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Introduction

Perilla oil is a natural vegetable oil rich in alpha-linolenic acid extracted from Perilla seeds. Fish oil is a commonly used animal fat containing a large amount of n-3 polyunsaturated fatty acids. Soybean oil is a commonly used vegetable oil rich in linoleic acid. This study aimed to determine whether perilla, fish, or soybean oil can be used as a lipid source in the diet of the Chinese giant salamander (Andrias davidianus).





Methods

Three isonitrogenous and isolipidic diets were created by adding 3.0% each of soybean oil (SO), fish oil (FO), and perilla seed oil (PSO). Eight adolescent giant salamanders were fed in rectangular tanks for 98 days with a total of 96 giant salamanders (mean body weight = 75.20g) and were fed an experimental diet until satiation.





Results and Discussion

The viscerosomatic index and crude lipid content of muscle were found to be considerably lower and the muscle crude protein was substantially higher in the PSO group than in the other groups (P<0.05). Linoleic acid levels were highest in SO, eicosapentaenoic acid and docosahexaenoic acid levels were highest in FO, and α-linolenic acid levels were highest in PSO in A. davidianus muscle tissue (P<0.05). The results of study indicate that the PSO diet can significantly increase the total antioxidative capabilities in the liver and intestine, by elevating the activities of total superoxide dismutase, carnitine transferase-1, and acetyl-CoA carboxylase in the liver. Meanwhile, the immunoglobulin M and high-density lipoprotein cholesterol levels were higher in the blood (P<0.05). Furthermore, it significantly reduced hepatic malondialdehyde, plasma endotoxin, D-lactic acid, and total cholesterol levels, and plasma alkaline phosphatase, diamine oxidase, aspartate transaminase, and alanine transaminase activities (P<0.05). Therefore, perilla, fish, and soybean oils can be used as single lipid sources for A. davidianus with respect to growth performance. On the other hand, perilla oil can enhance crude protein content of muscle, increase Immunoglobulin M(IgM) content and Alkaline phosphatase(AKP) enzyme activity, promote lipid metabolism, and maintain the health of the liver and intestine in A. davidianus.
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1 Introduction

Lipids are involved in several vital physiological activities, including providing energy for biological activity and essential fatty acids, building tissue, functioning as a carrier of lipid-soluble vitamins, and being a basic nutrient for animal growth (Segatto & Pallottini, 2020). An appropriate lipid source in the diet will help in saving protein, increasing growth performance and feed utilization efficiency, and managing immune and lipid metabolism in farm animals (Trichet, 2010).

Perilla seed oil is a natural oil produced from ripe perilla seeds and is rich in unsaturated fatty acids. Linoleic acid (C18:3n-3) is its most important component, accounting for more than 50% of the total content. PSO currently contains the most α-linolenic acid among all natural vegetable oils (Dhyani et al., 2019; Zhao et al., 2021), An important fatty acid found in freshwater fish. Desaturation and carbon chain extension can be used to transform it into long-chain, highly-unsaturated fatty acids. It is also important to the physiological, metabolic, and cytological processes in fish (Kanazawa et al., 1979). Perilla oil has great potential as a high-quality dietary oil source.

Fish oil is high in n-3 polyunsaturated fatty acids (such as eicosapentaenoic acid, EPA, and docosahexaenoic acid, DHA) (Ghasemi Fard et al., 2018), which promote the growth of aquaculture animals, improve muscle quality, boost immunity, etc(Sargent et al., 1999). It is one of the most important lipid sources in the aquatic feed sector (Peng et al., 2014). Soybean oil contains the highest amount (up to 57%) of linoleic acid (C18:2n-6), as compared to other natural vegetable oils (Ivanov et al., 2010). Many studies have proved that linoleic acid is one of the essential fatty acids of aquatic animals. Soybean oil, as one of the vegetable oils rich in linoleic acid, is widely used in aquatic animal feed. Like the shortfin corvina (Cynoscion parvipinnis), Nile tilapia (Oreochromis niloticus), largemouth bass (Micropterus salmoides) and other aquatic animals (Gonzalez-Felix et al., 2016; Godoy et al., 2019; Chen et al., 2020).

Giant salamander is a carnivorous, cold-water amphibian widely distributed in mountainous areas of China. Based on successful artificial breeding and feeding, our laboratory pioneered its special compound feed. Its tender meat, and high nutritional value, known as “ginseng in water”. It is a national second class protected aquatic wild animal, and also a key development species of agricultural industrialization and characteristic agriculture. (Wen-Bo et al., 2021) Chinese giant salamander has a high economic value, and has a wide range of development and utilization prospects in food, health care, medicine, ornamental and other aspects, so it is quite concerned by the community (Deng et al., 2019; Jiang et al., 2021). Currently, there has been a breakthrough in the availability and breeding of A. davidianus progeny; however, feed supply issues persist, and few studies have been conducted (Li et al., 2020).

As a protected animal, the Chinese giant salamander has achieved effective conservation and sustainable use of resources because of artificial breeding. With the continuous expansion of the scale of farming, the increase in breeding costs and the decline in commodity prices, The need for compound feed development and nutritional research has become urgent. To further optimize the feed formulation,this study aimed to determine perilla seed oil, fish oil and soybean oil the growth, lipid metabolism, oxidation state, and immunity of Andrias davidianus.




2 Material and methods



2.1 Experimental diet

The diets in this trial were prepared with fish and chicken meals as fundamental raw materials, in accordance with the nutritional demands of A. davidianus (Wang et al., 2020). PSO, FO, and SO constitute three isonitrogenous and isolipidic diet groups prepared by adding perilla, fish, or soybean oil as the only lipid source, respectively. A mixed pellet-making device crushed the raw materials using a 40-mesh screen and pelletized them into 4 mm-diameter particles. They were air-dried before being packaged, wrapped in double-layer plastic bags, and stored at -20°C until further use. The details of the experimental feed mix and fundamental nutritional makeup are listed in Table 1. Table 2 shows the fatty acid makeup of the various oil sources and diets.


Table 1 | Formulation and nutrient composition of the diets (dry matter basis, g/kg).




Table 2 | Fatty acid composition of lipid sources and the experimental diets (total fatty acids, %).






2.2 Experimental procedure and samples collection

Juvenile A. davidianus were procured from the Luyuan Giant Salamander Farm in Hanzhong, Shaanxi Province, China (Shaanxi species, second generation, and in compliance with relevant breeding regulations), and allowed to rest for 2 days until the formal experiment. They were sterilized using 1% NaCl solution for 5 min and then acclimated with basic feed (Diet FO) in an indoor freshwater tank for 2 weeks. A total of 96 healthy A. davidianus with an initial body weight of 75.20 ± 1.18 g were randomly divided into three experimental groups. Each group was further divided into four replicates, with eight salamanders in each. They were reared in blue plastic square boxes (70×45×17.5 cm) from the Southwest University Aquaculture System of College of Fisheries. The water was thoroughly aerated and maintained at a depth of 5 cm. The water was refilled every day in the morning and evening. During the transient period, A. davidianus were fed only once a day at 17:00 until there were residual bait to determine the satiety level of A. davidianus. During the formal experiment, feeding was done for two days (satiety) and stopped for one day, as they need longer time to digest the food.Every day, residual baits were collected, and their weights were recorded. The A. davidianus were grown and fed the diets in darkness during the 12-week study, with water at 19-20°C, 6.5–7.5 pH, 5.5-6.0 mg/L of dissolved oxygen levels, and less than 0.1 mg/L of total ammonia levels.

As determined by our laboratory, the intestinal emptying time of A. davidianus was 4 days, therefore, A. davidianus were fasted for four days at the end of the route before sampling (Li et al., 2020). Only is presented a sampling at the end of the trial, 8 A. davidianus were randomly selected and anesthetized with MS-222 (75 mg/L; Sigma, St Louis, MO, USA) to collect blood from the abdominal artery using heparinized sterile syringes in each replicate. Blood samples were centrifuged for 10 minutes at 4°C and 1970xg(centrifuge model 5430 R; Eppendorf, Hamburg, Germany), and plasma was extracted and stored at −80°C until further analysis. Another 12 tails after anesthesia are taken to remove viscera.The liver was then excised. The stomach and intestine contents were emptied out and rinsed with phosphate-buffered saline (PBS) (0.064 mol/L, pH 7.4). The tissues were immediately frozen in liquid nitrogen and stored in a refrigerator at −80°C to evaluate tissue enzyme activity. Dorsal samples of the liver and muscle samples were obtained and stored at −20°C until future investigation. All tests were performed in accordance with China’s standard protocol for the care and use of experimental animals. This study was approved by the Animal Ethics Committee of the Southwest University.




2.3 Growth performance and morphologic indices

The growth parameters were calculated as follows:

	Weight gain rate (WGR, %)=100×(final body weight, FBW-initial body weight, IBW)/initial body weight

	Specific growth rate (SGR, %)=100×(Ln FBW-Ln IBW)/number of feeding days

	Feed intake (FI, g/tail)=total feed intake (g)/number of A.davidianus

	Feed conversion ratio (FCR)=dry diet intakefeed (g)/wet weight gain (g)

	Survival (%)=100×(final number of A.davidianus)/(initial number of A.davidianus).

	Viscerosomatic Index (VSI, %)=(weight of viscera/FBW)×100

	Hepatosomatic Index (HSI, %)=(weight of liver/FBW)×100

	Condition Factor (CF, %)=(weight of A.davidianus/body length3)×100






2.4 Determination of the nutrient composition of diets and muscle

Crude protein, lipid, ash, and moisture contents of diets and muscle were determined according to the methods described by the Association of Official Analytical Chemists, 2005 (AOAC) (Feldsine et al., 2002). Moisture content was determined by drying to constant weight at 105°C. Crude protein content (N×6.25) was determined by the Kjeldahl method using a nitrogen analyzer (KDN-812, Shanghai, China) after acid digestion. Lipid content was determined using petroleum ether (BP, at 30-60°C for 3 h) and a fat analyzer (SZC-D, Shanghai, China). Fatty acid composition of lipid sources, diets, and muscle was determined with the help of Baishilu Biotechnology Co., Ltd, Guangzhou, China.




2.5 Determination of plasma biochemical indexes

The activities of diamine oxidase (DAO), endotoxin (ET), D-lactic acid (D-LA), and immunoglobulin M (IgM) were measured by double antibody sandwich ELISA method(ELISA kits of Shanghai Enzyme-linked Biotechnology). Plasma aspartate transaminase (AST), alanine transaminase (ALT), alkaline phosphatase (ALP), triglyceride (TG), total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C) levels were measured by Multifunctional enzyme marker (Multiskan Sky, China) using a commercial test kit (Nanjing Jiancheng Institute of Biological Engineering) according to the manufacturer’s instructions.




2.6 Determination of antioxidant enzymes in liver, stomach, and intestinal tissues

Total protein(TP) was determined by coomassie blue staining method (Deng et al., 2013). Total antioxidant capacity (T-AOC) and total superoxide dismutase (T-SOD) of liver, stomach and intestine were measured according to the method described by (Wei et al., 2010); malondialdehyde (MDA) levels were measured according to the method of (Loh et al., 2010), all using a commercial kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The unit of TAOC is (U/mgprot), (U) is a unit of total antioxidant capacity (U) per milligram of tissue protein per minute at 37°C, which increases the absorbance (OD) value of the reaction system by 0.01.Carnitine palmitoyltransferase-1 (CPT-1), and acetyl-CoA carboxylase (ACC) activities in liver were detected by enzyme-linked immunosorbent assay (ELISA kits of Shanghai Enzyme-linked Biotechnology).




2.7 Statistical analysis

All data were subjected to a one-way analysis of variance (ANOVA) after Duncan’s multiple range test. P<0.05 was considered statistically significant, and the results were expressed as mean ± standard deviation (SD) of quadruplicate tanks. All statistical analyses were performed using SPSS 22.0 for Windows (v. 13.0; SPSS).





3 Results



3.1 Effects of three kinds of lipid source on growth performance and morphologic index of A. davidianus

The effects of the three kinds of lipid sources on the growth performance and morphologic index of A. davidianus are shown in Table 3. FBW, WGR, SGR, FCR, HSI, CF, and the survival rate were not significantly different among treatments (P>0.05). The VSI of PSO was significantly lower than that of SO and FO (P<0.05).


Table 3 | Effects of three kinds of lipid source on growth performance and morphologic indices of Andrias davidianus.






3.2 Effects of three kinds of lipid source on composition of nutrients in muscle of A. davidianus

Crude protein content of muscle in PSO was significantly higher than that in SO and FO (P<0.05) (Table 4). Crude lipid content of muscle was significantly lower than that of SO but was not significantly different between PSO and FO (P>0.05). The moisture content in muscles was not significantly different between the groups (P>0.05).


Table 4 | Effects of three kinds of lipid source on muscular composition of A. davidianus (fresh).






3.3 Effects of three kinds of lipid source on muscle fatty acid of A. davidianus

The effects of the three lipid sources on the muscle fatty acids of A. davidianus are shown in Table 5. The monounsaturated fatty acid(NUFA) content in the PSO group was significantly higher than that in the FO group (P<0.05), but the difference between the SO and FO groups was not significant. The polyunsaturated fatty acid content in SO was higher than that in PSO and FO (P<0.05). The level of C18:2n-6 in SO was significantly higher than that in the other groups (P<0.05), while that of C18:3n-3 in PSO was significantly higher than that in SO and FO (P<0.05), indicating improvement of 235.59% and 318.31%, respectively. EPA and DHA were the highest in FO, EPA was significantly higher in FO than in other groups (P<0.05), and DHA was significantly higher in FO than in PSO (P<0.05). However, the difference between FO and SO was not significant (P>0.05). The n-3 and n-6 polyunsaturated fatty acids (PUFAs) were higher in PSO and SO than in the other two groups, respectively (P<0.05). Regression and correlation analyses of muscle fatty acid (Yi) and the corresponding dietary fatty acid (Xi) from each treatment showed that there was a highly significant linear correlation between muscle fatty acid composition and forage fatty acid composition in the SO and FO groups, with correlation coefficients of 0.920 and 0.962, respectively, and relatively poor in PSO (Table 6).


Table 5 | Effects of three kinds of lipid source on muscle fatty acid (total fatty acids, %) of A. davidianus.




Table 6 | Regression and correlation analysis of essential fatty acids between muscle and experimental diets.






3.4 Effects of three kinds of lipid source on antioxidant ability of A. davidianus

The effects of the three lipid sources on the antioxidant ability of A. davidianus are shown in Figure 1. The activities of liver T-AOC and T-SOD in PSO were significantly higher than those in SO (P<0.05). The MDA content in FO was significantly lower than that in SO (P<0.05), but was not significantly different as compared to PSO (P>0.05). The order of T-SOD activity in gastric tissue is FO>PSO>SO, and with significant differences among treatment groups.T-AOC of gastric tissue in FO group was remarkably higher than that in SO group(P<0.05), but there was no significant difference between FO and PSO (P>0.05).The MDA content was not significantly different among the three treatment groups (P>0.05). T-AOC of intestinal tract was significantly higher in PSO than in SO (P<0.05), but not significantly different between PSO and FO (P>0.05). T-SOD activity in FO group was significantly higher than that in the other treatment groups (P<0.05). There was no significant difference in MDA content among all groups (P>0.05).




Figure 1 | Effects of three kinds of lipid source on antioxidant ability of A. davidianus. Values in each column with different superscripts have significant differences (p< 0.05). T-AOC, Total antioxidant capacity; T-SOD, Total superoxide dismutase; MDA, Malondialdehyde.






3.5 Effects of three kinds of lipid source on immunity and liver function of A. davidianus

As shown in Figure 2, in plasma biochemical indices, IgM content in PSO was significantly different from that in SO and FO (P<0.05), increasing by 51.83% and 21.88%, respectively.The activity of ALP was significantly lower in PSO than that in SO (P<0.05), but was not significantly different between PSO and FO. The activity of ALT was significantly lower in PSO than that in FO (P<0.05), but was not significantly different between PSO and SO. The activity of AST was significantly lower in PSO than that in SO and FO (P<0.05).




Figure 2 | Effects of three kinds of lipid source on plasma immune indices of A.davidianus. Values in each column with different superscripts have significant differences (p< 0.05). IgM, Immunoglobulin M; AST, Aspartate aminotransferase; ALT, Alanine aminotransferase; ALP, Alkaline phosphatase.






3.6 Effects of three kinds of lipid source on intestinal mucosal permeability of A. davidianus

The content of ET and D-LA, and the activity of DAO in PSO were significantly reduced by 22.12% and 14.43%, respectively (P<0.05) (Table 7), and that of D-LA was significantly lower (P<0.05) than SO and FO by 23.27% and 11.27%, respectively (Table 7).


Table 7 | Effects of three kinds of lipid source on intestinal mucosal permeability of A. davidianus.






3.7 Effects of three kinds of lipid source on lipid metabolism of A. davidianus

The effects of the three lipid sources on A. davidianus lipid metabolism are shown in Table 8. In plasma biochemical indices,the TC and TG contents in FO were significantly lower than those in SO (P<0.05), but not significantly different between SO and PSO (P>0.05). HDL-C level was significantly higher in PSO than in SO (P<0.05). The LDL-C levels were not significantly different between the treatment groups (P > 0.05). In the liver, the activities of CPT-I and ACC were highest in PSO(P<0.05). In addition, the former’s activity increased by 96.59% and 32.84%, and that of the latter by 59.86% and 24.94%, as compared to SO and FO, respectively (P<0.05).


Table 8 | Effects of three kinds of lipid source on lipid metabolism of A. davidianus.







4 Discussion

The difference between different types of lipid lies in fatty acid composition, fat structure, processing methods, etc. The lipid source selection in aquatic animal feed often depends on the utilization ability of different fatty acids.In the experiment of using different Marine lipid sources on the growth performance of Large Yellow Croaker(Larimichthys crocea) (Yao et al., 2022), replacing fish oil with Schizochytrium sp.oil(SSO) will have an inhibitory effect on appetite and growth of young large yellow croakers.In a study on the growth performance of spotted sea bass (Lateolabrax maculatus) using different dietary fat sources (Jin et al., 2023), compared with FO, the 16:0, 18:0, 18:1n-9, 18:2n-6 and 18:3n-3 series of fatty acids were more present in vegetable oil. The final results showed that substituting FO with vegetable oil did not have any negative effect on the growth performance of spotted sea bass. Similar results were obtained in the study (Liang et al., 2022). When coconut oil (CO), rapeseed oil (RO), linseed oil (LO) and FO were used as lipid sources, there were no significant differences in FBW, SGR, FE, survival rate, HIS and VSI of fish among all groups. This may be because LO is rich in C18:3n-3, which can be used well by freshwater fish.RO is rich in 18:1n-9 and 18:2n-6 essential fatty acids of freshwater fish, and CO is rich in medium chain fatty acids (C10:0, C12:0 and C14:0), which can regulate lipid metabolism. Therefore, replacing FO with CO, RO and LO will not affect the growth performance of Micropterus salmoides.In our study, the protein and lipid contents of the experimental diets were approximately the same, which all met the basic nutritional requirements of juvenile giant salamander. After the end of breeding, no obvious fatty acid deficiency symptoms and no significant difference in growth performance were found in all experimental groups. According to the fatty acids content of the three oils identified in this study, Perilla oil is rich in alpha-linolenic acid, soybean oil is rich in linoleic acid, and fish oil is rich in EPA, DHA and other highly unsaturated fatty acids. Therefore, the authors suggested that the giant salamander had the ability to convert alpha-linolenic acid (ALA) and linoleic acid (LA) into long-chain polyunsaturated fatty acids (LC-PUFA).A vital method for animals to meet their requirements of essential fatty acids is through feeding. Animals digest dietary lipids and break them down into fatty acids, which are then used to resynthesize their own fat. Dietary fatty acid composition can affect fatty acid composition in animal muscles (Ji et al., 2011; Li et al., 2016), which has also been confirmed by the present study. In this experiment, after feeding A. davidianus a diet containing different oils for 14 weeks, the muscle fatty acids showed a significant difference. The α-linolenic acid content of the muscles in PSO was much higher than that in the other two groups. The α-linolenic acid is an essential unsaturated fatty acid for humans, is known as vitamin F, is an important structural and metabolic regulatory substance, and can also be converted into DHA, DPA, EPA, etc. to maintain normal physiological functions of the body (Roesch et al., 2007). The muscles of A. davidianus that are rich in linolenic acid exhibit better quality and meet human nutritional needs well. The highest content of linoleic acid was observed in SO, and that of EPA and DHA in FO because of their possible role in the formation of cell membranes, effect on the activity of some enzymes and expression of some genes, and the organisms’ preference for it to be deposited and stored. While there was a significant linear correlation between muscle fatty acid composition and dietary fatty acids in SO and FO, the correlation in PSO was poor, possibly due to the high content of α-linolenic acid in the diet. A. davidianus was unable to absorb and utilize the linolenic acid completely, resulting in its wastage and requiring further analysis of its optimal amount in the diet. Overall, the difference in fatty acids in A. davidianus muscle was less amongst its diet groups of the three treatments, indicating that it can selectively deposit or utilize fatty acids from diets.

Perilla oil is rich in α-linolenic acid and its blood lipid-lowering effects have been previously described extensively (Winnik et al., 2011; Tsukamoto & Sugawara, 2018). It reduces 3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMG COA) activity, enhances acyl-coenzyme A cholesterol acyltransferase (ACAT) activity, inhibits endogenous cholesterol synthesis, and lowers blood plasma cholesterol levels by reducing triglycerides and apolipoprotein B of very low-density lipoprotein biosynthesis to reduce serum triglyceride levels. Simultaneously, the breakdown of the low-density lipoprotein cholesterol (LDL-C) and high-density lipoprotein cholesterol (HDL-C) synthesis mechanisms exhibited an efficient inhibitory effect, thereby improving the body’s lipid metabolism. EPA and DHA can also reduce the synthesis of endogenous cholesterol and inhibit triglycerides, lowering the levels of arterial stiffness factor (cholesterol, triglycerides, and low-density lipoprotein). Lecithin cholesterol transfer improves lipoprotein enzyme activity, inhibition of liver endothelial lipase activity, and resistance to hardening of arterial factor (HDL) to improve lipid metabolism. In this study, the lipid-lowering effects of perilla and fish oils were also elucidated, and the lipid contents in PSO and FO were lower than those in SO. The key rate-limiting enzymes of fatty acid degradation (CPT-1) and synthesis (ACC) in the liver increased as SO>FO> PSO. However, the rate of increase of CPT-1 was significantly higher than that of ACC, suggesting that the liver lipid deposition in FO and PSO was lower than that in SO, and that perilla oil and fish oil can reduce liver fat deposition and improve liver health, which is also reflected in the classic assessment indicators of liver health (plasma AST and ALT activities). In addition, the muscle fat measurement results showed that the fish and perilla oils also reduced the amount of fat deposited in muscle tissue.

Lipids, particularly PUFAs, contain multiple double bonds and are easily oxidized by free radicals to produce several harmful substances (Tocher et al., 2002). Studies have shown that superoxide dismutase(SOD) and catalase (CAT) are two important free radical scavenging enzymes in the cellular antioxidant system. The body can reduce the damage caused by peroxidation by scavenging the oxygen free radicals produced by SOD, CAT and other enzymes (Mourente et al., 2007). The addition of different types of fatty acids to the diet has different effects on the antioxidant system of the body. Perilla oil had the highest content of PUFAs amongst the three oils used in this study, followed by soybean oil, with the lowest content in fish oil. However, according to the antioxidant indices obtained from the tissues of the three groups in this study, the antioxidant capacity of PSO was the highest, followed by FO, and that of SO was relatively poor. This may be due to the freshness of the oil used in this experiment and the addition of sufficient antioxidants to the feed, ensuring that the level of oxidation in the feed was low before it was ingested by A. davidianus.

Additionally, the antioxidant activity of lipids is closely related to the position of the double bond. A previous study has shown that n-3 PUFA can react with oxidative free radicals in the organism and protect it from oxidative damage (Collison et al., 2005). Chen also reached a similar conclusion in the study of black carp(Mylopharyngodon piceus)(Yanting et al., 2022). The experimental results show that the diet with rapeseed oil as fat source is rich in n-3 LC-PUFA, which can inhibit the production of H2O2 in cells through the nuclear factor-related factor 2 (Nrf2) pathway, so as to improve the antioxidant capacity of black carp.In this experiment, the percentage of n-3 PUFA in perilla oil was the highest due to the abundance of α-linolenic acid, fish oil was also rich in EPA, DHA, and other n-3 PUFA, and the linoleic acid in soybean oil was n-6 PUFA, which is a possible reason for the difference in antioxidant performance among the three treatment groups of A. davidianus.The immunity of cultured animals is affected by the type, dosage, and ratio of dietary fatty acids. In fish, appropriate levels of PUFAs, especially n-3 PUFA, can significantly improve immunity (Wang et al., 2006). The study of Ferreira (Ferreira et al., 2015) showed that linseed oil(LO), which is rich in n-3 PUFA, had immunomodulatory effects on juvenile Nile tilapia when added to the low-fat diet. In addition, some studies have shown that EPA and DHA in diets can also significantly affect specific and non-specific immunity of fish (Puangkaew et al., 2004) and the expression of immune-related genes (Zuo et al., 2012). IgM is an immunoglobulin present in body fluids, which plays an important role in humoral immune response (Awad et al., 2015). In this experiment, the level of IgM in PSO group was the highest, followed by FO group, and the lowest in SO group, which was the same as the content trend of n-3PUFA in the experimental feed group. Therefore, we suggest that n-3PUFA can enhance the immune function of A. davidianus, and the ability of A. davidianus to convert α-linolenic acid into EPA and DHA may be one of the reasons for the highest IgM levels in the PSO group, but the mechanism of action needs to be further investigated.A previous study found that n-3 PUFA can reduce intestinal inflammation (Calder, 2008), promote repair of the intestinal mucosa, and improve intestinal barrier function. Plasma levels of endotoxin, diamine oxidase, and D-lactic acid are three indicators of gut barrier function, and we speculate their changes to also be related to n-3 PUFA levels in the experimental diets of this study.




5 Conclusion

Perilla, fish, and soybean oils can all be used as a single dietary lipid source for A. davidianus when growth performance is used as a reference. Perilla oil can enhance muscle quality and antioxidant capacity, boost immunity, promote lipid metabolism, and maintain liver and intestinal health as fat source of A. davidianus compound feed. Therefore, we strongly recommend the addition of perilla oil to their diet.
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539 + 04" (0.0329 + 0.002°)

17.63 + 0.6 (0.108 + 0.004%)

23.01 + 0.20° (0.140 + 0.001°%)
14.83 + 0.20" (0.091 + 0.001%)

1.42 £ 0.12" (0.009 + 0.001%)

4.90 £ 0.09 (0.030 = 0.001)
6.50 + 0.13" (0.040 + 0.001")
8.70 +0.25° (0.053 + 0.002°)
36.34 + 0.37° (0.222 £ 0.002%)
20.10 + 0.29 (0.123 £ 0.002)
15.20 + 038" (0.093 + 0.002")
16.62 % 0.26" (0.101 + 0.002°)
1973 £ 0.11° (0.120 + 0.001°)

0.84 + 0.01° (0.84 + 0.01%)

1.77 £ 0.17 (0011 + 0.001)
18.33 + 062 (0.110 + 0.004)

8.28 + 0.32° (0.050 + 0.002)

28.37 + 1.10 (0.170 + 0.007)

474 £ 0.06™ (0.028 + 0.000")
21.13 £ 0.07° (0.127 + 0.000°)
25.87 +0.13° (0.155 + 0.001%)
13.92 £ 0.18" (0.084 + 0.001%)

5.94 £ 0.25" (0.036 + 0.002°)

551 + 045 (0.033 + 0.003)
517 + 0.09* (0.031 + 0.001%)
7.35 + 0.42° (0.044 + 0.003°)
37.87 + 0.54" (0.227 + 0.003%)
18.02 + 0.12* (0.108 + 0.001%)
12,51 + 033" (0.075 + 0.002°)
18.45 + 0.08° (0.111 £ 0.000°)
19.42 + 0.62° (0.117 + 0.004")

0.95 + 0.03° (0.95 + 0.03°)





