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This study aimed to evaluate the effects of soluble and insoluble non-starch polysaccharides (NSPs) on growth performance, digestive enzyme activity, antioxidant capacity, and intestinal flora of juvenile GIFT tilapia (Oreochromis niloticus). Four isonitrogenous and isolipidic experimental diets were formulated, including the FM diet (0% NSPs, FM), INSP diet (5.8% insoluble NSPs, INSP), SNSP diet (12.2% soluble NSPs, SNSP), and NSP diet (5.8% INSP and 12.2% SNSP, NSPs). Each diet was fed to triplicate groups of 40 fish (2.14 ± 0.04 g) per repetition for 10 weeks. Results showed that dietary supplementation with different types of NSPs significantly affected the digestive enzyme activity, antioxidant capacity, and intestinal flora of juvenile GIFT tilapia. Specifically, dietary supplementation with INSP significantly increased pepsin and intestinal lipase activity, while dietary supplementation with SNSP significantly decreased intestinal lipase activity and resulted in a significant decrease in plasma catalase, glutathione peroxidase, and total antioxidant capacity activity. Meanwhile, dietary supplementation with SNSP significantly increased the concentration of urea nitrogen and high-density lipoprotein cholesterol in plasma and alanine aminotransferase activity in plasma and hepatic. Moreover, LEfSe analysis showed that dietary supplementation with SNSP significantly increased the abundance of Bacteroidales, Bacteroidia, and Cellulosilyticum, while dietary supplementation with NSPs significantly decreased the abundance of Mycobacteriaceae, Mycobacterium_neoaurum, Corynebacteriales, and Mycobacterium. These results suggest that dietary INSP is an inert ingredient with limited effect, while dietary SNSP inhabited antioxidant capacity, induced liver damage, and altered the abundance of anaerobic/aerobic bacteria in the intestine of GIFT tilapia.
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Introduction

Fish meal (FM) is widely used in aquafeed production as an ideal protein source due to its good palatability and high nutrition value (FAO, 2014; Deng et al., 2017). In recent years, the limited supply of FM has made it increasingly expensive (Zhang et al., 2019), leading to a rapid increase in aquafeed production costs. Feed inputs have been reported to account for more than 50% of production costs in intensive aquaculture, which severely limits aquaculture development (Medard et al., 2018; Yannis et al., 2018). Hence, it is essential to find suitable protein sources to replace FM for the sustainable development of aquaculture (Li et al., 2006; Tacon et al., 2010; Altan and Korkut, 2011). Currently, conventional plant protein sources (PPS) have become the main alternative sources of FM with the advantages of relatively abundant supplementation, lower price, and stable quality (Deng et al., 2015; Zhang et al., 2018). However, PPS has an unbalanced amino acid profile, lacks essential nutrients, and carries anti-nutritional factors (ANFs) (Lee et al., 2010; Gao et al., 2018), making it extremely difficult to guarantee the normal growth and health of fish when FM is largely or completely replaced by PPS (Sales, 2009; Collins et al., 2013). Several studies have confirmed that ANFs disrupt intestine and liver morphology and function, upregulate inflammation-related gene expression, alter intestinal flora structure, and ultimately reduce fish feeding rate, nutrient digestibility, feed conversion rate, and growth performance (Merrifield et al., 2009; Mansfield et al., 2010; Gao et al., 2011; Król et al., 2016) Also, an excessive addition level of PPS even induced enteritis in fish (Refstie et al., 2000; He et al., 2020). Hence, ANFs are considered as the main factors restricting the use of PPS in aquafeed (Collins et al., 2013; Azeredo et al., 2017).

As the main components of plant cell walls, non-starch polysaccharides (NSPs) are highly abundant in PPS (Ma et al., 2017), which reach 10-70% of plant ingredients (varies with plant species) (Choct, 2015). Consequently, increasing the use of PPS ultimately significantly increases the content of NSPs in aquafeed (Deng et al., 2021). NSPs are indigestible carbohydrates for fish due to the scarcity or absence of endogenous NSPs-degrading enzymes in monogastric animals (including fish) (Kuz Mina, 1996), and thus NSPs are generally considered as a low- or non-nutritional feed ingredient for fish (Sinha et al., 2011). Indeed, although some components of NSPs have been observed to have beneficial effects on fish [e.g., β-glucan enhancing non-specific cellular defense mechanisms and reducing inflammation on fish (Kumar et al., 2005; Suchecka et al., 2015)], dietary NSPs are still generally considered to be one of the major anti-nutritional components of the fish diets. As previous studies reported, dietary NSPs tend to reduce the absorption of feed nutrients (Amirkolaie et al., 2005; Kraugerud et al., 2007; Glencross, 2009; Lekva et al., 2010; Glencross et al., 2012), and dietary inclusion of a high level of NSPs even causes liver lesions in fish (Ren et al., 2020). Specifically, NSPs can be divided into insoluble NSPs (INSP) and soluble NSPs (SNSP) according to solubility in neutral buffer. INSP is mainly cellulose, while SNSP consists of a range of hemicelluloses including arabinoxylan, β-glucan, mannans, and pectin, which have different physicochemical properties and thus produce different effects on fish (Dalsgaard et al., 2016; Deng et al., 2021). At present, limited studies have been conducted to evaluate the differential effects of dietary INSP and SNSP on fish (Glencross et al., 2012).

GIFT tilapia (Genetic improvement of farmed tilapia, Oreochromis niloticus), which is considered one of the most important aquaculture species in China, is widely cultivated due to its enormous advantages, such as fast growth, strong disease resistance and delicious meat quality (Jiang et al., 2014; Deng et al., 2020). As a typical omnivorous fish, tilapia has a high capacity to utilize dietary carbohydrates (Wilson, 1994). The digestibility of dietary NSPs ranging from 2.8% to 73% in tilapia, with an average of 24.3% (Amirkolaie et al., 2005; Haidar et al., 2016; Maas et al., 2020). Previous studies have focused on the effects of different NSP types on nutrient digestibility (Amirkolaie et al., 2005; Leenhouwers et al., 2007), while limited studies have been conducted to evaluate the effects of different NSP types on the physiology and intestinal flora of tilapia. Intestinal flora is an integral part of the organism (Bi et al., 2015), which extensively participates in the physiological processes of fish, including food digestion and absorption, nutrient metabolism, and immunity response (Dan et al., 2021). The structure and function of intestinal flora are influenced by dietary components (Du et al., 2018). NSPs are quantitatively the most important substrates for intestinal flora (Macfarlane and Macfarlane, 2002), which alters the structure and function of intestinal flora (Sinha et al., 2011). Several studies have confirmed that different dietary NSP sources have different effects on the intestinal flora of pigs, due to the different INSP/SNSP ratio of different dietary NSPs sources (Chen et al., 2013; Chen et al., 2014). This phenomenon may be associated with the inconsistent effects of dietary INSP and SNSP on the intestinal flora (Yang et al., 2020). However, studies on the effects of different types of NSPs on intestinal flora in fish are still lacking. Thus, this study evaluated the effects of different NSP types on growth performance, digestive enzyme activity, antioxidant capacity, and intestinal flora of juvenile GIFT tilapia.



Materials and Methods


Experimental Diets

Fish meal was used as the primary protein source and soybean oil and soybean lecithin were the primary lipid sources used to prepare the basic feed (control diet, FM). By adding different types of NSPs to basic feed, four experimental diets were formulated to contain NSP levels of 0% NSPs, 5.8% INSP (cellulose), 12.2% SNSP (including 3.48% arabinoxylan, 0.82% β-glucan, 0.94% mannan and 6.96% pectin), and 18.0% NSPs (5.8% INSP and 12.2% SNSP), respectively. The inclusion levels of different types of NSPs were referred to in previous reports (Deng et al., 2021), based on their contents present in wheat bran and soybean meal as the sole protein and carbohydrate source for GIFT tilapia.

Each diet ingredient was ground into powder and passed through a 300-μm mesh (SFSP series, produced by Kunming Huaming grain, oil and feed equipment factory, Yunnan, China). Soybean lecithin was first dissolved in soybean oil (mixed oil), then mixed with each ingredient evenly, and then 30% pure water was added to produce a stiff dough. The dough was pelleted using an extruder (KS-18, Produced by Jiangsu Jinggu rice machine Co. Ltd, Yunnan, China) through a 1.0-mm die. The moist pellets were dried at 40°C for 12 h, and then stored at -20°C until used. The formulation and proximate composition of experimental diets are shown in Table 1 and the amino acid profiles of experimental diets are shown in Supplementary Table 1.


Table 1 | Formulation and proximate composition of the experimental diets for GIFT tilapia.





Fish, Facilities, and Breeding Trials

Juvenile GIFT tilapias were obtained from the Yunnan Xishuangbanna Aquatic Technology Promotion Station (Yunnan, China), and the experiment was completed in the aquaculture laboratory of Yunnan Agriculture University. Juvenile GIFT tilapia were placed in a net cage (0.9 m * 0.9 m * 1.0 m) and fed twice daily (08:00 and 17:00) with a commercial feed (provided by Tongwei Co. Ltd, China) for 2 weeks to acclimatize to the new cultural environment. Tilapias were fasted 24 h after 2 weeks of acclimatization, then weighed and grouped. A total of 480 healthy juvenile tilapia with uniform size (2.14 ± 0.04 g) were selected and randomly assigned to 12 net cages with 40 fish per cage (all net cages are placed in the same cement pond with a circulating water system and the culture water used was tap water with a flow rate of 100 L/min after aeration and dichlorination).The culture experiments lasted 10 weeks and were conducted under natural photoperiod (14 h light/10 h dark at the end of July and 12 h light/12 h dark at the beginning of October). The water temperature was maintained at 28 ± 1°C with NH4+-N < 0.02 mg/L and dissolved oxygen >5 mg/L. The test fish were fed twice daily (08:00 and 17:00) to apparent satiation and the feed consumption of each net cage was recorded during the experiment period.



Sample Collection

After the breeding experiment, fish were fasted for 24 h before collecting samples. The total number and weight of tilapia in each cage were checked and recorded to calculate weight gain rate (WGR), daily growth coefficient (DGC), metabolic body weight (MBW), feed intake (FI), feed conversion rate (FCR), and protein efficiency ratio (PER).

After counting and weighing, fish were anesthetized with eugenol (1: 12000, Macklin, Shanghai, China) and then randomly selected for sampling. Five fish were taken from each cage, stored at -20°C for measure the proximate composition of the whole-body. The dorsal muscles of another three fish were taken from each cage and placed in sealed bags, stored at -20°C immediately for amino acid profiles analysis. Blood from the tail vein of ten fish per cage was half drawn with a 1-ml pretreated syringe (moistened by heparin sodium) and the rest drawn using a normal 1-ml syringe. Blood drawn by pretreated syringe were collected in heparin sodium anti-coagulation centrifuge tubes and stored at 4°C for 3 h and centrifuged at 4000 rpm/min for 10 min to obtain plasma samples, while blood drawn by normal syringe was transferred to 1.5 mL Eppendorf tubes and stored at 4°C for 12 h, and then centrifuged at 3000 rpm/min for 10 min at 4°C to prepare serum samples. Both plasma and serum samples were stored at -80°C immediately for subsequent analysis. Another four fish per cage were dissected, and the liver, stomach, and intestine were harvested and stored at -80°C until used. Four fish were randomly selected after drawing blood and sterile dissected and the hindgut was quickly gathered to avoid pollution. Four mixed samples were prepared in each group, with each mixed sample consisting of three separate hindguts (one fish per tank in the same group was provided). The mixed samples were quickly frozen in the liquid nitrogen tank and transferred to an ultra-low-temperature refrigerator immediately, stored at -80°C for subsequent analysis.



Sample Analysis Strategy


Proximate Composition Analysis

The proximate composition of experimental diets and whole-body were analyzed by using the standard of AOAC (AOAC, 2005). The sample was dried to a constant weight at 105°C to determine moisture content and combusted at 550°C for 6 h to determine the ash content. The crude protein content was determined using the Kjeldahl method (N*6.25), the crude lipid content was estimated using the chloroform-methanol method. Starch + sugar in each experimental diets was determined by an enzymatic digestion method according to a previous study (Staessen et al., 2020).



Amino Acid Profiles of Diets and Muscles

The amino acid profiles of diets and muscles were measured by an automatic amino acid analyzer (Hitachi L-8800, Japan). All samples were freeze-dried at low temperature and the weight of each tested sample was in the range of 50 to 200 mg (accuracy is 0.01mg). The contents of amino acids were analyzed after the sample being hydrolyzed with HCl (6 mol/L) at 110°C for 24 h.



Biochemical Indicators

The content of total amino acids (TAA), total protein (TP), blood urea nitrogen (BUN), ammonia nitrogen (AN) and malondialdehyde (MDA), and the activity of γ-glutamyl transferase (GGT), alanine aminotransferase (ALT), aspartate aminotransferase (AST), superoxide dismutase (SOD), catalase (CAT), peroxidase (POD), glutathione peroxidase (GPx), and total antioxidant capacity (TAC) in plasma were measured by commercially available kits (Nanjing Jiancheng Bioengineering Institute Co. Ltd, Nanjing, China). Hepatic GGT, ALT, AST, SOD, CAT, POD, GPx activity, and MDA content were measured following the method used in plasma. The contents of total cholesterol (TC), free cholesterol (FC), cholesterol ester (CE), low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C) and triglyceride (TG) were also measured using commercially available kits (Nanjing Jiancheng Bioengineering Institute Co. Ltd, Nanjing, China). The protein concentration of tissue samples (stomach, intestine, liver) was also determined using commercially available kits (Nanjing Jiancheng Bioengineering Institute Co. Ltd, Nanjing, China). Sample processing, reagent preparation, and determination processes were performed in strict accordance with the methods provided in the kit instructions.



Intestinal Flora Analysis

Intestinal flora DNA was extracted using the SDS method. The DNA samples that passed the quality test were used for further amplification and sequencing. The V3-V4 region of the 16S rRNA gene was amplified using universal primers 27F (5’-AGAGTTTGATCCTGGCTCAG-3’) and 1492R (5’-GGTTACCTTGTTACGACTT-3’). The detection and recovery of PCR products were performed by 0.2% agarose gel electrophoresis and MinElute Gel Extraction Kit (Qiagen, Germany), respectively. The prepared library was sequenced on the Hiseq2500 PE250 pla-tform (Illumina, USA). After removing barcodes and primers, FLASH was used to splice the reads of each sample to obtain the original data tags (raw Tags). The quality control of raw tags was carried out with reference to the QIIME tags quality control standard. Raw Tags were truncated at the first low mass base site where the base number of continuous low-quality values (default quality threshold ≤ 19) reached the set length (the default length value 3). In addition, tags with consecutive high-quality bases less than 75% of the tag length were excluded from further analysis. USEARCH 7.0 software was used to remove the chimeric sequence and the final effective tags were obtained for further analysis.

All effective tags of all samples were clustered and the sequences were clustered into Operational Taxonomic Units (OTUs) with 97% consistency by default using Uparse software. 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. QIIME was used to calculate α-diversity and R software was used to perform PCA analysis, species accumulation boxplot, rarefaction curve, and difference significance analysis of inter-group community structure. 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.



Calculations and Statistical Analysis

Growth performance and feed utilization were calculated by the following formulas:

	

	

	

	

	

	

Where Wi and Wt (g) are mean initial and final body weight of the experimental fish, respectively; Wf and Wp (Wf * crude protein content of the diets, g) are mean dry feed and protein intake of the experimental fish, respectively; t represents the duration of the feeding experiment (days). All data are shown as means ± standard error of measurement (Means ± SEM) and analyzed by SPSS (v20.0) software (Chicago, IL, USA) for one-way variance (ANOVA). P < 0.05 indicates a significant difference between the groups, and in this case, Tukey’s HSD test was used for multiple comparison analysis.





Results


Growth Performance and Feed Utilization

Dietary supplementation with different types of NSPs had no significant effect on the WGR, DGC, FI, FCR, and PER of GIFT tilapia (P > 0.05; Table 2).


Table 2 | Growth performance and feed utilization of GIFT tilapia fed diets with different types of non-starch polysaccharides.





Digestive Enzyme Activity

Dietary supplementation with different types of NSPs significantly increased the pepsin activity of tilapias (P < 0.05). In addition, dietary supplementation with INSP significantly increased intestinal lipase activity, while dietary supplementation with SNSP significantly decreased intestinal lipase activity (P < 0.05; Table 3).


Table 3 | Digestive enzyme activities in GIFT tilapias fed diets with different types of non-starch polysaccharides.





Serum Lipoprotein Contents

Dietary supplementation with different types of NSPs had no significant effect on serum TC, TAG, LDL-C, FC, CE contents, and LDL-C/HDL-C, FC/TC ratio (P > 0.05) and dietary supplementation with SNSP significantly increased serum HDL-C content (P < 0.05; Table 4).


Table 4 | Serum lipoprotein profile of GIFT tilapia fed diets with different types of non-starch polysaccharides.





Plasma and Hepatic Biochemical Indicators

Dietary supplementation with different types of NSPs had no significant effect on plasma TP, TAA, AN contents, hepatic AST, and GGT activity (P > 0.05). Dietary supplementation with SNSP or 18.0% NSPs significantly increased plasma BUN content, plasma, and hepatic ALT activity (P < 0.05). Conversely, dietary supplementation with INSP significantly decreased hepatic ALT activity (P < 0.05; Table 5).


Table 5 | Protein metabolism-related parameters in GIFT tilapia fed diets with different types of non-starch polysaccharides.





Antioxidant Capacity

Dietary supplementation with different types of NSPs had no significant effect on plasma SOD, POD activity, and MDA content (P > 0.05) but significantly decreased plasma CAT activity (P < 0.05). Dietary supplementation with SNSP significantly decreased the activity of plasma GPx, TAC and hepatic SOD, CAT, POD, GPx and TAC, but dietary supplementation with INSP significantly increased hepatic CAT activity (P < 0.05). Moreover, dietary supplementation with 18.0% NSPs significantly decreased hepatic SOD and GPx activity (P < 0.05; Table 6).


Table 6 | Antioxidant capacity of GIFT tilapia fed diets with different types of non-starch polysaccharides.





Whole-Body Composition

Dietary supplementation with SNSP or 18.0% NSPs significantly decreased the crude protein and lipid content of the whole-body (P < 0.05). Moreover, dietary supplementation with 18.0% NSPs significantly increased the ash content of the whole-body (P < 0.05; Table 7).


Table 7 | The whole-body composition of GIFT tilapia fed diets with different types of non-starch polysaccharides.





Muscle Amino Acid Profiles

The contents of muscular histidine, methionine, phenylalanine, threonine, valine, glycine, tyrosine, proline, cysteine, and EAA/NEAA ratio were not significantly affected by the experimental diets (P > 0.05). Dietary supplementation with 18.0% NSPs significantly decreased the contents of muscular arginine (Arg), essential amino acids (EAA), glutamate (Glu), aspartate (Asp), serine (Ser), non-essential amino acids (NEAA), and total amino acids (TAA) (P < 0.05; Table 8).


Table 8 | Amino acids profiles (% dry matter) in the whole-body of GIFT tilapia fed diets with different types of non-starch polysaccharides.





Intestinal Flora

A total of 978,800 effective tags were obtained from 16 samples, with an average of 61,175 per sample. The species accumulation boxplot and rarefaction curve indicate that the number of samples and tags were sufficient to identify almost all microbial species (Figure 1). Meanwhile, the Good’s coverage indices of each sample was as high as 99%, which also indicated that the depth of sequencing was sufficient (Table 9). The Alpha diversity of intestinal flora was calculated by the Sobs, Shannon, Simpson, Chao1, ACE, and PD-whole-tree diversity indices and these results indicated that there was no significant difference in Alpha diversity of intestinal flora between groups (P > 0.05, Table 9). A total of 3,474 OTUs were obtained in all samples, of which 1,064 OTUs were shared with all four groups. The number of unique OTUs in the FM group, INSP group, SNSP group, and NSP group were 239, 262, 314, and 159, respectively (Figure 2).




Figure 1 | Determine whether the number of tags and samples in this study were sufficient for subsequent data analysis. (A) Rarefaction curves were constructed based on the amount of sequencing data extracted in this study and the corresponding number of species. (B) Species accumulation boxplot was used to describe the increasing trend of species diversity as the number of samples increased.




Table 9 | Effects of experimental diets on Alpha diversity of intestinal flora in GIFT tilapia.






Figure 2 | Venn diagram of OTUs in each group. Venn graph was drawn by analyzing the common and unique OTUs among different groups according to the results of OTU clustered analysis with 97% identification based on 16S rRNA sequencing data.



Intestinal flora composition analysis showed that Actinobacteria, Firmicutes, Planctomycetes, Proteobacteria, Fusobacteria, Chlamydiae, TM6, and Bacteroidetes were the dominant phyla in all groups (Figure 3A). In the FM group, the four dominant phyla were Firmicutes (16.83%), Proteobacteria (15.11%), Fusobacteria (12.99%), and TM6 (12.42%). In the SNSP group, the four dominant phyla were Proteobacteria (23.53%), Fusobacteria (19.96%), Actinobacteria (19.34%), and Firmicutes (16.27%). In the INSP group, Proteobacteria (22.58%) and Planctomycetes (15.87%) were the most abundant phyla, followed by Fusobacteria (14.94%) and Firmicutes (14.64%). In the NSP group, Firmicutes (39.56%), Proteobacteria (17.21%), Fusobacterium (9.78%), and Planctomycetes (7.96%) were the four dominant phyla.




Figure 3 | Microbial community structure of different groups. (A) Microbial community structure at the phylum level in different groups of FM, SNSP, INSP and NSP. (B) Microbial community structure at the genera level in different groups of FM, SNSP, INSP and NSP.



Intestinal flora community structure at the genus level in different groups is shown in Figure 3B. In the FM group, the four dominant genera were Cetobacterium (12.84%), Mycobacterium (6.78%), Pirellula (6.16%), and Alpinimonas (2.98%). While in the SNSP group, Cetobacterium (18.99%), Alpinimonas (12.49%), Bacteroides (5.18%), and Cellulosilytium (2.27%) were the most prevalent genera. In the INSP group, the four dominant genera were successively Cetobacterium (15.66%), Alpinimonas (8.14%), Bacteroides (6.84%), and Pirellula (5.54%). Turicibacter (15.62%), Cetobacterium (9.71%), Alpinimonas (6.00%), and Pirellula (4.92%) were the most abundant genera in the NSP group. Moreover, the heatmap presented the flora distribution at the genus level in different groups more intuitively (Supplementary Figure 1).

Anosim inter-group difference analysis showed that there were significant differences in the community structure between the FM group and the SNSP group (P < 0.05, Table 10). LEfSe analysis results showed that the abundance of Bacteroidales, Bacteroidia, and Cellulosilyticum in the SNSP group were significantly higher than that in the FM group (P < 0.05, Figure 4A), and the abundance of Mycobacteriaceae, Mycobacterium_neoaurum, Corynebacteriales, and Mycobacterium in the FM group were significantly higher than that in the NSP groups (P < 0.05, Figure 4B).


Table 10 | Inter-group differences of community structure based on Anosim method.






Figure 4 | LEfSe analysis of intestine microbial compositions among different groups. (FM, SNSP, INSP and NSP). Significant differences (LDA score ≥ 2, P < 0.05) between FM and SNSP (A), FM and NSP, (B). There was no significant difference between the other groups (P > 0.05).






Discussion

Fish have limited tolerance to dietary fiber, which at a low level (30-50 g/kg), improves fish growth (Zhou et al., 2005; Altan and Korkut, 2011) but excessive dietary fiber content inhibits fish digestion and absorption of feed nutrients (Watanabe et al., 1994). In addition, the effect of dietary fiber on fish is related to the fiber type (Adorian et al., 2016; Goulart et al., 2017). (Amirkolaie et al., 2005) reported that dietary supplementation with 8% INSP (cellulose) had non negative effects on Nile tilapia (Oreochromis niloticus L), while dietary supplementation with 8% SNSP (guar gum) significantly reduced the growth and feed conversion rate on Nile tilapia. However, dietary supplementation with different types of NSPs (5.8% INSP, 12.2% SNSP, and 18.0% NSPs) had no significant effects on the growth and FCR of GIFT tilapia in this study. These results indicate that the antinutritional effect of dietary SNSP is closely related to its composition.

Digestive enzymes could effectively metabolize proteins, lipids, and carbohydrates (Zokaeifar et al., 2012) and their activities are closely related to the characteristic and quantity of feed nutrients (Zhang et al., 2021). The significant increase of pepsin and intestinal lipase activity in the INSP group may be related to the physicochemical properties (e.g., insolubility, water absorption) of INSP and dietary INSP expanded the digesta, thereby increasing the contact area between digestive enzymes and substrates, leading to an increase in digestive activity (Li et al., 2017). While dietary SNSP form a high-viscosity environment in the digestive tract and provide a high-quality reproduction condition for microorganisms, these microorganisms produce a large amount of short-chain fatty acid through a fermentation process that lowers the pH of the digestive tract (Engberg et al., 2009; Niba et al., 2009), and thus participated in the regulation of digestive enzyme activity, which may explain the pepsin activity significant increase in SNSP and NSP groups. However, digestive enzymes activity may also be decreased by complexation with NSPs or by the encapsulation of substrates by NSPs (Sinha et al., 2011), which may explain the significant decrease in intestinal lipase activity in the SNSP group. Similarly, dietary supplementation with 16.8% SNSP significantly decreased the intestinal trypsin activity of rainbow trout (Deng et al., 2021). Moreover, considering that dietary supplementation with 18.0% NSPs (5.8% INSP + 12.2% SNSP) had no significant effect on intestinal lipase activity of GIFT tilapia in this study, this phenomenon also indicated that dietary INSP was able to mitigate the adverse effects on digestive enzymes activities of dietary SNSP.

ALT, AST, and GGT are enzymes involved in amino acid metabolism which are mainly distributed in hepatocytes and released into the blood when hepatocytes are damaged. Therefore, the activity of ALT, AST, and GGT in plasma can effectively reflect the status of liver function (Habte-Tsion et al., 2015; Hanim et al., 2015; Talaveron et al., 2019). In this study, dietary supplementation with SNSP significantly increased plasma ALT activity, indicating that dietary SNSP induced liver function impairment in GIFT tilapia. Similarly, largemouth bass (Micropterus salmoides) suffered severe liver damage with dietary supplementation of 6% SNSP (carboxymethyl cellulose) (Shi et al., 2019), and dietary supplementation of 15% SNSP (pectin) induced liver damage in yellow catfish (Pelteobagrus fulvidraco) (Cai et al., 2019).

The significant increase of plasma BUN level and hepatic ALT activity of GIFT tilapia in the SNSP group suggests that dietary SNSP may enhance protein catabolism, thus causing a decrease in the whole-body crude protein and amino acid content in both the SNSP and NSP groups. The activation of protein catabolism may be associated with the reduced intake of lipids and carbohydrates, with protein being used more for catabolism to supply energy as dietary SNSP interferes with the absorption of carbohydrates and lipids (Choct et al., 1996), which may also explain the significant decrease in the content of some amino acids in muscle. Moreover, dietary fiber has been reported to stimulate mucus secretion from the digestive tract and accelerate the loss of endogenous nitrogen (Larsen et al., 1993; Sales, 2009),while Ser, Thr, Gly, Glu, and Asp account for more than 50% of the total amino acid content of mucin (Sales, 2009), which means that these amino acids are easily lost with the excretion of mucin. Additionally, Ala, Arg, Ile, Lys, Ser, Glu, and Asp are all important glucogenic amino acids that can be converted into glucose by the gluconeogenic pathway when animals are deficient in carbohydrates. This may explain the significant decrease in Ala, Arg, Ile, Lys, Ser, Glu, and Asp of the muscles in GIFT tilapia with the dietary supplementation of 18.0% NSP in this study.

Previous studies have shown that dietary SNSP can further influence lipid metabolism, as Hossain et al. (Hossain et al., 2001; Hossain et al., 2003) reported that dietary supplementation with SNSP (sesbania endosperm, Sesbania aculeate) significantly reduced serum TC concentrations in carp and tilapia; (Liu et al., 2021) also reported that soluble fiber had the ability to reduce serum TC concentrations. However, in contrast to these above studies, dietary supplementation with SNSP had no significant effect on serum TC concentrations but significantly increased serum HDL concentrations in this study. The difference in these results suggest that the impact of dietary SNSP on serum TC concentrations may vary with the test species and the composition of dietary SNSP. The hypolipidemic effect of dietary SNSP may be related to the viscosity change of chyme, and (Pasquier et al., 1996) suggested that high viscosity conditions would inhibit the fat emulsification process and lipolysis. This may explain the significant decrease in whole-body crude lipid content in the SNSP and NSP groups in this study. Similarly, dietary supplementation with SNSP (endosperm, separated from Sesbania seeds) significantly decreased the whole-body crude protein and lipid contents in common carp (Hossain et al., 2001), and the whole-body lipid content of largemouth bass also significantly decreased with dietary supplementation of 6% SNSP (carboxymethyl cellulose) or 6% INSP (microcrystalline cellulose) (Shi et al., 2019). However, dietary supplementation with either INSP or SNSP had no significant effect on the body composition of Chinese mitten crab (Eriocheir sinensis) (Wu et al., 2015). The differences in these results may be related to the differences in digestive physiology between fish and crustaceans, which requires further study.

The antioxidant capacity of plasma and the liver significantly decreased in the SNSP group, indicating dietary SNSP induced oxidative stress in GIFT tilapia. Similarly, dietary supplementation with SNSP also induced oxidative stress in largemouth bass and rainbow trout (Shi et al., 2019; Deng et al., 2021). Conversely, (Enes et al., 2012) suggested that dietary supplementation with low doses of SNSP (4% guar gum) may have a preventive effect on intestinal oxidative stress in white seabream (Diplodus sargus). Moreover, several recent studies have shown that dietary SNSP from natural resources possess strong reducing power and antioxidant properties (Amamou et al., 2020), which may promote antioxidant enzyme activity or modulate antioxidant signaling pathways by scavenging free radicals (Chen et al., 2021). These results suggest that the effect of dietary SNSP on the antioxidant capacity of fish was type- and dose-dependent.

A recent study reported that dietary SNSP (xylan and pectin) had no significant effects on the Alpha diversity of intestinal flora in yellow catfish (Pelteobagrus fulvidraco) (Zhang, 2014). In this study, diets containing different types of NSPs also had no significant effect on the Alpha diversity of intestinal flora in GIFT tilapia. Contrary to our results, dietary soluble xylan significantly increased the Alpha diversity and richness of intestinal flora in Chinese mitten crab (Eriocheir sinensis) (Wu, 2015). These different results may be caused by the types of dietary NSPs and the differences of digestive physiology between fish and crustaceans, which needs to be further studied. Noteworthy, different diets significantly changed the composition of dominant bacteria in GIFT tilapia.

At the phylum level, although the abundance of dominant phylum in each group was different, the species of dominant phylum were relatively consistent and all groups have Firmicutes, Proteobacteria, Fusobacteria, Actinobacteria, Planctomycetes, and Bacteroidetes as the core flora. This result was consistent with the intestinal flora of the cichlid (Baldo et al., 2015) and partially similar with the wild and cultured Nile tilapia (Zheng et al., 2018; Beneberu, 2020), which proved that our results were reliable.

At the genus level, Cetobacterium was the dominant genus in the intestine of GIFT tilapia in all groups in this study. Cetobacterium is the core flora in the intestinal tract of fish (Ni et al., 2012), and it has been identified in carp (Cyprinus carpio) (Kessel et al., 2011), Nile tilapia (Yun et al., 2018), giant amazonian fish (Arapaima gigas) (Ramírez et al., 2018) and some other freshwater fish. The metabolism of Cetobacterium in the intestine of freshwater fish can produce vitamin B12 (VB12) and acetic acid (Sugita et al., 1991; Lin et al., 2019) and these metabolites have important functions. The VB12 participates in the regulation of intestinal ecology and promotes intestinal health (Degnan et al., 2014), while acetic acid can promote sugar and fat metabolism or protein synthesis and can synthesize proteins, carbohydrates, and fats for the host’s use (Lin et al., 2019). Host species are a key factor affecting the composition of the intestinal flora (Egerton et al., 2018), Cetobacterium can be the dominant intestinal microbiota of many freshwater fish, which may be due to its important physiological functions. Mycobacterium has been proven to be associated with pathogenic bacteria (Novotny et al., 2004; Shanmugham and Pan, 2013) and can even cause the infection of fish (Hashish et al., 2018). Mycobacterium is a kind of aerobic bacteria, while the dietary SNSP decreases the oxygen tension of the intestine (Sinha et al., 2011), and this may explain why the abundance of Mycobacterium was significantly decreased in the SNSP and NSP groups. This phenomenon suggests that dietary SNSP possesses a potential mechanisms to reduce the aboudance of aerobic bacteria in the intestine of fish, which needs to be further studied.

Early studies have shown that the abundance of Bacteroides increases when inflammatory bowel disease occurs (Prindiville et al., 2000; Bloom et al., 2011) and so Bacteroides may serve as a marker bacteria for the development of intestinal diseases. Moreover, Bacteroides is one of the main bacteria involved in the fermentation process of intestinal contents and its metabolic production of short-chain fatty acids plays an important role in resisting host enteritis (Besten et al., 2013). Increasing the abundance of Bacteroides may be one of the strategies for host resistance to enteritis but this hypothesis needs to be further explored. Bacteroides is a kind of anaerobic bacteria and its relative abundance increased significantly in the SNSP group, which may be associated with the reduction of oxygen tension in the intestine via the SNSP fermentation process.



Conclusion

In summary, this study showed that dietary INSP had limited effects on the growth and intestinal flora of GIFT tilapia, whereas dietary SNSP inhibited intestinal lipase activity, reduced antioxidant capacity, and induced liver damage of GIFT tilapia. Additionally, dietary SNSP reduced intestinal aerobic microbial abundance but elevated anaerobic microbial abundance.
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PD-whole-tree 93.14 + 6.42
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The data are present as the means + SEM (n=4), P-values were determined using Welch's t-test.
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TC (mmoliL) 4.22 +0.23% 367 +0.08* 4.92 +0.26° 411 £0.19*
TAG (mmol/L) 1.23+0.06 1.56 + 0.09 1.23 +0.10 1.30£0.15
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CE (mmol/L) 3.67 +0.32% 313+0.12° 4.25 +0.22° 3.67 +0.19%
FC/TC 0.14+0.04 015+ 0.02 0.14 £ 0.02 0.11£0.03

Values are means + SEM (n = 3). Means in the same row with different superscripts are significantly different from each other (P < 0.05). TC, total cholesterol: TAG, triglyceride; HDL-C,
high-density lipoprotein cholesterol: LDL-C, low-density lipoprotein cholesterol: FC, free cholesterol: CE, cholesterol ester.
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Stomach

Pepsin (U/mg protein) 9.57 0.15°
Intestine

Trypsin (U/mg protein) 0.97 +0.09
Lipase (U/g protein) 17.23 + 0.47°
Amylase (U/mg protein) 0.19 £ 0.01

Lactase (U/mg protein) 4.49 + 0.36

INSP

11.14 = 0.56°

0.98 + 0.03
26.63 + 0.82°
0.19 + 0.02
4.97 +0.38

SNSP

12.10 + 0.28°

1.10+0.11
12.35 £ 0.73%
0.21 +0.01

5.63 +0.79

Values are means + SEM (n = 3). Means in the same row with different superscripts are significantly different from each other (P < 0.05).

NSP

11.01 £ 0.44°

1.22+0.07
17.90 + 0.75°
021001

523 +0.40
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Arginine 464 +0.02° 4.62 +0.02°° 4.43 + 0.05% 4.34 £ 0.06°
Histidine 135+ 001 1.35 +0.03 1.36 + 0.02 1.29+0.02
Isoleucine 2.03+0.01* 2.09 + 0.01° 2.10+0.01° 202 + 0.02°
Leucine 366+ 0.01% 3.69 + 0.03° 3.73 +0.04° 3.54 + 0.04°
Lysine 4.60 +0.19% 4.41 +£0.04% 4.77 £0.11° 4.22 + 0.05°
Methionine 1.30+0.01 1.31 +0.01 1.31+0.02 1.25+0.03
Phenylalanine 1.74 + 0.01 1.78 + 0.02 1.74 £ 0.04 1.72+0.03
Threonine 227 +0.05 2.31+0.04 2,31+ 0.06 223+ 0.03
Valine 2.31+001 2,37 +0.01 2,39 +0.01 228+ 0.05
SEAA 23.91+0.17° 23.93 + 0.14° 24.15 + 0.14° 22.80 + 0.27°
Glutamate 8.30 + 0.06° 8.12 £ 0.03° 8.08 + 0.03° 7.60 + 0.10°
Glycine 259 +0.03 2.59 + 0.04 255 +0.04 254 +0.04
Alanine 4.04+001%® 4.06 + 0.05% 4.07 +0.02° 393 + 0.02°
Tyrosine 1.31+0.04 1.34 +0.01 1.40 + 0.01 1.39+ 0.04
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Serine 1.79+001° 1.78 £ 0.01° 1.77 £ 0.03° 1.70 + 0.01°
Proline 3.10+0.04 3.15+0.05 3.130.01 3.09 + 0.06
Cysteine 0.35+0.01 0.36 + 0.03 0.35 +0.02 0.38 + 0.02
SNEAA 27.42 + 0.06° 27.27 + 0.16° 27.19 + 0.10° 26.02 + 0.13°
STAA 51.34 + 0.11° 51.20 + 0.30° 51.34 + 0.19° 48.82 + 0.30°
EAA/NEAA 0.87 +0.01 0.88 + 0.01 0.89 +0.01 0.88 £ 0.01

Values are means + SEM (n = 3). Means in the same row with different superscripts are significantly different from each other (P < 0.05). EAA, essential amino acids; NEAA, non-essential
amino acids; TAA, total amino acids.
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Moisture (%) 71.75 + 0.08 7119+ 0.20 72.05 +0.21 72.22 +0.34

Crude protein (%) 15.86 + 0.07° 15.90 + 0.07° 15.33 + 0.13° 14.58 +0.18°
Crude lipid (%) 7.45 £0.17° 6.98 = 0.16> 6.43 = 0.06® 6.27 +0.15°
Ash (%) 4.48 £0.01° 4.47 £0.04° 4,60 +0.04° 4.83 +0.03°

Values are means + SEM (n = 3). Means in the same row with different superscripts are significantly different from each other (P < 0.05).
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Plasma

SOD (U/mi) 14.35 + 1.01 11.87 + 0.58 13.78 + 0.76 11.52 £ 0.70
CAT (U/ml) 23.42 + 0.95° 15.42 + 2.23° 15.84 = 1.94° 15.42 = 1.49°
POD (U/mi) 74.67 +2.23 79.70 + 4.18 80.59 + 1.57 81.48 + 6.12
GPx (U/u) 0.44 +001° 0.47 +0.02° 0.35 +0.012 0.42 + 0.02%
TAC (U/mi) 8.02 + 0.63° 6.63 + 0.55% 4.96 + 0.43° 6.31 + 0.32%
MDA (nmol/L) 4,03 +0.37 3.95+0.22 3.96 +0.21 4.03+0.70
Liver

SOD (U/mg protein) 4.48 £ 007° 4.67 +0.09° 3.83 + 0.06* 3.79+0.11°
CAT (U/mg protein) 12.20 = 0.06° 14.44 + 0.07° 9.41+0.64% 10.71 + 0.25%
POD (U/mg protein) 1.34 + 007 1.46 + 0.06° 0.78 + 0.10% 1.10 + 0.05%°
GPx (U/mg protein) 0.29 + 0.01° 0.29 + 0.01° 0.16 +0.012 0.23£0.01°
TAC (U/mg protein) 0.48 + 0.06° 0.45 + 0.02° 0.29 + 0.01° 0.45 + 0.03%
MDA (umol/g protein) 0.34 +0.02° 0.38 + 0.02* 0.57 +0.02° 0.40 +0.03

Values are means + SEM (n = 3). Means in the same row with dlifferent superscripts are significantly different from each other (P < 0.05). SOD, superoxide dismutase; CAT, catalase; POD,
peroxidase; GPx, glutathione peroxidase; TAC, total antioxidant capacity; MDA, malondialdehyde.
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Initial body weight (g) 214 +0.04 214 +0.04 214 +0.04 214+ 004
Final body weight (g) 63.64 + 1.17%° 64.35 + 0.95° 59.65 + 0.66% 60.13 + 1.03*
Weight gain rate (%) 2875.40 + 52.63% 2910.36 + 46.54° 2689.75 + 30.24° 2713.52 + 45.15%
DGC (%/day) 4.84 + 0.04%° 4.86 +0.04° 475 +0.02% 4.76 + 0.04%°
Feed intake (g/kg MBW/day) 11.78 + 0.11%° 11.25 + 0.10% 11.81 + 0.15° 11.75 + 0.04°
Feed conversion rate 1.28 + 0.01%° 1.33 £ 0.01° 1.25 +0.012 1.25 + 0.012
Protein efficiency ratio 3.88 + 0.06™ 4,02 +0.04° 3.75 + 0.04* 3.78 + 0.02°

Values are means + SEM (n = 3). Means in the same row with different superscripts are significantly different from each other (P < 0.05). DGC, daily growth coefficient; MBW, metabolic

body weight.
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Group R-value P-value

FM-INSP 0.031 0.450
FM-SNSP 0.250 0.028
FM-NSP -0.052 0.546

The R-value is range from -1 to 1. When the R-value is greater than 0, indicating that there
is significant difference between groups, and when R-value is less than 0, indicating that
the difference within the group is greater than that between the groups. The reliability of
statistical analysis is expressed by P-value, and P < 0.05 indicates statistical significance.
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Ingredients, % of the diet

Fish meal® 37.00 37.00 37.00 37.00
Soybean oil 1.00 1.00 1.00 1.00

Soybean lecithin 0.50 0.50 0.50 0.50

Wheat meal® 28.38 28.38 28.38 28.38
Wheat bran® 12.00 12.00 12.00 12.00
INSP (cellulose)® 0.00 5.80 0.00 5.80

SNSP® 0.00 0.00 12.20 12.20
o-starch 18.00 12.20 5.80 0.00

Ca(H,POy), 1.20 1.20 1.20 1.20

Choline chloride (50%)* 0.30 0.30 0.30 0.30

NaCl 0.20 0.20 0.20 0.20

Vitamin C¢ 0.02 0.02 0. 02 0. 02
Vitamin premix® 1.00 1.00 1.00 1.00

Mineral premix’ 0.40 0.40 0.40 0.40

Proximate composition, % on a dry basis (Measured value)

Dry matter 95.29 95.16 94.38 94.21
Crude protein 33.01 33.28 33.12 33.10
Crude lipid 4.78 4.89 5.01 4.72

Ash 9.97 9.65 9.56 9.39

Starch + sugar 39.27 34.06 28.45 23.80
Total NSPs?® 1297 18.12 23.86 28.99
Gross energy (KJ ) 19.85 19.89 19.99 20.05

Supplied by Kunming Tianyuan Feed Co., Ltd. (Kunming, China); fish meal, 66.3% crude protein, 15.8% crude lipid.

bSupplied by Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai, China).

°SNSP (soluble non-starch polysaccharide) including 3.48% arabinoxylan, 0.82% B-glucan, 0.94% mannan, and 6.96% pectin; supplied by Shanghai ZZBIO Co., Ltd. (Shanghai, China).
9L -Ascorbate-2-polyphosphate (35%), supplied by Galaxy Chemicals Co., Ltd. (Wuhan, China).

°Vitamin premix (g/kg mixture): retinyl acetate (2800000 IU/g), 2; cholecalciferol, 0.03; DL-o-tocopheryl acetate, 30; menadione, 3; thiamine hydrochloride, 8; riboflavin, 11; pyridoxine
hydrochloride, 8; vitamin B, 0.02; ascorbic acid, 50; folic acid, 1; biotin, 0.1; niacin, 30; calcium D-pantothenate, 32; inositol, 25.

'Mineral premix (g/kg mixture): MgSO.487H,0, 180; KI, 1; FeSO4#H0, 260; ZnSO,4%H0, 180; CuSO,#5H,0, 25; NazSe,03, 0.01; MnSO,#H,0, 180; CoCly*6H,0, 0.75.

ITotal NSPs (%) = 100 - [crude protein + crude lipid + ash + (starch + sugar)].
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Plasma

Total protein (g/L) 34.52 + 0.67 36.38 £ 0.77 33.28 + 1.62 32,93 +1.33
TAA (mmol/L) 72.92 + 551 7813 £ 5.41 81.25+7.22 81.25 +7.22
BUN (mmol/L) 6.42 +0.27% 6.30 +0.212 7.35 +0.27° 7.28 +0.27°
AN (mmol/L) 025001 0.22 +0.01 022 +0.03 0.24 +0.01
AST (U/mi) 26.10 + 3.09 23.27 +1.86 24.03 +2.30 20.09 + 1.05
ALT (U/ml) 6.25 + 0.39% 6.54 +0.18% 7.79 £ 0.06° 7.57 £0.32%°
GGT (U/mi) 1.24+0.16 1.24 +0.16 1.55 + 0.31 1.24 £0.16
Liver

AST (U/g protein) 11.27 + 0.65 1093 1.05 10.94 £ 0.70 10.05 = 0.97
ALT (U/g protein) 39.19 +3.10° 26.05 + 5.23° 63.69 + 7.66° 50.81 + 6.16°
GGT (U/g protein) 091003 0.90 + 0.04 1.04 +0.04 1.04 +0.04

Values are means + SEM (n = 3). Means in the same row with diifferent superscripts are significantly diferent from each other (P < 0.05). TAA, total amino acids; BUN, blood urea nitrogen;

AN, ammonia nitrogen; AST, aspartate aminotransferase; ALT, alanine aminotransferase; GGT, yglutamyl! transpeptidase.





