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The aim of this study was to estimate the possible synergetic effects of the two levels of dietary dried distillers grains with solubles (DDGS) from different sources (US-imported and native) on the growth, health status, muscle texture, and muscle growth-related gene expression of juvenile grass carp. Four treatments of fish were fed with 4 isonitrogenous diets, namely, native DDGS20, native DDGS30, US-imported DDGS20, and US-imported DDGS30 for 60 days. The US-imported DDGS30 group showed the better growth and feed efficiency. Additionally, we observed a significant increase in hepatopancreatic total antioxidant capacity (T-AOC) and superoxide dismutase (SOD) in native DDGS groups. Moreover, raw muscle collagen increases considerably in the US-imported DDGS30 compared with the native DDGS30 group. In comparison with the native DDGS groups, the US-imported DDGS groups showed significantly decrease in all textural properties and fiber density, while increased fiber diameter. Dietary native DDGS inclusion significantly showed the upregulation of myog, myhc, and fgf6a expression in muscle, while the downregulation of the expression of myod and myf5. Overall, US-imported DDGS30 had a beneficial influence on growth via regulating genes involved in myogenesis and hypertrophy, the formation of collagen, but had negative impacts on antioxidant capacity and cooked muscle texture.
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INTRODUCTION

Protein is considered to be the most costly component of dietary nutrients in aquaculture feeds, which has a major effect on aquatic species' growth efficiency. Due to the increasing cost of traditional protein sources, researchers have attempted to develop new low-cost protein sources to replace high-cost protein sources. Dried distillers grains with solubles (DDGS), cereal by-products of the distillation process for fuel ethanol production, are the alternative sources of protein. Apart from corn, the main source of DDGS, other starch-rich cereals, such as barley, cassava, millet, rice, wheat, and sweet potato can potentially be used to produce ethanol (1). Corn DDGS, which is characterized by high-energy, moderate protein with high available phosphorus content, is composed of 26–28% protein, ~10% crude fat (as fed-basis), and residual starch, carbohydrate (2). In addition, antinutritional factors (ANFS) that are found in other protein sources, such as trypsin inhibitors in soybean meal, gossypol in cottonseed meal, and glucosinolates in rapeseed meal, are absent in DDGS (3). However, both the nutritional value and content of corn DDGS are greatly affected by the source, grain quality, fermentation process efficiency, temperature, exposure time of the drying process, and the proportion of the solubles added (4).

China is the world's third-largest producer of DDGS, and a major user of DDGS manufactured in the United States (5). China National Grains and Oils Information Center (CNGOIC) reported that, in 2011, the average price of US-imported DDGS was 1,985 yuan per metric ton, which was 19% less than the Chinese domestic corn and 35% less than soybean meal, which indicated that US-imported DDGS is a relatively low-cost feed ingredient.

Generally, US-imported DDGS has several advantages, such as better nutrient quality and consistency, compared with the Chinese DDGS due to the variation in raw materials and different milling and fermentation processes used in the Chinese native ethanol plant (6). Due to the high humidity environment of corn production, the Chinese DDGS has a higher concentration of mycotoxin than US-imported DDGS, which can be worsened by the lack of conventional processing techniques and suitable storage facilities among small farmers (7). US-imported DDGS has lower variability in energy and nutrition, as well as a higher digestibility of lysine and phosphorus, increasing its efficiency in feed composition than Chinese DDGS (8–11). Furthermore, Chinese DDGS sources are widely variable in crude fat content with higher neutral detergent fiber (NDF) content, which indicates that the Chinese DDGS has a lower and more variable metabolizable energy (ME) than the US-imported DDGS (12). Color has become a quality indicator for DDGS sources (13). The color of DDGS is linked to a number of nutritional and physical features that are altered by the differences in manufacturing and drying methods, and US-imported DDGS has a lighter, golden color, which is thought to be a subjective signal of increased protein and amino acid digestibility and feeding value (14). In addition, US-imported DDGS are lower in cost compared with domestic Chinese sources (6).

Many endogenous factors affect fish flesh quality, such as genetic factors (15), collagen content (16), and texture (17). Furthermore, feed and feeding are extrinsic factors that also influence the quality of meat (18). Mechanical textural properties, such as hardness, chewiness, springiness, cohesiveness, and adhesiveness, are common indices used to evaluate the flesh efficiency (19). The significant relationship between fiber density and several textural parameters, such as firmness has been reported in a variety of fish species (20).

Satellite cells, also known as myoblasts, are myogenic precursor cells that participate in the processes of proliferation and differentiation that contribute to muscular development (21). MyoD, Myf5, myogenin (Myog), and Mrf4 are myogenic regulatory factors that have an important function in fish skeletal muscle growth (22). Furthermore, myostatin (mstn) has a negative effect on fish development (23), whereas fgf6 and myhc expression have a positive effect on fish muscle proliferation and differentiation (24).

Grass carp (Ctenopharyngodon idellus) is the most popularly cultured freshwater herbivore fish in China, characterized by high growth, delicious taste, and good meat quality (25). The adoption of pelleted feed is one of the major reasons for the increased grass carp production at a higher density in the fish ponds. Low costs with balanced diets are the most drastic points facing aquaculture. The protein sources in fish are important, which should be accurately determined. However, DDGS in grass carp is rarely investigated, although it is widely used in fish diets. Our previous studies have determined optimal dietary native DDGS levels to replace rapeseed meal and cottonseed meal, respectively (26, 27). However, no data are available about the effect of different types of DDGS on grass carp. A growth trial by feeding four experimental groups of juvenile grass carps with diets containing two levels (20 and 30%) and the two sources of dietary DDGS (US-imported and native) was carried out in this study. Thus, the goal of this work was to compare the effects of native and US-imported DDGS on fish growth performance, health, filet texture, and muscle growth, so as to guide the use of DDGS with optimal type and level in the diets of juvenile grass carp.



MATERIALS AND METHODS


Diets Preparation

Chinese DDGS (Feed grade) with a color of 57.7, 8.2, and 20.6 in L*, a*, b* provided by Henan Tianguan Group Co., Ltd. (Nanyang) and US-imported DDGS with a color of 67.3, 7.8, and 28.9 in L*, a*, b* provided by COFCO Feed (Huanggang) Co., Ltd. were determined by the UltraScan VIS colorimeter (HunterLab, Virginia, USA). Four isonitrogenous (32% protein in dry matter) and lipid (9% in dry matter) experimental diets, namely, native DDGS20, native DDGS30, US-imported DDGS20, and US-imported DDGS30 were formulated. All ingredients and the proximate analysis of the four experimental diets are provided in Table 1. The ingredients were ground to pass through a 60-mesh sieve and then thoroughly mixed with the required soybean oil and distilled water for pelleting into 1.5 mm pellets by a laboratory pellet mill (YR008; Jiedong Gangmei Yongren Foodstuff Machinery Factory, Jiedong City, Guangdong Province, China), air-dried and then kept at −20°C until use.


Table 1. Ingredients and the proximate analysis of the experimental diets (% in dry matter)a.

[image: Table 1]



Experimental Fish and Feeding Management

Juvenile grass carp were obtained from Honghu Fisheries Corporation (Hubei Province, China), and were acclimated to aquaculture conditions for 2 weeks. In total, 360 fish (mean initial weight, 5.0 ± 0.2 g) were randomly divided into twelve circular fiberglass tanks (300 L water capacity each) in an indoor flow-through culture system, and each tank contained 30 fish (3 tanks per treatment). Fish were manually fed to apparent satiation, two times a day at 08:00 and 15:00 for 60 days. During the feeding cycle, the daily feed intake was recorded; the water temperature and pH were kept at 26.0 ± 0.5°C and 7.0–7.6, respectively, and the water exchange was kept at 1 L/min in each tank to keep the ammonia nitrogen below 0.02 mg/L. Constant aeration was used to keep the dissolved oxygen exceeding 5 mg/L, and a natural photoperiod regime 12L:12D was applied. All procedures were approved for laboratory animal use by the Institutional Animal Care and Use Committee of Huazhong Agricultural University.



Sampling and Chemical Analyses

At the end of the experiment, and following 24 h fasting, all grass carp were counted and weighed collectively in each tank for the calculation of growth performance parameters, such as final body weight (FBW), specific growth rate (SGR), feeding rate (FR), and feed efficiency (FE). Five fish for each aquarium were randomly chosen to measure body length (cm) and weight (g) individually to calculate the condition factor (K). The fish viscera, hepatopancreas, and mesenteric fat were weighed to measure visceral somatic index (VSI), hepatosomatic (HSI), and mesenteric fat (MFI) indexes, respectively. Blood samples were obtained from the caudal vein, precipitated at room temperature for 30 min, then centrifuged at 3,000 × g for 15 min at 4°C, and serum was extracted then frozen at −80°C. Dorsal muscle samples were quickly stored in liquid nitrogen and then preserved at −80°C till extract RNA. Further, liver samples were stored at −80°C for enzymes activity assays. In addition, hepatopancreas and muscle samples were further fixed in 4% buffer formalin for histological analysis. Moreover, muscle samples were also taken to determine the collagen content. Another 5 fish per tank were randomly sampled and stored at −20°C for body proximate analysis.



Analytical Methods
 
Growth Performance and Body Index

The following formulas were used to calculate:

Specific growth rate (SGR, %/day) = 100 × [ln final body weight (g) – ln initial body weight (g)]/60 (days)].

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

Feeding rate (FR, % BW/day) = 100 × [dry feed intake (g)/[60 (days) × [(final body weight (g) + initial body weight (g))/2].

Feed efficiency (FE, %) = 100 × weight gain (g)/dry feed intake (g)

Condition factor (K, %) = 100 × final body weight (g)/(body length (cm))3

Hepatosomatic index (HSI, %) = 100 × final hepatopancreas weight (g)/final body weight (g)

Visceral somatic index (VSI, %) = 100 × viscera weight (g)/final body weight (g)

Mesenteric fat index (MFI, %) = 100 × mesenteric fat weight (g)/final body weight (g)



Chemical Analysis and Textural Properties

A chemical analysis of experimental diets, whole fish body, and dorsal muscle was conducted using standard methods (28). In brief, moisture was determined by oven drying at 105°C to constant weight; protein concentration was determined by measuring nitrogen (N × 6.25) using the Kjeldahl technique; lipid was extracted by ether using the Soxhlet technique; and ash was determined after firing at 550°C for 6 h. Direct combustion of dietary samples in an adiabatic oxygen bomb calorimeter (Parr Instruments, Moline, IL, USA, model Parr 6200) to determine the gross energy. Cooking muscle loss was measured (29). In brief, a 2–3 g muscle sample was cooked for 5 min in boiling water. After drying the surface with absorbent paper, the cooked loss was equated to weight loss during heat treatment. The cooked muscle was sliced into 1 × 1 × 1 cm pieces for texture profile study (TPA) using a texture analyzer (TA.XT plus; Stable Micro Systems, UK), equipped with a 20 mm flat-bottomed cylindrical probe. Double compression was applied during testing at a steady velocity of 1.0 mm/s to reach 35% of the initial height. The pre-test speed = 2 mm/s, post-test speed = 5 mm/s, pause time = 5 s, and the data acquisition rate = 200 points per second (pps). As defined by Bourne (30), textural parameters were calculated.



Serum Indexes and Liver Antioxidant Capacity

The assay kits were, respectively, used to determine the serum metabolites, such as total protein (TP), alanine aminotransferase (ALAT), aspartate aminotransferase (ASAT), cholesterol (CHO), glucose (Glu), and triglycerides. In addition, total antioxidant capacity (T-AOC), superoxide dismutase (SOD), glutathione peroxidase (GSH-Px), as well as malondialdehyde (MDA) in hepatopancreatic samples were spectrophotometrically determined using commercial kits supplied by Nanjing Jiancheng Bioengineering (China).



Quantitative Histological Analyses

After the fixation in 4% paraformaldehyde, dorsal muscle and hepatopancreatic samples were processed by dehydration in the graded levels of ethyl alcohol. Then, the tissue was embedded in paraffin blocks. The sections of 7 μm thickness were stained with hematoxylin and eosin (H&E) for structure observation under a light microscope. An M Shot Image Analysis System (Micro-shot, Guangzhou, China) was used to measure muscle diameter and density.



Real-Time Quantitative PCR (q-PCR) Analysis

Using Trizol™ reagent (Takara, Dalian, China), total RNA was isolated from muscle following the manufacturer's protocol. Total RNA quantity and quality were measured by a Nanodrop spectrophotometer and a 1.0% agarose gel electrophoresis, respectively. The PrimeScript™ RT reagent Kit (Takara, Dalian, China) was used for reverse transcription of 1 μg of total RNA to generate the cDNA following the manufacturer's protocol. All primers for the genes of interest were designed using Primer Premier 6.0 software through the National Center for Biotechnology Information (NCBI) database (Table 2). The real-time quantitative PCR (q-PCR) program was performed as described previously (27). The expression results were calculated using the 2−ΔΔCt method outlined by Pfaffl (31) using β-actin and ef1α as reference genes. The value in the native DDGS20 group was assigned as an arbitrary value of 1.


Table 2. Primers used in real-time PCR.
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Statistical Analysis

Results were subjected to two-way analysis of variance (ANOVA) to determine the effect of DDGS types (native and US-imported DDGS) and levels (20 and 30%), and the interaction between DDGS types and levels, using SPSS version 19 (IBM, Armonk, NY, USA). Duncan's test is used to determine significant differences among samples. The probabilities of p ≤ 0.05 were considered significant. Data were expressed as mean value ± SD (n = 3).




RESULTS


Effects of Dietary DDGS Types and Levels on Growth Performance, Feed Efficiency, and Morphological Indices

A significant interaction between DDGS types and levels occurred, represented by final body weight, specific growth rate, and feed efficiency (Table 3). At the end of the feeding trial, FBW, SGR, and FE in the US-imported DDGS30 group were significantly (p < 0.05) higher compared with native DDGS20, native DDGS30, and US-imported DDGS20. However, survival rate and feeding rate did not show significant differences among dietary groups. As shown in Table 4, the morphological parameters represented by K, HSI, VSI, and MFI did not alter significantly with dietary DDGS inclusion levels and types (p > 0.05) either.


Table 3. The effects of different types and levels of dietary dried distillers grains with solubles (DDGS) on the growth performance and feed utilization of juvenile grass carpa.
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Table 4. The effects of different types and levels of dietary DDGS on the body index of juvenile grass carpa.
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Effects of Dietary DDGS Types and Levels on Serum Biochemicals and Hepatic Antioxidant Capacity

In Table 5, there were no significant interactions effects between different DDGS types and levels on serum biochemicals. Dietary DDGS types or levels had no significant effects on the serum activities of ALAT and ASAT, as well as the serum contents of TP, glucose, triglyceride, and total cholesterol either (p > 0.05). Hepatopancreatic GSH-Px in US-imported DDGS20 showed a significant increase compared with native DDGS20 (Table 6). However, hepatopancreatic T-AOC and T-SOD showed significant differences according to DDGS types, as native DDGS showed a significant increase compared with US-imported DDGS, while MDA showed no significant differences between different dietary groups (p > 0.05).


Table 5. The effects of different types and levels of dietary DDGS on serum biochemicala.
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Table 6. The effects of different types and levels of dietary DDGS on the hepatic antioxidant indices of juvenile grass carpa.
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Effects of Dietary DDGS Types and Levels on Whole Body and Dorsal Muscle Proximate Analysis

The composition of the body and dorsal muscle did not alter significantly (p > 0.05) with different dietary DDGS inclusion levels and types (Table 7). Interestingly, DDGS type affected the muscle collagen significantly, and muscle collagen significantly increased in the US-imported DDGS30 group compared with native DDGS30 (p < 0.05), while did not show a difference between the US-imported DDGS20 and native DDGS20 group.


Table 7. The effects of different types and levels of dietary DDGS on body and dorsal muscle proximate compositiona.
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Effects of Dietary DDGS Types and Levels on Cooked Muscle Texture

As shown in Table 8, the cooking loss did not show any significant difference between dietary treatments (p > 0.05). Both DDGS inclusion level and DDGS type affected the cooked muscle texture indices, such as muscle hardness, gumminess, and chewiness with a significant interaction, which all showed a significant increase (p < 0.05) in the native DDGS groups compared with the US-imported DDGS groups. Furthermore, the US-imported DDGS30 showed the lowest values. With regard to springiness, a significant interaction between inclusion level and DDGS types was observed, and a significant increase (p < 0.05) in native DDGS20 was observed compared with other native DDGS or US-imported DDGS groups. Cohesiveness and resilience were significantly affected by DDGS types, which were significantly higher (p < 0.05) in native DDGS groups compared with US-imported groups, but did not show significant changes (p > 0.05) between increasing DDGS levels (native or US-imported).


Table 8. The effects of different types and levels of dietary DDGS on cooked muscle texturea.
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Effects of Dietary DDGS Types and Levels on Hepatopancreas and Muscle Morphology

There was no difference in hepatopancreatic histology between the experimental groups. Both the native DDGS and imported DDGS groups showed normal hepatocytes without obvious swelling or atrophy (Figure 1). As shown in Table 9 and Figure 2, the muscle fiber diameter significantly decreased (p < 0.05) in the native DDGS groups compared with the US-imported DDGS groups. On the contrary, groups containing US-imported DDGS had significantly lower fiber density than groups including native DDGS (p < 0.05). Furthermore, US-imported DDGS30 showed the lowest fiber density value.


[image: Figure 1]
FIGURE 1. Hepatopancreatic cross-sections of the fish from the native and imported dried distillers grains with solubles (DDGS) groups stained with hematoxylin–eosin (H&E) (200×). Hepatopancreatic histology of native DDGS20 and DDGS30 (A,B) as well as imported DDGS20 and DDGS30 (C,D) groups showed normal hepatocyte without obvious swelling or atrophy.



Table 9. The effects of different types and levels of dietary DDGS on muscle cellularitya.
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FIGURE 2. The cross-sections of dorsal muscle in juvenile grass carp with H&E (200 ×). Native DDGS20 and DDGS30 groups (A,B) showed increased muscle fiber density, while small fiber diameter. US-imported DDGS20 and DDGS30 groups (C,D) showed opposite trend.




Effects of Dietary DDGS Types and Levels on Muscle-Related Genes Expression

There were significant interaction effects between DDGS types and levels on the gene expression of myod, myf5, mstn, fgf6b, and myhc. Both myod and myf5 showed significant upregulation in the US-imported DDGS30 group compared with other DDGS dietary groups (p < 0.05). The relative expression of mstn significantly decreased with increasing DDGS levels. Moreover, DDGS20 showed the highest level (p < 0.05). The relative expression of fgf6b in the US-imported DDGS30 showed significant upregulation compared with other groups. Moreover, US-imported DDGS20 showed the lowest level. The relative expression of myhc in the native DDGS groups showed significant upregulation compared with US-imported DDGS groups (p < 0.05). Furthermore, the US-imported DDGS20 showed the lowest level. DDGS types significantly affect gene expression of myog, Mrf4, and fgf6a. The expression of myog and fgf6a showed significant up-regulation in native DDGS-containing groups compared with US-imported DDGS groups (p < 0.05), while mrf4 expression showed the opposite trend (Figure 3).


[image: Figure 3]
FIGURE 3. Muscle growths related gene expressions in grass carp white muscle tissue received different DDGS levels and types. Data represented the means ± SD. Bars with different letters denote significant difference between groups (p < 0.05). *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001 and ns: no significance, which mean the effect of the DDGS type and level as well as their interaction on each gene expression by the factorial ANOVA.





DISCUSSION

The US-imported DDGS30 group had the greatest FBW, SGR, and FE values in this investigation, showing that the growth boost was due to the better feed utilization at the appropriate DDGS inclusion level and type. This infers that the biological value of US-imported DDGS as an alternative protein source was higher than that of native DDGS, which might be related to the higher crude fiber content in Chinese native DDGS compared with US-imported DDGS, including higher acid detergent fiber (ADF) that reduced its feeding value (32). Furthermore, Chinese DDGS from different resources compared with US-imported DDGS had lower lysine, while contained similar nutrient levels (32), which might be another explanation to our findings. In this study, body and filet composition were not affected by the different levels and types of DDGS, which was in agreement with the results that the inclusion of up to 30% DDGS to European catfish (Silurus glanis) diet did not affect the growth parameters, nutrient utilization, biometric indices, and carcass composition (33).

There was no available literature citing the comparative effects of native and US-imported DDGS on serum biochemicals. In addition, the lack of serum biochemical reference data makes it difficult to compare the results with other studies according to fish size, species, and environmental factors (34). Serum ALAT and ASAT are important indicators that reflect liver function. A significant increase in serum ASAT and ALAT activities may indicate impaired liver function (35). In this study, serum ALAT, ASAT, TP, glucose, triglyceride, and total cholesterol levels were not significantly affected by DDGS groups. Furthermore, we found no histological changes in hepatocytes structure between the experimental groups. This is consistent with the finding that DDGS is not responsible for the observed histological changes in the absence of ANFs (36). Similarly, it was reported that plasma biochemical parameters did not show differences up to 30% DDGS dietary inclusion in European catfish (33). In contrast, serum constituents, such as triglycerides and total cholesterol increased with an increasing DDGS dietary substitution level up to 750 g/kg in laying hens (37). This means that metabolic difference exist between the aquatic and terrestrial animals.

To date, there is relatively limited information available regarding the effects of corn DDGS on the antioxidant status of grass carp. A previous study showed that dietary DDGS inclusion levels up to 30.9% decreased hepatopancreatic T-SOD, possibly due to the oxidative stress caused by higher PUFA contents in DDGS (27). Moreover, it was concluded that dietary DDGS decreased GSH and T-SOD values in juvenile grass carp (26). In the present study, hepatopancreatic GSH-Px increased in the US-imported DDGS20 group compared with the native DDGS20 group, while hepatopancreatic T-AOC and T-SOD decreased in the US-imported DDGS group compared with the native DDGS. Similarly, it was shown that the inclusion of DDGS up to 25% did not cause lipid peroxidation but increased GSH content and GSH-Px activity in the liver of broiler (38). In addition, it was reported that the antioxidant enzyme activity of GSH-Px was enhanced, to offset any oxidative stress from the dietary PUFAs when more than 18% dietary inclusion of corn DDGS in laying ducks (39). In the present study, the anti-oxidative activity of T-SOD and T-AOC decreased in US-imported DDGS containing groups that resulted in negative effects on the antioxidant system of juvenile grass carp. The mechanism of this negative influence on antioxidant enzyme activities should be elucidated in the future.

Texture profile, muscle cellularity, and gene expression were used to assess the flesh quality and skeletal muscle growth of grass carp. Changes in white muscular growth, which is caused by changes in both muscle hypertrophy and hyperplasia, account for the majority of changes in somatic growth in fish. This study confirms the plasticity of the white muscle growth dynamics of fish, which has been demonstrated to be influenced by dietary level or nutrient supply, such as dietary lipid (40, 41). The somatic growth increase observed in the grass carp fed with the US-imported DDGS30 diet was linked to the significant changes in the growth dynamics of white muscle, increasing the diameter of white muscle fibers, whereas decreasing density compared with native DDGS. These findings point to the prevalence of hypertrophic growth by increasing fiber diameter in fish received US-imported DDGS instead of hyperplasia. Likewise, it was reported that more rapid fiber enlargement occurs in fast-growing rainbow trout than in slow-growing ones (42).

The texture is a crucial marker of fish quality. Among textural criteria, filet hardness has a significant impact on the acceptability of filets (15). According to this study, the texture profile, such as hardness, gumminess, chewiness, cohesiveness, and resilience of cooked muscle in the native DDGS groups increased significantly compared with the US-imported DDGS groups, as US-imported DDGS30 showed the lowest value, which indicated the reverse effect of imported DDGS on the filet quality of grass carp. The use of DDGS in the diets affected meat quality has gained attention. It was reported that DDGS up to 15% in broiler diets tended to reduce the hardness of the breast and thigh, however the effect was not significant (43). Our previous studies regarding the effect of dietary DDGS on grass carp texture reported that dietary DDGS inclusion produced a softer cooked muscle texture (26, 27). Furthermore, texture and other flesh quality traits are influenced by muscle cellularity and connective tissue matrix (44). In general, fibers in species with a harder texture are often smaller than those in species with a softer texture (20, 45, 46). A previous study on Atlantic salmon (Salmo salar, L.) demonstrated a positive correlation between the muscle fiber density and firmness of smoked filet (47). It was reported that filets with low stiffness were probably associated with small muscle fiber size, suggesting a prevalence of hyperplastic growth in Senegalese sole (Solea senegalensis) fed diets with 100% plant protein (48), which is in agreement with our findings. Similarly, it was mentioned that total fish meal substitution in rainbow trout induced a decrease in the white muscle fiber diameter but resulted in smaller-sized fish (41). However, inconsistent results were reported in this area. It was reported that there was no clear correlation between texture and fiber size (49). Additionally, it was reported that the dietary carbohydrate inclusion in Olive flounder (Paralichthys olivaceus) caused a decrease in both fiber diameter and muscle hardness (50). These inconsistent results in the correlation between muscle fiber diameter and muscle hardness indicate that this field deserves a large scale of further investigation.

Although collagen enhances the texture of raw fish flesh, it is considered to be of minor contribution to the texture of flesh after cooking (51). As indicated in our earlier research, dietary DDGS inclusion in juvenile grass carp enhanced collagen production (27). Similarly, in this study, raw muscle collagen significantly increased in the US-imported DDGS30 group compared with native DDGS30, while this did not improve the flesh texture after cooking.

It is very important to clarify the effects of DDGS types and levels on the expression of growth-related genes in the muscle of juvenile grass carp. Except for myog, the expression patterns of the MRFs, such as myod, myf5, and mrf4 revealed a general increasing trend in US-imported DDGS containing groups. Similarly, it was detected that mrf4 and myod expression correlated negatively with the increase of dietary lipid level resulting in the reduced growth in juvenile Senegalese sole (52). In contrast, the upregulation of myog and myhc expression in the native DDGS-containing groups reflects the better capacity of muscle regeneration in these groups, which might suggest the compensatory process for the growth depression caused by higher crude fiber in the native DDGS. These results may explain why the hardness of muscle increased significantly in the native DDGS groups, which agrees with the results reported by Hu et al. (53). Moreover, our results are consistent with that the difference in body weight between treatments was contributed to the modulation of myog gene expression in male zebrafish fed a PP diet with low growth vs. high growth, which indicated that myog expression was more active, due to possible muscle renewal, in fish with a slower growth rate than those with a faster growth rate (54). Mstn has been reported to play a crucial role in the regulation of myogenesis in vertebrates, limiting both muscle cell hypertrophy and hyperplasia and hence restraining the skeletal muscle growth (55). Moreover, it was shown that MSTNs had a deleterious impact on grass carp muscle growth after 10% paper mulberry was added (46). The higher expression of mstn in the lower SGR group indicated that this gene might be the cause of the drop in growth performance in this study. Fgf6 is implicated in both the proliferation and differentiation of the myogenic lineage by promoting myoblast proliferation (56). It was reported that fgf6 is likely to be associated with prolonged muscle hyperplasia in trout (57). Notably, native DDGS mainly act on the expression of fgf6a rather than fgf6b to regulate hyperplasia in this study. These two genes have different expression profiles in our study, in which the lower expression of fgf6a in US-imported DDGS groups was positively correlated to the muscle fiber density, while fgf6b expression showed an unsteady trend, although it was suggested that fgf6b had a function in muscle hypertrophy growth regulation (58). These distinctions in the function of fgf6 subtypes deserve more confirmation. An expression of myhc showed a general increasing trend in native DDGS-containing groups compared with the imported DDGS groups in this study. Similarly, previous studies reported that small-diameter white fibers produced during mosaic hyperplasia have been found to transiently express myosin heavy chain gene, which can be used as a muscle growth marker (59). However, it was reported that the depressed growth of juvenile trout fed plant protein rich diets was linked to the changes in white muscle growth dynamics (a decrease in the median diameter of muscle fiber) but not to substantial changes in MRF or MHC expression levels (41).



CONCLUSIONS

The US-imported DDGS30 had a beneficial effect on the growth of juvenile grass carp via regulating genes expression involved in myogenesis and hypertrophy, the formation of collagen, but had negative impacts on antioxidant capacity and cooked muscle texture.
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Forward: TTACGAAGGCGGCGATAACTT Reverse: TGGTGAGGAGACATGGACAGA
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Forward: TATGTTGGTGACGAGGCTCA Reverse: GCAGCTCGTTGTAGAAGGTG
Forward: TGACTGTGCCGTGCTGAT Reverse: CGCTGACTTCCTTGGTGATT

GenBank number
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Gu290227
KT899334
EU414733
KP719016
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MyoG, myogenin; MyoD, myogenic determining factor; Myf5, myogenic regulatory factor 5; MRF4, myogenic regulatory factors 4; MyHC, myosin heavy chain; MSTN, myostatin; fgf6a,
fibroblast growth factor 6a; fgf6b, fibroblast growth factor 6b.
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DDGS20 (native)

IBW (g) 537 £021
FBW (g) 20.20  0.40°
SGR (%/d) 220 +0.10°
SR (%) 100.00
FR (9%/d) 263006
FE (%) 60.78 £0.15°

DDGS30 (native)

5.43 £0.21
21.13 £ 0.40*
227 +£0.06*
98.90 & 1.91

2.60 £ 0.00
71.83 £ 0.65*

Diet treatments

DDGS20 (imported)  DDGS30 (imported)

5.63 +£0.21 5.43+0.15
20.70 £0.87% 24.97 £ 0.40°
220 +£0.10* 257 £0.06°
100.00 98.90 % 1.91
270 £0.17 2567 £0.12
71.20 £ 2.00* 85.80 £ 1.23°

Inclusion level

DDGS types

ns

ns
ns

Interaction

ns

ns
ns

#Values are means = standard deviation (SD). Mean values with different letters are significantly different at (p < 0.05). *p < 0.01; *'p < 0.001; ns, no significance; IBW, initial body
weight; FBW, final body weight; SGR, specific growth rate; SR, survival rate; FR, feeding rate; FE, feed efficiency.
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Diet DDGS20 (native)

Ingredients (% DM)
Fish meal 63% CP
Soybean meal 44% CP
Rapeseed meal 36% CP
Cottonseed meal 49% CP
Native DDGS 26% CP
US-imported DDGS 26% CP
Wheat flour 14% CP
Soyaoil

Choline chioride
Ethoxyquin

Monocalcium phosphate
Microcrystaline callulose
Yitrium oxide

Salt

Vitamin and mineral mix®
Cellulose

Proximate composition (%)
Dry matter

Crude protein

Crude lipid

Gross energy () g™')

3.00
22.00
14.00
11.00
20.60

0.00
18.00

220
0.15
0.06

1.50
5.10
0.10
0.30

1.00

1.00

89.82
31.96
9.06
17.58

DDGS30 (native)

3.00
22.00
7.00
11.00
30.90
0.00
18.00
1.60
0.15
0.05
1.50
2.50
0.10
0.30
1.00
1.00

89.19
32.19
9.05
17.65

DDGS20 (US-imported)

3.00
22.00
14.00
11.00

0.00
20.60
18.00

220
0.15
0.05

1.50
5.10
0.10
0.30

1.00

1.00

89.02
32.44
8.95
17.38

DDGS30 (US-imported)

3.00
22.00
7.00
11.00
0.00
30.90
18.00
1.60
0.15
0.05
1.50
2.50
0.10
0.30
1.00
1.00

88.93
32.54
8.94
17.53

aProvided per IU or g kg~ diet: retinol, 300,000 IU; calciferol, 100,000 1U; alpha tocopherol, 1.2g; menadione, 0.5g; thiamin, 0.5g; riboflevin, 0.7 g; pyridoxine, 0.6; cyanocobalamin,

0.0015g; pantothenic acid, 2.5; ascorbyl monophosphete, 10g; folic acid, 0.15g; calcium-

0.4g; iodine, 0.1g; cobalt, 0.03g; selenium, 0.01 g.

-pantothenate, 1.8; megnesium, 10g; manganese, 2g; iron, 12g; zinc, 5g; copper,
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DDGS20 (native) ~ DDGS30 (native)  DDGS20 (imported) ~ DDGS30 (imported)  Inclusion level ~DDGS types  Interaction

GSH-Px (U/mg prot) 87.67 £ 3.82° 90.74 & 4.88% 97.37 £ 1.89° 96.70 & 1.79% ns N ns
T-ACC (U/mg prot) 1.58 + 0.02° 1.58 +0.04° 1.51£0.04* 151 £0.03* ns ha ns
T-SOD (U/mg prot) 9.68 +0.14° 9.49 +£0.31° 9.10 £ 0.07* 9.00 £ 0.08* ns b ns
MDA (nmol/mg prot) 7.156+£0.16 717 £0.16 7294013 720017 ns ns ns

Values are means + SD. Mean values with different letters are significantly diferent at (o < 0.05). An asterisk (") denotes a statistically significant difference, ns: no significance. GSH-PXx,
glutathione peroxidase; T-AOC, total antioxidant capacity; T-SOD, superoxide dismutase; MDA, malondialdehyde.
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K 1984005
HSI 165+0.18
vsi 10.60 = 0.50
MFI 3.43+0.10

%Values are means = SD. Mean values with different letters are significantly different at (o < 0.05), ns: no significance.

somatic index; MFI, mesenteric fat index.

1.89 +0.04
157 £0.08
10.56 + 0.56
3.28 £0.04

Diet treatments

DDGS20 (imported)

1.92 +£0.07
161008
9.96 + 0.64
3.42+023

DDGS30 (imported)

1.88 £ 0.06
1.65 +0.04
10.29 + 0.66
327 £0.09

Inclusion level

ns
ns
ns

ns

DDGS types

ns
ns
ns

ns

Interaction

ns
ns
ns

ns

K, condition factor; HSI, hepatosomatic index; VSl, visceral
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ALAT (UIL)

ASAT (UL)

Total protein (g dL™")
Glucose (mmol/L)
Triglycerides (mmol/L)
Cholesterol (mmol/L)

DDGS20 (native)

7.00 £2.00
111.50 £ 21.50
34.40 £0.70
222+0.88
2.39£0.46
652+ 1.34

Diet treatments

DDGS30 (native)  DDGS20 (imported) ~ DDGS30 (imported)

7.00 £ 1.00 5.67 £0.58 7.33+£1.53
86.00 + 11.79 103.67 + 13.32 93.67 + 15.95
32,52+ 1.51 33.23+2.12 3380+ 1.14
2.65+0.76 3.15+£0.19 2.74 £0.55
234£0.26 2.76 £0.42 258 +0.19
6.42+0.15 758 £0.41 7.23 041

Inclusion level

ns
ns
ns
ns
ns
ns

DDGS types

ns
ns
ns
ns
ns
ns

Interaction

ns
ns
ns
ns
ns
ns

“Values are means = standard deviation (SD). Mean values with different letters are significantly different at (P < 0.08), ns: no significance. ALAT, aspartate aminotransferase; ASAT,

alanine aminotransferase.
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