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Clostridium autoethanogenum protein (CAP) is a novel protein source for aqua-feeds. The present study aimed to investigate the effects of dietary CAP on growth performance, immunity, and liver health status of juvenile largemouth bass (Micropterus salmoides). Four isonitrogenous and isolipid experimental diets were formulated to replace 0% (D1, control), 25% (D2), 50% (D3), and 75% (D4) of fish meal by CAP. Fish (15.05 ± 0.08 g) were randomly fed one of four experimental diets for 8 weeks. The results showed that weight gain (WG), specific growth rate (SGR), feeding rate (FR), viscerosomatic index (VSI), and hepatosomatic index (HSI) of the D4 group were significantly lower than D1, D2, and D3 groups (P < 0.05). With the increase of substitution level, the total antioxidant capacity (T-AOC) of liver tissue was significantly decreased, while the plasma alkaline phosphatase (AKP) activity was significantly increased (P < 0.05). Plasma alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels were significantly higher in D3 and D4 groups than in D1 and D2 groups (P < 0.05). Replacing 50 or 75% fish meal by CAP significantly induced the transcription level of apoptosis-promoting genes (bcl-2-associated death protein [bad] and bcl-2-assoxicated × protein; bag [bax]), anti-apoptosis-related genes (tumor protein 53 [p53] and b-cell lymphoma-2 [bcl-2]), and the apoptotic Caenorhabditis elegans (C. elegans) death gene-3 like caspases (cysteine-aspartic proteases-3 [caspase-3], cysteine-aspartic proteases-8 [caspase-8], cysteine-aspartic proteases-9 [caspase-9], and cysteine-aspartic proteases-10 [caspase-10]) in liver, while suppressed the gene expression of the inflammatory factors [interleukin-1β (il-1β), interleukin-8 (il-8), and tumor necrosis factor, tnf ] in head kidney. At the same time, dietary inclusion of CAP elevated the protein expression of bcl-2, autophagy microtubule-associated protein light chain 3A/B (LC3A/B-I), and LC3A/B-II by inhibiting the phosphorylation of the mammalian target of rapamycin (mTOR; P < 0.05). Moreover, the apoptosis rate of the D3 and D4 groups was significantly increased (P < 0.05). Taken together, these results indicated that the optimal level of CAP-replacing fish meal should be <50% that has no negative effect on the growth performance and liver health of juvenile largemouth bass. In addition, excessive CAP inclusion may damage liver health by activating autophagy and apoptosis signaling pathways.
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INTRODUCTION

Fish meal is the preferred protein for aqua-feed because of its balanced nutrition and good palatability (Henry et al., 2015). With the rapid development of the aquaculture industry and the unsustainability of fish resources, an alternative protein source for fish meal is increasingly important (Hardy et al., 2018). Many research efforts have aimed to replace fish meal with soybean meal or other plant proteins (e.g., Kaushik et al., 1995; Sitjà-Bobadilla et al., 2005; Sahlmann et al., 2019), but disadvantages, such as imbalance of amino acid profile (Mambrini et al., 1999), anti-nutritional factors (Francis et al., 2001), and unpalatability (Luo et al., 2010), have limited the further application of plant proteins. In recent years, some new alternative proteins, such as single-cell protein (SCP), have attracted much attention because of the high efficiency and stability of the production and less anti-nutritional factors (Davies and Wareham, 1988).

Clostridium autoethanogenum protein (CAP) is a new type of bacterial protein produced by using Clostridium autoethanogenum (CA), which has no toxic genes (Utturkar et al., 2015). Meanwhile, the crude protein content of CAP is more than 72%, which has a similar essential amino acid profile to fish meal, with considerable amounts of carbohydrate, lipid, and vitamin (Simpson et al., 2016). As a pretty novel SCP, current preliminary studies only evaluate the effects of the supplementation with CAP on the growth, digestion, and antioxidant capacity of grass carp (Ctenopharyngodon idella), (Wei et al., 2018), Jian carp (Cyprinus carpio var. Jian), (Li M. Y. et al., 2021), tilapia (GIFT: Oreochromis niloticus), (Maulu et al., 2020, 2021), and black sea bream (Acanthopagrus schlegelii), (Chen Y. et al., 2020), but few studies to date have focused on the liver health of fish and the regulation mechanism of dietary inclusion of CAP, especially in high inclusion levels.

Largemouth bass (Micropterus salmoides), a typical carnivorous fish, has become an important freshwater fish species in China, with a total cultured production of 477, 808 tons in 2019 (Fishery Bureau, 2020). In the past few years, researchers have devoted their energy to the effect of SCP on the growth of largemouth bass, such as yeast hydrolysate (Zhou et al., 2018; Gong et al., 2019) and symbiotic (Yang et al., 2020). CAP includes renewable energy, environmentally friendly ingredients, and has a high crude protein content. Therefore, the present study investigated four levels of CAP to replace fish meal to study their effects on growth performance and the way to affect liver health of largemouth bass, to provide a reference for the application of CAP in aquatic feed.



MATERIALS AND METHODS


Diet Preparation

The formulation of the experimental diets was formulated in this study (Table 1). CAP was purchased from Hebei Shoulang New Energy Technology Co., Ltd., (Tangshan, Hebei, China). Four experimental diets were formulated to include 0, 8.1, 16.2, and 24.3% of CAP replacing 0% (D1), 25% (D2), 50% (D3), and 75% (D4) of dietary fish meal, respectively. D1, where the fish meal content was 40% and was used as the control diet. All the diets were made in puffing feed, and the extruded diets were processed through an extruder (TSE65S; Modern Yanggong Machinery S&T Development Co., Ltd. Beijing, China). All the wet diets were oven-dried at 60°C and stored at −20°C until used.


Table 1. Formulation and proximate composition of the experimental diets.
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Fish and Trial Management

Largemouth bass were purchased from a fish farm (Ezhou, Hubei, China). All fish were cultured in an experimental system with a D1 diet for 2 weeks to adapt to the rearing conditions. Before the trial, all fish have fasted 24 h for gastric emptying. Then, 24 similar-size largemouth bass (initial weight: 15.05 ± 0.08 g) were randomly selected, weighed, and put into each tank (volume: 200 L). Three replicates were randomly distributed for one experimental diet. During the experiment, fish were fed to apparent satiation twice a day (08:30 and 16:30) and daily feed intake was recorded. Uneaten feed was taken out and recorded. The feeding trial lasted for 8 weeks. During the whole trial, the water temperature was kept at 26.0 ± 1.0°C. Water-dissolved oxygen content was maintained at 6.4 ± 0.5 mg/L, and ammonia-N was lower than 0.5 mg/L. The photoperiod was 12-h light/12-h dark, with the light period from 08:00 to 20:00.



Sample Collection

Twenty-four hours after the last feeding, the fish in each experimental group were counted and batched weighed. Six fish per tank were randomly selected and anesthetized (MS-222; Sigma, St Louis, MO, USA at 10 mg L−1) for sampling. Three fish in each tank were randomly used to measure the physical index. Three fish per tank were selected to collect blood samples from a caudal vein with heparinized syringes. Plasma was centrifuged (3,000 × g for 10 min) at 4°C and then the supernatant was collected, immediately frozen in liquid nitrogen, and stored at −80°C for further analysis. Three fish per tank were chosen randomly, and liver and head kidney tissues were rapidly sampled, placed in liquid nitrogen, and stored at −80°C for subsequent analysis. Two fish per tank were sampled for the analysis of terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL).



Biochemical Analysis

The activities of superoxide dismutase (SOD), glutathione peroxidase (GSH-Px), catalase (CAT), reduced glutathione (GSH), the content of malondialdehyde (MDA), and total antioxidant capacity (T-AOC) in the liver tissue were determined according to the instruction of the commercial kits. In addition, the plasma alanine aminotransferase (ALT), aspartate aminotransferase (AST), and alkaline phosphatase (AKP) were tested using commercial kits according to the instructions of the manufacturer. All the commercial kits were from Nanjing Jiancheng Bioengineering Institute (Nanjing, Jiangsu, China).



RNA Extraction and Quantitative Real-Time PCR (qRT-PCR)

Total RNAs of liver and head kidney tissues were extracted according to the instruction of TRIzol Reagent (Ambion, Life Technologies, Carlsbad, CA, USA). M-MLV First-Strand Synthesis Kit (Invitrogen, Shanghai, China) was used to obtain cDNA by reversing transcription of total RNA. Real-time PCR was carried out with LightCycle® 480 II system using LightCycle 480 SYBR Green I Master Mix (Roche, Switzerland). The reactions of real-time PCR were based on that described by Su et al. (2017). In the present study, 18s and beta-actin (β-actin) were chosen as internal references for normalization. The primers used for qRT-PCR in largemouth bass were showed in Table 2. Each sample was run in duplicate, and the results were calculated with the means.


Table 2. Real-time PCR primers sequences.
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Western Blot

Liver tissues were cell lysed by RIPA lysis buffer (Beyotime Biotechnology, China) containing protease inhibitor cocktail and phosphatase inhibitor cocktail (Roche, Basel, Switzerland). Proteins (40 mg) were separated on sodium dodecyl sulfate–polyacrylamide (SDS-PAGE) gels and then transferred to polyvinylidene fluoride (PVDF) membranes. The membranes were blocked for 1 h by using 5% skimmed milk in TBST buffer (20 mM TrisHCl, 150 mM sodium chloride, 0.1% Tween 20, pH 7.5) and then were incubated overnight at 4°C by using the following specific primary antibodies: mammalian target of rapamycin phosphorylation (P-mTOR) Antibody (1:1,000, #2,971; Cell signaling, Danvers, MA, USA), mammalian target of rapamycin (mTOR) Antibody (1:1,000, #2,972; Cell signaling, Danvers, MA, USA), BCL-2 Antibody (1:1,000, ab32,124; Abcam), or autophagy microtubule-associated protein light chain 3A/B (LC3A/B) Antibody (1:1,000, #12,741; Cell signaling, Danvers, MA, USA). After washing, membranes were incubated with a secondary antibody: glyceraldehyde-3-phosphate dehydrogenase (GAPDH; 1:1,000, ab8,245; Abcam). Wherein, GAPDH was used as an internal reference protein. The bands were acquired by ImageQuant LAS 4000mini (GE Healthcare Life Sciences) and quantified using Image J software (National Institutes of Health).



Histological Analysis in the Liver Tissue

To observe the pathological changes of the liver tissue, the tissues were fixed into 4% paraformaldehyde and were embedded in paraffin and cut into 4 μm sections. The method of TUNEL technique was adopted (Lu et al., 2019). The relative area (%) of the apoptotic nucleus was calculated by Image-Pro Plus 6.0.



Statistical Analysis

All data are presented as mean ± SE (n ≥ 3), and one-way ANOVA was used to detect the significance of the differences between groups in SPSS 20 (SPSS Inc., Chicago, IL, USA) for windows. The significant difference level was considered P < 0.05.




RESULTS


Growth Performance and Morphometric Parameters

The results of growth, feed utilization, and morphological indices of largemouth bass fed experimental diets were shown in Table 3. After 8-week feeding, there was no significant difference between group D2 and the control group D1 from the perspective of various growth indicators. However, weight gain (WG), specific growth rate (SGR), feeding rate (FR), and hepatosomatic index (HSI) of the D4 group were significantly lower than in D1, D2, and D3 groups (P < 0.05), while there were no significant differences of growth performance between the three groups (P > 0.05). Besides, the feed conversion ratio (FCR) of the D1 and D2 groups also was significantly higher than D3 and D4 groups (P < 0.05).


Table 3. The effects of dietary CAP inclusion on growth performance, feed utilization, and biometric parameters of juvenile largemouth bass.
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Biochemical Parameters

The non-specific immunity-related parameters of plasma in largemouth bass were presented in Figure 1. The content of AKP in plasma increased significantly with dietary CAP concentrations (P < 0.05). Plasma ALT and AST levels were significantly lower in the D1 and D2 groups than in D3 and D4 groups (P < 0.05), and there were no significant differences between D1 and D2 groups (P > 0.05).


[image: Figure 1]
FIGURE 1. Effects of dietary CAP inclusion on plasma AKP, ALT and AST in largemouth bass after an 8-week feeding trial. (A) AKP, alkaline phosphatase; (B) ALT, alanine aminotransferase; (C) AST, aspartate aminotransferase. Values were presented as means ± SEM (n = 3 at least), and bars with different letters indicated significant differences (P < 0.05). CAP, Clostridium autoethanogenum protein.




Anti-Oxidant-Related Parameters in the Liver Tissue

Figure 2 showed the activities of anti-oxidant enzymes. At the end of the 8-week feeding trial, the effects of dietary CAP inclusion on the anti-oxidation were compared among D1, D2, D3, and D4 groups. When the replacement level of fishmeal was exceeded 25%, the activities of T-AOC and SOD in the liver tissues were reduced significantly (P < 0.05). The activity of GSH-Px in liver tissues of group D2 was highest among all groups (P < 0.05), but there were no significant differences among the other three groups (P > 0.05). The MDA content of groups D3 and D4 was significantly higher than group D1 and D2 (P < 0.05), while there were no significant differences between D1 and D2 groups. Meanwhile, no significant difference between CAT and GSH was found among all groups (P > 0.05).


[image: Figure 2]
FIGURE 2. Effects of dietary CAP inclusion on anti-oxidative capacity in liver. (A) T-AOC, total antioxidant capacity; (B) SOD, superoxide dismutase; (C) GSH-Px, glutathione peroxidase; (D) MAD, malondialdehyde; (E) CAT, catalase; and (F) GSH, reduced glutathione. Values were presented as means ± SEM (n = 3 at least), and bars with different letters indicated significant differences (P < 0.05). CAP, Clostridium autoethanogenum protein.




Gene Expression Related to Immunity in the Head Kidney Tissue

To investigate the immune status of CAP inclusion in the body, the mRNA expression of related genes was performed and shown in Figure 3. Compared with the control group D1, the transcriptional expressions of major inflammatory factors of interleukin-1β (il-1β), interleukin-8 (il-8), and tumor necrosis factor (tnf) were significantly downregulated in head kidney tissues of D3 and D4 groups (P < 0.05), while there was no difference in the expression of il-1β and tnf between D1 and D2 groups (P > 0.05).
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FIGURE 3. Effects of dietary CAP on the transcriptional level of immune-related genes in the head kidney (il-1β, il-8, and tnf) of juvenile largemouth bass. (A) il-1β, interleukin-1β; (B) il-8, interleukin-8; and (C) tnf, tumor necrosis factor. Values were presented as means ± SEM (n = 3 at least), and bars with different letters indicated significantly differences (P < 0.05). CAP, Clostridium autoethanogenum protein.




Transcriptional and Protein Expression of Apoptosis and Autophagy in the Liver Tissue

Dietary inclusion of CAP had a significant effect on mRNA expression of apoptosis in the liver tissue of largemouth bass (Figures 4A–I). Results showed that the mRNA expressions of apoptosis-promoting genes (bcl-2-associated death protein [bad] and bcl-2-assoxicated x protein; bag [bax]) and anti-apoptosis-related genes (tumor protein 53 [p53] and b-cell lymphoma-2 [bcl-2]) in D3 and D4 groups were significantly higher than D1 and D2 groups, while there is no significant difference between D1 and D2 groups (P < 0.05). Moreover, the apoptotic C. elegans death gene-3 like caspases (cysteine-aspartic proteases-3 [caspase-3], cysteine-aspartic proteases-8 [caspase-8], cysteine-aspartic proteases-9 [caspase-9], and cysteine-aspartic proteases-10 [caspase-10]) had the same phenomenon. To further understand the effects of dietary CAP on apoptosis and autophagy of juvenile largemouth bass, the expression of related proteins was detected and shown in Figures 4J–N. Dietary CAP inclusion significantly inhibited TOR phosphorylation (P-mTOR/mTOR) in largemouth bass (P < 0.05). Compared with the control group D1, the expressions of the apoptosis-related protein (bcl-2) and autophagy-related protein (LC3A/B-I and LC3A/B-II) were significantly induced in D3 and D4 groups (P < 0.05).
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FIGURE 4. Effects of dietary CAP inclusion on the expression of apoptosis-related genes (A–I) and autophagy-related proteins (J–N) of largemouth bass in liver tissue after an 8-week feeding trial. bad, bcl-2-associated death protein; bax, bcl-2-associcated x protein; bag, bcl-2-associated athanogene; p53, tumor protein 53; bcl-2, b-cell lymphoma-2; caspase3, cysteine-aspartic proteases-3; caspase8, cysteine-aspartic proteases-8; caspase9, cysteine-aspartic proteases-9; caspase10, cysteine-aspartic proteases-10; P-mTOR, mammalian target of rapamycin phosphorylation; mTOR, mammalian target of rapamycin; LC3A/B, autophagy microtubule-associated protein light chain 3A/B; GAPDH, glyceraldehyde-3-phosphate dehydrogenase. Values were presented as means ± SEM (n = 3 at least), and bars with different letters indicated significant differences (P < 0.05). CAP, Clostridium autoethanogenum protein.




Histological Analysis

The histologic results of liver tissues are shown in Figure 5A. Apoptosis was stimulated by the grade levels of CAP inclusion, as the apoptotic rate (Figure 5B) of D3 and D4 groups was significantly higher than other groups (P < 0.05), while there was no significant difference between D1 and D2 groups (P > 0.05).
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FIGURE 5. Effects of dietary CAP inclusion on TUNEL (A) and apoptosis rate (B) in liver tissues of largemouth bass Values were presented as means ± SEM (n = 3 at least), and bars with different letters indicated significant differences (P < 0.05). CAP, Clostridium autoethanogenum protein; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling.





DISCUSSION

Clostridium autoethanogenum protein, a kind of SCP, is a by-product of ethanol production. In the production process, clean energy sources, such as ethanol and bacterial protein, are finally obtained through five processes of gas pretreatment, fermentation, distillation dehydration, bacterial separation, spray drying, and sewage treatment, and about 1,500 t of bacterial protein can be obtained for each 10,000 t of ethanol production, thereby having great development potential. The utilization of CAP in aquatic feeds greatly promotes the conversion and reuse of industrial wastes and reduces the emission of harmful gases. However, as CAP belongs to microbial fermentation products, and CA has not yet entered the feed additive catalog of China, further research is needed to comprehensively evaluate the biological safety of CAP.

In the present study, compared with the control group, the CAP replacement fish meal level of 25 and 50% groups had no significant effect on the growth performance (WG, SGR, FR, and HSI) of largemouth bass. This is similar to the study in grass carp that dietary CAP lower than 50 g/kg has no negative effect on the growth performance of the fish (Wei et al., 2018). Similarly, In the pearl gentian grouper (♀epinephelus fuscoguttatus × ♂epinephelus lanceolatu) and largemouth bass (Micropterus salmoides), cottonseed protein concentrate (CPC) could replace 24% fish meal, and a composite mixture of shrimp hydrolysate and plant proteins could take the place of 30% fish meal without affecting growth performance (Chen G. et al., 2020; Sla et al., 2020). This may be related to the fact that bacterial proteins are highly digestible and easy to use. However, when the level of CAP replacement fish meal exceeds 50%, it will have a negative impact on the growth performance of largemouth bass. On the one hand, the content of lysine in CAP is low, and lysine has a great influence on the growth center (Chen Y. et al., 2020; Wang et al., 2020). Therefore, the relative lack of lysine content in feeds with high CAP replacement levels may cause the growth performance of the D4 group to decline. On the other hand, palatability may be an important reason why CAP cannot completely replace fish meal. Similar results were reported in a study on rainbow trout (Oncorhynchus mykiss Walbaum), which is replacing fish meal with Methylobacterium extorquens SCP (Hardy et al., 2018). Therefore, according to the results of this experiment, the level of dietary CAP replacement fish meal should be <50% and will not negatively affect the growth performance of largemouth bass. Importantly, the health status of fish may be a better explanation for the difference in growth performance.

Alanine aminotransferase, AST, and AKP are important indicators to measure liver health. Normal blood has relatively low contents of ALT, AST, and AKP. However, when the corresponding cells are damaged, the permeability of the cell membrane will be increased, and ALT, AST, and AKP in the cytoplasm will be released into the blood, resulting in an increase in blood contents, and suggesting extensive damage to the liver parenchyma. In the present study, ALT and AST in plasma were not significantly variational when the replacement of fishmeal was 25%, compared with the control group D1, but their contents in plasma increased significantly after the fishmeal was replaced by more than 25%. Similar results also appeared in other SCP substitution experiments (e.g., Abdel-Tawwab et al., 2010; Omar et al., 2012; Zhang et al., 2018). With the increase of substitution level, the plasma AKP content increased significantly. Anders and Stefan also found that in the experiment of feeding rainbow trout with bacterial protein instead of fish meal, excessive replacement may impair liver health (Anders and Stefan, 1993). These results implied that when the replacement amount of CAP exceeds 50%, it may affect the liver health of largemouth bass.

Apoptosis, a marker of DNA fragmentation (Rhee et al., 2013), is a process in which cells end their lives voluntarily, and it is the basic to maintain cell homeostasis. Apoptosis can be activated by a variety of cellular signals, such as increased intracellular Ca2+ concentration, reactive oxygen species (ROS), such as hydroxyl radicals caused by oxidative damage (ROS), growth factors, and hormone stimulation caused by oxidative damage (Gump and Thorburn, 2011). As this study showed, juvenile largemouth bass fed with the D2 group did not have a significant effect on the level of apoptosis compared with the control group, while D3 and D4 groups had higher DNA fragmentation, supporting that high-level CAP could increase the level of apoptosis in largemouth bass. The induction effect of CAP on apoptosis may be correlated with the caspase-dependent pathway. The caspase-dependent pathway is involved in the modulation of apoptosis (Ji et al., 2011). Among the caspases, caspase-3 and caspase-9 have been identified as a key executor of cell apoptosis (Li et al., 1997; Deng et al., 2009). In the cell apoptosis pathway which is independent of the death receptor, activated caspase-9 initiated a protease cascade leading to the rapid activation of caspase-3 (Li et al., 1997). Moreover, the activation of the intrinsic apoptotic pathway leads to changes in gene expression, such as anti-apoptotic (bcl-2, bcl-xl, and bag) and pro-apoptotic factors (bax and bad), which respond to death signals (Breckenridge and Xue, 2004). Compared with D1 and D2 groups, significant upregulation in caspase-3 and caspase-9 mRNA expression was observed in D3 and D4 groups, respectively, which noted that excessive CAP replacement level could induce the upregulation of caspase-3 and caspase-9 mRNA expressions. On the one hand, a significant positive correlation was observed between caspase-9 mRNA level and the mRNA levels of caspase-3, caspase-8, and caspase-10, indicating that excessive CAP upregulated caspase-9 mRNA expression partly through increasing caspase-3, caspase-8, and caspase-10 mRNA expressions. On the other, excessive protein replacement level of CAP can lead to increased mRNA expressions of pro-apoptotic (bax and bad) and anti-apoptotic (bcl-2, p53, and bag)-related factors. These results are consistent with research reported in Atlantic salmon (Salmo salar) that soybean meal activated caspase-3 and induced apoptosis (Bakke-McKellep et al., 2007). Autophagy, in a conservative way, at a basic level is necessary to maintain cell self-explanation and participate in the pathophysiological processes of the immune system and removal of micro-organisms, tumors, and other diseases (Jing and Lim, 2012; Ryter et al., 2014). At present, studies have found that mTOR inhibits autophagy and apoptosis (Li L. et al., 2021). Besides, many classical apoptotic signaling pathways or proteins have been found to have complex interactions with the regulation of autophagy (Su et al., 2013). Both LC3A/B-I and LC3A/B-II were considered molecular markers of autophagy in cells, and the content of LC3-II was directly proportional to the degree of autophagy. It is worth pondering that CAP inhibits the mTOR signaling pathway and thus activates the autophagy and apoptosis pathway. It is possible that a high level of CAP substitutes for fish meal and lacks some essential amino acids, resulting in energy deficiency and activation of autophagy and apoptosis pathway (Liu et al., 2013).

Most importantly, apoptosis and autophagy are consequences of exceeding ROS (Jin et al., 2011). Studies showed that elevated ROS levels caused oxidative damage in various organs, such as the liver tissue of fish (Jiang et al., 2011). The antioxidant enzyme system, consisting of SOD, GSH-Px, CAT, GSH, and T-AOC, is an antioxidant defense mechanism of the body that is closely related to health and can prevent the damage caused by reactive oxygen species and maintain the balance between the generation and removal of free radicals. When the oxidation-antioxidant balance tilts toward the oxidation direction, oxidative stress will occur and cause dysfunction and oxidative damage (Zeng et al., 2017). In the present experiment, it was found that the increased substitution level of CAP did not cause changes in the liver tissue of CAT and GSH activity. This is similar to the previous study that yeast culture has no effect on the antioxidant capacity of gibel carp (Carassius auratus gibelio CAS III), (Zhang et al., 2018). However, it caused a significant decrease in T-AOC, a comprehensive indicator of antioxidant activity. MDA, the final product of lipid peroxidation, is usually used to evaluate the health of the body (Fujioka and Shibamoto, 2005) and measure endogenous oxidative damage (Ding et al., 2015). When CAP substitutes for fishmeal at 25%, there was no difference between the MDA content in the liver compared with the control group D1, but when it exceeded 25%, the MDA content in the liver increased significantly. It showed that high levels of CAP substitution affected the antioxidant capacity of juvenile largemouth bass, leading to the accumulation of free radicals, which damaged liver health. Inversely, replacing fish meal with CAP in feed for juvenile black sea bream did not affect the antioxidant capacity of the liver tissue (Chen Y. et al., 2020). This conflicting result may be due to different fish and protein-processing methods used, which may have an impact on the availability and digestibility of nutrients.

As we all know, autophagy and apoptosis also belong to the category of immune homeostasis. Apoptosis is a programmed cell death that occurs cell-autonomously. The most important feature of immune autophagy is the capture and degradation of intracellular microorganisms by autophagy (Faure and Lafont, 2013). Autophagy occurs inside of cells, mainly to clean up the internal environment of cells. When the body is damaged by microbial adaptation mechanisms, autophagy can easily capture the pathogenic microorganisms invading cells through the autophagic aptamers known as sequestosome 1/p62 sample receptors (slr), (Deretic, 2012). Slr is involved in the release of pro-inflammatory factor signals through the tnf receptor-associated factor or by activating caspase-8 to promote cell death. Common pro-inflammatory factors are il-1β, il-8, and tnf, which are also markers of inflammation and participate in host defense against microbial pathogens (Secombes et al., 2001; Corripio-Miyar et al., 2007). Il-1β signal initiates the production and secretion of pro-inflammatory mediators, such as il-8, which can respond to inflammatory stimuli through several cell types. An exception is il-8 expression, which has been reported to affect the tnf expression (Giraudo et al., 1998). Notably, studies have shown that autophagy is related to the activation of inflammatory factors (Shi et al., 2012). In the present study, the head kidney il-1β, il-8, and tnf expressions were downregulated in the CAP substitution groups D3 and D4. Similarly, dietary supplementation of 25% yeast had significantly downregulated the expression of il-1β and il-8 in the Atlantic salmon (Salmo salar), (Sahlmann et al., 2019). Il-1β promotes rapid response to infection by inducing a cascade of reactions leading to inflammation. These results indicated that more than 50% replacement of fish meal by CAP in the diet might result in decreased immunity of largemouth bass, which was consistent with the above results in the present study.



CONCLUSIONS

In conclusion, the present results indicated that replacing <50% of dietary fish meal by CAP had no negative effects on growth performance, anti-oxidation capacity, immune response, autophagy, and apoptosis system of largemouth bass. However, excessive substitution by CAP may damage liver health by inhibiting mTOR phosphorylation to activate the autophagy and apoptosis pathways. Together, the utilization of CAP in aqua-feeds will promote the conversion and reuse of industrial waste, reduce the emission of harmful gases, and has a huge potentiality.
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bodly weight; specilic growth rate (SGR, %/day) = 100 x (Ln final indivicual weight ~
Ln iniial indlvidual weight/number of feeding days; Feed conversion ratio (FCR) = feed
consumedweight gain; feeding rate (FR, % BW/) = dry weight of feed x 100/|(initial body
weight -+ final body weight)/2/days; hepatosomatic index (HSI, %) = (iver weight/body
weight) x 100. Values were presented as means  SEM (n = ), and bars with different
letters indicated significantly differences (P < 0.05).






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Effects of Dietary Inclusion of Clostridium autoethanogenum Protein on the Growth Performance and Liver Health of Largemouth Bass (Micropterus salmoides)



		Introduction



		Materials and Methods



		Diet Preparation



		Fish and Trial Management



		Sample Collection



		Biochemical Analysis



		RNA Extraction and Quantitative Real-Time PCR (qRT-PCR)



		Western Blot



		Histological Analysis in the Liver Tissue



		Statistical Analysis







		Results



		Growth Performance and Morphometric Parameters



		Biochemical Parameters



		Anti-Oxidant-Related Parameters in the Liver Tissue



		Gene Expression Related to Immunity in the Head Kidney Tissue



		Transcriptional and Protein Expression of Apoptosis and Autophagy in the Liver Tissue



		Histological Analysis







		Discussion



		Conclusions



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		References

















OPS/images/cover.jpg
, frontiers
in Marine Science

Effects of Dietary Inclusion of
Clostridium autoethanogenum
Protein on the Growth Performance
and Liver Health of Largemouth
Bass (Micropterus salmoides)





OPS/images/fmars-08-764964-g001.gif
I'EEENR

o iy

B

H
“va 1sv





OPS/images/fmars-08-764964-g002.gif
PO i S Pt R
s ¢ 8 8 Fs P OF ¥sogozo;o:
2 Fl -z -
e B v s .
2 - N .

s % % tsososo3o 5y kB EEE
2 o - E] 3
: f - e .
2 . . .










OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
in Marine Science





