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Aurantiochytrium sp. is a major source of n-3 polyunsaturated fatty acids (n-3 PUFAs), which are essential nutrients for marine fish. n-3 PUFAs have drawn increasing attention because of their great potential for improving the biological functions of fish. The growth performance and immune response of Trachinotus ovatus were studied by applying diets with various microalgae content from 1.00 to 11.00% for 8 weeks. The results showed that, with the addition of Aurantiochytrium sp., the survival rate, weight gain rate, and specific growth rate of fish increased by a maximum of 1.02, 1.16, and 1.08 times, respectively, indicating that the intake of marine microalgae Aurantiochytrium sp. was beneficial for fish growth. As the microalgae content increased, the feed utilization efficiency index feed conversion ratio decreased (maximum 15.00%) and feed efficiency increased (maximum 1.17 times), showing that the addition of Aurantiochytrium sp. contributed to the assimilation of fish feed. Furthermore, our results showed that as the addition of Aurantiochytrium sp. increased (from 1.00 to 11.00%), the glucose content increased in the blood (from 9.04 to 27.80%). The content of fatty acids ARA, ALA, DHA, and EPA in fish was significantly increased after adding Aurantiochytrium sp. in diets. In liver, ARA content increased from 1.17 to 1.63%, ALA increased from 0.56 to 0.85%, DHA increased from 14.44 to 20.61%, and EPA increased from 1.86 to 4.40%. In muscle, ARA content increased from 0.97 to 1.24%, ALA increased from 0.59 to 0.81%, DHA increased from 14.63 to 14.82%, and EPA increased from 4.58 to 5.19%. Positive changes were observed in the blood cell count of immune related cells (white blood cells, lymphocytes, monocytes, neutrophils, and red blood cells). These results indicated that microalgae rich in n-3 PUFAs could increase the number of immune cells, thus helping to improve fish immunity and disease resistance.
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INTRODUCTION

The demand for fish feed is rapidly increasing globally. Improving the functionality of feed through the proper addition of nutrients could not only reduce the overuse of antibiotics but also promote the immunity and growth of aquatic products (Wang et al., 2020). Unsaturated fatty acids (FAs), which are essential nutrients for marine fish, show a wide range of important biological functions (Jin et al., 2019). n-3 polyunsaturated FAs (n-3 PUFAs) are an important category of unsaturated FAs, whose first unsaturated double bond appears between the third and fourth carbon atoms from the methyl end (ω terminus) of the FA. N-6 PUFAs arachidonic acid (20:4 ω6, ARA) and the several principal species of n-3 PUFAs eicosapentaenoic acid (20:5 ω3, EPA), linolenic acid (18:3 ω3, ALA), and docosahexaenoic acid (22:6 ω3, DHA), play an essential role in promoting the growth or boosting the immunity of fish (Leshno et al., 2018). Previous research has shown that n-3 PUFAs can increase leukocyte phagocytosis, T cell proliferation, and enhance cellular immunity in fish (Thompson et al., 1996; Wu et al., 2003). In addition, fish can also increase lectin activity and improve non-specific immune function by ingesting n-3 PUFAs (Pilarczyk, 1995). A previous study found that EPA and DHA help fish reduce inflammatory factors and reduce inflammation (Zhao et al., 2007). Moreover, as essential nutrients for the development of marine fish (Tocher, 2010), EPA and DHA can enrich the components of the mitochondrial phospholipid membrane and promote the growth of fish (Duda et al., 2009).

However, as a traditional source of unsaturated FAs, the extraction of n-3 PUFAs from fish oil is costly and inefficient. Therefore, finding novel, inexpensive, and edible sources of n-3 PUFAs is important (Tocher, 2015). In recent years, marine microalgae has been reported as a vital source of unsaturated FAs (Yadav et al., 2020) and have been increasingly used as a fish feed additive (Yin, 2014). Aurantiochytrium sp., a marine protist with confirmed food security benefits as determined by the Food and Drug Administration (FDA), has drawn increasing attention due to its rich production of n-3 PUFAs (Ren et al., 2020). Aurantiochytrium sp. can be mass-produced at low cost through industrial fermentation (Scott et al., 2011), and is a stable source of n-3 PUFAs (Li et al., 2013). The total FA content of Aurantiochytrium sp. reached 389 mg/g (Chang et al., 2015) with 68–74% PUFA and 42–44% essential PUFAs (EPA, ARA, and DHA) (Chang et al., 2011). Aurantiochytrium sp. has been used as a fish feed additive, indicating that the addition of Aurantiochytrium sp. can increase the content of n-3 PUFAs, especially DHA (Miller et al., 2007) in marine fish (Yamasaki et al., 2007). Kissinger et al. (2016) found that Aurantiochytrium sp. can be a suitable substitute for establishing protein in fish feed. Kousoulaki et al. (2016) reported that, with the increase in Aurantiochytrium sp. content in feed, the fat level in the fish liver decreased, and the FA accumulation and meat quality of fish continued to increase (García-Ortega et al., 2016). Some studies have shown that adding Aurantiochytrium sp. to fish feed can reduce energy and FA apparent digestibility (Tibbetts et al., 2020), and improve the growth performance of marine fish (Xie et al., 2019). Trachinotus ovatus is an carnivorous hard-bony marine fish whose meat is highly regarded by consumers, and it is a valuable edible fish in the southeast coastal areas of China (Liao, 2017). Nevertheless, the effects of Aurantiochytrium sp. as a feed supplement on the development and immunity of T. ovatus have barely been reported (Li Y. et al., 2019).

The purpose of the present study was to evaluate the effects of dietary Aurantiochytrium sp. on the growth performance and immune response of T. ovatus. Different proportions of Aurantiochytrium sp. powder were added to the feed, and the growth index, whole body FA content, blood composition, and other indicators of T. ovatus were measured.



MATERIALS AND METHODS


Fish Feed Preparation

Aurantiochytrium sp. SZU445 was isolated from mangroves (22°31′13.044″ N, 113°56′58.560″ E) in the coastal waters of southern China. Aurantiochytrium sp. SZU 445 (used name as SW7-7) was used for powder preparation and was screened by our laboratory. Various percentages of Aurantiochytrium sp. powder (Diet 1: 0.00%, Diet 2: 1.00%, Diet 3: 3.00%, Diet 4: 5.00%, Diet 5: 7.00%, Diet 6: 9.00%, and Diet 7: 11.00%) were added to the fish feeds. Fish feeds were prepared according to the method presented by Ma et al. (2009). All the feed materials were crushed through an 80-mesh steel sieve. After mixing, the feed was formed into hard pellets with a diameter of 3 min. Fish feed was dried at 30°C for 72 h. Feed was stored in a refrigerator at −20°C for later use. The composition of the fish feed is shown in Tables 1, 2. The nutrient composition of the feed is shown in Table 3.


TABLE 1. Ingredients and proximate composition of experimental diets.
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TABLE 2. Main polyunsaturated fatty acid content of feed.
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TABLE 3. The nutrients composition of the feed.
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Animal Rearing

The T. ovatus fry used in this experiment had an initial weight of 8.00 ± 1.00 g and were purchased from Shenzhen Taifeng Oriental Marine Biotechnology Co., Ltd. Prior to the start of the experiment, T. ovatus were bred for 14 days. At the beginning of feeding, the fish were starved for 24 h, weighed, and then fish of similar size (initial body weight 8.00 ± 1.00 g) were randomly allocated to 14 sea cages (0.7 m × 0.5 m × 1.0 m; two cages per diet treatment); each cage was stocked with 50 fish. The total weight of 50 fish in each repetition was similar to ensure that there were no significant differences.

The cages had an overflow system, and the water speed was ∼19 L/rain. An aeration system was set in each cage, and the amount of dissolved oxygen in the water was maintained above 5.0 mg/L. During the test, the water temperature was controlled at 28 ± 1°C, and the salinity of the breeding water body was 29–31 g/L. The water quality was regularly monitored to ensure that it met breeding standards throughout the whole experiment.

Feeding occurred twice daily at 10:00 a.m. and 18:00 p.m., and lasted for 8 weeks. Each feeding weight was the percentage of the total weight. The body length and body weight were recorded for each fish every week to observe the weight gain of the fish. The number of fish deaths per day was recorded, and whether the fish exhibited pathological symptoms, such as n-3 PUFA deficiency, was observed.



Sample Collection

At the end of the feeding trial, fish were starved for 24 h. The fish were anesthetized with anesthetics (MS222, 60 mg/L) before sample collection. The number of fish in each cage and the length and weight of the fish were recorded. To collect whole fish, three fish were randomly selected from each cage, and the body surface was dried. Samples were quick-frozen with liquid nitrogen and stored at −20°C for later analysis. To collect plasma, we used the tail arterial blood sampling method. Three test fish were randomly selected from each cage. The side of the test fish was placed on an anatomic table. The vacuum blood collection needle was inserted into the posterior part of the gluteal fin and moved the blood to the ventral side of the vertebral body where to was collected. Blood samples were centrifuged at 900 × g (4°C) for 10 min to obtain plasma samples. Samples were stored at −20°C for later analysis. To collect liver samples, three fish were randomly selected from each cage. The liver of the fish was frozen immediately with liquid nitrogen and then placed in a sealed bag. Samples were stored at −20°C for later analysis. To collected back muscle samples, three fish were randomly selected from each cage. The back muscles of the fish were frozen immediately with liquid nitrogen and put into a sealed bag. Samples were stored at −20°C for later analysis.



Growth Performance Analysis

The following variables were calculated:

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

Weight gain rate (WGR,%) = 100 × (final body weight – initial body weight)/initial body weight;

Specific growth rate (SGR,% day – 1) = 100 × (Ln final individual weight – Ln initial individual weight)/number of days;

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

Feed conversion ratio (FCR,%) = dry diet fed/wet weight gain;

Feed efficiency (FE,%) = wet weight gain/dry diet fed;

Condition factor (CF, g/cm3) = 100 × (body weight, g)/(body length, cm3).



Determination of Plasma Biochemical Indicators

The health status of fish was determined by analyzing plasma biochemical indicators. The content of protein, glucose, triglyceride (TG), and glutamic oxaloacetate (GOT) in fish plasma were determined using a kit provided by Nanjing Jiancheng Biotechnology Research Institute.



Fatty Acid Composition Analysis

The water content in the tissue samples was measured using the drying weight loss method. The protein content of tissue was determined using a quantitative protein kit after the tissue was ground and broken by ultrasound. FAs were extracted from tissue samples by Soxhlet extraction, and FA composition and content were determined by GC/MS. The detailed method was as follows: before the experiment, filter paper bags (Hanjiang Road, Shuncheng District, Fushun City, Liaoning Province, China) were pretreated with a solvent mixture [hloroform:methanol = 2:1 (v/v)] for 48 h and dried at 50°C. Five hundred milligrams of dried cells were placed in a pretreated filter paper bag as a filter paper package and extracted in a Soxhlet extractor at 70°C for 48 h (solvent as described above). Then, the filter paper package was dried and weighed. The weight of FAs was determined by subtracting the weight of FAs extracted from the weight before extraction. The remaining liquid was evaporated to dryness at 70°C using a rotary evaporator. The FAs were completely rinsed with 5 mL of n-hexane and placed in a 10-ml glass tube. Three biological replicates were examined for each sample.



Immune Related Cell Count in Fish

The number of red (RBC) and white (WBC) blood cells can be used as a reference indicator of immunity (Köllner and Kotterba, 2002). Fish blood cells were counted using an HB7510 five classification hemocytometer (Jiangsu China SINNOWA Medical Technology Co., Ltd.).

All data are presented as the mean ± standard deviation (SD) and were subjected to one-way ANOVA, independent-sample f-test, and Duncan multiple comparisons to test the effects of experimental diets using SPSS (v.16.0, United States). Statistical significance was considered at P < 0.05 unless otherwise noted.



RESULTS


Trachinotus ovatus Growth Performance

Growth performance, feed utilization, and biometric parameters of T. ovatus fed different dietary levels are shown in Table 4. The high SR of fish in this experiment (SR was the lowest in Diets 3 and 7 at 86%, and the highest in Diet 2 at 92%) indicated that the test subjects barely suffered from the adverse stress caused by the feeding operation. In fish feeding experiments, the WGR and SGR of fish can reflect their growth performance. The results showed that adding Aurantiochytrium sp. rich in n-3 PUFAs to feed had a significant effect on the WGR and SGR of T. ovatus (P < 0.05). Furthermore, with increased addition of Aurantiochytrium sp. (from 1.00 to 11.00%), the WGR of fish also increased (from 264.95 to 306.65%). The SGR increased from 2.31 to 2.50% with increasing addition of Aurantiochytrium sp. This indicated that the addition of n-3 PUFAs had a positive effect on the growth of T. ovatus.


TABLE 4. Effect of different diets on growth performance of Trachinotus ovatus.

[image: Table 4]FCR and FE are often used to measure the ability of animals to absorb feed. A higher FE indicates that fish can more effectively absorb energy from feed. In contrast, a higher FE indicates that fish need more feed to accumulate the same weight. The present results indicated that T. ovatus fed diets supplemented with Aurantiochytrium sp. showed higher FE (from 73.63 to 79.28%) and lower FCR (from 126.14 to 148.39%) than the control (P < 0.05). With increasing n-3 PUFAs in the feed, FE increased (Diet 7 was 1.18 times that of the control), whereas FCR decreased [that in Diet 7 (126.14%) was lower than that in Diet 2 (135.96%)]. This indicated that the addition of n-3 PUFAs improved feed utilization in fish.

The CF is an indicator of fish weight and growth, and the higher the CF, the higher the nutritional level of fish. When Aurantiochytrium sp. was added to the feed, the CF of T. ovatus was significantly higher (from 290.76 to 302.32%) (P < 0.05). This indicates that n-3 PUFAs improved the nutritional level of fish.

Based on the above indices and dynamic characteristics, the growth and development of fish and their feed utilization capacity were summarized. With the addition of Aurantiochytrium sp. to the feed, the growth performance and feed utilization ability of T. ovatus significantly increased. Aurantiochytrium sp. as a feed additive has a positive effect on the growth and development of T. ovatus and can replace traditional fish oil to become a benign source of essential FAs.



Trachinotus ovatus Plasma Biochemical Index

The plasma biochemical index of T. ovatus fed different levels of dietary Aurantiochytrium sp. are shown in Figure 1. Compared with the control group, T. ovatus fed with n-3 PUFAs as a supplement showed a significant increase in blood glucose level (P < 0.05). The results showed that, as the addition of Aurantiochytrium sp. increased (from 1.00 to 11.00%), the glucose content in the blood increased (from 9.04 to 27.80%). Notably, the blood glucose of the fish fed Diet 6 (468.15 mg/L) increased the most among the experimental groups (by 28.47%). Adding 9.00% of Aurantiochytrium sp. significantly stimulated glucose absorption in the blood.
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FIGURE 1. The plasma biochemical indicators of T. ovatus sp. The plasma biochemical index of T. ovatus sp. fed with diets in different levels of n-3 PUFAs Diet1∼7 for Fish feed with different PUFA contents in 7 groups. Glucose (A), triglyceride (B), and protein (C) content in blood. The amount of Aurantiochytrium sp. powder in feed is 0.00%, 1.00%, 3.00%, 5.00%, 7.00%, 9.00%, and 11.00% respectively.


When n-3 PUFAs were added to the T. ovatus feed, the TG content in the blood of the experimental group significantly decreased (5.70–3.29%) compared with that in the control group (P < 0.05). Among them, the TG content in the blood of the fish fed Diet 2 decreased by 42.28%, whereas the Diet 4 fish had the lowest TG content (32.80%). n-3PUFAs regulate blood lipids and are often used to treat cardiovascular diseases. The results showed that n-3 PUFAs could decrease TG content in blood, regulate blood lipid composition, and enhance the health of T. ovatus.

Adding n-3 PUFAs to the feed had a significant effect on the protein content of blood (P < 0.05). With increasing n-3 PUFAs in the feed, the protein content in fish blood significantly increased from 31.50 to 158.75 g/L (P < 0.05). Compared with the control group, when 3.00% Aurantiochytrium sp. was added to the feed (Diet 3), the blood protein content increased by almost two times (190.06%). Furthermore, when 11.18% n-3 PUFAs was added (Diet 7), the blood protein content increased by nearly four times (403.96%). The results showed that the amount of Aurantiochytrium sp. in the feed significantly influenced the blood protein content, with higher n-3 PUFA content significantly increasing blood protein content.

The addition of dietary Aurantiochytrium sp. had no significant effect on blood GOT content of T. ovatus (P > 0.05). This indicates that using Aurantiochytrium sp. to supplement T. ovatus diets will maintain liver function without causing pathological damage.



Trachinotus ovatus Fatty Acid Composition

The FA composition of the back muscles and liver of T. ovatus fed with the different diets is shown in Figure 2 and Table 5. The changes in FA content in the liver and muscles can directly reflect the effect of n-3PUFAs on the accumulation of FAs in T. ovatus. The content of ALA in liver FAs of each experimental group significantly increased (from 0.56 to 0.85%) after adding dietary Aurantiochytrium sp. (P < 0.05). Diet 2 exhibited the highest increase (by 51.78%), whereas Diet 3 exhibited the lowest increase (by 37.50%). The ARA content in the liver of all experimental groups decreased with increasing dietary Aurantiochytrium sp. The results showed that the content of ARA was 0.46% when the amount of Aurantiochytrium sp. was 1.00%, and 0.03% when the amount of Aurantiochytrium sp. was 3.00%.
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FIGURE 2. Fatty acid composition in liver (A) and muscle (B) of T. ovatus sp. Diet1∼7 for Fish feed with different n-3 PUFAs contents in 7 groups. The amount of Aurantiochytrium sp. powder in feed is 0.00%, 1.00%, 3.00%, 5.00%, 7.00%, 9.00%, and 11.00%, respectively.



TABLE 5. The percentage content of fatty acids in liver of Trachinotus ovatus.
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EPA and DHA are essential FAs for the growth of marine fish. After adding Aurantiochytrium sp. to the diet, the content of EPA in each experimental group was significantly higher than that in the control. Compared with the group without Aurantiochytrium sp., the group with the lowest increase (Diet 2) increased by 46.23%, whereas the group with the highest increase (Diet 5) increased by 136.56%. Similar to EPA, the content of DHA in the liver of each group also increased initially followed by a decrease. The lowest DHA content was observed in Diet 1 (14.44%), and the highest was observed in Diet 5 (20.61%). The results showed that the content of the four main FAs (ALA, ARA, EPA, and DHA) in the liver significantly increased with the addition of n-3 PUFAs. Moreover, with the increase in Aurantiochytrium sp., the four FAs showed a general trend of first increasing and then decreasing, which indicated that Aurantiochytrium sp. intake could increase the accumulation of FAs in the liver, but excessive intake of Aurantiochytrium sp. inhibited the accumulation of FAs.

The effect of dietary Aurantiochytrium sp. on FA content in muscles was non-significant, but the proportion of the main n-3 PUFAs still increased. Among the groups with added Aurantiochytrium sp., the highest proportion of ALA was observed in Diets 3 and 4 (0.81%), and the lowest was observed in Diet 2 (0.66%). The highest ratio of ARA was observed in Diet 4 (1.37%), and the lowest was observed in Diet 1 (0.97%). With the increase in FA content in feed, the proportion of EPA in muscles increased until peaking at 5.19% (Diet 6), and then decreasing to a certain extent (Diet 7, 5.03%). With increased addition of the Aurantiochytrium sp. (from 0.00 to 11.00%), the DHA content in muscles increased (from 14.63 to 14.82%), but there was no significant difference among the groups.

The results showed that T. ovatus fed a diet supplemented with Aurantiochytrium sp. showed more n-3 PUFA accumulation than those in the control. However, the changes in n-3 PUFA composition in muscle tissue were more subtle. Moreover, with the increase in algae powder content, ALA, ARA, and EPA content increased initially, and then decreased gradually, but EPA and DHA showed an increasing trend. The results showed that a particular Aurantiochytrium sp. intake can promote the accumulation of ALA and ARA in muscles, while DHA accumulation in the fish required higher Aurantiochytrium sp. content in the feed.



Immune Related Cell Count in Fish

The numbers of RBCs, WBCs, lymphocytes, and granulocytes in the plasma of T. ovatus fed different levels of dietary Aurantiochytrium sp. are shown in Figure 3. When the amount of dietary Aurantiochytrium sp. reached 1.00% (Diet 2), the number of WBCs in T. ovatus blood began to significantly increase (P < 0.05). The number of WBCs in the blood of the fish fed Diet 3 increased by 8.64% and those fed Diet 7 increased by 30.27% compared with those in the control. In addition, the two main types of WBCs, lymphocytes and granulocytes, exhibited the same trend as the total number of WBCs in the blood. The number of lymphocytes in the fish fed Diet 4 was 1.13 times that of those in the control, and those fed Diet 7 had 1.30 times that of the fish in the control. When the fish were fed with 5.00% dietary Aurantiochytrium sp. (Diet 4), the number of granulocytes in T. ovatus blood reached 1.15 times that in the blood of those in the control. When the Aurantiochytrium sp. content was increased to 11.00% (Diet 7), the number of granulocytes was 1.37 times that of the control. The ratio of the number of lymphocytes and granulocytes to the total number of WBCs in the blood of each group fed with different feeds was normal, and there was no significant difference (P > 0.05). This result showed that, after adding Aurantiochytrium sp. to the feed, the number of WBCs increased, and the ratio of WBCs did not change outside of the normal range. Experimental results showed that adding Aurantiochytrium sp. to feed increased the number of immune cells and improved fish immunity and disease resistance.
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FIGURE 3. The blood cell count of T. ovatus sp. fed diets with different levels of n-3 PUFAs Diet1∼7 for Fish feed with different n-3 PUFAs contents in 7 groups. The number of white blood cells (A), lymphocyte (B), granulocyte (C), and red blood cells (D) in blood. The amount of Aurantiochytrium sp. powder in feed is 0.00%, 1.00%, 3.00%, 5.00%, 7.00%, 9.00%, and 11.00%, respectively.


With the increase in Aurantiochytrium sp. content in the feed, RBCs in the blood of T. ovatus significantly increased (P < 0.05). The RBC content of the fish fed Diet 3 was 1.53 times that of those in the control group. When the content of Aurantiochytrium sp. in the feed reached 11.00% (Diet 7), the number of RBCs peaked (2.64 × 1012/L, 2 times that of the control), and it no longer significantly changed with increasing Aurantiochytrium sp. content. This showed that the addition of Aurantiochytrium sp. increased the number of RBCs in T. ovatus. In addition to the function of transporting oxygen, teleost fish RBCs also have immune functions, such as enhanced phagocytosis, immune adhesion, and defense against infection. The increase in the number of RBCs indicated that after adding Aurantiochytrium sp., T. ovatus aerobic respiration capacity and RBC immunity-related functions increased.



DISCUSSION


Growth Performance of Trachinotus ovatus

n-3 PUFAs are essential FAs that play important roles in fish growth and metabolism. However, the minimum requirements for PUFAs differ for different types of fish (Chen et al., 2018). Fish lacking PUFAs exhibit growth retardation and lack of vitality, and will suffer from seriously reduced feed-conversion efficiency (Xu et al., 2010). Growth performance parameters, such as WGR and SGR, are the most direct reflection of fish growth and nutritional status. The SR and FE can also reflect health status and energy-use efficiency.

Dietary Aurantiochytrium sp. supplementation significantly improved the WGR and SGR of T. ovatus compared with the supplemented group. The FE and other results related to energy-conversion efficiency also showed that the ability of T. ovatus to absorb energy from their diet improved after supplementation with dietary Aurantiochytrium sp. As seen from the results, Aurantiochytrium sp. provides sufficient DHA and other FAs necessary for the growth of T. ovatus. In addition, the algal-derived DHA can also increase the FE rate (Li et al., 2009) and stimulate the growth performance of aquatic animals (Glencross and Smith, 2001; Glencross and Rutherford, 2011). These results indicate that Aurantiochytrium sp. addition promotes the growth of T. ovatus by improving its energy-conversion efficiency.



Trachinotus ovatus Plasma Biochemical Index

Fish plasma is closely involved in fish metabolism, nutrition, and health status. Blood biochemical indicators are widely used to evaluate fish health, nutrition, and environmental adaptation (Abdel-Tawwab et al., 2010). Plasma protein concentration can be affected by dietary protein intake and can be used as an indicator of individual nutritional status to a certain extent. The serum total protein content can reflect protein metabolism in animals (Baldi et al., 1999). The higher the total protein content in fish serum, the higher the fish’s absorption and metabolism levels, and the higher the efficiency of protein synthesis and nitrogen deposition (Sun et al., 2014). In the present study, as dietary Aurantiochytrium sp. increased from 0.00 to 11.00%, the protein content in the blood also significantly increased and was maintained at a high level. When dietary Aurantiochytrium sp. was at 11.00% the weight of the feed, the total amount of protein in the blood was 4 times that in the control. Previous research has shown that adding Aurantiochytrium sp. to feed can increase the protein content in juvenile black sea bream blood (Ma et al., 2009). These results indicate that adding Aurantiochytrium sp. to feed can improve protein efficiency and increase the nutritional status of T. ovatus.

Blood glucose and triglyceride levels reflect energy and fat metabolism in fish. Generally, when the blood glucose level is high, the fish feed has a higher energy level and greater vitality (Imsland et al., 2001), but excess glucose is more likely to be converted into fat for storage in the body (Guo et al., 2006). TG content is an important indicator of blood fat levels. When the body fat level increases, the blood TG content also increases. n-3 PUFAs can affect insulin sensitivity and regulate blood glucose levels (Luo et al., 1998), and, as the main type of n-3 PUFAs, ARA can reduce the TG level in the blood (Kris-Etherton et al., 2003). The results of the present study showed that, as the n-3 PUFA content in the feed increased, the glucose content in the blood increased from 9.00 to 27.00%. In addition, after adding Aurantiochytrium sp. powder to the feed, compared with the control, the blood TG content in each experimental group significantly decreased. These results indicate that n-3 PUFAs can reduce the energy expenditure index and improve the energy absorption efficiency of T. ovatus (Tibbetts et al., 2020).

GOT mainly exists in the cytoplasm of hepatocytes, and is an indispensable enzyme for hepatocytes to synthesize proteins (Zhong et al., 2020). This enzyme is released into the blood when hepatocytes degenerate, and necrosis or cell membrane permeability increases, so blood GOT levels can well reflect the functional status of liver cells (Li B. et al., 2019). Results showed that adding Aurantiochytrium sp. to the diet well-maintained T. ovatus liver function.



Fatty Acid Composition of Trachinotus ovatus

The liver is an organ rich in FAs and is more sensitive to changes in FA content in animals (Castaño-Moreno et al., 2020). Therefore, the variety of FA components in the liver was more significant with the increase in n-3 PUFA intake. This result could be due to ALA being the precursor of EPA/DHA synthesis in the process of FA metabolism (Deng et al., 2017). Compared with fish oil, marine microalgae as a source of fatty acids can inhibit the desaturation pathway in the liver and increase the accumulation of fatty acids (Carvalho et al., 2020a). The present study indicated that oils from microalgae, when engineered to contain high levels of EPA and DHA can replace fish oil in feeds for sea bream juveniles and allowed complete replacement of fish oil in combination with more cost-effective lipid sources, such as poultry and rapeseed oils (Carvalho et al., 2020b). Furthermore, more EPA-DHA synthesis will lead to a decrease in ALA content. We speculated that with the increase in DHA content, the conversion process of ALA to DHA may be inhibited by feedback. In addition, the direct absorption and deposition of DHA may be inhibited by increased DHA conversion. However, the increase in FA content can protect the fish liver (Zirnheld et al., 2019) and increase the economic value of T. ovatus.



Immune Related Cell Count in Fish

The blood composition of fish is affected by a variety of endogenous factors, including nutrition status, individual size, and exogenous factors, including light, temperature, and dissolved oxygen. Some blood indicators (RBCs and WBCs) are used to assess the physiological and pathological conditions of fish (Harikrishnan et al., 2011). In addition, RBC, WBC, and lymphocytes are also important components of the cellular and humoral immunity of fish (Köllner and Kotterba, 2002).

As an important component of the RBC membrane, PUFAs can maintain a stable number of RBCs in the blood through the ingestion of dietary n-3 PUFAs (Ma et al., 2004). In the present study, compared with the control, the RBCs in the feed groups was significantly increased, which indicates that Aurantiochytrium sp. can indeed enhance the RBC immunity of T. ovatus. Leukocytes mainly function in defense. On the basis of traditional immunology, granulocytes are mainly responsible for host defense, immune regulation, and tissue damage (Kruger et al., 2015). Recent studies have shown that granulocytes exhibit a defense response to tumor cells (Fridlender and Albelda, 2012). Lymphocytes are a large group of immune cells that mainly participate in the specific immune response of the body. In the present study, the number of WBCs, granulocytes, and lymphocytes in the blood of the experimental group significantly increased compared with the control group, and the overall trend in growth remained stable. Generally, the number of WBCs in fish will increase due to environmental stress (Zuo et al., 2019), but there was no significant difference in the proportion of lymphocytes and granulocytes in the total number of WBCs in each experimental group. This shows that the increase in leukocyte number was not caused by external environmental stress, but rather by improvements in immunity (Köllner and Kotterba, 2002). Through a comprehensive analysis of the number of immune cells, it can be seen that the supplementation of dietary n-3 PUFAs can increase immunity in T. ovatus.

n-3 PUFAs have been widely used as health products owing to their ability to regulate blood lipids. The mechanism of PUFAs, as components of cell membranes, involves changing the composition of cell membranes (Gawrisch et al., 2008), but also changing the process of intracellular messenger transmission and cytokines. All phospholipids and some secondary messengers, such as triglycerides and ceramide, contain FA chains, so their functions can be changed by altering FA composition (Issazadeh-Navikas et al., 2012). In the field experiment, n-3 PUFAs can enhance natural killer cell activity, CD8+ T cell (a cytotoxic T lymphocyte) activation, and interleukin-γ and tumor necrosis factor-α production in tumor-bearing animals (Robinson et al., 2001). Previous studies have shown that appropriate intake of n-3 PUFAs can stimulate lymphocyte proliferation and enhance immune function (Hedelin et al., 2007; Gawrisch et al., 2008). This is consistent with the increase in the number of leukocytes and lymphocytes in T. ovatus blood after the addition of dietary Aurantiochytrium sp. in the present study. These results indicate that the immune function of T. ovatus was indeed increased by adding Aurantiochytrium sp. to its feed.
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Groups

Percentage of PUFAs Diet 1 Diet 2 Diet 3 Diet 4 Diet 5 Diet 6 Diet 7
ARA (%) 0.23 0.25 0.26 0.26 0.28 0.27 0.28
EPA (%) 0.45 3.89 3.93 4.05 4.04 4.06 4.34
DHA (%) 0.91 4.39 4.91 5.74 597 6.41 6.66
Total (%) 1.59 8.53 9.10 10.05 10.29 10.74 11.28

ARA, arachidonic acid; EFA, eicosapentaenoic acid; DHA, docosahexaenoic acid.
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Feed composition Diet 1 Diet 2 Diet 3 Diet 4 Diet 5 Diet 6 Diet 7
Crude protein g/100g 39.40 38.90 38.30 37.70 37.10 36.50 36.00
Crude fat g/100 g 12.50 14.00 14.60 16.10 15.50 16.40 17.60

1617.00 1635.00 1645.00 1651.00 1656.00 1658.00

Energy kJ/100 g 1580.00
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Ingredients (%) Groups

Diet 1 Diet 2 Diet 3 Diet 4 Diet 5 Diet 6 Diet 7
Fish meal 30.00 29.00 27.00 25.00 23.00 21.00 19.00
Algal flour 0.00 1.00 3.00 5.00 7.00 9.00 11.00
Peeled soybean meal 20.00 20.00 20.00 20.00 20.00 20.00 20.00
Peanut meal 12.00 12.00 12.00 12.00 12.00 12.00 12.00
Flour 20.42 20.42 20.42 20.42 20.42 20.42 20.42
Shrimp head powder 2.00 2.00 2.00 2.00 2.00 2.00 2.00
Fish oil 7.00 7.00 7.00 7.00 7.00 7.00 7.00
Choline (50%) 0.50 0.50 0.50 0.50 0.50 0.50 0.50
VC Phosphate 0.50 0.50 0.50 0.50 0.50 0.50 0.50
Soybean phosphate 2.00 2.00 2.00 2.00 2.00 2.00 2.00
Multi-vitamins 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Compound mineral salt 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Ca(HoPO4)2 2.00 2.00 2.00 2.00 2.00 2.00 2.00
Methionine 0.15 0.15 0.15 0.15 0.15 0.15 0.15
Lysine 0.14 0.14 0.14 0.14 0.14 0.14 0.14
Threonine 0.29 0.29 0.29 0.29 0.29 0.29 0.29
Sodium alginate 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00
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Growth performance Diet 1 Diet 2 Diet 3 Diet 4 Diet 5 Diet 6 Diet 7

SR (%) 90.00 92.00 86.00 82.00 90.00 78.00 86.00

WGR (%) 264.95 £ 0.77a 276.06 £ 5.8ab 286.69 £ 2.07bc  286.97 £3.58bc  294.34 + 3.02c 296.44 £ 3.26cd  306.65 + 15.48d
SGR (%/day) 2.31 £ 0.00a 2.37 £ 0.03b 2.42 £ 0.01bc 2.42 £0.02bc 2.45 £ 0.01cd 2.46 £ 0.01cd 2.50 £ 0.07d
HSI (%) 0.95 £ 0.06b 0.78 £ 0.16ab 0.92 £+ 0.08b 0.81 £0.02ab 0.83 £ 0.08ab Q.70+ 0.15a 0.88 £+ 0.02ab
FCR (%) 148.39 £ 10.89a 135.86 + 3.01b 133.35 £ 4.65bc  128.81 £2.16bc  126.17 £ 0.95bc  127.45+1.73c 126.14 £+ 0.69¢
FE (%) 67.63 + 4.85a 73.63 = 1.63b 75.05 + 2.61bc 77.65 +1.29b¢ 79.26 + 0.60c 78.47 £1.07c 79.28 + 0.43¢
CF (g/cm?) 276.88 £ 13.82 290.76 £+ 22.32 294.41 £ 13.25 297.44 +£11.59 299.02 £ 12.05 29793 +7.18 302.32 + 7.43
Final body weight (g) 30.17 33.83 33.00 35.47 36.93 37.13 37.37

SR, survival rate; WGR, weight gain rate; SGR, specific growth rate; HSI, hepatosomatic index; FCR, feed conversion ratio; FE, feed efficiency; CF, condition factor; Diets
1-7 with 0.00, 1.00, 3.00, 5.00, 7.00, 9.00, and 11.00% Aurantiochytrium sp. powder, respectively. Values are mean I SEM of three replicates, and values in the same
row with different letters are significantly different (P < 0.05).
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Diets

Fatty acid Diet 1 Diet 2 Diet 3 Diet 4 Diet 5 Diet 6 Diet 7
C14:0 2.73 £ 0.02b 2.71 £ 0.04b 2.72 £0.11b 2.68 + 0.07a 2.77 £0.12¢c 2.73 £0.05b 2.69 £ 0.00a
C15:0 0.47 £0.01a 0.47 £ 0.03a 0.52 £0.14c 0.50 £ 0.09b 0.48 £ 0.04a 0.46 £ 0.00a 0.50 £ 0.11b
C16:0 26.69 + 0.15d 26.13 = 0.25¢ 25.58 +£0.14b 2597 4 0.08bc 25.32 + 0.35b 24.78 £ 1.47a 25.37 £ 0.41b
C17:0 0.48 £0.08 0.48 £ 0.00 0.47 £0.21 0.48 £0.15 0.47 £0.08 0.47 £0.08 0.48 £0.038
C18:0 9.48 £ 0.13ab 9.87 £ 0.24b 9.756 £ 0.09b 9.22 £ 0.24a 9.81 £ 35b 9.88 £ 1.23b 9.44 £+ 0.88¢c
C24:0 0.36 £ 0.07bc 0.31 £0.12ab 0.28 £ 0.05a 0.34 £ 0.09b 0.38 £ 0.07¢ 0.34 £ 0.03b 0.29 £ 0.11a
SFa 39.71 + 0.86¢ 39.11 £+ 0.80ab 39.25 + 0.41b 39.10 +£ 1.12ab 39.00 + 0.74b 38.87 + 0.63a 38.87 + 1.32a
C16:1 4.71 £ 0.24c 4.20 £+ 0.09b 413 £0.18ab 4.19 £ 0.02b 3.93+0.77a 4.20 £ 0.14b 4.03 £ 0.40a
C18:1 21.567 £0.40 19.84 + 0.35 19.77 £ 0.09 19.50 £ 0.17 19.24 + 0.47 19.37 £ 0.41 19.47 £ 0.27
C20:1 2.64 £ 0.10c 2.01 £0.21a 2.12 £ 0.08b 2.14 +0.21b 210+ 0.17b 2.10 £ 0.48b 2.15 £+ 0.92b
C22:1 1.01 £ 0.07b 1.054+0.12¢ 1.01 £0.20b 0.99 £+ 0.28b 0.90 £ 0.09a 1.00 + 0.00b 1.01 £ 0.04b
C24:1 0.79 £ 0.31b 0.74 £ 0.08a 0.77 £ 0.25ab 0.79 £ 0.10b 0.76 £ 0.44ab 0.78 £ 0.22b 0.80 £ 0.14b
MUFa 30.71 £ 0.77d 27.83 £ 0.40c 27.85 +£1.44c 27.51 £ 0.28b 27.15 £ 0.74a 27.42 £ 0.41b 27.44 £ 0.70b
C18:2n—6 10.80 £ 0.45 8.72 £ 0.31 8.80 £0.54 7.924:0.55 6.84 £ 0.20 9.04 £0.02 8.70 £0.17
C20:2 0.84 £0.28 0.76 £ 0.30 0.79 £ 0.11 0.88 £ 0.09 1.00 + 0.09 0.80 £ 0.22 0.91 £0.34
C18:3n-3 0.56 £ 0.02a 0.85 £ 0.00c 0.77 £0.04b 0.80 £ 0.04bc 0.83 £ 0.01¢c 0.83 £ 0.03¢c 0.80 £ 0.01bc
C20:4 n—6 1.17 £ 0.02a 1.63 £ 0.02c 1.48 +£0.03b 1.45 £ 0.02b 1.45 £ 0.02b 1.21 £0.03a 1.20 +£ 0.02a
C20:5n-3 1.86 + 0.03a 2.72 £0.02b 3.20 £0.11cd 3.30+0.11d 4.40 £0.12e 3.10+0.11¢ 3.33 £ 0.03d
C22:6 n-3 14.44 + 0.39a 18.27 + 0.03bc 18.23 £0.20b 19.44 £ 0.27d 20.61 + 0.36e 18.51 £ 0.43bc 18.87 £ 0.44cd
PUFa 29.77 +£ 0.68a 32.87 £ 0.47b 3827 +0.21b 33.77 £ 0.30b 35.16+0.58¢ 33.49 + 0.09b 33.81 +£ 0.24b

Values are mean I SEM of three replicates, and values in the same row with different letters are significantly different (P < 0.05).
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