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Abstract

:

Simple Summary


The multienzyme complex is composed of one or several single enzymes as the main component, mixed with other single enzyme preparations, or obtained by the fermentation of one or more microorganisms, and an the exogenous enzyme mixture with multiple functions of a single enzyme. Supplementation with exogenous enzyme preparations offsets the negative effects of removing antibiotics from animal diets. The multienzyme complex supplemented in aquatic feed can enhance the secretion and activity of endogenous digestive enzymes in aquatic animals. Meanwhile, exogenous digestive enzymes can also help aquatic animals to decompose some anti-nutrients, improve the utilization and digestibility of feed, and promote animal growth.




Abstract


The present study evaluated the impact of dietary multienzyme complex (MEC) supplementation on growth performance, digestive enzyme activity, histomorphology, serum metabolism and hepatopancreas glycometabolism in snakeheads (Channa argus). A total of 600 fish (initial weight, 69.70 ± 0.30 g) were randomly divided into four groups. Four diets were formulated: (1) control (basic diet); (2) E1 (400 U kg−1 amylase, 150 U kg−1 acid protease, 1900 U kg−1 neutral protease and basic diet); (3) E2 (800 U kg−1 amylase, 300 U kg−1 acid protease, 3800 U kg−1 neutral protease and basic diet); and (4) E3 (1200 U kg−1 amylase, 450 U kg−1 acid protease, 5700 U kg−1 neutral protease and basic diet). The results show that the E2 group increased the specific growth rate, weight gain rate and the final body weight, as well as decreasing the blood urea nitrogen, alanine aminotransferase and triglyceride. The mRNA levels and activities of digestive enzymes and key glucose metabolism enzymes in the hepatopancreas were enhanced in snakeheads fed the MEC. Meanwhile, moderate MEC diet (E2 groups) supplementation improved digestive tract morphology, increased the glycogen in the hepatopancreas and the lipids in the dorsal muscle. Moreover, plasma metabolomics revealed differential metabolites mainly involved in amino acid metabolism. These findings suggest that dietary supplementation with the MEC improved growth performance, digestive tract morphology, gene expression and the activity of digestive enzymes, enhanced the glycolysis-gluconeogenesis and amino acid metabolism of snakeheads, and the optimal composition of the MEC was group E2.
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1. Introduction


The snakehead (Channa argus), as an important invasive species, is mainly distributed in Africa and Asia, and has been regarded as a traditional high-quality edible fish in China due to its taste, high nutritional value, and its recuperative and medicinal qualities [1,2]. However, the cultivation of snakeheads is highly dependent on feeding on trash fish and a diet consisting of animal raw materials, and snakeheads have a shorter digestive tract and fewer insulin receptors than other fishes, resulting in slower carbohydrate breakdown and incomplete feed absorption [2,3]. Recently, with the high demand and rising price of trash fish as well as ecological and environmental issues, it is of great significance to develop suitable feed additives to maximize the nutritional value of the feed and to support the sustainable supply of snakeheads.



The multienzyme complex (MEC) is composed of one or several single enzymes as the main component, mixed with other single enzyme preparations, or obtained by the fermentation of one or more microorganisms [4]. It has been reported that supplementation with exogenous enzyme preparations offsets the negative effects of removing antibiotics from animal diets [5]. The MEC supplemented into aquatic feed can enhance the secretion and activity of endogenous digestive enzymes in aquatic animals [6]. Meanwhile, exogenous digestive enzymes can also help aquatic animals to decompose some anti-nutrients, improve the digestibility and utilization of feed, and promote animal growth [7,8]. Our previous studies have shown that snakeheads fed a combination with conventional feeds may have damaged and deficient villi due to incomplete feed absorption [9]. However, the supplementation of amylase to snakehead feed was thought to promote starch utilization and alleviate barriers to carbohydrate consumption [10]. In addition, acid proteases exhibited reliable activity under acidic conditions, and supplementation of acid proteases into feed could facilitate absorption and digestion of chyme in the stomach [11].



Although exogenous enzymes have been widely applied in the poultry and livestock feed industries as feed additives [12,13], studies on exogenous enzyme supplements for aquaculture species has been focused on phytase [14]. There is little research and information on the effects of the MEC on the hepatic material metabolism, histological morphology and gene expression of aquatic animals, especially snakeheads. Thus, we hypothesized that supplementation of the MEC can improve growth performance, digestive enzyme activity, hepatic metabolism and histological morphology of the snakehead. Additionally, metabolomics is an emerging research field that uses high-throughput technology to quantify small-molecule substrates, intermediates, and metabolites in biological samples, and elucidate metabolic changes and nutritional intervention mechanisms in biological systems through integration with related metabolites [15,16]. Here, we carried out metabolomics analysis, and preliminarily studied the changes in the snakehead serum metabolites after feeding with MEC feed to identify the supplementary effects of the MEC.




2. Materials and Methods


2.1. Preparation of Diets


The enzymes used in this experiment was obtained from Huaqi Biotechnology Co., Ltd. (Guangzhou, China), and the enzyme activity of amylase, acid protease and neutral protease were 6700, 8000, and 50,000 U kg−1, respectively. The approximate composition of the diet was measured according to the AOAC [17] standard method. All diets contained 49.5 g/kg moisture, 66.5 g/kg ash, 17.6 g/kg crude fiber, 135.0 g/kg ether extract, and 431.7 g/kg crude protein. In addition to the composition of the four diets and the total energy (21.53 MJ/kg) measured with an oxygen bomb calorimeter (Parr Instrument Company, Moline, Illinois, USA), the results of the compositional analysis of the experimental diets are shown as percentages on a dry matter basis in Table 1. The optimal combination of amylase, acid protease and neutral protease was designed using the Box–Behnken Design of Response Surface and determined by in vitro digestion. We finally confirmed that the optimization enzymes for amylase, acid protease and neutral protease were 800, 300 and 3800 U kg−1, respectively. The diets were processed into pellets with a diameter of 5 mm using a steam extruder (DGP80-II; Yugong Technology Development Co., Ltd., Hebei, China). The MEC was sprayed on the diet after puffing, and the outlet temperature was 80 ± 5 °C.




2.2. Animals and Sampling Procedures


After acclimatization, a total of 600 fish (initial weight, 69.70 ± 0.30 g) were selected, and the fish were randomly divided into 4 groups, which included 5 net-cages (100 cm × 100 cm × 180 cm) for each treatment—the cage was 20 cm above the water surface, and each net-cage contained 30 fish. Four diets were formulated: (1) control group, fed with basic diet; (2) E1 group, fed with enzymes for 400 U kg−1 amylase, 150 U kg−1 acid protease, 1900 U kg−1 neutral protease and basic diet; (3) E2 group, fed with enzymes for 800 U kg−1 amylase, 300 U kg−1 acid protease, 3800 U kg−1 neutral protease and basic diet; (4) E3 group, fed with enzymes for 1200 U kg−1 amylase, 450 U kg−1 acid protease, 5700 U kg−1 neutral protease and basic diet. All the fish were fed at 3–5% of their body weight per day, and were fed twice a day at 8:00 and 16:00 h for 60 d. Feeding was performed until apparent satiety, and we adjusted the feeding level over time according to environmental conditions such as fish growth, feeding situation and water temperature. After the breeding experiment, the fish were fasted for 24 h, and 8 fish were randomly selected from each cage. The fish were anesthetized with MS-222 solution (120 mg/L) and blood was collected from the tail vein. Parts of the stomach, intestines, organs and hepatopancreas were fixed with 4% paraformaldehyde and 2.5% glutaraldehyde, respectively, for morphological analysis. The other organs and carcasses (no internal organs) were quickly collected from each individual fish on an ice-cold surface, divided into equal portions and quickly frozen with liquid nitrogen. Serum samples and frozen tissues were preserved at −80 °C for further analysis.




2.3. Analysis of Serum Biochemistry Index


The levels of glucose (GLU), albumin (ALB), total protein (TP), aspartate aminotransferase (AST), alanine aminotransferase (ALT), blood urea nitrogen (BUN), total cholesterol (TC), and triglyceride (TG) were determined using the glucose kit (A154-1-1; glucose oxidase method), the total protein assay kit (A045-4-2; with standard: BCA method), the albumin assay kit (A028-2-1), the urea assay kit (C013-2-1), the alanine aminotransferase assay kit (C009-2-1), the aspartate aminotransferase assay kit (C010-2-1), the triglyceride assay kit (A110-1-1), and the total cholesterol assay kit (A111-1-1), respectively. All kits were purchased from Jiancheng Bioengineering Institute Co., Ltd. (Nanjing, China).




2.4. Glycometabolism and Digestive Enzymes Analysis


The activities of phosphoenolpyruvate carboxykinase (PEPCK), pyruvate kinase (PK), phosphofructokinase (PFK), hexokinase (HK), pyruvate carboxylase (PC), glucose 6-phosphatase (G6P), fructose 1,6-diphosphatase (FBP), glucose phosphate dehydrogenase (G6PDH) and glycogen synthase (GCS) in the hepatopancreas were determined using the relative assay kits (Suzhou Comin Biotechnology Co., Ltd. Suzhou, China). The activities of amylase, pepsin, trypsin, content of hepatopancreas glycogen as well as protein concentration were analyzed using the methods described in the detection kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).




2.5. Quantitative Real-Time PCR Analysis


Primers were designed using Primer 5.0 software, and the specific primer sequences are shown in Supplementary Table S1. Applied Biosystems 7500 PCR (ThermoFisher, Scientific, Carlsbad, NM, USA) was used to determine mRNA relative expression. The PCR reaction system consisted of: cDNA 2 μL, upstream and downstream primers 0.3 μL, 2 × SYBRGreen 10 μL, ddH2O 7.4 μL, the total volume of PCR reaction 20 μL. Reaction conditions: pre-denaturation at 95 °C for 5 min, denaturation at 95 °C for 30 s, annealing at 57 °C for 30 s, extension at 72 °C for 30 s, 40 cycles. Quantitative results were calculated and analyzed following the 2−ΔΔCt method as previously described [18].




2.6. Analysis of Hepatopancreas Morphology and Dorsal Muscle Component


2.6.1. Hematoxylin and Eosin (H&E) Staining


First, the intestinal and hepatopancreas tissues were dehydrated using the ethanol gradient method (75%, 85%, 95%, 100%), xylene twice for 10 min and paraffin wax three times for 60 min. The tissue in paraffin was embedded with an embedding machine. Then, the tissues sections of 4 μm thickness were sliced in a slicer, flattened on glass slides and baked in a 60 °C oven. Hematoxylin staining was performed for 15 min, and eosin staining was performed for 1 min, followed by dehydration and mounting. Images were acquired using a DM3000 microscope (Leica, Wetzlar, Germany). The villus height was measured using Image-Pro software (Media Cybernetics, Bethesda, MD, USA).




2.6.2. Oil Red O Staining


The OCT-embedded hepatopancreatic tissue samples were cut into 5 μm-thick sections with a cryostat. The sections were stained in pre-warmed Oil Red O staining solution at 60 °C for 10 min. After isopropanol differentiation, the cells were washed with distilled water and counterstained with hematoxylin. Stained sections were visualized and imaged with a DM3000 microscope (Leica, Wetzlar, Germany). The chemical composition of the dorsal muscle, including crude protein, crude lipid and crude ash, were analyzed following a standard method [17].





2.7. Electron Microscopy Examinations


For scanning electron microscopy, the glutaraldehyde-fixed tissue was left for one night and then fixed with 1% OsO4 for 1 h. The intestinal samples were washed three times with 0.01 M PBS buffer and dehydrated with different gradient concentrations of ethanol solutions (30%, 50%, 70%, 80%, 90%, 95%, 100%) for 15 min at each concentration. The sample was then treated with a mixture of isoamyl acetate and ethanol (1:1 v:v) for 30 min and treated with pure isoamyl acetate overnight. The processed samples were dehydrated by critical point method and coated with gold spray and photographed by a Hitachi Model SU8010 FASEM (Tokyo, Japan).



For transmission electron microscopy, the tissue was fixed, dehydrated, replaced with acetone, and infiltrated and embedded in Spurr resin (1:1 for 1 h and 1:3 for 3 h). Then, the samples were put into an oven to polymerize, solidify, and sliced by an ultramicrotome. After removing the slices with a 200-mesh copper mesh, they were double-stained with 2% uranyl acetate and 1% lead citrate. The processed samples were visualized via a Hitachi Model TEM 7800 (Tokyo, Japan).




2.8. Gas Chromatography−Mass Spectrometry (GC/MS) Analysis


Serum samples were prepared as follows: first, 50 μL of the serum sample was uniformly mixed with 10 μL of internal standard (L-2-chloro-phenylalanine, methanol), adding 150 μL of the methanol-acetonitrile (v:v = 2:1) solution and mixing. After ultrasonic extraction, the supernatant was placed at −20 °C for 10 min and centrifuged at low temperature for 10 min (12,000 r/min, 4 °C). The supernatant was taken into a derivative bottle, the samples were freeze-dried and then 80 μL the methoxyamine hydrochloride pyridine solution with a concentration of 15 mg·mL−1 was added, which was mixed, and the oxime reaction was performed at 37 °C for 1.5 h. Then, 80 μL of derived reagent (BSTFA containing 1% TMCS) and 20 μL of n-hexane were added, mixed, and reacted at 70 °C for 1 h, the samples were then determined by GC/MS. Then, 1 μL of the derivatized sample was injected into the Agilent 7890A-5975C GC/MS system (Agilent, USA), separated by the capillary column and entered into the mass spectrometry system for detection. The carrier gas used in this experiment was high-purity helium, and the flow rate was set to 1.0 mL·min−1. The temperature program was set as follows: the initial temperature was set to 60 °C, and the temperature was increased to 305 °C at a rate of 8 °C min−1, and maintained for 6 min. The electron impaction source (EI) temperature was set to 230 °C, the quadrupole temperature was set to 150 °C, and the electron energy was 70 EV. The scanning mode was full scan mode (SCAN), and the mass scanning range m/z was 50–600; continuous sample analysis was carried out in random order to minimize or avoid the influence caused by the fluctuation of the instrument signal.




2.9. Statistical Analysis


In this study, the original disembarking data of GC-MS were preprocessed by the ChromaTOF software, and then the matrix of data was exported, false positive peaks and internal standard peaks were removed. A three-dimensional data table including the mass-to-charge ratio, retention time and peak area was obtained. All peaks were corrected using QC samples, and the corrected data were imported into SIMCA-P 14.0 software package (Umetrics, Umea, Sweden) for multi-dimensional statistical analysis to screen variables. The principal component analysis (PCA) score diagram was used to directly represent the differences between groups, and orthogonal partial least-squares-discriminant analysis (OPLS-DA) showed significant changes in chemical markers before and after screening. Variables with variable important in projection (VIP) values greater than 1 were considered differential metabolites. A 200-response ranking test was used to evaluate model fit. OPLS-DA and t-tests were combined to screen the differential metabolites in the serum of snakeheads in the control group and the experimental group (VIP > 1, p < 0.05).



The other statistical analysis was performed using one-way ANOVA followed by the least significant difference (LSD) multiple-range test with SPSS Version 20.0 (SPSS Inc., Chicago, IL, USA). All data were expressed as the mean with SEM. A level of p < 0.05 was considered to be statistically significant unless indicated otherwise. The calculation formulae of the growth and feed utilization parameters are shown below:


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










Specific growth rate (SGR, % day−1) = [(ln (final weight) − ln (initial weight)]/breeding day × 100










Weight gain rate (WGR, %) = (final weight − initial weight)/initial weight × 100










Condition factor (CF, g·cm−3) = weight/(length)3 × 100










Viscerosomatic index (VSI, %) = viscerosomatic weight (g)/whole body weight (g) × 100










Hepatosomatic index (HSI, %) = hepatic weight (g)/whole body weight (g) × 100










Intestosomatic index (ISI, %) = length of intestine/length of body × 100










Feed conversion ratio (FCR) = dry feed intake (g)/(final body weight−initial body weight) (g)










Feed intake (FI, %) = feed consumption (g)/[(initial weight + final weight)/2 × number of feeding days] × 100













3. Results


3.1. Growth Performance, Feed Intake, and Morphological Parameters


Growth performance, feed utilization and morphological parameters of snakeheads fed with different diets were shown in Table 2. The initial body weight (IBW) of all fish was not significantly different (p > 0.05) (69.70 ± 0.30 g), and the final body weight (FBW) was three times the initial weight after 60 days. FBW, WGR, SGR and FCR were significantly increased in snakeheads fed E2 and E3 diets compared to the control diet (p < 0.05). Neither SR nor morphological parameters showed any statistical differences among the dietary treatments (p > 0.05).




3.2. Serum Biochemical Parameters


The serum biochemical indicators of snakeheads fed with different diets are presented in Table 3. Snakeheads fed diet E2 had lower BUN, ALT, and TG than those fed with control diet (p < 0.05), while no differences occurred among snakehead in the control diet, E1 and E3 (p > 0.05). In addition, compared to the control diet, AST was significantly decreased by dietary MEC inclusion (p < 0.05). However, there were no statistically significant differences in GLU, TP, ALB and TC among all groups (p > 0.05).




3.3. Digestive Enzymes Activities and Related Genes Expression


The mRNA expressions of amylase, pepsinogen and trypsinogen were significantly upregulated (p < 0.05) in the MEC treatment groups (Figure 1A,C,E). The amylase activities of the hepatopancreases and stomachs of snakeheads fed with the E2 and E3 diets were higher than those fed with the control diet (p < 0.05), without statistically significant in intestine (Figure 1B). There was no significant difference in the pepsin activities between the hepatopancreas and stomach (Figure 1D). However, the E2 and E3 groups had significantly higher trypsin activities in the hepatopancreas and intestine than the control group (p < 0.05) (Figure 1F).




3.4. Glucose Metabolic Key Enzymes Activities and Relative mRNA Expression


Table 4 represents the glucose metabolic key enzymes activities. Compared to the control group, snakeheads fed with the MEC diets displayed significantly increased G6P and GCS activity (p < 0·05), and E2 groups enhanced FBP activity (p < 0.05), whereas the HK activity in the E2 and E3 groups was significantly improved (p < 0.05). However, no significant differences were found between the control, E1, E2 and E3 groups in other key enzymes, including PFK, PK, PC, PEPCK and G6PDH. Furthermore, the mRNA levels of HK, FBP, G6P and GCS in hepatopancreas were also upregulated in the MEC groups compared with the control group (p < 0.05), except for HK and GCS in the E3 group (Figure 2).




3.5. Hepatopancreas Morphology, and the Composition of Hepatopancreas and Dorsal Muscle


The histological changes of hepatopancreas tissue were assessed by H&E (Figure 3A) and oil red O (Figure 3B). Observations revealed that liver cells of snakeheads fed the MEC diets were normal, but the fat particles gradually increased with increasing MEC levels. As shown in Figure 3C, compared to the control diet, snakeheads fed with the E2 diet had significantly increased glycogen and ether extract (p < 0.05). The liver glycogen and hepatopancreatic fat contents in the MEC group were increased compared with the control group. Moreover, as for the composition of dorsal muscle, higher level of lipids in the MEC groups were found (p < 0.05), and no significant changes were observed in ash, protein and moisture (Figure 3D).




3.6. Gastrointestinal Morphology and Integrity


Digital images and statistical analysis of the H&E-stained sections of the gastrointestinal tract indicated that the villi of the E1 and E2 groups were more densely arranged and the overall shape was better, while the villi of the control and E3 groups were looser (Figure 4A,D,G,J). Additionally, the villous height of the caecus and foregut of snakeheads fed with the E2 diet was significantly higher than those fed with the control and E3 diets (p < 0.05) (Figure 5A,B). Moreover, the scanning electron micrographs of gastrointestinal showed that the microvilli in the control group were severely damaged and arranged irregularly, but those in the E1 and E2 groups were in good shape and arranged neatly and densely (Figure 4B,E,H,K). In addition, we further observed the microvilli of the gastrointestinal tract with transmission electron microscopy (Figure 4C,F,I)) and found that the microvilli morphology of the control group was worse than that of the E1 and E2 groups, which corresponded to the results of scanning electron microscopy.




3.7. GC-MS Statistical Analysis and Discriminate Metabolites


Supplementary Figure S1 shows the typical total ion chromatograms (TIC) detected by GC-MS of representative serum samples of snakeheads from the control and MEC treatment groups. In this experiment, the signal of the serum metabolite collected by the instrument was strong, and the peak retention time and capacity generated could meet the test requirements.



Figure 6 displays the results of PCA analysis of serum metabolites in the control and MEC groups. As can be seen from the figure, the valid samples belong to the 95% confidence interval range. PCA analysis (Figure 6A,D,G,J) showed that its interpretation rate was high, which confirmed the reliability of the analytical model. To obtain a better understanding of the role of the MEC on snakehead, based on the PCA model, the OPLS-DA model was established to further analyze the changes in serum metabolic patterns in the control and MEC groups. The OPLS-DA plots (Figure 6C,F,I,L) exhibited that the serum metabolites of snakehead in the control group and the MEC groups were well separated on the principal component coordinate axis, and differences did exist. Moreover, the robustness of the model was investigated by the method of 200 permutation tests. The results are shown in Figure 6B,E,H,K, where R2X = 0.306, R2Y = 0.991 and Q2 = 0.899, indicating that the model was stable and reliable.



A total of 164 metabolites were identified from the plasma of snakeheads. Differential metabolites in the control group versus the MEC groups were filtrated by OPLS-DA and Student’s t-test (selected VIP > 1 and p < 0.05). The differential metabolites were identified based on their retention time and accurate mass as well as available standard compounds. As a result, 15, 17, and 14 different metabolites were identified in the E1, E2, and E3 diets, respectively, compared with the control diet (Supplementary Table S2). Among all of the differential variables, there were seven common metabolites found among the MEC groups.



The levels of the amino acids proline (FC, 1.997, 1.853, 1.882), uric acid (FC, 1.883, 1.786, 1.864), glycine (FC, 1.869, 1.731, 1.807), taurine (FC, 1.881, 1.872, 1.884), and dithioerythritol (FC, 2.003, 1.996, 2.178) in the E1, E2, E3 groups were significantly higher than the control group, and the lower levels of 4-hydroxyphenylacetic acid (FC, 0.443, 0.392, 0.343) and sorbose (FC, 0.557, 0.217, 0.148) were observed in the E1, E2, E3 groups, respectively. In addition, aspartic acid and norleucine in the MEC groups also showed an increasing trend, but the difference was not significant. The pronouncedly changed metabolites were associated with glucose metabolism and amino acid metabolism.





4. Discussion


Exogenous enzyme preparations have been extensively used in the aquatic feed industry due to their low cost and high efficiency. In correlational studies, the potential of different exogenous enzymes as green feed additives have been discussed and their beneficial effects on growth performance and feed utilization of terrestrial and aquatic animals have also been confirmed [3,19,20]. In this study, the supplementation of the MEC increased the FBW, SGR, WGR and FCR of snakeheads compared with the control group. This was consistent with the previous findings by Ghomi et al. [21] and Hlophe-Ginindza et al. [22], who reported that supplementing the multienzyme complex consisting of xylanase and protease significantly improved the growth performance of tilapia (Oreochromis mossambicus) and great sturgeon fingerlings (Huso huso). Meanwhile, studies on tilapia (Oreochromis niloticus × O. aureus) also showed the growth-promoting effect of the MEC [23]. Moreover, in this study, the effect of the MEC on fish growth performance may be related to the improvement of nutrient absorption and digestion. This was well in line with Owsley et al. [24], who demonstrated that snakeheads fed with amylase and protease diet improved the absorption and utilization of feedstuff by enhancing the enzymatic hydrolysis capacity of carbohydrates and protein substances in the feed.



The metabolism of a fish and its health status are usually reflected by the blood biochemical indicators of the fish, which are closely related to the nutrient levels of the feed [25,26]. Liver function is mainly reflected by serum TG, ALT and AST parameters [27,28]. It is generally considered that the activity of TG, ALT and AST in the body is not high and maintains a relatively stable state. Only when the body has a disease or injury will the activity in the serum increase [29]. In this study, MEC supplementation, irrespective of its level, did not change plasma metabolite levels and transaminase activity, which is a sensitive indicator of health status, suggesting that MEC administration is safe for snakehead. The metabolites of nitrogenous substances in fishes were ultimately urea nitrogen [26]. The current study demonstrated that snakeheads fed with the MEC diet significantly reduced BUN content compared to control diets. This indicated that the MEC enhanced the utilization of nitrogenous substances by snakeheads, thereby promoting the synthesis of nutrients and increasing weight.



Several studies argued that the effects of exogenous enzymes and animal endogenous enzymes are synergistic, inhibitory and ineffective [30,31,32]. In this study, snakeheads fed with MEC diets demonstrated significantly improved activities of digestive enzymes via up-regulating the related genes expression (including amylase, pepsinogen and trypsinogen); we speculate that dietary supplementation with MEC improved the ability of the hepatopancreas to produce and secrete digestive enzymes, and increased the content of digestive enzymes in the digestive tract, thereby enhancing the enzyme activity—that is, exogenous enzymes and endogenous enzymes have a synergistic effect. Consistent with this hypothesis, previous reports have shown that dietary supplementation of enzymes capable of hydrolyzing starch and protein can further promote the body’s decomposition and absorption of nutrients after entering the digestive tract, providing a nutrient substrate for some endogenous enzymes, thereby promoting the secretion of endogenous enzymes [32,33]. Conversely, in sea bass, dietary exogenous enzyme supplementation did not increase digestive enzymes activities [30], whereas supplementation of the NSP enzyme complex in a hybrid tilapia diet had no effect on protease and lipases activities [31]. This discrepancy between the above studies may be related to differences in fish species and exogenous enzymes types.



The liver plays an important role in glucose metabolism, which in turn was used as a measure of liver function [34]. In this study, the activity and expression of HK, FBP and G6P were remarkably stimulated by the appropriate dietary MEC inclusion, suggesting that the liver can absorb glucose from the plasma, thereby enhancing the glycolysis and gluconeogenesis of snakeheads. This was supported by the fact that once glucose enters the blood, it was taken up by liver cells and converted into liver glycogen and then entered different metabolic pathways [35]. This confirms previously reported results in Atlantic salmon (Salmo salar) and gilthead seabream (Sparus aurata) juveniles, where feeding with a carbohydrate-rich diet increased the activity of HK, GK and FBR in the liver [36,37]. Concurrently, Jin et al. [38] found that glucose increased the mRNA expression of FBP and PEPCK involved in gluconeogenesis in the rainbow trout hepatopancreas. G6PDH is a key enzyme in the pentose phosphate pathway and is involved in the production of the NADPH required for fatty acid synthesis [35]. The results of this study exhibit that snakeheads fed the MEC diet improved the G6PDH activity, GCS activity and gene expression, while the liver glycogen content also displays a significant increase. Previous studies have suggested that high mRNA levels in hepatic GCS may indicate enhanced glycogen synthesis [39]. The MEC enhanced the liver glucose metabolism, which might be ascribed to the fact that the amylase in MEC promoted the absorption and digestion of carbohydrates in the feed, so that the snakehead can use more carbohydrates and enhancing the ability of the hepatopancreas to metabolize carbohydrates. Nevertheless, few studies have focused on the mechanism through which exogenous enzymes affect glycometabolism in aquaculture, which requires further investigation.



In addition, the liver is also the most important organ in nutrient metabolism. In order to maintain the normal physiological balance of fish, its integrity and function must be maintained [40]. In the present study, Oil Red O and H&E staining found that snakeheads fed with the MEC diet did not affect the morphological characteristics of the hepatopancreatic cells, and the liver cells were all normal, but the glycogen and fat content were significantly increased, consistent with the biochemical parameters. Compared with the control group, serum ALT and AST levels were decreased in the MEC groups, indicating that dietary supplementation with MEC could reduce liver damage and enhance glycometabolism and fat metabolism. Additionally, fish muscle is the largest tissue and is mainly used for human food [41]. The nutritional value of the muscle includes the deposition of protein and lipids in the muscle [42]. However, many previous studies revealed that the nutritional value of fish is affected by many factors, such as age, species, and environmental conditions [43,44]. The present results suggest that supplementation with appropriate MEC can increase the lipid content in snakehead muscles. Lipids are a valuable source of energy for fish [45]. Dietary supplementation of MEC could affect metabolic enzymes related to lipid metabolism, which is reflected in TG, TC, glucose metabolic, and relative mRNA expression.



There are few studies studying the effect of supplied enzyme diet on the digestive morphology. Improper dietary supplementation might cause the characteristic and morphological changes in the epithelial cells and reduced nutrient digestibility [46]. In this study, we found that the moderate multienzyme diets (E1 and E2 groups) could improve the gastric and intestinal morphology and integrity in snakeheads, while the high-level multienzyme diet (E3 group) showed a reverse effect. Our previous study indicated that carbohydrates could affect the structure of the digestive tract of the snakehead, while the high starch content in the feed reduced the villi height and increased the gap of the snakehead digestive tract [9]. The present results confirm that snakeheads fed with MEC, which include amylase, acid protease, and neutral protease, demonstrated an improved ability to digest and absorb feed and had a reduced level of gastrointestinal peristalsis and friction with feed, thereby reducing the residence time of feed in the gastrointestinal tract. Therefore, supplementation with enzyme preparations in animal diets is an effective strategy to protect their digestive tract, but at appropriate levels with proper inclusion.



In the present study, we explored the plasma metabolic profile of the snakeheads fed with a normal diet and MEC-supplemented diets using GC-MS techniques. Pronouncedly changed metabolites were mainly related to glucose metabolism and amino acid metabolism, which indicated that the MEC additives could improve the growth performance through the metabolism of the glucose and amino acid pathway. Amino acids are major nutrients in the diet and the basic units of proteins. Elevated levels of amino acids were observed in the serum of snakeheads in the MEC groups. In this study, we found three amino acids levels were approximately two times higher in MEC groups than control group, including proline, glycine and taurine. Additionally, other amino acids, such as aspartic acid and norleucine, also showed an increasing trend in MEC groups. Proline was regarded as an essential amino acid for fish growth [47,48]. Proline can be synthesized from arginine by arginase in all animals, but the rate of synthesis is very low in fishes [48]. Thus, adequate dietary proline is essential to maximize fish growth performance and feed efficiency [49]. Glycine has been found to participate in gluconeogenesis, fat digestion and other metabolisms [50], and also stimulates feed intake in many fishes [51]. Riley et al. [52] reported that glycine supplementation in the diet improved the efficiency of nutrient absorption and the growth performance of rainbow trout. Glycine and proline are highly abundant in collagen and elastin, which are important proteins in connective tissue and other tissues [53,54]. Therefore, the adequate supply of both glycine and proline is essential for maximum collagen synthesis, maximum growth performance, and the optimal health of fishes [48]. Taurine was added into the normal diet as a raw material, which plays critical roles in lipid metabolism, anti-oxidation and osmoregulatory responses and is not incorporated into proteins [50,55]. Gaylord et al. [56] showed that the addition of taurine to all-plant protein diets promoted growth and feed utilization efficiency in rainbow trout. As the gastrointestinal morphology and activities of digestive enzymes improved, higher levels of amino acids were observed, providing compelling evidence that MEC can improve the amino acid metabolism to promote fish growth.




5. Conclusions


In conclusion, the current study proved that the effective improvement of the MEC (especially in group E2) affected the growth performance of snakeheads, but excessive MEC (group E3) inhibited snakehead growth. Dietary supplementation with the MEC is of great benefit to improve the activities and expressions of digestive enzymes, and to protect the gastric and intestinal morphology. Due to the key enzyme activities of glycometabolism increasing, glycolysis, gluconeogenesis, and glycogen synthesis were enhanced, and higher hepatopancreas glycogen and lipid levels were found in the MEC groups. From the metabolic analysis, amino acid metabolism was the main pathway influenced by the MEC, with several amino acid levels being elevated.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ani12030380/s1, Table S1: Primers used for real-time PCR analysis of snakehead mRNAs. Table S2: Identification of significantly different metabolites between MEC added and control snakeheads. Figure S1: Typical total ion chromatograms (TIC) of the four experimental groups obtained from GC-TOF/MS analysis.





Author Contributions


L.Q.: Methodology, Funding acquisition, Supervision. X.D.: Conceptualization, Writing—Original Draft; X.N.: Visualization. C.Y.: Formal analysis, Software. L.J.: Validation, Project administration. W.Y.: Resources, Data curation. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by the Key Project of National Agricultural Scientific and Technological Achievements of China (2014GB2C200196) and Team Science and Technology Commissioner Project in Zhejiang Province.




Institutional Review Board Statement


All procedures of animal experiments were conducted based on protocols approved by the Institutional Animal Care and Use Committee of Zhejiang University (ZJU 2018-480-12).




Informed Consent Statement


Not applicable.




Data Availability Statement


The datasets analyzed in the present study are available from the corresponding author on reasonable request.




Acknowledgments


The authors would like to express special appreciate to Xinzheng Nie for their excellent technical assistance, Lichun Qian for their help and guidance with the lab work.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Muntaziana, M.P.A.; Amin, S.M.N.; Rah, M.A.; Rahim, A.A.; Marimuthu, K. Present culture status of the endangered snakehead, Channa striatus (Bloch, 1793). Asian J. Anim. Vet. Adv. 2013, 8, 369–375. [Google Scholar] [CrossRef]

	



Sagada, G.; Chen, J.; Shen, B.; Huang, A.; Sun, L.; Jiang, J.; Jin, C. Optimizing protein and lipid levels in practical diet for juvenile northern snakehead fish (Channa argus). Anim. Nutr. 2017, 3, 156–163. [Google Scholar] [CrossRef] [PubMed]

	



Dai, B.; Hou, Y.; Yong, H.; Qian, L. Effects of multienzyme complex and probiotic supplementation on the growth performance, digestive enzyme activity and gut microorganisms composition of snakehead (Channa argus). Aquac. Nutr. 2019, 25, 15–25. [Google Scholar] [CrossRef]

	



Huang, Z.; Li, Z.; Xu, A.; Zheng, D.; Ye, Y.; Wang, Z. Effects of exogenous multienzyme complex supplementation in diets on growth performance, digestive enzyme activity and non-specific immunity of the Japanese seabass, Lateolabrax japonicus. Aquac. Nutr. 2020, 26, 306–315. [Google Scholar] [CrossRef]

	



Komar, A.H.A.; Yaser, K. Effect of Different Feed Additives on Growth Performance and Production in Livestock. Int. J. Agric. For. 2019, 9, 16–31. [Google Scholar]

	



Ravindran, V.; Son, J. Feed enzyme technology: Present status and future developments. Recent Pat. Food Nutr. Agric. 2011, 3, 102–109. [Google Scholar]

	



Goda, A.M.A.; Mabrouk, A.H.H.; Wafa, E.H.; El-Afifi, T.M. Effect of using baker’s yeast and exogenous digestive enzymes as growth promoters on growth, fed utilization and hematological indices of Nile tilapia, Oreochromis niloticus fingerlings. J. Agric. Sci. Technol. 2012, 2, 15–28. [Google Scholar]

	



Carvalho, V.V.; Paulino, M.F.; Detmann, E.; Chizzotti, M.L.; Martins, L.S.; Silva, A.G.; Lopes, S.A.; Moura, F.H. Effects of supplements containing different additives on nutritional and productive performance of beef cattle grazing tropical grass. Trop. Anim. Health Prod. 2017, 49, 983–988. [Google Scholar] [CrossRef]

	



Ding, X.; Yao, L.; Hou, Y.; Hou, Y.; Wang, G.; Fan, J.; Qian, L. Effects of different carbohydrate levels in puffed feed on digestive tract morphological function and liver tissue structure of snakeheads (Channa argus). Aquac. Res. 2020, 51, 557–568. [Google Scholar] [CrossRef]

	



Gracia, M.; Aranibar, M.; Lazaro, R.; Medel, P.; Mateos, G. Alphaamylase supplementation of broiler diets based on corn. Poult. Sci. 2003, 82, 436–442. [Google Scholar] [CrossRef]

	



Tang, J.; James, M.N.G.; Hsu, I.N.; Jenkins, J.A.; Blundell, T.L. Structural evidence for gene duplication in the evolution of the acid proteases. Nature 1978, 271, 618–621. [Google Scholar] [CrossRef] [PubMed]

	



Torres-Pitarch, A.; Hermans, D.; Manzanilla, E.G.; Bindelle, J.; Everaert, N.; Beckers, Y.; Torrallardonae, D.; Bruggemanc, G.; Gardinerf, G.E.; Lawlora, P.G. Effect of feed enzymes on digestibility and growth in weaned pigs: A systematic review and me-ta-analysis. Anim. Feed. Sci. Technol. 2017, 233, 145–159. [Google Scholar] [CrossRef]

	



Kutlu, H.R.; Saber, S.N.; Kutay, H.; Celik, L.; Uzun, Y.; Toy, N.; Kutlu, M.; Yucelt, O.; Burgut, A.; Thiery, P.; et al. Effect of multi-enzyme produced by a single fungus on growth performance and some carcass parameters of broiler chicks fed on maize-soya based diets. Kafkas. Univ. Vet. Fak. Derg. 2019, 25, 221–230. [Google Scholar]

	



Kumar, V.; Sinha, A.K.; Makkar, H.P.S.; De Boeck, G.; Becker, K. Phytate and phytase in fish nutrition. J. Anim. Physiol. Anim. Nutr. 2012, 96, 335–364. [Google Scholar] [CrossRef] [PubMed]

	



Wang, W.; Li, Z.; Gan, L.; Fan, H.; Guo, Y. Dietary supplemental Kluyveromyces marxianus alters the serum metabolite profile in broiler chickens. Food Funct. 2018, 9, 3776–3787. [Google Scholar] [CrossRef]

	



Ibero-Baraibar, I.; Romo-Hualde, A.; Gonzalez-Navarro, C.; Zulet, M.A.; Martinez, J.A. The urinary metabolomic profile following the intake of meals supplemented with a cocoa extract in middle-aged obese subjects. Food Funct. 2016, 7, 1924–1931. [Google Scholar] [CrossRef] [PubMed]

	



AOAC Association of Analytical Chemists. Official Methods of Analysis, 18th ed.; AOAC: Washington, DC, USA, 2007. [Google Scholar]

	



Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 2001, 25, 402–408. [Google Scholar] [CrossRef]

	



Kholif, A.E.; Abdo, M.M.; Anele, U.Y.; El-Sayed, M.M.; Morsy, T.A. Saccharomyces cerevisiae does not work synergistically with exogenous enzymes to enhance feed utilization, ruminal fermentation and lactational performance of Nubian goats. Livest. Sci. 2017, 206, 17–23. [Google Scholar] [CrossRef]

	



Liu, W.; Wu, J.P.; Li, Z.; Duan, Z.Y.; Wen, H. Effects of dietary coated protease on growth performance, feed utilization, nutrient apparent digestibility, intestinal and hepatopancreas structure in juvenile Gibel carp (Carassius auratus gibelio). Aquac. Nutr. 2018, 24, 47–55. [Google Scholar] [CrossRef]

	



Ghomi, M.R.; Shahriari, R.; Langroudi, H.F.; Nikoo, M.; von Elert, E. Effects of exogenous dietary enzyme on growth, body com-position, and fatty acid profiles of cultured great sturgeon Huso huso fingerlings. Aquac. Int. 2012, 20, 249–254. [Google Scholar] [CrossRef]

	



Hlophe-Ginindza, S.N.; Moyo, N.A.G.; Ngambi, J.W.; Ncube, I. The effect of exogenous enzyme supplementation on growth perfor-mance and digestive enzyme activities in Oreochromis mossambicus fed kikuyu-based diets. Aquac. Res. 2016, 47, 3777–3787. [Google Scholar] [CrossRef]

	



Lin, S.; Mai, K.; Tan, B. Effects of exogenous enzyme supplementation in diets on growth and feed utilization in tilapia, Oreochromis niloticus × O-aureus. Aquac. Res. 2007, 38, 1645–1653. [Google Scholar] [CrossRef]

	



Owsley, W.F.; Orr, D.E.; Tribble, L.F. Effects of the age and diet on the development of the pancreas and synthesis and secretion of Pancreatic enzymes in young pig. J. Anim. Sci. 1986, 63, 479–504. [Google Scholar] [CrossRef] [PubMed]

	



Xie, R.-T.; Amenyogbe, E.; Chen, G.; Huang, J.-S. Effects of feed fat level on growth performance, body composition and serum biochemical indices of hybrid grouper (Epinephelus fuscoguttatus × Epinephelus polyphekadion). Aquaculture 2021, 530, 735813. [Google Scholar] [CrossRef]

	



Chew, S.F.; Wong, M.Y.; Tam, W.L.; Ip, Y.K. The snakehead Channa asiatica accumulates alanine during aerial exposure, but is incapable of sustaining locomotory activities on land through partial amino acid catabolism. J. Exp. Biol. 2003, 206, 693–704. [Google Scholar] [CrossRef]

	



Azm, F.R.A.; Kong, F.; Tan, Q.; Zhu, Y.; Yu, H.; Yao, J.; Luo, Z. Effects of replacement of dietary rapeseed meal by distiller’s dried grains with solubles (DDGS) on growth performance, muscle texture, health and expression of muscle-related genes in grass carp (Ctenopharyngodon idellus). Aquaculture 2021, 533, 736169. [Google Scholar]

	



Osman, L.M.; Ayres, J.G.; Garden, C.; Reglitz, K.; Lyon, J.; Douglas, J.G. A randomised trial of home energy efficiency improvement in the homes of elderly COPD patients. Eur. Respir. J. 2010, 35, 303–309. [Google Scholar] [CrossRef]

	



Han, C.; Wei, Y.; Wang, X.; Ba, C.; Shi, W. Protective effect of Salvia miltiorrhiza polysaccharides on liver injury in chickens. Poul. Sci. 2019, 98, 3496–3503. [Google Scholar] [CrossRef]

	



Diaz-Rosales, P.; Kanashiro, E.; Castro, C.; Magalhães, R.; Oliva-Teles, A.; Peres, H. Improved digestibility of plant feedstuff based diets in sea bass (Dicentrarchus labrax) with exogenous enzymes. Aquaculture 2014, 24, 333–334. [Google Scholar]

	



Li, J.S.; Li, J.L.; Wu, T.T. Effects of non-starch polysaccharides enzyme, phytase and citric acid on activities of endogenous digestive enzymes of tilapia (Oreochromis niloticus × Oreochromis aureus). Aquac. Nutr. 2009, 15, 415–420. [Google Scholar] [CrossRef]

	



Jiang, T.-T.; Feng, L.; Liu, Y.; Jiang, W.-D.; Jiang, J.; Li, S.-H.; Tang, L.; Kuang, S.-Y.; Zhou, X.-Q. Effects of exogenous xylanase supplementation in plant protein-enriched diets on growth performance, intestinal enzyme activities and microflora of juvenile Jian carp (Cyprinus carpio var. Jian). Aquac. Nutr. 2014, 20, 632–645. [Google Scholar] [CrossRef]

	



Zhou, Y.; Yuan, X.; Liang, X.-F.; Fang, L.; Li, J.; Guo, X.; Bai, X.; He, S. Enhancement of growth and intestinal flora in grass carp: The effect of exogenous cellulase. Aquaculture 2013, 416, 1–7. [Google Scholar] [CrossRef]

	



Gharaei, A.; Ghaffari, M.; Keyvanshokooh, S.; Akrami, R. Changes in metabolic enzymes, cortisol and glucose concentrations of Beluga (Huso huso) exposed to dietary methylmercury. Fish Physiol. Biochem. 2011, 37, 485–493. [Google Scholar] [CrossRef] [PubMed]

	



Enes, P.; Panserat, S.; Kaushik, S.; Oliva-Teles, A. Nutritional regulation of hepatic glucose metabolism in fish. Fish Physiol. Biochem. 2009, 35, 519–539. [Google Scholar] [CrossRef] [PubMed]

	



Enes, P.; Peres, H.; Couto, A.; Oliva-Teles, A. Growth performance and metabolic utilization of diets including starch, dextrin, maltose or glucose as carbohydrate source by gilthead sea bream (Sparus aurata) juveniles. Fish Physiol. Biochem. 2010, 36, 903–910. [Google Scholar] [CrossRef] [PubMed]

	



Borrebaek, B.; Waagbo, R.; Christophersen, B.; Tranulis, M.A.; Hemre, G.I. Adaptable hexokinase with low-affinity for glucose in the liver of Atlantic Salmon (Salmo salar). Comp. Biochem. Physiol. 1993, 106, 833–836. [Google Scholar] [CrossRef]

	



Jin, J.; Medale, F.; Kamalam, B.S.; Aguirre, P.; Véron, V.; Panserat, S. Comparison of glucose and lipid metabolic gene expressions between fat and lean lines of rainbow trout after a glucose load. PLoS ONE 2014, 9, e105548. [Google Scholar] [CrossRef]

	



Fang, J.; Wang, H.; Fang, L.; Li, B.; Zhu, W.; Zhou, Y.; Mei, J.; Yuan, X.; Liu, L.W.; He, Y. Effects of heat shock treatment on glucose metabolism in grass carp (Ctenopharyngodon idellus) juveniles. Aquaculture 2014, 422, 211–217. [Google Scholar] [CrossRef]

	



Yusuf, A.; Huang, X.; Chen, N.; Li, S.; Apraku, A.; Wang, W.; Davidad, M.A. Growth and metabolic responses of juvenile largemouth bass (Micropterus salmoides) to dietary vitamin c supplementation levels. Aquaculture 2021, 534, 736243. [Google Scholar] [CrossRef]

	



Wei, Z.; Ma, J.; Pan, X.; Mu, H.; Li, J.; Shen, T.J.; Zhang, W.B.; Mai, K.S. Dietary hydroxyproline improves the growth and muscle quality of large yellow croaker Larimichthys crocea. Aquaculture 2016, 464, 497–504. [Google Scholar] [CrossRef]

	



Zhao, Y.; Li, J.-Y.; Yin, L.; Feng, L.; Liu, Y.; Jiang, W.-D.; Wu, P.; Zhao, J.; Chen, D.-F.; Zhou, X.-Q.; et al. Effects of dietary glutamate supplementation on flesh quality, antioxidant defense and gene expression related to lipid metabolism and myogenic regulation in Jian carp (Cyprinus carpio var. Jian). Aquaculture 2019, 502, 212–222. [Google Scholar] [CrossRef]

	



Sorgeloos, P. Effect of water exchange, salinity regime, stocking density and diets on growth and survival of domesticated black tiger shrimp Penaeus monodon (Fabricius,1798) reared in sand-based recirculating systems. Aquaculture 2012, 338, 253–259. [Google Scholar]

	



Hernández, M.; López, M.; Alvarez, A.; Ferrandini, E.; García, B.G.; Garridob, M.D. Sensory, physical, chemical and microbiological changes in aquacultured meagre (Argyrosomus regius) fillets during ice storage. Food. Chem. 2009, 114, 237–245. [Google Scholar] [CrossRef]

	



Refaey, M.M.; Li, D.; Tian, X.; Zhang, Z.; Zhang, X.; Li, L.; Tang, R. High stocking density alters growth performance, blood biochemistry, intestinal histology, and muscle quality of channel catfish Ictalurus punctatus. Aquaculture 2018, 492, 73–81. [Google Scholar] [CrossRef]

	



Bakke-Mckellep, A.M.; Press, C.M.; Baeverfjord, G.; Krogdahl, Å.; Landsverk, T. Changes in immune and enzyme histochemical phenotypes of cells in the intestinal mucosa of Atlantic salmon, Salmo salar L., with soybean meal-induced enteritis. J. Fish Dis. 2000, 23, 115–127. [Google Scholar] [CrossRef]

	



Li, P.; Yin, Y.-L.; Li, D.; Kim, S.W.; Wu, G. Amino acids and immune function. Br. J. Nutr. 2007, 98, 237. [Google Scholar] [CrossRef]

	



Li, P.; Mai, K.; Trushenski, J.; Wu, G. New developments in fish amino acid nutrition: Towards functional and environmentally oriented aquafeeds. Amino Acids 2009, 37, 43–53. [Google Scholar] [CrossRef]

	



Hou, Y.; Yao, K.; Yin, Y.; Wu, G. Endogenous synthesis of amino acids limits growth, lactation and reproduction of animals. Adv. Nutr. 2016, 7, 331–342. [Google Scholar] [CrossRef]

	



Fang, Y.Z.; Yang, S.; Wu, G. Free radicals, antioxidants, and nutrition. Nutrition 2002, 8, 872–879. [Google Scholar] [CrossRef]

	



Shamushaki, V.A.J.; Kasumyan, A.O.; Abedian, A.; Abtahi, B. Behavioural responses of the Persian sturgeon (Acipenser persicus) juveniles to free amino acid solutions. Mar. Freshw. Behav. Physiol. 2007, 40, 219–224. [Google Scholar] [CrossRef]

	



Riley, W.W.; Higgs, D.A.; Dosanjh, B.S.; Eales, J.G. Influence of dietary arginine and glycine content on thyroid function and growth of juvenile rainbow trout, Oncorhynchus mykiss (Walbaum). Aquac. Nutr. 1996, 2, 235–242. [Google Scholar] [CrossRef]

	



Wu, G.; Bazer, F.W.; Dai, Z.; Li, D.; Wang, J.; Wu, Z. Amino acid nutrition in animals: Protein Synthesis and Beyond. Annu. Rev. Anim. Biosci. 2014, 2, 387. [Google Scholar] [CrossRef] [PubMed]

	



Debelle, L.; Tamburro, A.M. Elastin: Molecular description and function. Int. J. Biochem. Cell Biol. 1999, 31, 261–272. [Google Scholar] [CrossRef]

	



Omura, Y.; Inagaki, M. Immunocytochemical localization of taurine in the fish retina under light and dark adaptations. Amino Acids 2000, 19, 593–604. [Google Scholar] [CrossRef] [PubMed]

	



Gaylord, T.G.; Barrows, F.T.; Teague, A.M.; Johansen, K.A.; Overturf, K.E.; Shephed, B. Supplementation of taurine and methionine to all-plant protein diets for rainbow trout (Oncorhynchus mykiss). Aquaculture 2007, 269, 514–524. [Google Scholar] [CrossRef]








[image: Animals 12 00380 g001 550] 





Figure 1. Relative mRNA expression (amylase (A), pepsinogen (C) and trypsinogen (E)) and the activities of digestive enzymes (amylase (B), pepsin (D) and trypsin (F)) of snakeheads fed experimental diets for 60 days. Data (mean ± SEM, n = 8) with different letters significantly differ (p < 0.05) among treatments. 
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Figure 2. Relative mRNA expression of glucose metabolic key enzymes of snakehead fed experimental diets for 60 days. Data (mean ± SEM, n = 8) with different letters significantly differ (p < 0.05) among treatments. 
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Figure 3. Hepatopancreas tissue stained by H&E (400×) (A) and oil red O (400×) (B), and the composition of the hepatopancreas (C) and dorsal muscle (D) of snakeheads. Data (mean ± SEM, n = 8) with different letters significantly differ (p < 0.05) among treatments. 
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Figure 4. Gastrointestinal morphology of snakeheads fed experimental diets for 60 days. The stomach (A–C), caecus (D–F), foregut (G–I) and hindgut (J,K) were used to analyze intestinal morphology. (A,D,G,J) stained with H&E (40×); (B,E,H,K) were SEM images (2000×); (C,F,I) was TEM images (12000×). Data (mean ± SEM, n = 8) with different letters significantly differ (p < 0.05) among treatments. 
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Figure 5. The villous height of the caecus (A), foregut (B) and hindgut (C) of snakehead fed experimental diets for 60 days. Data (mean ± SEM, n = 8) with different letters significantly differ (p < 0.05) among treatments. 






Figure 5. The villous height of the caecus (A), foregut (B) and hindgut (C) of snakehead fed experimental diets for 60 days. Data (mean ± SEM, n = 8) with different letters significantly differ (p < 0.05) among treatments.



[image: Animals 12 00380 g005]







[image: Animals 12 00380 g006 550] 





Figure 6. PCA score map (A,D,G,J), corresponding validation plots of OPLS−DA (B,E,H,K), and OPLS−DA score plots (C,F,I,L) derived from the GC/MS metabolite profiles for snakeheads fed Control and MEC-added diets. (A,B,C) indicate the totals. Data (mean ± SEM, n = 8) with different letters significantly differ (p < 0.05) among treatments. 
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Table 1. Formulation and proximate composition of experimental diets (% in dry matter).
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Ingredients %

	
Nutrient Levels ***






	
Corn starch

	
5

	
Soybean oil

	
3

	
Crude protein

	
43.17




	
Wheat flour

	
15

	
Fish oil

	
2

	
Ether extract

	
13.5




	
Fish meal

	
40

	
Beer yeast

	
3

	
Crude fiber

	
1.76




	
Soybean meal

	
10.5

	
Bentonite

	
2

	
Ash

	
6.65




	
Peanut meal

	
9

	
Phosphatide oil

	
3

	
ME (MJ/kg)

	
2.49




	
Rapeseed meal

	
1

	
Ca(H2PO4)2

	
1.5

	
DE (MJ/kg)

	
2.13




	
SVO *

	
3

	
Premix **

	
2

	
GE (MJ/kg)

	
21.53




	
Total

	
100

	

	








* SVO, squid visceral ointment. ** Premix, vitamin premix provided the following per kilogram of diets: VA, 8000 IU; VB12, 5 mg; VB6, 12.5 mg; VB2, 15 mg; VB1, 7.5 mg; niacin, 100 mg; choline chloride, 2500 mg; folic acid, 5 mg; inositol, 200 mg; biotin, 1 mg; D-pantothenic acid, 50 mg; VK3, 10 mg; VE, 300 mg; VD3, 2000 IU; VC, 240 mg; BHT, 400 mg; α-cellulose, 160 mg; MnSO4, 70 mg; ZnSO4, 100 mg; MgSO4, 300 mg; FeSO4, 600 mg; CuSO4, 10 mg; CoCl2, 0.5 mg Na2Se2O3, 5 mg; KI, 10 mg; L-carnitine, 1000 mg. *** Nutrient levels: GE, gross energy; DE, digestible energy; ME, metabolic energy.
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Table 2. Growth performance of snakeheads fed experimental diets for 60 days.






Table 2. Growth performance of snakeheads fed experimental diets for 60 days.





	Items
	Control
	E1
	E2
	E3
	SEM
	p Value





	IBW, g
	69.77
	69.83
	69.49
	69.97
	0.149
	0.755



	FBW, g
	220.28 a
	229.31 ab
	238.71 b
	236.34 b
	2.719
	0.041



	WGR, %
	215.72 a
	228.53 ab
	243.51 b
	237.80 b
	4.054
	0.006



	FI, %
	2.04
	2.06
	1.97
	2.03
	0.165
	0.292



	SGR, % day−1
	1.92 a
	1.98 b
	2.06 c
	2.03 bc
	0.017
	<0.01



	CF, g cm−3
	1.47
	1.43
	1.47
	1.54
	0.021
	0.271



	VSI, %
	8.96
	9.28
	9.12
	8.94
	0.162
	0.887



	HSI, %
	2.04
	2.34
	2.38
	2.41
	0.103
	0.529



	ISI, %
	76.74
	77.31
	78.16
	75.83
	1.035
	0.894



	FCR
	1.18
	1.21
	1.11
	1.12
	0.020
	0.038



	SR, %
	100
	97.33
	98.67
	97.33
	0.513
	0.202







Data (mean ± SEM, n = 8) with different letters significantly differ (p < 0.05) among treatments.
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Table 3. Serum biochemical parameters of snakehead fed experimental diets for 60 days.
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	Items
	Control
	E1
	E2
	E3
	SEM
	p Value





	GLU (mmol/L)
	18.56
	17.41
	16.01
	15.59
	0.579
	0.260



	TP (g/L)
	37.28
	37.42
	40.87
	42.34
	1.032
	0.217



	ALB (g/L)
	17.35
	19.13
	17.97
	18.34
	0.051
	0.683



	BUN (mmol/L)
	16.48 a
	15.33 ab
	13.68 b
	14.63 ab
	0.712
	0.025



	ALT (U/L)
	5.20 a
	4.52 ab
	3.45 b
	5.83 a
	0.544
	0.044



	AST (U/L)
	8.90 a
	5.86 c
	4.70 c
	7.60 b
	0.781
	0.048



	TG (mmol/L)
	2.28 a
	1.80 ab
	1.25 b
	1.82 ab
	0.178
	0.020



	TC (mmol/L)
	6.05
	5.59
	5.10
	6.03
	0.254
	0.521







Data (mean ± SEM, n = 8) with different letters significantly differ (p < 0.05) among treatments.
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Table 4. Activities of glucose metabolic key enzymes of snakeheads fed experimental diets for 60 days.
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	Items
	Control
	E1
	E2
	E3
	SEM
	p Value





	HK, U/gprot
	8.57 a
	10.93 ab
	13.24 b
	12.16 b
	0.620
	0.026



	PFK, U/mg
	2.94
	3.76
	3.59
	3.62
	0.212
	0.570



	PK, U/gprot
	49.47
	42.96
	42.82
	46.13
	2.713
	0.395



	PC, U/mgprot
	36.09
	25.10
	35.16
	29.29
	2.289
	0.299



	PEPCK, U/mg
	0.901
	0.824
	0.863
	1.025
	0.076
	0.837



	FBP, nmol/min/mgprot
	0.900 b
	1.071 b
	1.848 a
	1.012 b
	0.138
	0.038



	G6P, nmol/min/mgprot
	23.97 a
	37.35 b
	34.56 b
	33.21 b
	1.869
	0.043



	G6PDH, U/mgprot
	1.551
	1.852
	1.735
	1.392
	0.094
	0.352



	GCS, U/mgprot
	0.501 a
	0.824 b
	0.941 b
	0.830 b
	0.063
	0.045







Data (mean ± SEM, n = 8) with different letters significantly differ (p < 0.05) among treatments.
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