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Chronic heat stress (HS) induces oxidative damage, low immunity, and intestinal flora disturbance of fish, posing great challenges to the aquaculture industry. As an important plant extract, mulberry leaf extract (MLE) has been shown to have antioxidant and immune-boosting properties. This study evaluated the protective effect of dietary MLE on HS-induced liver injury and intestinal flora disturbance in Largemouth bass (Micropterus salmoides) based on oxidative damage parameters, immune parameters, and intestinal flora composition. Fish were randomly assigned into three groups: CON group (ambient temperature, 26°C, basal diet), HS group (33°C, basal diet), and HS + MLE group (33°C, basal diet supplemented with 9 g/kg MLE). HS significantly decreased the final body weight, specific growth rate, intestinal villus length, muscular layer thickness, ACE and Chao1 indices, and lipase, trypsin, total superoxide dismutase (T-SOD), glutathione peroxidase (GPx), alkaline phosphatase (AKP), and lysozyme (LZM) activities, but significantly increased the feed conversion rate, aspartate aminotransferase (AST) activity, reactive oxygen species (ROS), malondialdehyde (MDA), complement 3 (C3) contents, and the relative abundances of Proteobacteria and Plesiomonas. Compared with the HS group, dietary MLE significantly improved lipase, trypsin, GPx, ACP, and LZM activities, and ACE and Chao1 indices in intestine, but significantly decreased the numbers of vacuoles and inflammatory cells, AST activity, and the GLU, MDA, and ROS contents. Dietary MLE also significantly up-regulated the mRNA expressions of gpx, tgf-β, il-10, jnk2, and bcl-2, but down-regulated the mRNA expressions of il-8, tnf-α, caspase-3, atf4, chop, ire1, traf2, jnk1, TRPV, MCU, and VDAC in liver. In conclusion, dietary supplementation with 9 g/kg MLE could improve the growth, immunity, and diversity of intestinal flora in heat-stressed largemouth bass, and alleviate hepatic injuries by regulating inflammation, oxidative stress, and apoptosis, providing a theoretical basis for the development of MLE as a treatment against HS.
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1 Introduction

Water temperature is an important environmental factor that affects the survival and growth of aquacultural organisms. Any subtle changes in water temperature can affect the survival, physiological functions, and immune defenses of fish (Kim et al., 2017; Islam et al., 2021; Mugwanya et al., 2022). Although increasing the water temperature within a certain range can improve fish growth by increasing metabolic enzyme activity, excessively high temperatures may lead to intestinal barrier disorders, increased infection probability, and even death, thereby resulting in oxidative stress (Chen et al., 2022; Li X. et al., 2023; Guo et al., 2023; Du et al., 2024). Stress-induced reactive oxygen species (ROS) have a key role in innate immune defense (Sun J. L. et al., 2020; Andrés et al., 2022). Antioxidant enzymes and endogenous antioxidants form the first line of defense for cells against oxidative stress and maintain the cellular redox status. However, excessive stress-induced levels of ROS can damage crucial biomolecules, including DNA, proteins, and lipids, resulting in decreased physiological functions and reduced growth (Ito et al., 2019; Andrés et al., 2021). New evidences suggested that heat stress (HS) also can cause endoplasmic reticulum stress and mitochondrial dysfunction, and induce hepatocyte apoptosis of fish (Zhao et al., 2022; Lin et al., 2024). Thus, a key objective of aquaculture research is to mitigate the adverse effects of excessive stress and to minimize economic losses for fishermen operating in high temperature breeding environments.

In aquaculture, breeding environment management, epigenetic regulation, and feed supplementation have been identified as effective strategies to mitigate the negative effects of HS (Islam et al., 2021; Liu Z. et al., 2022). Of these approaches, dietary management is the simplest, quickest and cheapest to manage. Mulberry leaf extract (MLE) is made from mulberry leaves through ultrasonic extraction, filtration, concentration, and freeze-drying. It is rich in bioactive substances, such as flavonoids, polysaccharides, and polyphenols, and has the advantages of high efficiency, naturalness, and low side effects. It is being increasingly used as a feed supplement for aquatic animals (Tingsen et al., 2022; Chen et al., 2023). Neamat-Allah et al. (2021) reported that diet supplemented with MLE significantly improved the antioxidant levels and enhanced the immune feedback of tilapia (Oreochromis niloticus), as also reported by Tang et al. (2022). Dietary MLE was also revealed to improve the growth performance, feed utilization, digestive capacity, and hepatic antioxidant status of the Chinese giant salamander (Andrias davidianus) (Li Z. et al., 2020). In addition, diet supplemented with MLE can reduce oxidative damage caused by hypoxia-reoxygenation stress by inhibiting ROS production and oxidation of cellular components (Li H. et al., 2020). Furthermore, MLE promoted liver lipid and carbohydrate metabolism in spotted sea bass (Lateolabrax maculatus), and enhanced digestive enzyme activity and improved intestinal flora composition (Zhou et al., 2023a, 2023b). Therefore, we hypothesize that MLE can also be used as an environmentally friendly and healthy antioxidant and immune enhancer for fish under HS.

Largemouth bass (Micropterus salmoides) is an economically important aquaculture species in East Asia, with an annual production of more than 800,000 tons in China (Gong et al., 2024). With the expansion of breeding scale, high-density pond farming has become the main breeding mode for M. salmoides. However, because of the increase in stocking density and lack of management, this farming model will inevitably experience the interaction of high temperature and hypoxic stress during the summer, leading to reduced yield and immunity, and high mortality (Sun L. et al., 2020; He Y. et al., 2022). However, research on the relationship between HS and dietary immune enhancer supplementation in M. salmoides is still in its early stage, and many traits related to HS and disease resistance remain unclear. Therefore, this study explored the effects of MLE on the growth performance, immune and antioxidant capacity, and intestinal flora of M. salmoides under chronic HS, focusing on environmentally friendly and efficient aquaculture in hot weather.




2 Materials and methods



2.1 Fish culture

Healthy M. salmoides were procured from a M. salmoides hatchery in Zhuhai, China, and then acclimated in a concrete tank (2 m × 1.5 m ×1.5 m) in an outdoor circulating aquaculture system of the Sericultural & Agri-Food Research Institute, Guangdong Academy of Agricultural Sciences (Guangzhou, China) for 1 week before the experiment. The fish were fed a basal diet (Foshan Jieda Feed Co., Ltd., Guangdong, China) twice daily (Table 1). All ingredients were blended and ultra-micronized, sieved (250-μm mesh), modulated by 102°C water vapor for 8 min, and then extruded and pelleted at 95°C, dried at 55°C, and stored at 4°C until use.


Table 1 | Ingredients and proximate composition (g/kg DM) of the basal diets.






2.2 Heat stress treatments

A total of 108 M. salmoides were randomly divided into a control group (CON, fed a basal diet), a HS group (HS, fed a basal diet) and a HS supplemented with 9 g/kg MLE group (HS+MLE) with three tanks per group and 12 fish per tank (0.3 m × 0.3 m × 0.35 m). MLE (9 g) was fully dissolved in 50 g sterile water, evenly distributed into 1 kg basal diet using a sprayer, dried at 50°C for 1 h. The MLE (mainly containing 4.2% mulberry leaf flavonoids) was purchased from Xian Ruilin Biotechnology Co., Ltd. (Xian, China) and the supplemental level of MLE was based on previous studies (Tingsen et al., 2022; Zhou et al., 2023a). The water temperature was gradually increased in the HS and HS+MLE groups to 33°C from 26°C over 7 days (1°C per day) to prevent the thermal shock of the fish before the start of the experiment. Subsequently, the water temperature was controlled using thermostatically monitored electric heaters (J10, Laoyujiang Industrial Co., Ltd., Shenzhen, China) for the 3 weeks of the study. The fish were fed the diets above twice daily (08:30 h and 17:00 h) to achieve an apparent state of satiety for 3 weeks. Fish waste was siphoned twice daily, and a half of the aquarium water was replaced with dechlorinated water that had been previously adjusted to the temperature of the aquarium water (26°C or 33°C). The animal husbandry and handling protocols used in this study have been approved by the Animal Care and Use Committee, Sericultural & Agri-Food Research Institute, Guangdong Academy of Agricultural Sciences.




2.3 Sampling

At the end of the feeding trial, the fish were fasted for 24 h and then anesthetized with 40 mg/L tricaine methane sulphonate (MS-222, Sigma, Saint Louis, USA). Fish in each tank were counted and weighed to determine the final body weight, weight gain rate, specific growth rate, condition factor, feed conversion ratio and feed intake. The blood from six fish per tank was drawn from the caudal vein, kept at 4°C, centrifuged at 3,500 rpm for 10 min, and the supernatant was stored at −80°C for the analysis of the serum antioxidant, immunity and biochemistry indices. Afterward, the fish were killed and dissected using a sterile scalpel by cutting the belly on ice for the determination of the viscerosomatic index and hepatosomatic index.

The total intestines of six fish per tank were collected and stored at −80°C for the analysis of intestinal microbiota, antioxidant and immunity parameters. Some mid-intestine and liver samples were fixed in 4% formalin for hematoxy&lin-eosin (H&E) staining. The livers of six fish per tank were collected and stored at −80°C for genes expression, antioxidant and immunity parameters analysis.




2.4 Biochemistry, antioxidant and immunity parameters

The intestine or liver samples of M. salmoides were mixed with cooled phosphate buffered saline (PBS; 1:9, w/v) and homogenized using an automatic sample rapid grinder (Xinzhi Biotechnology Co., Ltd., Ningbo, China) on ice. After centrifugation for 10 min (2500 rpm/min, 4°C), the supernatant was collected and used to measure antioxidant and immunity parameters. ROS and complement3 (C3) contents were measured using commercial ELISA kits (Youxuan Biotechnology, Shanghai, China; Jiancheng Biotechnology, Nanjing, China, respectively). The remaining parameters were measured using commercial kits (Jiancheng Biotechnology, Nanjing, China) as follows: aspartate aminotransferase (AST, no.C010-2-1), alanine aminotransferase (ALT, no.C009-2-1), glucose (GLU, no.A154-1-1), triglyceride (TG, no.A110-1-1), total cholesterol (TCH, no.A111-1-1), low-density lipoprotein cholesterol (LDL-C, no.A113-1-1), high-density lipoprotein cholesterol (HDL-C, no.A112-1-1), malondialdehyde (MDA, no.A003-1-2), total superoxide dismutase (T-SOD, no.A001-1-1), catalase (CAT, no.A007-1-1), glutathione peroxidase (GPx, no.A005-1-2), alkaline phosphatase (AKP, no.A059-2-1), acid phosphatase (ACP, no.A060-2-1), and lysozyme (LZM, no.A050-1-1). All procedures were conducted following the manufacturer’s protocols.

For the ROS or C3 content assay, samples were added to a 96-well plate coated with ROS antibodies. After incubation at 37°C for 60 min and a thorough rinse, tetramethylbenzidine chromogen solution was added to each well to complete the reaction. The optical density was read at 450 nm, and the ROS and C3 contents were calculated using the curve formula, respectively.

The AST reaction product 2, 4 dinitrophenylhydrazone and ALT reaction product phenylhydrazone pyruvate appear reddish brown in alkaline solution, and both have a maximum absorption peak at 505 nm. Thus, AST and ALT activities were calculated from the standard curve. The GLU content was measured using the glucose oxidase method, with absorbance measured at 505 nm using a visible light spectrophotometer. The TG content was measured using the GPO-PAP enzymatic method and the absorbance was measured at 500 nm. The TCH content was determined by measuring the color depth of red quinide at 500 nm. The LDL-C and HDL-C contents were determined by measuring the color change in benzoquinone pigment at 550 nm.

The MDA content was measured using the TBA method. MDA in the peroxide lipid degradation product can condense with TBA to generate a red product with a maximum absorption peak at 532 nm. T-SOD activity was determined by the xanthine oxidase method. Absorbance was measured at 550 nm using a visible light spectrophotometer. GPx activity was measured by determining the reduced glutathione consumption rate at 412 nm.

For the CAT activity assay, the reaction of H2O2 decomposition by catalase can be rapidly suspended by adding ammonium molybdate. The remaining H2O2 and ammonium molybdate produces a yellow complex and the CAT activity was determined by measuring the degree of change at 405 nm.

The AKP and ACP activities were determined by measuring the color depth of red quinone derivatives at 520 nm. The LZM activity was determined by measuring the change in transmittance of turbid bacterial liquid at 530 nm.




2.5 Intestinal and liver histopathology

The mid-intestines (about 1 cm in length) and livers (0.5 cm × 0.5 cm × 0.5 cm) of three fish per tank were sampled and fixed immediately in 4% formalin solution for 24 h. The samples were then embedded in paraffin blocks from which 4-μm-thick sections were cut and stained with hematoxylin-eosin (H&E) according to a method described on a previous studies (Li et al., 2024).




2.6 Intestinal microbiota analysis

The DNA from the intestine (about 50 mg) of three fish per group was extracted using a TIANamp Stool DNA Kit (TIANGEN, Beijing, China). The extracted DNA then underwent quality control assessment and agarose gel electrophoresis to evaluate the integrity of the samples. Upon passing quality control, the DNA was amplified for the V3–V4 region of the 16S rDNA gene by Shanghai Majorbio Technology Co., Ltd. (Shanghai, China). The amplified products were then purified, quantified, and subjected to sequencing using the Illumina MiSeq platform. Finally, the obtained sequencing reads were analyzed utilizing QIIME2 software.




2.7 Determination of mRNA expression

The extraction and quality inspection of liver total RNA, the synthesis of cDNA, and the instruments and commercial kits for quantitative PCR were used as described previously (Li et al., 2024). The design of the gene primers are showed in Table 2.The gene expression levels were calculated using the 2−△△Ct method (Livak and Schmittgen, 2001).


Table 2 | Primers used in qPCR.






2.8 Data calculation and statistical analysis

The following equations were used to assess the impact of MLE on various features of M. salmoides:

	

	

	

	

	

	

	

The significance of differences between groups was analyzed using a one-way ANOVA with Tukey’s test for multiple comparisons. Statistical analysis was performed using SPSS22 (SPSS, Inc., USA). P<0.05 was considered to indicate statistical significance, and 0.05 ≤ P< 0.10 was considered to be a tendency.





3 Results



3.1 Growth performance

Compared with the control group, the HS group showed a significant decrease in FBW, WGR, and SGR (P<0.05) (Table 3), but a significant increase in FCR, HSI, and VSI (P<0.05). Dietary MLE supplementation had a trend to increase the WGR and SGR (P =0.093, P =0.088, respectively), and a trend to decrease the FCR and VSI (P =0.090, P =0.080, respectively) in heat-stressed fish.


Table 3 | Growth performance of Micropterus salmoides.






3.2 Intestinal digestive enzyme activity

As shown in Table 4, HS decreased lipase and trypsin activities compared with the control group (P<0.05), whereas dietary MLE supplementation increased the lipase and trypsin activities in heat-stressed fish (P<0.05).


Table 4 | Intestinal digestive enzyme activity of Micropterus salmoides.






3.3 Intestine and liver histomorphology

As presented in Table 5 and Figure 1, HS decreased the intestinal villus length and muscular layer thickness compared with the control group (P<0.05), whereas MLE supplementation had a trend to increase the intestinal villus length in heat-stress fish (P =0.065).


Table 5 | Intestinal histomorphology of Micropterus salmoides..






Figure 1 | Intestinal histomorphology (hematoxylin&eosin stain) of Micropterus salmoides. CON, fish reared at 26°C, fed a basal diet; HS, fish reared at 33°C, fed a basal diet; HS+MLE, fish reared at 33°C, fed a basal diet supplemented with 9 g/kg mulberry leaf extract. IH, intestinal villus height; IW, intestinal villus width; MT, muscular layer thickness. Scale bar = 200 μm.



In liver, compared with the control group, the HS group showed an increase in intercellular space, numbers of vacuoles and inflammatory cells, whereas MLE supplementation reduced the numbers of vacuoles and inflammatory cells (Figure 2).




Figure 2 | Liver histomorphology (hematoxylin&eosin stain) of Micropterus salmoides. Arrows indicate swelling cells; triangles indicate vacuolization. (A, B) CON group, fish reared at 26°C, fed a basal diet; (C, D) HS group, fish reared at 33°C, fed a basal diet; (E, F) HS+MLE group, fish reared at 33°C, fed a basal diet supplemented with 9 g/kg mulberry leaf extract. The scale bars of (A, C, E) are 100 μm; the scale bars of (B, D, F) are 20 μm.






3.4 Serum biochemistry parameters

As shown in Table 6, compared with the control group, HS increased the activities of AST and ALT, and the contents of TG, TCH and LDL-C (P<0.05), but decreased the HDL-C content (P<0.05). Compared with the HS group, dietary MLE supplementation reduced the activities of AST and ALT, and the contents of GLU, TG, and LDL-C (P<0.05). Meanwhile, compared with the control group, dietary MLE supplementation in heat-stressed fish enhanced the activity of ALT (P<0.05), while reducing the content of GLU (P<0.05).


Table 6 | Serum biochemistry indexes of Micropterus salmoides.






3.5 Antioxidant parameters

In serum, fish in HS group had lower activities of GPx and CAT (P<0.05), but higher contents of ROS and MDA than those in control group (P<0.05) (Table 7). Dietary MLE supplementation enhanced the activity of GPx (P<0.05), while reducing the content of MDA in heat-stressed fish (P< 0.05).


Table 7 | Serum, intestine, and liver antioxidant indices of Micropterus salmoides.



In the intestine, fish in HS group had higher contents of ROS and MDA (P<0.05), but lower activities of GPx and T-SOD than those in control group (P<0.05). Dietary MLE supplementation had a trend to decrease the ROS content (P =0.064), and enhanced the activity of GPx (P<0.05), while reducing the content of MDA in heat-stressed fish (P<0.05). Meanwhile, compared with the control group, dietary MLE supplementation in heat-stressed fish reduced the activity of GPx (P =0.013).

In the liver, fish in HS group had lower activities of GPx, T-SOD and CAT, but higher contents of MDA and ROS than those in control group (P<0.05). Dietary MLE supplementation had a trend to increase the activities of GPx and CAT (P =0.070, P =0.070, respectively), and reduced the content of ROS in heat-stressed fish (P<0.05).




3.6 Immunity parameters

In serum, compared with control group, HS group had higher activity of AKP and content of C3 (P<0.05) (Table 8). Compared with HS group, dietary MLE supplementation enhanced the activity of ACP, while reducing the content of C3 (P<0.05). Meanwhile, compared with the control group, dietary MLE supplementation in heat-stressed fish enhanced the activities of AKP and ACP (P<0.05).


Table 8 | Serum, intestine, and liver immune indices of Micropterus salmoides.



In intestine, compared with control group, HS group had lower activities of AKP, ACP and LZM (P<0.05). Compared with HS group, dietary MLE supplementation had a trend to increase the activities of LZM and AKP (P =0.066, P =0.066, respectively). Meanwhile, compared with the control group, dietary MLE supplementation in heat-stressed fish reduced the activities of AKP and ACP (P<0.05).

In liver, compared with control group, HS group had a trend to decrease the activity of AKP (P =0.071). Compared with HS group, dietary MLE supplementation enhanced the activity of AKP (P<0.05), and had a trend to increase the activity of LZM (P =0.077).




3.7 Intestinal microbial composition



3.7.1 Intestinal microbial OTUs and beta diversity

In total, 378, 111, and 201 operational taxonomic units (OTUs) were detected in CON, HS, and HS+MLE, respectively (Figure 3A). The specific OTUs of each group were 282, 13, and 90, respectively. The total number of mutual OTUs was 61.




Figure 3 | Intestinal microbial compositions of in Micropterus salmoides.Venn diagrams (A); OTUs-based PCA plot (B); Bray curtis distance-based PCoA plot (C); Binary-Jaccard distancebased NMDS plot (D); gut microbiota composition in the groups at the phylum level (E) and genus level (F). CON, fish reared at 26°C, fed a basal diet; HS, fish reared at 33°C, fed a basal diet; HS+MLE, fish reared at 33°C, fed a basal diet supplemented with 9 g/kg mulberry leaf extract.



The beta diversity analysis revealed significant differences in species diversity among the samples, as indicated by reliable data on the PCA, PCoA, and NMDS coordinate plots (Figures 3B–D). Furthermore, it was evident that the composition and distribution of intestinal microbiota among the three groups could be visually distinguished. Notably, the composition of the intestinal microbiota of M. salmoides in the HS group and the HS+MLE group was more similar.




3.7.2 Intestinal microbial alpha diversity

As presented in Table 9, fish in HS group had lower ACE, Chao1 and Shannon indices than those in control group (P<0.05). Compared with HS group, dietary MLE supplementation enhanced the ACE and Chao1 indices (P<0.05). Meanwhile, compared with the control group, dietary MLE supplementation in heat-stressed fish reduced the ACE, Chao1 and Shannon indices (P<0.05).


Table 9 | Intestinal flora alpha diversity of Micropterus salmoides.






3.7.3 Species composition and abundance of intestinal microbes

The top 15 phyla with relative abundance in each group were sorted, and the composition structure was analyzed (Figure 3E). Fusobacteria, Proteobacteria, Firmicutes, and Bacteroidetes were the dominant flora in the intestinal tract of M. salmoides. Compared with the control group, HS significantly increased the relative abundances of Fusobacteria and Proteobacteria, significantly decreased the abundance of Firmicutes. Dietary MLE supplementation enhanced the relative abundances of Fusobacteria and Firmicutes, and reduced the relative abundance of Proteobacteria in heat-stressed fish. At the genus level (Figure 3F), Cetobacterium and Plesiomonas were the dominant flora in the intestinal tract of M. salmoides. Compared with the control group, HS significantly increased the abundances of Cetobacterium and Plesiomonas. Dietary MLE supplementation enhanced the relative abundance of Cetobacterium, and reduced the relative abundance of Plesiomonas in the gut of M. salmoides under HS.





3.8 Expression of genes related to antioxidant and immunity

Compared with the control group, HS exposure decreased the mRNA expression level of gpx (P<0.05) (Figure 4A), whereas increased the mRNA expressions levels of nf-κb, il-8 and tnf-a (P<0.05) (Figure 4B). HS exposure caused an increased tendency of nf-κb (P =0.061) and a decreased tendency of sod (P =0.060) on the mRNA expressions levels compared with the control group. In contract, dietary MLE supplementation decreased the mRNA expressions levels of il-8 and tnf-a (P<0.05), while increasing the mRNA expressions levels of gpx, tgf-β, and il-10 in fish under HS (P<0.05).




Figure 4 | Relative expression levels of antioxidant (A) and immune (B) related genes in the liver of Micropterus salmoides. CON, fish reared at 26°C, fed a basal diet; HS, fish reared at 33°C, fed a basal diet; HS+MLE, fish reared at 33°C, fed a basal diet supplemented with 9 g/kg mulberry leaf extract. abc Indicates that the same columns carrying various superscripts are significantly different at P<0.05.






3.9 Expression of genes related to hepatocyte apoptosis

Compared with the control group, HS up-regulated the mRNA expressions levels of grp78, atf4, perk, chop, ire1, traf2, ask1, and jnk1 (P<0.05), and down-regulated the mRNA expressions levels of bcl-2 and jnk2 (P<0.05) (Figure 5A). In contract, dietary MLE supplementation down-regulated the mRNA expressions levels of atf4, chop, ire1, and jnk1 (P<0.05), and up-regulated the mRNA expressions levels of bcl-2 and jnk2 (P<0.05). In addition, dietary MLE down-regulated the mRNA expressions levels of TRPV, MCU, and VDAC in the liver of heat-stressed fish (P<0.05) (Figure 5B).




Figure 5 | Relative expression levels of endoplasmic reticulum stress (A) and Ca2+ transporter (B) related genes in the liver of Micropterus salmoides. CON, fish reared at 26°C, fed a basal diet; HS, fish reared at 33°C, fed a basal diet; HS+MLE, fish reared at 33°C, fed a basal diet supplemented with 9 g/kg mulberry leaf extract. abc Indicates that the same columns carrying various superscripts are significantly different at P<0.05.







4 Discussion



4.1 Growth performance

As cold-blooded animals, aquatic organisms experience an increase in the energy required to maintain basal metabolism when exposed to high temperature. Concurrently, the energy allocated to food digestion decreases, resulting in a loss of appetite and reduced food intake. This cascade of effects ultimately leads to growth inhibition or mortality, as reported in O. niloticus, Atlantic salmon (Salmo salar), European seabass (Dicentrarchus labrax), and M. salmoides (Li Y. et al., 2023; Beemelmanns et al., 2021; Islam et al., 2020; Dinken et al., 2022). Similarly, in this study, after 30-day HS feeding trial, the FBW, WGR, and SGR of M. salmoides were significantly decreased, while FCR was significantly increased. Yu et al. (2023) reported that steroid biosynthesis, which is closely related to growth, reproduction, and development, was significantly down-regulated in the liver of M. salmoides under high temperature stress. This down-regulation might be one reason for the reduced growth performance observed in the HS group. Plant extracts have been reported to increase growth hormone secretion and up-regulate the expressions of growth factors (e.g., GH and IGF-1) (Tan et al., 2017; Ahmadifar et al., 2021). In the present study, supplementation with MLE showed an increased tendency of WGR and SGR in heat-stressed M. salmoides. However, some studies have also indicated that plant extracts do not significantly improve growth performance even under normal temperature condition (Peterson et al., 2015; Tan et al., 2018). These inconsistent results might be related to the plant species used, the amount of plant extract added, the extraction process, the compositions of the plant extract, and the animal species. The HSI is one of the parameters that indirectly reflects the healthy growth of fish. In this trial, HSI in the HS group was significantly higher than that in the control group, which could be attributed to disordered hepatic lipid metabolism induced by prolonged long-term high temperature stress. Flavonoids in MLE can reduce the expression levels of SREBP1, ACC, and FAS through the AMPK signaling pathway, thereby inhibiting lipid synthesis, while increasing the expression level of CPT1A and promoting lipid decomposition (He L. et al., 2022). This is evidenced by the significant decrease in TG and the increase in HDL-C in serum following MLE supplementation.

Furthermore, tissue damage is recognized as one of the primary causes of growth impairment. Khieokhajonkhet et al. (2023) found that 10 weeks of HS induced vacuolation and inflammatory cell infiltration in the liver cells of goldfish (Carassius auratus), which was associated with decreased WGR and increased FCR. Zhao et al. (2024) reported that intestinal mucosal epithelial cells in rainbow trout (Oncorhynchus mykiss) exhibited significant shedding and necrosis after 14 days of HS, resulting in a marked decrease in FBW. Similarly, the substantial reduction in WGR observed in the HS group in this study was closely linked to lesions in intestinal and liver tissues, as well as diminished intestinal digestive enzyme activity. However, normalization of intestinal development and enhancement of digestive enzyme activity were observed in the HS+MLE group. The above results of this study indicated that dietary MLE supplementation can preserve the integrity of tissue morphology in M. salmoides under prolonged HS, prevent liver lipid accumulation resulting from high temperature stress, protect normal physiological functions, and, thus, mitigate growth loss associated with HS.




4.2 Antioxidant and immune capacity

Antioxidant enzymes have a key role in oxidative stress responses during the balance of redox states within vertebrate cells and the maintenance of homeostasis. SOD, CAT, and GPx are involved in regulating cellular defenses against stress (Ighodaro and Akinloye, 2019). SOD converts intracellular oxygen free radicals into hydrogen peroxide, which is then eliminated by CAT and GPx, reducing its toxic effects (Chelikani et al., 2004; Gill and Tuteja, 2010). When exposed to HS, M. salmoides produced excessive ROS, leading to disruption of the redox balance and causing oxidative damage to tissues. Liu et al. (2010) reported that anthraquinone extract enhanced the activities of hepatic CAT and SOD in Giant River Prawn (Macrobrachium rosenbergii) following high temperature stress. In addition, dietary carotenoid was showed to increase the activities of CAT, SOD, and T-AOC in the liver of yellow catfish (Pelteobagrus fulvidraco) after 7 days of HS (Liu et al., 2019). Similarly, after supplementation with MLE, the activity of GPx in the intestine and serum of the HS group was significantly increased, whereas the ROS content was markedly reduced. Flavonoid have been shown to protect against oxidative stress by eliminating free radicals and up-regulating the expression of antioxidant genes mediated by electrophilic response elements (Hassan et al., 2020). MDA is produced by lipid peroxidation, which causes oxidative damage to cell membranes and is considered a biomarker reflecting the level of oxidative stress (Giera et al., 2012). Oxidative stress also leads to the accumulation of aldehydes and cytotoxicity through cross-linking with nucleophilic groups of proteins, nucleic acids, and aminophospholipids (Pohl and Jovanovic, 2019). Yousefi et al. (2022) reported that dietary Hyssop extract can significantly reduce the MDA content in the serum and gill of O. mykiss after 7 days of high temperature stress. Supplementing with Perovskia abrotanoides extract significantly reduced the MDA content in the serum of carp (Cyprinus carpio) (Adineh et al., 2024). Similarly, MLE supplementation significantly reduced the MDA content of the HS group in the present study. This shows that adding MLE can effectively alleviate oxidative stress in M. salmoides under high temperature conditions. Furthermore, the increased expression levels of liver antioxidant genes in the HS+MLE group further clarified the alleviating effect of MLE on oxidative stress under HS.

The immune system of fish can be affected by temperature. LZM is a crucial component of the innate immune response, responsible for maintaining immune defense by degrading the peptidoglycan layer of major Gram-positive bacteria and certain Gram-negative bacteria (Ferraboschi et al., 2021). When fish are exposed to pathogenic bacteria and various stress-inducing substances, the activity of LZM is stimulated, thereby enhancing immune defense through modifications of immune regulatory functions (Kumaresan et al., 2015; Hwang et al., 2016; Yilmaz et al., 2021). As key lysosomal enzymes, AKP and ACP are not only involved in energy homeostasis in the body, but also respond to environmental changes, serving as important components of the nonspecific immune regulatory system (Li et al., 2018; Chen et al., 2021). Ibrahim et al. (2019) found that rocket (Eruca sativa) leaves restored the LZM and IgM levels of O. niloticus under high temperature culture conditions. Reported by Hao et al. (2024) showed that the ACP and LZM activities in juvenile greater amberjack (Seriola dumerili) were significantly higher than those of the control group within 24 h of high temperature stress; however, these activities were significantly reduced after 120 h. Dietary quercetin significantly increased the activity and gene expression of LZM in C. carpio after 48 h of high temperature stress (Armobin et al., 2023). Our results indicated that long-term HS significantly reduced the activities of AKP, ACP, and LZM in the intestines of M. salmoides, as well as the AKP activity in serum. By contrast, supplementation with MLE restored the activities of ACP and AKP in the intestines and the ACP activity in serum, suggesting that MLE supplementation effectively enhances the immunity of M. salmoides under long-term HS. C3 is the primary soluble protein of the innate immune system and exhibits various biological activities, including the promotion of inflammatory responses, the marking of foreign organisms, and the stimulation of B lymphocytes (Alcorlo et al., 2015; Page et al., 2018). Notably, we observed that C3 content in the serum of the HS group was remained higher than that of the control group even after prolonged exposure to HS. This finding aligns with the significant up-regulation of pro-inflammatory factors (il-8, nf-kb, and tnf-α), the pronounced inflammatory response in liver tissue cells, and the marked increase in serum ALT and AST activities observed in the HS group. Furthermore, C3 content in the HS group was effectively inhibited following MLE supplementation. These results suggest that MLE effectively mitigates inflammation of liver under HS through the NF-κB/TLRs signaling pathways.




4.3 Intestinal microbiota

A relatively stable intestinal microbiota is vital for maintaining normal feeding behavior, growth performance, digestive capacity, and fecundity of fish (Ghanbari et al., 2015; Butt and Volkoff, 2019; Yukgehnaish et al., 2020). Under normal temperature, the dominant flora of intestinal microorganisms in M. salmoides are Fusobacteria, Proteobacteria, Firmicutes and Bacteroidetes (Lin et al., 2020; Yu et al., 2021), which is consistent with the results of this study. It indicated that high temperature stress does not change the composition of the main bacterial community of this species. The current results showed that HS significantly increased the relative abundance of Proteobacteria and decreased the relative abundance of Firmicutes, but the change in the relative abundances of the two bacterial phyla showed opposite trends in heat-stressed M. salmoides. These findings are similar to previous studies conducted on C. carpio and D. labrax (Vaz-Moreira et al., 2021; Zhou et al., 2023a). Proteobacteria is generally considered to be the main pathogenic bacteria in fish, while Firmicutes is considered beneficial bacteria (Shin et al., 2015; Liu Y. et al., 2022). Research shows that rising temperatures can disrupt the balance of gut microbiota and promote the growth of Proteobacteria, Pleuromonas, Mycoplasma, and Aeromonas (Yang et al., 2022; Zhou et al., 2022). Similarly, in this study, HS increased the relative abundance of Pleuromonas, while supplementation with MLE in heat-stressed fish not only reduced the relative abundance of Pleuromonas, but also significantly increased the relative abundance of Cetobacterium. Cetobacterium belongs to the phylum Fusobacteria and produces acetic acid, which can regulate insulin expression, enhance amino acid metabolism, and promote protein utilization (Wang et al., 2021; Zhang et al., 2022). The results of the current study show that MLE supplementation effectively reduced the relative abundance of pathogenic bacteria in the intestinal tract of heat-stressed M. salmoides, increased the relative abundance of beneficial bacteria, and reduced blood glucose content and disease probability. High temperature stress led to an increase in the diversity and richness of the intestinal flora of yellowtail kingfish (Seriola lalandi) and tsinling lenok trout (Brachymystax lenok tsinlingensis) (as indicated by the Simpson, Chao1, and Shannon indices) (Soriano et al., 2018; Fang et al., 2023). By contrast, in the current study observed a significant reduction in the ACE and Chao1 indices of the HS group, while these indices were significantly increased in the HS+MLE group. This discrepancy might be attributed to the varying adaptability of different fish species to temperature changes.




4.4 Hepatocyte apoptosis

The latest evidence indicated that HS activates the IRE1-TRAF2-ASK-JNK pathway, resulting in endoplasmic reticulum stress and mitochondrial dysfunction, which ultimately induces hepatocyte apoptosis (Zhao et al., 2022). The c-Jun N-terminal kinase (JNK) modulates various cellular processes, including cell proliferation, differentiation, inflammation, and cell death; however, its effects differ depending on the specific subtype (Zeke et al., 2016). Further research has demonstrated that HS activates JNK1, leading to the induction of P53 expression. The activation of P53 subsequently triggers the downstream effector Bax, causing the release of cytochromec into the cytoplasm and a decrease in mitochondrial membrane potential, which ultimately initiates caspase-dependent intrinsic apoptosis in hepatocytes (Lin et al., 2024). Conversely, JNK2 and Bcl-2 exhibit opposing functions to those of JNK1. In this study, HS was observed to up-regulate the mRNA levels of caspase-3, grp78, chop, perk, atf4, ire1α, traf2, ask1, and jnk1, while down-regulating the mRNA levels of jnk2 and bcl-2. It is worth nothing that dietary MLE supplementation up-regulated the mRNA levels of jnk2 and bcl-2, and down-regulated the mRNA levels of caspase-3, chop, atf4, ire1α, traf2, and jnk1 in heat-stressed M. salmoides. This observation aligns with the protective effect of polyphenol-rich propolis on organelles in the liver of catfish (Clarias gariepinus) under HS (Alfons et al., 2023). Importantly, mitochondrial dysfunction and endoplasmic reticulum stress are accompanied by disruptions in Ca2+ homeostasis within the intracellular environment. Ca2+ homeostasis is primarily regulated by membrane transporters and receptors, including transient receptor potential (TRPV), mitochondrial calcium uniporter (MCU), osteoporosis risk assessment instrument (ORAI), and voltage-dependent anion channel (VADC) (Clapham, 2007; Zhao et al., 2023). Previous study shown that hypoxic stress increased cytoplasmic Ca2+ concentration and upregulated the mRNA levels of TRPV, MCU, ORAI, and VADC of M. salmoides (Zhao et al., 2023). Consistent with this finding, our study revealed that the mRNA levels of TRPV, MCU, and VADC were significantly up-regulated in the HS group and markedly down-regulated following MLE supplementation. Suggesting that MLE might mitigate the detrimental effects of HS on hepatocytes of M. salmoides by inhibiting the expressions of apoptotic factors and preserving intracellular Ca2+ homeostasis.





5 Conclusion

Dietary MLE supplementation can improve the growth, immunity, and diversity of intestinal flora, and inhibit the proliferation of harmful intestinal bacteria in heat-stressed M. salmoides. In addition, MLE is able to alleviate inflammation and reduce apoptosis of liver under HS through NF-κB/TLRs and IRE1-TRAF2-ASK-JNK signaling pathways. This provides an effective strategy for culturing M. salmoides in high temperature conditions.
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! CON, fish reared at 26°C, fed a basal diet; HS, fish reared at 33°C, fed a basal diet; HS+MLE, fish reared at 33°C, fed a basal diet supplemented with 9 g/kg mulberry leaf extract.

% SEM, the standard error of the mean.
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p-value

HS+MLE ANOVA CONvs. HS CON vs. HS+MLE HS vs. HS+MLE
Amylase (U/g prot) 123 113 124 0.07 0.254 0.330 0.995 0.294
Lipase (U/g prot) 609" 413 5310 0.34 0.003 0.003 0.132 0029
Trypsin (U/mg prot) 73970 | 546.54° | 692.43" 4591 0.013 0.013 0.587 0.044

! CON, fish reared at 26°C, fed a basal diet; HS, fish reared at 33°C, fed a basal diet; HS+MLE, fish reared at 33°C, fed a basal diet supplemented with 9 g/kg mulberry leaf extract.

% SEM, the standard error of the mean.
b Different letters within a row indicate significant differences (P<0.05).
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CON vs. HS

CON vs. HS+MLE

HS vs. HS+MLE

Initial body weight, g 741
Final body weight, g 18.85"
Weight gain rate, % 15441°
Specific growth rate, %/d 311t
Feed conversion rate 0.98°
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! CON, fish reared at 26°C, fed a basal diet; HS, fish reared at 33°C, fed a basal diet; HS+MLE, fish reared at 33°C, fed a basal diet supplemented with 9 g/kg mulberry leaf extract.

% SEM, the standard error of the mean.

* Different letters within a row indicate significant differences (P<0.05).
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CON vs. HS+MLE  HS vs. HS+MLE

Serum

LZM (U/mL) 189.78 202.26 210.83 17.67 0.525 0.769 0.500 o1
AKP (King’s unit/100mL) 649" 853" 768" 0.62 0.043 0.037 0.209 0.406
ACP (King’s unit/100mL) 4.87° 445 6.14° 0.28 0.002 0.345 0.009 0.002
C3 (mg/L) 94.82° 140.78" | 104.64° 8.83 0.005 0.005 0.542 0.015
Intestine

LZM (U/mg prot) 22378 15405 | 20092 16.64 0.014 0.013 0.403 0.066
AKP (King’s unit/g prot) 19.88° 14.92° 16.99° 0.72 0.001 0.001 0.017 0.064
ACP (King’s unit/g prot) 26.32° 21.82° 2320 0.97 0.010 0.009 0.047 0.354
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LZM (U/mg prot) 22635° | 20836° | 239.34% 10.93 0.077 0.299 0.501 0.067
AKP (King’s unit/g prot) 1104 9.85° 11.30° 0.43 0.031 0.071 0.827 0.034
ACP (King’s unit/g prot) 1051 [ 10.01 10.20 0.36 0.424 0.399 0.690 0.850

! LZM, lysozyme; AKP, alkaline phosphatase; ACP, acid phosphatase; C3, complement 3.

% CON, fish reared at 26°C, fed a basal diet; HS, fish reared at 33°C, fed a basal diet; HS+MLE, fish reared at 33°C, fed a basal diet supplemented with 9 g/kg mulberry leaf extract.
* SEM, the standard error of the mean.

b Different letters within a row indicate significant differences (P<0.05).
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HS+MLE CONvs. HS CON vs. HS+MLE HS vs. HS+MLE

Serum

ROS (pg/mL) 44148°  48699" | 45479 1323 0.034 0.032 0.601 0.111
T-SOD (U/mL) 28.79 26.77 29.05 1.03 0.129 0203 0.964 0.146
CAT (U/mL) 17.10° 1325" 1343" 0.86 0.007 0.010 0.013 0.976
GPx (U/mL) 217.14°  163.81° | 213.33° 1586 0.027 0.035 0.969 0.047
MDA (nmol/mL) 20.66" 33.81° 28.92° 147 <0.001 <0.001 0.003 0.037
Intestine

ROS (pg/mL) 26871° | 33255° | 28925 1508 0014 0.013 | 0.146 0064
T-SOD (U/mg prot) 10.13° 8.60° 9.48" 044 0.037 0.032 0370 0.199
CAT (U/mg prot) 2.66 230 240 0.17 0175 0172 0335 0.854
GPx (U/mg prot) 45.55° 31.87° 3891° 1.67 0.001 <0.001 0.017 0.013
MDA (nmol/mg prot) 596 7.63° 6.06" 048 0023 0.031 0.974 0.040
Liver 7

ROS (pg/mL) 361.10° 41271 | 36645 1032 0.005 0.006 0.866 0010
T-SOD (U/mg prot) 923" 7.20° 8.04° 034 0.003 0.002 0.029 0.106
CAT (U/mg prot) 6.13" 5.25° 5.82% 0.20 0013 0011 0323 0070
GPx (U/mg prot) 71.45° 58.80° 69.29% 393 0.036 0.041 0.907 0.070
MDA (nmol/mg prot) 4.05 559 499 055 0.079 0.069 0275 0.553

! ROS, reactive oxygen species; T-SOD, total superoxide dismutase; CAT, catalase; GPx, glutathione peroxidase; MDA, malondialdehyde.

2 CON, fish reared at 26°C, fed a basal diet; HS, fish reared at 33°C, fed a basal diet; HS+MLE, fish reared at 33°C, fed a basal diet supplemented with 9 g/kg mulberry leaf extract.
3 SEM, the standard error of the mean.

b Different letters within a row indicate significant differences (P<0.05).
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HS+MLE CON vs. HS ' CON vs. HS+MLE | HS vs. HS+MLE

AST (U/L) 34.24° 5154 | 37.04 1.32 <0.001 <0.001 0.165 <0.001
ALT (U/L) 42.05° 56.57° 47.60° 171 <0.001 <0.001 0.040 0.005
GLU (mmol/L) P 713 oz 0013 0.694 ool 0.036
TG (mmol/L) 357 5.46" 397 039 0.007 0.007 0.592 0.020
TCH (mmol/L) 847 9.72° 8.83" 0.38 0.040 0.038 0.640 0.121
LDL-C (mmol/L) 379" 424° 363" 0.17 0.026 0.083 0.621 0.025
HDL-C (mmol/L) 2.14° 1.70° 202 0.13 0034 0.033 0.673 0.099

! AST, aspartate aminotransferase; ALT, alanine aminotransferase; GLU, glucose; TG, triglycerides; TCH, total cholesterol; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density
lipoprotein cholesterol.

? CON, fish reared at 26°C, fed a basal diet; HS, fish reared at 33°C, fed a basal diet; HS+MLE, fish reared at 33°C, fed a basal diet supplemented with 9 g/kg mulberry leaf extract.

* SEM, the standard error of the mean.

*b< Different letters within a row indicate significant differences (P<0.05).
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OEBPS/Images/table2.jpg
Gene Forward primer (5'-3’ Reverse primer (5'-3') GenBank No. TM(°C)
ox CCCTGCAATCAGTTTGGACA TTGGTTCAAAGCCATTCCCT MK614713.1 544
cat TGGTGITCACGGATGAGATGG = GGAGAAGCGGACAGCAATAGG XM_038704976.1 58.9
sod GCGTGGGTAGATGGTTT AGGGTTGATGGGCAGTA XM_038713969.1 58.1
il-8 ACTTCTCCTGGCTGCICTG ACTTCTCATTTGGTTTGACACA XM_038704089.1 589
il-10 CGGCACAGAAATCCCAGAGC  CAGCAGGCTCACAAAATAAACATCT | XM_038696252.1 595
nf-kb AGAAGACGACTCGGGGATGA | GCTTCTGCAGGTTCTGGTCT XM_038699793.1 58.0
tnf- AAATAGTGATTCCTCAAGACGG =~ TGAACAGTATGGCTCAGATGG XM_038723994.1 60.4
1B GCTTCAGTTTCGGCATTT TCTCCGTGGAGCGTTTT XM_038693206.1 529
grp78 ATCTGGGTGGTGGCACTTTT CCCAGATGAGTGTCACCGTT NW_024041151.1 56.5
atfs GCGGACATTTGTGTTGCACT CTGTCCTGCCAGGTGATGAA XM_038712790.1 56.5
caspase-3 GCTTCATTCGTCTGTGTTC CGAAAAAGTGATGTGAGGTA PRJNA725023 50.0
perk CCACCGCAGAGCAGATGTAA  TGCTGGAGTCATCCTACCGA PRINA725023 56.5
chop TGTGTTGTGTTTGCTTCGCC AAAACGTTTGGCACGCTTCA XM_038697521.1 544
bel-2 TGTGGGGCTACTTTTTGGCA TTCGACTGCCACCCCAATAC PRINA725023 565
jnk2 GTCTTCTCCCTTCACCGCTC CGTGACAGCCGGTTTTCCTA XM_038699205.1 57.5
jnk1 GACGCTCTACTGGGCAAGGA | TGTGCTTCCTGGCTGATGTT XM_038735152.1 565
irel CTGCCAGATCCGCATACACT GGTCCCAACAGCATCTCGAA PRINA725023 55.0
traf2 TCTTGGAGCTGTGTTGGGAC GCTGAGGATACAGCGAGACC XM_038695351.1 57.0
askl CAACTACGCCTTCATCCCGT GGTCCCAACAGCATCTCGAA PRINA725023 57.0
TRPV AACGAGTACCAACGAGC ATGTGTGAAAAAAGCCC XM_038708327.1 50.0
MCU GACGCTCTACTGGGCAAGGA | GTATGGAACGCCGCTCTATG XM_038737220.1 58.5
VDAC CAACACTGAGACCAGCAAG GAGAAGGAGGAATCAAACG XM_038737966.1 57.0
Bractin TTCACCACCACAGCCGAAAG TCTGGGCAACGGAACCTCT XM_038695351.1 57.5

gpx, glutathione peroxidase; cat, catalase; sod, superoxide dismutase; il-8, interleukin-8; il-10, interleukin-10; nf-kb, nuclear factor-k gene binding; tnf-e, tumor necrosis factor-0; tgf-f5,
transforming growth factor-P; grp78, glucose-regulated protein 78; atf4, activating transcription factor 4; caspase-3, cysteinyl aspartate specific proteinase 3; perk, protein kinase RNA (PKR)-like
ER kinase; chop, C/EBP homologous protein; bel-2, B cell leukemia/lymphoma 2; juk2, c-Jun N-terminal kinase 2; jnkl, c-Jun N-terminal kinase 1; irel, inositol requiring enzyme 1; traf2,
receptor-associated factor 2; askl, signal-regulating kinase 1; TRPV, transient receptor potential V; MCU, mitochondrial calcium uniporter; VDAC, voltage-dependent anion channel.
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Feed conversion rate (FCR) = feed intake (g)/(FBW (g) - IBW (g))
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Ingredient Concentration (g/kg DM)

Fish meal 350.0
Soybean meal 151.0
Peanut bran 126.0
Corn gluten meal 80.0
Spray-dried blood cells 20.0
Wheat flour 150.0
Squid paste 20.0
Yeast extract 20.0
Monocalcium phosphate 15.0
Fish oil 20.0
Soybean oil 20.0
Soybean phospholipid 20.0

V Vitamin premix® 1.0
Mineral Premix® 3.0
Choline chloride 4.0
Proximate composition
Crude protein 485.5
Crude lipid 105.0
Ash 168.0
Lysine 33.5
Methionine 115

! Bach kilogram of the vitamin premix contained: vitamin A 66,666,666.7 IU, vitamin D

400,000,000 IU, vitamin E 1 g, vitamin K 2 g, vitamin B, 5 @ vitamin B, 5 @ vitamin Bg 5

»

vitamin B, 1 g, calcium pantothenate 20 g, folic acid 10 g, biotin 1 g, niacin 20 g, choline

chloride 200 g, and defatted rice bran 700 g.

? Each kilogram of the mineral premix contained: CuCO; 4 g, FeCqHsO; 15 g, MgO 26 ¢,

MnSO, 5 g, KCI 250 g, ZnSO, 50 g, NaCl 50 g, and Zeolite powder 600 g.
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p-value

ANOVA CONvs.HS CONvs. HS+MLE HSvs. HS+MLE

HS HS+MLE
Intestinal villus height (tm) 49559° | 44574°  466.17" 8.32
Intestinal villus width (jm) 80.70 73.05 78.09 4.18

Muscular layer thickness (um) | 104.87° | 93.16" | 99.42° 289

<0.001 <0.001 0.008 0.065
0.210 0.193 0.809 0.467
0.004 0.003 0.177 0.110

! CON, fish reared at 26°C, fed a basal diet; HS, fish reared at 33°C, fed a basal diet; HS+MLE, fish reared at 33°C, fed a basal diet supplemented with 9 g/kg mulberry leaf extract.

% SEM, the standard error of the mean.
b Different letters within a row indicate significant differences (P<0.05).
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Feed intake (FI, g/fish)
= feed consumed (g)/(final fish number + initial fish number) /2





