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This study evaluated the effects of different dietary non-protein energy sources on hepatic metabolism and endocrine of barramundi. Fish were fed iso-energy diets (18 MJ kg–1) with two types of non-protein energy source in the experimental group and a regular diet was used as the control. The feeding trial lasted 56 days. In the present study, CPT1 and SCD expression in fish fed high lipid diet were upregulated and liver lipid metabolism was more active than the control group. Serum biochemical parameters including serum glucose, serum triacylglycerol and serum cholesterol were significantly increased. The IGF-I and IGF-II expressions were significantly upregulated, and growth performances were improved in fish fed the high lipid diet. When barramundi were fed with the high carbohydrate diet, GK expression was downregulated and cPEPCK expression was upregulated, indicating that glycogen might accumulate in liver. The fluctuation of serum biochemical parameters and the growth performance were not significantly different compared to the control group. In conclusion, high lipid diet can shorten the raising period, but it causes the change of metabolic level and the increase of useless adipose tissue; The high carbohydrate diet did not significantly improve the growth performance, and no significant metabolic abnormalities were observed, indicating that carbohydrate has the potential to be the feed energy supply source for juvenile barramundi. The results provide insights for further understanding the availability of non-protein energy sources in the diet of juvenile barramundi.
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INTRODUCTION

In intensive aquaculture, feed supply is the main component of production costs, and protein is the most expensive ingredient in most fish diets because of the non-renewability of fish meal and the presence of anti-nutrient factors in plant proteins (Muzinic et al., 2006; Cashion et al., 2017). Energy density of feed is generally increased by increasing the protein content, but high protein content is not only increases the cost of raising but also has negative impacts of environment due to potential nitrogenous losses such as residues and feces (Dosdat, 2001; Lazzari and Baldisserotto, 2008). An increase in the proportion of lipids and carbohydrates added to the feed effectively alleviates this problem, with some additional benefits. Lipids are known to be the major non-protein energy with high energy density in fish feed. Dietary lipids are considerable sources of essential fatty acids for fish, and some researchers have indicated that appropriate dietary lipid content can improve the quality of the end product (NRC, 2011). Carbohydrates are more attractive and potential included in diet because of their abundant availability and cheap (Wilson, 1994). The addition of this nutrient also has a beneficial effect to the pelleting quality of feed (Thomas et al., 1998).

Animals have developed metabolic system accurate and complex enough to accommodate to diversified nutritional states in their natural environment (Buettner et al., 2007; Soengas, 2014; Gyamfi et al., 2019). The changes in the metabolism are a tool that reflect the adaptability to different dietary conditions (Moraes and Bidinotto, 2004; Bibiano Melo et al., 2006). To elucidate the reasons for the variation in metabolism, the understanding of the change in the key enzymes involved in each metabolic pathway is essential. Previous studies have shown that feed nutrition would cause changes in hepatic function by regulating lipid metabolism, thereby changing cell function (Li et al., 2016; Meng et al., 2018). High dietary carbohydrate: lipid ratios (>3.41) by increases de novo lipogenesis and reduces FA β-oxidation and lipoprotein clearance in the liver, thereby accelerating the liver lipid deposition of juvenile tilapia, Oreochromis niloticus (Xie et al., 2017). To maintain the optimum health condition in carnivorous fish, it is necessary to understand the adaptative strategy of energy metabolism and metabolic feedback in the feeding practice.

As an aquatic species widely cultivated in Australia and Asian countries, barramundi (Lates calcarifer) has the characteristics of fast growth, easy propagation and domestication (Liu et al., 2018; Ma et al., 2018, 2019). Barramundi also has a long history of breeding and research, as well as extensive studies on its lipid and carbohydrate requirements. There are two kinds of common feed formulation for barramundi in Australia that are implemented by adjusting the protein and lipid levels, one is low energy density (15 MJ/k digestible energy, ∼ 46% digestible protein, 12% lipid) and the other is medium energy density (18 MJ/k digestible energy, ∼ 40% digestible protein, 20% lipid) (Glencross, 2006, 2008). Studies have tried to raise carbohydrate levels to save feed costs for barramundi. A recommended protein level is 42.5%, lipid level is 6–12%, and the carbohydrate level is raised to 20% of the feed, and this will not significantly affect the growth of barramundi (Catacutan and Coloso, 1997). However, little investigation has been paid to the metabolism of this species, and the adaptive strategies to non-protein energy sources intake have not been well studied. In the present study, fish oil and α-starch were used as the potential energy source to evaluate the endocrine status and hepatic metabolism of barramundi to dietary lipids and carbohydrate. Results from the present study could pave the way to further understand on energy metabolism of barramundi and provide a basis for optimizing feed formula of barramundi with a cheaper dietary source.



MATERIALS AND METHODS


Experimental Diets

Three iso-energy diets (Table 1) referenced from previous study (Fu et al., 2019), the control group (C) used the diet formula according to crude protein 475 g kg–1, crude lipid 100 g kg–1, and nitrogen-free extract 180 g kg–1 (Glencross et al., 2017). In the experimental group, fish oil and α-starch were used as the source of lipid and carbohydrate, respectively (NRC, 2011). The crude lipid in the high lipid group (HL) increased to 160 g kg–1, and the nitrogen-free extract in the high carbohydrates group (HC) increased to 220 g kg–1. The preparation and preservation methods of the feed were also referred to in previous study (Fu et al., 2019).


TABLE 1. Feed composition (g kg–1), proximate composition of the diets (air-dry basis g kg–1) and gross energy content (MJ kg–1) in three experimental diets (Fu et al., 2019).
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Experiment Design and System

The same batch of Juvenile barramundi (33.69 ± 3.63 g, 12.08 ± 2.13 cm) were obtained from Tropical Aquaculture Research and Development Center, Sanya, China, and grown in an indoor seawater recirculating system being fed a commercial feed (Santong Bio-engineering Co., Ltd., Weifang, China). Fish were grouped and weaned according to previous study (Fu et al., 2019). A total of 117 fish were randomly divided to 9 experimental tanks (fiber glass, 800 L) for a 12 day acclimation. Each experimental tank contained 13 fish and experimental feed was randomly assigned to the experimental tank. The experiment lasted 8 weeks. The experiment was conducted in outdoor seawater tanks with filtered natural seawater. Fish were fed ad libitum twice a day at 08:00 and 16:00 h until apparent satiation on the basis of visual observation, and the feed consumed per tank were recorded. One hour after fed, the residual feeds and feces were sucked away. During the experimental period, the water quality parameters were measured daily and maintained at dissolved oxygen > 7.0 mg L–1, ammonia nitrogen < 0.1 mg L–1, nitrite nitrogen < 0.02 mg L–1, salinity 33 ± 1‰ and pH 7.8. The fish were reared and fed the diets under natural daylight cycle.



Sampling

At the time of the experiment ending, all fish were anaesthetized in 7 mg L–1 eugenol (Shangchi Dental Material Co., Ltd., Changshu, China), weighed to estimate growth performance and three fish were sampled from each tank (i.e., nine fish per treatment) for somatic parameters, biochemical and gene expression analyses. Blood was withdrawn from the caudal vein by a sterile injector (1 mL), allowed to stand at room temperature for 4 h, centrifuged at 3,500 × g for 10 min at 4°C, and the supernatant was collected and then stored at –80°C for further analysis. Thereafter, whole body, viscera, liver and intraperitoneal fat were weighed for determination of viscera ratio (VR), hepatosomatic index (HSI), intraperitoneal fat ratio (IPF). Liver tissues were snap-frozen in liquid nitrogen, then preserved at −80°C until use.



Proximate Composition Analysis

The proximal compositions of the diet, fish body and muscle samples were determined based on previous study (Glencross et al., 2017; Ma et al., 2019). Moisture was determined by oven dry to a constant weight at 103°C in an air-blower-driven drying closet (Nocchi Instrument Co., Ltd., China). Crude protein content (N × 6.25) was determined using a rapid N exceed (Elementar Co., Ltd., Germany). Ash (% dry weight) was quantified by combustion at 550°C in a muffle furnace (Laboratory Instrument Co., Ltd., China). Crude lipid (% dry weight) was determined by ether extraction using a Soxtec System (Zhejiang Tuopu Instrument Co., Ltd., China).



Serum Biochemical Parameters Analysis

The serum biochemical parameters were determined according to the manufacturer’s instructions using commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) i.e., glucose(GLU): Glucose Oxsidase—Peroxidase Aminoantypirin method; triglycerides(TG): Phosphate oxidase—Peroxidase Aminoantypirin method; total cholesterol(TC): Cholesterol Oxidase—Peroxsidase Aminoantypirin method; high-density lipoprotein cholesterol(HDL-C) and low-density lipoprotein cholesterol (LDL-C): direct method. All serum biochemical parameters analyses were performed in triplicate.



Gene Expression Analysis

Methods for RNA extraction and cDNA synthesis experiments were refined based on the methods published at Cold Spring Harbor Laboratory (Green and Sambrook, 2012). Total RNA was extracted using TRIzol (Invitrogen, United States). RNA integrity and concentration were verified by agarose gel electrophoresis and spectrophotometry (Bioteke Corporation Co., Ltd., China). The RNA was immediately used for cDNA synthesis. Subsequently, reverse transcription was performed on 1 μg of total RNA using TransScript-Uni One-Step gDNA Removal and cDNA Synthesis SuperMix (Transgen Biotech Co., Ltd., China) following the manufacturer’s instructions. The synthesized cDNA samples were stored at −20°C until further use.

The genes chosen for analysis by qPCR were selected from the L. calcarifer NCBI database1. The sequences of specific primer pairs and genes accession numbers are shown in Table 2. The specific primers of ELOVL fatty acid elongase 5 (ELOVL5), fatty acid desaturase 2 (FADS2), cytosolic phosphoenolpyruvate carboxykinase (cPEPCK), insulin like growth factor 1 (IGF-I), insulin like growth factor 2 (IGF-II) and actin beta (β-actin) were designed using the Primer Premier 5 program. The primers of stearoyl CoA deasaturase (SCD), carnitine palmitoyl transferase 1 (CPT1), ATP-citrate synthase (ACLY) and glucokinase (GK) were previously designed and validated by Wade et al. (2014). The qPCR was amplified in a Real-time qPCR machine (Hangzhou Longgene Scientific Instrument Co., Ltd., China) using SYBR Green (Tiangen Biotech Co., Ltd., China) following the manufacturer’s recommendations. Before the Real-time qPCR experiments, the specificity and efficiency of the primes above were detected. Each primer product was validated by melt-curve analysis to ensure only specific products were obtained with no formation of primer dimers. Constructing standard curves using serial dilution of cDNA. After verification of PCR efficiency to be around 100%, and Pearson’s coefficients of determination (R2) > 0.98. The 20 μl of reaction including 10 μl 2 × RealUniversal PreMix, 0.6 μl of each primer (10 μM) and 2 μl of diluted cDNA was initially denatured at 95°C for 15 min and then amplified for 40 cycles (95°C, 10 s, 58°C, 20 s, and 72°C, 30 s). Each assay was repeated three times in this study. No template control (NTC) was included with each assay to verify that PCR master mixes were free of contamination. The ΔΔ Ct method was used to calculate the relative expression with β-actin as a reference gene, and normalized as a control (Green and Sambrook, 2012).


TABLE 2. Primers of SCD, CPT1, ELOVL5, FADS2, ACLY, GCK, cPEPCK, IGF-I, IGF-II, and β-actin genes in barramundi used in qPCR.
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Calculations and Statistical Analysis

Specific growth rate (SGR), Feed conversion ratio (FCR), Feed intake (FI), Protein efficiency ratio (PER), Condition factor (CF), Viscera ratio (VR), Hepatosomatic index (HIS) and Intraperitoneal fat ratio (IPF) were calculated by referring to the method of Fu and Ma (Fu et al., 2019; Ma et al., 2019).

The data were presented as the mean ± standard deviation (SD). Statistical analyses were carried out by PASW Statistics (version 18). Assumptions of homogeneity of variances were checked using Levene’s equal variance test. The dissimilarities between different groups were conducted by one-way ANOVA and LSD test, and the level of significance was set at P < 0.05. All percentage data were transformed using square root to satisfy the assumptions of ANOVA.



RESULTS


Growth Performance

The fish growth performance was presented in Figure 1. The SGR, FCR and PER were not significantly different among the three groups of Lates calcarifer. Only WG and FI showed significant difference (P < 0.05) and the trend was similar, among which the HL and C treatments showed significant difference (P < 0.05), but HC showed no significant difference with the other two groups (P > 0.05).
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FIGURE 1. Effects of three experimental diets on growth performance ((A) Weight gain, (B) Specific grown rate, (C) Feed intake, (D) Feed conversion rate, (E) Protein efficiency ratio) of barramundi fed different experimental diets (C-Control, HL-High lipid, HC-High carbohydrate). Different superscript letters indicate significant differences among treatments (P< 0.05). Error bars represent standard error.




Proximate Composition and Somatic Parameters

In order to better explain the experimental results in conjunction with other data, data on Proximate composition and somatic parameters were referenced from previous study (Fu et al., 2019). There was no significant difference in moisture content among the three groups (P > 0.05, Table 3). The crude protein in the whole body and muscle of the HL group was significantly lower than that of the other two groups (P < 0.05), and the crude fat was significantly higher than that of the other two groups (P < 0.05). Nevertheless, the consistency between the whole body and the muscle was not reflected in the crude ash content, and the crude ash content in the HL group was significantly lower than that in the other two groups (P < 0.05). In the muscle, the coarse ash content was C > HL > HC, and there was a significant difference between the C and HL groups (P < 0.05). There was no significant difference in the condition factor (CF) and the viscera ratio (VR) in all groups (P > 0.05, Table 3). The HL was the highest group in the hepatosomatic index (HSI) and intraperitoneal fat ratio (IPF). Meanwhile, the HSI was significantly different between the HL and HC groups, and the IPF in the HL group was significantly different from that in the other two groups (P < 0.05).


TABLE 3. Effects of three experimental diets on body composition and somatic parameters in barramundi [Partly referred to Fu et al. (2019)].
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Serum Biochemical Parameters Analysis

GLU, TG, TC, HDL-C, and LDL-C were significantly affected by experimental diets (P < 0.05, Table 4), and the highest value was found in the HL group.


TABLE 4. Effects of three experimental diets on Serum biochemical parameters in barramundi.
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Gene Expression of Liver

In fatty acid metabolism genes, the SCD, CPT1, fasd2, and ACLY expressions in the HC group were significantly upregulated (P < 0.05), while the ELOVL5 expression showed no significant difference among treatments (P > 0.05, Figure 2A). In glucose metabolism genes, the acyl and cPEPCK expressions in the HC group were significantly upregulated (P < 0.05), and the GK expression in the HL and HC groups were significantly downregulated (P < 0.05, Figure 2B). In growth hormone genes, the IGF-I and IGF-II expression levels were similar in each treatment. The expressions of IGF-I and IGF-II were significantly upregulated in the HL group, while those were significantly downregulated in the HC group (P < 0.05, Figure 2C).
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FIGURE 2. Relative expression of lipid metabolism genes ((A) SCD, CPT1, ELOVL5, FADS2), carbohydrate metabolism genes ((B) ACLY, GK, cPEPCK) and Growth genes ((C) IGF-I, and IGF-II) in barramundi fed different experimental diets (C-Control, HL-High lipid, HC-High carbohydrate). Different superscript letters indicate significant differences among treatments (P< 0.05). Error bars represent standard error. (put the figures in a single column of three).




DISCUSSION

In the present study, the adaptive mechanisms of barramundi to high lipid (160 g kg–1) or high carbohydrate (220 g kg–1) diets were evaluated to gain a better understanding on the metabolic strategy of non-protein energy sources in barramundi. There was found that different non-protein energy sources had effects on growth performance, food intake, somatic proximate composition and serum biochemical parameters. According to the hepatic expression level of metabolic genes, barramundi had different strategies for different non-protein energy sources.


The Response of Barramundi to High Lipid Diet

In fish, dietary lipids are an important source of essential fatty acids (FA) for regular growth, body functions, health and reproduction (Turchini et al., 2009). In this study, the whole body lipid content increased in the HL group. Consistently, the concentration of serum triglyceride and glucose also increased, indicating an active endogenous lipid transport (Chatzifotis et al., 2010), and the oxidative decomposition of lipid consumes a large amount of the intermediate product of glycolysis (a-glycerophosphate), which blocks glycolysis and makes the serum glucose increase (Tzur et al., 1964). In addition, the increase in dietary lipid content leads to an increase in dietary energy density, which will induce fish to control energy intake by reducing food intake (Nankervis et al., 2000), but the result is just the opposite in the present study. We found that the enthusiasm of barramundi fed the high lipid diet was much higher than that of the other two groups. It can be speculated that the increase in food intake of the high lipid group may be due to the attraction of fish oil. It could also be that the high lipid diet was softer and palatable. The increase in feed intake directly leads to the increase in weight. Excessive dietary lipid intake induces to excessive fat deposition in muscle, liver and visceral cavity in fish (Martino et al., 2002; Alves Martins et al., 2007). In this study, the increase in weight includes two parts: effective weight gain and ineffective weight gain. Ineffective weight gain mainly refers to the accumulation of abdominal adipose tissue. It is calculated that the effective weight gain accounts for about a quarter of the total weight gain, which still leaves most of the energy devoted to the effective weight gain. Although the results of high lipid group showed metabolic abnormalities, they still gave us some enlightenment that adding appropriate amount of lipids in the diet could improve the feeding enthusiasm and growth performance of barramundi.

The result of certain important hepatic lipometabolic gene expressions showed that ELOVL5, FADS2, and ACLY had no significant difference compared with the control group, and CPT1 and SCD were significantly upregulated in the present study. CPT1 participates in the key step of mitochondrial fatty acid oxidation and can catalyze the transformation of fatty acyl- CoAs into fatty acid carnitines into the mitochondrial matrix (Kerner and Hoppel, 2000; Laura et al., 2018). SCD plays a significant part in the synthesis of unsaturated fatty acids (Flowers and Ntambi, 2008; Ardiyanti et al., 2012). The synthetic product contains oleate, it indispensable to the biosynthesis of triglycerides and other lipids (Hsieh et al., 2004; Gonzalez-Baró et al., 2007). Similar trends in the expression of the related genes of lipid metabolism were found in both grass carp (Ctenopharyngodon idellus) and tilapia (Oreochromis niloticus) (Li et al., 2016; Xie et al., 2017). In the present study, GK expression was significantly downregulated. The glucose phosphorylation reaction catalyzed by liver GK can provide the substrate for glycolysis, glycogenesis and the pentose phosphate pathway. It is very important for maintaining blood glucose homeostasis (Engelking, 2010). In mammals, fish oil in the diet would reduce the expression of GK at both the enzyme and mRNA levels. In fact, the principle is that long-chain polyunsaturated fatty acids (PUFA) in fish oil can inhibit hepatic GK gene expression (Jump et al., 1994; Jump and Clarke, 1999). Whether the cause of GK expression reduction in barramundi is similar to that in mammals remains to further investigation. The intrahepatic adaptations of barramundi in response to high lipid intake were to increase SCD, induce CPT1 and simultaneously reduce GK to cope with excessive lipid intake.

Insulin like growth factors (IGFs) are mitogenic peptides, and they are generally believed that their expression are regulated by Endogenous (nutritional state and humoral factors) and exogenous (temperature and photoperiod) factors (Duan, 1998; Tatar et al., 2003). The process of nutrition regulation of IGFs is firstly caused by the hypothalamus integrated nutritional status clues, which leads to the release of stimulant (growth hormone-releasing hormone) or inhibitor (somatostatins) signals to the anterior pituitary gland to produce somatotrophs, which then enters the blood circulation and binds to hepatic GH receptors to stimulate the compound of IGFs (Picha et al., 2008). Several studies have suggested that IGFs have a significant role in nutrient metabolism, growth and development of fish and can be judged by the liver mRNA expression (Rolland et al., 2015). In previous studies, expression of the IGF-I and IGF-II genes were proved to be positively correlated with growth performance in channel catfish (Ictalurus punctatus) (Peterson et al., 2005), clownfish (Amphiprion ocellaris) (Avella et al., 2009), and golden pompano (Trachinotus ovatus) (Tan et al., 2017). In this study, IGF-I and IGF-II in the HL group were significantly upregulated, and the gene expression was consistent with the growth performance (WG and SGR). The increase in growth performance seems to be related to the IPF. This association can also be explained by the upregulation of IGF-I, which also promotes the proliferation and differentiation of adipose tissue (Chang et al., 2016). Therefore, dietary lipids promote IGFs secretion, and thus have a positive impact on growth performance. Similar results were found in rainbow trout (Oncorhynchus mykiss) and Nile tilapia (Oncorhynchus niloticus) (Vera Cruz et al., 2006; Meng et al., 2019).



The Response of Barramundi to High Carbohydrate Intake

The effect of high carbohydrate diet on fat accumulation in barramundi was not as significant as that of high-fat diet, suggesting that energy may be stored in other forms, such as glycogen (Hemre et al., 2002). There was no significant change in blood glucose, indicating that barramundi could adapt to the high-carbohydrate diet used in the study, and the serum TG, TC, LDL-C, and HDL-C were all reduced in various degrees, indicating that the intake of high-carbohydrate diet inhibited the utilization and transport of lipids.

The mRNA expression of metabolic key enzyme was significantly regulated by the high carbohydrate diet, and the expression of key enzyme genes for lipid synthesis (Fasd2, ACLY, and SCD) and decomposition (CPT1) was upregulated. Particularly, SCD and CPT1 were also higher than those in the HL group. Dietary carbohydrate administration also promote lipogenesis (Kamalam et al., 2012). There are two routes to excess glucose after carbohydrate feeding, one is amassed in the form of glycogen, or converted to triglycerides through lipogenesis (Skiba-Cassy et al., 2009; Polakof et al., 2012). The increased transcripts of liver lipid metabolism gene induced by dietary carbohydrate were found in gilthead sea bream Sparus aurata and rainbow trout Oncorhynchus mykiss (Castro et al., 2016; Song et al., 2018). Although there is no direct link between lipogenesis and glucose metabolism, this pathway possibly play an important part in glucose homeostasis because excessive glucose is converted to fatty acids. GK expression was downregulated and PEPCK expression was upregulated. This indicates that the extra carbohydrate can be converted into glycogen in barramundi fed the high carbohydrate diet. In some species such as carp Cyprinus carpio, rainbow trout Oncorhynchus mykiss and perch Perca fluviatilis and, the hepatic GK activity rises with dietary carbohydrate (Borrebaek et al., 2003; Capilla et al., 2003; Encarnación et al., 2004), but our findings do not support these findings. As a carnivorous fish, barramundi are insensitive to dietary carbohydrates, and the regulation of GK expression level remains to be further studied. Thus, the intrahepatic adaptation of barramundi in response to high carbohydrate intake were induces glycogen accumulation (GK and cPEPCK), enhance lipid synthesis (fasd2, ACLY, and SCD) and induce mitochondrial FA oxidative (CPT1) to activate lipid metabolism.

In the expression of growth hormone gene, IGF-I and IGF-II were downregulated, but there was no significant difference in the growth performance compared with the control group. The possible explanation is that the downregulation is not strong enough to affect growth or other factors like insulin, steroids and thyroid hormones, which allow the fine control of growth and adaptation to endogenous and external changes (Mommsen and Moon, 2001). The other hypothesis is that the increase of carbohydrate through α-starch in high carbohydrate diets leads to a lower FI due to its poor palatability. This hypothesis, however, is in contrast to the attractivity of high lipid diets to fish oil which lead to a direct response of endocrine and growth changes (Picha et al., 2008). Therefore, further research on feed intake as well as the role of other hormones associated with growth regulation is required in future.



CONCLUSION

This study demonstrates that when barramundi were fed with a high lipid diet, liver lipid metabolism was more active than in the control group. Serum biochemical parameters were significantly increased, and muscle and intraperitoneal fat were significantly accumulated, leading to improvement of growth performance. When barramundi were fed with a high carbohydrate diet, glycogen in the liver has the tendency of accumulation. The fluctuation of serum biochemical parameters was not obvious, and the accumulation of muscle and intraperitoneal fat were also not clearly evidenced. The growth performance in the HC and HL treatments was not significantly different from that of the control group. The intake of high lipid and high carbohydrate diets caused significant changes in metabolism, revealing the mechanism of the response to non-protein energy sources of juvenile barramundi.
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diet),vitamin D 250 0000 (IU kg~ diet),vitamin K3 600 (IU kg~ diiet),vitamin E
500 (U kg~ diet),vitamin B1 3200,vitamin B2 1 0900,vitamin B5 2 0000,vitamin
B6 5000,vitamin B12 1160,vitamin C 5 0000,niacin 400,folic acid 50,calcium
pantothenate 200,phaseomannite 1500, biotin 2.
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15 Md-kg=". C, Control; HL, High lipid; HC, High carbohydrate.





OPS/images/fmars-08-649747-t002.jpg
Gene Primer sequence (5'-3) Amplicon Accession

abbreviation size (bp) number

Metabolism

genes

SCD F: CCTGGTACTTCTGGGGTGAA 217  XM_018696772.1
R: AAGGGGAATGTGTGGTGGTA

CPT1 F: TGATGGTTATGGGGTGTCCT 186 XM_018678316.1
R: CGGCTCTCTTCAACTTTGCT

ELOVLS F: ATCCAGTTCTTCTTAACCGT 277 GQ214180.1
R: GGTTTCTCAAATGTCAATCCAC

FADS2 F: TCATACTACCTTCGCTACTTCTC 104 GU047383.2
R: ACAAACCAGTGACTCTCCAG

ACLY F: CAACACCATTGTCTGTGCTC 271 XM_018703332.1
R: GAAATGCTGCTTAACAAAGTCC

GK F: CTGGTGTGATCAACCGAATG 179  XM_018673057.1
R: ACCACTCCCCTCCTCTGACT

cPEPCK F: TCCGCCATCGGCTACCT 119 XM_018678244.1
R: TCCTCCACCTCCCTTTGC

Growth

hormone genes

IGF-I1 F: TGTGGACGAGTGCTGCTT 144 EU136176.1
R: TGCCCTGCGGTACTAACCT

IGF-1I F: AGTATTCCAAATACGAGGTGTG 131 XM_018664155.1
R: GAAGATAACCTGCTCCTGTG

Control gene

B-actin F: AACCAAACGCCCAACAACT 112 XM_018667666.1

R: ATAACTGAAGCCATGCCAATG





OPS/images/fmars-08-649747-t003.jpg
Items Experimental diets

(o3 HL HC
Whole body composition
Moisture contect% 70.41 £0.75 67.94 + 1.03 68.81 + 2.06
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Crude protein(N% x 6.25) 90.07 +1.082  88.04 £0.75°  90.34 + 0.732
Ash content% DW 584 +0.08 5774008 566+ 0.06°
Crude lipid% DW 219+ 0.11P 3.81 +£0.192 2,03+ 0.10P
Somatic parameters
CF (gom~3) 3.42 £ 0.05 3.62 + 0.04 3.39 + 0.47
VR (%) 8.28 + 0.47 9.46 + 0.66 8.04 £2.22
HIS (%) 1.47 £ 0.2780 1.96 +£0.272 1.36 + 0.25°
IPF (%) 1.91 4+ 0.24P 3.84 4+ 0.592 1.48 +0.32°

Data are given as the mean + SD. In the same row, values with same small letter
superscripts or no letter superscripts mean no significant difference (P > 0.05);
different small letter superscripts mean significant difference (P< 0.05).

CF, Condition factor; VR, Viscera ratio; HSI,

Intraperitoneal fat ratio.

Hepatosomatic index; IPF,
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GLU (mmol/L) 11.20 + 1.74° 14.41 + 0.62 9.88 + 0.53
TG (mmol/L) 1.44 +0.01P 1.72 4+ 0.082 1.33 +0.03°
TC (mmol/L) 5.99 + 0.432b 6.43 + 0.532 5.14 + 0.40°
HDL-C (mmol/L) 2.68 +0.182P 2.98 +0.212 2.51 +0.80P
LDL-C (mmol/L) 2.16 £ 0.232b 3.03+0.312 1.85 4 0.06°

Data are given as the mean + SD. In the same row, values with same small letter
superscripts or no letter superscripts mean no significant differences (P> 0.05);
different small letter superscripts mean significant differences (P< 0.05).

C, Control; HL, High lipid; HC, High carbohydrate. GLU, glucose; TG, triacylglyc-
erol; TC, total cholesterol; HDL-C, high density lipoprotein cholesterol; LDL-C, low
density lipoprotein cholesterol.
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