implen, Berlin, Germany) and 1.0% agarose gels. The qualified RNA samples were prepared to cDNA by an Evo M-MLV reverse transcription kit [TaKaRa Biotechnology (Dalian) Co. Ltd., Dalian, China] (No. 2680) and stored at −20°C for further use. The MUC2 qPCR primers (Table 2) were designed using Primer 5.0 software based on the gene sequences in GenBank. The 18s was selected as the internal standard. The degrees of gene expression were identified by RT-qPCR (Bio-Rad, Richmond, CA, United States). The expressions of the target genes were determined by the [image: image] method (28).



TABLE 2 Forward and reverse primers for real-time quantitative PCR.
[image: Table2]



2.4.4 Antioxidant-related parameters

Plasma, middle, distal intestinal mucosa glutathione (GSH), superoxide dismutase (SOD), catalase (CAT), glutathione S-transferase (GST), malondialdehyde (MDA) contents and plasma glutathione peroxidase (GSH-Px), middle, distal intestinal mucosa reactive oxygen species (ROS) contents were measured by commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) (No. A006-2-1, No. A001-3-2, No. A007-2-1, No. A004-1-1, No. A003-1-2, No. A007-2-1, No. E004-1-1). The protein content in the microsomes was assayed according to the method described by Bradford (27).



2.4.5 Protein metabolism-related parameters

The plasma and hepatic mammalian target of rapamycin (mTOR), glutamate dehydrogenase (GDH), adenosine monophosphate deaminase (AMPD) level and plasma growth hormone (GH), insulin growth factor-1 (IGF-1) level were measured using commercial ELISA kits for fish (Shanghai Enzyme Link Biotechnology Co., Ltd., Shanghai, China) according to the manufacturer’s protocols (No. ml001595, No. ml001447, No. ml261272, No. ml028539, No. ml025861). The aspartate aminotransferase (AST) and alanine aminotransferase (ALT) activities in plasma and hepatic were determined by using commercially available kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the manufacturer’s protocols (No. C010-1-1, No. C009-1-1).



2.4.6 Intestinal flora analysis

The fresh intestinal contents collected were transported to Beijing Novogene Bioinformation Technology Co., Ltd. (Beijing, China), and total DNA was extracted. The 16S rRNA gene comprising V3–V4 regions was amplified using common primer pair and the microbial diversity analysis was performed. Briefly, the raw sequences were first quality-controlled using QIIME with default parameters, then demultiplexed and clustered into species-level (97% similarity) operational taxonomic units (OTUs). Taxonomic annotation analysis was obtained and the community composition of each sample was counted at each classification level using the Mothur method and the SSUrRNA database of Silva. Strain alpha diversity analysis and beta diversity analysis were performed using QIIME. In addition, the Venn diagram was drawn based on the data processed by homogenization and LEfSe analysis was used to identify species with significant differences between the groups.




2.5 Statistical analysis

All data were analyzed using one-way ANOVA, followed by a Tukey’s multiple range test. The significance level was set to p < 0.05. Statistical analysis was carried out using the SPSS 16.0 (SPSS Inc., Chicago, IL, United States) for Windows.




3 Results


3.1 Intestinal mucosal chemical barrier

The activities of foregut trypsin and maltase generally decreased with increasing dietary AX content. Notably, the trypsin and CCK activities in the AX10 group was significantly lower than that in other groups (p < 0.05; Table 3), and the maltase activity in the AX10 group was significantly lower than in the CAX group. There were no significant differences in the activities of LZM, lactase, and sucrase in the foregut among the different diets.



TABLE 3 The chemical barrier-related parameters in the intestinal contents, foregut and proximal, middle and distal intestinal mucosa of rainbow trout fed diets with different arabinoxylan content.
[image: Table3]

Sucrase activity in the proximal intestinal mucosa exhibited a trend of initially increasing and then decreasing with increasing dietary AX content. The AX2.5 group showed the highest sucrase activity (p < 0.05; Table 3). There were no significant differences in the activities of trypsin, amylase, lactase, and maltase in the distal intestinal mucosa among the different diets.

The activities of amylase, maltase, and sucrase in the middle intestinal mucosa generally decreased with increasing dietary AX content. Particularly, the activities of amylase and sucrase in the Con group were significantly higher than those in the AX5 and AX10 groups (p < 0.05; Table 3). Maltase activity in the Con group was significantly higher than that in the AX2.5, AX5, and AX10 groups. No significant differences in the activities of trypsin and lactase were observed in the middle intestinal mucosa among the different diets.

Maltase activity in the distal intestinal mucosa of the Con group was significantly higher than that in the AX10 group (p < 0.05; Table 3). Lactase activity in the CAX group was significantly higher than that in the Con group. Conversely, sucrase activity in the CAX group was significantly lower than that in the C and AX2.5 groups. No significant differences in the trypsin and amylase activities of the distal intestinal mucosa were found among the different diets.



3.2 MUC2 gene expression

In the middle and distal intestinal mucosa, the mRNA expression levels of MUC2 decreased with the increasing dietary AX content (p < 0.05; Figure 1). The MUC2 mRNA level in the middle intestinal mucosa was significantly lower in fish fed the AX10 diet compared to those fed the CAX and Con diets. Similarly, the MUC2 mRNA level in the distal intestinal mucosa was significantly lower in fish fed the AX10 diet compared to those fed the other diets. However, no significant changes were found in the mRNA levels of MUC2 in the proximal intestinal mucosa (p > 0.05).

[image: Figure 1]

FIGURE 1
 The MUC2 (MUC2, mucoprotein 2) mRNA expression level in the proximal intestinal, middle intestinal and distal intestinal mucosa of rainbow trout fed diets with different arabinoxylan content. Values are means with their standard errors represented by vertical bars (n = 9). a,bBars with different superscripts are significantly different (p < 0.05).




3.3 Intestinal antioxidant capacity

Dietary inclusion of different levels of AX did not significantly affect the plasma SOD activity, middle intestinal mucosa GSH, GST, and ROS concentrations, or distal intestinal mucosa MDA and ROS concentrations (p > 0.05; Table 4). However, the plasma GSH, GST, and MDA concentrations in the AX10 group were significantly higher than those in the CAX and Con groups (p < 0.05). Conversely, the plasma CAT and GSH-Px concentrations in the AX10 group were significantly lower than those in the CAX and Con groups.



TABLE 4 The antioxidant function-related parameters in the plasma, and middle, distal intestinal of rainbow trout fed diets with different arabinoxylan content.
[image: Table4]

In the middle intestinal mucosa, the SOD activity in the AX10 group was significantly higher than that in the other groups (p < 0.05; Table 4). Similarly, the CAT activity in the AX10 group was significantly higher than that in the CAX and Con groups. However, the MDA content in the AX10 group was significantly higher than that in the Con group.

In the distal intestinal mucosa, the GSH, SOD, and GST activities in the AX10 group were significantly higher than those in the other groups (p < 0.05; Table 4). Similarly, the CAT activity in the AX10 group was significantly higher than that in the CAX, Con, and AX5 groups.



3.4 Protein metabolism-related parameters

Dietary inclusion of different levels of AX did not significantly affect plasma GH, GDH, and ALT activities (p > 0.05; Table 5). Plasma IGF-1 and mTOR concentrations in the AX10 group were significantly lower than those in the CAX and Con groups (p < 0.05). Conversely, plasma AMPD and AST concentrations in the AX10 group were significantly higher than those in the other groups.



TABLE 5 The protein metabolism-related parameters in the plasma and hepatic of rainbow trout fed diets with different arabinoxylan content.
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Dietary inclusion of different levels of AX did not significantly affect hepatic mTOR and AST activities (p > 0.05; Table 5). Hepatic AMPD concentration in the AX5 and AX10 groups was significantly lower than that in the Con group (p < 0.05). Similarly, hepatic GDH concentration in the AX5 and AX10 groups was significantly lower than that in the AX2.5 group. Conversely, hepatic ALT concentration in the AX10 group were significantly higher than that in the other groups.



3.5 Microbiota structure analysis and functional prediction

A total of 348,747 effective reads were derived from the stool samples, with an average of 69,749.46 reads per sample. Alpha diversity was expressed as the Chao1 index (Figure 2A) and the Shannon index (Figure 2B), which together reflected the richness and diversity of microbial communities. The Chao 1 index in the CAX group was significantly higher than that in the AX supplemental groups (AX2.5, AX5, and AX10) (p < 0.05). Additionally, the Shannon index in the Con and AX2.5 groups was significantly higher than that in the AX10 group (p < 0.05). Venn diagrams showed that the CAX, Con, AX2.5, AX5, and AX10 groups contained 409, 260, 76, 142, and 72 taxa in the OTUs, respectively (Figure 2C). Of all OTUs detected, 787 were commonly present in all five groups.

[image: Figure 2]

FIGURE 2
 The effect of AX on the gut microbial diversity and composition. (A) Chao 1 index. (B) Shannon index. (C) Venn analysis at OUT level of each group of samples. (D) Relative abundance of the bacterial phylum. (E) Ratio of Firmicutes to Bacteroidetes. Relative abundance of Proteobacteria (F), Actinobacteria (G), Cyanobacteria (H). (I) Relative abundance of bacteria in the top 10 genera. Relative abundance of Stenotrophomonas (J), Aurantimicrobium (K), Bacteroides (L). Values are means with their standard errors represented by vertical bars (n = 6). a,bBars with different superscripts are significantly different (p < 0.05).


At the phylum level, the gut microbiota was primarily dominated by Proteobacteria, Firmicutes, Tenericutes, and Bacteroidetes (Figure 2D). The results showed that supplementation of 10% AX in the diet significantly increased the ratio of Firmicutes to Bacteroidetes (F/B) (p > 0.05; Figure 2E). Similarly, the relative abundance of Proteobacteria was significantly increased in the AX10 group (p < 0.05; Figure 2F). The relative abundance of Actinobacteria in the AX2.5 group was significantly higher than that in the Con and AX10 groups (p < 0.05; Figure 2G). In addition, the relative abundance of Cyanobacteria decreased as the dietary AX content increased (p < 0.05; Figure 2H).

At the genus level, the gut microbiota was primarily dominated by Stenotrophomonas, Megamonas, and Mycoplasma (Figure 2I). In addition, the abundance of Stenotrophomonas was significantly lower in the AX2.5 group compared to the AX10 group (p < 0.05; Figure 2J). Similarly, the abundance of Aurantimicrobium was significantly higher in the AX5 group than that in the AX10 group (p < 0.05; Figure 2K). The abundance of Bacteroides was significantly higher in the AX2.5 group than that in both the AX5 and AX10 groups (p < 0.05; Figure 2L).

The Tax4Fun tool was used to predict the function of the intestinal flora based on the analysis of effective reads (29), with the results presented in Figure 3A. Further, the cluster analysis more intuitively shows the changes in intestinal flora function (Figure 3B).

[image: Figure 3]

FIGURE 3
 The function prediction of intestinal flora in rainbow trout fed with different AX diets. The predicted results of intestinal flora function are shown in (A), and the clustering heatmap can more intuitively show the changes in intestinal flora function (B).





4 Discussion

This study aimed to investigate the effects of different levels of AX on the intestinal chemical barrier, antioxidant activity and microbial community structure of rainbow trout. The intestinal mucosal chemical barrier mainly refers to mucopolysaccharides, digestive enzymes, active factors, and gastrointestinal hormones secreted by mucous cells within the mucous layer, which are closely related to the physiological functions of fish (12, 13). Moreover, the intestine of fish is a complete organ that secretes digestive enzymes, which plays an indispensable role in digesting feed and absorbing nutrients (15, 30). Several reports have shown that the activity of digestive enzymes in fish intestines decreased from the proximal to the distal end (31). A similar downward trend in trypsin, lactase, and maltase activities was observed in rainbow trout, whereas no such tendency were found for amylase and sucrase activities in this study. Moreover, the results of this investigation showed that the activities of trypsin and maltase in the foregut were significantly decreased when supplemented with 10%AX, suggesting that excessive dietary AX could reduce fish digestion ability. Similarly, adding 16.8% soluble NSP to the diet significantly reduced the intestinal trypsin activity of rainbow trout (32). Moreover, it was also demonstrated that digestive enzymes activities were reduced in turbot fed high levels (5%) of soluble xylan (33). This indicated that higher levels of AX can create viscosity stress in the digesta, potentially damaging fish digestive organs and suppressing the secretion of digestive enzymes and other components (33, 34).

CCK is a widely distributed peptide in the gastrointestinal tract and central nervous system, which exhibits various physiological effects (35), including the stimulation of gallbladder contraction, gastric acid secretion, retardation of gastric emptying, and inhibition of energy intake (36). In this study, high dietary AX content (10%) significantly increased the foregut CCK concentration in rainbow trout, whereas no significant change was observed with low-dose dietary AX, suggesting that the effects of dietary AX on CCK secretion are dose-dependent. Several reports in mammals have shown that high levels of CCK can significantly reduce dietary intake by suppressing appetite and increasing satiety (37, 38). Additionally, MUC2 is the primary gel-forming and most abundant mucin in the intestine. It isolates bacteria and epithelial cells through its continuous renewal and secretion (17, 39). Furthermore, some studies have linked dietary intake of NSP to mucin concentrations in the gastrointestinal tract. For instance, the dietary addition of fiber or carboxymethyl cellulose increased ileal viscosity and mucin concentration in piglets (25), and dietary xylan at a concentration of 5% increased the expression of MUC2 in the turbot intestine (40). However, excessive dietary AX (10%) significantly decreased the mRNA expression levels of MUC2 in the middle and distal intestinal mucosa, while no significant change was observed with low-dose dietary AX (2.5–5%) in this study. These discordant findings may be attributed to differences in NSP species, as well as the structure and content of AX. These phenomena suggest that the poor growth of fish associated with a high AX diet may be related to the inhibitory effect of dietary AX on the intestinal chemical barrier.

It is well-known that antioxidant capacity encompasses enzymatic antioxidant activities (SOD, CAT, POD, GSH-Px) and non-enzymatic antioxidant contents (e.g., MDA) (41). Enzymatic antioxidants represent the body’s first line of defense against free radicals, while MDA is the final decomposition product of membrane lipid peroxidation and its levels can reflect the extent of stress-induced damage in fish (42). In the current study, we observed that the activities of GSH-Px, SOD, and CAT in the plasma of the 10% AX group decreased, and the MDA content increased, suggesting that dietary excessive AX induced oxidative stress in rainbow trout, leading to severe oxidative damage within the body. Similarly, soluble NSP has also been shown to induce oxidative stress in largemouth bass (43), rainbow trout (32), and tilapia (44). Furthermore, the activities of SOD and CAT in the middle and distal intestinal mucosa of the 10% AX group increased in our research, which may be attributed to the protective response of the intestinal against oxidative stress.

Furthermore, efficient protein synthesis requires the sufficient availability of all essential amino acids, and an imbalance in amino acids can result in decreased protein synthesis and increased protein degradation (45). Among these mechanisms, protein synthesis is dependent on insulin/IGF-1, TOR, and degradation on the ubiquitin-proteasome pathways, respectively (46). Additionally, when hepatocytes are severely necrotic or cell membrane permeability is increased, the content of AST/ALT distributed within hepatocytes rises, leading to elevated serum AST/ALT (47). Hence, the activities of IGF-1, mTOR, MAPD, GDH, AST, and ALT are considered critical markers for protein utilization and/or ammonia excretion (42). In this study, dietary excessive AX supplementation significantly reduced the levels of the protein synthesis indices mTOR and IGF-1 in rainbow trout plasma, while the content of the protein degradation index AMPD was significantly increased. This indicates that dietary excessive AX promotes protein decomposition and inhibits synthesis in rainbow trout, which would negatively impact growth performance. Furthermore, the AX10 group significantly increased plasma AST activity, suggesting that excessive AX caused liver function impairment in rainbow trout. Similarly, the inclusion of other soluble NSP in diets can also lead to liver function damage (32). For instance, dietary addition of 6% carboxymethyl cellulose severely damaged the liver in largemouth bass (43), and dietary addition of 15% pectin also severely damaged the liver in yellow catfish (48).

The intestinal is an important organ that has a huge surface area and allows for important interactions with microorganisms living within the intestine, known as the gut microbiome (19, 49). Additionally, the fish intestinal microbiome plays a crucial role in maintaining intestinal health, promoting intestinal development, resisting pathogen invasion, and facilitating nutrient digestion and absorption as well as lipid metabolism (40, 50, 51). Moreover, the formation and establishment of fish intestinal flora is complex, influenced by bacteria in dietary components and water environment (52, 53). Recently, the relationship between dietary NSP and the intestinal microbiome has garnered significant attention (54). In the present study, dietary supplementation with AX dramatically altered the Chao 1 and Shannon indices. More specifically, these indexes decreased with the increase of dietary AX content, and these were lowest in fish fed AX10 diet. In all the studies reviewed here, the Chao 1 and Shannon indices are used to reflect the richness and diversity of microbial communities (55). Healthy gut function requires microbial diversity, and a loss of diversity is associated with an increased risk of disease (49). Thus, these results suggest that excessive dietary AX tended to decrease the α-diversity of the intestinal flora in rainbow trout, also indicating that excessive dietary AX is unfavourable for intestinal flora homeostasis.

Dietary supplementation with AX significantly altered the intestinal microbial species abundance in rainbow trout. The dominant phylum groups of the intestinal flora were Proteobacteria, Firmicutes, Tenericutes, and Bacteroidetes, which was consistent with the findings of other studies on rainbow trout (56). This suggests that these phyla may constitute the core flora of rainbow trout. Although the addition of AX did not change the dominant phylum species in rainbow trout, it significantly altered the abundance of these dominant phyla. The ratio of Firmicutes/Bacteroidetes is widely considered to have an important effect on the maintenance of normal intestinal homeostasis, these varieties marked an ecological imbalance, which rised usually associated with obesity and reduced associated with inflammatory bowel disease (57). In the present study, the ratio of Firmicutes/Bacteroidetes was increased in the AX10 group. This indicates that dietary excessive AX may cause changes in the physiological function of the intestinal flora. Previous research has shown that Proteobacteria is a phylum sensitive to dietary intake and includes many pathogens (58), such as Escherichia coli and Vibrio cholerae, which have been recognized as potential markers of biological disorders and disease risk (59). Meanwhile, Actinomycete is a group of Gram-positive bacteria that produce bioactive secondary metabolites, which reduce the pathogenicity of pathogens (60). In addition, some studies have shown that Actinomycetes can reflect intestinal health to a certain extent, with higher abundance of Actinomycetes with better intestinal health (61). Furthermore, Cyanobacteria in the ocean are known for their nitrogen-fixing ability and production of antibacterial and antiviral natural products (62). In the present study, dietary excessive AX (10%) significantly increased the abundance of Proteobacteria, while the abundance of Actinobacteria and Cyanobacteria were decreased in the AX10 group. These findings indicate that dietary excessive AX could lead to an disorders in the structure of the rainbow trout intestinal flora.

Further research revealed that Stenotrophomonas, Megamonas, and Mycoplasma were the dominant genera in the intestine of rainbow trout across all groups in this study. Stenotrophomonas is a Gram-negative bacterium, with Stenotrophomonas maltophilia being an opportunistic pathogen that poses a high risk of morbidity and mortality in humans with compromised immune systems (63). In recent years, there have been reports both domestically and internationally of this bacterium causing illness or death in various mammals (64), and it has been identified in African catfish (65), channel catfish (66), and the West African dwarf crocodile (67). In this study, dietary supplementation with excessive AX (10%) significantly increased the abundance of Stenotrophomonas, which may help to explain the observed significant increase in the abundance of Proteobacteria in the AX10 group. Furthermore, dietary supplementation with excessive AX at 5 and 10% levels significantly decreased the abundance of Bacteroides. Bacteroides are capable of not only degrading feed proteins but also participating in carbohydrate metabolism and producing short-chain fatty acids (68), which not only provide energy for the host but also play a crucial role in mitigating the adverse effects of intestinal pathogens on host metabolism (69). The reduction in the abundance of Bacteroides may be one of the factors contributing to AX-induced enteritis in rainbow trout; however, this hypothesis requires further investigation (26). Collectively, these findings suggest that excessive AX (10%) may lead to an increase in the abundance of pathogenic microorganisms and a decrease in the abundance of beneficial bacteria, which is detrimental to the nutritional metabolism of rainbow trout.



5 Conclusion

The present results suggest that dietary low-dose arabinoxylan (<5%) had no significant negative effects on the intestinal chemical barrier and microbial community structure of rainbow trout. However, excessive dietary arabinoxylan (10%) exerted adverse effects on the intestinal chemical barrier by reducing intestinal digestive enzyme activities and MUC2 gene expression, as well as simultaneous alterations in the abundance of Proteobacteria, Actinomycete, Cyanobacteria, and Stenotrophomonas, Bacteroides, which are associated with intestinal diseases. Furthermore, dietary 10% arabinoxylan also reduced the antioxidant function and protein metabolism of rainbow trout. Therefore, this study not only supplements and perfects the antinutritional mechanism of AX but also allows for the adjustment of the rainbow trout feed formula based on the results of this study, achieving efficient utilization of plant-based feed ingredients.
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Fish meal' 50.00 50.00 50.00 50.00 50.00
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Soybean meal' 550 550 550 550 550
Corn gluten meal' 300 300 300 300 300
Wheat starch 2112 2115 18.65 1615 115
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Proximate composition
Dry matter (DM, %) 9447 9452 9393 93.08 9348
Crude protein (% DM) 4055 4042 4027 4062 4037
Crude lipid (% DM) 17.13 17.05 17.15 17.15 7.
Ash (% DM) 1415 1435 1444 1437 1433
Total energy (MJ/kg DM) 2044 2034 2071 2059 2050
Soluble arabinoxylan (% DM) 037 039 282 511 987
Total arabinoxylan (% DM) 110 L2 357 588 1062
Viscosity (cP) 12.00 12.00 1250 13.00 1400

‘Supplied by Yunnan Xinhaifeng Food Co., Ltd. (Kunming, China): fish meal, crude protein, 67.59%, crude lipid, 7.72%; rapeseed meal, crude protein, 36.63%, crude lipid, 11.64%; soybean
meal, crude protein, 46.27%, crude lipi, 0.73%; corn gluten meal, crude protein, 67.63%, crude lipid, 1.55%.

‘Supplied by Kunming Saijie Biotechnology Co. Ltd. (Kunming, China).

‘Supplied by Guangdong VTR Bio-Tech Co, Ltd. (Zhuhai, China).

“Vitamin and mineral premix were supplied by Kunming Tongwei Co., Ltd. (Kunming, China). Vitamins premix (g kg-"):
vit. B2, 11; vit. B6, 8 vt. BI2, 0.02; vit. , 50; folic acid, ; biotin, 0.1; niacin, 30; calcium panate, 32 Inositol, 25, Mineral mixture (g k
ZnSO,H;0, 180; CuSO,5H;0, 25; NaiSe0,, 0.01; MnSO,H20, 180; CoCly6H.0, 0.75.

‘Others including soybean lecithin, 0.5%; Ca(H.PO,),, 1.0% L-ascorbate-2-polyphosphate (35%), 0.02%; ethoxyquin (30%), 0.03%; choline chloride (50%), 0.3%.
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