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An 8-week feeding trial was conducted to explore the effects of replacement of dietary fishmeal by cottonseed protein concentrate (CPC) on growth performance, liver health, and intestine histology of largemouth bass. Four isoproteic and isolipidic diets were formulated to include 0, 111, 222, and 333 g/kg of CPC, corresponding to replace 0% (D1), 25% (D2), 50% (D3), and 75% (D4) of fishmeal. Two hundred and forty largemouth bass (15.11 ± 0.02 g) were randomly divided into four groups with three replicates per group. During the experiment, fish were fed to apparent satiation twice daily. Results indicated that CPC could replace up to 50% fishmeal in a diet for largemouth bass without significant adverse effects on growth performance. However, weight gain rate (WGR), specific growth rate (SGR), feed efficiency (FE), and condition factor (K) of the largemouth bass were significantly decreased when 75% of dietary fishmeal that was replaced by CPC. The whole body lipid content was increased with the increasing of dietary CPC levels. Oil red O staining results indicated that fish fed the D4 diet showed an aggravated fat deposition in the liver. Hepatocytes exhibited serious degeneration, volume shrinkage, and inflammatory cells infiltration in the D4 group. Intestinal villi appeared shorter and sparse with severe epithelial damage in the D4 group. The transcription levels of anti-inflammatory cytokines, such as transforming growth factor β (tgf-β), interleukin 10 (il-10), and interleukin 11 β (il-11β), were downregulated in the D4 group. The lipid metabolism-related genes carnitine palmitoyl transferase 1 (cpt1), peroxisome proliferator-activated receptor α (pparα), and target of rapamycin (TOR) pathway were also significantly downregulated in the D4 group. It was concluded that suitable replacement of fishmeal by less than 222 g CPC/kg diet had a positive effect on growth performance of fish, but an excessive substitution of 75% fishmeal by CPC would lead to the suppressed growth, liver inflammation, and intestinal damage of largemouth bass.
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INTRODUCTION

Fishmeal is known as the preferential protein ingredient in aquafeeds due to its high digestible protein content, balanced amino acid profile, and fewer anti-nutritional factors (NRC, 2011). However, the rapid development of aquaculture and aquafeeds increases the imbalance between supply and demand of fishmeal because of the unsustainable fisheries resources and the increasing price of fishmeal (Naylor et al., 2009; Turchini et al., 2018). Therefore, finding new alternative and efficient fishmeal substitutes is becoming more and more concerning (Hardy, 2010; FAO, 2018). So far, plant proteins have been widely reported as the fishmeal substitute in aquafeeds, such as soybean meal (Lim and Dominy, 1990), rapeseed meal (Cheng et al., 2010), cottonseed meal (Lim, 2010), and peanut meal (Liu et al., 2012). However, due to the existence of anti-nutritional factors, unbalanced amino acid profile, and low feed availability, plant proteins often cause many negative impacts on different fishes (Glencross et al., 2020).

As an important plant protein, cottonseed meal has a relatively balanced amino acid profile and is often widely used as a fishmeal substitute. However, the presence of gossypol, a main anti-nutritional factor in cottonseed meals, brought many adverse effects on the growth and health of fish and severely limited its utilization in aquafeeds (Anderson et al., 2016; Wan et al., 2018). Thus, removing anti-nutritional factors from cottonseed meals will make it better use in aquafeeds. With the recent development of cottonseed processing, the cottonseed protein concentrate (CPC) was obtained by low-temperature extraction with low levels of anti-nutritional factors, such as extremely low gossypol levels (Liu et al., 2020). Therefore, compared to the traditional cottonseed meal, CPC is an excellent plant protein to replace fishmeal in aquafeeds. As a new type of non-grain protein source, CPC was mainly evaluated in replacing dietary fishmeal for the marine fish species in a few studies. It was reported that replacing fishmeal with 60% CPC did not show adverse effects on growth performance and intestinal health of juvenile golden pompano (Trachinotus ovatus) (Shen et al., 2020). A study in pearl gentian grouper (Epinephelus fuscoguttatus ♀ × Epinephelus lanceolatu♂) found that CPC replacing up to 24% of fishmeal exhibited no negative effects on the growth and intestinal morphology of the fish (Chen et al., 2020). It was also observed that dietary inclusion of CPC suppressed growth performance and immune function of hybrid grouper (Epinephelus fuscoguttatus ♀ × Epinephelus lanceolatu♂) (Yin et al., 2018). When fed with a full plant protein diet with soybean protein concentrate and CPC, Japanese seabass (Lateolabrax japonicas) was induced abnormal metabolism in the liver and a fatty liver (Zhang et al., 2019). However, very little information on replacing fishmeal with CPC has been published in freshwater fish species, especially carnivorous fish that usually need a large content of dietary fishmeal.

Largemouth bass (Micropterus salmoides), a typical freshwater carnivorous fish, is one of the most important commercial cultivated fish in China with an annual production of more than 0.6 million tons in 2020 (He et al., 2020; China Fishery Statistical Yearbook, 2021). The dietary protein requirement for largemouth bass is about 48%, and it strongly depends on fishmeal, usually up to 40–50% (Huang et al., 2017). Therefore, alternative low-cost protein sources for largemouth bass are important for reducing feed prices and increasing the income of fishermen (Zhao et al., 2021). Till now, only one recent study evaluated the combination use of CPC and poultry by-product meal for replacing fishmeal in largemouth bass and mainly focused on the effects of the supplementation with CPC on growth performance and environmental impacts (Wang et al., 2021), but the investigation of replacing fishmeal with CPC on liver health and intestinal health of largemouth bass, especially at high replacing levels, has not been reported. In the present study, the effects of graded levels of dietary CPC on growth performance, liver health, and intestinal histology were conducted in largemouth bass to evaluate the feasibility for CPC replacing of fishmeal.



MATERIALS AND METHODS


Experimental Diets

All ingredients and proximate compositions of the experimental diets are shown in Table 1. Four isonitrogenous and isolipidic experimental diets were formulated to include 0, 111, 222, and 333 g/kg of CPC, corresponding to replace 0% (D1), 25% (D2), 50% (D3), and 75% (D4) of dietary fishmeal. The designed protein and lipid content of the experimental diets are based on Huang et al. (2017) and Li et al. (2021), which can satisfy the requirement of largemouth bass. D1 group was used as the control diet with 40% of fishmeal. All diets were processed through an extruder (TSE65S; Modern Yanggong Machinery S&T development CO., LTD., Beijing, China) and made into 2 mm diameter floating pellets. All diets were dried at 60°C in an oven and stored at 4°C. The composition of the CPC used in this experiment is shown in Table 2. Table 3 shows the amino acids profile of CPC and the experimental diets.


TABLE 1. Formulation and composition of the experimental diets for largemouth bass.
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TABLE 2. Proximate composition of cottonseed protein concentrate used in the experimental diets (g/kg dry matter).
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TABLE 3. Amino acid composition of the experimental diets (g/kg dry matter).
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Fish and Feeding Trial

Largemouth bass was purchased from a commercial fish farm (Ezhou, Hubei, China). All fish were fed the control D1 diet for 2 weeks to acclimate the experimental condition. The experiment was conducted in an indoor recirculating system with 12 circular plastic tanks (volume 140 L). At the beginning of the experiment, all fish were deprived of feed for 24 h. Two hundred and forty healthy fish with an initial body weight of 15.11 ± 0.02 g were randomly divided into 4 groups with 3 replicates in each group and 20 fish per replicate.

During the experiment, fish were fed to apparent satiation twice daily at 08:30 and 16:30 for 8 weeks. Daily feed intake was recorded, and uneaten feed was taken out and recorded. This experiment was conducted under 12 h light: 12 h dark, and aeration was supplied to each tank 24 h per day. The water temperature was maintained at 27.0°C ± 1.0°C, pH 7–8, dissolved oxygen > 5.0 mg/L, and ammonia-N < 0.5 mg/L.



Sampling

At the end of the feeding trial, all fish were deprived of diets for 24 h. Then, all fish in each tank were bulk weighted to calculate mean final body weight (FBW), weight gain rate (WGR), specific growth rate (SGR), and feed efficiency (FE). Two fish from each tank were randomly selected and frozen at − 20°C for the analysis of body composition. Six fish from each tank were anesthetized with 60 mg/L MS-222, fish body weight and length, viscera, and liver weight of the three fish were recorded to calculate condition factor (K), hepatosomatic index (HSI), and viscerosomatic index (VSI). Three fish from each tank were selected, and liver samples near to the bile were collected, fast-frozen in liquid nitrogen, and stored at − 80°C for mRNA expression, enzyme analysis, and western blot analysis. Another three fish from each tank were sampled, and the liver tissues were collected and stored at − 20°C to determine the fat content of the liver. The liver and mid-intestine tissues from the three fish per tank were sampled, approximately 5 mm × 5 mm × 5 mm tissues were fixed in 4% paraformaldehyde (Boerfu Biotechnology Co., Ltd., Wuhan, China) and stored at 4°C no longer than 48 h for histological analysis.



Biochemical Assays

Analysis of the proximate composition of the experimental diets and fish samples was executed according to an AOAC protocol (Association of Official Analytical Chemists [AOAC], 2003). Moisture content was determined by oven at 105°C until constant weight. Ash content was measured by incineration in a muffle furnace (Muffle furnace, Yingshan, Hubei, China) at 550°C for 12 h. Crude protein content was measured by the Kjeldahl method using a Kjeltec analyzer unit (Foss Tecator, Höganäs, Sweden), and crude lipid content was measured by the Soxtec system (Soxtec System HT6, Tecator, Höganäs, Sweden). The amino acid contents of all experimental diets were determined after acid hydrolysis in 6 N HCl for 24 h at 11°C according to the method of Tu et al. (2015) and then were analyzed using Hitachi L-8800 Amino Acid Analyzer (Hitachi High-Technologies Corporation, Tokyo, Japan). Free gossypol levels of the experimental diets and CPC were determined according to the aniline method (Bian et al., 2016). Free gossypol was extracted in the presence of 3-amino-1-propanol with a mixture of 2-propanol and hexane. The extracted free gossypol was converted into gossypol-aniline with aniline. Finally, the absorbance of the compound was measured using a spectrophotometer at the wavelength of 440 nm. Liver samples were freeze-dried (Alpha 1-4 LD-plus, Christ, Osterode, Germany), and then the liver lipid content was determined by chloroform/methanol (V/V, 2:1) extraction method.

Activities of alkaline phosphatase (AKP), catalase (CAT), total superoxide dimustase (T-SOD), and malondialdehyde (MAD) content of liver tissues were measured according to the instructions of the commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, Jiangsu, China).



Histological Analysis

The liver and mid-intestine tissues fixed by 4% paraformaldehyde were dehydrated in a series of ethanol, embedded in paraffin, and cut into 5 μm sections. The sections were stained following the protocols of hematoxylin and eosin (H&E). Frozen liver sections were fixed in formalin and stained with oil red O. Then the samples were observed and photographed by using a microscope system (DM1000, Leica Microsystems, Germany). The image was analyzed by Image-Pro Plus 6.0.



Quantitative Real-Time PCR Analysis

Total RNA of the liver was extracted using TRIzol reagent and electrophoresed on an agarose gel to evaluate the integrity. The concentration of extracted RNA was spectrophotometrically quantified with Nanodrop 2000 (Thermo Fisher Scientific, Waltham, MA, United States). In total, 1 μg of extracted total RNA was reverse transcribed to cDNA using an M-MLV First-Strand Synthesis Kit (Invitrogen, Shanghai, China), and the obtained cDNA was used for PCR. The quantitative real-time PCR was performed in LightCycle§ 480 II system in a 6 μl reaction volume containing LightCycle 480 SYBR Green I Master Mix (Roche, Switzerland). The final reaction volume of 6 μl includes 2 μl cDNA, 0.24 μl forward and reverse primer, 0.52 μl ddH2O, and 3 μl LightCycle 480 SYBR Green I Master Mix. Negative controls were done in the same template which template was replaced with ddH2O. The qPCR was conducted with the following condition: 95°C for 5 min followed by 40 cycles with 10 s at 95°C, 20 s at Tm, and 10 s at 75°C. After PCR final cycle, the melted curve was performed to confirm the amplification of a single product with 0.5°C increment from 65°C to 95°C. β-actin and ef-1α, expressed very stable in largemouth bass liver tissue, were chosen as the endogenous reference for normalization. The primers used for transcriptional expression were obtained from previous literatures (Table 4). The results were calculated according to the method of Su et al. (2020).


TABLE 4. Primers used in quantitative real-time PCR analysis.
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Western Blot Analysis

The western blot analysis was carried out according to the method described by Yang et al. (2018). Liver tissues were lysed by RIPA lysis buffer (Beyotime Biotechnology, China) with protease inhibitor cocktail and phosphatase inhibitor cocktail (Roche, Basel, Switzerland). Equal amounts of protein were separated on sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) gels and transferred to poly(vinylidene fluoride) (PVDF) membranes. The PVDF membranes were blocked for 1 h with 5% milk in TBST buffer and then incubated with anti-phospho-m-target of rapamycin (TOR) (1:1000, #2971; CST, Danvers, MA, United States), anti-mTOR Antibody (1:1000, #2972; CST, Danvers, MA, United States), anti-phospho-ribosomal protein (S6)Ser235/236 (1:1000, #4858; CST, Danvers, MA, United States), anti-S6 (1:1000, #2217; CST, Danvers, MA, United States), and anti-GAPDH (1:1000, ab8245; Abcam). Horseradish peroxidase-labeled secondary antibodies were used to generate a chemiluminescent signal that was detected by ImageQuant LAS 4000mini (GE Healthcare Life Sciences). GAPDH was used as a control.



Calculation and Statistical Analysis

The WGR, SGR, FE, K, VSI, and HSI were calculated as follows:
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All data were analyzed by SPSS 20 (SPSS Inc., Chicago, IL, United States) for windows. Before one-way ANOVA tested the differences among groups, all data were tested normal distribution and homogeneity of variances. After ANOVA identified the differences, Duncan’s multiple range testing was used to identify the significant differences between group means. Effects with a probability of P < 0.05 were considered statistically significant. All data are presented as means ± SE.




RESULTS


Growth Performance

Effects of replacement of fishmeal with CPC on growth performance, feed utilization, and morphological indices of largemouth bass are shown in Table 5. The WGR in the D4 group was significantly lower (P < 0.05) than other groups, and there was no significant difference between D2 or D3 and D1 group (P > 0.05). And D4 group had the lowest SGR than other groups. Similar results were found in SGR and FE (P < 0.05). In addition, compared to the other groups, replacing fishmeal with CPC by 75% (D4 group) significantly decreased (P < 0.05) K and HSI of largemouth bass. But no significant differences were observed in VSI of largemouth bass fed different CPC diets (Table 5).


TABLE 5. The growth performance of largemouth bass fed different cottonseed protein concentrate diets for 8 weeks.
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Body Composition

A significant increase (P < 0.05) of body lipid content was observed in the D4 group compared to the control D1 group, but no significant change (P > 0.05) of body lipid content was found between the D2 or D3 and D1 groups (Table 6). No changes of crude protein and moisture contents (P > 0.05) were found in largemouth bass fed different CPC diets. D4 group had a lower ash content (P < 0.05) than D1 and D2 groups (Table 6).


TABLE 6. Effects of replacing fish meal with cottonseed protein concentrated on body composition of largemouth bass.
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Similar to the results of body lipid content, the liver lipid content of largemouth bass increased with increasing dietary CPC levels, and the D4 group exhibited a significantly higher (P < 0.05) content of liver lipid than other groups (Figure 1).
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FIGURE 1. Lipid content of liver tissues in largemouth bass fed different cottonseed protein concentrate diets for 8 weeks. Bars assigned with different letters were significantly different (P < 0.05).




Histomorphology

Through the oil red O staining of the liver, it was found that fish in the D4 group showed an aggravated fat deposition (Figure 2). The hepatocytes in fish fed the control D1 diet showed clear boundary with vacuolated cytoplasm and no obvious vacuolar degeneration and inflammatory cells infiltration (Figure 3). However, with the increasing dietary CPC levels, largemouth bass a exhibited different degree of hepatocyte degeneration and inflammatory cells infiltration. Compared to the control D1 group, the hepatocytes of fish in the D4 group exhibited severe abnormalities with a disappeared boundary of hepatocytes, hepatocytes volume shrinkage, nucleus pyknosis, aggravated vacuolar degeneration, and inflammatory cells infiltration (Figure 3).


[image: image]

FIGURE 2. Oil Red O staining (200×) of fat deposition of live tissues in largemouth bass fed different cottonseed protein concentrate diets for 8 weeks. Red points represent lipid droplets. Scale bar: 100 μm. D1–D4: 0, 25, 50, and 75% of the fish meal was replaced by cottonseed protein concentrate.
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FIGURE 3. H & E staining (200×) of liver histomorphology in largemouth bass fed different cottonseed protein concentrate diets for 8 weeks (black arrows show the inflammatory cells infiltration, and red arrows show the nucleus pyknosis). Scale bar: 100 μm. D1–D4: 0, 25, 50, and 75% of the fish meal was replaced by cottonseed protein concentrate.


As shown in Figure 4, the structure of the mid-intestine in the D1, D2, or D3 group is normal. However, when 75% of dietary fishmeal was replaced by CPC, the intestinal villi of largemouth bass appeared shorter and sparse with severe epithelial damage in the D4 group. D4 group exhibited significantly lower (P < 0.05) villus height and width than the D1 group (Table 7).
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FIGURE 4. H & E staining (100×) of mid-intestinal histology in largemouth bass fed different cottonseed protein concentrate diets for 8 weeks (black arrows show the epithelial damage). Scale bar: 100 μm. D1–D4: 0, 25, 50, and 75% of the fish meal was replaced by cottonseed protein concentrate.


TABLE 7. Histological parameters of mid-intestinal in largemouth bass fed different cottonseed protein concentrate diets.
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Liver Antioxidant Enzymes

Fish in the D2 group had the highest activity of liver AKP, and the D4 group had the lowest activity of AKP among all groups (Figure 5). The activities of CAT and T-SOD in the D4 group were significantly higher (P < 0.05) than other groups. No significant difference in the MDA content was found (P > 0.05) in largemouth bass fed different CPC diets (Figure 5).


[image: image]

FIGURE 5. Effects of replacing fish meal with cottonseed protein concentrate on liver antioxidant capacities of largemouth bass. (A) AKP, alkaline phosphatase. (B) CAT, catalase. (C) MDA, malondialdehyde. (D) T-SOD, total superoxide dimustase. Bars assigned with different letters were significantly different (P < 0.05).




Gene Expression and Protein Level in Liver Tissues

The transcriptional level of inflammation-related genes in liver tissues is shown in Figure 6. Anti-inflammatory-related cytokines transforming growth factor β (tgf-β), interleukin 10 (il-10), and interleukin 11 β (il-11β) were significantly induced in the D2 group, but were significantly downregulated in the D4 group (P < 0.05). However, the mRNA expression of pro-inflammatory cytokines tnf-α and il-15 was not affected by the replacement of fishmeal by CPC (P > 0.05).
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FIGURE 6. The transcriptional level of inflammation-related genes in liver of largemouth bass fed different cottonseed protein concentrate diets for 8 weeks. (A) Anti-inflammatory related cytokines, transforming growth factor β (tgf-β), interleukin 10 (il-10), and interleukin 11β (il-11β). (B) Pro-inflammatory related cytokines, tumor necrosis factor α (tnf-α), and interleukin (il-15). Bars assigned with different letters were significantly different (P < 0.05).


The relative expression of lipid metabolism-related genes in the liver is presented in Figure 7. The genes related to lipolysis peroxisome proliferator-activated receptor α (pparα) and carnitine palmitoyl transferase 1 (cpt1) were downregulated with the increasing dietary CPC levels. The transcriptional level of cpt1 was significantly higher (P < 0.05) in the D2 group than in the other groups. However, the relative expression of fasn was not significantly affected (P > 0.05) by the replacing of fishmeal with CPC.
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FIGURE 7. Effects of replacing fishmeal with cottonseed protein concentrate on the transcriptional expression of lipid metabolism-related genes in liver of largemouth bass. (A) Carnitine palmitoyl transferase 1 (cpt1). (B) Peroxisome proliferator-activated receptor α (pparα). (C) Fatty acid synthase (fasn). Bars assigned with different letters were significantly different (P < 0.05).


The relative expression of TOR and S6was downregulated in fish with increasing dietary CPC levels (Figures 8A,B). Compared to the control D1 group, the D2 group did not exhibit a negative regulation (P > 0.05) of gene expression of TOR and S6. However, D4 group had the lowest level of relative expression of tor among all groups (Figures 8A,B). The corresponding protein levels of TOR and S6 were also detected. The phosphorylation activation of TOR and S6 was significantly downregulated (P < 0.05) in the D4 group (Figures 8C–E).
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FIGURE 8. The transcriptional and protein level of TOR and S6 in the liver of largemouth bass fed different cottonseed protein concentrate diets for 8 weeks. (A) Relative mRNA expression of target of rapamycin (tor). (B) Relative mRNA expression of ribosomal protein (s6). (C–E) Western blot analysis for protein levels of tor and s6. Bars assigned with different letters were significantly different (P < 0.05). D1–D4: 0, 25, 50, and 75% of the fish meal was replaced by cottonseed protein concentrate.





DISCUSSION

Many studies have been conducted to investigate the effects of replacing dietary fishmeal with plant protein on the growth performance of fish (Yin et al., 2018; Abbasi et al., 2020; Shen et al., 2020; Yaghoubi et al., 2020). In the present study, dietary replacement of 25% or 50% of dietary fishmeal by CPC had no negative effects on growth performance, but dietary substitution of 75% fishmeal by CPC significantly decreased the growth performance of the fish. The present results were supported by previous results that no adverse effects on growth performance were found in juvenile golden pompano when dietary fishmeal was replaced by CPC at a moderate level, but high substitution led to a significant negative effect on the growth performance of fish (Shen et al., 2020). It was also reported that in hybrid grouper, WGR and SGR were significantly declined when over 48% of dietary fishmeal was replaced by CPC (Yin et al., 2018). These findings indicated that a suitable replacement level of CPC in the diet showed no negative effects and even had positive effects on growth performance. It has been reported that a suitable CPC level in the diet may improve the amino acids profile in feed and make the proportion of amino acids more reasonable and suitable for aquatic animals (Elangovan and Shim, 2000; Yin et al., 2018). However, the high incorporation of CPC in diets impaired the growth performance of largemouth bass. Dietary CPC inclusion was often accompanied by poor palatability, imbalanced amino acid composition, and anti-nutritional factors (Chen et al., 2020; He et al., 2021). When replacing fishmeal with a high level, it would significantly affect the growth of fish (Yin et al., 2018; He et al., 2021). Our research results demonstrated that 111–222 g/kg CPC is the suitable replacement level for largemouth bass.

The liver is the most important organ of body metabolism (Tamura and Shimomura, 2005). In the present study, the lipid deposition in liver tissues of largemouth bass was significantly increased in the D4 group. Similar results were reported that there was obvious fat deposition in liver tissues of hybrid grouper fed diet with the replacement of 36% fishmeal by CPC (Yin et al., 2018). Zhang et al. (2019) also reported that fatty liver was induced in Japanese seabass fed a full plant protein diet of soybean protein and CPC which was explained that a full plant protein diet caused nutrient and energy metabolic disorder and then induced fatty liver. In this study, 75% CPC replacement level might induce metabolic disorder in the liver. This was supported by the lipid metabolism-related gene expression (cpt1, pparα, and fasn) and histological results. In the present study, the D4 group with replacement of 75% fishmeal by CPC had significant downregulation of TOR signaling, lipolysis-related genes, and anti-inflammatory cytokine genes, which indicated that the metabolism of fish was significantly affected by the high substitution of CPC. In addition, from the histomorphology of the liver, we found that compared to the control D1 group, the hepatocytes of largemouth bass fed diet with the replacement of 75% fishmeal by CPC exhibited serious degeneration, volume shrinkage, and inflammatory cells infiltration. The results were well agreed with a previous study that juvenile turbot fed diet with 45% of fishmeal replaced by cottonseed meal led to smaller liver cell and liver damage (Bian et al., 2016). From the mid-intestinal histology, abnormal shorter and sparse with severe epithelial damage in fish was observed in the D4 group. Consistently, many researchers have reported that high plant proteins inclusion diet-induced intestinal structure damage in juvenile turbot (Bian et al., 2016), Japanese seabass (Wang et al., 2016), and largemouth bass (He et al., 2020). Therefore, all these indicated that 75% of dietary fishmeal replaced by CPC might induce abnormal liver fat deposition, liver, and intestinal damage of largemouth bass which would be closely related to the decreased growth of the fish.

Transforming growth factor β, il-10, and il-11β are the anti-inflammatory cytokines, and tnf-α and il-15 are two important pro-inflammatory cytokines, which play an important role in inflammatory processes and immune response to protect the liver from cell injury and initiate tissue regeneration (Yu et al., 2019; Zhang et al., 2019). In the present study, the gene expressions of tgf-β, il-10, and il-11β were significantly downregulated with the increasing dietary CPC levels, and these genes exhibited the highest transcriptional levels in the D2 group. Anti-inflammatory cytokines can prevent abnormal expression of immune response (Hoseinifar et al., 2018). The present results observed upregulation of anti-inflammatory cytokines in the D2 group (substitution of 25% fishmeal) and downregulation of anti-inflammatory cytokines in the D4 group (substitution of 75% fishmeal), together with the no changes of pro-inflammatory cytokines among all groups. All these indicated that low substitution of fishmeal by CPC caused an improved immune response of largemouth bass, but excessive substitution led to a significant decline in immune status which would also be closely related to the decreased growth and tissue damage of the fish.

In mammals and fish, the TOR signaling pathway, such as tor, s6, and so on, plays a key role in sensing nutrients and regulates organismal growth and homeostasis by coordinating the anabolism and catabolism (Lansard et al., 2010; Roux and Topisirovic, 2012; Bian et al., 2017). Furthermore, there is a positive correlation between the phosphorylation activation of the TOR pathway and growth in fish (Song et al., 2016; Bian et al., 2017). In the present study, the transcriptional and protein levels of tor and s6 were significantly downregulated in fish of the D4 group (high substitution of 75% fishmeal). Similar results were reported by Zhou et al. (2018) that high dietary inclusion of plant protein decreased the relative expression of TOR pathway-related genes. Some studies have shown that gossypol and imbalanced amino acids can suppress TOR signaling (Tu et al., 2015; Bian et al., 2017). In the present study, high dietary inclusion of CPC contained high gossypol and imbalanced amino acids, which negatively regulated the TOR pathway. This indicated that the impaired TOR signaling pathway is one reason for the negative effect on growth performance in largemouth bass fed D4 diet.

In this study, the content of whole body protein and moisture were not affected by different dietary CPC inclusion. Similar results were reported in Oncorhynchus mykiss (Zhao et al., 2021) and Litopenaeus vannamei (Wan et al., 2018), which found that whole body protein and moisture contents were not significantly changed among CPC substitution groups. In the present study, whole body lipid content of largemouth bass was increased with the increasing dietary CPC levels. The result was consistent with previous results that the replacement of fishmeal by low-gossypol cottonseed meal increased whole body lipid content of juvenile southern flounder (Paralichthys lethostigma) and high dietary inclusion of low-gossypol cottonseed meal impaired the liver function of the fish (Alam et al., 2018). The present results of the increase of lipid content in whole body and liver tissues of fish with the increasing dietary CPC levels could be due to the significant downregulation of lipolysis genes and no change of lipogenesis in fish fed diets with high substitutions by CPC.

Compared to fishmeal, plant proteins are characterized as a high carbohydrate source (Zhang et al., 2019). High dietary carbohydrates often caused lipid metabolism disorder and caused lipid deposition in the liver (Zhang et al., 2020). In the current study, high dietary CPC along with high carbohydrates maybe one important reason accounting for liver lipid deposition in largemouth bass. pparα is one of the important transcriptional factors in regulating fatty acids oxidation and lipolysis (Goto et al., 2011). Similarly, cpt1 plays an important role in mediating long-chain fatty acids oxidation (Kerner and Hoppel, 2000). In the present study, the gene expression of pparα and cpt1 were lower in the D4 group than the D1 group. A similar result was reported that juvenile hybrid grouper fed a high level of dietary mixture plant protein downregulated pparα and cpt1 mRNA expression (Ye et al., 2019). fasn is an important enzyme involved in lipid synthesis, the mRNA level of fasn was not affected by different CPC inclusion level. The current results indicated that high-level dietary CPC inclusion caused lipid deposition in the liver of largemouth bass.

The organism antioxidant enzyme activity is an important indicator in reflecting the status of oxidative stress in fish response to external stimuli (Deng et al., 2015). T-SOD and CAT activities can reflect the ability of the body against oxidative stress (Yuan et al., 2019). In the present study, T-SOD and CAT were significantly increased in largemouth bass fed D4 diet, indicating that largemouth bass had suffered from oxidative stress caused by high lever CPC replacement, increased T-SOD and CAT activities moderated the damage caused by oxidative stress. Similar results were obtained in hybrid grouper (Yin et al., 2018). MDA is one of the important indicators of lipid peroxidation, it has a strong biotoxicity to cells (Parvez and Raisuddin, 2005). In the present study, there was no significant difference in MDA content among groups, which indicated that increased T-SOD and CAT mitigated the lipid peroxidation caused by oxidative stress. Similar results were observed in juvenile Trachinotus ovatus and Penaeus monodon, the MDA content in liver was not influenced by different CPC replacement level (Shen et al., 2020; Jiang et al., 2021). AKP is an important enzyme reflecting the health of organism, has a potential protective effect on fish (Ghehdarijani et al., 2016). In the current study, D2 group showed the highest AKP activity, but the D4 group had the lowest AKP activity among all groups. The present results indicated that oxidative stress occurred when 75% of dietary fishmeal was replaced by CPC, which may be one of the reasons for the negative effect on growth performance in largemouth bass fed high-level CPC diets.



CONCLUSION

In the present study, CPC can replace up to 50% of dietary fishmeal without any adverse influence on the growth, body composition, antioxidant indices, and intestinal health of largemouth bass. However, high dietary inclusion of CPC (75% replacement of fishmeal) would cause significant negative effects on the growth performance, liver, and intestine health of the fish. The present results indicated that suitable substitution of fishmeal by less than 222g CPC/kg diet had a positive effect on growth performance of fish, but an excessive substitution of 75% fishmeal by CPC led to the suppressed growth, liver, and intestinal damage of largemouth bass.
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Cys 1.78 0.48 1.53 2.67 3.83
Pro 2447 23.71 22.83 23.37 24.03
Tyr 12.07 12.62 11.78 12,18 14.33

D1-D4: 0, 25, 50, and 75% of the fish meal was replaced by cottonseed protein
concentrate. CPC, cottonseed protein concentrate.
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Sequence 5'-3'

ATCGCCGCACTGGTTGTTGAC
CCTGTTGGCTTTGGGGTTC
TGCTGCTGGTGTTGGTGAGTT
TTCTGGCTGTAAGGGGGCTC
GCTCAAAGAGAGCGAGGATG
TCCTCTACCATTCGCAATCC
CGGCACAGAAATCCCAGAGC

CAGCAGGCTCACAAAATAAACATCT
TTCCCAACAGACAGATGAAGAACTC

TGCCTGTGTTCAGCCAGTCAA
CTTCGTCTACAGCCAGGCATCG
TTTGGCACACCGACCTCACC
GTATGCTGCTTCTGTGCCTGG
AGCGTCAGATTTCTCAATGGTGT
CATGGAAAGCCAGCCTTTAG
GAGCACCAGACACGCTAACA
CCACCGCAATGGTCGATATG
TGCTGTTGATGGACTGGGAAA
TGTGGTGCTGAACTCTCTGG
CATGCCTAGTGGGGAGTTGT
TCAGGACCTCTTCTCATTGGC
CCTCTCCCACCATGTTTCTCT
GCCAATCTCAGCGTTCTCAAC
CTGCCTAACATCATCCTCCTT

Sources

Chen et al., 2012

Yu et al

Yu et al.,

Yu et al.,

Yu et al.,

Yu et al.,

Yu et al.,

Yu et al.,

Yu et al.,

Yu et al

Li et al.

Li et al.

., 2019

2019

2019

2019

2019

2019

2019

2019

., 2019

, 2021

, 2021

F, forward primer; R, reverse primer; ef-1a, elongation factor 1a; tgf-g, transforming
growth factor B, il-10, interleukin 10; il-118, interleukin 11 B, tnf-a, tumor necrosis
factor o, il-15, interleukin, cpt1, carnitine palmitoyl transferase 1; ppara, peroxisome
proliferator-activated receptor w; tor, target of rapamycin; s6, ribosomal protein.
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Ingredients (g/kg dry matter) Diets’

D1 D2 D3 D4
Fish meal® 400 300 200 100
Blood meal® 40 40 40 40
Gluten* 50 50 50 50
Soybean meal® 100 100 100 100
Soybean protein concentrate® 130 130 130 130
Cottonseed protein concetrated’ 0 111 222 333
Cassava starch® 110 110 110 110
Fish oil® 32.6 35.8 39.0 422
Soybean oil 32.6 35.8 39.0 422
Vitamin and mineral additives'® 10 10 10 10
Monocalcium phosphate 15 18 18 18
Choline chloride 1 1 1 1
Microcrystalline cellulose 78.8 61.4 44.0 26.6
Proximate chemical compositions (g/kg dry matter)
Moisture 211 21.0 28.7 20.2
Crude protein 504.3 498.3 497.4 505.4
Crude lipid 83.2 89.7 83.3 85.5
Free gossypol (mg/kg) - 80 151 284

1D1-D4: 0, 25, 50, and 75% of the fish meal was replaced by cottonseed
protein concentrate.

2Fish meal: From Superprime, TASA Fish Product Co. Ltd, Peru.

3Blood meal: From Beijing Yangyuan Veterinary Medicine Technology Co.,
Ltd, Beijing, China.

4Gluten: From Henan Midaner Trading Co., Ltd, Xinzheng, Henan, China.
5Soybean meal: From Qingdao Bohai Agricultural Development Co.,
Ltd, Qingdao, China.

8Soybean protein concentrate: From Yihai grain and oil industry Co., Ltd,
Taizhou, Jiangsu, China.

Cottonseed protein concetrated: From Xinjiang Jinlan Plant Protein Co., Ltd,
Xinjiang, China.

8Cassava starch: From Wuhan Yiteng Starch Co., Ltd, Wuhan, China.

9Fish oil: Peru anchovy oil, purchased from Coland Feed Co., Ltd., Wuhan, China.
10Vitamin and mineral additives: From Guangdong Nutriera Group,
Guangzhou, China.
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Groups Villus height (um) Villus width (um)

D1 564.43 + 20.67° 110.81 + 3.89°
D2 566.98 + 15.60° 99.93 + 6.012
D3 519.32 + 13.41aP 99.99 + 2.452P
D4 476.63 + 8.482 96.12 4 3.522

The results are presented as means + SE values in the same column with different
superscripts were significantly different (P < 0.05).
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Items Groups

D1 D2 D3 D4
IBW (g) 156.2 £ 0.09 16.1 £0.02 156.0 £0.02 16.2 £0.02
FBW (g) 63.1 +1.1P 63.1 £1.3° 63.5 +0.01P 5494208

WGR (%) 316.4 + 7.6°
SGR (%/d) 2.7 £0.03°

FE (%) 119.7 £ 1.0°
K (g/cm?) 2.2 40.02°
VSI (%) 8.1+02
HSI (%) 29+ 02°

317.4+84°  3220+06° 2618+ 12.6°
2.7 +0.04>  2.70 +0.003° 2.4 +£0.078
1199 +£04> 1188+ 0.7° 107.2 £ 2.12
2.2 +0.01P 2.2 40.03° 2.1+ 0.052
8.4 +03 81402 8.5+ 05
3.0+ 0.2° 2.7 +0.28 23+0.22

The results are presented as means + SE values in the same column with different
superscripts are significantly different (P < 0.05).





OPS/images/fphys-12-764987-t006.jpg
Items Groups

D1 D2 D3 D4
Crude protein (%) 17.19+£0.12 1729 +0.15 17.24+0.10 16.98 +0.10
Crude lipid (%)  5.94 +0.292 6.34 £0.218 6.86+£0.43% 7.16 +0.33°
Ash (%) 3.714+0.07° 3.85+0.24° 3.68+0.06%° 3.39 + 0.06°
Moisture (%) 72.37 £0.42 71.80+0.14 71.63+0.35 71.95+0.40

The results are presented as means + SE values in the same column with different
superscripts were significantly different (P < 0.05).





