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Editorial on the Research Topic 
Nutritional physiology of Aquacultured species


Whatever the aqua-cultured species, it is crucial that aqua feed be adequate and sustainable, as feeds represent the main contribution to production costs. In the face of this challenge, in the last few decades, substantial efforts have been oriented to identify alternatives to high-cost ingredients (e.g., fishmeal and fish oil) from unconventional protein sources and carbohydrates, particularly of vegetal origin, with variable success. These attempts may not be enough if the diet profile is not improved so as to boost and maintain the good health, welfare, and immune capacity of rearing species, abreast of growth performance, and feed conversion efficiency (Azaza et al., 2020). Therefore, the Research Topic “Nutritional Physiology of Aquacultured species” has been conceived to set out such knowledge and improve understanding of the relationships between nutrition and the related physiological aspects. This Research Topic comprises eleven original research articles.
The limited supply of fishmeal and fish oil associated with the continuous increase of their price has severely impacted farming costs. The search for feasible alternatives to fishmeal and fish oil is a prerequisite for sustainable aquaculture development. Significant progress has been made, and modern aquaculture diets are shifting towards agriculture-based ingredients. In this context, Biasato et al. investigated the growth performance, whole-body proximate composition, and intestinal microbiome of rainbow trout strains when selected and non-selected for weight gain on full-plant-based diets. Results demonstrate that the selected strain showed higher survival, final body weight, weight gain, and specific growth rate when compared to the non-selected strain. Furthermore, decreased whole-body lipid content was identified in the plant protein-fed selected rainbow trout compared to the non-selected strain fed the same diet.
Another study by Liu et al. was conducted on largemouth bass to investigate the effects of low, medium, and high viscous guar gums on growth performance, apparent nutrient digestibility, intestinal development, and morphology. Results indicated that guar gum diets adversely affected intestinal morphology, decreased intestinal digestive and absorptive enzyme activities, and caused poor nutrient digestibility and growth performance in juvenile largemouth bass. In fact, the adverse effects of guar gum are closely related to its viscous level, and high viscous guar gum adversely affects the rearing performance of juvenile largemouth bass.
In addition to the above-mentioned fish species, two investigations were conducted on Pacific white leg shrimp (Litopenaeus vannamei), considered the most important farmed crustacean species. Peng et al. evaluated the effects of increased dietary inclusion of soybean meal on growth performance, apparent digestibility, intestinal digestive enzyme activity, and muscle growth-related gene expression. Results indicated that the final body weight, weight gain, specific growth rate, feed intake, intestinesomatic index, and dressed weight percentage linearly and significantly decreased as dietary soybean meal increased from 20% to 50%. The same trend was also observed in the apparent digestibility coefficients of dry matter, crude protein, crude lipid, and ash. For the same species (i.e., Litopenaeus vannamei), Hi et al. investigated the effects of replacing commercial feeds with fresh black soldier fly larvae (BSFL) on the intestinal microbiota, immune enzyme activities, and rearing water quality. Authors reported that proper replacement of commercial feed with fresh BSFL had positively modulated intestinal health and immune-related enzyme activities, as well as the water quality.
Increased diversity of non-nutritive or functional aquafeed additives has been used as a valuable approach to stabilize feed quality, enhance growth, digestibility, feed efficiency, and immune status, and as an alternative strategy for disease-fighting. Functional feed additives include phytogenic compounds, mycotoxin binders, organic acids, immunostimulants, yeast products, probiotics, prebiotics, and enzymes. In this context, four research articles featured in the current Research Topic dealt with using feed additives. Peng et al. investigated the effects of dietary condensed tannins, regarded as a potent antioxidant, anti-inflammatory, and antibacterial activities, on serum metabolites, antioxidant and immune response, liver histomorphology, and glycometabolism enzyme activities of Chinese seabass (Lateolabtax maculatus). Results revealed that condensed tannins dietary supplementation, up to 2 g/kg of diet, reduced serum lipid and glucose levels, enhanced liver antioxidant and immune response, and improved glucose utilization of L. maculatus.
The study conducted by Mansour et al. aimed to investigate the effects of increasing dietary supplementation levels with an ethanolic extract from A. platensis naturally rich in astaxanthins (circa 98%) on growth performance, feed utilization, immune-related genes expression, and water and intestinal microbiota of Pacific white leg shrimp. Supplementing a commercial diet with 4 g kg−1 crude A. platensis extract did not affect the survival rate and significantly improved shrimp growth performance and feed conversion ratio compared to the control diet. The superoxide dismutase and immune-related gene expression (prophenoloxidase, lysozyme, beta-glucan binding protein, transglutaminase, and crustin) were significantly upregulated in groups fed increasing levels of this extract. Besides, results demonstrate that increasing A. platensis extract supplementation levels significantly reduced the prevalence of heterotrophic bacteria and Vibrio spp.
Wang et al. investigated the effects of glutathione (GSH), as a feed additive in practical diets, on growth, intestinal antioxidant capacity, intestine histology, gene expression, and gut microbiota in juvenile triploid rainbow trout (Oncorhynchus mykiss). Based on the broken-line regression analysis, results demonstrate that the optimum dietary GSH level to maximize growth performance was circa 447 mg kg−1 of diet. Likewise, feeding juvenile triploid O. mykiss 200–800 mg kg−1 GSH increased intestinal catalase and superoxide dismutase activities and improved general intestinal health.
Another study on dietary supplementation with a commercial feed additive, betaine, a by-product of sugar beet processing widely used as an attractant, was conducted by Li et al. This study aimed to investigate the mechanism by which betaine modulates reactive oxygen species (ROS) production via Wnt10b/β-catenin signaling in zebrafish liver, based on the fact that, under oxidative stress, chronically elevated ROS levels play a crucial role in innate fish immunity. Results showed that betaine enrichment of diet at levels of .1, .2, and .4 g/kg induced Wnt10b and β-catenin gene expression but suppressed GSK-3β expression in zebrafish liver. In addition, irrespective of the betaine supplementation level, betaine led to a reduction of superoxide anion (O2·−), hydrogen peroxide (H2O2), and hydroxyl radical (·OH) content. However, dietary betaine enrichment, at .1, .2, or .4 g/kg diet, upregulated hepatic gene expression of antioxidant enzymes and increased activity of superoxide dismutase (SOD), glutathione peroxidase (GSH-PX) and catalase (CAT) in zebrafish, clearly demonstrating that betaine can efficiently inhibit ROS production.
Understanding the functionality of the digestive tract is a prerequisite to optimizing diet formulation for new species. Knowledge of fish digestive biochemistry and its health is essential in determining animal performance, feed utilization efficiency, and aquaculture profitability. To strengthen understanding on lumpfish (Cyclopterus lumpus) nutrition, a rapidly expanded cultured species in the last decade, Zhou et al. evaluated the effects of various dietary macronutrient compositions on gut function. The results demonstrated that increased lipid and decreased protein levels in the diet negatively impacted digestive function, including the reduced activity of brush border membrane digestive enzymes and gene expression related to nutrient digestion and transport, ion exchange, immune regulation, and cell remodeling. The effect of dietary lipid to carbohydrate ratio (7.5/18.3, 13.8/14.6, and 18.1/9.5) of isoproteic diets (55% crude protein) on macronutrient digestibility was also studied. Results showed that decreased as the starch level increased, whereas protein digestibility was not affected by the lipid/carbohydrate ratio. This led to conclude that protein sparing effect of lipids negatively affected digestion, absorption, and immune responses in the lumpfish intestine.
Greater amberjack (Seriola dumerili) is a pelagic teleost highly interested in marine aquaculture diversification, high growth rates, and exquisite flesh quality. To further acquire scientific knowledge on the digestive physiology of this species, Navarro et al. studied the activity and functional characteristics of key digestive enzymes (i.e., pepsin, trypsin, chymotrypsin, etc.) and the modulatory effect of water temperature. Results demonstrate that chymotrypsin was the most active enzyme in the digestive tract of the greater amberjack, while lipase was the enzyme with lower activity. The activity of trypsin, chymotrypsin, and lipase was responsive to water temperature, even though the highest activity of trypsin was reached at 26°C and of chymotrypsin at 18°C.
The last paper concerns the pearl oysters, Pinctada fucata martensii and P. maxima, which are the two main farmed species used for producing nucleated round pearls. Ye et al. evaluated the growth performance, physiological energetics, and activity of digestive enzymes and carbonic anhydrase of both species fed with different microalga diets. Results showed that the relative growth rate (RGR) of P. f. martensii was higher than that of P. maxima. Irrespective of the microalga species, RGR was higher when fed with a microalgae bend than with a single microalga. Amylase, cellulase, lipase, and pepsin activity was higher in P. f. Martensii than with P. maxima fed with the same diets.
The papers presented in this Research Topic and conducted on diverse species highlight the usefulness of the physiologic approaches to deepen knowledge in feeding farmed aquatic organisms. This helps fish nutritionists to tailor and improve the nutritional profile of the diet and hence to provide more adequate and healthy diets for fish. We sincerely thank all authors and reviewers for their valuable contribution that made the publication of this Research Topic possible.
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This study aimed to demonstrate the effects of dietary glutathione (GSH) on growth, intestinal antioxidant capacity, histology, gene expression, and microbiota in juvenile triploid rainbow trout (Oncorhynchus mykiss). Different diets (G0-control, G100, G200, G400, and G800) containing graded levels of GSH (0, 100, 200, 400, and 800mgkg−1) were fed to triplicate groups of 30 fish (initial mean weight 4.12±0.04g) for 56days. G400 had significantly improved weight gain and feed conversion rate. Based on the broken-line regression analysis, the optimum dietary GSH level was 447.06mgkg−1. Catalase and superoxide dismutase activities were significantly higher in G200–G800. G200 had significantly lower malondialdehyde content. The height of the intestinal muscular layer in G400 was significantly higher than that of the control group. Intestinal PepT1 and SLC1A5 gene expression was significantly increased, and the highest was observed in G400. TNF-α, IL-1β, IL-2, and IL-8 expression were significantly decreased than that of G0. Next-generation sequencing of the 16S rDNA showed a significant difference in alpha diversity whereas no differences in beta diversity. On the genus level, LefSe analysis of indicator OTUs showed Ilumatobacter, Peptoniphilus, Limnobacter, Mizugakiibacter, Chelatococcus, Stella, Filimonas, and Streptosporangium were associated with the treatment diet, whereas Arcobacter, Ferrovibrio, Buchnera, Chitinophaga, Stenotrophobacter, Solimonadaceae, Polycyclovorans, Rhodococcus, Ramlibacter, and Azohydromonas were associated with the control diet. In summary, feeding juvenile triploid O. mykiss 200–800mgkg−1 GSH improved growth and intestinal health.

Keywords: triploid O. mykiss, glutathione, intestinal health, growth, microbiota


INTRODUCTION

Fish in intensive aquaculture are frequently subjected to a range of negative environmental stresses, including high temperatures, overcrowding, deteriorating water quality, pathogen invasion, and disinfectant and antibiotic (Ming et al., 2015). This causes bacterial resistance and residues in aquatic products, transfer of antimicrobial resistance genes into the environment and food, immunosuppression in fish and increased susceptibility to different diseases (Liu et al., 2010), which can lead to significant economic losses. As a consequence, one of the methods is to improve fish immune and stress resistance through dietary approaches.

Glutathione (GSH), a tripeptide consisting of glutamate, cysteine, and glycine residues (Kosower and Kosower, 1978) can eliminate unnecessary free oxygen radicals from cells. It also has many physiological roles, such as increasing antioxidant activity (Doyotte et al., 1997), protecting liver cells (Ponsoda et al., 1999), maintaining DNA synthesis, enhancing immunity (Will, 1999), and alleviating neuron intoxication (Raghunathan et al., 2007). Several GSH studies in freshwater fish and shrimp found growth, antioxidant ability, and immunity could be considerably improved in European bass (Dicentrarchus labrax; Zambonino-Infante et al., 1997), Nile tilapia (Oreochromis niloticus; Zhou et al., 2013), grass carp (Ctenopharyngodon idella; Ming et al., 2015), Atlantic salmon (Salmo salar; Ma et al., 2019), and whiteleg shrimp (Litopenaeus vannamei; Xia and Wu, 2018).

Rainbow trout (Oncorhynchus mykiss) is a typical coldwater fish. As one of China’s major farmed species, triploid O. mykiss is grown mainly in cold-water regions. Induced triploidy through chromosome set manipulation leads to an additional chromosome package in each somatic cell that makes fish sterile (Thorgaard, 1983). The negative effects of gonad growth with female triploid salmonids can often benefit recirculating aquaculture producers (Good and Davidson, 2016). Due to physiological changes, there may be variations in nutritional needs between ploidies (Fjelldal et al., 2016). This may be either because of increased growth potential or the odd number of chromosomes inherent in genetic variations (Ren et al., 2017). Currently, there is little information on the nutritional needs of triploid O. mykiss.

The intestine is a delicate tissue that plays an important role in fish health and nutrition. Maintaining intestinal homeostasis is important to enhance the growth performance and fish health status (Rombout et al. 2011). Intestinal health is determined by host (immunity, mucosal barrier), nutritional, microbial, and environmental factors (Kelly and Salinas, 2017). Thus, intestinal health could be improved through dietary approaches. GSH may benefit intestinal health in aquatic animals. In shrimp, dietary glutathione (150–250mgkg−1) improved the jejunum wall thickness and villus height of intestine (Wang et al., 2018). To date, there is limited published research on the intestinal health of dietary GSH in fish. Furthermore, the published data were mainly based on the purified diets. Further studies based on the practical diet are needed for the application of GSH or related ingredients in fish feeds, especially for the commercial fish feeds. Therefore, the aim of this research was to study the effects of GSH supplementation in practical diets on growth, intestinal antioxidant capacity, histology, gene expression, and microbiota in triploid O. mykiss diets.



MATERIALS AND METHODS


Diets

Experimental diets (G0, G100, G200, G400, and G800) with five GSH levels (0, 100, 200, 400, and 800mgkg−1) were prepared (Table 1). The spectrophotometric approach (Ming et al., 2015) revealed that the dietary GSH levels were 8.52, 106.36, 210.32, 409.51, and 796.55mgkg−1, respectively. Fish meal, soybean protein concentrate, chicken meal, and extruded soybean were the main protein sources in the experimental diets, with fish oil and soybean oil as lipid sources and wheat middling as a carbohydrate source. Ingredients were finely ground before mixing (<250μm) and then blended with minerals and vitamins. After adding the lipid source, all the ingredients were thoroughly mixed for 15min before being mixed again for 10min. The dough was shaped into feed pellets with a diameter of 1.2mm using a small-scale extruder (G250; Machine Factory of Muyang, China). After pelleting, feed pellets were dried for approximately 12h in a ventilated oven at 45°C, then sieved. The pellets were then frozen at −20°C until use.



TABLE 1. Formulation and chemical proximate composition of the experimental diets.
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Feeding Management

Before feeding the basal diet, the fish were acclimatized in the laboratory (Chinese Academy of Fishery Sciences Coldwater Fish Experimental Station, Mudanjiang, China) for 14days. At the start of the experiment, the fish were starved for 24h before being pooled. In 15 tanks, 450 fish (initial weight 4.12±0.04g) were distributed (size: 300L). Each group had 3 tanks, and each tank was used as a replicate. The fish in each tank were weighed in batches. During the 56-day feeding trial, the fish were hand-fed four times a day (08:00, 11:00, 14:00, and 17:00) until they were satiated. Fish were raised in a water flow-through system (flow rate: 0.2Ls−1). Water quality was measured (YSI 6600 V2-2, Ohio State, United States) daily during the experimental period, water temperature (11.3–15.8°C), pH (7.2–7.5), dissolved oxygen (7.8–9.2mgL−1), and ammonia nitrogen (<0.2mgL−1). After a 24-h starvation period, the fish in each tank were weighed again as a batch at the end of the feeding trial.



Sample Collection

At the end of the experiment, all fish had been starved for 24h. Ten fish were randomly selected from each tank and anesthetized (tricaine methane sulfonate MS-222, 75mgL−1) before weighing. The weight (precision 0.01g) and fork length (precision 0.01cm) of the fish were then determined to calculate the condition factor (CF). Further, the total weight of the fish in each tank was measured to calculate the weight gain rate (WGR), specific growth rate (SGR), feed conversion rate (FCR), daily feed intake (DFI). For body composition analysis, four fish were sampled from each tank and stored at −80°C. Three fish were collected from each tank and aseptically killed in an ice bath. The body surfaces of the sampled fish were washed with 70% ethanol, and the fish were dissected using sterile surgical scissors. Then their mid-intestines (located right after the pyloric ceca, 1 inch from the stomach) were collected until being tested for antioxidant enzymes, and faecal samples from the mid-intestine were collected in sterile tubes from each dietary replicated tank and stored at −80°C for microbial analysis. The research protocol was handled following the Chinese Animal Health Protection Law and the Scientific Laboratory Animal Permit Approval (Ethical Approval No. SCXK(YU)2005-0001).



Chemical Analysis

Normal procedures were used to determine the crude protein, crude lipid, ash, moisture, and gross energy of feed and whole body (AOAC, 2012). After acid digestion using a Kjeltec system, crude protein (N×6.25) was measured using the Kjeldahl method (KDN-102C Autoanalyzer, Xianjian, China). The ether-extraction process was used to measure crude lipid with the Soxtec System (SXT-06-analyzer, Hongji, China). Moisture was measured by oven drying for 6h at 105°C. Ash was placed in a muffle furnace at 550°C for 12h. The energy content of the diet was determined using bomb calorimetry (XRY-1A, Jingmi, China).



Intestinal Antioxidant Capacity

Intestinal samples were weighed and mixed with an ice-cold buffer in a 1:9 ratio (0.86% normal saline). The extract was then centrifuged for 15min at 7,700g and 4°C, and the supernatant was used to determine superoxide dismutase (SOD), and catalase (CAT), glutathione reductase (GR) activities, GSH, and malondialdehyde (MDA) content. The standard was bovine serum albumin, and the spectrophotometer absorbance was determined at 750nm. Spectrophotometric kits were bought from the Chinese Nanjing Jiancheng Institute of Bioengineering and were used to analyze the MDA content (cat. no. A003-1), GSH content (cat. no. A006-1-1), and the activity of GR (cat. no. A062-1-1), SOD (cat. no. A001-1), and CAT (cat. no. A007-1). The concentrations of MDA, SOD, CAT, GR and GSH were then calculated according to the instructions provided with the respective kits as described by Deng et al. (2015).



Intestinal Gene Expression

Total RNA was extracted from mid-intestines according to the manufacturer’s instructions using RNAiso Plus Reagent (TaKaRa, Dalian, China). A spectrophotometer was used to examine the absorbance at 260nm to determine the RNA concentration. Using agarose gel electrophoresis, the RNA integrity was determined, and the absorbance ratio at A260 nm/A280 nm ranged from 1.8 to 2.0. Tumor necrosis factor (TNF-α), interleukin 1 (IL-1β), interleukin 2 (IL-2), interleukin 8 (IL-8), solute carrier family 1 member 5 (SLC1A5), peptide transporter 1 (Pep T1), and β-actin expression levels were determined using quantitative real-time PCR (ABI 7500, USA) with a reaction length of 20μl, including 10μl of 2 SYBR® Premix Ex Taq (TaKaRa, Dalian, China), 0.8μl for quantitative real-time PCR, specific primers were constructed based on sequences cloned and published in the O. mykiss gene bank (Table 2). The cycling conditions were 95°C for 30s followed by 35cycles of 95°C for 5s, 59°C for 10s, and 72°C for 30s. The housekeeping gene (β-actin) was chosen as a reference gene to normalize the results. 2−ΔΔCt was used to measure the expression values.



TABLE 2. Primers sequence and annealing temperature in RT-PCR.
[image: Table2]



Intestine Histology

The intestinal samples were fixed in Bouin’s solution for 24h, rinsed multiple times with water to extract the fixative, dehydrated in ethanol, placed in xylene, embedded in wax for 2h at 60°C, sectioned to 6μm thick, with a microtome (Leica-RM2235), stained with hematoxylin–eosin, and sealed with neutral resin. Intestinal morphology was measured using Motic Images Plus 2.0 software after being photographed (Nikon, DS-Ri2). The muscular layer and villus height were determined by randomly selecting 10 villi per slide.



Intestine Bacterial DNA Extraction and Sequencing

Complete DNA was extracted from 0.2g of intestinal faeces using a DNA Extraction Kit (Beijing Tiangen Biochemical Technology Co. Ltd., China) according to the guidelines for total DNA extraction from intestinal microorganisms. DNA was isolated from the collected intestinal microorganisms using specific primers of the forward sequence 341F (5′-CCTAYGGGRBGCASCAG-3′) and reverse sequence 806R (5′-GGACTACNNGGGTATCTAAT-3′; Sun et al., 2020). The optimized conditions for amplification were as follows: one pre-denaturation cycle at 95°C for 5min, 27cycles of denaturation at 95°C for 30s, annealing at 55°C for 30s, elongation at 72°C for 45s, and a final extension at 72°C for 10min. The resulting amplicons were purified from 0.7% agarose gel, measured concentration using Qubit dsDNA broad-range assay kit (Life Technologies, United States), and equal concentration (20ngμl−1) of amplicons were pooled together, and sequenced on the Illumina MiSeq platform (300bp paired-end reads; Beijing Baimaike Technology Co. Ltd., China).



Intestinal Microbiota Bioinformatics Analysis

Using QIIME (Version 1.8.0, http://qiime.org/), low-quality reads with quality scores <20e were filtered out and raw reads were sorted according to their Barcode sequences (Caporaso et al., 2010). The reads were first cut in poor quality and then separated based on Barcode from the subsequent reads. Through binding the raw reads to the Barcode, the raw reads were then separated from the subsequent reads. To detect chimera, the Barcode and primer sequences were removed from the quality control, and the read sequences were removed using VSearch software (https://github.com/torognes/vsearch/; Li et al., 2015). The chimeric sequences were compared to the species annotation database, and the remaining chimeric sequences were deleted. The chimeric sequences were deleted from the database, leaving only the clean reads. The final correct reads were collected using the Uparse program (Version 7.0.1001, http://www.drive5.com/uparse/) to group all clean reads from all samples (Haas et al., 2011). The sequences were grouped into operative taxonomic units (OTUs) with 97% sequence similarity. The most frequent sequences were chosen as OTUs based on the algorithm (Edgar, 2010). According to the algorithm, the most commonly occurring sequences were chosen as symbolic OTUs. The Mothur system was used to species-annotate the OTUs sequences. Taxon resembling chloroplasts, mitochondria, unknowns, archaea, and eukaryotes were removed. The RDP Classifier Bayesian algorithm (http://sourceforge.net/projects/rdpclassifier/; Wang et al., 2007) was used to cluster the samples into OTUs, as was the GreenGene database1 for species annotation analysis, and OTUs for abundance. Raw reads were saved to the National Center for Biotechnology Information’s (NCBI) Sequence Read Archive (SRA) database (Accession Number: PRJNA714809). At each taxonomic rank, the species abundance, diversity index (Chao1 index, Shannon index and ACE index), and population structure were studied (Lozupone and Knight, 2005).



Calculations and Statistical Analysis

Weight gain rate (WGR, %)=100×(weight gain, g)/(initial weight, g); Survival rate (%)=100×(final number of fish)/(initial number of fish); Feed conversion ratio (FCR)=(dry dietary intake, g)/(weight gain, g). Specific growth rate (SGR, % per day)=100×[Ln (final weight, g)−Ln (initial weight, g)]/duration (days); Condition factor (CF)=100×(body weight, g)/(body length, cm)3; survival rate (SR, %)=100×(final fish number/initial fish number); Daily feed intake (DFI)=(feed consumed, g)/[(initial weight+final weight)/2, g]×(days, d).

All data in tables and figures are expressed as mean±standard deviation (SD). After normality and homogeneity checking, one-way variance analysis (ANOVA) and Duncan’s multiple range tests were used to examine the data. p values <0.05 were considered significantly different. The SPSS statistical package 23.0 (SPSS Inc., Chicago, IL, USA) was used for statistical analysis. The sigma plot software version 14.0 is used to draw column graphs and curves.




RESULTS


Growth Performance

The effects of dietary GSH level on weight gain, feed conversion rate, and survival rate are shown in Table 3. With increasing dietary GSH level, weight gain rate and specific growth rate gradually increased, reaching the highest level in G400, showing a significant difference with G0 and G100 (p<0.05). The daily feed intake of G200 and G400 was significantly higher than that of the control group (p<0.05). The feed conversion rate decreased with increasing GSH, and G400 was the lowest, which was significantly different from G0 and G100 (p<0.05). The survival rate of G400 was the highest, and significantly higher than that of G0, G100, and G200 (p<0.05). There were no significant differences in condition factor among the groups (p>0.05). According to the relationship between weight gain and dietary GSH levels, the broken line model was selected as a good fit for the model, and the optimal dietary GSH level was 447.06mgkg−1 (Figure 1).



TABLE 3. Growth performances of O. mykiss fed the experimental diets (mean±SD, n=3).
[image: Table3]
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FIGURE 1. Relationship between weight gain and dietary GSH for O. mykiss as described by a broken line regression (n=3). The breakpoint in the broken line is 447.06mgkg−1.




Body Composition

Crude protein, crude lipid, ash, and moisture levels did not change significantly among the groups (p>0.05; Table 4).



TABLE 4. Effects of dietary GSH on body composition of O. mykiss (mean±SD, n=12).
[image: Table4]



Antioxidant Capacity

GSH content and GR activity did not vary considerably with increased dietary GSH supplementation (Table 5). Compared to the control group, SOD and CAT activities were significantly higher in G200, G400, and G800 (p<0.05). MDA content was significantly lower in G200 than in the other groups (p<0.05).



TABLE 5. Effects of dietary GSH on the antioxidant capacity of mid-intestine in O. mykiss (mean±SD, n=9).
[image: Table5]




INTESTINE HISTOLOGY

Table 6 and Figure 2 show the mid-intestine morphology. No pathological differences in the intestines were found between the different groups. When the dietary GSH level was 0–200mgkg−1, the height of intestinal muscular layer was not significantly different (p>0.05); however, it was significantly higher in G400 (p<0.05). The intestinal villus height and width were also not significantly different between groups (p>0.05).



TABLE 6. Effects of dietary GSH on micro-morphology of the intestine of O. mykiss (mean±SD, n=9).
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[image: Figure 2]

FIGURE 2. The light micrograph in the triploid O. mykiss fed GSH diets. VH, VW and MT represent villus height, villus width and muscular thickness.



Gene Expression

Figure 3 shows the mid-intestine gene expression. Compared to that of the control group, PepT1 and SLC1A5 gene expression in each GSH feeding group were significantly increased (p<0.05); G400 had the highest expression, and there was no significant difference between G100, G200, and G800 (p>0.05). TNF-α, IL-1β, IL-2, and IL-8 gene expressions were significantly reduced than that of the control group, respectively.

[image: Figure 3]

FIGURE 3. The gene expression of the intestine in each group (mean±SD, n=3). (A) SLC1A5, (B) pepT1, (C) TNF-α, (D) IL-1β, (E) IL-2, and (F) IL-8 [β-actin was chosen as a reference gene to normalize the results, different letters indicate significant differences between the different groups (p<0.05)].




Microbial Diversity

The 16S rDNA sequencing produced 1.18 million reads with a mean of 68,310 clean tags per sample. Chloroplast, mitochondria and eukaryotes were removed and reduced the amount of reads by 66.7% to a total of 1.0 million reads. Table 7 shows the Chao1, ACE, and Shannon indexes. Of all experimental treatments, fish fed a G400 diet had the highest values of Chao1, ACE, and Shannon index. On the phylum level, dietary GSH resulted in reduced Proteobacteria abundance and increased Bacteroidetes, Firmicutes, Acideobacteria, and Actinobacteria abundance (Figure 4). On the genus level, faeces were mainly composed of Cetobacterium, Nicotiana_otophora, Sphingomonas, Bacteroides, Pseudomonas, Bradyrhizobium, and Candidatus_Branchiomona (Figure 5). Figure 6 depicts a heatmap study of species abundance clustering at the phylum stage. Clustering results showed that the intestinal microbiota composition was classified into three classes (G0, G100; G400, G800; G200).



TABLE 7. Effects of dietary GSH on alpha diversity index of intestinal microbiota in O. mykiss (mean±SD, n=3).
[image: Table7]

[image: Figure 4]

FIGURE 4. Composition and relative abundance of bacterial community-based 16S rDNA sequences in phylum level (n=3).


[image: Figure 5]

FIGURE 5. Composition and relative abundance of bacterial community-based 16S rDNA sequences in genus level (n=3).


[image: Figure 6]

FIGURE 6. Heatmap analysis of the species abundance clustering in the top 20 on the phylum level (mean±SD, n=3).


Principle coordinate analysis (PCoA) illustrated beta diversity. Samples in PCoA using weighted and unweighted UniFrac distances were evenly distributed among the groups (Figure 7). The findings revealed that the intestinal microbiota composition of G0 and G100 are similar. However, there was no significant difference in beta diversity using ANOSIM (R=0.049, p=0.328).

[image: Figure 7]

FIGURE 7. Principle coordinate analysis (PCoA) based on weighted-unifrac (A) and unweighted-unifrac (B) analysis of bacterial profiles from intestines of O. mykiss (n=3).


Analysis with LefSe noted several indicator bacteria species associated with each diet (Table 8). In the faeces, dietary GSH 200–800mgkg−1 increased the abundance of Ilumatobacter, Peptoniphilus, Limnobacter, Mizugakiibacter, Chelatococcus, Stella, Filimonas, and Streptosporangium, while the control diet had increased abundance of Ferrovibrio, Buchnera, Chitinophaga, Stenotrophobacter, Solimonadaceae, Polycyclovorans, Rhodococcus, Ramlibacter, Azohydromonas, and Arcobacter.



TABLE 8. Linear discriminant analysis effect size (Lefse) of indicator bacteria species that were significantly (p<0.05) associated with each group.
[image: Table8]



Microbial Function

The microbial functions of the intestine were predicted with PICRUSt2 (Phylogenetic Investigation of Communities by Reconstruction of Unobserved States; Figure 8). The intestine microbiota was enriched with functions related to carbohydrate metabolism, amino acid metabolism, energy metabolism, the metabolism of cofactors and vitamins, nucleotide metabolism, membrane transport, translation, lipid metabolism, and xenobiotics biodegradation and metabolism. However, the abundant among the groups had little change, and it is speculated that the microbial functions of the intestine were similar.

[image: Figure 8]

FIGURE 8. Microbial functions in the top 10 of level-2 for intestine samples (mean±SD, n=3).





DISCUSSION


Growth Performance

The results showed that dietary GSH can significantly improve the weight gain rate and survival rate of triploid O. mykiss, and reduce the feed conversion rate, which is similar to results obtained for grass carp (Ming et al., 2015) and Atlantic salmon (Ma et al., 2019). GSH can enhance the growth performance of European bass larvae by improving amylase and protease activity (Zambonino-Infante et al., 1997). In a study of Japanese flounder (Paralichthys olivaceus), the deamination product of cysteine and hydrolysate of GSH was found to be a component of coenzyme A (Wang et al., 2011). This can also enhance grass carp growth by destroying the growth inhibitory molecules, and promoting the secretion of growth hormone (Xiao and Lin, 2003). It was found that GSH can promote the secretion of pituitary growth hormone and liver insulin-like growth factor-1 level, to promote the synthesis of protein and improve the nutrient utilization rate (Ming et al., 2015). Furthermore, GSH can protect intestinal mucosa from the damage of toxins and peroxides, protect the digestive system, and help the intestinal absorption of nutrients in animals (Aw et al., 1992), which is in line with reports of improving growth and feed conversion rate.

In the present study, the optimal addition of GSH in the feed of triploid O. mykiss was 447.06mgkg−1, which is close to that of grass carp (381mgkg−1; Ming et al., 2015), but much higher than that of Japanese flounder (368.92mg·kg−1; Wang et al., 2011) and Nile tilapia (355.13mgkg−1; Zhou et al., 2013). The differences in these results may be related to the culture environment, species and size, feed formula, feeding strategy, and raw material processing technology. Adding an appropriate amount of GSH to the feed can improve the growth performance, but excessive GSH will result in negative effects. The weight and protein efficiency of yellow catfish (Pelteobagrus fulvidraco) first increased and then decreased, and reached a maximum value at 300mgkg−1, and the high GSH levels possibly had a toxic effect on the fish (Zhou et al., 2017). A low GSH concentration can inhibit lipid peroxidation, whereas a high GSH concentration can promote mitochondrial lipid peroxidation, which is related to the mutual transformation of reduced glutathione and oxidized glutathione in the body (Gao et al., 1998). Moreover, GSH can be synthesized with many compounds, such as aromatic epoxides, halogenated hydrocarbons, to produce toxic metabolites, which cause DNA damage and have adverse effects on the body (Kleider et al., 2016).



Body Composition

The effects of GSH on fish body composition varied with different species. There was no significantly different effect of GSH on the dry matter, crude lipid, and ash content of grass carp (Ming et al., 2015). Similarly, there were no significant differences among the groups for body composition in this study. However, crude lipid and protein in yellow catfish were higher than that of the control group (Zhou et al., 2017). This may be related to GSH participating in the transport of amino acids and small peptides, which promotes amino acid absorption (Meister and Anderson, 1983).



Histology

Increased intestinal villus height can enhance digestion and absorption by improving the interaction between the intestine and nutrients (Long et al., 2018). The results in this study were similar to previous reports of Atlantic salmon (Refstie et al., 2000) and meager (Argyrosomus regius; Ribeiro et al., 2015). The small peptide can improve the intestinal development of fish, and increase the height of small intestinal villi (Murashita et al., 2015). It has been reported that adding GSH to the feed of Pacific white shrimp improved intestinal development, promoted intestinal villi growth, and thickened the muscle layer (Wang et al., 2018). It was found that when fish were fed dietary GSH at 400mgkg−1, the myometrium thickness and intestinal villus height increased significantly. The results showed that GSH could enhance intestinal tract development by affecting the tissue structure of the small intestine, improve the utilization rate of feed nutrition, and enhance the growth and development of triploid O. mykiss.



Antioxidant Capacity

In the present study, the SOD, CAT, GSH, and glutathione reductase (GR) activities in the mid-intestine when fish fed GSH were higher than those of the control group. Similarly, the SOD activity also increased as dietary GSH levels increased (Zhou et al., 2012). It has been speculated that exogenous GSH can reduce the oxygen-free radical damage to the body and antioxidant stress of O. mykiss (Pena-Llopis et al., 2001). However, the SOD activity of Japanese flounder was not affected by the amount of GSH added to the feed (Wang et al., 2011). It is possible that the effect of GSH on SOD activity is different for different species. With the increase of GSH, CAT activity in tilapia increased first and then decreased; therefore, CAT could possibly eliminate hydrogen peroxide in the body and protect cells from its toxicity (Zhou et al., 2012). The change in CAT activity was due to the activation of the antioxidant enzyme system in the body. In this study, the mid-intestine CAT activity in triploid O. mykiss was higher than that of the control group. Therefore, adding appropriate GSH could regulate body antioxidant status, decrease the concentration of hydrogen peroxide in the cells, and reduce the degree of cell damage. In this experiment, the mid-intestine GSH and GR activities in triploid O. mykiss are higher than those in the control group. It is speculated that exogenous GSH could activate a reaction and metabolism related to GSH and increase the demand for GSH. Therefore, the GR activity that can convert oxidized GSH into GSH (Ming et al., 2015) also increased accordingly. Furthermore, intestinal MDA content when fish were fed GSH was lower than that of the control group, which is associated with previous study findings (Wang et al., 2011). It is possible that an appropriate amount of GSH could reduce the toxic effect of lipid peroxidation in cells, reducing the degree of cell damage (Birnie-Gauvin et al., 2017).



Gene Expression

When protein ingestion increases, the PepT1 expression in the brush border of the small intestine increases, transport efficiency of small peptides increases, and the use of protein, tripeptides, and free amino acids will be improved through enhanced amino acid uptake efficiency (Ostaszewska et al., 2010). SLC1A5, an amino acid transporter, transports amino acids using the concentration gradient of Na+ inside and outside the cell membrane and is the most important transporter for cells to absorb exogenous glutamine. Compared to that of the control group, the PepT1 and SLC1A5 gene expression in the intestinal oligopeptide transporter by dietary GSH supplementation increased significantly, suggesting that dietary glutamine utilization was improved, which enhances intestinal development.

Proinflammatory factors are necessary to signal cytokines to initiate and regulate this reaction, which mainly includes tumor necrosis factor-α, interleukin-1β, interleukin-2, and interleukin-8. Interleukin-1β can promote the proliferation and activation of immune cells, such as thymocytes and T cells, and also promote the synthesis and secretion of immune proteins by B cells, and mediate the inflammatory response (Sims and Smith, 2010). Interleukin-2 is primarily generated by activated T cells, which can promote the growth, proliferation, and differentiation of lymphocytes, enhance NK cell function and play an important role in immune response and antiviral infection (Koreth et al., 2011). Interleukin-8 regulates immunity, promoting cell mitosis, and stimulating capillary formation (Hoffmann et al., 2002). Tumor necrosis factor-α is a member of the cytokine family, which can induce apoptosis of tumor cells and coordinate non-specific immune response (Paul, 1985), which is produced in the early stage of inflammatory response. When the level of intestinal pro-inflammatory factors increases, it promotes the production of the inflammatory response, causing damage to intestinal mucosa tissue cells, destroying the barrier function of the intestinal epithelium, increasing intestinal permeability, making pathogens and endotoxins enter the blood circulation, causing functional damage to more organs, resulting in a systemic inflammatory response of the body (Costantini et al., 2010). It has been found that GSH can reduce intestinal injury, the expression of intestinal inflammatory factors, incidence of pathogen and endotoxin translocation in the intestinal tract of rats with acute necrotizing pancreatitis, and play a role in protecting the intestinal mucosa (Aw et al., 1992). In addition to interleukin-8, the expression of proinflammatory factors in the intestinal tract in the treatment group was significantly lower than that of the other groups. The mechanism of action may be related to the NF-κB/MLCK pathway inhibition by GSH’s nitroso derivatives, to protect the structure and function of closely connected intestinal epithelial cells (Koeberle et al., 2020).



Intestinal Microbiota

Feed composition is a key aspect influencing fish intestinal microbiota (Ringø et al., 2006). In this study, when fish were fed GSH, the Chao1 index, ACE index, and Shannon index increased, which indicated that the abundance and evenness of the intestinal microbiota of triploid O. mykiss increased. The abundance of the intestinal microbiota reached a significant level when fish were fed 200–800mgkg−1 GSH. Results have shown that several species with low microbiotal abundance in the intestines could benefit from dietary GSH supplementation. The change in alpha diversity might be related to the antibacterial properties of GSH, and the mechanism needs further study. In the present study, the predominant intestinal microbiota were Proteobacteria, Firmicutes, and Bacteroidetes, which were similar to those of O. mykiss (Huyben et al., 2017; Lyons et al., 2017; Huyben et al., 2021). Some studies have shown that Firmicutes and Bacteroides in the intestine are related to fat deposition, and can ferment more short-chain fatty acids, and promote fat deposition when the proportion of Bacteroides increases (Turnbaugh et al., 2006). This study showed that the abundance of Firmicutes/Bacteroides in each group increased, and the proportion of Actinobacteria with the addition of GSH increased compared with that of the control group. Proteobacteria includes many pathogenic bacteria, such as Escherichia coli, Vibrio cholerae, and Salmonella enterica (Holben et al., 2002), which are usually present in the intestines. In this study, although there were no significant differences in beta diversity among the groups, dietary GSH 200–800mgkg−1 increased the abundance of Ilumatobacter, Peptoniphilus, Limnobacter, etc. Moreover, the control diet had an increased abundance of Arcobacter, which is responsible for causing diseases in fish. The results in the present study indicated that 200–800mgkg−1 dietary GSH may decrease the probability of triploid O. mykiss being infected by pathogenic bacteria. This may be related to the role of GSH in scavenging intracellular peroxides and free radicals, protecting cells from oxidative damage. This would maintain the intestinal mucosal barrier, promoting immune cell proliferation, and inhibiting the expression of pro-inflammatory factors, resulting in increased abundance and homogeneity of microbiota in the intestines of triploid O. mykiss. However, the microbial functions of the intestine were similar through the functional analysis. Therefore, the dynamics of the microbiota structure and mechanism of action between the altered microbiota and intestine function are still not well understood and need more research.




CONCLUSION

In conclusion, dietary GSH is beneficial for triploid O. mykiss and may be related to the ability of GSH to scavenge peroxides and free radicals in cells, protect cells from oxidative damage, maintain the intestinal mucosal barrier, promote immune cell proliferation, inhibit the expression of the pro-inflammatory factors, and increase the abundance and evenness of intestinal microbiota. The mechanism of interaction is still unclear, and further research is needed. In addition, more studies are required to elucidate the exact regulatory mechanisms involved by which GSH causes these coordinated responses and explore products (e.g., yeast, wheat germ, and animal liver which contains approximately 1–100mgg−1 GSH) or use feed ingredients with high glutathione content appropriately to generate substantial economic returns for the aquaculture industry.
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When fish are under oxidative stress, levels of reactive oxygen species (ROS) are chronically elevated, which play a crucial role in fish innate immunity. In the present study, the mechanism by which betaine regulates ROS production via Wnt10b/β-catenin signaling was investigated in zebrafish liver. Our results showed that betaine enrichment of diet at 0.1, 0.2 and 0.4 g/kg induced Wnt10b and β-catenin gene expression, but suppressed GSK-3β expression in zebrafish liver. In addition, the content of superoxide anion (O2·−), hydrogen peroxide (H2O2) and hydroxyl radical (·OH) was decreased by all of the experimental betaine treatments. However, betaine enrichment of diet at 0.1, 0.2 and 0.4 g/kg enhanced gene expression and activity of superoxide dismutase (SOD), glutathione peroxidase (GSH-PX) and catalase (CAT) in zebrafish liver. In addition, Wnt10b RNA was further interfered in zebrafish, and the results of Wnt10b RNAi indicated that Wnt10b plays a key role in regulating ROS production and antioxidant enzyme activity. In conclusion, betaine can inhibit ROS production in zebrafish liver through the Wnt10b/β-catenin signaling pathway.
Keywords: betaine, Wnt10b, β-catenin, reactive oxygen species, zebrafish
1 INTRODUCTION
Due to various stress factors in the aquatic environment, fish are prone to stimulate inflammatory responses (Saurabh and Sahoo, 2008; Troncoso, et al., 2012). In addition, the antioxidant status is closely related to the innate immunity of fish species (Kuang, et al., 2012; Tort, et al., 2003). Generally speaking, the existence of various antioxidant enzymes, the generation and elimination of ROS in fish are in a state of dynamic equilibrium. However, if the homeostasis is disrupted, excess ROS can be produced in fish tissues. Excessive production of ROS is closely related to lipid peroxidation, cellular damage and protein oxidation (Cooke, et al., 2003; Martínez-Álvarez, et al., 2005; Maynard, et al., 2009). Furthermore, high levels of ROS exacerbate oxidative stress and induce the production of pro-inflammatory cytokines (Naik and Dixit, 2011). To protect animals from ROS-mediated damage, various antioxidant enzymes, such as superoxide dismutase (SOD), glutathione peroxidase (GSH-PX) and catalase (CAT), play key roles in regulating the balance of ROS levels (Martínez-Álvarez, et al., 2005).
The chemical structural formula of betaine is (CH3)3N+–CH2COO−, which is a naturally occurring metabolite in animals (Craig, 2004). In addition, betaine, a by-product of sugar beet processing, is used commercially as a feed additive in aquaculture fish feeds (Eklund, et al., 2005). Today, betaine is widely used as an attractant in aquaculture. Moreover, betaine plays an important role in regulating cellular osmotic pressure (Nakanishi, et al., 1990). Previously, betaine was observed to accumulate in mammalian renal medulla cells and chicken fibroblasts under osmotic stress, thereby functioning to regulate osmotic pressure and monitor water content (Bagnasco, et al., 1986; Eklund, et al., 2005; Kidd, et al., 1997; Petronini, et al., 1992). In addition, betaine reduces the osmotic pressure of Atlantic salmon and improves the ability to maintain osmotic balance (Virtanen, et al., 1989). Addition of betaine to fish feed significantly improves feed utilization, survival, and fish growth (Craig, 2004; Liang, et al., 2001; Luo, et al., 2011; Wu and Davis, 2005).
Cytoplasmic accumulation of β-catenin is a decisive event in cells in the canonical Wnt signaling pathway. In addition, the molecule GSK-3β is involved in the regulation of cytoplasmic β-catenin levels (Logan and Nusse, 2004; Veeman, et al., 2003; Zeng, et al., 1997). After the Wnt molecule binds to the receptor complex on the cell membrane, the activity of GSK-3β decreases and β-catenin accumulates, which further regulates the expression of target genes (Bhanot, et al., 1996; Molenaar, et al., 1996). In a previous study, it was observed that the Wnt/β-catenin signaling pathway is involved in the regulation of oxidative stress in MC3T3-E1 cells (Qi, et al., 2016).
Under oxidative stress, ROS production in animals is chronically increased, disrupting cellular metabolism and fish immunity (Lushchak, 2014). Previously, betaine has been shown to have antioxidant properties in a variety of animals (Doğru-Abbasoğlu, et al., 2018; Heidari, et al., 2018; Wen, et al., 2019). However, the regulatory mechanism of betaine on ROS production via Wnt10b signaling remains unknown in fish species. Previous studies have shown that betaine increases stress resistance, and the Wnt/β-catenin signaling pathway plays a role in regulating oxidative stress (Kim, et al., 2014; Li, et al., 2019; Qi, et al., 2016; Zhang, et al., 2018). It is interesting to examine whether betaine regulates ROS production in fish through the Wnt10b signaling pathway. The aim of this study was to investigate the mechanism by which betaine modulates ROS production via Wnt10b/β-catenin signaling in zebrafish liver.
2 MATERIALS AND METHODS
2.1 Diet and Animals
Betaine was purchased from Sunwin Biotechnology Co., Ltd. (Weifang, China). Casein and gelatin were used as protein sources. Four isoenergetic and isonitrogenic diets containing 0, 0.1, 0.2, and 0.4 g/kg betaine were prepared according to Table 1. The ingredients were ground into powder then passed through a 120 μm sieve, and mixed with lard and linseed oil. Then, the appropriate amount of water (300 ml/kg dry ingredient) was added to the ingredients and blended with a tablet machine to form flakes. Finally, the flakes were dried in a ventilated oven at 40°C for 10 h, pulverized, sieved into small particles (200–300 μm), and stored at −20°C for later use.
TABLE 1 | Composition and proximate analysis of the experimental diets.
[image: Table 1]Male zebrafish (AB strain, ∼3.2 cm) were cultured in 3.0 L flow-through glass jars with circulating dechlorinated water at 28°C on a 14 h light:10 h dark cycle. The fish were then fed ad libitum twice a day at 8:00 and 18:00 with commercial feed obtained from Sanyou Landscaping Feed Technology Co., Ltd. (Beijing, China) for 2 weeks of acclimation. Two different experimental rearings were performed, the first involving betaine levels in the experimental diet and the second involving Wnt10b RNA interference.
2.2 Animals Treatments
First, experimental feeding on the four betaine level diets was performed as follows. 180 male zebrafish were assigned to 12 tanks (15 fish per tank) and each betaine level (0, 0.1, 0.2 and 0.4 g/kg betaine) was distributed into three tanks. The fish were fed ad libitum twice a day at 8:00 and 18:00. 6 weeks later, after zebrafish were anesthetized with 0.1 g/L MS 222, a liver sample was collected from five fish per tank for gene expression analysis. In addition, another liver sample was collected from five fish in each tank for biochemical indicator analysis. Three replicates were used for each betaine level treatment group.
2.3 Wnt10b RNA Interference
First, the Wnt10b gene (AY182171.1) was cloned according to the primers listed in Table 2. Then, double-stranded RNA (dsRNA) was synthesized using the primers listed in Table 2 according to the previous method (Arockiaraj, et al., 2014). Experimental rearing for Wnt10b RNA interference (Wnt10b RNAi) was performed as follows. After 2 weeks of acclimation, 90 male zebrafish (∼3.8 cm) were allocated to six tanks for Wnt10b RNAi. For the RNAi group (3 tanks), fish were intraperitoneally injected with 500 ng of dsRNA diluted in DEPEC-treated water, while fish in the control group (3 tanks) were intraperitoneally injected with 5 μl of DEPEC-treated water. Then, the two groups of zebrafish were fed ad libitum a diet containing 0.4 g/kg betaine at 8:00 and 18:00 every day. After 6 days, the fish were sampled for analysis as the betaine treatment experiments.
TABLE 2 | PCR primers for Wnt10b RNA interference.
[image: Table 2]2.4 Assay for Liver Level of Reactive Oxygen Species and Antioxidant Enzyme Activity
Liver samples were homogenized and centrifuged at 5,000 ×g for 10 min at 4°C, and supernatants were collected for biochemical analysis. The supernatant ·OH, H2O2, O2·− levels, and CAT, SOD, GSH-PX activity were measured using commercial kits purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). The protein concentration in the supernatant was detected at 595 nm according to the Bradford method (Bradford, 1976). SOD activity was measured at 550 nm by measuring inhibition of the reduction rate of cytochrome c, and CAT activity was measured by analyzing residual H2O2 absorbance at 405 nm. Activity of GSH-PX was detected by analyzing the rate of NADPH oxidation at 412 nm. In addition, since H2O2 can form a stable complex with ammonium molybdate, the content of H2O2 was detected at 405 nm. The production of ·OH was detected according to the production of hydrogen peroxide, and the production of O2·− was measured at 550 nm by the xanthine oxidase method.
2.5 RNA Extraction and Real-Time Quantitative Polymerase Chain Reaction
The primer sequences for various target genes and reference gene (β-actin) were shown in Table 3. Subsequently, real-time PCR was performed in a quantitative thermal cycler (ROCHE, Lightcycler 480, Switzerland) using SYBR® Premix Ex Taq™ II (Takara, Japan). The program for quantitative RT-PCR was as follows: 50°C for 2 min, 95°C for 10 min, then 40 cycles of 95°C for 15 s and 60°C for 1 min. Finally, the relative gene expression level was detected by 2−ΔΔCT method (Livak and Schmittgen, 2001).
TABLE 3 | Real-time quantitative PCR primers for genes of zebrafish.
[image: Table 3]2.6 Statistical Analysis
Results were expressed as mean ± standard error of the mean (sem). SPSS 16.0 was used to analyze statistical differences. Then, after testing for normality and homogeneity of variance between groups, the results were subjected to a one-way analysis of variance (ANOVA) followed by Tukey’s test. In addition, RNAi experiments were analyzed by t-test analysis using independent samples. Differences were set at p < 0.05.
3 RESULTS
3.1 Effect of Betaine on the Gene Expression Related to Wnt10b/β-Catenin Signaling in Zebrafish
Compared with control, 0.2 and 0.4 g/kg betaine treatments significantly induced Wnt10b gene expression, while 0.1, 0.2 and 0.4 g/kg betaine treatments significantly decreased GSK-3β gene expression (Figures 1A,B). However, the gene expression of GSK-3β was not significantly different between 0.1, 0.2 and 0.4 g/kg betaine treatments (Figure 1B). Furthermore, betaine enrichment of diet at 0.2 and 0.4 g/kg significantly enhanced β-catenin gene expression (Figure 1C).
[image: Figure 1]FIGURE 1 | Effect of betaine on the mRNA expression of Wnt10b, GSK-3β, and β-catenin in the liver of zebrafish. (A) The mRNA expression of Wnt10b; (B) The mRNA expression of GSK-3β; (C) The mRNA expression of β-catenin. Values are expressed as means ± sem (n = 3). Statistically significant differences are denoted by different letters (p < 0.05).
3.2 Effect of Betaine on the Gene Expression of Antioxidant Enzymes in Zebrafish
0.1, 0.2 and 0.4 g/kg betaine treatments significantly induced CAT and SOD gene expression compared with control (Figures 2A,B). However, there was no significant difference in CAT gene expression between three betaine treatments (Figure 2A). In addition, 0.2 and 0.4 g/kg betaine treatments significantly induced GSH-PX gene expression (Figure 2C).
[image: Figure 2]FIGURE 2 | Effect of betaine on the mRNA expression of CAT, SOD, and GSH-PX in the liver of zebrafish. (A) The mRNA expression of CAT; (B) The mRNA expression of SOD; (C) The mRNA expression of GSH-PX. Values are expressed as means ± sem (n = 3). Statistically significant differences are denoted by different letters (p < 0.05).
3.3 Effect of Betaine on the Level of Reactive Oxygen Species in Zebrafish
0.1, 0.2 and 0.4 g/kg betaine treatments significantly reduced O2·− level, but there was no significant difference between 0.1, 0.2 and 0.4 g/kg betaine treatments (Figure 3A). In addition, three betaine treatments significantly reduced the levels of ·OH and H2O2 (Figures 3B,C).
[image: Figure 3]FIGURE 3 | Effect of betaine on the level of ROS in the liver of zebrafish. (A) The level of O2·−; (B) The level of ·OH; (C) The level of H2O2. Values are expressed as means ± sem (n = 3). Statistically significant differences are denoted by different letters (p < 0.05).
3.4 Effect of Betaine on the Antioxidant Enzyme Activity in Zebrafish
0.2 and 0.4 g/kg betaine treatments significantly increased CAT activity, while no significant difference was observed between 0.2 and 0.4 g/kg betaine treatments (Figure 4A). Furthermore, betaine enrichment of diet at 0.1, 0.2 and 0.4 g/kg significantly increased the activities of SOD and GSH-PX (Figures 4B,C).
[image: Figure 4]FIGURE 4 | Effect of betaine on the activities of antioxidant enzymes in the liver of zebrafish. (A) The activity of CAT; (B) The activity of SOD; (C) The activity of GSH-PX. Values are expressed as means ± sem (n = 3). Statistically significant differences are denoted by different letters (p < 0.05).
3.5 Effect of Wnt10b RNAi on the Gene Expression Related to Wnt10b/β-Catenin Signaling in Zebrafish
Interference of Wnt10b RNA significantly reduced Wnt10b gene expression and significantly increased GSK-3β gene expression (Table 4). In addition, Wnt10b RNAi significantly reduced the expression of β-catenin gene (Table 4).
TABLE 4 | Effect of Wnt10b RNA interference on the gene expression level in the liver of zebrafish.
[image: Table 4]3.6 Effect of Wnt10b RNAi on the Gene Expression of Antioxidant Enzymes in Zebrafish
Interference with Wnt10b RNA significantly reduced the gene expression of CAT and SOD compared to controls (Table 4). In addition, Wnt10b RNAi in zebrafish liver also significantly suppressed GSH-PX gene expression (Table 4).
3.7 Effect of Wnt10b RNAi on the Level of Reactive Oxygen Species and Activity of Antioxidant Enzymes in Zebrafish
Wnt10b RNAi treatment significantly increased the level of O2·− (Table 5). Interference of Wnt10b RNA also significantly increased the levels of ·OH and H2O2 (Table 5). Furthermore, Wnt10b RNAi treatment significantly reduced SOD, CAT and GSH-PX activities in zebrafish liver (Table 5).
TABLE 5 | Effect of Wnt10b RNA interference on the level of ROS and activities of antioxidant enzymes in the liver of zebrafish.
[image: Table 5]4 DISCUSSION
Wnt molecules play a key role in the Wnt/β-catenin signaling pathway (Cossu and Borello, 1999; Ridgeway, et al., 2000; Taelman, et al., 2010; Valenta, et al., 2012). GSK-3β activity is hindered as Wnt molecules bind to receptors on the cell membrane (Taelman, et al., 2010). In addition, β-catenin levels are closely related to the activity of GSK-3β (Huelsken and Behrens, 2002). In the present study, gene expression of both Wnt10b and β-catenin was induced, but GSK-3β gene expression was decreased by betaine treatment in zebrafish liver. Our findings suggest that betaine can stimulate the Wnt/β-catenin signaling pathway by inducing Wnt10b and inhibiting GSK-3β expression (Figure 5).
[image: Figure 5]FIGURE 5 | The mechanism by which betaine regulates the production of ROS through Wnt10b/β-catenin signaling pathway in the zebrafish liver.
Under conditions of oxidative stress, ROS production in fish will be enhanced over time. However, overproduction of ROS can damage cellular components and interfere with cellular metabolism (Lushchak, 2014). Previously, betaine has been shown to have antioxidant properties in various animals. Betaine attenuates oxidative stress in the liver of rat fed with the high-fructose and thioacetamide diet (Doğru-Abbasoğlu, et al., 2018; Heidari, et al., 2018). In addition, betaine reduces the negative effects of heat stress-stimulated oxidative status in broilers (Wen, et al., 2019), and betaine alleviates heat stress in dairy cows (Hall, et al., 2016; Zhang, et al., 2014). In this study, different concentrations of betaine in diet reduced the levels of O2.−, ·OH and H2O2 within fish liver. Furthermore, the increasing betaine content in diet significantly induced the gene expression and activity of CAT, SOD and GSH-PX in zebrafish liver. In the current study, we also found that the higher content of betaine can better reduce the level of ROS and increase the activity of antioxidant-related enzymes, which is consistent with the results of previous studies on betaine.
To confirm that Wnt10b plays a key role in regulating ROS levels, fish were intraperitoneally injected with Wnt10b dsRNA and ROS production was further detected in zebrafish liver. The results showed that β-catenin gene expression was inhibited, and the Wnt/β-catenin signaling pathway was inhibited by Wnt10b RNAi. In addition, Wnt10b RNAi increased the levels of O2.−, ·OH and H2O2 in zebrafish liver, while decreasing the activities of SOD, CAT and GSH-PX. Wnt/β-catenin signaling pathway was previously found to play a role in regulating oxidative stress in MC3T3-E1 cells (Qi, et al., 2016). Our findings also suggest that the Wnt/β-catenin signaling pathway plays a key role in regulating antioxidant-related enzyme activities and ROS levels. Therefore, for betaine-induced Wnt/β-catenin signaling, it clearly demonstrated that betaine can inhibit ROS production in zebrafish liver through the Wnt/β-catenin signaling pathway (Figure 5).
In addition, betaine has three active methyl groups and plays a unique role in animal nutrition metabolism. Methyl groups are necessary for animal metabolism and cannot be synthesized by animals themselves. Therefore, betaine is one of the most efficient active methyl donors due to its unique structure (Kidd, et al., 1997). It has been previously found that if animals have enough betaine in their bodies, they can store more methionine for other metabolic activities (Lipiński, et al., 2012; Pereira, et al., 2018). Betaine is involved in regulating various physiological activities of animals (Zhang, et al., 2016). In addition, betaine has the ability to modulate osmotic changes and water imbalance during heat stress (Mahmoudnia and Madani, 2012; Zhou, et al., 2012). In the poultry industry, betaine can maintain the moisture of poultry cells and improve the ability of poultry to resist heat stress (Saeed, et al., 2017). In the current study, we observed that betaine reduced ROS levels and increased the activities of antioxidant-related enzymes. The ability of betaine to reduce ROS levels may also be related to osmoprotectant and methyl-donating properties. However, the specific mechanism needs to be further studied in future research.
5 CONCLUSION
In conclusion, a mechanism by which betaine modulates oxidative stress via Wnt10b/β-catenin signaling was discovered in zebrafish liver. Our findings suggest that betaine can induce Wnt10b/β-catenin signaling in zebrafish liver. ROS levels are reduced in zebrafish liver, but betaine enhances the activity of antioxidant-related enzymes. Furthermore, the results of Wnt10b RNAi indicated that the Wnt10b/β-catenin signaling pathway plays a key role in regulating ROS production and antioxidant-related enzymatic activities. Taken together, betaine can inhibit ROS production in zebrafish liver through Wnt10b/β-catenin signaling pathway.
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The present study aimed to investigate the growth performance, whole-body proximate composition, and intestinal microbiome of rainbow trout strains when selected and non-selected for weight gain on all-plant protein diets. A 2x2 factorial design was applied, where a selected (United States) and a non-selected (ITA) rainbow trout strain were fed using either an all-plant protein (PP) or a commercial low-FM diet (C). Diets were fed to five replicates of 20 (PP) or 25 (C) fish for 105 days. At the end of the trial, growth parameters were assessed, and whole fish (15 pools of three fish/diet) and gut samples (six fish/diet) were collected for whole-body proximate composition and gut microbiome analyses, respectively. Independent of the administered diet, the United States strain showed higher survival, final body weight, weight gain, and specific growth rate when compared to the ITA fish (p < 0.001). Furthermore, decreased whole-body ether extract content was identified in the PP-fed United States rainbow trout when compared to the ITA strain fed the same diet (p < 0.001). Gut microbiome analysis revealed the Cetobacterium probiotic-like genus as clearly associated with the United States rainbow trout, along with the up-regulation of the pathway involved in starch and sucrose metabolism. In summary, the overall improvement in growth performance and, to a lesser extent, whole-body proximate composition observed in the selected rainbow trout strain was accompanied by specific, positive modulation of the intestinal microbiome.
Keywords: rainbow trout, selective breeding, performance, vegetable proteins, gut microbiome
INTRODUCTION
Genetic selection has progressively gained a foothold in the aquaculture sector, as it allows obtaining individuals with desired phenotypic traits. Traditional selective breeding—where only fish that exhibit desirable characteristics for one or multiple traits are chosen and bred—represents the most commonly adopted genetic enhancement technique. It is mainly directed towards the maximization of growth potential, improvement in fillet quality attributes, or development of resistance to stress and pathogens (Xu et al., 2015). In particular, rainbow trout (Oncorhynchus mykiss) has frequently been the object of selective breeding, with current programs being predominantly based on mass selection for growth rates (Cleveland et al., 2020) and resistance to viral or bacterial diseases (Vallejo et al., 2020; Zuo et al., 2020). Among all the selective breeding programs carried out to improve the growth potential of rainbow trout, one of the most impactful is related to the efficiency of digesting all-plant protein feeds (Overturf et al., 2013; Lazzarotto et al., 2015; Callet et al., 2017). It is, indeed, well known that the aquaculture sector has been trying to overcome sustainability challenges for the past decade, as worldwide production from aquaculture has grown rapidly and overtaken capture fisheries, and per capita consumption of fish has doubled (FAO, 2020). Therefore, the unsustainability of a “fish-to-fish” feeding has progressively made it necessary to replace fishmeal (FM) by alternative protein sources of plant origin in diets for farming fish. However, all-plant protein feeds do not represent the optimal choice for salmonids, with reductions in feed intake, weight gain, feed efficiency, alteration of gut microflora and immune response, and intestinal dysfunction and inflammation (mainly affecting the distal gut) being commonly observed (Krogdahl et al., 2010). In the light of such negative outcomes, genetic selection has successfully proved to be an effective counteracting measure to create rainbow trout strains that outperform the commercial, parental lines in utilizing all-plant protein diets without showing worsened growth performance or developing distal enteritis (Burr et al., 2012; Abernathy et al., 2017; Callet et al., 2017).
So far, the efficacy of selective breeding for utilization of all-plant protein diets in rainbow trout has been investigated by comparing selected and non-selected strains when fed either an FM or an all-plant protein diet in terms of growth response, nutrient retention, plasma amino acid (AA) patterns, and gut, liver, and muscle transcriptomic profiles (Abernathy et al., 2017; Callet et al., 2017; Brezas and Hardy, 2020; Brezas et al., 2021; Callet et al., 2021). In particular, candidate genes for protein (i.e., intestinal AA transporters and ribosomal proteins), lipid (i.e., long-chain polyunsaturated fatty acids biosynthesis), and purine–thiamine metabolisms, as well as energy production and inflammation (i.e., interleukin receptors), have previously been linked to synchronization of AA absorption and protein digestion rates and, in turn, improved growth and protein retention in the selected strains (Abernathy et al., 2017; Brezas et al., 2021; Callet et al., 2021). However, as gut microbiome alterations can influence fish performance (Vargas-Albores et al., 2021), and the intestinal microbiome itself may be, in turn, modulated by dietary changes (Rimoldi et al., 2018 and, 2021; Gaudioso et al., 2021; Terova et al., 2021), the characterization of the gut microbiome in selected rainbow trout could provide novel insights into the adaptation mechanisms of the fish to all-plant protein feeds. Nowadays, it is widely accepted that there is a correlation between fish genotype and gut microbial communities, but to date, there is very little information on how genetic selection drives differences in intestinal microbiota composition and how this could affect diet plasticity, health, and disease resistance in both marine and freshwater fish species (Blaufuss et al., 2020; Piazzon et al., 2020).
Therefore, the present study was designed to investigate the growth performance, whole-body proximate composition, and intestinal microbiome of rainbow trout strains when selected and non-selected for weight gain on all-plant protein feeds in response to all-plant protein and commercial low-FM diets.
MATERIALS AND METHODS
Experimental Fish and Diets
A feeding trial was conducted at the Experimental Facility of the Department of Agricultural, Forest and Food Sciences (DISAFA) of the University of Turin (Italy) using two different rainbow trout strains. The selected strain (United States) was developed by the United States Department of Agricultural–Agricultural Research Service (USDA-ARS) and the University of Idaho by introgression of nine domesticated commercial and conservation stocks (Overturf et al., 2013). The selection was based on growth performance when trout were fed an all-plant protein feed. Besides dietary utilization, the selected strain also displays an enhanced non-specific pathogen resistance and a concomitant resistance to the development of distal intestine enteritis (Venold et al., 2012; Abernathy et al., 2017). The non-selected strain (ITA) was selected for different performance traits when fed a commercial low-FM diet by the Italian hatchery Fratelli Leonardi (Trento, Italy). To understand the effects of both diet and genotype, a 2x2 factorial design was applied. In particular, each rainbow trout strain was fed using two different experimental diets: a diet containing only plant proteins (PP, provided by the University of Idaho), and a commercial low-FM diet (C) containing both the plant meals and FM (provided by Naturalleva, Cologna Veneta, Verona, Italy). No information was provided by the feed company about the C diet formulation as it was considered confidential. Both the diets were provided as extruded feeds.
In detail, the United States embryonated eggs were received from the University of Idaho and, after hatching in hatchery tanks, were fed commercial diets (crumbled extruded feeds of different sizes, with 55–62% crude protein [CP] and 11–18% ether extract [EE]; Skretting Italia Spa, Mozzecane, Verona, Italy) until the beginning of the experimental trial. In parallel, ITA fingerlings (mean weight of 2.0 ± 0.01 g) were provided by Fratelli Leonardi and fed the same commercial diets until the beginning of the feeding trial as well. After reaching the juvenile stage, 250 juvenile rainbow trout (125 from each strain) underwent light anesthesia (MS-222; PHARMAQ Ltd., United Kingdom; 60 mg/L) and were individually weighed (10.63 ± 0.01 g) by using electronic scales (KERN PLE-N v. 2.2; KERN and, Sohn GmbH, Balingen-Frommern, Germany; d: 0.1). Then, fish from each strain were randomly distributed into ten 100-L, rectangular-shaped tanks (five replicate tanks per strain, 25 fish per tank) connected to a flow-through open system supplied with artesian well water (constant temperature of 13 ± 1°C, 8 L min-1, dissolved oxygen ranged between 7.6 and 8.7 mg L), and fed the C diet (USA-C and ITA-C treatments). In parallel, at the same rearing conditions, 200 juvenile rainbow trout (100 from each strain; initial body weight of 13.47 ± 0.01 g) were randomly allotted to ten 100-L, rectangular-shaped tanks (five replicate tanks per strain, 20 fish per tank), and fed the PP diet (USA-PP and ITA-PP treatments). In order to update the daily amount of feed, the biomass in each tank was weighed in bulk every 14 days. Fish were fed by hand twice a day (08:00 and 15:00) and 6 days per week, up to a maximum of 2.5% of the tank biomass the first 6 weeks of the feeding trial. Then, according to the fish growth, the daily amount of feed per tank was progressively reduced to 1.7%. Feed intake was checked at each administration, as feed distribution was immediately suspended when fish stopped eating. Undistributed feed was weighed and this data was used for the correct calculation of the growth parameters. Mortality was daily recorded. The feeding trial lasted 105 days.
Chemical Analyses of Feed
Feed samples were ground using a cutting mill (MLI 204; Bühler AG, Uzwil, Switzerland) and analyzed for dry matter (DM, AOAC #934.01), CP (AOAC #984.13), and ash (AOAC #942.05) contents according to AOAC International (2000). Feed samples were also analyzed for EE (AOAC #2003.05) content according to AOAC International (2003). The gross energy (GE) content was determined using an adiabatic calorimetric bomb (C7000; IKA, Staufen, Germany). All the chemical analyses of the feeds were performed in duplicate. The proximate composition of the experimental diets is shown in Table 1.
TABLE 1 | Feed ingredients (g/kg, as fed) and proximate composition of the experimental diets.
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At the end of the feeding trial, the feed was withheld from the fish for 1 day, and then they were individually weighted after light anesthesia. The following performance indexes were calculated per tank:
Survival (%) = 100—[(number of dead fish/number of fish at start) × 100].
Individual weight gain (iWG, g) = individual mean final body weight (iFBW, g)—individual mean initial body weight (iIBW, g).
Feed conversion ratio (FCR) = total feed supplied (g, DM)/WG (g).
Protein efficiency ratio (PER) = WG (g)/total protein fed (g, DM).
Specific growth rate (SGR, % day-1) = [(lnFBW–lnIBW)/number of days] × 100.
Whole-Body Proximate Composition
At the end of the feeding trial, 3 fish per tank (15 fish per dietary treatment) were sacrificed by an overdose of anesthetic (MS-222, PHARMAQ Ltd., United Kingdom; 500 mg/L) and then frozen at -20°C. Frozen fish were finely ground with a knife mill (Grindomix 174 GM200; Retsch GmbH, Haan, Germany) to obtain one pool of three fish per tank (5 pools per dietary treatment). All the fish pools were freeze-dried and used for the determination of the final whole-body proximate composition. The proximate composition of fish whole body was determined following the same procedures used for feed analyses (AOAC International, 2000 and 2003).
Sampling and Processing
At the end of the feeding trial, six fish per dietary treatment were sacrificed by an overdose of anesthetic, and the whole intestine was aseptically dissected out. The gut autochthonous microbiota was obtained by scraping the mucosa of the entire intestine (excluding pyloric caeca) with a sterile swab as reported in detail by Rimoldi et al. (2019). Briefly, each swab head was cut and immediately transferred to a sterile 1.5 ml microtube containing 200 μl of Xpedition Lysis/Stabilization Solution. The tube was then vortexed for shaking out the bacteria from the swab tip and stored at room temperature for up to 24 h until bacterial DNA extraction.
Bacterial DNA Extraction
The DNA was extracted from 200 µl of bacterial suspension and from three aliquots (200 mg) of each experimental feed using the DNeasy PowerSoil® Kit (Qiagen, Milan, Italy), according to the manufacturer’s instructions. The samples were mechanically lysed in PowerBead Tubes by means of a TissueLyser II (Qiagen) for 2 min at 25 Hz. The extracted DNA was spectrophotometrically quantified using the NanoDropTM 2000 spectrophotometer (Thermo Scientific, Milan, Italy) and stored at -20°C until the PCR reaction was performed.
16S rRNA Gene Amplicon Library Preparation and Sequencing
Preparation of the 16S metagenomic library and sequencing were performed by GalSeq srl (Italy), targeting the variable V4 region and applying Illumina protocol “16S Metagenomic Sequencing Library Preparation for Illumina MiSeq System” (#15044223 rev. B). Details of the methodology used have previously been described (Rimoldi et al., 2019; Terova et al., 2019). Briefly, primers are tailed with sequences to incorporate indexing barcodes, and samples are pooled into a single library for sequencing on the Illumina MiSeq device using the pair-ended sequencing (2 × 250) strategy. All FastQ sequence files were submitted to the European Nucleotide Archive (EBI ENA).
Analysis of Metabarcoding Data
The raw sequence files were imported in QIIME™ 2 (v. 2018.4) (Bolyen et al., 2019) and processed at the default setting. Artefacts and primers were trimmed, the remaining sequences were filtered for base quality (Q > 30), and forward and reverse reads were merged. Filtered reads were then dereplicated and chimeras removed using the denoise-paired command of the DADA2 plug-in. The output was an amplicon sequence variant (ASV) table, analog to the OTU table, which records the number of times each exact ASV was observed in each sample. The representative sequences were classified using the Silva reference database (https://www.arb-silva.de/) down to the genus level. All sequences assigned to eukaryotes (chloroplasts and mitochondria) in gut samples were discarded. Alpha and beta diversity analyses were performed using QIIME scripts “alpha_rarefection.py” and “jackknifed_beta_diversity_.py”, respectively. Principal Coordinates Analysis (PCoA) based on both unweighted UniFrac and weighted UniFrac distance matrices (Lozupone and Knight, 2005; Lozupone et al., 2007) was conducted to visualize similarities or dissimilarities between bacterial communities.
Predictive Functional Analysis of Bacterial Communities
The PICRUSt (Phylogenetic Investigation of Communities by Reconstruction of Unobserved States) software package was used to predict the functional profiling of microbial communities on the basis of 16S rRNA gene sequences (Langille et al., 2013) as previously described (Rimoldi et al., 2021). The inferred metagenomic functions were predicted using the Kyoto Encyclopedia of Genes and Genomes (KEGG database). The maximum allowed Nearest Sequenced Taxon Index (NSTI) value was set to two. Analysis of the output generated by PICRUSt was made using the Statistical Analysis of Metagenomic Profiles (STAMP) software package (Parks et al., 2014) applying a two-sided Welch t-test (p < 0.05) to identify differences in microbial metabolic pathways between two groups.
Bioinformatics and Statistical Analysis
The experimental unit for statistical analyses was the tank for growth performance and whole-body proximate composition, and the fish for microbiome analysis.
The statistical analysis of growth performance and whole-body proximate composition was performed using IBM SPSS Statistics v. 28.0 (IBM, Armonk, NY, United States). The Shapiro–Wilk test assessed the normality distribution of the residuals, while the assumption of equal variances was assessed by Levene’s homogeneity of variance test. The growth performance and whole-body proximate composition data were analyzed by fitting a general linear model that allowed them to depend on two fixed factors (strain and diet) and their interaction. The interactions between the levels of the fixed factors were evaluated by pairwise contrasts. The results obtained were expressed as the least square mean and pooled standard error of the mean (SEM). p values ≤ 0.05 were considered statistically significant.
The statistical analysis of gut microbiome data was performed using Past3 software (Hammer et al., 2001). All the data were checked for normality and homogeneity of variance using Shapiro–Wilk and Levene’s test, respectively. Concerning gut microbiota composition, only those taxa with an overall abundance of more than 0.5% (up to order level) and 0.01% at family and genus level were considered for statistical analysis. Before being statistically analyzed, the percentage values were angular transformed (arcsine of the square root). To test the null hypothesis (p < 0.05), a two-way ANOVA was performed considering the influence of two main factors (strain and diet) and their interaction. Multivariate analysis of beta diversity was tested using a two-way non-parametric permutational multivariate analysis of variance (two-way PERMANOVA) with 999 permutations.
RESULTS
Growth Performance
The growth performance of the rainbow trout in the present study is summarized in Table 2. Survival was high for all the dietary treatments (range: 95.00–100), with a significant influence of both the strain (p < 0.05) and the interaction between strain and diet (p < 0.001) being identified. In particular, the United States rainbow trout showed higher survival than the ITA group (p < 0.05), but greater survival was observed in the United States strain fed the PP diet when compared to the PP-fed ITA fish only (100.00 ± 0.51 vs. 95.00 ± 0.51; p < 0.001). In parallel, the ITA rainbow trout fed the C diet displayed higher survival than the C-fed United States group (99.20 ± 0.51 vs. 96.80 ± 0.51; p = 0.001). Higher survival was also observed in both the United States and the ITA strains when fed the PP and C diets, respectively (p < 0.001). Differently, the iFBW was influenced by both strain and diet (p < 0.001). The United States fish showed greater iFBW than the ITA group (p < 0.001), with higher values being also observed when the fish were fed the PP diet in comparison with the C one (p < 0.001). The iWG depended on all the considered variables (strain and diet: p < 0.001; strain × diet: p = 0.010). In particular, the United States rainbow trout showed higher iWG than the ITA group (p < 0.001), with greater iWG being also observed when fish were fed the PP diet in comparison with the C one (p < 0.001). However, the United States rainbow trout displayed higher iWG than the ITA strain when they were fed the C diet only (55.12 ± 1.25 vs. 47.43 ± 1.25; p < 0.001). The FCR and the PER were not affected by any of the considered variables (p > 0.05). Finally, the SGR depended on strain only (p < 0.001), with higher values being identified in the United States rainbow trout in comparison with the ITA fish (p < 0.001).
TABLE 2 | Growth performance of the rainbow trout depending on strain, diet, and their interaction (n = 5).
[image: Table 2]Whole-Body Proximate Composition
Table 3 summarizes the whole-body proximate composition of the rainbow trout in the current research. The moisture depended on all the considered variables (strain and diet: p < 0.001; strain × diet: p = 0.042). In particular, the ITA rainbow trout showed lower moisture content than the United States group (p < 0.001), with a reduction in the whole-body moisture being also observed when fish were fed the PP diet in comparison with the C one (p < 0.001). However, the ITA strain displayed lower moisture content than the United States rainbow trout when they were fed the PP diet only (70.83 ± 0.25 vs. 72.43 ± 0.25; p < 0.001). The ash content was influenced by the strain × diet interaction only (p < 0.05), with the C-fed United States fish displaying increased whole-body ash in comparison with the USA-PP group (2.52 ± 0.07 vs. 2.26 ± 0.07; p < 0.05). Differently, the CP content uniquely depended on diet (p < 0.001). In detail, the PP diet led to higher whole-body CP than the C feed (p < 0.001). On the contrary, the EE content was affected by all the considered variables (p < 0.001). In particular, the ITA fish displayed higher whole-body EE than the United States strain (p < 0.001), with an increase in the EE content being also observed when fish were fed the PP diet in comparison with the C one (p < 0.001). However, greater whole-body EE was observed in the ITA rainbow trout fed the PP diet when compared to the PP-fed United States group only (9.84 ± 0.10 vs. 8.28 ± 0.10; p < 0.001). Furthermore, the ITA strain showed increased EE content when fed the PP diet (9.84 ± 0.10 vs. 8.71 ± 0.10 [C]; p < 0.001).
TABLE 3 | Final whole-body proximate composition (as is) of the rainbow trout depending on strain, diet, and their interaction (n = 5).
[image: Table 3]Microbial DNA Sequencing
Illumina sequencing of the 30 samples (24 mucosae + six feeds) yielded 1,015,591 high-quality reads, which were successfully taxonomically assigned according to the Silva database. The average number of reads (mean + SD) per sample was 24,838 ± 5,381 and 37,356 ± 4,810 for feed and gut mucosa samples, respectively (Supplementary data file S1). Rarefaction analysis of the chao1 index showed most of the curves approximating the saturation, with one intestinal sample from group United States_C failing only (Supplementary Figure S1). To ensure the adequateness of the remaining samples, the good coverage was also calculated, resulting in a good range (ranged 0.99–1) in all the samples.
When comparing the bacterial alpha diversity of gut mucosa samples, no significant differences were found in species richness and biodiversity indices (Table 4). Differently, the plant protein feed-related microbiota was characterized by higher species richness (Chao1 and Faith_PD) and lower diversity (Shannon and Simpson indices) than the C diet (Table 4).
TABLE 4 | Alpha diversity indices (mean ± SD, rarefied at 17,778 reads) of microbial communities of feed (n = 3) and gut mucosa (n = 6) samples. diet, D; strain, S.
[image: Table 4]Feed-Related Microbial Community Profiles
The microbial community profiles of the feeds were outlined up to the genus level. Most of the sequences (81–82%) were of plant origin (p_Cyanobacteria and c_Chloroplast), deriving from vegetable ingredients of the diets. Considering only the most representative taxa, the overall feed-related microbial community comprised three phyla, four classes, five orders, 14 families, and 14 genera. The profiles of the feed-related microbial communities are shown at the phylum, family, and genus level in Figure 1. The list of the most abundant bacterial taxa, their relative abundance values, and statistical analysis are reported in Supplementary Table S1. Proteobacteria and Firmicutes were the dominant bacterial phyla in feeds, with a relative abundance of 13% and 4%, respectively (Figure 1A).
[image: Figure 1]FIGURE 1 | Mean relative abundance (%) of the most prevalent bacterial taxa in experimental feeds at (n = 3) phylum (A), family (B), and genus (C) levels.
Accordingly, Alphaproteobacteria and Bacilli were the predominant classes of bacteria in the feed samples. At the order level, Lactobacillales only differed between the two feeds, resulting in two times more abundant in the C diet than in the PP feed. Bacteria assigned to the Leuconostocaceae, Streptococcaceae, Aeromonadaceae, and Shewanellaceae families were preferentially associated with the C diet, while Fusobacteriaceae and Mycoplamataceae were found in the PP feed only (Figure 1B). Similarly, at the genus level, Pediococcus, Leuconostoc, Weissella, Lactococcus, Aeromonas, Shewanella, and Acinetobacter were significantly higher in the C diet when compared to the PP feed (Figure 1C). The relative abundance of the Lactobacillus genus only was increased in the PP diet, whereas Cetobacterium and Anhydrobacter genera were solely detected (Figure 1C).
Effects of Genotype and Diet on the Gut Microbiome Composition
The overall intestinal microbial community, considering only the most representative taxa, was mainly composed of three phyla, three classes, five orders, seven families, and six genera. The profiles of the intestinal microbial communities for each dietary treatment are shown at phylum, family, and genus level in Figure 2. The most abundant bacterial taxa with their relative abundance data and statistical analysis are listed in Supplementary Table S2.
[image: Figure 2]FIGURE 2 | Mean relative abundance (%) of the most prevalent bacterial taxa in gut mucosa of two rainbow trout strains (the United States and ITA) fed experimental diets (C and PP) at phylum (A), and family (B), and genus (C) level. ITA_C (n = 6), ITA_PP (n = 6), United States_C (n = 5), and United States_PP (n = 6). Percentages of the Cetobacterium genus are indicated on histograms. Blueline and the corresponding values indicate the amount of Mycoplasma in each experimental feeding group.
To determine the impact of strain and diet on intestinal phylotypic diversity, UniFrac analysis was performed. Principal Coordinates Analysis (PCoA) of unweighted UniFrac distances revealed an effect of both the strain and the diet on gut microbial community profiles, with the first principal coordinate PC1 explaining up to 48.9% of the variation among the individuals (Figure 3).
[image: Figure 3]FIGURE 3 | Beta diversity metrics. Principal coordinate analysis (PCoA) of unweighted UniFrac distances of microbial communities associated with gut mucosa and feeds. The figure shows the bi-dimensional plot of individual fish and feeds samples according to their microbiome profile.
Intestinal samples appeared clearly separated from the feed ones, thus indicating that observed differences between intestinal bacterial communities were not simply a consequence of undigested feed-related bacteria. Gut communities from the ITA strain clustered separately according to the diet. Similarly, distinct clusters were observed between the trout strains fed the C diet. Results of unweighted UniFrac PCoA were wholly confirmed by the non-parametric multivariate statistical test PERMANOVA (Table 5). The unweighted data showed a significant interaction between strain and diet. Results of pairwise comparisons showed differences between strains fed the same diet, while an overall effect of the diet was evident for the ITA strain only (p = 0.004). The weighted UniFrac analysis was also performed, but no significant differences were found among the groups (data not shown).
TABLE 5 | Results of non-parametric multivariate analysis PERMANOVA on the unweighted UniFrac data of intestinal and feed samples. Significant p values (p ≤ 0.05) are in bold.
[image: Table 5]The autochthonous gut microbiome of rainbow trout was mostly dominated, regardless of the diet, by the Tenericutes phylum, mainly represented by the Mycoplasma genus, with a relative abundance ranging between 93 and 99% in all the samples (Figure 2). Proteobacteria and Fusobacteria completed the microbiota profile, while Firmicutes were unexpectedly not detected. The difference in gut microbiota composition between the two strains was limited to the Cetobacterium genus, belonging to the Fusobaceriaceae family (Figure 2). Two-way ANOVA indicated that the relative abundance of this genus was influenced by genotype only, with results being higher in the United States strain when compared to the ITA fish (Figure 2, Supplementary Table S2).
Functional Analysis of the Gut Microbiome
To attain a comprehensive analysis of the functional composition of the metagenome of each gut microbial community based on 16S rRNA sequencing, the PICRUSt method was used at Level 3 KEGG. Comparative analysis of PICRUSt functional inferences revealed an increased abundance of genes responsible for replication and repair pathway in both the ITA and the United States strains fed the all-plant protein diet (Figure 4). A total of six pathways were, instead, significantly different between the two strains when fed the C feed. Specifically, the pathway involved in starch and sucrose metabolism was more abundant in the United States trout in comparison with the ITA strain. On the contrary, the ITA trout showed an over-representation of the ubiquinone biosynthesis pathway (Figure 4).
[image: Figure 4]FIGURE 4 | Extended error bar plots showing PICRUSt-predicted bacterial KEGG pathways statistically different between experimental groups.
DISCUSSION
Growth Performance
Independent of the administered diet, the United States rainbow trout strain in the present study overall showed better growth performance (in terms of increased FBW, iWGm, and SGR) when compared to the ITA one. Furthermore, a clear strain×diet interaction indicating an improvement in the iWG in the United States fish was observed when the C diet only was provided. This represents an interesting finding, as the selected strains usually outperform the non-selected ones on the plant-based selection diet (Overturf et al., 2013). Therefore, the ability of the United States rainbow trout to grow more efficiently when fed either the low-FM or the all-plant protein diets–with even more pronounced effects when using the former–reflects the genetic selection directed towards the utilization of the vegetable proteins, which efficiently integrates the physiological, carnivorous feeding behavior of this fish species. Analogously to what was reported by Overturf et al. (2013), the selected strain of the current research displayed similar FCR to that of the non-selected one, thus still not excluding a primary role of the feed intake–rather than the feed efficiency–in the improvement of the growth performance (Callet et al., 2017). Differently, the percent survival of the rainbow trout of the present study–while remaining high (≥ 95%)—displayed a clear strain × diet interaction, with the United States strain surviving more when fed the all-plant protein diet, and the ITA fish behaving similarly when fed the low-FM diet. This is in partial agreement with Callet et al. (2017) that observed higher survival in the selected strain fed the plant-based diets in comparison with the non-selected fish, thus reasonably reflecting genetic selection. As a final aspect to consider, independently of the strain, the rainbow trout used in the current research showed greater FBW and iWG when fed the PP diet. This may be related to the high protein digestibility of all-plant protein diets that have previously been highlighted, as such diets are usually formulated with highly digestible protein concentrates (Gaylord et al., 2008; Callet et al., 2017; Brezas and Hardy, 2020). Furthermore, the ability of rainbow trout to grow efficiently on a diet containing soy protein concentrate-based blend as a replacement of high percentages (until 87%) of the FM in the formulation has already been reported (Burr et al., 2012).
Whole-Body Proximate Composition
Independent of the considered strain, the PP diet led to the lower whole-body moisture content in comparison with the C one, as previously reported (Overturf et al., 2013). Furthermore, a clear strain × diet interaction indicating a reduction in the moisture content of the ITA fish was observed when the PP diet only was provided. This may represent the logical consequence of the increased whole-body EE identified in the PP-fed ITA rainbow trout when compared to the United States fish fed the same diet. As far as ash content is concerned, the C diet determined an overall increase in the United States strain only. Overturf et al. (2013) previously reported that whole-body ash was unaffected in either the selected or the non-selected rainbow trout in response to both a FM- or PP-based diet, but no information about selection-related ash digestibility changes is currently available. Therefore, the increased ash content herein highlighted may result from a better ash digestibility, thus potentially strengthening the effect of the higher ash content of the C diet than the PP feed. Differently, the United States strain showed that the whole-body CP content was similar to the non-selected one, as previously reported (Overturf et al., 2013). This also confirms that CP digestibility is not different in the selected rainbow trout as previously observed (Callet et al., 2017; Brezas and Hardy, 2020). However, independently of the considered strain, the PP diet led to an increased CP content in comparison with the C feed, thus reflecting the above-mentioned high digestibility of the vegetable proteins (Gaylord et al., 2008; Callet et al., 2017; Brezas and Hardy, 2020). As a final aspect to consider, the whole-body EE content of the rainbow trout of the present study displayed a clear strain×diet interaction, with the ITA strain body containing more EE than the United States fish when fed the all-plant protein diet. Genetic selection towards the utilization of vegetable proteins has been reported to not influence the whole-body EE content of rainbow trout (Overturf et al., 2013; Callet et al., 2017; Brezas and Hardy, 2020). However, the higher whole-body EE content of the PP-fed ITA rainbow trout when compared to the United States fish may result from a synergic effect of both the physiological response to all-plant protein diets (Burel et al., 1998; Kaushik et al., 2004; Lazzarotto et al., 2015) and the use of a C diet (characterized by higher EE content) across the generations.
Microbiome Analysis
The high-throughput sequencing on the Illumina MiSeq platform has been used in the present research for intestinal microbiome characterization. In line with the previous studies performed on rainbow trout, results of the metabarcoding analysis showed that the most abundant phylum of autochthonous gut microbiota in rainbow trout, regardless of the diet and genotype, was Tenericutes, mainly represented by the Mycoplasma genus (Rimoldi et al., 2019). Accordingly, it has recently been suggested that Mycoplasma, due to its dominance in the distal intestine of rainbow trout and other farmed salmonids, could have a mutualistic relationship with its host (Rasmussen et al., 2021). In Atlantic salmon (Salmo salar), the abundance of Mycoplasma has positively been associated with improved growth, carotenoid utilization, and disease resilience of the host (Bozzi et al., 2021). In addition, this genus harbors genes for long-chain polymer degradation, such as chitin, which is particularly abundant in insects, that are part of the natural diet of juvenile salmonids. This ability of Mycoplasma could be beneficial for its host, which can utilize all the nutritional value of a chitin-rich diet. Indeed, an increased presence of Mycoplasma was also shown in the gut of rainbow trout fed an insect-based diet (Rimoldi et al., 2019). An unexpected result was the absence of bacteria belonging to the Firmicutes phylum in all the gut samples, even in those fish fed the plant-based diet. Members of this phylum are known to play a key role in the fermentation of dietary carbohydrates (Corrigan et al., 2015), and are usually associated with plant ingredients, while low-FM diet generally favors the presence of Proteobacteria (Desai et al., 2012; Ingerslev et al., 2014a and b; Rimoldi et al., 2018). An increase in Firmicutes to Proteobacteria ratio was, however, observed by Blaufuss et al. (2020) in analogously selected trout for growth on an all-plant protein diet when fed all-plant protein feeds.
In terms of alpha diversity, no differences were detected between ITA and United States strains in microbial richness and biodiversity, regardless of the administered diet. Comparison of the overall microbial composition among all the samples according to weighted and unweighted UniFrac showed an overlap among all the gut samples, with the feed samples clustering separately. The composition of feed-related microbial communities was, indeed, significantly different from gut microbiota, resulting mainly constituted of cyanobacteria, Proteobacteria, and Firmicutes phyla. According to PERMANOVA analysis, unweighted UniFrac indicated that either the diet or the host genotype plays a crucial role in shaping the gut microbiome, showing differences between the two strains fed the same diet and an overall effect of diet for ITA strain only. This result could explain the differences observed in growth performance between the two strains, with the United States trout growing more efficiently than the ITA fish when fed either the low-FM or the all-plant protein diets.
The current results seemed to indicate an existence of a relationship between the selected United States strain and the Cetobacterium genus, belonging to the Fusobacteriaceae family, whose relative abundance was an order of magnitude larger than that detected in the ITA strain. Similarly, higher abundances of the phyla Bacteroidetes and Fusobacteria phyla are associated with trout selected for high-muscle yield (Chapagain et al., 2020). Fusobacteria is commonly found in the freshwater fish guts, and Cetobacterium is an important commensal bacterium (Navarrete et al., 2012). Metabolites produced by Cetobacterium include, indeed, short-chain fatty acids (SCFAs), such as acetate, propionate, and butyrate, and vitamin B12, which can enhance fish health (Xie et al., 2021).
The in silico prediction of the metabolic capability of the bacterial populations revealed an up-regulation of the pathway related to starch and sucrose metabolism in the United States strain fed the C diet, thus indicating a better ability to utilize carbohydrates. This is not surprising, as the United States strain has been selected for its growth performance when fed all-plant protein feeds (rich in fibers and non-digestible carbohydrates). The fatty acid metabolism pathway has previously been reported to be enriched in high-muscle yield selected trout (Chapagain et al., 2020). However, despite the different pathways being activated, an up-regulation of bacterial pathways involved in energy supply–which is essential for host growth–was herein analogously observed.
CONCLUSION
In conclusion, the selected strain of rainbow trout overall displayed improved growth performance and (to a lesser extent) whole-body proximate composition when compared to the non-selected one. However, the absence of negative changes in the non-selected strain in response to all-plant protein feed is indicative of a proper adaptation of the fish to such protein sources over time, thus suggesting that a complete FM replacement in diets for rainbow trout is technically feasible. Furthermore, differences between microbial communities were mainly driven by host genetic selection, with the Cetobacterium probiotic-like genus being associated with the gut of the selected rainbow trout. Such microbiota signature, along with the up-regulation of the pathway involved in starch and sucrose metabolism, may reasonably predispose the selected strain to efficiently utilize all-plant protein feeds. Future research assessing additional parameters related to the gut health of the fish (i.e., gut mucosa morphology, mucin dynamics, inflammatory response, and metabolomics) are strongly recommended to further investigate the role of genetic selection in the digestion of all-plant protein diets.
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A 63-day feeding trial with 640 juvenile L. maculatus was conducted to assess the effects of dietary CT on serum metabolites, antioxidant and immune response, liver histomorphology and glycometabolism enzyme activities of fish. Four diets were formulated to contain 0 (T1), 1 (T2), 2 (T3), and 2 g/kg of CT plus 4 g/kg of polyethylene glycol (PEG) (T4). PEG specifically binds with CT to neutralize CT activity. Fish were randomly distributed into 16 tanks (4 tanks per group and 40 fish per tank) and were fed to apparent satiation twice daily. Results indicated that fish fed T2 and T3 had lower (P<0.05) concentrations of serum albumin, total cholesterol and triacylglycerol, but higher (P<0.05) alanine aminotransferase activity than T1 and T4. T3 had lower (P<0.05) serum glucose but higher (P<0.05) insulin concentrations than other groups. Fish fed T2 and T3 had higher (P<0.05) liver superoxide dismutase, catalase, lysozyme and immune globulin M than T1 and T4. Compared with T1 and T4, hepatocytes in T2 and T3 were shown to have obvious vacuolar degeneration along with different degree of inflammatory cell infiltration. Fish fed T2 and T3 had higher (P<0.05) values of eosinophilic infiltrate and necrosis and greater (P<0.05) pyruvate kinase, but lower (P<0.05) glucokinase activities than those of fish fed T1 and T4. All parameters were similar (P>0.05) between T1 and T4. In summary, dietary CT up to 2 g/kg reduced serum lipid and glucose concentrations, enhanced liver antioxidant and immune response, improved glucose utilization but of L. maculatus. CT induced liver injury of L. maculatus which provided a caution for its application in aquaculture.
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Introduction

Chinese seabass (Lateolabtax maculatus), an important commercial fishery species in China, whose production was nearly 200,000 tons and the annual output value exceed 3 billion yuan in 2020 according to the data from China Fishery Statistics Yearbook (Fishery Administration of Ministry of Agriculture and Rural Affairs, 2021). In recent years, the ever-increasing breeding density of L. maculatus driven by commercial interests compels fish under stress or in sub-health state for a long time, which threats to fish health and food safety. On the other hand, since antibiotics were completely banned, challenges including metabolic disorders, disease and oxidative stress faced by intensive breeding have increased severely. Therefore, there is an urgent need to find new alternatives to antibiotics to maintain healthy and sustainable development of aquaculture.

Condensed tannins (CT) is a kind of polyphenol compound which widely exists in the plant kingdom (Peng et al., 2016). CT was regarded as a promising alternative to antibiotics owing to its strong antioxidant, anti-inflammatory and antibacterial activities and etc. (Huang et al., 2018). However, limited information is available about the evaluation of effects of CT on physiology and health of fish. It has been reported that the biological activity of CT is closely associated with its dietary concentrations (Waghorn, 2008). Our recent studies showed that dietary CT less than 1 g/kg did not affect growth performance but improved stress resistance of L. maculatus (Peng et al., 2020a; Peng et al., 2022a; Peng et al., 2022b). In contrast, other studies documented that dietary CT exceeded 1 g/kg induced intestinal injury of shrimp (Litopenaeus vannamei) (Peng et al., 2021a) and impaired immune function of grass carp (Ctenopharyngodon idella) (Li et al., 2020). Furthermore, dietary CT up to 1 g/kg was observed to reduce the serum lipid and glucose levels of L. maculatus (Peng et al., 2020a), whereas this has not been assessed for high concentration of CT.

Although CT enhanced antioxidant and immune capacity and improved physical health of L. maculatus, dietary CT exceeded 1 g/kg may have adverse effects on fish, including growth inhibition and cellular damage according to the observations by previous studies. To verify this hypothesis, this study is conducted to assess the effects of dietary CT on serum metabolites, antioxidant and immune response, liver histomorphology and glycometabolism enzyme activities of L. maculatus to provide a rational for the application of CT in fish diets.



Materials and Methods


Diet Preparation

Condensed tannins (purity ≥99.5%) was extracted from grape seed and purified according to the method described by Peng et al. (2022a). Polyethylene glycol (PEG, MW 3350, Sigma) specifically binds with CT to neutralize CT activity (Peng et al., 2016). Therefore, comparison between diets with and without PEG supplementation would define the effects of CT. In total of four isoproteic and isolipidic diets (Table 1) were formulated to contain 0 (T1), 1 (T2), 2 (T3), and 2 g/kg of CT plus 4 g/kg of PEG (T4). PEG was added to diet by spraying 30 g/mL of PEG solution onto CT to achieve a CT-to-PEG ratio of 1:2 (Makkar et al., 1995). All ingredients were smashed to pass through a 320 μm sieve, mixed thoroughly and then extruded into 2 mm pellets, dried at 55 °C and stored at -20°C until use.


Table 1 | Ingredients and proximate composition (g/kg DM) of experimental diets.





Experimental Design and Feeding Trial

A 63-day feeding trial was carried out using 640 disease-free L. maculatus provided by a commercial fish farm in Zhangzhou, Fujian, China. Fish with a mean initial body weight of 2.75 (± 0.03) g were randomly distributed into 16 tanks (four tanks per diet and 40 fish per tank) and were fed to apparent satiation twice daily (08:00 and 20:00). Water temperature was 26.5 ± 1.0°C, dissolved oxygen > 5.0 mg/L, pH was 7.7 ± 0.3, salinity was 1‰, ammonia nitrogen and nitrite < 0.01 mg/L, and the photoperiod regime was 12 h light and 12 h dark. The protocol (no. SC20210402) of this study was approved by the Animal Care and Use Committee of Guangdong Academy of Agricultural Sciences (Guangzhou, China).



Sampling

Before sampling, fish were fasted for 24 h and anesthetized with 40 mg/L of tricaine methanesulfonate (Sigma, USA). Blood were collected from the caudal veins of twelve fish per tank, kept at 25°C for 30 min, and centrifuged at 8000 × g for 10 min. The resultant serum was determined for the serum metabolite concentrations. Livers of six fish per tank were randomly collected, of which three livers were analyzed for antioxidant and immune parameters, and another three livers were used for histological examination following the procedures described by Peng et al. (2021a). Livers of three fish per tank were randomly collected for measuring glycometabolism enzyme activities.



Laboratory Analyses

The crude protein, crude lipid and ash contents of the experimental diets were measured using AOAC method (AOAC, 1999). Serum metabolites, including albumin (ALB), globulin (GLOB), total cholesterol (TCHO), triacylglycerol (TG), alanine aminotransferase (ALT), aspartate aminotransferase (AST), high density lipoprotein cholesterol (HDLC), low density lipoprotein cholesterol (LDLC), glucose (GLU), insulin (INS) and glucagon (GLG), and liver antioxidant and immune parameters, including total antioxidant capacity (TAOC), superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), malondialdehyde (MDA), lysozyme (LZM), immune globulin M (IgM) and complement 3 (C3), and liver glycometabolism enzyme activities, including phosphofructokinase (PFK), pyruvate kinase (PK) and glucokinase (GK) were determined using commercial kits provided by Nanjing Jiancheng Bioengineering Institute (Nanjing, China) according to corresponding manufacture’s instructions.

For liver histological analysis, score were attributed to histological changes according to the degree of intensity: 0 (absence of change), 1 (mild change, corresponding to <25% of the organ area), 2 (moderate change, 25% to 50% of the organ area) and 3 (severe alteration, >50% of the organ area) following the method described by Schwaiger et al. (1997) modified by Brum et al. (2018). The following hepatic changes were evaluated: nucleus hypertrophy, hepatocyte hypertrophy, eosinophilic infiltrate, lymphocytic infiltrate, necrosis, karyolysis, karyorrhexis and pyknosis.



Data Calculations and Statistical Analysis

All data were subjected to a one-way analysis of variance using SPSS 17.0 analysis software for Windows followed by the Duncan’s multiple-range test with tank as statistical unit and treatment as fixed effect. Differences were regarded as significance when P<0.05 and the results are presented as means ± standard error.




Results


Serum Metabolites

Fish fed T2 and T3 had lower (P < 0.05) ALB, TCHO and TG, but higher (P < 0.05) ALT than those of fish fed T1 and T4 (Table 2). T3 had lower (P < 0.05) ALB, and similar (P > 0.05) TCHO and TG, and higher (P < 0.05) ALT than T2. T4 had similar (P > 0.05) ALB, TCHO, TG and ALT than T1. T3 had lower (P < 0.05) GLU but higher (P < 0.05) INS than other groups. GLU and INS were similar (P > 0.05) among T1, T2 and T4. All fish had similar (P > 0.05) GLOB, AST, HDLC, LDLC and GLG among groups.


Table 2 | Serum metabolites of L. maculatus fed experimental diets.





Liver Antioxidant and Immune Parameters

Fish fed T2 and T3 had higher (P < 0.05) SOD, CAT, LZM and IgM than those of fish fed T1 and T4 (Table 3). T3 had higher (P < 0.05) SOD and CAT, but similar (P > 0.05) LZM and IgM than T2. T4 had similar (P > 0.05) SOD, CAT, LZM and IgM than T1. All fish had similar (P > 0.05) TAOC, GPx, MDA and C3 among groups.


Table 3 | Liver antioxidant and immune parameters of L. maculatus fed experimental diets.





Liver Histomorphology

As shown in Figure 1, hepatocytes in T1 and T4 were loose, polyhedral in shape with vacuolated cytoplasm, and no obvious inflammatory cell infiltration was detected. However, hepatocytes in T2 and T3 were shown to have obvious vacuolar degeneration along with different degree of inflammatory cell infiltration.




Figure 1 | Liver histomorphology (haematoxylin-eosin stain, × 400) of L. maculatus fed experimental diets. T1, basal diet; T2, basal diet supplemented with 1 g/kg of condensed tannins; T3, basal diet supplemented with 2 g/kg of condensed tannins; T4, basal diet supplemented with 2 g/kg of condensed tannins and 4 g/kg of polyethylene glycol.



Fish fed T2 and T3 had higher (P < 0.05) values of eosinophilic infiltrate and necrosis than those of fish fed T1 and T4 (Table 4). T4 had similar (P > 0.05) values of eosinophilic infiltrate and necrosis than T1. All fish had similar (P > 0.05) values of nucleus hypertrophy, lymphocytic infiltrate, karyolysis, karyorrhexis and pyknosis among treatments.


Table 4 | Liver histological indices of L. maculatus fed experimental diets.





Liver Glycometabolism Enzyme Activity

All fish had similar (P < 0.05) PFK activity among groups (Figure 2). The PK activity was ranked as T1<T2<T3 (P < 0.05), and was similar (P > 0.05) between T1 and T4. Fish fed T2 and T3 had lower (P < 0.05) GK activity than T1 and T4. T4 had similar (P > 0.05) GK activity than T1.




Figure 2 | Liver glycometabolism enzyme activities of L. maculatus fed experimental diets. PFK, phosphofructokinase; PK, pyruvate kinase; GK, glucokinase. T1, basal diet; T2, basal diet supplemented with 1 g/kg of condensed tannins; T3, basal diet supplemented with 2 g/kg of condensed tannins; T4, basal diet supplemented with 2 g/kg of condensed tannins and 4 g/kg of polyethylene glycol. (a-c) Different lowercase letters above the bars denote significant differences among diets (P < 0.05).






Discussion


Serum Metabolites

In this study, PEG specifically binds with CT to neutralize CT activity, therefore comparison between diets with and without PEG supplementation would define the effects of CT. This is a typical method used in previous studies (Huang et al., 2015; Peng et al., 2016; Peng et al., 2018; Peng et al., 2021b). Serum metabolites are one of the best non-invasive means for evaluating health condition, as they are stable end-products of biochemical processes in animals. The serum metabolite profiles in this study suggest that dietary CT partly affected physiological metabolism processes of L. maculatus as reflected by the corresponding variation parameters. ALB is synthesized mainly in liver which is the predominant protein filtered by the glomerulus and the major serum protein targeted to oxidant stress in fish (Liu et al., 2018). Generally, injured liver cause decreased concentration of serum ALB (Zhang et al., 2018). Conversely, increased serum ALT activity is commonly related to liver damage or hepatocyte necrosis (Wang et al., 2014). Therefore, the decreased serum ALB concentrations along with increased ALT activities in L. maculatus fed CT-treated diets indicated CT induced liver injury of fish. This finding suggested that inclusion of CT in fish diet should be cautious, and the liver damage induced by CT should be considered in their application. It is recommended that the supplemental level of CT in L. maculatus diets should be less than 1 g/kg. Blood TCHO and TG indexes are critical factors affecting lipid accumulation which has been commonly proved in fish studies (Torstensen et al., 2011; Jiang et al., 2015; Peng et al., 2020a). In this study, the decreased serum concentrations of TCHO and TG in fish fed CT-treated diets indicated that CT decreased blood lipid content. Similarly, the lipid-lowing effect of CT has been previously observed in Nile tilapia (Oreochromis niloticus) (Aiura and Carvalho, 2007), Chinese seabass (L. maculatus) (Peng et al., 2020a) and grass carp (Ctenopharyngodon idellus) (Yao et al., 2022). INS plays a key role in maintaining glucose homeostasis and a negative correlation between INS and GLU was generally observed in fish (Brauge et al., 1994; Liang et al., 2017; Peng et al., 2020b). Declined GLU concentration along with increased INS level in L. maculatus fed diet containing 2 g/kg of CT indicated that CT may decrease blood glucose level by stimulating insulin secretion. Peng et al. (2020b) documented that CT improved glucose utilization of L. maculatus by the promotion of glycolysis and inhibition of gluconeogenesis. This may account for the hypoglycemic activity of CT as observed in this study. Furthermore, dietary CT was reported to decrease serum GLU concentration of sheep, owing to CT induced pancreatic β-cell regeneration (Peng et al., 2016).



Antioxidant and Immune Response and Histomorphology of Liver

Condensed tannins has been shown to possess strong antioxidant activity both in vitro and in vivo studies (Beninger and Hosfield, 2003; Peng et al., 2020a; Peng et al., 2021a; Peng et al., 2022a). In this study, dietary CT increased liver SOD and CAT activities. Antioxidant enzymes such as SOD and CAT play a key role in alleviating oxidative stress by scavenging reactive oxygen species (Peng et al., 2022a). SOD catalyzes the dismutation of superoxide anion free radical and plays an important role in defensing oxidant stress (Paulton et al., 2012). CAT protects cells from oxidative damage via catalyzing hydrogen peroxide decomposition (Peng et al., 2016). Our previous studies also showed that dietary CT improved antioxidant enzymes activities of L. maculatus by activating the Keap1-Nrf2/ARE signaling pathway (Peng et al., 2020a; Peng et al., 2020c). LZM is a key defense protein in innate immune system which plays a critical role in defending pathological change (Brott and Clarke, 2019). IgM is regarded as the first antibody responded to an antigen (Semple et al., 2018). In this study, the increased liver LZM and IgM in fish fed CT-treated diets suggested that CT enhanced immune response of L. maculatus. This is similar with our previous observation by Peng et al. (2020a). Generally, CT was regarded as an immunopotentiator (Huang et al., 2018) which enhanced immune function by inhibiting the activation of signaling pathways, such as mitogen activated protein kinases (MAPKs) and nuclear factor kappa B (NF-κB) (Peng et al., 2020d). It has been reported that the biological activity of CT is closely associated with their dietary concentrations (Waghorn, 2008). Previously, Peng et al. (2020a) documented that dietary CT up to 1 g/kg enhanced antioxidant and immune capacity of L. maculatus. This study indicated that CT up to 2 g/kg in L. maculatus diet still has significantly antioxidant and immune activities.

As is known to us, histological change is an important aspect in the understanding of pathological alteration related to nutritional intervention in fish (Shi et al., 2017). Although CT was documented to alleviate the stress-induced damage to the liver of fish (Peng et al., 2022b), our recent study reported that no obvious degeneration and inflammatory cell infiltration were observed in the liver of L. maculatus fed diets containing CT less than 1 g/kg (Peng et al., 2020a). However, this study indicated that dietary CT exceed 1 g/kg injured the liver of L. maculatus accompanied by obvious vacuolar degeneration and inflammatory cell infiltration along with increased values of eosinophilic infiltrate and necrosis, suggesting that effects of CT on liver histomorphology depend on the concentrations of CT in diets. In this study, the histomorphology observation is also consistent with the results of serum metabolites, as reflected by the decreased serum ALB concentrations and the increased ALT activities of fish fed CT-treated diets. This is the first study indicating that dietary CT induced liver damage of fish which provided a caution for the application of CT in aquaculture.



Liver Glycometabolism Enzyme Activity

As the main control center for glycogenesis, glycogenolysis, glycolysis and gluconeogenesis, liver plays a critical role in the regulation of glucose metabolism. Among the glycometabolism enzymes, the PK and GK are critical indicators to diagnose the glucose metabolism in the liver of fish (Peng et al., 2020b). It has been reported that PK is a major enzyme that participates in the last step of glycolysis (Lu et al., 2018), whereas GK promotes glycogen synthesis in the liver (Li et al., 2015). In this study, the increased PK and decreased GK activities in the liver of L. maculatus fed CT-treated diets suggested that CT promotes glucose utilization of fish. This is similar with the observation by Peng et al. (2020b) that CT improved glucose utilization of L. maculatus due to its positive effects on the activity and gene expression of glycometabolism enzymes. As is well known to us, most carnivorous fish have a low glucose tolerance and poor utilization of carbohydrate (Tan et al., 2009). Our previous study reported that high dietary carbohydrate induced hyperglycemia and abnormal of liver glucose metabolism, and therefore depressed the growth of L. maculatus (Peng et al., 2020b). Results of this study provide a new insight for improving the glucose utilization of fish by application of CT in fish diet. Despite the reason why CT improved glucose utilization of fish is not fully understood, CT and its precursors were reported to accelerate the absorption rate of glucose and promote the synthesis of glycogen by up-regulating gene expression of GLUT-2 (a primary glucose transporter) (Cordero-Herrera et al., 2014) and inhibiting hepatic GK activity (Huang et al., 2013). Howsoever, the findings of this study provided a new explanation from a different perspective to reveal the underlying mechanism regarding CT improve the glucose utilization of fish. Further study is still needed to elucidate the mechanism by which CT improve the glycometabolism of L. maculatus.




Conclusion

In conclusion, dietary CT up to 2 g/kg reduced serum lipid and glucose concentrations, enhanced liver antioxidant and immune response, and improved glucose utilization of L. maculatus. However, dietary CT at 1 and 2 g/kg induced liver injury of L. maculatus which provided a caution for their application in aquaculture. It is recommended that the supplemental level of CT in L. maculatus diets should be less than 1 g/kg. Further study is still needed to elucidate the mechanism by which CT improve the glycometabolism of fish.
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The current study examines the effect of dietary supplementation of ethanolic extract of Arthrospira platensis NIOF17/003, which is mainly natural astaxanthins (97.50%), on the growth performance, feed utilization, bacterial abundance, and immune-related and antioxidant gene expressions of the Pacific white leg shrimp, Litopenaeus vannamei. A total of 360 healthy L. vannamei postlarvae (0.19 ± 0.003 g) were divided into four groups (0, 2, 4, and 6 g natural astaxanthins/kg diet) each in three replicates, at an initial density of 30 PLs per tank (40 L capacity). The shrimp were fed the tested diets three times a day at a rate of 10% of their total body weight for 90 days. Diets supplemented with different astaxanthin levels significantly improved shrimp growth performance and feed conversion ratio compared to the control diet. No significant differences were observed in survival rates among all experimental groups. The immune-related genes (prophenoloxidase, lysozyme, beta-glucan binding protein, transglutaminase, and crustin) mRNA levels were significantly upregulated in groups fed with different concentrations of the natural astaxanthins in a dose-dependent manner. The prophenoloxidase gene is the highest immune-upregulated gene (14.71-fold change) in response to astaxanthin supplementation. The superoxide dismutase mRNA level was significantly increased with increasing dietary astaxanthin supplementation. In addition, increasing astaxanthin supplementation levels significantly reduced the count of heterotrophic bacteria and Vibrio spp. in the culture water and shrimp intestine. Overall, the current results concluded that diet supplementation with natural astaxanthin, extracted from Arthrospira platensis, enhanced the growth performance, immune response, and antioxidant status of L. vannamei.
Keywords: astaxanthin, feed additives, immune response, antioxidant, bacterial abundance, marine shrimp
INTRODUCTION
Shrimp is currently one of the most important aquatic animals worldwide. Due to the increase in global demand, shrimp culture has developed intensively and has priority among the leading aquaculture sectors in many countries (Lukwambe et al., 2019; Abbas et al., 2020). Among all penaeid shrimp species, the Pacific white leg shrimp, Litopenaeus vannamei, is the widest species being extensively cultured (Sharawy et al., 2022), accounting for more than 70% of the global shrimp production (Li et al., 2018). However, there are numerous barriers to sustaining aquaculture development globally, including the feed industry, pollution, low survival rates, climatic changes, and poor water quality (Abo-Taleb et al., 2020; Alprol et al., 2021a; Alprol et al., 2021c; Hassan et al., 2021). To cope with the global increase of intensive shrimp farming, the shrimp feed industry has been developed using several strategies. Among these strategies, feed additive supplementation is one of the most important industries that has gained great importance for several shrimp species as growth promoters, immunity enhancers, and an alternative strategy for disease-fighting (Sharawy et al., 2020; Sharawy et al., 2022).
Recently, due to their high concentration of natural bioactive compounds, algal cells (microalgae and seaweeds) have attract great attention for utilization as feed additives, showing improvement in growth performance, feed utilization, and immunity stimulation of cultured animal species, besides improving the water quality (Ashour et al., 2020; Ashour et al., 2021; Mabrouk et al., 2021; Zaki et al., 2021; Mansour et al., 2022). Depending on the algal strain, algal cells contain protein with high essential amino acid content, lipids with high unsaturated fatty acid levels, and carbohydrates (polysaccharides, etc.), which are necessary compounds in shrimp feeding, growth, and metamorphosis (Liñán-Cabello et al., 2003; Wade et al., 2017). Among all the microalgae strains, Arthrospira (a filamentous cyanobacterium) is the richest microalgae species in many phytochemicals (Mansour et al., 2021). Arthrospira platensis contains high levels of essential amino acids, fatty acids, minerals, and pigments like phycocyanin and astaxanthin, which have important biological functions and serve in several industries (Madkour et al., 2012; El-Shouny et al., 2015; Osman et al., 2016). It could be used for the replacement of fishmeal in the diet of Pacific white shrimp, Litopenaeus vannamei, and the obtained results did not show any significant differences with partial or total replacements in the growth performance and feed utilization levels. In addition, the PUFAs was increased significantly with A. platensis treatments and the survival of A. platensis supplemented groups was significantly increased under hypoxia challenge (Pakravan et al., 2017). The hot-water extract of A. platensis improved the growth, genes expression, immune response, and resistance of L. vannamei against Vibrio alginolyticus (Lin et al., 2010; Tayag et al., 2010). Besides phycocyanin, astaxanthin is the main carotenoid that exists in A. platensis (Gouveia et al., 2003; An et al., 2017).
Astaxanthin, a xanthophyll carotenoid, is a fat-soluble red pigment that has more significant biological activities than other carotenoids (Lim et al., 2018). Astaxanthins are extensively used as feed additives in diets of juveniles and adults of several shrimp species. It could be resulting in improved growth performance, survival, feed utilization, immunity responses, digestive enzyme activities, body composition, reproductive performance, spermatophore, egg, and larval qualities, and overcoming the pigment deficiency of Pacific white leg shrimp, L. vannamei (Niu et al., 2009; Pei et al., 2009; Chuchird et al., 2015), kuruma shrimp, Marsupenaeus japonicus (Wang et al., 2019), Penaeus monodon (Chien et al., 2003), red cherry shrimp, Neocaridina davidi (Tomas et al., 2020). In addition, astaxanthin dietary supplementation has positive effects on growth, molting cycle, free radical scavenging capacity, and nitrite stress tolerance of Penaeus japonicus postlarvae (Petit et al., 1997) and Pleoticus muelleri (Díaz et al., 2014). Furthermore, natural astaxanthins derived from the green seaweed, Enteromorpha intestinalis were used as feed additives to increase astaxanthin content in shrimp, Penaeus monodon, muscles (Mondal et al., 2015). In the present study, astaxanthin was extracted from local strain of A. platensis NIOF17/003 as available, cheap, and sustainable source that can be used in a commercial scale as feed additives in shrimp diets. Recently, A. platensis was used as an efficient source for astaxanthin that can be increased via environment conditions manipulation (Moradi et al., 2021) or inducing mutation (An et al., 2017).
The immune systems of crustaceans depend on innate immunity, that is, mediated by cellular and humoral effectors, which recognize invading microorganisms and trigger various defense mechanisms to eliminate pathogens (Söderhäll and Cerenius, 1992; Mansour et al., 2021; Sharawy et al., 2022). Humoral effectors include the prophenoloxidase system (ProPO), hemolymph clotting mechanism, melanization, and antimicrobial immune response (Jiravanichpaisal et al., 2006; Cerenius et al., 2008). The high immune surveillance of invertebrates could be associated with high amounts of hemolymph carotenoids, which could regulate genes expression of several immune-related genes, in particular, the ProPO gene (Cornet et al., 2007; Babin et al., 2010), CuZn superoxide dismutase (SOD) gene (Han et al., 2016), and other immune genes. Dietary astaxanthin could partially alleviate oxidative stress via inducing relatively higher gene expression levels of antioxidant enzymes in L. vannamei (Zhang et al., 2013). Meanwhile, the commercially farmed crustaceans did not have the internal mechanism for the de novo synthesis of astaxanthin and did not have the access to obtain different carotenoid sources from the environment (Higuera-Ciapara et al., 2006; Seabra and Pedrosa, 2010). Accordingly, dietary supplementation with astaxanthin is a necessity in the formulated diet. Therefore, the current study aimed to investigate the effects of increasing supplementation levels of the acetonic extract of the A. platensis NIOF17/003, which mainly consists of natural astaxanthins, as a feed additive on the growth performance, feed utilization, immune-related genes expression, and bacterial abundance of Pacific white leg shrimp.
MATERIALS AND METHODS
Arthrospira platensis NIOF17/003
Cyanobacterium, Arthrospira platensis NIOF17/003 (GenBank accession number: MW396472), isolated from the El-Khadra saline-alkaline Lake, Wadi El-Natrun, Egypt, was molecularly identified, and cultivated, as well as its potential applications in different fields, were determined as described previously (Alprol et al., 2021b; Hassan et al., 2021; Mabrouk et al., 2021; Zaki et al., 2021).
Astaxanthins Extraction, Preparation, and Analysis
Natural astaxanthin, a carotenoid pigment, was extracted from the blue-green alga A. platensis NIOF17/003, according to Ju et al. (2009) with some modifications. Briefly, 1 kg of A. platensis fine dried powder was soaked in 100% acetone (10% w: v) and extracted three times on a rotary shaker for 72 h at 200 rpm in the dark at room temperature. The extracts were combined and filtered through filter paper (Whatman No. 1). Then the filtrates were concentrated using a rotary evaporator at 40°C under reduced pressure (Elshobary et al., 2020). The crude extract yield was weighed and calculated as a percentage of the initial sample weight. The yield of crude extract was stored at −20°C until further application. To determine the phytochemical profile of A. platensis crude extract, GC-Mass Spectrophotometry analysis was performed as previously described by Ashour et al. (2020). The unknown phytochemical compounds were identified based on comparing the obtained mass spectra with those available in the NIST library (National Institute of Standards and Technology, United States).
Experimental Animals
Pacific white leg shrimp, L. vannamei, postlarvae (PLs) were brought from a private commercial shrimp hatchery located in Borg El-Arab, Alexandria City, Egypt, to the indoor facilities of the Suez Branch, National Institute of Oceanography and Fisheries (NIOF-Suez). Firstly, the PLs were acclimated for 2 weeks in fiberglass tanks (500 L) under the same controlled conditions of the feeding trial (26–28°C, 31–32 ppt, and continuous aeration). During the acclimated period, PLs were fed a commercial diet (Aller-Aqua, Giza Governorate, Egypt). The compliance with ethical standards in the experimental setup and fish handling was approved by the Research Committee of the NIOF, Egypt.
Experimental Facilities and Design
According to a completely randomized design, the current feeding trial was performed in three replicates for each treatment. After 2 weeks of acclimation, 360 healthy PLs (0.19 ± 0.003 g) at an initial stocking density of 30 PLs per tank were handed out into 12 tanks (40 L capacity). During the experimental period (90 days), all PLs were fed three times a day (6:00, 12:00, and 18:00 h) at a rate of 10% of their total body weight. Every day before the first feeding, all tanks were siphoning to clean and remove the accumulated excreta and unconsumed feed. As a result of the siphoning process, 10% water was replaced daily with filtered, oxygenated seawater (Sharawy et al., 2020).
Water Quality Parameters
During the feeding trial, water quality parameters were checked, twice a week, for alkalinity (mg/L), NH3 (mg/L), PO4 (mg/L), NO3 (mg/L), and NO2 (mg/L) as described by APHA (2005). In addition, to maintain the water quality values as recommended for shrimp, the temperature (°C, using a mercury thermometer suspended at a depth of 30 cm), pH (using a pH meter, Orion, United States), and salinity (ppt, using a refractometer, United States) were investigated daily (1.00 p.m.) (Boyd and Tucker, 2012).
Diets Preparation
In the current feeding trial, four dietary supplementation treatments were performed for 90 days: D1, a control diet, that the shrimp was fed a commercial diet (Aller-Aqua, Giza Governorate, Egypt, as presented in Table 1). The other three diets (D2, D3, and D4) were fed diets supplemented with different levels of the natural astaxanthins (2, 4, and 6 g/kg diet, respectively), as a crude extract of A. platensis NIOF17/003. The addition of natural astaxanthins was performed as described by Mehrabi et al. (2012) with some modifications. The control diet was powdered and divided into four equal portions. The specific quantities of the natural astaxanthins (0, 2, 4, and 6 g/kg diet, respectively) were suspended well in 50 ml of corn oil and then sprayed well over the three powdered diets and mixed well. For the control diet (D1), the same volume of corn oil was sprayed without astaxanthins. Then, all four diets were re-pelletized in a pellet mill to obtain the proper diameter, dried at room temperature with forced air, and stored in plastic bags at 4°C until use.
TABLE 1 | The proximate chemical analysis (% of dry matter) of experimented diets.
[image: Table 1]Measured Parameters
Growth Performance and Nutrient Utilization Indices
At the end of the experiment, the PLs weights were recorded to determine the final body weight (FBW, g). Moreover, to determine the growth performance of Pacific white leg shrimp, L. vannamei, the weight gain (WG), feed conversion ratio (FCR), survival (%), and specific growth rate (SGR) were calculated using the following formulas:
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where: Ln FBW and Ln IBW are the natural logarithm of final body weight (g) and initial body weight (g); while t is the time in days.
Whole-Body Proximate Chemical Analysis
At the end of the experiment, to determine the whole-body proximate chemical composition, five shrimp from each replicate were selected randomly and homogenized by a blender, dried in an oven, ground, and stored at −20°C for subsequent analysis. Both biochemical analyses of shrimp and diet were applied as described by the standard methods of AOAC (2003). The shrimp, dry matter, crude protein, crude fat, and crude ash were determined, while for diets, crude protein, crude fat, crude ash, and fibre were determined, and the nitrogen-free extract was calculated.
Bacterial Abundance Assessment
The bacterial abundance of water and shrimp intestines was performed according to APHA (2005). At the end of the experiment, three shrimp samples were chosen randomly from each replicate, and the intestines were aseptically extracted to estimate the bacterial count as described by Sharawy et al. (2020). The outwardly surface bacteria were removed by washing each gut three times with sterile distilled water. After that, they were washed in ethanol 96% and homogenized in a mortar separately. At the end of the experiment, samples of culture water (1 ml) and intestines (1 g) were taken from each treatment (three replicates) and supplied with sterile distilled water (9 ml). Later, make dilutions (1:10) and transferred 1–10 ml TSA (Trypticase soy agar) and TCBS (Thiosulphate-Citrate-Bile salts) agar plates and incubated at 37°C for TSA and 28°C TCBS (Sharawy et al., 2020). After 24 h, the colonies in each plate of the TSA and TCBS were counted, and the colonies of Vibrio spp. were confirmed using the 0129 test (Thermo Scientific™ Oxoid™ 0129 Discs) (Xie et al., 2020).
Immune-Related Gene Expressions Analysis
Triplicate samples of the shrimp abdominal muscles from each replicate were directly excised with fully sterile dissecting tools under cold conditions. The samples were kept at −80°C until gene expression analysis. Total RNA was extracted from the samples using the TRIzol method (easy-RED, iNtRON Biotechnology) as directed by the manufacturer. The OD ratio at 260/280 nm of RNA purity was determined using a NanoDrop system (BioDrop), and the samples with the highest ratio (A260/A280 1.8) were used for cDNA synthesis (1 ng/µl) for each reaction. Total RNA was treated with DNase I (NEB, United States) as the template for the synthesis of first-strand cDNA using reverse transcriptase (RT-PCR beads, Enzynomics, Korea), and the reaction was carried out using PCR amplification (Applied Biosystems Veriti 96-Well Thermal Cycler, United States) under the manufacturer’s conditions. The following cDNA was used in the Real-Time PCR reaction (Bico, Thermo-Fisher): initial denaturation at 95°C for 15 min, 40 cycles with the following parameters (95°C, 10 s; 58–62°C, 20 s; and 72°C, 30 s). Unique and specific products were seen as a melting curve at the end of the last cycle when the temperature increased from (58–62–95°C) in increments of 0.5°C. The studied immune-related genes were prophenoloxidase (proPO), lysozyme (Lys), beta-glucan binding protein (Bgp), superoxide dismutase (SOD), transglutaminase (TGase), and crustin (Crus), and their primers were presented in Table 2. The housekeeping gene (β-actin) was used to measure gene expression or fold shift of the target genes (Yang et al., 2013). The values give n-fold difference relative to the calibrator (control) when the 2ΔΔCt method is applied in normalizing the critical threshold (Ct) quantities of target genes with quantities β-actin (Livak and Schmittgen, 2001).
TABLE 2 | Primer sequences for real-time PCR used for gene expression analysis.
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The experiment was performed in triplicates and the results of growth performances were presented as the means ± standard deviation (SD). The normality and homogeneity assumptions were confirmed before the statistical analysis of the data. Before analysis, all results in percentages were arc-sin transformed (Zar, 1984). Using the IBM SPSS Statistics software (IBM, v.23), statistical analysis was performed by the One-Way Analysis of Variance (ANOVA), followed by Duncan’s post-hoc test, at a significant p ≤ 0.05.
RESULTS
Astaxanthin of A. platensis NIOF17/003
The yield of crude extract of A. platensis NIOF17/003 was weighed and calculated as a percentage of the initial weight. The calculated final yield concentration was 27 g/kg (2.7%). The GC-MS analysis of the crude extract of A. platensis NIOF17/003 shows three main phytochemical compounds belonging to three retention times (Table 3). These different bioactive compounds were astaxanthin (C40H52O4, exact molecular weight: 596.38) with the highest peak area (97.50%) and the highest probability (21.40%). The peak area and probability of the other two bioactive compounds (C35H42N6O2 and C34H44ClN5O2) were 0.38%, and 0.65%, respectively, and the probability was 7.07%, and 6.60%, respectively (Table 3). The chemical structure of these three phytochemicals were identified using the NIST library as shown in Figure 1.
TABLE 3 | Phytochemical profile investigated in crude extract of A. platensis NIOF17/003.
[image: Table 3][image: Figure 1]FIGURE 1 | Mass spectra and chemical structure of the three phytochemical compounds identified in crude acetonic extract of Arthrospira platensis NIOF17/003. (A): Astaxanthin; (B) Cyano 5-{5-[5-(5-cyano-3,4-dimethylpyrrol-2-ylidenemethyl)-3,4-dimethyl-1H-pyrrol-2-ylmethylene]-4,4-dimethyl-4,5-dihydro-3H-pyrro-2-ylmethylene}-4,4-dimethylpyrrolidin-2-ylene-acetic acid, tert.-butyl ester; and (C): [5-(5-Chloro-3,4-dimethyl-1H-pyrrol-2-ylmethylene)-3,4-dimethyl-5H-pyrrol-2-yl]-[5-(5-cyano-4,4,5-trimethyl-4,5-dihydro-3H-pyrrol-2-ylmethylene)-4,4-dimethylpyrrolidin-2-ylene]-acetic acid, tert.-butyl ester.
Water Quality Parameters
Table 4 shows the water quality parameters during the experiments. The results revealed that all recorded water quality conditions (°C, pH, salinity, alkalinity, NH3, PO4, NO3, and NO2) were in the recommended ranges for shrimp culture. No significant difference was observed among fish fed the control diet and the diets supplemented with different concentrations of astaxanthins.
TABLE 4 | Mean values of water quality parameters during the feeding trial.
[image: Table 4]Growth Performance and Nutrient Utilization Indices
Table 5 shows the effect of dietary supplementation of astaxanthin on the growth performance and feed utilization of L. vannamei juveniles. Diets supplemented with different concentrations of astaxanthins (D2, D3, and D4) experienced a significant (p < 0.05) improvement of FW, WG, and FCR compared to the control diet. On the other hand, no significant differences (p < 0.05) were obtained in survival or SGR among the diets supplemented with astaxanthins (D2, D3, and D4) and the control. While, the response of shrimp, in terms of WG and FCR to increasing inclusion levels of dietary astaxanthin supplementation showed a linear regression pattern with a strong correlation for WG (r2 = 0.9112) and a moderate correlation for FCR (r2 = 0.6867), as presented in Figure 2.
TABLE 5 | Growth performance and feed utilization of Pacific white leg shrimp, Litopenaeus vannamei, fed experimental diets for 90 days.
[image: Table 5][image: Figure 2]FIGURE 2 | The appropriate regression models of the increasing inclusion levels of dietary astaxanthin supplementation for the (A) weight gain; (B) food conversion ratio of L. vannamei. D1, D2, D3, and D4 are the experimental diets that are supplemented with 0, 2, 4, and 6 g astaxanthin/kg diet, respectively, of the natural astaxanthins of the crude acetonic extract of Arthrospira platensis NIOF17/003. Data are means ± SD and the n = 3.
Body Proximate Analysis
As presented in Table 6, there are significant differences (p > 0.05) that were reported in the whole-body chemical composition (dry matter, protein, fat, and ash content) of shrimp L. vannamei. The control group had the highest significant (p < 0.05) values of dry matter and crude protein content. While D4 showed the highest significant (p < 0.05) impacts on fat and ash content (Table 6).
TABLE 6 | Proximate whole-body proximate analysis (% of wet weight) of Pacific white leg shrimp, Litopenaeus vannamei, fed experimental diets for 90 days.
[image: Table 6]Bacterial Abundance Investigations
The effects of experimental diets supplemented with astaxanthin on both total heterotrophic bacteria (THB) and total Vibrio spp. count (TVC) in the water and intestine of L. vannamei are shown in Table 7. It was observed that the degradative heterotrophic bacteria were more abundant in the intestine than in water. Concerning pathogenic bacteria, the genus Vibrio spp. was chosen as an indicator for the pathogenicity of shrimp, and the count was lower than heterotrophic bacteria. However, when compared to the control, the THB count in the water and intestine decreased gradually as astaxanthin supplementation levels increased.
TABLE 7 | Bacterial abundance in the culture water and intestine of Pacific white leg shrimp, Litopenaeus vannamei, fed experimental diets for 90 days.
[image: Table 7]Immune-Related Gene Expressions
Dietary inclusion of astaxanthin enhanced the expression of all studied genes: Bgp, Lys, proPO, TGases, Crus, and SOD in the muscle tissue of L. vannamei at the end of the feeding trial (Figure 3). The expression of the Bgp gene was significantly increased in the dietary supplemented treatment with astaxanthin at a level of 4 g/kg compared to the control group and D2 even though the expression in D3 was higher than D4. Generally, gene expression of Lys, proPO, TGases, Crus, and SOD was significantly upregulated (p < 0.05) with increasing the concentration level of natural astaxanthins in the diet compared to the control. The proPO gene expression was the most upregulated gene among the other genes, and the relative fold change was 14.71 compared to the control group.
[image: Figure 3]FIGURE 3 | Analysis of immune-related gene-expressions [Bgp (A), proPO (B), Lys (C), TGase (D), Crus (E), and SOD (F)] comparing to the expression of β-actin gene in the different inclusion levels of astaxanthin dietary supplementation. D1, D2, D3, and D4 are the experimental diets that are supplemented with 0, 2, 4, and 6 g astaxanthins/kg diet, respectively, of the crude acetonic extract of Arthrospira platensis NIOF17/003. The data are means ± SD and the n = 9. Different letters for the same gene indicated a significantly differences (p < 0.05).
DISCUSSION
Recently, with the growing development of aquaculture, feed additives demand is globally increased, resulting in an enormous space for the industrial application of natural astaxanthin (Lu et al., 2021). Generally, natural astaxanthins are extracted from different aquatic organisms such as shrimp (Scurria et al., 2020), soft coral (Metwally et al., 2020), fish (Yu and Liu, 2020), seaweeds (Teramukai et al., 2020), and microalgae (Molino et al., 2018). Among all aquatic organisms, microalgae have the highest ability to produce astaxanthin than any aquatic animal (Gallego et al., 2019). Microalgae are high productive microorganisms, carbon captures, and oxygen producers. Therefore, the reliance on the production of microalgae-based astaxanthin has positive environmental impacts in mitigating the effects of global warming and creating environmental benefits (Lee and Ding, 1994; Wu et al., 2017).
In the present study, the final yield of crude extract, mainly astaxanthin, of A. platensis was 2.7%. Compared to other microalgal species, Haematococcus pluvialis is considered the most widespread species that produces natural astaxanthin with a high final yield ranging from 3.8%–4% (Lee and Ding, 1994; Aflalo et al., 2007; Ranga Rao et al., 2010). Meanwhile, the final yield of natural astaxanthin in the present study exceeded that reported in several microalgae species, such as Chlorella zofingiensis, Neochloris wimmeri, Chlorococcum sp., Botryococcus braunii, Tetraselmis sp., and Scenedesmus obliquus, which produced 0.68% (Orosa et al., 2001), 0.60% (Orosa et al., 2000), 0.20% (Zhang et al., 1997), 0.01% (Grung and Metzger, 1994), 0.23% (Lim et al., 2018), and 0.30% (Qin et al., 2008), respectively. The yields of astaxanthin among different microalgae species vary due to several reasons, such as strain, extraction solvent, and extraction conditions. Accordingly, A. platensis NIOF17/003 could be considered as a source for producing natural astaxanthin.
Astaxanthin has been used as a dietary supplementation for aquatic animals (Niu et al., 2009; Lim et al., 2018). In the current study, the FW and WG, were significantly increased with the increase of astaxanthin supplementation levels compared to the control. In accordance with the present findings, Flores et al. (2007) reported that the inclusion of 80 mg/kg of synthetic astaxanthin enhanced the growth, survival, and molting frequency of P. vannamei. In addition, the inclusion of natural astaxanthin extracted from H. pluvialis significantly improves the growth performance, pigmentation, and antioxidant capacity of the white prawn Exopalaemon carinicauda (Zhang et al., 2021). Astaxanthins extracted from H. pluvialis and A. platensis strain Pacifica improved shrimp kuruma and M. Japonicus growth and hypoxia stress resistance (Chien and Shiau, 2005).
The maintenance of high immune surveillance is one of the crucial measures of successful aquatic cultured animals (Mansour et al., 2018; Mansour et al., 2020). In crustaceans, the innate immune system is the main animal defence to any pathogen. This defence is mediated by several kinds of cells, enzymes, and antimicrobial peptides (Huang et al., 2020). The present finding revealed an upregulation of the Bgp gene in shrimp fed 4 and 6 g astaxanthin/kg diets, especially with the 4 g/kg diet. The Bgp gene works as a vital factor for activation of the proPO system, coagulation progression, and expression of antimicrobial peptides after recognizing the microbial components (Goncalves et al., 2012). The Bgp gene showed a delayed upregulation in L. vannamei fed immunostimulant b-1, 3-glucan from Schizophyllum commune daily for a 1-week feeding trial (Wang et al., 2008). This contrast with the present findings could be due to the short treatment period with b-1,3-glucan than astaxanthin and the different mode of action of both treatments.
In addition, the proPO gene expression was significantly increased in shrimp fed 4 and 6 g/kg astaxanthin supplemented diets compared to the control group, and it was approximately 14-fold higher than the control, in the present study. Furthermore, the expression of proPO is the highest among all studied immune-related genes in the present study with increasing the concentration of astaxanthin (6 g/kg diet). Whereas, one of the most important components of the shrimp immune system is prophenoloxidase (Sritunyalucksana and Söderhäll, 2000).
Lysozyme can hydrolyze bacterial cell walls and operates as a non-specific innate defense molecule against bacterial infections. It has been demonstrated that it activates in penaeid shrimp in response to Vibrio, and its gene has been cloned and characterized in L. vannamei and M. japonicas (Hikima et al., 2003). In the present study, Lys gene expression in L. vannamei was increased gradually in the shrimps that fed with the three levels of astaxanthin supplemented diets. It was about 9-fold higher in the D4 treatment (6 g/kg diet) than in the control group. Kuruma shrimp fed a diet supplemented with astaxanthin experienced higher lysozyme activity, and total hemocyte count and improved the survival of shrimp against low salinity levels (Wang et al., 2019). Transglutaminase is recognized as an invertebrate defense mechanism. TGase gene silencing has previously been demonstrated to make shrimp susceptible to both bacterial and viral infections, indicating that TGase is an important component of the shrimp immune system (Fagutao et al., 2012). In this study, supplemented diets with natural astaxanthin influenced TGase gene expression and showed a significant upregulation in the fish fed 6 g/kg astaxanthin supplemented diet compared to the control group. In the same manner, Crust gene expression was improved with dietary supplementation of astaxanthin in a dose-dependent manner. Crustin is one of the antimicrobial peptides in penaeid shrimps hemolymph. After oral treatment for 7 days with peptidoglycan, a significant increase in crustin mRNA levels in M. japonicas was reported (Rattanachai et al., 2004). In the same line, Pacific white shrimp L. vannamei, fed diet supplemented with 80 mg astaxanthin/kg diet significantly improved serum phenoloxidase activity serum bacteriolytic activity, total haemocyte counts, and phagocytic activity (Wang et al., 2015). In addition, the antioxidant prosperities of astaxanthin (Figure 3F) could directly participate in the immune enhancement in L. vannamei. However, the immune-stimulating activity of astaxanthin in crustaceans still needs more investigation to better understand its mode of action.
Superoxide dismutase (SOD) is one of the main antioxidant enzymes responsible for scavenging reactive oxygen species and is considered a safeguarding mechanism inside the tissue that could be damaged by oxidation processes and phagocytosis (Chien et al., 2003). Because of its unique chemical structure, astaxanthin has the potential to has antioxidant effects, including free radicals scavenging and activating the expression and activities of several antioxidant enzymes (Eren et al., 2019; Yu et al., 2021). In our study, the expression of SOD was significantly upregulated in shrimp fed astaxanthins at levels of 4 and 6 g/kg compared to the control group. In line with the current findings, astaxanthin supplementation increased the expression levels of Cyt-Mn SOD, CAT, and GPx genes (Liu et al., 2018) and SOD activity in L. vannamei (Chuchird et al., 2015). Whereas, astaxanthins as a carotenoids reported to protect white blood cells from oxidative damage, enhancing cell-mediated, and humoral immune responses of vertebrates and invertebrates (Song et al., 2020). This refers to the antioxidant activity of carotenoids that may be involved in the immunomodulatory action by quenching singlet oxygen and free radicals (Cvetkovic et al., 2013).
Generally, the contents of the gut microbiota have a strong influence on the health of aquatic organisms (Sharawy et al., 2020), such as digestion, nutrient absorption, immunity responses, and biological antibiosis (Li et al., 2018). The intestinal bacteria respond quickly to changes in food consumption, diet composition, and ingredients (Ringø et al., 2016). In the current study, the counts of THB and TVC were significantly (p > 0.05) decreased with increasing the inclusion levels of astaxanthin, compared to the control diet. Whereas, the bacterial abundance of Vibrio spp. was decreased in all astaxanthin supplemented diets compared to the control. Chuchird et al. (2015) reported an increase in the survival, growth, and resistance to V. parahaemolyticus of L. vannamei fed an astaxanthin supplemented diet. Furthermore, shrimp-fed diets supplemented with astaxanthin had significantly lower total intestinal bacteria and Vibrio spp. counts (Chuchird et al., 2015). The mode of action by which astaxanthin affected the bacterial population still not clear and could need more investigation. All these indications are in line with our findings, which revealed that astaxanthin is a promising substance for controlling the pathogenic bacteria load during the whole culture process of shrimp. These results were attributed to the high biological activities of acetonic extract of A. platensis NIOF17/003, mainly astaxanthin, which make it a wonderful, sustainable, and eco-friendly feed additive for aquaculture applications.
CONCLUSION
From the current findings, it could be concluded that the Arthrospira platensis NIOF17/003 strain (Accession GenBank number: MW396472) is a good source of astaxanthin with a high final yield of about 2.7%. Dietary supplementation with natural astaxanthin enhanced the growth, feed utilization, and chemical composition of Pacific white leg shrimp, Litopenaeus vannamei. In addition, astaxanthin proved a powerful immune stimulant, antioxidant, and antibacterial substance for L. vanami. More research is needed to determine the mechanism of astaxanthin’s immunostimulant effects in shrimp, including cytokines mediated humoral and cellular innate immunity.
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Pinctada fucata martensii and P. maxima are two main traditional pearl oyster species that can produce seawater pearls. Our previous study showed a higher clearance rate (CR) and growth performance in P. f. martensii than in P. maxima fed with Isochrysis galbana. In this study, the P. f. martensii and P. maxima juveniles of two sizes (large and small) were fed with six different microalgae diets [I. galbana (I), Platymonas subcordiformis (P), Chaetoceros muelleri I, I+P, I+C, and P+C] to evaluate the differences in growth, feeding, and metabolism between two pearl oyster species. After 60 d of the rearing period, P. f. martensii and P. maxima fed with mixed microalgae showed a significantly higher relative growth rate (RGR) than those fed with single microalgae (P< 0.05). The RGRs were significantly higher in P. f. martensii than those in P. maxima fed with the same diets (P< 0.05). The RGRs showed a decreasing tendency with the growth in both pearl oyster species. The CRs of pearl oysters fed with mixed microalgae were significantly higher than those fed with single microalgae (P< 0.05), and the CRs of P. f. martensii were significantly higher than those of P. maxima fed with the same diets (P< 0.05). Significantly lower respiration rates (RRs) were observed in small-size P. f. martensii groups fed with I, P, and I+P diets and all large P. f. martensii groups compared to P. maxima fed with the same diets (P< 0.05). Higher activities of amylase, cellulase, lipase, and pepsin in P. f. martensiiwere observed compared to P. maxima fed with the same diets at two sizes. The pepsin activities in P. maxima decreased with the growth, while there were no consistent pepsin activities of P. f. martensii with the growth. The carbonic anhydrase activities in P. maxima were significantly higher than those in P. f. martensii fed with the same diets (P< 0.05). The carbonic anhydrase activities were highest in the I+C diet group, followed by C+P and I+P, I, C, and P groups. Significant differences were observed among different diet groups in the same pearl oyster species (P< 0.05). Our results suggest that the lower CR and activities of digestive enzymes and higher RRs and activities of carbonic anhydrase may cause a lower growth rate of P. maxima compared to P. f. martensii.




Keywords: pearl oyster, microalgae, growth performance, physiological energetics, digestive enzymes, carbonic anhydrase



Introduction

Pearl oysters are farmed throughout the Indo-Pacific region (Southgate and Lucas, 2008; McDougall et al., 2016; Gu et al., 2020; He et al., 2021). Of these, Pinctada fucata martensii and P. maxima are the two main farmed species used for producing nucleated round pearls (Du et al., 2017; Hao et al., 2018; Massault et al., 2021; Zhang et al., 2021). The maximum shell height of P. f. martensii is 60–70 mm, while that of P. maxima ranges from 200 to 250 mm (Yukihira et al., 1998; Yang et al., 2018). P. maxima is primarily cultured for the high-value production of large-scale pearls, and P. f. martensii is cultured for small-scale pearls (Hao et al., 2018; Zhang et al., 2021). Both species are commercially important oyster species in pearl industries (Southgate and Lucas, 2008).

In China, P. f. martensii and P. maxima are the traditional pear oyster species for seawater pearl fishing and are cultured in the same offshore areas, mainly in Guangdong, Guangxi, and Hainan provinces (Hao et al., 2018; Zhang et al., 2021). However, mortality was observed highly in P. maxima farming, especially at the growth stage of 3–6 cm in shell height than P. f. martensii (Hamzah et al., 2011; Liang et al., 2016). Until now, the causes of the high mortality rate of P. maxima are ascribed to diseases, environmental degradation, micro-algal composition, and so on (Pass et al., 1987; Taylor et al., 2004; Kvingedal et al., 2010; Crockford and Jones, 2012; Deng et al., 2013a and Deng et al., 2013b). In our previous study, a higher clearance rate (CR) and growth rate in P. f. martensii were observed compared to P. maxima fed with Isochrysis galbana (Yang et al., 2021; Zhang et al., 2021). We inferred that the lower CR and feed conversion ratio (FCR) to microalgae caused a low growth rate in P. maxima.

An understanding of the changes in food intake and energy budget within an organism can help study the different growth performances in P. f. martensii and P. maxima. Several studies have shown that the higher growth rates of oysters are attributed to higher feeding rates and lower metabolic costs (Tamayo et al., 2014; Hao et al., 2018; Hall et al., 2020). Zhang et al. (2021) reported that the fast-growing selective strain of P. f. martensii showed a significantly higher CR and lower oxygen consumption and ammonia excretion rates (ARs) than unselected groups. In Pacific oyster (Crassostrea gigas), higher energy gain rates coupled with lower metabolic costs of growth were reported in fast growers (Tamayo et al., 2014). Similarly, a relatively higher food-processing capacity in faster-growing mussels and a generally higher metabolic cost of feeding and growth in slower-growing individuals were observed in green-lipped mussel (Perna canaliculus) (Ibarrola et al., 2017). In addition, changes in the activities of digestive enzymes have been considered reliable indicators of food digestive efficiency and nutritional status in bivalves (Palais et al., 2012; Ibarrola et al., 2017; Zhang et al., 2021). The amylase, lipase, and pepsin activities of the fasting-growing strain of P. f. martensii were significantly higher than those of a normal cultured population (Zhang et al., 2021). In bivalves, carbonic anhydrase is an important indicator of biological mineralization, which shows a positive relationship with food intake (Medakovi´c, 2000; Cardoso et al., 2019; Zhao et al., 2020). In black-lip pearl oyster P. margaritifera, oysters fed with the highest food level had thicker aragonite tables and a higher mineralization rate (Linard et al., 2011).

In this study, the growth performance, physiological energetics, and activities of the digestive enzymes and carbonic anhydrase of P. f. martensii and P. maxima fed with different microalgae diets were detected to test whether the food intake and digestion influences the growth rate of the oyster species.



Materials and Methods


Microalgal Diet Culture

The microalgae used in this study were I. galbana (I, 5.51 ± 0.22 μm in cell diameter), Platymonas subcordiformis (P, 9.93 ± 0.94 μm in cell diameter), and Chaetoceros muelleri (C, 4.5 ± 0.25 μm in cell diameter). All microalgae were obtained from the Algal Species Laboratory of Hainan University, Haikou, Hainan province, China. Microalgae were cultured in 50-L white plastic buckets using a semi-continuous batch culturing system and Ningbo University #3 improvement solution (Chen et al., 2021). Air with 2% CO2 was bubbled into the buckets to support growth. The algae were grown using a continuous culture regime under a light/dark cycle of 12/12 h at 24 ± 1°C for 7–10 d; the cell densities of I, P, and C were ~6 × 106, ~2 × 105, and ~3 × 106 cells/ml, respectively.



Proximate Composition of Microalgae

For biochemical analysis, each microalgal species was grown in triplicate 10-L flasks. Microalgae were centrifuged (5,000 rpm, 30 min) when cultures reached the late logarithmic growth phase. The sediments were washed with 0.5 M of ammonium formate and recentrifuged at 5,000 rpm for 30 min. Then, the microalgae concentrates were lyophilized at −60°C in a vacuum freeze dryer (Scientz-10 N, Ningbo, China). Dried microalgae were ground into powder using a tissue lyser (Tissuelyser-48, Shanghai Jingxin Industrial Development Co., Ltd., Shanghai, China). The crude protein content was determined by the Kjeldahl method using a fully automated Kjeldahl nitrogen/protein analyzer (FOSS-Soxtec 2050, Hoganäs, Sweden) after acid digestion in a Tecator digestor 2020. Crude lipid was extracted with petroleum ether (Sinopharm Chemical Reagent Co. LTD, Shanghai, China) as described by Li et al. (2020), and crude ash was determined gravimetrically in a muffle furnace by incineration at 550°C for 24 h.



Pearl Oyster Collection

On May 1, 2020, two pearl oyster species, P. f. martensii and P. maxima, were selected to conduct mass breeding experiments at a shellfish hatchery in Beihai, Guangxi province, China. Larvae were reared according to the procedures described by Zhang et al. (2021). After 30 d, juveniles from each species were transferred to coastal areas with a raft culture in Beihai (21°26′~21°55′ N, 108°50′~109°47′ E), Guangxi province, China.

In October 2020 and June 2021, 5-month [15.87 ± 0.84 mm (0.06 ± 0.02-g dry soft tissue weight) and 14.57 ± 1.04 mm (0.04 ± 0.01-g dry soft tissue weight) in shell height for P. f. martensii and P. maxima, respectively] and 13-month [45.46 ± 2.34 mm (0.23 ± 0.03-g dry soft tissue weight) and 44.57 ± 2.64 mm (0.12 ± 0.02-g dry soft tissue weight) in shell height for P. f. martensii and P. maxima, respectively] pearl oysters were collected, transported to the laboratory, acclimatized for 1 week before the feeding experiment, and then maintained at 26 ± 2°C in 80 cm × 40 cm × 50 cm tanks containing filtered running seawater (with a salinity of 30 ± 2 ppt) with recirculating water systems. During the acclimatization period, these pearl oysters were fed with a moderate amount of a superfluous mixture of microalgae (I+P+C) twice a day (7:00 and 17:00), and a half volume of seawater was daily replaced.



Experimental Design

Five-month and 13-month P. maxima and P. f. martensii were fed with six different microalgae diets (I, P, C, I+P, I+C, and P+C). The culture experiment was maintained indoors for 60 d. For 5-month P. maxima and P. f. martensii, 540 pearl oysters of each species were randomly divided into six groups and fed with six different diets (I, P, C, I+P, I+C, and P+C). Oysters fed with the same diets were divided into three parallel groups and cultured in three 160-L tanks. The densities of six microalgae diets were 30×104 cells·ml-1 for I, 10×104 cells/ml for P, 30×104 cells·ml-1 for C, (15×104 + 5×104) cells·ml-1 for I+P, (15×104 + 15×104) cells·ml-1 for I+C, and (5×104 + 15 ×104) cells·ml-1 for P+C, respectively. Before feeding, the concentration of each cultured microalgae was measured with a hemocytometer (Marienfeld, Devan Instrument Co., LTD, Wuxi, China) under a microscope. For 13-month P. f. martensii and P. maxima, 270 pearl oysters of each species were randomly divided into six groups and cultured as 5-month oysters. The culture conditions were as follows: pearl oysters were fed twice a day (7:00 and 17:00) with different microalgae. Half-volume seawater was changed daily, and all the water was changed once a week. The water temperature, salinity, and dissolved oxygen were 26 ± 2°C, 30 ± 2 ppt, and ≥ 4 mg·ml-1, respectively.

After 60-day rearing, pearl oysters were starved for 24 h before sampling. For each tank, the remaining pearl oysters were counted, and the shell height of each pearl oyster was measured. Four pearl oysters of each tank were randomly sampled for physiological energetic analysis. The remained individuals of each tank were sacrificed, and the mantle and visceral mass of each individual were sampled and stored at -80°C.



Growth Performance

The shell height of all pearl oysters was measured at the beginning and end of the experiment. The shell height was measured as the vertical distance from the umbo to the ventral edge.

The survival rate (SR) and relative growth rate (RGR) were evaluated as follows:

	

	



Physiological Energetic Analysis

After 60-d rearing, four pearl oysters per tank were sampled for CR, respiration rate (RR), and AR analyses. The species and concentrations of microalgae used in each group were the same as in the rearing experiment. After physiological energetic analysis, the soft tissues of pearl oysters were sampled and dried at 65°C for 24 h to obtain their dry tissue weight.


Clearance Rate

For detecting the CR in each group, three pearl oysters were randomly collected and placed in 1-L beakers. Each treatment was replicated thrice. The microalgae species and concentration in each group were the same as in the rearing experiment. One blank beaker with no pearl oyster was set as the control. After 3 h, the concentration of algae was calculated under a microscope using a hemocytometer. The CR (L·h-1·g-1) was calculated according to the method by Wang et al. (2015), and the equation is given as follows:

	

where V is the volume beaker, and CT − C0 is the microalgae concentrations at the initial and T time. Sd is the variable coefficient of microalgae concentrations in the control group. N is the number of pearl oysters in the beaker, and T is the elapsed time (h). DW is the dry weight of soft tissues of pearl oysters.



Respiration Rate (VO2)

The RR detection was performed after 3-h feeding. Each treatment was replicated thrice. Three pearl oysters were incubated in sealed 800-ml cylindrical chambers containing seawater with oxygen probes (YSI®5730). The oxygen concentration was recorded at regular intervals (∼1 h) until it dropped below 30% of the initial value. One parallel chamber without a pearl oyster was used as a control. The RR (mg·h-1·g-1) was calculated following the equation

	

where V is the volume of the cylindrical chamber, CO0 and COT are the oxygen concentrations of seawater at initial and T time, and DW is the dry weight of soft tissues of pearl oysters.



Ammonia Excretion Rate (VNH4-N)

The AR detection was performed after 3-h feeding. Each treatment was replicated thrice. AR was determined by placing individual pearl oysters in closed chambers containing 250 ml of air-saturated seawater filtered using 0.22-μm Millipore membranes. One chamber without pearl oysters was used as a control. After 60 min, the water samples were taken from each chamber and stored at −20°C until analysis according to the phenol-hypochlorite method described by Solorzano (1969). The AR (mg·h-1g-1) was calculated following the equation

	

where V is the volume of the chamber, VNH4-NT and VNH4-N0 are the ammonia concentrations of seawater at initial and T time, and DW is the dry weight of soft tissues of pearl oysters.




Detection of Digestive Enzyme Activities

The frozen visceral mass of pearl oysters was weighed, thawed at 4°C, and homogenized (5,000 rpm, 10 min) with 0.9% precooled and sterilized normal saline at a ratio of 1:9 (tissue: saline). These samples were centrifuged at 2,500 rpm for 10 min, and the supernatant was collected in a 1.5-ml Eppendorf tube for digestive enzyme activity analysis. The activities of amylase (Amylase Assay Kit, iodine-starch colorimetry), cellulase [Cellulase (CL) Test Kit, colorimetry], lipase (Lipase Assay Kit, colorimetry), and pepsin (Pepsin Assay Kit, colorimetry) were determined using the respective kits following the manufacturer’s instructions (Jiancheng Biological Engineering Institute, Nanjing, China).



Detection of Carbonic Anhydrase Activities

The frozen mantle of each sampled pearl oyster was weighed and treated as the visceral mass mentioned above. Carbonic anhydrase activities were measured using the classical phenol red method (Roy et al., 2012). The samples were read spectrophotometrically at 450 nm, and results were expressed in units per milligram of protein (U g−1 protein).



Statistical Analysis

Data were presented as mean ± standard deviation (SD). All statistical analyses were conducted using Data Processing System (DPS) statistical software. The comparison among the proximate composition of three microalgae was made using one-way analysis of variance (ANOVA), followed by the least significant difference (LSD) test. The data of growth performance, physiological energetics, digestive enzyme, and carbonic anhydrase activities were analyzed by two-way analysis of variance (ANOVA), and means were subsequently separated by Tukey’s test. A value of P< 0.05 was considered statistically significant.




Results


Proximate Compositions in Three Microalgal Diets

As shown in Table 1, there were significant variations in the proximate compositions among three microalgae (P< 0.05). The contents of crude protein in the I and C groups were 51.06% and 50.01% of dry weight, respectively, which showed significantly higher than those in the P group (P< 0.05). Similarly, the highest lipid content was observed in the I (12.77%) group, followed by C (10.96%) and P (8.42%) groups, and significant differences were found in the I vs. P group (P< 0.05).


Table 1 | Proximate compositions of microalgae (% dry weight).





Survival Rate and Growth Performance of P. f. martensii and P. maxima Fed With Different Microalgae

As shown in Table 2, the SR and RGR of pearl oysters of two sizes were significantly affected by diet and species (P< 0.05). For small-size pearl oysters, the growth of shell heights (GHs) of P. f. martensii and P. maxima fed with different microalgae ranged from 2.32 mm to 10.04 mm and from 5.69 mm to 11.04 mm, respectively, and the highest GHs in both P. f. martensii and P. maxima were fed with the I+C group (Figure 1). The RGRs of P. f. martensii and P. maxima fed with mixed microalgae were significantly higher than those of the same pearl oyster species fed with single microalgae (P< 0.05). The RGRs of P. f. martensii were significantly higher than those of P. maxima fed with the same diets (P< 0.05) (Table 2). The SRs of P. f. martensii and P. maxima fed with P were 66.67% and 50.00%, respectively, which were significantly lower than other groups (P< 0.05) (Table 2).




Figure 1 | Growth of shell height of P. f. martensii and P. maxima of different sizes [small (A) and large (B)] fed with different microalgae. Different letters represent significant differences (P< 0.05).




Table 2 | Growth performance of P. f. martensii and P. maxima of two sizes fed with different microalgae for 60 d.



For large-size pearl oysters, although the GH, RGR, and SR among different microalgae showed a similar tendency to the small-size pearl oysters’ experiment, obvious decreases in GH and RGR were observed (Table 2, Figure 1). The SRs of P. maxima fed with P and C were 44.44% and 66.67%, which showed an obvious decrease compared to small-size P. maxima fed with the same diets (Table 2).



Clearance Rate, Respiration Rate, and Ammonia Excretion Rate

The CRs of P. f. martensii and P. maxima fed with different diets are shown in Table 3. For small-size pearl oysters, the CRs of P. f. martensii and P. maxima were 0.58–1.82 L·h-1·g-1 and 0.25–1.62 L·h-1·g-1, respectively. Compared to the six different microalgae diets for P. f. martensii and P. maxima, the CRs were the highest in I+C treatments (1.82 and 1.62 L·h-1·g-1, respectively). The CRs were significantly affected by pearl oyster species and diets (P< 0.05). The CRs of pearl oysters fed with mixed microalgae were significantly higher than those of pearl oysters fed with single microalgae (P< 0.05), and the CRs of P. f. martensii were significantly higher than those of P. maxima fed with the same diet (P< 0.05). The same tendency was also observed in large-size P. f. martensii and P. maxima groups.


Table 3 | Physiological determinations of P. f. martensii and P. maxima of two sizes fed with different microalgae.



The RRs of small-size P. f. martensii and P. maxima were 1.80–3.33 mg·h-1g-1 and 2.46–4.76 mg·h-1·g-1, respectively, and were significantly affected by both pearl oyster species and diets (P< 0.05) (Table 3). The highest RRs were observed in the P-treated groups of P. f. martensii (3.65 mg·h-1·g-1) and P. maxima (4.76 mg·h-1·g-1), respectively, followed by the I+P-treated groups of these two pearl oyster species. In some microalgae-feeding groups (e.g., I, P, and I+P), significant differences in RRs were observed between P. f. martensii and P. maxima fed with the same diets (P< 0.05). For large-size pearl oysters, the RRs of P. f. martensii were significantly lower than those of P. maxima fed with the same diets (1.58–2.46 mg·h-1·g-1 and 2.14-3.14 mg·h-1·g-1 for P. f. martensii and P. maxima, respectively). Obvious decreases in RR were observed in both P. f. martensii and P. maxima than in small-size pearl oyster groups.

The ARs were not significantly affected by pearl oyster species in both small and large sizes (P = 0.1741 and 0.6448, respectively), while significant differences were observed among different diet groups (P< 0.05) (Table 2). In P. f. martensii, the ARs of small- and large-size oysters were 0.16–0.41 mg·h-1·g-1and 0.11–0.21 mg·h-1·g-1, respectively. The ARs of P. f. martensii fed with C+P were the highest in both size groups. In P. maxima, the ARs of small- and large-size groups were 0.21–0.55 mg·h-1·g-1 and 0.12–0.21 mg·h-1·g-1, respectively. The top three highest ARs of P. maxima of both sizes were fed with P, I, and P+C. Obvious decreases of ARs in both P. f. martensii and P. maxima were observed with the growth.



Digestive Enzyme Activities

The digestive enzyme activities of pearl oysters are shown in Table 4. The four digestive enzyme activities of pearl oysters were significantly affected by species and diets (P< 0.05). The four digestive enzyme activities in P. f. martensii and P. maxima fed with mixed microalgae almost showed an obvious increase compared to the same pearl oyster species fed with single microalgae. The amylase, cellulase, and pepsin activities in P. f. martensii and P. maxima fed with P were the lowest, and significant differences were observed when comparing P-treated pearl oysters with other diet groups (P< 0.05), except for the amylase activity of the I vs. P group in small-size P. f. martensii.


Table 4 | Digestive enzyme activities in intestinal tissues of P. f. martensii and P. maxima of two sizes fed with different microalgae.



Obvious decreases in amylase activities in P. f. martensii and P. maxima were observed with their growth. In P. maxima, the lipase activities increased with the growth, while the opposite tendency of pepsin activities was observed. In P. f. martensii, no consistent lipase and pepsin activities were observed with their growth in six diet groups. Furthermore, higher activities of amylase, cellulase, lipase, and pepsin in P. f. martensii were observed compared to P. maxima fed with the same diets.



Carbonic Anhydrase Activities

As shown in Figure 2, the carbonic anhydrase activities in P. maxima were significantly higher than those in P. f. martensii fed with the same diets (P< 0.05). For small-size P. f. martensii and P. maxima, the carbonic anhydrase activities were highest in the I+C diet groups (0.31 and 0.36 U·g-1 prot for P. f. martensii and P. maxima, respectively), followed by C+P and I+P, I, C, and P, and significant differences were observed among different diet groups in the same pearl oyster species (P< 0.05). The same tendency of carbonic anhydrase activities was also observed in large-size P. f. martensii and P. maxima groups.




Figure 2 | Carbonic anhydrase activities of P. f. martensii and P. maxima of different sizes [small (A) and large (B)] fed with different microalgae. Means ± SD are presented (n = 6). Different letters represent significant differences (P< 0.05).






Discussion

Microalgae are the main diet for bivalve mollusks in both wild and artificial culture conditions (Guedes and Malcata, 2012). Although two oyster species fed with six different diets showed significant increases in shell height, an obvious feeding preference for these two oyster species was observed in this study, which showed that mixed microalgae were better than the single ones, and the I or C group was better than the P group. Although many studies have reported suitable algae species in bivalve diets, a combination of flagellates and diatoms is better in an indoor culture (Galley et al., 2010; Hassan et al., 2021). Pacific oyster had better growth when fed with equal proportions of flagellates and diatoms compared to a high proportion of flagellates or diatoms (Rico-Villa et al., 2006). A mixed diet (Isochrysis sp. and C. muelleri) outperformed a monospecies diet in the blue mussel (Mytilus edulis) culture (Galley et al., 2010).

Bivalves have the ability to select their food in both natural and artificial conditions (Ward and Shumway, 2004). Many factors, such as cell size, cell surface, digestibility, toxic metabolite production, and gross biochemical composition, determine the suitability of microalgae as food for bivalves (Gouda et al., 2006; Rosa et al., 2017). Suitable particle sizes for P. f. martensii and P. maxima are 2.5–10 μm and >4 μm, respectively (Yukihira and Klumpp, 1999; Tomaru et al., 2002). Although the microalgae of all sizes used in this study could be easily ingested, small-size microalgae [I. galbana (I, ~5.51 μm) and C. muelleri (C, ~4.5 μm)] were more suitable for these two pearl oyster species compared to the large one [P. subcordiformis (P, ~9.93 μm)]. The nutritive quality of microalgae for bivalves is also determined by their biochemical composition (Martínez-Fernández et al., 2006). The biochemical composition of microalgae varies among species and according to culture conditions (Valenzuela-Espinoza et al., 2002; Martínez-Fernández et al., 2006). Protein is the largest organic component of microalgae. Lipid, especially polyunsaturated fatty acids, is also an essential nutrient. Previous studies showed that high dietary protein and lipid in microalgae were associated with a good growth of juvenile bivalves, such as blue mussel M. edulis, Pacific oyster C. gigas, Caribbean pearl oyster P. aimbricata (Leonardos and Lucas, 2000; Knuckey et al., 2002; Lodeiros et al., 2017). In our study, the crude protein and lipid in the I and C groups were higher than those in the P group, which indicated that more nutrients are obtained by pearl oysters from I and C treatments.

When comparing the differences in the growth rate and survival between P. f. martensii and P. maxima, significantly higher growth rates were observed in P. f. martensii at both two sizes compared to P. maxima fed with the same diets. Bivalve species have different strategies of feeding selection and energy budgets to adapt to different environments (Yukihira et al., 1998; Wang et al., 2000; Strohmeier et al., 2012). For example, Ibarrola et al. (2012) reported that the CR of mytilid mussel M. chilensis was the highest, followed by giant mussel Choromytilus chorus and ribbed mussel Aulacomya ater; the absorbed energy in P. margaritifera was significantly higher than that in P. maxima at 19°C, while the opposite results were observed at 28°C and 32°C (Yukihira et al., 2000). In our study, significantly higher CRs and lower RRs were observed in P. f. martensii than those in P. maxima fed with the same diets, although the ARs varied between these two oyster species. These results indicated more food intake and less energy consumption in P. f. martensii than in P. maxima. Furthermore, the activities of amylase, cellulase, lipase, and pepsin in P. f. martensii were also higher than those in P. maxima, which meant that P. f. martensii had a stronger digestive ability than P. maxima. Therefore, higher growth performances were detected in P. f. martensii than those in P. maxima.

The higher growth rates in P. f. martensii might be ascribed to the relatively higher adaptability to complex and volatile environments than those in P. maxima. P. maxima prefers to live in the oligotrophic tropical waters of coral reefs and atolls, while P. f. martensii prefers to live in coastal areas of higher latitudes and is more tolerant to extreme temperature and nutrient inputs (Yang et al., 2021; Zhang et al., 2021). The natural diets for pearl oysters were more complex than artificial diets. The higher SR in P. f. martensii was observed in coastal areas suspended on a raft compared to P. maxima, which showed the same tendency as our results (Hwang et al., 2007; Liang et al., 2016; Zhang et al., 2021). Therefore, the sensitivities to environmental changes at the juvenile stage are the main cause of the mortality of P. maxima.

The growth rate of bivalve species shows a decreasing tendency with their increased size, which is attributed to their energy budget changes at different life stages (Ibarrola et al., 2017; Hao et al., 2018; Liu et al., 2020). In our study, both the GH and the RGR of large-size P. f. martensii and P. maxima fed with the same microalgae significantly decreased than small-size groups. When comparing the energy budget parameters, the CRs of two pearl oyster species significantly increased, from 0.58–1.82 L·h-1·g-1 to 1.75–3.60 L·h-1·g-1 for P. f. martensii and from 0.25–1.62 L·h-1·g-1 to 1.00–2.78 L·h-1·g-1 for P. maxima, respectively. The CRs in P. f. martensii and P. maxima were almost the same as in the previous studies by Yukihira et al. (1998); Zhang et al. (2021), and Yang et al. (2021). Furthermore, the RRs and ARs of each pearl oyster species decreased with the increase in size, which was detected in other bivalve species, such as green-lipped mussel and pacific oyster (Tamayo et al., 2014; Ibarrola et al., 2017). The lower mass exponents for CR compared to RR and AR are the causes of the decrease in growth rate with the increase in body size (Rueda and Smaal, 2004; Ibarrola et al., 2017).

The feeding habits vary at different life stages in many marine organisms, and their digestive enzyme activities change because of their food preference (Kolkovski, 2001; Prudence et al., 2006; Ibarrola et al., 2012). In our study, the cellulase activities of P. f. martensii and P. maxima had no changes between the two sizes, while there was an obvious decrease in amylase activities in both two pearl oyster species, which indicated that carbohydrate requirements decreased with the increase in size in both P. f. martensii and P. maxima. Similar results have also been observed in M. chilensis of different sizes (Ibarrola et al., 2012). As for the lipase and pepsin activities, there were almost no changes in P. f. martensii with the increase in its size, while obvious increases for lipase and decreases for pepsin were observed in large groups of P. maxima compared to small-size groups. These obvious changes in lipase and pepsin activities indicated that the protein and lipid requirements of P. maxima changed dramatically with the size growth (Labarta et al., 2002; Zhang et al., 2021). However, the diets used in this study were unchanged; therefore, some microalgae groups, such as P. subcordiformis and C. muelleri, could not meet the nutritional requirements of large-size P. maxima, which led to a lower growth rate, even death.

The carbonic anhydrase activity changes markedly with different growth performances in the oyster mantle and is considered one of the important indicators of biological mineralization (Kawai, 1955; Ivanina et al., 2017). The carbonic anhydrase activity showed a similar tendency to the growth rate within the same pearl oyster species fed with different diets or at different life stages in this study. It is known that P. maxima has thicker shells than P. f. martensii (Gervis and Sims, 1992), which means that a higher proportion of total energy is used for the calcification of P. maxima. Significantly higher carbonic anhydrase activities were highly observed in P. maxima than those in P. f. martensii.



Conclusion

In conclusion, P. f. martensii and P. maxima fed with mixed microalgae showed higher growth and SR than those fed with single microalgae. Furthermore, the growth rate of these two pearl oyster species significantly decreased with the increased size. When comparing the growth performance between P. f. martensii and P. maxima, the RGR values in P. f. martensii were significantly higher than those in P. maxima fed with the same microalgae, which might be caused by the higher CR, lower RR values, and higher digestive enzyme activities in P. f. martensii.
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Cultivation of lumpfish (Cyclopterus lumpus) as lice cleaner fish for salmon is now expanding. For successful cultivation of a new species, understanding the basic biology of digestive functions is vital to facilitate and optimize diet formulation. This paper presents results from two experiments conducted to deepen our knowledge on lumpfish intestine physiology. Experiment 1 was a 42-day feeding trial in which lumpfish were fed twelve different diets in the following ranges of macronutrients: Protein 43-68%, lipid 4-17%, and carbohydrate 6-17%. Intestinal tissue, gut content and liver were sampled from 6 fish per tank. The results showed that with increasing lipid level and corresponding decrease in protein level, there was a linear decrease in several of the observed biomarkers, including activity of brush border membrane digestive enzymes, expression of genes related to nutrient digestion and transport, ion exchange, immune regulation, and cell remodeling. Increased intracellular accumulation of lipid (steatosis) was observed in gut and liver with increasing dietary lipid level. Fewer effects were observed for increased dietary carbohydrate and corresponding decreased protein level. Experiment 2 was a two-week feeding trial for estimation of macronutrient digestibility in which lumpfish were fed three diets, all containing 55% crude protein, with lipid to carbohydrate ratio of the low lipid diet of 7.5%/18.3%, the medium lipid diet of 13.8%/14.6%, and high lipid diet of 18.1%/9.5%. Fecal samples were collected as pooled samples per tank. These results showed that fatty acid digestibility’s increased as dietary lipid level increased. Of note, starch digestibility decreased greatly as starch level increased, whereas protein digestibility did not change as lipid or starch level varied. Taken together, the present studies indicated that increasing lipid level in the diet with corresponding decrease in protein level affects digestion, absorption, and immune responses in the lumpfish intestine. Variation in dietary carbohydrate to protein level showed less effects, possibly due to low starch digestibility which makes the variation in available carbohydrates much less than the variation in the analysed level of dietary carbohydrates.




Keywords: cleaner fish, lumpfish, gut functions, macronutrient requirement, digestibility



1 Introduction

Cultivation of lumpfish (Cyclopterus lumpus) expanded rapidly during the past decade, i.e. approximate 34 million individual fish for delousing of Atlantic salmon were produced in Norway in 2020 (statistics by Norwegian Directorate of Fisheries, 2021), and in Scotland the number of lumpfish produced was 6.6 million (Munro, 2020). For successful cultivation of a new species detailed knowledge of several physiological aspects is necessary, particularly regarding digestive physiology and nutrient requirement. Powell et al. stated that one third of lumpfish die of starvation within a few weeks in salmon cages (Powell et al., 2018), indicating supplementary feed is necessary for lumpfish after deployment. This may be associated with its feeding preference. Lumpfish is an opportunistic, omnivorous feeder that not only feed on sea lice after deployment (Powell et al., 2018). Naturally, lumpfish seem to predominantly prey on crustacean, followed by molluscs and small fish (Ingolfsson and Kristjansson, 2002; Imsland et al., 2015). A diet of high protein content seems to be optimal in terms of its natural preference. Although plant ingredient tolerance has been tested for lumpfish (Willora et al., 2020; Willora et al., 2021), studies investigating nutrient requirement of lumpfish are rare. No relevant scientific information is available currently for the feed producers. Present commercial diets seem to be produced based on knowledge from other fish species as well as experience generated from inhouse, unpublished trials and commercial production of lumpfish.

Present knowledge of digestive physiology in lumpfish is very limited. Zhukova and Stroganov (Zhukova and Stroganov, 2021) described the anatomical structure of the alimentary tract in lumpfish, with focus on esophagus and the stomach. The oesophagus is reported to be relatively short with a thick muscular wall whose thickness may increase more than two folds during contraction. The stomach was observed with well-developed gastric glands and distinguishably divided into cardiac, fundus, and pyloric parts. Intestinal length was estimated to be 1.2 times of the standard body length, and the histological structure found the same throughout its entire length. Some studies on lumpfish employed histopathological evaluation of intestine as an indicator of inflammatory responses after changes in diet composition or feeding strategy (Imsland et al., 2018; Imsland et al., 2019a; Imsland et al., 2019b). The observed responses, however, were mild or none.

The gut is primarily an organ for digestion and absorption of nutrients. For fish, it also serves as an important organ for osmoregulation (Grosell, 2006; Gregorio and Fuentes, 2018). As the intestinal epithelial surface is constantly exposed to the elements of the external environment, it therefore must also provide defence, which herein refers to the physical barrier and immune response, against alien components and organisms (Zhu et al., 2013; Garcia-Hernandez et al., 2017). Studies in other fish species have clearly demonstrated how diet composition can influence nearly all aspects of the intestine, i.e., digestion and absorption (Krogdahl et al., 1999; Silva et al., 2010; Gu et al., 2014), osmoregulation (Taylor and Grosell, 2006), physical barrier (Hu et al., 2016) and immune regulation (Krogdahl et al., 2015). The present study was therefore conducted to strengthen knowledge of effects of variation in macronutrient diet composition on gut function and thereby to gain information necessary for successful cultivation of lumpfish.

The results presented herein are based on investigation of samples collected in two feeding experiments. The main part of the results stems from a feeding experiment (E1) conducted to estimate optimal balance between protein, lipid, and carbohydrates in diets for lumpfish of 15-50 g, based on observations of growth and feed conversion ratio, physiological characteristics of the intestine, mucosal and systemic immune responses. Results regarding growth performance, with more than three times increase in weight, body composition, welfare scores, and systemic immune responses are published in the paper of Hamre et al. (Hamre et al., 2022) with the following conclusion: The best growth and welfare were obtained in fish fed a diet with 55% protein, 17% lipid and 6% carbohydrates. However, to meet the wish from farmers of reducing growth, diets for lumpfish weighing from 10-50 g body weight should contain approximately 55% protein, minimum 10% lipid and maximum 10% carbohydrate. The work presented in the former paper also stated that the latter composition would be suitable also for lumpfish of 1.7-10g.

The present study comprises results regarding characteristics of the intestinal tract based on samples from E1. However, as the E1 experiment did not give sufficient fecal sample material for estimation of nutrient digestibility, an additional experiment (E2) was conducted addressing specifically macronutrient digestibility, the results of which are also included in the present paper. In addition to the macronutrient digestibility analyses, the lumpfish intestine was characterized in detail by histomorphological evaluations, digestive enzyme activity and bile acid assays, as well as by expression profiling of genes involved in nutrient digestion and transport, ion exchange, immune regulation, and cell remodeling. Liver structure and function was also evaluated to provide information on nutrient turnover and integrated metabolism.



2 Materials and Methods

The feeding trials were conducted in accordance with Norwegian laws and regulations concerning experiments with live animals. Experiments were overseen by the Norwegian Food Safety Authority.


2.1 Experimental Fish and Feed


2.1.1 Fish and Feed for Experiment 1

This experiment evaluated effects of diet composition on digestive functions in lumpfish with an initial body weight of 15 g growing to 50 g. The experiment was conducted based on a three-component mixture design (Cornell, 2011), set up with Design Expert ver. 8.0.4. (Stat-Ease Inc. MN, USA). As it is a special type of response surface methodology for experimental design, for which replicates are not necessary (Hamre et al., 2003; Hamre and Mangor-Jensen, 2006; Hamre et al., 2013), we set one tank for most diets. In total, twelve different diets were formulated and fed to fish in one tank for each one of 11 diets. The 12th diet was fed to fish in 3 tanks to obtain a measure of tank variation. The experimental diets were produced at the Aquafeed Technology Centre of Nofima in Bergen, Norway, in the same production series, using a Wenger TX-52 co-rotating twin-screw extruder with 150 kg/h capacity. The dietary oil was added in the different feed mixes prior to extrusion. The settings of the extruder were “normal”; i.e., the production can be upscaled to a feed factory (extruder settings considered: screw configuration (D), die opening (1.5 mm), knife speed (2671-3108 rpm), feed rate (110-150 kg/h), at the DDC the amount of added steam was 10-12 kg/h, and water 0.16-0.18 kg/min, and in the extruder there was added 0.24-0.45 kg/min water and no steam. The ingoing temperature of the feed mass in the extruder was 79-84°C and the outgoing 103-118°C. The produced pellets were air-dried in a carousel dryer (Model 200.2, Paul Klöckner GmbH, Nisteral, Germany) at 85°C for 10-12 min to a final moisture level between 6.36 and 8.26%. The size of the dried pellets was approx.: 1:5 − 1:7 × approx.: 2:3mm with bulk density between 443 and 582 g/L. Diet recipes and proximate composition are shown in Table 1 and Figure 1 illustrates the dietary design of experiment E1. The following ranges of macronutrients were covered: Protein 43-68%, lipid 4-17%, and carbohydrate 6-17%. For most observed biomarkers, samples from all treatments were investigated. For some, due to resource restrictions, it was possible to investigate only selected macronutrient combinations.


Table 1 | Diet formulation and proximate composition for experiment 1 (E1).






Figure 1 | Illustration of feed design. Each feed is indicated with a red dot and numbers beside the dot presenting macronutrient composition in the following sequence, from left to right, level of crude protein, crude lipid and total carbohydrates. The yellow dot represents diet was fed to fish in three tanks.



Details of the experimental conditions are published in (Hamre et al., 2022). In brief, the fish were produced by a commercial hatchery and transported to Nofima’s research facility at Sunndalsøra, Norway. Fourteen 150 L conical tanks were used, each with 90 fish. Dead fish were removed daily, counted, and weighed. Feed was distributed continuously (15 sec feeding every 5 minutes) using small belt automatic feeders above each tank. The fish were fed to satiation, and the feed rations increased from 30 to 68 g/tank in tanks according to appetite. The fish were fed 1-1.6mm pellets until 20 g size and 1.6-2.3mm until the end of the experimental period. Due to the small pellet sizes, feed intake could not be recorded by our system. The temperature was set to a mean of 9.8°C (min 8.9°C, max 10.6°C). The water flow was set to 4 l/min and oxygen was adjusted to 80-100% by adding oxygen to the water holding tank when needed. Temperature was recorded daily, and oxygen was measured and adjusted 2-3 times per week. As the trial was run in a flow-through system, ammonia nitrogen and nitrate nitrogen were not recorded.



2.1.2 Fish and Feed for Experiment 2

An additional experiment, E2, was conducted to gain knowledge on macronutrient digestibility. Starch digestibility was of particular interest as great variations have been observed between other species (Krogdahl et al., 2004). Feed formulations are shown in Table 2. The diets were formulated to contain 55% crude protein with low (Diet 1), medium (Diet 2) and high (Diet 3) levels of lipid, and with carbohydrate level of contrary variation to lipid level. The same ingredients were used for all three diets, and the different lipid and carbohydrate levels were balanced by differing the dietary inclusion levels of lipid and wheat meal, respectively. The diets were produced at Aquafeed Technology Centre of Nofima in Bergen, Norway. Each of the three diets were fed to fish in triplicate tanks for a period of 14 days.


Table 2 | Diet formulation and proximate composition for experiment 2 (E2), g/kg.



Lumpfish with an average body weight of around 100 g were distributed to 9 tanks, 100 individuals per tank, providing a biomass of around 10 kg in each tank. The tanks were cylindrical, with flat bottom and black inner surface, and an efficient water volume of 350 L. All tanks were equipped with automatic belt feeders for distribution of feed, and a separate light source mounted on each tank. Inlet water was run through a 10 μm filter and UV treated. Water flow was set at 12 L/min and oxygen saturation was kept within 80-100%. Average water temperature was 11.6°C (10.9-12.4°C).




2.2 Sampling


2.2.1 Sampling for E1

The trial was terminated after 42 days. At termination of the experiment, 6 fish from each tank were sampled at random, weighed, and intestinal tissues collected for analyses. The intestine was cleaned of mesenteric fat and divided into three segments, i.e., pyloric intestine including the pyloric caeca (PI), mid intestine (MI) and distal intestine (DI) (See Supplementary Figure S1). Each segment was opened longitudinally. Limited by fish size, gut content was only collected from MI, where the amount was enough for analysis. The collected gut content of MI was snap frozen in liquid nitrogen and stored at -80°C before further processing and analysis of activity of digestive enzymes and concentration of bile salts. Samples of tissue from all sections, located in the middle of the sections were collected for RNA extraction (submerged in RNAlater solution, incubated at 4°C for 24 h and stored at -20°C) and histomorphological evaluation (fixed in 4% phosphate-buffered formaldehyde solution for 24 h and transferred to 70% ethanol for storage). The remaining tissue was collected for brush border digestive enzyme assessment, snap frozen in liquid nitrogen and stored at -80°C.



2.2.2 Sampling for E2

The trial was terminated after 14 days, when fecal samples were collected as pooled samples per tank. Because of the very short length of DI of lumpfish, it cannot be stripped for feces like salmonids, therefore fish were euthanized by an overdose of anesthetic (Tricaine mesylate, MS-222) and the total content of the DI was collected by dissecting the intestine.




2.3 Analytical Procedures


2.3.1 Activity of Digestive Enzymes and Bile Salt Concentration

The intestinal tissue samples were thawed and homogenized (1:20 w/v) in ice-cold 2 mM Tris/50 mM mannitol, pH 7.1, containing phenyl-methyl-sulphonyl fluoride (P-7626, Sigma, Norway) as serine protease inhibitor. The homogenates were sonicated, aliquoted and stored at -80°C until analysis.

Leucine aminopeptidase (LAP) and maltase were the brush border digestive enzymes assessed. The activity of LAP was measured employing the Sigma procedure no. 251 (Krogdahl et al., 2003). L-leucyl-b-naphthylamide is used as the substrate and is reacted with diluted homogenates at 37 °C for 1 h. The reaction is terminated by HCl. A subsequent color reaction is done by adding sodium nitrite, ammonium sulfate and N-(1-Naphthyl)ethylenediamine dihydrochloride in order at room temperature. A standard curve is made for calculation by measuring serial diluted 2-Naphthylamine. The color absorbance is read at 580nm. To measure maltase activity, the method described by Dahlqvist (Dahlqvist, 1970) was applied. Maltose is used as substrate and is reacted with diluted homogenates at 37 °C for 1 h. The reaction is terminated and colorized by TGO solution (mixture of Trizma buffer, detergent, o-dianisidine and peroxidase). A standard curve is made for calculation by measuring serial glucose dilution. The color absorbance is read at 480nm.

Activity of trypsin, amylase and lipase, and total bile salt level were measured in pooled freeze-dried content from MI. Trypsin activity was determined colorimetrically (Kakade et al., 1973). Benzoylarginine p-nitroanilide (Sigma no. B-4875, Sigma Chemical Co., St. Louis, MO) is used as substrate and is reacted to freeze-dried content solution at 37 °C for 10 min. The reaction is terminated by 30% acetic acid. The color absorbance is read at 410nm. Absorbance variance between sample and blank is defined as enzyme unit instead of international enzyme unit. Lipase activity was determined as described in (Brockman, 1981). 4-Nitrophenyl myristate (Sigma 70124, Sigma Chemical Co., St. Louis, MO) is used as substrate and the reaction temperature is 37 °C. The absorbance is read at 405nm every 30 sec for 7 times. The enzyme unit is defined as absorbance variance per minute. Amylase was determined as described by (Froystad et al., 2006), using a Randox amylase assay kit (AY3805, Randox Laboratories Ltd., Crumlin, UK). The kit employs Ethylidene PNPG7 method (Kruse-Jarres et al., 1989) for α-amylase measurement. Ethylidene-blocked p-nitrophenyl-maltoheptaoside is the substrate in the enzyme assay reagent and reaction temperature is 25°C. Absorbance is read at 405nm after 20, 30 and 40 min of reaction and the enzyme unit is defined as absorbance variance per minute. Bile salt level was determined using the enzyme cycling amplification/Thio – NAD method (Inverness Medical, Cheshire, UK) in the ADVIA®1650 Chemistry System (Siemens Healthcare Diagnostics Inc.) at the Central Laboratory of the Faculty of Veterinary Medicine, Norwegian University of Life Sciences, Oslo. The assay measures total 3αOH of cholic acid, whereas the reported results indicate the corresponding level of bile salt as taurocholate.



2.3.2 Quantitative Real-Time PCR

Total RNA was extracted from tissue samples of PI, MI, DI, and liver. (~20 mg) of all fish using Trizol reagent (PureLink™ RNA Mini Kit, Thermo Fisher Scientific). RNA was purified by an on-column DNase kit (PureLink™ DNase Set, Thermo Fisher Scientific) according to the manufacturer’s protocol. RNA purity and concentration were measured using the Epoch Microplate Spectrophotometer (BioTeK Instruments, Winooski, USA). The RNA integrity was verified by the 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) in combination with RNA Nano Chip (Agilent Technologies, Santa Clara, CA, USA). First-strand complementary DNA (cDNA) was synthesized using 1.0 μg RNA from two fish of the same tank, namely 0.5 μg RNA of each two fish were combined as a unit of RNA sample for cDNA synthesis. The reaction volume was 20 μl, including 4 μl mastermix of from the kit SuperScript™ IV VILO™ Master Mix (Thermo Fisher Scientific). Negative controls were performed in parallel by omitting RNA or enzyme.

Lumpfish mRNA sequences were derived from NCBI database. The selected genes include elongation factor 1-alpha (ef1a), beta-actin (bactin), hypoxanthine-guanine phosphoribosyltransferase 1 (hprt1), tubulin beta chain (tubb), sucrase-isomaltase (si), solute carrier family 27 member 4 (slc27a4), solute carrier family 15 member 1 (slc15a1), niemann-pick C1-like 1 (npc1l1), solute carrier family 12 member 1 (slc12a1), tight junction protein 1a (tjp1a1), occludin (occludin), cyclooxygenase-2 (cox2), immunogobulin M (igm), inhibitor of nuclear factor kappa B kinase subunit beta (ikbkb), complement component 5 (c5), chemokine (C-X-C motif) ligand 19 (cxcl19), tumor necrosis factor alpha (tnfa), nuclear factor kappa-light-chain-enhancer of activated B cells (nfkb), transcription factor p65 (rela), major histocompatibility complex II (MHCII), matrix metallopeptidase 13 (mmp13) and proliferating cell nuclear antigen (pcna). The selected genes cover the functions of disaccharide digestion (si), nutrient transport (slc27a4, slc15a1, npc1l1), ion-exchange (slc12a1), tight junction forming (tjp1a1, occludin), immune regulation (cox2, igm, ikbkb, c5, cxcl19, tnfa, nfkb, rela, MHCII, mmp13) and cell proliferation (pcna). Reference gene candidates include ef1a, tubb, hprt1 and bactin.

Primer information are shown in Supplementary Table S2. The qPCR primers were designed using the Primer-BLAST tool of NCBI. All primer pairs were first used in gradient reactions to determine optimal annealing temperatures. To confirm amplification specificity, the PCR products from each primer pair were subjected to melting curve analysis and visual inspection of the PCR products by agarose gel electrophoresis. PCR efficiency for each gene assay was determined using 2-fold serial dilutions of randomly pooled complementary DNA.

Expression of target genes were analyzed using the LightCycler 96 (Roche Diagnostics, Basel, Switzerland) with a 10-μl DNA amplification reaction. Each 10-μl DNA amplification reaction contained 2 μl PCR grade water, 2 μl of 1:10 diluted cDNA template, 5 μl LightCycler 480 SYBR Green I Master Mix (Roche Diagnostics) and 0.5 μl (10 μM) of each forward and reverse primer. Each sample was assayed in duplicate, including a no-template control. The three-step qPCR run included an enzyme activation step at 95°C (5 min), 40 cycles at 95°C (10 s), annealing temperature (10 s), and 72°C (15 s) and a melting curve step. The mean normalized expression of the target genes was calculated from raw Cq values (Muller et al., 2002). Reference genes selected was done in terms of its stability among different fish (Kortner et al., 2011). The chosen reference genes are: ef1a, tubb and hprt1 for PI and liver, ef1a, bactin and hprt1 for MI and tubb, bactin and hprt1 for DI.



2.3.3 Histological Evaluation

The samples fixed for histological evaluation from all intestinal segments collected, i.e., PI, MI, and DI, were processed using standard histological methods and stained with hematoxylin and eosin (H&E). The histological sections were estimated to describe the general structure as well as assessing for any morphological changes in the intestinal mucosa such as inflammation. Since the relative weights (OSI) of intestinal sections and liver seemed to vary more specifically to dietary lipid content, histological examination was conducted for the six sampled fish fed the following four diets spanning from low to high lipid content: i.e., 6, 21, 28, and 38 g lipid/100g protein (Diet 1, 5, 3 and 12, respectively). The evaluated morphological characteristics included changes in cellularity of submucosa and lamina propria, enterocyte supranuclear vacuolization and numbers of intra-epithelial lymphocytes. The degree of changes was graded as normal, mild, moderate, marked and severe, and was scored from 0 to 4, respectively.



2.3.4 Macronutrients and Yttrium in Feed and Feces

Samples of the feed and feces were analyzed at the Department of Animal and Aquacultural Sciences, Norwegian University of Life Sciences, Ås, Norway. Dry matter was determined by oven drying at 105°C, 16–18 h, to constant weight. Nitrogen was determined using the Kjeldahl method (Kjeltech Auto Analyser, Tecator, Höganäs, Sweden) (crude protein: N×6.25), fatty acid composition by FAME analysis (O’Fallon et al., 2007) in a Trace GC Ultra with auto injector (Thermo Scientific), and starch was measured as glucose after hydrolysis by α-amylase and amyloglucosidase, followed by glucose determination by the ‘Glut-DH method’. Yttrium was analyzed by dissolution of ashed samples with hydrochloric acid and nitric acid by heating, then dissolved in 5% nitric acid. Yttrium was then detected with an ICP-AEF, Optima 3000 V (Perkin Elmer, USA).




2.4 Calculations and Statistics

Organosomatic indices of the intestinal sections = tissue weight/body weight × 100.

Apparent digestibility coefficient (referred to as digestibility in the text) =

100 – 100 × (% nutrient in feces/% nutrient in diet) × (% Y2O3 in diet/% Y2O3 in feces)

Models describing the effects of macronutrient composition on the different responses were calculated using the software Design Expert ver. 8.0.4. (Stat-Ease Inc. MN, USA). Different models were fitted to the data and the recommended model with the best fit was chosen. When no model had a significant fit to the response data, only mean and standard deviation of the total dataset are given. Models and coefficients were considered significant at p < 0.05. Models where 0.05< p <0.1 were considered a trend and presented.

Differences in histological scores for the various evaluated morphological characteristics were analyzed using ordinal logistic regression. When score differences were only 2 levels, statistical significance was assessed using the Fisher exact test. Post hoc analysis for significant test results was conducted using the chi-square test (chisq.post.hoc function of Fifer package in R). Differences were considered significant at p < 0.05.




3 Results


3.1 Digestive Enzyme Activities in Gut Tissues and Digesta, and Nutrient Digestibility

As the present study is among the very first studies investigating the physiology of the intestinal tract of lumpfish, some summary statements regarding the general characteristics are given: The average OSI of the three intestinal sections, PI, MI, and DI, was 2.1, 1.6, and 0.6% of body weight and they comprised 49, 38, and 13% of the intestinal weight, respectively. Of total LAP capacity, i.e., units per kg fish, 34, 50, and 16% were observed in PI, MI, and DI, respectively, and of maltase capacity, 48, 40, and 12%. Digestive enzyme activities in chyme, results only available from MI, were as follows: trypsin activity averaged 25 U/mg DM, amylase 2 U/mg DM, and lipase 0.27 U/mg DM. Bile salt concentration in chyme from MI was 49 mg/g DM. Average digestibility, as measured in collected feces, was for protein: 83%, sum of fatty acids: 95%, and starch: 64%.



3.2 Effects of Macronutrient Composition on Intestinal and Liver Functions

In the following content we have chosen to present the results and comments as follows: For results showing linear relationship to the macronutrient levels, effects of decreasing protein level are presented first, in light of possible effects of protein deficiency at low dietary levels. Thereafter effects of increasing level of lipid are presented and finally effects of increasing level of carbohydrates. For results showing more complicated relationships, the comments are presented as found most suitable for the outcome of the data evaluation. Linear relationships were found for most of the observed variables, but for those explicitly mentioned in the text showing no relationship with diet macronutrient composition or following a model other than a linear one. To check model parameters, one can refer to Tables 3, 4, and Supplementary Tables S3, S4 listing the coefficients derived from the model equation.


Table 3 | Result summary: Organ indices and digestive enzymes.




Table 4 | Result summary: Expression of selected genes in liver and intestine.




3.2.1 Organosomatic Indices

Variation of diet composition significantly affected the intestinal weight of PI and MI (Figure 2 and Table 3). In PI, OSI increased with decreasing protein level, increased with increasing dietary lipid level, and had no response with carbohydrate variation. In MI, OSI increased with decreasing protein level, increased with increasing dietary lipid level, and increased with increasing carbohydrate level.




Figure 2 | Organosomatic indices of PI and MI. Color scale from blue to red indicates value changes from low to high. The yellow dot represents diet was fed to three tanks. Macronutrient composition of each dot can refer to Figure 1.





3.2.2 Brush Border Digestive Enzyme Activities

Specific activity of both LAP and maltase was highest in MI, lowest in the PI, and intermediate in DI. Also, the value for LAP capacity, i.e., per kg of fish, was highest in the MI, whereas for maltase, the highest value was observed for PI. The DI showed the lowest capacity values for both LAP and maltase.

In PI, specific activity of LAP and maltase showed significant relationships with diet macronutrient composition (p = 0.032 and 0.034, Table 3 and Figure 3). The specific LAP and maltase activities (U/mg protein) decreased with decreasing protein level, decreased with increasing dietary lipid level and, to lesser extent, increased with increasing carbohydrate level. On the other hand, the enzyme capacity (U/kg fish) of LAP and maltase (p = 0.090 and p > 0.10, Table 3 and Figure 3) showed no significant correlations with diet macronutrient composition in this section.

In MI, both specific activity and capacity of LAP and maltase showed clear relationships with diet composition (p = 0.005, 0.016, 0.001 and 0.002, Table 3 and Figure 3), i.e., a decrease with decreasing protein level, a decrease with increasing dietary lipid level, and an increase with increasing carbohydrate level.In DI, there were no significant effects for either specific activity or capacity and the analysis by software cannot illustrate a clear trend neither (p = 0.080, 0.1, 0.060 and 0.070, Table 3).




Figure 3 | Leucine aminopeptidase (LAP) and maltase specific activity and capacity in proximal intestine (PI) and mid intestine (MI), and lipase activity (units/mg dry matter) and bile salt concentration (mg/g dry matter) in digesta from MI. LAPprot and MALTprot, LAP and maltase specific activity (units/mg protein). LAPkg and MALT kg, LAP and maltase capacity (units/kg fish). Lipase, lipase activity (units/mg dry matter). Bile salt conc, bile salt concentration (mg/g dry matter). Color scale from blue to red indicates value changes from low to high. The yellow dot represents diet was fed to three tanks. Macronutrient composition of each dot can refer to Figure 1.





3.2.3 Enzyme Activities and Bile Salt Level in MI Digesta

Lipase activity in digesta from MI showed a significant, linear, relationship with dietary protein level, decreasing with decreasing protein level (p = 0.020, Table 3 and Figure 3). Lipase activity decreased with increasing lipid level as well as with increasing carbohydrate level. The trypsin and amylase activities in digesta from MI did not show significant relationships (p > 0.10, Table 3) with diet macronutrient composition. Bile salt concentration showed a tendency towards a similar response pattern as for the lipase (p = 0.077, Table 3 and Figure 3), i.e., decrease with decreasing protein, increase with increasing lipid and carbohydrate level.



3.2.4 Gene Expression in Intestinal Tissue

In PI, si and slc15a1, coding for a disaccharidase and a peptide transporter, respectively, were the two genes showing significant responses to diet macronutrient composition (p = 0.039 and 0.050, respectively, Table 4 and Figure 4). Their relationships with diet composition were similar, i.e., decreasing in value with decreasing protein content, decreasing with increasing lipid level and increasing, although only slightly, with increasing carbohydrate. Expression of rela, igm and cxcl19, all involved in immune functions, tended to vary with diet composition (p = 0.080, 0.073 and 0.094, respectively, Table 4 and Figure 4). The trend observed for expression of rela was a decrease with decreasing protein level, decrease with increasing lipid level and increase with carbohydrate level, while igm expression decreased with decreasing protein level, decreased with increasing lipid level, but increased slightly with increasing carbohydrate level. The trend of cxcl19 expression fitted a quadratic model, where the minimum was at medium protein, high lipid, and low carbohydrate level, and the maximum was at medium protein and lipid level, and high carbohydrate.




Figure 4 | Genes showing significant responses (p < 0.05) or trend (0.05 < p < 0.1) in proximal intestine (PI). rela, nuclear factor NF-kappa-B p65 subunit; igm, immunoglobulin M; cxcl19, chemokine ligand 19; si, sucrase-isomaltase; slc15a1, peptide transporter 1. Color scale from blue to red indicates value changes from low to high. The yellow dot represents diet was fed to three tanks. Macronutrient composition of each dot can refer to Figure 1.



In MI, more genes responded significantly to variation in diet composition. As in PI, significant response was observed for si and slc15a, and the pattern of responses was quite similar, with a decrease with decreasing dietary protein, a decrease with increasing lipid and an increase with dietary carbohydrate level (p = 0.026 and 0.001, Table 4 and Figure 5). Also, slc12a1, the gene involved in ion exchange expression decreased with decreasing protein level, decreased with increasing lipid (p = 0.031, Table 4 and Figure 5) and increased with increasing carbohydrate level. Regarding genes involved in immune functions, linear effects of diet composition were seen for igm and mmp13, and quadratic responses were seen for rela and cxcl19 (for p values see Table 4 and Figure 5). For the former four, expression decreased with decreasing protein level, most pronounced for mmp13, decreased with increasing lipid level as well as with increasing carbohydrate level.




Figure 5 | Genes showing significant responses (p < 0.05) or trend (0.05 < p < 0.1) in mid intestine (MI). slc12a1, Na-K-Cl cotransporter; slc15a1, peptide transporter 1; si, sucrase-isomaltase; npc1l1, Niemann-pick C1-like 1; rela, nuclear factor NF-kappa-B p65 subunit; igm, immunoglobulin M; cox2, cyclooxygenase 2; mmp13, matrix metallopeptidase 13; pcna, proliferating cell nuclear antigen; cxcl19, chemokin ligand 19. Color scale from blue to red indicates value changes from low to high. The yellow dot represents diet was fed to three tanks. Macronutrient composition of each dot can refer to Figure 1.



For rela, which fitted a quadratic model, the maximum expression was found near the center of the design, i.e., at medium levels of all the three macronutrients. Two low values were seen, i.e., at medium protein, high lipid, and low carbohydrates, and at low protein, high lipid, and high carbohydrates. The highest value for cxcl19 was observed at the highest protein level, at which both lipid and carbohydrates were low. Lowest value was found at medium protein and lipid level and high carbohydrate level. For some genes showing fewer clear relationships with diet composition, trends (0.05 < p <0.10) were indicated, i.e., for npc1l1, cox2, and pcna (for p values see Table 4). The relationship of expression of npc1l1, the cholesterol transporter, showed decreased level with decreasing protein level, decreased level with increasing lipid level and increased level with increasing carbohydrate level. The expression cox2 and the cell proliferating related gene pcna fitted quadratic models. The maximum expression of cox2 was at high protein, low lipid, and low carbohydrate level, with a lower peak at low protein level, high lipid, and high carbohydrate level. The minimum was shown at medium protein level, medium lipid, and high carbohydrate level. Maximum expression of pcna was at medium lipid and protein level and low carbohydrate level.

In DI, only expression of the tight junction related gene occludin and the immune related gene igm were significantly influenced by diet composition (p = 0.003 and 0.004 respectively, Table 4). Expression of igm was best explained by a quadratic model (Figure 6), with two maxima, one at medium protein, high lipid, and low carbohydrate level, and the other at medium protein level, low lipid, and high carbohydrate level. The minimum was observed at low protein, high lipid, and high carbohydrate level. The occludin expression, following a linear model, showed highest values at high protein a low lipid level, with minor, but positive dependency on carbohydrate level.




Figure 6 | Genes showing significant responses (p < 0.05) or trend (0.05 < p < 0.1) in distal intestine (DI). igm, immunoglobulin M; cxcl19, chemokine ligand 19; occludin, an integral membrane protein at the tight junctions. Color scale from blue to red indicates value changes from low to high. The yellow dot represents diet was fed to three tanks. Macronutrient composition of each dot can refer to Figure 1.





3.2.5 Gene Expression in the Liver

Among the genes observed in the liver, only c5 and pcna, coding for proteins participating in immune regulation and cell proliferation, respectively, showed significant responses to the dietary variation (p = 0.020 and 0.025, respectively, Table 4). The expression of c5 was affected only to a minor degree by protein level, decreased with increasing lipid, and increased with increasing carbohydrate level (Figure 7). The pcna expression data fitted a quadratic model (Figure 7) with two maxima, one at medium protein, high lipid, and low carbohydrate level, the other at low protein, high lipid, and high carbohydrate level. One minimum was apparent, i.e., at high protein, low lipid and medium carbohydrate and high protein level.




Figure 7 | Genes showing significant response (p < 0.05) responses in liver. c5, complement component 5; pcna, proliferating cell nuclear antigen. Color scale from blue to red indicates value changes from low to high. The yellow dot represents diet was fed to three tanks. Macronutrient composition of each dot can refer to Figure 1.





3.2.6 Histology of the Alimentary Tract and Liver

The general histological appearance of the gut mucosa is presented in Figures 8A–D. The stomach structure was quite similar to that observed in other fish species with simple columnar epithelium, gastric glands, and a thick smooth muscle layer with two layers, the inner circular and the outer longitudinal (Figure 8A). The structure of the pyloric caeca (Figure 8B) also appeared similar to what has been observed in other fish species. The caeca were surrounded by pancreatic tissue and were of thin wall with simple unbranched mucosal folds. Lamina propria and submucosa were thin. Fused caeca, due to branching of pyloric caeca were a unique finding for the lumpfish with shared muscular and serosal wall (Figure 8B, blue arrow). The mid intestine showed structures comparable to those observed in Atlantic salmon with short mucosal folds and short branching, thin lamina propria and submucosa with sparse cellularity, but thick muscle layer (Figure 8C). The structure of the distal intestine (Figure 8D) appeared similar to that in Atlantic salmon with simple (Baeverfjord and Krogdahl, 1996; Knudsen et al., 2007), and complex (branched) mucosal folds which were taller than in mid intestine, and lamina propria and submucosa with fibrous tissue and little cellular composition. The enterocytes showed little or no vacuolization, a feature which may distinguish the lumpfish from Atlantic salmon which, in the fed state, show high vacuolation of the distal intestinal enterocytes.




Figure 8 | Images of histological characteristics of the mucosa in the stomach (A), pyloric intestine (B), mid intestine (C) and distal intestine (D) of lumpfish, as indicated by H&E staining, and images of pyloric caeca with normal appearance (E) and with clear signs of hypervacuolation/steatosis (F), and images of liver with normal appearance (G) and with clear signs of hypervacuolation/steatosis (H). Image A: E, simple columnar epithelium; GG, gastric glands; M, smooth muscle layer with inner circular and outer longitudinal indicated. Image B: blue arrows indicate the unique feature of fused caeca, the share of muscular and serosal wall, and indicates a point of branching in pyloric caeca; P, pancreatic tissue. Image C: MF, short mucosal folds with short branching and with thin lamina propria and submucosa with sparse cellularity, and a thick muscle layer are apparent. Image D: MF, simple and branched mucosal folds (MF) with enterocytes of no vacuolation; SM, submucosa with and little cellularity. Image F, red arrow indicates vacuolation in enterocytes which is considered a sign of steatosis.



Figures 8E–H show histological features of the cells of the PI and liver in fish fed diets with high protein and low lipid and low protein high lipid levels. Hyper-vacuolization, a symptom of excessive lipid accumulation, so-called steatosis, was observed in both PI and liver. The steatosis level was scored and analyzed for PI, MI, and liver (Figure 9), clearly showing increasing steatosis with increasing lipid level.




Figure 9 | Results of histological scoring of vacuolation in the enterocytes of the pyloric ceaca (A), mid intestine (B) and hepatocytes (C). The numbers of the x-axis indicate level of lipid in the diets, i.e. (Protein (P)/Lipid (L)/Carbohydrates (C): Diet 1: 68/4.3/5.9%; Diet 5: 58/11.9/8.2%; Diet 3: 58/16.4/5.8% and Diet 12: 45/17.3/17.7%, respectively. The x-values 6, 21, 28, and 38 represent the ratio lipid to 100g protein in the diets. Stack bars with different letters above indicate significant difference.





3.2.7 Digestibility

The results of the additional digestibility experiment, E2, are illustrated in Figure 10, showing effects of dietary lipid level on starch, protein, and fatty acid digestibility. Protein digestibility did not change as lipid or starch level varied. Fatty acid digestibility increased as dietary lipid level increased. For saturated fatty acids this effect was not significant, but the results showed the same trend as for other fatty acids (p = 0.06). The digestibility of ω-6 fatty acids was relatively low, between 60% and 68%. Noticeably, starch digestibility decreased greatly as starch level increased, from 84.3% at 6.6% inclusion to 50% at 16% inclusion. This means a mean partial digestibility of the starch increment from 6.6% to 16.0% of about 27% and increase in available starch level from 55-80 g/kg diet.




Figure 10 | Apparent digestibility coefficients of protein, starch, and total fatty acids. Starch digestibility is related to dietary starch level, total fatty acid digestibility is related to dietary lipid level, and protein digestibility is related to both starch and lipid level. TFAs, total fatty acids; SFA, saturated fatty acids; PUFA, polyunsaturated fatty acids; MUFA, monounsaturated fatty acids; ω-3 FA, omega-3 fatty acids; ω-6 FA, omega-6 fatty acids.







4 Discussion

Lumpfish belongs to the family Cyclopteridae in which only lumpfish is commercially produced. It means gut characteristics of evolutionarily relevant species of lumpfish is lacking. In this context, comparing to other fish species of similar feeding habit is a better way to understand our results in lumpfish. Despite of shorter intestinal length to body length compared to lumpfish, Atlantic salmon is also a carnivorous fish with stomach, with available well-defined gut characteristic. Therefore, Atlantic salmon is chosen as a major species for comparison in the following discussion.


4.1 General Features of Lumpfish Intestine

The present study greatly improves general knowledge regarding characteristics of the lumpfish intestine and makes comparison with other fish species possible. As studies of similar characteristics of the intestinal tract of Atlantic salmon, employing the same methods and assays as in the present work is available, the present lumpfish results are compared to similarities and differences relative to Atlantic salmon. The weight of the pyloric intestine of lumpfish comprised a much lower proportion of the weight of the intestinal tract than observed in salmon, about 50% compared to about 75% in salmon (Kraugerud et al., 2007). On the other hand, the MI was much larger in lumpfish, about 40% compared to about 5% in salmon, whereas the DI comprised a small part of the intestine of both species, about 10 and 20%, respectively. In the salmon, the enzyme capacities of these intestinal sections reflect the weigh differences, with 70 – 80% of the total capacity (U/kg fish) in the PI (Bakke-McKellep et al., 2008). In the lumpfish, however, of total LAP and maltase capacity, the PI and MI showed similar values, in the range 40 to 50%. The activity (U/mg digesta dry matter) of the pancreatic enzymes, trypsin, amylase, and lipase, measured in content from MI, showed values very different from values observed in Atlantic salmon, in particular for trypsin and lipase. In lumpfish the trypsin activity was 1/6 and lipase 1/10, of values often observed in salmon (Chikwati et al., 2013). Amylase showed values quite similar to those observed in salmon (Froystad et al., 2006). The species differences observed for these pancreatic enzymes may be related to differences in diet composition between the experiments. However, the high activities of trypsin and lipase in the salmon, may also be a result of the breeding program steady improving growth rate and capacity for feed intake and utilization. The similarity of the observed amylase activities in lumpfish and salmon is remarkable, as salmon amylase is known to be rather ineffective. The salmon amylase has at least two amino acid sequence modifications greatly reducing its specific activity, compared, for example, to the amylase of rainbow trout (Oncorhynchus mykiss) which shows values 10 times higher than observed for the Atlantic salmon and herein for lumpfish (Froystad et al., 2006). Our results suggest that similar limitations as in the Atlantic salmon may be present also in the amylase of the lumpfish. Further evidence supporting this is that the starch digestibility decreased to around 50% when dietary starch level increased to 16%, indicating the starch was not efficiently digested and absorbed at levels above 6%.

The decreasing digestibility of starch with increasing dietary inclusion level implicates that the variation in available carbohydrates of the diets was much less than the variation in analyzed level of carbohydrates, in both the E1 and E2 experiment. Variation in analyzed carbohydrates in E1 was from 6 to 18%, whereas available carbohydrate, based on estimates from E2, varied from about 5.5 to 8.1% (almost 30%). This means that the quantitative aspects of effects of analyzed and available carbohydrate levels on the relationships between diet composition and the observed biomarkers might differ substantially. For protein and lipid, the analyzed and available levels differed much less. The impact of variation in these nutrients on the various observed biomarkers would therefore be expected to be quite similar whether based on chemically analyzed values or as levels of digestible nutrients.

Although the amylase activity was not affected by dietary starch, it seemed that the disaccharidase activities were induced at the transcriptional level (si expression) as well as on the enzymatic level (maltase specific activity and capacity) in MI, shown as slight positive relationship with carbohydrate level. Similar relationships have been observed also in Atlantic salmon and rainbow trout (Krogdahl et al., 2004). The mechanisms underlying such effects cannot, however, be found based on the available results in the present study. These effects may be related to the increased amount of digested starch (5.6, 6.6 and 8.1 g/100g diet in E2) when dietary starch increased as the digested starch provided substrates, i.e., maltose, which may have induced disaccharidase expression and activity. Besides this, bacteria inhabiting the intestine of fish and the metabolites produced by these, may influence host intestinal metabolism and homeostasis, i.e. macronutrient and cholesterol metabolism (Le Roy et al., 2019), as well as immune regulations (Zhang et al., 2017). Therefore, the undigested starch remaining in the lumen might influence intestinal metabolism and immune regulations in lumpfish by altering intestinal microbiota composition. This suggestion is in line the results recently reported from experiments with the pompano (Trachinotus ovatus) (Zhao et al., 2020) and largemouth bass (Micropterus salmoides) (Zhang et al., 2020). Gut microbiota were not investigated in the present study but deserves attention in further studies. All in all, it can be concluded that the diet for lumpfish should not contain high level of dietary starch, as this will not be utilized by the fish, and instead increase environmental pollution, and may also harm production and health of the lumpfish.



4.2 Lipid Accumulation in the Lumpfish Intestine

The diet effects observed for OSI of PI and MI in E1, with a positive, linear relationship with dietary lipid level, indicate increased lipid accumulation in the intestinal tissue, and were confirmed by the histologically apparent elevation of the number of vacuoles in enterocytes of PI and MI. These changes may result from either excessive dietary lipid content, or deficiency of substances essential for lipid transport and metabolism. Enterocyte lipid accumulation has been observed in studies of Atlantic cod (Gadus morhua) (Kjaer et al., 2009), pikeperch (Sander lucioperca) (Kowalska et al., 2011) and Atlantic salmon (Penn, 2011) in which lipid accumulation was observed as an increase in the presence of lipid droplet in enterocytes of fish fed high-fat diets. The cause of the lipid accumulation in these fish may be deficient supply of essential nutrients necessary for efficient transport of lipid through the enterocytes. Deficiency of essential fatty acids have been observed to cause lipid accumulation in the enterocytes of Atlantic salmon (Olsen et al., 1999; Olsen et al., 2003; Bou et al., 2017).Choline is another nutrient recently shown to be essential for Atlantic salmon and signs of deficiency comprise similar symptoms (Hansen et al., 2020). Whether deficient supply of essential fatty acids, choline, or some other essential nutrient involved in lipid transport and metabolism are causing the histological alterations observed in the present study, cannot be concluded upon due to lack of knowledge. Great efforts are needed to define nutrient requirement of lumpfish, necessary to secure good health and welfare.

Among the genes investigated in the present work, two are involved in lipid transport, i.e., slc27a4, coding for the principal long chain fatty acid transporter (Krammer et al., 2011; Mitchell et al., 2011), and npc1l1, a cholesterol transporter and key actor in absorption of cholesterol by enterocytes and hepatocytes (Davis et al., 2004; Betters and Yu, 2010). The independence of expression of slc27a4 in PI and MI of the lumpfish on dietary lipid and choline level, is in line with results from Atlantic salmon (Hansen et al., 2020). The trend of decreasing expression of npc1l1 with increasing lipid level and decreasing choline level indicates that this might be a compensatory mechanism related to the increasing dietary cholesterol. This is in line with the results from salmon fed a choline deficient diet (Kortner et al., 2014; Krogdahl et al., 2020).



4.3 Macronutrient Composition Affected Immune Responses in Lumpfish Intestine

The results observed for the genes, mmp13, rela, igm and cxcl19, all involved in regulation of immune responses, suggest that the immune functions located in MI are more responsive to macronutrient variation than those located in PI and DI. The decrease in expression of mmp13 and igm, with increasing lipid level indicate responses in the activity of B cells (igm), and lymphocyte recruitment (mmp13) (Xu et al., 2018). These responses may be related to the increasing level of ω3-PUFAs with increasing dietary lipid level, i.e., increased levels of fish oil. Earlier studies have shown that ω3-PUFAs, mainly eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), may inhibit expression of immune relevant genes (Teitelbaum and Walker, 2001; Calder, 2008). Also results of in vitro studies have shown suppression of B cells by EPA and DHA (Wang et al., 2011; Yang et al., 2016).

The results which showed effects of carbohydrate level on the intestinal immune regulation, indicated by altered expression of rela, cox2, mmp13, cxcl19, and pcna in MI, must be interpreted with caution, as the digestibility, and therefore the availability of the starch, decreased greatly with increasing dietary inclusion level. This fact makes interpretation of the results of the four genes rela, cox2, cxcl19, and pcna particularly challenging as they showed quadratic responses and with different maxima and minima. Further studies are needed before the results regarding effects of variation in carbohydrate level can be discussed and concluded upon.

Although certain effects of diet composition on immune related genes were observed, the histological observations did not show important symptoms of inflammation. The diet effects on expression of immune genes can therefore merely be reflections of normal adjustments to variation in diet composition. It is also possible, however, that they indicate altered resistance to pathogens such as bacteria or virus, for the better or worse. Challenge tests should therefore be conducted to clarify such possible effects.



4.4 Indication of Optimum Balance Between the Dietary Macronutrients

To get an overview of the present results, they are summarized in Table 5 with indication of the nutrient level (low, medium or high) which gives minimum and maximum for the variables which showed a statistically significant relationship with diet composition and visually apparent relationship with dietary level of macronutrients in Figures 3–10. The MI seemed to show the clearest picture, whereas the pictures for DI and the liver were less clear. Based on the results for MI, the maximum results for the biomarkers of digestive functions were observed for diets with medium to high protein level. For the indicators of protein digestion (LAP and slc15a1), the highest value was observed at medium protein, low lipid, and high carbohydrate level, for carbohydrate digestion (MALT and si) the highest results were found for medium protein, high carbohydrate, and low lipid level, whereas for lipid digestion (lipase) the highest results were observed for diets with high protein, low lipid, and low carbohydrate level. For the biomarkers of immune functions in MI, high values were found at low lipid and carbohydrate levels for most of the biomarkers. The minimum results were found at low to medium level of protein and high level of lipid and carbohydrates. As the activity of lipase (Krogdahl and Sell, 1989) and maltase, as well as expression of a number of immune related genes showed the lowest values at low protein level, the results indicate that the diets with low protein level were protein deficient. It is well known that protein deficiency severely affects the immune functions and disease resistance in animals including humans (Carrillo et al., 2014). It should be kept in mind that the gut mucosa is among the most dynamic tissues in an animal body and has a great capacity to adapt to diet composition (Olli et al., 1994). Therefore, the finding that level of LAP was low at low protein level may reflect low production of peptidases at low dietary protein level rather than protein deficiency, in accordance with the need for efficient protein digestion. The effects of carbohydrate level were less clear regarding indication of minimum and maximum of the biomarkers. This may be related to the fact that the range of available carbohydrates among the diets was rather small, resulting in less clear relationships. Based on the present results, it is not possible to conclude firmly regarding optimal macronutrient balance in lumpfish diets.


Table 5 | Indication of position in the triangle of minimum and maximum for the biomarkers which showed apparent relationship with macronutrient content of the diets*.



As mentioned in the introduction, our previously published results from E1, indicated that peak performance of lumpfish weighing between 15 and 50g, based on growth, body composition, welfare score and immune responses in isolated head kidney cells, would be obtained with a diet containing 55% protein, minimum 17% lipid and maximum 6% carbohydrate (Hamre et al., 2022). The present results, showing very low starch digestibility, suggest that dietary starch level should be limited to about 6%. The intestinal immune related biomarkers showed a linear relationship with the dietary protein/lipid ratio at low carbohydrate, with the highest response at maximum protein level. Since it is not certain if strong immune responses in unchallenged tissues is positive or negative for the fish, a recommendation on the optimal macronutrient composition cannot be given based on the present results regarding immune function. However, according to Hamre et al. (2022), head kidney cells from fish fed the diet with the maximum level of protein, showed a suboptimal immune response when challenged with lipopolysaccharide (LPS). Fish fed the diet with the highest growth (55, 17, 6) had a normal immune response. In line with this, the present results do not suggest alteration in the conclusion presented in our previous paper, i.e., that for peak performance a diet with high lipid, minimum carbohydrate and medium protein is optimal for lumpfish of 10-50g.




5 Conclusions

The current study improved knowledge regarding responses to dietary macronutrient composition in lumpfish intestine via a three-component mixture design. The intestinal functions were broadly impacted by increasing lipid level in the diet with corresponding decrease in protein level, including digestion of polypeptides, maltose and lipid, absorption of fatty acids and peptides, and immune regulations that involve rela, igm and cxcl19 and mmp13. Elevated lipid digestibility by dietary lipid level was also observed. Although alteration by dietary carbohydrate to protein level was observed on multiple parameters, such as the expression of igm and mmp13, we should be careful considering the influence of carbohydrate variation because of low starch digestibility when dietary starch level was above 6%. In all, a diet of 55% protein, 17% lipid and 6% carbohydrate is recommended for lumpfish.

Among the many questions to which answers are urgently needed for the feed industry to be able to produce nutritionally well-balanced feeds for lumpfish, the present study answers only a few. Further information is urgently needed and should be addressed in future research. Examples of questions which need answers regard optimal inclusion of available macronutrients, vitamin and minerals, for growth, function as lice cleaners and, not at least, immune functions and disease resistance.
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The study of fish digestive biochemistry is essential to understand factors that affect the net efficiency of food transformation and growth, and therefore aquaculture profitability. The aim of the present study was to assess the activity and functional characteristics of key digestive enzymes in juveniles of greater amberjack (Seriola dumerili), as well as the possible modulation of their relative importance by water temperature. For that, a combination of biochemical assays and substrate-SDS-PAGE were used. Under physiological conditions pepsin activity was negligible. Chymotrypsin was the most active enzyme in the digestive tract of the greater amberjack, while lipase was the enzyme with lower activity, though both enzymes in addition to trypsin were responsive to water temperature as revealed by discriminant analysis. Seriola dumerili showed to have pH-sensitive and, except for chymotrypsin, thermally robust proteases. Inhibition assays showed the major importance of serine proteases and revealed inverse trypsin and chymotrypsin responses to environmental temperature, with higher trypsin contribution in 26°C-fish while higher chymotrypsin contribution in 18°C-fish. Zymograms revealed three isotrypsin and three isochymotrypsin enzymes, with no variation in the presence of particular isoforms among rearing temperatures. However, they confirmed the role of chymotrypsin activity in providing digestive plasticity, with one of the isoforms being more active at lower temperatures. Thus, results indicate that variation in the relative contribution of chymotrypsin isoenzymes to a particular environmental temperature occurs due to different physic-chemical features of isoforms as a source of functional flexibility. This study assessed for the first time the effects of rearing temperature on greater amberjack digestive enzymes, increasing the knowledge on its digestive biochemistry, and aiding in the improvement of management practices for this species industrialization.
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Introduction

Temperature is likely the major physical environmental factor affecting the fish physiology through its influence on overall metabolism and energy balance, including significant effects on the first steps of energy acquisition such as ingestion rate, activity of digestive enzymes, digestibility, absorption and evacuation rate (Volkoff and Rønnestad, 2020). Therefore, temperature is one of the main factors driving evolutionary adaptations (Nitzan et al., 2019). The tissue-specific responses to stressful temperatures have been addressed in different fish species such as zebrafish (Danio rerio) and tilapia (Oreochromis niloticus) (Hu et al., 2016). Within species, differences in tolerance to low temperature have been also revealed, involving metabolic pathways such as glycolysis and gluconeogenesis in the gills, and biosynthesis of aminoacids in the liver (Nitzan et al., 2019).

Within the temperature tolerance range, many studies have been also performed on the effects of temperature on growth, physiological responses, and health of farmed fish, including the effects of seasonal thermal changes (Pelusio et al., 2021). However, for relatively novel species for the aquaculture industry this information is rather limited. That is the case of the greater amberjack, Seriola dumerili, a pelagic teleost with great interest for the diversification of marine fish aquaculture due to its high grow rates and flesh quality (Sicuro and Luzzana, 2016; Navarro-Guillén et al., 2019; Monge-Ortiz et al., 2020). There is scarce information related to temperature effects on the physiology of S. dumerili. The optimal rearing temperature for the species has been determined to be 26°C, with a valid range down to 22°C without affecting growth or feed utilization. The minimum temperature was set at 17°C, in which deleterious effects on growth and shape were observed (Fernández-Montero et al., 2018; Fernández-Montero et al., 2020). Nevertheless, fry and juveniles seeded in cages for on-growing often face seawater temperatures which, in the case of the Mediterranean Sea, range between 15-28°C, approximately. This may have seasonal effects on feeding and growth efficiencies, with relevant economic and environmental impacts.

The study of fish digestive biochemistry is essential to understand one of the key factors affecting the net efficiency of food utilization and growth, and therefore aquaculture profitability. In this context, the types and functional features of the digestive enzymes involved in the hydrolysis of the main nutrients are basic information to understand digestive capacities of species of interest. To the best of our knowledge, digestive enzymes in Seriola dumerili have been not characterized, with the exception of the study published by Oliveira et al. (2017) analyzing trypsin and chymotrypsin activities in digestive viscera for industrial purposes. In related species, information is only available for trypsin in the Japanese amberjack (Seriola quinqueradiata) (Kishimura et al., 2006). The relationship between digestive enzymes and temperature in Seriola spp. have been also poorly studied, despite this allow a better understanding of its phenotypic/digestive flexibility in response to an environmental factor of ecological and aquaculture relevance. In the Japanese amberjack and yellowtail kingfish (Seriola lalandi), intestinal enzymes activity levels were higher at lower temperatures, possibly in response to the increased gut transit time at reduced water temperatures (Kofuji et al., 2005; Miegel et al., 2010).

Moreover, while most studies on digestive biochemistry of fish have reported several isoenzymes for different enzymes, only a handful of studies have investigated the adaptive value of this isoenzyme richness. The occurrence of multiple isoforms for digestive proteases is thought to provide an adaptive advantage for insects feeding on plants containing inhibitors (Díaz-Mendoza et al., 2005), for crustaceans feeding on a broad diet (Saborowski et al., 2012; Perera et al., 2015), and as an adaptation to environmental temperature in only few fish species (Gelman et al., 2008; Sandholt et al., 2019). In the Atlantic salmon (Salmo salar), trypsin isoenzymes have been thoroughly studied (Torrissen, 1987; Rungruangsak-Torrissen, 2012) and related to differences in the absorption and transport of free amino acids (Torrissen et al., 1994; Rungruangsak-Torrissen and Male, 2000). However, digestive and growth efficiencies are not always related to trypsin-specific activity or isoenzyme composition, but to the activity ratio of trypsin to chymotrypsin (Rungruangsak-Torrissen, 2012).

Therefore, the specific aims of the present study were to assess i) the activity and functional characteristics of key digestive enzymes in greater amberjack juveniles (i.e., pepsin, trypsin, chymotrypsin, leucine aminopeptidase and lipase), ii) their possible modulation by water temperature, and iii) the adaptive value of protease isoenzymes with respect to environmental temperature. The overall objective is to aid in the improvement of management practices for this species industrialization.



Materials and methods


Fish rearing and sampling

Greater amberjack juveniles were supplied by Futuna Blue España S.L. (Puerto de Santa María, Cádiz, Spain) and transferred to the Institute of Marine Sciences of Andalusia (Puerto Real, Cádiz, Spain) facilities. Juveniles were randomly distributed in three 1 m3 cylindroconical tanks (8 fish tank-1), each tank belonging to an independent recirculating aquaculture system (RAS), and acclimated to final experimental temperatures during one week. During the period of acclimatation water temperature in one tank decreased at a rate of 0.5°C per day up to 18°C, in other tank it increased at a rate of 0.5°C per day up to 26°C, while in the remaining tank was kept constant at 22°C. Acclimated juveniles with 60.9 ± 19.6 g of mean wet body weight were reared under a light/dark cycle (12 h light: 12 h dark) at the three temperatures. Water salinity was 34.1 ± 1.2 g L-1, oxygen level was above 90%, pH was8.0 ± 0.1 and NH4< 0.25 mg L-1. The fish were fed a commercial diet (Skretting, Burgos, Spain) to satiety by hand five times a day (09:00, 10:30, 12:30, 14:00 and 16:00h, local time). After 2 weeks under these conditions, fish were sampled at 16:00h to ensure all fish were in the same feeding status (chyme present in all digestive tract sections), as previous results revealed a slowing down of intestinal transit time at low water temperatures. During sampling, fish were euthanized with overdose of 2-phenoxyethanol (Sigma-Aldrich, Merck, Germany) and the whole digestive tract was removed and separated in sections: stomach, pyloric caeca, and anterior, middle and posterior intestine (Figure 1). Dissected digestive tracts were stored at -20°C until analysis.




Figure 1 | Digestive tract of a Seriola dumerili juvenile indicating the dissected regions for digestive enzymes analysis.



All experimental procedures complied with the Guidelines of the European Union Council (2010/63/EU) for the use and experimentation of laboratory animals and were reviewed and approved by the Spanish National Research Council (CSIC) bioethical committee for project THERMODIGEST (RTI2018-096134-B-I00).



Preparation of extracts and enzymatic assays

Samples were mechanically homogenized in distilled water (1:5 v:w) using an Ultra-Turrax® Homogenizer (IKA®-Werke, Germany) and centrifuged for 20 min at 10000 g at 4°C (Eppendorf 5417R, Germany). The supernatants from stomach and pyloric caeca samples were used as source of enzymes for pepsin and alkaline enzymes characterization, respectively, for which enzymatic assays were performed at 37°C. However, to evaluate the distribution of digestive enzyme activity through the digestive tract and the effect of temperature on activity levels, the supernatants from all digestive sections were used and the enzymatic reactions were performed at the temperature the fish providing each sample was adapted to (18, 22 or 26°C).

Pepsin activity in stomach extracts was determined by the method of Anson (1938): 15 µL of extract was mixed to 0.8 mL of 0.5% acid denatured bovine hemoglobin diluted in 0.2 M HCl-glycine buffer pH 3. After incubation for 30 min, the enzymatic reaction was stopped by adding 0.3 mL of 20% trichloroacetic acid (TCA), cooled at 4°C for 15 min and then centrifuged at 8000 g for 15 min. The absorbance of resulting supernatant was measured at 280 nm. Blanks were constructed by adding the enzyme extracts just after TCA to the reaction mixture. A standard curve was prepared with increasing concentrations of tyrosine to determine the molar extinction coefficient of tyrosine at 280 nm. One unit of activity was defined as the amount of enzyme required to produce 1 µg of tyrosine per minute.

Trypsin and chymotrypsin assays were performed as described before (Perera et al., 2008). Trypsin activity was assayed using 1.25 mM N-benzoyl-DL-argininep-nitroanilide (BApNA) in 200 mM Tris–HCl, 20 mM CaCl2, 0.3M NaCl, pH 7.5 (referred hence-forth as the assay buffer). Chymotrypsin activity was measured with 0.1 mM Suc-Ala-Ala-Pro-Phe-p-nitroanilide (SApNA) in the same buffer. Substrate stock solutions of BApNA and SApNA were prepared in DMSO and diluted up to working concentration with buffer prior the assays. Lipase and leucine aminopeptidase were measured as before (Perera and Yúfera, 2017). Lipase activity was measured using 1 mM 4-nitrophenyl palmitate (4NPP) in assay buffer containing 0.3% Triton X-100. Substrate stock solution was prepared in 1:4 v:v acetonitrile/isopropanol. Leucine aminopeptidase activity was assessed by the hydrolysis of 0.5 mM L-Leucine-p-nitroanilide (LeupNA) in assay buffer. Substrate stock solution was prepared in methanol. For all these alkaline enzymes, enzymatic reactions started in 96-well microplates by the addition of 10 µL of the enzyme extract to 200 µL of the respective substrate in buffer, and then, the liberation of p-nitroaniline and p-nitrophenol were kinetically followed at 405 nm in a microplate reader (ELx808 BioTek, BioTek Instrument, Inc.).



Effect of ionic strength and calcium on enzymatic activity

The effect of NaCl and CaCl2 on the activity of the digestive enzymes was examined by using different concentrations of NaCl (0, 0.1, 0.5, 1 and 1.5 M) and CaCl2 (0, 20, 50, 100 and 200mM) in the assay buffer. The optimum concentrations of NaCl or CaCl2 were always used in subsequent assays.



Effects of pH and temperature on the activity and stability of digestive enzymes

The effect of pH on enzyme activities was evaluated using the following buffer solutions: 50 mM glycine-HCl (pH 2-4), 50 mM sodium cacodylate (pH 5-6), 50 mM Tris-HCl (pH 7-8) and 50 mM glycine-NaOH (pH 9-10). Excluding the assay buffer, enzyme activities were measured as described above. Optimal temperature for each enzyme was determined by evaluating the activity of the enzymes at the optimum pH over the range 10°C to 80°C. The effects of pH and temperature on the stability of the digestive enzymes were assessed by pre-incubating the enzyme extracts at different pH and temperature for 15, 30 and 60 min prior to the enzyme assays at optimum pH and 37°C. The stability results were expressed as residual activity (% of the maximum activity).



Effect of inhibitors on proteolytic enzymes

Classes of alkaline proteases in the digestive tract of fish, using the pyloric caeca as the source of enzymes, were characterized by assessing the effect of protease inhibitors on caseinolytic activity (see section 3.5. Effect of protease inhibitors on caseinolytic activity). Inhibitors employed were soybean trypsin inhibitor (SBTI) for serine-proteases, EDTA for metalloproteases, Nα-p-tosyl-L-lysine chloromethyl ketone (TLCK) for trypsin, and N-tosyl-L-phenylalanine chloromethyl ketone (TPCK) for chymotrypsin. In addition, the specific inhibitors TLCK and TPCK were used to inhibit trypsin and chymotrypsin activities on BApNA and SApNA, respectively. For the assays, enzymatic extracts were incubated with the inhibitors for 60 min at 37°C and then assayed using the appropriate substrate. A preliminary trial revealed no increase on inhibitory capacity at concentrations higher than those used in this work. Enzyme extracts incubated with buffer instead of inhibitors were used as controls and referred to as 100% of enzyme activity.



Zymograms of digestive proteases

Substrate-SDS-PAGE (5% stacking gel, 13% separating gel) was used to determine the composition of proteases in the digestive tract (Perera et al., 2008). Gels were run at 30 mA constant current and 4°C in a vertical electrophoresis device (Mini-PROTEAN 3, Bio-Rad, USA). The gel was then immersed in a 3% casein solution for 30 min at 4°C to allow the diffusion of casein into the gel and incubated at 37°C for 45 min to allow the proteases to digest gel-embedded casein. The gel was washed with tap water and stained with 0.1% Coomassie Brilliant Blue in 45% methanol with 10% acetic acid and finally distained in 10% methanol with 10% acetic acid solution. The gel stains blue because of the presence of casein except in areas with proteolytic activity. Unreduced molecular weight markers (14.4 - 116kDa, Thermo Scientific, USA) were used to determine apparent molecular weights. For protease classification, the same substrate-SDS-PAGE procedure was used, but enzyme extracts were incubated with inhibitors for 60 min at 37°C before electrophoresis. Inhibitors used were TLCK, TPCK, PMSF, SBTI and EDTA. The absence of bands in the presence of specific inhibitors indicates a specific type of protease. Given the limited efficiency of some inhibitors to completely abrogate the activity of fish enzymes, reduced intensity of band was also taken as indicative of type of protease, as the same amount of protein were always loaded into the gel (4.5 µg of protein).



Q10 value and activation energy (Ea)

To gain more insights on the effects of temperature on digestive efficiency, and the putative contribution of different isoenzymes in response to differences in rearing temperature, the thermal sensitivity (Q10 value) and activation energy (Ea) were calculated. Q10 values were determined using the van ‘t Hoff equation as follows:

	

where A1 and A2 are activity levels at temperatures T1 and T2 (when T1< T2). The activation energy (Ea) was obtained from slopes in Arrhenius plots:

	

where R is the gas constant (8.314 J K-1 mol-1). The values were calculated for the range from 30 to 50°C for Q10 and from 30 to 60°C for Ea of lipase and pepsin and from 10 to 60°C for Ea of trypsin, chymotrypsin and leucine aminopeptidase.



Statistical analyses

All descriptive statistics are expressed as mean ± standard deviation of the mean (SD). For each enzyme, statistical differences in total activity among temperatures were assessed through one-way ANOVA and, whenever significant differences were identified, means were compared by the Post hoc multiple comparisons Tukey’s test. Differences among temperatures were considered significant at P< 0.05. Before analyses, the ANOVA assumptions of normality and homogeneity of variance were tested using the Shapiro-Wilk and Levene’s tests, respectively.

A forward stepwise discriminant analysis using the activity of all enzymes studied at the different regions of the digestive tract was performed. This analysis was carried out to understand the combination of variables that better explain the differences in digestive biochemistry among fish reared at different temperatures. For the analysis, it was considered F to enter as 0.01, F to remove at 0.0, and tolerance of 0.01. After significant functions development, the relative importance of the original variables was gauged by standardized values. All analyses were performed with SPSS 26 software (IBM, New York, USA).




Results


Activity and distribution of digestive enzymes

Total enzyme secretion was assessed by performing the analyses at the optimal pH for each enzyme and 37°C. Chymotrypsin was the most abundant enzyme and lipase the enzyme with the lowest activity (Figure 2A). Significant differences in total activity levels were found for all enzymes among the rearing temperatures, with fish reared at 22 and 26°C showing higher activity levels than at 18°C for all intestinal enzymes except for chymotrypsin, for which activity levels were only statistically different between fish reared at 26 and 18°C (Figure 2A). Total pepsin activity levels were higher in fish reared at 22 and 26°C than at 18°C (Supplementary Table 1). Under real conditions of temperature (18, 22 or 26°C) and physiological pH, the general activity pattern in pyloric caeca was similar but activity levels much lower (Supplementary Table 1). This was particularly noticeable for pepsin and lipase. Lipase activity was undetectable in extracts from fish reared at 22 and 18°C, and pepsin activity was not detected in any extract, independently of rearing temperature (Supplementary Table 1).




Figure 2 | (A) Total activity of digestive enzymes in the intestinal tract of Seriola dumerili juveniles reared at 18 (blue), 22 (green) and 26°C (orange). (B) Total activity of digestive enzymes present in the gut sections of Seriola dumerili reared at 22°C. PC – pyloric caeca, AI – anterior intestine, MI – middle intestine, PI – posterior intestine. Chymotrypsin activity is represented in the right Y axis. TRY, trypsin; CHY, chymotrypsin; LAP, leucine aminopeptidase; LIP, lipase. Data is presented as means ± SD (n = 8). Different letters indicate significant differences for each enzyme among rearing temperatures (P< 0.05).



Extracts from fish reared at 22°C were chosen to describe the overall distribution of activities along the digestive tract. At the moment of sampling (after last meal), all digestive enzymes analyzed were more abundant in the middle and posterior intestine (Figure 2B). Interestingly, the transit of the enzymes along the tract was not identical, as most chymotrypsin activity was already in the posterior intestine, while for trypsin a significant amount of activity was still in the middle intestine at this time (Figure 2B).

Extracts from fish reared at all the three temperatures (18, 22, and 26°C) were further used to depict the effect of rearing temperature on the relative relevance of the enzymes at particular sections of the tract, by performing a discriminant analysis. Two significant discriminant functions could be developed from the activity of digestive enzymes in all the analyzed sections. These functions collectively accounted for 100% of the total variance (Table 1). The activity of lipase in pyloric caeca and posterior intestine, total lipase activity, trypsin in pyloric caeca, and chymotrypsin in almost all segments of the tract were the variables with the highest relevance in the first discriminant function (Table 1), which accounted for 78.3% of the total variance (Table 1). In this function, 18/22°C and 26°C adapted fish showed opposed central values (Figure 3, axis x). However, the second discriminant function, although explained only 21.7% of the total variance, discriminated among all the three temperatures (Figure 3, axis y), with chymotrypsin in the pyloric caeca being by far the variable with the highest relevance, although trypsin in the pyloric caeca and chymotrypsin in the middle intestine also significantly contributed (Table 1). Conversely, their activity in other sections of the tract and their total activities had poor importance in this function, as well as the activity of the other enzymes studied.


Table 1 | (A) Summary of the canonical discrimination analysis for discriminant functions used to identified differences in digestive biochemistry among Seriola dumerili juveniles reared at different temperatures. (B) Standardized function coefficients for each of the significant discriminant functions used to identify differences in digestive biochemistry.






Figure 3 | Plot of the two axes from the forward stepwise discriminant function analysis of digestive enzymes total activities in Seriola dumerili juveniles reared at 18 (blue), 22 (green) and 26°C (orange). Group centroids are represented by blue squares.





Optimal conditions for activity

Optimal concentrations of NaCl and CaCl2 for the activity of the enzymes studied were assessed (Table 2). Notably, serine proteases such as trypsin and chymotrypsin required 10 times more CaCl2 for optimal activity than leucine aminopeptidase and lipase (Table 2). Optimal pH and temperature for the activity of the enzymes studied were similar among fishes adapted to different temperatures. Optimal pH was 2.5 for pepsin, 10 for trypsin, 9 for chymotrypsin, 7.5-8 for leucine aminopeptidase, and 11 for lipase. Optimal temperature was 60-70°C for pepsin, greater than or equal to 70°C for trypsin and chymotrypsin, 50-60°C for leucine aminopeptidase, and 65-75°C for lipase (Table 2). However, slight differences were noted such as higher optimal temperature for pepsin and leucine aminopeptidase in extracts coming from fish adapted to the higher temperature (i.e., 26°C), and higher optimal temperature for lipase in extracts coming from fish adapted to 22°C (Table 2).


Table 2 | Optimal pH, temperature, ionic strength and calcium for digestive enzymes activities in the greater amberjack (Seriola dumerili) adapted to different rearing temperatures (18, 22 and 26°C).





pH stability of digestive enzymes

Enzymatic activities shared a similar pattern of pH stability, being affected by all pH values assayed even after short incubation time (Figure 4). The most notable difference among enzymes is that lipase activity was less stable facing all pH assayed, losing more than 50% of activity after 15 min at physiological pH (i.e., pH8) and with pH 3 completely abrogating the activity after this incubation time (Figure 4H). Pepsin activity was stable for 1 h in the range of pH 3 to 8 (Figure 4I).




Figure 4 | Stability of trypsin (TRY), chymotrypsin (CHY), leucine aminopeptidase (LAP), lipase (LIP) and pepsin (PP) activities from pyloric caeca and stomach of S. dumerili incubated at different pH. Leucine aminopeptidase, lipase and pepsin graphs represent mean values from all treatments. Individual graphs of pH stability for each enzyme in extracts coming from the different rearing temperatures are shown in the Supplementary Figure 1.



Regarding the effect of rearing temperatures on pH stability of fish enzymes, differences were observed only for trypsin and chymotrypsin. For instance, while for all fish most alkaline enzymes studied (trypsin, chymotrypsin, leucine aminopeptidase, and lipase) lost about a 50%of activity after 15 min at all pH values assayed (pH 3, 5, 8, 11), trypsin activity was stable at pH 11 for 1h only in extracts from 18°C-adapted fish (Figure 4A). In addition, trypsin activity in extracts from 26°C-adapted fish was the most affected by pH 3, losing about 80% of activity after 30 min, while in extracts from fish from the other two water temperatures, trypsin activity remained above 40% at this time (Figures 4A-C). Also, chymotrypsin activity was more stable in the range pH 5 to 11 in extracts coming from 26°C-adapted fish than in those from the other two groups (Figure 4F). Conversely, stability patterns of leucine aminopeptidase, lipase, and pepsin activities were nearly identical in fish adapted to the three experimental temperatures (Figures 4G-I).



Temperature stability of digestive enzymes

Differences were evident in the thermal stability of studied enzymes (Figure 5). The most stable enzyme was trypsin, whose activity was stable up to 60°C for at least 1 h (Figure 5G). The next more stable enzyme was leucine aminopeptidase, which was fairly stable at 40°C for 1 h and kept more than 50% of activity after this period at 60°C (Figures 5A-C). Pepsin was also stable at 40°C for 1 h, although its activity decreased more than 50% after 30 min at 60°C (Figure 5I). Conversely, chymotrypsin activity was thermally sensitive, losing 20% of activity at 40°C and more than 80% of activity at 60°C after just 15 min (Figure 5H). However, the most thermally sensitive enzyme was lipase; 60°C was able to completely abrogate activity after just 15 min (Figures 5D–F).




Figure 5 | Stability of leucine aminopeptidase (LAP), lipase (LIP), trypsin (TRY), chymotrypsin (CHY) and pepsin (PP) activities from pyloric caeca and stomach of S. dumerili incubated at different temperatures. Trypsin, chymotrypsin and pepsin graphs represent mean values from all treatments. Individual graphs of thermal stability for each enzyme in extracts coming from the different rearing temperatures are shown in the Supplementary Figure 2.



Regarding the influence of rearing temperature on the thermal stability of fish digestive enzymes, variations for leucine aminopeptidase and lipase were observed. Leucine aminopeptidase activity was more stable in extracts from fish adapted to 22°C (Figure 5B), retaining 80% of activity after 1 h at 60°C, whereas only 40-60% of activity was maintained under these conditions in extracts from fish from 18°C or 26°C (Figures 5A, C). Likewise, lipase activity in extracts from 26°C-adapted fish was more stable than that from fish maintained at lower temperatures (Figure 5F). Conversely, thermal stability pattern of trypsin, chymotrypsin, and pepsin activities was nearly identical among extracts from fish adapted to the different temperatures (Figures 5G–I).



Effect of protease inhibitors on caseinolytic activity

Given the key role of serine proteases in protein digestion, classes of proteases in the extracts were further assessed by using specific protease inhibitors to inhibit casein hydrolysis. The serine protease inhibitor SBTI abrogated 37-47% of caseinolytic activity in the extracts (Table 3). The trypsin inhibitor TLCK inhibited 20-38% of the activity, while 13-28% of proteolysis was abrogated by the chymotrypsin inhibitor TPCK (Table 3). Interestingly, the chelating agents EDTA inhibited caseinolytic activity by 17-23% (Table 3).


Table 3 | Effect of proteinase inhibitors on caseinolytic activity of pyloric caeca of S. dumerili adapted to different rearing temperatures (18, 22 and 26°C).



Regarding differences among fish rearing temperatures on the relative contribution of the different types of proteolytic enzymes to overall protein digestion, we found a reverse trend with trypsin and chymotrypsin inhibitors (Table 3). Concomitantly with water temperature increase, inhibition of caseinolytic activity by TLCK increased while inhibition by TPCK decreased (Table 3).



Effect of protease inhibitors on trypsin and chymotrypsin activities

To further evaluate the relative contribution of trypsin and chymotrypsin in fish reared at different temperatures, we used the same inhibitors (TLCK and TPCK) to inhibit trypsin and chymotrypsin activities, this time through the use of specific substrates (BApNA and SApNA, respectively). TLCK inhibited 80% of trypsin activity on BApNA irrespective of the thermal origin of fish (Figure 6A), whereas TPCK inhibition pattern was reverse to water temperature. In extracts coming from 18°C-adapted fish, TPCK inhibited 80% of chymotrypsin activity, while only 40% of the activity was inhibited in fish kept at the highest temperature (26°C) (Figure 6B).




Figure 6 | Effect of TLCK (A) and TPCK (B) inhibitors on trypsin and chymotrypsin activities, respectively, of pyloric caeca of S. dumerili adapted to different rearing temperatures (18, 22 and 26°C).





Enzyme zymograms

Zymograms revealed 6 active zones of caseinolytic activity (Figure 7A, control lane). All bands were inhibited by SBTI and EDTA, indicating they are serine proteases depending on divalent cations, presumably calcium, for their activity (Figure 7A). Conversely, PMSF, which is other serine protease inhibitor, did not inhibit activity bands (Figure 7A). Enzymes with the lowest and the highest electrophoretic mobility, and that of about 30 kDa were total or partially inhibited by TLCK in addition to SBTI, revealing that these bands correspond to trypsin enzymes (Figure 7A). Three very active bands of similar molecular weight (around 18 kDa) were inhibited by SBTI but not by TLCK, thus being more likely chymotrypsins, although not affected by TPCK (Figure 7A).




Figure 7 | (A) 13% substrate SDS-PAGE showing caseinolytic activity bands in a pool containing pyloric caeca extracts of S. dumerili adapted to different rearing temperatures (18, 22 and 26°C) (Ctrl) and inhibition by specific inhibitors for trypsin (TLCK), chymotrypsin (TPCK), serine proteinases (PMSF and SBTI) and metalloproteases (EDTA). Type of proteases is indicated in the control lane as follows: trypsin like proteinases (→) and chymotrypsin like proteinases (►). (B) 13% substrate SDS-PAGE showing caseinolytic activity bands in independent pools of pyloric caeca extracts of S. dumerili from each rearing temperature (18, 22 and 26°C) and incubated at 37°C or at the temperature the fish providing each sample was adapted to (18, 22 and 26°C).



We further studied the variations in isoenzymes composition and/or activity in extracts coming from fish adapted to different temperatures (Figure 7B). When incubation was performed at a standard high temperature (37°C), no differences in activity or isoenzymes composition were noticed among extracts from fish adapted to the different temperatures (Figure 7B). However, when incubations were done at the temperature in which the fish were reared, clear differences were observed. Activity levels, inferred from band intensity, decreased as incubation temperature did for all bands except for the chymotrypsin of the higher electrophoretic mobility. This band exhibited a high activity at 18°C, similar to that observed when incubated at higher temperatures (Figure 7B), revealing differences in temperature dependence for activity among chymotrypsin isoforms.



Q10 value and activation energy (Ea)

Q10 values were similar for all enzymes studied and no major differences were observed among extracts coming from fish reared at different temperatures (Table 4). No break point in the Arrhenius plots for the studied enzymes was found. However, values of Ea for trypsin, chymotrypsin and leucine aminopeptidase activities decreased as fish rearing temperature increased (Table 4). For pepsin and lipase Ea values were more variable, with the maximum values observed in fish at 18 for both enzymes, while the minimum values were recorded in fish at 26 and 22°C for pepsin and lipase, respectively (Table 4).


Table 4 | Q10 value and activation energy (Ea) for digestive enzymes of Seriola dumerili at different rearing temperatures.






4 Discussion


High chymotrypsin activity and responsiveness to temperature are key features of the greater amberjack digestive biochemistry

Chymotrypsin was by far the most abundant enzyme in the digestive tract. The contribution of trypsin and chymotrypsin activities in fish is rather variable. For example, in scaleless carp (Gymnocypris przewalskii) the activity of trypsin is much higher than that of chymotrypsin (Tian et al., 2019), while in the Pacific bluefin tuna (Thunnus orientalis) chymotrypsin activity contributes more to digestion than trypsin activity (de la Parra et al., 2007). Even so, our observations in general agree with the notion that fish with carnivorous preferences show high proteolytic enzyme activities to digest high-protein animals, while herbivorous species exhibit higher carbohydrase activities to digest the storage carbohydrates of macroalgae (German et al., 2004). Indeed, no detectable amylase activity in any segment of the tract was found in the present study, using a colorimetric method that was suited to measure this activity in other fish species such as gilthead seabream (Sparus aurata) (Perera and Yúfera, 2017). This result is in line with observations in other carnivore fish regarding low or undetectable amylase activity. A previous study assessing amylase activity in fish with different feeding habits linked low amylase activity to carnivorous fish species with a stomach, whereas stomachless omnivorous fish trend to show higher amylase activity levels (Hidalgo et al., 1999). These authors reported low amylase activity levels for gilthead seabream, rainbow trout (Oncorhynchus mykiss) and European eel (Anguilla anguilla). Likewise, almost undetectable levels of amylase activity have been reported for the carnivorous fish Glyptosternum maculatum (Xiong et al., 2011). On the other hand, total pepsin activity, measured at the enzyme optimal pH and 37°C, is a good estimation for the availability of pepsinogen, but not for active pepsin. pH in the fish stomach does not always reach the levels required for pepsin activation, explaining the negligible pepsin activity levels observed in the present study when measured at physiological conditions. A relatively poor acidification capacity, and thus, limited pepsin activation, have been previously reported for gilthead seabream juveniles (Gilannejad et al., 2018; Gilannejad et al., 2021), Atlantic salmon (Krogdahl et al., 2015) and Senegalese sole juveniles (Yúfera and Darias, 2007), suggesting that functional pepsin activity is frequently over estimated.

Temperature is well documented to significantly modify transit time in fish (Yúfera et al., 2019; Volkoff and Rønnestad, 2020). The observed overall distribution of enzymes along the digestive tract, with higher activities toward the posterior segments, seems to be a result of the time of sampling after feeding, and corroborates the results of previous studies using inert markers on the rapid transit time in this species under the same feeding regimen (Navarro-Guillén et al., 2021). The results of the discriminant analysis revealed a clear effect of rearing temperature on the digestive function of the greater amberjack. For instance, lipase and chymotrypsin activities through nearly all segments of the tract are responsive to high environmental temperature, suggesting a shift in the digestion capacity from 18/22°C to 26°C. In fact, in a previous trial, greater amberjack reared at 26°C showed higher growth rate and feed efficiency than fish reared at 22 and 18°C (Soriano, 2021), and also in consonance with the study by Fernández-Montero et al. (2018). However, it is interesting that both, trypsin and chymotrypsin activities in pyloric caeca are the better discriminants of the environmental temperature the fish are acclimated to. The fact that this occurs well after feeding, and not as a response to recent feed ingestion, strongly suggests an adaptation to ambient temperature also at the level of synthesis and secretion of enzymes, likely as preparation for next feeding, and/or different retention time of these enzymes in the pyloric caeca. Indeed, in yellowtail kingfish (Seriola lalandi), a greater proportion of nutrient digestion occurred during winter in the stomach, pyloric caeca and anterior intestine, while it occurred in the posterior intestine in summer, probably due to the slower gut motility during winter (Miegel et al., 2010). Globally, our multivariate analysis supports that fish digestion plasticity regarding environmental temperature largely relies on trypsin and chymotrypsin activities, being chymotrypsin the most responsive enzyme, though lipid digestion seems also to be under temperature control.

Most of the digestive enzymes of greater amberjack share optimal conditions with those from other fish species (Kishimura et al., 2006; de la Parra et al., 2007; Candiotto et al., 2018) and crustaceans (Perera et al., 2008; Chávez-Rodríguez et al, 2020; Muhlia-Almazán and Fernández-Gimenez, 2022), pointing out the relative high thermal optimum of alkaline proteases, although a previous study described lower thermal optimum for trypsin and chymotrypsin of greater amberjack (Oliveira et al., 2017). Also, the enzymes studied are all susceptible to acidic conditions, with lipase being the most sensitive enzyme, probably as a result of a more complex tridimensional architecture and structural requirements for activity as reported for other lipases (Perera et al., 2008). Nevertheless, while proteases such as pepsin, trypsin and leucine aminopeptidase of greater amberjack are thermally robust, chymotrypsin activity is thermally sensitive, indicating a clear difference in the effects of temperature over chymotrypsin and all other proteases. This finding also points to chymotrypsin enzymes as putative drivers of the effects of temperature on the digestive process. Similar results of chymotrypsin thermal stability have been described for other fish species such as the Brazilian flounder (Paralichthys orbignyanus) and gilthead seabream (Alarcón et al., 1998; Liang et al., 2011; Candiotto et al., 2018).



Stability patters suggest different physic-chemical features of isoforms

The fact that the activity of most enzymes decreased up to a certain level and then remained relatively stable over time strongly suggests the presence of isoforms with differences in susceptibility to the assayed conditions. Moreover, while thermal stability patterns were nearly identical among most proteases studied regardless of rearing temperature (i.e., trypsin, chymotrypsin, pepsin), stability of trypsin and chymotrypsin under varied pH conditions suggests differences among rearing temperatures in isoforms composition or contribution of particular isoenzymes. Trypsin activity was more stable at highly alkaline pH values in extracts from 18°C-adapted fish, while the same enzyme was more affected by acidic conditions in extracts from 26°C-adapted fish. On the other hand, chymotrypsin activity was more stable in the range pH 5 to 11 in extracts coming from 26°C-adapted fish than in extracts coming from fish reared at 18/22°C. Isoforms for digestive proteases in fish often differ in biochemical features (Klomklao et al., 2009), thus our results were not unexpected in this regard, but the changes in the relative contribution of those isoforms driven by differences among fish rearing temperatures have not been reported before.



Inhibition studies revealed digestive plasticity regarding ambient temperature and the key role of chymotrypsin

Our results on the inhibition of caseinolytic activity, as indirect indicative of overall protein digestion capacity, corroborate the key role of serine proteases in digestion, particularly trypsin and chymotrypsin activities, as occur in other fish species (Natalia et al., 2004; Candiotto et al., 2018). Moreover, we found a clear dependence of these enzymes on divalent cations, in agreement with that described for other fish species (Kishimura et al., 2006; Klomklao et al., 2009).

Results on the effects of trypsin and chymotrypsin inhibitors on caseinolytic activity suggest a shift in the contribution of these activities as the rearing temperature of fish varies. The higher inhibition of overall proteolysis by TPCK in extracts from fish adapted to 18°C suggests that chymotrypsin may have a more important role at lower temperatures. In Atlantic salmon (Salmo salar), the role of chymotrypsin in low temperature adaptation is well documented. Chymotrypsin activity increased when there was a reduction in growth rate because of external factors such as low temperature, thus fish compensated to a certain extent by lowering the trypsin to chymotrypsin (T/C) ratio (Rungruangsak-Torrissen et al., 2006).

We further addressed this issue by using specific substrates for these enzymes and observed that the contribution of activities changed for chymotrypsin but not for trypsin. Inhibition of chymotrypsin by TPCK showed a reverse pattern with water temperature, with inhibition increasing from 40% to 80% as fish rearing temperature decreased. The most plausible explanation for these results is a change in the relative contribution of chymotrypsin isoenzymes, with an increase in the contribution of particular chymotrypsin isoenzymes at lower temperatures that are more sensitive to TPCK. Unfortunately, while trypsin isoenzymes were clearly identified in activity gels, with apparent molecular weights similar to those reported for other fish trypsins (Natalia et al., 2004; Kurtovic et al., 2006; Klomklao et al., 2009), our attempts to identify chymotrypsin isoenzymes in the zymogram gels were unsuccessful using TPCK as done in the tube assays. Other chymotrypsin inhibitor was used, carbobenzoxy-Phe chloromethyl ketone (ZPCK, data not shown), but it did not work either. Problems to identify fish chymotrypsins in gels are recurrent in the literature. For gilthead seabream and common dentex (Dentex dentex), no inhibitory effect was observed for TPCK in gels, though ZPCK partially deleted two bands in zymograms from both species (Alarcón et al., 1998). Similarly, in the Pacific red snapper (Lutjanus peru), TPCK had no inhibitory effect in zymograms of alkaline proteases (Peña-Marín et al., 2021). However, in the present study, three bands were strongly inhibited by SBTI but not by TLCK, thus assuming to be chymotrypsins.

When casein zymograms were performed using pools of extracts coming from fishes adapted to the different temperatures, or with extracts from individual fishes (Supplementary Figure 3), no variation in the presence/absence of these three isoforms was noticed among rearing temperatures. Only a small individual variation was observed, likely due to low-frequency individual polymorphism, with one of these isoforms (the one of intermediate electrophoretic mobility) being absent or less represented in few individuals irrespective of rearing temperature. Thus, results obtained in this study regarding the changing role of chymotrypsin activity at low temperature could not be explained by a shift in particular isoforms. Therefore, a feasible hypothesis is that variation in the relative contribution of chymotrypsin isoenzymes to a particular environmental temperature occurs due to different physic-chemical features among isoforms as suggested by results from our stability assays.

To gain insight on the in vivo contribution of chymotrypsin isoenzymes under different ambient temperatures, we further analyzed by zymograms the changes in chymotrypsin isoenzymes pattern and activity in extracts from fish adapted to different temperatures and revealed the activity in gels at 37°C and at the corresponding temperatures. Activity of isoforms at 37°C, inferred from band intensity, was identical for extracts from fishes adapted to the different temperatures, corroborating that the amount of enzyme loaded into the gel was the same among treatments, and that there are no changes in synthesis and secretion of particular isoforms among temperatures. However, activity decreased as incubation temperature did for all bands (including the three trypsins and two chymotrypsin isoforms) except for the chymotrypsin of the higher electrophoretic mobility. This chymotrypsin isoenzyme exhibited high activity levels at 18°C, being similar to that observed when incubated at higher temperatures (Figure 7B). Thus, it is demonstrated that the isoenzyme richness and the biochemical differences among isoforms revealed in this study, lead to different digestion performance under realistic temperature conditions. Although in only few species, there is some evidence of the impact of protease isoforms with different biochemical features on fish performance at different temperatures (Rungruangsak-Torrissen et al., 1998; Rungruangsak-Torrissen and Male, 2000; Gelman et al., 2008). However, whether the presence of this chymotrypsin isoenzyme in the greater amberjack compensates for decrease activity of other proteases, and to what extent, remains unknown. This will be difficult to assess in vivo as all individuals hold this isoenzyme and thus, no performance comparisons can be made at low temperatures between individuals having or not the isoenzyme, as assessed in the Atlantic salmon (Rungruangsak-Torrissen et al., 1998; Rungruangsak-Torrissen and Male, 2000). Yet, the fact that all individuals analyzed presented this isoform may suggest that it has an adaptive value for the species. The analysis of a higher number of individuals and from different origins, to broad the genetic variability of the population studied, would shed some light on this issue.



Activation energy reveals digestive enzymes adaptation to a wide temperature range

On average, Q10 and Ea values were similar for all studied enzymes of greater amberjack. The Ea found for the studied enzymes were lower than those described for silver carp, common carp, sheatfish, gilthead seabream, redfish and turbot (Jónás et al., 1983; Munilla-Morán and Saborido-Rey, 1996; Alarcón et al., 1998), though this last study used a proteinaseous substrate for alkaline activity, while specific substrates were used in the current work for individual enzymes. In any case, enzymes of the greater amberjack seem to be more efficient that those of the above-mentioned fish, as the lower the Ea value the higher the efficiency of the enzyme.

Moreover, we found no break point in the Arrhenius plots for the studied enzymes, which is interpreted as an adaptation to a wide temperature range, as described for redfish and turbot (Munilla-Morán and Saborido-Rey, 1996). In other fish species, break points are evident, indicating changes in digestion efficiency. For gilthead seabream, Munilla-Morán and Saborido-Rey (1996) described a break point at 20°C for gastric acid proteases, being Ea below this temperature about six times higher than above the break point, indicating that this species seems to have a more efficient acidic digestion of protein in a warm environment. By contrast, a later study on the same species did not find such a break point for acid proteases (Alarcón et al., 1998).

In addition to the absence of break points, we observed a slight decrease in Ea for proteases (trypsin, chymotrypsin and leucine aminopeptidase) as rearing temperature increased, with lower values at 26°C. These observations agree with the notion of different biochemical features among isoenzymes. Increased efficiency at higher environmental temperature would aid the fish to deal with an increased feed intake and/or counteract an increase in transit time. By contrast, lipase Ea pattern was not linked to temperature gradient. The lowest Ea for lipase was found at 22°C (standard temperature for the species culture), while the highest was at 18°C. The more reasonable hypothesis for these results is again the presence of isoforms. However, due to the technical difficulty of performing zymograms for lipases (Kurtovic et al., 2010), we are not able for the moment to confirm this assumption.

In conclusion, the present study describes the functional characteristics of greater amberjack digestive enzymes, showing that they have biochemical features similar to those of other fish species. It is of particular interest that some specific enzymes and isoforms, particularly chymotrypsins, may play a key role in providing certain phenotypic flexibility regarding environmental temperature, being this study one of the few providing experimental evidence of an adaptive value of digestive enzyme polymorphism in farmed fish. More investigation is needed on this issue since a better understanding of the balance among the different factors affecting digestion efficiency in the greater amberjack would lead to optimized feeding protocols depending on the environmental temperature, wherever in sea cages or in-land facilities.
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An 8-week feeding trial was conducted to investigate the effects of different viscous guar gums on the growth performance, apparent nutrient digestibility, intestinal development and morphology of juvenile largemouth bass. Four isoproteic and isolipidic diets (crude protein 42.5%, crude lipid 13.7%) were formulated to contain 8% cellulose (Control group), 8% low viscous guar gum with 2,500 mPa s (Lvs-GG group), 8% medium viscous guar gum with 5,200 mPa s (Mvs-GG group) and 8% high viscous guar gum with 6,000 mPa s (Hvs-GG group), respectively. Each diet was fed to quadruplicate groups of 40 fish (6.00 ± 0.01 g) per repetition. Dietary guar gum inclusion significantly decreased the weight gain rate, specific growth rate, protein efficiency ratio, protein productive value and lipid deposition rate, and these parameters decreased considerably with increasing guar gum viscous and were lowest in the Hvs-GG group. Dietary guar gum inclusion significantly decreased the apparent digestibility of dry matter, crude protein and crude lipid, and these parameters decreased considerably with increasing guar gum viscous and were lowest in the Hvs-GG group. Intestinal protease, lipase and creatine kinase activities in the guar gum groups were significantly lower than those in the control group, and intestinal protease and lipase activities decreased considerably with increased guar gum viscous. Intestinal alkaline phosphatase activity in the Hvs-GG group and intestinal Na+/K+-ATPase activity in the Mvs-GG and Hvs-GG groups were significantly lower than those in the Lvs-GG and control groups. Serum high-density lipoprotein, total cholesterol and triglyceride concentrations and superoxide dismutase activity in the guar gum groups were significantly lower than those in the control group. Intestinal villus height and muscular thickness in the guar gum groups were considerably higher than those in the control group, whereas the goblet cell relative number in the Mvs-GG and Hvs-GG groups and the microvillus height in the Lvs-GG and Hvs-GG groups were significantly lower than those in the control group. The expression level of IGF-1 in the guar gum groups and the expression level of GLP-2 in the Mvs-GG and Hvs-GG groups were significantly higher than those in the control group. These results indicated that guar gum diets adversely affected intestinal morphology, decreased intestinal digestive and absorptive enzyme activities, and caused poor nutrient digestibility and growth performance in juvenile largemouth bass. Moreover, the adverse effects of guar gum are closely related to its viscous, and high viscous guar gum produces more extreme negative impacts on juvenile largemouth bass.
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INTRODUCTION
Limited fishmeal production and a rapid development of aquaculture have resulted in increasingly high fishmeal prices, which has largely increased farming costs and limited the further development of aquaculture (Yannis et al., 2018; Zhang et al., 2018; Zhang et al., 2019; Yin et al., 2021). The search for feasible alternatives to fishmeal has attracted widespread attention from researchers and considerable progress has been made in the last few decades. Multiple protein sources, including plant-based proteins, animal by-products and single-cell proteins have been tested as feasible alternatives to fishmeal (Zeng et al., 2018). In particular, plant proteins are considered the most promising fishmeal substitutes due to their wide availability, high yield, stable quality and low price (Deng et al., 2017). However, the presence of anti-nutritional factors (ANFs) limited the use of plant proteins in aquafeeds (Collins et al., 2013; Azeredo et al., 2017). ANFs, such as non-starch polysaccharides (NSPs), trypsin inhibitors, antigenic proteins and saponins have been shown to be detrimental to fish growth and health (Takii et al., 2008; Merrifield et al., 2009; He et al., 2020; Deng et al., 2021). NSPs are major components of the plant cell wall, and are abundant in plant feed ingredients (10–70%, varies with plant species), including cellulose, hemi-cellulose and pectin, which can be divided into insoluble and soluble NSPs (Sinha et al., 2011; Choct, 2015). Therefore, the use of plant proteins in aquafeeds increases the level of NSPs in fish diets (Deng et al., 2021). Fish cannot directly utilize dietary NSPs due to the lack of endogenous NSPs-degrading enzymes (Kuz Mina, 1996); thus, dietary NSPs usually remain in the digestive tract and produce different physiological effects. In recent years, an increasing number of studies have begun to investigate the physiological effects of dietary NSPs on fish (Amirkolaie et al., 2005; Kraugerud et al., 2007; Glencross et al., 2012; Cai et al., 2019; Ren et al., 2020; Deng et al., 2021), and these studies showed that dietary NSPs exert beneficial or detrimental physiological effects on fish were type-dependent, due to the difference in their physicochemical characteristics. Generally, SNSP is considered to have more substantial anti-nutritional effects than INSP, and high-dose dietary SNSP even impairs intestinal or hepatic health in fish (Sinha et al., 2011; Cai et al., 2019; Deng et al., 2021). Studies have also indicated that the adverse effects of dietary SNSP mainly derived from its viscosity (Sinha et al., 2011; Cai et al., 2019; Deng et al., 2021), but few studies have covered this issue.
Guar gum is mainly galactomannan (hemi-cellulose), a viscous SNSP derived from the seeds of Cyamopsis tetragonolobus with massive yield and excellent bonding properties (Kazuhiko et al., 1993; Yu et al., 2015). Moreover, the bonding properties (viscosity) of guar gum can be regulated by modifying pH-responsive functional groups such as -CH3, -COOH, -SO3H, and -CONH2 (George et al., 2019). Nowadays, guar gum is widely used as a stabilizer and thickener in food, pharmaceutical and cosmetic processing to improve product quality (Theocharidou et al., 2022). More recently, guar gum has attracted increasing attention as a feasible aquafeeds binder due to its binding properties, showing the ability to improve feed quality (water stability, hardness), reducing nutrient loss and water pollution (Thombare et al., 2016; Gao et al., 2019; Karim et al., 2022). Moreover, dietary guar gum can produce various physiological effects on animals. In mammals, guar gum has been reported to increase digesta viscosity and short-chain fatty acid concentration, reduce serum cholesterol and fecal pH (Jenkins et al., 1975; Kazuhiko et al., 1993; Seal and Mathers, 2001). In fish, studies have shown that dietary guar gum decrease nutrient digestibility and fish growth (Storebakken, 1985; Amirkolaie et al., 2005; Ramos et al., 2015; Gao et al., 2019). Some of these studies pointed out that dietary guar gum exerts beneficial or detrimental effects on fish growth was dose-dependent, dietary supplementation with high doses of guar gum generally exhibiting inhibitory effects on fish growth (Ramos et al., 2015; Gao et al., 2019). Increasing dietary guar gum levels leads to an increase in dietary viscosity (Casas et al., 2000; Ramos et al., 2015), so it can be assumed that the adverse effects of high doses of guar gum on fish growth may be induced by high viscosity. However, the association between guar gum viscosity and its anti-nutritional effect remains unclear.
Largemouth bass Micropterus salmoides, a typical freshwater carnivorous fish that is widely cultured due to its strong adaptability and fast growth rate (Li et al., 2007; Li et al., 2010; Hu et al., 2019; Liu et al., 2022). In 2019, the cultural production of this species in China reached 477,808 tons (Xu et al., 2022), which generate considerable economic benefits. With aquaculture development, more plant ingredients will inevitably be used in aquafeeds (Kokou and Fountoulaki, 2018), which poses more severe dietary NSPs challenges for farmed fish. The natural diet of carnivorous fish does not contain NSPs, so that dietary NSPs may have more extreme physiological effects on carnivorous fish. However, there are limited studies related to dietary NSPs on carnivorous fish, including largemouth bass. Therefore, this study will investigate the effects of different viscous guar gum on growth, apparent nutrient digestibility, intestinal development and morphology in juvenile largemouth bass, so as to reveal the association between guar gum viscosity and its anti-nutritional effects in carnivorous fish. Moreover, these results will provide data support for the application of guar gum as a binder for aquafeed in the future.
MATERIALS AND METHODS
Experimental Diets
Four isoproteic and isolipidic diets were formulated (crude protein 42.5%, crude lipid 13.7%) to contain 8% cellulose (Control group), 8% low viscous guar gum with 2,500 mPa s (Lvs-GG group), 8% middle viscous guar gum with 5,200 mPa s (Mvs-GG group) and 8% high viscous guar gum with 6,000 mPa s (Hvs-GG group), respectively. All ingredients were ground into powder and passed through a 0.30 mm diameter sieve, then accurately weighed and mixed evenly with a Hobart-type mixer (JS-14, Zhejiang Zhengtai Elecric Co., Ltd., China). Then, fish oil, soybean oil, soybean lecithin and pure water were added to make a dough. The dough was extruded through a 2.0 mm diameter die using a double-helix extruder (F-75, South China University of Technology, China) to obtain experimental feeds. Finally, the feeds were air-dried at room temperature and stored at -20°C until used. The formulation and proximate compositions of experimental diets are shown in Table 1.
TABLE 1 | The formulation and approximately composition of experimental diets (%).
[image: Table 1]Fish and Feeding Trial
Largemouth bass juveniles were obtained from the freshwater aquaculture base of Guangdong Ocean University. Largemouth bass juveniles have fasted for 24 h before grouping, and 640 individuals with a healthy physique, no disease or injury and a uniform size (6.00 ± 0.01 g) were selected as experimental fish. These fish were randomly divided into four groups with four replicates per group, and each net cage had 40 fish. All net cages have a uniform size (1.2 m × 0.8 m × 1.0 m) and they are placed in the same cement pool. During the feeding period, the water temperature was controlled at 28–31°C with ammonia nitrogen <0.02 mg/L through adjusting flow rate and water change, and the dissolved oxygen was controlled at > 6.0 mg/L by continuous oxygenation with an oxygenator (SC-150DX, Ningbo Yinzhou Hengxi Saier Electric Factory, China). The feeding trial lasted for 8 weeks, and the test fish were fed twice daily until they were satiated (07:00 and 17:00). The number and body weight of fish mortalities and feed consumption in each cage were recorded.
Digestibility Trial
Digestibility trial was performed during the feeding trial according to the method described by He et al. (2021). Briefly, yttrium trioxide (99.9%, Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) was used as an indicator in the experimental diets. Fecal collection was performed after the test fish had been accustomed to the experimental diets for 2 weeks. Specifically, feces were collected daily from the bottom of the net cages using a 200-mesh brail after the test fish had been fed for 5–7 h. Subsequently, complete feces were selected and dried at 65°C for 6 h, and then stored at −20°C for until use. Fecal collection lasts for 6 weeks to ensure that the fecal samples meet the test requirements. The determination of yttrium content in fecal and diets was carried out by inductively coupled plasma mass spectrometry Briefly, a 100–200 mg sample was first digested by adding 6 ml of nitric acid and 1 ml of hydrogen peroxide with a microwave digestion apparatus (Anton Paar Multiwave PRO 41HVT56, Austria), and the digested solution was subsequently taken for determination using a mass spectrometry (Agilent 7500cx, United States).
Sampling Strategy
At the end of the feeding trial, fish were fasted for 24 h. The ultimate fish in each net cage was accurately weighed and counted to calculate the growth indices. Before sampling, the test fish were anesthetized with 0.1 g/L of MS-222 (Sigma, United States). Four fish were randomly selected from each cage, and the total length of the fish was measured, weighed and then dissected; the visceral mass, liver and intestine were sequentially weighed, and the length of the intestine was measured. Another four fish were randomly selected from each cage, and the blood was drawn from the tail vein using a 1-ml syringe. The blood samples were transferred to EP tubes, left at 4°C overnight and centrifuged at 3,500 r/min for 10 min. Finally, the supernatant was taken as a serum sample and stored at −80°C for subsequent analysis. Another two fish were randomly selected from each cage for dissection, and their intestines were taken out and placed in EP tubes with RNAlater, snap-frozen in liquid nitrogen and then stored at −80°C for subsequent analysis. Another three fish were randomly selected from each cage and frozen at −20°C for whole-body composition analysis.
Morphological Observation of Hindgut
One fish was randomly selected from each cage for dissection; the hindgut (1 cm) was taken out and fixed with 4% formaldehyde, and stood for 24 h. The tissue samples were dehydrated in a series of graded ethanol, and embedded in paraffin after dehydration. After the paraffin was solidified, the intestinal paraffin was cut into slices with a thickness of 5 μm with a microtome, followed by hematoxylin-eosin staining, and encapsulated to make sections. The prepared sections were observed with a Nikon Ni-U microscope imaging system (Nikon Ni-U, Japan), and the intestinal villus height and width, crypt depth, muscular thickness, and the number of goblet cells were counted according to the method described in a previous study (Huang et al., 2022).
Another fish was randomly selected from each cage in the control, Lvs-GG and Hvs-GG groups for dissection, and the hindgut tissue was fixed with 2.5% glutaraldehyde. After 24 h fixation, the tissues were transferred into phosphate-buffered saline containing 2% osmium tetroxide, and then the tissues were dehydrated with a series of graded ethanol. After dehydration, the tissue was embedded in epoxy resin 812 and then cut into ultrathin sections using an ultra-microtome (Leica EM UC7, Japan) for uranyl acetate and lead citrate staining. Finally, the morphology of the intestinal microvilli and intestinal epithelial cells was observed using a transmission electron microscope (HITACHI HT7600, Japan).
Chemical Analysis
The chemical composition analysis of the experimental diets, whole-body and feces refer to the standard method (AOAC, 2005). The samples were dried at 105°C to constant weight to measure the moisture content, and crude protein was determined using the Kjeldahl method (N × 6.25); crude lipid was determined using the Soxhlet extraction method; crude ash was determined by burning in a muffle furnace at 550°C for 16 h. The viscosity of experimental diets was measured using a viscometer (LV-SSR, Shanghai Fang Rui Instrument Co., Ltd., Shanghai, China). Briefly, the feed was first crushed to pass through an 80 mesh sieve, then 1 g of feed powder was mixed with 10 ml of deionized water, incubated at 25°C for 30 min, followed by centrifugation at 10,000 g for 10 min. Finally, the supernatant was used for viscosity determination.
Intestinal Enzyme Activity Analysis
Sample preparation: wet intestine tissues were accurately weighted and plus ninefold volume of ice-cold phosphate buffer (PBS, pH 7.4), then homogenized using a homogenizer and centrifuged for 15 min at 3,000 rpm/min. Finally, the supernatant was used for digestive enzyme activity analysis. The activities of intestinal lipase, protease, amylase, creatine kinase (CK), Na+/K+-ATPase and alkaline phosphatase (AKP) were measured by commercial kits (ELISA, Shanghai Enzyme Link Biotechnology Co., Ltd.) following the kit instructions (No. ML036371, No. ML036449, No. ML652041, No. ML036438, No. ML036470 and No. ML556611, respectively).
Serum Biochemical Indices Analysis
The concentration of total cholesterol (T-CHO), low-density lipoprotein (LDL-C), high-density lipoprotein (HDL-C), triglyceride (TG), malondialdehyde (MDA) and the activity of superoxide dismutase (SOD), peroxidase (POD), catalase (CAT), aspartate aminotransferase (AST) and alanine aminotransferase (ALT) in the serum were measured using commercially available kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) following the kit instructions (No. A111-1-1, No. A113-1-1, No. A112-1-1, No. A003-1-2, No. A110-1-1, No. A001-3-2, No. A084-2-1, No. A007-1-1, No. C010-2-1 and No. C009-2-1, respectively).
Real-Time Quantitative PCR Assay
Total intestinal RNA was extracted with Trizol kit (Quanjin Biology, Beijing, China), and its purity and concentration were tested. Subsequently, qualified total RNA samples were used as templates to synthesize complementary DNA (cDNA) with a reverse transcription kit (Accurate Biology, China), and stored at −20°C until use. The primer sequences used for fluorescence quantification are shown in Table 2, and the primers were synthesized by Shanghai Sangon Biotech Co., Ltd., (Shanghai, China). The mRNA expression levels were detected using a high-throughput fluorescent quantitative PCR instrument (480II) (Light Cycler480II, Thermo) under a 10 µL SYBR® Green Premix Pro Taq HS qPCR Kit II (Accurate Biology, China) reaction system. Four replicate assays were performed in each sample, and melting curve analysis was performed after each reaction to check product specificity. The mRNA expression of all genes was calculated by the 2−ΔΔCT method, and the mRNA expression level of the target gene was normalized with the ef1α mRNA expression of the control group as the standard.
TABLE 2 | Primer sequences for real-time PCR.
[image: Table 2]Statistical Analysis
Data in this study were presented as mean ± standard error (Means ± SEM). All data were subjected to one-way analysis of variance (ANOVA) with SPSS (v22.0) software, and Turkey’s multiple range test was performed when the difference was significant. p < 0.05 represents significant differences.
RESULTS
Growth Performance and Feed Utilization
The survival rate (SR) of juvenile largemouth bass was not significantly affected by the experimental diets (p < 0.05; Table 3). The final body weight (FBW), weight gain rate (WGR), specific growth rate (SGR), protein efficiency ratio (PER), protein deposition rate (PDR) and lipid deposition rate (LDR) in the guar gum groups were significantly lower than those in the control group; these parameters were also significantly decreased with increased guar gum viscous (p < 0.05). Conversely, the feed intake (FI) and feed conversion ratio (FCR) in the guar gum groups were significantly higher than those in the control group; these parameters were also increased dramatically with increased guar gum viscous (p < 0.05).
TABLE 3 | Effects of different viscous guar gum on growth performance and feed utilization of juvenile largemouth bass.
[image: Table 3]Morphological Parameters
The condition factors (CF), organ index (OI), and the moisture, crude protein and ash concentrations of juvenile largemouth bass were not significantly affected by the experimental diets (p > 0.05; Table 4). The hepasomatic index (HSI) in the guar gum groups was considerably lower than that in the control group, and this parameter was markedly decreased with increased guar gum viscous (p < 0.05). The viserosomatic index (VSI) and intestinal length index (ILI) in the guar gum groups were significantly higher than that in the control group, and the VSI was increased dramatically with increased guar gum viscous (p < 0.05). The crude lipid concentration in the guar gum groups was considerably lower than that in the control group, and decreased substantially with increased guar gum viscous (p < 0.05).
TABLE 4 | Effects of different viscous guar gum on morphological parameters of juvenile largemouth bass.
[image: Table 4]Apparent Digestibility
The apparent digestibility of dry matter, crude protein and crude lipid in the guar gum groups were considerably lower than those in the control group, and these parameters decreased substantially with increased guar gum viscous (p < 0.05; Table 5).
TABLE 5 | Effects of different viscous guar gum on nutrient apparent digestibility of juvenile largemouth bass.
[image: Table 5]Intestinal Digestive and Absorptive Enzyme Activity
Intestinal amylase activity was not significantly affected by the experimental diets (p < 0.05; Table 6). Intestinal protease, lipase and creatine kinase (CK) activities in the guar gum groups were significantly lower than those in the control group, and intestinal protease and lipase activities decreased considerably with increased guar gum viscous (p < 0.05). Intestinal alkaline phosphatase (AKP) activity in the Hvs-GG group was considerably lower than that in the Lvs-GG and control groups (p < 0.05). Intestinal Na+/K+-ATPase activity in the Mvs-GG and Hvs-GG groups was considerably lower than in the Lvs-GG and control groups (p < 0.05).
TABLE 6 | Effects of different viscous guar gum on intestinal digestive and absorptive enzyme activities.
[image: Table 6]Serum Biochemical Parameters
Serum LDL-C concentration and AST, CAT and POD activities were not significantly affected by the experimental diets (p > 0.05; Table 7). Serum HDL-C, T-CHO, TG) concentrations and SOD activity in the guar gum groups were significantly lower than those in the control group, and serum TG concentration decreased considerably with increased guar gum viscous (p < 0.05). Serum MDA concentration in the Mvs-GG and Hvs-GG groups was significantly higher than that in the Lvs-GG and control groups (p < 0.05). Serum ALT activity in the Hvs-GG group was considerably higher than that in other groups (p < 0.05).
TABLE 7 | Effects of different viscous guar gum on serum biochemical parameters of juvenile largemouth bass.
[image: Table 7]Intestinal Morphology
The morphological observations of the hindgut are shown in Figure 1 and Figure 2. Intestinal villus width and crypt depth were not significantly affected by the experimental diets (p > 0.05; Table 8). Intestinal villus height and muscular thickness in the guar gum groups were considerably higher than those in the control group (p < 0.05). The goblet cell relative number in the Mvs-GG and Hvs-GG groups was considerably lower than in the Lvs-GG and control groups (p < 0.05). The microvillus height in the Lvs-GG and Hvs-GG groups was considerably lower than in the control group (p < 0.05).
[image: Figure 1]FIGURE 1 | Effects of increasing dietary guar gum viscous on hindgut morphology of juvenile largemouth bass (H&E staining, magnification ×200). Yellow double-side arrow: villus width; Red double-side arrow: villus height; green double-side arrow: muscularis thickness; blue double-side arrow: crypt depth; blue arrow: goblet cell.
[image: Figure 2]FIGURE 2 | Effects of increasing dietary guar gum viscous on hindgut morphology of juvenile largemouth bass (Transmission electron microscope observation, magnification ×7,000). Yellow double-side arrow: microvillus height; black arrow: epithelial cell death; red arrow: epithelial cell interval.
TABLE 8 | Effects of different viscous guar gum on hindgut morphology of juvenile largemouth bass.
[image: Table 8]Intestinal Development-Related Gene Expression
The expression level of GLP-2 in the Lvs-GG group was significantly lower than that in the control group, while increased significantly in the Mvs-GG and Hvs-GG groups (p < 0.05; Figure 3). The expression level of IGF-1 in the guar gum groups were significantly higher than that in the control group (p < 0.05).
[image: Figure 3]FIGURE 3 | Effects of increasing dietary guar gum viscous on the expression levels of intestinal IGF1 and GLP-2 in juvenile largemouth bass fed different viscous guar gum. Bars represent the mean ± SEM (n = 4), and different superscript letters represent significant differences between treatments (p < 0.05).
DISCUSSION
This study was the first attempt to evaluate the effects of different viscous guar gum on growth, apparent nutrient digestibility, intestinal development and morphology in largemouth bass. In early studies, guar gum has been reported to have the ability to lower serum cholesterol concentrations, control body weight and alleviate obesity in human (Jenkins et al., 1975; Tuomilehto et al., 1980; Casas et al., 2000; Butt et al., 2007). Although these features may benefit humans, for farmed animals, such as fish, it means a decrease in growth performance, which is detrimental to farming profitability. Recently, guar gum (galactomannan) has attracted increasing attention as an anti-nutritional factor or feed binder in fish (Brinker, 2009; Brinker and Friedrich, 2012; Thombare et al., 2016; Gao et al., 2019), and several studies have shown that dietary supplementation with guar gum is beneficial for improving feed quality but not for fish growth (Tran-Tu et al., 2018; Gao et al., 2019). In the present study, dietary guar gum significantly inhibited the growth performance of largemouth bass, and fish fed with high viscous guar gum had the poorest growth performance, suggesting that high viscous guar gum is more detrimental to the growth of juvenile largemouth bass. In a previous study, increasing dietary guar gum levels also decreased the growth performance of gibel carp (Carassius gibelio) due to increased dietary guar gum levels increased dietary viscous (Gao et al., 2019). This evidence demonstrated that viscous is the prominent anti-nutritional feature of guar gum, and high viscous diets are detrimental to fish growth. Generally, increasing dietary viscous delays intestinal evacuation and thus adversely affects feed intake (Leenhouwers et al., 2006; Sinha et al., 2011). In a previous study, increasing dietary guar gum levels from 1% to 5% resulted in a significantly decreased FI of gibel carp (Gao et al., 2019). However, changes in FI in this study showed that increasing dietary viscosity promotes fish feeding. Similarly, the FI of rainbow trout (Oncorhynchus mykiss) fed SNSP (viscous) diets was significantly increased compared with fish fed a normal diet (Deng et al., 2021). This evidence suggests that the effects of increasing dietary viscosity on FI in fish remain controversial, and the difference may be species-related, which requires further study.
Digestive and absorptive enzymes are essential for fish to utilize feed nutrients and play an important role in fish growth (Li et al., 2019; Lin S et al., 2020). Also, the activity of digestive and absorptive enzymes determines the digestibility and utilization of feed nutrients by fish. Meanwhile, the characteristics and quantities of dietary components will inevitably affect the activity of digestive and absorptive enzymes in fish (Hu et al., 2018; Zhang et al., 2021; Mardones et al., 2022). In a previous study, high dietary viscous has been reported to inhibit feed utilization by altering the mixing process between digestive enzymes and substrates, or hindering the effective interaction of digestive enzymes on the intestinal mucosal surface (Sinha et al., 2011). In this study, the activity of protease, lipase, CK, Na+/K+-ATPase and AKP were all shown to have a decreased trend with increased dietary guar gum viscous, and most of these parameters were lowest in the Hvs-GG group, indicating that high viscous guar gum is more detrimental to the digestive and absorptive enzyme activities in juvenile largemouth bass. Similarly, increasing dietary viscosity decreased the activity of chymotrypsin and AKP in gibel carp (Gao et al., 2019), and reduced the intestinal trypsin activity in rainbow trout (Deng et al., 2021). This evidence suggest that high viscous diets may also inhibit the utilization of feed nutrients on fish by directly reducing intestinal digestive and absorptive enzyme activities. Although the nutrient content of feces may be lost through contact with water, making it impossible to provide precise nutrient digestibility of the experimental diet in this study, the near-visual values of nutrient digestibility are still valid to illustrate the effect of different viscous guar gum on nutrient digestibility. In this study, we noticed that a significant decrease in apparent nutrient digestibility with increasing guar gum viscosity, which is consistent with a decrease in intestinal digestive and absorptive enzyme activity. Therefore, the decrease in digestive and absorptive enzyme activities may reasonably explain the reduction of apparent digestibility of dry matter, crude protein and crude lipid in fish fed on guar gum diets. Furthermore, an increase in dietary viscosity has been reported to cause mucin efflux with the digesta, resulting in endogenous nitrogen loss and reduced apparent protein digestibility (Piel et al., 2005; Sinha et al., 2011). Hence, the significant reduction of apparent protein digestibility in fish fed guar gum diets may also be associated with endogenous nitrogen loss.
Previous studies have confirmed that the structure of guar gum (galactomannan) has a large number of hydroxyl units (Ebringerová, 2005). These hydroxyl units can bind to mineral elements, causing mineral element loss. In fish, several studies have demonstrated that dietary NSPs inhibit the utilization of mineral elements (e.g., Na, K, Zn, Mg, Ca, P, Cu, and Fe), as well as an increase in the mineral elements’ concentration of the feces (Leenhouwers et al., 2007a; Leenhouwers et al., 2007b; Hansen and Storebakken, 2007). Noteworthy, some mineral elements are essential for the activity of digestive and absorptive enzyme activities. For instance, Ca act as an activator of proteases (Li et al., 2017), and Na and P as substrates can effectively regulate Na+/K+-ATPase activity (Gal-Garber et al., 2003). Therefore, the decrease in digestive and absorptive enzyme activities in fish fed guar gum diets may also be associated with the loss of mineral elements.
It is well known that the liver and gastrointestinal tract constitute the primary digestive system of fish, where dietary nutrients are absorbed by the intestine and then transferred to the liver for storage or utilization. Therefore, fish slaughter parameters (OI, HSI, VSI and ILI) are commonly used to assess nutritional status (Knutsen et al., 2019; Shen et al., 2021). Generally, HSI can effectively reflect the accumulation of nutrients, while VSI and ILI were assumed to evaluate the status of digestion and absorption abilities in fish. In this study, HSI was significantly decreased in fish fed guar gum diets, and this parameter was significantly reduced with increased dietary guar gum viscous. The decrease in HSI may be associated with poor apparent digestibility of feed nutrients, due to the reduced nutrient intake reduce the accumulation of nutrients in the liver. In previous studies, increasing dietary SNSP levels has been reported to increase the length and size of digestive organs in monogastric animals (including fish), due to the increased viscosity (Sinha et al., 2011). In this study, VSI and ILI were also significantly increased in fish fed guar gum diets, accompanied by a significant upregulation of intestinal development-related genes, including IGF1 and GLP-2. These results suggest that increasing dietary viscosity may prolong intestinal length via upregulation of intestinal development-related genes, but the mechanism remains unclear. Similarly, dietary supplementation with guar gum significantly increased the gastrointestinal tract weight of African catfish (Clarias gariepinus) (Leenhouwers et al., 2006). Combined with lower digestive and absorptive enzyme activities and poor apparent nutrient digestibility, it can be speculated that prolonging intestinal length may be a strategy for juvenile largemouth bass to cope with high viscous guar gum diets, by increasing digestion and absorption area to obtain more nutrients. Moreover, poor lipid digestibility ultimately leads to a significant reduction in serum HDL-C, T-CHO, TG and whole-body crude lipid concentrations in fish fed guar gum diets.
AST and ALT are enzymes involved in amino acid metabolism and are mainly distributed in hepatocytes, released into the blood when hepatocytes are damaged. Therefore, the activity of AST and ALT are commonly used to assess the liver health status of fish (Deng et al., 2017). In the present study, changes in ALT activity indicate that high viscous guar gum induced liver damage in juvenile largemouth bass. In addition, fish fed high viscous guar gum diets also showed a significant decrease in serum SOD activity and an increase in MDA concentration, suggesting that high viscous guar gum reduces the antioxidant capacity of juvenile largemouth bass. More importantly, a decrease in antioxidant capacity usually leads to increased radicals, thereby inducing oxidative damage (Lin et al., 2018). Hence, liver damage caused by a high viscous diet may be associated with decreased antioxidant capacity. Similarly, high SNSP diets also induced liver impairment in yellow catfish (Pelteobagrus fulvidraco) (Cai et al., 2019).
Dietary components inevitably affect the intestinal morphology of fish; hence, intestinal morphology is commonly used to evaluate the effects of diets on fish intestines (Hartviksen et al., 2014; Huang et al., 2022). More importantly, the intestinal physiological functions are closely associated with the morphology (Fang et al., 2019; Li et al., 2020). For instance, changes in villus height, folds and goblet cell numbers can affect the digestive and absorptive functions of the intestine (Lin A et al., 2020; Liu et al., 2021). In general, factors that increase the digestive and absorption area are conducive to promote digestion and absorption in the intestinal tract. In this study, the microvillus height was significantly decreased in fish fed guar gum diets, suggesting that increasing dietary viscosity is detrimental to intestinal digestive and absorption functions. Conversely, the villus height and muscular thickness were significantly increased in fish fed guar gum diets. Combined with poor nutrient digestibility, we tend to believe that the increase in villus height is an adaptation to the adverse effects of high viscous diets. Intestinal muscular thickness can represent intestinal peristaltic capacity (Huang et al., 2022). Increasing dietary viscous has been associated with increased digesta viscous Leenhouwers et al., 2007a), delayed gastric emptying and decreased intestinal internal oxygen tension, which providing high-quality conditions for anaerobic microbial proliferation (Choct, 1997; Sinha et al., 2011). More importantly, the expansion of some anaerobic microbial may increase the concentrations of toxic metabolites (Carré et al., 1995), which are detrimental to intestinal health. In this case, increased intestinal motility may provide benefits in alleviate the negative effects of high viscous diets. Thus, it can be speculated the increase of intestinal muscularis thickness is an adaptive development of high viscous diets.
CONCLUSION
In conclusion, guar gum diets adversely affected intestinal morphology, decreased intestinal digestive and absorptive enzyme activities, and caused poor nutrient digestibility and growth performance in juvenile largemouth bass. Moreover, the adverse effects of guar gum are closely related to its viscous, and high viscous guar gum produces more extreme negative impacts on juvenile largemouth bass. Therefore, the application of guar gum as an aquafeed binder requires consideration of its viscous.
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Soybean meal is one of the major components of aquatic animal diets, whereas little information is available about the evaluation of soybean meal growth suppression mode of action. A 42-day feeding trial was performed to assess the effects of dietary soybean meal on growth performance, apparent digestibility, intestinal digestive enzyme activity, and muscle growth–related gene expression of Litopenaeus vannamei. A total of 600 shrimp were randomly distributed into 20 tanks with 30 shrimp per tank and four tanks per group. The soybean meal was added to the diets at the rate of 20% (T20), 28% (T28), 35% (T35), 42% (T42), and 50% (T50), respectively. Shrimp were fed with apparent satiation three times daily. Results indicated that the final body weight, weight gain rate, specific growth rate, feed intake, intestinesomatic index, dressed weight percentage, and the apparent digestibility coefficients of dry matter, crude protein, crude lipid, and ash were linearly decreased (p < 0.05), but feed coefficient was linearly increased (p < 0.05) as dietary soybean meal increased from 20% to 50%. The intestinal trypsin and amylase activities were decreased (p < 0.05) as dietary soybean meal increased from 20% to 50%, and reached significance at the level of 35%, 42%, and 50%. Shrimp fed with T20 had higher (p < 0.05) intestinal lipase activity than those fed with other diets. The mRNA relative expression of growth hormone, myogenic regulatory factor 5, and target of rapamycin was downregulated (p < 0.05) as dietary soybean meal increased from 20% to 50%. To conclude, dietary soybean meal exceeded 28% significantly inhibited growth performance of L. vannamei, mainly due to the negative impact of soybean meal on digestion and feed utilization and also the inhibition on the muscle growth and related gene expressions.
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Introduction

Fishmeal is one of the most important feed protein sources in aquatic feed. It has been reported that more than two-thirds of fishmeal is used as aquatic feed in the world and about 60% in China (Mai et al., 2021). As the global population increase, the demand of people for aquatic products consumption is unabated. However, the production of fishmeal is maintained at around 5 million tons in recent years, which could no longer continue to increase in the further. Combined with the increasing need of fishmeal in the development of aquaculture, professionals have spared no effort to find alternatives to fishmeal and solutions to improve the utilization of non-fishmeal protein. Over the last decade, the plant protein such as soybean meal has been widely used to replace fishmeal in aquafeed and exhibits as a promising alternative in various species (Jiang et al., 2015a; Chakraborty et al., 2019; Shukla et al., 2019; Bae et al., 2020; Bruce et al., 2022; Wu et al., 2021; Zhao et al., 2021; Ding et al., 2022). Even so, soybean meal is considered to have deficiencies including the presence of anti-nutritional factors (e.g., soybean agglutinin, glycinin, and β-conglycinin), imbalance of essential amino acids, and absence of certain fishmeal components (e.g., taurine, hydroxyproline, and vitamin D3) (Mai et al., 2021), which may result in poor palatability and digestibility of diets and lead to the reduced growth performance of animals.

Litopenaeus vannamei belongs to crustacean species that is being widely cultured and welcomed in China. In 2020, China contributed 1.19 million tons of the farmed L. vannamei, which account for 70% of shrimp production (Fishery Administration of Ministry of Agriculture and Rural Affairs, 2021). Although replacing fishmeal with soybean meal in L. vannamei diet has been well reported, the suitable substitution ratio is inconsistent among studies. For comprehensive assessment from growth performance and nutrient utilization of L. vannamei, Amaya et al. (2007) indicated that fishmeal could be totally replaced by soybean meal (dietary concentration at 39.5%); Lim and Dominy (1990) suggested that the suitable substitution ratio of fishmeal (dietary concentration at 11.3%) by soybean meal is 60%; and the suitable substitution ratio were proposed to be 28% (dietary fishmeal at 38.2%) (Xu et al., 2021) and 20% (dietary fishmeal at 30.0%) (Yang et al., 2015). On the other hand, high dose of dietary soybean meal caused inhibition of growth and digestion of L. vannamei, whereas the reason and related mechanism are still not fully understood. Previous studies documented that the inhibition effect of dietary soybean meal on growth of aquatic animals is mainly attributed to endogenous anti-nutritional factors (Elumalai et al., 2019; Zhao, 2021; Zhou, 2021). A recent study screened the growth and development related functional genes (e.g., myogenic regulatory factors Myf5 and MyoG) in the muscle of L. vannamei by transcriptome sequencing, but the information regarding the effects of dietary soybean meal on the muscle growth–related gene expressions is rare. Therefore, this study is conducted to evaluate the effects of dietary soybean meal on growth performance, apparent digestibility, intestinal digestive enzyme activity, and muscle growth–related gene expression of L. vannamei.



Materials and methods


Diet preparation

The ingredients and proximate compositions of experimental diets were shown in Table 1. The soybean meal (crude protein 46%) was added to the diets at the rate of 20% (T20), 28% (T28), 35% (T35), 42% (T42), and 50% (T50), to replace fishmeal (crude protein 66%) at the rate of 0%, 20%, 40%, 60%, and 80%, respectively. All ingredients were ground (AHZC1265 Hammer Mill, Buhler Machinery Co., Ltd., Guanghzou, China) to pass through a 320-μm sieve, mixed (AHML2000 Mixer, Buhler Machinery Co., Ltd., Changzhou, China) thoroughly and then extruded (SLX-80 Twin-screw Extruder, South China University of Technology Machinery Factory, Guangzhou, China) into 2-mm pellets, dried (HMO-205 Oven Dryer, Haiming Electronic Technology Co., Ltd., Dongguan, China) at 55°C for 12 h, and stored at −20°C until use.


Table 1 | Ingredients and proximate compositions (g/kg DM) of experimental diets.





Experimental design and feeding management

The protocol (No. GAAS20210501) and all procedures performed in this study were approved by the Institutional Animal Care and Use Committee of Institute of Animal Science, Guangdong Academy of Agricultural Sciences (Guangdong, China). A 42-day feeding trial was conducted by randomly distributing 600 L. vannamei (initial body weight, 5.8 ± 0.15 g) into 20 tanks (30 shrimp per tank) with four tanks being assigned to each diet. Shrimp were hand-fed with apparent satiation (approximately 4% of body weight per day) three times daily (08:00, 14:00, and 20:00). Uneaten feed was collected in 1 h after each meal, analyzed for dry matter, and subtracted from feed offered (dry matter basis) to calculate feed intake (FI) as described by Wang et al. (2019). During the feeding trial, water was continuously aerated and filtered through sand filter system at a rate of 1.6 L/min. Water temperature ranged from 25°C to 27°C, dissolved oxygen was above 5.0 mg/L, pH ranged from 7.6 to 8.0, salinity was 5‰–6‰, ammonia nitrogen and nitrite were below 0.01 mg/L, and the photoperiod regime was 12-h light and 12-h dark.



Sampling

Feces were continuously collected from each tank daily at the last 14 days of the feeding trial according to the siphon method described by Gumus (2011). The intact feces were picked out with a tweezers and stored at −20°C. Fecal samples collected from each tank were pooled and dried at 105°C to a constant weight to determine the apparent digestibility coefficients (ADCs) of dry matter, crude protein, crude lipid, and ash. Indigestible acid insoluble ash (AIA) in diet ingested and in feces samples was used as marker to estimate nutrient digestibility according to Peng et al. (2021).

At the end of the feeding trial, all shrimp were fasted and anesthetized with MS-222 (40 mg/L; Sigma, USA) prior to sampling. Shrimp per tank were counted and weighted to analyze for survival rate (SR), final body weight (FBW), weight gain rate (WGR), specific growth rate (SGR), and feed coefficient (FC). Six shrimp per tank were randomly selected, determined individual body and muscle weight, and slaughtered to analyze the hepatosomatic index (HSI), intestinesomatic index (ISI), and dressed weight percentage (DWP).

Intestines of three shrimp in each tank were sampled to determine trypsin (Ultraviolet colorimetry), lipase (colorimetry), and amylase (colorimetry) activities using commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) following the corresponding instructions of the manufacturer.

The dorsal muscle of three shrimp in each tank was collected and immediately stored at −80°C for subsequent RNA extraction and real-time qPCR analysis of muscle growth–related gene expression.



Laboratory analyses

The nutrient compositions of experimental diets including moisture, crude protein, crude lipid, and ash were measured following the AOAC methods (AOAC, 1999). The contents of lysine and methionine were analyzed by chromatography using an automated amino acid analyzer (L8900, Hitachi, Japan) with a lithium high-performance column.

Total RNA of muscle samples was isolated using the RNAiso Plus kit (TaKaRa Biotechnology Co., Ltd.). The real-time qPCR analysis method was the same as described by Xin (2016). The primer sequences of the growth hormone (GH), myogenic regulatory factors (Myf5 and MyoG), and target of rapamycin (TOR) were listed in Table 2. The 2−ΔΔCT method was used to analyze the gene expression levels (Livak and Schmittgen, 2001).


Table 2 | Primers used for real-time qPCR.





Data calculations

Data were summarized and averaged for each tank. Growth performance parameters were calculated as follows:

SR (%) = 100 × (final number of shrimp/initial number of shrimp)

WGR (%) = 100 × [final body weight (g) − initial body weight (g)]/initial body weight (g)

SGR (%/d) = 100 × [ln final body weight (g) − ln initial body weight (g)]/days

FI (g/shrimp) = feed intake (g)/[(final number of shrimp + initial number of shrimp)/2]

FC = total feed intake (g)/[final body weight (g) − initial body weight (g)]

HSI (%) = 100 × hepatopancreas weight (g)/body weight (g)

ISI (%) = 100 × intestinal weight (g)/body weight (g)

DWP (%) = 100 × muscle weight (g)/body weight (g)

ADCs (%) = 100 × [1 − (a × b)/(c × d)]

where a and c are the AIA concentration in diet ingested and feces, respectively; b and d are the nutrient concentration in feces and diets ingested, respectively. a and d were calculated as difference between the diet offered and orts.



Statistical analysis

All data were subjected to normality test and homogeneity of variance by using Shapiro–Wilk and Levene’s test for equal variance, respectively. If the data conform to the normal distribution, one-way ANOVA by using SPSS 17.0 analysis software (SPSS(Statistical Packages for Social Sciences, 2007) for Windows followed by the Tukey test with tank as statistical unit and treatment as fixed effect. Polynomial contrasts were used to determine linear and/or quadratic responses to the dietary soybean meal levels. Differences were regarded as significance when p < 0.05.




Results


Growth performance

All shrimp had similar (p > 0.05) SR and HSI regardless of the treatments (Table 3). The FBW, WGR, SGR, FI, ISI, and DWP were linearly decreased (p < 0.05), but FC was linearly increased (p < 0.05) as dietary soybean meal increased from 20% to 50%.


Table 3 | Growth performance of L. vannamei fed with experimental diets.





ADCs of nutrients

The ADC of dry matter, crude protein, crude lipid, and ash was linearly decreased (p < 0.001) as dietary soybean meal increased from 20% to 50% (Table 4).


Table 4 | Apparent digestibility coefficients (ADCs) of nutrients by L. vannamei fed with experimental diets.





Intestinal digestive enzyme activities

The intestinal trypsin and amylase activities were decreased (p < 0.05) as dietary soybean meal increased from 20% to 50% and reached significance at the level of 35%, 42%, and 50% (Figure 1). Shrimp fed with T20 had higher (p < 0.05) intestinal lipase activity than those fed with other diets.




Figure 1 | Intestinal digestive enzyme activities of L. vannamei fed with experimental diets. Different letters above the bars denote significant differences among diets (p < 0.05). T20–T50, diets containing 20%–50% of soybean meal.





Muscle growth–related gene expression

All shrimp has similar (p > 0.05) mRNA relative expression of MyoG among diets (Figure 2). The mRNA relative expression of GH, Myf5, and TOR was downregulated (p < 0.05) as dietary soybean meal increased from 20% to 50%. Compared with T20, T28, T35, T42, and T50 had lower (p < 0.05) mRNA relative expression of GH and TOR, and T35, T42, and T50 had lower (p < 0.05) mRNA relative expression of Myf5.




Figure 2 | Muscle growth–related gene expression of L. vannamei fed with experimental diets. GH, growth hormone; Myf5 and MyoG, myogenic regulatory factors; TOR, target of rapamycin. Different letters above the bars denote significant differences among diets (p < 0.05). T20–T50, diets containing 20%–50% of soybean meal.






Discussion


Growth performance

The similar SR among diets in this study indicated that dietary soybean meal at the rate of 20% to 50% did not affect survival of L. vannamei. However, the decreased SGR and FI suggested that the increased dietary soybean meal depressed feed palatability and growth performance of shrimp. This is consistent with the report by Yun et al. (2017) that the replacement ratio of dietary fishmeal with soybean meal at 33% reduced growth of L. vannamei. Xu et al. (2021) also reported that dietary fishmeal replaced by soybean meal at 56% reduced FI of L. vannamei. Similar results were also observed in various species, such as European catfish (Silurus glanis) (Kumar et al., 2017), Tiger puffer (Takifugu rubripes) (Lim et al., 2011), sharpsnout seabream (Diplodus puntazzo) (Hernandez et al., 2007), red snapper (Lutjanus campechanus) (Davis et al., 2005), Pseudobagrus ussuriensis (Wang et al., 2016), stellate sturgeon (Acipenser stellatus) (Emdadi et al., 2013), Jian carp (Cyprinus carpio var. Jian) (Jiang et al., 2015b), rainbow trout (Oncorhynchus mykiss) (Harlioglu, 2011), Channa argus (Zhang et al., 2020), Epinephelus Fuscoguttatus (Liu et al., 2018), bullfrog (Rana catesbeiana) (Ding et al., 2019; Wang et al., 2020), and Chinese mitten carb (Eriocheir sinensis) (Liu et al., 2021). In this study, the increased FC with increasing dietary soybean meal indicated that supplementation of soybean meal decreased feed utilization; this may account for the depressed growth performance of shrimp. It has been reported that FI is generally regulated by both digestibility and palatability of diet (Peng et al., 2016). The decreased FI as dietary soybean meal increased may partly attribute to decreased apparent digestibility of nutrients as observed in this study. In addition, soybean meal contains several anti-nutritional factors, e.g., soybean agglutinin, glycinin, and β-conglycinin, which have been well reported to reduce the palatability of diet and thereby decrease FI and growth performance of aquatic animals (Feng, 2006; Elumalai et al., 2019; Duan, 2019; Zhao, 2021; Zhou, 2021). Moreover, the decreased ISI and DWP as dietary soybean meal increased suggested that the inclusion of soybean meal in diet inhibited growth and development of the intestine and muscle of L. vannamei. This inhibition effect on the intestine may be due to the injury directly caused by soybean meal or indirectly induced by anti-nutritional factors. Zhang et al. (2020) documented that replacing 30% to 60% fishmeal with soybean meal induced intestinal injury of Channa argus. Ding et al. (2019) indicated that replacing 50% to 100% fishmeal with soybean meal damaged intestinal villus structure and caused enteritis of bullfrog (Rana catesbeiana). Zhou (2021) reported that dietary glycinin and β-conglycinin induced intestinal damage and inflammation and thus inhibited growth and development of intestine in Songpu mirror carp by upregulating mRNA levels of apoptosis-related genes. Similar result was also reported by Duan (2019), in which the inclusion of β-conglycinin in grass carp diet caused enterocytes apoptosis and significantly reduced the ISI of fish. Similarly, Lu et al. (2018) also indicated that totally replacement of fishmeal by soybean meal in crayfish (Cherax quadricarinatus) diet significantly decreased crude protein content and depressed muscle growth. Xu et al. (2021) reported that replacing 28% to 70% fishmeal with soybean meal reduced the muscle nutrient compositions of L. vannamei.



Apparent digestibility and digestive enzyme activity

Digestibility of nutrients as reflected by the ADC values of crude protein, crude lipid, and ash usually indicates digestion and utilization of diets. These are closely related to the corresponding digestive enzyme activities in the intestine, because intestinal digestive enzymes, e.g., trypsin, lipase, and amylase, are commonly used as critical indicators to evaluate the changes in diets (Santigosa et al., 2008). In this study, the decreased ADCs of crude protein, crude lipid, and ash as dietary soybean meal increased suggest that the supplementation of soybean meal in shrimp diets decreased the digestion and utilization of diets. This is most likely due to the decreased intestinal digestive enzyme activities of trypsin, lipase, and amylase as observed in this study. The inhibition effect of intestinal digestive enzyme activities by replacing fishmeal with soybean meal in aquatic feed is a common phenomenon that has been well reported in previous studies. For instance, replacing 57% and 100% of fishmeal by soybean meal in Chinese mitten crab (Eriocheir sinensis) diets significantly reduced the intestinal digestive enzyme activities of trypsin, lipase, and amylase (Liu et al., 2021). Similar result was also reported by Zhang et al. (2015) that replacing 12% to 48% fishmeal with soybean meal significantly decreased the intestinal lipase and amylase activities of rice filed eel (Monopterus albus). Furthermore, Hernandez et al. (2007) documented that the inclusion of 60% soybean meal (approximately replacing 68% fishmeal) in sharpsnout seabream (Diplodus puntazzo) diet significantly reduced the ADCs of dry matter and crude protein. Yang et al. (2015) indicated that replacing 40% and 60% of fishmeal by soybean meal significantly decreased ADCs of dry matter and crude protein of L. vannamei. Tibaldi et al. (2006) also documented that substitution of 50% fishmeal by soybean meal significantly decreased ADCs of dry matter, crude protein, crude lipid, and ash. Although the reason why supplementation of soybean meal inhibited the intestinal digestive enzyme activities is not fully understood, this may be attributed to the increasing levels of the anti-nutritional factors (such as soybean agglutinin, glycinin, and β-conglycinin) with the increase of soybean meal in diets (Ding et al., 2019; Liu et al., 2021). Yue et al. (2012) also reported that anti-nutritional factors in soybean meal reduced the digestive enzyme activities in the gut of L. vannamei.



Muscle growth–related gene expression

The growth and development of muscle that involves hyperplasia and hypertrophy is generally controlled by diverse genetic factors, such as growth hormone (GH), myogenic regulatory factors (Myf5 and MyoG), and target of rapamycin (TOR) (Xin, 2016; Asaduzzaman et al., 2017). Therefore, the effects of formulated diets on muscle growth of aquatic animals were mainly investigated from the aspects of these muscle growth–related genes (Alami-Durante et al., 2018; Wei et al., 2020a; Wei et al., 2020b; Yang et al., 2021). GH stimulates the growth of muscle through inducing proliferation of myogenic cells and muscle hyperplasia and hypertrophy (Asaduzzaman et al., 2017). Myogenic regulatory factors, e.g., Myf5 and MyoG, are the critical muscle development– and growth–related transcription factors (Funkenstein et al., 2007). TOR, an important regulatory factor in cellular central control system, plays a key role in cell growth and proliferation (Liang et al., 2020). Therefore, all of these genes act as a positive regulator of muscle growth that promote hyperplastic and hypertrophic muscular growth. In this study, the downregulated mRNA levels of GH, Myf5, and TOR as dietary soybean meal increased suggested that supplementation of soybean meal in shrimp diets decreased the growth and development of muscle. This may also account for the concomitantly decreased DWP as observed in this study. To our best knowledge, this study is the first to assess the effects of dietary soybean meal on these muscle-related gene expressions of L. vannamei. This is similar with the observation by Hu et al. (2018) that replacing 40% and 50% of fishmeal by fermented soybean meal in Nibea albiflora diets significantly decreased mRNA levels of muscle growth–related gene (insulin-like growth factor І). Ulloa et al. (2013) also reported that the dietary inclusion of plant proteins reduced the muscle growth–related gene expressions in the male zebrafish (Danio rerio). Despite the reason why the dietary inclusion of soybean meal downregulated the gene expression of muscle growth–related genes is not clear, this is most likely ascribed to the adverse effects of anti-nutritional factors exist in soybean meal on the proliferation of intestinal epithelial cells and thereby decreased digestion and absorption of nutrients in shrimp diet to provide necessary energy serving as basis contents for muscle growth. Numbers of studies documented that anti-nutritional factors extracted from soybean meal injured intestinal epithelial cells of animals (Feng, 2006; Guo, 2006; Xu, 2009; Duan, 2019; Peng, 2020; Zhou, 2021). These studies combined with the observation that supplementation of soybean meal inhibited nutrient digestibility of shrimp in this study may be the potential mechanisms to support this hypothesis. Further study is still needed to confirm this.




Conclusion

Dietary soybean meal that exceeded 28% significantly inhibited growth performance of L. vannamei. This growth inhibition effect may partly attribute to the negative impact of anti-nutritional factors that exist in soybean meal on the digestion and utilization of nutrients in shrimp diets and also the inhibition on the muscle growth and development as reflected by the decreased DWP and muscle growth–related gene expressions. This study provides a caution for the application of soybean meal in aquaculture, and further study is needed to clarify mechanisms regarding the inhibition effect of soybean meal on muscle growth of shrimp.
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This study investigated the effects of replacing commercial feeds with fresh black soldier fly larvae (BSFL) on the immune enzyme activities, water quality in the culturing environment, and intestinal microbiota of Pacific white shrimp (Litopenaeus vannamei). Five different feeding regimes were designed, in which 0% (control group), 25%, 50%, 75%, and 100% commercial feeds were replaced with equal wet weight of fresh BSFL, respectively. The experiment lasted for 45 days, and the results showed that the serum T-NOS (total nitric oxide synthase), AKP (alkaline phosphatase), and ACP (acid phosphatase) activity were significantly increased in the BSFL25% group. However, the immune enzymes of the hepatopancreas decreased significantly in all the BSFL-containing groups compared to the control group. Total ammonia nitrogen concentrations throughout the experimental phase and nitrate concentrations in the middle and later phases of the experiment were negatively correlated with the replacement rate of fresh BSFL in the diet, whereas pH was positively correlated with the replacement rate of fresh BSFL in the diet. Proteobacteria and Bacteroidetes were dominant phyla in the intestines of shrimps, but the relative abundances of Proteobacteria and Firmicutes decreased, with those of Bacteroidetes and Planctomycetes increased in the BSFL-containing groups. Among them, higher relative abundances of potential probiotics such as Motilimonas, Shimia, Pseudoalteromonas, and Shewanella and lower relative abundance of genus Vibrio were observed in the fresh BSFL-containing groups. Furthermore, shrimps fed with BSFL-containing diets had higher bacterial richness and diversity in the intestines. In conclusion, a proper replacement of commercial feed with fresh BSFL had a positive effects on the immune-related enzyme activities, water quality, and intestinal health in the L. vannamei.
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Introduction

Global aquaculture production of shrimp has increased dramatically within the past two decades. The Pacific white shrimp, Litopenaeus vannamei, is the most important farmed crustacean species, contributing 53% of the total farmed crustacean production (Yuan et al., 2021). With the upgrading of consumption, L. vannamei has become an attractive and popular species for aquaculture in the United States, Ecuador, Thailand, and China (Saoud et al., 2003; Mcgraw et al., 2010). Meanwhile, this has also brought challenges to the feed industry, because over 90% of farmed shrimp rely on high-protein diets containing a high percentage of marine fish meal (FM), which is a major ingredient in commercial feeds due to its high digestible protein content, balanced amino acid composition, and high palatability (Cruz-Suárez et al., 2007; Lemos et al., 2009; Council, 2011). However, FM also has a lot of disadvantages: the first of which is that the resource of FM cannot meet the continuously increasing demand of the aquaculture industry, and the contradiction is further aggravated by the natural resource decline and global competition for the FM from livestock and poultry industry (Adelizi et al., 1998; Samira and Mehdi, 2015) . In addition, the processing of FM produces a large number of pollutants containing nitrogen and sulfur compounds, which could be deleterious to human healthe and  the environment. (Oyarzun et al., 2019). Finally, FM contains a large amount of phosphorus and nitrogen. It can cause the deterioration of farming water quality and the occurrence of diseases in aquatic animals when the unabsorbed nitrogen and phosphorus are discharged into the farming environment with residual bait and manure (Lai et al., 2009; Marinho-Soriano et al., 2009). Therefore, it has become an important topic for aquaculture industry to find a new protein source. The Food and Agricultural Organization (FAO) has highlighted the potential utility of insects as food and feed sources, which usually possess an outstanding capacity to upgrade low-quality organic material, require minimal water and cultivable land, and emit little greenhouse gases to produce large quantities of high-quality animal protein (Van Huis, 2013). Among them, Locusta migratoria, Tenebrio molitor, and Hermetia illucens are candidates to replace FM in commercial feed (EMEHINAIYE, 2012; Gasco et al., 2016; Bruni et al., 2018).

The black soldier fly (Hermetia illucens) is one of the most promising insect species for commercial exploitation in China, and it could live on animal manure or plant material by converting low-value organic waste into a protein-rich biomass (Diener et al., 2009). This makes it a suitable source of food for aquatic animals (Newton et al., 1977; Bondari and Sheppard, 1981). Recently, black soldier fly larvae (BSFL) has been used as a substitute for FM in several aquatic animal species including Oncorhynchus mykiss (Bruni et al., 2018), Pelteobagrus fulvidraco (Xiao et al., 2018), and Cherax cainii (Foysal et al., 2019). Interestingly, some studies have indicated that BSFL have the effect of enhancing the immunity of aquatic animals, such as C. cainii (Foysal et al., 2019) and Cyprinus carpio var. Jian (Li et al., 2017). In addition, BSFL have also been demonstrated to promote growth and nutrition absorptive capacity in aquatic animals (Li et al., 2017; Xiao et al., 2018).

Although there have been a lot of reports on feeding L. vannamei by BSFL (Cummins et al., 2017), these studies have more emphasis on the evaluation of the effects of replacing FM in commercial feed with BSFL in powder form on aquatic animals. Processing insects into powder form as the raw protein source is an industrial necessity and easy to preserve. However, fresh insects also have their advantages, such as simple feeding, low nutrient losses, and easier nutrition enhancement. A recent study by our team showed no significant negative effects on shrimp growth when up to 50% of the commercial feed was replaced by fresh BSFL (He et al., 2022). Aquaculture outcome is not defined solely by growth performance, but issues concerning aquatic animals’ welfare also need to be taken into accounts, such as the water quality of the aquaculture environment and the immune capacity of different tissues. Commercial feeds have been found to negatively affect water quality parameters including pH, nitrite nitrogen (NO2-N), and total ammonia nitrogen (TAN), which may in turn affect the growth of aquatic animals (Pullin and Lowe-McConnell, 1982). Fresh BSFL instead of commercial feed may be a potential method to reduce water quality degradation in aquaculture environments. This capacity can maintain the health of aquatic animals and control disease outbreaks, which may improve farming profits and reduce the use of antibiotics in aquaculture. In addition, we would like to increase this replacement rate through more comprehensive studies. To the best of our knowledge, no information is available about the effects of feeding BSFL on the intestinal microbiota of L. vannamei. Intestinal microbiota helps the host to digest indigestible feed components such as cellulose, and it also participates in the maturation of intestinal mucosa, immune response, and disease resistance (Maslowski and Mackay, 2011; Llewellyn et al., 2014). Fresh insects contain bioactive compounds that appear to modulate intestinal microbiota and have a positive impact on animal health (Gasco et al., 2018). Therefore, it is necessary to evaluate whether the intestinal microbial changes of shrimp are the factors limiting the replacement rate and finding ways to improve the replacement rate.

In this experiment, the effects of fresh BSFL on hepatopancreas and serum immune enzyme activity, the water quality of the aquaculture environment, and the intestinal microbiota of L. vannamei were assessed to provide more information for farming L. vannamei using fresh BSFL as a protein source and to contribute for sustainable development of aquaculture industry.



Materials and method


Feeding regime

In this experiment, five feeding regimes were designed by replacing different levels (0%, 25%, 50%, 75%, and 100%, respectively) of commercial feeds with fresh BSFL. The commercial feeds (crude protein: 42%; crude lipid: 6%) were used as a control feeding regime. The BSFL were hatched in our laboratory and were fed the bran regularly every day (the bran and water mix by a volume ratio of 3:1). Then, the BSFL were collected and stored at −20°C before they turn into mature insects. The proximate composition of commercial feeds and fresh BSFL was shown in Table 1. Feeding regimes and theoretical proximate composition of ingested diets for each group were listed in Table 2.


Table 1 | Proximate composition of commercial feed and fresh BSFL (% weight).




Table 2 | Feeding times and proximate composition of the experimental diets.





Feeding experiment

L. vannamei postlarvae (body length is about 0.4 cm) were purchased from a commercial hatchery (Hainan Province, China) and were reared by our team on a basic non-insect diet. The larval shrimp were temporarily reared for 7 days before the experiment to acclimate to the rearing environment and experimental diets. Then, the experimental shrimp were fasted for 12 h and weighed. A total of 750 shrimp (body length: 3.27 ± 0.23 cm) were randomly distributed into 15 glass fiber tanks filled with 300 L of seawater, at a density of 50 shrimp per tank; the five experimental diets were randomly assigned to triplicate tanks. The shrimp used in the experiment were equivalent in size and weight. Shrimp were fed four times a day (6:00, 12:00, 18:00, and 24:00) during the 45-day feeding. The feeding weight of each group was based on the feeding amount from hand-feeding to visual satisfaction and on the weight of shrimp, whereas the replacement rate of fresh BSFL was controlled by adjusting the feeding times of fresh BSFL. The remaining feeds and feces were removed daily and about 20% of water was exchanged every day. The water temperature, salinity, and dissolved oxygen (DO) were maintained at 28°C ± 3°C, 27 ± 2, and 7.02 ± 0.69 mg/L, respectively.



Sample collection of shrimp

Shrimps were starved for 12 h before sampling. Then, the whole intestines of three shrimps from each tank were aseptically dissected, the intestinal contents were collected and immediately put in liquid nitrogen, and samples were preserved with dry ice and sent to Biomarker Technology Co. Ltd (Beijing, China) for DNA extraction and analyses by high-throughput sequencing. The blood of another five shrimps in each tank was collected and mixed with anticoagulant solution (1:1), and then the separated serum was removed by centrifuging (3000 rpm, 10 min) after keeping for 6 h at 4°C, which were immediately frozen in lipid nitrogen and stored at −80°C for serum immune enzyme activity analysis. In addition, the hepatopancreas of three shrimps from each tank was quickly removed, frozen in liquid nitrogen, then stored at −80°C until the determination of immune enzyme activities.



Assay of immune enzyme activities of serum and hepatopancreas

The hepatopancreas samples were homogenized in 10 volumes (w/v) of ice-cold physiological saline solution and centrifuged at 4000 rpm at 4°C for 20 min, and the supernatant was conserved at 4°C. The activity of alkaline phosphatase (AKP), acid phosphatase (ACP), and total nitric oxide synthase (T-NOS) in the hepatopancreas and serum was analyzed according to the instructions of commercially available kits (Nanjing Jiancheng Biotech Co., Nanjing, China). The protein content of hepatopancreas samples was determined as described by Bradford (1976).



Measurement of chemical water quality parameters

The DO (mg/L), temperature (T, °C), pH, and salinity (S) of the water in the shrimp tanks were measured daily using a portable water quality monitor-P1 (Zhongyi IOT Ltd. China) before feeding the shrimp. For other water quality parameters, 100 mL of water samples was gathered from tanks every 4 or 5 days and was used for further analysis. Subsequently, the water sample was inspected for NO2-N and TAN following Standard Methods (Rice et al., 2012), and the chemical oxygen demand (COD) was measured according to Standard Methods (Eaton et al., 2005).



DNA extraction, PCR amplification of 16S amplicon sequencing, and sequence data processing

The shrimp intestinal microbiota was analyzed by 16S  high-throughput sequencing. Total DNA was extracted using MN NucleoSpin 96 Soil Kit. Subsequently, the full-length 16s rRNA gene was amplified using barcoded conserved primers 27F (5′- AGRGTTTGATYNTGGCTCAG-3′) and 1492R (5′-TASGGHTACCTTGTTASGACTT-3′). The PCR amplification was performed in a total volume of 50 μL containing 25 μL of KOD FX Neo Buf (2×), 10 μL of 2 mM dNTP, 1 μL of KOD FX Neo (TOYOBO), 2.5 μL of 10 μM each primer, and 60 ng of DNA template, and finally, ddH2O was added to 50 μL. PCR amplification was performed on the PCR system under the following conditions: (a) 1*(3 min at 95°C), (b) 25*(30 s at 95°C; 30 s at 55°C; 1 min at 72°C), and (c) 10 min at 72°C, 10°C until halted by the user (Yuan et al., 2019).

The PCR products were purified, quantified, and homogenized to form a sequencing library (SMRT Bell), and then the quality inspection was carried out. The product that qualified the library was sequenced on a PacBio Sequel platform at Biomarker Technology Co. Ltd (Beijing, China). Bioinformatics analysis for this research was performed with the help of BMK Cloud (Biomarker Technologies Co., Ltd., Beijing, China). Filtering and demultiplexing of raw reads were generated by sequencing to obtain circular consensus sequencing (CCS) reads by SMRT Link software (version 8.0) (minPasses ≥ 5 and minPredictedAccuracy ≥ 0.9). The CCS sequences were subsequently assigned to corresponding samples according to the barcode by lima (version 1.7.0). The Cutadapt quality control program (version 2.7) was used for quality filtering by identifying forward and reverse primers, and then discarding CCS reads without primers and reads beyond the length range (1,200–1,650 bp). Chimeric sequences were detected and removed using the UCHIME algorithm (V 8.1) to obtain the clean reads.



Measurement of bacterial communities

The resulting datasets were analyzed using USEARCH (V 10.0). The obtained high-quality sequences were clustered as operational taxonomic units (OTUs) based on 97% similarity. and filtered for OTUs with reabundace<0.005%. Taxonomy annotation of OTUs was performed using the SILVA database (release132) by RDF classifier (V 2.2) (confidence threshold was 80%). Selected OTUs were aligned against the core alignment template of the SILVA database using PyNAST (V 1.2.2) to facilitate downstream diversity analysis. The OTU abundance information was normalized by a standard sequence number corresponding to the sample with the fewest sequences, and further analysis of alpha and beta diversity was performed based on the normalized output data. All sequences in this study have been deposited in the Sequence Read Archive (SRA) of the NCBI database under the accession number PRJNA859541. The beta diversity was analyzed by non-metric multidimensional scaling (NMDS) based on the unweighted UniFrac distance matrix to show differences in microbial community structure between each group. The linear discriminant analysis (LDA) effect size (LEfSe) analysis was used to analyze the differences in microbial community abundance between the control group and fresh BSFL-containing groups; the threshold for the LDA score was set at 4. The alpha diversity (Chao1, Ace, Shannon, and Simpson) and beta diversity were calculated and displayed by BMKCloud (www.biocloud.net).



Calculations and statistical analysis

One-way analysis of variance (ANOVA) was used to test the effect of dietary manipulation. Firstly, all the data were tested for normal distribution and homogeneity of variance. Then, the group means could be further compared using the LSD test for multiple comparisons. All statistical analyses were performed using the SPSS 23 software. The level of significant difference was set at P < 0.05 and the results were presented as means ± S.E.M. (standard error of the mean).




Results


The immune enzyme activities after farming experiment in serum and hepatopancreas

The activities of T-NOS, AKP, and ACP in the serum increased first and then decreased with the increase of the replacement rate of fresh BSFL. The activity of T-NOS was higher in the group containing fresh BSFL than that of the control group, and the maximum value was found in the BSFL75% group, with significant differences compared to the control group (P < 0.05). The maximum value of AKP activity was found in the BSFL25%, and when the replacement level was equal to or above 50%, the activity of AKP was significantly decreased compared to the control group (P < 0.05). The maximum activity of ACP was found in the BSFL25%, with significant differences (P < 0.05) compared to the control group and non-significant differences (P>0.05) in the other BSFL-containing replacement groups (Table 3).


Table 3 | The serum immune enzyme activities of L. vannamei fed different experimental diets for 8 weeks.



The activity of T-NOS, AKP, and ACP of shrimp hepatopancreas was negatively related to the proportion of fresh BSFL in the diet, with T-NOS activity that significantly reduced (P < 0.05) when the BSFL replacement level was equal to or above 50%. The hepatopancreas AKP and ACP activity in all BSFL-containing groups was significantly lower (P < 0.05) than that of the control group (Table 4).


Table 4 | The hepatopancreatic immune enzyme activities of L. vannamei fed different experimental diets for 8 weeks.





Chemical water parameters of shrimp tanks

Chemical water parameters were monitored and recorded in Figure 1. The results of water chemical parameters showed considerable variations among the experimental groups throughout the 45 days of the experimental period. The TAN and NO2-N trends of shrimp tanks were negatively related to the dietary fresh BSFL replacement level, whereas the value of NO2-N in the middle and late periods of culture was decreased significantly in BSFL-containing diet groups than that of the control group (P<0.05). The highest concentration of TAN and NO2-N was observed in the BSFL0% group with 0.88 ± 0.30 mg/L and 1.918 ± 0.17 mg/L, respectively, whereas the lowest concentration of TAN and NO2-N was observed in the BSFL100% group with 0.13 ± 0.04 mg/L and 0.02 ± 0.01 mg/L, respectively. The differences in the value of COD of shrimp tanks were insignificant among the treatments (P>0.05). In the middle and late phase of culture, the value of pH of shrimp tanks was positively related to the replacement rate of fresh BSFL in the diet, where the pH value was significantly higher (P<0.05) than that of the control group when the BSFL replacement level was equal to or above 75%.




Figure 1 | Trends of total ammonia nitrogen (TAN) (A), NO2-N (B) chemical oxygen demand (COD) (C) and pH (D) concentrations (mean±SD per sampling date) in different treatments throughout the experimental period.





PacBio sequencing and microbial complexity in shrimp intestine

A total of 177,569 CCS sequences were obtained after 15 samples were sequenced and identified by Barcode; each sample generated at least 6,081 CCS sequences with an average of 7,838 CCS sequences. The sequences with more than 97% similarity were clustered into OTUs to exploring the bacterial community diversity among all treatments. Both rarefaction analysis and Shannon index curves indicated that all sequenced samples reached the asymptote (Figure 2). The rarefaction analysis indicated that the rarefaction curves reached the asymptote and sufficient sampling depth was achieved for each sample when the number of random sampling sequences of each sample exceeds 5,000 (Figure 2). The bacterial richness and diversity indices were calculated from OTUs to estimate and compare the bacterial diversity in each diet (Table 5). The richness indices of Chao1 and Ace varied from 58 to 246.44 and from 67.42 to 242.65, respectively. The intestinal microbial richness of shrimp was positively correlated with dietary fresh BSFL levels according to the Chao1 and Ace indices, with a significant increase observed in the BSFL75% and BSFL100% groups (P<0.05). Bacterial diversity was estimated by the Shannon and Simpson indices, which varied from 1.15 to 3.61 and from 0.06 to 0.48, respectively. The Simpson and Shannon indices showed a trend of increasing and then decreasing intestinal microbial diversity of shrimp as the dietary fresh BSFL level increased; the maximum was found in the BSFL75% group, with a significant increase when the fresh BSFL level was equal to or above 75% (P<0.05). The Good’s coverage value was > 0.99, indicating that a high degree of sequencing coverage, with all microbiota in each group, was represented by the number of OTUs identified.




Figure 2 | Rarefaction curves (A) and Shannon-Wiener curves (B) of the intestinal bacterial community of L. vannamei fed with diets having different levels of BSFL for 45 days.




Table 5 | Good’s coverage value and alpha diversity indices values of intestinal microbiota of L. vannamei fed with diets having different levels of BSFL for 45 days.





Composition and difference of microbiota among five groups

In shrimp intestine, 87 OTUs (31.07%, 33.4%, 35.95%, 31.52%, and 29.39% in diet BSFL0%, BSFL25%, BSFL50%, BSFL75%, and BSFL100% groups, respectively) were shared among all samples (Figure 3). Significant differences were also observed among bacterial communities (beta diversity) in type (unweighted UniFrac) of taxa. The feeding effect on intestinal microbiota of shrimp was explained as displayed in unweighted NMDS (non-metric multi-dimensional scaling) (Figure 4). The bacterial communities of fresh BSFL-containing diet groups clustered together and separately from the control group were shown by the NMDS plot. It suggested that the composition of the shrimp intestinal community is significantly influenced by feeding on fresh BSFL. At the phylum level, the intestinal microbiota of shrimps was mainly dominated by Proteobacteria, Bacteroidetes, and Planctomycetes regardless of the diet. The relative abundance of Proteobacteria in all fresh BSFL-containing groups was lower than that of the control group, with a significant difference when the fresh BSFL replacement level was equal to or above 50%. The relative abundance of Planctomycetes was higher in all fresh BSFL-containing groups than that of the control group, with significant differences found in the BSFL100% group. The relative abundance of Bacteroidetes was higher in all groups containing fresh BSFL than that of the control group, with significant differences found in the BSFL25% and BSFL75% groups. Only Firmicutes were not the dominant phyla in the intestinal microbiota of shrimp whose diet contained fresh BSFL than that of the control group, whereas Verrucomicrobia and Actinobacteria were found to be dominant phyla in the higher fresh BSFL level groups (BSFL75% and BSFL100%) and control groups (Figure 5; Table 6). At the genus level, the intestinal microbiota of shrimp was mainly dominated by Ruegeria and Vibrio regardless of the diet. The relative abundance of Ruegeria was higher in all groups containing fresh BSFL than that of the control group, with significant differences found in the BSFL100% group. The trend in the relative abundance of Vibrio was the opposite compared to Ruegeria, with significant differences found in the BSFL100% group. Only Fusibacter and Ralstonia were not the dominant genera in the intestinal microbiota of the group containing fresh BSFL than that of the control group, while the intestinal microbiota of the groups containing fresh BSFL was characterized by a high relative abundance of Motilimonas, Shimia, Pseudoalteromonas, and Donghicola. Shewanella was the dominant genus found only in the BSFL50%, BSFL75%, and BSFL100% groups (Figure 6 and Table 7).




Figure 3 | Venn diagram showing the distribution of all OTUs shared by L. vannamei in five groups. The figures in the Venn diagram indicate the number of the sequences that are associated with the OTUs in each group.






Figure 4 | Non-MetricMulti-Dimensional Scaling (NMDS) of unweighted distances of intestinal microbiota associated to different diets.






Figure 5 | Relative abundances of bacterial phyla in the intestine of L. vannamei fed with diets having different levels of BSFL. The most dominant phyla (> 1% of the total sequences) are shown in the schematic individually, and the relative abundances of main phyla is indicated in Table 6.




Table 6 | Percentage abundances (%) of bacterial phyla in the intestine of L. vannamei.






Figure 6 | Relative abundances of bacterial genera in the intestine of L. vannamei fed with diets having different levels of BSFL. The most dominant genera (> 1% of the total sequences) are shown in the schematic individually, and the relative abundances of main genera is indicated in Table 7.




Table 7 | Relative abundances (%) of bacterial genus in the intestine of L. vannamei.



The statistical results were further supported by the LEfSe analysis, which showed significant differences in intestinal bacterial abundances between shrimps fed the diets containing fresh BSFL and those fed with commercial feeds (Figure 7). The results showed that the relative abundance of class Gammaproteobacteria and genus Ralstonia belonging to phylum Proteobacteria was significantly higher in the control group. Moreover, the significantly higher relative abundance of family Rubinisphaeraceae (Planctomycetes), order Planctomycetales (Planctomycetes), order Pirellulales (Planctomycetes), family Pirellulaceae (Planctomycetes), class Planctomycetacia (Planctomycetes), genus Motilimonas (Proteobacteria), family Psychromonadaceae (Proteobacteria), genus Ruegeria (Proteobacteria), order Flavobacteriales (Bacteroidetes), family Flavobacteriaceae (Bacteroidetes), class Bacteroidia (Bacteroidetes) was found in the fresh BSFL-containing groups.




Figure 7 | The LDA effects size (LEfSe) analysis of bacterial taxa between the control and fresh BSFL-containing groups. (A) Bar chart displays LDA scores of the control and fresh BSFL-containing groups. The LDA scores represented the differencein relative abundance with exponent fold change of 10 between two treatments. Significant differences are defined as P < 0.05 and LDA score >0.04. (B) Cladogram displays significantly enriched bacterial taxa (from the phylum to the genus level).






Discussion


The effects on immune enzyme activity of shrimp

The proper level of fresh BSFL can increase the immune enzyme activity of shrimp serum but led to a decrease in hepatopancreas immune enzyme activity. Among the non-specific immune indicators of L. vannamei, the activity of AKP, ACP, and T-NOS is closely related to the health status and immune capacity of the organism. Inducible nitric oxide synthase (iNOS) produces large amounts of NO to kill pathogens after being stressed by immune stimulants or various environmental stressors (Chakravortty and Hensel, 2003). In addition, both ACP and AKP are marker enzymes for lysosomal enzymes, which are important for the immune system of crustaceans (Sgeirsson et al., 1995; Xiao et al., 2018). Higher activities of T-NOS, AKP, and ACP were detected in the shrimp serum when 25% commercial feed was replaced by fresh BSFL. This was following the previous study (Xiao et al., 2018), which lysozyme and phagocytic percentages in the serum of P. fulvidraco were increased by the appropriate level of BSFL meal supplemented in the diet. Furthermore, the defatted insect meal (T. Molitor) was added to the diet also increased the phenol oxidase activity of L. vannamei (Rios et al., 2019). We suggest that chitin in BSFL may be responsible for the improved immune enzyme activity of L. vannamei. Many studies have also shown that chitin and its derivatives could enhance the immune response of aquatic animals (Khoushab and Yamabhai, 2010; Ngo and Kim, 2014). However, fresh BSFL also has negative effects: elevated fat level and reduced protein level in shrimp diets with the increase of fresh BSFL replacement level in the diet. Some research indicated that feeding diets with excessive fat levels have a negative impact on the immune system of shrimp (Zhang et al., 2013). In addition, the protein level in the diet is also closely related to the immune capacity of aquatic animals (Council, 2011). Therefore, the replacement rate of fresh BSFL is limited by their nutrition composition.

Interestingly, we may break this limitation by changing the culture substrate of fresh BSFL. The fresh BSFL is like a capsule which nutrition composition is closely related to its culture substrate (Shumo et al., 2019). Meneguz et al. (2018) found that the protein content of BSFL was significantly increased by using agro-industrial by-products instead of organic waste. Fresh BSFL with a lower fat level and higher protein are obtained by adjusting the culture substrate. Furthermore, studies have shown that BSFL are deficient in essential amino acids and unbalanced EAA/NEAA (Cummins et al., 2017), and this disadvantage cannot be improved by changing the culture substrate of the BSFL. The amino acid content of larvae changed in a small range when BSFL were raised on different rearing substrates, especially when compared with the significant difference in amino acid composition of the culture substrates (Spranghers et al., 2017). This also suggests that if fresh BSFL are to be used in shrimp culture, it is better to supplement the diet with additives, such as the addition of free amino acids to improve the amino acid balance of the diet.



Water quality of shrimp tanks

Fresh BSFL can improve water quality and reduce water change, thus decreasing the chance of external disease invasion. Water quality has been observed to be influenced by feeding activities, which may affect the growth performance of aquatic animals. In this study, continuous monitoring of water quality in each group showed that fresh BSFL replacement level was negatively correlated with ammonia nitrogen and nitrate nitrogen and positively correlated with pH. This phenomenon may be explained by the deterioration of water quality due to feed losses (Cha et al., 2008). Previous studies indicated that only 20%–30% of feed nutrients are retained in the shrimp culture and the remaining 70%–80% are accumulated in the aquatic system, which can lead to eutrophication and water quality deterioration (Paez-Osuna, 2001). Furthermore, the residues of fresh BSFL are mainly chitin exoskeleton, which is more difficult to dissolve and easier to be removed by siphonage than the commercial feeds. Excessive pollutants in the culture environments (such as ammonia, nitrite, and COD derived from soluble excretions and organic decomposition) can lead to anoxic conditions which are harmful to benthic biota owing to the oxygen-consuming decomposition (Li et al., 2011; Wang et al., 2016). Stress in shrimp can be caused by the overload of toxic nitrogen metabolites, which can also reduce immune capacity leading to susceptibility to disease (Kautsky et al., 2000). In addition, the ammoniacal nitrogen was converted to microbial biomass by heterotrophic bacteria, along with the production of CO2 (Ebeling et al., 2006), resulting in a decrease in the pH of aquaculture water environments. Previous studies have shown that the decrease in pH induces an increase of the oxygen consumption rate of shrimp (Chen and Lin, 1995). Large water exchange strategies are often adopted to maintain water quality in intensive and semi-intensive shrimp farming when water quality deteriorates, which increases the risk of pathogen invasion and transmission, energy consumption, and labor cost. Therefore, fresh BSFL are suitable for practical application in high-density shrimp culture.



Microbiota analysis of shrimp intestine

Generally, the high intestinal microbial richness and diversity are considered a positive phenomenon because they usually represent the better health status of the host (Sekirov et al., 2010; Apper et al., 2016). In this experiment, the richness and diversity of intestinal microbiota of L. vannamei can be enhanced when commercial feeds were replaced by fresh BSFL. This was in agreement with the findings of most studies, which indicate that the shrimp community is plastic and can be manipulated by the addition of insects to the diets. Specifically, Foysal et al. (2019) found that the diversity and richness of intestinal microbiota in marron (C. cainii) was positively correlated with dietary BSFL meal level. In addition, the richness and diversity of intestinal microbiota in rainbow trout were significantly improved after FM was partially replaced by BSFL meal in the diets (Terova et al., 2019). In addition, the composition of the dominant intestinal microbiota of L. vannamei was also significantly affected by the diet containing fresh BSFL. Previous studies showed that the intestinal microbiota of L. vannamei was dominated by Proteobacteria and Bacteroidetes, which constitute the core flora, regardless of the diet administered (Yuan et al., 2019). However, chronic intestinal microecological disorders or intestinal inflammation was often caused by the excessive relative abundance of Proteobacteria (Mukhopadhya et al., 2012; Shin et al., 2015). In addition, intestinal inflammation is usually accompanied by the increase of Proteobacteria and by the decrease of Bacteroidetes. We suggest that chitin in BSFL may be a key factor in improving the intestinal health of shrimp. It was known that the insects contain a large amount of chitin which is a mucopolysaccharide polymer hardly digested by many aquatic animal species. However, many studies found chitin added to the diet of aquatic animals can improve the diversity of intestinal microbiota and inhibit the growth of pathogens in the intestine (Zhou et al., 2013; Karlsen et al., 2017; Udayangani et al., 2017). In addition, fresh BSFL are also rich in lauric acid, a medium-chain fatty acid that inhibits Gram-positive bacteria and plays a role in regulating the composition of intestinal bacteria (Skřivanová et al., 2005; Skřivanová et al., 2006).

However, feeding fresh BSFL inhibited the relative abundance of the Firmicutes. In this experiment, only the control group was characterized by a high abundance of Firmicutes. This was inconsistent with previous findings in rainbow trout (O. mykiss), a higher relative abundance of Firmicutes was found in the insect-containing groups (Terova et al., 2019). Bruni et al. (2018) found that Firmicutes were only detected in the fecal samples of O. mykiss fed with BSFL. Firmicutes include different lactic acid bacteria, which are generally considered to be beneficial microbes. Firmicutes play an important role in breaking down indigestible carbohydrates such as starches and fibers, thereby contributing to making more efficient use of energy in diets (Smriga et al., 2010; Catalán et al., 2018). Thus, feeding fresh BSFL has a negative effect on the digestibility of shrimp. It was analyzed that the relative abundance of Firmicutes in the intestine of shrimp may be limited by two factors. Firstly, the plant component of the diet was typically associated with higher Firmicutes found in several studies (Heikkinen et al., 2006; Desai et al., 2012). The decrease in the relative abundance of Firmicutes may be caused by a reduction in the plant component of the fresh BSFL feeding regime. Secondly, the composition of the intestinal microbiota of aquatic animals was also modulated by the insect-rearing substrates. The highest inhibitory activities against Gram-positive bacteria were found in larvae reared on chitin, cellulose, bacteria, and plant oil (Vogel et al., 2018). The wheat bran was used as a rearing substrate for BSFL in this study, which may also explain the lower relative abundance of Firmicutes as Gram-positive bacteria in the intestine of shrimp. These results also remind us that additional probiotics belonging to Firmicutes should be added to the diet to improve the digestibility of shrimp when commercial feeds are replaced by fresh BSFL, such as Streptococcus, Lactobacillus, and Carnobacterium.

At the level of genus, fresh BSFL can promote the relative abundance of probiotic bacteria while suppressing the relative abundance of Vibrio. Some unique probiotics were only found in the fresh BSFL-containing groups, such as Motilimonas, Shimia, Pseudoalteromonas, and Shewanella. These bacteria designated as probiotics had been reported to be positively correlated with diets containing insects in general (Terova et al., 2019). Pseudoalteromonas can produce a variety of extracellular active substances with antimicrobial, bacteriolytic, galactose decomposition, cellulose degradation, and other functions, so it has high utilization potential and important ecological implications (Holmström and Kjelleberg, 1999). Shewanella as the dominant bacteria was found in the high fresh BSFL replacement groups, and some studies have shown that Shewanella contributes to the nutrition absorption of rainbow trout (Koziska and Pêkala, 2004). In addition, the prolific growth of Vibrio can lead to the whole microecological balance being destroyed. This ultimately results in the growth and immune capacity being inhibited and even death burst in aquatic animals (Sung et al., 2001). In the present experiment, the fresh BSFL-containing groups had better water quality, which may have suppressed the relative abundance of Vibrio. Beyond that, the proliferation of beneficial bacteria can be stimulated by chitin, which can effectively compete with Vibrio.

In addition, the relative abundances of microbial taxa across the control group and fresh BSFL-containing groups in this trial were contrasted using the LEfSe analysis, which revealed that the significantly enriched probiotic bacteria again validated the positive effect of feeding fresh BSFL on the shrimp intestinal microbiota. Interestingly, the emergence of Planctomycetes as the dominant bacteria in the intestine of shrimp has not been reported in previous studies, but our results showed a significant increase in the relative abundance of Planctomycetes in the fresh BSFL-containing groups. Planctomycetes are widely found in natural systems such as seawater, freshwater, soil, and other artificial systems such as wastewater. They play an important role in farming wastewater nitrogen removal systems by generating nitrogen (N2) from total ammonia nitrogen (NH4+) and nitrite (NO2−N). Thus, Planctomycetes are considered eco-friendly bacteria (Kuypers et al., 2003; Van Teeseling et al., 2015). We suggested that the elevated relative abundance of the Planctomycetes in the shrimp intestine may be related to the change in the aquatic environment. Some studies have shown that the intestinal microbiota of aquatic animals interacts with the microflora in the water environment. In addition, the positive effect of fresh insects on water quality might benefit the enrichment of the Planctomycetes in the shrimp intestine. However, this hypothesis requires further research.




Conclusions

This study demonstrated that replacing commercial feeds by fresh black soldier fly larvae in the diets at a proper rate had positive effects on immune and digestive system in Pacific white shrimp L. vannamei with an improvement on water quality during culturing experiment. The decreased immune enzyme activities in hepatopancreas was found in groups with BSFL replacement rate above 50%, suggesting an optimal proportion of BSFL replacement should be under 50%. In the coming work, the replacement level of commercial feeds with fresh BSFL could be improved by changing the culture substrates for the insects, as well as a dietary supplementation with nutritional ingredients or probiotics, which can contribute to sustainable shrimp farming by reducing FM consumption.
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Items

T20 T28
ADC of dry matter, % 7315 69.98"
ADC of crude protein, % 92.28° 88.73"
ADC of crude lipid, % 87.68° 84.68"
ADC of ash, % 79.07* 75.25°

T20-T50, diets containing 20%-50% of soybean meal.

Diets
T35

68.95
86.48"
83.38"
75.15"

SEM, mean standard error; P, overall effect; L, linear effect; Q, quadratic effect.

Different letters within a row indicate significant differences (p < 0.05).

T42

65.83°
85.50°
8125"
73.25°

T50

64.25°
81.50°
77.28°
70.75°

SEM

0.80
0.82
246

<0.001
<0.001
<0.001
<0.001

p-value
L

<0.001
<0.001
<0.001
<0.001

Q

0.667
0.306
0.490
0.781
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Items

SR, %

FBW, g
WGR, %
SGR, %/day
FI, g/shrimp
FC

HSI, %

ISI, %
DWP, %

T20-T50, diets containing 20%-50% of soybean meal.

T20

86.67
15.89°
174.02°
2.52*
19.93"
1.93¢
5.52
0.50°
51.02%

T28

88.33
14.89°
156.81°
236"
19.44%
2.19°
5.67
045"
50.72%

Diets

T35

86.67
14.62°
152.04°
231°
19.07°
217°
5.59
042°
50.53"

T42

85.83
1429
146.38"
295%
1877
2.22°
550
0.43°
50.02"

T50

85.83
13.62°
134.40°
2.13¢
18.30°
228
547
031°
49.23"

SEM

4.91
0.44
7.65
0.08
0.53
0.12
0.18
0.03
0.57

0.996
0.010
0.010
0.013
0.183
0.049
0.258
0.017
0.164

p-value

L

0.786
0.007
0.007
0.008
0.018
0.026
0.949
0.032
0.048

0.890
0.286
0.286
0314
0.953
0.376
0.079
0.146
0.831

SR, survival rate; FBW, final body weight; WGR, weight gain rate; SGR, specific growth rate; FI, feed intake; FC, feed coefficient; HSI, hepatosomatic index; ISI, intestinesomatic index; DWP,
dressed weight percentage; SEM, mean standard error; P, overall effect; L, linear effect; Q, quadratic effect.
Different letters within a row indicate significant differences (p < 0.05).
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TABLE 2 Primers used for real-time qPCR.

Target Primer Sequence Genbank
Gene Accession
No.
GH F: 5'-GATGGTTTGGGATCTGAGG EU492542
AACA-3'
R:5-
GGAAACTTATGGCATTAACAGGGA-3'
Myfs F: 5'-GGAACAACTACAACTTTGAAG KP715152
CACA-3’
R: 5'-TCCCATCGCAACTCCTGTATCT-3'
MyoG F: 5'-AACCACCAACGCTGACCG-3' KP715154
R: 5'-CTGGTTGGGGTTGTTGGAAG-3’
TOR F: 5-GACGGCAGTGCTCTATGA-3’ MK116884
R: 5'-TGTTTGTGAGGCTTGGTG-3’
B-Actin F: 5-TTGTACGAGGATCGAGTGGA-3' GK26736

R: 5'-ATGCTTTCGCAGTAGGTCGT-3’

GH, growth hormone; Myf5 and MyoG, myogenic regulatory factors; TOR, target of
rapamycin.
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Ingredients:

Fish meal! 366.2 362.9 387.6
Wheat gluten? 183.1 1815 193.8
Wheat meal® 188 125 40
Fish oil* 5 73 120.9
Codfish powder® 100 100 100
Krill hydrolysate® 20 20 20
Krill meal” 40 40 40
Krill oif® 10 10 10
Vitamin mix® 30 30 30
MSP10 24 24 24
Mineral mix'! 8.4 8.4 8.4
Biomos'? 4 4 4
Cholesterol® 5 5 5
Choline cloride' 5 5 5
Lysine'® 6 6 6
Taurine'® 2 2 2
Stay-C'” 22 2.2 2.2
Carphyll pink'8 1 1 |
Yttrium oxide'® 0.1 0.1 0.1
Analysed content, %:

Dry Matter 89.4 92 93.2
Lipid 75 13.8 18.1
Carbohydrates 18.3 14.6 9.5
Starch 16 1.7 6.6
Protein 556.3 56.3 57.3
Ash 82 83 8.4
Choline 0.521 0.516 0.54
Energy, MJ/kg 19.9 20.9 22.2

1 Fishmeal, Norse-LT, Vedda AS, Langevég, Norway,; 2 Wheat gluten, Amytex 100,
Tereos Syral, Aalst, Belgium 3 Wheat meal, Norgesmellene AS, Bergen, Norway; *
Fish Oil, NorSalmOil, Pelagia, Egersund, Norway; ¢ Codfish powder, Seagarden AS,
Avaldsnes, Norway; © Krill hydrolysat, Rimfrost AS, Alesund, Norway; 7 Kirill meal,
Rimfrost AS, Alesund, Norway; 8 Krill oil, Aker BioMarine, Lysaker, Norway; ° Vitamin
premix, Nofima vitamin premix, Vilomix, Henefoss, Norway © MSP (26% P), Mono
sodiumphosphate, delivered by Vilomix, Henefoss, Norway " Mineral premix, Nofima
mineral premix, Vilomix, Henefoss, Norway 2 Biomos, Alltech Norway AS, Forde.
Norway; '3 Cholesterol, Carbogen Amics B.V., Veenendaal, The Netherlands ' Choline
chloride, delivered by Vilomix, Henefoss, Norway ' L-lysine, delivered by Vilomix,
Henefoss, Norway; ¢ Taurine, VWR, Oslo, Norway;'” Stay-C 35%, delivered by Vilomix,
Henefoss, Norway; @ Carophyll pink (10% astaxanthin), delivered by Vilomix, Henefoss,
Norway 1@ Yttrium oxide, Y,O, (99.9%), delivered by Vilomix, Henefoss, Norway.
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Response Minimum Maximum Mean Std. Dev. Ratio Model P model

PI_OSI 1.76 237 2.09 0.16 13 Linear 0.004
MI_OSI 1.32 2.04 1.64 0.20 15 Linear 0.002
DI_OsI 0.41 0.69 0.57 0.07 17 Mean

PI_LAPprot 35 79 52 13 22 Linear 0.032
PI_LAPkg 31 65 44 9 241 Linear 0.090
PI_MALTprot 87 17 " 3 20 Linear 0.034
PI_MALTkg 5.8 14 9.3 19 2.4 Mean

MI_LAPprot 88 188 131 35 2l Linear 0.005
MI_LAPkg 51 80 66 10 15 Linear 0.016
MI_MALTprot 9.9 27 16 5 27 Linear 0.001
MI_MALTkg 5.8 " 7.8 1.51 19 Linear 0.002
DI_LAPprot 61 182 1156 37 3.0 Linear 0.080
DI_LAPkg " 32 21 6 28 Linear 0.1
DI_MALTprot 74 21 12 4 29 Linear 0.060
DI_MALTkg 1.2 3.6 2.3 0.7 29 Linear 0.070
MI_Lipase 0.067 0.42 0.27 0.1 6.3 Linear 0.020
MI_Bile salt conc. 32 68 49 10 241 Linear 0.077
MI_Amylase 0.5 6 2.0 15 11 Mean

MI_Trypsin 13 36 25 ¥ 4 27 Mean

Data series minimum and maximum values, means and standard deviations, the ratio between max and min, the model that fitted the data best and probability that the data distribution
s random (different from mean). The names of responses comprise intestinal sections and biomarkers tested. P, proximal intestine. MI, mid intestine. DI, distal intestine. OSI,
organosomatic index (%). LAPprot, LAP specific activity (U/mg protein). LAPkg, LAP capacity (U/kg fish). MALTprot, maltase specific activity (U/mg protein). MALTkg, maltase capacity
(U/kg fish). Lipase, lipase activity (U/mg dry matter). Bile salt conc, bile salt concentration (mg/g dry matter). Amylase, amylase activity (U/mg dry matter). Trypsin, trypsin activity (U/
mg dry matter). Bold value indicates significance (p model < 0.05).





OPS/images/fmars.2022.889778/table4.jpg
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L_ikbkb 0.020 0.037 0.027 0.005 18 Mean

L_rela 0.176 0.386 0.271 0.065 22 Mean

L_igm 0.0022 0.0043 0.0032 0.0007 20 Mean

L_cox2 0.0025 0.0042 0.0033 0.0006 1.7 Mean

L_tip1al 0.034 0.052 0.045 0.005 15 Mean

L_pcna 0.210 0.412 0.313 0.055 20 Quadratic 0.020
L_c5 0.645 1471 0.845 0.144 1.8 Linear 0.025
L_mmp13 0.021 0.048 0.034 0.008 2.3 Mean

L_MHCII 0.025 0.052 0.038 0.009 21 Mean

L_cxcl19 0.002 0.019 0.006 0.005 9.5 Special Cubic 0.179
L_tnfa 0.0005 0.0018 0.0012 0.0004 3.2 Mean

L_nfkb 0.139 0.237 0.172 0.030 17 Mean

L_npc1l1 0.041 0.089 0.068 0.016 22 Mean

PI_ikbkb 0.060 0.085 0.073 0.009 14 Mean

Pl_rela 0.271 0.478 0.370 0.066 1.8 Linear 0.080
Pl_igm 0.0009 0.0028 0.0016 0.0005 3.2 Linear 0.073
Pl_cox2 0.0039 0.0097 0.0085 0.0016 25 Mean

Pl_tip1al 0.054 0.096 0.068 0.010 18 Mean

Pl_pcna 0.313 0.386 0.351 0.021 72 Mean

Pl_c5 0.007 0.017 0.010 0.002 24 Mean

Pl_Lmmp13 0.013 0.033 0.025 0.005 25 Mean

PI_MHCII 0.256 0.638 0.376 0.097 25 Mean

Pl_slc27a4 0.160 0.303 0.216 0.034 1.9 Mean

Pl_slc12a1 0.205 0.335 0.253 0.040 1.6 Mean

PI_occludin 0.020 0.032 0.025 0.004 1.6 Mean

Pl_slc15a1 0.144 0.243 0.185 0.031 1.7 Linear 0.050
Pl_cxcl19 0.0024 0.0207 0.0082 0.0046 8.7 Quadratic 0.094
Pl_tnfa 0.0023 0.0069 0.0042 0.0012 3.0 Mean

Pl_nfkb 0.181 0.276 0.224 0.028 15 Mean

Pl_npc1l1 0.147 0.280 0.205 0.039 19 Mean

Pl_si 0.275 0.431 0.343 0.052 1.6 Linear 0.039
MI_ikbkb 0.046 0.060 0.051 0.005 1.3 Mean

MI_rela 0.208 0.279 0.245 0.020 1.3 Quadratic 0.005
MI_igm 0.00067 0.00162 0.00104 0.00031 2.4 Linear 0.010
MI_cox2 0.0038 0.0070 0.0048 0.0008 1.9 Quadratic 0.066
MI_tip1al 0.034 0.045 0.039 0.003 13 Mean

MI_pcna 0.266 0.353 0.310 0.022 1.3 Quadratic 0.062
MI_c5 0.011 0.017 0.014 0.002 15 Mean

MI_mmp13 0.009 0.020 0.013 0.004 22 Linear 0.004
MI_MHCII 0.059 0.124 0.080 0.017 21 Mean

MI_slc27a4 0.134 0.189 0.160 0.017 1.4 Mean

MI_slc12a1 0.057 0.094 0.078 0.012 1.7 Linear 0.031
MI_occludin 0.016 0.021 0.018 0.001 1.3 Mean

MI_slc15a1 0.076 0.133 0.009 0.018 1.8 Linear 0.001
MI_cxcl19 0.0021 0.0063 0.0041 0.0015 3.0 Quadratic 0.045
MI_tnfa 0.0009 0.0018 0.0014 0.0003 21 Mean

MI_nfkb 0.103 0.154 0.124 0.013 15 Special Cubic 0.181
MI_npc1/1 0.121 0.208 0.164 0.021 1.7 Linear 0.098
MI_si 0.205 0.325 0.267 0.034 1.6 Linear 0.026
DI_ikbkb 0.061 0.093 0.076 0.009 15 Mean

DI_rela 0.196 0.287 0.251 0.028 15 Mean

DI_igm 0.0014 0.0030 0.0020 0.0005 241 Quadratic 0.003
Dl_cox2 0.0039 0.0065 0.0050 0.0006 1.7 Mean

Dl_tip1a? 0.033 0.049 0.038 0.003 15 Mean

DI_pcna 0.283 0.352 0.312 0.022 1.2 Mean

Dl_c5 0.0035 0.0080 0.0054 0.0012 23 Mean

DI_mmp13 0.013 0.026 0.019 0.004 20 Special Cubic 0.119
DI_MCHII 0.066 0.153 0.102 0.030 23 Mean

Dl_slc27a4 0.059 0.102 0.077 0.014 A7 Mean

Dl_slc12at 0.106 0.188 0.137 0.026 1.8 Mean

Dl_occludin 0.013 0.021 0.016 0.003 1.6 Linear 0.004
Dl_slc15a1 0.039 0.076 0.056 0.013 20 Mean

Dl_cxcl19 0.0031 0.0072 0.0045 0.0013 2.3 Quadratic 0.104
DI_tnfa 0.0014 0.0027 0.0020 0.0005 2.0 Mean

DI_nfkb 0.095 0.149 0.120 0.015 1.6 Mean

DI_npc1l1 0.084 0.130 0.100 0.016 15 Mean

DI_si 0.295 0.474 0.393 0.053 1.6 Mean

The names of responses comprise intestinal sections and genes measured. L, liver. PI, proximal intestine. M, mid intestine. DI, distal intestine. ikbkb, inhibitor of nuclear factor kappa
B kinase subunit beta. rela, transcription factor p65. igm, immunogobulin M. cox2, cyclooxygenase-2. tjplal, tight junction protein 1a. pcna, proliferating cell nuclear antigen. c5,
complement component 5. mmp13, matrix metallopeptidase 13. MHCI, major histocompatibilty complex II. cxcl19, chemokine (C-X-C motif) ligand 19. tnfa, tumor necrosis factor
alpha. nfkb, nuclear factor kappa-light-chain-enhancer of activated B cells. npc1l, niemann-pick C1-like 1. slc27a4, solute carrier family 27 member 4. slc12al, solute carrier family
12 member 1. occludin, Occludin protein. slc15a1, solute carrier family 15 member 1. si, sucrase-isomaltase. Bold value indicates significance (p model < 0.05). Data series minimum
and maximum values, means and standard deviations, the ratio between max and min, the model that fitted the data best and probability that the data distribution is random (different

from mean).
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Protein Lipid Carbo Protein Lipid Carbo

P1 OSI Organ indices

MI OSI

Pl LAPprot Digestive functions

Pl MALTprot in Pl

Pl si

Pl sic15a1

Pl rela Immune functions

Pl igm in Pl

Pl cxcl19

MI LAPprot  Digestive functions in MI
MI LAPkg

MI MALTprot

MI MALTkg

MI si

Ml sic15a1

Mi lipase .
MI bile salt

Ml sic12a1 Osmoregul. in MI

Mi rela Immune functions in Ml

Mi rela
MI igm
MI mmp13

MI cxcl19

MI cox2

MI cox2

MI pcna Cell division in Ml

DIl igm Immune functions in DI
Dl igm

Dl cxcl19

DI cxcl19
Dl occludin  Tight junction in DI
L pcna Cell division and immune function -

L pcna in liver

Lc5
*The indictors are categorized as low (L), medium (M) and high (H) as interpreted from the respective graphs shown in Figures 3-7. Background colors represent low (blue), medium
(green) and high (red) for each nutrient.
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A Pyloric caeca enterocyte steatosis p=0.0006 B Mid intestine enterocyte steatosis p<0.0001 C Liver: hepatocyte lipid vacuolization p =0.0008
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Diet no.

Basic mix:

Fish meal'

Krill hydrolysate?
Vitamin mix®

Krill oil*

Mineral mix®

Lys®

Choline chloride”
Cholesterol®
Aquate®

Biomoss®?
Taurine'®

Carop. Pink'!
Yttrium oxide'?
Varying ingredients:
Cod muscle meal'®
Fish oil!

Wheat gluten'*
Wheat meal'®
NaH,PO,'®

Analysed composition %

Crude protein
Total lipid
Carbohydrates
Ash

Choline

Dry matter

245

22435

0.84
05
05
05
0.35
0.05
02
0.05
0.01

30.5
0.05
30.5
1
42

68

4

59
11.6
0.503
92

245

2.2435

0.84
0.5
0.5
0.5
0.35
0.05
0.2
0.05
0.01

26.1
7.9
26.1
15
4.65

62
11.8

1.2

93

245

2.2435

0.84
05
0.5
05
0.35
0.05
02
0.05
0.01

233
12.85
23.33
1.8
4.95

58
16.4
58
mn2
0.473
93

245
3
2.2435
1
0.84
05
05
05
0.35
0.05
02
0.05
0.01

28.4
0.1
28.38
5.1
4.3

65
44
83
1n2

92

245

22435

0.84
05
05
05
0.35
0.05
02
0.05
0.01

24
7.95
23.98
56
4.75

58
1.9
82
1.4
0.483
92

245
3
2.2435
1
0.84
05
05
05
0.35
0.0
0.2
0.08
0.01

21.2
129
21.2
59

5.05

55
16.9
8.1
1.4

92

245
3
2.2435
1
0.84
0.5
0.5
0.5
0.35
0.05
0.2
0.05
0.01

23.4
0.35
23.43
145
4.55

59
4.2
137
1.3

92

245

22435

0.84
05
05
05
0.35
0.05
02
0.05
0.01

191
8.15
19.08
15.05
4.9

52
12
13.6
111

92

245

22435

0.84
05
05
05
0.35
0.05
02
0.05
0.01

16.3
13

16.3
15.4
525

48

16.5
137
1.2

92

10

245
3
2.2435
1
0.84
05
05
05
0.35
0.05
0.2
0.05
0.01

20
05
19.95
21.15
4.7

54
4.5
16.9
1.2

91

1 12
245 245
3 3
22435 2.2435
1 1
0.84 0.84
05 0.5
05 0.5
05 0.5
0.35 0.35
0.05 0.05
02 02
0.05 0.05
0.01 0.01
156 12.9
8.25 131
15.58 12.85
21.7 22.05
5.15 5.4
48 45
123 17.3
17.5 17.7
AN 10.9
- 0.446
92 93

Values are in %. 'Norsildmel, Egersund, Norway; 2Approx. 60% dry matter, Olympic, Heray, Norway; *Provides in the final feed 3000 IU vit D3, 410 mg/kg vit E, 20 mg/kg vit K3, 700
mg/kg vit C, 20 mg/kg B1, 30 mg/kg vit B2, 25 mg/kg B6, 0.05 mg/kg vit 12, 60 mg/kg pantothenic acid, 10 mg/kg folic acid, 200 mg/kg niacin, and 1 mg/kg biotin; “Aker Biomarine,
Oslo, Norway; *Provides in the final diet 50 mg/kg Mn, 750 mg/kg Mg, 150 mg/kg Fe, 120 mg/kg Zn, 10 mg/kg Cu, 800 mg/kg Na, 0.2 mg/kg Se and 0.2 mg/kg Co; °L-lysine, delivered
by Vilomix, Henefoss, Norway; "Choline chloride, delivered by Vilomix, Henefoss, Norway; éCholesterol, Carbogen Amics B.V., Veenendaal, The Netherlands; Aquate and Biomos,
Alitech Norway AS, Ferde. Norway; "°Taurine, VWR, Oslo, Norway; "' Taurine, VWR, Oslo, Norway; *2Yttrium oxide, Y203 (99.9%), delivered by Vilomix, Henefoss, Norway; 1*Seagarden,
Karmoy, Norway; "“Wheat gluten, Amytex 100, Tereos Syral, Aalst, Belgium; '®Wheat meal, Norgesmollene AS, Bergen, Norway; "®MSP (26% P), Mono sodiumphosphate, delivered
by Vilomix, Honefoss, Norway.
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Items Diets

T20 T28 T35 T42 T50

Ingredients
Fishmeal (Peru, crude protein, 68%) 250 200 150 100 50
Soybean meal (crude protein, 46%) 200 280 350 420 500

Peanut bran 120 120 120 120 120
Chicken meal 100 100 100 100 100
Wheat flour 220 200 180 160 130
Fish oil 20 20 20 20 20
Soy lecithin 20 24 27 30 34
Monocalcium phosphate 15 15 15 15 15
Vitamin premix 2 2 2 2 2
Mineral premix 5 5 5 5 5
Lysine 0 0 0.5 1 1.5
Methionine 2 3 35 4.5 55
Choline chloride 2 2 2 2 2
Salt 3 3 3 3 3
Sodium alginate 12 12 12 12 12
Cellulose 29 14 10 55 0
Total 1,000 1,000 1,000 1,000 1,000
Proximate composition

Moisture 72 71 72 74 73
Crude protein 414 420 418 420 416
Crude lipid 84 84 83 82 82
Ash 75 77 74 75 77
Lysine 23 23 23 23 23
Methionine 8.8 9.0 8.7 8.8 9.0

T20-T50, diets containing 20%-50% of soybean meal.

One kilogram of diet provided: VA, 3,230 IU; VD, 1,600 IU; VE, 160 mg; VK3, 4 mg; VB,
4 mg; VB,, 8 mg; VBg, 4.8 mg; VBy,, 0.016 mg; nicotinic acid, 28 mg; pantothenic acid
calcium, 16 mg; biotin, 0.064 mg; folic acid, 1.285 mg; inositol, 40 mg; Ca, 1,150 mg; K,
180 mg; Mg, 45 mg; Fe, 50 mg; Zn, 40 mg; Mn, 9.5 mg; Cu, 7.5 mg; Co, 1.25 mg; I, 0.16
mg; Se, 0.25 mg.
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Group

Villus height (um)
Villus width (um)

crypt depth (um)

Musaularis thickness (um)

Goblet cell relative number (per 100 ym)
Microvillus height (um)

Values are presented as means + S.EM (n

Control Lvs-GG Mvs-GG

518.35 + 24.40° 646.97 = 18.27° 625.79 + 26.57°

103.45 + 13.28 9847 +5.42 99.60 + 10.54
2559 £ 3.14 2369 +1.62 2326+ 1.58
110.06 + 6.48% 132.71 + 6.07° 147.71 £ 7.88°
17.00 + 0.50° 16.29 = 0.72° 12,50 + 0.65°

1.31 £ 003° 1.16 + 0.04% =

1), Different superscriot letters in the same row means there was a signiicant difference beiween data o < 0.05).

Hvs-GG

629,12 + 22.00°
107.94 +7.05
2389 = 1.50
133,82 + 4.45°
13.20 + 0.49°
122 £ 0,05
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Group Control Lvs-GG Mvs-GG Hvs-GG

HDL-C (mmolL) 5.11 £ 0.63° 3.66 + 0.37% 350 + 0.23* 3.40 £0.19%
LDL-C (mmol/L) 353 +0.23 3.24 +0.34 3.26 + 0.06 3.26 +0.41
T-CHO (mmol/L) 10.75 + 0.60° 7.41 £054° 7.26 + 0.29° 7.53 £ 0.50°
TG (mmolL) 10.17 £ 0.75° 8.88 + 0.34° 718017 6.94 +0.23%
ALT (UL) 3.84+0.156% 4.40 = 0.42° 3.77 £ 0.37° 664 £ 0.34°
AST (UL) 16.75 + 0.40 156.68 + 1.09 14.90 + 1.84 16.79 + 097
SOD (U/mL) 217.72 £ 10.52° 174.30 + 6.55° 180.47 + 5.28" 169.16 + 6.50°
MDA (nmol/mi) 19.23 £ 1.20* 19.37 + 1.62* 35.14 £ 1.56° 34.23  0.90°
CAT(U/mi) 6.23 + 0.26 6.61 +0.25 6.46 + 0.28 6.79 +0.25
POD (U/mi) 1.31 £ 0.04 1.29 + 0.04 1.256 + 0.03 1.30 +0.03

HDL-C, high-density ipoprotein; LDL-C, low-density lipoprotein; T-CHO, total cholesterol; TG, triglyceride; MDA, malondialdehyde: ALT, alanine aminotransferase; AST, aspartate
aminotransferase; POD, peroxidase; CAT, calalase; SOD, superoxide dfsmutase.
Values are presented as means + S.EM (n = 4). Different superscript letters in the same row means there was a significant difference between data (o < 0.05).
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Group Control Lvs-GG Mvs-GG Hvs-GG

Protease (U/g protein) 455 +0.14° 4.09 +0.13 3.53 +0.26° 337 £0.17°
Lipase (U/g protein) 085 + 0.04° 0.77 £005% 0.71 2003 053 +0.02°
Amylase (U/g protein) 033004 035004 032003 028 :003
Creatine kinase (U/mg protein) 0.16 + 0.02° 0.12 £ 0.02* 0.12 £ 0.01* 0.11 £ 0.01*
Na'/K'-ATPase (U/mg protein) 24.37 + 1.44° 2254 £ 0.72° 22.11 2 0.81% 19.42 x 037
Alkaline phosphatase (U/g protein) 145.63 + 5.69° 15822  5.29° 133.04 £ 301° 182.11 £ 5.01°

Values are presented as means + S.EM (n = 4). Dilerent superscriot letters in the same row means there was a signiicant difference between data o < 0.05).
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Group Control Lvs-GG Mvs-GG Hvs-GG

Dry matter (%) 85.52 + 1.24° 80.32 + 0.60° 74.42 £ 0.26° 73.98 £ 0.45°
Crude protein (%) 91.32 + 0.36° 84.36 + 1.07° 80.10 + 0.25* 80.65 + 0.75°
Crude lipid (%) 90.88 + 0.2° 82.66 + 0.48° 71.54 + 0.40° 72.05 + 0.56°

Values are presented as means = S.E.M (n = 4). Different superscript letters in the same row means there was a significant difference between data (p < 0.05).
Apparent digestibilty coefiicient of oty matter (%) = 100 x [1~ (dietary Y20 levelffeces Y20 level).
Apparent digestibility coefficient of nutrients (%) = 100 x [1- (dietary Y.O- level/feces Y.O- level) x (feces nutrient level/dietary nutrient level)].
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Group

Morphological parameters
CF® (g/em?)
ol (%)
HSI® (%)
VK (%)
1L (%)

Body composition, %
Moisture
Crude protein
Crude lipid
Ash

CF, condltion factor; Ol: organ index; HS, hepasomatic indlex; VS}, viserosomatic index; IL, intestinal length indiex.
Values are presented as means + S.EM (n = 4). Different superscript letters in the same row means there was a signiicant difference between data (p < 0.05).

’CF (g/cm®) = body weight/(body length)°.

Control

220 +0.04
8.04 £ 0.13°
1.86 + 0.06°
0.69 + 0.02*
0.86 + 0.01*

72.01 + 1.06
16.66 + 0.20
8.53 + 0.09°
4.06 + 0.20

"0l (%) = 100 x visceral weight/body weight.
°HSI (%) = 100 x hepatic weight/body weight.
YS! (%) = 100 x intestinal weight/body weight.

°ILI (%)

100 x intestinal lengtivbody fangth.

Lvs-GG

2.12£004
7.64 £0.12°°
0.98 + 0.08”
1.09 £ 003"
0.96 + 0.14°

72.59 + 0.92
15.29 + 0.18
7.39 + 0.08°
3.97 £0.12

Mvs-GG

212+003
7.60 £ 0.22°°
0.86 + 0.04*°
1.21 £ 0.03°
0.94 001

7270 £1.12
16.73 + 0.17
7.33 £ 0.20°
410+ 015

Hvs-GG

2.10+0.08
7.39 £ 0.12°
0.76 + 0.03*
1.26 + 0.03
095 + 0.02°

73.78 £1.27
16.79 + 0.04
6.68 + 0.03"
4.10£0.12
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Group Control Lvs-GG Mvs-GG Hvs-GG

FBW (g) 67.23 = 1.26° 56.40 + 1.42° 49.60 + 0.97° 50.96 + 1.49°
SR (%) 9875+ 125 98.13  1.20 99.38 +0.63 99.38 + 063
WGR® (%) 111850 + 20.53° 942.42 + 24.50° 852,14 + 28.32° 848.99 + 24.87°
SGR® (%/d) 431008 4.00 = 005 3.82 £ 0.06° 382 0.05°
FIY (% BW/d) 285 + 0.05° 334 008° 369 £ 0.14° 3.65 = 0.00°
FCR® 095 = 0.02° 1.16 £ 0,03 1.31 £ 0.06° 1.30 £ 0.04°
PER' 2.46 + 0.05° 2.04 + 0.06° 1.74 £ 0.06" 1.82 £ 0.06"
PDR® (%) 3857 £ 0.77° 31.42 + 0.89° 2721 £ 098" 27.53 £ 0.92°
LDR" (%) 67.91 = 1.29° 44.41 £ 1.21° 3187  1.08° 2957 + 0.97°

FBW, final body weight; SR, survival rate; WGR, weight gain rate; SGR, specilic growth rate; F, feed intake; FCR, feed conversion ratio; PER, protein efficiency ratio; PDR, protein
deposition rate; LDR, lipid depostion rate.

Values are presented as means + S.E.M (n = 4). Different superscript letters in the same row means there was a significant difference between data (p < 0.05).
"SR (%) = 100 x the final fish number/the initial fish number.

"WGR (%) = 100 x (final body weight—initial body weightyinitial body weight.

°SGR (%/d) = 100 x (i final body weight)—(n initial body weight))/d.

U1 (9% BW/d) = 100 x final body weight/[(final body weight + initial body weight)/2 x d.

°FCR, total feed intake (cry matter)/(inal biomass—initial biomass + biomass of dead fish).

'PER = (final body weight—initial body weight)/total protein intake.

IPDR (%) = 100 x (final body weight x final body protein—initial body weight x initial body protein/total protein intake.

" DR (%) = 100 final body weight x final body lipid—initial body weight x initial body livid)/total lipid intake.
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Groups

Go
G100
G200
G400
G800
p-values

The superscript small letters in the same column mean the significant difference at p<0.08.

oty

1282.67 + 658.73

1069.67 + 189.83

2572.00 + 1587.76

2881.00 + 1317.56

2431.33 + 1022.59
0.485

ACE index

1222.18+91.65°

1213.19448.52°

3978.54£208.12%

4211.87+233.62°

3060.39 137.16°
0.032

Chaot index

1052.81£77.73°

1246.05+49.31°

4007.93+216.42%

4304.58+205.83°

3139.11196.50°
0.021

Shannon index

6.0520.04"
6.12+0.13*
6.7620.35°
6.6220.22°
6.4720.08%
0.043

Coverage(%)

99.88
99.85
98.84
98.44
99.41
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Groups

Go
GO
GO
GO
Go
GO
GO
GO
Go
G0
G200
G200
G400
G400
G400
G400
G800
G800
G800

Phylum

Proteobacteria
Bacteroidetes
Acidobacteria
Proteobacteria
Proteobacteria
Actinobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Actinobacteria
Bacteroidetes
Actinobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Firmicutes
Proteobacteria

Family/Genus

Buchnera
Chitinophaga
Stenotrophobacter
Solimonadaceae
Polycyclovorans
Rhodococcus
Ramibacter
Ferrovibrio
Azohydromonas
Arcobacter
Streptosporangium
Filmonas
lumatobacter
Mizugakibacter
Chelatococcus
Stella
Rhodobacteraceae
Peptoniphilus
Limnobacter

LDA

2712
2,696
2318
2312
2.259
2.230
2193
2.100
2,056
2.008
2,021
2,023
2.763
2.265
2.235
2.161
3514
2511
2.365

p-values

0.028
0.040
0.019
0.085
0.032
0.035
0.039
0.014
0.026
0.045
0.029
0.039
0.029
0.034
0.042
0.039
0.042
0.041
0.043
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Indices Go G100 G200

IBW' (g) 410£0.12 413+0.16 415013
FBW? () 19.89 £ 0.35° 20.04 £0.40" 20.71£0.16*
WGR® (%) 385.45 + 18.42° 385,62 £ 27.76" 398.93 + 12.64*
SGR* (% d”) 2824007 2.82+0.10° 2.87 £0.05%
FOR® 1.02+0.068" 1.01£0.04 0.97 £0.02*
DFF (g d-) 1.44£0.02° 1.46£0.03* 151£0.01°
CF’ 1.27 £ 0.01 1.28 £0.01 1.30£0.08
Survival (%) 90.67 + 3.06" 92,67 £ 3.06* 92.00 £ 2.00*

Means in the same row with diferent superscripts are significantly different (0<0.05).
BV, inital body weight.

*FBIW, final body weight.

WGR, weight gain rate.

“SGR, specific growth rate.

*FCR, feed conversion rate.

°DFY, daiy feed intake.

CF, condition factor.

G400

4112013
22.05 £ 1.00°
436,83+ 17.97°
3.00 +0.06°
0.92:£001°
151 £0.06
130+ 0.03
98.00 £ 2.00°

G800

412047
21.74 £ 064
42859 + 33.24%
297+012%
098+ 0.04%
1.50+0.03*
1.29+0.03
95.33 £ 1.16%

p-values

0991
0.003
0.049
0.052
0.083
0.035
0.659
0.023
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Groups

GO
G100
G200
G400
G800
P-values

Moisture
(%)

74.76 £1.06
74.47 £0.70
74.25£0.77
73.84 + 0.66
73.96+0.11
0.555

Crude protein
(%)

18.48 £ 0.72
17.82£0417
18.13£047
17.68 £0.71
17.93 £ 0.40
0.448

Crude lipid
(%)

7.25+064
661095
7.35£041
659 +0.52
7.00+0.72
0536

Ash
(%)

2.21£013
2.06 008
2284016
2,05+ 008
217015
0.206
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Groups

Go
G100
G200
G400
G800
P-values

SOD/(U mg™" protein)

303.60 + 16.80"
32040 £ 4.33°
384.40 £ 3313
382.80 £ 5.23°
36120+ 14.55°
0.001

CAT/(Umg~" protein)

306.33 + 12.50°
328,33+ 30.35%
39167+ 14.22°
368.33 £ 3,51
349,00 = 26.00
0.003

GR/(Umg"" protein)

46.94 £ 2.64
46.04 =154
46.20+1.74
47.44 021
46.02+0.98
0771

The superscript small letters in the same column mean the significant difference at p<0.05.

GSH/(umol g~ protein)

37.88+5.28
36.08 +3.09
36.40+3.48
38,88+ 0.42
36.04 % 1.96
0770

MDA/(nmolg-' protein)

0.95 +0.03°
0.90 £001%
0772041
0.83 003
0.87 £001%
0018
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Groups muscular layer (um)

@o 12094 + 8.95°
G100 128.70 £ 4.67%
G200 131.04 £ 11.87%
G400 14216 £ 9.44°
G8oo 137.58 + 1091
P-values 0.020

villus height (um)

626.04 £ 36.51
634.04 = 33.48
636.96 = 87.82
685.73  12.11
656.93 + 50.01
0.628

villus width (um)

208.06 + 16.52
21478 £21.11
219.98 + 36.43
234.90 + 53.65
232.47 + 45.83
0.884

The superscriot small letters in the same column mean the significant difference at

p<0.05.
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Ingredients (gkg™) GO G100 G200 G400 G800

Soybean protein 300 300 300 300 300
concentrate'

Fish meal® 200 200 200 200 200
Wheat midding’ 200 200 200 200 200
Extruded soybean* 145 145 145 145 145
Chicken meal® 50 50 50 50 50
Fish ol 20 20 20 20 20
Soybean oi 30 30 30 30 30
Soybean 30 30 30 30 30
phospholipid

Calcium dihydrogen 10 10 10 10 10
phosphate

Vitamin premix’ 3 3 8, 3 3
Mineral premix’ 6 6 6 6 6
GSH (mgkg™) 0 100 200 400 800
Giycine 6 59 58 56 52
Proximate analysis of

experimental diet

Moisture 923 918 919 920 921
Crude protein 4371 4368 4366 4358 4369
Crude lipid 1093 1086 1091 1092 1095
Ash 6.68 6.71 653 661 656
Gross energy 1865 1859 1861 1856 1862

(kg™

"Dalong Feed Company, Harbin, China.
“Dalong Feed Company, Harbin, China.

*Huada Feed Company, Harbin, China.

“Dalong Feed Company, Harbin, China.

*Dalong Feed Company, Harbin, China.

*Huludao Chia Tai Feed Corporation, Huludao, China.

"Vitamin premix (mgkg~'): ascorbic acid 200, alpha-tocopherol 100, menadione sodium
bisulfate 5, retinol acetate 5.2, cholecalciferol 0.07, thiamin 25, riboflavin 40, pyridoxine
25, cyanocobalamin 0.8, nicotinic acid 275, folc acid 8, biotin 5, pantothenic acid 100.
“Mineral premix (mgkg): MgSO.-7H,0 2000, KCI 1,500, FeSO7H,0 1,000, CuSO5H.0
20, MnSO,-4H,0 100, ZnSO4-7H,0 150, KI 3, NaCl 500, CoCl, 5, Na;SeO; 3.
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p-Actin
SLC1AS
PepT1
IL-1p
IL-2

L8
TNF-a

Forward primer (5-3)

F: GGACTTTGAGCAGGAGATGG
F:CCTGTCAATCAACGCTGGT

F: CTGGGAGAGGAGGGAGAGAT
F:ACATTGCCAAGCTCATCATC
FTGATGTAGAGGATAGTTGCATTGTTGC
F:CACAGACAGAGAAGGAAGGAAAG
F:GTTGGCTATGGAGGCTGTGT

Reverse primer (5-3)

RATGATGGAGTTGTAGGTGGTCT
R:CACTGCCCATAATGAACACG

R: TCCACGATGTTCCCTGCTAC
R:GTTCTTCCACAGCACTCTCC
R:GAAGTGTCCGTTGTGCTGTTCTG
RTGCTCATCTTGGGGTTACAGA
RACCCTCTAAATGGATGGCTG

Accession number

XM_042314795.1
KY775396.1
XM_014213484.1
LR584424.1
NM_001164065.2
AY160981.1
NM_001124357.1
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Values are presented as mean + S.E.M of samples.
Values of each parameter in the same row with different superscripts are significantly different (P<0.05).

Diets
BSFL50%

028 + 0,03
1050 + 1.86"
12.09 +2.79*

BSFL75%

0.27 +0.03
9.88 + 1.69°
957 + 1.41™

BSFL100%

0.25 +0.07°
8.16 + 0.10°
7.91 + 121°
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Diets
Enzyme activity

BSFL0% BSFL25% BSFL50%
T-NOS (U/ml) 1627 +2.57° 2512 * 4.66™ 26.55 + 242
AKP (U/100 ml) 13.49 + 168" 1668 + 2.44° 321 + 1.40°
ACP (U/100 ml) 10.13 = 2.84° 15.01 +4.33° 835+ 1.11°

Values are presented as mean + S.E.M of samples.
Values of each parameter in the same row with different superscripts are significantly different (P<0.05).

BSFL75%

32.54 £ 0.86"
209 +0.41°
7.69 + 2.20°

BSFL100%

21.98 + 595
3.03 063"
7.87 + 249
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Feeding times (times/day)
Commercial feed

fresh BSFL

Proximate composition (% weight)
Crude protein

Crude ash

Crude fat

phosphorus

moisture and other volatile

BSFL0%

42.00
16.00
4.00
1.20
11.00

Experiment diets

BSFL25% BSFL50% BSFL75% BSFL100%
3 2 1 0
1 2 3 4
35.95 29.90 23.85 17.80
12.55 9.10 5.65 2.20
4.85 5.70 6.55 7.40
0.98 0.75 0.53 0.30
25.58 40.15 54.73 69.30

BSFL0% is the control group. The replacement rate was controlled by adjusting the feeding times of fresh BSFL.
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Proximate composition

Crude protein
Crude ash
Crude lipid
phosphorus

moisture and other volatile

Commercial feed

42.0
16.0
40
12
11.0

Fresh BSFL

17.8
22
74
03

69.3

The black soldier fly larvae were hatched in our laboratory and were fed the bran regularly every day (the bran and water mix by a volume ratio of 3:1). Commercial feeds were bought from a

Jocal retailor and its protein‘sources - were mainly fish ‘meal and soybean meal.
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Treatments Two-way ANOVA (P-value)
P. f. martensii P. maxima Species Diet  Diet*Species
Group Il P C 1+P +C C+P 1 P [oF 1+P +C C+P
s Initial SH 16.66 + 15.83 + 1586+ 14.83+ 1508+ 1562+ 1536+ 1443+ 1532x 1469+ 1545+ 1456+ 0.1876 0.7675 0.8913
(mm) 0672 1.15° 0.85° 1532 1.542 1.012 2612 073 1.082 21478 2.15° 0.972
Final SH 24.69 + 21.52 + 2494 + 2478+ 2612+ 26.12+ 1912+ 1675+ 20.15+ 2125+ 2517+ 20.67 + 0.0000 0.0000 0.1918
(mm) 0220 1.32° 1148 1422 1.152 0918 2.87* 1.04° 1.200 1.69> 3.312 1.33°
RGR 048+ 036+ 057+ 068+ 074+ 067+ 025+ 016+ 032+ 046+ 065+ 042+ 0.0000 0.0000 0.2159
0.05¢ 0.03¢ 0.02*¢ 0.08® 0.11a 0.08®  0.03" 0.05" 0.02¢  0.11% 0.06%®  0.02¢"
Survival 81.11 + 66.67 + 85.56 + 85.56 + 87.78+ 8556+ 7444+ 5000+ 7444+ 7889+ 87.78+ 8556+ 0.0088 0.0000 0.2199
rate (%) 5.09® 3.33° 509 6942 6.942 3.857 6.94vc  8.82¢ 839  8.39® 509 5.092
L Initial SH 44.69 + 43.71 + 44.66 + 4546+ 4369+ 4503+ 4525+ 4581+ 4405+ 4547+ 4577+ 4442+ 05809 0.9979 0.9299
(mm) 468 2972 2098 2342 2.200 4470 273 356° 1.672 2.56° 3422 2.76°
Final SH 49.56 + 46.52 + 48.52 + 54.07 + 5333+ 5236+ 4718+ 4676+ 47.99+ 50.80+ 5330+ 50.48+ 0.2218 0.0058 0.8855
(mm) 4.8230d 2.89¢  2.96%d 2732 1.79%  4.40% 259 3.44¢ 1799 2.85%cd 311 2,80
RGR 011+ 006+ 009+ 019+ 022+ 016+ 004+ 002+ 009+ 012+ 017+ 0.14+ 0.0000 0.0000 0.0015
0.01¢  0.019 0.01¢9 0.00° 0.022 0.02c 0.01" 0.0t 0.009  0.01% 0.02° 0.01¢
Survival 86.67 + 68.89 + 82.22+ 80.00+ 91.11+ 8222+ 86.67+ 4444+ 6667+ 86.67+ 8889+ 8444+ 0.0313 0.0000 0.0088
rate (%) 6.67¢ 7.70° 3.85%° 6.67® 3.85% 10.182 6.672 10.18¢ 6.67° 6.672 3.85% 10.182

Data are mean + SD (n=3).

Different letters in the same column indicate significant difference (P< 0.05).

Initial SH, initial shell height: final SH, final shell height: RGR, relative growth rate.
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Treatments

Two-way ANOVA (P-value)

P. f. martensii P. maxima Species Diet Diet* Species
Group ! P o} 1+P 1+C C+P | P C 1+P 1+C P+C
s CR 146+ 058+ 152+ 1.66+ 182+ 170+ 076+ 025+ 0.89+ 125+ 162+ 1.14+ 0.0001 0.0001 0.0000
0.08¢ 0.11" 0.01c 0.01® 0.3 0.02> 0.06 0.059 0.01¢ 0.06¢ 0.05° 0.03¢
RR 1.80+ 365+ 298+ 333+ 306+ 323+ 325+ 476+ 299+ 415+ 246+ 3.68+ 0.0011 0.0000 0.0055
052 0.09° 0.12%¢ 0.19° 034« 050° 0.46° 0.682 0.43< 0.60® 0.35% 0.53*
AR 0.16+ 038+ 034+ 032+ 024+ 041+ 039+ 055+ 024+ 029+ 021+ 033x 0.1747 0.0000 0.0000
0.05¢ 0.03* 0.08%¢ 0.07°¢% 0.02¢¢ 0.11® 0.07* 0.052 0.02¢9 0.02% 0.03¢ 0.02°¢
L CR 242+ 175+ 207+ 301+ 360+ 264+ 168+ 100+ 126+ 247+ 278+ 197+ 0.0002 0.0001 0.0044
0.03¢ 0.11¢ 0.06° 0.11® 0.102= 0.05«¢ 0.04' 0.039 0.10¢ 0.11¢ 0.12 0.07¢
RR 158+ 226+ 193+ 191+ 163+ 225+ 214+ 273+ 242+ 276+ 227+ 3.14+ 0.0011 0.0001 0.0055
0.32¢ 0.09° 0.17¢% 0.42% 012 0.19% 0.4« 0.14° 0.10* 0.12® 0.11« 0.432
AR 0.183+ 016+ 0.183+ 0.19x 011+ 021+ 016+ 021+ 014+ 015+ 012+ 0.18+ 0.6448 0.0000 0.0041
0.02¢9 0.01t«¢ 0.01%¢ 0.03® 0.01¢ 0.012 0.01«% 0.022 0.03%9 0.02%" 0.01% 0.03%°
Data are mean + SD (n=3).

Different letters in the same column indicate significant difference (P< 0.05).
CR, clearance rate; RR, respiration rate; AR, ammonia excretion rate.
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Treatments Two-way ANOVA (P-value)

P. f. martensii P. maxima Species Diet Diet*
Species
Group 1 P C 1+P C C+P | P C +P +C P+C
s Amylase 080+ 062+ 096+ 081+ 157+ 117+ 061+ 037+ 068+ 079+ 092+ 073+ 0.0001 0.0001 0.0026

(U/mg prot) 0.11c%" 0.06°" 0.10° 0.20°% 0.23* 0.15° 0.07" 0.07¢  0.02¢  0.10c%" 0.11¢¢ Q.05 %'

Cellulase 184+ 245+ 197+ 272+ 240+ 322+ 132+ 162+ 143+ 2656+ 204+ 241+ 00038 0.0080 0.0000
(U/mg prot) 0.07¢  0.10° 0.04% 0.158° 0.09° 0.072 0.082 0.05f 0.02¢ 012> 0.08¢ 0.10°

Lipase 671+ 3831+ 607+ 683+ 792+ 703+ 387+ 197+ 317+ 426+ 472+ 455+ 00002 0.0001 0.0976
(U/gprot)  0.36% 0.53 118 0.14% 0272 0.16%® 0.54% 0.18 0.18° 0694 0.85¢ 0.25¢

Pepsin 835+ 486+ 580+ 884+ 1373+ 1066+534+ 401+ 678+ 7.15+ 812+ 7.34+ 0.0004 0.000 0.0000
(U/mg prot) 0.54¢  0.64" 0.51¢ 0.25° 0.16@ 1.07° 1.049 0.74' 0589 028 0.16°% 0.29 df

L Amylase 051+ 035+ 052+ 0.78+ 1.03+ 0.65+ 043+ 022+ 041+ 051+ 056+ 048+ 00008 0.0002 0.0001
(U/mg prot) 0.06% 0.04¢ 0.03¢ 0.07° 0.112 0.05° 0.04% 0.02" 0.04% 0.01% 0.04%¢ 0.03%

Cellulase 188+ 255+ 202+ 309+ 273+ 325+ 112+ 166+ 126+ 261+ 229+ 241+ 0.0001 0.0001 0.0309
(U/mg prot) 0.06° 0.12b¢ 0.04¢ 0.03¢ 0.08> 0.08* 0.079 0.14¢ 0.04¢ 0470  0.16¢ 0.16%¢

Lipase 641+ 394+ 566+ 830+ 968+ 7.78x 572+ 419+ 458+ 651+ 728+ 603+ 0.0000 0.0000 0.0001
(U/gprot) 005 008 009 0.14> 022*@ 0.18 0.119 0.06' 0.12"  0.02¢ 0.24¢ 0.09'

Pepsin 768+ 432+ 602+ 1076+ 13.64+ 1057 + 508+ 397+ 543+ 626+ 7.83+ 603+ 0.0001 0.0000 0.0001
(U/mgprot) 0.30¢ 0.129 0.15¢ 0.22° 0.89° 0.27° 0.05" 0.482  0.06 0.14¢  0.18¢ 0.05¢

Data are mean + SD (n=3).
Different letters in the same column indicate significant difference (P< 0.05).
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Crude protein Crude lipid Ash
Isochrysis galbana 51.06 + 1.572 12.77 £ 0.942 13.83 +1.20°
Platymonas subcordiformis 42.11 £2.26° 8.42 +1.03° 12.63 + 0.492
Chaetoceros muelleri 50.01 £1.782 10.96 + 1.15% 10.87 + 0.51°

Data are mean + S.D. (n=3). Values in column with different lowercase alphabets indicate significant differences (P< 0.05).
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ltems Diets

™ T2 T3 T4

Nucleus hypertrophy 0 0 0 0
Eosinophilic infiltrate 0.4 +0.12° 1.5+ 0220 2.3 +0.58 0.5+0.11°
Lymphocytic infiltrate 0.2 +0.07 0.3+ 0.03 0.3 +0.10 0.3+0.08
Necrosis 0.3 +0.04° 1.2+ 0.10° 15+0.22% 0.4 £0.18°
Karyolysis 0.1 £0.02 0.2+ 0.04 0.1 +£0.01 0.1 +£0.06
Karyorrhexis 0.3+0.10 0.2+ 0.08 0.3 +0.04 0.2 +0.07
Pyknosis 0.1 £0.05 0.1+£0.08 0.1 +0.08 0.1 £0.05

T1, basal diet; T2, basal diet supplemented with 1 g/kg of condensed tannins; T3, basal diet supplemented with 2 g/kg of condensed tannins; T4, basal diet supplemented with 2 g/kg of
condensed tannins and 4 g/kg of polyethylene glycol.
ab.c Means with different letters differ (P < 0.05).
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ltems Diets

™ T2 T3 T4
Ingredients
Fish meal 180 180 180 180
Casein 180 180 180 180
Soy protein concentrate 160 160 160 160
High gluten 280 280 280 280
Monocalcium phosphate 15 15 15 15
Fish oil 40 40 40 40
Soybean oil 20 20 20 20
Soy lecithin 20 20 20 20
Vitamin premix 2 2 2 2
Mineral premix 5 5 5 5
Choline chloride 5 5 5 5
Vitamin C ester 15 15 15 15
Lysine 0.3 03 0.3 0.3
Methionine 22 22 22 22
Betaine 5 5 5 5
Zeolite powder 30 30 30 30
Cellulose 54.0 53.0 52.0 48.0
Condensed tannins 0 1 2 2
Polyethylene glycol 0 0 0 4
Proximate composition
Dry matter 937 932 938 932
Crude protein 430 425 426 425
Crude lipid 100 96 98 98
Ash 94 92 94 93

T1, basal diet; T2, basal diet supplemented with 1 g/kg of condensed tannins; T3, basal diet supplemented with 2 g/kg of condensed tannins; T4, basal diet supplemented with 2 g/kg of
condensed tannins and 4 g/kg of polyethylene glycol.

One kilogram of diiet provided: VA 3,230 IU, VD 1,600 IU, VE 160 mg, VK34 mg, VB; 4 mg, VB, 8 mg, VBg 4.8 mg, VB, 0.016 mg, nicotinic acid 28 mg, pantothenic acid calcium 16 mg,
biotin 0.064 mg, folic acid 1.285 mg, inositol 40 mg, Ca 1,150 mg, K 180 mg, Mg 45 mg, Fe 50 mg, Zn 40 mg, Mn 9.5 mg, Cu 7.5 mg, Co 1.25 mg, | 0.16 mg, Se 0.25 mg.
Polyethylene glycol was added to the T4 diet by spraying 30 g/mL of PEG solution onto condensed tannins during mixing so as to achieve 1 CT: 2 PEG ratio in the diet. PEG specifically
binds with condensed tannins to neutralize CT activity (Peng et al., 2016).
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ltems Diets

T T2 T3 T4
ALB, g/l 18.2 + 0.74% 12.6  0.50° 9.7 £0.44° 17.0 + 0.62%
GLOB, g/L 296 +2.15 30.4 +2.63 30.0+1.13 287 +1.19
TCHO, mmol/L 4.6 +0.24° 3.0 +0.32° 2.8+0.28° 4.4 +0.20°
TG, mmol/L 5.6+0.19° 35+0.28° 36+032° 5.3 +0.30°
ALT, UL 305 +2.72° 54.8 + 3.94° 74.8 +1.38% 28.2 + 4.09°
AST, UL 144.0 + 17.50 146.0 + 19.57 152.8 + 19.94 157.8 = 11.15
HDLC, mmol/L 0.9 +0.01 0.9 +0.01 0.8 +0.03 0.9 +0.02
LDLC, mmol/L 0.2 +0.02 0.2 +0.02 0.2 +0.02 0.2+0.01
GLU, mmol/L 9.9+0.61° 9.5 +0.52° 5.3 +0.40° 9.0 +0.43°
INS, pg/mL. 320.5 + 14.34° 318.0 = 17.56° 428.6 = 15.52° 344.2 + 11.41°
GLG, ng/mL. 15+0.12 1.4 £0.06 15+0.14 15£0.11

T1, basal diet; T2, basal diet supplemented with 1 g/kg of condensed tannins; T3, basal diet supplemented with 2 g/kg of condensed tannins; T4, basal diet supplemented with 2 g/kg of
condensed tannins and 4 g/kg of polyethylene glycol.
ALB, albumin; GLOB, globulin; TCHO, total cholesterol; TG, triacylglycerol; ALT, alanine aminotransferase; AST, aspartate aminotransferase; HDLC, high density lipoprotein cholesterol;
LDLC, low density lipoprotein cholesterol; GLU, glucose; INS, insulin; GLG, glucagon.
ab.c\1eans with different letters differ (P < 0.05).
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Antioxidant parameters
TAOC, U/mg protein 0.6 +0.06
SOD, U/mg protein 309.3 + 11.10°
CAT, U/mg protein 65.5 +1.10°
GPx, U/mg protein 475 £ 4.64
MDA, nmol/mg protein 0.7 £0.15
Immune parameters
LZM, U/mg protein 20.7 + 2.42°
IgM, pg/mg protein 44.4 +1.58°
C3, ug/mg protein 32.8+1.98

T2

0.6 +0.06
450.2 + 30.75°
99.4 +7.42°
52.1 + 4.05
0.6 +0.08

34.4 £ 2.19°
57.9 + 3.63%
33.5+0.13

Diets

T3

0.6 £ 0.04
546.0 + 20.70%
167.1 +2.74%

46.9+2.18

0.5 +0.10

36.6 + 0.90
58.3 +2.91%
329+3.10

T4

0.6 £0.06
300.9 + 9.43°
62.1 +3.44°

47.5+£1.96

07+0.14

206+ 1.78°
46.3 + 0.66°
31.3+1.11

T1, basal diet; T2, basal diet supplemented with 1 g/kg of condensed tannins; T3, basal diet supplemented with 2 g/kg of condensed tannins; T4, basal diet supplemented with 2 g/kg of

condensed tannins and 4 g/kg of polyethylene glycol.

TAOC, total antioxidant capacity; SOD, superoxide dismutase; CAT, catalase; GPx, glutathione peroxidase; MDA, malondialdehyde; LZM, lysozyme, IgM, immune globuiin M, C3,

complement 3.
ab.c \eans with different letters differ (P < 0.05).
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Bacterial count Experimental diets®

Dy D, Ds Ds
Water
THB (cfu mL" x10%) 95.90 + 0.04¢ 41.90 £ 0.03° 26.50 + 0.06° 11.90 + 0.66°
TVC (ofu mL' x10% 11.40 = 0.05% 680 +0.02° 450 + 0,03 05 +004*
Intestine
THB (cfu g' x10%) 399.90 = 0.04* 24990 + 0.03° 119.90 = 0.04° 30,00 £ 0.03°
TVC (cfu g' x10°%) 111.20 + 0.4¢ 47.60 + 0.40° 28.20 + 0.60° 6.70 + 0.30*

"D;, Dy, D5, and D, are the experimental diets that are supplemented with 0, 2, 4, and 6 g astaxanthins/kg diet, respectively, of the crude acetonic extract of Arthrospira platensis
NIOF17/003.

Data are means + SD and the n = 9. Different letters in the same row are significantly different (p < 0.05).

THB, total heterotrophic bacterial count: TVC, total Vibrio spp. count.
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RT PA% Compound’s name

19610 9850 Astaxanthin

19789 085  Cyano 5-{5-6-(5-cyano-3,4-dimethyipyrrol-2-ylidenemethyl)-3 4-dimethyl- 1H-pyrrol-2-yimethylene]-4,4-cimethyl-
4,5-dihydro-3H-pyrro-2-yimethylene}-4,4-dimethylpyrrolidin-2-ylene-acetic acid, tert.-butyl ester

14987 065  [5-(5-Chloro-3,4-dimethyl-1H-pyrrol-2-yimethylene)-3,4-dimethyl-5H-pyrrol-2-yil-[5-(6-Cyano-4,4,5-trimethyl-4,5-
dihydro-3H-pyrrol-2-yimethylene)-4,4-dimethylpyrrolidin-2-ylene]-acetic acid, tert.-butyl ester

RT, retention time; PA, peak area%; P%, Probability%; MF, molecular formula; and EMW, exact molecular weight.

P% CF
2140 CiHsOs
7.07  CosHiNGO,
660  CasHuCINsO2

EMW

596.38
578.33

589.31
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Water quality parameters

NH (mg L)
NO, (mg L)
NO; (mg L)
PO, (mg L)
Alkalinity (mg L)
Temperature (C)
Salinity (ppt)

pH

Experimental diets®

Dy

0.119 £ 0.001
0.119 £ 0.016*
0.222 + 0.028
0.485 + 0.009
7.700 £ 0.625
26.84 £ 0.20°
32.25  0.09"
7.79 + 0.02

D,

0.116 £ 0.010
0.109 + 0.001%
0.219 + 0.003
0.495 + 0.039
7.725 £ 0.225
26.55 £ 0.01°
32,52 + 0.02°
7.77 £0.01

Dy

0.115 £ 0.015
0.108 + 0.003*
0.225 + 0.007
0.517 + 0.022
7.987 £ 0.137
2657 + 0.07°
32.41 £ 007*
7.76 + 0.01

D,

0.103 £ 0.014
0.095 + 0.015°
0.214 £ 0.023
0.494 + 0.004
8.337 £ 0.212
26.65 £ 0.11%
3252 +0.18°
7.76 + 0.02

D;, D,, D5, and D; are the experimental diets that are supplemented with 0, 2, 4, and 6 g astaxanthins/kg diet, respectively, of the crude acetonic extract of Athrospira platensis

NIOF17/003.

Data are means + SD and the n = 3. Different letters in the same row are significantly different (p < 0.05).
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Growth indicators Experimental diets®

D, D, D, D,
BW (g) 0.19 £ 0,003 0.19 £ 0.003 0.19 = 0,003 0.19 £ 0003
FBW () 21.87 = 1.15° 22,03 = 1.33° 2461 = 1.78° 25.75 + 1.42°
WG (g) 21.68 = 057° 21.84 £ 0.93° 24.42 + 1.80° 2556 + 0.92°
Survival (%) 82.22 = 385 7667 = 3.33 7778 =192 74.44 £ 500
SGR (%/day) 527 £ 001 5.28 £ 0.033 5.40 = 0,028 545+ 006
FCR 1.63 £0.12° 1.43 £ 0.06° 1.25 £ 0.00° 138£0.11°

°D;, Dz, D3, and Dy are the experimental diets that are supplemented with 0, 2, 4, and 6 g astaxanthins/kg die, respectively, of the crude acetonic extract of Athrospira platensis
NIOF17/003.

Data are means = SD and the n = 3. Different letters in the same row are significantly different (p < 0.05).

IBW, initial body weight (q): FBW. final body weight (g); WG, weight gain (g): SGR, specific growth rate (%/day); and FCR, feed conversion ratio.
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Proximate
composition indicators

Dry matter (%)
Protein (%)
Fat (%)

Ash (%)

Experimental diets®

D,

26.53 £ 0.10°
2312 £ 003"
7.79 £ 0.01¢
1.60 = 0.01¢

D, Ds
25.04 £ 0.04° 24.84 £0.12°
21.77 £ 0.04° 21.56 + 0.06%
9.99 £ 0.02° 10.07 + 0.04°
1.99 + 0.02° 1.92 +0.03°

D,

25.58 + 0.07°
22.19 + 0.02°
10.87 + 0.03°
2.08 + 0.03"

D;, D,, D3, and D; are the experimental diets that are supplemented with 0, 2, 4, and 6 g astaxanthins/kg diet, respectively, of the crude acetonic extract of Athrospira platensis

NIOF17/003.

Data are means + SD and the n = 3. Different letters in the same column are significantly different (p < 0.05).
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Diets® Protein (%) Fat (%)

Dy 40.59 11.31
D, 39.69 12.60
Ds 39.88 12.28
Dy 40.51 12.62

Ash (%)

.19
8.89
9.21
9.40

Fiber (%)

3.51
414
3.48
341

“Aller-Aqua, Giza Governorate, Egypt. Dy, D, Ds, and D, are the experimental diets that
were supplemented with 0, 2, 4, and 6 g astaxanthins/kg die, respectively, of the crude

acetonic extract of Arthrospira platensis NIOF17/003.
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Gene

p-actin

Prophenoloxidase (0roPO)
Lysozyme (Lys)

Beta-glucan binding protein (8gp)
Superoxide dismutase (SOD)
Transglutaminase (TGase)

Crustin (Crus)

Primer sequence (5'-3')

F: GCCCATCTACGAGGGATA

R: GGTGGTCGTGAAGGTGTAA
F: CGGTGACAAAGTTCCTCTT

R: GCAGGTCGCCGTAGTAAG

F: GGACTACGGCATCTTCCAGA
R: ATCGGACATCAGATCGGAAC
F: ACGAGAACGGACAAGAAGTG
R: TTCAGCATAGAAGCCATCAGG
F: TCATGCTTTGCCACCTCTC

R: CCGCTTCAACCAACTTCTTC
F: TTCACAAGCCTGACATCACC
R: GCAGCAGTGGGATAGGGTTA
F: ACGAGGCAACCATGAAGG

R: AACCACCACCAACACCTAC

Accession no.

AF300705

AY723296

AY170126

AY249858

AY486424

BE188522

AF430076

Size (bp)
121

122
o7
137
143
99

141
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Group c Lvs-GG Mvs-GG Hvs-GG

Ingredients
Fish mea® 4500 4500 4500 45.00
Comn gluten meal 1000 10.00 1000 10.00
Soy protein isolate 1500 15.00 15.00 15.00
Fish ol 450 450 450 450
Soy ol 340 3.40 340 3.40
Soy lecithin 1.00 1.00 1.00 1.00
Starch 1000 10.00 1000 10.00
Cellulose 800
Lvs-GG® 800
Mvs-GG® 800
Hys-GG” 8.00
CaH;PO,), 1.00 1.00 1.00 1.00
NaCl 020 0.20 020 0.20
Choline chioride 030 030 030 0.30
Vitamin C 003 0.03 003 003
Vitamin and Mineral premix® 1.50 1.50 1.50 1.50
Ethoxyquin® 002 002 002 0.02
Yttrium (1) oxide 005 0.05 005 0.05

Proximate composition
Moisture 1069 1076 1073 1080
Crude protein 4250 4253 42.50 4254
Crude lipid 1375 1370 1369 13.72
Ash 9.70 9.62 968 971
Viscosity (mPass) 514 10226 22175 38580

*Supplied by Zhanjiang Haibao Feed Co., Ltd. (Zhanjiang, China); fish meal, 65.81%
crude protein, 7.69% crude lipid.

*Supplied by Guangreo Liuhe Chemical Co., Ltd. (Dongying, China).

°Supplied by Qingdao Master Biotech (Qingdao, China).
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Enzyme/T (°C)
Pepsin

18°C

22°C

26°C
Trypsin

18°C

22°C

26°C
Chymotrypsin

18°C

22°C

26°C
Aminopeptidase

18°C

22°C

26°C
Lipase

18°C

22°C

26°C

Ql()

101

113

1.23
122
121

1.04
1.02
1.03

1.42
1.44
1.28

133
1.09
1.30

E, (k] mol")

12.56
10.06
6.27

8.57
8.49
7.83

7.72
7.28
6.63

9.63
9.41
7.13

893
312
6.92

The values were calculated for the range from 30 to 50°C for Qo and from 30 to 60°C for E, of lipase and pepsin and from 10 to 60°C for E, of trypsin, chymotrypsin and leucine

aminopeptidase.
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Target

Serine proteases

Trypsin

Chymotrypsin

Metallo-proteases

Protease inhibitor

STBI

TLCK

TPCK

EDTA

Concentration

50 uM

0.5 mM

0.3 mM

50 mM

(C)

18°C
22°C
26°C

18°C
22°C
26°C

18°C
22°C
26°C

18°C
22°C
26°C

% of inhibition

37.16
42.30
46.79

19.62
25.03
38.15

27.83
21.46
12.90

17.11
21.51
2293
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Enzyme Optimal pH Optimal T (°C) Optimal NaCl (M) Optimal CaCl, (M)

Pepsin = =
18°C 2.5 60
22°C 2.5 60
26°C 2.5 70

Trypsin 0.1 0.2
18°C 10 270
22°C 10 270
26°C 10 270

Chymotrypsin 1 0.2
18°C 9 270
22°C 9 270
26°C 9 270

Leucine aminopeptidase 0.1 0.02
18°C 8 50
22°C 75 50
26°C 7.5 60

Lipase 0.5 0.05
18°C 11 65
22°C 11 75

26°C 11 65





OPS/images/fmars.2022.960746/table1.jpg
(Aa)

Function Eigenvalue % of variance Cumulative % Canonical correlation
1 496.527 783 783 0.999
2 137.376 21.7 100.0 0.996
®) Function
1 2
TRY_PC -3.194 3711
TRY_AT -0.674 -0.302
TRY_MI 0.389 -1.228
TRY_PI -0.654 1.889
CHY_PC 3.349 -6.363
CHY_AI 3.796 0.837
CHY_MI -4.285 3.827
CHY_PI -0.177 -1.230
LEU_PC 2.403 -0.921
LEU_MI 1771 0.886
LEU_PI 1716 1.028
LEU_total -0.593 -2.101
LIP_PC 3.849 -0.444
LIP_AI 1.434 0.268
LIP_PI -3.652 1191

LIP_total 3.163 0.59
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Genes Control group (0.4 g/kg betaine) RNAI group (Wnt10b p Value
RNAi and 0.4 g/kg betaine)

Wnt10b 1.02+£0.23 0.42 + 0.09 <0.06
GSK-3p 1.01 £0.19 3.32 +0.82 <0.06
p-catenin 1.02 +£0.25 0.57 + 0.06 <0.06
CAT 1.03 £0.27 0.47 £ 0.06 <0.06
SOD 1.00 + 0.03 051 £0.11 <0.06
GSH-PX 1.01£0.13 0.48 + 0.08 <0.06

Values are expressed as means + sem (r

3) Statisticaly significant diflerences are denoisd by b vakues.
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ROS level and
antioxidant enzyme activity

02~ level (U/g protein)
OH level (U/g protein)

H,0 level (mmol/g protein)
CAT activity (U/g protein)
SOD activity (U/g protein)
GSH-PX activity (U/g protein)

Values are expressed as means + sem (r

Control group (0.4 g/kg betaine)

54.30 + 3.73
132.50 + 6.21
3.48 + 0.38
10.90 = 0.40
6.85 + 0.68
12.30 + 1.01

3) Statisticaly significant diflerences are denoisd by b vakues.

RNAi group (Wnt10b
RNAi and 0.4 g/kg betaine)

64.63 + 4.01
160.54 + 4.94
450 +0.15
9.03 +0.33
5.38 + 0.39
10.27 + 0.57

p Value

<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
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Items Betaine level (g/kg diet)
0 0.1 02 04

Ingredients (g/kg diet)
Casein 420 420 420 420
Gelatin 105 105 105 105
Dextrin 190 190 190 190
Lard oil & 83 8 83
Linseed oi 17 17 17 17
Cellose 100 999 998 996
Sodium carboxymethylcellulose 20 20 20 20
Vitamin premix® 10 10 10 10
Mineral premix® 40 40 40 40
Cay(H:PO,)2 10 10 10 10
Gholine chloride 5 5 5 5
Betaine 0 01 02 04
Total 1,000 1,000 1,000 1,000
Proximate composition
Moisture (g/kg diet) 97.4 982 966 98.1
Crude protein (g/kg diet) 4806 4812 4826 4824
Crude lipid (g/kg diet) 1034 1029 1045 1035
Crude ash (g/kg diet) 61.2 632 638 632
Notes.

“Vitamin premix contained (mg/g mixer) thiamin hydrochloride, 5 mg; riboflavin, 5 mg;
calcium pantothenate, 10 mg; nicotic acid, 6.05 mg; L-ascorbyl-2-monophosphate-Mg,
3.95 mg; alpha-tocopherol acetate, 50 mg; pyridoxine hydrochloride, 4 mg; folic acid,
1.5 mg; inositol, 200 mg; menaclone, 4 mg; retinyl acetate, 60 mg; biotin, 0.6 mg. All
ingredients were diuted with alpha-celluiose to 1 g.

“Mineral premix contained (g/kg diet) calcium biphosphate, 13.58 g; calcium lactate,
32.7 g; FeSO.+6H0, 2.97 g; magnesium sulfate, 13.7 g; potassium phosphate dibasic,
23.98g; sodium biphosphate, 8.72 g; sodium chloride, 4.35 g; AICIz6H0, 0.015 g; Ki,
0.015 g: CuCls, 0.01 g; MnSO.+H-0, 0.08 g;: CoClo6H50, 0.1 g: ZnS047H.0, 0.3 g.
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PCR primers Forward (5'-3) Reverse (5'-3')

ORF CAATGACATCCTCGGCCTGAAG TCACTTGCACACATTAACCCACTC
dsRNA GATCACTAATACGACTCACTATAGGGGAGACCAGCGCTGGAACTGCTC GATCACTAATACGACTCACTATAGGGCCACTCTGTTATTACGAATCC
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Target gene

Wnt10b
GSK-3p
p-catenin
CAT
Seh)
GSH-PX
-actin

Forward (5'-3')

TCCTGAAACAGGCTCGAAGT
TCTGCTCACCGTTTCCTTTC
GGAGCTCACCAGCTCTCTGT
CAAGGTCTGGTCCCATAAA
GTCCGCACTTCAACCCTCA
AGATGTCATTCCTGCACACG
CCGTGACATCAAGGAGAAGC

Reverse (5'-3')

GCTGCTCACTTGCACACATT
CTCCGACCCACTTAACTCCA
TAGCTTGGGTCGTCCTGTCT
TGACTGGTAGTTGGAGGTAA
TCCTCATTGCCACCCTTCC
AAGGAGAAGCTTCCTCAGCC
TACCGCAAGATTCCATACCC

Size (bp)

12
15
120
227
217
94
194

GenBank

AY182171.1
NM_131381.1
NM_001001889.1
BC051626
BC055516
AW232474
AF067040.1
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Gene Primer type

Efta "
Re

IGF1 F
R

GLP-2 F
R

F*, forward primer; R, reverse primer.

Sequence 5'-3'

TGCTGCTGGTGTTGGTGAGTT
TTCTGGCTGTAAGGGGGCTC
CTTCAAGAGTGCGATGTGC
GCCATAGCCTGTTGGTTTACTG
CCGAGCAACACTGGTACTGA
GCTGAGAGTGAGGTTGACGA

IGF1, insulin-like growth factors -1; GLP-2, Glucagon-like peptide 2.

E-value (%)
97.99
97.96

11663

Tm (C)

61.2
59.3

56.6

Accession no.

XM_038724777.1

XM_038736342.1

XM_038738328.1
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Two-way PERMANOVA

Permutation N

Source

Strain

Diet

Interaction

Pairwise comparisons

Feed C vs. feed PP
ITA_C vs. [TA_PP
ITA Cvs. USA C
ITA_C vs. USA_PP
ITA_PP vs. USA_C
ITA_PP vs. USA_PP
USA_C vs. USA_PP

999
Pseudo-F
1.354
4.800
3.904

Pseudo-F
485
5.435
3.296
1.964
1.933
2339
1.245

0.220
0.021
0.012

P
0.103
0.004
0.022
0.101
0.095
0.014
0.264

ITA, Italian strain; United States , American strain; C, commercial diet; PP, all-plant

protein diet: P, probability.
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Ingredients (g/kg, as fed)

Soy protein concentrate
Soybean meal, deulled
Com gluten meal (CP 60%)
Wheat gluten meal

Fish ol

Leisin HCI

DL-methionine

Threonine

Taurine

Vitamin premix®

Stay C 35%

Dicalcium phosphate
Potassium chloride

Sodium chioride
Morocalcium phosphate
Trace mineral premix®

Proximate composition®

DM, gkg
CP, g/kg DM
EE, g/kg DM
Ash, g/kg DM
GE, MU/Kg?

PP

265.8
2500
170.0
292
194.2
18.4
44
20
50
10.0
20
15
56
28
246
1.0

91.32
48.97
1811
6.04
22.80

90.71
4971
26.56
719
24,07

DM, dry matter; P, crude protein; EE, ether extract; GE, gross energy; “Vitamin premix
vitamin D, 0.15 mg; vitamin E,
267 mg;vitamin K as menacione sodlium bisulite, 20 g; thiamin as thiamin mononitrate,
32 mg; riboflavin, 64 mg; pyridoxine as pyricoxine-HC, 64 mg; pantothenic acid as Ca-
d-pantothenate, 192 mg; niacin as nicotinic acid, 240 mg; biotin, 0.56 mg; folic acid,
12 mg; vitamin By, 50 pg; and inositol as meso-inositol, 400 mg *Trace mineral premix
supplied the following (mg/kg diet): Zn (as ZnSO,. 7H;0), 75; Mn (as MnSO), 20; Cu (as
CuSO4.5H;0), 1.54; 1 (as KIO3), 10. “Values are reported as mean of duplicate analyses;

supplied the following per kg diet: vitamin A, 2.4 m

YDetermined by calorimetric bomb.
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Strain (S) Diet (D) SEM p value

ITA United States [ PP s D s D SxD
Survival, % 97.10 98.40 98.00 97.50 0.36 0.36 0.010 0.323 <0.001
FBW, g 69.82 76.18 61.18 84.82 0.80 0.80 <0.001 <0.001 0.628
WG, g 54.96 59.40 51.27 63.09 0.88 0.88 <0.001 <0.001 0.010
FCR, n 0.96 0.94 0.96 0.94 0.02 0.02 0.176 0.345 0171
PER, n 204 210 210 2.04 0.03 0.03 0.173 0.240 0.162
SGR, % day-1 161 1.70 1.66 1.65 0.01 0.01 <0.001 0.634 0.371

ITA, Itallan strain; United States, American strain; C, commercial diet; PP, all-plant protein diiet; SEM, standard error of the mean; P, probabilty; BV, indivicual initial body weight; FBW,
incivicual final body weight: WG, individual weight gain: SGR, spaciic growih rate; FCR, feed convearsion ratio: PER, protein efficiency ratio.
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Strain (S) Diet (D) SEM p value

ITA United States c PP s D s D S$xD
Moisture, % n 72.82 72.90 7163 0.17 0.17 <0.001 <0.001 0.042
Ash, % 242 239 246 235 0.06 0.05 0.622 0.139 0.031
CP, % 16.25 16.16 15.75 16.66 0.16 0.16 0.652 <0.001 0.652
EE, % 9.27 8.38 8.60 9.06 0.07 0.07 <0.001 <0.001 <0.001

ITA, Italian strain; United States , American strain; C, commercial diet; PP1, all-plant protein diet; SEM, standard error of the mean; P, probabilty; DM, dry matter; CP, crude protein; EE,
ather extract
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Chao 1 Faith_PD Observed OTUs
TA_C 81+46 1.41+0.58 74+43
TA_PP 73+36 127 £ 024 66 + 33
USA C 97 + 45 1.27 £0.23 86 + 39
USA_PP 118+ 34 140+ 0.38 104 + 35
Sig D: 0.661 D: 0.965 D: 0.737

S:0.081 $:0.985 $:0.128

SxD: 0.401 SxD: 0.411 SxD: 0.423

Feed_ C 269+ 7 347 +0.11 260+ 7
Feed_PP 288+ 1 4.05 £ 0.22 2617
t-test 0.010 0.014 0.827

ITA, ltalian strain; United States . American strain: C, commercial diet: PP, all-plant protein diet.

Shannon

3.69 +0.26
361+0.14
3.83 +0.43
3.88 £ 0.52
D: 0.961
S:0.184
SxD: 0.676
4.92 +0.02
4.66 +0.12
0.024

Simpson

0.85 + 0.02
0.84 + 0.01
0.85 + 0.03
0.85 + 0.03
SxD: 0.676
S: 0431
SxD: 0.739
0.90 + 0.00
0.89 = 0.01
0.010






OPS/images/fphys-13-892550/fphys-13-892550-g001.gif
B

B






OPS/images/fphys-13-892550/fphys-13-892550-g002.gif
)






OPS/images/fphys-13-892550/fphys-13-892550-g003.gif
EENCN

Racuatlenmen o






OPS/images/fphys-13-892550/fphys-13-892550-g004.gif





OPS/images/fphys-13-892550/crossmark.jpg
©

|





