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Cottonseed protein concentrate (CPC) is a potential non-food protein source for fishmeal replacement in fish feed. However, a high inclusion level of CPC in diets may have adverse effects on the metabolism and health of carnivorous fish. This study aimed to investigate CPC as a fishmeal alternative in the diet of rainbow trout Oncorhynchus mykiss based on growth performance, blood metabolites, and intestinal health. Five isonitrogenous (46% crude protein) and isolipidic (16% crude lipid) diets were formulated: a control diet (30% fishmeal) and four experimental diets with substitution of fishmeal by CPC at 25%, 50%, 75%, and 100%. A total of 600 fish (mean body weight 11.24g) were hand-fed the five formulated diets to apparent satiation for eight weeks. The results showed no adverse effects on growth performance when 75% dietary fishmeal was replaced by CPC. However, reduced growth and feed intake were observed in rainbow trout fed a fishmeal-free diet based on CPC (CPC100%). Changes in serum metabolites were also observed in CPC100% compared with the control group, including an increase in alanine aminotransferase (ALT), a decrease in alkaline phosphatase (ALP), alterations in free amino acids, and reductions in cholesterol metabolism. In addition, the CPC-based diet resulted in reduced intestinal trypsin, decreased villus height and width in the distal intestine, upregulated mRNA expression levels of inflammatory cytokines in the intestine, and impaired gut microbiota with reduced bacterial diversity and decreased abundance of Bacillaceae compared with the control group. The findings suggest that the optimum substitution rate of dietary fishmeal by CPC for rainbow trout should be less than 75%.
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1 Introduction

Fishmeal replacement is one of the dominant research fields in aquaculture due to the urgent need for reducing fishmeal to the maximum extent in aquafeed for sustainable aquaculture (1, 2). A variety of protein sources have been investigated as fishmeal alternatives, including terrestrial animal proteins, plant products, and single-cell protein sources (3–5). Among these alternative protein sources, plant proteins possess certain positive characteristics, including wide availability, high production, competitive price, relatively high protein content, and reasonably balanced amino acid profiles (6). Some plant feedstuffs have been widely used in aquafeed, including soy products, corn, wheat, and rapeseed (7, 8). However, most of the plant feedstuffs have nutritional limitations (e.g., adverse antinutrient and toxic effects), resulting in low substitution rates of fishmeal in the diets of carnivorous fish species (6, 9). More importantly, nearly all current plant production can be consumed by humans, resulting in food-feed competition (10). Competition for the use of plant-based ingredients in aquafeed also comes from livestock, agriculture sectors, and biofuel production (3, 10).

Cottonseed protein concentrate (CPC) is a novel non-food protein derived from cottonseed. It contains a high protein content (crude protein: 60-70%) with a relatively balanced amino acid profile and low levels of anti-nutrients (e. g., gossypol) (11). Previous studies have shown that CPC can partially replace fishmeal in the diets of carnivorous fish, but the optimum substitution rate of fishmeal varied among species. It was reported that substituting 12-36% fishmeal protein exhibited no negative effects on growth performance of hybrid grouper (♀Epinephelus fuscoguttatus × ♂Epinephelus lanceolatu) (12). A recent study on largemouth bass (Micropterus salmoides) revealed that the optimum substitution rate of dietary fishmeal should be less than 75% (13). However, excessive inclusion of CPC in diets may result in growth suppression, liver inflammation, and impaired intestinal histology (12–14).

Rainbow trout (Oncorhynchus mykiss) is a typical widely cultured carnivorous fish species, with an annual worldwide production of over 0.8 million tons (15). The dietary protein requirement for rainbow trout is generally over 40%, and high-quality fishmeal is still one of the primary protein sources in commercial trout feed (9). Soy product is currently the most dominant plant protein used in the diets of rainbow trout (10, 16). However, the nutritional limitations and competition from human food and livestock diets limit its further application in trout feed. CPC is a potential alternative protein source for rainbow trout. Previous studies have shown that there were no adverse effects on growth or intestinal histomorphology in rainbow trout when 10-50% dietary fishmeal was replaced by CPC (17). However, replacing dietary fishmeal in diets at higher inclusion levels by CPC for rainbow trout has not been reported. Therefore, the purpose of the present study was to investigate CPC as a fishmeal alternative at high replacement levels in the diets of rainbow trout based on growth performance, blood metabolites, and intestinal health.



2 Materials and methods


2.1 Diet

Five isonitrogenous (46% crude protein) and isolipidic (16% crude lipid) diets were formulated, including a control diet (C1, 30% fishmeal) and four experimental diets with graded levels of CPC, corresponding to the substitution rates of 25% (C2), 50% (C3), 75% (C4), and 100% (C5) for dietary fishmeal protein (Tables 1, 2). The CPC was obtained from Xinjiang Jinlan Vegetable Protein Co. Ltd. (China). It contained 65% crude protein and 230mg/kg free gossypol. The feed was processed using a laboratory granulator (HKJ-218, Tongli Grain Machinery, China) and made into 1.5-mm (diameter) pellets. All diets were kept at 4°C for use after being dried in a ventilated oven (60°C, 1.5 h).


Table 1 | Formulation and chemical composition of the experimental diets (% dry matter).




Table 2 | Amino acid composition of the experimental diets (% dry matter).





2.2 Fish and feeding trial

Rainbow trout used in the experiment were obtained from Agrimarine Industries Inc. (Benxi, China). After a three-week acclimation, a total of 600 healthy fish with similar size were selected and randomly distributed among 20 tanks (30 individuals/tank) with the five diets in quadruplicate. The feeding trial was conducted in a recirculating aquaculture system with a total water volume of 8 m3. During the feeding trial, juvenile rainbow trout were hand-fed to apparent satiation twice daily (8:30 and 16:00). Water temperature was controlled at 12.5°C~13.5°C, and the inflow rate was maintained at 0.4 m/s. Dissolved oxygen was kept above 8 mg/L with a water change of 15–20% daily and a photoperiod of 12L: 12D. The feeding trial lasted eight weeks.



2.3 Sample collection

At the end of the feeding trial, all fish were weighed in batches with measurement for body lengths after anaesthetization with MS-222 (200 mg/L). Five fish from each tank were randomly selected for blood sampling and further serum samples. The viscera and liver of each fish were also weighed for the calculation of viscerosomatic index and hepatosomatic index. Afterwards, gut contents, intestine, and liver samples were collected. All gut contents and liver samples were stored at liquid nitrogen until further analysis. Three intestine samples were also kept in liquid nitrogen, and another two intestine samples, including proximal intestine and distal intestine, were stored in 10% neutral formalin (RightTech, Changchun, China) for histological analysis.



2.4 Biochemical analysis and histological analysis

Proximate composition and content of amino acids in ingredients, diets, and fish samples were determined by standard methods of AOAC (2012) (18). The proximate composition included moisture, crude protein, crude lipid, and ash. Serum biochemical indicators were measured using a BECKMAN CX4 automatic analyzer with commercial kits (Beckman, CA, USA). Targeted metabolomic analyses were conducted to determine free amino acids and free sterols using UPLC-MS/MS according to previously reported methods (19–21). Digestive enzyme activity in the intestine was measured using commercial kits (Nanjing Jiancheng Bioengineering Institute, China), including those for trypsin, lipase, and amylase. Proximal and distal intestine for histological analysis was examined by light microscopy after dehydration with ethanol, embedding in paraplast, and staining with hematoxylin and eosin.



2.5 Analysis of gut microbiota

Total DNA of bacteria was extracted from gut contents using a MP FastDNA Spin Kit (MP Biomedicals, Irvine, CA, USA) (n = 7). The quality of the extracted DNA was evaluated by 1% agarose gel electrophoresis. The V3-V4 hypervariable regions of the bacterial 16S rRNA were amplified by universal primers 338F and 806R using previously reported conditions (22). After purification, all amplicons were sequenced using an Illumina MiSeq platform (Illumina, San Diego, CA, USA).

For bioinformatic analysis of gut bacteria, assignment of qualified reads was performed based on operational taxonomic units (OTUs) at a similarity of 97% using the QIIME pipeline. (version 1.8.0) (23). The α-diversity was evaluated based on Sobs, Shannon, ACE, Chao, and Coverage indices. The β-diversity analysis was conducted by PCA using the Vegan package (Community Ecology Package) in the R language. Unique and shared OTUs between groups were analyzed by Venn diagrams. Differences of intestinal bacteria between groups were identified at the phylum and genus levels.



2.6 Gene expression

Total RNA was isolated from intestine (n = 6) using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) and then was reverse transcribed to cDNA (Takara, Dalian, China). Quantitative real-time PCR was conducted in a Real-Time PCR System (Applied Biosystems 7500) in triplicate using Takara TB Green Premix Ex Taq II (Tli RNaseH Plus) following the manufacturer’s instructions. Efficiencies of the specific primers used in this study were evaluated according to previously reported methods (24) (Table S1). The primers of the target and reference genes are listed in (43–46) (Table 3). Gene expression levels were calculated according to the threshold cycle (2-ΔΔCt) method (24).


Table 3 | Specific primers for Real-time PCR.





2.7 Statistical analysis

Differences among the five groups were analyzed based on one-way ANOVA with Duncan’s multiple range test using SPSS 19.0 software (SPSS Inc., Chicago, IL, USA). Comparisons between two groups were analyzed by independent samples t-test using the same software. Significant differences were determined by P< 0.05.




3 Results


3.1 Growth and feed utilization

At the end of the feeding trial, no significant differences in growth performance were observed among the control group (FM), CPC25%, CPC50%, and CPC75% (P > 0.05). However, complete fishmeal replacement by CPC (CPC100%) resulted in reduced feed intake and growth (P < 0.05). There was a significant decrease of condition factor (CF) in CPC75% and CPC100% compared with other groups (P < 0.05). Reductions of viscerosomatic index (VSI) and hepatosomatic index (HSI) were also found in experimental fish fed diets containing graded CPC (P < 0.05). Survival rates in all groups were higher than 97%, with no significant difference (P > 0.05) (Table 4).


Table 4 | Growth, feed utilization and survival of rainbow trout fed diets containing graded CPC (mean ± S.E.).





3.2 Chemical composition of whole fish

No significant difference in whole-body composition was found among groups, including moisture, crude protein, crude lipid, and ash (P > 0.05) (Table 5).


Table 5 | Chemical composition of whole-body fish fed diets containing graded CPC (mean ± S.E, n=8).





3.3 Blood metabolites

An increase in serum ALT and a reduction of serum ALP were observed in groups with graded CPC (P < 0.05). There was also a significant decrease in serum TC of CPC100% compared with that in FM (P < 0.05) (Table 6).


Table 6 | Effects of fishmeal replacement by cottonseed protein concentrate on serum chemistry of rainbow trout (Mean ± S.E., n=6).



Analysis of free amino acids in the serum showed that lysine, serine, proline, glutamic acid, methionine, tyrosine, and cysteine in CPC100% were significantly lower than those in FM (P < 0.05). However, valine, leucine, histidine, arginine, and tryptophan in CPC100% were significantly higher than those in FM (P < 0.05) (Table 7).


Table 7 | Free amino acid in serum of rainbow trout fed different diets (Mean ± S.E., n=6).



Targeted metabolomics for free cholesterol in serum showed no significant difference in free cholesterol between FM and CPC100%. However, decreases in ergosterol, lathosterol, and cholestanol and increases in desmosterol and 7-dehydrocholesterol in CPC100% were observed compared with FM (Table 8).


Table 8 | Free sterols in serum of rainbow trout fed different diets (Mean ± S.E., n=6).





3.4 Digestive enzyme activity in the intestine

The activity of intestinal trypsin in CPC75% and CPC100% was significantly lower than that in FM (p < 0.05), and there were no significant differences among FM, CPC25%, and CPC50% (P > 0.05) (Figure 1A). An increase in activity of intestinal lipase was observed in groups with graded CPC, and the activity of intestinal lipase in CPC50%, CPC75%, and CPC100% was significantly higher than that in FM and CPC25% (P < 0.05) (Figure 1B). No significant difference in activity of intestinal amylase was observed among groups (P > 0.05) (Figure 1C).




Figure 1 | Effects of fishmeal replacement by cottonseed protein concentrate on the activity of intestinal trypsin (A), lipase (B), and amylase (C) in rainbow trout (Mean ± S.E.). Different letters on the bar chart indicate significant difference (P <0.05).





3.5 Intestinal histology

Villus height and width in the distal intestine decreased in groups with graded CPC, and a significant reduction was observed in CPC25%, CPC50%, CPC75% and CPC100% compared with FM (P < 0.05) (Table 9, Figure 2). However, no significant difference in muscular thickness of the distal intestine was observed between groups (P > 0.05) (Table 9, Figure 2). In addition, no significant differences in muscular thickness, villus height, or width in the proximal intestine were found among groups with graded CPC (P < 0.05) (Table 10, Figure 3).


Table 9 | Effects of fishmeal replacement by cottonseed protein concentrate on histology of distal intestine in rainbow trout (Mean ± S.E.).






Figure 2 | Histology of distal intestine in rainbow trout fed graded cottonseed protein concentrate. (A) FM; (B) CPC25%; (C) CPC50%; (D) CPC75%; (E) CPC100%. W-villus width, H-villus height, M-muscular layer thickness, S-striatum; G-goblet cells and E-epithelial cells.




Table 10 | Effects of fishmeal replacement by cottonseed protein concentrate on histology of proximal intestine in rainbow trout (Mean ± S.E.).






Figure 3 | Histology of proximal intestine in rainbow trout fed graded cottonseed protein concentrate. (A) FM; (B) CPC25%; (C) CPC50%; (D) CPC75%; (E) CPC100%. W-villus width, H-villus height, M-muscular layer thickness, S-striatum; G-goblet cells and E-epithelial cells.





3.6 Expression of immune genes and tight junction protein genes in intestine

Upregulations in mRNA expression levels of inflammatory cytokines were observed in groups with graded CPC, including increases of IL-1β, IL-8, and TNF-α in CPC75% and CPC100% compared with FM, and an increase of IL-10 in CPC100% compared with other groups (P < 0.05) (Figures 4A, B). However, no significant difference in the mRNA expression level of TGF-β was found between groups (P > 0.05) (Figure 4B). Also, there was an increase in the mRNA expression level of complement system genes c3 and c4 in the intestine with graded CPC in diets (P < 0.05) (Figure 5). In addition, no significant differences in the mRNA expression levels of tight junction protein genes (ZO1, TRIC, OCLN, CLD1) in the intestine were observed between groups (P > 0.05) (Figure 6).




Figure 4 | Effects of fishmeal replacement by cottonseed protein concentrate on the mRNA expression levels of inflammatory cytokines in intestine of rainbow trout (Mean ± S.E.). (A) Pro-inflammatory cytokines genes; (B) Anti-inflammatory cytokines genes. Different letters on the bar chart indicate significant difference (P <0.05).






Figure 5 | Effects of fishmeal replacement by cottonseed protein concentrate on the mRNA expression levels of complement system genes c3 and c4 in intestine of rainbow trout (Mean ± S.E.). Different letters on the bar chart indicate significant difference (P <0.05).






Figure 6 | Effects of fishmeal replacement by cottonseed protein concentrate on the mRNA expression levels of tight junction protein genes in intestine of rainbow trout (Mean ± S.E.). Different letters on the bar chart indicate significant difference (P <0.05).





3.7 Gut microbiota

A total of 1961271 clean sequences were obtained from 35 samples (seven per group) with an average length of 416 bp. The rarefaction curves tended to saturation, indicating that the raw data can be used for further analysis (Figure S2). The analysis of alpha diversity indices showed that there were decreases in the Sobs, Shannon, Ace, and Chao indices with graded CPC in diets, including reductions of Sobs and Shannon indices in CPC50%, CPC75% and CPC100%, and decreases in the Ace and Chao indices in CPC25%, CPC50%, CPC75% and CPC100% compared with those in FM (P < 0.05) (Table S2). Sequencing coverage in each group was above 99%, and no significant difference was observed between groups (P > 0.05) (Table S2). In particular, there was a clear separation between FM and CPC100% based on the PCA plot (Figure S2).

The Venn diagram analysis showed a total of 179 shared OTUs between groups, and the numbers of unique OTUs in FM, CPC25%, CPC50%, CPC75% and CPC100% were 61, 24, 44, 11, and 36, respectively (Figure S3). At the phylum level, fishmeal replacement by CPC in diets resulted in a decrease in Actinobacteriota and an increase in Firmicutes (Figure 7). At the genus level, there were decreases in Corynebacterium, Staphylococcus, norank_f_Bacillaceae, virgibacillus, Brevibacterium, and an increase in Clostridium_sensu_stricto_1 in groups with graded CPC in diets (Figure 8).




Figure 7 | Effects of fishmeal replacement by cottonseed protein concentrate on relative abundance of intestinal microbes in juvenile rainbow trout at the phylum level.






Figure 8 | Effects of fishmeal replacement by cottonseed protein concentrate on relative abundance of intestinal microbes in juvenile rainbow trout at the genus level.



LEfSe analysis revealed that the dominant bacterial genera in FM were norank_f_Bacillaceae, virgibacillus, Staphylococcus, unclassified_f_Bacillaceae, Corynebacterium, Georgenia, and Tissierella, and the main bacterial genera in CPC100% were Clostridium_sensu_stricto_1 (Figure 9).




Figure 9 | Inter-group variation in the relative abundance of intestinal microbial communities at the genus level. (A) Cladogram from Lefse. (B) LDA score from Lefse-PICRUSt.






4 Discussion


4.1 Growth performance

Previous studies have demonstrated that dietary fishmeal can be partially replaced by CPC in carnivorous fish species without negative effects on growth performance (11, 25–27). It has been reported that CPC can replace up to 50% of dietary fishmeal (40% fishmeal in the control group) for largemouth bass (Micropterus salmoides) with no detrimental effects on growth performance, but a substitution rate of 75% for dietary fishmeal (fishmeal level: 10%) resulted in reductions in weight gain, feed efficiency, and condition factor (13). No adverse effects on growth were observed in juvenile golden pompano (Trachinotus ovatus) when 60% dietary fishmeal was replaced by CPC with 13.6% fishmeal and 20.4% CPC in the diet (28). For rainbow trout, a recent study showed that replacing 50% dietary fishmeal (40% fishmeal in the control group) by concentrated dephenolized cottonseed protein (CDCP) had no significant adverse effects on growth performance, survival rate, or feed utilization (17). However, there was no higher substitution level of fishmeal by CDCP in that study (17). In the present study, no significant detrimental effects on growth performance or feed intake were observed in rainbow trout when 75% dietary fishmeal was replaced by 22.5% CPC and only 7.5% fishmeal in the diet, indicating that CPC has the potential to replace fishmeal at a higher inclusion level. However, the significantly reduced feed intake and weight gain in the fishmeal-free diet based on CPC (CPC100%) suggests that it is still challenging to completely replace dietary fishmeal by CPC.



4.2 Metabolism

In the present study, no significant difference was observed in the proximate composition of whole-body fish when dietary fishmeal was replaced by graded CPC. However, the significant changes in contents of blood metabolites indicated alterations in metabolism in rainbow trout fed graded CPC. In this study, an increased substitute rate of fishmeal by CPC resulted in elevation of serum alanine aminotransferase (ALT) activity. ALT is a widely used indicator for hepatic function and metabolic syndrome (29–31). The increased serum ALT in rainbow trout fed graded CPC suggests that the inclusion of CPC in the diet could result in potential adverse effects on liver health. Previous studies also showed that detrimental effects of plant protein sources for fishmeal replacement could be due to the lack of cholesterol in plant proteins (9, 32). It has been reported that high inclusion levels of plant proteins in diets could reduce the level of blood cholesterol and result in hypocholesterolemia in carnivorous fish species (33, 34). In the present study, complete replacement of fishmeal by CPC resulted in reduced total cholesterol in serum. Further targeted metabolomic analysis for free sterols in serum of rainbow trout revealed no significant difference in free cholesterol of serum between the control group and fishmeal-free diet group based on CPC. However, the decreases of ergosterol, lathosterol, and cholestanol and increases of desmosterol and 7-dehydrocholesterol in serum of the fishmeal-free diet group based on CPC demonstrated an alteration in sterol metabolism, indicating that the free cholesterol level in serum could be balanced through metabolic regulation. Some studies have shown that supplementation of cholesterol in high plant protein diets could improve feed intake and growth performance in carnivorous fish species, but the effects of cholesterol supplementation varied with plant proteins (32, 34–36). Therefore, it is essential to investigate the effects of cholesterol supplementation in CPC-based diets on growth and feed intake in rainbow trout in the future.

In this study, complete replacement of fishmeal by CPC resulted in reductions of some free amino acids (e.g., lysine, methionine) in the serum of rainbow trout, although amino acids in diets were balanced by supplementation of crystalline amino acids. The reason for this could be the decreases in feed intake and digestibility. Previous studies in other carnivorous fish species also observed reduced feed intake and digestibility in fish fed high CPC. For example, dietary fishmeal replacement by CPC caused decreased feed intake and apparent digestibility in pearl gentian groupers (Epinephelus fuscoguttatus♀ × E. lanceolatus♂) (25). Further study is needed for efficient use of CPC in aquafeed through improving feed intake and digestibility.



4.3 Intestinal health

High inclusion of CPC in diets can result in impaired intestinal health of carnivorous fish species. Previous research on largemouth bass (Micropterus salmoides) revealed that 75% dietary fishmeal replacement induced impaired intestinal morphology, including reduced villus height and width (13). In rainbow trout, it has been reported that 50% fishmeal protein substitution by CPC showed no detrimental effects on intestinal morphology (17). However, the effects of dietary fishmeal replacement by CPC at higher inclusion levels on intestinal morphology were not reported in that study. In the present study, decreased villus height and width of the distal intestine was observed in rainbow trout fed diets with 75% fishmeal substitution, indicating that high inclusion levels of CPC could result in impaired intestinal morphology.

It is widely accepted that cytokines play important roles in the regulation of the immune system in vertebrates, and pro- and anti-inflammatory cytokines have been used as markers in assessment of intestinal health of fish (11, 37). In this study, 75% dietary fishmeal replacement induced upregulation of pro-inflammatory cytokines including IL1β, IL8, and TNFα, indicating an elevation of the inflammatory response. The results were in line with previous studies on hybrid grouper in which promotion of intestinal inflammation was found in the fish fed diets containing graded CPC (14, 25). The reason could involve the possible persistence of certain anti-nutritional factors.

In the present study, dietary fishmeal replacement by CPC reduced bacterial diversity in the intestine and altered the composition of the gut microbiota. Similarly, previous studies on carnivorous fish species showed reduction of bacterial diversity by CPC substitution (11, 12, 28). Meanwhile, fishmeal replacement by CPC decreased Actinobacteriota abundance and increased Firmicutes abundance in the present study. The results were in agreement with previous research where increased Firmicutes was observed in largemouth bass fed diets containing graded CPC (11). However, the decreased Actinobacteriota abundance was not found in other studies on CPC substitution, where alterations in Proteobacteria were often observed in largemouth bass (38). The discrepancy could be due to variation in fish species and feed formulations. At the genus level, reduced Bacillaceae was observed with graded CPC substitution in the present study. Previous studies demonstrated that Bacillus supplementation exhibited a variety of beneficial properties for carnivorous fish fed diets containing high levels of plant protein (e.g., soybean meal), including growth promotion, improvement in immune response, and general health (39–42). Therefore, the reduced Baci, llaceae could be responsible for the impaired intestinal health in experimental fish, and Bacillus may improve utilization of CPC-based diets for rainbow trout and other carnivorous fish species.

In conclusion, this study systematically evaluated CPC as a fishmeal alternative in the diets of rainbow trout, and the suggested substitution rate of fishmeal by CPC should be less than 75%. Excessive substitution of fishmeal by CPC and less than 75 g fishmeal/kg in the diet caused suppression of growth, alterations in blood metabolites, and impairment of intestinal health.




Data availability statement

The raw sequences based on 16S rRNA gene can be found in the NCBI Sequence Read Archive (SRA) (Accession Number: PRJNA841419).



Ethics statement

The animal study was reviewed and approved by Committee for the Welfare and Ethics of Laboratory Animals of Heilongjiang River Fisheries Research Institute of Chinese Academy of Fishery Sciences (CAFS).



Author contributions

YL designed the study and wrote the manuscript. SM, HC, and GQ conducted the feeding trial and analyzed experimental data. WL, SL, DW, CW, and SH provided technical assistance. HL reviewed the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This study was supported by China Agriculture Research System of MOF and MARA (Grant No. CARS-46), Central–Level Non–profit Scientific Research Institutes Special Funds in China (Grant No. HSY202104M), Postdoctoral Scientific Research Developmental Fund in Heilongjiang Province, China (Grant No. LBH-Q20194), and Scientific Research Fund for Returned Overseas Scholars in Heilongjiang Province, China (Hljlxzz2022.43).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.1079677/full#supplementary-material



References

1. Cottrell, RS, Blanchard, JL, Halpern, BS, Metian, M, and Froehlich, HE. Global adoption of novel aquaculture feeds could substantially reduce forage fish demand by 2030. Nat Food (2020) 1:301–8. doi: 10.1038/s43016-020-0078-x

2. Naylor, RL, Hardy, RW, Buschmann, AH, Bush, SR, Cao, L, Klinger, DH, et al. A 20-year retrospective review of global aquaculture. Nature (2021) 591:551–63. doi: 10.1038/s41586-021-03308-6

3. Naylor, RL, Hardy, RW, Bureau, DP, Chiu, A, Elliott, M, Farrelle, AP, et al. Feeding aquaculture in an era of finite resources. PNAS (2009) 106(36):15103–10. doi: 10.1073/pnas.0910577106

4. Hua, K, Cobcroft, JM, Cole, A, Condon, K, Jerry, DR, Mangott, A, et al. The future of aquatic protein: implications for protein sources in aquaculture diets. One Earth (2019) 1:316–29. doi: 10.1016/j.oneear.2019.10.018

5. Glencross, BD, Huyben, D, and Schrama, JW. The application of single-cell ingredients in aquaculture feeds–a review. Fishes (2020) 5:22. doi: 10.3390/fishes5030022

6. Gatlin, DMIII, Barrows, FT, Brown, P, Dabrowski, K, Gaylord, TG, Hardy, RW, et al. Expanding the utilization of sustainable plant products in aquafeeds: a review. Aqua Res (2007) 38:551–79. doi: 10.1111/j.1365-2109.2007.01704.x

7. Collins, SA, Øverland, M, Skrede, A, and Drew, MD. Effect of plant protein sources on growth rate in salmonids: Meta-analysis of dietary inclusion of soybean, pea and canola/rapeseed meals and protein concentrates. Aquaculture (2013) 400–401:85–100 doi: 10.1016/j.aquaculture

8. Jannathulla, R, Rajaram, V, Kalanjiam, R, Ambasankar, K, Muralidhar, M, and Dayal, JS. Fishmeal availability in the scenarios of climate change: Inevitability of fishmeal replacement in aquafeeds and approaches for the utilization of plant protein sources. Aquaculture Res (2019) 50:3493–506. doi: 10.1111/are.14324

9. National Research Council (NRC). Nutrient requirements of fish and shrimp. Washington, DC: National Academic Press (2011).

10. Hardy, RW. Utilization of plant proteins in fish diets: effects of global demand and supplies of fishmeal. Aquaculture Res (2010) 41:770–6. doi: 10.1111/j.1365-2109.2009.02349.x

11. Xie, X, Wang, J, Guan, Y, Xing, S, Liang, X, Xue, M, et al. Cottonseed protein concentrate as fishmeal alternative for largemouth bass (Micropterus salmoides) supplemented a yeast-based paraprobiotic: Effects on growth performance, gut health and microbiome. Aquaculture (2022) 551:737898. doi: 10.1016/j.aquaculture.2022.737898

12. Chen, G, Yin, B, Liu, H, Tan, B, Dong, X, Yang, Q, et al. Effects of fishmeal replacement with cottonseed protein concentrate on growth, digestive proteinase, intestinal morphology and microflora in pearl gentian grouper (♀Epinephelus fuscoguttatus × ♂Epinephelus lanceolatu). Aquaculture Res (2020) 51:2870–84. doi: 10.1111/are.14626

13. Liu, Y, Lu, Q, Xi, L, Gong, Y, Su, J, Han, D, et al. Effects of replacement of dietary fishmeal by cottonseed protein concentrate on growth performance, liver health, and intestinal histology of largemouth bass (Micropterus salmoides). Front Physiol (2021) 12:764987. doi: 10.3389/fphys.2021.764987

14. Yin, B, Liu, H, Tan, B, Dong, X, Chi, S, Yang, Q, et al. Cottonseed protein concentrate (CPC) suppresses immune function in different intestinal segments of hybrid grouper ♀Epinephelus fuscoguttatus×♂Epinephelus lanceolatu via TLR-2/MyD88 signaling pathways. Fish Shellfish Immunol (2018) 81:318–28. doi: 10.1016/j.fsi.2018.07.038

15. FAO. The state of world fisheries and aquaculture 2020. sustainability in action. Food and Agriculture Organization of the United Nations (2020).

16. Kumar, V, Lee, S, Cleveland, BM, Romano, N, Lalgudi, RS, Benito, MR, et al. Comparative evaluation of processed soybean meal (EnzoMealTM) vs. regular soybean meal as a fishmeal replacement in diets of rainbow trout (Oncorhynchus mykiss): Effects on growth performance and growth-related genes. Aquaculture (2020) 516:734652. doi: 10.1016/j.aquaculture.2019.734652

17. Zhao, W, Liu, Z-L, and Niu, J. Growth performance, intestinal histomorphology, body composition, hematological and antioxidant parameters of Oncorhynchus mykiss were not detrimentally affected by replacement of fish meal with concentrated dephenolization cottonseed protein. Aquaculture Rep (2021) 19:100557. doi: 10.1016/j.aqrep.2020.100557

18. AOAC. Official methods for analysis, 19th. Washington, DC: Association of Official Analytical Chemists (2012).

19. Honda, A, Yamashita, K, Hara, T, Ikegami, T, Miyazaki, T, Shirai, M, et al. Highly sensitive quantification of key regulatory oxysterols in biological samples by LC-ESI-MS/MS. J Lipid Res (2009) 50:350–7. doi: 10.1194/jlr.D800040-JLR200

20. Honda, A, Miyazaki, T, Ikegami, T, Iwamoto, J, Yamashita, K, Numazawa, M, et al. Highly sensitive and specific analysis of sterol profiles in biological samples by HPLC–ESI–MS/MS. J Steroid Biochem Mol Biol (2010) 121:556–64. doi: 10.1016/j.jsbmb.2010.03.030

21. Wang, J, Zhou, L, Lei, H, Hao, F, Liu, X, Wang, Y, et al. Simultaneous quantification of amino metabolites in multiple metabolic pathways using ultra-high performance liquid chromatography with tandem-mass spectrometry. Sci Rep (2017) 7:1–16. doi: 10.1038/s41598-017-01435-7

22. Liu, Y, Chang, H, Lv, W, Ma, S, Qiu, G, Lu, S, et al. Physiological response of rainbow trout (Oncorhynchus mykiss) to graded levels of novel chlorella sorokiniana meal as a single fishmeal alternative or combined with black soldier fly larval meal. Aquaculture (2022) 561:738715. doi: 10.1016/j.aquaculture.2022.738715

23. Caporaso, JG, Kuczynski, J, Stombaugh, J, Bittinger, K, Bushman, FD, Costello, EK, et al. QIIME allows analysis of high-throughput community sequencing data. Nat Methods (2010) 7:335–6. doi: 10.1038/nmeth.f.303

24. Livak, KJ, and Schmittgen, TD. Analysis of relative gene expression data using real-time quantitative PCR and the 2–ΔΔCT method. Methods (2001) 25:402–8. doi: 10.1006/meth.2001.1262

25. Ye, G, Dong, X, Yang, Q, Chi, S, Liu, H, Zhang, H, et al. Low-gossypol cottonseed protein concentrate used as a replacement of fish meal for juvenile hybrid grouper (Epinephelus fuscoguttatus ♀ × Epinephelus lanceolatus ♂): Effects on growth performance, immune responses and intestinal microbiota. Aquaculture (2020) 524:735309. doi: 10.1016/j.aquaculture.2020.735309

26. He, G, Zhang, T, Zhou, X, Liu, X, Sun, H, Chen, Y, et al. Effects of cottonseed protein concentrate on growth performance, hepatic function and intestinal health in juvenile largemouth bass. Micropterus salmoides. Aquaculture Rep (2022) 23:101052. doi: 10.1016/j.aqrep.2022.101052

27. Xu, X, Yang, H, Zhang, C, Bian, Y, Yao, W, Xu, Z, et al. Effects of replacing fishmeal with cottonseed protein concentrate on growth performance, flesh quality and gossypol deposition of largemouth bass (Micropterus salmoides). Aquaculture (2022) 548:737551. doi: 10.1016/j.aquaculture.2021.737551

28. Shen, J, Liu, H, Tan, B, Dong, X, Yang, Q, Chi, S, et al. Effects of replacement of fishmeal with cottonseed protein concentrate on the growth, intestinal microflora, haematological and antioxidant indices of juvenile golden pompano (Trachinotus ovatus). Aquaculture Nutr (2020) 26:1119–30. doi: 10.1111/anu.13069

29. Giannini, EG, Testa, R, and Savarino, V. Liver enzyme alteration: a guide for clinicians. CMAJ (2005) 172:367–79. doi: 10.1503/cmaj.1040752

30. Kim, WR, Flamm, SL, Di Bisceglie, AM, and Bodenheimer, HC. Serum activity of alanine aminotransferase (ALT) as an indicator of health and disease. Hepatology (2008) 47:1363–70. doi: 10.1002/hep.22109

31. Liu, Z, Que, S, Xu, J, and Peng, T. Alanine aminotransferase-old biomarker and new concept: A review. Int J Med Sci (2014) 11:925–35. doi: 10.7150/ijms.8951

32. Deng, J, Mai, K, Ai, Q, Zhang, W, Wang, X, Tan, B, et al. Interactive effects of dietary cholesterol and protein sources on growth performance and cholesterol metabolism of Japanese flounder (Paralichthys olivaceus). Aquaculture Nutr (2010) 16:419–29. doi: 10.1111/j.1365-2095.2009.00681.x

33. Deng, J, Mai, K, Ai, Q, Zhang, W, Wang, X, Xu, W, et al. Effects of replacing fish meal with soy protein concentrate on feed intake and growth of juvenile Japanese flounder, paralichthys olivaceus. Aquaculture (2006) 258:503–13. doi: 10.1016/j.aquaculture.2006.04.004

34. Yun, B, Mai, K, Zhang, W, and Xu, W. Effects of dietary cholesterol on growth performance, feed intake and cholesterol metabolism in juvenile turbot (Scophthalmus maximus l.) fed high plant protein diets. Aquaculture (2011) 319:105–10. doi: 10.1016/j.aquaculture.2011.06.028

35. Deng, J, Zhang, X, Long, X, Tao, L, Wang, Z, Niu, G, et al. Effects of dietary cholesterol supplementation on growth and cholesterol metabolism of rainbow trout (Oncorhynchus mykiss) fed diets with cottonseed meal or rapeseed meal. Fish Physiol Biochem (2014) 40:1827–38. doi: 10.1007/s10695-014-9971-2

36. Deng, J, Bi, B, Kang, B, Kong, L, Wang, Q, and Zhang, X. Improving the growth performance and cholesterol metabolism of rainbow trout (Oncorhynchus mykiss) fed soyabean meal-based diets using dietary cholesterol supplementation. Br J Nutr (2013) 110:29–39. doi: 10.1017/S0007114512004680

37. Sakai, M, Hikima, J, and Kono, T. Fish cytokines: current research and applications. Fish Sci (2021) 87:1–9. doi: 10.1007/s12562-020-01476-4

38. Li, L, Liu, X, Wang, Y, Huang, Y, and Wang, C. Effects of alternate feeding between fish meal and novel protein diets on the intestinal health of juvenile largemouth bass (Micropterus salmoides). Aquaculture Rep (2022) 23:101023. doi: 10.1016/j.aqrep.2022.101023

39. Fuchs, VI, Schmidt, J, Slater, MJ, Zentek, J, Buck, BH, and Steinhagen, D. The effect of supplementation with polysaccharides, nucleotides, acidifiers and bacillus strains in fish meal and soy bean based diets on growth performance in juvenile turbot (Scophthalmus maximus). Aquaculture (2015) 437:243–51. doi: 10.1016/j.aquaculture.2014.12.007

40. Rahimnejad, S, Zhang, J-J, Wang, L, Sun, Y, and Zhang, C. Evaluation of bacillus pumillus SE5 fermented soybean meal as a fish meal replacer in spotted seabass (Lateolabrax maculatus) feed. Aquaculture (2021) 531:735975. doi: 10.1016/j.aquaculture.2020.735975

41. Ma, S, Yu, D, Liu, Q, Zhao, M, Xu, C, and Yu, J. Relationship between immune performance and the dominant intestinal microflora of turbot fed with different bacillus species. Aquaculture (2022) 549:737625. doi: 10.1016/j.aquaculture.2021.737625

42. Zaineldin, AI, Hegazi, S, Koshio, S, Ishikawa, M, El Basuini, MF, Dossou, S, et al. The influences of bacillus subtilis c-3102 inclusion in the red sea bream diet containing high levels of soybean meal on growth performance, gut morphology, blood health, immune response, digestibility, digestive enzymes, and stress resistance. Aquaculture Nutr (2021) 27:2612–28. doi: 10.1111/anu.13389

43. Pérez-Sánchez, T, Balcázar, JL, Merrifield, DL, Carnevali, O, Gioacchini, G, de Blas, I, et al. Expression of immune-related genes in rainbow trout (Oncorhynchus mykiss) induced by probiotic bacteria during Lactococcus garvieae infection. Fish Shellfish Immunol (2014) 31:196–201. doi: 10.1016/j.fsi.2011.05.005

44. Løvoll, M, Kilvik, T, Boshra, H, Bøgwald, J, Sunyer, JO, and Dalmo, RA. Maternal transfer of complement components C3-1, C3-3, C3-4, C4, C5, C7, bf, and df to offspring in rainbow trout (Oncorhynchus mykiss). Immunogenetics (2006) 58:168–79. doi: 10.1007/s00251-006-0096-3

45. Huyben, D, Vidakovic, A, Sundh, H, Sundell, K, Kiessling, A, and Lundh, T. Haematological and intestinal health parameters of rainbow trout are influenced by dietary live yeast and increased water temperature. Fish Shellfish Immunol (2019) 89:525–36. doi: 10.1016/j.fsi.2019.04.047

46. Kolosov, D, Chasiotis, H, and Kelly, SP. Tight junction protein gene expression patterns and changes in transcript abundance during development of model fish gill epithelia. J Exp Bioogy (2014) 217:1667–81. doi: 10.1242/jeb.098731


Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Liu, Ma, Lv, Shi, Qiu, Chang, Lu, Wang, Wang, Han and Liu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-13-1079677-g007.jpg
Percent of community abundance on Phylum level

Community barplot analysis

CPC50%
Samples

CPC75%

CPC100%

W Firmicutes
Actinobacteriota

Il Cyanobacteria

I Proteobacteria

W others





OEBPS/Images/fimmu-13-1079677-g002.jpg
RO TI .
WO 7
% o R

b G

-
-

PO
12 I
\\" 5
El.e zd
i

b *5.:’:?« ‘-.»1._ %. N e £

NN I 5 D A O i
DINE el
\\ LN S

! Ty D N

e S : E;o.ﬁ”i.‘,\ _
O N\ i g





OEBPS/Images/table9.jpg
CPC25% CPC50% CPC75% CPC100%

Villus height (1m) 924.90 + 58.04° 834.43 + 38.06* 817.82 + 16.07° 743.02 + 47.96° 558.86 + 93.99"
Villus width (um) 487.87 + 39.40° 347.58 + 16.86" 331.18 + 13.79* 297.40 + 24.01° 285.66 + 11.14%
Muscular thickness (um) 140.05 + 6.33 170.54 + 18.60 143.49 + 13.16 144.65 + 13.19 167.42 + 11.12 ‘

Values with different superscripts in the same column are significantly different (P<0.05). ‘






OEBPS/Images/fimmu.2022.1079677_cover.jpg
’ frontiers | Frontiersin Immunology

Effects of replacing fishmeal
with cottonseed protein
concentrate on growth

performance, blood
metabolites, and the intestinal
health of juvenile rainbow trout
(Oncorhynchus mykiss)





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Effects of replacing fishmeal with cottonseed protein concentrate on growth performance, blood metabolites, and the intestinal health of juvenile rainbow trout (Oncorhynchus mykiss)

      

        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Diet

          



          		

            2.2 Fish and feeding trial

          



          		

            2.3 Sample collection

          



          		

            2.4 Biochemical analysis and histological analysis

          



          		

            2.5 Analysis of gut microbiota

          



          		

            2.6 Gene expression

          



          		

            2.7 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Growth and feed utilization

          



          		

            3.2 Chemical composition of whole fish

          



          		

            3.3 Blood metabolites

          



          		

            3.4 Digestive enzyme activity in the intestine

          



          		

            3.5 Intestinal histology

          



          		

            3.6 Expression of immune genes and tight junction protein genes in intestine

          



          		

            3.7 Gut microbiota

          



        



        



        		

          4 Discussion

        

          		

            4.1 Growth performance

          



          		

            4.2 Metabolism

          



          		

            4.3 Intestinal health

          



        



        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table4.jpg
It FM CPC25%
Initial body weight (g) 11.26 + 0.12 11.24 + 0.10
Final body weight (g) 46.15 + 0.81° 4450 + 1.03°
Weight gain (%) 309.88 + 4.39" 295.85 + 8.02°
SGR (%/day) 252 +0.02° 246 + 0.04°
FR (%/day) 227 £ 0.04° 222 +0.03°
FCR 1.04 + 0.01 1.04 + 0.02
CF (g em™) 1.51 £ 0.01° 1.54 +0.02°
VSI (%) 17.34 £ 0.28° 1640 + 036
HSI (%) 150 + 0.04° 148 +0.04°
Survival rate (%) 99.17 £ 0.83 99.17 + 0.83

IBW, Initial body weight; EBW, Final body weight;

Weight gain (WG, %)=100x[(FBW - IBW) x IBW™'].

Specific growth rate (SGR, %/day)=100x(In FBW - In IBW)/days;
Feeding rate (FR, %/day)=100xEl/[daysx(FBW — IBW)/2];

Feed conversion ratio (FCR)=FI/WG;

Condition factor (CF, g cm™) = 100xbody weight/(body length)*, n=16;
Viscerosomatic index (VSI, %) = 100xviscera wet weight/body weight, n
Hepatosomatic index (HSI, %) = 100 xliver wet weight/body weight, n=
Survival rate = 100x(final number of fish)/(initial number of fish).
values with different superscripts in the same column are significantly different (P<0.05).
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F ACAGACTGTACCCATCCCAAAC AJ438158
R AAAAAGCGCCAAAATAACAGAA

cat F GGCCAGTCCCTGGTGGTTA 124433
R GGTGGACTGTGTGGATCCGTA

it F TCTACAACCCTACACAGCAAGTGAG AJ544262
R TGCCCGCAGCATTAAAAATAG

IL1p* E ACCGAGTTCAAGGACAAGGA AJ223954
R CATTCATCAGGACCCAGCAC

1L8* F CACAGACAGAGAAGGAAGGAAAG AJ279069
R TGCTCATCTTGGGGTTACAGA

TNF-o** F GGGGACAAACTGTGGACTGA AJ277604
R GAAGTTCTTGCCCTGCTCTG

1L10* F CGACTTTAAATCTCCCATCGAC AB118099
R GCATTGGACGATCTCTTTCITC

TGE-B* F AGATAAATCGGAGAGTTGCTGTG AJ007836
R CCTGCTCCACCTTGTGTTGT

OCLN* F CAGCCCAGTTCCTCCAGTAG GQ476574
R GCTCATCCAGCTCTCTGTCC

TRIC* F GTCACATCCCCAAACCAGTC KC603902
R GTCCAGCTCGTCAAACTTCC

z0o1* F AAGGAAGGTCTGGAGGAAGG HQ656020
R CAGCTTGCCGTTGTAGAGG

cLp1*® F GAGGACCAGGAGAAGAAGG BK008768
R AGCCCCAACCTACGAAC

C3, complement component 3; C4, complement component 4; IL1p, interleukin 1 beta; IL8, interleukin 8; TNFo, tumor necrosis factor alpha; IL10, interleukin 10; TGFp, transforming
growth factor beta; OCLN, occludin; TRIC, tricellulin; ZO-1, zonula occludens-1; CLD1, claudin-1.
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TP, total protein; ALB, albumin; TC, total cholesterol; HDL-C, high density lipoprotein cholesterol; LDL-C, low density lipoprotein cholesterol; TG, triglyceride; TBA, total bile acid;
GLU, glucose; ALT, alanine aminotransferase; ALP, alkaline phosphatase;
Values with different superscripts in the same column are significantly different (P<0.05).
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OEBPS/Images/table10.jpg
CPC25% CPC50% CPC75% CPC100%

Villus height (um) 980.71 + 30.75 1084.60 + 36.64 1002.18 + 54.63 98293 + 31.51 ‘ 1006.23 + 56.60 ‘
Villus width (um) 301.43 + 9.30 290.80 + 28.51 277.86 + 17.57 316.33 + 16.62 ‘ 26526 +7.18 ‘

Muscular thickness (um) 168.20 + 8.31 208.25 + 18.54 172.88 + 18.53 165.92 + 4.74 ‘ 183.71 + 18.94 ‘
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Diet FM CPC50% CPC100%

Ingredients ‘
Fishmeal' 30.00 2250 15.00 7.50 0.00 ‘
Black soldier fly meal 5.00 5.00 5.00 5.00 5.00
Cottonseed protein concentrate” 0.00 7.50 15.00 22.50 30.00
Corn protein concentrate 12.00 12.00 12.00 12.00 12.00
Soy protein concentrate 15.00 15.00 15.00 15.00 15.00
Wheat gluten meal 2.00 2.00 2.00 2.00 2.00
Wheat flour 19.58 19.38 19.23 19.03 18.83
Fish oil 12.00 12.00 12.00 12.00 12.00
Premix® 1.00 1.00 1.00 1.00 1.00
L-IysineA 1.00 120 135 1.55 175
DL-methionine’ 0.30 0.30 0.30 0.30 0.30
Taurine® 0.50 0.50 0.50 0.50 0.50
Sodium alginate 1.00 1.00 1.00 1.00 1.00
Chloride choline” 0.60 0.60 0.60 0.60 0.60
BHT® 0.02 0.02 0.02 0.02 0.02

Approximate chemical composition

Crude protein 46.08 46.00 45.89 45.82 45.74
Crude lipid 16.09 16.07 16.05 16.05 16.02
Gross energyM] /kg 21.79 21.96 22.12 2228 22.45

"Fishmeal: from TASA Fish Product Co,, Ltd., Peru.

“Cottonseed protein concentrate: Xinjiang Jinlan Co. Ltd, China.

3Premix (mg/kg or 1U/kg diet): VA 750000 IU, VD 200000 1U, VE 6000 mg, VK5 2000 mg, VB, 1200 mg, VB, 1200 mg, VBs 1200 mg, VB,> 8 mg, VC 21000 mg, D-calcium
pantothenate 2000 mg, niacinamide 9000 mg, folic acid 370 mg, D-biotin 15 mg, nositol 10000 mg, MgSO, 6000 mg, ZnSO, 4000 mg, MnSO, 2500 mg, CuSO, 2500 mg, FeSO, 2500
mg, CoSO4 160 mg, Ca(103); 200 mg, Na,8eO; 40 mg.

“L-lysine, 98%, Macklin Inc., Shanghai, China.

SDL-methionine, 99%, Macklin Inc., Shanghai, China.

“Taurine, 99%, Macklin Inc., Shanghai, China.

“Chloride choline, 50%, Jujia Biotech Co., Ltd, Shandong, China.

SBHT, butylated hydroxytoluene, >99.0%, Aladdin Biochemical Technology, Co., Ltd, Shanghai, China.
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Moisture Crude protein Crude lipid

Values with different superscripts in the same column are significantly different (P<0.05).

FM 68.06 + 0.44 17.14 + 0.20 10.55 + 0.09 1.54 +0.03 ‘
CPC25% 67.71 + 0.57 | 17.69 + 0.28 ] 10.58 + 0.11 [ 1.60 +0.03 ‘
CPC50% 68.15 + 0.46 ] 17.35 £ 0.33 10.28 + 0.08 1.53 +0.04 ‘
CPC75% 67.91 + 0.67 17.15 £ 0.13 1041 +0.10 1.57 +£0.03 ‘
CPC100% 67.31 + 0.34 17.89 +0.20 10.61 + 0.14 1.60 + 0.04 ‘
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