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A B S T R A C T   

The present study evaluated the effects of magnesium (Mg) on growth, antioxidant capacity, intestinal 
morphology and ammonia nitrogen resistance in juvenile oriental river prawn, Macrobrachium nipponense. Six 
semipurified diets (crude protein 401.1 g kg− 1 diet; crude lipid 88.7 g kg− 1 diet) containing Mg levels of 1.1, 1.4, 
1.6, 2.1, 2.8 or 4.5 g kg− 1 were formulated. A total of 1080 healthy juvenile prawns (0.151 ± 0.003 g) were 
randomly stocked into eighteen 300 L tanks (100 × 80 × 60 cm), each tank with 60 prawns. Each experimental 
diet was fed to prawns in triplicate twice daily (08:00 and 17:00) for eight weeks. After the feeding trial, 20 
prawns from each tank were challenged with 37 mg/L ammonia nitrogen for 96 h, and the hemolymph, hepa
topancreas and muscle of the rest of the prawns were collected. Final biomass was higher in prawns fed diets 
containing 1.6 and 2.1 g Mg kg− 1 compared with those fed the diet with 1.1 g kg− 1. Higher alkaline phosphatase 
(ALP) activity was obtained in the serum of prawns fed the 2.1 and 2.8 g Mg kg− 1 diets. The highest activities of 
hepatopancreas superoxide dismutase (SOD), glutathione peroxidase (GSH-Px) and total antioxidant capacity (T- 
AOC) were observed in prawns fed 1.6–2.8 g Mg kg− 1 of feed, and the lowest hepatopancreas malondialdehyde 
(MDA) concentrations and serum aspartate aminotransferase (AST) and alanine aminotransferase (ALT) activities 
were found in these treatment groups. Similarly, the prawns fed diets with 1.6 and 2.1 g Mg kg− 1 had signifi
cantly lower MDA concentrations and cumulative mortality and higher antioxidant enzyme activities after 
ammonia nitrogen exposure. The intestinal epithelial cells were closely attached to the membrane in prawns fed 
the 2.1 g Mg kg− 1 diet, but they were partly detached in those fed the 1.1 and 4.5 g Mg kg− 1 diets. The minimum 
dietary Mg supplementations of juvenile M. nipponense were determined to be 1.6, 1.9, 2.0 and 2.2 g kg− 1 feed, 
respectively, using broken-line regression analysis based on the final biomass, SOD, ALT and ALP.   

1. Introduction 

Magnesium (Mg) is a key dietary macromineral, which serves as a 
cofactor for >300 enzymatic reactions in animals and plays crucial roles 
in the metabolic processes of proteins, carbohydrates, and lipids (Lall, 
2002; NRC, 2011). For instance, Mg is an integral component of alkaline 
phosphatase (ALP), which is involved in multiple metabolic processes, 
including vitamin metabolism and the inflammatory response (Rader, 
2017). Accordingly, the activity of ALP correlates strongly with Mg 
content (Anderson et al., 1975; Janeway et al., 1993). More importantly, 

Mg helps to stimulate the production of reduced nicotinamide adenine 
dinucleotide phosphate (NADPH) and suppress the generation of reac
tive oxygen species (ROS) (Fang et al., 2002; Garcia et al., 1998). Thus, 
Mg can affect the antioxidant capacity and immunity in terrestrial ani
mals (Sahin et al., 2005; Shivakumar and Kumar, 1997) and aquatic 
organisms (Longbaf Dezfouli et al., 2019; Musharraf and Khan, 2018; 
Wang et al., 2011; Zafar and Khan, 2021; Zhang et al., 2016; Zhang 
et al., 2021). However, studies on the effects of Mg on antioxidant ca
pacity in crustaceans are limited and have only been reported in Chinese 
mitten crab (Eriocheir sinensis) (Tian et al., 2015). 
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Aquatic animals can obtain Mg from water and food they ingest. Mg 
concentrations in the water influences the dietary Mg supplementation 
needed for meeting required levels in aquatic animals. Concentrations of 
dissolved Mg differ greatly between seawater and fresh water (Roy et al., 
2010). In marine environment, crustaceans such as Kuruma prawn 
(Penaeus japonicus) (Deshimaru and Yone, 1978) and Pacific white 
shrimp (Litopenaeus vannamei) (Roy et al., 2007) do not require dietary 
Mg supplementation. However, the natural Mg content in fresh water is 
low; thus, the acquisition of Mg from the diet is a necessary and a 
dominant source in freshwater crustacean species such as Chinese 
mitten crab (Tian et al., 2015). Dietary Mg supplementation is also 
necessary for Pacific white shrimp reared in water at a low salinity of 2 
g/L (Cheng et al., 2005). Therefore, the dietary Mg requirement can 
highly vary among aquatic species or for the same species in different 
environments. Dietary Mg deficiency in aquatic organisms has been 
associated with poor growth, weak carapace strength, anorexia, slug
gishness and diminished Mg content in tissues (Chen and Huang, 2015; 
Cheng et al., 2005; Lall, 2002; Lim and Klesius, 2003; Musharraf and 
Khan, 2018). Therefore, determination of Mg required for each species is 
a prerequisite to avoid effects cause by its deficiency. 

The oriental river prawn (Macrobrachium nipponense) is a popular 
and traditional aquaculture species in China and Southeast Asian 
countries (Guo et al., 2013; Ding et al., 2020; Ding et al., 2022). In recent 
years, the annual production of farmed M. nipponense in China has 
increased to >2.0 × 105 t (Ministry of Agriculture Fisheries Bureau, 
2021). The rapid development of M. nipponense cultivation has driven 
the demand for suitable artificial feed. To date, the nutritional re
quirements of M. nipponense for various minerals, including copper 
(Kong et al., 2014), selenium (Kong et al., 2017), zinc (Guo et al., 2013) 
and manganese (Ding et al., 2020), have been extensively studied. 
However, information on the effects of dietary Mg and its requirement 
for M. nipponense is lacking, making it difficult to formulate nutrient- 
balanced feed for this species. 

Therefore, this study evaluated the effects of dietary Mg on the 
growth performance, antioxidant capacity, resistance to ammonia ni
trogen stress and intestinal morphology of M. nipponense and thereby 
estimated the optimum dietary Mg required for this species. Our results 
provide useful information required for optimizing feed formulations for 
prawns to achieve efficient utilization of diets. 

2. Materials and methods 

2.1. Ethical statement 

The use of prawns in this research was approved by the Animal Ethics 
Committee of Huzhou University and all experiments were conducted 
according to the protocols and procedures of the Laboratory Animal 
Management Ordinance of China. 

2.2. Experimental diets 

2.2.1. Diet preparation 
A semipurified basal diet was formulated by using fishmeal and 

casein as protein sources and soybean and fish oils as lipid sources 
(Table 1). Magnesium sulfate (Analytical Reagent, Sinopharm, 
Shanghai, China) was added to the basal diet at 0, 0.3, 0.6, 1.2, 2.4 and 
4.8 g Mg kg− 1 feed with a corresponding decrease in the amount of 
cellulose. The process of diet preparation was as follows all of the in
gredients were ground and sieved through a 60-mesh screen and then 
weighed and mixed according to the formulations. Subsequently, fish 
oil, soybean oil and double distilled water were added and mixed to 
create a dough-like diet. The mixture was pelleted with a screw-press 
pelletizer (Institute of Chemical Engineering, South China University 
of Technology, Guangzhou, China) using a 1.5 mm die. Pellets were 
dried at 40 ◦C to decrease the moisture level below 10%. The dry pellets 
were stored at − 20 ◦C until use. 

2.2.2. Diet Mg concentrations and chemical composition analysis 
The Mg concentrations in the diets were measured using an atomic 

absorption spectrophotometer (AA240Duo; Agilent, California, USA) to 
be 1.1, 1.4, 1.6, 2.1, 2.8 and 4.5 g kg− 1 feed. The chemical compositions 
of the experimental diets were analyzed using standard methods (AOAC, 
2005; Table 1). Moisture was determined by the gravimetric analysis 
after oven drying at 105 ◦C to a constant weight. Crude protein was 
measured using the Kjeldahl method. Lipid content was determined by 
the ether extraction method using a Soxhlet system (2055 Soxhlet 
Avanti; Foss Tecator, Hoganas, Sweden). Ash content was determined 
via a muffle furnace at 550 ◦C for 6 h. 

2.2.3. Diet leaching 
The dietary Mg leaching test was conducted based on Coote et al. 

(1996) and Cheng et al. (2005) methods. Preweighed experimental diets 
(10 g) were placed into a 0.5 mm mesh screen and laid on the bottom of 
the tank without prawns. Aeration and water temperature were adjusted 
consistently to the experimental conditions. The diets were removed 
from the tanks after 0, 0.5 and 1 h and dried overnight at 45 ◦C. The Mg 
content in the dried diets was measured using an atomic absorption 
spectrophotometer as indicated above. 

2.3. Feeding trial and sampling 

Juvenile oriental river prawns were obtained from Bangda Ecolog
ical Agriculture Co., Ltd. in Huzhou (Zhejiang, China). Before the formal 
feeding trial, prawns were acclimatized to the laboratory conditions for 
two weeks. During this period, the prawns were fed a basal diet twice 

Table 1 
Formulation and proximate chemical composition of the 
basal diet (g kg− 1 dry weight).  

Ingredients g kg− 1 

Caseina 250 
Fishmealb 270 
Corn starch 200 
Fish oilb 40 
Soybean oilb 20 
Vitamin mixc 20 
Mg-free mineral mixd 30 
Attractante 30 
Cholesterol 5 
Choline chloride 5 
Lecithin 5 
Cellulose 95 
Carboxymethylcellulose 30 
Total 1000 
Proximate composition  
Moisture 98.1 
Crude protein 401.1 
Crude lipid 88.7 
Crude ash 72.8  

a Sigma–Aldrich Co., Shanghai, China. 
b Zhejiang Yixing Feed Group Co. Ltd., China. 
c Vitamin mixture (mg 100 g− 1 mixture): vitamin A 

420000 IU, vitamin C 6000 mg, α-tocopherol acetate 2000 
mg, vitamin D3 120,000 IU, vitamin K 1000 mg, vitamin 
B1 1000 mg, vitamin B2 1000 mg, vitamin B6 1600 mg, 
vitamin B12 2 mg, niacin 5000 mg, folic acid 400 mg, 
inositol 6000 mg, biotin 10 mg, calcium pantothenic 3500 
mg, Hangzhou Minsheng Bio-Tech Co., Ltd., China. 

d Composition of mineral mixture (g kg− 1 diet): KCl 
0.84, NaH2PO4 6.45, KH2PO4 3, Ca(H2PO4)2⋅H2O 7.95, 
CaCO3 3.15, C6H10CaO6⋅5H2O 4.95, FeC6H5O7⋅5H2O 0.36, 
CuSO4⋅5H2O 0.1055, ZnSO4⋅7H2O 0.1428, MnSO4⋅H2O 
0.0321, AlCl3⋅6H2O 0.0045, CoCl2⋅6H2O 0.042, Na2SeO3 
0.0013, KI 0.0069, cellulose 2.9649. 

e Alanine 0.6%, glycine 0.6%, glutamic acid 0.6%, 
betaine 1.2%. 
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daily. After the acclimatization period, 1080 healthy prawns with uni
form size (0.151 ± 0.003 g) were randomly stocked into eighteen 300 L 
tanks (100 × 80 × 60 cm), each tank with 60 prawns in three replicates 
for each dietary treatment. At the beginning of the feeding trial, 60 
prawns in each tank were bulk weighed to establish the initial biomass. 
The initial biomass of prawns in each tank was 9.06 ± 0.11 g. Each tank 
was supplied with five bundles of plastic water pipes, and each bundle 
contained 5 pipes (inner tube diameter 30 mm, length 200 mm), which 
served as shelters for prawns to avoid cannibalism. The prawns were fed 
twice daily to apparent satiation at 08:00 and 17:00 for 56 days under a 
natural photoperiod. Feces were removed daily by siphoning. One-third 
of the water in each tank was replaced daily with fresh dechlorinated 
water to maintain water quality. The water temperature ranged from 
26 ◦C to 29 ◦C, dissolved oxygen was above 6.5 mg/L, and ammonia 
nitrogen was below 0.1 mg/L during the entire feeding trial period. The 
Mg concentration in rearing water was measured weekly by an atomic 
absorption spectrophotometer as described above. 

At the end of the feeding trial, all the survived prawns from each tank 
were fasted for 24 h. Afterwards, all prawns were counted and bulk 
weighed to determine final biomass. 

Ten prawns from each tank were anesthetized individually by 
immersing them in ice water (2–4 ◦C), and then the hemolymph was 
withdrawn immediately from the ventral sinus of each prawn using 
nonheparinized syringes. The hemolymph was stored overnight in a 
refrigerator at 4 ◦C. Serum samples were obtained following centrifu
gation at 4 ◦C and 956 ×g (5810R, Eppendorf, Germany) for 10 min and 
stored at − 80 ◦C until analysis. Concurrently, the hepatopancreas and 
muscle were carefully dissected and stored at − 80 ◦C. Three prawns 
from each tank in the 1.1, 2.1 and 4.5 g Mg kg− 1 dietary treatment were 
randomly sampled and sacrificed as shown above for gut collection. The 
prawns were dissected, their guts collected and preserved separately in 
4% paraformaldehyde for 24 h before histological analysis. 

2.4. Sample analysis 

2.4.1. Determination of survival rate and Mg content in muscle 
The survival rate was calculated using the formula: 

Survival rate (%) =
Final prawn number
Initial prawn number

× 100 

Mg concentrations in muscle were measured using an atomic ab
sorption spectrophotometer method as indicated above. 

2.4.2. Serum biochemical parameter analysis 
The activities of aspartate aminotransferase (AST), alanine amino

transferase (ALT) and alkaline phosphatase (ALP) in the serum were 
measured using commercial kits (Nanjing Jiancheng, China) following 
the manufacturer’s guidelines. 

2.4.3. Antioxidant enzymes activities analysis in the hepatopancreas 
Crude extracts of the hepatopancreas from the prawns for assaying 

enzymes activities and lipid peroxidation were obtained by homoge
nizing the frozen tissue in precooled 0.86% (w/v) sodium chloride so
lution. The antioxidant enzymes activities, including total antioxidant 
capacity (T-AOC), superoxide dismutase (SOD) and glutathione perox
idase (GSH-Px), and malondialdehyde (MDA) content were analyzed 
using specific commercial kits from Nanjing Jiancheng Bioengineering 
Institute (Nanjing, China) following the manufacturer’s instructions. 
The T-AOC activity was measured according to the Fe3+ reduction 
process (Tang et al., 2005). The xanthine oxidase method was used to 
analyze SOD activity (Elstner and Heupel, 1976). GSH-Px activity was 
determined based on reduced glutathione (GSH) reduction in the reac
tion (Sedlak and Linday, 1968). The MDA content was measured by the 
thiobarbituric acid reacting substances (TBARS) assay as described by 
Buege and Aust (1978). 

2.4.4. Histological assays 
The fixed intestine tissues were dehydrated in increasing concen

trations of alcohol solutions. Every dehydrated tissue was embedded in 
paraffin, and every paraffin was cut into continuous blocks into 5-μm 
slices. Then, 2 slices were stained with hematoxylin and eosin (H & E). 
The stained slices were scanned with a digital scanner (Pannoramic 
SCAN II, 3DHISTECH Ltd., Budapest, Hungary) and observed using a 
CaseViewer software. Changes in the intestinal epithelial cells and 
microvilli were noted and photographed. 

2.5. Ammonia nitrogen challenge test 

At the end of the feeding trial, 60 prawns were randomly collected 
from each dietary treatment (20 prawns from each tank) for ammonia 
nitrogen challenge. The prawns were challenged with 37 mg/L total 
ammonia nitrogen for 96 h. The dose for ammonia nitrogen challenge 
was selected based on Wang et al. (2003), who found that the 96 h LC50 
of ammonia nitrogen was 36.6 mg/L for M. nipponense. A 10 g/L stock 
solution of ammonia nitrogen was prepared using ammonium chloride 
(NH4Cl). The stock solution was used to regulate the desired concen
tration of ammonia nitrogen in the culture water. Ammonia nitrogen 
concentrations in culture water were analyzed and adjusted every 6 h by 
the spectrophotometric method (Solórzano, 1969). 

2.6. Determination of accumulative mortality, antioxidant capacity and 
lipid peroxidation after ammonia nitrogen challenge 

Over a period of 96 h, the cumulative mortality of prawns in each 
group was recorded daily. A prawn was deemed dead from ammonia 
nitrogen challenge when it stopped any movement and activities for at 
least 1 h. At the end of the ammonia nitrogen challenge, prawns in each 
group were collected, sacrificed as described above. Hepatopancreas 
were carefully dissected and stored at − 80 ◦C for later analysis of anti
oxidant capacity (T-AOC, SOD and GSH-Px activities) and lipid peroxi
dation (MDA content) using the methods described above in the 
previous section. 

2.7. Statistical analysis 

All data obtained were tested for normality by using Shapiro Wilk 
test and homogeneity of variances by Levene’s test. The data were 
analyzed by one-way analysis of variance (ANOVA), followed by 
Tukey’s multiple comparison tests when ANOVA detected significant 
differences. The results with P < 0.05 were considered significant. The 
broken-line analysis was used for the estimation of optimal dietary Mg 
supplementing for juvenile M. nipponense based on final biomass, SOD, 
ALT and ALP activities. All analyses were conducted using Statistical 
Package for Social Sciences (SPSS, 19.0 statistical software (IBM Corp., 
Armonk, NY, USA). All results are presented as mean ± standard devi
ation (SD). 

3. Results 

3.1. Growth performance and Mg concentration in muscle 

The final biomass, survival rate, and Mg concentration in muscle of 
juvenile M. nipponense fed the experimental diets for eight weeks are 
shown in Fig. 1. The final biomass was significantly higher in prawns fed 
the 1.6 and 2.1 g Mg kg− 1 diets than in those fed the 1.1 g Mg kg− 1 diet 
(P < 0.05). However, no significant differences were obtained in final 
biomass when prawns in the 1.6 and 2.1 g Mg kg− 1 groups were 
compared with those in the 1.4, 2.8 and 4.5 g Mg kg− 1 groups (P > 0.05). 
The survival rate did not differ significantly among prawns fed the 
different experimental diets (P > 0.05). With increasing levels of dietary 
Mg, the Mg concentration in muscle significantly increased up to 1.6 g 
kg− 1 diets and then stabilized in prawns fed higher levels of dietary Mg. 
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The prawns fed 1.6, 2.1, 2.8 and 4.5 g kg− 1 diets had significantly higher 
muscle Mg concentration than those fed the 1.1 and 1.4 g kg− 1 diets (P 
< 0.05). 

3.2. Serum biochemical parameters 

Prawns fed the 2.1 and 2.8 g Mg kg− 1 diets had significantly higher 
ALP activity than those fed any of the other diets (P < 0.05; Fig. 2). 
Similarly, the prawns fed the 4.5 g Mg kg− 1 diet had significantly higher 
ALP activity than those fed the 1.1 and 1.4 g Mg kg− 1 diets (P < 0.05). 
Prawns fed the 2.1 and 2.8 g Mg kg− 1 diets had significantly lower ac
tivities of AST and ALT than those fed the 1.1 g Mg kg− 1 diet (P < 0.05), 
but had no significant differences from those fed the 1.4, 1.6 and 4.5 g 
Mg kg− 1 diets (P > 0.05, Fig. 2). 

3.3. Antioxidant capacity in the hepatopancreas 

The effects of dietary Mg on antioxidant enzymes activities in the 
hepatopancreas are depicted in Fig. 3. The prawns fed the 2.1 g Mg kg− 1 

diet had higher activities of T-AOC, SOD and GSH-Px than those fed the 
1.1, 1.4 and 4.5 g Mg kg− 1 diets (P < 0.05). However, there were no 
significant differences in T-AOC, SOD and GSH-Px activities between the 
prawns fed the 2.1 g Mg kg− 1 diet and those fed the 1.6 and 2.8 g Mg 
kg− 1 diets (P > 0.05). Conversely, a significantly lower MDA content 
was obtained in prawns fed the 1.4, 1.6, 2.1 and 2.8 g Mg kg− 1 diets than 
those fed the diet with 1.1 g Mg kg− 1 (P < 0.05). 

3.4. Intestinal morphology 

The intestinal morphology of M. nipponense fed the 1.1, 2.1 and 4.5 g 
Mg kg− 1 diets is shown in Fig. 4. Part of the intestinal epithelial cells of 
the prawns fed the 1.1 g Mg kg− 1 (Fig. 4A) and 4.5 Mg kg− 1 diet (Fig. 4C) 

lost integration with the basement membrane or the cells were partly 
detached from it. The epithelial cells for the prawns fed the 2.1 g Mg 
kg− 1 diet were closely attached to the basement membrane (Fig. 4B). 

3.5. Antioxidant capacity and cumulative mortality of the prawns after 
ammonia nitrogen challenge 

Following an ammonia nitrogen challenge, prawns fed the 2.1 g Mg 
kg− 1 diet had significantly higher T-AOC, SOD and GSH-Px than those 
fed the diets containing 1.1 and 1.4 g Mg kg− 1 (P < 0.05) but had no 
significant differences from those fed the 1.6 or 2.8 g Mg kg− 1 diets (P >
0.05; Fig. 5). The MDA content in the hepatopancreas was significantly 
lower in the prawns fed the 2.1 g Mg kg− 1 diet than in those fed the 1.1, 
1.4 and 4.5 g Mg kg− 1 diets (P < 0.05) but was not significantly different 
from that in prawns fed the 1.6 and 2.8 g Mg kg− 1 diets (P > 0.05). 

Cumulative mortality was significantly lower for prawns fed the 1.6 
and 2.1 g Mg kg− 1 diets than those fed the 1.1 g Mg kg− 1 diet (P < 0.05), 
but was not significantly different from those fed the 1.4, 2.8 and 4.5 g 
Mg kg− 1 diets (P > 0.05; Fig. 5). 

3.6. Dietary mg requirement 

The optimum dietary Mg supplementation for juvenile M. nipponense 
were calculated as 1.6, 1.9, 2.0 and 2.2 g Mg kg− 1 feed based on the 
broken-line regression analyses of final biomass, SOD in the hepato
pancreas, and ALT and ALP in the serum, respectively (Fig. 6). 

4. Discussion 

The present study indicated high biomass for the prawns fed the diets 
containing 1.6 and 2.1 g Mg kg− 1 diet. During our study, the Mg con
centration in the rearing water ranged from 0.09 to 0.10 mmol L− 1, 
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signifying that the water combined with a diet without Mg supple
mentation would be insufficient to satisfy requirement for normal 
metabolism and growth for juvenile M. nipponense, similar to grass carp 
(Ctenopharyngodon idella) (Wang et al., 2011), Rohu (Labeo rohita) 
(Musharraf and Khan, 2018), and Mozambique tilapia (Oreochromis 
mossambicus) (Van der Velden et al., 1991). Hence, dietary Mg supple
mentation at 1.6 or 2.1 g kg− 1 is necessary practice for improving prawn 
production. 

The juvenile M. nipponense fed the diet containing 4.5 g Mg kg− 1 

supplementation decreased slightly the biomass compared with prawns 
fed feeds with approximately half that concentration (the 1.6 and 2.1 g 
kg− 1). This result suggests that higher dietary Mg (> 4.5 g kg− 1) may 
inhibit M. nipponense growth, similar to results in gibel carp (Carassius 
auratus gibelio) (Han et al., 2012), grass carp (Wang et al., 2011), and 
Pacific white shrimp (Cheng et al., 2005). Conversely, high dietary Mg 
did not inhibit growth performance in Rohu (Musharraf and Khan, 
2018), soft-shelled turtle (Pelodiscus sinensis) (Chen and Huang, 2015), 
hybrid tilapia (Oreochromis niloticus × O. aureus) reared in fresh water 
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Fig. 3. The antioxidant capacity of juvenile M. nipponense in hepatopancreas after feeding diets with different levels of Mg for eight weeks. Activities of (A) total 
antioxidant capacity (T-AOC), (B) superoxide dismutase (SOD), and (C) glutathione peroxidase (GSH-Px), and (D) malondialdehyde (MDA) content. Values are mean 
values of 3 replicates within a treatment ± S.D. Bars with different superscripts are statistically significant (P < 0.05). 

Fig. 4. Photomicrographs of intestinal tract cross-sections from M. nipponense fed (A) 1.1 g kg− 1, (B) 2.1 g kg− 1, or (C) 4.5 g kg− 1 diets. Arrows point to pathological 
changes. Magnification 20×; scale bar 50 μm. Arrow “a” shows the intestinal epithelial cells attached closely with the basement membrane; arrow “b” shows the loose 
integration of the intestinal epithelial cells with the basement membrane, or the intestinal epithelial cells detached from the basement membrane. 
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(Lin et al., 2013), and Chinese mitten crab (Tian et al., 2015). The 
discrepancy between findings may be related to differences in the di
etary Mg concentrations tested, the distinct ability of a given species to 
utilize Mg, and differences in experimental conditions. These results 
suggest that prawn farmers can improve the growth of juvenile 
M. nipponense by dietary Mg supplementation. 

In the present study, the Mg concentration in the muscle increased 
and then stabilized despite further increases in dietary Mg supplemen
tation, similar to results in Rohu muscle (Musharraf and Khan, 2018). 
Likewise, soft-shelled turtles fed a diet supplemented with Mg levels 
≥0.67 g Mg kg− 1 gained higher muscle Mg concentrations, and the 
content was stable (Chen and Huang, 2015). These results suggest that a 
certain amount of dietary Mg is required for aquatic animals to satisfy 
the deposition of Mg in muscle. The stable Mg concentration in muscle 
with increasing dietary Mg in the juvenile prawns may be due to ho
meostasis after the requirement was met. 

ALP (Yang et al., 2020), AST and ALT (Yeh et al., 2016) are impor
tant indicators of the general health of organisms. ALP plays key roles in 
multiple metabolic processes as it removes phosphate from a number of 

molecules, regulates animal− microbe associations (Rader et al., 2012), 
which is important for immunity function (Rader, 2017). The higher 
ALP activity in prawns fed the 2.1 and 2.8 g Mg kg− 1 diets are attributed 
to Mg ability at these levels to enhance ALP enzyme function, as re
ported previously in juvenile hybrid tilapia (Lin et al., 2013) and soft- 
shelled turtles (Chen et al., 2014; Chen and Huang, 2015). However, 
the ability of Mg to affect ALP activity was dependent on the level used. 
Accordingly, the prawns fed diets with 1.1, 1.4 or 4.5 g Mg kg− 1 showed 
reduced ALP activity, suggesting the existence of an optimum level 
somewhere in between. 

AST and ALT are two key transaminases released into blood as a 
result of injuries in liver cells (Kim and Kang, 2016); thus, their enzyme 
activities increase. In our study, prawns fed the 2.1 or 2.8 g Mg kg− 1 

decreased AST and ALT activities, indicating less hepatopancreas injury 
(Zhang et al., 2016). But dietary Mg levels of 1.1 g kg− 1 resulted in 
higher AST and ALT activities in prawns, indicating hepatopancreas 
injury. These results corresponded to the slow growth of the prawns fed 
the same dietary Mg levels, indicating that inadequate dietary Mg might 
have caused hepatopancreas injury, which retarded the growth 
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Fig. 5. The antioxidant enzyme activities (A: total antioxidant capacity (T-AOC), B: superoxide dismutase (SOD), C: glutathione peroxidase (GSH-Px)), lipid 
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3 replicates within a treatment ± S.D. Bars with different superscripts are statistically different (P < 0.05). 
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performance in juvenile M. nipponense. However, the hepatopancreas 
injury sustained by the prawns was not fatal enough to reduce the sur
vival rate. These results indicated that optimum dietary Mg is required 
by M. nipponense for general health maintenance. Taken together, these 
findings suggest that optimum dietary Mg supplementation is important 
for maintaining general health in M. nipponense. 

Animals have evolved some antioxidant enzymes, such as SOD and 
GSH-Px for decreasing excessive ROS to maintain the balance of free 
radicals in cells (Fang et al., 2002). SOD is the most powerful antioxidant 
enzyme, which converts superoxide anion radicals to generate oxygen 
and hydrogen peroxide (Nozik-Grayck et al., 2005). GSH-Px catalyzes 
toxic peroxides to nontoxic hydroxyl compounds and promotes the 
decomposition of hydrogen peroxide (Czeczot et al., 2006). T-AOC 
measures the cumulative action of all the antioxidants present in plasma 
and body fluids (Ghiselli et al., 2000). In our study, the prawns fed the 
1.6 and 2.1 g kg− 1 Mg of dietary supplements increased the activities of 
T-AOC, SOD and GSH-Px, similar to results in rats (Shivakumar and 
Kumar, 1997) and grass carp (Wei et al., 2018). This result indicates that 
dietary Mg at 1.6 or 2.1 g kg− 1 enhanced the antioxidant capacity of the 
juvenile prawns. To understand the effect of increased antioxidant ca
pacity, we measured MDA, which is a final product of lipid peroxidation, 
commonly used as an indicator of endogenous oxidative damage (Dotan 
et al., 2004). The results showed low MDA content in prawns fed the 1.4. 
1.6, 2.1 and 2.8 g Mg kg− 1 diets, suggesting that dietary Mg supple
mentation in this range inhibits peroxidation in juvenile M. nipponense. 
We speculate that dietary Mg inhibit peroxidation by (i) improving 
antioxidant capacity by scavenging ROS (Fang et al., 2002); or (ii) 
attenuating the production of ROS (Garcia et al., 1998; Fang et al., 2002; 
Wei et al., 2018). Therefore, feeding juvenile M. nipponense with opti
mum dietary Mg increased the antioxidant capacity and reduced MDA 
content. However, relatively low (≤ 1.1 g kg− 1) and high (> 4.5 g kg− 1) 
dietary Mg reduced the antioxidant capacity of the prawns, similar to 
results in grass carp (Wang et al., 2011) and Chinese mitten crab (Tian 
et al., 2015). These results corresponded to the decreased growth and 

increased AST and ALT activities in our study. Therefore, the poorer 
growth observed in the M. nipponense fed the lowest Mg supplementa
tion (1.1 g Mg kg− 1) might be a consequence of hepatopancreas injury 
owing to increased ROS production caused by low antioxidant capacity. 

The animal gut is an independent organ and plays important roles in 
immune function and nutrient digestion and absorption (Tan et al., 
2018). Gut integrity is often used to evaluate the health condition of 
animals (Bischoff, 2011). In the present study, we analyzed the intestinal 
morphology of M. nipponense fed diets containing 1.1, 2.1 and 4.5 g Mg 
kg− 1. We found altered intestinal epithelial cells, including epithelial 
cells detached from the basement membrane in prawns fed the diets 
supplemented with the lowest and highest concentrations of Mg used. 
This result suggested that relatively low (1.1 g kg− 1) or high (4.5 g kg− 1) 
dietary Mg can damage juvenile prawns gut health, similar to results in 
grass carp (Wei et al., 2018). We hypothesized that dietary Mg defi
ciency or excess may damage intestinal structure, thus weakens its 
ability to absorb nutrients and thereby inhibits the growth of 
M. nipponense. 

Ammonia nitrogen is a common stress factor in aquaculture envi
ronments, which originates from protein metabolites of aquatic organ
isms and decomposition of residual feed and other organic wastes (Dong 
et al., 2020). Ammonia nitrogen exposure was used to understand the 
ability of dietary Mg supplementation to enhance the stress tolerance of 
the prawns. After ammonia nitrogen challenge, we found enhanced 
antioxidant enzyme activities, reduced MDA content and cumulative 
mortality in prawns fed the 1.6 and 2.1 g Mg kg− 1 diets, similar to results 
in Japanese quail (Coturnix coturnix) (Sahin et al., 2005). These results 
indicate that dietary Mg supplementation enhances the ability of juve
nile prawns to tolerate ammonia nitrogen stress by improving their 
antioxidant capacity, thereby reducing MDA content and cumulative 
mortality. 

Our results showed decreased final biomass and ALP activity in the 
serum at low and high dietary Mg contents. Consequently, we evaluated 
the optimum dietary Mg supplementation of juvenile M. nipponense. The 
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optimum dietary Mg supplementation in juvenile M. nipponense for 
maximum growth was evaluated as 1.6 g kg− 1 based on final biomass 
and 2.2 g kg− 1 based on the ALP activity. Thus, an amount ranging from 
1.6 to 2.2 g Mg kg− 1 was deemed sufficient to increase growth and 
maintain health of M. nipponense because SOD and ALT activities were 
maximized in the prawns fed the 1.9 and 2.0 g Mg kg− 1 diets. The Mg 
requirement of juvenile M. nipponense obtained in this study is lower 
than those of Pacific white shrimp (2.6 to 3.4 g kg− 1) (Cheng et al., 
2005) and Chinese mitten crab (3.0 to 4.5 g kg− 1) (Tian et al., 2015). 
However, the optimum amount obtained in this study is comparatively 
higher than that for freshwater prawn (M. rosenbergii) (> 1.46 g kg− 1) 
(Srinivasan et al., 2017) and Chinese shrimp (P. chinensis) (1.1 g kg− 1) 
(Zhou et al., 1993). The differences in the optimum dietary Mg 
requirement of prawns and crabs are likely to be related to species, 
rearing environment, Mg source, and analysis models used (Chen and 
Huang, 2015; Han et al., 2012; NRC, 2011). We propose that farmers 
should supplement the diets of M. nipponense with 1.6 to 2.2 g Mg kg− 1 

to enhance the growth and health. 

5. Conclusions 

Dietary Mg supplementation is necessary requirement for juvenile 
M. nipponense for improving growth, general health and the ability to 
tolerate ammonia nitrogen stress. We recommend supplementing the 
diets for juvenile M. nipponense with 1.6 to 2.2 g Mg kg− 1 for improved 
growth and health based on broken-line analysis of final biomass and the 
activities of SOD, ALT and ALP. 
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