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Editorial on the Research Topic 


Omics and Fish Nutrition




According to a new report published by Food and Agriculture Organization (FAO, 2020), global fish production reached around 179 million tons and aquaculture production accounted for 63.7% of the total production. The rapid expansion of aquaculture industry has been associated with numerous challenges such as shortage of resources for sustainable production of aquafeeds (Zhou et al., 2019; Bruni et al., 2021). For a long time, the focus of traditional fish nutrition studies has been primarily on nutrients requirement and fish metabolism, but nowadays the interaction of nutrients and physiological responses has drawn attention of fish nutritionists. Omics technologies including transcriptomics, proteomics, and metabolomics have made a large contribution to better understanding of fish response to nutrients and dietary manipulations. The omics approaches have been successfully implemented for exploring the molecular basis of complex traits such as feed efficiency, muscle myopathies, immunity, and disease tolerance (Vallejos-Vidal et al., Vallejos-Vidal et al., 2022).



Transcriptomics in Understanding Fish Performance

Transcriptomics is often used in identifying the expression of genes in mRNA transcripts in response to different factors. Nutrients can modify gene transcription and translation thereby regulating the animals’ growth and reproduction performances. For example, the liver transcriptomic analysis revealed that n-3 LC-PUFA can promote the ovary development through upregulating the expression of vitellogenesis and zonagenesis related genes (Wang et al., 2021). It was earlier assumed that protein requirement of fish cultured under optimal and high temperatures differs, and interestingly the transcriptomic analysis in a recent study indicated that such variations in dietary protein requirement are associated with the metabolic alterations of three major nutrients in the liver (Cai et al., 2020).



Proteomics in Evaluating Protein Metabolism

Proteomic analysis has been employed as an efficient and useful tool in assessment of the metabolism of proteins. For example, it suggested that different forms of lysine and leucine affect the absorption, synthesis and degradation of protein and ultimately the fish growth (Wei et al.). Moreover, the proteomics suggested that the impairment of growth performance in fish fed terrestrial proteins corresponds with the inhibition of cellular protein biosynthesis (Cao et al.). In the future, proteomics could be implemented as a key tool for understanding the role of specific amino acids in satisfying the physiological needs of fish.



Metabolomics Promotes New Insights in Fish Nutrition

Metabolomics can provide new insight into the alterations of nutrients metabolism by identifying small molecule metabolites. The results obtained from metabolomics can indicate the holistic vision of fish metabolism and health monitoring (Roques et al., 2019). Fish fed plant-based diets showed metabolic disturbances illustrated by lower muscle PUFA concentration. Moreover, the metabolomics data revealed the increased muscle malate, fumarate and glycine concentrations which are associated with energy metabolism (Wei et al., 2017). Also, metabolomic analysis suggested that taurine modulates carbohydrate, amino acids, and lipids metabolic pathways in Nile tilapia (Shen et al., 2018). Furthermore, metabolomics results in a rainbow trout study indicated that fish fed the diets in which fish meal and fish oil were replaced with alternative sources exhibited higher energy requirements (Cao et al.).

Overall, omics provides a global insight into molecular response and metabolism of fish in response to nutritional factors. In the future, it could provide novel methods and specific markers for evaluating the nutritional and health status of fish. It will also contribute to elucidating the hidden effects of specific nutrients or feedstuffs in fish.
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This study evaluated the effects of different dietary non-protein energy sources on hepatic metabolism and endocrine of barramundi. Fish were fed iso-energy diets (18 MJ kg–1) with two types of non-protein energy source in the experimental group and a regular diet was used as the control. The feeding trial lasted 56 days. In the present study, CPT1 and SCD expression in fish fed high lipid diet were upregulated and liver lipid metabolism was more active than the control group. Serum biochemical parameters including serum glucose, serum triacylglycerol and serum cholesterol were significantly increased. The IGF-I and IGF-II expressions were significantly upregulated, and growth performances were improved in fish fed the high lipid diet. When barramundi were fed with the high carbohydrate diet, GK expression was downregulated and cPEPCK expression was upregulated, indicating that glycogen might accumulate in liver. The fluctuation of serum biochemical parameters and the growth performance were not significantly different compared to the control group. In conclusion, high lipid diet can shorten the raising period, but it causes the change of metabolic level and the increase of useless adipose tissue; The high carbohydrate diet did not significantly improve the growth performance, and no significant metabolic abnormalities were observed, indicating that carbohydrate has the potential to be the feed energy supply source for juvenile barramundi. The results provide insights for further understanding the availability of non-protein energy sources in the diet of juvenile barramundi.

Keywords: Lates calcarifer, non-protein energy sources, growth performance, serum biochemical parameters, metabolism, endocrine


INTRODUCTION

In intensive aquaculture, feed supply is the main component of production costs, and protein is the most expensive ingredient in most fish diets because of the non-renewability of fish meal and the presence of anti-nutrient factors in plant proteins (Muzinic et al., 2006; Cashion et al., 2017). Energy density of feed is generally increased by increasing the protein content, but high protein content is not only increases the cost of raising but also has negative impacts of environment due to potential nitrogenous losses such as residues and feces (Dosdat, 2001; Lazzari and Baldisserotto, 2008). An increase in the proportion of lipids and carbohydrates added to the feed effectively alleviates this problem, with some additional benefits. Lipids are known to be the major non-protein energy with high energy density in fish feed. Dietary lipids are considerable sources of essential fatty acids for fish, and some researchers have indicated that appropriate dietary lipid content can improve the quality of the end product (NRC, 2011). Carbohydrates are more attractive and potential included in diet because of their abundant availability and cheap (Wilson, 1994). The addition of this nutrient also has a beneficial effect to the pelleting quality of feed (Thomas et al., 1998).

Animals have developed metabolic system accurate and complex enough to accommodate to diversified nutritional states in their natural environment (Buettner et al., 2007; Soengas, 2014; Gyamfi et al., 2019). The changes in the metabolism are a tool that reflect the adaptability to different dietary conditions (Moraes and Bidinotto, 2004; Bibiano Melo et al., 2006). To elucidate the reasons for the variation in metabolism, the understanding of the change in the key enzymes involved in each metabolic pathway is essential. Previous studies have shown that feed nutrition would cause changes in hepatic function by regulating lipid metabolism, thereby changing cell function (Li et al., 2016; Meng et al., 2018). High dietary carbohydrate: lipid ratios (>3.41) by increases de novo lipogenesis and reduces FA β-oxidation and lipoprotein clearance in the liver, thereby accelerating the liver lipid deposition of juvenile tilapia, Oreochromis niloticus (Xie et al., 2017). To maintain the optimum health condition in carnivorous fish, it is necessary to understand the adaptative strategy of energy metabolism and metabolic feedback in the feeding practice.

As an aquatic species widely cultivated in Australia and Asian countries, barramundi (Lates calcarifer) has the characteristics of fast growth, easy propagation and domestication (Liu et al., 2018; Ma et al., 2018, 2019). Barramundi also has a long history of breeding and research, as well as extensive studies on its lipid and carbohydrate requirements. There are two kinds of common feed formulation for barramundi in Australia that are implemented by adjusting the protein and lipid levels, one is low energy density (15 MJ/k digestible energy, ∼ 46% digestible protein, 12% lipid) and the other is medium energy density (18 MJ/k digestible energy, ∼ 40% digestible protein, 20% lipid) (Glencross, 2006, 2008). Studies have tried to raise carbohydrate levels to save feed costs for barramundi. A recommended protein level is 42.5%, lipid level is 6–12%, and the carbohydrate level is raised to 20% of the feed, and this will not significantly affect the growth of barramundi (Catacutan and Coloso, 1997). However, little investigation has been paid to the metabolism of this species, and the adaptive strategies to non-protein energy sources intake have not been well studied. In the present study, fish oil and α-starch were used as the potential energy source to evaluate the endocrine status and hepatic metabolism of barramundi to dietary lipids and carbohydrate. Results from the present study could pave the way to further understand on energy metabolism of barramundi and provide a basis for optimizing feed formula of barramundi with a cheaper dietary source.



MATERIALS AND METHODS


Experimental Diets

Three iso-energy diets (Table 1) referenced from previous study (Fu et al., 2019), the control group (C) used the diet formula according to crude protein 475 g kg–1, crude lipid 100 g kg–1, and nitrogen-free extract 180 g kg–1 (Glencross et al., 2017). In the experimental group, fish oil and α-starch were used as the source of lipid and carbohydrate, respectively (NRC, 2011). The crude lipid in the high lipid group (HL) increased to 160 g kg–1, and the nitrogen-free extract in the high carbohydrates group (HC) increased to 220 g kg–1. The preparation and preservation methods of the feed were also referred to in previous study (Fu et al., 2019).


TABLE 1. Feed composition (g kg–1), proximate composition of the diets (air-dry basis g kg–1) and gross energy content (MJ kg–1) in three experimental diets (Fu et al., 2019).
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Experiment Design and System

The same batch of Juvenile barramundi (33.69 ± 3.63 g, 12.08 ± 2.13 cm) were obtained from Tropical Aquaculture Research and Development Center, Sanya, China, and grown in an indoor seawater recirculating system being fed a commercial feed (Santong Bio-engineering Co., Ltd., Weifang, China). Fish were grouped and weaned according to previous study (Fu et al., 2019). A total of 117 fish were randomly divided to 9 experimental tanks (fiber glass, 800 L) for a 12 day acclimation. Each experimental tank contained 13 fish and experimental feed was randomly assigned to the experimental tank. The experiment lasted 8 weeks. The experiment was conducted in outdoor seawater tanks with filtered natural seawater. Fish were fed ad libitum twice a day at 08:00 and 16:00 h until apparent satiation on the basis of visual observation, and the feed consumed per tank were recorded. One hour after fed, the residual feeds and feces were sucked away. During the experimental period, the water quality parameters were measured daily and maintained at dissolved oxygen > 7.0 mg L–1, ammonia nitrogen < 0.1 mg L–1, nitrite nitrogen < 0.02 mg L–1, salinity 33 ± 1‰ and pH 7.8. The fish were reared and fed the diets under natural daylight cycle.



Sampling

At the time of the experiment ending, all fish were anaesthetized in 7 mg L–1 eugenol (Shangchi Dental Material Co., Ltd., Changshu, China), weighed to estimate growth performance and three fish were sampled from each tank (i.e., nine fish per treatment) for somatic parameters, biochemical and gene expression analyses. Blood was withdrawn from the caudal vein by a sterile injector (1 mL), allowed to stand at room temperature for 4 h, centrifuged at 3,500 × g for 10 min at 4°C, and the supernatant was collected and then stored at –80°C for further analysis. Thereafter, whole body, viscera, liver and intraperitoneal fat were weighed for determination of viscera ratio (VR), hepatosomatic index (HSI), intraperitoneal fat ratio (IPF). Liver tissues were snap-frozen in liquid nitrogen, then preserved at −80°C until use.



Proximate Composition Analysis

The proximal compositions of the diet, fish body and muscle samples were determined based on previous study (Glencross et al., 2017; Ma et al., 2019). Moisture was determined by oven dry to a constant weight at 103°C in an air-blower-driven drying closet (Nocchi Instrument Co., Ltd., China). Crude protein content (N × 6.25) was determined using a rapid N exceed (Elementar Co., Ltd., Germany). Ash (% dry weight) was quantified by combustion at 550°C in a muffle furnace (Laboratory Instrument Co., Ltd., China). Crude lipid (% dry weight) was determined by ether extraction using a Soxtec System (Zhejiang Tuopu Instrument Co., Ltd., China).



Serum Biochemical Parameters Analysis

The serum biochemical parameters were determined according to the manufacturer’s instructions using commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) i.e., glucose(GLU): Glucose Oxsidase—Peroxidase Aminoantypirin method; triglycerides(TG): Phosphate oxidase—Peroxidase Aminoantypirin method; total cholesterol(TC): Cholesterol Oxidase—Peroxsidase Aminoantypirin method; high-density lipoprotein cholesterol(HDL-C) and low-density lipoprotein cholesterol (LDL-C): direct method. All serum biochemical parameters analyses were performed in triplicate.



Gene Expression Analysis

Methods for RNA extraction and cDNA synthesis experiments were refined based on the methods published at Cold Spring Harbor Laboratory (Green and Sambrook, 2012). Total RNA was extracted using TRIzol (Invitrogen, United States). RNA integrity and concentration were verified by agarose gel electrophoresis and spectrophotometry (Bioteke Corporation Co., Ltd., China). The RNA was immediately used for cDNA synthesis. Subsequently, reverse transcription was performed on 1 μg of total RNA using TransScript-Uni One-Step gDNA Removal and cDNA Synthesis SuperMix (Transgen Biotech Co., Ltd., China) following the manufacturer’s instructions. The synthesized cDNA samples were stored at −20°C until further use.

The genes chosen for analysis by qPCR were selected from the L. calcarifer NCBI database1. The sequences of specific primer pairs and genes accession numbers are shown in Table 2. The specific primers of ELOVL fatty acid elongase 5 (ELOVL5), fatty acid desaturase 2 (FADS2), cytosolic phosphoenolpyruvate carboxykinase (cPEPCK), insulin like growth factor 1 (IGF-I), insulin like growth factor 2 (IGF-II) and actin beta (β-actin) were designed using the Primer Premier 5 program. The primers of stearoyl CoA deasaturase (SCD), carnitine palmitoyl transferase 1 (CPT1), ATP-citrate synthase (ACLY) and glucokinase (GK) were previously designed and validated by Wade et al. (2014). The qPCR was amplified in a Real-time qPCR machine (Hangzhou Longgene Scientific Instrument Co., Ltd., China) using SYBR Green (Tiangen Biotech Co., Ltd., China) following the manufacturer’s recommendations. Before the Real-time qPCR experiments, the specificity and efficiency of the primes above were detected. Each primer product was validated by melt-curve analysis to ensure only specific products were obtained with no formation of primer dimers. Constructing standard curves using serial dilution of cDNA. After verification of PCR efficiency to be around 100%, and Pearson’s coefficients of determination (R2) > 0.98. The 20 μl of reaction including 10 μl 2 × RealUniversal PreMix, 0.6 μl of each primer (10 μM) and 2 μl of diluted cDNA was initially denatured at 95°C for 15 min and then amplified for 40 cycles (95°C, 10 s, 58°C, 20 s, and 72°C, 30 s). Each assay was repeated three times in this study. No template control (NTC) was included with each assay to verify that PCR master mixes were free of contamination. The ΔΔ Ct method was used to calculate the relative expression with β-actin as a reference gene, and normalized as a control (Green and Sambrook, 2012).


TABLE 2. Primers of SCD, CPT1, ELOVL5, FADS2, ACLY, GCK, cPEPCK, IGF-I, IGF-II, and β-actin genes in barramundi used in qPCR.
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Calculations and Statistical Analysis

Specific growth rate (SGR), Feed conversion ratio (FCR), Feed intake (FI), Protein efficiency ratio (PER), Condition factor (CF), Viscera ratio (VR), Hepatosomatic index (HIS) and Intraperitoneal fat ratio (IPF) were calculated by referring to the method of Fu and Ma (Fu et al., 2019; Ma et al., 2019).

The data were presented as the mean ± standard deviation (SD). Statistical analyses were carried out by PASW Statistics (version 18). Assumptions of homogeneity of variances were checked using Levene’s equal variance test. The dissimilarities between different groups were conducted by one-way ANOVA and LSD test, and the level of significance was set at P < 0.05. All percentage data were transformed using square root to satisfy the assumptions of ANOVA.



RESULTS


Growth Performance

The fish growth performance was presented in Figure 1. The SGR, FCR and PER were not significantly different among the three groups of Lates calcarifer. Only WG and FI showed significant difference (P < 0.05) and the trend was similar, among which the HL and C treatments showed significant difference (P < 0.05), but HC showed no significant difference with the other two groups (P > 0.05).


[image: image]

FIGURE 1. Effects of three experimental diets on growth performance ((A) Weight gain, (B) Specific grown rate, (C) Feed intake, (D) Feed conversion rate, (E) Protein efficiency ratio) of barramundi fed different experimental diets (C-Control, HL-High lipid, HC-High carbohydrate). Different superscript letters indicate significant differences among treatments (P< 0.05). Error bars represent standard error.




Proximate Composition and Somatic Parameters

In order to better explain the experimental results in conjunction with other data, data on Proximate composition and somatic parameters were referenced from previous study (Fu et al., 2019). There was no significant difference in moisture content among the three groups (P > 0.05, Table 3). The crude protein in the whole body and muscle of the HL group was significantly lower than that of the other two groups (P < 0.05), and the crude fat was significantly higher than that of the other two groups (P < 0.05). Nevertheless, the consistency between the whole body and the muscle was not reflected in the crude ash content, and the crude ash content in the HL group was significantly lower than that in the other two groups (P < 0.05). In the muscle, the coarse ash content was C > HL > HC, and there was a significant difference between the C and HL groups (P < 0.05). There was no significant difference in the condition factor (CF) and the viscera ratio (VR) in all groups (P > 0.05, Table 3). The HL was the highest group in the hepatosomatic index (HSI) and intraperitoneal fat ratio (IPF). Meanwhile, the HSI was significantly different between the HL and HC groups, and the IPF in the HL group was significantly different from that in the other two groups (P < 0.05).


TABLE 3. Effects of three experimental diets on body composition and somatic parameters in barramundi [Partly referred to Fu et al. (2019)].

[image: Table 3]


Serum Biochemical Parameters Analysis

GLU, TG, TC, HDL-C, and LDL-C were significantly affected by experimental diets (P < 0.05, Table 4), and the highest value was found in the HL group.


TABLE 4. Effects of three experimental diets on Serum biochemical parameters in barramundi.
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Gene Expression of Liver

In fatty acid metabolism genes, the SCD, CPT1, fasd2, and ACLY expressions in the HC group were significantly upregulated (P < 0.05), while the ELOVL5 expression showed no significant difference among treatments (P > 0.05, Figure 2A). In glucose metabolism genes, the acyl and cPEPCK expressions in the HC group were significantly upregulated (P < 0.05), and the GK expression in the HL and HC groups were significantly downregulated (P < 0.05, Figure 2B). In growth hormone genes, the IGF-I and IGF-II expression levels were similar in each treatment. The expressions of IGF-I and IGF-II were significantly upregulated in the HL group, while those were significantly downregulated in the HC group (P < 0.05, Figure 2C).
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FIGURE 2. Relative expression of lipid metabolism genes ((A) SCD, CPT1, ELOVL5, FADS2), carbohydrate metabolism genes ((B) ACLY, GK, cPEPCK) and Growth genes ((C) IGF-I, and IGF-II) in barramundi fed different experimental diets (C-Control, HL-High lipid, HC-High carbohydrate). Different superscript letters indicate significant differences among treatments (P< 0.05). Error bars represent standard error. (put the figures in a single column of three).




DISCUSSION

In the present study, the adaptive mechanisms of barramundi to high lipid (160 g kg–1) or high carbohydrate (220 g kg–1) diets were evaluated to gain a better understanding on the metabolic strategy of non-protein energy sources in barramundi. There was found that different non-protein energy sources had effects on growth performance, food intake, somatic proximate composition and serum biochemical parameters. According to the hepatic expression level of metabolic genes, barramundi had different strategies for different non-protein energy sources.


The Response of Barramundi to High Lipid Diet

In fish, dietary lipids are an important source of essential fatty acids (FA) for regular growth, body functions, health and reproduction (Turchini et al., 2009). In this study, the whole body lipid content increased in the HL group. Consistently, the concentration of serum triglyceride and glucose also increased, indicating an active endogenous lipid transport (Chatzifotis et al., 2010), and the oxidative decomposition of lipid consumes a large amount of the intermediate product of glycolysis (a-glycerophosphate), which blocks glycolysis and makes the serum glucose increase (Tzur et al., 1964). In addition, the increase in dietary lipid content leads to an increase in dietary energy density, which will induce fish to control energy intake by reducing food intake (Nankervis et al., 2000), but the result is just the opposite in the present study. We found that the enthusiasm of barramundi fed the high lipid diet was much higher than that of the other two groups. It can be speculated that the increase in food intake of the high lipid group may be due to the attraction of fish oil. It could also be that the high lipid diet was softer and palatable. The increase in feed intake directly leads to the increase in weight. Excessive dietary lipid intake induces to excessive fat deposition in muscle, liver and visceral cavity in fish (Martino et al., 2002; Alves Martins et al., 2007). In this study, the increase in weight includes two parts: effective weight gain and ineffective weight gain. Ineffective weight gain mainly refers to the accumulation of abdominal adipose tissue. It is calculated that the effective weight gain accounts for about a quarter of the total weight gain, which still leaves most of the energy devoted to the effective weight gain. Although the results of high lipid group showed metabolic abnormalities, they still gave us some enlightenment that adding appropriate amount of lipids in the diet could improve the feeding enthusiasm and growth performance of barramundi.

The result of certain important hepatic lipometabolic gene expressions showed that ELOVL5, FADS2, and ACLY had no significant difference compared with the control group, and CPT1 and SCD were significantly upregulated in the present study. CPT1 participates in the key step of mitochondrial fatty acid oxidation and can catalyze the transformation of fatty acyl- CoAs into fatty acid carnitines into the mitochondrial matrix (Kerner and Hoppel, 2000; Laura et al., 2018). SCD plays a significant part in the synthesis of unsaturated fatty acids (Flowers and Ntambi, 2008; Ardiyanti et al., 2012). The synthetic product contains oleate, it indispensable to the biosynthesis of triglycerides and other lipids (Hsieh et al., 2004; Gonzalez-Baró et al., 2007). Similar trends in the expression of the related genes of lipid metabolism were found in both grass carp (Ctenopharyngodon idellus) and tilapia (Oreochromis niloticus) (Li et al., 2016; Xie et al., 2017). In the present study, GK expression was significantly downregulated. The glucose phosphorylation reaction catalyzed by liver GK can provide the substrate for glycolysis, glycogenesis and the pentose phosphate pathway. It is very important for maintaining blood glucose homeostasis (Engelking, 2010). In mammals, fish oil in the diet would reduce the expression of GK at both the enzyme and mRNA levels. In fact, the principle is that long-chain polyunsaturated fatty acids (PUFA) in fish oil can inhibit hepatic GK gene expression (Jump et al., 1994; Jump and Clarke, 1999). Whether the cause of GK expression reduction in barramundi is similar to that in mammals remains to further investigation. The intrahepatic adaptations of barramundi in response to high lipid intake were to increase SCD, induce CPT1 and simultaneously reduce GK to cope with excessive lipid intake.

Insulin like growth factors (IGFs) are mitogenic peptides, and they are generally believed that their expression are regulated by Endogenous (nutritional state and humoral factors) and exogenous (temperature and photoperiod) factors (Duan, 1998; Tatar et al., 2003). The process of nutrition regulation of IGFs is firstly caused by the hypothalamus integrated nutritional status clues, which leads to the release of stimulant (growth hormone-releasing hormone) or inhibitor (somatostatins) signals to the anterior pituitary gland to produce somatotrophs, which then enters the blood circulation and binds to hepatic GH receptors to stimulate the compound of IGFs (Picha et al., 2008). Several studies have suggested that IGFs have a significant role in nutrient metabolism, growth and development of fish and can be judged by the liver mRNA expression (Rolland et al., 2015). In previous studies, expression of the IGF-I and IGF-II genes were proved to be positively correlated with growth performance in channel catfish (Ictalurus punctatus) (Peterson et al., 2005), clownfish (Amphiprion ocellaris) (Avella et al., 2009), and golden pompano (Trachinotus ovatus) (Tan et al., 2017). In this study, IGF-I and IGF-II in the HL group were significantly upregulated, and the gene expression was consistent with the growth performance (WG and SGR). The increase in growth performance seems to be related to the IPF. This association can also be explained by the upregulation of IGF-I, which also promotes the proliferation and differentiation of adipose tissue (Chang et al., 2016). Therefore, dietary lipids promote IGFs secretion, and thus have a positive impact on growth performance. Similar results were found in rainbow trout (Oncorhynchus mykiss) and Nile tilapia (Oncorhynchus niloticus) (Vera Cruz et al., 2006; Meng et al., 2019).



The Response of Barramundi to High Carbohydrate Intake

The effect of high carbohydrate diet on fat accumulation in barramundi was not as significant as that of high-fat diet, suggesting that energy may be stored in other forms, such as glycogen (Hemre et al., 2002). There was no significant change in blood glucose, indicating that barramundi could adapt to the high-carbohydrate diet used in the study, and the serum TG, TC, LDL-C, and HDL-C were all reduced in various degrees, indicating that the intake of high-carbohydrate diet inhibited the utilization and transport of lipids.

The mRNA expression of metabolic key enzyme was significantly regulated by the high carbohydrate diet, and the expression of key enzyme genes for lipid synthesis (Fasd2, ACLY, and SCD) and decomposition (CPT1) was upregulated. Particularly, SCD and CPT1 were also higher than those in the HL group. Dietary carbohydrate administration also promote lipogenesis (Kamalam et al., 2012). There are two routes to excess glucose after carbohydrate feeding, one is amassed in the form of glycogen, or converted to triglycerides through lipogenesis (Skiba-Cassy et al., 2009; Polakof et al., 2012). The increased transcripts of liver lipid metabolism gene induced by dietary carbohydrate were found in gilthead sea bream Sparus aurata and rainbow trout Oncorhynchus mykiss (Castro et al., 2016; Song et al., 2018). Although there is no direct link between lipogenesis and glucose metabolism, this pathway possibly play an important part in glucose homeostasis because excessive glucose is converted to fatty acids. GK expression was downregulated and PEPCK expression was upregulated. This indicates that the extra carbohydrate can be converted into glycogen in barramundi fed the high carbohydrate diet. In some species such as carp Cyprinus carpio, rainbow trout Oncorhynchus mykiss and perch Perca fluviatilis and, the hepatic GK activity rises with dietary carbohydrate (Borrebaek et al., 2003; Capilla et al., 2003; Encarnación et al., 2004), but our findings do not support these findings. As a carnivorous fish, barramundi are insensitive to dietary carbohydrates, and the regulation of GK expression level remains to be further studied. Thus, the intrahepatic adaptation of barramundi in response to high carbohydrate intake were induces glycogen accumulation (GK and cPEPCK), enhance lipid synthesis (fasd2, ACLY, and SCD) and induce mitochondrial FA oxidative (CPT1) to activate lipid metabolism.

In the expression of growth hormone gene, IGF-I and IGF-II were downregulated, but there was no significant difference in the growth performance compared with the control group. The possible explanation is that the downregulation is not strong enough to affect growth or other factors like insulin, steroids and thyroid hormones, which allow the fine control of growth and adaptation to endogenous and external changes (Mommsen and Moon, 2001). The other hypothesis is that the increase of carbohydrate through α-starch in high carbohydrate diets leads to a lower FI due to its poor palatability. This hypothesis, however, is in contrast to the attractivity of high lipid diets to fish oil which lead to a direct response of endocrine and growth changes (Picha et al., 2008). Therefore, further research on feed intake as well as the role of other hormones associated with growth regulation is required in future.



CONCLUSION

This study demonstrates that when barramundi were fed with a high lipid diet, liver lipid metabolism was more active than in the control group. Serum biochemical parameters were significantly increased, and muscle and intraperitoneal fat were significantly accumulated, leading to improvement of growth performance. When barramundi were fed with a high carbohydrate diet, glycogen in the liver has the tendency of accumulation. The fluctuation of serum biochemical parameters was not obvious, and the accumulation of muscle and intraperitoneal fat were also not clearly evidenced. The growth performance in the HC and HL treatments was not significantly different from that of the control group. The intake of high lipid and high carbohydrate diets caused significant changes in metabolism, revealing the mechanism of the response to non-protein energy sources of juvenile barramundi.
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Omics approaches provide more metabolic information to explain the relationship between dietary nutrition and fish growth. This study aimed to explore the metabolome and proteome response of turbot (Scophthalmus maximus) fed diets containing lysine and leucine in free and dipeptide forms by the approaches of integrated liquid chromatography-tandem mass spectrometry (LC-MS/MS)-based metabolomics and isobaric tags for relative and absolute quantification (iTRAQ)-based proteomics. Plant protein-based diets were formulated to contain the equivalent of lysine and leucine in free amino acid [crystalline amino acid (CAA)] and synthetic Lys-Leu (Lys-Leu) forms. The metabolome and proteome profiles of the liver were screened in fish fed either the CAA diet or the Lys-Leu diet after an 8-week feeding trial. Fish fed the Lys-Leu diet showed a significantly higher final body weight and a specific growth rate compared with fish fed the CAA diet. Protein- and amino acid-related metabolic processes in the liver were identified between the Lys-Leu and CAA groups based on differential metabolites and proteins. The proteolytic enzymes and amino acid transporters from differential proteins of the liver showed that the process of protein digestion and absorption may be affected by the different forms of lysine and leucine in the feed. A mechanistic target of rapamycin complex 1 and ubiquitin proteasome pathways were identified by differential proteins, which were involved in the processes of protein synthesis and degradation in the liver. Lysine degradation, tryptophan metabolism, alanine, aspartate, and glutamate metabolism, arginine biosynthesis, arginine and proline metabolism, and glycine, serine, and threonine metabolism were identified based on differential metabolites and proteins, which showed that the metabolism of various amino acids, including lysine, had been affected by both the CAA and Lys-Leu groups. In conclusion, the data of integrated metabonomics and proteomics suggested that different forms of lysine and leucine in the feed may affect liver metabolic processes including protein digestion and absorption, protein synthesis and degradation, and amino acid metabolism. In addition, a good correlation between differential metabolites and proteins was observed in amino acid metabolism by using the approaches of integrated LC-MS/MS-based metabolomics and iTRAQ-based proteomics.
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INTRODUCTION

With the rising demand and price of fish meal, expanding the amount of plant protein in aquafeeds was an effective strategy to replace fish meal (Daniel, 2017). When more plant ingredients were formulated in diets, it was also necessary to supplement essential amino acids based on the requirement of fish (Furuya et al., 2004; El-Husseiny et al., 2017). Nutritionists proposed that essential amino acids in feed could be supplemented with synthetic peptides or crystalline forms (Dabrowski et al., 2003; Ostaszewska et al., 2013). Those studies in fish species mainly focused on a comparison of dietary amino acid sources in peptides or free amino acids forms using classical nutritional methods, such as the evaluation of growth and feed utilization and the analysis of digestive enzyme activity and amino acid composition of fish whole body (Mamauag et al., 2012; Kim and Lee, 2013; Kamaszewski et al., 2019, 2020). Regarding turbot (Scophthalmus maximus), our previous studies showed that the utilization efficiency of dietary Lys-Leu dipeptide was not only higher than that of dietary crystalline lysine and leucine but also higher than that of dietary Lys-Leu-Lys/Leu-Lys-Leu, Lys-Gly, or Gly-Leu (Wei et al., 2020a,b). However, the effect of dietary amino acid in free and peptide forms on fish growth was still controversial in different fish species, such as carp (Cyprinus carpio) (Kamaszewski et al., 2014), red sea bream (Pagrus major) (Mamauag et al., 2012), and olive flounder (Paralichthys olivaceus) (Rahimnejad and Lee, 2014). It implied that the application of classical nutritional methods may not comprehensively understand how the forms of dietary amino acids regulated the metabolic process of fish, which, in turn, affected their growth. Hence, in order to address this issue, omics approaches, including metabolomics and proteomics, should be introduced in fish nutrition (Sales et al., 2014).

Metabolomics and proteomics are the functional continuation of transcriptomics and can be used to further elucidate the role of nutritional changes in diets on fish growth by understanding the metabolic pathways (de Vareilles et al., 2012; Rodrigues et al., 2012; Ceciliani et al., 2018). Metabolomics can help to gain insight into the alterations of metabolism by identifying small molecule metabolites (Deborde et al., 2021). Proteomics focuses on diverse processes, such as cytoskeletal dynamics, energy and carbohydrate metabolism, lipoprotein metabolism, amino acid metabolism, and protein metabolism, by identifying proteins in the cell and tissue (de Vareilles et al., 2012). However, to date, only a few studies had explored the response of fish to dietary amino acid imbalance or protein source changes by metabolomics or proteomics (Gómez-Requeni et al., 2011; de Vareilles et al., 2012; Wei et al., 2017a,b; Deborde et al., 2021). For instance, Gómez-Requeni et al. (2011) and de Vareilles et al. (2012) reported that a proteomics approach was used to explore the effects of dietary lysine imbalances on the protein expression of whole body or muscle in zebrafish (Danio rerio). Our previous studies evaluated the metabolome profile of liver and muscle in turbot fed diets containing fish meal and fish protein hydrolysate (low molecular weight peptides and free amino acids) (Wei et al., 2017a, b). Omics approaches in those studies were often used separately–proteomics and metabolomics–and an integrated analysis using these approaches was rarely conducted in fish nutrition. Thus, in order to provide more metabolic information to explain the relationship between dietary nutrition and fish growth, it was necessary to combine metabolomics with proteomics in nutritional studies with fish (Guo et al., 2019; Min et al., 2020; Yu et al., 2020).

The aim of this study was to explore the liver metabolome and proteome response of turbot fed diets containing lysine and leucine in free and dipeptide forms. The growth and the feed utilization of turbot are investigated after an 8-week feeding trial (Wei et al., 2020a), and the metabolome and proteome profiles of the liver were screened by the approaches of integrated liquid chromatography-tandem mass spectrometry (LC-MS/MS)-based metabolomics and isobaric tags for relative and absolute quantification (iTRAQ)-based proteomics.



MATERIALS AND METHODS


Experimental Diets and Feeding Trail

Our previous study provided evidence that the inclusion of dietary dipeptide formed by lysine and leucine was effective for growth and feed utilization in turbot (Wei et al., 2020a). Thus, the equivalent of lysine and leucine, but in different forms (free or dipeptide), was used in plant protein-based diets (Table 1). Briefly, two isoproteic (480 g kg–1 crude protein) diets were formulated to contain 150 g kg–1 fish meal and 380 g kg–1 peanut meal. Then, one of them was supplemented with crystalline lysine (21.1 g kg–1) and leucine (18.9 g kg–1) [the Crystalline amino acid (CAA) diet]; the other was supplemented with synthetic Lys-Leu (40.0 g kg–1) (the Lys-Leu diet). CAA pre-mix without lysine and leucine was added to the diets according to Peres and Oliva-Teles (2005). The analysis of amino acid composition in diets revealed that the contents of total lysine and leucine were similar in the two diets, while the contents of free lysine and leucine in the CAA diet were higher than those in the Lys-Leu diet (Table 2).


TABLE 1. Formulation and chemical composition of experimental diets (g kg–1 of dry matter).

[image: Table 1]

TABLE 2. Total and free amino acid composition of experimental diets (g kg–1 dry matter).

[image: Table 2]
Turbot was purchased and cultured at Yantai Tianyuan Aquatic Product Co., Ltd. (Shandong, China). The fish were transported from a cemented tank (5.0 m × 5.0 m × 1.5 m) to a large cylindrical fiberglass tank (water volume, 300 L) and fed a commercial feed for 2 weeks to acclimate to new culture conditions. Then, 150 fish with initial weight (11.98 ± 0.03 g) were stocked in six tanks (water volume, 120 L; 25 fish per tank). Each diet was assigned to three replicate tanks. The fish were hand-fed to apparent satiation twice daily (06:30 and 16:30) in a flow-through system with continuous aeration and water flow rate of 3 L min–1. The uneaten feed was siphoned from the tank bottom and weighed to accurately estimate the feed consumed. The feeding trail lasted for 8 weeks from August to October. During this period, natural photoperiod was used, and water temperature, pH, salinity, and dissolved oxygen were 15 ± 1°C, 7.7 ± 0.2, 32 ppt, and 7 mg L–1, respectively. At the termination of the feeding trail, the fish were starved for 24 h, and then the number and weight of the fish from each tank were recorded. Three fish from each tank were collected at 2 h after feeding and then anesthetized with eugenol (1:10,000). After blood sampling, the liver sample of each fish was flash-frozen in liquid nitrogen and then stored at −80°C before use. The experimental protocols followed the guidelines approved by the Institutional Animal Care and Use Committee of the Yellow Sea Fisheries Research Institute.



Non-targeted Metabolomic and Analysis


Extraction of Metabolites

Metabolites of the liver in turbot were extracted using a modification of the organic protein precipitation method (Chen et al., 2018; Dong et al., 2020). The liver sample (25 mg) was transferred into a tube with 800 μl frozen solution of methanol/acetonitrile/water (2:2:1) and two small steel balls.

The sample was homogenized using a bead mill homogenizer (TissueLyser LT; Qiagen Hilden, Germany) at 60 Hz for 4 min, the steel balls were taken out, and then the sample was sonicated (80 Hz) in an ice bath for 10 min. The mixture was placed at −20°C for 120 min and then centrifuged at 25,000 × g for 15 min at 4°C. The supernatant was collected and transferred to a new tube. Subsequently, the centrifugation was repeated once, and 600 μl of supernatant was collected and freeze-dried. Finally, the dried supernatant sample was dissolved in 50% methanol solution, sonicated (80 Hz) in an ice bath for 10 min, and then centrifuged at 25,000 × g for 15 min at 4°C. The supernatant with metabolites was collected again for a subsequent analysis. In addition, 50 μl from each supernatant sample was pooled as the quality control (QC) sample.



LC-MS/MS Analysis

The supernatant with metabolites were determined by a liquid chromatography (LC)-mass spectrometer (MS) system. The injection volume for each supernatant sample was 5 μl. An ultra-performance liquid chromatography (UPLC) (Waters Corp., United Kingdom) was performed using an ACQUITY UPLC HSS T3 column (internal diameter, 2.1 mm; column length, 100 mm; and particle size, 1.8 μm; Waters Corp., United Kingdom). After the metabolites from the supernatant sample were eluted, a high-resolution tandem mass spectrometer (Xevo G2 XS Q-TOF, Waters Corp., United Kingdom) was used in both the positive and the negative ion modes. Mass spectrometry data were achieved by Centroid MSE mode (where E represents the collision energy). The centroid mode range was 50–1,200 Da, and the scan time was 0.2 s. During MS/MS acquisition, all precursors were fragmented with 20–40 eV, and the scan time was 0.2 s. In the process of data acquisition, mass accuracy was calibrated by acquiring the leucine–encephalin signal every 3 s. Furthermore, in order to evaluate the stability of the instrument system, a QC sample was collected for every 10 samples.



Data Processing and Statistical Data Analysis

The raw data from the mass spectrometer were imported into Progenesis QI (version 2.2) for a data matrix to obtain metabolite-related mass-to-charge ratio (m/z), retention time, and ion intensity. The normalized peak data were pre-processed using metaX software, including imputing the remaining peaks with missing values using the k-nearest neighbor algorithm, removing low-quality ions (50% of QC samples or 80% of biological samples), and then filtering out ions with a relative standard deviation >30% in QC samples (Wen et al., 2017). Differential metabolites in the liver of different treatments were identified using univariate analysis and multivariate statistics. Univariate analysis was performed by the methods of t-test and fold change (FC) analysis (P < 0.05; FC ≥ 1.2 or ≤0.8333). Multivariate statistics were performed by partial least squares-discriminate analysis (PLS-DA) with variable importance for the projection (VIP) values (≥1.0). Heat map was used to visualize differential metabolites, and Kyoto Encyclopedia of Genes and Genomes (KEGG)1 was used to help in understanding the functions of metabolites.




Proteomics Analysis


Protein Extraction and Digestion

Proteins of the liver in turbot were extracted using the method reported by Wu et al. (2019). The liver tissue from each fish was homogenized in lysis buffer 3 [8 mol/L urea, 40 mmol/L Tris–HCl, or tetraethylammonium bicarbonate (TEAB) with 1 mmol/L phenylmethanesulfonyl fluoride, 2 mmol/L ethylenediaminetetraacetic acid, and 10 mmol/L dithiothreitol (DTT), pH 8.5] by TissueLyser (Qiagen, Hilden, Germany). After centrifugation at 25,000 × g for 20 min at 4°C, 10 mmol/L DTT was added to the supernatant at 56°C for 1 h, and then the mixture was incubated with 55 mmol/L iodoacetamide in the dark at room temperature for 45 min. The precipitated protein was washed three times with acetone. The quality and the quantity of the protein sample were measured by sodium dodecyl sulfate polyacrylamide gel electrophoresis and Bradford method, respectively.

The protein solutions (100 μg) were digested with 2.5 μg Trypsin gold (Promega, Madison, WI, United States) at 37°C for 4 h. Trypsin gold was added once more with the same ratio, and trypsin digestion was continued at 37°C for 8 h. After trypsin digestion, the peptides were desalted with a Strata X C18 column (Phenomenex, Torrance, CA, United States) and vacuum-dried.



iTRAQ Labeling and Peptide Fractionation

The vacuum-dried peptides were dissolved in 30 μl of 0.5 mol/L TEAB with vortexing. After the iTRAQ labeling reagents were recovered to ambient temperature, peptide labeling was performed by iTRAQ Reagent 8-plex Kit (Applied Biosystems, Foster City, CA, United States). The labeled samples were desalted with a Strata X C18 column and then vacuum-dried.

The peptides were separated using a Shimadzu LC-20AB HPLC Pump system (Kyoto, Japan) equipped with Gemini C18 column (internal diameter, 4.6 mm; column length, 250 mm; and particle size, 5 μm; Phenomenex, Torrance, CA, United States). The peptides were dissolved with buffer A [5% acetonitrile (ACN), 95% H2O, pH 9.8] to 2 ml. Elution is monitored by measuring absorbance at 214 nm, and fractions are collected every 1 min. The eluted peptides are pooled as 20 fractions and vacuum-dried.



LC-MS/MS Analysis

Each fraction was reconstituted in buffer A (2% ACN and 0.1% formic acid) and centrifuged at 20,000 × g for 10 min. The supernatant was loaded on an Ultimate 3000 UHPLC system (Thermo Scientific, Waltham, MA, United States), equipped with a trap and an analytical column. The samples were desalted in a trap column and then eluted into a nanocapillary C18 column (inner diameter, 75 μm; column diameter, 3 μm; and column length, 25 μm). The peptides separated from nano-high-performance liquid chromatography were subjected to tandem mass spectrometry Q Exactive HF X (Thermo Fisher Scientific, San Jose, CA, United States) for data-dependent acquisition detection by nano-electrospray ionization.



Protein Identification and Functional Annotation

The raw data was firstly transformed into mascot generic format (MGF) for bioinformatics analysis. Then, the exported MGF files were searched using the Mascot search engine (version 2.3.02; Matrix Science, London, United Kingdom). For protein quantitation, an automated software (IQuant software) was used to analyze the labeled peptides with isobaric tags (Wen et al., 2014). The peptide-spectrum matches were pre-filtered at a false discovery rate (FDR) of 1% to assess the confidence of the peptides. Then, identified peptide sequences were assembled into proteins. In order to reduce the rate of false-positive at the protein level, the proteins were identified at a FDR of 1% (Savitski et al., 2015). Proteins with 1.2-fold change (mean value) and P-value (t-test) less than 0.05 were defined as differential proteins. Cluster analysis was used to visualize differential proteins. For the pathway analysis, KEGG was used to predict the main metabolic pathways of the differential proteins.





RESULTS


Growth Performance

The analysis of t-test revealed that the final body weight (P = 0.022) and the specific growth rate (P = 0.027) offish fed the Lys-Leu diet were significantly higher than those of fish fed the CAA diet (Table 3). However, no significant differences among survival rate, feed intake, feed efficiency ratio, protein efficiency ratio, and protein productive value were observed between dietary treatments (P > 0.05).


TABLE 3. Growth performance and feed utilization of juvenile turbot fed different diets.
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Differential Metabolites of the Liver Between Dietary Treatments

Differential metabolites were screened from all identified metabolites based on P < 0.05, FC ≥ 1.2, or FC ≤ 0.8333 in the t-test and VIP ≥ 1 in the PLS-DA model (Figure 1). A total of 1,140 and 661 identified metabolites were obtained between the CAA and Lys-Leu treatments in the POS and the NEG modes, respectively (Supplementary Tables 1, 2 and the annotation information of metabolites is provided in Supplementary Table 3 based on compound.ID). Then, the KEGG database was used to annotate and enrich the pathway analysis of these differential metabolites from the POS and the NEG modes.


[image: image]

FIGURE 1. Heat maps of differential metabolites between the CAA and Lys-Leu treatments. (A) The positive ion mode. (B) The negative ion mode. Red color represents the value that is higher than the mean value. Green color represents the value that is lower than the mean value. Black color represents the value that is close to the mean value.


Key metabolic pathways of protein- and amino acid-related metabolic processes were selected from 148 metabolic pathways in positive ion mode and 89 metabolic pathways in negative ion mode (Table 4). Lysine biosynthesis and degradation as well as valine, leucine, and isoleucine metabolism in the liver were affected when lysine and leucine were added to diets in the form of dipeptide (Lys-Leu) or free amino acids. In addition to lysine and leucine metabolism, differential metabolites between the Lys-Leu and CAA groups were involved in other amino acid metabolisms, such as tryptophan metabolism, phenylalanine metabolism, alanine, aspartate, and glutamate metabolism, arginine biosynthesis, arginine and proline metabolism, and glycine, serine, and threonine metabolism.


TABLE 4. Key differential metabolites and their pathways annotated by KEGG.
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Differential Proteins of the Liver Between Dietary Treatments

According to iTRAQ quantification, 935,928 spectrums were generated and 32,261 peptides and 5,708 proteins were identified with 1% FDR. A total of 618 differential proteins were identified between the Lys-Leu and CAA treatments. Among them, 431 (Supplementary Table 4) significantly downregulated and 187 (Supplementary Table 5) significantly upregulated differential proteins were screened using IQuant software based on FC > 1.2 and P < 0.05 (Figure 2). Then, the database of KEGG was used for the functional annotation of differential proteins.


[image: image]

FIGURE 2. Cluster analysis of differential proteins between the CAA and Lys-Leu treatments. Blue color means downregulation of differential proteins, and red color means upregulation of differential proteins.


Key metabolic pathways of protein- and amino acid-related metabolic processes were selected from 305 metabolic pathways using the KEGG database (Table 5). For protein digestion and absorption, digestive enzymes including trypsin, pancreatic elastase II, carboxypeptidase A1, carboxypeptidase A2, and carboxypeptidase B as well as amino acid transporter including CD98 heavy chain (SLC3A2) were downregulated in the Lys-Leu group compared with the CAA group. For protein synthesis and degradation, the differential proteins between the Lys-Leu and CAA groups were enriched in mammalian target of rapamycin (mTOR) signaling pathway and ubiquitin-mediated proteolysis. For amino acid metabolism, the differential proteins between the Lys-Leu and CAA groups were involved in lysine degradation as well as other amino acid metabolisms (tryptophan metabolism, alanine, aspartate, and glutamate metabolism, arginine biosynthesis, arginine and proline metabolism, and glycine, serine, and threonine metabolism).


TABLE 5. Key differential proteins and their pathways annotated by KEGG.
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DISCUSSION

Studies of the comparison of dietary amino acid sources in dipeptides or free amino acid forms showed that olive flounder (P. olivaceus) could utilize lysine or leucine of dipeptide form more efficiently than that of free amino acid form (Kim and Lee, 2013; Rahimnejad and Lee, 2014). The data of growth performance in this study had been provided in a separate study (Wei et al., 2020a), which suggested that similar results to those of olive flounder were observed in turbot regarding the utilization of lysine and leucine in dipeptide and free amino acid forms. However, in addition to the analysis of growth performance, our previous study only investigated the effects of the different forms of dietary amino acids on the concentrations of serum-free amino acids and the expressions of intestinal amino acids and peptide transporters (Wei et al., 2020a). This study attempted to use the approaches of integrated metabolomics and proteomics to comprehensively elucidate the effects of dietary lysine and leucine in the forms of dipeptides and free amino acids on protein- and amino acid-related metabolic processes.


Protein Digestion and Absorption

Trypsin, pancreatic elastase II, carboxypeptidase A1, carboxypeptidase A2, and carboxypeptidase B are proteolytic enzymes, and their main physiological function is to digest the protein (Cohen et al., 1981; Neurath, 1984; Zambonino Infante and Cahu, 2007). In this study, the expressions of trypsin, pancreatic elastase II, carboxypeptidase A1, carboxypeptidase A2, and carboxypeptidase B were downregulated in fish fed the Lys-Leu diet compared with fish fed the CAA diet (Table 5), which showed that dietary synthetic Lys-Leu may decrease the activities of proteolytic enzymes compared to the dietary free form of lysine and leucine. However, the growth performance in the Lys-Leu group was higher than that in the CAA group. Obviously, the activities of proteolytic enzymes and the growth were contradictory between the two treatments. A possible reason was that the proteolytic enzyme activities were related to the sampling time. At the sampling time (2 h after feeding) of this study, it happened that proteolytic enzyme activities decreased in the Lys-Leu group compared to the CAA group, but regardless of whether proteolytic enzyme activities increased or decreased between the two treatments, different forms of lysine and leucine in the feed may firstly cause changes in the activities of proteolytic enzymes and then affect the digestion of dietary protein. For amino acid absorption, the proteome profile of the liver also showed a lower expression of the heavy chain of the 4F2 antigen (4F2hc) in the Lys-Leu treatment. The 4F2hc, named CD98 heavy chain, is a type II membrane N-glycoprotein that forms heterodimers with associated transporters. These glycoprotein-associated amino acid transporters include L-type amino acid transporters (4F2hc/LAT1 and 4F2hc/LAT2), y+ L-type amino acid transporters (4F2hc/y+LAT1 and 4F2hc/y+LAT2), the alanine, serine, and cysteine transporter 1 (4F2hc/Asc-1), and the cystine and glutamate exchange transporter (4F2hc/xCT), which play a key role in the transport of a variety of amino acids including lysine and leucine (Fotiadis et al., 2013). Thus, the proteome profile of the liver in the process of protein digestion and absorption showed that the different forms of dietary lysine and leucine not only affect the digestion of dietary protein but also affect the absorption of a variety of amino acids.



Protein Synthesis and Degradation

Protein synthesis can be promoted by activating the mechanistic target of rapamycin complex 1 (mTORC1) (Laplante and Sabatini, 2012). As a member of the branched-chain amino acid family, leucine is considered as the potent activator of mTORC1 (Kim and Guan, 2011). Therefore, we hypothesized that free or dipeptide leucine in this study may impact protein synthesis by regulating the mTORC1 signaling pathway. Obviously, differential proteins in the liver supported this hypothesis (Table 5). Based on the proteome profile of the liver, the effects of dietary lysine and leucine in free and dipeptide forms on the mTORC1 signaling pathway were achieved by two upstream signals. One of the upstream signals may be phosphatidylinositol 3-kinase (PI3K)-protein kinase B (Akt) signals. Compared with fish fed the CAA diet, the mTORC1 signaling pathway was affected by downregulating the expression of insulin and protein kinase B (Akt2) and upregulating the expression of tuberous sclerosis 2 in fish fed the Lys-Leu diet (Ma and Blenis, 2009). The other upstream signal may be the cellular entry of leucine because 4F2hc/LAT1 and 4F2hc/LAT2 are considered as the primary routes (Kim and Guan, 2011). In the present study, the downregulated expression of 4F2hc in fish fed the Lys-Leu indicated that it may directly affect the mTORC1 signaling pathway through the transport of leucine.

Ubiquitin-mediated proteolysis is the primary pathway for the degradation of intracellular proteins in all tissues (Lecker et al., 2006). At the transcription level, our previous studies found that dietary dipeptides, tripeptides, and free forms of lysine and leucine may affect protein degradation by regulating the expression of muscle RING finger 1 (ubiquitin protein ligase-related gene) (Wei et al., 2020b). Similarly, in this study, differential proteins related to ubiquitin-mediated proteolysis were identified between the Lys-Leu and CAA groups (Table 5). In the ubiquitin proteasome pathway (UPP), there are distinct enzymatic components, among which E1 (ubiquitin-activating enzyme) is responsible for activating the C-terminal glycine of ubiquitin, E2s (ubiquitin carrier or conjugating proteins) are responsible for transporting the activated ubiquitin, and E3s (ubiquitin protein ligase) is responsible for catalyzing the covalent binding of ubiquitin to the substrate (Ciechanover et al., 2000; Lecker et al., 2006). Based on the differential proteins in the liver, different forms of lysine and leucine in the feed may regulate protein degradation via the E2s and E3s of the UPP.



Amino Acid Metabolism

Since this study focused on the different forms of lysine and leucine in feed, the metabolism of lysine and leucine in the liver was analyzed firstly. Lysine biosynthesis and degradation as well as branched-chain amino acid (valine, leucine, and isoleucine) metabolism were annotated using differential metabolites between dietary treatments (Table 4). The de novo biosynthesis of lysine contains two main pathways: the diaminopimelate and the α-aminoadipate pathways (Hall and da Costa, 2018). The differential metabolites showed that different forms of dietary lysine and leucine may affect the diaminopimelate pathway, which belonged to the aspartate-derived biosynthetic family. For lysine degradation, the pipecolate and saccharopine pathways were considered as the main pathways in the liver (Pena et al., 2016). However, by combining the data of metabolomics and proteomics, it was shown that dietary lysine in dipeptide and free amino acid forms may not mainly affect the two degradation pathways of lysine but also affected the synthesis of carnitine using lysine as a precursor (Vaz and Wanders, 2002). For branched-chain amino acid metabolism, since these three amino acids (leucine, isoleucine, and valine) may share common transport systems and the same enzymes of degradation (Harper et al., 1984; Peganova and Eder, 2003), antagonistic effects had been found in some fish species (Yamamoto et al., 2004). In this study, a higher level of leucine and lower levels of valine and isoleucine in liver metabolites were observed in fish fed the Lys-Leu diet compared to fish fed the CAA diet, which indicated that different forms of dietary lysine and leucine may affect the antagonism between branched-chain amino acids.

In addition to the metabolism related to lysine and leucine, the data of metabolomics and proteomics showed that tryptophan metabolism, alanine, aspartate, and glutamate metabolism, arginine biosynthesis, arginine and proline metabolism, and glycine, serine, and threonine metabolism were identified between dietary treatments (Tables 4, 5). For tryptophan metabolism, tryptophan, and leucine share 4F2hc/LAT1, which may lead to the concentrations of these two amino acids showing opposite trends in the liver (Table 4). A lower level of tryptophan in the Lys-Leu group may further affect tryptophan degradation in the downstream pathways of serotonin, indoleacetic acid, and kynuric acid (Hoseini et al., 2019). For alanine, aspartate, and glutamate metabolism, arginine biosynthesis, and arginine and proline metabolism, different forms of dietary lysine and leucine may mainly affect glutamine and glutaminase, which may be a central mediator metabolite and enzyme. Glutamine may not only be used as the carbon for arginine and proline synthesis but may also be converted into glutamate by glutaminase (Curthoys and Watford, 1995; Morris, 2016). In glycine, serine, and threonine metabolism, the choline–glycine pathway may be responsible for the methyl donor (Wang et al., 2013). According to metabolomics and proteomics data, dietary Lys-Leu upregulated the level of betaine and downregulated the enzyme activity of betaine-homocysteine S-methyltransferase. Thus, it implied that different forms of amino acids in the feed may affect the supply of methyl via the choline–glycine pathway.




CONCLUSION

In this study, a total of 1,140 (POS mode) and 661 (NEG mode) differential metabolites as well as a total of 618 differential proteins were identified between the Lys-Leu and CAA treatments. Based on integrated data of differential metabolites and proteins, the protein- and amino acid-related metabolic processes of the liver included protein digestion and absorption, protein synthesis and degradation, and amino acid metabolism. In the process of protein metabolism, the differential proteins of the liver were related to proteolytic enzymes and amino acid transporters as well as mTORC1 and UPPs, respectively. In the process of amino acid metabolism, differential metabolites and proteins of the liver were related to lysine degradation, tryptophan metabolism, alanine, aspartate, and glutamate metabolism, arginine biosynthesis, arginine and proline metabolism, and glycine, serine, and threonine metabolism. Thus, the mechanism of the effects of dietary lysine and leucine on the growth of turbot can be understood from three aspects: protein digestion and absorption, protein synthesis and degradation, and amino acid metabolism. In addition, amino acid metabolism, in this study, revealed a good correlation between differential metabolites and protein using the approaches of integrated LC–MS/MS-based metabolomics and iTRAQ-based proteomics.
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The present study evaluated the effects of the dietary black soldier fly larvae meal (BSF) on growth performance, intestinal health, and susceptibility to Vibrio parahaemolyticus in the Pacific white shrimp Litopenaeus vannamei. The basal diet was formulated to contain 25% fish meal (FM), and then the FM was replaced with BSF for 10, 20, and 30% of the FM protein in the experimental diets, which are referred to as FM, BSF10, BSF20, and BSF30, respectively. Four hundred and eighty healthy and uniform-sized shrimp (~0.88 g) were distributed among four groups of three replicates, each with 40 shrimp in a 300-L tank and they were fed four times daily for 7 weeks. The results showed that the growth performance did not change significantly in shrimp fed with BSF10 and BSF20 diets, but significantly decreased in those fed with BSF30 diet compared to the ones fed with FM diet. After feeding trial and sampling, a V. parahaemolyticus infection challenge trial was conducted on shrimp. The results showed that the survival rate of shrimp fed with BSF10 was significantly higher than those fed with FM. The results of the midgut histology showed that the width and height of intestinal mucosal folds decreased significantly in shrimp fed with BSF20 and BSF30, and the early signs of apoptosis in the intestinal cells were found in shrimp fed with BSF30. The mRNA levels of non-specific immune-related genes dorsal and relish were downregulated in shrimp fed with BSF20 and BSF30 diets. The mRNA levels of antimicrobial peptides–related genes alf (anti-lipopolysaccharide factor) were upregulated in shrimp fed with BSF10 but downregulated in shrimp fed with BSF30. The mRNA level pen3 (penaeidins 3) was upregulated in shrimp fed with BSF10 and BSF20 diets. The intestinal bacterial communities on operational taxonomic unit levels among groups were not significantly differentiated according to the beta diversity analysis. At the genus levels, a decrease in Vibrio, Photobacterium, and Candidatus_Bacilloplasma, as well as the increase in Bacillus and Pseudoalteromonas abundance, indicated the improvement of intestinal microbiota in shrimp fed with dietary BSF. Therefore, the use of BSF in shrimp diet should be controlled at a dosage of 20% of the FM, which can improve the intestinal microbiota without causing any negative effects.

Keywords: Litopenaeus vannamei, black soldier fly larvae meal, intestinal histology, non-specific immune, intestinal microbiota


INTRODUCTION

Pacific white shrimp Litopenaeus vannamei has become an important species in global aquaculture due to the advantages of its rapid growth and strong stress resistance (FAO, 2020). However, some gastrointestinal diseases, such as white feces syndrome (WFS) (Hou et al., 2018) and early mortality syndrome (EMS) (Zorriehzahra and Banaederakhshan, 2015) have caused significant losses to shrimp farming in recent years. As a vital organ for nutrient uptake and immune defense, the intestinal structure and biochemical barrier are closely related to the health status of the shrimp (Suo et al., 2017).

The intestinal structure and the biochemical barrier refer to the integrity of the histological structure of the intestine. The midgut of shrimp consists of the outer epidermis, muscular layers, protruding mucosal folds, and the inner epidermis, and an intact intestinal structure forms the basis for the functioning of the intestine (Xie et al., 2020). In addition, the immune function of the gut should be considered, as pathogens in the external environment can pass through the intestine (Pilotto et al., 2020). The antimicrobial peptides such as alf (anti-lipopolysaccharide factor), cru (crustins), and pen3 (penaeidins 3) are regulated by secreted cytokines and immune signaling pathways, such as the Toll and IMD (immune deficiency). When Toll and IMD pathways are activated in early response to pathogens, the expression of downstream factors dorsal and relish can regulate pathways activities (Qiu et al., 2014). Intestinal microbiota are an important part of the intestinal biochemical barrier (Qi et al., 2017). The intestinal microbiota have been extensively studied and shown to benefit aquatic animals with its functions in immune response, nutrient uptake, and homeostasis maintenance (Li et al., 2018), which is mainly influenced by environmental and dietary factors (Egerton et al., 2018). Although close contact with the aquatic environment may influence the early gut colonization (Roeselers et al., 2011), feed causes a continuous effect on the intestinal microbiota composition over a longer culture period (Ringø et al., 2016).

In shrimp diets, fish meal (FM) is the most commonly used protein source, usually accounting for 25–35% of the formulation (Xie et al., 2016). The depletion and shortage of fishery resources and the high cost of FM have encouraged researchers to look for alternatives (Cai et al., 2020). In the last decade, experimental studies on feeding of insect meal–based diets have been carried out in L. vannamei, which has been conducted on mealworm (Tenebrio molitor), silkworm pupae (Bombyx mori L.), as well as fly maggots (Cao et al., 2012; Choi et al., 2018; Rahimnejad et al., 2019). Besides, the black soldier fly is a saprophytic insect (Hermetia illucens) commonly used for the sustainable recycling of animal waste and other organic wastes. Its larvae are rich in proteins and lipids, and also it is considered as a potential protein source for aquatic animals (Barragan-Fonseca et al., 2017). Several studies have been conducted to evaluate the effectiveness of BSF as an FM replacement in the diets of L. vannamei. In general, most growth responses could be obtained if the amount of BSF replacement FM is limited to 25% of the ratio without changing the nutrition levels of the diet (Cummins et al., 2017). Another study showed that BSF substitution of <30% FM in diets did not negatively affect the growth performance of L. vannamei (Hu et al., 2019). Also, dietary BSF has been shown to affect the intestinal health status; however, it causes different effects on different animals. In previous studies, a total replacement of the FM with BSF did not impair the intestinal health of Atlantic salmon (Salmo salar L.) (Li et al., 2020). However, replacement of 75% FM with defatted BSF led to significant pathological changes in the intestinal wall of Jian carp (Cyprinus carpio var. Jian) (Li et al., 2017). It is still unclear how dietary BSF affects the intestinal health of L. vannamei and our experiments were conducted to study the effect of BSF on the growth performance, intestinal structure, and immunity as well as the intestinal microbiota communities of L. vannamei.



MATERIALS AND METHODS


Ethics Statement

This study was carried out following the recommendations of Care and Use of Laboratory Animals in China, Animal Ethical and Welfare Committee of China Experimental Animal Society. The protocol was approved by the Animal Ethical and Welfare Committee of Guangdong Ocean University, Guangdong, China.



Diet Preparation

The black soldier fly larvae meal used in this experiment was provided by (Guangzhou Fishtech Biotechnology Co., Ltd, Guangdong, China) and contained 35.17% crude protein and 32.60% crude lipid. The basal diet was formulated to contain 25% FM and then the FM was replaced with BSF for 10, 20, and 30% of the FM protein, which we referred to as FM, BSF10, BSF20, and BSF30, respectively. With the increase of BSF addition, the level of fish oil, soybean oil, and soybean lecithin was gradually reduced to balance the crude lipid levels among the four diets. Several essential amino acids were supplemented to the BSF diets to obtain similar amino acid profiles as the FM diet. Diets were processed as follows: all the ingredients were smashed and sifted out with an 80-mesh sieve. Then, all the ingredients were weighed, combined, and then mixed to homogeneity (M-256, South China University of Technology, Guangdong, China). It is important to note that BSF and soybean meal were mixed (1:1) and then crushed and sieved before being mixed with other ingredients. The 1.0- and 1.5-mm diameter pellets were extruded using a pelletizer (Institute of Chemical Engineering, South China University of Technology, Guangdong, China) and then ripened in an electric oven at 60°C for 30 min, and stored frozen (−20°C) before use. Formulation and proximate composition of the diets are given in Table 1.


Table 1. Formulation and proximate composition of experimental diets (% dry matter).
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Shrimp and Experimental Conditions

Juvenile L. vannamei were obtained from the nursery base of Guangdong Yuehai Seed Co., Ltd (Zhanjiang, China). The shrimp were fed with commercial feed (Guangdong HAID Group, crude protein 48.0%, crude fat 8.0%) and acclimatized to the experimental conditions for a week. After starvation treatment for 24 h, healthy and uniform-sized juvenile L. vannamei (~0.88 g) were distributed among four groups with triplicate fiberglass tanks (300 L) per group and 40 shrimp in each tank. Shrimp were fed to apparent satiation four times daily at 7:20, 11:20, 16:00, and 21:00 h for 7 weeks. In the first 4 weeks, shrimp were fed 1.0 mm diameter feed, while they were fed 1.5 mm diameter feed in the last 3 weeks. During the experiment, 60% of the water was exchanged each day by seawater disinfected with chlorine dioxide to maintain water quality. Water temperature and salinity were measured every day in a range of 27–31°C and 25–30%, respectively.



Sample Collection and Analysis

Diets of each group were collected for moisture, crude protein, crude lipid, ash, amino acid analysis, and fatty acid profiles. Crude protein was determined by the Dumas Nitrogen method with a Primacs100 analyzer (Skalar, Dutch); crude lipid was determined by the ether extraction method with an XT15 extractor (Ankom, United States); moisture was determined by oven drying at 105°C. Amino acid composition was determined according to the standard of GB/T 18246-2019 in the national standard of P. R. China (Table 2). Samples were hydrolyzed in 6 N HCl at 110°C for 22 h, then separated by the ion exchange column and reaction with ninhydrin solution, and the concentrations of amino acids were obtained through spectrophotometry. Fatty acids composition of diets and ingredients were determined by GB/T 5009.168-2016 in the national standard of the P. R. China with the assistance of Willtest Technology Co. Ltd., Sichuan, China (Table 3).


Table 2. Amino acid compositions of experimental diets (% dry matter).
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Table 3. Fatty acid compositions of ingredients and diets (% of total fatty acids).
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After the feeding trial, the shrimp in each tank were counted and weighed. Ten shrimp from each tank were randomly selected and the intestines were removed on ice, immediately placed in liquid nitrogen, and transferred to −80°C for RNA extraction and intestinal microbiota analysis.



Challenge Trial

Prior to the pathogen challenge trial, the shrimp fed with commercial diets (mentioned above, crude protein 48.0%, crude fat 8.0%) and raised under the same conditions were divided into four subgroups (n = 10), injected with graded concentrations of Vibrio parahaemolyticus (106, 107, 108, and 109 CFU/ml for 40 μl) and continually monitored for 1 week to determine the 50% lethal concentration. After the feeding trial, 10 shrimp from each tank were injected with 40 μl V. parahaemolyticus (5 × 108 CFU/ml) for the challenge trial. The challenge trial continued for 12 days after injection to finalize the survival rate.



Intestinal Histology Analysis

In each tank, midguts from three shrimp were fixed in Bouin's fixative solution for 24 h and then transferred to 70% ethanol. Then gut samples were dehydrated in a graded series of ethyl alcohol and embedded in paraffin. Sections were stained with H&E and observed under a microscope (Nikon Ni-U, Japan). Another three midguts were collected for transmission electron microscopy (TEM) examination. The method was described by Xie et al. (2020), briefly, samples were fixed in 2.5% glutaraldehyde solution (4°C) for 24 h, post-fixed in 1% osmium tetroxide (OsO4) for 1 h, dehydrated in a graded series of ethyl alcohol, and finally embedded with resin. Ultrathin sections (90 nm) were placed on copper grids and were stained with saturated uranyl acetate solution for 30 min, rinsed with distilled water, and post stained with lead citrate for 30 min. Ultrathin sections were screened and observed with a TEM (Hitachi HT7700 TEM, Japan). The statistical study of intestinal histology was carried out by measuring the height of microvilli, height and width of mucosal folds, as well as the thickness of muscle layer by ImageJ software. Each index was randomly measured six times in one section, and one-way ANOVA followed by Tukey's multiple-range test was used to determine significant differences among groups. The probability value of P < 0.05 was deemed to be statistically significant.



Quantitative Real-Time PCR Analysis

Total RNA of intestine was extracted from four shrimp as a pooled sample in each tank using the TransZol Up Plus RNA kit (TransGen Biotech Co., Ltd, China). Agarose gel electrophoresis and spectrophotometric analysis (Nanodrop 2000, Thermo, USA) were used to assess the RNA quality and concentration. cDNA was synthesized using a PrimeScript RT reagent kit with gDNA Eraser (Takara, Japan), according to the instructions of the manufacturer. Briefly, oligo dT primers and random 6-mers were used to reverse transcribe 1,000 ng RNA in the presence of PrimeScript RT enzyme Mix I, 5×PrimeScript buffer, and RNase-free H2O at 37°C for 15 min, following inactivation at 85°C for 5 s.

Real-time PCR for the target genes was performed using a SYBR Green Premix Pro Taq HS qPCR Kit II (Accurate Biotechnology Hunan Co., Ltd, China) and quantified on the LightCycler 480 (Roche Applied Science, Switzerland) using the following program: 0.5 μM of forward- and reverse-specific primers, 5 μl of 2×SYBR Green Pro Taq HS Premix II, 10 ng of cDNA template and nuclease-free water to a final volume of 10 μl, denaturation step at 95°C for the 30 s, followed by 40 amplification cycles of 5 s denaturation at 95°C, 30 s annealing at 60°C, followed by a melt-curve analysis, and cooling to 4°C. β-actin was used as the reference gene according to Xie et al. (2019). Primers of relish and dorsal were referred to a previous study (Qiu et al., 2014), while other primers were designed by Primer-BLAST (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) (Table 4).


Table 4. Primers used for quantitative real-time PCR.
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Intestinal Microbiota Analysis

Microbial DNA of the intestine from six shrimp as two pooled samples in each tank was extracted using E.Z.N.A. stool DNA Kit (Omega Bio-tek, Inc., United States) following the protocols of the manufacturer. To analyze the microbial population, the V3–V4 variable region of the 16S ribosomal RNA gene was amplified by the primers 341F (5′-CCTACGGGNGGCWGCAG-3′) and 806R (5′-GGACTACHVGGGTATCTAAT-3′) where the barcode is an eight-base sequence unique to each sample. The reactions were carried out in triplicate 50 μl mixture containing 100 ng of template DNA, 5 μl of 10 × KOD Buffer, 5 μl of 2.5 mM dNTPs, 1.5 μl of each primer (5 μM), and 1 μl of KOD polymerase. The PCR was run as follows: initial denaturation at 94°C for 2 min, followed by 30 cycles of denaturation at 98°C for 10 s, 62°C for 30 s, and 68°C for 30 s, followed by a final extension at 68°C for 5 min.

High-throughput sequencing of the purified PCR products was carried out using Illumina NovaSeq 6000 sequencing system. Amplicons were extracted from 2% agarose gels and purified using the AMPure XP Beads (Beckman Agencourt, United States) following the protocols of the manufacturer and quantified using ABI StepOnePlus Real-Time PCR System (Life Technologies, Foster City, United States). Purified amplicons were pooled in equimolar and paired-end sequenced (PE250) in the Illumina platform according to the standard protocols. After sequencing, the raw reads containing more than 10% of unknown nucleotides or containing less than 50% of bases with quality (Q-value) > 20 were removed, and the paired-end clean reads were merged as raw tags using FLASH (version 1.2.11) (Magoč and Salzberg, 2011). Raw tags were filtered following Bokulich et al.'s (2013) condition to obtain high-quality clean tags. The clean tags were clustered into operational taxonomic units (OTUs) of ≥97% similarity using UPARSE (version 9.2.64) pipeline (Edgar, 2013). All chimeric tags were removed using UCHIME algorithm and finally obtained effective tags for further analysis. The tag sequence with the highest abundance was selected as a representative sequence within each cluster. The representative OTU sequences were classified into organisms using RDP classifier based on SILVA database (version 132), with the confidence threshold value of 0.8. Among groups, Venn analysis was performed in R project Venn Diagram package (version 1.6.16) to identify unique and common species of OTUs. The stacked bar plot of the community composition on phylum level was visualized in the R project ggplot2 package (version 2.2.1). Heatmap of genus abundance was plotted using pheatmap package (version 1.0.12) in R project. Alpha diversity analysis, including ACE, Chao1, Simpson, and Shannon were calculated in QIIME (version 1.9.1). The alpha index comparison among groups was computed by Tukey's HSD test in SPSS 21.0. The principal coordinates analysis (PCoA) of weighted-UniFrac distances of multivariate statistical techniques and analysis of similarities (Anosim) test of Bray–Curtis distances performed on OTU level were calculated by the R project Vegan package (version 2.5.3) (Oksanen et al., 2013) and plotted in the R project ggplot2 package.



Calculations and Statistical Analysis

The growth performance was calculated as follows:

Weight gain (WG, %)

= 100 × (final body weight - initial body weight)/initial body weight

Specific growth rate (SGR, % per day)

= 100 × (Ln final body weight - Ln initial body weight)/t

Survival (%)

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

Feed conversion rate (FCR)

= feed consumed (g)/ (final body weight - initial body weight)

where t is the experimental duration in days.

The results were presented as the means with SEM. All data were subjected to ANOVA followed by Tukey's HSD test to determine significant differences among treatments using SPSS 21.0 (SPSS, Chicago, IL, United States). A probability value of P < 0.05 was deemed to be statistically significant.




RESULTS


Growth Performance and Cumulative Mortality After Challenge

As shown in Table 5, the final body weight (FBW), weight gain (WG), and the specific growth rate (SGR) decreased with the increasing BSF addition, and FBW, WG, and SGR of shrimp fed with BSF30 were significantly lower than those fed with FM (P < 0.05). Feed conversion rate (FCR) first decreased and then increased with the increasing dietary BSF levels, and FCR of shrimp fed with BSF20 diet was significantly lower than those fed with BSF30 (P < 0.05). The results of the challenge trial are shown in Figure 1. The survival rate of shrimp fed with BSF10 significantly increased compared with those fed with FM after infection for 12 d (P < 0.05).


Table 5. The effect of black soldier fly larvae meal (BSF) on growth performance of Litopenaeus vannamei.
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FIGURE 1. Effect of black soldier fly larvae meal (BSF) on the survival rate of Litopenaeus vannamei after infection of Vibrio parahaemolyticus. Asterisk (*) indicates significantly different (P < 0.05) among groups based on Tukey's HSD test.




Intestinal Histology

The statistical results of intestinal histology are shown in Table 6. Results showed that the height of the microvilli significantly increased in shrimp fed with BSF10 diet, but decreased in those fed with BSF20 diet (P < 0.05). The height of the mucosal folds significantly decreased with the increasing BSF addition (P < 0.05). The width of the mucosal folds of shrimp fed with FM and BSF10 were significantly more than those fed with BSF20 and BSF30 (P < 0.05). The thickness of the muscle layer of shrimp fed with BSF10 was significantly higher than the other three groups (P < 0.05). As shown in Figure 2, the results of TEM revealed that shrimp fed with BSF20 and BSF30 showed obvious swelling of the nuclear membrane, and in particular, the chromatin of shrimp fed with BSF30 was abnormally agglutinated and distributed along the nuclear membrane. Mitochondrial cristae of shrimp fed with BSF20 were irregular and the mitochondrial structure of shrimp fed with BSF30 was disrupted. The cystic lumen of the endoplasmic reticulum of shrimp fed with BSF30 swelled and a large number of vesicles appeared in the cytoplasm.


Table 6. The effect of black soldier fly larvae meal (BSF) on intestinal histology of Litopenaeus vannamei.
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FIGURE 2. Effect of BSF on midgut histology of L. vannamei. Where: ER, endoplasmic reticulum; N, cell nucleus; NM, nucleus membrane; MF, mucosal folds; ML, muscle layer; M, mitochondria; MV, microvilli; V, Vesicles. a shows height of mucosal folds; and b shows width of mucosal folds. Pictures in the same row are considered as the same group.




Expression of Non-specific Immune-related Genes in the Intestine

As shown in Figure 3, mRNA expression of dorsal and relish significantly decreased in shrimp fed with BSF20 and BSF30, while no significant change was found in shrimp fed with BSF10 compared to those fed with FM (P < 0.05). The mRNA expression of alf (anti-lipopolysaccharide factor) significantly increased in shrimp fed BSF10 but decreased in shrimp fed BSF30 compared to those fed FM (P < 0.05). The mRNA expression of cru (crustins) showed no significant difference between the shrimp fed FM and BSF diets (P > 0.05). The mRNA expression of pen3 (penaeidins 3) significantly increased in shrimp fed with BSF10 and BSF20 (P < 0.05), but no significant changes were observed in shrimp fed with BSF10 compared to those fed with FM (P > 0.05).


[image: Figure 3]
FIGURE 3. Effect of BSF on mRNA levels of dorsal, relish, alf (anti-lipopolysaccharide factor), cru (crustins), and pen3 (penaeidins 3) in the intestine of L. vannamei. Vertical bars represent the mean ± SEM (n = 3). Data marked with different letters differ significantly (P < 0.05) among groups based on Tukey's HSD test.




Intestinal Microbiota Analysis

A total of 998,755 raw tags were obtained from the gut samples, with an average of 110,972.8 raw tags per sample (ranging from 102,809 to 116,331 sequences). After sequence analysis and filtering, we finally got a total of 942,176 effective tags with an average of 104,686.2 effective tags per sample (ranging from 100,932 to 111,704 sequences). Sequences with more than 97% similarity were clustered into OTUs. As shown in Figure 4A, 224 OTUs were overlapped among the three groups. To be specific, the core OTU numbers in the shrimp fed with FM (104) were the highest, followed by the shrimp fed with BSF30 (104) and BSF20 (51). The PCoA based on weighted-UniFrac distances and analysis of similarities (Anosim) using the Bray–Curtis distance matrix on OUT levels were performed to assess the modification in microbiota composition after the feeding trial. As shown in Figure 4B, the composition of the intestine microbiota from the FM-fed group was clustered closer to BSF30-fed group rather than BSF20-fed group. However, the results of R > 0 and P > 0.05 in Anosim test indicated that the differences in microbiota composition among FM-, BSF20-, and BSF30-fed groups were not significant (P > 0.05) (Supplementary Figure 1). As for the alpha diversity indices, there were no significant differences in bacterial richness parameters (Chao1 and Ace) and bacterial diversity parameters (Shannon and Simpson) among the three groups (P > 0.05) (Table 7). After the feeding trial, the microbial composition of the intestinal microbiota in L. vannamei was altered by the BSF replacement. As shown in Figure 5, Proteobacteria, Bacteroidetes, Firmicutes, Actinobacteria, Verrucomicrobia, Planctomycetes, Cyanobacteria, Tenericutes, Chloroflexi, and Gemmatimonadetes were the top 10 phyla in L. vannamei. The heatmap of the top 20 abundance intestinal microbiota is shown in Figure 6. The abundance of genus Vibrio, Photobacterium, Haloferula, ZOR0006, Rubritalea, Candidatus_Bacilloplasma, Marivita, and Hoppeia increased in shrimp fed with FM diet. The abundance of Ruegeria, Halocynthiibacter, Pseudoalteromonas, Tenacibaculum, Tamlana, Pir4_lineage, Marivita, Ilumatobacter, Hoppeia, and Blastopirellula increased in shrimp fed with BSF20, while the abundance of Bacillus, Acinetobacter, and ZOR0006 increased in shrimp fed with BSF30.
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FIGURE 4. Intestine microbiota responses of L. vannamei fed with diets containing different contents of BSF. (A) Venn diagrams of OTUs among groups; (B) Principal coordinates analysis (PCoA) based on weighted-UniFrac analysis of bacterial profiles.



Table 7. The effect of black soldier fly larvae meal (BSF) on alpha diversity indices in the intestinal microbiota of Litopenaeus vannamei.
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FIGURE 5. Relative abundance comparison of intestinal microbiota in L. vannamei fed with different diets at the phylum level of the taxonomy (n = 3).
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FIGURE 6. Heatmap of top 20 abundance intestinal microbiota in L. vannamei fed with different diets at the genus level. The color bar of each genus is average of three samples in each group. The taxonomy of the genus (family and phylum) is depicted on the right.





DISCUSSION

Although differences in the metamorphic stage of insects (larvae and pupae) (Huyben et al., 2019), nutrient composition caused by different food sources (Barroso et al., 2017), and processing techniques (Larouche et al., 2019) may lead to distinguishing experimental results, many studies have demonstrated the potential of BSF for application in aquatic animal feeds (Li et al., 2017; Renna et al., 2017; Wang et al., 2019). Similar to the previous studies, the present study showed that better growth performance was obtained when 20% of FM was replaced with BSF, but replacing 30% of FM significantly reduced the final body weight, weight gain, and specific growth rate of the shrimp (Cummins et al., 2017; Hu et al., 2019). Due to the high lipid content (10–40%), BSF is often processed by oil separation methods into protein-rich components to minimize the risk of fat oxidation and compositional changes. The use of defatted BSF in shrimp feed has also been studied, and defatted BSF can replace 60% of FM without negatively affecting the growth performance and antioxidant and immune capacity of shrimp (Wang et al., 2021). This suggests that the inhibition of growth performance by the addition of high levels of BSF to shrimp diets may be due to the fatty acid composition in BSF. Under the present experimental conditions, the fatty acid composition of BSF was rich in lauric acids, but very low in EPA and DHA, compared to FM. Lipids are not only a major source of energy and carriers of fat-soluble vitamins but also serve as components of cell membranes and precursors for many important metabolites (Zhou et al., 2019; Xie et al., 2020). Replacement of FM with BSF in the diet reduced the highly unsaturated fatty acid contents in the diet, and the hepatocyte disruption was observed in L. vannamei (Wang et al., 2021) and Cyprinus carpio var. Jian (Li et al., 2017). In addition to BSF, other insect proteins have been also studied in shrimp diet, such as silkworms (Bombyx mori L.). Replacing 75% of FM with defatted silkworm meal did not affect the growth performance of L. vannamei but higher levels of silkworm meal would lead to hepatopancreas tubular damage (Rahimnejad et al., 2019). However, the effect of dietary BSF on the intestinal health remains unknown. Excessive replacement of FM may lead to impaired nutritional sensitivity and metabolism (Xu et al., 2016; Shao et al., 2020). Besides, intestinal histology is directly related to the digestion and absorption of nutrients by the shrimp, thus affecting growth.

In addition to the growth status of shrimp, issues related to animal welfare need to be considered, which includes the effects of immune status, oxidative status, and diet on the intestinal structure, directly affecting the digestive function and immune response of shrimp (Bruni et al., 2018). The intestinal structural barrier separates the internal from the external environment and is the first line of defense against invasion by pathogens (Rahimnejad et al., 2018). In the results of HE-staining sections, it was clear that the width and height of intestinal mucosal folds decreased with increasing BSF replacement. The shrinkage of intestinal mucosal folds will reduce the contact area between the intestine and the food of shrimp, which is not conducive to food digestion and nutrient absorption. Besides, results of TEM showed that shrimp fed with BSF30 showed early signs of apoptosis: chromatin consolidation, separation and distribution along the nuclear membrane, swelling of the endoplasmic reticulum vesicles, and abnormal mitochondrial structures, demonstrating that BSF replacement for 30% FM can damage the intestinal epithelial cell structure of shrimp and may explain the reduction of growth performance (Xie et al., 2018). In a previous study, the reduction of FM in diets upregulated the expression of endoplasmic reticulum stress-related genes, resulting in severe endoplasmic reticulum stress in the intestine (Xie et al., 2020). The content of highly unsaturated fatty acids in the diet decreases with the proportion of FM and fish oil in the diet, which negatively affects the biophysical properties of cell membranes and may lead to apoptosis (O'shea et al., 2009).

The non-specific immune system of the shrimp plays an important role in the resistance to pathogen invasion (Gui et al., 2019). To evaluate the effect of BSF on resistance to V. Parahaemolyticus infection, a challenge trial was conducted to compare the disease resistance of shrimp fed diets containing different levels of BSF. Colonizing in the intestine, V. parahaemolyticus would result in EMS, also known as acute hepatopancreatic necrosis disease (Zorriehzahra and Banaederakhshan, 2015; Qi et al., 2017). In this study, the survival rate of shrimp fed with BSF10 was significantly higher than those fed with FM after infection, indicating that BSF replacement of 10% FM could improve the resistance of L. vannamei to V. Parahaemolyticus.

Furthermore, the effect of BSF on the non-specific immune gene expression in the intestine was investigated. dorsal and relish are Rel/NF-κB transcription factors, the former factor activating antifungal and antimicrobial responses in the Toll pathway through a cascade amplification effect, and the latter one activating antimicrobial peptide gene expression in the IMD pathway (Li and Xiang, 2013). The Toll and IMD pathways induce immune-related gene expression during pathogen invasion, thereby regulating the early stages of the immune response (Jin et al., 2018). The results showed that intestinal dorsal and relish mRNA levels were maintained at the control level in the shrimp fed with BSF10 but downregulated in those fed with BSF20 and BSF30. Furthermore, antimicrobial peptides are products of the immune response and are capable of directly killing or removing pathogens (Bachère, 2003; Wang et al., 2007). Anti-lipopolysaccharide factor has been reported in L. vannamei (De La Vega et al., 2008), Fenneropenaeus chinensis (Li et al., 2013), and Penaeus monodon (Supungul et al., 2004), which showed a broad-spectrum of antimicrobial activity against Gram-negative bacteria and endotoxins (Silveira et al., 2018). Crustins are antimicrobial peptides prevalent in crustaceans with antibacterial activity against Gram-positive bacteria, as well as inhibition of fungi and white spot syndrome virus (Shockey et al., 2009; Chen et al., 2019). Penaeidins 3 is an antimicrobial peptide isolated from L. vannamei (Destoumieux et al., 1997) with antibacterial activity against Gram-positive bacteria and fungi (Takuji, 2007). In the present study, mRNA level of alf upregulated in shrimp fed with BSF10, while downregulated in those fed with BSF30, which was consistent with the results of the challenge trial, indicating that dietary BSF replacing 10% FM can improve intestinal immunity in shrimp.

In addition to the immune defense of shrimp, the gut microbiota has been found to have a remarkable effect on animal health, growth, and survival and is of increasing interest to researchers and breeders (He et al., 2017; Li et al., 2018). To date, the effect of BSF on the intestinal microbiota has been studied on aquatic animals, such as rainbow trout (Terova et al., 2019), zebrafish (Danio rerio) (Osimani et al., 2019), rice field eel (Monopterus albus) (Hu et al., 2020), marron (Cherax cainii) (Foysal et al., 2019), and other animals. Since there was no significant difference in the growth performance of shrimp fed with BSF10 and BSF20, we explored the intestinal microbiota of shrimp fed with FM, BSF20, and BSF30 diets. Results showed that there were no significant differences in Anosim tests of beta diversity analysis, indicating that the intestinal microbiota community was not separated in shrimp fed with FM, BSF20, and BSF30 diets. At the phylum level, Proteobacteria was the most common bacteria in the shrimp gut, followed by Bacteroidetes, Firmicutes, and Actinobacteria, which was in line with the results of a previous study (Amoah et al., 2020). Proteobacteria do not change in abundance with environment or diet and are the most stable bacteria in L. vannamei, while the abundance of the other major bacterial phyla (Firmicutes, Bacteroidetes, Actinobacteria) may vary with developmental stage, diet, and environmental factors (Li et al., 2018). At the genus level, Vibrio and Photobacterium are known as opportunistic pathogens and have been reported in shrimp diseases (Avendaño-Herrera et al., 2006; Liu and Qiu, 2007; Wang et al., 2020). Tenacibaculum and Acinetobacter have also been reported as bacterial pathogens, while the former was identified in marine fish, which causes an ulcerative disease (Avendaño-Herrera et al., 2006) as well as the latter was identified as a potential pathogen of red leg disease in the Pacific white shrimp (Huang et al., 2020). Moreover, Candidatus_Bacilloplasma may contribute to WFS in L. vannamei (Hou et al., 2018). In the present study, the reduction of some harmful bacteria in shrimp fed with BSF20 may help improve intestinal health. On the other hand, some beneficial bacteria also differed among FM, BSF20, and BSF30. Haloferula has been reported in sea cucumbers (Apostichopus japonicus) and was reduced by the high levels of selenium and vitamin C supplementation, indicating that Haloferula is related to the antioxidant capacity of the gut (Zeng et al., 2020). Moreover, Pseudoalteromonas has been shown to produce extracellular antibacterial compounds, which could enhance the resistance of shrimp to V. parahaemolyticus (Wang et al., 2018). Bacillus is a non-pathogenic Gram-positive bacterium and is beneficial to the growth performance and immunity of the Pacific white shrimp (Wen et al., 2011; Zokaeifar et al., 2012; Tang et al., 2015). The increase of Pseudoalteromonas in BSF20-fed group and Bacillus in BSF30-fed group may enhance the intestinal health. According to the present study, the increase of beneficial bacteria and the reduction of harmful bacteria suggest that BSF20 diet may improve the intestinal bacterial communities of L. vannamei.



CONCLUSION

The present study evaluated the effects of BSF on growth, intestinal health, and susceptibility to V. parahaemolyticus of L. vannamei. Results showed that BSF replacement of 10% FM did not negatively affect the growth performance and intestinal histology of the shrimp L. vannamei, but improved the survival rate after infection of the bacteria V. parahaemolyticus. When the replacement of FM was increased to 20%, there was no negative effect on the intestinal integrity and promoted a positive modulation in the intestinal microbiota. However, FM replacement up to 30% promoted intestinal cell apoptosis and degeneration and was deleterious to the shrimp.
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To investigate the growth and feeding conditions of the Chinese mitten crab Eriocheir sinensis under different feeding modes: traditional (mainly consisting of wheat, bran, and soybean meal), formulated, and mixed feeds (1:1 mixture of traditional and formulated feeds) were fed in different crab breeding ponds in this study. During the experiment, the stomach contents of juvenile crabs under the different feeding modes were collected. The main potential eukaryotic food components were studied using 18S ribosomal DNA sequencing, and the contribution of different feeding modes to the feeding source of juvenile crabs were analyzed using C and N stable isotopes. The terminal weight and weight gain rate of crabs under the formulated feeding mode were significantly higher than those in the traditional and mixed feeding modes (P < 0.05). No differences were observed in the diversity and abundance of the main potential eukaryotic feed components of male and female crabs under different feeding modes (P > 0.05). Thirty-four phyla, composed mainly of benthic organisms, were identified, with Arthropoda (mainly including Malacostraca, 30.25–51.48%), Phragmoplastophyta (mainly including Embryophyta and Trebouxiophyceae, 5.08–24.74%), and Diatomea (3.13–8.43%) being the most abundant. The δ13C and δ15N values of the feeding sources and muscle of crabs ranged from −34.45 to −22.21‰, and from 0.27 to 5.66‰, respectively, varying greatly among the three feeding modes and δ15N value of muscle under formulated feeding mode was significantly higher than that in traditional feeding mode (P < 0.05). The proportion of particulate organic matter (11.92–17.50%) is similar to Alternanthera philoxeroides (11.24–16.03%) in three feeding modes. There was no significant difference in feeding habits between male and female crabs under the same and different feeding modes. Juvenile crabs feed on both plant- and animal-based feeds in an aquaculture pond, but they are not complete predators and selectively feed on animal or plant feeds as supplements of that which is deficient, in addition to their main feed.

Keywords: Eriocheir sinensis, juvenile crab, feeding mode, 18S rDNA, stable isotope analysis


INTRODUCTION

The Chinese mitten crab, Eriocheir sinensis, which belongs to the phylum Arthropoda, subphylum Crustacea, order Decapoda, and family Graspidae, is one of the major economically important farmed crab species in China (Huang et al., 2019). In 2020, its production from aquaculture reached 775 887 tons (MOAC, 2020). It is mainly produced using the pond culture method (Wang and Wang, 2013), and its breeding cycle usually takes 2 years, with the first year involving juvenile crab breeding from the big-eyed larvae to juvenile crabs weighing 5–10 g (Cheng et al., 2008) and the second year involving adult crab breeding until gonad maturation (Cheng et al., 2008). Que et al. (2012) found that the survival rate, weight gain rate, and first molting time of crabs in the second year could be improved if they were fed with high-quality bait at the latter stage of juvenile culture. Therefore, it is necessary to understand the nutrient requirements of crabs in the juvenile culture stage. At present, three feeding modes for juvenile crab culture are prevalent in China: whole-course formulated feeds, traditional feeds, and mixed feeds (1:1 mixture of traditional and formulated feeds) (Fu et al., 2014). The traditional feeding mode, which plays a leading role in the culture of juvenile E. sinensis in China, mainly contains soybean meal, bran, rapeseed meal and wheat (Wang and Wang, 2013; He et al., 2014). This feeding mode is cheaper, but will lead to problems such as early maturity of crab species, poor quality of adult crab and deterioration of water quality, which seriously restricts the green and sustainable development of the culture industry of E. sinensis (Pan et al., 2016). Consequently, nutritionally balanced artificial formulated feed is increasingly being adopted to facilitate sustainable development of industry (Han et al., 2021). However, the food composition of E. sinensis under these different feeding modes and the contribution of the different feed sources to its growth have not been reported yet.

Chinese mitten crab is an omnivorous animal (Lafontaine and Veilleux, 2002). Using the stomach content analysis to study the feeding habits of different life stages of wild E. sinensis, Rudnick and Resh (2005) showed that the zoea and megalopa stages mainly feed on phytoplankton and zooplankton; the juvenile crab feeds mainly on aquatic plants (Rudnick et al., 2000); and the second instar adult crab often feeds on plants, shrimp, shellfish, and aquatic insects, being more inclined to a carnivorous diet (Chen et al., 1989). There are related reports on the feeding habits of E. sinensis, but owing to technical limitations, there is a lack of accurate quantitative data on its feeding habits. In recent years, with the development of molecular techniques, DNA barcoding has been widely used in the analysis of aquatic animal feeding habits. At present, there are three methods of DNA barcoding for stomach content analysis, including the mitochondrial cytochrome-oxidase I (COI) gene (Bade et al., 2014), internal transcribed spacer (ITS) (Bachy et al., 2013), and 18S ribosomal DNA (rDNA) (Riemann et al., 2010). However, the amplified fragments of COI and ITS are longer than those of 18S rDNA, and the variation is higher. Therefore, the amplified fragments of COI and ITS are suitable for species with a single feeding level. The 18S rDNA can be applied to the analysis of the feeding habits of aquatic animals (Wang X. F. et al., 2017), including the main feed source of organisms (Zhou et al., 2020), change in feeding habits during the transformation of growth (Zeng, 2010), environment (Wang X. F. et al., 2017), and even the discovery of feed sources that have not been found in previous studies (O’Rorke et al., 2012). For example, Arthropoda was the most dominant phylum in the gut of Carcinus maenas, followed by Ochrophyta and Mollusca (Cordone et al., 2020). The feeding habits of Ostrea gigas Thunberg did not change significantly before and after the Enteromorpha transit, and the dominant species belonged to the genus Streptophyta (Wang X. F. et al., 2017).

After the determination of feed sources, the contribution of different feed sources to the growth of aquatic animals should be quantitatively studied, and stable isotopes have been developed as a relatively advanced technique (Lin, 2013). The simultaneous use of 13C and 15N stable isotopes can determine the contribution ratio of different feed sources (Sun, 2012) under natural conditions in the wild (Lan et al., 2020) as well as during artificial breeding (Li et al., 2018). For example, under natural conditions, shellfish is the main feed for Oratosquilla oratoria, with an average contribution rate of 38.6%, which is significantly higher than the average contribution rate of fish (only 8.9%) (Ning et al., 2016). Paddy-farmed Procampus clarkii were mainly fed with feed (18.86–44.17%), followed by particulate organic matter POM (16.77–23.2%). Therefore, the combination of 18S rDNA and stable isotope analysis can be used for improved study of the feeding habits of crabs.

It is necessary to understand the changes in the intestinal content and food composition under different feeding modes to develop a feed formula more conducive to the growth of juvenile crab. To date, the effect of these three feeding modes on the diet of crabs has not been evaluated. In this study, 18S rDNA sequencing and stable isotope analysis were used to determine the effects of three different feeding modes on the growth of juvenile crabs, the composition and contribution of the main potential feed sources in the stomach of juvenile crabs, and to compared the feeding habits of male and female crabs. Understanding pond aquaculture nutrition ecology in the process of juvenile crab breeding is of great significance and can provide a theoretical basis for feeding ecology for the research and development of high-efficiency formulated feed for E. sinensis in artificial culture.



MATERIALS AND METHODS


Breeding Management

The experiment was carried out in nine mud aquaculture ponds with length, width, and depth of 70, 30, and 1.5 m, respectively, in Dongtan Aquaculture Base at Shanghai Daohong Aquaculture Technology Co., Ltd (31.62° N, 121.40° E) from July to November 2018. To begin the experiment, 6,000 juvenile crabs weighing between 1 and 2g were placed in each aquaculture pond. Alternanthera philoxeroides was planted in the center of the pond, and the surrounding area was a “large rectangle embedded with a small rectangle.” To provide shelter and clean water, A. philoxeroides was transplanted evenly in the circular groove of the pond and accounted for 75% of the experimental pond, and the area of hollow algal species in each pond was strictly controlled, with these species being removed when exceeding this area or supplemented in case of being insufficient. The outside of the pond was surrounded by a 40 cm-high fence to prevent crabs from escaping. The crabs were fed under three different feeding modes: traditional (consisting of wheat, bran, and soybean meal), formulated (Zhejiang Aohua Feed Co., Ltd., Jiaxing, China), and mixed (1:1 mixture of traditional and formulated feeds) feeds. The conventional biochemical composition of the different feeding modes is shown in Table 1. Each feeding mode was applied in three replicates. During the breeding period, the feeding ratio of each feeding mode was consistent, and the amount fed was approximately 1–3% of the total body weight of the crabs, at approximately 16:00 h every day.


TABLE 1. Conventional biochemical composition of different baits (% dry weight).
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Sample Collection and Data Determination

A Hach HQd portable water quality analyser (HQd, Hach Water Analysis Instrument Co., Ltd., Shanghai, China) was used to measure the temperature, dissolved oxygen, and pH of the water at 9–10 am in each pond. Water quality changes in the breeding process are shown in Figure 1. During the experiment, 1–2 g of formulated feed was collected, freeze-dried, crushed (particle size < 0.1 mm), and then cryopreserved at −40°C for subsequent analysis. The water sample collected using a water collector was passed through a 100 μm sieve, and the water samples removed from zooplankton were filtered using a glass fiber membrane (GF/F Whatman, Little Chalfont, United Kingdom; 47 mm diameter, 0.7 μm aperture) to obtain POM, which was wrapped in aluminum foil and frozen for subsequent analysis. At the end of the experiment, a fresh A. philoxeroides sample was collected from the crab breeding pond and washed slowly and repeatedly with double distilled water to remove soil on its surface and then dried, freeze-dried, and crushed (particle size < 0.1 mm) before storing it at −20°C for subsequent stable isotope analysis. In October, three male and three female crabs with sound appendages and good vitality in each pond were collected and selected for the experiment, and three samples were combined into one sample according to gender. The collected crabs were anesthetized on ice, and the surface was disinfected with 70% ethanol. The specimens were then dissected, and their stomach contents were extracted and transferred to 2.0 mL labeled cryopreservation tubes. The tubes were immersed into a liquid nitrogen tank and then stored in a refrigerator at −80°C for subsequent 18S rDNA analysis. The three E. sinensis specimens collected in each pond in November were anesthetized on ice, and the surface was disinfected with 70% ethanol. The shell was separated from the body along the side of the shell, and the hepatopancreas, head breastplate, appendages, and gills were removed to get body. Then, the muscle of the crab was freeze-dried, crushed (particle size < 0.1 mm), and cryopreserved at −40°C for subsequent stable isotope analysis.
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FIGURE 1. Trends in (A) temperature and (B) dissolved oxygen and pH in pond water used to culture juvenile E. sinensis from July to November, 2018.


Twenty male and twenty female crabs were randomly taken from each pond in the middle of each month to understand their growth during the experiment. The crabs were dried with a dry towel and accurately weighed on an electronic balance (accurate to 0.01g). The weight gain rate (WGR) of each juvenile E. sinensis was calculated as follows:

[image: image]

where, Wt and Wn are the average body weight (g) of crabs in months t and n, respectively.



Genomic DNA Extraction, Polymerase Chain Reaction Amplification, Construction of Illumina PE Library, and Computer Sequencing

Genomic DNA from the stomach contents of E. sinensis was extracted using the E.Z.N.A. SOIL DNA Kit (Omega Bio-Tek, Norcross, GA, United States). The diluted genomic DNA was used as a template to amplify the target gene with specific primers. The primer sequences were TAREF (5′-CCAGCASCYGCGGTAATTCC-3′) and TAREF (5′-AC TTTCGTTCTTGATYRA-3′). The ABI Geneamp® 9700 PCR (Applied Biosystems, Foster City, CA, United States) instrument was used for PCR using TransGen AP221-02: TransStart FastPFU DNA polymerase. Using high-efficiency and high-fidelity enzymes for PCR can ensure amplification efficiency and accuracy (Bokulich and Mills, 2013). The PCR amplification was carried out in a total volume of 20 μL containing 4 μL of 5× FastPFU Buffer, 0.8 μL of each primer (5 μmol/L), 0.4 μL of FastPFU Polymerase, 10 ng of template DNA, and 2 μL of 2.5 mmol/L dNTPs. The following cycling program was used: initial denaturation at 95°C for 2 min; 25 cycles of denaturation at 95°C for 30 s, annealing at 55°C for 30 s, and extension at 72°C for 30 s; and a final extension at 72°C for 5 min. The PCR products were detected using 2% agarose gel electrophoresis and quantified using the QuantifluorTM-ST Blue Fluorescence Quantitative System (Promega, Madison, WI, United States) according to the preliminary quantitative results of electrophoresis. The PCR products were mixed and purified using 2% agarose gel electrophoresis in 1× TAE buffer, followed by gel extraction. PCR products with the main band size between 300 and 400 bp were selected, recovered by gel-elution using the AxyPrep DNA Gel Recovery Kit (Axygen Biosciences, Union City, CA, United States), and eluted with Tris-HCl.

The purified PCR products were quantified on a Qubit 3.0 fluorometer (Life Technologies, Invitrogen, Carlsbad, CA, United States), and all 24 barcoded amplicons were evenly mixed and used to construct an Illumina antithesis library, according to the preparation procedure of the Illumina genomic DNA library. Sequencing was performed on the Illumina MiSeq platform (Shanghai Biozeron Co., Ltd., Shanghai, China) (2 × 250).



Stable Isotope Determination

The crab samples were small and comprised a mix of three individual samples. After freeze-drying, the processed samples were ground, and screened using an 80-mesh sieve. The stable isotopes of the samples were determined at the Laboratory of Ingestion Ecology, Shanghai Ocean University. The samples were covered with aluminum foil, and the muscle of E. sinensis, POM, A. philoxeroides, and feed samples weighed 1.00, 5.00, 2.00, and 1.50 mg, respectively. A stable isotope mass spectrometer (ISOPRIME100, Isoprime Corporation, Cheadle, United Kingdom) was used to measure the stable isotope (δ13C and δ15N) values of crab samples, international standard material (PBD), and purified atmospheric N2 as reference standards; δ13C and δ15N were calculated using the following formula:
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where, X is 13C or 15N; Rsample is the sample’s isotope ratio of 13C/12C or 15N/14N; and Rstandard is the isotope ratio of the standard (Caut et al., 2009). To ensure the accuracy of the experimental results and the stability of the instrument, one standard sample was inserted every ten samples for calibration. The analysis accuracies of the δ13C and δ15N values of the samples were 0.05 and 0.06‰, respectively.



Data Analysis

Sequences were classified as operational taxonomic units (OTUs) at 97% sequence similarity level using UPASE (version 7.1), and UCHime was used to identify and delete chimeric sequences (Edgar, 2010) for OTU clustering and species classification analysis based on the valid data, so as to obtain the corresponding species information and abundance distribution. In addition, species composition and alpha diversity were analyzed to obtain the composition and richness information of eukaryotes in river crabs (Bokulich and Mills, 2013; Mueller et al., 2014).

The software program SPSS 26.0 (SPSS, Chicago, IL, United States) was used to analyze the obtained data. One-way analysis of variance was used to compare the differences in δ13C or δ15N in feeding sources under different feeding modes. To determine homogeneity of variance, inverse sine or square root processing was performed on the percentage data. One-way analysis of variance was then applied, using the Tukey’s-b (K) method for multiple comparisons. If homogeneity of variance was not satisfied after data conversion, then multiple comparisons were performed with Games-Howell Parametric tests. P < 0.05 was considered significant. To assess the contribution of different feed sources to the isotopic characteristics of E. sinensis, the stable isotope mixing model “Stable Isotope Analysis in R” (SIAR; Parnell and Jackson, 2013) package (version 4.2) was used in R 3.3.2 (R Development Core Team, 2016). The SIAR model used the δ13C and δ15N values of consumers and their feed sources to estimate the potential contribution of each feed source that consumers prey on. The model was run in R, allowing variability to be included in the stable isotope ratios of predators and potential feed sources (Parnell et al., 2010). The SIAR model was used to identify the stomach contents and obtain stable isotopic values according to the study of Caut et al. (2009), who found that the δ15N fractionation factor of E. sinensis, i.e., the Δ value, was 2.75 ± 0.01 ‰, and the fractionation factor of δ13C was 0.75 ± 0.11 ‰.




RESULTS


Growth Performance of Juvenile Eriocheir sinensis Under Three Feeding Modes

Changes in the average weight and WGR of juvenile crabs during culture under three feeding modes are shown in Figure 2. As shown in Figure 2A, the average weight of juvenile E. sinensis in all three feeding modes gradually increased as the crabs matured to the breeding stage. At the end of the breeding stage (November), there was no significant difference in the average weight between the traditional feeding mode (8.43 ± 2.13) and the mixed feeding mode (8.36 ± 2.39) (P > 0.05), which was significantly lower than the average weight of the juvenile crabs in the formulated feeding mode (10.52 ± 2.60) (P < 0.05). As shown in Figure 2B, there is no significant difference in the WGR between the traditional feeding mode (593.23 ± 15.29) and the mixed feeding mode (615.91 ± 38.09) (P > 0.05), and was significantly lower than that in the formulated feeding mode (593.23 ± 15.29) (P < 0.05).
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FIGURE 2. Changes of body weight (A) and comparison of juvenile crab weight gain rates (B) during juvenile crab breeding under three feeding modes. The values on the bar graph represent the average; the error bars represent the standard deviation (n = 40). Letters above the bars of the same series indicate significant differences between treatments (P < 0.05). Mode 1, 2, and 3 represent traditional, formulated, and mixture feeding modes, respectively.




Diversity Index and Abundance Index of the Stomach Contents of Eriocheir sinensis Under Three Feeding Modes

The alpha diversity of the stomach contents of male and female crabs under the three feeding modes is shown in Figure 3. The dilution (Figure 3A) and Shannon–Wiener diversity index curves (Figure 3B), which were based on the number of OTUs, tend to saturation.
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FIGURE 3. Alpha diversity comparisons of the stomach contents of juvenile Eriocheir sinensis reared under different feeding modes. (A) Rarefaction curve, (B) Shannon-Wiener curve using Shannon’s index as the metric for crab fed with various diets, (C) Simpson’s diversity indices in different feeding modes, and (D) Chao’s species richness indices in different feeding modes. Values on the bar graph represent the average; error bars represent the standard deviation (n = 9). Mode 1, 2, and 3 represent traditional, formulated, and mixture feeding modes, respectively.


The Simpson’s diversity indices of the stomach contents of female crabs under traditional, formulated, and mixed feeding modes were 0.27 ± 0.07, 0.32 ± 0.11, and 0.27 ± 0.03, respectively, indicating no differences between any two groups (Figure 3C; P > 0.05), and the corresponding Simpson’s diversity indices of the stomach contents of male crabs were 0.25 ± 0.14, 0.24 ± 0.09, and 0.57 ± 0.30, respectively, also indicating no differences between any two groups (Figure 3C; P > 0.05). There were no differences in Simpson’s diversity indices between male and female crabs under the same feeding mode (P > 0.05).

The Chao’s species richness indices of the stomach contents of female crabs under traditional, formulated, and mixed feeding modes were 61.67 ± 26.77, 24.33 ± 7.42, and 65.33 ± 20.50, respectively, indicating no differences between any two groups (Figure 3D; P > 0.05). Similarly, the Chao’s species richness indices of the stomach contents of male crabs under traditional, formulated, and mixed feeding modes are 37.00 ± 4.04, 53.00 ± 22.50, and 22.33 ± 8.41, respectively, indicating no differences between any two groups (Figure 3D; P > 0.05). There were no differences in the Chao’s species richness indices between male and female crabs under the same feeding mode (P > 0.05). The abundance of the main potential eukaryotes in the stomach of male and female crabs was not different under the different feeding modes, but the compositions of their stomach contents were different.



Analysis of the Main Potential Eukaryotic Components in the Stomach of Eriocheir sinensis Under Three Feeding Modes

The species with the highest OTU abundance under the three feeding modes are shown in Table 2. A total of 34 phyla were identified in the stomach contents of crabs. The number of phyla identified in the stomach contents of crabs reared under traditional, formulated, and mixed feeding modes were 24, 24, and 29, respectively.


TABLE 2. Operational taxonomic units (OTUs) of stomach content abundance exceeding 5% in crab samples reared under three feeding modes (%).
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No differences (P > 0.05) in the abundance of stomach phyla were observed between crabs reared under the three feeding modes, with Arthropoda showing the highest overall phylum abundance in the stomach contents of crabs reared under the three feeding modes. The content of Arthropoda in the stomach of male (45.68 ± 0.14%) and female (51.48 ± 0.12) crabs was the highest under the traditional feeding mode, but the opposite was true under the formulated feeding mode. The results showed that the contents of Phragmoplastophyta in the stomach of male (23.20 ± 0.15%) and female (18.99 ± 0.16%) crabs was the highest under the formulated feeding mode, and the contents of Diatom in the stomach of male (8.43 ± 0.02%) and female (6.96 ± 0.02%) crabs was the highest under the mixed feeding mode, while the contents of Phragmoplastophyta (in male crabs abundance accounted for 6.80 ± 0.01%; in female crabs abundance accounted for 16.90 ± 0.13%) and Diatom (male crabs abundance accounted for 4.35 ± 0.02%; in female crabs abundance accounted for 3.72 ± 0.03%) in the stomach of crabs were the lowest under the traditional feeding mode.

The class level of abundance of the main potential feed sources of crabs under the different feeding modes is shown in Figure 4, in which Malacostraca has the highest overall abundance in the stomach contents of crabs under the three feeding modes, with the lowest being 71.02% (formulated feeding mode), the highest 61.84% (mixed feeding mode), and an average of 67.44%. The proportions of Malacostraca, Embryophyta, Trebouxiophyceae, Bivalvia, Chlorophyceae, Insecta, and Intramacronucleata decreased successively to 69.45, 9.01, 8.34, 4.34, 3.30, 3.18, and 2.39%, respectively, under the traditional feeding mode. The proportions of Malacostraca, Trebouxiophyceae, Embryophyta, Chlorophyceae, Intramacronucleata, Insecta, and Bivalvia decreased successively to 71.02, 13.39, 8.95, 6.15, 0.48, 0.1, and 0.08%, respectively, under the formulated feeding mode. The proportions of Malacostraca, Embryophyta, Trebouxiophyceae, Chlorophyceae, Intramacronucleata, Insecta, and Bivalvia decreased successively to 61.84, 12.91, 5.45, 3.5, 0.29, 0.1, and 0.09%, respectively, under the mixed feeding mode. The taxa with different feeding patterns at different class levels are the same but have different proportions (Figure 4). Among the three feeding modes, the top three taxa were Malacostraca, Embryophyta, and Trebouxiophyceae.
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FIGURE 4. Rank abundance of the main potential prey reads of juvenile Eriocheir sinensis crabs at the class level under (A) traditional, (B) formulated, and (C) mixture feeding modes based on 18S rDNA. Values on the bar graph represent the average.




δ13C and δ15N Stable Isotopic Characteristics of Eriocheir sinensis Under the Three Feeding Modes

The δ13C and δ15N values of E. sinensis juvenile crab muscle under three different feeding modes are shown in Table 3. The muscle δ13C values (‰) of juvenile crabs under the formulated, mixed, and traditional feeding modes were −24.02 ± 0.72, −24.45 ± 1.22, and −23.31 ± 1.19, respectively, indicating no difference between the three feeding modes (P > 0.05). The muscle δ15N values (‰) of juvenile crabs in the formulated, mixed, and traditional feeding modes were 3.37 ± 0.64, 3.08 ± 0.37, and 2.13 ± 0.57, respectively, and that of the formulated feeding mode was significantly higher than that of the traditional feeding mode (P < 0.05).


TABLE 3. Analysis of variance of 13C and 15N isotope contents in muscle of Chinese mitten crab in different feeding modes (‰).

[image: Table 3]


δ13C and δ15N Stable Isotopic Characteristics of Potential Feed Sources of Eriocheir sinensis

The overall distribution of δ13C and δ15N stable isotopes of the potential feeding sources of crabs under the three feeding modes is shown in Figure 5. The δ13C values ranged from −33.90 ± 0.54‰ to −23.19 ± 0.11‰, and the δ15N values ranged from 0.49 ± 0.02‰ to 5.63 ± 0.01‰. Among them, the δ13C variation ranges of the potential feed sources of crabs under the traditional, formulated, and mixed feeding modes were –33.43 ± 0.71‰ to –26.04 ± 0.19‰, –32.98 ± 0.93‰ to –23.19 ± 0.12‰, and –33.90 ± 0.54‰ to –24.47 ± 0.05‰, which changed substantially, like the corresponding δ15N variation under the three feeding modes (0.49 ± 0.02–5.63 ± 0.01‰, 2.01 ± 0.07–5.63 ± 0.01‰, and 1.09 ± 0.21–5.63 ± 0.01‰, respectively).
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FIGURE 5. Isotopic compositions of 13C and 15N stability of muscles and possible feed sources under the traditional, formulated, and mixture feeding modes. Error bars are ± SD. Mode1, 2, and 3 represent traditional, formulated, and mixted feeding modes, respectively. Color of symbol denotes different sources: black are muscle samples; gray are Alternanthera philoxeroides samples; bule are particulate organic matter (POM) samples; green are feed samples.




Potential Feed Source Composition of Eriocheir sinensis Under Three Feeding Modes Based on Stable Isotope Analysis

The average feed contribution rate in E. sinensis was analyzed using SIAR (Figure 6). Under the traditional feeding mode, the main diet of E. sinensis was a traditional feed, with an average contribution of 71.89%, followed successively by POM and A. philoxeroides, with average contributions of 16.66 and 11.46%, respectively. Under the formulated feeding mode, the main diet of crabs was formulated feed, with an average contribution of 66.48%, followed successively by A. philoxeroides and POM, with average contributions of 17.50% and 16.03%, respectively. Under the mixed feeding mode, the main diet of crabs was a mixed feed, with an average contribution of 76.84%, followed by POM (11.92%) and A. philoxeroides (11.24%), whose average contribution rates were not significantly different.
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FIGURE 6. Feed contribution rate of juvenile Eriocheir sinensis based on the stable isotope analysis in R package (SIAR) analysis. (A) Traditional feeding mode, (B) Formulated feeding mode, and (C) Mixture feeding mode.





DISCUSSION


Differences in the Growth and Dietary Composition of Eriocheir sinensis Under the Three Feeding Modes

In this study, 18S rDNA was used to analyze the stomach feed composition of male and female juvenile crabs under traditional, formulated, and mixed feeding modes. The flat curve of Rarefaction index and Shannon–Wiener curve indicated that the sequencing data covering the feeding source species of juvenile crabs and were sufficient to reflect the feed source diversity of crabs under different feeding modes. The Simpson and Chao indexes represented the diversity and abundance of food composition in the stomach of the crabs, respectively. The higher the Simpson index, the lower the diversity index, while the Chao index of abundance showed a contrary trend. The results showed that there was no significant difference among the three feeding modes (P > 0.05), but the terminal body weight and WGR under the formulated feeding mode were significantly higher than those under traditional feeding mode and mixed feeding mode. This result may be due to the traditional, formulated, and mixed feeds made up the majority of the crabs’ diet, so the diversity and abundance of other feed items were different but not significantly so. But the growth of E. sinensis is affected by factors such as feed and culture environment (Shao et al., 2013, 2014), which can reflect the quality of feed (Yang et al., 2014). The formulated feed containing high protein and fat (Yang et al., 2011), which is conducive to the growth of juvenile crabs. However, the traditional feeding mode had fewer nutrients, so the above indexes of juvenile crabs fed with formulated feed alone were significantly higher than those of the other two feeding modes.

The most representative phyla reported for the sampling site (Arthropoda, Phragmoplastophyta, and Diatomea) also showed the highest occurrence in the dietary samples analyzed. The phylum Arthropoda, with the highest proportion, may be composed of arthropods within the feeding space of crabs, including Malacostraca (injured or newly molting crabs) (Li, 2006) and Insecta (aquatic nymphal insects) (Chen et al., 1989). This is different from the results of Jin et al. (2003), who studied the feeding habits of the second instar adult E. sinensis, and can be attributed to the different ecological niches and living environments of the crabs. The animal feed content of Malacostraca and Bivalvia in the stomach of juvenile crabs reared under the traditional feeding mode was the highest among the three feeding modes because the traditional feed is a plant-based feed mainly including bran, wheat, and soybean meal, which are insufficient to meet the nutritional needs of juvenile crabs (Veilleux and de Lafontaine, 2007), thus driving them to consume more animal feed. Under the formulated feeding mode, the plant feed content of Embryophyta and Trebouxiophyceae in the juvenile crab stomach was the highest among the three feeding modes, mainly because the formulated feed is mainly composed of animal feed, and to achieve nutritional balance (Chen et al., 1989), which are entwined and attached to the other feed sources of crabs (Vizzini and Mazzola, 2003). Under the mixed feeding mode, the animal and plant feed contents in the crab stomach were the lowest between the three feeding modes because the mixed feed contained both animal and plant feeds and provided balanced nutrition to crabs (Qian and Zhu, 1999).

Compared with zooplankton, fish, and macroinvertebrates in the near waters of Gouqi Island, the variation in the values of δ13C and δ15N were relatively large (Jiang et al., 2014), indicating that crabs have a wide range of feed sources. Previous studies have shown that the crab’s δ13C and δ15N changes depending on what it eats (Zeng, 2010) and the δ13C value of consumers is usually close to that of their feed, the δ13C value of individuals does not change much in the transmission of the whole feed chain (Lin, 2013), which is in accordance with the results of this study. Animals reject δ15N during exudation of substances; therefore, the higher the trophic level, the higher the content of δ15N (McCutchan et al., 2010). However, the δ15N values of E. sinensis crabs under traditional (2.13 ± 0.57‰), formulated (3.37 ± 0.64 ‰), and mixed feeding (3.08 ± 0.37 ‰) modes in the present study were lower than those of A. philoxeroides (5.63 ± 0.37‰), and this may be because δ15N is poorly conserved and easily modified by biogeochemical processes, and an increase in the N content in the environment may increase the N content in plants (Lin, 2013; Yu et al., 2014).

Previous studies have shown that juvenile crabs with better growth performance can be obtained by feeding high quality feed (Wu et al., 2009), the content of fat and ash in formulated feed was higher than that of two other feeding modes indicating that formulated feed had higher energy level, this may be the reason why the growth performance of the crab fed with formulated feed is better. Under the traditional feeding mode, crabs mainly consumed POM as a feed supplement in addition to the traditional feed, which is consistent with the results of Paning (1934) and Rudnick et al. (2000), who reported that the stomach contents of E. sinensis contain a large amount of POM. POM is the substrate of complex biological communities, formed by the decomposition and mineralization of dead animals and plants, humus, and feces by microorganisms (Liu, 1999), and some of its components are the main feed sources for benthic invertebrates (Vizzini and Mazzola, 2003). Under the formulated feeding mode, apart from the formulated feed, the proportion of A. philoxeroides was the highest. In the presence of sufficient animal feed, crabs will still choose A. philoxeroides as a feed supplement (Li et al., 2018). This is because A. philoxeroides is rich in cellulase, which helps to improve the cellulase activity (Yang et al., 2014) and digestive ability of crabs. The mixed feed containing plant- and animal-based feeds had a balanced nutritional ratio (Qian and Zhu, 1999) and high palatability, and the proportion of mixed feed consumed by E. sinensis was the highest, resulting in the lowest feeding proportion of POM and A. philoxeroides between the three feeding modes. But the size, shape and palatability of the two diets were significantly different, and the physical difference of the mixed feeding group made the crab unable to make full use of the feed (Wang S. M. et al., 2017). Therefore, there was no significant difference in the weight change and WGR of juvenile crabs under the mixed feeding mode and the traditional feeding mode. The results of the stable isotope technique were consistent with those of the 18S rDNA analysis. Juvenile crabs feed on both plant- and animal-based feeds in an aquaculture pond, but they are not complete predators and selectively feed on animal or plant feeds as supplements of that which is deficient, in addition to their main feed (Jin, 2003).



Difference in Stomach Content Composition Between Male and Female Eriocheir sinensis

Various studies have shown that there are no differences in feed composition between male and female crabs, and they are, therefore, ecological equivalents (Spooner et al., 2007; Young and Elliott, 2020). In the present study, the diversity and abundance of female crabs were generally higher than those of male crabs, and female crabs had a higher rate of feeding on available feed sources in the pond, this may be because female crabs increase their feeding rate during October to November every year to meet their growth and development needs (Chen et al., 1989), while promoting gonad maturation and transformation (Xu et al., 2019). However, no significant differences were observed in Simpson’s diversity and Chao’s abundance indices of male and female crabs under the same feeding mode as well as in the abundance of the three main feeding sources, Arthropoda, Phragmoplastophyta, and Diatomea (Table 2), indicating that male and female crabs showed similar feed composition under the same feeding mode. Cordone et al. (2020) studied the feeding habits of C. maenas and found that different living water depths and a wide range of available feed sources lead to differences in feed composition between male and female crabs, which is different from the results of this study. This may be because the ponds mainly contained artificial feeds for arthropods (including shrimp), mollusks (including snail), cultivated A. philoxeroides, Phragmoplastophyta dominated by Trebouxiophyceae species, and diatoms dominated by Chlorella (Lu et al., 2013). The pond was shallow, and the crabs can eat less feed than wild crabs, but the difference was minor.




CONCLUSION

The three different feeding modes and different genders had no effect on the feeding habits of crabs. But we concluded that feeding formulated feed is more favorable to the growth of juvenile crabs. The identified benthic organisms were the main food in the stomach contents of crabs under different feeding modes. In addition, the proportion of POM is similar to Alternanthera philoxeroides in three feeding modes.
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The present study was designed to elucidate the changing pattern of growth performance, nutrient metabolism, antioxidant defense, and immune response after fishmeal (FM) was replaced by cottonseed meal (CSM). Four isonitrogenous and isolipidic experimental diets (42.5% crude protein, 14.0% crude lipid) were formulated to replace 0% (CSM0 diet), 20% (CSM20 diet), 40% (CSM40 diet), and 60% (CSM60 diet) of the FM protein with CSM. Juvenile golden pompano (Trachinotus ovatus) with an initial body weight of 24.8 ± 0.02 g were fed each diet for 6 weeks. The results showed that compared with the control diet, significant differences were not found in the weight gain ratio, specific growth performance, and apparent digestibility of dry matter and protein after 20% FM was replaced by CSM. Higher CSM replacement markedly decreased the growth performance (P < 0.05). Moreover, the CSM20 and CSM40 diets did not depress the feed efficiency ratio and protein efficiency ratio compared with the CSM0 diet. Further exploring the physio-biochemical and molecular responses, the present study also showed that dietary 20–40% CSM replacement had no significant effect on altering the whole body, plasma nutrient contents, free amino acids, or whole-body fatty acid contents. Additionally, the CSM20 diet did not change the mRNA and protein phosphorylation levels of the key enzymes and regulators involved in target of rapamycin (TOR) and amino acid response (AAR) signaling, nutrient metabolism, immune response, and antioxidant defense. Higher CSM inclusion significantly varied the TOR and AAR signaling response, nutrient metabolism, immune response, and antioxidant defense. Based on the results, CSM could successfully replace 20% FM in the formulated diets for golden pompano. This study proposes the optimal inclusion level of CSM in the diet, which has an important significance in optimizing aquafeeds formulation.

Keywords: fishmeal replacement, low-gossypol cottonseed meal, physio-biochemical changes, gene and protein expression, golden pompano (Trachinotus ovatus)


INTRODUCTION

Although researchers have been devoted to exploring fishmeal (FM) substitution for a few decades, seeking appropriate protein sources to replace FM is still an important mission to achieve sustainable development of aquaculture (Wacyk et al., 2012; Song et al., 2016). In recent decades, a large number of studies have been conducted to assess the efficiency of high-quality plant and animal protein sources in FM replacement (Gatlin et al., 2007; Lu et al., 2015). The results have proved that different protein sources showed diverse substitution efficiencies in different fish species (Song et al., 2014; Wang et al., 2015). In recent years, large quantities of alternative protein sources used in the aquafeeds industry resulted in a competition between humans and animals for food. This phenomenon will directly threaten the entire food security system of the world. Therefore, searching for new non-grain protein sources to replace FM represents a new research topic for aquaculture nutrition studies.

Previously, cottonseed meal (CSM) did not attract much attention as a potential FM substitution in the aquafeeds industry. Currently, an increasing number of researchers have realized that CSM is a special protein source for FM substitution because of its abundance throughout the world and also because it is considered as one of the most important non-grain protein sources for aquafeeds (Lim and Lee, 2009; Ye et al., 2020). The annual cottonseed production in China was more than 3.5 million tons (Hu et al., 2021). Moreover, compared with other alternative protein sources, CSM has relatively higher protein content, well-balanced amino acid (AA) profile and steady supply is a potential protein source in aquafeeds (Li and Robinson, 2006). However, CSM contains a high content of gossypol, and a large quantity of free gossypol in the diet is toxic to fish species, which restricts its utilization in aquafeeds (Zheng et al., 2012). Therefore, CSM in which gossypol was eliminated has become favored because of the improved efficiency of its application in diets.

Previous studies have demonstrated that low-gossypol CSM has different replacement proportions in different species. Research on southern flounder (Paralichthys lethostigma) suggested that low-gossypol CSM could substitute 75% FM without affecting the growth performance (Sullivan and Reigh, 1995). Anderson et al. (2016) also reported that CSM prepared by solvent extraction could successfully replace dietary 75% FM in black seabass (Anderson et al., 2016). In Pacific white shrimp (Litopenaeus vannamei), 130 g/kg of FM could be replaced by 150 g/kg of dephenolized cottonseed protein (Wan et al., 2018). However, a study conducted by Bu et al. (2017) demonstrated that CSM inclusion over 25.3% could significantly depress the growth performance, antioxidant capacity, and immune response in the Ussuri catfish Pseudobagrus ussuriensis. All of the literature has elucidated the varying toleration of CSM in different species.

Fishmeal substituted by other protein sources affects nutrient metabolism by regulating nutrient sensing signaling pathways. Our study showed the regulatory role of target of rapamycin (TOR) and amino acid response (AAR) signaling pathways on lipid and glucose metabolism (Song et al., 2016). Studies on the large yellow croaker (Larimichthys crocea) (Wei et al., 2019) and juvenile turbot (Scophthalmus maximus L.) (Wang et al., 2015) also showed that alternative protein meal replacement diets changed growth performance and nutrient metabolism by regulating the TOR signaling pathway. Moreover, FM replacement has also had a great effect on modifying the immune response in fish species (Dossou et al., 2018; Xie et al., 2019). In 2020, Yang et al. reported that largemouth bass fed a poultry by-product meal total substitution diet markedly altered their antioxidant defense and immune response compared with fish fed a FM diet (Yang et al., 2020). Moreover, researchers on red sea bream Pagrus major (Dossou et al., 2018) and hybrid grouper female Epinephelus fuscoguttatus × male E. lanceolatus (He et al., 2021) provided solid evidence that FM replacement impaired health status by damaging the immune system. Therefore, estimating the changes in nutrient metabolism, immune response, and antioxidant defense status after fish fed alternative protein sources was considered as another important evaluation indicator in assessing the optimal substitution ratio.

Golden pompano (Trachinotus ovatus) is a commercially important marine fish due to its advantage of growing fast, favorable taste, good nutrient profile, and suitability for culture (Tan et al., 2016). In China, it is widely distributed along the coastline of the South China Sea including Guangdong, Fujian, and Hainan provinces. Since it is a carnivorous fish species, golden pompano has a higher requirement for dietary protein (Tang et al., 2013; Xun et al., 2019). Therefore, searching new protein sources to optimize diet formulation has become the key way to achieve healthy and sustainable development of the golden pompano culture industry (Ma et al., 2014). The present study was designed to evaluate the optimal replacement ratio of CSM for FM in golden pompano based on the results of growth performance, physiological and biochemical indexes, metabolism changes, and molecular responses.



MATERIALS AND METHODS


Ethics Statement

The experimental procedures strictly complied with the regulations of the University Animal Care and Use Committee of the South China Normal University (an approval reference number 1002019-02-0016).



Experimental Diet

Four isonitrogenous (approximately 42.5% crude protein) and isolipidic (approximately 14.0% crude lipid) diets were formulated mainly using FM, CSM, corn-gluten meal, poultry byproduct meal, soybean meal, and peanut meal as the main protein sources, and fish oil, soybean oil, and soybean lecithin as the lipid sources. The FM-based diet was regarded as the control diet (CSM0 diet), and the CSM gradient-substituted FM diet was named the CSM20 diet, CSM40 diet, and CSM60, respectively. Dietary lysine, methionine, and threonine were supplemented to meet the requirements of the golden pompano. The dry ingredients were finely ground into powder through a 320-μm screen. Afterward, all compositions used in the diets were individually blended in a mixer and further homogenized after oil and water were added. The pellets were then forced through a pelletizer (F-26, South China University of Technology, Guangzhou, China) and air-dried at 45°C to obtain moisture of approximately 10%. All the experimental diets were stored at −20°C until use. The experimental diet formulation is presented in Table 1, and the AA composition of the experimental diets is shown in Table 2.


TABLE 1. Experimental diets formulations.
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TABLE 2. The essential amino acids composition of the experimental diets.
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Fish and Experimental Conditions

Three hundred and sixty golden pompano were purchased from the Dayawan Fish Farm (Guangdong, China). All fish were fed the CSM0 diet two times per day for 2 weeks to apply experimental conditions before the start of the experiment. Afterward, golden pompano were weighed after 24 h of fasting. Thirst fish with an initial weight of 28.42 ± 0.02 g were randomly assigned to sea cages (1.5 m × 1.5 m × 1.5 m), and each diet was allocated in three replicates. Fish were fed two times (07:00 and 17:00) daily by hand to apparent satiation for 6 weeks. During the trial, the feed consumption, water temperature, and dissolved oxygen were recorded daily. Water temperature ranged from 28 to 30°C, and dissolved oxygen ranged from 5.0 to 6.0 mg/L.



Sample Collection

At the end of the feeding trial, the experimental fish were weighed and counted 24 h after the last feeding, and three fish from each cage were randomly selected for whole body biochemical and fatty acids content measurement. In addition, 12 fish (four per tank) from each treatment were anesthetized with 100 mg/L eugenol (Shanghai Medical Co., Ltd., Shanghai, China). Blood samples were obtained by using the caudal venipuncture method. All samples were put into the anticoagulant tubes and immediately centrifuged at 3,000 × g for 5 min at 4°C. The supernatant plasma was placed into liquid nitrogen and then kept at −80°C for analysis. At the same time, the liver, intestine, and kidney were dissected and pooled into RNAase-free tubes (Axygen), frozen in liquid N2, and then stored at −80°C until gene expression analysis.



Digestibility Trial

A digestibility trial was conducted during the feeding trial period. Chromium trioxide (0.1%) (99.9%, Sigma Co., Ltd., MO, United States) was used as the indicator in the diets. The collected feces were dried for 6 h at 65°C and stored at −20°C until analysis. The content of chromium trioxide in the diet and feces was measured by perchloric acid digestion and determined by inductively coupled plasma-atomic emission spectrophotometry (ICP-OES, VISTA- MPX) (Bian et al., 2017).



Proximate Composition Analysis

A proximate composition analysis was conducted following previous studies (Cai et al., 2020). Moisture was measured by drying samples to a constant weight in an oven at 105°C. Crude protein was detected using the Dumas nitrogen determination apparatus (DT autosampler, Europe Gerhardt Company, Germany). The Soxtec™ 2055 extraction by using petroleum ether (B.P. 30–60°C for 3 h) was used for crude lipid determination. Ash was determined by combustion in a muffle furnace (FO610C, Yamato Scientific Co., Ltd., Tokyo, Japan) to a constant weight at 550°C. The ingredients and diets were dried by a freezer dryer (ALPHA1-2 LD plus, Christ Co., Ltd., Germany) to determine the AA concentrations. After digestion with 6 M HCl for 22 h, all the AA compositions in the ingredients and diets were measured by an L-8900 AA analyzer (Hitachi, Japan).



Analysis of Free Amino Acid and Fatty Acids

The free AA composition in plasma was analyzed using an auto AA analyzer (LA8080; Hitachi, Tokyo, Japan). The details were described by Wang et al. (2021). Briefly, 1.2 ml of 10% sulfosalicylic acid solution and 400 μl of each plasma sample were mixed well. After incubation for 5 min at 4°C, all the samples were centrifuged at 13,000 rpm for 15 min at 4°C. Supernatants were filtered through 0.22-μm filters for free AA concentration analysis. The fatty acid composition of the whole body was measured following the methodology of Mourente et al. (1999) with some modifications (Xu et al., 2010).



Determination of Plasma and Liver Biochemical Parameters

The measurement of plasma and liver biochemical parameters was followed by Yang et al. (2020). Around 200 μl of each plasma sample was used for this detection. The concentrations of total glucose (GLU), total protein (TP), triglycerides (TG), total cholesterol (CHOL), high-density lipoprotein (HDL), low-density lipoprotein (LDL), aspartate aminotransferase (AST), alanine aminotransferase (ALT), alkaline phosphatase (ALP), lactate dehydrogenase (LDH), and creatine kinase (CK) in plasma were measured by using an Automatic Biochemical Analyzer (Sysmex Corporation, CHEMIX- 800, Kobe, Japan).



RNA Extraction and Quantitative Real-Time PCR

Total RNA was extracted by using the TRIzol method (Vazyme Biotech Co., Ltd., China) following the manufacturer’s instructions. After RNA eluted in diethyl pyrocarbonate (DEPC)-treated water, the quantity and quality of isolated RNA were measured using NanoDrop 2000 spectrophotometer (Thermo, NanoDrop Technologies, United States) and electrophoresis in a 1.2% agarose gel, respectively. One microgram of RNA was transcribed into cDNA by using the Prime Script RT reagent Kit (Vazyme Biotech Co., Ltd., China). The cDNA templates were diluted to 100 ng/μL with DEPC water before use for quantitative real-time PCR analysis.

Primers used in this study are shown in Table 3. Targeted gene expression levels were determined by quantitative RT-PCR carried out on a CFX96 real-time PCR machine (CFX96, BIO-RAD, United States) using Hiff® qPCR SYBR Green Master Mix (Yeasen, Shanghai, China). The thermal cycle program of qRT-PCR was as follows: 95°C for 2 min, then 40 cycles at 95°C for 15 s, 58°C–60°C for 30 s, and 72°C for 20 s. Melting curve analysis after the end of each PCR was executed to confirm that only one single product was present in these reactions. Relative expression levels of target genes were calculated using the comparative CT method (2–ΔΔCt method). Relatively gene expression is represented as the fold change relative to the control group (Zhou et al., 2019).


TABLE 3. The sequences of the primers used in the RT-PCR.
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Western Blotting

The protein expression level of total TOR, phospho-TOR, total ribosomal protein S6 (S6), phospho-S6, totalith phosphatase inhibitor and protease cocktails (Bimake, TX, United States) for 1 h. The protein concentrations of all the samples were measured by using the BCA protein assay kit (Beyotime, Biotechnology, China). Samples were separated by sodium dodecyl sulfate-polyacrylamide gels (SDS-PAGE) and transferred to 0.45-μm PVDF membranes (Millipore). After blocking with 5% non-fat milk in TBST buffer (20 mM Tris-HCl, 500 mM NaCl, 0.1% Tween-20) for 1 h, the membranes were incubated with primary antibody (Cell Signaling Technology, MA, United States and Santa Cruz Biotechnology Inc., TX, United States) overnight at 4°C. All of the primary antibodies have been shown to be conserved in fish species and could be used successfully (Song et al., 2016; Wang et al., 2020). Then, the membranes were incubated in horseradish peroxidase-labeled secondary antibodies for 1 h and visualized using ECL reagents (Beyotime Biotechnology, China). The Western blot result bands were quantified with NIH Image 1.63 software. All the antibodies in the present study were confirmed to be conserved and successfully used in fish species.



Calculations and Data Analysis

Weight gain rate (WGR,%) = 100 × (Wt − W0)/W0;

Specific growth rate (SGR,%/day) = 100 × (Ln Wt − Ln W0)/t; Feed efficiency ratio (FER) = (Wt − W0)/(dry feed intake);

Protein efficiency ratio (PER) = (Wt − W0)/(dry feed intake × protein percent in dry diet);

Feed intake (FI,% body weight/d) = 100 × feed fed/[days × (initial weight + final weight)/2]

Protein productive value (PPV,%) = (Wt × Pt − W0 × P0)/(Wd × Pd) × 100;

Survival rate (SR,%) = 100 × final amount of fish/initial amount of fish;

Protein retention (PR,%) = 100 × (final body weight × final carcass protein content − initial body weight × initial carcass protein content)/protein intake;

Dry matter apparent digestibility (AD dry matter,%) = [1−chromium trioxide in feed/chromium trioxide in feces] × 100%;

Apparent digestibility of protein in feed (AD for protein,%) = [1−(chromium trioxide in diet/chromium trioxide in feces) (nutrient in feces/nutrient in diet)] × 100%.

W0, Wt, and Wd represent the body weight (g) of initial fish, final fish, and diet dry weight, respectively, P0, Pt, and Pd represent the body protein content (%) of initial fish, final fish, and diet dry matter, respectively, while t represents the rearing days of this experiment.

Data were expressed as means ± SEM. All statistical evaluations were analyzed using one-way analysis of variance (ANOVA) followed by Tukey’s multiple range test with SPSS 19.0 software. Prior to the statistical tests, data in the present study were examined for homogeneity of variances. In cases in which data were non-parametric or not homoscedastic, data transformations (such as logarithms, square roots, and reciprocals) were used to meet ANOVA criteria. Differences were considered significant when P < 0.05.




RESULTS


Growth Performance, Apparent Digestibility, and Whole Body Proximate Composition

Growth performances were shown in Table 4. Compared with the CSM0 diet, the CSM20 diet did not significantly decrease the FBW, WGR, SGR, FER, PER, PR, AD (dry matter), or AD (protein) (P > 0.05). However, the CSM40 and CSM60 diet groups had markedly lower levels of FBW, WGR, SGR, PPV, PR, AD (dry matter), and AD (protein) compared with the control diet group (P < 0.05). Moreover, compared with the control diet, the CSM20 and CSM40 diets did not depress the FER, PER, or whole-body proximate crude fat composition (P > 0.05). The CSM60 diet significantly reduced the FER, PER, and crude fat composition compared with the CSM0 diet (P < 0.05). No significant differences in FI, SR, whole-body moisture, crude protein, or ash were found among the different treatments (P > 0.05).


TABLE 4. Growth performance, feed utilization, apparent digestibility, and proximate composition of whole body of golden pompano fed the different experimental diets.
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Plasma Biochemical Index

At the end of the feeding trial, the effects of replacing FM with CSM on the plasma nutrient content were shown in Table 5. The CSM20 diet had no effect on decreasing the content of plasma TP, CHOL, and HDL compared with the CSM0 diet (P > 0.05). In contrast, the CSM20 diet elevated plasma GLU compared with the control diet (P < 0.05). However, the CSM40 diet group had lower plasma level of GLU, TP, TG, CHOL, and HLD, and the CSM60 diet group had lower plasma level of TP, TG, and HLD compared with the CSM0 diet group (P < 0.05).


TABLE 5. Plasma biochemical index of golden pompano fed different experimental diets for 6 weeks.
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The Plasma and Liver Enzyme Activities

The activities of markers indicating liver damage in plasma and liver were shown in Table 6. The activities of AST, ALT, ALP, and LDH were markedly increased in the liver with increasing CSM replacement in diets among groups (P < 0.05). Only 20% CSM replacing FM could markedly improve the activity of these four enzymes (P < 0.05). In plasma, the CSM20 diet group had no significant difference in the enzyme activities of ALT and ALP in the plasma compared with the CSM0 diet group (P > 0.05). Moreover, compared with the CSM0 diet, the CSM40 and CSM60 diets significantly elevated the activity of AST and inhibited the activity of ALP (P < 0.05). There was no significant difference in LDH activity among the different groups (P > 0.05).


TABLE 6. The enzymes activities of golden pompano feed different experimental diets in the plasma and liver.
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Plasma Free Amino Acid Profile

The free AA profiles in plasma after fish were fed with different diets were shown in Table 7. Both the CSM20 and CSM40 diets had no effect on altering all the individual EAAs and total EAA in plasma (P > 0.05). However, compared with the control diet, the CSM60 diet significantly decreased the concentrations of valine, isoleucine, leucine, arginine, and EAA in plasma (P < 0.05). Furthermore, the CSM40 and CSM60 diets also had no significant difference in changing the concentrations of alanine and tyrosine compared with the control diet (P > 0.05). No significant difference was detected in other AAs among the four different treatments (P > 0.05).


TABLE 7. The free amino acids concentration after golden pompano feed with different diets in the plasma (μg/ml).
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Whole Body Fatty Acid Profile

The changes in the whole body fatty acid profile after fish were fed with different diets were presented in Table 8. Compared with the control diet, the CSM20 diet had no significant difference in any of body fatty acid contents detected in the present study (P > 0.05). Compared with the fish fed with the CSM0 diets, fish fed with the 60% CSM replacement diets exhibited notably reduced whole body C18:2 and Σn-6 PUFA contents (P < 0.05). The CSM40 and CSM60 diets also significantly decreased the whole body content of C18:3n-3, DHA (C22:6n-3), Σn-3 PUFA, Σn-3 HUFA, and Σn-3/Σn-6 compared with the control diet (P < 0.05). No significant effect was observed in the whole body C20:4n-6, C20:3n-6, EPA, and DHA/EPA among the different CSM gradient replacement diets (P > 0.05). Furthermore, CSM gradient replacements also had no significant effect on altering the whole body contents of individual and total saturated fatty acids (SFA) and monounsaturated fatty acids (MUFA) (P > 0.05).


TABLE 8. Whole body fatty acids content (% total fatty acids).
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Regulations of the Nutrient Sensing Signaling Pathways

Gene and protein phosphorylation levels of the key regulators involved in nutrient sensing signaling pathways in the liver after fish were fed different diets are presented in Figure 1. Compared with golden pompano fed with CSM0 diet, golden pompano fed with the CSM20 diet did not change the mRNA expression levels of TOR, S6, and 4EBP1 (P > 0.05). The CSM60 diet significantly reduced the gene expression level of TOR and S6 compared with the control diet (P < 0.05). On the other hand, CSM substitution markedly promoted the gene expression of eIF2α and REDD1 in the liver (P < 0.05). The CSM20 diet had no effect on altering the mRNA expression levels of ATF4 and CHOP compared with the control diet (P > 0.05). However, both the CSM40 and CSM60 diets increased the mRNA expression of ATF4 and CHOP in the liver (P < 0.05). Moreover, the CSM20 and CSM40 diets also had no effect in changing the protein phosphorylation levels of TOR and S6 compared with the CSM0 diet (P > 0.05). Conversely, the CSM60 diet decreased the protein phosphorylation level of S6 and increased the protein phosphorylation level of eIF2α than the control diet (P < 0.05).
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FIGURE 1. The mRNA and protein phosphorylation level of key regulators in nutrient sensing signaling pathways (A) mRNA expression level of TOR signaling pathways. (B) mRNA expression level of AAR signaling pathway. (C) Protein phosphorylation level of TOR and AAR signaling pathways. In liver after juvenile golden pompano (Trachinotus ovatus) fed with CSM0, CSM20, CSM40, and CSM60 diets, respectively. Values with different superscripted small letters mean significant difference (P < 0.05). TOR, target of rapamycin; S6, S6 Ribosomal Protein; 4EBP1, 4 E-binding protein 1; eIF2α, initiation elongation factor alpha; ATF4, activating transcription factor 4; CHOP, channelopsin 2; REDD1, regulated in development and DNA damage responses 1.




Gene Expression Pattern of the Lipid Metabolism

The gene expression patterns of the key enzymes and regulators involved in lipid anabolism, catabolism, and transportation in the liver are shown in Figures 2A–C. Compared with the fish fed with CSM0 diets, the fish fed with CSM20 and CSM40 diets did not markedly decrease the gene expression of FAS, AGPAT3, SREBP1, and PPAR-γ (P > 0.05). In addition, the CSM20 diet also had no effect on reducing the mRNA expression of FAD, elovl5, and PPAR-α compared with the CSM0 diet (P > 0.05). In contrast, the CSM60 diets markedly lowered the gene expression levels of FAS, ACC, AGPAT3, FAD, elovl5, SREBP1, PPAR-α, and PPAR-γ (P < 0.05). For lipid catabolism, no changes were detected between the CSM0 and CSM20 diets for the gene expression of the key enzymes involved in lipid catabolism (P > 0.05). The CSM60 diet significantly increased the mRNA expression levels of LPL and CPT1 compared with the other three diets (P < 0.05). The gene expression patterns of FABP1 and APROB100 showed a decreasing trend with an increasing CSM replacement ratio. The fish fed with 60% dietary CSM replacement diet showed significantly lower levels of FABP1 and APROB100 than the fish fed with the control diet (P < 0.05). However, the CSM20 diet did not change the gene expression of FABP1 and APROB100 compared with the control diet (P > 0.05).
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FIGURE 2. Diagrammatic representation of the gene expression pattern of the key transcripts involved in lipid metabolism after juvenile golden pompano (Trachinotus ovatus) fed with CSM0, CSM20, CSM40, and CSM60 diets, respectively. (A) Lipid anabolism. (B) Lipid catamolism. (C) Lipid transporters. Values with different superscripted small letters mean significant difference (P < 0.05). FAS, fatty acid synthetase; ACC, acetyl-CoA carboxylase; AGPAT3, 1-acylglycerol-3-phosphate acyltransferase 3; FAD, fatty acyl desaturase; elovl5, elongase of very long-chain fatty acids 5; SREBP1, sterol regulatory element binding protein-1; PPARα, peroxisome proliferator activated receptors-alpha; PPARγ, peroxisome proliferator-activated receptors gamma; LPL, lipoprotein lipase; HSL, hormone-sensitive lipase; CPT1, carnitine palmitoyl transferase 1; FABP1, fatty acid binding protein 1; APROB100, apolipoprotein b 100.




mRNA Expression Level of the Key Enzymes and Transporters in Glucose Metabolism

As presented in Figure 3, the mRNA expression levels of the key enzymes and transporters in glucose metabolism showed a decreasing trend with increasing FM replacement. The CSM20 diet had no effect on inhibiting the mRNA expression levels of the g6pdh, pk, pepck, and glut4 compared with the control diet (P > 0.05). However, the CSM40 and CSM60 diets significantly decreased the mRNA expression levels of g6pdh, hk, pk, pfk-1, pepck, and glut2 (P < 0.05). Moreover, a marked decrease was observed in the gene expression of hk, pfk-1, and glut2 when only 20% FM was replaced by CSM (P < 0.05).
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FIGURE 3. RT-qPCR analysis of the key enzymes and transporters in glucose metabolism after juvenile golden pompano (Trachinotus ovatus) fed with CSM0, CSM20, CSM40, and CSM60 diets, respectively. Values with different superscripted small letters mean significant difference (P < 0.05). g6pdh, glucose-6-phosphate; hk, hexokinase; pk, pyruvate kinase; pfk-1, phospho fructokinase-1; pepck, phosphoenolpyruvate carboxykinase; glut2, glucose transport protein 2; glut4, glucose transport protein 4.




Cottonseed Meal Gradient Replacements Modulated the mRNA Expression Level of the Key Enzymes in Antioxidant Defense

Figure 4 described the mRNA expression level changes of the key enzymes in antioxidant defense after golden pompano were fed CSM gradient replacement diets. Compared with the fish fed with the CSM0 diets, the fish fed with the CSM20 diet did not show marked effects in the mRNA expression levels of MnSOD, Nrf2, and Keap1 in the intestine or CAT in the kidney (P > 0.05). Nevertheless, the CSM40 and CSM60 diets showed higher gene expression levels of the MnSOD, CAT, and Nrf2 in the intestine, and MnSOD, CAT, and HO-1 in the kidney (P < 0.05). Moreover, the CSM60 diet presented lower Keap1 expression than the control diet in both the intestine and kidney (P < 0.05). CSM replacements also had no significant effect on changing the mRNA expression of HO-1 in the intestine and Nrf2 in the kidney (P > 0.05).
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FIGURE 4. The intestine and kidney gene expression pattern of the key regulators in antioxidant defense after juvenile golden pompano (Trachinotus ovatus) fed with CSM0, CSM20, CSM40 and CSM60 diets, respectively. (A) Intestine. (B) Kidney. Values with different superscripted small letters mean significant difference (P < 0.05). MnSOD, Manganese superoxide dismutase; CAT, catalase; Nrf2, NF-E2-related nuclear factor 2; Keap1, Kelch-like-ECH-associated protein 1; HO-1, heme oxygenase-1.




Cottonseed Meal Gradient Replacements Modified the Immune Response

Immune-response-related gene mRNA expression in the intestine and kidney is displayed in Figure 5. Compared with the CSM0 diet, the CSM20 diet had no effect on changing the gene expression of IL-10, TGFβ-1, C4, and Hsp90 in the intestine (P > 0.05). In addition, the CSM20 diet also did not alter the mRNA expression of IL-10, IL-8, TGFβ-1, C4, C-lyz, and Hsp90 in the kidney compared with the CSM0 diet (P > 0.05). However, compared with the control diet, the CSM40 and CSM60 diets had a marked effect on increasing the gene expression of IL-10, IL-8, C4,Hsp70, and Iκ-α in the intestine and IL-10, IL-8, C-lyz, and Hsp90 in the kidney (P < 0.05). On the other hand, CSM60 diets significantly inhibited the mRNA expression of TGFβ-1 in both the intestine and the kidney compared with the control diet (P < 0.05). There was no significant difference in the expression of C-lyz in the intestine or Hsp70 and IκB-α in the kidney among the different groups (P > 0.05).
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FIGURE 5. mRNA expression levels of the key regulators in immune response after juvenile golden pompano (Trachinotus ovatus) fed with CSM0, CSM20, CSM40 and CSM60 diets, respectively. (A) Intestine. (B) Kidney. Values with different superscripted small letters mean significant difference (P < 0.05). IL-10, interleukin 10; IL-8, interleukin 8; TGFβ-1, transforming growth factor β1; C4, complement 4; C-lyz, c-type lysozyme; Hsp70, heat shock protein 70; Hsp90, heat shock protein 90; IκB-α, NF-kappa-B inhibitor alpha.





DISCUSSION

The present study showed that CSM replaced with 40% FM protein did not decrease the FER and PER; however, based on the WGR and SGR, CSM could only substitute 20% of FM protein in the golden pompano diet. Moreover, compared with the CSM0 diet, only the CSM20 diet did not decrease the dry matter and protein apparent digestibility compared with the control diet. However, higher CSM inclusion significantly decreased growth performance and feed utilization. All the results were consistent with previous studies on juvenile black sea bass Centropristis striata (Anderson et al., 2016), juvenile hybrid grouper (Ye et al., 2020), and crucian carp (Carassius auratus gibelio) (Gui et al., 2010). Golden pompano, a carnivorous fish species, has a limited ability to utilize dietary plant protein sources. Wu et al. (2014) reported that soy protein concentrate alone could substitute 20% FM without supplemental dietary taurine in golden pompano. Similarly, in a carnivorous fish, dietary replacement of over 25.3% FM with CSM could markedly inhibit the growth performance of Ussuri catfish (Bu et al., 2017). The formulation of the present diet was designed based on the commercial diet of golden pompano. A variety of plant protein sources including corn gluten meal, soybean meal, and peanut meal were used as the main protein sources in the diet, and the supplemental amount of FM in the control group was only 25%. Therefore, the replacement of > 20% FM with CSM inhibited growth performance.

Understanding the changes in physio-biochemical and molecular responses after fish were fed a CSM substitution diet is also an important way to improve the substitution efficiency (Dai et al., 2015; Xu et al., 2016). Plasma nutrient and free AA contents were intuitive indexes reflecting the situation of feed ingestion (Wang W.Q. et al., 2021; Wang Z. et al., 2021). In the present study, CSM replacement had a profound effect on altering the plasma biochemical index. CSM substitution at 40% and 60% markedly decreased the total TP, TG, and HLD, which was consistent with a study on largemouth bass and turbot (Wang et al., 2020). The plasma-free AA concentration was considered the main driving force determining the metabolic rate (Liao et al., 2015; Wei et al., 2020). Higher plasma-free AA concentrations provided abundant substrates that could improve protein anabolism. Previous studies using Antarctic krill as a FM substitution in large yellow croaker and poultry by-product meal as a FM substitution in largemouth bass showed lower levels of individual AAs after FM was substituted by other protein sources (Wei et al., 2019; Wang et al., 2020). This study also presented a declining trend of plasma individuals and total EAA after CSM replaced 60% of FM in the diet. Compared with NEAA, the concentrations of some EAAs were more sensitive to dietary composition. Lower plasma nutrient and free AA concentrations decreased the metabolic rate of nutrients and further limited the deposition of body nutrients.

The fatty acid content profile of the whole body is another important indicator to reflecting the optimal substitution ratio of alternative protein sources (Hill et al., 2019). From a human nutritive perspective, fish with a high n-3 PUFA conent are regarded as more valuable than those with a high n-6 PUFA content (Simopoulos, 2002). The present study demonstrated that the inclusion of CSM in the diet had no significant effect on regulating the content of SFA and MUFA. In contrast, the CSM 40 and CSM60 replacement diets decreased the contents of DHA, Σn-3 PUFA, Σn-3 HUFA, and Σn-3/Σn-6 compared with the control diet. Moreover, decreased profiles of whole body C18:2,Σn-6 PUFA, and C18:3n-3 were observed only when CSM was replaced at a higher ratio (CSM60 diet). A similar suppression of whole body Σn-3 PUFA and Σn-3 HUFA was observed in a study using a poultry by-product meal ingredient replacement diet in the hybrid grouper (Wang Z. et al., 2021). The results of whole body fatty acid contents indicated that CSM could substitute 20–40% FM without affecting the fatty acid compositions of golden pompano.

To illustrate the underlying mechanisms of the changing growth performance and nutrient metabolism after CSM replaced FM, the present study also focused on the molecular response of nutrient deposition and metabolism. TOR and AAR are two complementary signaling pathways that respond to dietary nutrient levels (Kimball, 2007; Hietakangas and Cohen, 2009). The two signaling pathways were more sensitive to the dietary AA profile (Gallinetti et al., 2013). An unbalanced AA profile was the first limiting factor restricting the utilization of alternative protein sources in aquafeeds (Li et al., 2009). Our previous study on turbot and largemouth bass demonstrated that FM replaced by other protein sources with or without AA supplementation significantly varied the mRNA and protein expression levels of the key regulators in the TOR and AAR signaling pathways (Song et al., 2016; Wang W.Q. et al., 2021). Consistent with our previous studies, the present study on golden pompano also revealed a lower expression level of the key regulators involved in TOR signaling and a higher expression level of the key regulators involved in AAR signaling at both the mRNA and protein phosphorylation levels after FM was replaced by CSM at 40–60%. The liver is the main organ that regulates metabolism overall. The TOR signaling pathway is the regulating center for nutrient metabolism (Hayashi and Proud, 2007; Irm et al., 2020). Therefore, on further exploring the mRNA regulation of glucose and lipid metabolism, we found that higher CSM replacement significantly inhibited the gene expression level of the key enzymes and regulators in lipid anabolism and lipid transporters, and elevated the gene expression level of the key enzymes in lipid catabolism. Similarly, CSM substitution also suppressed the mRNA expression level of the key enzymes and transporters involved in glucose metabolism. Inhibited nutrient anabolism and activated nutrient catabolism may provide a reasonable explanation for the reduced growth performance and nutrient metabolism after FM was replaced by CSM.

In addition to affecting nutrient metabolism, alternative protein source-substituted FM also has a profound effect on health status by regulating antioxidant defense and immune response (He et al., 2021). AST, ALT, ALP, and LDH are important indicators that reflect liver function (Hyder et al., 2013). The increasing activities of these enzymes in plasma and liver imply liver damage (Regmi et al., 2017). Bu et al. (2017) reported that the activities of plasma ALT and LDH significantly increased when the CSM substitution level was >40% in Ussuri catfish. The present study also found that the activities of AST, ALT, ALP, LDH, and CK in the plasma and liver of juvenile golden pompano that was fed a large proportion of CSM inclusion diets (CSM40 and CSM60 diets) were higher than those in fish fed the CSM0 diet. These results confirmed liver damage when a higher ratio of CSM was supplemented in the diet of golden pompano. Moreover, the intestine and kidney are considered to be the key organ responses for the body’s immune status (Awad et al., 2015; Lauriano et al., 2016; Wu et al., 2017). The intestine is not only considered the main site of the response to nutrient digestion and absorption but also the largest part of the immune system, which contains many lymphoid cells, macrophages, eosinophils, and neutrophilic granulocytes (Rombout et al., 2011). The present study was conducted to understand the overall immune response that focused on both the intestine and the kidney. The immune status was closely associated with inflammation which was mainly regulated by inflammatory cytokines. TNF, IL, and TGF are cytokines that play a vital role in body immunity (Delcenserie et al., 2008). In this study, a high level of CSM (CSM60 diet) in the diet markedly elevated the mRNA expression of IL-10, IL-8, C4, Hsp70, and IκB-α in the intestine and kidney. Moreover, data on the gene expression level in the intestine and kidney also demonstrated that CSM replacement activated the antioxidant defense. These results suggested that proportionate CSM substitution (20–40%) had no effects on activating the immune response and antioxidant defense. However, higher CSM substitution induced the immune response and antioxidant defense and further damaged the health status. Overall, based on the immune response, CSM could substitute 20–40% FM in the present diet formulation.



CONCLUSION

Based on the results, the present study demonstrated that CSM could successfully substitute 20% dietary FM in the diet of the golden pompano with an initial body weight of approximately 28.4 g. Using CSM as a substitute for FM has promising prospects in golden pompano diets. However, higher CSM inclusion could affect growth performance by regulating TOR and AAR signaling and further modifying the nutrient metabolism. Additionally, higher CSM replacement could also alter the fish health status by regulating the immune response and antioxidant defense. This study proposes the optimal inclusion level of CSM in the diet and also contribute to understanding the mechanisms of dietary CSM in growth performance, nutrient metabolism, and immune response in golden pompano.
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The transcriptomic response of the head kidney, the main lymphohematopoietic tissue of the body, was evaluated in Atlantic salmon (Salmo salar) smolts fed a functional feed containing a phytogenic rich in verbascoside and triterpenic compounds like ursolic acid. Fish (initial body weight = 55.0 ± 0.1 g) were fed two experimental diets (40% crude protein, 22% crude fat; 21.6 MJ/kg gross energy) that only differed in the phytogenic content (0.1% inclusion). Each diet has six replicates and was tested over a period of 133 days. The tested zootechnical feed additive a medicinal plant leaf extract (MPLE) obtained from sage (Salvia officinalis) and lemon verbena (Lippia citriodora). At the end of the trial, smolts fed the MPLE diet were heavier than their congeners from the control group (271.5 ± 7.9 g vs. 240.2 ± 19.3 g, respectively; P < 0.05). Feed conversion ratio (FCR) values in fish fed the control diet were higher than those in fish fed the MPLE diet (FCRcontrol diet = 1.27 ± 0.08 vs. FCR0.1% MPLE diet = 1.08 ± 0.05; P < 0.05). The immunomodulatory properties of the functional diet were evaluated by means of an in vivo challenge with Aeromonas salmonicida subsp. salmonicida (1 × 107 CFU mL–1). The microarray analysis of head kidney samples from both dietary groups revealed 1,178 differentially expressed genes (802 upregulated and 376 downregulated). Among them, several biological processes related to immunity were identified in fish fed the MPLE diet (i.e., interferon-gamma-mediated signaling pathway, antigen processing and presentation of peptide antigen via MHC class II, autophagy, regulation of i-kappaB kinase/NF-kappaB signaling, and leukocyte activation). Results from the bacterial challenge showed that survival rates were higher in smolts from the MPLE group (90.6 ± 6.4%) in comparison to the control group (60.7 ± 13.5%), confirming the functional benefits of the phytogenic in terms of host’s immunity and disease resistance. Biological processes such as cytoskeleton organization and regulation of cellular protein metabolic process detected in fish fed the MPLE diet supported the metabolic changes related to increased somatic growth promoted. The present findings showed that the inclusion at 0.1% of the tested MPLE obtained from sage and lemon verbena in diets for Atlantic salmon smolts promoted somatic growth, and enhanced their systemic immune response and reduced mortality when fish were challenged with A. salmonicida cumulative, the causative agent of furunculosis in salmonids.

Keywords: feed additive, aquaculture, systemic immunity, Atlantic salmon, Aeromonas salmonicida, phytogenics


INTRODUCTION

Aquaculture is predicted to be the main source of aquatic dietary protein sources by 2050, playing a relevant role in food security and supply, as well as in poverty alleviation (Stentiford et al., 2020). The Atlantic salmon (Salmo salar) is the most important fish species consumed in the countries of the first world, whose production has strongly increased due to the development of this industry in the northern Europe and in North and South America, with Norway and Chile as the main world producers (FAO, 2021). Despite the sector’s efforts focused on competitiveness and sustainable development to build this thriving sector, this rapid and continuous growth of the salmon farming has some side effects. In this sense, under intensive farming, fish can be influenced by various environment-related biotic and abiotic factors that can have potentially harmful or stressful effects (Taranger et al., 2015). All these factors have a negative impact on fish welfare and overall rearing performance, increasing susceptibility to disease; thus, negatively impacting the industry by causing health crises and economic losses (Tort, 2011; Taranger et al., 2015). This makes aquatic animal diseases one of the main factors limiting the growth of aquaculture and its sustainability (Reverter et al., 2020; Naylor et al., 2021).

Despite the fact that in 2022 several countries, including the EU, will ban the regular administration of antimicrobial agents in farming, including preventive group treatments (More, 2020), the general use of antibiotics for prophylactic purposes linked to intensive aquaculture activities can still be detected in some of the major aquaculture producing countries (Lulijwa et al., 2020; Schar et al., 2020). Thus, the need to develop health preventive treatments is becoming more of a necessity than an option. Thus, among the repertoire of tested strategies related to health management (Barrett et al., 2020; Miccoli et al., 2021), functional feeds are reputed as one of the most affordable solutions in terms of their prophylactic application. These diets are formulated for supporting the nutritional and physiological requirements of fish, as well as providing protection in front of biotic and abiotic stressors that are intrinsic to aquaculture rearing conditions (Waagbø and Remø, 2020). In this regard, the development and application of functional feeds represent a sound strategy for the aquaculture industry, as they provide functional benefits for animal health beyond their nutritional value, taking into account the purpose of their use either as nutritional, sensory, or functional additives (Vallejos-Vidal et al., 2016; Dawood et al., 2018). Thus, feed additives promoting immunity and enhancing stress and disease resistance in farmed fish have received notorious attention by the industry and academia as environmentally-friendly health management strategies. Therefore, phytogenics are among others, one of the most widely evaluated and recognized zootechnical feed additives with immunomodulatory properties (Encarnação, 2016). Phytogenics are defined as environmentally friendly plant-derived bioactive compounds that show positive effects on animal growth and health-promoting, antimicrobial, antiparasitic, immunostimulant, antioxidant, and anti-inflammatory properties (Firmino et al., 2020; Dawood, 2021; Reverter et al., 2021).

Functional feeds based on phytogenics have been the focus of attention for the industry during the last decade due to their antimicrobial, immunostimulant, antioxidant, anti-stress, and growth-promoting functions (Awad and Awaad, 2017; Sutili et al., 2018; Hernández-Contreras and Hernández, 2020). Furthermore, phytogenics have shown to enhance both humoral and cellular immune response in teleosts (Elumalai et al., 2020; Firmino et al., 2021a,b), whereas other studies have also demonstrated their antimicrobial activity against a wide range of pathogenic organisms (Vaseeharan and Thaya, 2014; Firmino et al., 2021a). These functional properties make them very attractive for the industry as potential prophylactic dietary treatments. In particular, the current investigation endeavors to explore the dietary effects of phytogenics derived from a mixture of medicinal plants, the sage (Salvia officinalis, Lamiaceae) and the lemon verbena (Lippia citriodora, Verbenaceae), both recognized for their health and growth-promoting properties for aquatic species (Elumalai et al., 2020; Salomón et al., 2020, 2021a). In particular, in a previous study from our group, we showed that a medicinal plant leaf extract (MPLE) from sage and lemon verbena promoted an improvement in the classical key performance indicators (KPIs) linked to somatic growth and feed efficiency. These effects were coupled with a tightly controlled systemic immune response in an ex vivo assay using gilthead seabream (Sparus aurata) splenocytes stimulated by lipopolysaccharide (LPS; Salomón et al., 2020). In addition, we have recently reported that this MPLE obtained from sage and lemon verbena promoted gut integrity and immunity; particularly, T cell activation and differentiation (Salomón et al., 2021a).

In traditional medicine, S. officinalis has long enjoyed a reputation for its health benefits and for treating all kinds of ailments. Sage is a common herbal plant widely cultivated in various parts around the world, but it is native to the Mediterranean region. In addition, is known to be rich in phenolic compounds such as flavonoids, tannins, coumarins, and triterpenes (Ghorbani and Esmaeilizadeh, 2017), which are a highly diverse group of natural components widely found in a variety of common European plants and fruits (Vincken et al., 2007; Babalola and Shode, 2013). Thus, its content in functional compounds has attracted the attention within livestock and aquaculture industry. For instance, Simonová et al. (2010) reported that diets containing sage increased the energy content and amino acid profile in rabbit meat, in addition to promoting a good health condition of the animals. Similarly, Placha et al. (2015) demonstrated that sage promoted the integrity of the duodenal wall in laying hens. Regarding aquatic species, Sönmez et al. (2015) reported a positive effect of sage on growth performance and antioxidant enzyme activities in juvenile rainbow trout (Oncorhynchus mykiss). In this sense, several bioactive compounds have been identified in plants from the genus Salvia, such as flavonoids (Lu and Foo, 2000), phenolic acids (Wang et al., 1999), and pentacyclic triterpenes (Mašterová et al., 1989), among others. For instance, one of these triterpenic acids is ursolic acid, which is a pentacyclic terpenoid that has shown many beneficial properties effects on human health (Woźniak et al., 2015), and even in teleosts (Ding et al., 2015; Li et al., 2019). In zebrafish (Danio rerio), ursolic acid was reported to have anti-inflammatory activity (Ding et al., 2015), whereas, in rainbow trout, a strong antiviral activity was reported both in vitro and in vivo (Li et al., 2019).

Lippia citriodora, colloquially known as lemon verbena, is a plant species of the Verbenaceae family that mostly grows in South America and is cultivated in northern Africa and southern Europe. Lemon verbena leaf extract contains polyphenols, including phenylpropanoids such as verbascoside, iridoids like gardoside, and flavonoids such as luteolin-7-diglucoronide, among which verbascoside acid is the most abundant compound in lemon verbena leaves, so most of its beneficial effects are attributed to this phytochemical (Sánchez-Marzo et al., 2019). Several studies have indicated that verbascoside acid is responsible for multiple beneficial properties of lemon verbena like its antioxidant (Mosca et al., 2014; Martino et al., 2016), anti-inflammatory, and antineoplastic properties in addition to numerous wound-healing and neuroprotective properties (Funes et al., 2009; Caturla et al., 2011; Alipieva et al., 2014). The use of lemon verbena in juvenile sheep has been reported to promote embryo development by protecting the oocyte against oxidative stress (Martino et al., 2016). In addition, another study showed that pigs fed with a diet enriched with verbascoside rich showed an improvement in their growth and feed efficiency performances (Corino et al., 2007; Pastorelli et al., 2012). Despite the existing literature, information on the function of these bioactive compounds of plant origin, such as sage and lemon verbena, is still scarce regarding their applications in animal production, especially their immunomodulatory effects on the systemic immune response and their potential use as a functional feed additive to promote disease resistance in fish.

Under this context, the present study aimed to evaluate the transcriptional responses of the head kidney in Atlantic salmon smolts fed a functional feed containing a mixture of MPLE obtained from sage and lemon verbena. At the end of the nutritional trial, disease resistance in smolts was evaluated by means of a bacterial challenge with the causative agent of furunculosis (Aeromonas salmonicida subsp. salmonicida).



MATERIALS AND METHODS

This study was divided into two different stages. Firstly, a nutritional trial during 133 days was conducted in order to evaluate the effects of the phytogenic on growth performance and transcriptomic analysis in head kidney of Atlantic salmon. The nutritional trial encompassed different periods, the parr phase (47 days; 19th December – 04th February); the smoltification phase, which started on the 5th of February and lasted 10 days; and the full seawater transfer stage that started on the 14th February until the end of the nutritional assay. In the second stage, fish from the nutritional trial were used in a bacterial challenge in order to test whether the tested MPLE diet provided protection to the host in front of a pathogenic bacteria responsible for furunculosis in salmonid fish.


Diets

Table 1 describes the ingredient list and proximate composition of the two experimental diets used in the current study. Diets were named as control and MPLE, and only differed in the level of inclusion of the MPLE obtained from S. officinalis and L. citriodora, which was 0.1% in the MPLE diet. The tested phytogenic was provided by NATAC Biotech SL and obtained as described in Salomón et al. (2020). The proximate composition of tested MPLE was: 73% carbohydrates, 2% crude lipids, <1% crude proteins, 5% salts and 4% water. In terms of phytogenic bioactive compounds, the MPLE contained: 10% ursolic acid (100 ppm), 3% other triterpenic compounds (30 ppm), 2% verbascoside (60 ppm) and <1% polyphenols (<10 ppm). Diets were manufactured by Sparos Lda (Olhão, Portugal). All powder ingredients were mixed accordingly to the target formulation in a double-helix mixer (model 500L, TGC Extrusion, France) and ground (below 400 μm) in a micropulverizer hammer mill (model SH1, Hosokawa-Alpine, Germany). Diets (pellet size: 2 and 3 mm) were manufactured with a twin-screw extruder (model BC45, Clextral, France) with a screw diameter of 55.5 mm. Extrusion conditions: feeder rate (80–85 kg/h), screw speed (247–266 rpm), water addition in barrel 1 (345 ml/min), temperature barrel 1 (32–34°C), temperature in barrel 2 (59–62), and temperature barrel 3 (111–114°C). Extruded pellets were dried in a vibrating fluid bed dryer (model DR100, TGC Extrusion, France). After cooling, oils were added by vacuum coating (model PG-10VCLAB, Dinnissen, Netherlands). Coating conditions were: pressure (700 mbar); spraying time under vacuum (approximately 90 s), return to atmospheric pressure (120 s). Feeds were stored at 4°C during the experimental period (133 days) in order to prevent their oxidation.


TABLE 1. List of ingredients and proximal composition of experimental diets; control and a basal diet supplemented with MPLE tested in Atlantic salmon (Salmo salar).
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Fish and Experimental Design

Unvaccinated Atlantic salmon parrs (n = 1,550) were purchased from SARL SALMO (Gonneville-Le Thiel, France) and transported by road to IRTA-Sant Carles de la Ràpita research facilities (Sant Carles de la Ràpita, Spain). Once there, parrs were acclimated in two 2,000-L tanks connected to an open-flow system (12.0 ± 1.5°C) for 2 weeks under natural photoperiod and fed ad libitum a commercial feed (T2-2 Royal Optime, Skretting; proximate composition: 44% crude protein; 21% crude fat; 6.9% crude ash; 2.9% crude fiber).

Before the onset of the nutritional trial, parrs (n = 696) were gently anesthetized (50 mg L–1 tricaine methane sulfonate. MS-222, Sigma-Aldrich, Madrid, Spain) and individually measured in body weight (BW) and standard length (SL) to the nearest 0.1 g and 1 mm, respectively. Fish (55.0 ± 0.1 g and 16.2 ± 0.2 mm in BW and SL, respectively) were distributed among twelve experimental tanks (n = 58 fish per tank; 6 replicate tanks per experimental diet). Both experimental diets were offered to parrs at a daily feeding rate of 3.0% of the stocked biomass as described in Salomón et al. (2021b). In addition, feed utilization was evaluated by the following formula: feed conversion ratio (FCR) = feed intake (g)/increase of fish biomass (g).

During the parr phase that lasted 47 days, rearing conditions were as follows: water temperature and pH (pH meter 507; Crison Instruments, Barcelona, Spain), salinity (MASTER-20T; ATAGO Co., Ltd., Tokyo, Japan), and dissolved oxygen (OXI330; Crison Instruments) were 12.2 ± 1.0°C, 7.4 ± 0.3 and 9.4 ± 0.8 mg L–1 (mean ± SD), respectively. The water flow rate in experimental tanks was maintained at approximately 9.0 L min–1 (open-flow system), which guaranteed two full tank’s water renewal per hour. Photoperiod was 8 h light: 16 h darkness.

Smoltification started on the 5th of February and lasted 10 days. During this period, water salinity was increased progressively at ca. 3 ppt per day until reaching 35 ppt using filtered seawater according to SARL SALMO recommendations. Water temperature, pH, and oxygen levels during this period were 12 ± 0.1°C, 7.4 ± 0.3 and 9.6 ± 0.2 mg L–1. The photoperiod during the smoltification period was 24 h light, 0 h darkness. Once fish were transferred to seawater 14th February, water quality and temperature were maintained by means of a water recirculation system (IRTAmar®; Spain) that maintained adequate water quality through UV, biological, and mechanical filtration. Water quality parameters during the rest of the trial were 12.1 ± 0.2°C, 7.4 ± 0.3 and 9.5 ± 0.2 mg L–1. Ammonia and nitrite were ≤0.07 and 0.14 mg L–1, respectively. Ammonia and nitrites were measured twice per week by means of a portable spectrophotometer (LOVIBOND MD600, Tintometer GmbH, Germany) using the Vario Ammonia Salicyklate F 10 mL (Tintometer GmbH, Germany) and Nitriver® 3 Nitrite reagent (Permachem® Reagent, HACH Lange, GmbH) assays. The photoperiod during the smolt stage was 24 h light: 0 h darkness. The illumination system for the smolt phase consisted of a led illumination system (Celer, Spain) with a light temperature of 4.000 K and light intensity of 1.540 lumens. At the end of the trial, all fish were netted, anesthetized with MS-222 as previously described and individually weighted.



Pathogenic Bacterial Challenge

At the end of the nutritional trial, smolts fed both diets were exposed to a bacterial challenge with the causative agent of furunculosis (A. salmonicida subsp. salmonicida). The internal coding for this pathogenic bacterial strain is IRTA-17-44, a strain available for courtesy of HIPRA (Amer, Spain). In brief, the bacterial inoculum was grown on TSA at 23.0 ± 1.0°C for 48 h. The inoculum was prepared to an optical density (OD) = 1.2 measured at λ = 550 nm, which corresponded to 1 × 108 CFU mL–1. The bacterial suspension was ten-fold serially diluted in sterile PBS to prepare the desired inoculum density, which was confirmed by CFU’s plate counting. Prior to the challenge trial, the lethal dose of 50% (LD50) for A. salmonicida was determined for the experimental conditions established. For this purpose, thirty smolts (n = 10 per dose) were intraperitoneally injected (0.2 mL) at three different concentrations of the pathogenic bacteria (1 × 106, 1 × 107 and 1 × 108 CFU mL–1). Ten additional fish were injected with PBS as methodological control. The LD50 was established at 1 × 107 CFU mL–1 (data not shown). For the challenge trial, 32 Atlantic salmon smolts (BW = 194.0 ± 29.1 g) per each dietary treatment were randomly distributed1 into quadruplicate tanks (4 tanks per dietary treatment), with eight fish per tank (stocking density = 14–16 kg m–3). During the acclimation period (5 days), fish were fed ad libitum with the same experimental diets used in the nutritional assay. After acclimation, fish were anesthetized and IP injected with 0.2 mL of 107 CFU/mL of A. salmonicida (IRTA-17-44).

Both the establishment of the A. salmonicida LD50 and the challenge trial were performed at IRTA’s biosafety challenge room, in 32 cylindrical tanks (100 L) connected to a RAS unit (IRTAmar®) equipped with real-time control of oxygen and temperature, mechanical filtration, biofiltration, and ultraviolet disinfection of the water. The outflow water was chlorinated, followed by ozone treatment before being discharged. Water quality conditions in terms of temperature and salinity were 13.1 ± 1.1°C and 32.3 ± 0.4 ppt, respectively. Mortality occurring after the first 12 h post-injection (hpi) was considered to be induced A. salmonicida rather than handling stress, since no mortality was found in the control group injected with PBS.

During the duration of the challenge (12 days), smolts were supervised every 2 h, six times per day, including weekends. Following the ethical guidelines for the use of animals in research, when fish became moribund, they were euthanized with an overdose of MS-222 (>150 mg L–1). At the end of the challenge, all fish were sacrificed following the same procedure. A species-specific PCR (Beaz-Hidalgo et al., 2008) was performed from DNA of bacterial colonies recovered from head kidney smears of all moribund fish in order to confirm the cause of death. For this purpose, animals were aseptically dissected and a sample from the head kidney was taken and plated on TSA, incubated at 23°C for 72 h. Confluent pure bacterial growth was found from all samples, from which A. salmonicida was confirmed by means of PCR as described in Salomón et al. (2021b).



Transcriptional Analysis


RNA Isolation and Quality Control

At the end of the nutritional assay, three fish from each tank (n = 18 fish per diet) were sacrificed with an overdose of MS-222 (>150 mg L–1). Then, head kidney was removed and fixed in RNAlater® (Sigma-Aldrich, Sant Louis, MO, United States), incubated overnight (4°C), and stored at −80°C. Total RNA from the head kidney of individual fish was extracted using TRI reagent (Sigma-Aldrich, Sant Louis, MO, United States) following the guidelines provided by the manufacturer. Total RNA concentration and purity were quantified using a Nanodrop-2000® spectrophotometer (Thermo Scientific™, United States) and stored at −80°C for further analysis. To check RNA integrity, samples were diluted (133.33 ng μL–1) and the RNA Integrity Number (RIN) determined by means of an Agilent 2100 Bioanalyzer (Agilent Technologies, Spain). Only samples with a RIN value higher than 8.5 were selected for further microarray analysis. For each dietary group, we used for microarray analysis three head kidney pooled samples. Each pool consisted of one fish from each tank replicate (n = 18 fish per dietary group); thus, data regarding individual variability was lost with this analysis.



Microarray Design and Analysis

Gene expression analysis from head kidney samples was performed using the custom-commercial Salmo salar oligonucleotide microarray platform (AMADID 084881; Gene Expression Omnibus (GEO) access number: GPL28080; Agilent Technologies, United States). Data from this study are available in the GEO accession number GSE184485.

RNA handling and the microarray analysis of samples were conducted as described by Salomón et al. (2021b). Total RNA (200 ng) was reverse transcribed (Agilent One-Color RNA spike-in kit; Agilent Technologies) and used as a template for Cyanine-3 (Cy3) labeled cRNA synthesis and amplification (Quick Amp Labeling kit, Agilent Technologies). The RNeasy micro kit (Qiagen) was used for cRNA purification. Dye incorporation and cRNA yield were checked with the NanoDrop ND-2000® spectrophotometer. Then, Cy3-labeled cRNA (1.5 mg) with specific activity >6.0 pmol Cy3/mg cRNA was fragmented (60°C, 30 min), and then mixed with the hybridization buffer and hybridized to the array (ID 084881, Agilent Technologies) at 65°C for 17 h (Gene expression hybridization kit; Agilent Technologies). The microarray was washed as indicated by the manufacturer (Gene expression wash buffers; Agilent Technologies), followed by the application of stabilizing and drying solutions (Agilent Technologies). Microarray slides were scanned (Agilent Technologies Scanner, model G2505B) and spot intensities and other quality control features were extracted with Agilent’s Feature Extraction software version 10.4.0.0 (Agilent Technologies). Quality reports were checked for each array. The identification of differentially expressed genes was done as described by Reyes-López et al. (2015). Data processing and mining were performed by means of the package STARS (NOFIMA, Norway) (Krasnov et al., 2011). Lowess normalization of log2-expression ratios (ER) was performed after removing the low-quality spots formerly identified. The selection of differentially expressed genes (DEGs) was done considering the difference between both diets following an unpaired t-test (P < 0.05).



Functional Network Analyses: Transcripteractomes

The transcripteractome analysis was conducted according to Reyes-López et al. (2021) using the Search Tool for the Retrieval of Interacting Genes (STRING) public repository version 10.02 (Szklarczyk et al., 2019). A protein-protein interaction (PPI) network for DEGs was done with a high-confidence interaction score (value = 0.4). The mechanisms of response in which DEGs are involved were obtained from a comparative analysis using Homo sapiens as a reference organism. Thus, an H. sapiens acronym was assigned based on S. salar transcript annotation using Uniprot (2019) and Genecards (Stelzer et al., 2016) databases. When genes with no annotation match were found for Atlantic salmon, we assigned an orthologue H. sapiens Entrez Gene based on the homology between sequences using the best tBlastX (NCBI) hit. Matches with at least E value ≤ 1e–10 were only considered, whereas the Uniprot and Genecards databases were used to confirm the match of the gene acronym tag between both species. Gene ontology (GO) pathway enrichment analysis for biological processes (GO_BiologicalProcess-EBI-UniProt-GOA-ACAP-ARAP_10.11.2020_00h00) was obtained using ClueGO v2.5.7 (Bindea et al., 2009) through Citoscape 3.8.2 (Shannon et al., 2003). The enrichment and depletion of GO categories (two-sided hypergeometric test; P < 0.05) using the Benjamini-Hochberg correction. Furthermore, a GO Fusion was run in order to avoid redundant terms with a Kappa Score Threshold of 0.4 in order to propose more stringent GO terms associated to the mechanism of response for the MPLE diet. GO terms grouping was performed when the sharing group’s percentage was above 50 (P < 0.05). The statistically significant GOs obtained from the enrichment analysis were assigned to each one of the nodes represented in the functional network. The ClueGo v2.5.7 a Cytoscape plug-in was used for visualizing nodes classified in different clusters based on their functionality. Hub genes of PPI networks were calculated by Cytoscape plug-in, cytoHubba (version 0.1), predicted the top 10 nodes using analysis algorithms including Maximum Clique Centrality (MCC; Chin et al., 2014).




Ethics Statement

Experimental procedures were conducted following the Guiding Principles for Biomedical Research Involving Animals (EU2010/63) and the guidelines of the Spanish laws (law 32/2007 and RD 1201/2015) and authorized by the Ethical Committee of IRTA (FUE-2020-01314717).



Statistics

Data in terms of somatic growth performance was compared between the control and the MPLE diets by means of a t-test (P < 0.05). Regarding the bacterial challenge, mortality rates were registered in both groups and data were depicted using Kaplan–Meier survival curves (Kaplan and Meier, 1958). Survival rates were calculated using the Mantel–Cox log-rank test. All the statistical analyses were conducted using SPSS for Windows® (version 15.0, SPSS Inc., Chicago, IL, United States). The Heatmapper server was used for constructing the hierarchical heatmap of DEGs (Babicki et al., 2016).




RESULTS


Survival and Growth Performance

At the end of the study, no significant differences in survival were found between Atlantic salmon smolts fed the control (98.9 ± 1.9%) and MPLE (99.4 ± 1.3%) diets (P > 0.05). Smolts fed the MPLE diet (271.5 ± 7.9 g) were 11.5% heavier than those fed the control diet (240.2 ± 19.3 g) (P < 0.05). Values of FCR were lower in fish fed the 0.1% MPLE diet (1.08 ± 0.05) than in those fed the control diet (1.27 ± 0.08) (P < 0.05).



Head Kidney Transcriptomic Results

A total of 1,178 DEGs were found in the head kidney of smolts fed the MPLE diet compared to the control group (Figure 1). The complete list of DEGs may be found in Supplementary Table 1. Most of the upregulated genes (n = 523) were found within the 0.8 < log2 absolute fold-change (| log2 FC|) < 1.4 interval. In addition, 243 genes were identified in the 1.4 < | log2 FC| < 2.5 interval, 35 transcripts in the 2.5 < | log2 FC| < 5.0, and only one single gene in the | log2 FC| > 5.0. Regarding downregulated genes, 289 transcripts were found in the 0.8 < | log2 FC| < 1.4 interval; other 76 transcripts were grouped in the 1.4 < | log2 FC| < 2.5 interval, whereas only 11 DEGs were included in the 2.5 < | log2 FC| < 5.0 expression interval. The detailed analysis of gene absolute log2 fold-change (| log2 FC|) revealed that genes were mostly upregulated in fish fed the MPLE diet (68.1% of DEGs), while its gene modulation was moderate in terms of FC intensity (Figure 1A). Results from the PCA are shown in Figure 1B, whereas those related to the hierarchical clustering heatmap of DGEs from both diets are depicted in Figure 1C.
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FIGURE 1. Differential expression analysis of the Atlantic salmon (S. salar) head kidney transcriptomic response to MPLE diet. (A) Distribution (pie-chart) of the differential expressed genes (DEGs) obtained from the microarray-based transcriptomic analysis response fed a diet supplemented with phytochemicals from sage and lemon verbena. Absolute log2 fold-change (log2 FC) indicates the magnitude interval of response. (B) Principal component analysis (PCA) of the DEGs for the Atlantic salmon head kidney in response to the control (purple node) and phytogenic-supplemented diet (green node). (C) Hierarchical clustering of the Atlantic salmon head kidney transcriptomic response for the control and MPLE diet, based on similitude patterns of the DEGs detected from three sample pools per dietary group. Data of the six microarrays are depicted. The normalized intensity values (log2) obtained for each microarray analyzed for control (replicate 1, 2, and 3) and MPLE group (replicate 1, 2, and 3) are shown.




Enrichment Analyses and Transcripteractome Results

The analysis of the transcripteractome showed the presence of thirty-four clusters (Table 2). The complete list of them is detailed in Supplementary Table 2. Among them, eleven clusters were identified with only one-single node, four clusters were constituted by two nodes, four clusters by three nodes, and four clusters by four nodes (Figure 2). Only one cluster was identified composed by five (GO:0042770: “signal transduction in response to DNA damage”), six (GO:0007492: “endoderm development”), seven (GO:0071901: “negative regulation of protein serine/threonine kinase activity”), and nine nodes (GO:0043122: “regulation of I-kappaB kinase/NF-kappaB signaling”). Other seven clusters contained more than ten nodes, including the “activation of cysteine-type endopeptidase activity involved in apoptotic process” (GO:0006919; eleven nodes), “response to organonitrogen compound” (GO:0010243; eleven nodes), “leukocyte activation involved in immune response” (GO:0002366; thirteen nodes), “intracellular signal transduction” (GO:0035556; thirteen nodes), “Autophagy” (GO:0006914; sixteen nodes). Importantly, two clusters registered more than thirty nodes including the “regulation of DNA-binding transcription factor activity” (GO:0051090; thirty-seven nodes), and the “actin filament organization” (GO:0007015; forty-one nodes) (Figure 2).


TABLE 2. List of the 34 total clusters related to representative biological processes identified by the transcripteractome in Atlantic salmon smolts fed the MPLE diet.
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FIGURE 2. Functional enrichment network analysis for biological processes based on the total number of differential expressed genes (DEGs) in head kidney of Atlantic salmon smolts fed the MPLE-supplemented diet. Each node represents a specific enriched biological process from the total number of DEGs. Each color indicates a cluster of closely related biological processes. The lines into the cluster indicated a closed relationship between biological processes. The details of each node are shown in Supplementary Table 2.


Through plugin cytoHubba in Cytoscape software, we evaluated the degree and betweenness centrality in the PPI network and screening the hub genes. Thus, the top ten hub genes with a high level of correlation for the selected clusters related to immunity and obtained from the enriched biological functions were selected for further consideration. From the “Antigen processing and presentation of peptide antigen via MHC class II”, we identified six upregulated transcripts (hla-dqa1, cd74, ctsl, ctsd, kif23, dync1li2) and four downregulated hub genes (klc1, hla-dmb, kif2a, sptbn2) (Figure 3A). Considering the cluster “Interferon-gamma-mediated signaling pathway”, among the top 10 hub genes, six transcripts were upregulated (camk2α, hla-dqa1, trim21, trim22, med1, trim68), and four of them downregulated (jak1, jak2, tp53bp1, ncam1) (Figure 3B). For the cluster “Regulation of I-kappaB kinase/NF-kappaB signaling”, we identified five upregulated transcripts (notch1, cebpb, smad3, sirt1, cd40), and five others were downregulated (gapdh, jak2, spi1, smad4, brd4) (Figure 3C). Considering the cluster “Leucocyte activation involved in immune response”, most of the hub genes were upregulated (fn1, notch1, grb2, rac2, rdx, ezr, smad3, abl1) compared to the two downregulated hub genes (actb, jak2) (Figure 3D). Regarding the cluster “Cytoskeleton organization”, seven hub genes were upregulated (fn1, notch1, itgb4, itgb5, itga11, col2a1, col4a5), and three downregulated (actb, gapdh, itga10) (Figure 3E). Considering the cluster “Regulation of cellular protein metabolic process”, just three genes were upregulated (fn1, irs1, sirt1), whereas seven genes showed a downregulation (actb, gapdh, jak2, ptpn1, jak1, smad4, insr) (Figure 3F). The “Cellular biosynthetic process” cluster showed also ten hub genes. From them, seven genes were upregulated (rps6, rpl19, rpl26, rpl12, rps7, rps17, dock4), and three of them were downregulated (rps10, rpl3l, eef1d) (Figure 3G). For the GO “Autophagy,” five genes were upregulated (sirt1, prkaa2, slc38a9, trim21, abl1), and other five genes were downregulated (gapdh, ube2v1, ube2n, tp53bp1, gba) (Figure 3H).
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FIGURE 3. Hub genes in each of the cluster terms identified from the enriched biological functions in the head kidney of Atlantic salmon smolts fed the MPLE supplemented diet. The principal cluster shows the ten-hub genes and the closest neighbor’s genes for each network. The color intensity from yellow to red (i.e., yellow, orange, red) represents the degree of the hub gene (i.e., the relevance degree) in each network, being red those most relevant hub genes. (A) Antigen processing and presentation of peptide antigen via MHC class II. (B) Interferon-gamma-mediated signaling pathway. (C) Regulation of I-kappaB kinase/NF-kappaB signaling. (D) Leucocyte activation involved in immune response. (E) Cytoskeleton organization. (F) Regulation of cellular protein metabolic process. (G) Cellular biosynthetic process. (H) Autophagy.




Bacterial Challenge Test

Results regarding the Kaplan-Meier survival rates curves of Atlantic salmon smolts injected intraperitoneally with A. salmonicida (1 × 107 UFC mL–1) showed significant differences between the control and MPLE diets (Figure 4; P < 0.05). Smolts fed the MPLE diet showed higher survival rates (90.6 ± 6.4%, mean ± standard deviation) compared to those smolts fed the control diet (60.7 ± 13.5%).
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FIGURE 4. Results of the bacterial challenge conducted in Atlantic salmon smolts intraperitoneally injected with 107 CFU mL–1 of A. salmonicida. Kaplan-Meier (KM) survival curves (%) for Atlantic salmon smolts intraperitoneally injected with A. salmonicida subsp. salmonicida (107 CFU mL–1) during the 12 days challenge trial period. Data correspond to the mean ± standard error (4 replicates tanks per experimental diet; n = 8 fish per tank).





DISCUSSION

Nowadays, transcriptome-based functional network analyses on teleost fish fed functional feeds have gained attention, since they provide further insight into the mode of action of zootechnical additives with immunomodulatory properties on the host (Firmino et al., 2021a; Reyes-López et al., 2021; Salomón et al., 2021a,b). In this sense, this study was performed to gain insight into the potential immunomodulatory, disease resistance, and other biological effects of a phytogenic feed additive obtained from sage and lemon verbena in Atlantic salmon smolts. These bioactive compounds were chosen due to their health and growth-promoting properties in aquatic species (Elumalai et al., 2020; Salomón et al., 2020, 2021a) and screened as a potential additive for a functional feed in order to promote host’s immunity and enhance disease resistance. In this context, we found that the inclusion of MPLE at 0.1% in Atlantic salmon smolts exerted a positive effect on somatic growth, being fish fed the diet containing the MPLE 11.5% heavier than the control group. Similar results have been observed in higher vertebrates (Corino et al., 2007; Pastorelli et al., 2012; Casamassima et al., 2013) and in fish species like gilthead sea bream fed the same feed additive (Salomón et al., 2020) and other species like rainbow trout or beluga fed functional diets containing sage and/or lemon verbena phytogenics (Sönmez et al., 2015; Dadras et al., 2020). These findings might be partially attributed to the potential effects of triterpenoid compounds, such the ursolic acid, which has been reported to promote muscular growth by the hypertrophy of muscular fibers in mice (Kunkel et al., 2012) and rainbow trout (Fernández-Navarro et al., 2006). Furthermore, the growth-promoting effects of polyphenolic compounds like verbascoside present in L. citriodora have also been observed in several studies (Corino et al., 2007; Pastorelli et al., 2012; Casamassima et al., 2013).


Regulation of Cellular Protein Metabolic and Cytoskeleton Organization

The transcripteractome results showed the enrichment of the biological processes related to “Regulation of cellular protein metabolic process (GO:0031323)”, “Positive regulation of metabolic process (GO:0009893)”, and “Regulation of catabolic process (GO:0009894)”. The identification of the above-mentioned biological processes in the head kidney of smolts fed the functional diet may be attributed to their higher somatic growth performance, which in turn may increase the metabolism of the body, and in particular, that of this lymphoid tissue (Shved et al., 2011; Khansari et al., 2017), as different gene expression patterns between both dietary groups indicated. For instance, among several hub genes identified by the cytoHubba analysis tool (Chin et al., 2014), sirt1 was one of the hub genes that showed upregulation in the cluster named “Regulation of cellular protein metabolic”. In mammals, its protein product (Sirtuin 1) play a vital role in metabolism as a mediator of endocrine function of several hormones modulating energy balance (Quiñones et al., 2014). Thus, our results are also in accordance with those of Lagouge et al. (2006) and Milne et al. (2007), who reported an upregulation of sirt1 due to the dietary administration of resveratrol, a natural polyphenol found in several plants; results that confirmed the role of sirtuin 1 as key regulator of energy and metabolic homeostasis. Other hub genes related to “Regulation of cellular protein metabolic” process were the insulin receptor substrate 1 (irs1) and insulin receptor (insr), both transcripts were upregulated in the head kidney of smolts fed the MPLE diet. Their protein products are known as insulin receptor substrates, which are mediators of insulin signaling, and have a significant role in maintaining growth and metabolic cell functions (Caruso and Sheridan, 2011; Shved et al., 2011). This is relevant since insulin plays a fundamental role in the regulation of somatic growth and metabolism of all vertebrates (Hernández-Sánchez et al., 2006). Thus, the upregulation of genes associated to insulin receptors reinforces the hypothesis of a growth-promoting effect of the tested MPLE in Atlantic salmon smolts.

The cytoskeleton is the cellular structure that helps cells maintain their shape and internal organization; in particular, it spatially organizes the contents of the cell; it connects the cell physically and biochemically to the external environment; and it generates coordinated forces that enable the cell to move and change shape while providing cellular homeostasis and survival (Fletcher and Mullins, 2010). In this sense, we found the modulation of transcripts associated to the biological process “Cytoskeleton organization (GO:0007010)”. Interestingly, several genes related to cell structure and morphogenesis (extracellular matrix and cytoskeleton) presented a higher expression level in fish fed the MPLE-supplemented diet. Among the structural genes, several components of the extracellular matrix and cytoskeleton organization were upregulated in fish fed the MPLE diet, including genes of the integrin family (itgb4, itgb5, itga10, itga11) and fibronectin (fn1). In this context, itgb4, itgb5, itga10 and itga11 were identified as hub genes. Integrins link the extracellular matrix to the cytoskeleton, regulating signal transduction pathways intracellularly (Hynes, 2002). Furthermore, integrins also participate in the immune response (Han et al., 2016). Particularly, the upregulation of fn1, whose protein product (Fibronectin 1) is an important acute phase protein required for the protection and repair of the extracellular matrix (Jessen, 2015). Even more interesting, it has been shown that there is an interaction between fibronectin and integrins, which may induce cytoskeleton reorganization, focal adhesion formation, and importantly, cell-generated tension to unfold cryptic fibronectin, which is critical for fibronectin matrix assembly (Xu and Mosher, 2011).



Immunomodulatory Effects of the Dietary Medicinal Plant Leaf Extract

The GO enrichment analysis of all DEGs indicated that the biological processes related to immunity in smolts were significantly modulated by the tested phytogenics in the head kidney, which were consistent with previous results on this additive at systemic and local levels (Salomón et al., 2020, 2021a). This organ undertakes immune functions similarly to the mammalian bone marrow, i.e., hematopoiesis (Tort, 2011). In addition, the head kidney in fish is a basic organ forming blood elements; thus, it is potentially useful for identifying new immune-related genes (Gerdol et al., 2015). The immunomodulatory action at cellular and humoral levels of the tested phytogenic in the head kidney of Atlantic salmon smolts is further discussed as follows.


Antigen Processing and Presentation of Peptide Antigen via MHC Class II

Diet supplemented with MPLE modulated several biological processes related to immune effector cells in Atlantic salmon smolts. One of them was the cluster “Antigen processing and presentation of peptide antigen via MHC class II (GO:0002495)”. Antigen processing and presentation are essential for triggering cellular and humoral immune responses, which are mediated by T and B lymphocytes (Vyas et al., 2008). Thus, one of the major functions of MHC Class II molecules is presenting antigens derived from extracellular proteins for their recognition by CD4+ T cells, being critical for the initiation of the antigen-specific immune response (Yagamuchi and Dijkstra, 2019). Furthermore, the α-and β-chain of MHC class II molecules are synthesized in the endoplasmic reticulum and associated with the class II invariant chain (also known as CD74) for proper folding, trafficking, and providing protection of the antigen-binding groove (Bryant and Ploegh, 2004). In our study, cd74 was upregulated in fish fed the MPLE-supplemented diet. This gene is a cell-surface receptor for the cytokine known as macrophage migration inhibitory factor (MIF), which plays a specific role as an important component in the functional presentation of MHC class II restricted antigens (Gil-Yarom et al., 2017; Wang et al., 2017). Similar results regarding cd74 expression were observed in virus-challenged Atlantic salmon, results that were correlated to an increased resistance to pancreas disease caused by salmonid alphavirus (Hillestad et al., 2020). In addition, several other genes like hla-dqa1, ctsl, ctsd, kif23, and dync1li2 were upregulated in the cluster associated to this biological process. The major histocompatibility complex, class II, DQ alpha 1 (hla-dqa1), which is one of the MHC Class II family members was one of the upregulated hub genes involved in the above-mentioned cluster. This gene plays a central role helping the immune system to distinguish the host’s own proteins from proteins made by viruses and bacteria (Lipton et al., 2011). This is of special relevance since proteins produced by the MHC class II are presented to the immune system, and if the immune system recognizes these peptides as foreign, it triggers a response to attack the invading viruses or bacteria (Mack et al., 1999). Furthermore, other hub genes like those belonging to the cathepsin family were also differentially transcribed between both experimental groups. This family of proteins are known to play important roles in antigen processing and presentation through the MHC II complex, being involved in adaptive immune responses (Conus and Simon, 2010). Under present experimental conditions, two cathepsins (ctsd, ctsl) were upregulated in smolts fed the phytogenic-supplemented diet. Cathepsin D (ctsd) is a lysosomal endoproteolytic aspartic proteinase that is involved in the presentation of antigenic peptides (Deussing et al., 1998), among other functions (Benes et al., 2008). It has also been shown that deficiency in cathepsin D may cause a delay in the innate immune response during both bacterial infection and septic shock (Cha et al., 2012). Similar to cathepsin D, cathepsin L is also described to be important in the innate response of teleost, playing key roles in host immune defense via the antigen processing and presentation, through the MHC II-associated presentation and regulation of CD4+ T lymphocyte (Chen et al., 2020). Therefore, our data indicated that the regulation of several genes related to the antigen processing and presentation of peptide antigen via MHC class II pathway suggested that the tested phytogenics might be involved in the regulation of lymphocytes activity trough above-mentioned hub genes; thus, suggesting the stimulation of both innate and adaptive immune responses.



Interferon Gamma Mediated Signaling Pathway and Autophagy

As it was previously discussed, the dietary administration of MPLE modulated the biological process linked to “Antigen processing and presentation of peptide antigen via MHC class II”. Interestingly, interferon gamma (IFN-γ) signaling has been shown to influence the entire process of antigen processing and presentation by inducing MHC class II; thus, contributing to immunity through the enhancement of pathogen-specific T cell responses (Decker et al., 2005). IFN-γ is mainly produced by activated T cells, natural killer cells, and antigen-presenting cells and it acts on many types of immune cells, regulating both innate and cell-mediated immune responses (Araki et al., 2013). Thus, IFN-γ plays critical roles not only in orchestrating both innate and adaptive immune responses against viruses and bacteria, but also in promoting inflammation (Zou and Secombes, 2011). Although, the activities mediated by this molecule are well known in mammals, several aspects of the IFN-γ system in teleosts remain a riddle to scientists (Pereiro et al., 2019). Recently, Hu et al. (2021) have demonstrated that the number of IFN-γ producing cells increased in rainbow trout challenged with A. salmonicida, results that were associated to an enhanced immune protection. These results may be of particular relevance under the present experimental condition, since Atlantic salmon smolts fed the MPLE diet showed higher survival rates (90.6 ± 6.4%) in comparison to those fed the control diet (60.7 ± 13.5%). Furthermore, another hub gene of relevance found in this biological process is the calcium/calmodulin-dependent protein kinase II alpha (camk2α). This gene is involved in the production of cytokines such interleukin-6, tumor necrosis factor-α and interferons in macrophages (Liu et al., 2008). In addition, the interaction between two other hub genes such janus kinase 1 (jak1) and janus kinase 2 (jak2) are required for association with the IFN-γ receptor chains and downstream signaling. Jak kinase function encompassed components of diverse signal transduction pathways that govern cellular survival, proliferation, differentiation, and apoptosis (Rane and Reddy, 2000; Yamaoka et al., 2004), being involved from disease resistance to maintaining immune tolerance (Villarino et al., 2015).

Another biological process that was modulated by the tested feed additive is “Autophagy” (GO:0006914), which is also modulated by IFN-γ (Pereiro et al., 2019). Autophagy is a highly conserved pathway that plays an important role in cellular physiology, adaptive responses to stress, and the immune response (Kuballa et al., 2012). Autophagy as a defense mechanism in teleost in front of intracellular bacterial and viral infections has been well documented (Meijer and van der Vaart, 2014; Pereiro et al., 2017, Yin et al., 2021). In this way, our results showed that “Autophagy (GO:0006914)” was regulated in the head kidney of the Atlantic salmon fed with the functional diet. According to the existing literature, studies have reported that autophagy as well as IFN-γ play a specific role against opportunistic pathogens such as Aeromonas spp. in farmed fish (Pereiro et al., 2016; Yin et al., 2021); thus, opening the possibility to understanding and relating our results to the increase in disease resistance obtained from the bacterial challenge. For instance, Pereiro et al. (2016) reported a reduction in mortality in turbot (Scophthalmus maximus) when they were challenged with A. salmonicida. These results were attributed to the effect of IFN-γ in bacterial infections, and the participation of this protein in the inflammatory response (Pereiro et al., 2016). On the other hand, Yin et al. (2021) was able to demonstrate the role of autophagy in grass carp (Ctenopharyngodon idella) monocytes/macrophages, which lead to a promote innate defense against Aeromonas hydrophila.



Regulation of I-kappaB Kinase/NF-kappaB Signaling

NF-κB is an important factor for the maintenance of the immune homeostasis, by modulating the transcription of a diverse group of genes involved in many biological processes such as development, immunity, apoptosis, and cell differentiation in different cell types such as B and T cells, monocytes, chemokines, cytokines, among others (Dorrington and Fraser, 2019). In our study, we observed a modulation of the biological process “Regulation of I-kappaB kinase/NF-kappaB signaling (GO:0043122)”. This modulation is in line with a recent study from our group, in which we demonstrated that a phytogenic feed additive from the olive fruit (Olea europaea), with biochemical and functional properties similar to MPLE, was also able to modulate biological process such as “Regulation of I-kappaB kinase/NF-kappaB signaling” (Salomón et al., 2021b).

Among the DEGs participating in this GO, the hub gene notch receptor 1 (notch1) is of special relevance. NOTCH proteins are transmembrane receptors of critical importance for several biological functions (Shin et al., 2014). In particular, notch1 upregulates the expression of the cytokine IFN-γ in T cells through activation of NF-κB (Shin et al., 2014), which highlights the connection between NF-κB and IFN-γ biological processes. Moreover, we found another hub gene which is involved in the regulation of the NF-κB pathway; in particular, CCAAT enhancer-binding protein beta (cebpb) was upregulated in the head kidney of Atlantic salmon smolts fed the MPLE-supplemented diet. This gene has been well documented in direct association with NF-κB, whose function has been associated to the activation of pro-inflammatory mediators, such as chemokines, being also involved in migration, maturation, and activation of immune cells (Rebl et al., 2014). Last but not least, it has been demonstrated that the hub gene named cd40 and its protein product (TNF receptor superfamily member 5), which is upregulated in our study, has been shown to be capable of stimulating the NF-κB pathway, as well as playing an essential role for the cooperation of T and B cells in responses to protein antigens (Gong et al., 2009; Hayden and Ghosh, 2014).



Leukocyte Activation Involved in Immune and B Cells Signaling Response

A successful immune response involves the tight control of a wide repertoire of processes such the leukocyte-mediated cells, among others (Rieger and Barreda, 2011). Leukocyte activation is mediated by several signaling pathways that interact to produce changes in binding protein affinity on the surface of neutrophils that mobilize the cytoskeleton for chemotaxis and phagocytosis, ultimately triggering a respiratory burst and degranulation (Rieger and Barreda, 2011). In our study, the “Leukocyte activation involved in immune response (GO:0002366)” was enriched. In this context, eight of the ten hub genes related to leukocyte activation (fn1, notch1, grb2, rac2, rdx, ezr, smad3, abl1) were upregulated. Similarly, a modulation of immune-related GOs such as “Leukocyte activation involved in immune response” were enriched in Atlantic salmon smolts fed a feed additive AQUOLIVE® as we mentioned above from a phytogenic derived from olive (O. europaea) fruit with similar biochemical and functional properties to the MPLE phytogenic tested in the current study (Salomón et al., 2021b). For instance, notch1 a gene we have previously discussed highlighting its connection between NF-κB and IFN-γ as biological processes that have a key role in the differentiation of granulocytes, macrophages, and dendritic cells (Schroeder et al., 2003; Monsalve et al., 2009). This is relevant since, granulocytes, macrophages, dendritic cells, and B cells are recognized as a critical component of the innate and adaptive immunity against pathogens (Secombes and Wang, 2012). These results are in agreement with our transcriptomic data, since biological processes like “Neutrophil mediated immunity (GO:0002446)” and “Lymphocyte activation involved in immune response (GO:0002285)” were also enriched. In addition, we also found the upregulation of rac2 among hub genes. In teleosts, RAC2 (Rac family small GTPase 2) is a member of the Rho family that plays an important role in the host defense-mediated neutrophil response, which is a critical first step in innate immunity (Deng et al., 2011; Tell et al., 2012). Moreover, loss of RAC2 activity has been shown to cause severe bacterial infections and deficits in neutrophil function in humans and mice (Tell et al., 2012).

Furthermore, some of these genes involved in the GO “Leukocyte activation involved in immune response” were also associated with the innate and adaptive immunity modulated by the MPLE-supplemented. For instance, fish fed with the MPLE diet showed an increase of the expression in the growth factor receptor bound protein 2 (grb2), which is an essential signal integrator that can interact with multiple genes to regulate signal transduction; thus, playing an important role in regulating B cells activation (Neumann et al., 2009). This is relevant, as B cell activation is essential the development of an effective antigen-specific humoral immune response (Scapigliati et al., 2018). Moreover, two hub genes (rdx, ezr), which are part of the family of proteins called ezrin-radixin-moesin (ERM), were also upregulated in our study. Several studies have demonstrated that ERM proteins are involved in the regulation of B cell function under healthy and disease conditions (Pore and Gupta, 2015). Therefore, the upregulation of these two genes, rdx and ezr, might confirm the immunomodulatory properties of the MPLE in Atlantic salmon. Therefore, the regulation of genes involved in leukocyte activation and B cells might suggest an increased systemic specific immune capacity promoted by the tested phytogenic feed additive. Thus, our transcriptional analysis seemed to indicate that the tested phytogenic activated leukocytes, which would promote host’s disease resistance as the in vivo challenge with a pathogenic bacteria confirmed.





CONCLUSION

Phytogenics obtained from sage and lemon verbena included at 0.1% in diets promoted somatic growth and improved FCR in Atlantic salmon smolts. In addition, data from the microarray analysis of the head kidney samples indicated this feed additive enhanced the host’s systemic immune response through the transcriptional regulation of innate immunity processes like leukocytes’ activation. We showed that other pathways related to immunity were also enhanced by the tested functional feed additive, such as interferon-gamma-mediated signaling pathway, antigen processing and presentation of peptide antigen via MHC class II, autophagy, and regulation of i-kappaB kinase/NF-kappaB, promoting disease resistance when challenged with A. salmonicida. Altogether, this study indicated that the tested feed additive promotes systemic immunity and protects Atlantic salmon smolts against bacterial infections like A. salmonicida. According to these findings, we suggest that the combination of current vaccination practices coupled with the administration of MPLE may be a good strategy against furunculosis in salmonids. Furthermore, this phytogenic may be also of interest for other marine species like European sea bass (Dicentrarchus labrax) also suffering from emerging A. salmonicida infections in the Mediterranean basin.
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Effect of Greater Duckweed Spirodela polyrhiza Supplemented Feed on Growth Performance, Digestive Enzymes, Amino and Fatty Acid Profiles, and Expression of Genes Involved in Fatty Acid Biosynthesis of Juvenile Common Carp Cyprinus carpio

Avanish Kumar Shrivastav1, Guddu Kumar2, Prabhat Mittal3, Douglas R. Tocher4,5, Brett D. Glencross4, Rina Chakrabarti2 and JaiGopal Sharma1*

1Department of Biotechnology, Delhi Technological University, New Delhi, India

2Aqua Research Lab, Department of Zoology, University of Delhi, New Delhi, India

3Satyawati College, University of Delhi, New Delhi, India

4Institute of Aquaculture, Faculty of Natural Sciences, University of Stirling, Stirling, United Kingdom

5Guangdong Provincial Key Laboratory of Marine Biotechnology, Shantou University, Shantou, China

Edited by:
Songlin Li, Shanghai Ocean University, China

Reviewed by:
Omid Safari, Ferdowsi University of Mashhad, Iran
Sudhir Garg, Chaudhary Charan Singh Haryana Agricultural University, India
Jingjing Tian, Chinese Academy of Fishery Sciences, China

*Correspondence: JaiGopal Sharma, sharmajaigopal@yahoo.com

Specialty section: This article was submitted to Marine Fisheries, Aquaculture and Living Resources, a section of the journal Frontiers in Marine Science

Received: 02 October 2021
Accepted: 03 January 2022
Published: 14 February 2022

Citation: Shrivastav AK, Kumar G, Mittal P, Tocher DR, Glencross BD, Chakrabarti R and Sharma JG (2022) Effect of Greater Duckweed Spirodela polyrhiza Supplemented Feed on Growth Performance, Digestive Enzymes, Amino and Fatty Acid Profiles, and Expression of Genes Involved in Fatty Acid Biosynthesis of Juvenile Common Carp Cyprinus carpio. Front. Mar. Sci. 9:788455. doi: 10.3389/fmars.2022.788455

The greater duckweed Spirodela polyrhiza (Lemnaceae) is a free-floating freshwater macrophyte. The effect of dietary inclusion of duckweed in the feed of common carp Cyprinus carpio fry was evaluated. The control feed (SP0) contained soybean meal as the primary protein source. In four experimental feeds, greater duckweed was incorporated at levels of 5% (SP5), 10% (SP10), 15% (SP15), and 20% (SP20) replacing soybean meal. Broken-line regression showed that incorporation of greater duckweed at 10 and 13.4% levels were the breakpoint for final weight and specific growth rate (SGR) of fish, respectively. The final weight and SGR of common carp fed diet SP20 were significantly higher compared with those of others. The feed conversion ratio was lowest in SP20 treatment. The inclusion of greater duckweed in the fish feeds showed linear relationships with amylase, trypsin, chymotrypsin, and lipase activities. The content of crude protein was significantly higher in SP10, SP15, and SP20 treatments compared with that of others. Significantly higher crude lipid and ash contents were found in SP20 diet-fed fish compared with other diet-fed fish. The essential amino acids composition was similar in five different diet-fed fish. The greater duckweed supplemented feeds influenced the fatty acid contents of fish. The monounsaturated fatty acids (MUFA) showed an inverse relationship with the inclusion level of greater duckweed in the feed. The highest MUFA content was found in fish fed SP0 diet. The highest level of linoleic acid was found in SP20 diet fed fish. The n-3 PUFA contents of fish showed an increasing trend with the increasing inclusion of greater duckweed, and a significantly higher level was found in SP20 compared with that of others. A significantly higher expression of fas was found in SP5 and fads2d6 in SP5 and SP10 compared with that of others. The expressions of elovl2 and elovl5 were significantly higher in SP5, SP10, and SP15 diet-fed fish compared with other diet-fed fish. The incorporation of greater duckweed in diets improved the growth performance and nutritional value of common carp.

Keywords: Cyprinus carpio, Spirodela polyrhiza, digestive enzymes, linoleic acid, eicosapentaenoic acid, docosahexaenoic acid, fads2d6, elovl2


INTRODUCTION

The application of freshwater macrophytes as fish feed ingredients is an emerging area of research. There is an increasing demand for quality ingredients that can replace fishmeal and fish oil without affecting the survival, growth performance, and quality of the farmed products. As an alternative to fish meal, plant protein is widely used in aquaculture as well as the poultry and swine feed industries (Hardy, 2010). The nutritional value (e.g., amino acid and fatty acid compositions, fiber content, and flavorings) of ingredients should be considered during fish feed formulation (Gatlin et al., 2007; Glencross et al., 2020). Meals and other products of soybean are the most commonly used plant-based ingredients in the aqua feed industry. However, soybean meal has great market demand as it is also used extensively by other animal feed industries. Therefore, there is a need to find other, non-conventional ingredients that have less or no use in other feed sectors, but that still have high-quality nutritional profiles with all the required amino acids and fatty acids. The greater duckweed Spirodela polyrhiza (family: Lemnaceae) is a free-floating freshwater macrophyte that has been considered as a suitable feed ingredient for both fish and livestock (FAO, 2001; Hasan and Chakrabarti, 2009; Cruz-Velásquez et al., 2014; Chakrabarti, 2017).

The study of the proximate composition showed that the crude protein content of soybean meal (460.7 g/kg) is higher compared with greater duckweed (366.5 g/kg), whereas crude lipid and ash levels are higher in greater duckweed (crude lipid: 76.2 g/kg, ash: 181.9 g/kg) compared with soybean meal (crude lipid: 11.0 g/kg, ash: 71.1 g/kg) (Lee et al., 2013). However, greater duckweed is a rich source of essential and non-essential amino acids (Sharma et al., 2019). The amino acid profile of greater duckweed fulfills all the recommended essential amino acid requirements of common carp Cyprinus carpio and Nile tilapia Oreochromis niloticus (NRC, 1998, 2011). Duckweeds are also known to be good sources of vitamins and fatty acids (Appenroth et al., 2017), with the fatty acid profile of greater duckweed being favorable in comparison with soybean meal. The n-3 PUFA content is 7.5-fold higher in greater duckweed than in soybean meal, with α-linolenic acid (ALA, 18:3n-3) being the predominant fatty acid in greater duckweed contributing 35.75% of total fatty acids (Sharma et al., 2019).

Supply of sufficient amounts of the essential n-3 long-chain PUFA (LC-PUFA), specifically eicosapentaenoic acid (EPA, 20:5n-3) and docosahexaenoic acid (DHA, 22:6n-3), to support optimal human nutrition is a global problem that transcends geographical and political boundaries. While the n-3 LC-PUFA is completely absent in conventional plant meals and vegetable oils, their precursor ALA can be abundant in terrestrial and freshwater plants. The conversion of ALA (and linoleic acid, LOA, 18:2n-6) to LC-PUFA requires a series of fatty acyl desaturase (fads) and elongation of very long-chain fatty acid (elovl) enzymes such as elovl5 and elovl2 (Kuhajda et al., 1994; Torstensen and Tocher, 2010; Castro et al., 2016; Monroig et al., 2016; Xie et al., 2021). The products of the Δ6fads and elovl5 genes are key enzymes in the biosynthesis of EPA and DHA (Fonseca-Madrigal et al., 2005; Torstensen and Tocher, 2010). Importantly, many freshwater fishes including common carp and Nile tilapia have the metabolic capacity to convert dietary ALA to the n-3 LC-PUFA, EPA, and DHA (Tocher et al., 2002; Glencross, 2009; Tocher, 2010; Taşbozan and Gökçe, 2017). Therefore, supplementation of the greater duckweed S. polyrhiza as a rich source of ALA in the feed of freshwater carp is a useful and cost-effective way to increase the n-3 LC-PUFA content of farmed fish for human consumption.

The omnivore common carp C. carpio (family: Cyprinidae) is the fourth most cultured freshwater fish and contributed 7% of total aquaculture (fish) production in 2018 (FAO, 2020) and is extensively used in composite fish culture in India (Rathore et al., 2005). The digestibility of ingredients plays a very significant role in the overall bioavailability of the nutrients present in feed (Chakrabarti and Rathore, 2009), and, recently, an in vitro digestibility study showed the potential suitability of greater duckweed as an ingredient in fish feed (Sharma et al., 2016). Rathore et al. (2005) have reported the variations in the activities of digestive enzyme in common carp during ontogenic development and observed significantly increased amylase activity in 30-day-old fish. This finding confirmed the capacity of common carp to digest plant-based feed. The presence of anti-nutritional factors is a major constraint to the application of plant-based ingredients in aquafeeds (Alarcón et al., 1998; Olsen et al., 2007; Hansen and Hemre, 2013).

Several studies have investigated the effects of freshwater macrophytes in feeds for different fish species. Dietary supplementation of Lemna minor (20%) and Azolla pinnata had no negative impacts on growth performance or feed utilization of common carp (Yılmaz et al., 2004; Gangadhar et al., 2017). Rohu Labeo rohita-fed diets containing 20 and 30% L. minor showed highest weight gain, SGR, and lowest FCR compared with the control diet without duckweed (Bairagi et al., 2002; Mer et al., 2016). The supplementation of duckweed in the diet of common carp increased the antioxidant capacity as evidenced by enhanced activities of superoxide dismutase (SOD) and glutathione peroxidase (GPx) and reduced levels of malondialdehyde, MDA (Yang et al., 2019). The aim of the present study was to investigate the effects of feeding diets containing greater duckweed S. polyrhiza on the survival, growth performance, digestive enzyme activities, and biochemical composition of common carp C. carpio. The greater duckweed was included in a graded manner at levels of 0%, 5%, 10%, 15%, and 20% of total diet in carp feeds. The expression of genes involved in the metabolic conversion of ALA was also studied to determine impacts on n-3 LC-PUFA biosynthesis.



MATERIALS AND METHODS


Feed Formulation

The greater duckweed S. polyrhiza was cultured using organic manures viz., cattle manure mustard oil-cake and poultry dropping (Sharma et al., 2019). These manures are cheap and easily available. The production cost of greater duckweed in this study was around Rs.14.0/kg. The greater duckweed was collected, cleaned, dried, and ground. The meal was stored at 4°C prior to further use. The moisture, crude protein, crude lipid, carbohydrate, and ash contents of the greater duckweed meal were 75.2, 366.5, 76.2, 300.2, and 181.9 g/kg, respectively. Five isoproteic, isolipidic, and isoenergetic experimental feeds were prepared with graded inclusion of S. polyrhiza meal replacing soybean meal as the primary protein source (Table 1). Fish feeds were formulated using the Winfeed 2.8 software package (WinFeed UK Limited, Cambridge, United Kingdom). The control feed (SP0) contained soybean meal as the only primary source of protein, while in the four experimental feeds, greater duckweed was incorporated at the levels of 5%, 10%, 15%, and 20% of total feed at the expense of soybean meal, wheat flour, corn meal, and sunflower oil (to maintain constant crude protein, crude lipid, and gross energy levels) to produce feeds SP5, SP10, SP15, and SP20. The soybean meal was replaced in a graded manner, which resulted in changes in the proportions of amino acids in the feeds. Therefore, some specific amino acids such as histidine, methionine, lysine, and threonine were supplemented to the feeds based on the reported requirements of common carp (NRC, 2011). The inclusion levels of these four amino acids were determined using the Winfeed software to ensure the requirements of the fish were satisfied. All dry feed ingredients were blended for 10 min and mixed with the oil before warm water was added slowly and everything mixed thoroughly. The entire mixture was placed in the hopper of the twin-screw-extruder (Basic Technology Private Limited, Kolkata, India), and feed pellets were formed with extrusion conditions as follows: cutter 134 rpm; feeder 10 rpm; extrusion 190 rpm; extrusion torque 9.22; heater 1 temperature 65°C; heater 2 temperature 70°C; and final mass temperature 75°C. The diameter of the produced pellets was 1 mm. All feeds were stored at 4°C prior to use. A common difficulty in the use of feeds based on plant ingredients is their palatability to the fish (Rodriguez et al., 1996), but this can be mitigated by the extrusion process. Antinutritional factors such as trypsin inhibitor, phytic acid tannins, oxalates etc., are found in greater duckweed (Cruz et al., 2011). However, the preparation of the feeds by the extrusion technique helped to mitigate the impact of antinutritional factors as high temperature and pressure inactivate many of these factors and control enzymatic rancidity of nutrients (Rokey, 2004; Stadtlander et al., 2019). In this study, the preparation of feed using the extrusion technology improved the digestibility of proteins and starches and destroyed the antinutritional factors present in the feed. The amino acid and fatty acid compositions of the feeds were measured and are presented in Supplementary Tables 1, 2.


TABLE 1. Formulations and measured proximate compositions of experimental diets.
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Culture of Fish and Sampling

Common carp were cultured and sampled following the guidelines of the University of Delhi Institutional Animal Ethics Committee (DU/ZOOL/IAEC-R/2015/07). The fish were collected from a local fish farm and acclimated in the aquarium at the University of Delhi for 1 week during which time the fry were fed the soybean-based control feed. The fry (0.473–0.479 g) were then distributed randomly into 15 glass aquaria (50 L each) with 30 fry per aquarium. The fry of common carp was selected to determine the influence of the plant-based diet on the digestive physiology of fish and to understand the suitability of these diets for early life stages. Each aquarium was connected to an external filtration unit (Sera fil bioactive 130, Germany). Water from the fish culture units was constantly filtered through the filtration unit to maintain ammonia levels of the units. The dissolved oxygen level of water was maintained with the help of an aerator. The carp were then fed one of the five different feeds SP0, SP5, SP10, SP15, and SP20 with three replicate aquaria per dietary treatment. The feeds were distributed ad libitum two times daily at 09:00 and 17:00 h and the weight of feed measured before distribution. Excess (uneaten) feed was collected from each aquarium 1 h after feeding, oven drying, and recording weight. Water quality parameters, namely, temperature, pH, dissolved oxygen, and conductivity were monitored in each aquarium using a probe connected to a portable meter (HQ40d Multiparameter, Hach, United States). The ammonia (NH3) level was estimated using a probe, connected to Orion Versastar (Thermo Scientific, United States). The nitrite (NO2–), nitrate (NO3–), and phosphate (PO43–) contents were analyzed regularly (APHA, 2017). There was no significant difference in water quality parameters among the dietary treatments throughout the culture period. Temperature, pH, and dissolved oxygen ranged from 25.8 to 28.1°C, 6.66 to 7.56, and 6.45 to 7.48 mg/L, respectively, during the experimental period. The range of ammonia, nitrite, nitrate, and phosphate levels were 0.003–0.0530, 0.291–0.906, 0.956–3.84, and 0.013–0.097 mg/L, respectively, in different treatments and conductivity ranged from 636–811 μS/cm.

After 60 days of culture, the feeding experiment was terminated, and fish was sampled. Fish were starved for 24 h before harvesting, and then, all fish were euthanized with tricaine methane sulfonate (MS222, Sigma, United States), and the weight of individual fish was measured. Four fish from each tank were pooled (four fish/replicate) and stored at -80°C for the assay of whole-body proximate, amino acid, and fatty acid compositions. Three tank replicates were used for all assays (three replicates per diet, n = 3). The digestive tracts of two individual fish per aquarium were collected (two fish/replicate, three replicates; 2 × 3 = 6 fish/diet) for the assay of digestive enzyme activities. The hepatopancreas from individual fish was collected (100 mg) and stored in 1 ml of TRIzol reagent (Ambion, Life Technologies, United States) for the gene expression analysis (four fish/treatment; from two aquaria 1 + 1 fish and two fish from the third aquarium). Specific growth rate (SGR) and feed conversion ratio (FCR) of fish were calculated as follows.

SGR (% body weight/day) = (In final body mass - In initial body mass) × 100/duration of experiment (days).

FCR = feed (dry weight) consumed by individual fish during feeding trial/weight gain (wet weight) of individual fish.



Digestive Enzymes Activities

Intestinal samples were freeze-dried and homogenized in ice-cold Milli-Q® water (1:10) to maintain neutral pH of the extracts. Homogenates were centrifuged for 30 min at 10,000 × g at 4°C, and supernatants were collected for the assay of digestive enzyme activities using fluorimetry (Multimode reader, BioTek Synergy H1 Hybrid, United States) using three replicates per dietary treatment. The amylase activity was determined using an assay kit (E33651; Invitrogen, United States) with fluorescence measured at 485 (i.e., excitation) and 520 nm (i.e., emission). The enzyme activity was expressed as mU/mg protein/min. A protease kit (E6638; Invitrogen) was used to measure the total protease activity with fluorescence measured at 485 (i.e., excitation) and 530 nm (i.e., emission). The protease activity was expressed as fluorescence change/unit. The substrate N-benzoyl-L-arginine-methyl-coumarinylamide (Sigma-Aldrich) was used for the estimation of serine proteases trypsin (Ueberschär, 1988). The fluorescence was measured at 380 (i.e., excitation) and 440 nm (i.e., emission). The chymotrypsin was measured using succinyl-Leu-Val-Tyr-4-methyl-coumaryl-7-amide (Sigma-Aldrich) as the substrate (Cao et al., 2000). The fluorescence was measured at 380 (i.e., excitation) and 450 nm (i.e., emission). The enzyme activities were expressed as μM 7-amino-4-methylcoumarin (AMC)/mg protein/min. The neutral lipase activity was determined following the method of Roberts (1985) using the substrate 4-methylumbelliferyl butyrate, 4-MU (Sigma-Aldrich). The fluorescence was measured at 365 nm (excitation) and 450 nm (emission). The enzyme activity was expressed as μM 4-MU/mg protein/min. Protein content was estimated using bovine serum albumin (BSA, Sigma-Aldrich) as standard (Bradford, 1976).



Proximate Composition

Samples of feed were ground, and the fish samples (four fish pooled per replicate) were blended to form homogeneous paste prior to biochemical composition analyses. Proximate compositions of feeds and cultured fish were determined (three replicates for each assay) following the standard protocols of the Association of Official Analytical Chemists International (AOAC, 2000). The moisture level was calculated after drying samples at 110°C for 24 h, and ash content was measured after incineration of samples at 600°C for 16 h. The nitrogen content was first assayed using micro Kjeldahl method, and then, crude protein was calculated (N × 6.25). The crude lipid content was measured gravimetrically following extraction of total lipid using chloroform/methanol (2:1, v/v) (Folch et al., 1957). The subtraction method was applied for the calculation of carbohydrate levels in the feeds (Aksnes and Opstvedt, 1998).



Amino Acid Analysis

Feed and whole fish samples were processed as described above and amino acid compositions assayed with an Automatic Amino Acid Analyzer L-8900 (Hitachi Co., Ltd., Tokyo, Japan) using three replicates for each sample. For all amino acids other than cysteine, methionine, and tryptophan, samples were hydrolyzed using 6 N HCl at 110°C for 24 h (Bassler and Buchholz, 1993; Chakrabarti et al., 2018). The sulfur-containing amino acids were analyzed after oxidizing the sample with performic acid prior to treating the sample with 6 N HCl. For the estimation of tryptophan, the sample was hydrolyzed using 4 M methanesulfonic acid with 0.2% 3-(2-aminoethyl). A nitrogen evaporator (PCi Analytic Private Limited, Maharashtra, India) was used to dry the digested samples, and 0.02 N HCl was added to obtain a protein concentration of 0.5 mg/ml in the sample, and 1.5 ml was placed in a glass vial of the auto sampler. A cation-exchange resin column (4.6 mm ID × 60 mm L) with 3 μm particle size was used for the separation of amino acids with the following analytical conditions: column temperature 30-70°C, reaction temperature 135°C, and a ninhydrin flow rate of 0.35 ml/min. All amino acids were monitored at 570 nm, except proline and hydroxyproline that were monitored at 440 nm. The concentration of individual amino acids was compared with a standard solution (Wako Pure Chemical Industries Limited, United States) and expressed as g/kg.



Fatty Acid Analysis

After processing feed and whole fish samples as described above, fatty acid compositions were analyzed by gas chromatography and flame ionization detection (GC-FID) using a Clarus 580 (PerkinElmer, Waltham, United States). In brief, crude lipid was extracted from the samples using chloroform/methanol (2:1, v/v) following the protocol of Folch et al. (1957) with three replicates per dietary treatment. Fatty acid methyl esters (FAME) were prepared from crude lipid extracts by acidic transesterification, treating the lipid with 1% sulfuric acid in methanol for 16 h at 50°C (Christie, 2003). After extraction and purification of FAME (Tocher and Harvie, 1988), a 1 ml aliquot was placed in a glass vial of the GC autosampler. Fatty acids were separated using a 60 m ZB-wax GC column, internal diameter of 0.32 mm, and film thickness of 0.25 μm (Phenomenex, Hyderabad, India). Data were collected using preinstalled programmed software (TotalChrom Workstation Ver6.3; PerkinElmer, United States). The FAME were identified and quantified by the comparison with standards (Supelco FAME 37 mix; Sigma-Aldrich, United States) and published data (Tocher and Harvie, 1988) and concentration expressed as mg/100 g.



Gene Expression

The levels of mRNA expression of delta-6 fatty acyl desaturase (fads2d6), elongation of very-long-chain fatty acids protein 2 (elovl2), elongation of very-long-chain fatty acids protein 5 (elovl5), and fatty acid synthase (fas) genes were determined in the hepatopancreas of common carp. Total RNA was extracted using the TRIzol reagent (Ambion, Life Technologies, United States) following the protocol of the manufacturer. The absorbance of extracted RNA was examined at 260 and 280 nm using a Nanodrop spectrophotometer (Thermo Scientific, United States) to determine the concentration and quality. The extracted RNA was treated with 1 U of DNase I (Sigma-Aldrich, United States) to avoid DNA contamination, and the quality of RNA treated with DNase was checked with 1% agarose gel electrophoresis. Subsequently, total RNA was reverse transcribed into cDNA by the reverse transcription reaction using high-capacity cDNA reverse transcription kit (Applied Biosystems, United States), using the protocol provided by the manufacturer.

Quantification of gene expression was carried out by using quantitative reverse transcription polymerase chain reaction (qRT-PCR) using a Quant Studio 6 Flex system (Applied Biosystems) and PowerUp SYBR™ Green Master Mix (Applied Biosystems). Primers were designed using the online primer design tool of NCBI with β−actin used as the reference (housekeeping) gene (Supplementary Table 3). The efficiency of primers was evaluated by using the melt curve and standard curve analysis using the QuantStudio 6 Flex Real-Time PCR system software v1 (Applied Biosystems). The 10 μl reaction mixture for qRT-PCR was composed of 0.25 μl PCR forward primer (2.5 μM), 0.25 μl PCR reverse primer (2.5 μM), 1 μl of cDNA (1:3), 5 μl of 2 × PowerUp™ SYBR™ Green PCR Master Mix (Applied Biosystems), and nuclease-free water (3.5 μl). Samples were run in duplicate for each target gene with non-template control (NTC). The thermal cycling conditions were as follows: predenaturation of nucleic acid at 95°C for 10 min followed by either 40 cycles of 15 s at 95°C and 1 min at 60°C (primer Tm 60°C) or 40 cycles of 15 s at 95°C, 15 s at 55°C, and 1 min at 72°C for (primer Tm < 60°C). The data of qRT−PCR were calculated using the 2–ΔΔCt (Livak and Schmittgen, 2001) method with β−actin as the internal control.



Statistical Analysis

Data are presented as means with standard error (SEM) with n values as stated. The IBM SPSS 25.0 software (SPSS Inc., Michigan Avenue, Chicago, IL, United States) was used for the statistical analysis. Data were analyzed using one-way analysis of variance, and the Tukey’s test was performed to compare the differences among experimental groups. The linear regression analysis was performed to check the effect of inclusion level of S. polyrhiza in the diets on growth performance, digestive enzyme activities, proximate composition, and amino acid and fatty acid profiles of fish. The broken-line regression analysis was performed for average weight and SGR to determine the breakpoint, BP (Muggeo, 2008) with final BP estimated based on the least sum of squares of deviation (LS method) using R package. The significance was accepted at p < 0.05 level.




RESULTS


Performance of Fish

After 60 days of culture, the number of common carp in each aquarium was recorded. There was no mortality of fish; all fish survived (Table 2). The broken-line regression analysis showed the impact of greater duckweed on the growth performance and SGR of common carp. The estimated break point for final weight and SGR were 10 and 13.4% of greater duckweed, respectively. The final weight of SP20 diet-fed common carp was significantly higher compared with other diet-fed fish. Minimum weight was found in the SP0 treatment. Similar trend was also found with SGR. SGR was maximum in SP20 diet-fed carp. FCR was minimum and maximum in SP20 and SP0 treatment, respectively.


TABLE 2. Initial weight, survival rate, final weight, specific growth rate, feed conversion ratio, and digestive enzyme activities of Cyprinus carpio fed five different diets.
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Digestive Enzymes

The amylase activity ranged from 98.91 to 126.48 mU/mg protein/min in five different diet-fed common carp with a minimum amylase activity in SP5 diet-fed fish (Table 2). The amylase activity was significantly higher in SP0, SP15, and SP20 diet-fed fish compared with other diet-fed fish. The total protease activity was significantly higher in SP10, SP15, and SP20 diet-fed fish compared with other diet-fed fish. Trypsin activity was significantly higher in SP20 diet-fed fish compared with other diet-fed fish. Significantly higher chymotrypsin and lipase activities were found in SP5 and SP15 diet-fed common carp, respectively, compared with other treatments. The inclusion of greater duckweed in the carp diet showed linear relationships (R2 = 0.917–0.998) with amylase, trypsin, chymotrypsin, and lipase activities.



Biochemical Composition of Fish


Proximate Composition of the Whole Body

The moisture contents of fish varied from 747.6 to 756.4 g/kg in five different diet-fed common carp (Table 3). The crude protein content was significantly higher in SP10, SP15, and SP20 diet-fed common carp compared with other diet-fed fish. Significantly higher crude lipid and ash contents were found in SP20 diet-fed fish compared with other diet-fed fish.


TABLE 3. Proximate compositions (g/kg, wet weight) of five different diets-fed Cyprinus carpio.
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Amino Acid Composition

The essential amino acids composition was similar in common carp cultured in five different feeding schemes (Table 4). The arginine level was 1.55- to 1.67-fold higher in 10–20% greater duckweed supplemented diet-fed common carp compared with SP0 and SP5 diet-fed fish. Histidine (3.64–3.72 g/kg), isoleucine (5.13–5.39 g/kg), leucine (9.59–10.12 g/kg), and lysine (11.54–12.75 mg/kg) contents were significantly higher in SP0 and SP5 treatments compared with other diet-fed fish. Significantly higher levels of methionine and valine were recorded in SP10; threonine and tryptophan levels were maximum in SP20 diet-fed common carp.


TABLE 4. Amino acid compositions (g/kg, wet weight) of five different diets-fed Cyprinus carpio.
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Among non-essential amino acids, alanine, aspartate, glycine, serine, taurine, and β-alanine contents were maximum in SP20 diet-fed common carp. Highest levels of glutamic acid and tyrosine were observed in control diet (SP0)-fed common carp. Aspartate contents were significantly higher in SP10 and SP20 diet-fed common carp. Highest levels of phosphoserine, cystathionine, and hydroxyproline were found in SP15 diet-fed fish. The α-amino-n-butyric acid content was highest in SP15, and the citrulline content was maximum in SP15 and SP20 treatments. The α-amino-n-butyric acid and 3-methyl histidine were absent in SP0 and SP5 diet-fed fish. The β-amino-isobutyric and γ-amino-butyric acids were absent in SP5, SP10, and SP15 diet-fed common carp. The inclusion of greater duckweed in the carp diet showed linear relationships (R2 = 0.745–0.998) with different amino acids, except α-amino-n-butyric acid and β-alanine.



Fatty Acid Composition

The feeding of common carp with greater duckweed supplemented diets influenced the fatty acid composition of fish (Table 5). Among saturated fatty acids (SFA), palmitic acid (16:0) was the dominant one regardless of treatments with myristic acid (14:0), the second most dominant SFA. Highest SFA was found in carp fed the SP5 diet. Monounsaturated fatty acids (MUFA) showed an inverse relationship with the inclusion level of greater duckweed in the diet. Significantly higher MUFA content was found in the control diet (SP0)-fed common carp compared with that of others. Among MUFA, oleic acid (18:1n-9) was the dominant one in all treatments. Nervonic acid (24:1) was absent in fish fed diets SP15 and SP20. The greater duckweed supplemented diets enhanced the n-6 PUFA and LOA (18:2 n-6) content in fish. The highest level of LOA was found in SP20 diet-fed fish. The n-3 PUFA contents of fish showed an increasing trend with the increasing inclusion of greater duckweeds in the diet. The ALA (18:3n-3), EPA (20:5n-3), docosapentanoic acid (22:5 n-3, DPA), and DHA (22: 6n-3) contents were significantly lower in SP0 diet fed common carp. The n-3 PUFA content was significantly higher in SP20 diet-fed common carp compared with other diet-fed fish. The inclusion of greater duckweed in the carp diet showed linear relationships (R2 = 0.745–0.998) with different fatty acids, except stearic acid (18:0).


TABLE 5. Fatty acid compositions (mg/100 g, wet weight) of five different diets-fed Cyprinus carpio.
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Gene Expression

Expressions of various genes involved in the metabolism of fatty acid were recorded in the hepatopancreas of common carp fed the five diets. The expression of fads2d6 was significantly higher in fish fed diet SP5 compared with others (Figure 1). The expression levels of elovl2 and elovl5 were significantly lower in SP20 diet-fed common carp compared with others (Figures 2, 3). The significantly higher expression of fas was observed in SP5 compared with others (Figure 4). The mRNA expressions showed polynomial 3 order relationships with different treatments.


[image: image]

FIGURE 1. Expression of delta-6-desaturase (fads2d6) relative to β-actin in hepatopancreas of five different diet-fed Cyprinus carpio. Bars with different superscripts are significantly different (n = 3). A polynomial (order 3) relationship was found between the diet and expression of fads2d6 (R2 = 0.994).



[image: image]

FIGURE 2. Expression of elongation of very long chain fatty acids protein 2 (elovl2) relative to β-actin in hepatopancreas of five different diet-fed Cyprinus carpio. Bars with different superscripts are significantly different (n = 3). A polynomial (order 3) relationship was found between the diet and expression of fads2d6 (R2 = 0.982).
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FIGURE 3. Expression of elongation of very long chain fatty acids protein 5 (elovl5) relative to β-actin in hepatopancreas of five different diet-fed Cyprinus carpio. Bars with different superscripts are significantly different (n = 3). A polynomial (order 3) relationship was found between the diet and expression of fads2d6 (R2 = 0.999).
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FIGURE 4. Expression of fatty acid synthase (fas) relative to β-actin in hepatopancreas of five different diet-fed Cyprinus carpio. Bars with different superscripts are significantly different (n = 3). A polynomial (order 3) relationship was found between the diet and expression of fads2d6 (R2 = 0.955).





DISCUSSION


Performance of Common Carp

The effect of dietary inclusion of greater duckweed at four different levels (replacing soybean meal) on the performance of common carp was recorded in this experiment. The survival rate of fish was not affected with the inclusion of greater duckweed in the diets. The earlier study showed mixed results. The inclusion of greater duckweed more than 20% in diet resulted into mortality of tilapia (Fasakin et al., 1999, 2001), supplementation of L. minor (20%) in diets affected the survival rate of common carp (Yılmaz et al., 2004). El-Shafai et al. (2004) reported that the inclusion of duckweed in the feed of tilapia improved the survival rate of fish. The incorporation canola meal at 50% level in the diet was not affecting the survival rate of tilapia (Iqbal et al., 2021).

The broken-line regression showed that incorporation of greater duckweed at 10% level as a breakpoint for final weight of common carp, and it was 13.4% for SGR of fish. Highest growth performance was observed in SP20 diet-fed fish. Food was efficiently utilized in this treatment as minimum FCR was recorded. In L. minor supplemented diet-fed common carp and tilapia, similar trends of growth performance, SGR, and FCR were found (El-Shafai et al., 2004; Yılmaz et al., 2004). The inclusion of L. polyrhiza in the diets of mrigal Cirrhinus mrigala and rohu Lebeo rohita improved the weight gain, SGR, and FCR (Bairagi et al., 2002; Ghosh and Ray, 2014). Inclusion of fermented L. minor at 2.5% level and canola meal at 50% level increased the growth of tilapia (Herawati et al., 2020; Iqbal et al., 2021). In this study, the SGR of common carp (initial weight: 0.473–0.479 g) ranged from 2.01 to 2.93%. Similar results were reported in earlier study like, in L. minor supplemented diet-fed common carp (initial weight: 0.283–0.295 g), SGR ranged from 1.96 to 2.26% (Yılmaz et al., 2004), and in soy protein concentrate (SPC)-incorporated diet-fed common carp (initial weight: 2.43–2.47 g), SGR was 2.01–2.93% (Zhu et al., 2020). Xie et al. (2021) reported that feeding of common carp with diets containing fishmeal and ultra-micro-ground mixed plant proteins (uPP)-based diets resulted in 540–560% growth of fish after 112 days of culture. In this study with common carp, 238–474% weight gain of fish was recorded after 60 days of culture.



Digestive Enzyme Activities

The study of digestive enzyme activities in five different diet-fed common carp explained the reason of efficient utilization of consumed diet in SP20. Total protease and trypsin activities were maximum in SP20 diet-fed fish; considerable amylase and lipase activities were also found in SP20 diet-fed common carp. The digestive enzymes, namely, protease, lipase, and amylase played a significant role in digestion and absorption of nutrient (Zhou et al., 2010). Fish fed with different diets are able to adjust the activity of their digestive enzymes (Shiping and Zhao, 2005). The inclusion of duckweed in the diets of rohu and tilapia enhanced digestive enzyme activities like amylase, trypsin, and chymotrypsin (Goswami et al., 2020; Zhao et al., 2020).



Biochemical Composition of Fish

The proximate composition study showed that the inclusion (10–20%) of greater duckweed enhanced the crude protein content of common carp in this study. The crude lipid and ash contents of common carp increased in a graded manner with the enhanced inclusion of greater duckweed in the diet. An earlier study showed that supplementation of duckweed improved the crude protein and crude lipid contents in fish (El-Shafai et al., 2004; Yılmaz et al., 2004; Fasakin, 2008; Abou et al., 2011). Aslam et al. (2021) reported significantly higher crude protein contents in L. minor-incorporated diet-fed grass carp Ctenopharyngodon idella and silver carp Hypophthalmichthys molitrix compared with the soybean-supplemented diet-fed fishes. The inclusion of duckweed increased the ash content in fish (Fasakin et al., 1999; El-Shafai et al., 2004; Fasakin, 2008). This indicated that greater duckweed-supplemented diets fulfilled the nutritional requirements of common carp. The proximate composition study showed that the crude protein, crude lipid, and ash contents of greater duckweed were 36.65, 7.62, and 18.19 g/100 g (Sharma et al., 2019). The amino acid profile of greater duckweed is comparable with soybean meal. Feeding with greater duckweed-supplemented diets improved the non-essential amino acid contents in the common carp. The supplementation of fermented L. minor in the diet enhanced the lysine content in tilapia (Herawati et al., 2020).

In this study, fatty acid composition of fish was influenced by the supplementation of greater duckweed. Highest and lowest SFA contents were found in SP5 and SP20 diet-fed common carp, respectively. MUFA content showed an inverse relationship with the increased inclusion of greater duckweed in diet of common carp. A direct relationship was found between the amount of greater duckweed in the diet and n-6 PUFA and n-3 PUFA contents in common carp. Inclusion of greater duckweed in the diet enhanced the ALA, DHA, and EPA contents in common carp. The duckweeds are a rich source of fatty acids (Appenroth et al., 2017; Chakrabarti et al., 2018; Sharma et al., 2019). The feeding of Azolla filiculoides enhanced the total n-3 PUFA (especially EPA and DHA) content (Abou et al., 2011), and fermented L. minor enhanced LOA (Herawati et al., 2020) in Nile tilapia. Similarly, the contents of EPA and DHA in common carp increased linearly with increasing greater duckweed level in the diet.



Expression of Genes Involved in the Biosynthesis of Fatty Acids

In this study, the expression levels of key genes involved in the biosynthesis of fatty acids like fads2d6, elovl2, elovl5, and fas were evaluated in the common carp. Upregulation of all these genes was found in fish fed greater duckweed supplemented diets compared with control diet-fed fish. This might be due to the presence of LOA and ALA in the experimental diets. Earlier study showed that the higher contents of LOA and ALA upregulated the expression of desaturases/elongases (Tocher et al., 2004; Turchini et al., 2006; Francis et al., 2007; Li et al., 2008). However, an excess of ALA in diet can inhibit the transcription of fads2d6 gene (Bell et al., 1993). In this study, among the fish fed the experimental diets, the highest expression levels of genes were recorded in the SP5 treatment, and then the expression gradually decreased. The ALA content increased with increasing inclusion of greater duckweed in diet. EPA and DHA contents increased with decreasing expression of genes elovl2, elovl5, and fads2d6. Similar results were found in common carp and rainbow trout Oncorhynchus mykiss where the expressions of desaturases and elongases were higher in fish with lower contents of EPA and DHA (Ren et al., 2012; Lazzarotto et al., 2018).




CONCLUSION

Greater duckweed (S. polyrhiza) may replace soybean meal up to 20% in the diet of C. carpio without affecting the digestive physiology and growth performance of fish even at an early life stage. Inclusion of greater duckweed enhanced growth performance and improved the quality of fish in terms of amino acids and n-3 PUFA, especially EPA and DHA.
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Spray-Dried Porcine Plasma Promotes the Association Between Metabolic and Immunological Processes at Transcriptional Level in Gilthead Sea Bream (Sparus aurata) Gut
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The spray-dried porcine plasma (SDPP) is an abattoir by-product used in animal nutrition with beneficial effects reported in livestock and commercial aquatic species. Previous results have found that the dietary inclusion of SDPP in gilthead sea bream (Sparus aurata) increased the density of intestinal goblet cells, and it did not result in significant changes in the autochthonous microbiota. However, there is no comprehensive data on the mechanisms that could take place on the intestine of gilthead sea bream fed with an SDPP-supplemented diet. For this reason, this study aimed to unveil the biological mechanisms modulated in response to the dietary administration of SDPP in the gilthead sea bream gut. To achieve this goal, we made a microarrays-based transcriptomic approach in gut samples from gilthead sea bream fed with an SDPP-supplemented diet for 95 days. As control diet, we used a protein-rich commercial feed (51% crude protein, 17% crude fat, and 20.6 MJ/kg gross energy) which was supplemented with 3% SDPP at the expense of LT70 fishmeal. The microarray analyses showed a total of 803 (468 up- and 335 down-regulated) differential expressed genes (DEGs). The functional network analysis revealed that dietary inclusion of SDPP induced sustained changes in 120 biological processes, grouped in 12-clusters. Among them, the metabolic-related process (cellular catabolic process, organic substance catabolic process, protein metabolism process), protein transport, and leukocyte mediated immunity interacted in the leading interactome network. This evidence confirms the previous evidence of the enhancement of the mucosal health status in response to the dietary administration of SDPP and provides further understanding of the mode of action of this ingredient in aquafeeds.

Keywords: teleost fishes, dietary additives, immune response, mucosal-associated lymphoid tissue (MALT), spray-dried porcine plasma (SDPP), aquaculture


INTRODUCTION

In fish, the intestine is a complex multifunctional organ with critical physiological roles, including water and electrolyte homeostasis, endocrine modulation, metabolism and immune regulation, and commensal microbiota balance (Salinas and Parra, 2015; Khansari et al., 2018; Firmino et al., 2021c; Salomón et al., 2021). Notably, the intestine is one of the leading portals of pathogens’ entry into the organism. Accordingly, the intestine has a mucus layer that acts as a physical and chemical barrier (Parra et al., 2015); thus, protecting the gut epithelium by defense mechanisms that help for maintaining the tissue homeostasis (Ellis, 2001; Gomez et al., 2013). The intestine is considered a mucosal-associated lymphoid tissue (MALT) because of its capacity for controlling the innate and adaptive immune response at the mucosal site [also called gut-associated lymphoid tissue (GALT)] (Parra et al., 2015).

Functional feeds are achieving significant attention globally due to their growth-promoting, antimicrobial, immunostimulant, antioxidant, anti-inflammatory, and sedative properties (Reyes-Cerpa et al., 2018; Firmino et al., 2021b). Accordingly, the nutritional requirements must be fully integrated into management strategies for aquaculture (Tacchi et al., 2011). Considerable advances have been made in studying nutritional requirements and sustainable feeding in fish, with deep knowledge about the optimal dietary composition for most important cultured fish species. Furthermore, the aquaculture industry has developed functional feeds to improve growth, immune response; physiological functions, and health performance in fishes that promote specific benefits to the host beyond the primary nutritional requirement. Functional feed additives include prebiotics, probiotics, vitamins, minerals, and plant, animal, or algae extracts (Parra et al., 2015; Salinas and Parra, 2015; Khansari et al., 2018; Salomón et al., 2021). The spray-dried porcine plasma (SDPP) is an abattoir by-product used in animal nutrition due to its excellent amino acid profile and digestibility close to 99% (Bureau et al., 1999). Several studies in livestock have shown that SDPP has positive effects on productivity and physiological parameters, immunity, and gut health in pigs and poultry (Ellis, 2001; Gomez et al., 2013; Reyes-Cerpa et al., 2018; Firmino et al., 2021b). In addition, its beneficial effect has also been reported in commercial aquatic species such as rainbow trout (Oncorhynchus mykiss) (Campbell et al., 2003), gilthead seabream (Sparus aurata) (Gisbert et al., 2015; Reyes-López et al., 2021), and Nile tilapia (Oreochromis niloticus) (de Araújo et al., 2017). In these fish species, SDPP has shown a repertoire of beneficial effect attributes on the host, including an improvement in somatic growth performance, digestibility, feed intake, feed efficiency, immunity, and improved antioxidant system capacity (Johnson and Summerfelt, 2000; Gisbert et al., 2015; de Araújo et al., 2017; Reyes-López et al., 2021). Furthermore, the use of porcine blood derivatives has environmental benefits for the sustainability and circular economy associated with animal production. It helps to provide added value to the industry and has less carbon footprint than plant protein sources that may be used in aquafeeds.

The importance of the diet lies not only in its nutritional contribution to the host but also in protecting the fish by maintaining intestinal health and improving digestion and immunity (Dawood, 2021). A previous report showed the inclusion of SDPP in the diet for gilthead sea bream promoted their somatic growth and increased intestinal goblet cells’ density, and it did not result in major changes in autochthonous microbiota (Tapia-Paniagua et al., 2020). However, there is no comprehensive data on the mechanisms that could take place on the intestine of gilthead sea bream fed with an SDPP-supplemented diet. For that reason, this study aimed to unveil the biological mechanisms modulated by the dietary administration of SDPP in the gilthead sea bream gut. To do it, we used a microarrays-based transcriptomic approach to increase the coverage of those modulated processes by a high throughput screening strategy.



MATERIALS AND METHODS


Ethics Statement

Animal experimental procedures were conducted in compliance with the research protocol approved by the IRTA’s Committee of Ethics and Animal Experimentation and following the Guidelines of the European Union Council (86/609/EU) for the use of laboratory animals.



Diets

Two diets were formulated as follows: (1) a control diet (Diet C) containing 51% crude protein, 17% crude fat, and 20.6 MJ/kg gross energy that fulfill the nutritional requirements of juvenile sea bream; (2) the SDPP diet was manufactured using this basal formulation, substituting Fishmeal LT70 by 3% SDPP (Apetein GS, APC Europe SL, Granollers, Spain; Table 1). The inclusion of 3% SDPP was used in this study because the evidence from a previous study showing an improved fish growth performance in terms of BWf, SLf, K, and SGRBW compared to 6% SDPP inclusion (Gisbert et al., 2015). The diets were manufactured by extrusion at SPAROS LDA (Olhão, Portugal). All powder ingredients were mixed accordingly to the target formulation in a double-helix mixer (model 500L, TGC Extrusion, France) and ground (<400 μm) in a micropulverizer hammer mill (model SH1, Hosokawa-Alpine, Germany). Diets (pellet size: 2.5 mm) were manufactured with a twin-screw extruder (model BC45, Clextral, France) with a screw diameter of 55.5 mm. Extrusion conditions were as follows: feeder rate (80–85 kg/h), screw speed (247–266 rpm), water addition in barrel 1 (345 mL/min), temperature in barrel 1 (32–34°C), temperature in barrel 2 (59–62°C) and temperature in barrel 3 (111–114°C). Extruded pellets were dried in a vibrating fluid bed dryer (model DR100, TGC Extrusion, France). After cooling, oils were added by vacuum coating (model PG-10VCLAB, Dinnissen, Netherlands). Coating conditions were: pressure (700 mbar), spraying time under vacuum (approximately 90 s), and return to atmospheric pressure (120 s). Immediately after coating, diets were packed in sealed plastic buckets and shipped to IRTA research facilities (Sant Carles de la Ràpita, Spain).


TABLE 1. Ingredient list and proximate composition on a dry weight basis (%) of experimental diets.
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Fish and Experimental Design

Gilthead seabream fry (average body size 9.5 g) were obtained from a commercial hatchery (Piscimar SL, Andromeda Group, Spain) and transported by road to IRTA-Sant Carles de la Ràpita research facilities (Sant Carles de la Ràpita, Spain). Fish were acclimated for 2 weeks into 2,000-L tanks. After their acclimation period, all fish were anesthetized [tricaine methanesulfonate (MS-222), 150 mg/L] and individually weighed for initial body weight (BWi) and measured for standard length (SLi) to the nearest 0.1 g and 1 mm, respectively. Then, fish were distributed into eight 500-L cyclindroconical tanks at a density of 50 fish per tank (4 tanks/replicates per diet).

Fish (BWi = 10.6 ± 0.1 g, n = 400, mean ± standard deviation, SD) were fed during 95 days with C and SDPP diets using automatic feeders (ARVO-TEC T Drum 2000; Arvotec, Huutokosk, Finland) at a rate of 2.5% of the stocked biomass, which approached apparent satiation. The daily feed ratio was evenly distributed in 7 meals per day from 08:00 to 18:00 h. During the trial, water temperature and pH (pH meter 507; Crison Instruments, Barcelona, Spain), salinity (MASTER-20T; ATAGO Co., Ltd., Tokyo, Japan), and dissolved oxygen (OXI330; Crison Instruments) were 22.1 ± 0.4°C, 7.0 ± 0.01, 36 mg/L, and 7.2 ± 0.3 mg/L (mean ± SD), respectively. The water flow rate was maintained at approximately 9.0–10.1 L/min in a recirculation system (IRTAmar®; Spain) that provided the experimental tanks with adequate water quality (total ammonia and nitrite were ≤ 0.15 and 0.6 mg/L, respectively) through UV, biological, and mechanical filtration. Photoperiod followed natural changes according to the season of the year (November to February; 40°37′41″ N). Fish were regularly sampled monthly to evaluate their growth in BW and adjust the feeding ratio to stocked biomass.

At the end of the trial, fish were anesthetized as described above. All fish in experimental tanks were measured for final BW and SL as indicated. Then, 10 fish per tank were sacrificed with an overdose of MS-222 (200 mg/L) for tissue sampling purposes. The intestinal cavity was exposed, and the intestine was removed with a scalpel. A small piece of the anterior intestine (0.5 cm) was dissected and immediately transferred into RNAlater (Ambion®) incubated at 4°C overnight and frozen at −80°C until further RNA extraction. The anterior intestine was chosen because of its immunological relevance in comparison with other intestinal sections (Oehlers et al., 2011; Salomón et al., 2021). Fish growth and feed utilization from Control and SDPP groups were evaluated using the following indices: Fulton’s condition factor (K) = (BW/SL3) × 100; specific growth rate in BW (SGR,%) = [(ln BWf −ln BWi) × 100]/time (d) and feed conversion ratio (FCR, g/g) = FI/(Bf −Bi), where FI was the total feed intake during the experimental period (g) and, Bi and Bf were the initial and final biomass (g), respectively. In particular, BWf and SGR values were 6.2 and 4.1% higher in fish fed the SDPP diet compared to the control group (p < 0.05), respectively. No significant differences were found in terms of standard length (SL) and the condition factor K (p > 0.05). In addition, FCR values were lower in fish fed the SDPP diet in comparison to those fed the control diet (p < 0.05) (Table 2). These data have been previously reported elsewhere (Reyes-López et al., 2021).


TABLE 2. Somatic growth and feed efficiency in gilthead sea bream (Sparus aurata) fed diets containing spray-dried porcine plasma (SDPP).
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Transcriptional Analysis

Transcriptomic analysis was conducted to determine differences in gene expression level in the gut of the fish feed the control and SDPP diets at the end of the feeding trial (95 days). In particular, total RNA was extracted individually from fish gut using QIAGEN RNeasy® Mini Kit following the manufacturer’s recommendations. Total RNA concentration was quantified using a NanoDrop ND-2000 (Thermo Fisher Scientific), and RNA quality and integrity were checked with Experion (Automated Electrophoresis Station, Bio-Rad) using the Experion Standard Sens RNA chip (Bio-Rad). Samples with an RNA integrity number (RIN) > 8.0 were chosen for further analysis. Transcriptional analysis was carried out using the AquaGenomic Sparus aurata oligonucleotide microarray (SAQ) platform. The complete information on this platform is available through the public repository Gene Expression Omnibus (GEO) (accession numbers GPL13442) at the United States National Center for Biotechnology Information (NCBI). For each experimental group, total RNA samples were pooled (n = 4 pools each group; n = 4 fish each pool, including one fish randomly taken from each experimental tank) at a final concentration (133 ng/μL each pool). This methodological approach of pooling RNA from four different specimens in each replicate allowed authors to evaluate the population’s variability. However, the information regarding individual variability was lost with this choice. One-color microarray was carried out according to the manufacturer’s protocols and as previously described by our group (Reyes-López et al., 2021). Microarray slides were scanned with Agilent Technologies Scanner model G2505B. Spot intensities and other quality control features were extracted with Agilent’s Feature Extraction software version 10.4.0.0 (Agilent Technologies). Quality reports were checked for each array. Although validation by mean of qPCR is required when there is a high risk of obtaining paralog genes and unspecific hybridization; in our study, we used an oligonucleotide-based microarray, which has probes with a reduced number of bases and high affinity, which avoids the necessity of conducting the validation of gene expression results by qPCR.

The extracted raw data were imported and analyzed with GeneSpring (version 14.5 GX software, Agilent Technologies). To standardize the arrays intensity, 75% percentile normalization was used, and data were filtered by expression levels. The differential expressed genes (DEGs) were obtained from a gene-level differential expression analysis. Expression values with a p-value < 0.05 were considered statistically significant. The DEGs were grouped according to their fold-change value (p-value < 0.05) and represented using the GraphPad software v7.0 for Windows. The Principal Component Analysis (PCA) was carried out using GeneSpring software (Agilent), four eigenvectors were calculated to describe the aggrupation of the control and SDPP groups in a 3D plot. The gene expression values (log2-expression ratios) were represented by a hierarchical clustering heatmap analysis using GeneSpring software.



Functional Network Analyses: Interactomes

The complete map of interactions that can occur in a living organism (interactome) was obtained from the DEGs obtained in the microarrays-based transcriptomics analysis. For this purpose, the Search Tool for the Retrieval of Interacting Genes (STRING) public repository version 10.01 was used. A Protein-Protein interaction (PPI) network for the differentially expressed genes was conducted with a high-confidence interaction score (value = 0.4). The mechanisms of response in which DEGs are involved were obtained from a comparative analysis based on Homo sapiens as a reference organism to extract the maximum information currently available. Thus, an ortholog H. sapiens Entrez Gene acronym was assigned based on sequence homology. Briefly, we selected the best tBlastX (NCBI) hit between the DEGs and DSPs query sequence for Sparus aurata and the human transcriptome database. We only consider those matches with at least E value ≤ 1e-10. The Uniprot and Genecards databases were used to confirm the gene acronym tag match between both species. Gene ontology (GO) pathway enrichment analysis for biological processes (GO_BiologicalProcess-EBI-UniProt-GOA-ACAP-ARAP_10.11.2020_00h00) was obtained using ClueGO v2.5.7 app through Cytoscape 3.8.2 platform. The Statistical analysis used was Enrichment/Depletion (two-sided hypergeometric test) with a P-value cut-off = 0.05 and corrected by Benjamin-Hochberg. A GO Fusion was performed to avoid redundant terms with a Kappa Score Threshold = 0.4 to propose more stringent GO terms associated with the mechanism of response for the experimental diet. In addition, grouping the GO terms was conducted when the sharing groups’ percentage was above 50, a P-value of < 0.05 was considered significant. The statistically significant GOs obtained from the enrichment analysis were assigned to each one of the nodes represented in the functional network. The nodes classified in different clusters according to their functionality were represented with ClueGo v2.5.7. Later, the MCC (Maximal Clique Centrality) of each node was calculated by CytoHubba (version 0.1) to find hub nodes (Chin et al., 2014). Those genes with the top 10 MCC values were considered hub genes.



Statistical Analysis

An unpaired t-test was conducted for microarrays data using the GeneSpring software GX 14.5 to detect DEGs (p < 0.05) between the control and SDPP groups. The DEGs were represented with GraphPad software version 7.0. The PCA analysis and the heatmap for DEGs were obtained from GeneSpring software version 14.5 (Agilent Technologies). The hierarchical map was clustered by the normalized intensity values (p < 0.05), with Euclidean distance and Ward linkage.




RESULTS


Intestine Transcriptional Response From Fish Fed Spray-Dried Porcine Plasma -Supplemented Diet

The transcriptional analysis of the anterior intestine was carried out using the S. aurata oligonucleotide custom microarray, and the results are shown in Figure 1. A total of 803 DEGs were found in the anterior intestine of fish fed the SDPP diet. From the total number of DEGs, 441 DEGs were annotated, and 362 were unknown genes. Among them, 468 DEGs were up-regulated; in particular, 350 DEGs showed a modulation between 1.0- and 1.5-fold change (FC), 73 DEGs a modulation between 1.5 and 2.0 FC, 34 DEGs a modulation between 2.0 and 3.0, and 11 DEGs with a modulation higher than 3.0 FC. On the other hand, a total of 335 DEGs were down-regulated with 195 DEGs with modulation between −1.0 and −1.5 FC, showing 90 DEGs a modulation between −1.5 and −2.0 FC, 35 DEGs with modulation between −2.0 and −3.0, and 15 DEGs with a modulation lower than −3.0 FC (Figure 1A). The PCA analysis divided the dataset into three principal components and revealed a clear grouping between the microarrays for each of the tested diets (Figure 1B). The hierarchical clustering heatmap found a clear differential expression profile with a clear set of DEGs of fish fed with the control diet (Figure 1C; the top half of the panel) compared to those fed the SDPP diet (Figure 1C; bottom half).
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FIGURE 1. Anterior intestine microarrays-based transcriptomic analysis for gilthead sea bream fed the SDPP diet. (A) Number of total differential expressed genes (DEGs). The green (upregulation) and red (downregulation) color scheme indicate the gene modulation according to its magnitude interval (fold-change). (B) Principal component analysis (PCA). Control (red spheres) and SDPP groups (yellow spheres) are represented. Each array included in the study is represented by one sphere. (C) Hierarchical clustering heatmap representing the 803 DEGs. The results of each microarray analyzed for the control and SDPP group are shown. The green (up-regulation) and red (down-regulation) color scheme indicates the gene modulation according to its magnitude interval (fold-change).


In addition, a functional network analysis was carried out based on the DEGs obtained from the transcriptional analysis of gut samples from fish fed with the SDPP diet. From the 441 annotated DEGs, we got a functional association between 430 DEGs with 2,688 interactions (edges). In particular, 393 DEGs belonged to the central core interaction network (233 up-regulated DGEs; 160 down-regulated DEGs), while 37 DEGs (20 up-regulated DEGs; 17 down-regulated DEGs) did not have direct interaction with the central core (Figure 2).


[image: image]

FIGURE 2. Functional network analysis from the anterior intestine of the gilthead sea bream fed the SDPP diet. Each node represents one differential expressed gene (DEG) obtained from the anterior intestine transcriptomic analysis. The DEG modulatory profile is represented with green (up-regulated) and red (down-regulated) into each node according to its fold-change magnitude interval. The green (up-regulation) and red (down-regulation) color scheme indicates the gene modulation according to its magnitude interval (fold-change).


To identify the function of these DEGs, a gene ontology (GO) pathway enrichment analysis was performed with the ClueGO platform. The results showed that the dietary inclusion of SDPP induced changes in 120 biological processes, grouped in 12 clusters. The sharing nodes between clusters are considered evidence of the interacting networks within biological processes. The most significant biological term names each cluster. For instance, the “Cellular catabolic process (GO:0044248)” is the most abundant category, with 69 terms corresponding to 42.3% of the total retrieved terms. Other biological processes clusters were the “Energy derivation by oxidation of organic compounds (GO:0015980)” with 16 terms corresponding to 9.8% of the total; the “Response to organic substance (GO:0010033)” with 15 terms related to 9.2%; the “Protein transport (GO:0015031)” with 12 terms corresponding to 74.4%; the “Leukocyte mediated immunity (GO:0002443)” with 11 terms related to a 6.8%; the “Organic substance catabolic process (GO:1901575)” and “Protein metabolic process (GO:0019538)” both with 10 terms corresponding to a 6.1%. Biological processes representing less than 5% of the total terms obtained were: the “Carboxylic acid metabolic process (GO:0019752)” with 6 GO terms corresponding to 3.7%; the “Generation of precursor metabolites and energy (GO:0006091)” and the “Protein catabolic process (GO:0030163)” both with five terms corresponding to 3.1%; the “Protein containing complex subunit organization (GO:0043933)” with three terms related to 1.8%; and the “G protein-coupled receptor signaling pathway (GO:0007186)” with one-term corresponding to a 0.6% of the total of enriched biological process (Figures 3, 4).
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FIGURE 3. ClueGo analysis of significantly enriched terms based on the biological functions in the anterior intestine of gilthead sea bream fed the SDPP diet. Each node represents one GO enrichment pathway (please refers to Supplementary Table 1 for details). The size of the node means its significance. Each color indicates a cluster of closely related biological processes. The colored biological term denominates the leading group term. The lines into the cluster showed a closed relationship between biological processes.
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FIGURE 4. Pie chart distribution of significantly enriched terms based on the biological functions in the anterior intestine of gilthead sea bream fed the SDPP diet. It is represented the percentage of the significantly differentially expressed genes in each principal cluster.


According to the data obtained from biological processes GO terms, the functional network showed a strong association between leukocyte-mediated immunity, protein transport, cellular catabolic process, protein metabolic process and organic substance catabolic process. Another association was also registered between carboxylic acid metabolic processes, energy derivation by oxidation of organic compounds, and generation of precursor metabolites and energy (Figure 3).

From the enrichment analysis performed by the ClueGO platform, those DEGs belonging to the most representative GO terms from the biological process were represented in an individual functional network (Figure 5). The diet containing SDPP resulted in the positive regulation for the “G protein-coupled receptor signaling pathway” (7 up-regulated DEGs; 4 down-regulated DEGs) (Figure 5L), the “Protein containing complex subunit organization” (45 up-regulated DEGs; 37 down-regulated DEGs) (Figure 5K), the “Protein metabolic process” (121 up-regulated DEGs; 65 down-regulated DEGs) (Figure 5G), the “Organic substance catabolic process” (80 up-regulated DEGs; 45 down-regulated DEGs) (Figure 5F), the “Protein transport” (66 up-regulated DEGs; 34 down-regulated DEGs) (Figure 5D), the “Response to organic substance” (80 up-regulated DEGs; 61 down-regulated DEGs) (Figure 5C), and the “Cellular catabolic process” (80 up-regulated DEGs; 43 down-regulated DEGs) (Figure 5A). In addition, the diet containing SDPP resulted in a balanced regulation (i.e., similar number of up- and down-regulated DEGs) for the “Energy derivation by oxidation of organic compounds” (14 up-regulated DEGs; 14 down-regulated DEGs) (Figure 5B), the “Leukocyte mediated immunity” (23 up-regulated DEGs; 27 down-regulated DEGs) (Figure 5E), the “Carboxylic acid metabolic process” (29 up-regulated DEGs; 23 down-regulated DEGs) (Figure 5H), the “Generation of precursor metabolites and energy” (20 up-regulated DEGs; 18 down-regulated DEGs) (Figure 5I), and the “Protein catabolic process” (22 up-regulated DEGs; 27 down-regulated DEGs) (Figure 5J). Notably, in almost all the functional networks identified for the DEGs belonging to the selected GO enrichment from the biological process, the up-regulated genes show a close interaction (Figures 5A,D,F,G,J,K).
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FIGURE 5. Detailed functional networks for those DEGs belonging to the most representative GO terms for each enrichment cluster for biological functions. Each node represents one differential expressed gene (DEG) obtained from the anterior intestine transcriptomic analysis. (A) Cellular catabolic process. (B) Energy derivation by oxidation of organic compounds. (C) Response to organic substance. (D) Protein transport. (E) Leukocyte mediated immunity. (F) Organic substance catabolic process. (G) Protein metabolic process. (H) Carboxylic acid metabolic process. (I) Generation of precursor metabolites and energy. (J) Protein catabolic process. (K) Protein containing complex subunit organization. (L) G protein-coupled receptor signaling pathway. The DEG modulatory profile is represented with green (up-regulated) and red (down-regulated) into each node according to its fold-change magnitude interval scheme (detailed at the bottom of the figure).


The top 10 hub genes with a high level of correlation for the 12 clusters obtained from the enriched biological functions were selected with CytoHubba software. Thus, from the “Cellular catabolic process”, 10 transcripts have a higher level of connection in the network (rps8, rps24, rps18, rps16, rps11,rps12, rpl7a, rpl11, rpl13A, rpl29). Importantly, all these transcripts were up-regulated (Figure 6A). For the cluster “Energy derivation by oxidation of organic compounds”, among the top 10 hub genes, seven transcripts were down-regulated (ndufs3, cox5a, cox6a1, ndufa5, ndufa2, mt-nd4, mt-co1), and three of them up-regulated (sdhc, sdhd, cox4i2) (Figure 6B). For the cluster “Response to organic substance”, most of the hub genes were up-regulated (rpsa, ubb, rps16, skp1, ctnnb1, hspa8, hsp90aa1, eftud2) compared to the two down-regulated hub genes (psmc2, cul1) (Figure 6C). Considering the cluster “Protein transport”, all ten hub genes were up-regulated (rps8, rps24, rps18, rps16, rps11, rplp2, rpl9, rpl7a, rpl13, rpl11) (Figure 6D). For the “Leukocyte mediated immunity” cluster, we identified three up-regulated transcripts (pycard, anxa2, pygb) and seven down-regulated hub genes (sdcbp, lyz, hexb, ctsc, ctsd, npc2, ctsa) (Figure 6E). Regarding the clusters “Organic substance catabolic process” and “Protein metabolic process”, the same hub genes were identified (rps8, rps24, rps18, rps16, rps12, rps11, rpl9, rpl7a, rpl13a, rpl11). Remarkably, all of them were up-regulated genes (Figures 6F,G). For the cluster “Carboxylic acid metabolic process”, seven hub genes were up-regulated (shmt1, sord, me3, aldoc, gpi, mdh2, pepd), and three down-regulated (idh1, aldoa, glul) (Figure 6H). Considering the cluster “Generation of precursor metabolites and energy”, just two genes were up-regulated (sdhd and sdhc), whereas eight genes showed a down-regulation (ndufs3, atp5g1, cox6a1, ndufa2, cox5a, ndufa5, mt-nd4, mt-co1) (Figure 6I). The “Protein catabolic process” cluster showed nine hub genes. From them, five genes were upregulated (wwp1, mdm2, hwew1, skp1, ubb), and four of them were downregulated (ube2d2, cul1, ubr4, and ube2l3) (Figure 6J). For the cluster “Protein containing complex subunit organization”, all hub genes were upregulated (eif3k, rsl24d1, eif3a, mrpl1, mrps15, eif5, rps19, rpl11, rpl24, rpsa) (Figure 6K). For the cluster “G protein-coupled receptor signaling pathway”, six hub genes were up-regulated (ahcyl1, abr, rhoa, ccr9, mdh2, rhoc), and four down-regulated (grk6, rgs1, gnai2, psap) (Figure 6L).
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FIGURE 6. Hub genes in each cluster term identified from the enriched biological functions in the anterior intestine of gilthead sea bream fed the SDPP diet. The principal cluster shows the 10-hub genes and the closest neighbor’s genes for each network. The color intensity from yellow to red (i.e., yellow, orange, red) represents the degree of the hub gene (i.e., the relevance degree) in each network, being red those most relevant hub genes. The blue nodes represent the closest neighbors. (A) Cellular catabolic process. (B) Energy derivation by oxidation of organic compounds. (C) Response to organic substance. (D) Protein transport. (E) Leukocyte mediated immunity. (F) Organic substance catabolic process. (G) Protein metabolic process. (H) Carboxylic acid metabolic process. (I) Generation of precursor metabolites and energy. (J) Protein catabolic process. (K) Protein containing complex subunit organization. (L) G protein-coupled receptor signaling pathway.


Collectively, the transcriptomic data showed a strong association between the genes associated with the catabolic process, protein transport, and leukocyte mediated immunity, suggesting that SDPP favors digestive- and defensive-related functions in the gilthead sea bream intestine.




DISCUSSION

In the present study, we evaluated the potential benefits of the dietary administration of SDPP in the gut of a marine teleost species by a detailed transcripteractome built from the enriched biological processes obtained to elucidate how this functional ingredient acted upon the maintenance of the gut mucosal tissue. Transcripteractome-based functional network analysis on teleost fish has gained attention in the last years (Firmino et al., 2020, 2021a,2021c; Reyes-López et al., 2021; Salomón et al., 2021). Previously, a similar strategy was followed by Reyes-López et al. (2021) to analyze the effects of SDPP at skin level. In our study, the transcriptomic analysis revealed that DEGs obtained corresponded mainly to biological processes related to “Cellular catabolic process (GO:0044248)”, “Energy derivation by oxidation of organic compounds (GO:0015980)”, and “Response to organic substance (GO:0010033)”. These processes are probably correlated with the previous reported improved growth performance, feed intake, and feed efficiency promoted by dietary inclusion of SDPP in this species (Gisbert et al., 2015; Reyes-López et al., 2021), rainbow trout (Campbell et al., 2003), Nile tilapia (de Araújo et al., 2017), and higher vertebrates including pigs (Angulo and Cubiló, 1998; Van Dijk et al., 2002; Kósa et al., 2019), poultry (Beski et al., 2016; Dabbou et al., 2020), and cats (Rodríguez et al., 2016). In 2001, van Dijk et al. (2001) reported that dietary SDPP levels up to 6% increased both average daily gain and feed intake in the first 2 weeks in a dose-dependent fashion and improved feed conversion ratio (FCR) in piglets. Similar results were reported by Gisbert et al. (2015) in gilthead sea bream fed diets containing 3% SDPP in diets for gilthead sea bream fingerlings in terms of these two common key performance indicators related to somatic growth and feed efficiency. Remarkably, the ten transcripts that showed the higher level of connection in the “Cellular catabolic process” network were up-regulated, including mostly ribosomal proteins, such as rps8, rps24, rps18, rps16, rps11,rps12, rpl7a, rpl11, rpl13A, and rpl29. Ribosome biogenesis is a highly regulated process associated directly with cell growth and the most active proteins in the cell. In the case of rapidly growing yeast cells, the rRNA constitutes approximately 80% of total cellular nucleic acid, being 50% of all RNA polymerase II transcription initiation events that occur in ribosomal protein genes (Warner, 1999; Lempiäinen and Shore, 2009). Previously, in a similar experimental dietary approach, Reyes-López et al. (2021) evaluated the skin multi-omics interactome merging the transcripteractomic response with a proteomic profile at mucosal skin level in this species, showing a significant linkage for “cellular catabolic process”, “biogenesis”, and “protein transport” processes. Additionally, the GO analysis revealed that several biological processes were up-regulated, including “ribonucleoprotein complex biogenesis”; and “ribosome biogenesis.” The authors suggested that the results may be attributed to the higher digestibility of protein in SDPP, which may promote protein turnover and exudation machinery in mucosal tissues (Reyes-López et al., 2021). Protein catabolism is the breakdown of proteins into absorbable monomers, which may be the only source of essential amino acids (Gurina and Mohiuddin, 2021), reflecting the relationship between the cellular catabolic process and the biogenesis process. However, among the 10 up-regulated ribosomal proteins found in the gut under current experimental conditions, rps8, rps18, and rps16 were differentially down-regulated in the skin mucosa (Reyes-López et al., 2021). Differences in the gene expression profile between mucosal tissues to the same stimulus have been described elsewhere (Khansari et al., 2018). The scope of these differences remains to be elucidated in further studies, although it may be related to differences in tissue function, physiology, and cellular turnover.

Blood plasma is a complex fluid that contains a wide variety of proteins, cytokines, growth factors, hormones, bioactive peptides, and amino acids that are involved in the health benefits found at systemic and different mucosal levels when SDPP is included in animal diets (Pérez-Bosque et al., 2016). The exact mechanism of action of SDPP is not fully understood. Some authors suggest that immunoglobulins are the main proteins involved in the growth rate and feed intake enhancement, together with an improved immune and intestinal function (Pierce et al., 2005; Petschow et al., 2014). However, its mechanism of action is not fully understood (Petschow et al., 2014). In addition, blood plasma contains more than 695 proteins in its composition (Schenk et al., 2008), and probably some of these proteins are also involved in the mechanism of action of SDPP. Although the number of peptides in blood plasma is relatively scarce about the number of proteins with MW > 10 kDa, some authors suggest that bioactive peptides present in plasma proteins may have beneficial effect after enzymatic hydrolysis at the intestinal level and may partially explain the improved performance and health benefits associated with the inclusion of SDPP in animal diets (Bah et al., 2013).

In the present study, we identified the modulation of DEGs associated with the energy derivation by oxidation of organic compounds. Most DEGs were down-regulated (ndufs3, cox5a, cox6a1, ndufa5, ndufa2, mt-nd4, and mt-co1) in comparison to the up-regulated ones (sdhc, sdhd, and cox4i2). Importantly, all these transcripts are related to mitochondrial processes associated with obtaining energy. In this way, NDUFS3 is one of the central subunits in the mitochondrial complex I. NDUFS3 is a catalytic subunit that has been shown to play a vital role in the proper assembly of functional complex I in the human mitochondrial respiratory chain (Suhane et al., 2011). On the other hand, NDUFA5 and NDUFA2 are accessory subunits of the mitochondrial complex I (Brandt, 2006). Similarly, MT-ND4 is also a central subunit of the mitochondrial complex 1 encoded in the mitochondrial genome (Brandt, 2006). In addition, COX5A (Cytochrome c oxidase 5A) and COX6A1, and COX4I2 are subunits of the cytochrome c oxidase (complex IV), which is the terminal complex of eukaryotic oxidative phosphorylation in mitochondria (Sommer et al., 2017; Watson and McStay, 2020). MT-CO1 is also part of the complex IV but is encoded in the mitochondrial genome (Carr and Winge, 2003). Finally, SDHC and SDHD are subunits of the Succinate dehydrogenase (SDH or Complex II), which is a heterotetrameric complex that links the tricarboxylic acid cycle (TCA) with the electron transport chain (Van Vranken et al., 2015). Taking together, the up- and down-regulatory expression profile of these genes in response to the SDPP administration showed that this ingredient resulted in the controlled activation of this very dynamic and strictly regulated cooperation interaction between nuclear and mitochondrial DNA for orchestrating a coordinated biogenesis of the mitochondrial complexes; thus, preserving the mitochondrial activity and homeostasis (Piomboni et al., 2012; Eisenberg-Bord and Schuldiner, 2017; Gómez-Serrano et al., 2018).

In the present study, the protein transport process was also enriched. The up-regulation of all protein transport hub genes identified (rps8, rps24, rps18, rps16, rps11, and rpl7a) coincided with the higher level of connection in the functional network between cellular catabolic processes and protein transport. In a previous study focused on the skin mucosa, a strong relationship between protein transport and the cellular catabolic process was also described in gilthead sea bream fed the SDPP (Reyes-López et al., 2021), results that may be attributed to the nutritional profile of this functional ingredient (Almeida et al., 2013). Such association was shown to be related to enhanced integrity of the mucosal tissue by the enhancement of tight junctions at the cell-cell level and/or between the cell and the extracellular matrix (Reyes-López et al., 2021), thus reinforcing the physical barrier favoring the protection of the organism in front of an environment fluctuation (Esteban, 2012; Parra et al., 2015). According to this idea, in our study we also found the up-regulation of syntenin. This protein has been associated with the cytoskeletal-membrane organization, cell adhesion, protein trafficking, and the activation of transcription factors. Importantly, this protein is primarily localized to membrane-associated adherens junctions and focal adhesion, reinforcing the idea of higher mucosal robustness by administrating SDPP. In the same line, in our study the up-regulation of rhoa was also registered, and whose function is related to the organization of the cytoskeleton, cell cycle progression, and cell adhesion by the maintenance of adherents and tight junctions (Terry et al., 2010; Citalán-Madrid et al., 2013). Taking together, these antecedents suggest that SDPP improves the intestinal barrier function, which is supported by previous results of SDPP tested in terrestrial animals (Peace et al., 2011; Pérez-Bosque et al., 2016).

In the context of a higher mucosal robustness, there is evidence that the SDPP oral administration also improved the activity of the intestinal antioxidant defense system and increased the density of goblet cells in intestinal mucosa; thus, favoring the intestinal health and innate immune function (Gisbert et al., 2015). The intestine plays a vital role in fish health as a physiological and immunological barrier to a wide range of microorganisms and foreign substances (Lalles, 2010; Gisbert et al., 2015). Similar results have been reported in pigs (Peace et al., 2011; Tran et al., 2014) and poultry (Beski et al., 2016), being the intestinal mucosa one of the best-studied tissues under the administration of SDPP. In fact, SDPP has been recommended for livestock nutrition as a source of immunological support due to its content in immunoglobulins and bioactive peptides (Bureau et al., 1999; Pérez-Bosque et al., 2010, 2016; Peace et al., 2011; Chin et al., 2014). That composition is related to enterocyte nutrition, mucin production, energetic resources, nucleotides synthesis, mechanical barrier stimulation, and innate immune response stimulation through the increase in leukocytes and immunoglobulins (Pérez-Bosque et al., 2006; Gao et al., 2011; Gisbert et al., 2015; de Araújo et al., 2017). In this way, in this study we also observed a strong relationship between the genes associated with immunity and protein transport, as it was previously reported for the skin mucosa (Reyes-López et al., 2021). At the innate immune level, lysozyme expression was down-regulated in our study. By contrast, it was previously reported that oral administration of SDPP enhanced the serum immune function in fish, increasing the serum lysozyme levels (Gisbert et al., 2015). This apparent discrepancy between the response observed for serum and intestine could be strictly associated with a specific response pattern for each tissue, even coming from the same organism. In fact, there is evidence in gilthead sea bream that the same stimulus may provoke different response patterns between tissues (Khansari et al., 2019), even at the mucosal level (Khansari et al., 2018). Lysozyme is a crucial antibacterial defense molecule of the innate immune system produced by leukocytes. Certain nutrients and compounds present in the diet might modulate the lysozyme activity in fish, which is generally associated with an increase in the protection against various bacterial infections (Saurabh and Sahoo, 2008; Gisbert et al., 2015). This aspect reaches particular relevance considering the high protein content in our diet. In mammals, a diet rich in animal protein promotes a gut pro-inflammatory response (Jantchou et al., 2010; Kostovcikova et al., 2019). In fish, there is evidence of gut inflammation by the use of soybean protein diet, inducing enteropathy and secretions that lead to greater immune sensitivity with migration of eosinophilic granulocytes, high levels of lysozyme, and IgM (Krogdahl et al., 2000; Uran et al., 2009; Hedrera et al., 2013; Estruch et al., 2015). Importantly, a previous report revealed an average intestinal mucosa organization in gilthead sea bream fed with an SDPP supplemented diet (Tapia-Paniagua et al., 2020). Similarly, in our study, ctsa, ctsc, and ctsd were also down-regulated. Their protein products are cathepsins, lysosomal proteases active in a slightly acidic environment involved at different levels in the process of the innate and adaptive immune responses (Turk et al., 2012; Perisic Nanut et al., 2014) that appears to be a central coordinator for activation of many serine proteinases in cells of the immune system. Thus, the down-regulation of genes associated with pro-inflammatory promotion reinforces the hypothesis of tight regulation of the inflammatory response in gilthead sea bream gut fed with the SDPP diet.

According to the tight regulation of the immune response, we observed in our transcripteractome analysis just 6.8% of the up-regulated transcripts associated with the biological process “Leukocyte mediated immunity (GO:0002443).” Among them, it stands out the gene pycard and whose protein product, called ASC [apoptosis-associated speck-like protein containing a caspase-recruitment domain (CARD)], is an adaptor protein involved in the formation of inflammasomes (Li et al., 2018). The inflammasome activation is a tightly regulated process, including transcriptional and post-transcriptional regulation mechanisms of their components, including upstream regulators and downstream effectors. Remarkably, the expression of ASC has been suggested to be constitutive in many cells and does not appear to be inducible by inflammatory signaling (Christgen et al., 2020). However, cells stimulated with LPS in the human intestinal mucosa, ASC can be up-regulated but posteriorly repressed (Masumoto et al., 2006). Similarly, in peripheral blood human neutrophils, ASC expression was transiently up-regulated by the pro-inflammatory cytokines IL-1α, IL-1β, IFNα, IFNγ, TNFα, and the stimulus by LPS (Shiohara et al., 2002). Recently, ASC was described in the inflammasome activation pathway on zebrafish with conserved and unique structural/functional features (Li et al., 2018). However, more studies are required to characterize the expression of ASC in gilthead sea bream and the scope of its up-regulation in response to the dietary administration of SDPP.

In the same context of the tight control of the immune system for a successful response, we also found the up-regulation of sdcbp. In mammals, its protein product (Syntenin-1) is an important positive regulator of transforming growth factor-beta (TGF-β) signaling (Hwangbo et al., 2016). At the same time, it has a role as a negative regulator of intestinal immunoglobulin production to maintain intestinal homeostasis in vivo (Tamura et al., 2015). In teleost, information about the role of Syntenin in the immune response is scarce. Currently, in zebrafish it is associated with epiboly and gastrulation movements (Lambaerts et al., 2012), the exosome biogenesis and release from yolk syncytial layer (Verweij et al., 2019), and in adults to the regeneration after traumatic insult to the central nervous system (Yu and Schachner, 2013). In kuruma shrimp (Marsupenaeus japonicus), there is some evidence of syntenin-like genes in antibacterial response (Liu et al., 2015), increasing a conserved evolutionary role in immunity.



CONCLUSION

Taking together, in this study we observed a strong association between immunity, protein transport, and process related to metabolism-associated processes. This evidence confirms the previous evidence of the immune, metabolic, and protein transport processes that take place at the mucosal tissue level in response to SDPP (Reyes-López et al., 2021). Thus, the integrative analysis of gilthead sea bream fed with SDPP supported the better key performance indicators related to growth and feed performances of gilthead sea bream, which are also associated with a balanced immune response and an enhancement of the mucosal health status.
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Reducing dependency on dietary fish meal (FM) and fish oil (FO) is extremely important for the sustainable development of the aquaculture industry. However, the metabolic consequences and mechanisms underlying the replacement of dietary FM and FO by terrestrial proteins (TPs) and lipids remain unclear. To reveal the effects of replacing dietary FM and/or FO on the metabolic changes, the integrated analysis of metabolomics and transcriptomics were employed to evaluate the changes in metabolites and genes of rainbow trout (Oncorhynchus mykiss) feeding different experimental diets. Four diets were formulated for the 84-day duration of the experiment: control group (FMFO), FM and vegetable oil (FMVO), terrestrial protein and FO (TPFO), and terrestrial protein and vegetable oil (TPVO). Integrated metabolomic and transcriptomic analyses revealed the significant difference in the metabolic pathways of O. mykiss among the three replacement schemes, i.e., single replacement of dietary FM by TP, single replacement of dietary FO by VO, and combined replacement of FM by TP and FO by VO. The combined replacement of FM and FO by TP and VO, respectively, disturbed immune function, energy metabolism, cellular protein biosynthesis capacity, and lipid metabolism of O. mykiss. The reduction of antioxidant capacity was only observed in individuals feeding diets with replacement of FM by TP. Furthermore, as soon as the dietary FM and/or FO were reduced, cellular protein biosynthesis ability was suppressed and accompanied by higher energy consumption in response to fluctuations of dietary quality, resulting in reduced growth performance. Interestingly, adenylosuccinate and adenosine monophosphate involved in purine metabolism were induced by both individual and combined replacement of FM and FO by TPs and lipids, respectively. It suggested that these two metabolites might be potential biomarkers for O. mykiss fed diets with reduction of FM and/or FO. This study constitutes a new understanding of the molecular and metabolic mechanisms of O. mykiss in response to the replacement of dietary FM and/or FO by TP and/or VO, respectively, and built a theoretical basis for further improvement of aquafeed formulation and sustainable development of aquaculture.
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INTRODUCTION

Fish meal (FM) and fish oil (FO) are known as the most desirable ingredients used in the formulation of aquafeeds (Turchini et al., 2019). Firstly, FM is regarded as the most reliable protein source owing to its relatively high protein level, excellent amino acid (AA) composition, good palatability, and digestibility to fulfill the dietary requirement of aquatic species (Olsen and Hasan, 2012). Moreover, FO constitutes one of the major dietary components in aquafeed to provide energy and essential fatty acids (EFA), especially long-chain ω3 polyunsaturated fatty acids, which are short in vegetable oil (VO) (Geay et al., 2015). Such long-chain unsaturated FAs are crucial for the growth, health, and development of aquatic animals (Tocher, 2010). However, overfishing of wild fish to produce FM and FO for aquaculture use is unsustainable and as such reducing the reliance on aquaculture feeds, composed of FM and FO is essential for the sustainable development aquaculture industry (Klinger and Naylor, 2012).

The possibility of feeding farmed fish with diets based on various alternative protein sources, mainly terrestrial proteins (TPs), has been evaluated by numerous studies (Panserat et al., 2009; Glencross et al., 2011; Messina et al., 2013; Oliva-Teles et al., 2015; Rimoldi et al., 2018; Choi et al., 2019; Randazzo et al., 2021). Plant proteins are considered the desirable alternative source for FM because of their reasonable price, consistent quality, and stable supply (Oliva-Teles et al., 2015). However, the unbalanced AAs profiles and presence of antinutritional factors (ANFs) limit the application of plant-based proteins in aquafeed (Krogdahl et al., 2003; Espe et al., 2006). The depression of growth performance caused by the replacement of about 80% dietary FM with one protein source has been documented in carnivorous fish species (Dias et al., 2005). Animal proteins typically have adequate AA profiles, suitable digestible phosphorus, and the absence of ANFs compared to plant proteins. However, the relatively high ash content in some animal proteins can negatively affect the utilization of dietary macromolecules by aquatic species, which results in repressed growth performance (Bureau et al., 1999; Moreno-Arias et al., 2018). Therefore, one strategy to overcome such shortcomings is to combine multiple alternative dietary protein sources to achieve a complementary effect and to offset the undesirable ingredients present in the alternative sources, thus improving the growth performance of farmed fish (Li S. et al., 2021). In addition to the unfavorable components of alternative protein sources, the energy metabolism of fish needs to be considered. It is known that due to the limitation of carbohydrate utilization in fish, dietary proteins (especially several AAs) are typically utilized preferentially as fuel for energy metabolism in fish (Jia et al., 2017). Therefore, the development of alternative FM diets must ensure a sufficient supply of AAs for protein synthesis and energy metabolism.

As regards FO, VO is widely considered as the potential alternative ingredient that can effectively replace dietary FO at high levels without significant effect on the growth performance of fish (Hixson et al., 2014; Betancor et al., 2015; Oliva-Teles et al., 2015; Grayson and Dabrowski, 2020; Lu et al., 2020). Despite the desired positive results, the FA composition of VO can negatively affect the lipid metabolism of the farmed fish. Additionally, previous studies indicated that unbalanced dietary FA profiles can induce intestinal enteritis and oxidative stress, which is the response of the immune system to external physical or chemical stimuli (Petropoulos et al., 2009). Thus, both the growth performance of the fish and the quality of the final product needs to be taken into account when replacing dietary FO with alternative sources. For this consideration, several solutions have been developed to reduce the negative effects of replacing FO with VO on the metabolism and product quality of aquatic species. For example, the use of new oil sources (Hixson et al., 2014; Grayson and Dabrowski, 2020) and transgenic plants (Betancor et al., 2015) have been tested. As such, further understanding of lipid metabolism in fish feeding diets with replacement of FO by alternative sources is required.

Considering that partial replacement of dietary FM or FO has been successfully achieved, it is feasible to conduct investigations to evaluate the effects of combined replacement of dietary FM and FO. Previous studies have investigated the effects of combined replacement of FM and FO on fish. For instance, Torrecillas et al. (2017) successfully reduced dietary FM and FO levels of European sea bass (Dicentrarchus labrax) down to 10 and 3%, respectively. Glencross et al. (2016) achieved the total replacement of dietary FO by ricebran oil and 90% dietary FM by TP in Asian seabass (Lates calcarifer). Uncertainty and controversy exist regarding the effects of supplementary TP and lipid in feed on fish metabolism and growth. A high level of dietary FM and FO substitution, for example, resulted in reduced growth performance after 1 year due to the unbalanced AA profiles (Torstensen et al., 2008). Moreover, most current studies about the replacement of dietary FM and FO were focused on the growth performance of fish while reports regarding the effects of such replacement on fish metabolism are scarce so far.

Fish metabolism involves a series of complex biological processes with the regulations of numerous genes and the production of various metabolites. Recently, metabolomics and transcriptomics have been increasingly used to study the physiological and molecular mechanisms of organisms in response to external stimuli (Yan et al., 2018; Kong et al., 2020). Transcriptome analysis can help to determine important information about gene expression levels and is a valuable tool for understanding biological information. However, transcriptome sequencing cannot reflect the metabolic levels in an organism. Meanwhile, metabolomics has been successfully employed in nutrition research because it can reveal the metabolite profiles of an organism and further clarification on its metabolic response to various dietary ingredients (Wei et al., 2017; Alfaro and Young, 2018). As such, a simultaneous analysis combining transcriptomic and metabolomic information can compensate for the shortage of the application of a single method and improve the systematics and accuracy for understanding the physiological processes and the metabolic and molecular mechanisms of the target organism (Hao et al., 2019; Li Y. et al., 2021).

As the second-largest salmonid species in terms of total production worldwide, rainbow trout (Oncorhynchus mykiss) is one of the most commercially important species (FAO, 2020). O. mykiss aquaculture consumes considerable FM and FO as the main ingredients of fish diets. As such, it is economically and ecologically significant to minimize the usage of FM and FO by means of replacing such feed ingredients with alternative terrestrial sources. The present investigation is aimed to evaluate the effects of combined replacement of dietary FM and FO on the metabolism of O. mykiss and the molecular mechanism based on the integrated information from transcriptomic and metabolomic analyses to provide a scientific base for the development of feed techniques in O. mykiss farming.



MATERIALS AND METHODS


Experimental Diets

Four experimental diets with isonitrogenous (461.9 g/kg) and isolipidic (160.4 g/kg) were formulated. The use of alternative sources of FM and FO in the present study was referred to previous studies on O. mykiss (Panserat et al., 2009; Rimoldi et al., 2018), and the feed formulation was appropriately modified according to the nutritional requirements of juvenile O. mykiss (Guillaume et al., 2001). The specific compositions of the four diets are as follows: (1) FMFO diet only containing FM and FO as the protein and lipid sources, respectively, (2) FMVO diet containing FM and 80% VO plus 20% FO, (3) TPFO diet containing FO and 70% TP plus 30% FM, (4) TPVO diet containing 70% TP plus 30% FM and 80% VO plus 20% FO. The feed formulation and proximate analysis are shown in Table 1. All feed ingredients were completely mixed and pelletized, dried in an oven at 55°C for 16 h, and frozen at −20°C for future use.


TABLE 1. Ingredient and proximate composition of experimental diets (all values are g/kg).
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Experimental Conditions and Sample Collection

The feeding experiment was carried out in Haiyang Yellow Sea Aquatic Product Co., Ltd. (Shandong, China). All O. mykiss obtained from Wanzefeng Fishery Company (Rizhao, Shandong, China) were acclimated to the experimental conditions for 14 days. A total of 240 O. mykiss with an average weight of 38.09 ± 0.73 g were randomly assigned to 12 aquariums with a volume of 400 L, i.e., 20 fish in each tank. Three tanks of fish were grouped as one of the four feed treatments and fed with one of the four diets three times every day (at 8:00, 15:00, and 21:00) for 84 consecutive days. Feces and residual feeds were collected after one hour of feeding, and the weight of residual feed was recorded. The temperature was kept constant at 16 ± 0.5 °C with automatic regulators. The dissolved oxygen was kept at no less than 6.0 mg L–1. An artificially controlled photoperiod was established as 12 h light: 12 h dark during the feeding experiment. Sufficient aeration ensured homogenous environmental conditions for each aquarium.

All individuals in each replicate were weighed to determine the final body weight (FBW), specific growth rate (SGR), feed efficiency (FE), protein efficiency ratio (PER), and lipid efficiency ratio (LER) at the end of the experiment. All individuals were anesthetized before tissue sample collection. Condition factor (K) and hepatosomatic index (HSI) of O. mykiss were calculated using the body weight, length, and liver weight of four fish from each tank. And feces samples were collected for apparent digestibility coefficient (ADC) analyses. Three individuals were collected from each group for RNA-seq, and six fish from each treatment were collected for metabolomic analysis. And the liver of each individual was quickly removed and frozen at −80°C ultra-low temperature refrigerator until subsequent multi-omics analysis.



Transcriptomic Analysis

TRIzol® Reagent was applied to extract the total RNA from the liver and genomic DNA was cleared by DNase I (TaKara). RNA quality was detected by 2100 Bioanalyser (Agilent) and ND-2000 (NanoDrop Technologies) was applied for quantification. Isolation of mRNA by oligo(dT) beads following the polyA selection method, and sequencing libraries were constructed by the TruSeqTM RNA sample of preparation Kit from Illumina (San Diego, CA, United States). The Illumina HiSeq X Ten/NovaSeq 6000 sequencer was employed to sequence the Paired-end RNA-seq (2 × 150 bp read length). Finally, the clean reads were obtained from the raw reads being trimmed. All RNA-seq data have been uploaded to the NCBI Sequence Read Archive (SRA) database, accession NO: PRJNA788999. Gene abundances were quantified by RSEM1 and normalized based on transcripts per million reads value. Essentially, differential expression analysis was performed using the DESeq2 with P < 0.05, and |log2FC|> 1. In addition, the Kyoto Encyclopedia of Genes and Genomes (KEGG) database was applied to detect which differentially expressed genes (DEGs) were significantly enriched at P < 0.05. KOBAS2 was applied for KEGG pathway analysis (Xie et al., 2011).



Validation of Differentially Expressed Genes by qRT-PCR

Ten DEGs were randomly selected to validate the RNA-seq results by qRT-PCR. Primers for qRT-PCR were designed using Primer Premier 5.0 software, and primers’ details were listed in Supplementary Table 1. EF1α and β-actin were employed as the internal control for qRT-PCR. The temperature programming conditions were: denaturation at 95°C for 30 s, followed by 35 cycles of 95°C for 10 s, 60°C for 30 s, 95°C for 15 s, 60°C for 60 s, and 95°C for 1 s. Gene expression results were obtained using the 2–ΔΔCt method (Livak and Schmittgen, 2001).



Metabolomic Analysis


Metabolites Extraction and Analysis With LC-MS

For metabolomics analysis, the 50 mg solid sample from each group was separated with 400 μL of the solution containing methanol and water 4:1 (v/v). The samples were homogenized by a tissue crusher at 50 Hz for 6 min and then sonicated for 30 min at 40 kHz and 5°C. The samples were placed for 30 min at −20°C to achieve protein precipitation. The mixture was centrifuged at 4°C, 13,000g for 15 min, and the supernatant was separated for subsequent analysis.

The LC-MS analysis was conducted using an ExionLCTMAD system (AB Sciex, United States) equipped with an ACQUITY UPLC BEH C18 column (100 mm × 2.1 mm i.d., 1.7 μm; Waters, Milford, CT, United States). The UPLC system worked in tandem with a quadrupole time-of-flight mass spectrometer (Triple TOF™ 5600+, AB Sciex, United States) that has an electrospray ionization (ESI) source with both positive and negative ionization modes of operation.



Data Preprocessing and Metabolite Identification

The positive and negative data obtained from the LC-MS analysis were combined and loaded into SIMCA software (V14.1, Umea, Sweden) for orthogonal projections for latent structures-discriminant analysis (OPLS-DA). Afterward, sevenfold cross-validation was performed. Differential metabolites (DMs) were identified according to the variable importance in projection values (VIP > 1) obtained from the OPLS-DA model and P < 0.05 from the Student’s t-test. KEGG3 was employed for annotating metabolites and searching for metabolite pathways. The scipy stats4 was employed to confirm the statistically significantly enriched pathway by Fisher’s exact test.




Comprehensive Analysis of Metabolomics and Transcriptomics

Kyoto Encyclopedia of Genes and Genomes was applied to annotate and enrich the metabolic pathways mapped by DMs and DEGs of O. mykiss, and DMs and DEGs enriched to the shared KEGG pathways were filtered for subsequent analysis. Pearson correlation analysis was utilized to identify the correlation between DMs and DEGs O. mykiss using the Cytoscape software. A heatmap was used to show the correlation of the DMs and DEGs, respectively. P < 0.05 was considered a statistically significant level of difference.



Calculation and Statistical Analysis

The growth performance of fish was determined by the following equations:
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where Wf and W0 represent final and initial body weight of O. mykiss, t represents the duration of experiment. L represents the length of O. mykiss.

All results are expressed as mean ± SD. The growth performance of O. mykiss was analyzed using two-way ANOVA with the percentage of dietary FM or FO as fixed factors. P < 0.05 indicated that the data has statistically significant differences. All analyses were performed on the SPSS 21.0 software.




RESULTS


Growth Performance

After the 84-d experiment, no interaction term between dietary levels of FM and FO on growth performance or feed utilization were observed in O. mykiss (Table 2). Significant differences in the growth performance in terms of FBW, SGR, and K and the feed utilization in terms of ADC were observed between the two FM inclusion levels (P < 0.05) and HSI showed a significant difference in O. mykiss between the two FO levels (P < 0.05). In addition, there was no significant difference of FE, PER, and LER in O. mykiss fed diets with replacement of dietary FM or FO by TP or VO, respectively (P > 0.05).


TABLE 2. Two-way factorial analysis of variance (ANOVA) for the growth performance and feed utilization of O. mykiss fed different diets.
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Transcriptomics Analysis of Replacement of Fish Meal and/or Fish Oil by Terrestrial Protein and/or Vegetable Oil


Replacement of Fish Meal by Terrestrial Protein for Differentially Expressed Genes and Metabolic Pathways

A total of 518 and 93 DEGs were identified between FMFO vs. TPFO and FMVO vs. TPVO, respectively. There were 24 overlapping DEGs between FMFO vs. TPFO and FMVO vs. TPVO (Figure 1A). In the comparison of FMFO vs. TPFO, 378 and 140 genes were upregulated and downregulated, respectively. Meanwhile, there were 48 and 45 genes showing up-regulated and down-regulated expression in FMVO vs. TPVO, respectively (Figure 1B and Supplementary Figure 1).
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FIGURE 1. Transcriptomic analysis of O. mykiss fed diets with replacement of FM and/or FO. The number of up- and down-regulated DEGs were identified in the FM replacement and FO replacement (A,B). KEGG pathways analysis of DEGs in response to FM replacement (C,D), FO replacement (E,F), and combined replacement of FM and FO (G). Pathway enrichment analysis plots (top 20) of upregulated expressed metabolisms according to P < 0.05.


To further explore the metabolic pathways of the replacement of FM by TP, the DEGs in each group were annotated (Supplementary Table 2). Based on significant pathways (P < 0.05), KEGG was applied to correlate the DEGs with metabolic pathways. It was determined that most of DEGs in the comparison of FMFO vs. TPFO were enriched in “steroid biosynthesis,” “aminoacyl-tRNA biosynthesis,” “protein processing in endoplasmic reticulum,” “glycine, serine and threonine metabolism,” and “PPAR signaling pathway” (Figure 1C), while most of DEGs in the comparison of FMVO vs. TPVO were enriched in “steroid biosynthesis,” “PPAR signaling pathway,” “glutathione metabolism,” and “pentose and glucuronate interconversions” (Figure 1D).



Replacement of Fish Oil by Vegetable Oil for Differentially Expressed Genes and Metabolic Pathways

There were 140 and 48 DEGs identified in FMFO vs. FMVO and TPFO vs. TPVO, respectively. A total of 3 overlapping DEGs between FMFO vs. TPFO and FMVO vs. TPVO. In the comparison of FMFO vs. FMVO, 104 genes were expressed up-regulated and 36 genes were expressed down-regulated. Meanwhile, 21 and 27 gene expressions were up- and down-regulated in TPFO vs. TPVO, respectively (Supplementary Figure 1).

To further explore the metabolic pathways of the replacement of FO by VO, the DEGs in each group were annotated (Supplementary Table 3). Based on significant pathways (P < 0.05), KEGG was employed to correlate the DEGs with metabolic pathways. It was determined that most of DEGs in FMFO vs. FMVO were enriched in “oxidative phosphorylation,” “steroid biosynthesis,” and “arachidonic acid metabolism” (Figure 1E), while most of DEGs in TPFO vs. TPVO were enriched in “alanine, aspartate and glutamate metabolism,” “PPAR signaling pathway,” “D-glutamine, and D-glutamate metabolism” and “fatty acid biosynthesis” (Figure 1F).



Combined Replacement of Fish Meal and Fish Oil by Terrestrial Protein and Vegetable Oil for Differentially Expressed Genes and Metabolic Pathways

A total of 210 DEGs were identified in FMFO vs. TPVO. Compared with the control group, 121 and 89 genes showed up-regulated and down-regulated expression in the TPVO group, respectively (Supplementary Figure 1).

To further explore the metabolic pathways of the combined replacement of FM and FO by TP and VO, respectively, the DEGs in each group were annotated (Supplementary Table 4). Based on pathway P < 0.05, KEGG was employed to correlate the DEGs with metabolic pathways. It was determined that most of DEGs in FMFO vs. TPVO were enriched in “steroid biosynthesis,” “protein processing in endoplasmic reticulum,” “glycine, serine and threonine metabolism,” “purine metabolism,” “phenylalanine metabolism,” and “arachidonic acid metabolism” (Figure 1G).




Metabolomic Analysis of Replacement of Fish Meal and/or Fish Oil by Terrestrial Protein and/or Vegetable Oil


Overall Changes on the Liver in Metabolites in Response to Replacement of Fish Meal and/or Fish Oil by Terrestrial Protein and/or Vegetable Oil

In this LC-MS analysis, a total of 12,928 valid peaks were extracted. To maximize the discrimination between the replacement of dietary FM and/or FO by TP and/or VO and the control groups, and OPLS-DA was applied to determine the differences in metabolite levels between comparable groups. R2Y represents the percentage of all sample variables explained by the model. Q2 represents the percentage of all sample variables predicted by the model. OPLS-DA score plots of FMFO vs. TPFO, FMVO vs. TPVO, FMFO vs. FMVO, TPFO vs. TPVO, and FMFO vs. TPVO had the cumulative values of R2Y being 0.909, 0.927, 0.967, 0.976, and 0.975, and Q2 being 0.838, 0837, 0.767, 0.629, and 0.923, respectively, indicating that the model derived by OPLS-DA were highly plausible (Supplementary Figure 2) and can be employed in the further analysis.



Differential Metabolites and Metabolic Pathways for Replacement of Fish Meal by Terrestrial Protein

A total of 204 and 199 DMs were identified between FMFO vs. TPFO and FMVO vs. TPVO, respectively. In the comparison of FMFO vs. TPFO, there were 70 and 134 DMs upregulated and downregulated, respectively. In the comparison of FMVO vs. TPVO, 42 and 157 DMs were upregulated and downregulated, respectively. There were 127 overlapping metabolites between FMFO vs. TPFO and FMVO vs. TPVO (Supplementary Figure 3).

To identify the potential metabolic pathways affected by the replacement of FM by TP, KEGG was applied to correlate the DMs with metabolic pathways. The results of pathway analysis described in detail the metabolic pathway changes related to the replacement of FM by TP(Figure 2). The most closely related metabolic pathways of FMFO vs. TPFO and FMVO vs. TPVO were shown in Supplementary Table 5.
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FIGURE 2. Metabolomic profiles of O. mykiss fed diets with replacement of FM and/or FO. Heatmaps and pathway analysis plots of DMs in FM replacement (A–D), FO replacement (E–H), and combined replacement of FM and FO (I,J). The blue bar in pathway analysis plots showed enrichment ratio and the red bar showed pathway impact value calculated from pathway topology analysis.




Differential Metabolites and Metabolic Pathways for Replacement of Fish Oil by Vegetable Oil

There were 167 and 122 DMs identified in FMFO vs. FMVO and TPFO vs. TPVO, respectively. In the comparison of FMFO vs. FMVO, 87 DMs were expressed up-regulated and 80 DMs were expressed down-regulated. In the comparison of TPFO vs. TPVO, 36 and 86 DMs were upregulated and downregulated, respectively. A total of 67 overlapping metabolites between FMFO vs. FMVO and TPFO vs. TPVO (Supplementary Figure 3).

To identify the potential metabolic pathways affected by the replacement of FO by VO, KEGG was applied to correlate the DMs with metabolic pathways. The results of pathway analysis described in detail the metabolic pathway changes related to the replacement of FO by VO (Figure 2). The most closely related metabolic pathways of FMFO vs. FMVO and TPFO vs. TPVO were shown in Supplementary Table 6.



Differential Metabolites and Metabolic Pathways for Combined Replacement of Fish Meal and Fish Oil by Terrestrial Protein and Vegetable Oil

A total of 220 DMs were identified between FMFO vs. TPVO. Compared to the control group, 63 and 157 DMs were upregulated and downregulated in the combined replacement of FM and FO by TP and VO, respectively (Supplementary Figure 3).

To identify the potential metabolic pathways affected by the combined replacement of dietary FM and FO, KEGG was applied to correlate the DMs with metabolic pathways. The results of pathway analysis described in detail the metabolic pathway changes related to the combined replacement of dietary FM and FO by TP and VO, respectively (Figure 2). The most closely related metabolic pathways of FMFO vs. TPVO were shown in Supplementary Table 7.




Integrated Analysis of Metabolomics and Transcriptomics for the Replacement of Fish Meal and Fish Oil by Terrestrial Protein and Vegetable Oil

The integrative analysis of transcriptome and metabolome revealed the shared KEGG pathways of DEGs and DMs of O. mykiss fed with reduction of dietary FM and/or FO in the diets (Supplementary Table 8). The shared DEGs and DMs involved in these metabolic pathways were shown in Supplementary Table 9. For the replacement of FM by TP, 32 shared KEGG pathways were mapped from 63 and 42 shared KEGG pathways between FMFO vs. TPFO and FMVO vs. TPVO, respectively. Among these pathways, 10 significantly important metabolic pathways were identified via topological pathway analysis (“purine metabolism,” “cysteine and methionine metabolism,” “lysine degradation,” “arginine biosynthesis,” “glycolysis/gluconeogenesis,” “phenylalanine metabolism,” “amino sugar and nucleotide sugar metabolism,” “glycine, serine and threonine metabolism,” “pentose and glucuronate interconversions,” and “glutathione metabolism”) (Figure 3A). For the replacement of FO by VO, 6 shared KEGG pathways were mapped from 33 and 10 shared KEGG pathways in FMFO vs. FMVO and TPFO vs. TPVO, respectively. Among these pathways, six significantly important metabolic pathways were identified via topological pathway analysis (“purine metabolism,” “glycine, serine and threonine metabolism,” “aminoacyl-tRNA biosynthesis,” “cysteine and methionine metabolism,” “sphingolipid metabolism,” and “alanine, aspartate and glutamate metabolism”) (Figure 3B). For the combined replacement of FM and FO by TP and VO, respectively, 52 shared KEGG pathways were mapped from FMFO vs. TPVO. Among these pathways, 11 significantly important metabolic pathways were identified via topological pathway analysis (“tryptophan metabolism,” “purine metabolism,” “lysine degradation,” “amino sugar and nucleotide sugar metabolism,” “arginine biosynthesis,” “glycolysis/gluconeogenesis,” “phenylalanine metabolism,” “citrate cycle (TCA cycle),” “glycerophospholipid metabolism,” “pentose and glucuronate interconversions,” and “cysteine and methionine metabolism”) (Figure 3C). Correlation analysis calculated by Pearson showed tight correlations between DEGs and DMs, which further emphasized the correlation between each DEG and each DM (Figure 4).
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FIGURE 3. Significant specific pathway identified by multi-omics analysis between FM or FO replacement and combined replacement FM and FO. Pathway analysis of DMs from common pathways shared with DEGs was plotted at the replacement of FM (A), replacement of FO (B), and combined replacement of FM and FO (C). Map00230: purine metabolism; map00310: lysine degradation; map00220: arginine biosynthesis; map00010: glycolysis/gluconeogenesis; map00360: phenylalanine metabolism; map00520: amino sugar and nucleotide sugar metabolism; map00260: glycine, serine, and threonine metabolism; map00040: pentose and glucuronate interconversions; map00480: glutathione metabolism; map00380: tryptophan metabolism; map00020: citrate cycle (TCA cycle); map00564: glycerophospholipid metabolism.
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FIGURE 4. Correlation plots of the correlations between metabolome and transcriptome. The correlation plots with genes in columns and metabolites in rows to reveal the connection between genes and metabolites of O. mykiss fed diets with FM replacement (A,B), FO replacement (C,D), and combined replacement FM and FO (E). The red and blue showed the positive and negative correlation between transcriptomics and metabolomics, respectively. The symbol “*” indicates significant correlation between the gene and metabolites (P < 0.05).


Shared DMs and DEGs of individual and combined replacement of FM and FO by TP and VO, respectively, were further aggregated to explore the metabolic process that might occur in the liver of O. mykiss (Table 3). A comprehensive metabolic network of these shared metabolites and genes involving the replacement of dietary FM and/or FO by TP and/or VO was shown in Figure 5. Adenylosuccinate and adenosine monophosphate were all upregulated in replacement of dietary FM and/or FO by TP and/or VO and were involved in purine metabolism. The high concentration of 2-(formamido)-N1-(5′-phosphoribosyl) acetamidine, but low contents of xanthosine, xanthine, and urate which possibly due to the low expression of PNP and XDH were found in purine metabolism. The low concentrations of R-S-glutathione, 5-oxoproline, 5-L-glutamyl-L-alanine, and low expression levels of OPLAH, which are involved in the glutathione metabolism, were identified in fish feeding diets with replacement of FM. Moreover, the concentrations of L-tryptophan and anthranilate were both downregulated, but high expression levels of ACAT2 were identified in the combined replacement of dietary FM and FO by TP and VO, respectively. In glycerophospholipid metabolism, lysine metabolism, and tryptophan metabolism, 1-acyl-SN-glycero-3-phosphocholine, phosphatidylcholine (lecithin), PCYT1, L-lysine, and L-2-aminoadipate were downregulated in combined replacement of dietary FM and FO by TP and VO, respectively. In addition, the low expression levels of D-glycerate 3-phosphate and D-glucuronic acid, but the high expression levels of UDP-D-glucuronate may be mainly controlled by the up-regulation of upstream DEGs, which were found in glycolysis/gluconeogenesis and pentose and glucuronate interconversions. Furthermore, L-arginine, L-phenylalanine, and D-glucuronic acid, which are involved in arginine biosynthesis, phenylalanine metabolism, and amino sugar and nucleotide sugar metabolism were expressed at low levels in individual replacement of dietary FM by TP and combined replacement of dietary FM and FO by TP and VO, respectively.


TABLE 3. Shared DMs and DEGs in the KEGG pathway of O. mykiss which fed diets with replacement of FM and/or FO.
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FIGURE 5. A hypothetical integrated metabolic network of key differential metabolites and genes in significant pathways identified by multi-omics analysis between FM and FO replacement and combined replacement FM and FO based on the KEGG pathway database. Map00230: purine metabolism; map00310: lysine degradation; map00220: arginine biosynthesis; map00010: glycolysis/gluconeogenesis; map00360: phenylalanine metabolism; map00520: amino sugar and nucleotide sugar metabolism; map00260: glycine, serine, and threonine metabolism; map00040: pentose and glucuronate interconversions; map00480: glutathione metabolism; map00380: tryptophan metabolism; map00020: citrate cycle (TCA cycle); map00564: glycerophospholipid metabolism. Metabolites were marked as circles, differential metabolites as green frames, and differential genes as blue frames. The red/green boxes (from left to right, replacement of dietary FM, FO, FM and FO, respectively) show high/low expression of alternative FM and/or FO. OPLAH: 5-oxoprolinase; PNP: purine-nucleoside phosphorylase; XDH: xanthine dehydrogenase/oxidase; PCYT1: choline-phosphate cytidylyltransferase; BHMT: betaine-homocysteine S-methyltransferase; DMGDH: dimethylglycine dehydrogenase; ACAT2: acetyl-CoA C-acetyltransferase; TAT: tyrosine aminotransferase; ALDH3: aldehyde dehydrogenase; GCK: glucokinase; HK: hexokinase; UGP2: UTP-glucose-1-phosphate uridylyltransferase; UGT: glucuronosyltransferase.




The RNA Sequencing Data Quality Control and Results of qRT-PCR

In our study, the averages of 44.5, 44.2, 44.8, and 43.3 million clean reads were localized to the O. mykiss genome from the FMFO, FMVO, TPFO, and TPVO groups, respectively (Supplementary Table 10). The GC contents of the four groups showed the average values with 49.9, 49.88, 49.09, and 49.3%, respectively. And Q30 contents were on the average of 95.24, 94.89, 95.06, and 95.10%, respectively. The average map rates of the four groups were 94.75, 94.82, 93.64, and 94.23%, respectively (Supplementary Table 10). These data suggested that the sequencing results were favorable and that the results of the subsequent transcriptome analysis were dependable. To further confirm the accuracy and reliability of transcriptomic data, qRT-PCR was conducted to validate the RNA-seq results of 10 DEGs, and the expression patterns were in accordance with the trend of RNA-seq results (Supplementary Figure 4).




DISCUSSION


Growth Performance

The growth performance results obtained in the present study were consistent with those previously reported in African catfish (Clarias gariepinus) (Sourabié et al., 2018), and dietary protein sources were the main limiting factor affecting growth performance. In terms of FO, replacing dietary FO with VO did not compromise the growth performance of O. mykiss, which was consistent with the previous studies with partial replacement FO in farmed fish (Glencross et al., 2003; Hardy, 2010). In contrast, individuals feeding diets with reduced dietary FM presented lower feed utilization than fish feeding diets with higher dietary FM content, resulting in poor growth performance regardless of the dietary lipid sources. This result was in agreement with the previous investigations in European sea bass (D. labrax) (Torrecillas et al., 2017) and Atlantic cod (Gadus morhua L.) (Hansen et al., 2007) that accepted the reduction dietary FM diets. The response of O. mykiss to the replacement of FM by TP was mainly associated with the reduction in feed intake and FE (Torstensen et al., 2008). Particularly, some ingredients present in alternative protein sources, such as unbalanced AAs profiles and anti-nutritional factors repress the growth performance of fish (Li et al., 2014). Additionally, fish feeding diets with reduction of dietary FM and FO appeared to have similar protein and lipid utilization efficiencies to those of individuals in the FMFO group, as no significant differences in PER and LER were observed between individuals in the four experimental groups. Similar results have also been documented in Atlantic salmon (Torstensen et al., 2008) and Pacific yellowtail (Seriola lalandi) (Nuche-Pascual et al., 2018).



Alteration of Immune Function Pathway Associated With Replacement of Fish Meal and/or Fish Oil

The immune system of fish is the first line of defense against external pathogens and a crucial mechanism in organisms (Saurabh and Sahoo, 2008). In this study, we identified pathways that might be involved in the immune response, such as arginine biosynthesis, amino and nucleotide sugars metabolism, and tryptophan metabolism. Arginine is known to be a multifunctional AA closely related to immune system regulation, mediating immunosuppressive mechanisms while maintaining hepatic urea cycle activity for ammonia detoxification (Wu et al., 2014; Azeredo et al., 2015). Thus, the low concentration of arginine revealed by multi-omics data indicated that the depletion of free arginine and low levels of availability, caused by the individual replacement of FM by TP and combined replacement of dietary FM and FO by TP and VO, respectively, resulted in impaired immunity in the liver of O. mykiss. Amino sugar and nucleotide sugars metabolism is also an important immune-related pathway that is associated with external environmental stress (Guo et al., 2014; Xu et al., 2016). In the present investigation, D-glucuronic acid and UGP2 were downregulated in response to the individual replacement of dietary FM by TP and the combined replacement of FM and FO by TP and VO, respectively. Meanwhile, anthranilate is an important intermediate in tryptophan metabolism and involves the synthesis of nonsteroidal anti-inflammatory drugs (NSAIDs) (Sorgdrager et al., 2019). NSAIDs can induce the synthesis of nonsteroidal anti-inflammatory molecules that signal the immune system response and prevent inflammation (Zummo et al., 2012). The low concentrations of L-tryptophan and anthranilate in the present study implied that NSAIDs associated with anthranilate might be inhibited, which might affect the immunity of O. mykiss fed diets with combined replacement of FM and FO by TP and VO, respectively. Furthermore, previous reports have demonstrated that numerous energy supplies are crucial for the immune defense processes (Zhang et al., 2019). ACAT2, related to the production of acetyl-CoA, was upregulated and promoted its participation in the TCA cycle, suggesting that fish require additional energy to maintain immune function. Therefore, these results indicated that individuals feeding diets with combined replacement of FM and FO might lead to increasingly higher energy requirements of fish. More attention should be paid to the design of diet formulation to prevent the growth performance of fish from being affected by excessive substitution leading to immune dysfunction and energy requirements that are difficult to meet.



Alteration of Antioxidant Pathway Associated With Replacement Fish Meal and/or Fish Oil

Under physiological homeostasis state, organisms will produce reactive oxygen species and maintain the antioxidant defenses by providing a set of mechanisms to equilibrium. Although antioxidant defense in fish is influenced by nutritional factors, little is known about how the oxidative status in fish responds to the dietary ingredients (Rueda-Jasso et al., 2004). In the present study, the low concentrations of R-S-glutathione, 5-oxoproline, 5-L-glutamyl-L-alanine, and OPLAH in individuals fed a reduction FM diet, indicating that glutathione metabolism was repressed. Furthermore, these metabolites are commonly used as potential biomarkers for hepatic glutathione status assessment (Geenen et al., 2013). Particularly, R-S-glutathione, one of the transformation products of glutathione formation complexes, transports into the specific position, which is a common detoxification mechanism (Liang et al., 2016). Altering the level of dietary FM has been confirmed to affect the antioxidant capacity, thereby repressing the growth and development of Pacific white shrimp (Xie et al., 2020), Barramundi (L. calcarifer) (Chaklader et al., 2020), and European sea bass (Guerreiro et al., 2015). Previous study has reported that antioxidant defense is a metabolic process that requires massive energy expenditure in response to external stimuli (Xie et al., 2020). Meanwhile, individuals fed the replacement of FM by TP diet required more energy supply to deal with the oxidative stress caused by the reduction of dietary FM and support the subsequent growth requirements. Given this requirement, the TCA cycle, pentose and glucuronate interconversions, and glycolysis/gluconeogenesis were activated to provide sufficient energy for the growth and antioxidative requirements of O. mykiss. Therefore, our results suggested that the replacement of dietary FM by TP represses the antioxidant system of O. mykiss, which could result in lower antioxidant and detoxifying capabilities.



Alteration of Energy Metabolism Pathway Associated With Replacement Fish Meal and/or Fish Oil

The TCA cycle is a central pathway for most metabolic pathways such as AA, lipid, and carbohydrate, and is an important metabolic pathway that provides energy to the organism (Akram, 2014). Comparative multi-omics data in fish between FMFO and TPVO showed several essential intermediates involved in the TCA cycle, including L-tryptophan, L-lysine, and L-phenylalanine (Mishra et al., 2017), all of which were downregulated in TPVO compared with FMFO. The low concentrations of these metabolites might be consumed for the energy metabolism of O. mykiss. Meanwhile, adenylosuccinate is the precursor of fumaric acid for further synthesis of citrate, which plays a crucial role in energy metabolism. Citrate is an important intermediate of the TCA cycle and is closely associated with ATP generation. The multi-omics data showed the high concentration of citrate possibly indicated that fish feeding diets with combined replacement of FM and FO by TP and VO, respectively, activated the TCA cycle to supply sufficient energy to accommodate the shift dietary quality. Huang et al. (2017) reported that the decreased AA may be associated with the increased energy requirements to maintain body homeostasis in response to external stimuli. In the present study, the low concentrations of L-tryptophan, L-lysine, and L-phenylalanine were observed in TPVO, indicating that the activated TCA cycle may be a strategy for O. mykiss to cope with the combined replacement of FM and FO by TP and VO, respectively. Furthermore, Li et al. (2009) reported that the decrease in phenylalanine could depress growth performance and even negatively affect the survival rate of fish. It was speculated that the poor feeding intake rates and growth performance of O. mykiss might result from the low concentration of L-phenylalanine in the liver of O. mykiss.

Glycolysis/gluconeogenesis is an important metabolic pathway to maintain glucose homeostasis (Metón et al., 2003). D-glycerate 3-phosphate, a precursor of tryptophan in organisms, is an important intermediate in glycolysis metabolism to produce pyruvate, the final product of glycolysis, which is required to activate the TCA cycle (Tikunov et al., 2014). In our work, the low concentration of D-glycerate 3-phosphate in fish feeding diets with individual replacement of dietary FM and combined replacement of dietary FM and FO by TP and VO, respectively, indicated the consumption of D-glycerate 3-phosphate. Furthermore, the UDP-D-glucuronate, GCK, HK, and ALDH3 are important metabolite and genes involved in the glycolysis/gluconeogenesis, and glucose and pentose interconversions pathways were increased in individuals fed diets with reduction of both FM and FO. The results suggested that the energy metabolism of O. mykiss was activated and provided sufficient energy in response to the fluctuation of dietary quality. Thus, once the metabolic energy is consumed in maintaining the adverse reactions caused by the diets, less energy is available for the growth of the fish.



Alteration of Cellular Protein Biosynthesis Pathway Associated With Replacement Fish Meal and/or Fish Oil

Nucleotide metabolism plays an important physiological and biochemical role in organisms, mediating energy metabolism and signal transmission (Cosgrove, 1998). De novo synthesis of nucleotides can satisfy the normal growth of organisms, but when nucleotide metabolism is affected, the immune function of organs such as the liver may be impaired (Grimble and Westwood, 2000). The present study showed that nucleotide metabolism, especially purine metabolism in O. Mykiss, was significantly affected by the fluctuation of dietary quality. The low concentrations of several purines, including xanthosine, xanthine, and urate may be caused by the downregulated PNP and XDH that could promote the conversion of xanthosine to urate (Baccolini and Witte, 2019). Purines are the main components and metabolites of nucleotides, which can be absorbed by transporters and reused for protein synthesis (Mohlmann et al., 2010). However, the concentrations of purine in fish feeding diets with individual replacement of dietary FM by TP and combined replacement of FM and FO by TP and VO, respectively, were low, suggesting that purine synthesis might be repressed and thus affect the protein synthesis. Moreover, it is worth noting that as soon as the dietary FM and/or FO were reduced, both adenylosuccinate and adenosine monophosphate of O. mykiss were upregulated. Most purine nucleotides required for cell replication are derived from the purine biosynthesis pathway, and adenylosuccinate plays a considerable role in de novo biosynthesis of purine and replication (Yuan et al., 2011). However, the high concentrations of these metabolites employed for cell replication were detected in the liver, suggesting that the replacement of dietary FM and FO by TP and VO, respectively, repressed the cell protein synthesis ability of O. mykiss. Therefore, the results suggested that the impaired growth performance of O. mykiss might be associated with the replacement of dietary FM and/or FO by TP and/or VO, especially the inhibition of cellular protein biosynthesis induced by the combined replacement of FM and FO by TP and VO, respectively.



Alteration of Lipid Metabolism Pathway Associated With Replacement Fish Meal and/or Fish Oil

In terms of lipid metabolism, most DEGs and DMs were associated with glycerophospholipid metabolism. For instance, phosphatidylcholine (PC) is one of the main components of biofilms (Zong et al., 2018), and is crucial for the structure and function of these membranes (Gibellini and Smith, 2010). Previous studies reported that PC could bloke the damage of cell membrane that is caused by active free radicals through antioxidant effect, accelerate the lipolysis in the liver, and promote liver fibrosis in collagenase active link (Navder et al., 1997; Mi et al., 2000). In our study, PCYT1 was downregulated in the liver of O. mykiss fed reduction of both FM and FO diet, and resulted in low concentration of PC and 1-acyl-sn-glycero-3-phosphocholine, which might reflect significant changes in cell membrane composition. Additionally, previous investigations have demonstrated that the FA profiles of cell membranes were significantly affected by dietary FA profiles (Oxley et al., 2010) which is critical for fluidity and permeability of cell membranes, thereby affecting the function of immune receptors (Arts and Kohler, 2009). Therefore, in our study, the individual reduction of FM and combined replacement of FM and FO by TP and VO, respectively, may impair the immune function and cell membrane fluidity of O. mykiss to limit the normal physiological activities and growth performance of fish.




CONCLUSION

Integrated metabolomics and transcriptomics were used to investigate the effects of the replacement of dietary FM and/or FO by TP and/or VO, respectively, on changes of metabolites and genes in O. mykiss. The specific metabolic pathways of O. mykiss fed diet with combined replacement of FM and FO by TP and VO, respectively, were identified, mainly repressing immune function, cellular protein biosynthesis capacity, and lipid metabolism. The depression of antioxidant capacity was only observed in fish feeding diets with the replacement of dietary FM by TP. Moreover, as soon as the dietary FM and/or FO were reduced, the cellular protein biosynthesis ability of O. mykiss was repressed and accompanied by higher energy consumption in response to fluctuations of dietary quality, resulting in reduced growth performance. Furthermore, both adenylosuccinate and adenosine monophosphate related to cellular protein biosynthesis ability were significantly affected by both individual and combined replacement of FM and FO by TP and VO, respectively, suggesting that purine metabolism and its related two metabolites were potential biomarkers for O. mykiss fed diets with reduction of dietary FM and/or FO. Overall, our study provides new insights and theoretical basis into the metabolic and molecular mechanism behind the growth of O. mykiss response to the diet with reduction of dietary FM and/or FO.
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This study aimed to explore the influence of soybean meal on intestinal mucosa metabolome and signaling pathway of mirror carp (Cyprinus carpio Songpu) by integrating liquid chromatography-tandem mass spectrometry (LC-MS/MS)-based metabolomics. Fish meal (Con) was control group, soybean meal (Dou) group, AMPK activator (300 mg kg–1 Metformin, Met) and AMPK inhibitor (0.2 mg kg–1 Compound-c, c-Com) which added to soybean meal were experimental groups. The metabolome profiles of the intestinal mucosa were determined in fish fed diets Con, Dou, Met, and c-Com on 7th and 59th day. The results were shown: compared with the Con group, the weight gain rate and the specific growth rate of fish experimental groups were significantly decreased (P < 0.05), feed conversion ratio (FCR) was significantly increased (P < 0.05). Compared with the Con group, sphingosine, glycocholic acid, majorities of sugar metabolites were up-regulated, and phosphatidylcholine (PC) and lysophosphatidylcholine (LysoPC), amino acids were reduced significantly in all experiment groups (P < 0.05). Oxidized glutathione was up-regulated in Dou on 7th day, Met on 7th and 59th day (P < 0.05). ADP (adenosine diphosphate) and AMP (adenosine monophpsphate) were up-regulated in Dou, Met, c-Com on 59th day (P < 0.05). Compared with the Dou group, sphingosine was down-regulated on 7th day, up-regulated on 59th day in Met and on 7th and 59th day in c-Com (P < 0.05). Oxidized glutathione and isocitrate on 7th day, L-Valine, L-histidine, and L-isoleucine on 59th day were up-regulated in Met (P < 0.05). Nucleoside metabolites and ADP were up-regulated in c-Com on 7th day (P < 0.05). In conclusion, soybean meal influenced intestinal mucosa metabolic processes, including lipid, amino acid, sugar, apoptosis, and oxidative injury; and changed energy metabolism in intestinal mucosa, enriched in the AMPK, TOR, FoxO signaling pathway; Metformin could aggravate oxidative damage, alleciated apoptosis for the short term, and aggravate apoptosis, improve carbohydrate catabolism and amino acid anabolism for the long term; Compound-c exacerbated apoptosis. repaired oxidative damage, and enhanced nucleoside catabolism.

Keywords: intestinal mucosa, metabolome, soybean meal, metformin, compound-c, carp


INTRODUCTION

Currently, the high demand and cost of fish meals entail evaluating the substitution of fish meal with soybean meal in fish diets, but the substitution of fish meal by soybean meal over a certain range could reduce the growth performance, affect the intestinal health of fish (Wang et al., 2016) and decrease the protease activities in both intestine and hepatopancreas (Lin and Luo, 2011). The replacement ratio of fish meal with soybean meal reached 20% can cause intestinal inflammation in common carp (Urn et al., 2008). Soybean meal induces Hsp70 activation by reducing intestinal p38MAPK phosphorylation of part of the intestine and elicits cell protective response (Antonopoulou et al., 2017). One of the main limiting factors in soybean meals is the presence of anti-nutritional factors that cause intestinal injury and antioxidant damage. Among them, protease inhibitors, soybean agglutinin, tannin, phytic acid, soybean antigen have a strong anti-nutritional effect. 3.5% Soya lectin (Buttle et al., 2001) significantly damaged the integrity of posterior intestinal villi in Atlantic salmon. The trypsin inhibitor (Maytorena-Verdugo et al., 2017) may have reacted with the essential group of protease, which inhibits the binding of protease with a substrate, and reduces or even prevents the activity of the protease. Tannins in the SBM diet (Becker and Makkar, 1999) can inhibit gastric enzyme activity after combination with carbohydrates. Evidence suggests that intestinal mucosal barrier dysfunction is a prerequisite for enteropathy (Turner, 2009; Bron et al., 2017). Usually, intestinal inflammation accompanies with abnormal expression of MUC-2 and tight junction proteins such as claudin-4, occluding, and ZO-1 (Hara et al., 2000; Velcich et al., 2002; Jiang et al., 2015). In addition, fish fed a high dose of soybean meal presented gross intestinal inflammation coupled with increased expression of pro-inflammatory cytokines such as IL-1β and TNF-α accompanied by the up-regulation of NF-κB (Jiang et al., 2015; Gu et al., 2016).

The metabolism and absorption of intestinal nutrients play an important role in the growth performance of fish. The integrity and proper functioning of intestinal mucosal cells are essential. Previous experiments have been confirmed, anti-nutritional factors in soybean meal lead to intestinal damage by affecting some signaling pathways. Soybean glycinin (Zhang et al., 2020) increased ROS generation related to the NOX signaling pathway in the mid and distal intestine and decreased ROS elimination capacity related to NrF2 translocation in the whole intestine of juvenile grass carp (Ctenopharyngodon idella). Glycinin (Jiang et al., 2015) and β-conglycinin (Zhang et al., 2013) of soybean can affect the gene expression of the intestinal TOR signaling pathway and thus affect protein synthesis, and reduce fish growth performance. Soybean soaking water has a function in ameliorating obesity through inhibiting lipid synthesis as well as stimulating fatty acid oxidation by elevating the levels of phosphorylation of adenosine monophosphate-activated protein kinase (AMPK) and acetyl-CoA carboxylase (ACC) in the experiment in mice (Park et al., 2015). As a cellular energy sensor, AMPK is a serine/threonine-protein kinase that affects fatty acid, cholesterol, glucose metabolism, protein synthesis, and other metabolic pathways by regulating downstream target proteins (Kahn et al., 2005). There is no direct evidence if soybean meal affects fish intestine health and energy metabolism by affecting the AMPK signaling pathway on fish. Metabolomics is the attempt to identify and quantify all endogenous small molecule metabolites in an organism or biofluid sample and is common in experimental studies of aquatic animals (Long et al., 2021; Xiang et al., 2021; Yang et al., 2021). This study is based on metabonomics to investigate the effects of soybean meal on intestinal mucosa metabolome and the influence on AMPK and other signaling pathways.



MATERIALS AND METHODS


Experimental Diets, Fish Feeding, and Sampling

Metformin (97%) and compound-c [98.59%, C24H25N5O; 6-[4-(2-piperidin-1-ylethoxy) phenyl]-3-pyridine-4-ylpyrazolo [1, 5-a] pyrimidine] used in this study were purchased from Sigma-Aldrich. The ingredients and nutrient content of the experimental diets are shown in Table 1. The levels of nutrients were designed to meet the requirements of common carp (Cyprinus carpio) according to the National Research Council [NRC] (2011). Fish meal (Con) used as the dietary protein source was the control group, 40% soybean meal (Dou), 300 mg kg–1 metformin (Met) (Silva et al., 2015), and 0.2 mg kg–1 compound-c (c-Com) (Kim et al., 2011), which added to soybean meal were experimental groups. Amino acids were balanced with coated amino acids. All diets were isonitrogenous and isolipidic. All the feed ingredients were stirred evenly in the mixer. After adding lipid and water, the mixture was homogenized and extruded through a pelletizer with a 2 mm mold. The diets were air-dried at room temperature and stored at −20°C until feeding.


TABLE 1. Ingredients and nutrient contents of the diets.

[image: Table 1]
The juvenile mirror carps (Cyprinus carpio Songpu) used in this study were purchased from Heilongjiang River Fishery Research Institute of the Chinese Academy of Fishery Sciences. Before the trial, the fish were acclimatized to the recirculating aquaculture system for 2 weeks. Then, 348 fish with a mean initial weight of 9.51 (±0.06) g were randomly assigned to 12 aquariums (500 L water) with an initial stocking density of 29 fish per aquarium. Each feed was randomly assigned to three aquariums. In the feeding trial, each diet was fed at 5% of the bodyweight of fish twice per day for the 59 days. The water temperature and pH were 26 (±2)°C and 7.0 (±0.3), respectively, dissolved oxygen was higher than 5 mg/l. The water quality was tested using YSI Professional Plus, and one-third of water was changed a week thrice to remove solid substances and reduce ammonia concentration.

At the beginning and end of the trial, fish in each aquarium were counted and weighed. After that, 18 fish per diet were anesthetized by MS-222 (100 mg/L), the intestine was quickly removed on ice, dissected longitudinally, rinsed in cold physiological saline (0.86% NaCl solution, pH = 7.2), and the intestinal mucosa was scraped with a glass slide. The intestinal mucosas of three fishes were pooled into one sample, frozen in liquid nitrogen, and stored at −80°C. Samples were collected on the 7th (short-term) and 59th day (long-term). The following growth parameters were calculated after the feeding trial: weight gain rate (WGR), specific growth rate (SGR), feed conversion ratio (FCR), and survival rate (SR).
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Non-targeted Metabolomic and Statistical Data Analysis

Metabolite extraction and liquid chromatograph-mass spectrometer analysis were performed by Shanghai Majorbio Bio-pharm Technology Co., Ltd. (Shanghai, China). Metabolite data and profilings were obtained and analyzed on the free online platform of Majorbio Cloud Platform.1 After identification and quantification, metabolites were annotated into HMDB (human metabolome database) and KEGG (Kyoto encyclopedia of genes and genomes), respectively. Differential metabolites in the mucosa of different treatments were identified using univariate analysis and multivariate statistics. Univariate analysis was performed by the methods of t-test and folded change (FC) analysis (P < 0.05; FC ≥ 1 or ≤1). Multivariate statistics were performed by Orthogonal Partial Least Squares Discriminant Analysis (OPLS-DA) with variable importance for the projection (VIP) values (≥1.0). HMDB pie chart showed the superclass of differential metabolites between groups, and KEGG was used to help in understanding the functions of metabolites. Growth performance indicators were analyzed by one-way ANOVA using SPSS IBM Statistics 25. Duncan’s analysis was used for multiple comparisons.




RESULTS


Growth Performance

Compared with the Con group, the WGR and SGR of fish fed the soybean meal, metformin, and compound-c diets were significantly decreased (P < 0.05). FCR of fish in the experimental groups was significantly increased than those fish in the Con group (P < 0.05). There was no significantly difference in SR of fish among groups (P > 0.05, in Table 2).


TABLE 2. Growth performance of juvenile Songpu mirror carp fed different diets.
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Principal Component Analysis

The metabolite peaks extracted from all samples and QC samples were analyzed by principal component analysis (Figure 1). It was found that QC samples clustered together, indicating that this experiment had good repeatability, a stable system, and reliable experimental results. Con on 7th day, Dou on 7th day, and Met on 7th day were dispersed among samples, while c-Com on 7th day, Con on 59th day, Dou on 59th day, Met on 59th day, and c-Com on 59th day groups had more concentrated sample points.


[image: image]

FIGURE 1. Primcipal component analysis score chart. After dimension reduction analysis, there are relative coordinate points on principal components P1 and P2, and the distance of each coordinate point represents the degree of aggregation and dispersion between samples. The confidence ellipse means that the “real” samples group is distributed in this region with 95% confidence.




Differential Metabolites and Differential Pathways

The identification and quantification results of metabolites showed that a total of 1,332 metabolites had been obtained, of which 1,157 and 363 were annotated into HMDB (Human Metabolome Database) and KEGG (Kyoto Encyclopedia of Genes and Genomes), respectively. Score plots of the (O) PLS-DA performed to verify the differentiated metabolites between the two groups and multivariate analysis supervision are shown in Figures 2–6. R2X (cum) and R2Y (cum) represent cumulative interpretation rates. Q2 indicates the prediction ability of the model. In all comparisons, R2Y was close to 1, indicating that the model is reliable. In Dou vs. Con, Met vs. Con, c-Com vs. Con, and c-Com on 59th day, vs. Dou on 59th day groups, Q2 > 0.5 indicated the model’s prediction ability was good. The pie chart (Figure 7) showed the HMDB superclass classification of the different metabolites between every two groups. As shown in the figure, Lipids and lipid-like molecules (purple) accounted for the largest proportion of all groups, respectively. The differential metabolites selected above were enriched into the KEGG database for analysis to obtain differential metabolic pathways. The differential metabolic pathways were sorted according to their significance (P-value) (Figure 8), and the differential metabolites involved in the differential metabolic pathways were emphatically analyzed (Supplementary Table 1).
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FIGURE 2. In Dou vs. Con, panels (A,B) for 7th day and panels (C,D) for 59th day. Panels (A,C) are OPLS-DA scores plot. Panels (B,D) are OPLA-DA permutation tests. (B) R2X (cum) = 0.571, R2Y (cum) = 0.994, Q2 = 0.777. (D) R2X (cum) = 0.705, R2Y (cum) = 0.999, Q2 = 0.89.
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FIGURE 3. In Met vs. Con, panels (A,B) for 7th day and panels (C,D) for 59th day. Panels (A,C) are OPLS-DA scores plot. Panels (B,D) are OPLA-DA permutation tests. (B) R2X (cum) = 0.462, R2Y (cum) = 0.985, Q2 = 0.794. (D) R2X (cum) = 0.674, R2Y (cum) = 0.986, Q2 = 0.956.
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FIGURE 4. In Met vs. Dou, panels (A,B) for 7th day and panels (C,D) for 59th day. Panels (A,C) are OPLS-DA scores plot. Panels (B,D) are OPLA-DA permutation tests. (B) R2X (cum) = 0.421, R2Y (cum) = 0.855, Q2 = −0.188. (D) R2X (cum) = 0.408, R2Y (cum) = 0.867, Q2 = 0.374.
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FIGURE 5. In c-Com vs. Con, panels (A,B) for 7th day and panels (C,D) for 59th day. Panels (A,C) are OPLS-DA scores plot. Panels (B,D) are OPLA-DA permutation tests. (B) R2X (cum) = 0.558, R2Y (cum) = 0.991, Q2 = 0.844. (D) R2X (cum) = 0.665, R2Y (cum) = 0.99, Q2 = 0.881.
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FIGURE 6. In c-Com vs. Dou, panels (A,B) for 7th day and panels (C,D) for 59th day. Panels (A,C) are OPLS-DA scores plot. Panels (B,D) are OPLA-DA permutation tests. (B) R2X (cum) = 0.388, R2Y (cum) = 0.86, Q2 = −0.57. D: R2X (cum) = 0.787, R2Y (cum) = 0.993, Q2 = 0.506.
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FIGURE 7. The pie chart. Panel (A) for Dou vs. Con on 7th day; panel (B) for Dou vs. Con on 59th day; panel (C) for Met vs. Con on 7th day; panel (D) for Met vs. Con on 59th day; panel (E) for Met vs. Dou on 7th day; panel (F) for Met vs. Dou on 59th day; panel (G) for c-Com vs. Con on 7th day; panel (H) for c-Com vs. Con on 59th day; panel (I) for c-Com vs. Dou on 7th day; panel (J) for c-Com vs. Dou on 59th day.
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FIGURE 8. KEGG enrichment analysis. The abscissa represents the pathway name, and the ordinate represents enrichment rate, representing the ratio between the Metabolite number enriched in this pathway, and the Background number annotated. The higher the ratio, the greater the degree of enrichment. The color gradient of the column represents the significance of enrichment. The darker the default color is, the more significant the enrichment of the KEGG term is. In particular, P-value < 0.001 is marked as ***, P-value < 0.01 is marked as **, and P-value < 0.05 is marked as *. The following table is the same.



Dou vs. Con

On the 7th day, compared with the Con group, sphingosine was up-regulated in the Dou group (P < 0.05), which was annotated into apoptosis, sphingolipid signaling pathway, sphingolipid metabolism and necroptosis pathway and glycocholic acid in cholesterol metabolism, and most of phosphatidylcholine (PC) and lysophosphatidylcholine (LysoPC) were down-regulated (P < 0.05) in choline metabolism in cancer. On the 59th day, compared with the Con group, same with 7th day, sphingosine and glycocholic acid were up-regulated (P < 0.05), and most of PC and LysoPC were down-regulated in the Dou group (P < 0.05). Furthermore, nucleoside and sugar metabolites in purine metabolism, amino sugar, and nucleotide sugar metabolism pathways were up-regulated (P < 0.05), and amino acids enriched in central carbon metabolism in cancer, protein digestion and absorption, aminoacyl-tRNA biosynthesis, mineral absorption, ABC transporters were down-regulated in Dou group (P < 0.05). ADP and AMP enriched in the AMPK signaling pathway, mTOR signaling pathway, and FoxO signaling pathway were up-regulated (P < 0.05) in the Dou group. And taurine was up-regulated in neuroactive ligand-receptor interaction, primary bile acid biosynthesis, and taurine and hypotaurine metabolism. Taurocholic acid was down-regulated in bile secretion, cholesterol metabolism, primary bile acid biosynthesis in the Dou group on the 59th day.



Met vs. Con

On the 7th day, compared with the Con group, the addition of metformin into soybean meal up-regulated sphingosine in apoptosis, sphingolipid signaling pathway, sphingolipid metabolism, and necroptosis pathways, oxidized glutathione in glutathione metabolism, nucleoside, and sugar metabolites in purine metabolism and amino sugar and nucleotide sugar metabolism pathways (P < 0.05), down-regulated PC in choline metabolism in cancer, amino acids in ABC transporters, protein digestion and absorption, phenylalanine, tyrosine and tryptophan biosynthesis, central carbon metabolism in cancer and aminoacyl-tRNA biosynthesis and l-arginine in arginine biosynthesis and mTOR signaling pathway (P < 0.05). On the 59th day, compared with the Con group, the Met group up-regulated sphingosine, oxidized glutathione, nucleoside, and sugar metabolites (P < 0.05), and down-regulated PC and amino acids (P < 0.05), as the same with the 7th day. In addition to that, Met group up-regulated glycocholic acid (P < 0.05) and down-regulated taurocholic acid (P < 0.05) in bile secretion, cholesterol metabolism, primary bile acid biosynthesis, and up-regulated taurine (P < 0.05) in neuroactive ligand-receptor interaction, primary bile acid biosynthesis, and taurine and hypotaurine metabolism at 59th day. Furthermore, up-regulation of ADP and AMP (P < 0.05) were enriched in the AMPK signaling pathway, FoxO signaling pathway, and mTOR signaling pathway in the Met group on the 59th day.



Met vs. Dou

On the 7th day, compared with the Dou group, Met down-regulated sphingosine (P < 0.05) in apoptosis, necroptosis, and sphingolipid signaling pathway, up-regulated isocitrate (P < 0.05) in citrate cycle (TCA cycle), and up-regulated oxidized glutathione (P < 0.05) in thyroid hormone synthesis. On the 59th day, differently with 7th day, Met up-regulated sphingosine (P < 0.05) in apoptosis and necroptosis, up-regulated amino acids (P < 0.05) enriched in protein digestion and absorption, ABC transporters, central carbon metabolism in cancer, aminoacyl-tRNA biosynthesis, valine, leucine, and isoleucine biosynthesis, mineral absorption, and valine, leucine, and isoleucine degradation, increased most of the sugar metabolites (P < 0.05) in amino sugar and nucleotide sugar metabolism, and down-regulated taurocholic acid (P < 0.05) in cholesterol metabolism.



c-Com vs. Con

On both the 7th and the 59th day, compared with the Con group, the addition of compound-c into soybean meal down-regulated amino acids, l-arginine (P < 0.05), and up-regulated nucleoside and sugar metabolites (P < 0.05) in purine metabolism, amino sugar, and nucleotide sugar metabolism pathways, and up-regulated sphingosine (P < 0.05) in sphingolipid signaling pathway, sphingolipid signaling pathway, necroptosis, and apoptosis, up-regulated ADP (P < 0.05) in neuroactive ligand-receptor interaction, thermogenesis, lysosome, down-regulated most of PC and LysoPC (P < 0.05) in choline metabolism in cancer. Beyond that, long-term treatment of c-Com up-regulated ADP and AMP (P < 0.05) enriched in FoxO signaling pathway, mTOR signaling pathway, PI3K-Akt signaling pathway, and AMPK signaling pathway, and up-regulated taurine (P < 0.05) in cholesterol metabolism, primary bile acid biosynthesis, and taurine and hypotaurine metabolism, down-regulated taurocholic acid (P < 0.05) and up-regulated glycocholic acid (P < 0.05) in bile secretion, cholesterol metabolism, and primary bile acid biosynthesis.



c-Com vs. Dou

On the 7th day, compared with the Dou group, c-Com up-regulated ADP, acetyl adenylate, and UDP-D-galactose (P < 0.05), mainly enriched in the AMPK signaling pathway, purine metabolism, FoxO signaling pathway, amino sugar, nucleotide sugar metabolism, and oxidative phosphorylation. On the 59th day, c-Com upregulated sphingosine (P < 0.05) in apoptosis and necroptosis and sphingolipid signaling pathway, up-regulated LysoPC in choline metabolism in cancer (P < 0.05), increased (R)-(+)-2-Pyrrolidone-5-carboxylic acid (P < 0.05) in D-glutamine and D-glutamate metabolism, and up-regulated l-valine and xanthosine (P < 0.05) and down-regulated chitobiose and N, N’-diacetylchitobiose (P < 0.05) in ABC transporters.





DISCUSSION


Lipid Metabolism

Sphingosine affected intestinal mucosal cells through apoptosis and necroptosis. Sphingolipids and their metabolites are important active molecules, which participate in many important signal transduction processes such as cell growth, differentiation, senescence, and programmed cell death, including many bioactive metabolites ceramide, sphinganine, sphingosine, and sphingosine-1-phosphate [SM(d18:0/14:0)]. Ceramide can be converted to sphingosine. Activated sphingosine kinase catalyzes sphingosine phosphorylation to sphingosine-1-phosphate. Both ceramide and sphingosine can act as second messengers, promoting cell death, cell senescence, and growth stagnation, while sphingosine-1-phosphate regulates signaling pathways that stimulate cell growth and inhibit programmed cell death (Petra et al., 2020). Previous studies have shown that sphingosine induces apoptosis, which depends on the activation of Caspases-3, -7, and -8 (Chang et al., 2003). Several previous studies showed that the pro-apoptotic gene caspases-3, -7, and -8 were up-regulated by high-dose soybean meal (Bakke-McKellep et al., 2007; Chen et al., 2018; Duan et al., 2019). In this study, soybean meal significantly affected the contents of sphingosine and SM(d18:0/14:0) metabolites. Adding metformin was the opposite of that of the soybean meal group, and compound-c was similar to the soybean meal group. Metformin activated AMPK through inhibiting mitochondrial complex I, which led to the inhibition of mTOR signaling, autophagy, and apoptosis activation, decreased ROS generation, DNA damage, and inflammatory response (Lv and Guo, 2020). Compound-c is the primary reagent used as an AMPK inhibitor (Dasgupta and Seibel, 2018). In previous studies, compound C induced apoptosis, but AMPK was not involved in this effect (Jin et al., 2009). Consistent with the studies mentioned above, these results indicate soybean meal-induced intestinal mucosal cell apoptosis with AMPK independence.

Phosphatidylcholine, also known as lecithin, is an important component of the cell membrane. PC and LysoPC were involved in choline metabolism in cancer in this study. This study has shown that PC and LysoPC were down-regulated by soybean meal. However, PC and LysoPC in the Met group did not change significantly compared with the Dou group. These suggested that lipid metabolism, especially PC and LysoPC metabolism in the intestinal mucosa of carp may be affected through AMPK signaling pathway.

Further more, taurine, glycocholic acid, and betaine were changed by soybean meal whether activator of inhibitor was added or not. According to Valenzuela et al. (2021), tolerance to soybean meal is associated with immune and lipid metabolism-related pathways in fish. The results of this experiment are consistent with it. Acted as an activator of AMPK, metformin administration increases the bile acid pool in the intestine, which may affect glucagon-like-peptide-1 secretion and cholesterol levels (Lv and Guo, 2020). Therefore, metformin down-regulated taurocholic acid of cholesterol metabolism with consistent function. The result indicated that soybean meal could affect lipid metabolism of intestinal mucosa of carp unrelated to AMPK signaling pathway.



Protein and Amino Acid Metabolism

Aminoacyl-tRNA synthetases (aaRS) participate in one of the most important steps of life activities–protein biosynthesis. Hence, in the intestinal mucosa, the level of amino acids enriched in the pathways can reflect the availability of amino acids. This experiment found that amino acids were down-regulated in experimental groups, enriched in protein digestion and absorption pathways, ABC transporters, central carbon metabolism in cancer, aminoacyl-tRNA biosynthesis, so soybean meal significantly reduced the amino acids content and the utilization in the carp intestines. This is the same as the results of Zhou in carps (Zhou, 2021), and the difference with the conclusion from Wei et al. (2017) that increased the utilization of amino acids in fish muscles, which the different types of fish should cause a difference. In contrast, metformin up-regulated amino acids in the result. This maybe related with that metformin activates AMPK, which leads to the inhibition of mTOR signaling, and as a result, protein synthesis is disturbed (Lv and Guo, 2020).

In addition to that, arginine plays a vital role in regulating animals’ nutritional metabolism, growth, and development (Rhoads and Wu, 2009). Arginine stimulates protein synthesis, cell proliferation, DNA synthesis, cell protection, and migration (Rhoads et al., 2004; Corl et al., 2008; Tan et al., 2010; Tan et al., 2015). Activation of the mTOR signaling pathway is an important mechanism for arginine to alleviate cell stress injury (Tan et al., 2010). Compared with Con, enriched in the mTOR signaling pathway, arginine was significantly down-regulated in experimental groups. Zhang et al. (2013) found that anti-nutritional factors in soybean decreased TOR gene expression in foregut and midgut and increased 4E-BP gene expression in the hindgut of Jian carp. This is consistent with this experiment. These suggested that soybean meal caused intestinal mucosa injury, which may be related to the down-regulation of arginine, which does not activate the mTOR signaling pathway.



Sugar Metabolism and Purine Metabolism

In addition to lipid and protein, sugar is also one of the essential energy materials in fish, which can be directly used to power the body to reduce fat and protein consumption in fish. This experiment suggested that the soybean meal group significantly raised sugar metabolites on the 59th day. This was the same as Zhou’s research in carp and the result of Wei in turbot (Scophthalmus maximus L) that glucose increased in the liver metabolites. Compared with the soybean meal group, isocitrate was significantly up-regulated and enriched in the citrate cycle in Met on 7th day, indicating regulating glucose metabolism. This result was consistent with the property that metformin can regulate the AMPK signaling pathway and further increase glucose catabolism by activating the AMPK signaling pathway (Lv and Guo, 2020). However, this phenomenon did not last for 59 days. It was speculated that soybean meal had an effect on glucose metabolism in the intestinal mucosa; as a result, there was no significant change in glucose metabolism when Met was added. Therefore, adding an activator could not enhance glucose metabolism on the 59th day. Additionally, metabolites in purine metabolic pathways were significantly increased in Dou on 59th day vs. Con on 59th day and c-Com on 7th day vs. Dou on 7th day, and not changed between Met and Dou, which indicated that both soybean meal and compound-c up-regulated the nucleotide metabolism of intestinal mucosal cells. We speculated that the mechanism of soybean meal on intestinal nucleoside metabolism might not be through the AMPK signaling pathway.



Energy Metabolism

Adenosine triphosphate box transporter (ATP-binding Cassette transporter, ABC transporter) is involved in many important physiological processes, such as nutrient intake, cellular detoxification, lipid homeostasis, signal transduction, disease virus defense, and antigen presentation (Wilkens, 2015), whose primary main function is to utilize the energy generated by ATP (adenosine triphosphate) hydrolysis to transport the substrate across the membrane against the concentration gradient (Borths et al., 2002; Locher, 2004; Kathawala et al., 2015). This experiment found down-regulated amino acids in experimental groups enriched in ABC transporters. At the same time, compared with the Con group, ADP and AMP of Dou on 59th day, Met on 7th day and 59th day and c-Com on 7th day, and 59th day were significantly increased and enriched in FoxO and AMPK signaling pathways. The content of ADP, AMP, and ATP in intestinal mucosa reflects the level of energy metabolism. Metformin acts as an AMPK activator by inhibiting mitochondrial complex I (Batandier et al., 2006; Viollet et al., 2012). Mitochondrial complex I is critical for electron transport. As a result, the production of ATP was reduced, and the intracellular concentration of ADP increased. Consequently, the cellular levels of AMP increases and ultimately activate AMPK (Viollet et al., 2012; Pryor and Cabreiro, 2015). Members of the class O of forkhead box transcription factors (FoxO) have essential roles in metabolism, cellular proliferation, stress tolerance, and probably lifespan (Weigel et al., 1989). The AKT/PKB-mediated phosphorylation of FoxO inhibits FoxO function by promoting its interaction with 14-3-3 proteins and its relocalization from the nucleus to the cytosol (Van der Horst and Burgering, 2007). Lee et al. (2017) suggested that FoxO transcription factors could feasibly act downstream of AMPK to mediate the induction of antioxidant systems in response to H2. This study suggested that soybean meal can improve ADP and AMP content then activate the AMPK and FoxO pathway.



Oxidative Damage

The soybean meal can cause intestinal oxidative damage, which has been shown in grass carp (Duan et al., 2019; Zhang et al., 2020), turbot (Chen et al., 2018), and Scophthalmus maximus L. (Gu et al., 2021). In this study, enriched in glutathione metabolism, oxidized glutathione was up-regulated in the soybean meal group on the 7th day, and the amount of oxidized glutathione in the Met group was significantly higher than that in the Dou group at 7th day. These suggested that soybean meal might cause oxidative damage to the intestinal mucosa in short-time treatment, and metformin supplementation aggravated the injury. However, in a previous study, metformin suppresses mitochondrial complex I, thereby preventing the generation of reactive oxygen species (ROS) and further decreasing DNA damage (Algire et al., 2012). The results of this experiment are inconsistent with this and require further validation.




CONCLUSION

In conclusion, soybean meal influenced intestinal mucosa metabolic processes, including lipid, amino acid, sugar, apoptosis, and oxidative injury; and changed energy metabolism in intestinal mucosa, enriched in the AMPK, TOR, FoxO signaling pathway; Metformin could aggravate oxidative damage, alleciated apoptosis for the short term, and aggravate apoptosis, improve carbohydrate catabolism, and amino acid anabolism for the long term; Compound-c exacerbated apoptosis. repaired oxidative damage, and enhanced nucleoside catabolism.
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Control diet SDPP diet (3.0%)

Body weight (BW) (g) 82.7 + 3.2 88.2 +1.62
Standard length (cm) 146 +0.2 14.8 £ 0.1
Fulton’s condition factor 2.66 £0.6 272+03
Specific growth rate (% BW/day) 1.63 +0.03° 1.70 £ 0.042
Food conversion ratio 1.21 £ 0.052 1.09 + 0.07°

Different letters within the same row indicate the presence of statistically significant
differences between two experimental groups (t-test; p < 0.05). Data are expressed
as mean = standard deviation (n = 4).
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Diets

Ingredients (%) Control SDPP
Fishmeal LT 70 36.90 33.35
Fishmeal 60 12.50 12.50
P90 4.00 4.00
Squid meal 6.00 6.00
Appetein GS 3.00
Wheat Gluten 7.60 7.60
Soybean meal 48 (micronized) 7.00 7.00
Wheat meal 7.70 7.70
Pea starch 4.50 4.80
Fish oil 11.20 11.45
Vitamin and Mineral Premix PVO1 1.00 1.00
Choline chloride 0.10 0.10
Soy lecithin 0.50 0.50
Binder (guar gum) 1.00 1.00

Total 100.00 100.00

Proximate composition basis CTRL SDPP
Crude protein (%) 51.09 51.11
Crude fat (%) 1747 17.16
Fiber (%) 0.51 0.51
Ash (%) 11.75 11.38
Gross Energy (MJ/kg) * 20.56 20.69

Amino acid composition (as feed basis)

Histidine 1.05 1.08
Isoleucine 2.00 2.02
Leucine 3.76 3.85
Lysine 3.52 3.60
Threonine 2.35 2.40
Tryptophan 0.54 0.56
Valine 2.32 2.39
Methionine + Cysteine 1.82 1.84
Phenylalanine + Tyrosine 4.32 4.42
Taurine 0.16 0.15

*Gross energy content was estimated by using the following: total carbohy-
drate = 17.2 J/kg, fat = 39.5 J/kg and protein = 23.5 J/kg.
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Items Con Dou Met c-Com

WGR/% 569.86 + 24.713 297.92 + 15.55° 301.97 & 18.83° 343.01 + 17.42°
SGR/(%/day)  3.22 4+ 0.06% 2.34 4+ 0.07° 2.35 + 0.08° 2.52 +0.07°
FCR 1.39 +0.03° 2.07 £ 0.072 2.11 £ 0.05% 2.00 + 0.032
SR/% 98.85 +1.152  100.00 + 0.00®  98.85 + 1.152 98.85 + 1.152
Data are presented as mean with SD of three replicate tanks (n = 3).

Values in the same line followed by different superscript letters are significantly
different (P < 0.05).
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Ingredients (g/kg)

Fish meal

Corn gluten meal
Peanut meal

Soybean meal

Wheat flour

Cellulose

Fish ail

Soya bean oil
Soyabean lecithin
Vitamin premix?
Mineral premix?
Choline chloride
Monopotassium phosphate
Sodium carboxymethylcellulose
Lysine

Methionine

Threonine

Glucose

Metformin
Compound-c

Total

Nutrient content (%)
Crude protein

Crude lipid

Ash

Con

308.0
100.0
71.8
0.0
260.0
171.6
5.0
18.7
10.0
5.0
2.0
5.0
12.0
20.0
3.3
0.0
2.6
10.0
0.0
0.0

1000.0

35.85

5.86
6.72

Dou

50.0
100.0
71.8
400.0
260.0
3.6
5.0
25.6
10.0
5.0
2.0
5.0
24.5
20.0
3.9
1.2
2.4
10.0
0.0
0.0

1000.0

35.03

6.30
6.61

Met

50.0
100.0
71.8
400.0
260.0
3.3
5.0
25.6
10.0
5.0
2.0
5.0
24.5
20.0
3.9
1.2
2.4
10.0
0.3
0.0

1000.0

356.17

6.40
6.60

c-Com

50.0
100.0
71.8
400.0
260.0
3.6
5.0
25.6
10.0
5.0
2.0
5.0
24.5
20.0
3.9
1.2
2.4
10.0
0.0
0.0002
1000.0

35.85
5.86
6.72

a\jitamin premix provided the following per kg of diets: VA 8 000IU, VB1 15 mg, VB2
30 mg, VBg 15 mg, VB12 0.5 mg, VC 500 mg, VD 3 000IU, VE 60 mg, VK 35 mg;
bMineral premix provided the following per kg of diets: Fe 190 mg, Zn 15.75 mg,
Cu 3.02mg, Mn 12.88 mg, | 1.05 mg, Co 1.05 mg, Se 0.53 mg.
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Crystalline amino acid Lys-Leu
AA FAA AA FAA
EAA
Threonine 17:6 85 18.3 9.2
Valine 24.3 8.0 251 7T
Methionine 17.2 1.1 17.5 10.8
Isoleucine 17.8 6.5 18.8 6.2
Leucine 35.8 14.7 38.9 0.7
Phenylalanine 17.8 3.2 18.9 3.6
Lysine 25.8 13.4 27.3 0.8
Histidine 7.7 3.2 8.2 3.1
Arginine 50.6 10.2 53.0 10.7
NEAA

Taurine 9.8 9.6 10.2 9.9
Aspartic acid 3.2 35 33.0 3.4
Serine 156.1 3.5 15.4 3.4
Glutamic acid 62.8 4.4 66.5 4.4
Glycine 225 8.3 24.0 8.2
Alanine 28.0 3.8 28.8 3.8
Cystine 23.4 2.3 24.3 2.4
Tyrosine 10.2 0.2 10.6 0.2
Proline 11.3 3.8 11.5 3.8

AA, amino acid; FAA, free AA; EAA, essential AA; NEAA, non-essential AA.
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Crystalline amino acid Lys-Leu P-value

Final body weight (g) 36.43 & 1.207 39.75+0.71%  0.022
Survival rate (%)? 98.67 + 1.33 98.67 +£1.33  1.000
Specific growth rate (%/day)® 1.98 + 0.062 2144003 0.027
Feed intake (%/day)® 1.65 £ 0.03 1.52+0.03 0.150
Feed efficiency ratio? 1.09 £ 0.05 1.26 £ 0.01 0.085
Protein efficiency ratio® 2.31 £0.10 259+0.02 0.129
Protein productive value (%) 35.26 + 1.63 35.93+0.78 0.803

Data are presented as mean + SE of three replicate tanks (n = 3).

Values in the same row followed by different superscript letters are significantly
different (P < 0.05).

aSurvival rate = 100 x (final fish number/initial fish number).

bSpeciﬁc growth rate = 100 x [In (final weight)-In (initial weight)}/feeding days.
CFeed intake = 100 x total feed intake/[feeding days x (final
weight + initial weight)/2].

dFeed efficiency ratio = body weight gain/dry feed intake.

®Protein efficiency ratio = (final weight-initial weight)/protein intake.

fProtein productive value = 100 x (final protein content-initial protein
content)/protein intake.
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Metabolic pathways

Count

Metabolites

Downregulation?

Upregulation?

Lysine biosynthesis

Lysine degradation

Branched chain amino acid metabolism
Tryptophan metabolism

Phenylalanine metabolism

Alanine, aspartate, and glutamate
metabolism

Arginine biosynthesis
Arginine and proline metabolism

Glycine, serine, and threonine
metabolism

25

12

Amino acid metabolism
N-Acetyl-LL-2,6-diaminoheptanedioate; N-succinyl-L-2,6-diaminopimelate,
LL-2,6-diaminopimelate, meso-2,6-diaminopimelate
Lysopine, N6-acetyl-N6-hydroxylysine, N2-citryl-N6-acetyl-N6-hydroxylysine,
NG-acetyl-L-lysine, N6,N6,N6-trimethyl-L-lysine, (3S)-3-hydroxy-N6,N6,N6-trimethyl-L-lysine
L-Valine, L-isoleucine
L-Tryptophan, N-formylkynurenine, 8-methoxykynurenate, indole, N-acetylindoxyl,
3-indoleglycolaldehyde, oxitriptan, 5-hydroxyindolepyruvate, serotonin,
5-hydroxyindoleacetaldehyde, 5-hydroxyindoleacetate, 5-methoxyindoleacetate,
indolepyruvate, (R)-(indol-3-yl)lactate, indole-3-acetaldehyde, tryptophol,
N-hydroxyl-tryptamine, desulfoglucobrassicin, indoleacetic acid, 3-methyldioxyindole, indole

L-Phenylalanine, D-phenylalanine; N-acetyl-D-phenylalanine, trans-cinnamate, pyruvophenone,
cathinone, N-acetyl-L-phenylalanine, phenylacetic acid, alpha-phenylacetamide, phenylethyl
alcohol

L-Glutamine, L-arginosuccinic acid

L-Glutamine, N-acetylornithine, L-arginosuccinic acid

N2-succinyl-L-arginine, N2-succinyl-L-ornithine, feruloylputrescine,
gamma-glutamyl-gamma-aminobutyrate, 4-oxoproline, L-1-pyrroline-3-hydroxy-5-carboxylate,
linatine; 1-pyrroline-4-hydroxy-2-carboxylate

L-Tryptophan, N4-acetyl-L-2,4-diaminobutyrate, N-alpha-acetyl-L-2,4-diaminobutyrate

5-Aminopentanal,
5-aminovaleric acid
L-Leucine

5_
Methoxytryptamine,
N-methylserotonin,
2-aminomuconate
semialdehyde,
picolinic acid
Pseudoephedrine;
ephedrine

Beta-
citrylglutamate

5-Aminovaleric acid

Betaine

aDownregulation indicates that the metabolites of the Lys-Leu group are less abundant compared to the CAA group.
b Upregulation indicates that the metabolites of the Lys-Leu group are more abundant compared to the CAA group.
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Metabolic pathways

Count

Proteins

Downregulation?

Upregulation?

Protein digestion and
absorption

Mammalian target of rapamycin
(mTOR) signaling pathway

Ubiquitin-mediated proteolysis

Lysine degradation

Tryptophan metabolism

Alanine, aspartate and
glutamate metabolism
Arginine biosynthesis
Arginine and proline
metabolism

Glycine, serine, and threonine
metabolism

Protein digestion and absorption

Trypsin, pancreatic elastase Il, carboxypeptidase A1, carboxypeptidase A2, carboxypeptidase
B, 4F2 antigen (4F2hc, SLC3A2)

Protein synthesis
Insulin, protein kinase B (Akt2), 4F2hc, Ras homolog gene family, member A

Protein degradation
Ubiquitin-conjugating enzyme E2 G1, E3 ubiquitin-protein ligase HERC1, F-box and WD-40
domain protein CDC4, cullin 4
Amino acid metabolism
Procollagen-lysine,2-oxoglutarate 5-dioxygenase 1, collagen beta-1,0-galactosyltransferase

Asparagine synthase (glutamine-hydrolyzing), glutaminase

Glutaminase
Glycine amidinotransferase, guanidinoacetate N-methyltransferase, creatine kinase

Guanidinoacetate N-methyltransferase, glycine amidinotransferase, betaine-homocysteine
S-methyltransferase, glyoxylate/hydroxypyruvate reductase, D-3-phosphoglycerate
dehydrogenase, threonine 3-dehydrogenase

Tuberous sclerosis 2

Ubiquitin-conjugating
enzyme E2 R, elongin-C

[Histone H3]-lysine4
N-trimethyltransferase
ASH1L

Indoleamine
2,3-dioxygenase,
kynurenine—oxoglutarate
transaminase
Aspartoacylase

Nitric oxide synthase
Nitric oxide synthase

Glycine
hydroxymethyltransferase

aDownregulation indicates that the proteins of the Lys-Leu group are less abundant compared to the CAA group.
b Upregulation indiicates that the proteins of the Lys-Leu group are more abundant compared to the CAA group.
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Description

Glutathione metabolism

Purine metabolism

Glycerophospholipid
metabolism

Glycine, serine, and
threonine metabolism
Arginine biosynthesis
Tryptophan metabolism
TCA cycle

Glycolysis/
gluconeogenesis
Phenylalanine metabolism
Lysine degradation
Pentose and glucuronate
interconversions

Amino sugar and
nucleotide sugar
metabolism

Metabolites

5-Oxoproline,
5-L-glutamyl-L-alanine,
R-S-glutathione
2-(Formamido)-N1-(5'-
phosphoribosyl)acetamidine,
xanthine, xanthosine,
adenylosuccinate, adenosine
monophosphate, urate
Phosphatidylcholine (lecithin),
1-acyl-sn-glycero-3-
phosphocholine
Dimethylglycine

L-arginine

L-tryptophan, anthranilate
Citrate

D-glycerate 3-phosphate

L-phenylalanine
L-2-aminoadipate
UDP-D-glucuronate,
D-glucuronic acid

D-glucuronic acid,
UDP-glucuronate

Gene

OPLAH

PNP, XDH

PCYT1

BHMT, DMGDH

/

ACAT2

/

ALDHS, GCK, HK

TAT, ALDH3
L-Lysine
UGP2, UGT

UGP2

Abbreviations of genes are annotated in Figure 5.
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Ingredients Crystalline amino acid Lys-Leu

Fish meal 150 150
Peanut meal 380 380
Wheat meal 164.4 164.4
Amino acid pre-mix? 112.6 112.6
L-Lysine® 21.1

L-Leucine® 18.9

Lys-Leu® 40
Fish ail 45 45
Soybean oil 35 35
Soybean lecithin 15 15
Mineral pre-mix? 15 15
Vitamin pre-mix® 8 8
Ca(H2PO4)2 15 15
DMPT 5 5
Choline chloride 10 10
Vitamin C 5 5
Proximate composition

Dry matter 932.9 g28.3
Ash 90.2 91.7
Crude protein 482.6 486.9
Crude lipid 1121 110.1

aAmino acid mixture composition: (g kg~ diet; all are L-form amino acids unless
otherwise indicated): arginine, 11.7; histidine; 3.0; isoleucine, 9.4, d/I-methionine,
14.5; cystine, 4.2; phenylalanine, 3.1; threonine, 12.1; tryptophan, 2.0; valine, 9.8;
taurine, 10.0; hydroxyproline, 6.0; aspartic acid, 4.0; glutamic acid, 4.0; serine, 4.0;
glycine, 14.8; and alanine, 4.0.

b/ -lysine and L-leucine were purchased from Hebei Huayang Amino Acids Group
Company Limited.

CLys-Leu (lysine-leucine) was purchased from GL Biochem (Shanghai) Ltd.
dMineral pre-mix (mg or g kg~ diet): MgSQ4-7H,0, 1,200 mg; CuSO,4-5H,0,
10 mg; ZnSO4-H20, 50 mg; FeSO4-H20, 80 mg;, MnSOg4-H20, 45 mg;
CoCip-6H20 (1%), 50 mg; NaSeSO3-5HoO (1%), 20 mg; Ca(lO3)2-6H20 (1%),
60 mg; and zoelite, 13.49 g.

®Vitamin pre-mix (mg or g kg~ diet): thiamin, 25 mg; riboflavin, 45 mg; pyridox-
ine HCI, 20 mg; vitamin B12, 0.1 mg; vitamin K3, 10 mg; inositol, 800 mg;
pantothenic acid, 60 mg; niacin, 200 mg; folic acid, 20 mg; biotin, 1.2 mg; retinol
acetate, 32 mg; cholecalciferol, 5 mg; alpha-tocopherol, 120 mg; and wheat
middling, 6.66 g.

DMPT, dimethyl-B-propiothetin.
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Ingredient Diets

FMFO FMVO TPFO TPVO
Fish meal® 620.0 620.0 186.0 186.0
Soybean meal® - - 120.0 120.0
Meat and bone meal® - - 120.0 120.0
Corn gluten meal® - - 200.0 200.0
Wheat gluten? = ~ 100.0 100.0
Fish oilP 110.0 22.0 110.0 22.0
Rapeseed oil° - 88.0 - 88.0
Lecithin® - - 10.0 10.0
Corn starch® 247.0 247.0 116.1 116.1
Choline chloride® 5.0 5.0 5.0 5.0
Betaine® 5.0 5.0 5.0 5.0
Vitamin premix® 5.0 5.0 5.0 5.0
Mineral premix? 5.0 5.0 5.0 5.0
Mold inhibitor® 1.0 1.0 1.0 1.0
Yttrium oxide 2.0 2.0 2.0 2.0
Methionine - = 2.4 2.4
Lysine . = 125 125
Total 1,000.0 1,000.0 1,000.0 1,000.0
Proximate analysis
Crude protein 459.5 459.5 464.4 464.4
Crude lipid 161.5 161.5 159.3 159.3
Ash 98.5 97.3 733 725
Moisture 100.2 96.3 95.5 93.6

aFish meal: crude protein 740.8 g/kg, crude lipid 79.0 g/kg; soybean meal: crude
protein 524.4 g/kg, crude lipid 22.6 g/kg; meat and bone meal: crude protein
490.99/kg, crude lipid 118.4 g/kg; corn gluten meal: crude protein 621.5g/kg,
crude lipid 24.4 g/kg; wheat gluten: crude protein 803.8 g/kg, crude lipid 16.2 g/kg;
All these ingredients were obtained from Qihao Co., Ltd. (Shandong, China).

Al these ingredients were obtained from Qihao Co., Ltd. (Shandong, China).
CVitamin premix (mg/kg diet): vitamin D, 5; vitamin K, 10; vitamin B12, 10;
vitamin B6, 20; folic acid, 20; vitamin B1, 25; vitamin A, 32; vitamin B2, 45;
pantothenic acid, 60; biotin, 60; niacin acid, 200; a-tocopherol, 240; inositol, 800;
and ascorbic acid, 2000.

dMineral premix (mg/kg diet): CuSO4-5H20, 10; NagSeOs3 (1%), 25; ZnSO4-H O,
50; CoCy2-6H20 (1%), 50; MnSOy4-HoO, 60; FeSO4-H>0, 80; Ca (I03), 180;
MgSOy4-7H20, 1,200; and zeolite, 8,345.

eMold inhibitor contained fumaric acid and calcium propionate in the ratio 1:1.
FMFO, fishmeal and fish oil; FMVO, fishmeal and vegetable oil; TPFO, terrestrial
protein and fish oil; TPVO, terrestrial protein and vegetable oil.
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Item

Dependent variable:

FM
FO
FM x FO

Dependent variable:

FM
FO
FM x FO

Dependent variable:

FM
FO
FM x FO

Dependent variable:

FM
FO
FM x FO

Dependent variable:

FM
FO
FM x FO

Dependent variable:

FM
FO
FM x FO

Dependent variable:

FM
FO
FM x FO

Dependent variable:

FM
FO
FM x FO

FBW

SGR

4 a a4 R a4 -

FE

<0.001
0.182
0.632

<0.001
0.134
0.489

0.023
0.852
0.536

0.126
0.658
0.682

0.624
<0.001
0.628

0.003
0.114
0.627

0.066
0.659
0.683

0.356
0.649
0.672

Multiple comparisons

FM

100%

293.99 £+ 12.82

2.43 +£0.06

1.45+£0.03

0.92 4+ 0.04

217 +£0.13

71.22 £0.99

2.00 £0.99

5.356 £0.25

30%

263.99 + 19.42

2.30 £0.08

1.42 £0.03

0.88 £ 0.05

2184+ 0.13

7216 +1.08

1.89 £0.11

5.50 £0.33

100%

282.20 £ 18.73

2.38 £0.08

1.44 £0.04

0.90 £ 0.04

2.07 +£0.07

7198 & 1.21

1.95 £ 0.09

546 +£0.23

20%

275.77 £ 25.26

2.356 +£0.11

1.43 £0.08

0.89 £0.06

2.27 £ 0.09

71.45 +£1.01

1.983+0.14

5.39 £0.35

Data are expressed as mean + SD, (n = 3), df: degree of freedom. FBM, final body weight; SGR, specific growth rate; K, condition factor; FE, feed efficiency; HSI,

hepatosomatic index; ADC, apparent digestibility coefficient; PER, protein efficiency ratio; LER, lipid efficiency ratio.
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Ingredients

Fish meal

Peeled soybean meal
a-starch

Fish oil

Choline chloride
Vitamin premix?
Mineral premix?
Yttrium oxide

Calcium dihydrogen phosphate
Ethoxy quin

Total

Proximate composition
Dry matter

Crude protein

Lipid

Ash

Nitrogen-free extract
Gross energy(MJ kg~ 1)

560
236
100
60
2
10
10
2
10
10
1,000

929.9
474.9
99.9
173.6
179.99
18.26

HL

560
176
100
120
2
10
10
2
10
10
1,000

914.1
445.7
1631
167
145.04
19.08

HC

560
186
150
60
2
10
10
2
10
10
1,000

932
451.4
94
167.2
218.10
18.13

aVitamin premix (mg kg~' diet or specified): vitamin A 900 0000 (U kg~'
diet),vitamin D 250 0000 (IU kg~ diet),vitamin K3 600 (IU kg~ diiet),vitamin E
500 (U kg~ diet),vitamin B1 3200,vitamin B2 1 0900,vitamin B5 2 0000,vitamin
B6 5000,vitamin B12 1160,vitamin C 5 0000,niacin 400,folic acid 50,calcium
pantothenate 200,phaseomannite 1500, biotin 2.
b Mineral premix(mg kg~ diet or specified): MgSO4-7H20 300; KCI 70; Ki 1.5;
ZnS04-7H20 14; MnS04-4H20 3; CuCl2 5; CoCl2-6H20 0.5; FeSO4-7H20 15;
KH2 PO4-H20 4.5 (g kg~ diet); CaCl2 2.8 (g kg~ diet). The dietary energy was
calculated as protein: 23. 64 MJ-kg=1,lipid: 39. 54 MdJ-kg ~'-carbohydrate: 17.
15 Md-kg=". C, Control; HL, High lipid; HC, High carbohydrate.
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Ingredients (g/Kg) SPO SP5 SP10 SP15 SP20
Soybean meal 500 475 450 425 400
Wheat flour 245 224 204 183 162
Corn flour 147 144 141 138 135
Sunflower oil 62 60 &7 55 52

S. polyrhiza powder 0 50 100 150 200
Vitamin/minerals premix 5 5 5 5 5
Mono calcium phosphate 20 20 20 20 20
Choline chloride 1 1 1 1 1
Histidine 1 2 2 2
Methionine 12 12 12 12 12
Lysine 6 6 7 7
Threonine 2 3 3 4 4
Proximate composition (g/kg)

Moisture 63.3 £ 0.81 63.6 £0.20 63.2 £ 0.63 63.3 +£0.84 62.5 £0.42
Crude Protein 317.6 + 0.50 318.4+£2.20 318.2 £ 3.10 322.2 + 3.61 322.0 £ 0.70
Crude Lipid 73.3 +0.81 73.4 +0.91 73.7 £0.25 73.2+0.10 72.8 £0.17
Carbohydrate 474.6 £ 4.10 4743 +£1.72 472.0 £0.25 464.2 £2.21 460.6 + 3.1
Ash 71.2+0.28 70.3+0.40 72.9 + 0.60 771 +0.21 841 +£1.1

SPO, soybean meal only; SP5, soybean meal + 5% S. polyrhiza; SP10, soybean meal + 10% S. polyrhiza; SP15, soybean meal + 156% S. polyrhiza; SP20, soybean

meal + 20% S. polyrhiza.
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Items Experimental diets

c HL HC
GLU (mmol/L) 11.20 + 1.74° 14.41 + 0.62 9.88 + 0.53
TG (mmol/L) 1.44 +0.01P 1.72 4+ 0.082 1.33 +0.03°
TC (mmol/L) 5.99 + 0.432b 6.43 + 0.532 5.14 + 0.40°
HDL-C (mmol/L) 2.68 +0.182P 2.98 +0.212 2.51 +0.80P
LDL-C (mmol/L) 2.16 £ 0.232b 3.03+0.312 1.85 4 0.06°

Data are given as the mean + SD. In the same row, values with same small letter
superscripts or no letter superscripts mean no significant differences (P> 0.05);
different small letter superscripts mean significant differences (P< 0.05).

C, Control; HL, High lipid; HC, High carbohydrate. GLU, glucose; TG, triacylglyc-
erol; TC, total cholesterol; HDL-C, high density lipoprotein cholesterol; LDL-C, low
density lipoprotein cholesterol.
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Gene Primer sequence (5'-3) Amplicon Accession

abbreviation size (bp) number

Metabolism

genes

SCD F: CCTGGTACTTCTGGGGTGAA 217  XM_018696772.1
R: AAGGGGAATGTGTGGTGGTA

CPT1 F: TGATGGTTATGGGGTGTCCT 186 XM_018678316.1
R: CGGCTCTCTTCAACTTTGCT

ELOVLS F: ATCCAGTTCTTCTTAACCGT 277 GQ214180.1
R: GGTTTCTCAAATGTCAATCCAC

FADS2 F: TCATACTACCTTCGCTACTTCTC 104 GU047383.2
R: ACAAACCAGTGACTCTCCAG

ACLY F: CAACACCATTGTCTGTGCTC 271 XM_018703332.1
R: GAAATGCTGCTTAACAAAGTCC

GK F: CTGGTGTGATCAACCGAATG 179  XM_018673057.1
R: ACCACTCCCCTCCTCTGACT

cPEPCK F: TCCGCCATCGGCTACCT 119 XM_018678244.1
R: TCCTCCACCTCCCTTTGC

Growth

hormone genes

IGF-I1 F: TGTGGACGAGTGCTGCTT 144 EU136176.1
R: TGCCCTGCGGTACTAACCT

IGF-1I F: AGTATTCCAAATACGAGGTGTG 131 XM_018664155.1
R: GAAGATAACCTGCTCCTGTG

Control gene

B-actin F: AACCAAACGCCCAACAACT 112 XM_018667666.1

R: ATAACTGAAGCCATGCCAATG
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Items Experimental diets

(o3 HL HC
Whole body composition
Moisture contect% 70.41 £0.75 67.94 + 1.03 68.81 + 2.06
Crude protein(N% x 6.25) 6319 +£0.308 5427 +1.25° 61.30+0.19°
Ash content% DW 1817 £0.242  16.92 £ 0.21P  18.31 £0.132
Crude lipid% DW 18.13 £0.44° 26.894+0.392 20.11 £ 0.53P
Muscle composition
Moisture contect% 78.54 £1.02 78.08 +2.98 77.80+0.39
Crude protein(N% x 6.25) 90.07 +1.082  88.04 £0.75°  90.34 + 0.732
Ash content% DW 584 +0.08 5774008 566+ 0.06°
Crude lipid% DW 219+ 0.11P 3.81 +£0.192 2,03+ 0.10P
Somatic parameters
CF (gom~3) 3.42 £ 0.05 3.62 + 0.04 3.39 + 0.47
VR (%) 8.28 + 0.47 9.46 + 0.66 8.04 £2.22
HIS (%) 1.47 £ 0.2780 1.96 +£0.272 1.36 + 0.25°
IPF (%) 1.91 4+ 0.24P 3.84 4+ 0.592 1.48 +0.32°

Data are given as the mean + SD. In the same row, values with same small letter
superscripts or no letter superscripts mean no significant difference (P > 0.05);
different small letter superscripts mean significant difference (P< 0.05).

CF, Condition factor; VR, Viscera ratio; HSI,

Intraperitoneal fat ratio.

Hepatosomatic index; IPF,
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Ingredients, %

Fishmeal LT70

Soy protein concentrate
Fish protein concentrate
Wheat gluten

Corn gluten

Faba beans

Wheat meal

Fish oil

Vitamin and mineral premix
Soy lecithin

Vitamin C35%
Monocalcium phosphate
Rapeseed oil

Betaine HCI
DL-Methionine

MPLE

Proximate composition
Crude protein, %

Crude fat, %

Fiber, %

Starch, %

Ash, %

Gross energy, MJ/kg

Control diet

17.5
20.0
25
9.0
5.0
5.0
16.23
12.0
1.0
0.5
0.07
3.0
7.0
1.0
0.2

40.08
2215
1.756
13.02
8.74
21.60

MPLE diet

17.5
20.0
25
9.0
5.0
5.0
16.13
12.0
1.0
0.5
0.07
3.0
7.0
1.0
0.2
0.10

40.02
2215
1.74
12.93
8.89
21.58
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Cluster term

Actin cytoskeleton organization
Cellular biosynthetic process

Autophagy

Regulation of cellular metabolic process
Leukocyte activation involved in immune response

Response to organic substance

Activation of cysteine-type endopeptidase activity involved in apoptotic process

Regulation of I-kappaB kinase/NF-kappaB signaling
Negative regulation of protein serine/threonine kinase activity

Endoderm development

Signal transduction in response to DNA damage

Intracellular signal transduction

Regulation of histone methylation

Cytoskeleton organization

Regulation of intracellular steroid hormone receptor signaling pathway
Regulation of viral lfe cycle

Positive regulation of cell death

Regulation of cellular protein metabolic process

Positive regulation of neuron death

Sphingolipid metabolic process

Regulation of cellular protein localization

Carbohydrate derivative metabolic process

Chondrocyte differentiation

Protein localization to nucleus

Maintenance of protein location

Actin cytoskeleton reorganization

Regulation of cell shape

Nuclear-transcribed mRNA catabolic process, nonsense-mediated decay
Antigen processing and presentation of peptide antigen via MHC class
Cell-cell adhesion

Hepaticobiliary system development

Stem cell differentiation

Interferon-gamma-mediated signaling pathway

Negative regulation of transcription by RNA polymerase Il

% Terms per group

18.98
17.13
7.41
6.02
6.02
5.09
5.09
417
3.24
278
2.31
185
1.85
185
185
1.39
1.39
1.39
1.39
0.93
0.93
0.93
0.93
0.46
0.46
0.48
0.46
0.46
0.46
0.46
0.46
0.46
0.46
0.46

No. GO

4
37
16
13
13
11
11

B T S L L NI O SR AR R S NN NSNS R

No. Genes

300
566
230
407
171
184
156
130
178
49

215
32
307
79
24

373
26
18
40

21
22
"
"
14
12
"
56
16
21
10
52
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Parameters sPo sPs sP10 SP15 sP20 ANOVA Linear Regression R2
Value
Pvalue  Fvalue
Molsture 756.4 £3.6% 7528+ 3.7 7507 +£102% 7505457 TAT6E127 0524 0.852 0254
CrudeProein 1503 £0.66°  152.34+£025° 156.73+£025° 1567940122 15706401  <0.01 81.00 0.970
Crude Lipid 64.7 £0.1° 64.4+010° 65.2.+0.1% 65.9402° 681£05° <001 33.949 0.931
Ash 19.640.3° 21.4£01° 2184+02° 21.9403° 225£08° <001 28.401 0.919

Values (n = 3) with diferent letters In the same row are significantly different (b < 0.05).
SPO, soybean meal only; SP, soybean meal + 5% S. polyrhiza; SP10, soybean meal + 10% S. polyrhiza; SP15, soybean meal + 15% S. polyrhiza; SP20, soybean

meal + 20% S. polyrhiza.
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Amino acids sPo sP5 sP10 sP15 sP20 ANOVA  Linear regression
A2 value
Essential P value F value
Arginine (Arg) 6.77£02° 6.40£0.19 107£04%  1021£00°  094£004° <001 905511 0997
Histictine (HIs) 3724010 364+020 28540057  287£006° 273008 <0.01 156009 0984
Isoleucine (i) 513£012% 53040077  498+£001°  425%01° 444£018° <001 67.119 0964
Leucine (Let) 050£019"  10124038%  859£004  828£011%°  801£025 <001 53555 0955
Lysine (Lys) 115440040 1275008  10.1£04° 91540059  047£0249 <001 323243 0992
Methionine (Met) 204£004° 37004  363£021°  277£000°  301£080° <001 12611 0835
Phenylalanine (Phe) 552£012% 58301 516+£001°  491£020°  4994014% <001 14657 0854
Threonine (Thr) 47320019 516£008°  620£01° 612£0.1° 6.67£008° <0.01 203.479 0992
Tiyptophan (Tip) 2074008  160£005%  156+£0008% 2324£001°  248+£0002° <001 17058 0998
Valine (va) 59840059 6494008 744£006°  625£001°  663£017° <001 69.776 0965
% Essential 582 1.1° 608+0.1 61.1£0.4° 57407 58.4+£04° <001 21402 0895
Non-essential sPo sP5 sP10 sP15 sP20 ANOVA  Linear regression
R value
P value F value
Alarine (Al2) 803£008°  765+£008°  B03£006°  085£007° 994015 <001 363836 0993
Aspartate (Asp) 720080  114£012°  124£086° 11520020  127£012 <001 83477 0931
Cysteine (Cys) 114£0002°  160£007%  142£007° 180047  139£002® <001 18725 0882
Giutarric Ackd (GIL) 203£008°  188+010° 17320019  17.8£005%  196£017° <0.01 535013 0995
Giycine (Gly) 8914000 100£0.3 85840019  1080£014°  1162£008° <001 77.612 0969
Proline (Pro) 27.80.1° 200£010  G137£001° 31104020 251029 <001 387.422 0991
Serine (Ser) 483£002°  481£007°  562+£001°  548+£008° 6324008 <001 22176 0989
Tyrosine (Tyr) 410+ 027 3.67 +£0.34% 3.57 +£0.02% 3.24 £0.16° 334+0042 <001 7311 0.745
Phosphosetine (p-Ser) 0064000  005+£000°  010£005%  028£006°  015£001° <001 28.851 0920
Taurine (Tat) 1764008 1514015  174£016%®  1.96£013°  273+£004 <001 48115 0951
o AmINo -n- butyric acid (u-ABA) - = 0194£002°  020£008  018+000° 0221 1.961 0395
Citruline (Gl 013£001°  015£008°  044£000°  054£020°  056£000° <0.01 16.081 0865
Cystathionine (Cystri) 028£005%  041£001°  213£014°  260£001°  1.38£004 <001 301477 0992
B -Alanine (7 -Ala) = 008+£002°  006+£000%  011£0001% 011£005 018 2051 0.435
B Amino lsobutyric acid (-AIBA) 004  0.00° = e - 008£000° - & -
y-Amino-n-butyric acid (y-ABA) 004  0.00° - = - - - : -
Hydroxylysine (Hylys) 0164005 = - 02400020 = <001 518.664 0992
3 Methy histicine(s Mehis) = = 007 £0000° -~ 006+£0.000° 002 13914 0777
Hydroxy proline (Hypro) 1584000° 2284008  201£022°  816£0002° 807£016° <001 301477 0992
% Non- essential 9095+031°  O151£0.21° 9576+04°  90.56+050°  98.16+006° <001 136.54 0982

Values (n = 3) with diferent letters In the same row are significantly different (b < 0.05).
SPO, soybean meal only; SPS, soybean mesl + 5% S. polyrhiza; SP10, soybean meal + 10% S. polyrhiza; SP15, soybean meal + 15% S. polyrhiza; SP20, soybean

meal + 20% S. polyrhiza. The bold values means summation/total value.
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Fatty acids sPo sP5 sP10 SP15 sP20 ANOVA Linear regression

R? value
Pvalue  Fvalue

140 2202+ 1.280 30641000 22,80 +034° 2242 £0.11 1578£007° <001 156,508 0.984
15:0 4214028 6524025 4.80 £061° 621£0340 720£020° <001 22074 0.898
16:0 3740040019 54807203  507.88%6.26° 4350£141°  86036+£275 <001 176638 0.986
18:0 19040017 2.81+068° 300 +020° 2054029 12420213 0081 2856 0533
24:0 10530010 14.68 £2.47 12.49 +0.04% 7212077 925£011° <001 79245 0.969
% SFA 418.58:£10007  602.75+22.66° 551.00.1 +7.05° 4738+320°  40820£350° <001  165.49 0.985
1614 n-9 2644+ 0020 1410 £1.0° 12.25 +2.35° 24.44 0720 4464078 <001 164648 0.985
18109 1013684002  96371+4681°  889.60 +5.90° 005341800 60936+£1084° <001  91.965 0974
24:1 25140045 386 +0.44° 2.33 +029 - - <001 22290 0881
% MUFA 1,0426£175°  081.688+:4626° 004.18+0.83°  02070+£252 7038211579 <001 107.854 0.977
18206 91199+ 8568°  08975+910° 1,0024£518% 1,01681£376°  1,0586+006° <001 11145 0817
202 06 32,67 +1.240 2060£008  82.55+005° 57.51 + 1.820 2448£207° <001 72707 0.967
20306 13.44 %0220 11.91 +078° 10.77 +0.029 14,60 +0.30% 1085£0529 <001 55671 0957
20:4 16 2680+ 0.22° 2006+£032% 2817 085 21.75+0.159 2512£038° <001 102422 0976
22506 TI00£022® 6627 £047° 462240002 6043217 7280 £0144° <001 282796 0991
In-6PUFA  1,056.1+1125° 111155100  1,147.96 £6251° 1,160.11£801° 1186.95+22° <001  9.048 0784
18:3n3 1510404157 13,65+ 0.18° 18.00 +0.30° 1953 +0.400 3263+£019% <001 2,563.494 0.909
20:4 03 12651£007°  187.58£033° 14432 £0.56° 12504842°  14545+£080° <001 111460 0978
205503 3944 006° 501 +033%° 4.00+1.04° 8990012 600£040° <001  46.860 0949
22503 5394 001° 020403110 11.8241.36° 13,00 +0.58% 806£016° <001 51941 0.954
22:6 03 4803 + 0,049 63.07 £0240° 6564 +030° 7405 +0.410 8102£1.00° <001 81564 0.902
In-3PUFA  198.97+231" 2086 £054c  243.46+0352°  24147£569° 273774045 <001 473.046 0.995
EPA+DHA  51.97+219" 68.08£0.75  60.73 +1.28° 83.04 £ 1.20° 87.03£0.60° <001 598.073 0.996

Values (n = 3) with diferent letters n the same row are significantly dlfferent (p < 0.05).
SPO, soybean meal only; SPS, soybean mesl + 5% S. polyrhiza; SP10, soybean meal + 10% S. polyrhiza; SP15, soybean meal + 15% S. polyrhiza; SP20, soybean
meal + 20% S. polyrhiza. The bold values means summation/total value.
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Parameters SPO SP5 SP10 SP15 SP20 ANOVA Linear
regression R?
value
Pvalue F value

Initial weight (g) 0.473 + 0.0012 0.479 £0.001%  0.473 &+ 0.003? 0.473 + 0.0012 0.477 + 0.002¢ 0.093 2.692 0.518

Survival (%) 100 100 100 100 100 - - -

Final weight (g) 1.60 + 0.004¢ 1.88 4+ 0.012¢ 2.156 4+ 0.007° 2.49 + 0.003° 2.74 +£0.0132 <0.01 7,507.44 0.999

Specific growth rate 2.01 +0.002° 2.30 +0.011 2.52 +0.007¢ 2.75 4+ 0.001° 2.93 + 0.001¢ <0.01 3,419.05 0.999

(SGR% BW/day)

Feed conversion 1.25 £0.0107 1.23 £0.0122 111 +£0.011° 1.06 £+ 0.013% 1.01 £0.010¢ < 0.01 74.394 0.967

ratio (FCR)

Amylase (mU/mg 126.48 + 3.802 98.91 + 2.30° 102.28 £2.13° 125.41 +£1.878 125.14 +1.822 < 0.01 30.70 0.925

protein/min)

Protease 249.95 + 1.40° 247.31+0.88°  265.35 + 5.30° 264.78 + 1.75° 278.82 + 6.287 0.091 2715 0.521

(Fluorescence

change/unit)

Trypsin (LM 799.93 £+ 4.11¢ 588.87 + 6.189  768.03 £ 9.42¢  1,073.91 £6.72°0 1,335.45 + 9.522 <0.01 1,532.15 0.998

AMC/mg

protein/min)

Chymotrypsin (uM 683.17 £17.86° 813.10 £10.842  617.5 & 4.30° 477.24 4+ 10.249 406.38 + 15.20° < 0.01 147.52 0.983

AMC/mg

protein/min)

Lipase (uM 1,000.97 £ 17.26° 950.40 & 10.80° 992.27 + 14.82° 1,137.10 + 16.307 1,074.27 + 15.32° < 0.01 27.50 0.917

4-MU/mg

protein/min)

Values (n = 3) with different letters in the same row are significantly different (o < 0.05).
SPO, soybean meal only; SP5, soybean meal + 5% S. polyrhiza; SP10, soybean meal + 10% S. polyrhiza; SP15, soybean meal + 156% S. polyrhiza; SP20, soybean

meal + 20% S. polyrhiza; BW, body weight.
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Ingredients Diets (% dry weight)

CsSMo CSM20 CSM40 CSM60

Fishmeal 25.00 20.00 15.00 10.00
Cottonseed meal (CSM) 0.00 5.00 10.00 15.00
Corn gluten meal 13.00 13.00 13.00 13.00
Poultry by-product meal 11.00 11.00 11.00 11.00
Soybean meal 8.50 8.50 8.50 8.50
Peanut meal 6.50 6.50 6.50 6.50
Wheat meal 17.50 17.50 17.50 17.50
Fish oil 1.50 2.00 2.40 2.80
Soybean oil 5.00 5.00 5.00 5.00
Soybean lecithin 2.50 2.50 2.50 2.50
Monocalcium phosphate 1.50 1.70 1.90 2.10
Lysine 0.28 0.45 0.60 0.75
Methionine 0.10 0.15 0.20 0.25
Threonine 0.01 0.03 0.05 0.07
Squid paste 1.50 1.50 1.50 1.50
Mineral premix@ 1.50 1.50 1.50 1.50
Vitamin premix? 0.50 0.50 0.50 0.50
Chromium trioxide 0.10 0.10 0.10 0.10
Lutein 0.10 0.10 0.10 0.10
Antioxidant 0.05 0.05 0.05 0.05
Mold inhibitor 0.10 0.10 0.10 0.10
Cellulose 3.76 2.82 2.00 1.18

Proximate composition

DM (%) 90.24 89.98 89.91 90.12
Crude protein (%) 42.42 42.51 42.58 42.66
Crude lipid (%) 14.00 14.09 14.07 14.05

aMineral premix (mg/kg diet): NaF, 2 mg; Ki, 0.8 mg; CoClo-6H>0 (10 g/kg), 50 mg;
CuS04-5H-0, 10 mg; FeSO4-H»>0O, 80 mg; ZnSO4-H»>0, 50 mg; MnSO4-H-0, 60
mg; MgSOy4.7H20, 1,200 mg; Ca(H2PO4)2-H20, 3,000 mg; NaCl, 100 mg; zeolite,
15,447 mg.

bViitamin premix (mg/kg diet): thiamin, 25 mg; riboflavin, 45 mg; pyridoxine HCI, 20
mg; vitamin B12, 0.1 mg; vitamin K3, 10 mg; inositol, 800 mg; pantothenic acid,
60 mg; niacin acid, 200 mg; folic acid, 20 mg; biotin, 1.20 mg; retinal acetate, 32
mg; cholecalciferol, 5 mg, a-to-copherol, 120 mg; ascorbic acid, 2,000 mg; choline
chloride, 2,500 mg; ethoxyquin 150 mg,; wheat middling, 14,012 mg.
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Stable Traditional Formulated Mixture feed

isotopes feed mode feed mode mode
C —238.31 £1.19 —24.02 +£0.72 —24.45 +£1.22
N 213+ 0.572 3.37 £ 0.64° 3.08+0.37%

Values with different small letters mean significant differences in the same row
(P < 0.05). The data in the table are expressed as mean + standard deviation
(-X+SD), n=3.
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Modes Moisture Crude protein Crude lipid Ash

Traditional 1212 £0.34° 39.09+2.83 548+0.152 6.20+ 0.482
feeding mode
Formulated 6.99 4+ 0.09% 38.70+0.47 8.56+0.09° 10.39 £0.17°

feeding mode
Mixture feeding 911 £0.27°  39.08+1.80 7.394+0.11° 8.66 + 0.46°
mode

Values in the same line with different superscripts are significantly different
(P < 0.05).
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Phylum Gender Traditional Formulated Mixture
feed mode feed mode feed mode
Arthropoda Female 51.48+0.12 50.87+0.11 40.93 £0.11
Male 45.68+£0.14 30.25+0.08 36.76£0.27
Phragmoplastophyta Female  16.90+0.13 23.20+0.15  24.74+0.11
Male 6.80+0.01 18:9940.16 5.08 £0.04
Diatomea Female 3.72+0.08 8.2+0.04 8.43+0.02
Male 4.35+0.02 3.13+0.03 6.96 +0.02
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Diet groups P-value
CSMo CSM20 CSM40 CSMe60
GLU(mmol/L) 12.31 4 0.040° 13.75 4+ 0.13? 10.15 + 0.69°¢ 12,11 4 0.23° 0.000
TP (g/L) 4230 +0.172 40.57 + 0.6020 37.87 + 0.080° 39.40 + 0.850° 0.000
TG (mmol/L) 9.66 + 0.232 8.27 +0.19 6.90 + 0.040° 7.46 + 0.16° 0.000
CHOL (mmol/L) 6.50 + 0.16° 6.33 4+ 0.13? 5.57 + 0.010° 5.96 4+ 0.1320 0.002
HDL (mmol/L) 2.94 + 0.0602 2.98 +0.0402 2.75 + 0.020° 2.67 + 0.040° 0.002
LDL (mmol/L) 0.87 + 0.00° 1.02 + 0.010P 1.06 + 0.002 1.02 £0.010P 0.000

Data were expressed as means + SEM (n = 6). Means + SEM within the same row with the different superscript letters have significant difference among groups

(P < 0.05).

GLU, total glucose; TR total protein; TG, triglycerides; CHOL, total cholesterol; HDL, high-density lipoprotein; LDL, low density lipoprotein.
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P-value

CSMo CSM20 CSM40 CSM60

Liver

AST(U/g) 2039.95 + 6.55¢ 2420.81 + 0.89¢ 2587.73 + 3.51P 2728.93  3.242 0.00
ALT(U/g) 297.87 + 1.659 362.26 + 1.48° 423.39 + 1,532 394.50 + 0.87P 0.00
ALP(U/g) 58.87 + 0.22° 65.22 + 0.30° 72.49 + 0.307 72.44 + 0.502 0.00
LDH(U/g) 75.46 + 0.44P 96.94 + 0.512 104.84 + 4.32 97.461 + 0.292 0.00
Plasma

AST (U/L) 46.00 + 0.00° 40.67 + 0.33¢ 54.67 + 0.332 50.00 = 0.00° 0.00
ALT (U/L) 4.67 +0.33° 5.00 + 0.00° 5.00 + 0.00° 7.00 + 0.002 0.00
ALP (UL 51.67 4+ 0.332 51.33 +0.332 46.00 + 0.00° 49.33 + 0.67° 0.00
LDH (U/L) 187.67 +17.23 164.00 + 1.15 234.33 + 30.67 189.33 = 6.84 0.12

Data were expressed as means + SEM (n = 6).
Means + SEM within the same row with the different superscript letters have significant difference among groups (P < 0.05).
AST, aspartate aminotransferase; ALT, alanine aminotransferase; ALP, alkaline phosphatase; LDH, lactate dehydrogenase.
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P-value

CSMo CSM20 CSM40 CSM60
Met 2471 £0.82 2718 +£1.02 24.85 +0.76 25.44 + 0.41 0.18
Phe 22,61+ 1.06 19.05 £ 0.86 21.52 +0.97 20.84 + 0.76 0.12
Val 136.59 + 4.512 116.59 + 6.062° 120.04 + 8.8420 99.4 + 3.32 0.02
lle 90.87 + 3.942 75.55 + 4.287° 77.40 £7.2320 64.10 + 3.07° 0.03
Leu 155.50 4 7.26% 127.01 + 6.962P 132.74 + 13.413b 113.02 + 4.23° 0.05
Thr 44.63 £ 2.01 50.09 + 4.07 54.56 + 2.47 46.91 + 1.59 0.12
Lys 263.15 + 25.28 202,67 +14.77 226.58 + 16.14 210.76 + 12.62 0.25
His 10.46 + 0.22 10.78 £0.13 10.26 + 0.25 10.62 + 0.083 0.31
Arg 82.88 + 6.50? 72.62 + 2.397° 7118 £ 1.7720 62.06 + 2.34° 0.03
EAA 831.40 + 12.882 721.53 + 37.342P 755.09 + 19.84aP 644.21 + 26.79P 0.01
Glu 44.70 £ 5.24 38.93 +5.19 37.47 + 4.53 43.65 + 4.13 0.67
Gly 7247 £2.14 69.60 + 1.95 70.26 + 0.96 75.77 £ 0.45 0.13
Ala 88.71 + 3.68° 78.91 + 0.46° 88.19 + 0.5420 95.37 + 2.022 0.00
Cys 1.83 4 0.56 1.43£0.23 1.54 4+ 0.45 1.33 4+ 0.43 0.87
Tyr 18.66 + 0.39° 15.99 + 0.39P 19.36 + 0.592 18.84 + 0.232 0.00
Ser 28.36 & 0.30 27.85 +0.75 28.21 4+ 0.94 31.16 +1.29 0.10
Tau 75.98 +2.17 81.29 +7.12 75.53 + 0.62 83.52 + 1.44 0.41
NEAA 318.46 + 9.97 313.56 =+ 5.60 320.56 + 5.08 349.65 + 8.64 0.06
TAA 1136.02 + 51.75 1035.00 + 31.76 1075.00 + 18.25 993.86 + 35.42 0.13

Data were expressed as means + SEM (n = 6). Means + SEM within the same row with the different superscript letters have significant difference among groups

(P < 0.05).

EAA, total essential AA; NEAA, total non-essential AA; TAA, total AA.





OPS/images/fmars-08-775575/fmars-08-775575-t008.jpg
Diet groups P-value

CSMo CSM20 CSM40 CSM60
C14:0 1.61 +£0.04 1.48 £ 0.04 1.59 + 0.04 1.53 £ 0.06 0.26
C16:0 24.40 + 0.20 24.80 +0.35 25.27 + 0.44 2423 +£0.32 0.21
c18:0 6.73+0.16 7.01+0.18 6.75 + 0.32 6.25 + 0.17 0.18
C20:0 0.40 + 0.02 0.39 + 0.01 0.39 + 0.02 0.38 + 0.03 0.92
LSFA 33.14 + 0.36 33.68 + 0.57 34.00 + 0.39 32.40 +0.55 017
C16:1 1.83 +0.04 1.67 £0.03 1.75 + 0.02 1.76 £ 0.05 0.08
c18:1 27.30 +0.32 26.87 +0.43 27.23 +0.50 27.07 +0.44 0.89
C20:1 1.69 & 0.05 1.66 = 0.04 1.60 & 0.03 1.56 = 0.06 0.24
SMUFA 30.82 +0.34 30.20 + 0.44 30.58 + 0.55 30.39 + 0.50 0.80
c18:2 2317 £0.222 22.40 £ 0.172 21.63 +0.612P 20.33 + 0.47° 0.01
C20:4n-6 0.16 + 0.002 0.13 £ 0.004 0.14 £ 0.007 0.13 +0.02 0.23
C20:3n-6 0.15 + 0.004 0.16 £ 0.003 0.14 £ 0.01 0.13 +0.02 0.36
*n-6 PUFA 23.47 +0.222 22.69 +0.172 21.91 + 0.632P 20.60 + 0.48° 0.01
C18:3n-3 1.97 £ 0.032 1.81 +0.072 1.60 & 0.03° 1.35 4 0.04¢ 0.00
EPA (C20:5n-3) 0.20 + 0.02 0.18 £ 0.004 0.16 £ 0.02 0.13 +0.02 0.09
DHA (C22:6n-3) 1.50 +0.082 1.59 4+ 0.032 1.10 £ 0.04° 0.77 £0.07° 0.00
£n-3 PUFA 3.66 + 0.102 3.58 + 0.05° 2.85 + 0.05° 2.24 +0.09° 0.00
£n-3 HUFA 1.70 + 0.092 1.77 £ 0.022 1.26 & 0.05° 0.90 + 0.08° 0.00
£n-3/Zn-6 0.16 + 0.0052 0.16 £ 0.0032 0.13 £ 0.002° 0.11 £0.002¢ 0.00
DHA/EPA 7.50 +0.27 8.68 + 0.32 7.05 + 0.66 6.31 +1.03 0.15

Data were expressed as means + SEM (n = 3). Means + SEM within the same row with the different superscript letters have significant difference among groups
(P < 0.05).

XSFA: sum of C14:0, C16:0 and C18:0; EMUFA: sum of C16:1, C18:1 and C20:1; £n-6 PUFA: sum of C18:2n-6 and C18:4n-6; £n-3 PUFA: sum of C18:3n-3, C20:5
and C22:6. £n-3/Zn-6:Xn-3 PUFA/Z n-6 PUFA.

SFA, saturated fatty acids;, MUFA, mono-unsaturated fatty acids; n-6 PUFA, n-6 poly-unsaturated fatty acids; n-3 PUFA, n-3 poly-unsaturated fatty acid.





OPS/images/fmars-08-775575/fmars-08-775575-t002.jpg
Amino acids Diets (% dry weight)

CSMo CSM20 CSM40 CSM60
Lys 1.90 1.92 1.92 1.91
Met 0.70 0.70 0.70 0.70
Thr 0.88 0.88 0.88 0.88
Arg 1.29 1.51 1.78 1.95
His 0.47 0.49 0.51 0.53
lle 0.84 0.81 0.79 0.77
Leu 1.51 1.48 1.45 1.42
Phe 0.89 0.94 0.99 1.04
Val 1.02 1.01 0.99 0.97
Cys 0.15 0.18 0.20 0.23

Tyr 0.66 0.65 0.65 0.64
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Target Forward sequence(5'-3') Reverse sequence (5'-3')

gene

TOR GGGTCTTATGAGCCAGTGC CTTCAGGGTTGTCAGCGGA
CAGG TTGT

S6 GCACTGTCCCTCGCCGTCTT CTGGGCTTCTTGCCTTCTTT

4EBP1 ACACCCCAGCAGGAACTTT GTGACCATCAACGACGCAG

elF2a TGTATTCCAGCACCTC CGTGGTCGTCATCCGA
AGCC GTAGA

ATF4 CTGCGTCACCCCTCAACTCC CATTCGCTCCATCCACAACC

CHOP CGGAGTTTCTGGATGTT AGGAGGAGGAAGAGGAG
TTGGA GATGA

REDD1 AGCCAAAGACTCAGAAT TGAAAGGTGGGGACAA
GCG GGTA

FAS GATGGATACAAAGAGCAAGG GTGGAGCCGATAAGAAGA

ACC GTTGTCAATCCCAGCCGATC ATCCACAATGTAGGCCCCAA

AGPAT3 CTTCCTGTTTTGGGCCACTC GTCGCCATAACTTGAGCCTG

FAD2a GAACAATCCCACTTCAACG AGGAATCCCATACTTCTCACA

elovi5 TACATGGTCACGCTCATTA CCGTTCTGATGCTCCTTC
TCC TTTA

SREBP1 GAGCCAAGACAGAGGAGTGT GTCCTCTTGTCTCCCAGCTT

LPL TTTGTCCTTCCTCGTCACCA AAGACAGCATCCTCTCCACC

HSL TCATACCTCCACACCAACCC GTCTCGCAGTTTCTTGGCAA

CPT1 CTTTAGCCAAGCCCTTCATC CACGGTTACCTGTTCCCTCT

PPARy  TCAGGGTTTCACTATGGCGT CTGGAAGCGACAGTATTGGC

PPARa AATCTCAGCGTGTCGTCTT GGAAATGCTTCGGATACTTG

FABP1 CCAAGGACATCAAGCCAATTAC TGGTGATTTCAGCCTCCTTAC

APRO AAAAGCCACAAGACGAA GAAGCAGCAAAAGGCA

B100 AGCA GAGC

g6pdh CTGTGGCAAAAGTTGGTGTG CCTGATGATGTGAGGGATGA

HK CCTTCCTCGTCTTTGTCATTT TGTCCGTCTCATCCTGGTG

PK TTTGCCAGTTTCATCCGCT CCATCACGCCATCGCTCT

pfk-1 TGGGTGGGACCGTGATT AGGTTGGTGATGCCTTTCTT

pepck TGGAGTGTTTGTTGGAG CGAAGTTGTAGCCGAA
CAG GAAG

glut2 TCCTGTTTGCTGTGCTGCTT GTTTTCCGTCCCTTGCG

glut4 AATGGCTGTGGCTGGCTT AGGTTTTTCCCCGTGTTTCT

IL-10 CTCCAGACAGAAGACTCC GGAATCCCTCCACAAAA
AGCA CGAC

IL-8 TGCATCACCACGGTG GCATCAGGGTCCAGACA
AAAAA AATC

TGF-p1  GAGATACGGAAAAGAGTGGGG TGACAAAGCGGGAAGCAAG

C4 TGGAGAAAAAGTTAAAG CAGGAAGGAAGTATGAGC
GGGC GAGT

C-lyz GGAGTCTGGTGTTTCTGCTC GGTGGCTCTAGTGTTGTAG
TTTG TTCG

HSP70  TTGAGGAGGCTGCGCACAGCT ACGTCCAGCAGCAGCAGG
TGTG TCCT

HSP90  GATGAAAAGGCGTTTGAGAAAA TGTTGCAGGCTTGATGTT
TGAT GAGTACAC

IkB-a GCTGGTGAACGGGT GAGGAAGGGGTGATTG
TTGAG TGTGA

MnSOD  AGCCAGCCTCAGCCAAACT GGCGGTGACATCTCCCTTT

CAT AGTTTTACACCGAGGAGGGC TGTGGGTTTGGGGATTGC

Nrf2 TTGCCTGGACACAACTGCTG TCTGTGACGGTGGCAGT
TTAC GGAC

Keap1 CAGATAGACAGCGTGGTGA GACAGTGAGACAGGTTGAA
AGGC GAACTCC

HO-1 AGAAGATTCAGACAGCAGCAG TCATACAGCGAGCACAGGA
AACAG GGAG

B-actin  TACGAGCTGCCTGACGGACA GCTGTGATCTCCTTCTGC
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Diet groups P-value
CSMo CSM20 CSM40 CSM60

IBW (g) 28.38 + 0.04 28.40 + 0.05 28.45 + 0.02 28.44 + 0.06 0.70
FBW (9) 92.67 + 1.742 86.70 + 1.792P 85.41 + 0.79P° 79.46 + 1.20° 0.00
WGR (%) 226.56 + 6.612 205.32 + 6.822P 195.70 + 6.40° 179.44 + 4.40° 0.04
SGR (%/d) 2.82 4 0.05° 2.66 + 0.062P 2.58 4+ 0.05° 2.45 4+ 0.04° 0.04
FER 0.95 4 0.022 0.90 + 0.02ab 0.87 + 0.043b 0.82 4+ 0.02b 0.03
PER 2.24 +0.0432 2.11 +0.0332° 2.09 + 0.0472° 1.93 + 0.050° 0.007
FI (% body weight/d) 2.96 + 0.025 2.98 +0.03 3.02 +0.08 3.06 + 0.04 0.08
PPV (%) 43.41 £0.102 41.45 +0.01P 40.33 + 0.03° 38.19 +0.23¢ 0.00
SR (%) 99.0 + 1.00 99.0 + 1.00 100.0 = 0.00 99.0 + 1.00 0.36

R (%) 39.68 +0.742 37.80 + 0.49%° 36.06 + 0.33°° 35.23 + 0.28° 0.01

D (Dry mater) 84.47 £ 2782 78.09 + 3.872P 55.07 + 8.78P¢ 47.80 + 6.24° 0.06

D (Protein) 92.35 + 1.482 88.94 + 1.982° 79.53 + 4.17° 76.80 + 2.59° 0.01
Proximate composition of whole body (wet weight%)
Moisture 62.3 + 0.54 62.7 + 0.85 63.2 + 0.24 63.5 + 0.12 0.44
CcP 18.2 + 0.076 18.2 + 0.21 17.6 + 0.11 18.0 £ 0.19 0.06
CF 151 £0.372 14.5 + 0.172P 14.3 4 0.052P 13.6 £ 0.17° 0.01
Ash 3.99 + 0.086 3.93+0.10 4,08 + 0.10 3.98 +0.17 0.84

Data were expressed as means + SEM (n = 8). Means + SEM within the same row with the different superscript letters have significant difference among groups

(P < 0.05).

IBW, initial body weight, FBW, final body weight; WGR, weight gain rate; SGR, specific growth rate; FER, feed efficiency ratio; PER, protein efficiency ratio; Fl, feed intake;
PPV, protein productive value; SR, survival rate; PR, protein retention; AD (Dry matter), dry matter apparent digestibility; AD (Protein), apparent digestibility of protein in

feed; CR, crude protein; CF, crude fat.





OPS/images/fmars-09-844716/fmars-09-844716-g006.jpg
Orthogonal Component1(23.80%)

120000

Scores(OPLS-DA) plot

100000 ]

80000

60000 _|

40000

20000

-40000

-60000

-80000 |

-100000

T T T T T T
-120000-100000-80000 -60000 -40000 -20000 0 20000
Component1(14.90%)

200000

T T T T T
40000 60000 80000 100000 120000

Scores(OPLS-DA) plot

A\ Dou7d
W c_Convd

150000

100000

50000 |

-50000

Orthogonal Component1(36.30%)
<
1

-100000 4

-150000 4

-200000

) Dou59d
§ c_comsed

| T T T T
-100000 -80000 -60000 -40000 -

T
20000 0 20000
Componentl(12.50%)

Ll T T T
40000 60000 80000 100000

Similarity (Y, Yperm)

Permutation testing
R2=(0,0.8551), Q2=(0,-0.1823)

R

A

Similarity (Y, Yperm)
&
o
1

Permutation testing
R2=(0,0.9934), Q2=(0,-0.003)

@ R2Y(cum)
A Q2(cum)

@ R2Y(cum)
A Q2(cum)





OPS/images/fmars-09-844716/fmars-09-844716-g005.jpg
1(18.20%)

0 -50000

250000

Scores(OPLS-DA) plot

200000

150000

100000

50000

3

0]

Orthogonal Component1(21.90%})

-100000

-150000

-200000

T T T T T T T T
-200000  -150000  -100000  -50000 0 50000 100000 150000 200000

200000

Component1(25.20%)

Scores(OPLS-DA) plot

150000

100000

50000

-50000

-100000

-150000

T T T
-200000  -150000  -100000

Po T

T T T T T
-50000 50000 100000 150000 200000
Component1(44.60%)

@ Con7d
M c_Convd

s Consad

$ c_comsea

Similarity (Y, Yperm)

Similarity (Y, Yperm)

Permutation testing
R2=(0,0.9149), 02=(0,-0.0623)

oo --#--g---8---e---2

05| —&--"

bip
>

Permutation testing
R2=(0,0.695), Q2=(0,-0.2002)

'
=]
3
1

O R2Y(cum)
A 2(cum)

@ R2Y(cum)
A Q2(cum)





OPS/images/fmars-09-844716/fmars-09-844716-g004.jpg
Scores(OPLS-DA) plot

200000

A Dourd

150000 |  Metrd

100000 |

50000 |

-50000 |

Orthogonal Component1(29.50%)
<
1

-100000

-150000

-200000

T T T T T T T T T T
-100000 -80000 -60000 -40000 -20000 0 20000 40000 60000 80000 100000
Component1(12.60%)

Scores(OPLS-DA) plot

120000

@ Dous9d
A Vets9d

100000

80000 |

60000

40000

20000 4

Orthogonal Component1(19.80%)

=
=)
=]
=]
2
L

T T ) K T T | T T T T 1
-120000-100000-80000 -60000 -40000 -20000 0 20000 40000 60000 80000 100000 120000
Component1(21.00%)

Permutation testing
R2=(0,0.7732), Q2=(0,-0.409)

15
14
———— ——— ——— — — — - -—— — __—..
¢ .
E-o.s_——-—t""‘ === s
[0}
a A
> 1
> = A
2 1.5
5 S A
£ 24 A
= A
-2.5 ]
-3 4
-3.5
-4
T T T 1
0 0.1 02 03 04 05 06 07 08 09 1
Permutation testing
R2=(0,0.8361), Q2=(0,-0.2938)
115,
1
___._..___ o, ___......___.___..
0.5 ]
4 4o
. b -

Similarity (Y, Yperm)
a &
i

1

|

|

|
»

|

|
|
|
e
> >b PibibilE

>

@ R2Y{cum
A 2(cum)

)

@ R2Y(cum)
A Q2(cum)





OPS/images/fmars-09-844716/fmars-09-844716-g003.jpg
Orthogonal Component(20.80%)

Orthogonal Component1(13.00%)

250000

Scores(OPLS-DA) plot

200000 |

150000

100000

50000

[

-50000

-100000 ]

-150000 ]

-200000

@ Con7d
© Metrd

T T T T T T T T
-200000  -150000 -100000  -50000 0 50000 100000 150000 200000

140000

Component1(25.30%)

Scores(OPLS-DA) plot

120000 |

100000

80000 |

60000

40000

20000

04

-20000

-40000

-60000

-80000

-100000

-120000

T T Ll T T
-250000 -200000 -150000 -100000 -50000

0

1 1 Ll T T
50000 100000 150000 200000 250000

Componentl(54.40%)

= Consad

A Vet53d

Similarity (Y, Yperm)

Similarity (Y, Yperm)

Permutation testing
R2=(0,0.7202), Q2=(0,-0.2827)

Permutation testing
R2=(0,0.6916), Q2=(0,-0.3526)

»>

_————- - =
._

=4

A
* A

A

-2
25 A
-3
-3.5
-4 ]
T B T T T
0 0.1 02 03 04 05 06 07 08 09

@ R2Y(cum)
A Q2(cum)

@ R2Y(cum)
A Q2(cum)





OPS/images/fmars-09-844716/fmars-09-844716-g002.jpg
Orthogonal Component1(25.50%)

Orthogonal Component1(18.10%)

Scores(OPLS-DA) plot

250000

@® conrd
200000 A DouTd Permutation testing
R2=(0,0.9013), Q2=(0,-0.5451)
15—
150000 -
1T---——-&------49---- ———.———1 orR
100000 - Sl A @
0.5 A - i
Giteanmnnnnansnshenssaanmasns WS SRR SR R
50000 - A_ - Y (cumy
% 054 = =~ (cum)
0- =L A
£
2 154
-50000 =
3 A A
£ 24
@
-100000 oy A
-150000 ey
35+
-200000
4
’ T T T T T T T T T /|
“TAO00(I 04000020000 0 :200004000060000 10000 0 01 02 03 04 05 06 07 08 09 1
Component1(15.60%)
Scores(OPLS-DA) plot D Permutation testing
R2=(0,0.8326), Q2=(0,-0.2291)
160000 - 15+
140000 = Consod ® icy
) Dousad o _ 8- f---f---4---4---12R (
120000 e A Q2(cum
100000 0.5+ B Y cum)
o )
80000 i Bal hanbtbilhl  Shhbbbbbbbl Sl Ik ‘ ------------
60000 g 05
- Qo
40000 £
20000 =
>
04 = -1.54
L A
-20000 E 24
o A
-40000
254 A
-60000
-80000 — i
-100000 35
-120000 -
-140000 T T T T T T T T T 1

I T 1 1 |l 1 1
-200000  -150000 -100000  -50000 0 50000 100000 150000 200000
Component 1 (46.20%)





OPS/images/fmars-09-844716/fmars-09-844716-g001.jpg
PC2(12.20%)

Scores(PCA)

200 '
150 - g
100 :
. i
g o e A A
50 0 N
® - &
o i ®
D EEEEERERERERREE .+ ........... v.... ‘-4.““7"”, ................ p——
-50 1 ‘ A , A -
@ : .
v
-100 .
-150 '
200 o :
-250 '
1 1 T 1 1 1 1 1 ; 1 T T 1 T T
-400 -350 -300 -250 -200 -150 -100 -50 0 50 100 150 200 250 300

PC1(37.60%)

@ Con7d
A Dourd
& Metrd
c_Com7d
= Cons59d
@ Dous9d
_ Met59d
¢ c_comsad
Bl cc





OPS/images/fmars-09-844716/fmars-09-844716-e004.jpg
Survival rate
(S opy = (tota fish number — dead fsh mumber);

total fish number x 100.
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Parameter  Group

M BSF10 BSF20 BSF30
1BW 0.83£0001 0880002 0880001  0.88:£0.002
FBW 776+£000° 7.66+019% 7.55£0.18%  7.06+0.16"
wa 776.38 + 10.3° 767.58 £ 256% 758.11 % 13.51% 698.35 £ 18.95%
SGR 434£002° 432+005% 4294008°  4.15+004°
Survival 9375125 9666311 94162824 1000
FCR 1.62:£004% 164003 166 £0° 1.7 £0.04°

Data represent mean  SEM of three replicates (n = 3). Values in the same row with
dferent letters are significantly diferent (P < 0.05) based on Tukey's HSD test. The lack
of superscript letter indicates no significant dilferences among groups.

Vhere: IBW, nitial body weight (g); FBW, final body weight (g); WG, weight gain (%); SGR,
specific growth rate (% day’"); FCR, feed conversion rate.
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Parameter

FM

Microwili height  1.72  0.12°
(wm)

Mucosal folds ~ 58.85 + 5.87¢
height ()

Mucosal folds ~ 51.78 # 7.70°
width (m)

Muscle layer 4147  6.25°
thickness (um)

Diets

BSF20 BSF30

200+£020° 124£0.12° 162+0.14°
48.40 & 4.08° 39.82 +208° 26.50 + 3.30°
5160+ 836° 37.96+0.17° 2835+ 4.80°

50.36 £ 4.60° 42.68+4.69° 39.23 +530°

Data represent mean + SEM of three replicates (n = 3. Values in the same row with
diferent letters are significantly different (P < 0.05) based on Tukey's HSD test. The lack
of superscript letter indicates no significant differences among groups.
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Ingredients

Brown fish meal®
Soybean meal

Peanut meal

Wheat flour

Beer yeast

Shrimp shell meal

Black soldier fly larvae meal®
Fish oil

Soybean ol

Soybean lecithin

Choline chloride

Vitamin and Mineral Premix®
Calcium monophosphate
Vitamin G

Methionine®

Lysine

Threonine®

Ethoxyquin

Proximate composition

Dry matter (%)

Crude protein (% DV)
Crude lpid (% DM)

Ash (% DM)

M

250
25
10

24.06

2.00
2.00
1.00
03
1
15
0.1
0
0
0
0.05

92.01
41.42

7.79
10.73

BSF10

225
25
10

2298
3
5

475

1.45

1.45

0.85
03

1
15
0.1

0.04

0.08

0

0.05

92.47

41.95
7.1
11.01

Diets

BSF20

20.0
25
10

21.82
3
5
95

0.90

0.90

0.70
03

1
15
0.1

0.07

0.16

0

0.05

92.71

42,51
7.04

11.10

BSF30

175
25
10

20.70
3
5
14.25

035

035

0.55
03

1
15

0.1

011

0.24

0.01

0.05

92.62
42.31

7.29
11.67

2Brown fishmeal: 68.21% crude protein, 9.00% crude lipid, bought from Zhanjiang HaiBao

Feed Co. Ltd,, Zhanjiang, Guangdong, China.

bBleck soldier fly lervae meal: 35.17% crude protein, 32.60% crude lipid, provided by
Guangzhou Fishtech Biotechnology Co., Lid., Guangzhou, Chin.
©Vitamin and Mineral Premix (oer kg of diet): thiamine, §mg; riboflavin, 10mg; vitamin A,
5,000 1U; vitamin E, 40 mg; vitamin D3, 1,000 IU; menadione, 10mg; pyridoxine, 10mg;
biotin, 0.1 mg; cyanocobelamin, 0.02mg; calcium pantothenate, 20 mg; folic acid, 1mg;
niacin, 40mg; vitamin C, 150mg; iron, 100mg; iodine, 0.8mg; cupper, 3mg; zinc, 50mg;
manganese, 12mg; selenium, 0.3mg; cobalt, 0.2 mg.
YAl the crystaline amino acids were bought from Shanghai Sanjie Biotechnology Co.,

Ltd, China.
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Amino acids

Aspartic acid
Threonine
Serine
Glutarmic acid
Glycine
Alanine
Cystine
Valine
Methionine
Isoleucine
Leucine
Tyrosine
Phenylalanine
Lysine
Histidine
Arginine
Proline

Total

M

412
1.68
1.90
7.49
2.09
215
0.50
203
0.70
172
3.12
112
1.93
263
1.10
281
1.90
38.99

BSF10

423
174
1.99
7.72
213
222
0.50
2.14
071
177
322
122
2.00
264
1.08
2.87
2.05
40.22

Diets

BSF20

4.08
1.66
1.90
7.41
2.08
215
051
1.98
0.68
1.69
3.06
1.37
1.87
264
1.02
292
1.95
38.96

BSF30

3.89
155
1.79
7.00
2.02
212
0.46
1.98
0.65
1.62
295
124
1.82
260
1.04
269
1.98
37.39
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Fatty acids Ingredients
Fishmeal Black soldier fly
larvae meal
12:0 0.10 19.50
14:0 7.52 453
15:0 0.64 0.20
16:0 22.90 21.00
18:0 520 395
200 021 0.17
SSFA 36.56 49.34
16:1n-7 838 254
18:1n-9 7.65 24.00
22:1n-9 0.4 001
ZMUFA 16.17 26.55
18:206 3.06 19.60
20:4n-6 1.32 0.32
SPUFAN-6 438 19.92
18:30-3 1.10 1.79
20503 023 0.46
22:6n-3 19.50 007
SPUFAN-3 20.83 232
n-3/n-6 476 0.12

F™M

0.06
219
024
16.60
5.01

0.44
24.54
2.98
14.70
0.11

17.79
29.20
0.78
29.98
3.94
11.30
8.95
24.19
081

BSF10

3.59

286
0.25

17.90
477

0.39
20.76
298
16.40
0.10
19.48
27.20
0.70
27.90
3.52

8.94

723

19.69
071

Diets

BSF20

699
3.67
025
19.20
4.58
0.35
34.95
3.03
17.90
0.08
20.99
25.40
059
2599
3.02
6.60
5.52
16.14
0.58

BSF30

10.20
3.87
025

20.60
4.43
032

39.68
2.98

19.60
0.04

22.62

24.00
050

24.50
268
420
373

10.61
043

ESFA, SMUFA, SPUFA, EPUFA n-3, and EPUFA n-6 are the sum of saturated, monounsaturated, polyunsaturated, polyunsaturated n3, and polyunsaturated n6, respectively.
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Gene name

relish

dorsal

alf

pen3

p-actin

alf, anti-lipopolysaccharide factor; cru, crustins; pen3, penaeidins 3.

Sequence of primer (5'-3')

CTACATTCTGCCCTTGACTCTGG
GGCTGGCAAGTCGTTCTCG
TGGGGAAGGAAGGATGC
CGTAACTTGAGGGCATCTTC
CGCTTCACCGTCAAACCTTAC
GCCACCGCTTAGCATCTTGTT
GGTGTTGGTGGTGGTTTCCC
CAGTCGCTTGTGCCAGTTCC
ATACCCAGGCCACCACCCTT
TGACAGCAACGCCCTAACC
GAGCAACACGGAGTTCGTTGT
CATCACCAACTGGGACGACATGGA

GenBank no.

EF432734

FJ998202.1

GQ227486.1

AY486426.1

DQ206403.1

AF300705.2
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Diets Richness estimators Diversity estimators.

Ace Chaol Simpson ‘Shannon

M 458.95+27.85  450.86 + 43.36 0.8+ 0.01 3.59 £0.11
BSF20  44658+4031  419.91+3342 0.88+003  4.11+049
BSF30 464.43 £7.98 464.46 £ 1118  082+005 3.69+055
Data represent mean = SEM of three replicates (n = 3). Values in the same row with

different letters are significantly different (P < 0.05). The lack of superscript letter incicates
no significant differences among groups.





