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Abstract

:

Vitamin C (VC) can be used to increase disease resistance in practice in intensive aquaculture. But it is still unconfirmed whether VC could alleviate inflammation and what dosage is suitable. This study investigated the effects of dietary VC on the immunity and enteritis of juvenile blunt snout bream (Megalobrama amblycephala) challenged with Aeromonas hydrophila. The fish were fed with VC levels ranging from 25.35 to 2231.98 mg/kg for 60 days. After that, fish fed with 150.65 mg/kg, 573.79 mg/kg, and 2231.98 mg/kg VC were challenged with A. hydrophila orally to simulate enteritis. The results showed that 285.39 and 573.79 mg/kg dietary VC significant improved growth performance and feed utilization. Dietary VC (573.79 and 1133.79 mg/kg) significantly enhanced the serum immune parameters, antioxidant enzymes’ activities, and relative gene expressions of ikbα and cat in the liver in the 60-day feeding trail. The survival rate was significantly higher in 573.79 mg/kg dietary VC group than the other two treatments. Cytokines were activated after the bacteria challenge. Dietary 573.79 mg/kg VC caused significantly higher TNF-α level at 12 hpi and maintained a high level of IL-8 at 48 to 72 h compared to other treatments. In conclusion, more than 500 mg/kg VC was needed to maintain the health of blunt snout bream juveniles. Suitable VC would activate cytokines to increase disease resistance along with antioxidant enzymes.






Keywords:


VC; immune responses; antioxidant enzyme; cytokines; intestinal inflammation; NF-kB; HSP70




Key Contribution: Dietary VC supplementation from 500–1000 mg/kg could improve the immunity of blunt snout bream. Enteritis could be alleviated by suitable dietary VC, mainly because VC stimulates cytokines of TNF-α and IL-8. Excessive dietary VC of about 2000 mg/kg would have some negative effects on the health of blunt snout bream.










1. Introduction


Safeguarding fish against infections and diseases is a strategy aimed at boosting production and ensuring food security [1]. Fish employ a combination of innate and adaptive immune responses to combat diseases and parasites [2]. In intensive aquaculture systems, fish are particularly vulnerable to diseases and pathogens. Aeromonas hydrophila, a bacterium that thrives in freshwater environments, poses a significant threat to fish health, causing diseases such as gastroenteritis septicaemia and necrotizing fasciitis [3]. In China, bacterial haemorrhagic disease resulting from A. hydrophila infection is a major concern in the cultivation of blunt snout bream, leading to high mortality rates and economic losses [4]. Fish pathogens typically enter the fish through the intestine, which serves as a crucial site for digestion, absorption of nutrients, and immunity. Various fish species, including grass carp (Ctenopharyngodon idella) [5] and silver carp (Hypophthalmichthys molitrix) [6], have been reported to experience intestinal damage and dysfunction due to A. hydrophila infection. Enhancing the intestinal health of fish through improved dietary formulations and immunostimulants has emerged as a promising strategy to bolster their resistance to A. hydrophila infections, thereby reducing the incidence of inflammation and diseases [7].



Vitamin C (VC) is a vital micronutrient for fish, playing a key role in maintaining epithelial barriers, supporting immune cells, and regulating inflammatory responses [8]. However, fish are unable to synthesize vitamin C on their own due to the lack of a specific enzyme (L-gulonolactone oxidase), necessitating its inclusion in their diet for optimal health and immunity [9].



The blunt snout bream (Megalobrama amblycephala) is a herbivorous freshwater fish native to China [4] and is found in various regions such as Africa, North America, and Eurasia [10]. Known for their rapid growth and economic value, these fish have specific VC requirements, particularly in the juvenile stages. Previous research suggests that a 150 mg/kg VC level is optimal for growth when provided in a purified diet [11]. Dietary 133.7–251.5 mg/kg VC could enhance anti-pH stress ability in M. amblycephala [12]. However, the adequacy of this VC level for inflammatory response in blunt snout bream remains uncertain and warrants further investigation.



Studies on other fish species, like Asian catfish (Clarias batrachus) [13] and juvenile grouper (Epinephelus malabaricus) [14], have shown increased immunity response with higher dietary VC supplementation above 150 mg/kg. Yet, the impact of elevated VC levels on the inflammation of juvenile blunt snout bream has not been extensively explored. Previous research by Wan et al. [11] focused on a purified VC diet, prompting the current study to assess the effects of dietary VC (at higher and excessive levels) on non-specific immunity and intestinal inflammation in juvenile blunt snout bream when exposed to A. hydrophila. The hypothesis being tested is that the VC requirement for immunity and inflammatory response may differ from that needed for growth in this fish species. Therefore, the present study was undertaken to evaluate the effect of dietary VC (higher and too high) on the non-specific immunity and intestinal inflammation in juvenile blunt snout bream against A. hydrophila.




2. Materials and Methods


2.1. Experimental Diet Formulation


Six experimental diets with iso-nitrogenic (34.69%) and iso-lipidic (9.31%) ingredients were formulated using fishmeal, soybean meal, cottonseed meal, and canola meal as protein sources and soybean oil and soybean phospholipids as lipid sources. Coated VC (95%, Hangzhou Minsheng Pharmaceutical Co., Ltd., Hangzhou, China) was supplemented from 150 to 2400 mg/kg in the experimental treatment beside the contrast group without VC supplementation. The composition and main nutrients in the basal feed are listed in Table 1. First, fishmeal, soybean meal, cottonseed meal, and canola meal were ground into a fine powder and passed through a 60 mm mesh sieve. Then, VC and the additives were mixed and amplified step by step. Soybean oil and water were then added, stirred, and mixed. Finally, an SLP-45 granulator (Institute of Fishery Machinery and Instruments, Chinese Academy of Fishery Sciences, Shanghai, China) was used to prepare a 1.5 mm granular diet. Pelleted diets were placed in a cool place to dry naturally. After air drying, the diet was stored at −20 °C for later use. The actual content of VC in each diet was measured using an ascorbic acid kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) as follows: 25.35, 150.65, 285.39, 573.79, 1133.79, and 2231.98 mg/kg, respectively.




2.2. Proximate Composition of the Diets


The proximate composition (crude protein, crude fat, ash, and moisture) of the diets was determined according to the AOAC [15] method. Briefly, for moisture determination, the diet samples were weighed and dried to a constant weight in an oven at 105 °C. Crude protein content (N × 6.25) was determined using a semi-automatic Kjeldahl system (1030 Auto-analyzer, Tecator, Hoganos, Sweden) after acid digestion. The Soxhlet extraction system HT6 (Soxhlet System, Tecator, Sweden) was employed to measure the crude lipid content, whereas the ash content was measured by burning in a muffle furnace at 560 °C for approximately 5 h.




2.3. Management of the Experimental Fish


Blunt snout bream juveniles were obtained from the Freshwater Fisheries Research Center of the Chinese Academy of Fishery Sciences (Wuxi, China). The fish were acclimatized to the experimental environment for two weeks, during which they were fed a commercial diet (Tongwei Group, Wuxi, China). After acclimatization, 360 healthy juveniles of uniform size (initial average weight of approximately 12 g) were selected and randomly divided into 18 round polyvinyl chloride tanks (Φ 820 mm and 1000 mm in height, with water about 370 L). Each tank was randomly assigned to one of the six experimental diets. Each diet had three replicates, with 20 fish per tank. The 18 tanks were in a recirculating system with activated carbon and coral stones as filters. The fish were hand-fed three times daily at 8:00, 12:00, and 16:00 to apparent satiation. The feeding trial lasted 60 days. During the feeding period, the number and weight of dead fish and feed consumption were recorded daily. The control water temperature was 27–30 °C and was measured using a mercury-in-glass thermometer. The pH was 7.0~8.0, and dissolved oxygen (DO) >5 mg/L, ammonia nitrogen <0.02 mg/L, and nitrite nitrogen concentration <0.05 mg/L were determined using corresponding Sunpu Test kits (Beijing Sunpu Biochem. Tech. Co., Ltd., Beijing, China).




2.4. Sample Collection


At the end of the 60-day feeding trail, the experimental fish were sampled. The fish were starved for 24 h before sample collection. Fish in each tank were weighed, and the growth index was calculated as follow.


Coefficient of variation (CV, %) = Standard deviation/Mean × 100










Weight gain (WG, %) = (Wt − W0)/W0 × 100










Specific growth rate (SGR, % day-1) = (LnWt − LnW0)/d × 100










Feed conversion ratio (FCR) = Weight of dry feed intake/Weight gain










Survival rate (SR, %) = Final number of fish per tank/Initial number of fish per tank × 100











Wt is the final average fish body weight per tank, W0 is the initial average fish body weight per tank, and d is the experimental duration.



For serum collection, three fish per tank were deeply anaesthetized with MS-222 (100 mg/L), and blood was collected from the caudal vein using a disposable syringe (rinsed with heparin sodium salt) and centrifuged at 4000 rpm at 4 °C for 10 min. Serum was obtained and stored at −20 °C for analysis of serum biochemical indices. After blood collection, liver samples were collected and preserved in RNAiso Plus (Takara, Dalian, China), which was maintained at −80 °C for gene expression analysis.




2.5. Challenge Test


An artificial infection experiment was conducted two days later after sample collection. Fifteen fish per tank were randomly selected from the 150.65, 573.79, and 2231.98 mg/kg VC groups based on blunt snout bream’s optimal VC requirement for growth, immunity, and excessive VC. A. hydrophila (NJ-35) was kept in the laboratory of FFRC, CAFS (Wuxi, China). It was cultured in liquid LB medium at 28 °C for 18 h, then the concentration was detected using a turbidity meter (Shanghai, China). According to the pre-experiment protocol, A. hydrophila was diluted with sterile saline solution (0.85%) to 5 × 108 CFU/mL. Bacteria were orally administered from the mouth of the fish using a syringe with a feeding needle at 1 mL per 100 g of fish body weight, and then returned to the culture tank for observation [16]. Sufficient DO (>5 mg/L) and a stable temperature (28 ± 2 °C) were maintained. Dead fish were checked, removed, and recorded at 0, 12, 24, 48, and 72 h post-infection (hpi). Meanwhile, liver and intestinal samples from three fish per tank were collected before infection (0 h) and at 12 hpi, 24 hpi, 48 hpi, and 72 hpi, respectively. Fish were deeply anaesthetized and liver samples were collected as mentioned above for gene expression. At the same time, the intestinal samples were collected. Parts were put into tubes and kept at −20 °C for antioxidant enzyme and cytokine detection, and parts were immersed in Bouin’s solution for histopathology.




2.6. Intestinal Histology


The intestinal histological examination was carried out according to Yusuf et al. [17]. Briefly, the intestines of blunt snout bream challenged by A. hydrophila were excised at 0 h before infection and at 12, 24, 48, and 72 h after infection. A fragment of the intestinal tissue was immersed in Bouin’s solution immediately after dissection. They were then dehydrated, immersed in wax, embedded, and sectioned at a thickness of 4 µm. The sectioned tissues were mounted on glass slides and stained with haematoxylin and eosin. Finally, the slides were examined under a light microscope (Olympus IX71, Tokyo, Japan) reinforced with Image-Pro Plus 7.0C software, and photomicrographs of sectioned intestinal tissue were taken.




2.7. Serum and Intestinal Immune-Related Indicator Determination


Intestinal samples were homogenated with sterile saline solution (0.85%), and then the intestinal homogenate was used to detect the antioxidant enzymes and cytokines after the detection of the protein concentration. Serum alkaline phosphatase (AKP), albumin (ALB), and complement 3 (C3) levels were determined using a Mindray BS-400 automatic biochemical analyser (Shenzhen, China) and commercial kits from Mindray Biomedical Electronics Co., Ltd. (Shenzhen, China), respectively. The malondialdehyde (MDA) content and antioxidant activities of catalase (CAT), superoxide dismutase (SOD), and glutathione peroxidase (GPx) were determined using a commercial kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) [18].



Tumour necrosis factor α (TNF-α), transforming growth factor β (TGF-β), interleukin 8 (IL-8), and interleukin 10 (IL-10) levels were determined using commercial kits (Shanghai Enzyme-linked Biotechnology Co., Ltd., Shanghai, China) based on enzyme-linked immunoassay (ELISA). In brief, cytokines in the serum were combined with the corresponding purified antibody for carps and HRP labelled to form an antibody–antigen–enzyme–antibody complex, which was then detected spectrophotometrically at 450 nm.




2.8. Quantitative Real-Time PCR (qRT-PCR) Analysis


The relative gene expression of cu/zn-sod, mn-sod, cat, gpx-1, ikbα, p65, and hsp70 was determined before infection and after artificial infection with A. hydrophila at 12, 24, 48, and 72 h. Ribonucleic acid (RNA) was extracted from the liver using RNAiso Plus (Dalian Takara Co. Ltd., Dalian, China). The quantity and quality of the extracted RNA were estimated based on the A260/A280 ratio using NanoDrop (DN-1000, Thermo Scientific, Waltham, MA, USA), and RNA integrity was verified on a 1.2% agarose gel. cDNAs were synthesized using the ExScriptTM RT-PCR kit following the manufacturer’s instructions (Dalian Takara Co. Ltd., Dalian, China) and amplified using a TB Green® Premix Ex TaqTM II (Tli RNaseH Plus) Kit (Dalian Takara Co. Ltd., Dalian, China) in a CFX96 RT-PCR detection system (Bio-Rad, Hercules, CA, USA). Primers were synthesized by Shanghai Gene-ray Biotech Co. Ltd. (Shanghai, China) (Table 2). The reaction system (final volume 20 μL) contained 2 μL cDNA; 10 μL TB Green Premix Ex Taq II (Tli RNasePlus) (2×); 0.8 μL upstream and downstream primers (10 μM), respectively; and 6.4 μL ddH2O. The conditions were as follows: pre-denaturation at 95 °C for 30 s; 45 cycles at 95 °C for 5 s and 62 °C for 30 s; smelt curve analysis, including 95 °C for 10 s and 62 °C for 5 s; 60 s at 62 °C; and 95 °C for 15 s. Gene expression was corrected using β-actin as the reference gene. Gene expression data were calculated using the 2−ΔΔCt method [19].




2.9. Statistical Analysis


All statistical analyses were performed using SPSS v23 (SPSS Inc., Michigan Avenue, Chicago, IL, USA), and GraphPad Prism 9 was used to draw the figures. One-way analysis of variance (ANOVA) was used to evaluate the data on growth performance serum parameters and gene expression in the feeding trail, and the mean significant differences among the different groups were compared using Duncan’s multiple range test (p < 0.05). Orthogonal polynomial contrast was adopted to obtain a follow-up trend to determine whether the effect was linear, quadratic, or cubic. The survival rate after challenge was drawn using GraphPad Prism 9 with the long-rank (Mantel–Cox) test. Two-way analysis of variance was used to evaluate the intestinal parameters and gene expression after bacterial challenge to identify the effect and interaction effect of the VC level and infection time. ANOVA was used to identify the significant differences among different groups at the same time and among the different times in the same group. Significant differences were ranked using Duncan’s multiple range test (p < 0.05).





3. Results


3.1. Growth Performance, Feed Utilization, and Survival Rate of Juvenile Blunt Snout Bream


The growth performance, feed utilization, and survival rate of juvenile blunt snout bream fed VC diets are presented in Table 3. Dietary VC had no significant effects on the survival rate of blunt snout bream (p > 0.05). FBW, WG, and SGR were significantly higher (p < 0.05) in fish fed 285.39 mg/kg and 573.79 mg/kg VC diets than in the control group. However, they showed a decreasing trend when dietary VC exceeded 1000 mg/kg. The FCR of juvenile blunt snout bream was significantly lower (p < 0.05) with dietary VC inclusion than in the control group. Moreover, the lowest FCR was observed in bream fed a 285.39 mg/kg VC diet. Orthogonal polynomial contrast further showed that feed intake and survival rate were not significantly affected by dietary VC supplementation (p > 0.05). FBW cubically increased with increasing dietary VC levels (cubic, p < 0.05). FCR was cubically reduced (cubic, p < 0.01). The initial body weight coefficient of variation was lowest in the 1133.79 mg/kg VC group and highest in the 150.65 mg/kg VC group. The final body weight coefficient of variation was relatively highest in the 2231.98 mg/kg VC group and lowest in the 573.79 mg/kg VC group.




3.2. Serum Immune-Related Indices, Antioxidant Capacity, and Cytokines of Juvenile Blunt Snout Bream in the Feeding Trail


The effects of VC levels on serum immune-related indices in juvenile blunt snout bream are shown in Figure 1. A significantly higher AKP (p < 0.05) was observed in the fish fed the 1133.79 mg/kg VC diet than those fed the 2231.98 mg/kg VC diet, while no significant differences existed between the control group and the fish fed with different levels of dietary VC (p > 0.05). The ALB content in fish fed 573.79 and 1133.79 mg/kg VC was significantly higher (p < 0.05) than in fish fed a 285.39 mg/kg VC diet. Moreover, the C3 content in the 573.79 mg/kg and 1133.79 mg/kg VC groups was significantly higher (p < 0.05) than that in the control group. Polynomial contrasts showed that only serum C3 was significantly both quadratically and cubically (p < 0.01) affected by dietary VC supplementation.



The effects of VC concentrations on the serum antioxidant capacity of juvenile bream are shown in Figure 2. Serum MDA content significantly decreased with increased dietary VC supplementation. It was significantly decreased (p < 0.05) in the high dietary VC group (1133.79 mg/kg and 2231.98 mg/kg) compared with the other groups. Serum SOD activity in the group fed a 573.79 mg/kg VC diet was significantly higher (p < 0.05) than that in the other groups. Moreover, serum CAT and GPx activities significantly increased with increasing dietary VC supplementation (p < 0.05) from 573.79 mg/kg to 2231.98 mg/kg compared with the group with VC content lower than 285.39 mg/kg. The polynomial contrasts showed that the MDA content, GPx, and CAT activities were linearly, quadratically, and cubically (p < 0.001) influenced by dietary VC supplementation, whereas SOD activity was quadratically (p < 0.05) and cubically (p < 0.01) influenced by dietary VC supplementation.



The effects of VC levels on serum cytokine levels in juvenile bream are shown in Figure 3. The results showed that TNF-α levels were significantly affected by VC supplementation (p < 0.05). The levels of other cytokines, such as IL-8, TGF-β, and IL-10, were not significantly different (p > 0.05) among the treatment groups. Serum TNF-α levels in the groups supplemented with dietary VC ranged from 285.39 to 2231.98 mg/kg, significantly higher than those in the control group (p < 0.05). From the polynomial contrasts, TNF-α was quadratically (p < 0.05) and cubically (p < 0.01) influenced by dietary VC supplementation.




3.3. Immune-Related Gene Expression of Juvenile Blunt Snout Bream in the Feeding Trail


The expression of genes such as cu/zn-sod, mn-sod, gpx1, cat, ikbα, p65, and hsp70 in the livers of blunt snout bream was evaluated (Figure 4). The mRNA levels of cu/zn-sod, mn-sod, and ikbα were significantly upregulated when dietary VC reached 573.79 mg/kg (p < 0.05) compared with the 25.35 mg/kg to 150.65 mg/kg groups. mRNA levels of cu/zn-sod and mn-sod were downregulated with excessive dietary VC supplementation, except ikbα, which was stable with excessive dietary VC. The mRNA levels of cat increased with the increasing dietary VC levels, with the highest levels in the excessive VC groups (1133.79 mg/kg and 2231.98 mg/kg). The gpx1 mRNA level in the 1133.79 mg/kg group was significantly higher (p < 0.05) than that in the 25.35 mg/kg and 2231.98 mg/kg groups. No significant difference was found in the mRNA level of p65 among the treatments (p > 0.05). The hsp70 expression was significantly upregulated in fish fed with 150.65 mg/kg and 573.79 mg/kg than in fish fed with other dietary VC levels (p > 0.05). Significant cubic relationships between relative gene expression and dietary VC levels were observed for cu/zn-sod and hsp70 (p < 0.05). The relative expression of gpx1 was quadratically (p < 0.01) and cubically (p < 0.05) affected by dietary VC supplementation. Moreover, linear (p < 0.05), quadratic (p < 0.01), and cubic (p < 0.01) relationships were observed in cat and ikbα.




3.4. Survival Curve, Inflammatory Response, and Intestinal Histopathology after A. hydrophila Challenging


To evaluate the immunity function of VC, blunt snout breams fed with three different VC levels (150.65, 573.79, and 2231.98 mg/kg VC) were randomly selected to orally administer A. hydrophila. Inflammation statuses were observed and recorded at 24 hpi. As shown in Figure 5A, each group of breams showed typical bacterial sepsis to varying degrees. Among them, the inflammatory response of the 150.65 mg/kg VC group was the most obvious; the abdomen, fin base, and the back of the gill slit of the fish had clinical signs of hyperaemia or bleeding, bilateral eyeballs were protruding, and some fish with dying clinical signs had swollen abdomens, redness, and swelling protrusions. Autopsy found that there was water accumulation in the abdominal cavity; congestion and inflammation of the intestinal wall; and many yellowish, viscous fluids.



Survival rates were recorded (Figure 5B). It can be seen that, with the extension of the challenge time, the survival rate of the blunt snout bream showed a decreasing trend at 12 hpi and then stabilized at a different time interval after infection. Blunt snout bream fed the 573.79 mg/kg VC diet had significantly higher survival rates, which stabilized 24 hpi (p < 0.05) compared to breams fed the 160.65 and 2231.98 mg/kg VC diets, respectively. Compared to other experimental groups, the 573.79 mg/kg VC group had the best disease resistance effect and the lowest number of deaths.



As shown in Figure 6, after the challenge with A. hydrophila, some clinical signs of acute inflammatory reaction occurred in the intestine over time. The enteritis sign in the lower VC group (150.65 mg/kg) was the most obvious compared to the 573.79 and 2231.98 mg/kg VC groups. At 12 hpi and 24 hpi, there was shedding of the mucosal epithelial cell in the 150.65 mg/kg VC group, which gradually intensified at 48 hpi with manifestations of large-scale detachment of mucosal epithelial cells; separation of the lamina propria and mucosal layer; and increased inflammatory cells in the mucosal layer, submucosa, and lamina propria, with only minor epithelial cell damage. However, the clinical signs of enteritis were significantly reduced in the 573.79 and 2231.98 mg/kg VC groups at that time. At 72 hpi, the clinical signs of enteritis in each test group basically disappeared, and the fish returned to normal.




3.5. Intestinal Antioxidant Activity and Cytokines after A. hydrophila Challenge


As shown in Figure 7, the intestinal MDA content, SOD, and CAT activities were significantly affected by the dietary VC level and time (p < 0.05). However, the interaction between VC levels and infection time did not significantly affect the MDA content, CAT, or GPx activities (p > 0.05). Compared to the lower VC group, the intestinal MDA of the blunt snout bream fed the 573.79 mg/kg VC diet was significantly lower before and after infection with A. hydrophila (p < 0.05). The SOD activity of the blunt snout bream fed higher VC diets first increased significantly before infection, then decreased at 12 hpi, and then normalized 24 hpi and 48 hpi. At 72 hpi, the SOD activity of the blunt snout bream fed the 573.79 mg/kg VC diet was significantly increased compared to the group fed the lower-VC diet. Meanwhile, the CAT activity was significantly higher before the challenge, and the highest level was observed in bream fed the 573.79 mg/kg VC diet. With the extension of the infection time, the intestinal CAT activity decreased significantly and became normalized throughout the infection time. The intestinal GPx levels were not significantly affected by the VC level, time, or their interaction (p > 0.05).



Intestinal cytokine concentrations are shown in Figure 8. The proinflammatory cytokine TNF-α was significantly affected by time, while IL-8 was significantly affected by VC levels, time, and its interaction in response to the A. hydrophila challenge (p < 0.05). The TNF-α concentration first decreased at 12 hpi, increased at 24 hpi, peaked at 48 h, and then decreased gradually by 72 hpi in both the 150.65 mg/kg and 2231.98 mg/kg groups. However, no decrease was observed at 12 hpi, and there was a peak at 24 hpi in the 573.79 mg/kg group. At 12 hpi, the TNF-α concentration in the 573.79 mg/kg group was significantly higher than that in the lower and excessive dietary VC groups. As for IL-8, it was slightly decreased at 12 hpi and then increased, and maintained a relative higher level at 48 hpi and 72 hpi in the 573.79 mg/kg group. Lower dietary VC (150.65 mg/kg) could not induce high levels of IL-8 as the 573.79 mg/kg diet did, while excessive dietary VC (2231.98 mg/kg) caused an early peak (24 hpi) and then a decrease. At 48 hpi and 72 hpi, the IL-8 concentration in the 573.79 mg/kg group was significantly higher than that in the lower and excessive dietary VC groups.



Anti-inflammatory cytokines (TGF-β and IL-10) was significantly affected by the infection time only (p < 0.05). Dietary 150.65 mg/kg VC could not significantly change the TGF-β concentration (p > 0.05). The TGF-β concentration was significantly decreased at 48 hpi compared to before the challenge in the dietary 573.79 mg/kg VC group (p < 0.05), while it was increased at 12 hpi and 72 hpi and decreased at 48 hpi in the dietary 2231.98 mg/kg VC group (p < 0.05). As for IL-10, lower and excessive dietary VC (150.65 mg/kg and 2231.98 mg/kg) did not significantly change its concentration (p > 0.05). The IL-10 concentration was significantly decreased at 24 hpi and 48 hpi compared to before challenge and at 12 hpi (p < 0.05). Moreover, at 24 hpi, the IL-10 concentration in the 150.65 mg/kg group was significantly lower than that in the other groups (p < 0.05).




3.6. Immune-Related Gene Expressions after A. hydrophila Challenging


The expression levels of liver cu/zn-sod, mn-sod, cat, and gpx were upregulated at first and then downregulated with the extension of the challenge time (Figure 9). The expressions of cu/zn-sod and mn-sod were significantly affected by the challenge time and the interaction of VC and challenge time (p < 0.01), while the expressions of cat and gpx were significantly affected only by the challenge time (p < 0.01). In the 573.79 mg/kg VC group, no significant variation in cu/zn-sod expression was observed (p > 0.05), and slight variation in the mn-sod expression was found, with a peak at 12 hpi. Similar trends were observed for cat and gpx expression, with different peak times. Low or excessive dietary VC caused significant variations in cu/zn-sod and mn-sod expression (p < 0.05). Similar trends were found in the low and excessive dietary VC groups than in the 573.79 mg/kg VC group regarding cat and gpx expression. The cu/zn-sod expression at 24 hpi was significantly lower in the 573.79 mg/kg and 2231.98 mg/kg VC groups than that in the 150.65 mg/kg VC group (p < 0.05). The mn-sod expression at 48 hpi was significantly lower in the 573.79 mg/kg VC group than that in the 150.65 mg/kg and 2231.98 mg/kg VC groups (p < 0.05).



The mRNA levels of p65 and ikbα were significantly affected by the VC level and challenge time (p < 0.05). The gene expression of ikbα was significantly inhibited from 24 hpi to 72 hpi compared to before and at 12 hpi in all groups (p < 0.05). The mRNA level of ikbα was lower in the 573.79 mg/kg group than in the other two groups, but without significant differences (p > 0.05). The expression of p65 was significantly increased after challenge and then decreased at 72 hpi in the 2231.98 mg/kg VC group (p < 0.05), and it varied without significant differences in the other two groups (p > 0.05). Moreover, the p65 mRNA expression level in the 2231.98 mg/kg VC group was significantly higher than that in the other two groups at 12 hpi and 48 hpi (p < 0.05), and it was significantly higher than that in the 573.79 mg/kg group at 24 hpi (p < 0.05). The expression levels of hsp70 mRNA were significantly affected by the challenge time (p < 0.05). The expression level at 48 hpi was significantly higher than that at other times (p < 0.05).





4. Discussion


Vitamin C plays a crucial role in maintaining normal physiological functions in fish. When added to fish diets in appropriate amounts, it can enhance their growth performance [25]. The findings of this study indicate that the growth (measured by WG and SGR) of juvenile blunt snout bream significantly improved when they were fed diets containing 285.39 mg/kg and 573.79 mg/kg of VC for 60 days. Additionally, their feed conversion ratio (FCR) showed a significant decrease, suggesting that the inclusion of the right amount of VC in the diet can enhance growth performance by improving feed efficiency.



Previous research has shown that VC supplementation improves the growth performance of various fish species, such as Chu’s croaker (Nibea coibor) [26] and coral trout (Plectropomus leopardus) [27]. The optimal dietary VC requirement for growth in blunt snout bream has been determined to be 150 mg/kg, which differs from values reported for other species like striped catfish [28] and grass carp [29]. These variations in VC requirements can be attributed to factors such as species differences; size variations; experimental conditions; feed nutritional content; metabolic rates of fish; and the forms, purity, and bioavailability of the VC used in the studies [30].



Aeromonas hydrophila, a common aquaculture pathogen, colonizes and multiplies in the fish intestine following infection, typically causing intestinal inflammation and acute enteritis, resulting in significant mortality rates [31,32]. Outbreaks of A. hydrophila have been linked to alterations in the susceptibility of fish, attributed to changes in environmental factors such as temperature, which are associated with the production of virulence factors [33]. These virulence factors include secretion systems, motility and adhesins, toxins, enzymes, haemolysins, and increased nitrite levels in farmed fish [34]. A study on snakehead fish (Channa striata) revealed that A. hydrophila infection resulted in mortality rates ranging from 60% to 100% [35]. The blunt snout bream, being herbivorous with a unique digestive system—lacking a stomach but having a wide oesophagus and long intestine—emphasizes the importance of gut health for its growth and development. In this study, the blunt snout bream fed a diet containing 573.79 mg/kg VC showed no signs of bacterial sepsis and exhibited higher survival rates when challenged with A. hydrophila compared to those fed lower or excessive VC diets. This study suggests that the optimal VC level for disease resistance in blunt snout bream is 573.79 mg/kg, significantly higher than the 150 mg/kg requirement for growth. This disparity is attributed to the fact that VC requirements for stress resistance, as indicated by disease resistance, can be six times or more than those for growth [13,36]. Therefore, fish need to consume higher levels of VC to enhance their immune systems, combat diseases, and maintain overall health to withstand environmental stress and bacterial threats. Similar research has demonstrated that supplementing feed with VC can effectively reduce mortality rates in grass carp challenged with A. hydrophila [29].



During feeding processes, the intestine is exposed to various bacteria, viruses, antigens, and potentially harmful substances, leading to oxidative stress, intestinal damage, inflammation, and a threat to overall health. In this study, blunt snout breams fed a lower VC diet (150.65 mg/kg) exhibited significant intestinal inflammatory responses at 12, 24, 48, and 72 hpi. They showed clinical signs of hyperaemia and congestion of the intestines, and inflammatory infiltration and intestinal epithelial cell injury on histopathology. Similar inflammatory clinical signs have been observed in grass carp [31] and Nile tilapia [37] when challenged with Aeromonas schubertii. Conversely, blunt snout breams fed a higher-VC diet (573.79 mg/kg) displayed milder clinical signs of inflammation, likely due to lower intestinal MDA levels and increased SOD levels, which helped to protect the body cells and tissues from damage caused by excessive oxygen free radicals.



In the current study, it was observed that serum levels of AKP, ALB, and C3 significantly increased with high dietary VC supplementation for 60 days. The elevation in AKP levels can be attributed to VC’s ability to enhance lysosomal enzymes in fish, thereby improving the body’s defence against foreign pathogens. The increase in ALB levels may be linked to nutrient transport and the maintenance of blood pressure balance, while the rise in C3 levels could be due to VC’s role in regulating neutrophil phagocytosis, activating the complement system, and enhancing nonspecific immune function. The study also found a positive correlation between serum immunity and survival in challenge tests, suggesting that higher VC levels may enhance immunity in juvenile blunt snout bream. Similar findings have been reported in other fish species such as Nile tilapia [38] and grass carp [29], where increased VC levels improve immune enzyme activity and substance content. Interestingly, in the group with excessive VC intake (2231.98 mg/kg), the serum levels of AKP, ALB, and C3 decreased, potentially explaining the slightly higher mortality rate following A. hydrophila infection. Further research is needed in order to understand the mechanism by which excessive dietary VC intake may reduce immunity in fish.



The oxidative regulation systems in aquatic species can serve as indicators of their health [20]. The levels of SOD, CAT, GPx, and MDA in fish serum can accurately depict the body’s antioxidant status. In the present study, it was observed that serum MDA levels decreased significantly, while CAT, SOD, and GPx levels increased in fish fed diets containing 573.79, 1133.79, and 2231.98 mg/kg of VC for 60 days. The impact of VC on antioxidant defence in juvenile blunt snout bream was further investigated by analysing the activities and levels of these enzymes in the intestine before and after infection with A. hydrophila. The intestinal MDA content decreased with higher dietary VC levels (573.79 and 2231.98 mg/kg) and prolonged A. hydrophila infection. SOD activity showed an initial increase, followed by a decrease, and eventually stabilized 24 h post-infection. CAT activity remained lower and stable throughout the infection period with A. hydrophila compared to pre-infection levels. These findings suggest that VC may enhance the body’s immune response by scavenging free radicals, restoring GPx activities, and improving the ability to eliminate peroxide products like MDA. This, in turn, helps to prevent oxidative damage to cells or tissues and the invasion of pathogenic bacteria into the fish’s body. Dietary VC has been shown to reduce MDA content and enhance the activities of antioxidant enzymes in various species, including grass carp infected with Flavobacterium columnare [39], golden pompano [40], and gibel carp [41]. VC is a powerful nonenzymatic antioxidant and scavenger of free radicals, essential for scavenging reactive oxygen species (ROS) that could otherwise combine with nitric oxide (NO) to form the highly reactive free radical peroxynitrite [42]. Furthermore, VC safeguards cells from oxidative damage by functioning as an antioxidant and providing electrons to free radicals, effectively neutralizing them and averting potential harm [43].



Under normal circumstances, fish typically have low levels of cytokines or remain inactive. When triggered by foreign pathogens, cytokines can regulate immune responses by binding to their corresponding receptors on cell surfaces [17]. In this study, it was observed that VC did not significantly affect the levels of anti-inflammatory cytokines TGF-β and IL-10 in the serum of blunt snout bream. However, it did lead to an increase in pro-inflammatory cytokines (TNF-α). This could be attributed to the absence of inflammation during the regular feeding experiment prior to the bacterial challenge, which resulted in the anti-inflammatory cytokines not being activated. On the other hand, infection with A. hydrophila caused changes in the levels of pro- and anti-inflammatory cytokines in the intestines. TGF-β and IL-10, as important anti-inflammatory cytokines, were found to modulate with variation in TNF-α and IL-8 levels, thereby reducing inflammation. The study revealed that the infection duration directly impacted the inflammatory response in the fish intestines, with longer durations exacerbating the response. At 72 h, higher VC supplementation levels (573.75 and 2231.98 mg/kg) were associated with reduced intestinal TNF-α levels and increased TGF-β and IL-10 levels. Additionally, VC supplementation was found to decrease mRNA levels of pro-inflammatory cytokines and increase mRNA levels of anti-inflammatory cytokines in the gills of grass carp infected with Flavobacterium columnare through the NF-κB signalling pathway [39]. Furthermore, dietary VC intake was shown to elevate levels of pro-inflammatory cytokines (TNF-α and IL-1) in the serum, gut, and spleen of Nile tilapia [44].



It may be argued that, in the early and middle phases of enteritis in the blunt snout bream, the 573.79 mg/kg VC level could increase the adaptive immune response and the synthesis of a significant number of cytokines with immunomodulatory properties. Furthermore, during enteritis, 573.79 mg/kg VC increases the activity of intestinal SOD, preventing harm to fish cells or tissues from excessive oxygen-free radicals. VC may increase the activity of intestinal cytokines and antioxidant enzymes, reinforce their synergy, promote non-specific immune responses, eliminate harmful microorganisms, and alleviate intestinal inflammation. Cytokines primarily act on macrophages, causing a respiratory explosion and the production of a large number of oxygen-free radicals, which enhance macrophage killing of harmful bacteria [45]. Research suggests that VC can enhance the immune response to Th1 cells, leading to increased production of TNF-α and IL-8 by T cells. This, in turn, activates immune cells like phagocytes, T lymphocytes, and neutrophils, improving antigen recognition and killing [43,46,47,48]. As a result, VC can increase the immunomodulatory and anti-inflammatory properties of juvenile blunt snout bream by inducing an inflammatory response.



The immunological status of the blunt snout bream was assessed by examining the expression of antioxidant-related genes in the liver. The liver acts as a key immune organ, tasked with identifying and eliminating potential pathogens entering the body via the gut into the bloodstream while maintaining immune hyporesponsiveness. This immunotolerance programming prevents unnecessary inflammatory reactions against harmless substances or normal levels of microbe-derived molecules. However, changes in microbial products can prompt the liver to shift from immune hyporesponsiveness to a strong inflammatory response and adaptive immunity. In cases of acute liver injury, inflammation aids in tissue repair. The balance between immunotolerance and robust immune responses is regulated by interactions among different immune cell populations in the liver, crucial for maintaining liver tissue homeostasis [49].



Immunity and oxidative stress are interconnected and have a mutual influence [50]. In this study, during the normal feeding trial, the antioxidative genes cu/zn-sod, mn-sod, cat, and gpx1 were found to be upregulated in the liver of juvenile blunt snout bream. When comparing the dietary requirements of VC for growth (150.65 mg/kg), immunity (573.79 mg/kg), and excessive VC intake (2231.98 mg/kg) during the bacterial challenge, the mRNA expression of these antioxidative genes increased after the challenge and decreased at 72 h post-infection, with mn-sod and gpx levels dropping below the pre-infection expression levels. This indicates that VC can help to maintain intestinal integrity and reduce inflammation up to 48 h after infection by reducing oxidative stress biomarkers and increasing mRNA expression levels. This finding aligns with previous studies by Yusuf et al. [17] and Dawood et al. [51].



In most cells, iκbα serves as the primary inhibitor protein of NF-κB, a transcription factor that plays a crucial role in regulating various pathophysiological processes, including cellular survival and death. NF-κB is involved in controlling inflammatory, immunological, cellular survival, and proliferation responses [52]. The p65 subunit, a key component of NF-κB, is essential for innate defence against microbial pathogens and is constitutively expressed in multiple organs of teleosts [53]. The current study observed that prolonged infection time led to a decrease in iκbα mRNA expression and an increase in p65 mRNA expression in the liver, resulting in activating NF-κB signalling. Vitamin C was found to activate the immune response associated with decreased iκbα and increased p65 expression, thereby enhancing fish immunity and mitigating the negative effects of bacterial challenge. In this study, the iκbα/p65 classical pathway may have been activated to regulate intestinal TNF-α, TGF-β, IL-8, and IL-10, potentially impacting interferon and inflammatory signalling networks. p65 has been shown to regulate interferon signalling molecules (such as TNFα) and inflammatory cytokines (such as IL-8 and IL-10) in common carp [53] and grass carp [54].



In response to stress, hsp70, a member of the heat shock protein (HSP) family, plays a role in various cellular functions and immune responses in fish [12,55]. When subjected to pH stress, hsp70 levels increased and peaked after one day in juvenile Megalobrama amblycephala [12]. Similarly, in the current study, following a bacterial challenge, the mRNA levels of hsp70 in all VC groups rose at 12 and 24 h, reached a peak at 48 h post-infection, and then declined, with the 573.79 mg/kg VC group showing the highest expression level at 48 h. The elevated hsp70 levels during the infection period promoted cellular, tissue, and overall fish tolerance to A. hydrophila infection, suggesting the potential for developing strategies to enhance tolerance to pathogenic stresses by activating the cellular stress response. However, when the infection duration was extended to 72 h, the expression levels of hsp70 in all VC groups decreased below pre-infection levels. Qiang et al. [56] found that excessive stress intensity or prolonged stress can lead to changes in liver cell membrane structure and protein composition, inhibiting HSP transcription. This aligns with the results of the present study.



The cost-effectiveness of using VC in aquaculture can vary depending on factors such as the specific application, dosage, and the overall health and productivity of the fish being raised. Study have shown that VC supplementation can have beneficial effects on fish health, growth, and stress resistance, potentially leading to improved production outcomes [57]. However, the cost of incorporating VC into aquaculture practices should be weighed against the potential benefits in terms of fish health and overall productivity to determine its cost-effectiveness in a specific aquaculture operation.




5. Conclusions


In conclusion, intestinal inflammation was observed in juvenile blunt snout breams within the first 24 h following A. hydrophila infection. Dietary VC supplementation above 500 mg/kg could enhance antioxidant capacity and non-specific immunity and activate cytokines, hence reducing intestinal inflammation 48 h post-infection. Furthermore, excessive dietary VC may have adverse effects like impaired serum immunity, elevated mortality following A. hydrophila challenge, and lowered levels of antioxidant gene expression.
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Figure 1. Effects of VC on serum immunity of juvenile blunt snout bream. AKP, alkaline phosphatase; ALB, albumin; C3, complement 3. Different small letters indicate significant differences among different treatments after Duncan’s test (p < 0.05) (n = 9). 






Figure 1. Effects of VC on serum immunity of juvenile blunt snout bream. AKP, alkaline phosphatase; ALB, albumin; C3, complement 3. Different small letters indicate significant differences among different treatments after Duncan’s test (p < 0.05) (n = 9).



[image: Fishes 09 00129 g001]







[image: Fishes 09 00129 g002] 





Figure 2. Effects of VC on serum antioxidant enzyme activity of juvenile blunt snout bream. MDA, malondialdehyde; SOD, superoxide dismutase; GPx, glutathione peroxidase; CAT, catalase. Different small letters indicate significant differences among different treatments after Duncan’s test (p < 0.05) (n = 9). 
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Figure 3. Effects of VC on serum cytokines of juvenile blunt snout bream. Note: TNF-α, tumour necrosis factor α; IL-8, interleukin 8; TGF-β, transforming growth factor β; IL-10, interleukin 10. Different small letters indicate significant differences among different treatments after Duncan’s test (p < 0.05) (n = 6). 
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Figure 4. Effects of VC on immune-related gene expression in the livers of juvenile blunt snout bream. cu/zn-sod, copper zinc superoxide dismutase; mn-sod, manganese superoxide; cat, catalase; gpx-1, glutathione peroxidase 1; iκbα, inhibitor of κB alpha; p65, one of the dimeric transcription factors in the NF-κB signalling family; hsp70, heat shock protein 70. Different small letters indicate significant differences among different treatments after Duncan’s test (p < 0.05) (n = 9). 
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Figure 5. Survival curve and inflammatory response of blunt snout bream after challenging with A. hydrophila. (A) Inflamed fish and intestine at 24 h after bacteria challenge; (B) survival curve after challenging. 
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Figure 6. Intestinal histopathology of blunt snout bream challenged with A. hydrophila (H.E. × 100) The red arrow indicates an enlarged space between mucosal epithelial cells, and the black arrow indicates an abscission of villous epithelial cells. 
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Figure 7. Intestinal antioxidant activities of blunt snout bream challenged with A. hydrophila. MDA, malondialdehyde; SOD, superoxide dismutase; CAT, catalase; GPx, glutathione peroxidase; ns, not significant. *: p < 0.05; **: p < 0.01; different small letters indicate significant differences among different groups at the same time after Duncan’s test (p < 0.05), while different capital letters indicate significant differences among different infection times in the same group after Duncan’s test (p < 0.05) (n = 6). 
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Figure 8. Intestinal cytokines of blunt snout bream challenged with A. hydrophila. TNF-α, tumour necrosis factor α; IL-8, interleukin 8; TGF-β, transforming growth factor β; IL-10, interleukin 10. ns, not significant. *: p < 0.05; **: p < 0.01; different small letters indicate significant differences among different groups at the same time after Duncan’s test (p < 0.05), while different capital letters indicate significant differences among different infection times in the same group after Duncan’s test (p < 0.05) (n = 3). 
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Figure 9. Immune-related genes’ expression of blunt snout bream challenged with A. hydrophila. cu/zn-sod, copper zinc superoxide dismutase; mn-sod, manganese superoxide; cat, catalase; gpx-1, glutathione peroxidase 1; iκbα, inhibitor of κB alpha; p65, one of the dimeric transcription factors in the NF-κB signalling family; hsp70, heat shock protein 70. ns, not significant; *: p < 0.05; **: p < 0.01; different small letters indicate significant differences among different groups at the same time after Duncan’s test (p < 0.05), while different capital letters indicate significant differences among different infection times in the same group (p < 0.05) (n = 9). 
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Table 1. Formulation and proximate composition of the basal diet.
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	Ingredient
	(%)
	Nutrient Composition
	Content (%)





	Fish meal a
	8.00
	Moisture
	6.38



	Soybean meal a
	22.00
	Crude protein
	34.69



	Cottonseed meal a
	12.00
	Ether extract
	9.14



	Canola meal a
	22.00
	Ash
	7.82



	Wheat a
	19.00
	
	



	Rice bran a
	6.80
	
	



	Soybean oil
	3.40
	
	



	Lecithin b
	2.00
	
	



	Chlorine chloride b
	0.10
	
	



	Vitamin premix b,c
	1.00
	
	



	Mineral premix b,c
	1.00
	
	



	Ca(H2PO4)2 b
	1.80
	
	



	Lysine
	0.60
	
	



	Methionine
	0.30
	
	







a Obtained from Wuxi Tongwei feedstuffs Co., Ltd., Wuxi, China; b provided by Wuxi Hanove Animal Health Products Co., Ltd., Wuxi, China. c Vitamins and mineral premix (IU, g or mg/kg of diet): vitamin A, 25,000 IU; vitamin D3, 20,000 IU; vitamin E, 200 mg; vitamin K3, 20 mg; thiamin, 40 mg; riboflavin, 50 mg; calcium pantothenate, 100 mg; pyridoxine HCl, 40 mg; cyanocobalamin, 0.2 mg; biotin, 6 mg; folic acid, 20 mg; niacin, 200 mg; inositol, 1000 mg; choline, 2000 mg; calcium biphosphate, 20 g; sodium chloride, 2.6 g; potassium chloride, 5 g; magnesium sulphate, 2 g; ferrous sulphate, 0.9 g; zinc sulphate, 0.06 g; cupric sulphate, 0.02 g; manganese sulphate, 0.03 g; sodiumselenate, 0.02 g; cobalt chloride, 0.05 g; potassium iodide, 0.004 g.













 





Table 2. qRT-PCR primer sequences.
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Target Genes

	
Sequence Information

	

	




	
Forward Primer (5′–3′)

	
Reverse Primer (5′–3′)

	
Reference






	
cu/zn-sod

	
AGTTGCCATGTGCACTTTTCT

	
AGGTGCTAGTCGAGTGTTAGG

	
[20]




	
mn-sod

	
AGCTGCACCACAGCAAGCAC

	
TCCTCCACCATTCGGTGACA

	
[20]




	
cat

	
CAGTGCTCCTGATACCCAGC

	
TTCTGACACAGACGCTCTCG

	
[21]




	
gpx-1

	
GAACGCCCACCCTCTGTTTG

	
CGATGTCATTCCGGTTCACG

	
[20]




	
ikbα

	
TCTTGCCATTATTCACGAGG

	
TGTTACCACAGTCATCCACCA

	
[22]




	
p65

	
TGGACGTGCTGAACTCCATC

	
AGAAGCGTTTAGGTCGGGTG

	
[23]




	
hsp70

	
CGACGCCAACGGAATCCTAAAT

	
CTTTGCTCAGTCTGCCCTTGT

	
[24]




	
β-actin

	
TCGTCCACCGCAAATGCTTCTA

	
CCGTCACCTTCACCGTTCCAGT

	
[21]








cu/zn-sod, copper zinc superioxide dismutase; mn-sod, manganese superioxide dismutase; cat, catalase; gpx1, glutathione peroxidase 1; iκbα, inhibitor of κB alpha; p65, one of the dimeric transcription factors in the NF-κB signalling family; hsp70, heat shock protein 70.













 





Table 3. Effect of vitamin C on growth performance and diet utilization of juvenile blunt snout bream 1.
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Dietary Vitamin C Levels (mg/kg)

	
p Values 2




	
Parameters

	
25.35

(0)

	
150.65

(150)

	
285.39

(300)

	
573.79

(600)

	
1133.79

(1200)

	
2231.98

(2400)

	
Linear

	
Quadratic

	
Cubic






	
IBW (g) 3

	
12.76 ± 0.38

	
12.68 ± 0.41

	
12.72 ± 0.16

	
12.91 ± 0.18

	
13.05 ± 0.14

	
12.95 ± 0.25

	
0.125

	
0.852

	
0.283




	
IBW CV (%) 4

	
3.02

	
3.30

	
1.28

	
1.40

	
1.08

	
1.97

	

	

	




	
FBW (g) 5

	
43.70 ± 1.66 b

	
50.26 ± 1.90 ab

	
52.31 ± 0.75 a

	
51.72 ± 0.71 a

	
50.16 ± 4.48 a

	
47.43 ± 6.03 ab

	
0.863

	
0.145

	
0.035




	
FBW CV (%) 6

	
3.08

	
3.78

	
1.45

	
1.39

	
8.94

	
12.71

	

	

	




	
WG (%) 7

	
242.58 ± 15.76 b

	
296.28 ± 4.52 a

	
311.25 ± 9.70 a

	
300.59 ± 9.25 a

	
284.22 ± 33.44 ab

	
266.73 ± 50.91 ab

	
0.611

	
0.254

	
0.052




	
SGR (% day−1) 8

	
2.05 ± 0.07 b

	
2.29 ± 0.02 a

	
2.35 ± 0.04 a

	
2.31 ± 0.03 a

	
2.24 ± 0.14 ab

	
2.15 ± 0.23 ab

	
0.571

	
0.241

	
0.053




	
FCR 9

	
1.61 ± 0.02 a

	
1.45 ± 0.02 b

	
1.33 ± 0.06 c

	
1.35 ± 0.07 c

	
1.48 ± 0.07 b

	
1.53 ± 0.04 ab

	
0.488

	
0.102

	
0.001




	
SR (%) 10

	
98.33 ± 2.88

	
96.97 ± 5.77

	
91.67 ± 7.63

	
91.67 ± 5.77

	
93.33 ± 7.63

	
95.00 ± 8.66

	
0.776

	
0.496

	
0.493








1 Values are means ± SD (n = 3). Different small letters in the same line indicate significant differences among different treatments after Duncan’s test (p < 0.05). 2 p values: significantly different (p < 0.05). 3 IBW: initial body weight. 4 IBW CV (%): initial body weight coefficient of variation. 5 FBW: final body weight. 6 FBW CV (%): final body weight coefficient of variation. 7 WG: weight gain. 8 SGR: specific growth rate. 9 FCR: feed conversion ratio. 10 SR: survival rate.
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