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1 | INTRODUCTION

Abstract

Vitamin C is an essential micronutrient for normal physiological and immune func-
tions of fish. However, its requirements and effects in Chu's croaker (Nibea coibor)
are currently unknown. A 56-day feeding trial was conducted to evaluate the optimal
dietary vitamin C requirements based on its effects on growth performance, body
composition and biochemical parameters in juvenile Chu's croaker (14.17 + 0.1 g). Six
isoproteic (450 g/kg crude protein) and isolipidic (100 g/kg crude lipid) diets were
formulated to contain 2.24 (basal diet), 39.03, 85.01, 171.16, 356.49 and 715.46 mg/
kg of vitamin C. The results showed that fish fed on 171.16 mg/kg vitamin C diet had
the highest growth performance and feed utilization. Fish fed on the basal diet had
higher malondialdehyde (MDA) content and lower activities of antioxidant enzymes
in the serum and liver as compared with those fed on vitamin C diets. Polynomial
analysis indicated that the optimal dietary vitamin C requirements of juvenile Chu's
croaker were 102.28, 98.21, 150.26, 165.38, 71.46, 176.19, 84.84 and 103.78 mg/kg
based on weight gain, specific growth rate, liver storage, muscle storage, liver MDA
content, liver alanine aminotransferase activity, liver alkaline phosphatase activity
and liver superoxide dismutase activity, respectively. We recommend an inclusion
level in the range of 71.46-150.26 mg/kg vitamin C in the diets of juvenile Chu's
croaker for optimum growth performance, liver function, antioxidant capacity and

innate immunity functions.

KEYWORDS
antioxidant capacity, Chu's croaker, growth performance, innate immunity, Nibea coibor,
vitamin C

collagen (Darias, Mazurais, Koumoundouros, Cahu, & Zambonino-
Infante, 2011), carnitine and norepinephrine, which are necessary

Vitamin C (ascorbic acid, ASA) is a water-soluble micronutrient es-
sential for normal physiological functions and stimulation of the
immune response of fish (Dawood & Koshio, 2016; Lim & Lovell,
1978). Specifically, vitamin C acts as a cofactor and plays important

roles in many physiological processes involved in the biosynthesis of

for normal fish growth (Ai et al., 2004; Chen et al., 2015), reproduc-
tion (Darias et al., 2011; Sarmento et al., 2018; Shahkar et al., 2015),
cartilage and bone formation (Kraus et al., 2004), the absorption iron
(Hsu & Shiau, 1998; Padayatty & Levine, 2001), response to stress-
ors (Caxico Vieira et al., 2017; Chakrabarti, Singh, Sharma, & Mittal,

Aquaculture Nutrition. 2019;00:1-14.

wileyonlinelibrary.com/journal/anu

© 2019 John Wiley & Sons Ltd | 1


www.wileyonlinelibrary.com/journal/anu
https://orcid.org/0000-0002-4828-9806
mailto:﻿
https://orcid.org/0000-0001-9244-6269
mailto:wenxbo@stu.edu.cn

2 -
J—W | § B 2 G| A auaculture Nutrition g

ZOU ET AL.

2019; Narra, Rajender, Reddy, Rao, & Begum, 2015; Yan et al., 2017),
wound healing (Wahli, Verlhac, Girling, Gabaudan, & Aebischer,
2003), immune response (Barros et al., 2014; Dawood, Koshio, El-
Sabagh, et al., 2016; Gabaudan & Verlhac, 2001; Zhou, Wang, Wang,
Xie, & Wang, 2012) and inflammatory response (Abdel Rahman,
Khalil, Abdallah, & EIHady, 2018; Ruiz et al., 2018; Xu et al., 2016).
Most teleosts cannot synthesize vitamin C de novo due to the lack
of the last enzyme (L-gulonolactone oxidase) required for vitamin C
biosynthesis (Fracalossi, Allen, Yuyama, & Oftedal, 2001; Moreau,
Dabrowski, & Sato, 1999; Xie & Niu, 2006). Therefore, most farmed
fishes require dietary vitamin C from diets for optimum growth and
other physiological functions (Ai et al., 2006; Dawood & Koshio,
2016; Fracalossi et al., 2001). Insufficient vitamin C in the diets for
fish causes several disorders, such as high mortality, poor growth
and reproduction, anorexia, anaemia, haemorrhagic exophthalmia,
spinal deformity and depressed immunity (Liu et al., 2010; Sarmento
et al., 2018; Shahkar et al., 2015; Zhou et al., 2012). Therefore, di-
etary vitamin C intake is required for normal physiological functions
of fish body.

Dietary vitamin C requirements for growth and development
have been reported in several cultured fish species. The optimum
vitamin C levels have been determined to 13.6 mg/kg in cobia
(Rachycentron canadum) (Zhou et al., 2012), 28.2 mg/kg in large
yellow croaker (Pseudosciaena crocea) (Ai et al., 2006), range from
92.8 to 129.8 mg/kg in grass carp (Ctenopharyngodon idella) (Xu et
al., 2016), 142.2 mg/kg in Yellow drum (Nibea albiflora) (Wang et al.,
2017) and 700 mg/kg in Wuchang bream (Megalobrama amblyceph-
ala Yih) (Ming et al., 2012). However, the vitamin C requirements vary
among fish species (NRC, 2011). The variations may due to the dif-
ference in fish species, development stage, size, vitamin C form, feed
formulations, feeding behaviour and culture environment of the fish
(Chen et al., 2015; Dawood & Koshio, 2016; Lin & Shiau, 2004; Xu et
al., 2016; Zhou et al., 2012). Hence, research on every fish species is
required to establish the optimum vitamin C requirements.

Immunity response is one of the important parameters influenced
by dietary vitamin C supplementation through its antioxidant capac-
ity in many animal species (Gao et al., 2013; Lee, Oe, & Blair, 2001,
Roginsky & Stegmann, 1994). It has been shown that dietary vitamin
C enhances the antioxidant capacity in various farmed fish, such as
gibel carp (Carassius auratus gibelio) (Shao et al., 2018), cobia (Zhou et
al., 2012), large yellow croaker (Ai et al., 2006), grouper (Epinephelus
malabaricus) (Lin & Shiau, 2005) and Japanese sea bass (Lateolabrax
japonicas) (Ai et al., 2004). Accordingly, dietary vitamin C enhanced
significantly the immunological parameters (Khan et al., 2017), such
as lysozyme (LZM) (Ai et al., 2006, 2004; Wang et al., 2017; Xu et al.,
2016) and AKP (Ming et al., 2012; Wan et al., 2014). Furthermore,
dietary vitamin C improved significantly SOD (Zhou et al., 2012),
total antioxidant capacity (T-AOC) (Huang et al., 2015), catalase (CAT)
(Chen et al., 2015) and ALT (Daniel et al., 2018) activities, and reduced
MDA content in the liver of juvenile Chinese sucker (Myxocyprinus
asiaticus) (Huang et al., 2015). Accordingly, an appropriate level of vi-

tamin C is required in fish for optimum immunity response.

The Chu's croaker (Nibea coibor) is a predatory marine fish widely
distributed in India, the Philippines and the coastal areas of China
(Shen, Huang, & Huang, 2004). The Chu's croaker has been con-
sidered as a potential species for aquaculture in China due to its
high tolerance to harsh conditions, large size, high meat yield, deli-
cious meat and high market price (Chai, Ji, Han, Dai, & Wang, 2013;
Huang et al., 2017; Huang, Wen, Li, Li, & Zhu, 2016a, 2016b; Lin
et al., 2018; Shao, 2006). In recent years, the nutrient requirements
of Chu's croaker have been studied widely, such as dietary palm oil
substitution (Huang et al., 2016a), dietary lipid (Huang et al., 2016b),
dietary protein (Huang et al., 2017) and the LC-PUFA biosynthesis
pathway and mechanism (Huang et al., 2017; Lin et al., 2018). To our
knowledge, information on vitamin C requirements of Chu's croaker
is currently unavailable. Therefore, this study determined the opti-
mum dietary vitamin C requirements and its effects on growth per-
formance, body composition and biochemical parameters of juvenile
Chu's croaker.

2 | MATERIALS AND METHODS

2.1 | Ethical consideration

This research was approved by the Animal Ethics Committee of
Shantou University China, and all experiments were conducted ac-
cording to the protocols and procedures for the Laboratory Animal

Management Ordinance of China.

2.2 | Experimental diets

Six isoproteic (450 g/kg crude protein) and isolipidic (100 g/kg
crude lipid) experimental diets were formulated to contain in-
creasing vitamin C levels at 2.24 (basal diet), 39.03, 85.01, 171.186,
356.49 and 715.47 mg/kg referred to as ASA 2.24, ASA 39.03,
ASA 85.01, ASA 171.16, ASA 356.49 and ASA 715.46, respectively
(Table 1). The vitamin C was supplied in the form of L-ascorbyl-2-
monophosphate (35% vitamin C equivalent, Hangzhou Dehong
Biology, Zhejiang, China). The actual vitamin C levels in the diets
were analysed by high-performance liquid chromatography (HPLC;
Agilent 1260 Infinity Il, USA) with a national standard method
(GB/T 238882-2009). To produce the experimental diets, fishmeal
(Coastal Villages Pollock, Anchorage, AK, USA) and soy protein
concentrate (Yuequn, Jieyang, Guangdong, China) were used as
the protein sources, while fish oil (Yuequn, Jieyang, Guangdong,
China) was used as the main lipid source. All ingredients were
finely ground, mixed and sieved through a 60-mesh sieve. Fresh
dechlorinated water was then added to make a dough, which was
subsequently pelleted (3 mm diameter) by using a laboratory pel-
leting mill (SLP-45; Fishery Mechanical Facility Research Institute,
Shanghai, China). Diets were air-dried until the moisture content
was reduced to less than 100 g/kg and sealed in vacuum-packed
bags. All the diets were stored at —20°C until needed for use and
analysis.
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TABLE 1 Formulation and proximate composition of the experimental diets (dry matter basis, g/kg) and vitamin C level (mg/kg)

Diet

Ingredient composition ASA 2.24 ASA 39.03
Fish meal® 300 300
Soy protein concentrate® 300 300
Fish oil® 70 70
Amino acid premix 46 46
Soy bean lecithin 10 10
Dextrin 30 30
Tapioca starch 180 180
Choline chloride 5 5
Vitamin premix (vit. C-free) 10 10
Monocalcium phosphate 10 10
Mineral premix® 10 10
Cellulose microcrystalline 29 28.857
L-ascorbyl-2-monophosphate’ 0 0.143
Proximate composition

Moisture 132.7 132.7

Crude protein 459.5 458.4

Crude lipid 107.5 106.8

Ash 87.8 89.3

Vitamin C level 2.24 39.03

ASA 85.01 ASA 171.16 ASA 356.49 ASA 715.46
300 300 300 300
300 300 300 300
70 70 70 70
46 46 46 46
10 10 10 10
30 30 30 30
180 180 180 180
5 5 5 5
10 10 10 10
10 10 10 10
10 10 10 10
28.714 28.428 27.856 26.712
0.286 0.572 1.144 2.288
153.3 164.5 164.4 143.3
462.9 460.1 456 456
105.1 104.9 99.7 97.4
90.9 93.6 96.2 1035
85.01 171.16 356.49 715.47

@Fish meal: crude protein 69% dry matter, crude lipid 10% dry matter; Coastal Villages Pollock LLC., AK, USA.
PSoy protein concentrate: Shangdong Wandefu Industrial Group Co., Ltd., Shangdong, China.

“Fish oil: Yuequn, Jieyang, Guangdong, China.

dVitamin mixture (vit. C-free) (IU or g/kg mixture): A, 2,200,000 IU; D3, 320,000 IU; E, 9,200 IU; K3, 2 g; B1, 3g; B2, 5.6 g; B6, 2 g; B12, 16 mg; folic
acid, 0.8 g; pantothenic acid, 4 g; nicotinic acid, 15.6 g; inositol, 25.6 g; biotin, 16 mg.
€Mineral premix (g/kg mixture): MgSO,, 15 g; FeSO,, 2.5 g; CuSO,, 0.031 g; MnSO,,, 0.162; ZnSO,, 0.353 g; KIO,, 0.003 g; Na,SeO,, 0.003 g; CoSO,,

0.001g.

fL-ascorbyl-2-monophosphate: Hangzhou Dehong Biology Co., Ltd., Zhejiang, China.

2.3 | Experimental fish and feeding trial

Juvenile Chu's croaker were obtained from local marine fish hatch-
ery (Raoping, Guangdong) and transported alive to the Nan'Ao
Marine Biology Station (NAMBS), Shantou University, Shantou,
China. Prior to the feeding trial, all fish were fed the basal diet
(unsupplemented with vitamin C diet) for two weeks to acclimatize
them to the experimental conditions and diets. Twenty-four hours
before the start of the experiment, fish were starved and anesthe-
tized with eugenol (1:10,000; Shanghai Reagent, Shanghai, China)
to reduce handling stress. A total of 540 visually healthy juvenile
Chu's croaker (initial body weight: 14.17 g + 0.1 g) were randomly
stocked into 18 cages (1 m x 1 m x 1.5 m) each containing 30 fish
in three replicates. Fish in each cage were fed on the respective
test diets twice daily (07:30 and 16:30 hr) to satiation level for
56 days. Survival rate was monitored on daily basis, and dead fish
were removed and weighed immediately. During the experimen-
tal period, water quality parameters were maintained at optimum
levels for Chu's croak growth and survival. The water tempera-
ture and pH were 29 + 0.5°C and 7.7 = 0.6, respectively, whereas

unionized ammonia nitrogen was lower than 0.05 mg/L, salinity

ranged between 30 and 32 g/L and dissolved oxygen ranged from
5.58 to 5.68 mg/L.

2.4 | Data collection

After eight weeks, all fish from each cage were starved for 24 hr, col-
lected and anaesthetized with eugenol (1:10,000; Shanghai Reagent)
to reduce handling stress. They were counted to determine survival

rate (SR) using the following formula:

SR (%) = 100 nal fish numbers
Initial fish numbers

All fish in each cage were weighed for the determination of final
weight (FW), while WG and SGR were calculated by using the fol-

lowing formulae:

WG (%) = 100 <F|nal body weight — Initial body welght>

Initial body weight
Ln(Final body weight) — Ln(Initial body weight) )
Time (days) ’

SGR (% day™1)=100x <
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The weight of fish, feed intake and total protein intake were used
to determine feed efficient (FE) and protein efficiency ratio (PER) as

follows:

FE (%) = 100 < Wet we.lght gain (g) )
Feed intake (g)
Wet weight gain (g) )

Total protein intake (g)

PER (%)=100x (

The viscera and liver were weighed for the determination of vis-
cerosomatic index (VSI) and hepatosomatic index (HSI), respectively,

using the following formulae:

S| (%)=100><< Liver weight (g) >

Whole body weight (g)
Viscera weight (g) )
Whole body weight (g) /

VSI (%) =100x (

Five fish were randomly sampled from each cage and measured
individually for body length and weight to determine to condition

factor (CF) using the following formula:

CF(%)=100><( Total body weight (g) >

Total body Iengtha(cm3)

2.5 | Proximate composition analysis

An initial sample of eight fish was randomly collected and frozen
(=20°C) for initial body proximate analysis. At the end of the feed-
ing trial, three fish from each cage (nine per dietary treatment)
were randomly collected and frozen (-20°C) for final whole-body
composition analysis. Three samples of fish muscles from each
cage were also used for proximate composition. Furthermore,
about 20 g of each diet was used for proximate composition analy-
sis. The proximate composition analysis of whole fish, muscle and
diet samples was analysed in triplicate. Crude protein, crude lipid
and ash contents of the diets and experimental samples were
performed following standard methods (AOAC, 1995). Protein
content (nitrogen x 6.25) was determined by Kjeldahl methods,
following an acid digestion by using Kjeldahl Auto Sampler System
1035 Analyzer (Foss, Hoganas, Sweden). Crude lipid content was
determined by ether extract using SoxtecTM 8000 extraction sys-
tem (Foss). The ash content was analysed through combustion in
a muffle furnace (Carbolite CWF 11/5, Hope Valley, UK) at 550°C
for 6 hr. Moisture was determined by oven drying at 105°C to con-
stant weight.

2.6 | Biochemical analysis

The blood from three fish in each cage was collected at the caudal
vein by using a heparinized syringe. Serum was obtained by centrifu-
gation at 5,000 g for 10 min at 4°C (centrifuge MR23i; Jouan, Saint-
Herblain, France). The serum was stored at —80°C until needed for

further analysis. The liver and muscle samples were collected from
three bloodless fish from each cage. A part of the liver and mus-
cle samples were quickly frozen in liquid nitrogen and then stored
at —80°C. The serum and liver samples were used for biochemical
analysis for enzymes activities. The liver and muscle samples were
homogenized in nine volumes of cold saline water containing 0.65%
NaCl, and then centrifuged at 3,500 g for 10 min at 4°C to fraction-
ate supernatant. Finally, the supernatant was collected and stored
at —80°C for subsequent analysis. The activities of T-AOC, SOD,
CAT, AKP ALT and the MDA and LZM contents in the serum and
liver were determined by using specific commercial kits (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China) according to the
manufacturer's instructions. The MDA content was also determined
in muscle using commercial kit (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China).

2.7 | Vitamin C content analysis

The vitamin C content was analysed in the muscle, serum, liver and
diet samples. The vitamin C concentration in the diets was deter-
mined by using HPLC based on a national standard method (GB/T
238882-2009). Briefly, the phosphate buffer solution (PBS) and mo-
bile phase were prepared. The PBS contained 0.054 g/ml KH,PO,, at
ph 3.0, and the mobile phase was prepared by using KH,PO, (6.8 g),
tetrabutyl hydroamine sulphate (0.5 g) and methanol (75 ml), and
then fixed with distilled water into a 1,000-ml volumetric flask. The
solution was shacked with hand for 5 min, then filtered through a
0.45-pm filter and finally degassed. The diet samples (3-5 g) were
ground and extracted in 50 ml of PBS, degassed for 15 min in the
dark and then centrifuged at 3,500 g at a temperature of 4°C for
5 min. The supernatant was filtered through a 0.45-um syringe
filter. Standard solution of tris-(cyclohexyl-ammonium)-ascorbic
acid-2-phosphate was prepared in PBS and stored at 4°C in the
dark. The flow rate was 1.0 ml/min. The absorbance was recorded
with an UV detector at 250 nm. Tissue vitamin C concentration was
determined by commercial kits (Nanjing Jiancheng Bioengineering
Institute, Jiangsu, China) according to a spectrophotometric method
(Dabrowski & Hinterleitner, 1989).

2.8 | Statistical analyses

Data are presented as mean * standard error (SE). All data were
tested for normality by using the Kolmogorov-Smirnov test and
homogeneity of variances by using Levene's test before statistical
analyses. Differences in measured parameters among the dietary
treatments were compared by using one-way analysis of variance
(ANOVA). When significant differences were detected, the means
were further compared by using Duncan's multiple range tests. The
optimum vitamin C concentrations were estimated by using bro-
ken-line polynomial regression analysis. All statistical analyses were
performed by using SPSS 20.0 (SPSS, Chicago, IL, USA). Results with
p < 0.05 were considered statistically significant.
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TABLE 2 The growth performance, feed utilization, survival and organ indices of juvenile Chu's croaker Nibea coibor fed different dietary
vitamin C diets for 56 days

Diet
Parameters ASA 2.24 ASA 39.03 ASA 85.01 ASA 171.16 ASA 356.49 ASA 715.46
W (g) 14.32+0.09 14.21 +0.10 14.25 + 0.09 14.18 +0.43 13.98 +0.11 14.05+0.21
FW (g) 62.86 + 4.05° 72.09 +3.22%° 89.95 + 5.23° 94.04 +7.19° 90.09 + 3.27° 84.91 + 3.68"°
WG (%) 348.98 + 28.95° 4149 + 23.01% 542.52 + 37.39° 571.74 + 51.39° 543.49 + 23.4° 506.5 + 26.3°
SGR (% day™) 2.65+0.12? 2.91+0.08%° 3.3+0.10° 3.36 £0.13° 3.32 +0.06° 3.18+0.06"
SR (%) 67.78 + 8.89° 75.56 + 4.84%° 85.56+1.11° 85.56 +2.22° 83.33+1.93° 88.89 + 1.11°
FE (%) 61.65 + 3.557 69.67 + 1.36™ 70.21 + 3.69%° 72.9 +1.84° 72.45 + 3.27% 63.25 + 4.79%°
PER (%) 1.33+0.08° 1.51 +0.03% 1.53+0.08%° 1.59 +0.04° 1.59 + 0.07° 1.40 +0.11%
CF (g/cm®) 1.23+0.02 1.30 +0.03 1.25 + 0.06 1.28 + 0.04 1.24+0.03 1.23+0.03
HSI (%) 2.84 +0.09° 3.1+0.89%° 3.33+0.12° 3.38+0.20° 3.16 + 0.56% 3.06+0.12%°
VS| (%) 5.08 + 0.16 5.71+0.12° 5.85+0.12° 5.77 £ 0.22° 546 +0.12%° 5.83 +0.25°

Note: Values are means + SE (n = 3). Values with different superscript letters within a row are significant different (p < 0.05).
Abbreviations: CF, condition factor; FE, feed efficiency; FW, final weight; HSI, hepatosomatic index; IW, initial weight; PER, protein efficiency ratio;
SGR, specific growth rate; SR, survival rate; VIS, viscerosomatic index; WG, weight gain.

3 | RESULTS

3.1 | Growth performance, feed utilization, survival
rate and organ indices

The growth performance, feed utilization survival rate and organ
indices of juvenile Chu's croaker were significantly affected by vi-
tamin C supplementation (p < 0.05; Table 2). The FW, WG and SGR
of the fish fed on the basal diet (2.24 mg/kg) were significantly
lower than those fed on the diets supplemented with vitamin C
levels starting from 85.01 to 715.46 mg/kg (p < 0.05). The op-
timum dietary vitamin C requirements of juvenile Chu's croaker
based on WG and SGR were estimated as 102.28 and 98.21 mg/
kg, respectively (Figure 1).

Similarly, FE and PER were significantly higher in fish fed on
171.16 mg/kg vitamin C than those fed on the basal diet (p < 0.05;
Table 2). The fish fed on 85.01, 171.16, 356.49 and 715.46 mg/kg
vitamin C diets had significantly higher survival rate than those fed
on the basal diet (p < 0.05). The HSI and VSI were significantly influ-
enced by the dietary vitamin C levels, displaying the lowest value for
fish fed on the basal diet, and the maximum values were observed
in fish fed on the diets supplemented with 85.01 and 171.16 mg/kg
(p < 0.05; Table 2). However, CF was not affected by dietary vitamin
C levels (p > 0.05).

3.2 | Body composition

The results of whole-body and muscle proximate compositions are
shown in Table 3. Fish fed on the diets supplemented with 85.01 and
171.16 mg/kg vitamin C had significantly higher protein contents in
the whole body than other groups (p < 0.05). The muscle crude pro-
tein content of fish fed on 356.49 mg/kg vitamin C diet was signifi-
cantly higher than those fed the other diets (p < 0.05). Fish fed on

the basal diet had the lowest crude lipid contents in whole body and
muscle than those fed on 715.46 mg/kg vitamin C diet (p < 0.05).
However, vitamin C did not affect the moisture and ash contents in
the whole body and muscle (p > 0.05).

The vitamin C content in the serum increased in a dose-depen-
dent manner (Table 4). Similarly, vitamin C concentration in both liver
and muscle significantly increased with increasing vitamin C supply
from 2.24 to 171.16 mg/kg (p < 0.05) and remained fairly constant
afterwards (Table 4). The optimum vitamin C requirement of juve-
nile Chu's croaker was 150.26 mg/kg in the liver and in the muscle
(164.38 mg/kg; Figure 2).

3.3 | Biochemical parameters

The MDA content in the liver and muscle decreased markedly with in-
creasing dietary vitamin C supply from 2.24 to 39.03 mg/kg and then
reached a plateau (Figure 3a). The liver and muscle MDA content for
fish fed on basal diet was significantly higher than those fed on vitamin
C diets (p < 0.05). Moreover, the muscle MDA content for fish fed on
715.46 mg/kg was significantly lower than those fed on other vitamin
C diets (p < 0.05). The serum MDA content decreased with increasing
vitamin C levels from 39.03 to 715.46 mg/kg. However, vitamin C did
not significantly affect the serum MDA content (p > 0.05; Figure 3b).
The ALT activity in the liver of fish fed on the basal diet was lower
than those fed on vitamin C diets. Fish fed on diet supplemented with
171.16 mg/kg vitamin C had the highest value (p < 0.05; Figure 3c) of
all the other diets, except 356.49 mg/kg vitamin C diet (p > 0.05). In
the serum, the ALT activity significantly decreased with increasing di-
etary vitamin C supply from 2.24 to 85.01 mg/kg (p < 0.05; Figure 3d),
except 39.03 mg/kg (p > 0.05), and then remained constant. The op-
timum vitamin C requirements for juvenile Chu's croaker were 71.46
and 176.19 mg/kg based on liver MDA content (Figure 3e) and liver
ALT activity (Figure 3f), respectively.
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The liver and serum antioxidant capacity are shown in Figure 4.
Fish fed on basal diet had significantly lower SOD (Figure 4a) and
CAT activity (Figure 4e) in the liver than those fed on other vita-
min C supplement diets (p < 0.05), except 39.03 mg/kg (p > 0.05).
Moreover, fish fed on 171.16 and 356.49 mg/kg vitamin C diets

WG
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y2=-0.1176 x + 589.30
r*=.9890

Weight gain (%)

x =102.28 mg/kg

®) SGR
_ 3.8 y1=0.0079 x + 2.62
£ 2= 9974
g~ ' ¥2=-0.0003 x + 3.43
= 344 r’=.9836
(o]
o 3.01
5 x = 98.21 mg/k
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FIGURE 1 Broken-line regression analysis of weight gain (WG)
(a), and specific growth rate (SGR) (b) of Chu's croaker fed diets
containing graded levels of vitamin C (mg/kg diet)

had the highest SOD and CAT activities, respectively. The serum
SOD activity of fish fed on basal diet was significantly lower than
those fed on other diets (p < 0.05; Figure 4b), except for 39.03 mg/
kg (p > 0.05). When dietary vitamin C level exceeded 85.01 mg/
kg, the serum SOD activity reached a plateau. The hepatic T-AOC
activity of fish fed on basal diet was significantly lower than those
fed on 85.01, 171.16 and 356.49 mg/kg vitamin C diets (p < 0.05;
Figure 4c). Furthermore, fish fed on 715.46 mg/kg had significantly
lower T-AOC activity than those fed on 85.01 and 171.16 mg/kg vi-
tamin C diets in the liver (p < 0.05). However, the T-AOC activity in
the serum was not significantly influenced by dietary vitamin C diets
(p > 0.05; Figure 4d), except fish fed on 715.46 mg/kg diet (p < 0.05).
The optimum vitamin C requirement in Chu's croaker was estimated
as 103.78 mg/kg based on liver SOD activity (Figure 4f).

Dietary vitamin C supplementation significantly affected LZM
and AKP activities in the liver and serum (Figure 5). The LZM activity
in the liver (Figure 5a) and serum (Figure 5b) was lower for fish fed
on basal diet than those fed on vitamin C diets (p < 0.05), except
39.03 mg/kg (p > 0.05). Moreover, fish fed on 715.46 mg/kg vita-
min C diets had the highest LZM activities. The liver AKP activity
increased significantly with vitamin C from 2.24 to 171.16 mg/kg
(b < 0.05; Figure 5c) and then decreased. However, the AKP activ-
ity in the serum decreased markedly with increasing dietary vita-
min C supply from 2.24 to 85.01 mg/kg (p < 0.05; Figure 5d), except
39.03 mg/kg (p > 0.05), and then reached a plateau. The optimum
vitamin C requirement for Chu's croaker was 84.84 mg/kg based on

liver AKP activity (Figure 5e).

4 | DISCUSSION

The aim of this study was to evaluate the vitamin C requirements and
its effects on growth performance, body composition and biochemi-
cal parameters of juvenile Chu's croaker. Our data depicted highest
WG, SGR, FE and PER for fish fed on 171.16 mg/kg vitamin C diet

TABLE 3 The compositions of whole body and muscle in juvenile Chu's croaker Nibea coibor fed different dietary vitamin C diets for

56 days (g/kg wet weight)

Diet
Composition ASA 2.24 ASA 39.03 ASA 85.01 ASA 171.16 ASA 356.49 ASA 715.46
Whole body
Moisture 694.6 +5.68 694.6 + 8.04 680.2 +5.07 680.9 + 6.49 690.7 +9.26 679.0 + 8.49
Protein 162.7 £ 0.61° 166.0 + 1.56 182.2+1.38° 181.3 £ 0.37° 175.3 + 0.75" 175.6 + 1.69°
Lipid 84.2 +3.71° 93.6 +1.26%° 95.3 +1.23% 94.1 + 2.25% 87.6 +0.23%° 97.4 +8.09°
Ash 41.2 +1.07 39.6+1.19 38.8+1.21 40.5+2.57 39.0+1.03 421+1.10
Muscle
Moisture 760.8 +1.72 762.4+2.86 7671 +2.17 7453 +1.43 737.7+0.93 748.5 +1.02
Protein 177.2 +0.14%° 175.4 £ 0.79? 181.4+0.63" 181.5 + 1.51° 189.1 +0.75¢ 181.0 + 0.51°
Lipid 28.5+1.38° 33.1+2.24% 30.8 +2.63%® 33.8+0.84% 30.0+1.67%° 34.8+0.55"
Ash 12.6 +0.79 13.7+0.26 13.8+0.23 12.9 +1.02 12.5+0.87 13.4+0.53

Note: Values are means + SE (n = 3). Values with different superscript letters within a row are significant different (p < 0.05).
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TABLE 4 Vitamin C concentrations (mg/kg) in liver, serum and muscle of juvenile Chu's croaker (Nibea coibor) fed the experimental diets

with different VC levels for 56 days

Diet
Tissue ASA 2.24 ASA 39.03 ASA 85.01 ASA 171.16 ASA 356.49 ASA 715.46
Liver 38.29 +1.33? 45.26 +2.10° 51.83 +1.40° 61.25 + 1.92¢ 58.94 + 1.00¢ 58.38 + 1.84¢
Muscle 25.26 + 0.47° 31.64+0.33" 34.39 +0.76"° 37.09 +0.17° 37.88 +0.20° 3793 +0.12°
Serum 11.89 +0.82° 13.03 + 0.40%° 14.86 + 0.60° 15.09 * 0.40°¢ 17.83 + 0.40° 25.6 +1.87%

Note: Values are means + SE (n = 3). Values with different superscript letters within a row are significant different (p < 0.05).
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FIGURE 2 The vitamin C concentration in the liver (a) and
muscle vitamin C concentration (b) of Chu's croaker fed diets
containing graded levels of vitamin C (mg/kg diet)

than those fed on basal vitamin C diet, similar to previous results in
yellow croaker, juvenile largemouth bass (Ai et al., 2006), (Micropterus
salmoides), juvenile hybrid tilapia (Chen et al., 2015), mahseer fish
(Tor putitora) (Khan et al., 2017), Oreochromis niloticus x Oreochromis
aureus (Shiau & Hsu, 1999) and juvenile cobia (Zhou et al., 2012). The
optimum dietary vitamin C requirements of juvenile Chu's croaker

based on WG and SGR were estimated as 102.28 and 98.21 mg/kg,
respectively. This amount is comparable to those obtained in other
fish species such as largemouth bass (102.6-109.5 mg/kg, Chen et
al., 2015) and grass carp (92.8-129.8 mg/kg, Xu et al., 2016), but
lower than some other fish species such as yellow drum (142.2 mg/
kg, Wang et al., 2017) and Wuchang bream (700 mg/kg, Ming et
al., 2012), and higher than large yellow croaker (28.2 mg/kg, Ai et
al., 2006), cobia (13.6 mg/kg, Zhou et al., 2012) and striped catfish
(Pangasianodon hypophthalmus) (46 mg/kg, Daniel et al., 2018). The
differences in vitamin C requirement between Chu's croaker and
those species may be attributed to specific requirements of differ-
ent fish species due to variations in metabolic activities (Dabrowski,
1991) and their sizes (Chen et al., 2015). For example, the optimum
dietary vitamin C requirement of cobia (25.85 g) was estimated as
75 mg/kg (Zhao et al., 2008), while it was only 44.7 mg/kg for the
same species weighing 4.59 g (Xiao et al., 2010). Furthermore, the
use of various forms of vitamin C, which vary in efficiency (Lin &
Shiau, 2005) and bioavailability (Dabrowski, 1994), may also account
for the observed variations. For instance, by using higher graded lev-
els of vitamin C, Wang, Xie, Wu, and Yu (2006) obtained optimum
vitamin C requirement as 750 mg/kg for cobia, while it was only
75 mg/kg (Zhao et al., 2008) when lower graded levels (0-300 mg/
kg) of vitamin C were used. Moreover, the differences in nutrient
contents in the formulated feeds used (Chen et al., 2015) also may
cause variations in vitamin C requirements among fish species.

The increased growth performance may be related to the in-
creased organ indices, nutrient body composition and feed utiliza-
tion after feeding Chu's croaker with different levels of vitamin C. In
the present study, HSI and VSI were higher for the fish fed on 85.01
and 171.16 mg/kg vitamin C diets than those fish fed on the basal
vitamin C diet, similar to results in obtained previously in golden shin-
ers (Notemigonus crysoleucas) (Chen et al., 2003) and stripped catfish
(Daniel et al., 2018). The HSI and VSI are important body indices,
which are often used to assess the nutritional status and physiologi-
cal condition of fish (Dawood, Koshio, El-Sabagh, et al., 2016; Goede
& Barton, 1990; Lee, Jeon, & Lee, 2002). Their higher levels indicated
that fish fed the diets supplemented with vitamin C had superior
nutritional and physiological conditions and thus grew better than
those fed on the basal diet. Similarly, results were reported in catfish
(Daniel et al., 2018), cobia (Zhou et al., 2012), largemouth bass (Chen
et al., 2015) and golden shiners (Notemigonus crysoleucas) (Chen et
al.,, 2003). Evidently, the survival rate of the fish fed on the basal diet
was the lowest (67.78%) compared with those fed on the vitamin C
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FIGURE 3 The malondialdehyde (MDA) contents in the liver and muscle (a), serum (b) and activities of alanine aminotransferase (ALT) in
the liver (c), serum (d) of Chu's croaker fed diets containing graded levels of vitamin C (mg/kg diet). Results are presented as the mean + SE
(n = 3). Different letters (a, b, c) on column indicated significant differences (p < 0.05). The optimum vitamin C requirement in the liver of
Chu's croaker fed diets containing graded levels of vitamin C (mg/kg diet) based on MDA (e) and ALT activity (f)

diets, which is similar to results reported by Ai et al. (2006) and Wang
et al. (2017). Moreover, higher FE and PER were observed in fish fed
on 171.16 mg/kg vitamin C diet than those fed on the basal vitamin C
diet. The FE represents the ability of fish to consume efficiently the

feeds given. A higher FE indicates feeds with vitamin C were utilized

and the amount of protein was absorbed efficiently as indicated by
higher PER. Indeed, the nutrients contained in the feeds fed were
efficiently used, which led to higher protein and lipid contents in the
fish fed on diets supplemented with vitamin C. In the present study,

the crude protein contents of whole body and muscle were enhanced
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FIGURE 4 Activities of superoxide dismutase (SOD) (a), total antioxidant capacity (T-AOC) (c) and catalase (CAT) (e) in the liver and
activities of SOD (b), T-AOC (d) in the serum of Chu's croaker fed diets containing graded levels of vitamin C (mg/kg diet). Results are
presented as the mean * SE (n = 3). Different letters (a, b, ¢, d) on column indicated significant differences (p < 0.05). The optimum vitamin C
requirement in the liver of Chu's croaker fed diets containing graded levels of vitamin C (mg/kg diet) based on SOD activity (f)

with increasing dietary vitamin C levels from 85.01 to 715.46 mg/kg,
which indicated that vitamin C as a cofactor promoted protein syn-
thesis of juvenile Chu's croaker (Biswas, Biswas, Junichi, Kim, & Takii,
2013; Chagas & Val, 2003; Chen et al., 2015). Furthermore, the fish
fed on the basal diet had lower crude lipid contents in whole body

and muscle than those fed on vitamin C diets, consistent with results

obtained in largemouth bass (Chen et al., 2015) and Chinese sucker
(Huang et al., 2015). The higher protein and lipid contents in whole
body and muscle were used to build muscle and supply energy, re-
spectively, which resulted in higher growth performance. Therefore,
we advise to supplement diets with 102.28 and 98.21 mg/kg vitamin

C to improve growth performance of the Chu's croaker fish.
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Hepatic and muscular vitamin C concentrations are usually con-
sidered as indicators of the vitamin C status for fish (Ai et al., 2006,
2004). Liver was an important organ in catabolism and storage of
vitamin C (Dabrowski, 1994; Gabor, Laszld, Miklds, Ferenc, & Jozsef,
1997; Xiao et al., 2010). In the present study, the vitamin C optimum

requirements of liver and muscle were 150.26 and 165.38 mg/kg, re-
spectively, which are much higher than the values based on WG and
SGR (102.28 and 98.21 mg/kg) in juvenile Chu's croaker. These re-
sults are similar to the findings of Ai et al. (2004), Wu et al. (2015) and
Xiao et al. (2010). These results indicated that the optimum vitamin
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C required to maintain normal physiological functions is higher than
the level needed for maximum growth (Xiao et al., 2010).

Our results further indicated that the vitamin C requirements of
juvenile Chu's croaker were lower (150.26 mg/kg) in the liver than
in muscle (164.38 mg/kg), which is similar to previous results (Ai et
al., 2004; Wu et al., 2015; Xiao et al., 2010). Logically, two reasons
may ascribe for the obtained results: (a) the dietary vitamin C ab-
sorbed in the intestine was first transported to liver to satisfy the
requirements of physiological functions and the excessive amount
was transported from liver to muscle; (b) the liver is a metabolically
active organ and thus its vitamin C requirements are lower than
muscle (Xiao et al., 2010). Taken together, Chu's croaker farmers are
suggested to supplement diets with 150.26-164.38 mg/kg vitamin
C for proper physiological functions of the fish.

The health status of the liver should also be considered during
the determination of the optimum vitamin C requirements, because
the suboptimal dietary vitamin C may damage the proper functioning
of liver (Daniel et al., 2018; Huang et al., 2015). The MDA is an indi-
cator of lipid peroxidation, which can damage the cell structure and
function (Dawood, Koshio, El-Sabagh, et al., 2016; Freeman & Crapo,
1982; Sies, 1997). The ALT is another important indicator of liver
function and animal health status (Lin, Mai, & Tan, 2007), with higher
activity signifying high-stress conditions (Dawood & Koshio, 2016;
Menezes et al., 2006). In the present study, the MDA content of tis-
sue in juvenile Chu's croaker was significantly decreased with dietary
vitamin C levels, expect in the serum, similar to results in previous
studies (Huang et al., 2015; Wu et al., 2015). Furthermore, the ALT
activity in the serum for fish fed on the basal diet was significantly
higher than those fed on other diets. The optimum vitamin C require-
ments for the health status of the liver in juvenile Chu's croaker were
71.46 and 176.19 mg/kg based on liver MDA content and liver ALT
activity, respectively.

We reasoned that the decreased MDA content and ALT activity
are due to the increased antioxidant capacity after vitamin C sup-
plementation. The SOD, T-AOC and CAT are all critical antioxidant
enzymes in the body, which can scavenge free radicals and partic-
ipate in protective mechanisms in tissue injury (Fontagne-Dicharry
et al., 2014). In the present study, the hepatic SOD, T-AOC and CAT
activities increased with vitamin C levels from 2.24 to 171.16 mg/
kg, beyond which they decreased. These data suggested that, di-
etary vitamin C enhanced the hepatic SOD, T-AOC and CAT activi-
ties (Cheng, Liang, & Guo, 2017), but higher doses did not have any
beneficial effects on antioxidant capacity, similar to previous results
reported in cobia (Zhou et al., 2012), Chinese sucker (Huang et al.,
2015) and gibel carp (Shao et al., 2018). The optimum vitamin C re-
quirement for proper functioning of antioxidant capacity in Chu's
croaker was estimated as 103.78 mg/kg based on liver SOD activity.
Therefore, the observed decrease in MDA content and ALT activity
is due to increased activities of antioxidants, which cleared the free
radicals and thus reduced lipid peroxidation and lipotoxicity (Caxico
Vieira et al.,, 2017; Lee et al., 2001). These results indicate that di-
etary vitamin C improves the health status of liver in juvenile Chu's

croaker. Fish farmers culturing Chu's croaker may supplement the

diet with 103.78 mg/kg vitamin C to increased antioxidant capacity
and reduce hepatic lipid peroxidation and lipotoxicity of the fish.
The innate immune system of fish is considered to be the vital
first line of defence against a broad spectrum of pathogens for fish
(Zhou et al., 2012). The LZM activity is often used to evaluate the
innate immune capacity of fish as it is ubiquitously distributed among
living organisms (Saurabh & Sahoo, 2008). Furthermore, AKP is a
polyfunctional hydrolase enzyme involved in the immune defence
system of some fishes (Shao et al., 2018; Yan, Tian, Dong, Fang, &
Yang, 2014). The AKP plays an important role in improving the rec-
ognition ability and phagocytosis by changing the surface structure
of the pathogens and strengthening the disease resistance (Lazado,
Lund, Pedersen, & Nguyen, 2015). In the present study, fish fed on
vitamin C diets had higher LZM activities in the serum and liver than
those fed on the basal diet, expect those fed on 39.03 mg/kg, sim-
ilar to results reported in previous studies (Ai et al., 2006, 2004;
Wang et al., 2017; Zhou et al., 2012). Moreover, the dietary vitamin
C could enhance the hepatic AKP activity, but higher dose did not
offer further beneficial effect on immunity of Chu's croaker as pre-
viously reported in cobia (Zhou et al., 2012) and Atlantic halibut (Lee
et al., 2002). The optimum vitamin C requirement for proper func-
tioning of innate immune system for Chu's croaker was 84.84 mg/
kg based on liver AKP activity. Surprisingly, the serum AKP activity
of Chu's croaker decreased with dietary vitamin C supply from 2.24
to 85.01 mg/kg and then levelled off. The contrasting results in the
serum were also observed in previous studies (Ming et al., 2012; Wan
et al.,, 2014). High serum AKP activity is related to inflammation, ath-
erosclerosis and metabolic syndrome (Kang, Hong, Park, & Ju, 2015).

5 | CONCLUSION

This study determined the optimal dietary vitamin C requirements
of juvenile Chu's croaker (ranging from 84.84 to 150.26 mg/kg diet).
This amount is essential to improve growth performance, reduce
hepatotoxicity, increase antioxidant capacity and maintain innate im-
munity in juvenile Chu's croaker. We recommend that Chu's croaker
farmers may supplement the diets of fish with 84.84-150.26 mg/kg
vitamin C for normal fish growth, physiology and diseases protection

in aquaculture.
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