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Abstract:



The effects of selenium (Se)-biofortified corn on the total Se contents, the antioxidant enzyme levels, and the amino acids composition in Chinese mitten crab (Eriocheir sinensis) during the stage of the fifth shelling to maturity were investigated in the present study. The culture density of crabs was 600 per 667 m2, and they were continuously fed 120.4 mg Se from Se-biofortified corn per 667 m2 every two days for 90 days. The results showed that the total muscle Se levels in the crabs were significantly increased (p < 0.05). Activities of hemolymph supernatant enzymes including alkaline phosphatase (AKP), lysozyme (LZM), glutathione peroxidase (GPx), and superoxide dismutase (SOD) were also enhanced (p < 0.05). The protein and crude fat levels at maturity were higher than those at the fourth molt. The levels of total essential amino acids (∑EAAs) and total delicious amino acids (∑DAAs) were significantly increased (p < 0.05). We demonstrate that the feeding of Se-biofortified corn could significantly improve total muscle Se concentrations and hemolymph supernatant antioxidant enzyme activities in Chinese mitten crab, and slow down the rapid decline of ∑EAAs and ∑DAAs at maturity, thus improving the nutritional quality of Chinese mitten crab.
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1. Introduction


The aquaculture of Chinese mitten crab (Eriocheir sinensis) plays an important role in the freshwater fishery in China, with a total annual yield of 700,000 tons in 2012 [1]. It is generally believed that there are no immunoglobulins in Chinese mitten crab body fluids and the antibody-mediated immune response. The immune system of Chinese mitten crab consists of the phagocytosis and encapsulation by hemolymph cells; activities of enzymes such as alkaline phosphatases (AKP), lysozymes (LZM), glutathione peroxidase (GPx), and superoxide dismutase (SOD); activities of immune factors including lectins and hemolysin, etc.; and reactions of regulatory factors such as the thephenol oxidase-activating system [2]. Environmental stresses including water eutrophication and water pollution may lead to the low levels of dissolved oxygen, which along with the rapid growth of pathogenic bacteria especially in summer may increase the morbidity and mortality of Chinese mitten crab (Eriocheir sinensis) [3]. It is thus important to study ways to improve the anti-hypoxia ability as well as immunity of Chinese mitten crab in China.



As one of the essential nutrient elements, the proper addition of selenium (Se) may significantly improve the anti-hypoxia ability and immunity of aquatic creatures [4]. It has been suggested that Se can improve the growth and physiological performance of creatures including rats [5], fishes [6,7], and crustaceans [8,9]. Selenium also could help crustaceans increase immunity and disease resistance [10]. However, different sources of Se lead to different assimilation levels, and thus result in different effects on aquatic animals. Bell and Cowey (1989) found that the digestibility of selenomethionine (SeMet) was as high as 91.6% in Atlantic salmon, whereas that of sodium selenite (Na2SeO3) was 63.9% [11]. Wang et al. (1997) studied the effects of dietary Se on channel catfish (Ictalurus punctatus) to show that the organic Se had higher bioavailability than inorganic Se [12]. Le and Fort (2014) found that organic Se could produce more weight gain, higher Se accumulation in muscle tissues, and higher bactericidal activity than selenite in yellowtail kingfish (Seriolalalandi) [13]. Moreover, dietary SeMet increased the crude protein contents on the body wall of juvenile sea cucumber (Apostichopus japonicus) [14].



Biofortification technology has been widely applied in animals/agriculture [15,16,17,18]. The Se-biofortified agricultural products contain high levels of Se (e.g., 5–10 µg·kg−1 in corn) with SeMet and Se-methylselenocysteine (MeSeCys) as the major Se-containing compounds, thus being used as a new source of Se [18]. The Se-biofortified products might have potential benefits for animal nutrition worldwide [19]. The present study focused on the effects of Se-biofortified corn on the total body Se contents, the antioxidant enzyme levels, and the amino acids composition in Chinese mitten crab (Eriocheir sinensis) to evaluate the application of grain-biofortified Se in aquaculture.




2. Materials and Methods


2.1. Materials


Chinese mitten crabs (Eriocheir sinensis) (average larval weight: 6.25 g) were provided by Jiangxin Island Chinese Mitten Crab Aquaculture Base in Zhangjiagang, Suzhou, Jiangsu. Se-biofortified corn (total Se level as 5.35 mg·kg−1 with 60% SeMet) was provided by Suzhou Setek Co. Ltd., Suzhou, Jiangsu, China. Crab feedstuff was purchased from Jiangsu Jinkangda Group. Normal corn (with a total selenium level of 0.04 mg·kg−1) was purchased from the market.




2.2. Experiment Diets and Design


The experiments were carried out in eight aquaculture ponds with a size of about 13,340 m2 each in Jiangxin Island Chinese Mitten Crab Aquaculture Base in Zhangjiagang, Suzhou, Jiangsu Province. Six hundred per 667 m2 of the larval crabs were released into the aquaculture ponds on 7 March 2015, and harvested on 30 September 2015. Crabs were fed a diet with the crab feedstuff at 15 kg/day/667 m2 and normal corn once every two days at 1.5 kg/667 m2 each time. Right after the fourth shelling, crabs in four of the aquaculture ponds were fed crab feedstuff daily along with 0.5 kg of Se-biofortified corn plus 1.0 kg of normal corn per 667 m2 once every two days. The control group (CK) consisted of the crabs in the other four ponds, which were given the same diet as that used before the fourth shelling.




2.3. Sample Collection, Preparation, and Storage


Crab samples were collected on 29 July 2015 (right after the fourth shelling, as control groups (CK)), 30 August 2015 (right after the fifth shelling), and 30 September 2015 (at the harvest stage), respectively. Crab samples were randomly chosen and contained six male and six female crabs in each pond every time. Those crab samples were transported with ice to the lab to collect the hemolymph and meat samples within 3 h.



For each crab, 8 mL hemolymph was collected by leg shearing and centrifuged (3500 rpm, 4 °C and 10 min). The supernatant was stored at −80 °C. The crabmeat sample was taken from the legs and the abdomen and stored at −20 °C after being smashed by a grinder.



Since no significant difference was found between the male and the female when detecting the total Se levels in crabmeat, the samples were no longer separated according to gender for supernatant enzymes, amino acids, proteins, and fats measurement so as to reduce cost.




2.4. Determination of the Total Selenium Level


About 0.5 g of the crabmeat sample was accurately quantified, put into an Erlenmeyer flask, and combined with 10 mL of a mixed acid (nitric acid and hydrochloric acid, with a volume ratio of 4:1). After more than 3 h of digestion at room temperature, the flask was heated for 1 h at 110 °C, 2 h at 130 °C, 1 h at 180 °C, and then at 210 °C till clouds of white smoke were produced and the volume of the solution was reduced to about 2 mL. After cooling to room temperature, the funnel and the inner wall of the flask were rinsed using deionized water. The flask was then heated again at 210 °C till clouds of white smoke were produced and the solution volume was reduced to about 2 mL. After cooling to room temperature, 5 mL of hydrochloride acid (AR) was added into the flask, which was then shaken well and covered with a plastic film. The solution was diluted to 25 mL the next morning to be analyzed by hydride generation-atomic fluorescence spectrometry (HG-AFS).



Chinese national standard reference material GSV-2 (100–140 μg Se kg−1) was chosen as standard sample with Relative Standard Deviation (RSD) ≤ 5%.




2.5. Measurement of Hemolymph Supernatant Antioxidant Enzyme Activities


Activities of hemolymph supernatant enzymes including alkaline phosphatase (AKP) (Disodium phenyl phosphate-4-Aminoantipyrine-Potassium ferricyanide method), lysozyme (LZM) (Lysozyme assay kit-nephelometry method), glutathione peroxidase (GPx) (5,5′-dithiobis-(2-nitrobenzoic acid) method (DTNB)), and superoxide dismutase (SOD) (hydroxylamine method) were measured using a UV/visible-6100 spectrophotometer (Shanghai Precision Instrument Co., Ltd., Shanghai, China) as described by the manufacturer’s protocols from the Institute of Biological Engineering of Nanjing Jiancheng (Nanjing, China). Three replicates for each sample were analyzed.




2.6. Analysis of Amino Acids, Protein, and Crude Fat


Amino acids, protein, and crude fats in the crabmeat samples were analyzed by the Shanghai Academy of Agricultural Sciences (Shanghai, China). Types and levels of all free amino acids in the sample were analyzed using an automatic amino acid analyzer (pH 5–5.5, 100 °C, 10–15 min). Protein content was determined by a semiautomatic nitrogen determination apparatus following the method GB/T 5009.5-2010. The soxhlet extraction method was applied according to the method GB/T 14772-2008 to measure the crude fat content. The difference between the two results obtained from the same sample was no more than 5% of the average of the two values.




2.7. Data Analysis


The results are expressed as mean value ± standard errors (x ± SE). The statistical analysis was performed using the procedure of two-sample t-test in Origin7.0. Statistically significant difference was reported when the probability of the result assuming the null hypothesis (p) is less than 0.05.





3. Results


3.1. Effects of Se-Biofortified Corn on the Total Se Level in Crabmeat


The total Se levels in crabmeat samples are shown in Figure 1. There were no significant differences between the male (350.8 ± 4.2 μg·kg−1) and the female crabs (345.8 ± 4.2 μg·kg−1) in the CK samples (p > 0.05). The one-month feeding of Se-biofortified corn increased the total Se levels to 650.9 ± 44.1 μg·kg−1 (male) and 635.9 ± 44.5 μg·kg−1 (female), which were increased 1.86-fold (male) and 1.84-fold (female) compared to those of the CK samples, respectively (p < 0.05). The total Se levels in crabmeat samples taken from the crabs fed normal corn for one month were 369.4 ± 7.2 μg·kg−1 (male) and 343.9 ± 12.4 μg·kg−1 (female), which were not significantly different than those of the CK samples (p > 0.05).


Figure 1. The total selenium levels in crabmeat samples. Note: Data of columns marked with the same letter are not statistically different (p > 0.05). CK: samples on 29 July 2015 right after the fourth shelling; August: samples on 30 August 2015 right after the fifth shelling; September: samples on 30 September 2015 at the harvest stage.
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The two-month feeding of corn increased the total Se levels to 697.1 ± 43.4 μg·kg−1 (Se-biofortified corn, male), 356.7 ± 2.79 μg·kg−1 (normal corn, male), 697.8 ± 5.6 μg·kg−1 (Se-biofortified corn, female), and 356.9 ± 2.53 μg·kg−1 (normal corn, female), which were similar to those of the one-month feeding (p > 0.05). The results suggested that the feeding of Se-biofortified corn for one month could significantly increase the total Se level in crab (p < 0.05), which then kept at a state of balance. No difference in the total Se levels was found between the male and the female crabs (p > 0.05).




3.2. Effects of Se-Biofortified Corn on Hemolymph Supernatant Antioxidant Enzyme Activities


Supernatant antioxidant enzyme activities are shown in Figure 2. Activities of GPx, SOD, LZM, and AKP in the fourth molt samples were 337.3 ± 14.5 U, 170.7 ± 15.9 U·mL−1, 127.0 ± 15.4 U·mL−1, and 6.00 ± 0.8 IU·100 mL−1, respectively. The one-month feeding of Se-biofortified corn increased the enzyme activities compared to the CK sample 1.30-fold (to 440.2 ± 13.6 U, GPx), 1.24-fold (to 211.4 ± 22.3 U·mL−1, SOD), 1.08-fold (to 137.3 ± 10.3 U·mL−1, LZM), and 1.55-fold (to 9.31 ± 1.5 IU·100 mL −1, AKP), respectively (p < 0.05). Supernatant antioxidant enzyme activities in crabmeat samples taken from the crabs fed normal corn for one month were 339.6 ± 14.5 U (GPx), 172.3 ± 15.9 U·mL−1 (SOD), 127.5 ± 5.4 U·mL−1 (LZM), and 5.78 ± 0.8 IU·100 mL−1 (AKP), which were not significantly different than those of the CK sample (p > 0.05).


Figure 2. Activities of hemolymph supernatant antioxidant enzymes. Note: Data of columns marked with the same letter are not statistically different (p > 0.05). CK: samples on 29 July 2015 right after the fourth shelling; August: samples on 30 August 2015 right after the fifth shelling; September: samples on 30 September 2015 at the harvest stage.
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The two-month feeding of corn did not result in any difference in hemolymph supernatant antioxidant enzyme activities compared to the one-month feeding, with levels of 328.7 ± 7.1 U (GPx), 160.7 ± 8.94 U·mL−1 (SOD), 128.8 ± 2.1 U·mL−1 (LZM), and 5.03 ± 0.49 IU·100 mL−1 (AKP) for the normal corn-fed crabs, and 342.5 ± 7.0 U (GPx), 211.3 ± 2.6 U·mL−1 (SOD), 139.2 ± 4.9 U·mL−1 (LZM), and 9.85 ± 0.2 IU·100 mL−1 (AKP) for the crabs fed Se-biofortified corn.




3.3. Effects of Se-Biofortified Corn on the Contents of Protein, Crude Fats, and Amino Acids in Crabmeat


Table 1 shows the protein contents, crude fat levels, and the types and levels of amino acids in the samples. The protein content in crabmeat of the crabs fed Se-biofortified corn for one month was found to be 8.22 g·kg−1, which was significantly higher than that of the crabs in the CK sample (7.81 g·kg−1) (p < 0.05), and significantly higher than that of the crabs fed normal corn for one month (8.00 g·kg−1) (p < 0.05). The next one-month feeding of Se-biofortified corn resulted in the continuous increase of the protein content in crabmeat to 8.38 g·kg−1. However, the protein content in crabmeat would significantly decrease to 7.36 g·kg−1 after continuous feeding with normal corns.



Table 1. Effects of Se-biofortified corn on the contents of protein, crude fats, and amino acids in crabmeat.



	
Item

	
July Sample (CK)

	
August Sample

	
September Sample




	

	

	
Normal Corn

	
Se-Biofortified Corn

	
Normal Corn

	
Se-Biofortified Corn




	

	
g·kg−1






	
Protein

	
7.81

	
8.00

	
8.22

	
7.36

	
8.38




	
Crude fat

	
0.15

	
0.16

	
0.15

	
0.23

	
0.21




	
Lys 1

	
0.54

	
0.55

	
0.54

	
0.49

	
0.54




	
Phe 1,3

	
0.35

	
0.32

	
0.32

	
0.29

	
0.32




	
Mer 1

	
0.21

	
0.21

	
0.21

	
0.21

	
0.22




	
Thr 1

	
0.36

	
0.36

	
0.35

	
0.32

	
0.35




	
Ile 1

	
0.26

	
0.25

	
0.25

	
0.23

	
0.24




	
Leu 1

	
0.57

	
0.57

	
0.57

	
0.5.2

	
0.56




	
Val 1

	
0.27

	
0.26

	
0.26

	
0.23

	
0.25




	
His 2

	
0.24

	
0.23

	
0.23

	
0.21

	
0.23




	
Arg 2

	
0.74

	
0.69

	
0.74

	
0.67

	
0.72




	
Glu 3,4

	
1.07

	
1.10

	
1.09

	
1.01

	
1.08




	
Gly 3,4

	
0.33

	
0.39

	
0.42

	
0.33

	
0.42




	
Ala 3,4

	
0.57

	
0.59

	
0.60

	
0.55

	
0.62




	
Asp 3,4

	
0.70

	
0.70

	
0.69

	
0.64

	
0.6.9




	
Tyr 3,4

	
0.38

	
0.36

	
0.35

	
0.32

	
0.35




	
Pro 4

	
0.09

	
0.19

	
0.11

	
0.09

	
0.12




	
Ser 4

	
0.30

	
0.3

	
0.31

	
0.28

	
0.30




	
∑EAA

	
2.55

	
2.52

	
2.51

	
3.06

	
3.87




	
∑HEAA

	
0.98

	
0.92

	
0.97

	
0.88

	
0.95




	
∑NEAA

	
3.44

	
3.51

	
3.56

	
3.22

	
3.57




	
∑DAA

	
3.40

	
3.13

	
3.15

	
2.85

	
3.15




	
∑TAA

	
6.96

	
7.00

	
7.04

	
6.38

	
0.70








Note: The amino acids marked with “1” are essential amino acids (EAA), with “2” are half essential amino acids (HEAA), with “3” are delicious amino acids (DAA), and with “4” are non-essential amino acids (NEAA); ∑ represents the sum of amino acids. TAA denotes total amino acids.








The crude fat levels in all sample groups were not significantly different in the first month of feeding with corn (p > 0.05). The second month of feeding with Se-biofortified corn, however, significantly decreased the crude fat level in crabmeat (0.21 g·kg−1) compared to that from the crabs fed a diet of normal corn (0.23 g·kg−1) (p < 0.05).



In total, 16 types of amino acid were determined in the present study, among which lysine (Lys), phenylalanine (Phe), methionine (Met), threonine (Thr), isoleucine (Ile), leucine (Leu), and valine (Val) are essential amino acids (EAAs). Half essential amino acids (HEAAs) include histidine (His) and arginine (Arg). Glutamic acid (Glu), glycine (Gly), alanine (Ala), aspartate (Asp), tyrosine (Tyr), proline (Pro), and serine (Ser) are non-essential amino acids (NEAAs). Phe, Glu, Gly, Ala, Asp, and Tyr are grouped into delicious amino acids (DAAs) [20,21]. It was found that at the harvest, the ∑TAAs, ∑HEAAs, and ∑NEAAs in crabs fed Se-biofortified corn were similar to those in crabs of the CK sample, whereas those in the crabs fed normal corn decreased significantly from 6.96 g·kg−1 to 6.38 g·kg−1, 0.98 g·kg−1 to 0.88 g·kg−1, and 3.44 g·kg−1 to 3.22 g·kg−1, respectively (p < 0.05). The total levels of EAAs (∑EAAs) in crabs fed either Se-biofortified corn or normal corn were similar to those in crabs of the CK sample after the one-month feeding (p > 0.05). The two-month feeding of Se-biofortified corn, however, significantly enhanced the total level of EAAs (∑EAAs) in the crabs to 3.87 g·kg−1, which was increased 1.27-fold compared to that in the crabs fed normal corn (3.06 g·kg−1), and increased 1.52-fold compared to that in the crabs of the CK sample (2.55 g·kg−1) (p < 0.05). The total level of DAAs (∑DAAs) in the crabs fed normal corn significantly decreased with the feeding duration from 3.40 g·kg−1 (the CK sample) to 3.13 g·kg−1 (the August sample) (p < 0.05), and then to 2.85 g·kg−1 (the September sample), whereas the total levels of DAAs (∑DAAs) in the crabs fed Se-biofortified corn were 3.15 g·kg−1 (the August sample) and 3.15 g·kg−1 (the September sample), which were not significantly different from those in the crabs of the CK sample (p > 0.05).





4. Discussion


Evaluation of the hemolymph supernatant biochemical characteristics has become an important method in studying the normal physiology, pathological process, and toxicological mechanism of organisms [22,23,24]. Free radicals in healthy organisms have been proved to be related to lipid peroxidation activity [25]. Antioxidant enzymes in the hemolymph supernatant can eliminate free radicals, e.g., GPx helps to remove H2O2 and lipid peroxide, and SOD is a scavenger of O2−. Some hemolymph supernatant enzymes are helpful in enhancing the immunity and well-being of organisms, e.g., LZM can eliminate pathogenic bacteria, and AKP, as a nonspecific phosphomonoesterase, helps in the absorption of dissolved calcium by crustaceans and the formation of calcium phosphate. AKP can also catalyze the hydrolysis of phosphate monoester and the transfer of phosphoric acid [26]. Figure 3 shows that in this study, the total Se levels in crabmeat are positively correlated with the contents of hemolymph supernatant GPx (r = 0.87, p < 0.01), SOD (r = 0.88, p < 0.01), LZM (r = 0.70, p < 0.01), and AKP (r = 0.85, p < 0.01), suggesting that the intake of Se-enriched corn significantly improve the anti-oxidative capability as well as the immunity of Chinese mitten crab (p < 0.05).


Figure 3. The correlation of the total Se levels in crabmeats and the activities of the hemolymph supernatant enzymes.
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GPx is an antioxidant selenoenzyme, functioning in removing free radicals and protecting cells [27]. Wang et al. (2007) proved that Na2SeO3 and SeMet could significantly enhance the activity of hemolymph supernatant GPx in crucian carp (Carassius auratus gibelio) [28]. Qin et al. (2016) demonstrated the ability of nano-Se in increasing the activity of GPx in Chinese mitten crab (Eriocheir sinensis) [9]. Wang et al. (2009) found that the hemolymph supernatant SOD activity in shrimp (Neocaridinaheteropoda) fed Se was significantly higher than those fed the supplemented control diet [29]. It has been suggested that the change of GPx/SOD ratio indicated the change in anti-oxidative status in organisms [30]. In the present study, the GPx/SOD ratio before the feeding of Se was 1.86 ± 0.25. After the one-month feeding of Se-biofortified corn, the ratio of GPx/SOD increased from 1.92 ± 0.02 (the CK sample) to 2.10 ± 0.08 (p < 0.05). The two-month feeding of Se-biofortified corn resulted in a GPx/SOD ratio of 2.11 ± 0.02, which was significantly higher than that of 1.95 ± 0.03 in the crabs fed normal corn (p < 0.05). The results suggested the anti-oxidative capability of Chinese mitten crab was enhanced by feeding with Se-biofortified corn.



As one of the non-specific immune factors, LZM functions in the inhibition of Gram-positive bacteria. It was found the concentration of hemolymph supernatant LZM in blue gourami (Trichogaster trichopterus) was 33.72% higher after two weeks of exposure to sodium selenite [31]. Liu et al. (2013) suggested that the LZM activity in Litopenaeusvannamei could be enhanced by the combined addition of βG and Se [32]. LZM activity was also significantly affected by dietary Se on yellowtail kingfish (Seriola lalandi) [33].



The increase of the AKP activity can provide more inorganic phosphorus to accelerate the phosphorylation of ADP to produce ATP, thus accumulating energy to promote growth and enhancing the non-specific immunity of organisms [34]. AKP helps in the absorption of dissolved Ca, the synthesis of calcium phosphate, and the formation and secretion of chitin in Chinese mitten crab. Wei et al. (1995) found that the effect of Se on the AKP activity was negligible, but Se could mitigate the inhibitory effect of copper on the AKP activity in red sea bream (Chrysophrys major) [35]. Regoli and Principato (1995) suggested that the increase of AKP activity in mussel, Mytilus galloprovincialis, was not significantly related to the increase of Se levels, but might be due to adaptation or compensatory mechanisms during the chronic exposure to a polluted environment [36,37,38].



Figure 4 shows the significantly positive correlations that were observed between the total Se levels in crabmeat and the protein contents (r = 0.81, p < 0.01), the ∑EAA levels (r = 0.53, p < 0.01), and the ∑NEAA levels (r = 0.68, p < 0.01). Se levels were not associated with the crude fat levels (r = 0.07, p < 0.01) or the ∑DAA contents (r = 0.05, p < 0.01), and positively but not significantly correlated with the ∑TAA contents (r = 0.47, p < 0.01) and the ∑HEAA contents (r = 0.40, p < 0.01).


Figure 4. The correlation of the total Se levels in crabmeat and the protein contents, the fat levels, and the amino acid levels.
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Se, as selenocysteine in 5′-deiodinase, can catalyze the conversion of tetraiodothyronine (T4) into triiodothyronine (T3). T3 controls the synthesis of growth hormone as well as the improvement of insulin levels, and promotes protein synthesis in muscle and the growth of animals [39]. A study conducted by Hicks et al. (1984) suggested that Na2SeO3 was not associated with the protein contents in rainbow trout (Salmogairdneri) [40]. Li et al. (2016), however, studied the effect of dietary Se sources on growth, body composition, and anti-oxidant performance of Litopenaeusvannamei, and found that Se could significantly increase body crude protein contents and decrease crude fat contents [41]. SeMet, as an organic Se source, can be incorporated into protein synthesis in place of methionine [42].



Up to now, few studies have been conducted to evaluate the effects of Se on muscle amino acids in Chinese mitten crab. A previous study revealed that nano-Se could increase the contents of free amino acids in Chinese mitten crab (Eriocheir sinensis) [43]. An ideal protein source contains about 40.0% EAAs according to Food and Agriculture Organization/ World Health Organization (FAO/WHO) recommendation. In this study, the ratio of EAAs to total proteins was 36.62% before feeding Se-biofortified corn. After one month of feeding with Se-biofortified corn, the ratios of EAAs to total protein were 36.11% and 35.62% for the fifth normal group and the fifth Se group, respectively. Two months of feeding with Se-biofortified corn significantly increased the ratio of EAAs to total protein for the harvest Se group to 55.34%, which was 7.41% higher than that for the harvest normal group (47.93%, p < 0.05) and 18.72% higher than that of the fourth molt sample (p < 0.05). The protein contents, the levels of amino acids, and the crude fat levels in Chinese mitten crab fed Se-biofortified corn were significantly higher than those in the CK samples. The present study demonstrated that Se-biofortified corn could improve the contents of amino acids as well as promote protein synthesis and the accumulation of crude fat in Chinese mitten crab. These findings are consistent with those of Ashouri et al. (2015) on Cyprinus carpio (Cyprinus carpio) [44] and Tian et al. (2014) on juvenile Chinese mitten crabs (Eriocheir sinensis) [45].




5. Conclusions


The total Se contents in the muscle tissue of Chinese mitten crabs fed dietary Se-biofortified corn (with SeMet as the major Se-containing compound) were in the range of 635.9–697.8 μg·kg−1, which were significantly higher than those of Chinese mitten crab fed dietary normal corn (350.8–360.0 μg·kg−1). The diet of Se-biofortified corn also improved the activities of hemolymph supernatant enzymes including GPx, SOD, LZM, and AKP, which were increased 1.04-fold, 1.31-fold, 1.08-fold, and 1.96-fold, respectively, compared to those of crabs fed normal corn, indicating that the Se-biofortified corn diet could enhance the anti-oxidative capacity of Chinese mitten crab. The contents of protein and amino acids in the muscle tissue of Chinese mitten crab fed Se-biofortified corn were also 7.29% and 26.69% higher than those of Chinese mitten crab fed normal corn, whereas the levels of crude fat in the former were significantly decreased from 0.23 g·kg−1, as determined in the latter, to 0.21 g·kg−1. The present study demonstrated that feeding with Se-biofortified grain, e.g., Se-biofortified corn, might be an effective strategy to enhance Se intake levels in aquatic animals, and to improve their anti-oxidative capacity.







Acknowledgments


This work was supported by Guangxi Innovation Special Project (GKAA17202026, GKAA17202019-2, GKAA17202027-3), National Natural Science Foundation of China (Grant 31400091, 31401545, 50949038), and the Natural Biofortification Program (NBP) by the International Society for Selenium Research (ISSR). The authors also acknowledged the three anonymous reviewers for making improvements to the manuscript.




Author Contributions


L.Y. and X.Y. conceived and designed the experiments; X.M., R.Z., Y.L., D.C. and Q.Z. performed the experiments; R.Z. and L.Y. analyzed the data; Y.L., L.P. and T.F. contributed reagents/materials/analysis tools; L.Y., R.Z., L.Y. and M.L. wrote the paper.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
Chen, K.; Li, E.; Yu, N.; Du, Z.; Chen, L. Biochemical composition and nutritional value analysis of Chinese mitten crab, Eriocheir sinensis, grown in pond. Glob. Adv. Res. J. Agric. Sci. 2013, 2, 164–173. [Google Scholar]

	2. 
Zou, G.Z.; Sun, H.S. Research Advances and Prospect in Aquatic Crustaceans Immunology. Life Sci. Instrum. 2009, 6, 17–21. (In Chinese) [Google Scholar]

	3. 
Jin, Z.W.; Zheng, Z.M.; Wu, S.J.; You, E.M.; Hu, A.K. Preliminary study on improvement of pond water quality by bottom aeration. South China Fish. Sci. 2010, 6, 20–25. [Google Scholar]

	4. 
Fu, J.J.; Liu, X.L.; Wu, C.Y.; Li, L.; Cao, J.M. Effects of selenium on antioxidation and immunity in aquatic animals. Guangdong Agric. Sci. 2013, 40, 124–126. (In Chinese) [Google Scholar]

	5. 
Rotruck, J.T.; Hoekstra, W.G.; Pope, A.L. Glucose-dependent Protection by Dietary Selenium against Haemolysis of Rat Erythrocytes in vitro. Nat. New Biol. 1971, 231, 223–224. [Google Scholar] [CrossRef]

	6. 
Poston, H.A.; Combs, G.F., Jr.; Leibovitz, L. Vitamin E and selenium interrelations in the diet of Atlantic salmon (Salmo salar): Gross, histological and biochemical deficiency signs. J. Nutr. 1976, 106, 892–904. [Google Scholar] [CrossRef] [PubMed]

	7. 
Bell, J.G.; Pirie, B.J.S.; Adron, J.W.; Cowey, C.B. Some effects of selenium deficiency on glutathione peroxidase (EC 1.11.1.9) activity and tissue pathology in rainbow trout (Salmo gairdneri). Br. J. Nutr. 1986, 55, 305–311. [Google Scholar] [CrossRef] [PubMed]

	8. 
Wang, H.W.; Xu, H.M.; Xiao, G.H.; Zhao, C.L.; Wang, Z.H.; Cai, D.B.; Li, H.Q.; Zhao, J.H. Effects of Selenium on the Antioxidant Enzymes Response of Neocaridina heteropoda Exposed to Ambient Nitrite. Bull. Environ. Contam. Toxicol. 2010, 84, 112–117. [Google Scholar] [CrossRef] [PubMed]

	9. 
Qin, F.; Shi, M.; Yuan, H.; Yuan, L.; Lu, W.; Zhang, J.; Tong, J.; Song, X. Dietary nano-selenium relieves hypoxia stress and, improves immunity and disease resistance in the Chinese mitten crab (Eriocheir sinensis). Fish Shellfish Immunol. 2016, 54, 481–488. [Google Scholar] [CrossRef] [PubMed]

	10. 
Wang, C.; Lovell, R.T.; Klesius, P.H. Response to Edwardsiella ictaluri challenge by Channel catfish fed organic and inorganic sources of selenium. J. Aquat. Anim. Health 1997, 9, 172–179. [Google Scholar] [CrossRef]

	11. 
Bell, J.G.; Cowey, C.B. Digestibility and bioavailability of dietary selenium from fishmeal, selenite, selenomethionine and selenocystine in Atlantic salmon (Salmo salar). Aquaculture 1989, 81, 61–68. [Google Scholar] [CrossRef]

	12. 
Wang, C.; Lovell, R.T. Organic selenium sources, selenomethionine and selenoyeast, have higher bioavailability than an inorganic selenium source, sodium selenite, in diets for channel catfish (Ictalurus punctatus). Aquaculture 1997, 152, 223–234. [Google Scholar] [CrossRef]

	13. 
Le, K.T.; Fotedar, R. Bioavailability of selenium from different dietary sources in yellowtail kingfish (Seriola lalandi). Aquaculture 2014, 420–421, 57–62. [Google Scholar] [CrossRef]

	14. 
Wang, J.Q.; Wang, Z.X.; Zhang, K.; Zhang, Y.M.; Jiang, Y.S.; Liu, C.B.; Wu, Y.Q. Effects of dietary selenomethionine levels on growth and some immune indices in juvenile sea cucumber Apostichopus japonicus. J. Dalian Ocean Univ. 2012, 27, 110–115. (In Chinese) [Google Scholar]

	15. 
Malagoli, M.; Schiavon, M.; dall’Acqua, S.; Pilon-Smith, E.A.H. Effects of selenium biofortification on crop nutritional quality. Front. Plant Sci. 2015, 6, 280. [Google Scholar] [CrossRef] [PubMed]

	16. 
Ranches, J.; Vendramini, J.M.B.; Arthington, J.D. Effects of selenium biofortification of hayfields on measures of selenium status in cows and calves consuming these forages. J. Anim. Sci. 2016, 95, 120–128. [Google Scholar] [CrossRef]

	17. 
Shi, L.; Ren, Y.S.; Zhang, C.X.; Yue, W.B.; Lei, F.L. Effects of organic selenium (selenium-enriched yeast) supplementation in gestation diet on antioxidant status, hormone profile and haemato-biochemical parameters in Taihang Black Goats. Anim. Feed Sci. Technol. 2018, 238, 57–65. [Google Scholar] [CrossRef]

	18. 
Wu, Z.; Bañuelos, G.S.; Lin, Z.Q.; Liu, Y.; Yuan, L.; Yin, X.; Li, M. Biofortification and phytoremediation of selenium in China. Front. Plant Sci. 2015, 6, 136. [Google Scholar] [CrossRef] [PubMed]

	19. 
Rayman, M.P.; Infante, H.G.; Sargent, M. Food-chain selenium and human health: Spotlight on speciation. Br. J. Nutr. 2008, 100, 238–253. [Google Scholar] [CrossRef] [PubMed]

	20. 
Gao, G.; Xu, W.J.; Xu, Y.; Wu, D.; Sun, Y.H.; Deng, F.; Shen, W.L. Amino acid adsorption on mesoporous materials: Influence of type of amino acids, modification of mesoporous materials, and solution condition. J. Phys. Chem. B 2008, 112, 2261–2267. [Google Scholar] [CrossRef] [PubMed]

	21. 
Wang, L.M.; Wang, J.Q.; Xu, W.D.; Han, J.B.; Zhou, Z.C.; Dong, Y. Amino acid compositions in Gonad of Sea Urchin Strongylocentrotus intermedius. Fish. Sci. 2008, 12, 619–621. (In Chinese) [Google Scholar]

	22. 
Borges, A.; Scotti, L.V.; Siqueira, D.R.; Zanini, R.; Amaral, F.D.; Jurinitz, D.F.; Wassermann, G.F. Changes in hematological and supernatant biochemical values in jundiá Rhamdia quelen due to sub-lethal toxicity of cypermethrin. Chemosphere 2007, 69, 920–926. [Google Scholar] [CrossRef] [PubMed]

	23. 
Sudová, E.; Piačková, V.; Kroupová, H.; Pijáček, M.; Svobodová, Z. The effect of praziquantel applied per os on selected haematological and biochemical indices in common carp (Cyprinus carpio L.). Fish Physiol. Biochem. 2009, 35, 599–605. [Google Scholar] [CrossRef] [PubMed]

	24. 
Li, Z.H.; Velisek, J.; Zlabek, V.; Grabic, R.; Machova, J.; Kolarova, J.; Randak, T. Hepatic antioxidant status and hematological parameters in rainbow trout, Oncorhynchus mykiss, after chronic exposure to carbamazepine. Chem.-Biol. Interact. 2010, 183, 98–104. [Google Scholar] [CrossRef] [PubMed]

	25. 
Mourente, G.; Dı́Az-Salvago, E.; Bell, J.G.; Tocher, D.R. Increased activities of hepatic antioxidant defence enzymes in juvenile gilthead sea bream (Sparus aurata L.) fed dietary oxidised oil: Attenuation by dietary vitamin E. Aquaculture 2002, 214, 343–361. [Google Scholar] [CrossRef]

	26. 
Yang, K.; Metcalf, W.W. A new activity for an old enzyme: Escherichia coli bacterial alkaline phosphatase is a phosphite-dependent hydrogenase. Proc. Natl. Acad. Sci. USA 2004, 101, 7919–7924. [Google Scholar] [CrossRef] [PubMed]

	27. 
Pacitti, D.; Wang, T.; Page, M.M.; Martin, S.A.M.; Sweetman, J.; Feldmann, J.; Secombes, C.J. Characterization of cytosolic glutathione peroxidase and phospholipid-hydroperoxide glutathione peroxidase genes in rainbow trout (Oncorhynchus mykiss) and their modulation by in vitro selenium exposure. Aquat. Toxicol. 2013, 130–131, 97–111. [Google Scholar] [CrossRef] [PubMed]

	28. 
Wang, Y.; Han, J.; Li, W.; Xu, Z. Effect of different selenium source on growth performances, glutathione peroxidase activities, muscle composition and selenium concentration of allogynogenetic crucian carp (Carassius auratus gibelio). Anim. Feed Sci. Technol. 2007, 134, 243–251. [Google Scholar] [CrossRef]

	29. 
Wang, H.W.; Cai, D.B.; Xiao, G.H.; Zhao, C.L.; Wang, Z.H.; Xu, H.M.; Guan, Y.Q. Effects of selenium on the activity of antioxidant enzymes in the shrimp, Neocaridina heteropoda. Isr. J. Aquac.–Bamidgeh 2009, 61, 322–329. [Google Scholar]

	30. 
Avanzo, J.L.; Mendonça, C.X.D.; Pugine, S.M.P.; Cesar, M.D.C. Effect of vitamin E and selenium on resistance to oxidative stress in chicken superficial pectoralis muscle. Comp. Biochem. Physiol. Toxicol. Pharmacol. 2001, 129, 163–173. [Google Scholar] [CrossRef]

	31. 
Low, K.W.; Sin, Y.M. In vivo and in vitro effects of mercuric chloride and sodium selenite on some non-specific immune responses of blue gourami, Trichogaster trichopterus (Pallus). Fish Shellfish Immunol. 1996, 6, 351–362. [Google Scholar] [CrossRef]

	32. 
Liu, Q.; Cao, J.; Huang, Y.; Wang, G.; Wenyan, M.O.; Zhou, T.; Sun, Z.; Liu, X. The combined effects of β-glucan with selenium and vitamin E on the growth performance, supernatant immune and antioxidant indexes, and disease resistance of Litopenaeus vannamei. J. Fish. Sci. China 2013, 20, 997–1006. [Google Scholar]

	33. 
Le, K.T.; Fotedar, R.; Partridge, G. Selenium and vitamin E interaction in the nutrition of yellowtail kingfish (Seriola lalandi): Physiological and immune responses. Aquac. Nutr. 2014, 20, 303–313. [Google Scholar] [CrossRef]

	34. 
Li, J.Y.; Sun, X.; Zheng, F.; Sun, H. Histochemical localization and characterization of AKP, ACP, NSE, and POD from cultured Apostichopus japonicus. Chin. J. Oceanol. Limnol. 2009, 27, 550–554. (In Chinese) [Google Scholar]

	35. 
Wei, G.L.; Ming, K.W.; Ni, C.; Sin, Y.M. Effect of combined copper, zinc, chromium and selenium by orthogonal array design on alkaline phosphatase activity in liver of the red sea bream, Chrysophrys major. Aquaculture 1995, 131, 219–230. [Google Scholar]

	36. 
Regoli, F.; Principato, G. Glutathione, glutathione-dependent and antioxidant enzymes in mussel, Mytilus galloprovincialis, exposed to metals under field and laboratory conditions: Implications for the use of biochemical biomarkers. Aquat. Toxicol. 1995, 31, 143–164. [Google Scholar] [CrossRef]

	37. 
Mongkolsuk, S.; Whangsuk, W.; Vattanaviboon, P.; Loprasert, S.; Fuangthong, M. A Xanthomonas alkyl hydroperoxide reductase subunit C (ahpC) mutant showed an altered peroxide stress response and complex regulation of the compensatory response of peroxide detoxification enzymes. J. Bacteriol. 2000, 182, 6845–6849. [Google Scholar] [CrossRef] [PubMed]

	38. 
Guan, Z.Q.; Chai, T.Y.; Zhang, Y.X.; Xu, J.; Wei, W. Enhancement of Cd tolerance in transgenic tobacco plants overexpressing a Cd-induced catalase cDNA. Chemosphere 2009, 76, 623–630. [Google Scholar] [CrossRef] [PubMed]

	39. 
Arthur, J.R.; Nicol, F.; Beckett, G.J. Hepatic iodothyronine 5′-deiodinase. The role of selenium. Biochem. J. 1990, 272, 537–540. [Google Scholar] [PubMed]

	40. 
Hicks, B.; Hilton, J.; Ferguson, H. Influence of dietary selenium on the occurrence of nephrocalcinosis in the rainbow trout, Salmo gairdneri Richardson. J. Fish Dis. 1984, 7, 379–389. [Google Scholar] [CrossRef]

	41. 
Li, X.X.; Chen, F.; Pan, Q.; Wang, L.; Feng, T.; Gan, L.; Jinghua, F.U.; Cao, J. Effects of dietary selenium sources on growth, body composition and antioxidant performance of Juvenile Pacific White Leg Shrimp Litopenaeus vannamei. Fish. Sci. 2016, 3, 199–203. (In Chinese) [Google Scholar]

	42. 
Waschulewski, I.H.; Sunde, R.A. Effect of dietary methionine on utilization of tissue selenium from dietary selenomethionine for glutathione peroxidase in the rat. J. Nutr. 1988, 118, 367–374. [Google Scholar] [CrossRef] [PubMed]

	43. 
Shi, M.M.; Qin, F.J.; Yuan, L.X.; Song, X.H.; Bu, Y.X.; Liu, Z.J.; Fu, J.G. Effects of nano-Se on growth performance, selenium content and nutrient composition of Chinese mitten crabs (Eriocheir sinensis). Feed Ind. 2015, 36, 21–25. (In Chinese) [Google Scholar]

	44. 
Ashouri, S.; Keyvanshokooh, S.; Salati, A.P.; Johari, S.A.; Pasha-Zanoosi, H. Effects of different levels of dietary selenium nanoparticles on growth performance, muscle composition, hemolymph biochemical profiles and antioxidant status of common carp (Cyprinus carpio). Aquaculture 2015, 446, 25–29. [Google Scholar] [CrossRef]

	45. 
Tian, W.J.; Li, E.C.; Chen, L.Q.; Sun, L.M.; Chen, Y.L.; Li, M.; Jiang, X.; Du, Z.Y. Growth, body composition and anti-oxidative status of juvenile Chinese mitten crabs, Eriocheir sinensis fed different dietary selenium levels. J. Fish. Sci. China 2014, 1, 92–100. (In Chinese) [Google Scholar]



















© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  nutrients-10-00318


  
    		
      nutrients-10-00318
    


  




  





media/file6.jpg
w06 gﬁi -
e ko) T
. R0 ¢ o8 R=0160
3 /

e (k)

i

NEAA@I00)

Tse ()
™






media/file1.png
-
-~ ALLLLLIII
iy - §§

OOOOOOOOO
OOOOOOOO
88888888

(3/3Nn)SUOTIBIIUIIUOD WNIUI[IS [BIO]

September

Augus

CK





media/file7.png
Protein content (g/100g)

(8] (8]
o (9]

EAA(g/100g)
[\

20

" 2= (0,662 2
84 R*=0. ~25F ¢« Re=0004
=U]
o 222
= 21 2
80 8 M
= 2
78 . 219}
=
~—
= 1.7
74 =
. 1.6 .
72 : : ' ' P15 e : -— '
300 400 500 600 700 800 300 500 700 900
T-Se (pg/kg) T-Se (pg/kg)
10
R2=0284 °* 9.8 R*=0.160
o
é‘) 2
= 96 F
?‘) 9 4 - /
L 2 ~ .
jﬁ 92 F %
=
®e * = 9
88 |
300 560 760 960 8.0
300 500 700 900

T-Se (ng/kg)

T-Se (pg/kg)

TAA (g/100g)

NEAA(g/100g)

72

69

66

63

R?=0.223
®

300

37

36

35

34

33

32

500 700
T-Se (pg/kg)

R?=0.456

900

300

500 700

T-Se (pg/kg)

900





media/file5.png
800

700

=
=
=

LZM(U/ml)
Lh
=3

400

300

L 2

I R*=0.521

" ¢ |
300 400 500 600 700 800

T-Se (pg/kg)
R*=0.9878
e

125 130 135 140

T-Se (pg/kg)

220

210

200

190

SOD(U/ml)

180

170

160

150

R*=0.9543

300

11.0

10.0

9.0

8.0

7.0

AKP(IU/L)

6.0

5.0

4.0

3.0

400

500 600

T-Se (pg/kg)

R*=0.969%4

700

800

300

400

500 600
T-Se (pg/kg)

700

800





media/file3.png
GPx(U)

AKP(TU/L)

500

450

400

350

300

250

200

150

50

12.0

10.0

80

6.0

40

20

0.0

b b
da d a
CK August September
b b
d
a d
—
CK August September

Ocrabs fed with normal corn

SOD(U/mL.)

LZM (U/ml)

250 ¢

)
g

o
Lh
(=

=

50 F

150

145

140

135

130

125

120

115

110

@ crabs fed with Se-biofortified corn

b
b
da
d
_]:_ 2
CK August September
b
h a
3
CK August September





media/file4.jpg
a

o
£ E

.

SOD(UmY

g

3

g

l —
s
fa—

9543 A

LZM(UIml)

TSe Guaig) TSe (ugkg)

no
Re-0994
Re-0ss7s 1o
50 /
0
wl o

AKPQUIL)

0 135 0 W = @ m

TSe (uglkg) TSe (k)





media/file8.png





media/file0.jpg
Total selenium concentrations(ug/kg)

800

700

600

TMale crabs fed with normal corn

B Female crabs fed with n
Male crabs fed with Se-
Female crabs fed with Se-biofortified corn

al corn

iofortified corn

b

b

CK

August

September






media/file2.jpg
GPx(U)

AKPQUL)

R EE

o

100

50

o

w0

20

o0

b b
oK e —
b
b
o [ —

Gerabsfod with nomal comn

SOD(UAL)

LZM (U

250 b
b
wf a
H .
T
150
o
0
o
o Aot Sepembr
150
b
s
o
s a 5
s
s
o A Seqtenber
@ erabs fed with Se biofortfied corn





