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  Abstract       The aim of the present study was to investigate the protein-sparing effect of carbohydrate in 
diets for juvenile turbot ( Scophthalmus   maximus ) reared at fi ve salinities (12, 18, 24, 30, and 36). The fi sh 
were fed three isocaloric and isolipidic diets for 60 days. The results show that specifi c growth rate (SGR) 
and feed conversion effi ciency (FCE) were higher in fi sh reared at salinities of 18 and 36, but lower at 12. 
Fish fed with diet C25P40 (25% carbohydrate and 40% protein) had lower SGR and FCE values compared 
with those fed with the C5P52 (5% carbohydrate and 52% protein) and C15P46 (15% carbohydrate and 46% 
protein) diets; however, there was no statistical difference between diet C5P52 and C15P46. SGR and FCE 
values were unaffected by diet composition in fi sh reared at salinity 36. Hepatic lipogenic enzyme activities 
were higher in fi sh reared at 18 and 36, but lower at 12, while glucokinase (GK) activity was higher in 
fi sh reared at 12, and lower at 18 and 36. Dietary starch enhanced GK activity while depressing lipogenic 
enzyme activity. However, lipogenic enzyme activity increased with increasing dietary starch in fi sh reared 
at 36. It is recommended that salinity should be maintained >12 in the farming of juvenile turbot. In addition, 
an increase in gelatinized starch from 5% to 15% could spare 6% dietary protein in fi sh reared at salinities 
of 18–30, while higher salinity (36) could improve dietary carbohydrate use and enhance the protein-sparing 
effect, which is linked with the induction of lipogenic capacities. 
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 1 INTRODUCTION 

 Over the past decade, fi nding alternatives to 
fi shmeal has become an international goal for the 
sustainable development of the aquaculture feed 
industry and reducing nitrogen emissions (Hardy, 
2010). To minimize protein use, carbohydrate-rich 
diets, with the advantages of cheap dietary energy, a 
relatively constant chemical composition and 
excellent availability on the world market, have been 
extensively used in aquaculture feed manufacturing 
(Gatlin et al., 2007). However, fi sh, especially 
carnivorous species, are generally considered 
“glucose intolerant” (Moon, 2001) and have a 
relatively limited ability to use carbohydrates (Stone, 
2003). The principal reason for this is that endogenous 

glucose production (gluconeogenesis) does not seem 
to be regulated by carbohydrate intake level 
(glycolysis), resulting in poor regulation of glucose 
homeostasis in fi sh (Enes et al., 2009; Polakof et al., 
2012).  

 Turbot ( Scophthalmus   maximus ), a carnivorous 
fi sh, were introduced into China from Europe by the 
second author of this paper in 1992. It has since 
become a major commercial mariculture species in 
northern China and, currently, turbot farming is 
expanding into other coastal regions of China. 
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However, environmental factors suitable for 
aquaculture of this species in different regions can 
vary, particularly salinity, and variations in salinities 
within aquatic habitats disrupt normal functioning of 
cellular and physiological processes (Evans, 2008). 
Teleost fi sh require large amounts of energy to achieve 
internal osmotic and ionic homeostasis through 
osmoregulation (Imsland et al., 2003; Tseng and 
Hwang, 2008), which results in adverse effects on 
growth, survival, feed conversion effi ciency, disease 
resistance, etc. (Gaumet et al., 1995; Imsland et al., 
2001; Zhang et al., 2011). Previous studies have 
demonstrated that carbohydrate metabolism play a 
critical role in the energy supply for osmoregulation 
(Tseng and Hwang, 2008), and carbohydrate 
metabolic pathways, including glycolysis, 
glycogenolysis and the pentose phosphate cycle, are 

affected by salinity (Soengas et al., 1993; Sangiao-
Alvarellos et al., 2003; Krogdahl et al., 2004; Sangiao-
Alvarellos et al., 2005). Therefore, we hypothesize 
that salinity may infl uence the protein-sparing effect 
of dietary carbohydrates.  

 In the present study, juvenile turbot were reared at 
fi ve salinities (12, 18, 24, 30, and 36) and fed three 
isocaloric (17.20 kJ/g dry matter, DM) and isolipidic 
(10% crude lipids) diets containing three levels of 
carbohydrates (5%, 15%, and 25%) and three levels 
of crude protein (52%, 46%, and 40%) for 60 days. 
The effects of salinity and dietary composition on 
growth performance, biochemical indices and hepatic 
glycometabolic enzyme activities were analyzed. The 
objective of the study was to examine the infl uence of 
salinity on the protein-sparing effect of dietary 
carbohydrates in the expectation that this will 
contribute to further understanding the potential use 
of carbohydrates as energy sources in juvenile turbot 
reared at different salinities.  

 2 MATERIAL AND METHOD 

 2.1 Diet 

 The ingredients and approximate composition of 
the experimental diets are listed in Table 1. The 
experimental diets were isocaloric (17.20 kJ/g DM) 
with three levels of carbohydrate: 5%, 15%, and 25%. 
The more effi ciently used gelatinized starch was used 
as the carbohydrate source (Lee et al., 2003b). The 
optimum protein and lipid levels required for juvenile 
turbot are ~50% and 10%, respectively (Caceres-
Martinez et al., 1984; Lee et al., 2003a). To determine 
the protein-sparing effect of dietary carbohydrates, 
the amount of gelatinized starch in the experimental 
diets was increased at the expense of protein and 
microcrystalline cellulose. The three diets were 
designated C5P52 (C5=5% carbohydrate, P52=52% 
protein), C15P46 (C15=15% carbohydrate, P46=46% 
protein), and C25P40 (C25=25% carbohydrate, P40= 
40% protein). All ingredients were supplied by 
Qingdao Great Seven Bio-Tech Co. Ltd. (National 
Oceanographic Center, Qingdao, China) and were 
fi nely ground, thoroughly mixed and pelletized 
through a hand pelletizer into 2.0- or 3.0-mm pellets. 
The experimental diets were stored in airtight 
containers at -20°C until use.  

 2.2 Fish and experimental design 

 Juvenile turbot with an initial weight of 7.16±0.70 g 

 Table 1 Ingredient and proximate composition of 
experimental diets (% DM) 

 Ingredient (%) 
 Diet 

 C5P52  C15P46  C25P40 

 Fish meal a   63.50  53.50  44.00 

 Casein b   11.00  11.00  11.00 

 Fish oil  6.00  6.50  7.00 

 Gelatinized starch c   5.00  15.00  25.00 

 Microcrystalline cellulose  9.00  8.50  7.50 

 Mineral premix d   1.50  1.50  1.50 

 Vitamin premix e   1.00  1.00  1.00 

 Soy lecithin  2.00  2.00  2.00 

 Binder  1.00  1.00  1.00 

 Proximate composition       

 Dry matter (DM) (%)  93.02  92.43  92.27 

 Crude protein (% DM)  52.21  45.73  39.55 

 Crude lipid (% DM)  10.17  10.11  10.08 

 Starch (% DM)  4.91  14.14  23.30 

 Energy (kJ/g DM)  17.22  17.18  17.25 

  a    Fish meal, produced in Peru: crude protein 66.10% DM, crude lipid 5.98% 
DM, carbohydrate 0.44% DM;  b    casein, produced by Sigma Chemical (St. 
Louis, MO, USA): crude protein 93.6% DM;  c    gelatinized starch, produced 
by Jixian Starch Co. Ltd. (Xiamen, China): dry matter 91.9%, crude protein 
0.4% DM, crude lipid 0.5% DM, starch 92.6% DM;  d    mineral premix (mg/
kg diet): CuSO 4 ·5H 2 O, 10; FeSO 4 ·H 2 O, 80; ZnSO 4 ·H 2 O, 50; MgSO 4 ·7H 2 O, 
1 200; Ca(H 2 PO 3 ) 2 ·H 2 O, 5 000; Ca(IO 3 ) 2  (1%), 60; MnSO 4 ·H 2 O, 45; CoCl 3  
(1%), 50; Na 2 SeO 3  (1%), 20; Zoelite, 8485;  e    vitamin premix (mg or IU if 
mentioned /kg diet): retinyl acetate, 16 000 IU; thiamin, 24.5; pyridoxine, 
19.8; vitamin B12, 0.1; cholecalciferol, 25 000 IU; all-rac- α -tocopheryl 
acetate, 200; menadione sodium bisulfate, 5.1; calcium propionate, 1 000; 
ascorbic acidpolyphosphate, 1 000; choline chloride, 2 500; myoinositol, 
784; ethoxyquin, 500; niacin, 198; d-calcium pantothenate, 58.8; ribofl avin, 
36; folic acid, 19.6; biotin, 1.2. 
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(mean±SD) were obtained from Tianyuan Aquatic 
Co. Ltd. (Yantai, China). Fish were randomly held in 
240-L fi berglass tanks (45 tanks) containing natural 
seawater with salinity of 30 for 2 weeks. Then, the 
fi sh were acclimated to the target ambient salinities 
(12, 18, 24, and 36) with one to three salinity changes 
per day. The fi ve salinity levels were obtained by 
adding either dechlorinated tap water or marine salt to 
natural seawater. Fish were acclimated to the salinities 
for 1 week and fed a commercial formulated feed 
(Forever International Trading Co. Ltd. Qingdao, 
China) before being fed with the three experimental 
diets (Table 1) for 60 days (26 turbot per tank with 
three replicates). Fish were fed twice daily (08:00–
09:00 and 17:00–18:00) slightly in excess of satiation 
during the experimental period. The fi sh was fed the 
2-mm pellet diet in the fi rst month; in the second 
month, the 3-mm pellet diet was used. Residual food 
was removed daily with a siphon tube to estimate feed 
intake. The water was prepared at least 1 day before 
changing, aerated continuously to maintain dissolved 
oxygen near saturation levels, and 100% of the water 
volume was renewed daily. Water quality parameters 
during the experimental period were pH 7.67–8.04, 
temperature 14.2–19.9°C (average 17.4±1.9°C), 
dissolved oxygen 6.55–8.61 mg/L and total ammonia 
nitrogen <0.17 mg/L. Fish were exposed to natural 
photoperiod. 

 2.3 Sample 

 At the end of the 60-day feeding trial, the turbot 
were counted and weighted under moderate 
anaesthesia (benzocaine at 100 mg/L) after fasting for 
24 h. Twelve fi sh were randomly sampled from each 
tank. Gill, liver and muscle tissue from three fi sh were 
taken for estimating Na + , K + -ATPase (NKA) activity, 
liver and muscle glycogen content, respectively. Total 
length (0.01 cm) of the other nine fi sh was measured, 
and whole fi sh, liver and visceral mass (0.01 g) were 
weighed for determination of condition factor (CF), 
hepatosomatic index (HSI), and visceral index (VSI), 
respectively. The livers were equally divided into two 
portions for measurement of hepatic glycolytic, 
gluconeogenic and fatty acid synthase enzyme 
activities. All samples were immediately frozen in 
liquid nitrogen and kept at -80°C until analyzed.  

 To minimize stress caused by handling, the 
remaining fi sh were fed for 4 more days. Nine fi sh per 
group were anesthetized (benzocaine at 100 mg/L) 
after fasting for 24 h. Blood was removed from the 
caudal vein using a 1-mL sterile plastic syringe and in 

under 1 min at each sampling time to avoid any blood 
metabolite response induced by handling stress. The 
blood was allowed to clot overnight at 4°C and the 
serum was obtained after centrifugation (5 000× g  for 
10 min at 4°C). All samples were immediately frozen 
in liquid nitrogen and kept at -80°C until analyzed.  

 2.4 Analytical method 

 2.4.1 Feed composition analyze 

 The chemical composition of the experimental 
diets was determined following standard AOAC 
methods (2000). Dry matter was determined by 
drying in an oven at 105°C to a constant weight; ash 
content was measured by incinerating in a muffl e 
furnace at 600°C for 6 h; crude protein ( N ×6.25) was 
estimated by the Kjeldahl method after an acid 
digestion using an Auto Kjeldahl System (Buchi, 
Flawil, Switzerland); crude lipid was measured by 
petroleum ether extraction in a Soxtec Auto Extraction 
Unit 2050 (Foss Tecator, Hoganas, Sweden); gross 
energy was analyzed in an Oxygen Bomb Calorimeter 
Model 6100 (PARR, Moline, IL, USA); starch content 
was determined according to Thivend et al. (1972).  

 2.4.2 Enzyme activity 

 2.4.2.1 Glycolytic enzymes 

 To measure glucokinase (GK, EC 2.7.1.2) and 
pyruvate kinase (PK, EC 2.7.1.40) activities, liver 
samples were homogenized in 10-fold volumes of 
ice-cold buffer (80 mmol Tris, 2 mmol DTT, 5 mmol 
EDTA, 1 mmol 4-(2-aminoethyl)benzenesulfonyl 
fl uoride, 1 mmol benzamidine, pH 7.6) and centrifuged 
at 900× g  for 10 min at 4°C. The resultant supernatant 
was separated into two fractions for the measurement 
of GK and PK activities. GK activity was measured at 
37°C and was estimated as previously described by 
Tranulis et al. (1996). To measure PK activity, the 
supernatant was centrifuged at 10 000× g  for 20 min at 
4°C and the resultant cytosolic fraction was used for 
enzyme activity measurement according to Foster and 
Moon (1986). 

 2.4.2.2 Gluconeogenic enzymes 

 To measure glucose-6-phosphatase (G6Pase, EC 
3.1.3.9) activity, microsomes were obtained from 
liver samples as previously described by Mol et al. 
(1998). The microsomes were then suspended in 
buffer (100 mmol NaH 2 PO 4 , 2 mmol EDTA, 25 mmol 
Na 2 HPO 4 , 1 mmol DTT, pH 7), without further 
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treatment. The procedure of evaluating G6Pase 
activity of each sample, as previously described by 
Alegre et al. (1988), involved monitoring the increase 
in absorbance at 340 nm (NADH) using purifi ed 
glucose dehydrogenase (Sigma, Sintra, Portugal) in 
excess as the coupling enzyme. 

 To measure phosphoenolpyruvate carboxykinase 
(PEPCK, EC 4.1.1.32) activity, liver samples were 
homogenized in 10-fold volumes of ice-cold buffer 
(250 mmol saccharose, 10 mmol  N -[2-hydroxyethyl]
piperazine- N  ' -[2-ethansulfonic acid], 1 mmol DTT). 
The homogenate was centrifuged at 900× g  for 10 min 
at 4°C and the resultant supernatant was centrifuged 
at 10 000× g  for 20 min at 4°C. The cytosolic 
(supernatant) and mitochondrial (1-mL pellet 
suspended per 500 mg liver buffer of homogenization) 
portions were separately frozen at -20°C before 
enzymatic assays. The mitochondrial fractions were 
sonicated at 150 W for 1 min (1 pulse/s, amplitude 
50%) using a Scientz-II D ultrasonic cell crusher 
(Ningbo Scientz Biotechnology, Co. Ltd., Ningbo, 
China). The procedure of evaluating cytosolic and 
mitochondrial PEPCK activity of each sample, as 
previously described by Scholz et al. (1998), involved 
monitoring the decrease in absorbance (β-NAD) 
using purifi ed malate dehydrogenase (Sigma, 
Portugal) as the coupling enzyme. 

 2.4.2.3 Lipogenic enzymes 

 To measure glucose-6-phosphate dehydrogenase 
(G6PD, EC 1.1.1.49) and fatty acid synthase (FAS, 
EC 2.3.1.38) activities, liver samples were 
homogenized in 5-fold volumes of ice-cold buffer 
(250 mmol sucrose, 2 mmol EDTA, 100 mmol NaF, 
20 mmol Tris-HCl, 10 mmol β-mercaptoethanol, 
0.5 mmol phenylmethyl sulphonyl fl uoride, pH 7.4) 
and centrifuged at 30 000× g  for 20 min at 4°C. The 
resulting supernatant was separated in two fractions 
for G6PD and FAS activity measurement. G6PD was 
evaluated at 30°C, as previously described by 
Bautista et al. (1988). FAS measured at 37°C 
following the method of Chakrabarty and Leveille 
(1969). 

 2.4.2.4 Specifi c enzyme activities 

 All enzyme activities were expressed per mg of 
hepatic soluble protein (specifi c activity). Protein 
concentration was determined by the Bradford 
method (Bradford, 1976) using bovine serum albumin 
(BSA) as standard (Bradford protein assay kit, 
Tiangen Biotech, Beijing, China). One unit of enzyme 

activity was defi ned as the amount of enzyme that 
catalyzed the hydrolysis of 1 μmol of substrate per 
min at assay temperature.  

 2.4.3 Glycogen content and Na + , K + -ATPase (NKA) 
activity 

 Tissue glycogen content was measured by an 
enzymatic method using amyloglucosidase, as 
described by Keppler and Decker (1974). Gill Na + , 
K + -ATPase (NKA) activity was measured using a 
commercial kit: NKA (No. A016) from Nanjing 
Jiancheng Bioengineering Institute, Nanjing, China.  

 2.4.4 Serum metabolite assays 

 Serum glucose (GLU), cholesterol (CHOL) and 
triacylglycerol (TAG) levels were measured on a 
Hitachi Model 7600-11 auto-biochemistry machine 
(Hitachi High-Technologies Corporation, Tokyo, 
Japan). Serum growth hormone and cortisol levels 
were measured by radioimmunoassay. The antibodies 
were salmon/trout growth hormone antiserum (rabbit) 
(PAN1 from GroPep) and anti-cortisol antibody for 
fi sh (rabbit) (No. C8409 from Sigma). Salmon/trout 
growth hormone antiserum has been validated for 
fl ounder (Zang et al., 2013). Total plasma proteins 
were measured by the Bradford method, as mentioned 
above.  

 2.5 Calculations and statistical analysis 

 Specifi c growth rate (SGR) was calculated 
according to the formula of Ricker (1979): 
SGR=( e  g   1)×100, where  g =(ln( W  2 )  ln( W  1 ))/( t  2    t  1 ), 
 W  2 , and  W  1  are mean weights on days  t  2  and  t  1 , 
respectively. Daily feeding rate ( F %) was calculated 
as 100 C  T /( W  1 + W  2 )/2 per day  , where  C  T  is mean total 
food consumption calculated as (total feed supplied 
minus total remained feed) (dry weight). Feed 
conversion effi ciency (FCE) was calculated as 
biomass gain per unit weight of food consumed (dry 
weight). Protein effi ciency ratio (PER) was calculated 
as biomass gain per unit weight of protein consumed 
(dry weight). Condition factor (CF) was calculated as 
100  W / L  3 , where  W  is the weight of the fi sh and  L  the 
corresponding total length. Hepatosomatic index 
(HSI, %) was calculated as (liver weight/fi sh 
weight)×100%, and viscerasomatic index (VSI, %) 
was calculated as (viscera weight/fi sh weight)×100%. 

 Results were subjected to two-way analysis of 
variance (ANOVA), followed by a Duncan’s test to 
delineate signifi cance among fi sh groups using SPSS 
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16.0 software (SPSS Inc., Chicago, IL, USA). For all 
analyzes, signifi cant levels were set at  P <0.05 unless 
otherwise stated. All data are represented as 
means±SD. 

 3 RESULT  

 3.1 Survival rate, growth performance, feed use 
and Na + , K + -ATPase activity 

 The initial mean weight±SD was 7.16±0.07 g with 
no signifi cant difference among all groups ( P >0.05) 
(Table 2). The survival rates of fi sh were 100% except 
those reared at a salinity of 12, which was signifi cantly 
lower than other salinity groups ( P  < 0.05), and the 
survival rate of fi sh fed with the lowest starch and 
highest protein diet C5P52 was signifi cantly lower 

than those fed diet C15P46 and C25P40 ( P  < 0.05) 
when they adapted to 12 (Table 2). Irrespective of diet 
composition, specifi c growth rate (SGR) and feed 
conversion effi ciency (FCE) were signifi cantly higher 
in fi sh maintained at 18 and 36, and lower at 12 
( P  < 0.05). Overall, SGR and FCE of fi sh fed with the 
highest starch and lowest protein diet C25P40 were 
signifi cantly lower than those fed with the other two 
diets ( P <0.05). It is worth noting that SGR and FCE 
of fi sh reared at 36 were not affected by diet 
composition ( P  > 0.05), and fi sh fed with the lowest 
starch and highest protein diet C5P52 had lower SGR 
and FCE than those fed with diet C15P46 or C25P40 
when maintained at a salinity of 12 ( P  < 0.05) 
(Table 2). The feed intake ( F , %) of fi sh maintained at 
12 was signifi cantly lower than those reared at 30 

 Table 2 Initial body weight (g), fi nal body weight (g), survival rate (%), specifi c growth rates (SGR, %/day), daily feeding 
rate ( F , %), feed conversion effi ciency (FCE, g/g) and protein effi ciency ratio (PER, g/g) of juvenile turbot reared 
at fi ve salinities (12, 18, 24, 30, and 36) and fed with three diets (C5P52, C15P46, and C25P40) (means±SD,  n =3) 

 Salinity  Diet  Initial body 
weight (g) 

 Final body 
weight (g) 

 Survival 
rate (%)  SGR (%/day)   F  (%)  FCE (g/g)  PER (g/g) 

 12 

 C5P52  7.17±0.08  17.05±1.11 b   80.77±3.85 b   1.45±0.10 b   1.19±0.04  1.12±0.03 b   2.14±0.06 c  

 C15P46  7.19±0.05  19.58±2.93 a   97.44±2.22 a   1.68±0.08 a   1.24±0.03  1.22±0.01 a   2.67±0.02 b  

 C25P40  7.12±0.03  19.03±2.86 a   93.59±2.22 a   1.70±0.08 a   1.21±0.03  1.22±0.02 a   3.13±0.02 a  

 18 

 C5P52  7.13±0.08  22.99±3.04 a   100  1.97±0.06 a   1.25±0.01  1.37±0.01 a   2.63±0.02 c  

 C15P46  7.15±0.07  23.02±3.66 a   100  1.94±0.05 a   1.28±0.04  1.34±0.04 a   2.95±0.08 b  

 C25P40  7.14±0.11  20.24±2.89 b   100  1.75±0.05 b   1.23±0.01  1.26±0.03 b   3.20±0.07 a  

 24 

 C5P52  7.18±0.08  21.76±1.90 a   100  1.86±0.07 a   1.21±0.05  1.36±0.02 a   2.60±0.04 c  

 C15P46  7.19±0.08  20.98±2.25 a   100  1.80±0.03 a   1.24±0.01  1.29±0.01 ab   2.84±0.02 b  

 C25P40  7.19±0.05  19.56±1.53 b   100  1.68±0.05 b   1.24±0.01  1.22±0.03 b   3.08±0.07 a  

 30 

 C5P52  7.13±0.02  21.57±1.07 a   100  1.86±0.09 a   1.28±0.03  1.28±0.01 a   2.45±0.02 c  

 C15P46  7.18±0.08  20.06±1.64 ab   100  1.73±0.04 ab   1.26±0.03  1.22±0.04 b   2.68±0.09 b  

 C25P40  7.15±0.01  19.15±1.90 b   100  1.65±0.08 b   1.24±0.01  1.20±0.04 b   3.04±0.11 a  

 36 

 C5P52  7.07±0.06  23.25±2.38  100  2.00±0.10  1.25±0.05  1.39±0.01  2.66±0.03 c  

 C15P46  7.16±0.13  22.21±1.56  100  1.85±0.09  1.23±0.02  1.35±0.02  2.97±0.04 b  

 C25P40  7.18±0.06  21.99±2.10  100  1.80±0.07  1.22±0.03  1.35±0.05  3.42±0.14 a  

 12  

All diet combined 

 7.16±0.06  18.56±1.51 c   90.60±8.73 b   1.61±0.14 c   1.21±0.02 b   1.19±0.04 d   2.65±0.44 d  

 18  7.14±0.08  22.08±1.58 a   100 a   1.89±0.12 a   1.25±0.02 a   1.33±0.06 ab   2.93±0.26 ab  

 24  7.19±0.06  20.77±1.11 b   100 a   1.78±0.09 b   1.23±0.01 ab   1.29±0.03 b   2.84±0.22 b  

 30  7.15±0.05  20.26±1.31 b   100 a   1.75±0.10 b   1.26±0.02 a   1.23±0.02 c   2.72±0.27 c  

 36  7.14 ±0.09  22.45±1.55 a   100 a   1.88±0.10 a   1.24±0.01 ab   1.36±0.03 a   3.01±0.34 a  

 All salinity 
combined 

 C5P52  7.14±0.08  21.32±2.50 a   96.15±8.60 b   1.83±0.22 a   1.24±0.04  1.30±0.12 a   2.49±0.22 c  

 C15P46  7.15±0.08  21.17±1.47 a   99.49±1.15 a   1.80±0.10 a   1.25±0.02  1.29±0.05 a   2.82±0.14 b  

 C25P40  7.17±0.06  19.98±1.03 b   98.72±2.87 a   1.72±0.06 b   1.23±0.01  1.25±0.04 b   3.17±0.16 a  

 Interaction  ns  ***  ***  ***  ns  **  ** 

 Note: ns: non-signifi cant; * P  < 0.05; ** P  < 0.01; *** P  < 0.001. Different letters denote signifi cant differences ( P <0.05) between dietary treatments within each 
salinity regime or between different salinities independent of dietary treatments.  
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( P  < 0.05), but not affected by diet composition 
( P  > 0.05) (Table 2). Protein effi ciency ratio (PER) 
was signifi cantly higher in fi sh maintained at 18 and 
36, and lower at 12 ( P  < 0.05). PER increased with the 
increase in dietary carbohydrates at each water 
salinity (Table 2). 

 3.2 Condition factor, hepatosomatic index, 
viscerasomatic index, liver glycogen, muscle 
glycogen and gill Na + , K + -ATPase 

 Hepatosomatic index (HSI) and liver glycogen 
content increased with the increase in dietary 
carbohydrate, but was unaffected by salinity (Table 3). 
Muscle glycogen content increased with the increase 
in dietary carbohydrate and was signifi cantly higher 
in fi sh reared at 36 than those maintained at 30 

( P  < 0.05) (Table 3). Condition factor (CF) and 
viscerasomatic index (VSI) were not affected by diet 
composition or water salinity ( P  > 0.05) (Table 3). Gill 
Na + , K + -ATPase (NKA) activity increased with the 
increase in salinity, but was unaffected by dietary 
treatments (Table 3). 

 3.3 Serum glucose, triacylglycerol, cholesterol, 
growth hormone and cortisol  

 Serum glucose (GLU) levels were higher in fi sh 
reared at a salinity of 12, and lower at 18 and 36 
( P  < 0.05), but unaffected by dietary treatments 
(Table 4). Triacylglycerol (TAG) and cholesterol 
(CHOL) levels were not affected by diet composition 
or water salinity ( P >0.05) (Table 4). Growth hormone 
(GH) levels were higher in fi sh reared in salinities of 

 Table 3 Condition factor (CF, % g/cm 3 ), hepatosomatic index (HSI, %), viscerasomatic index (VSI, %), liver glycogen 
(mg/g), muscle glycogen (mg/g) and gill Na + , K + -ATPase (NKA, μmol ADP/mg protein) of juvenile turbot reared at 
fi ve salinities (12, 18, 24, 30, and 36) and fed with three diets (C5P52, C15P46, and C25P40) (means±SD) 

 Salinity  Diet  CF (% g/cm 3 )  n =9  HSI (%)  n =9  VSI (%)  n =9  Liver glycogen 
(mg/g)  n =6 

 Muscle glycogen 
(mg/g)  n =6 

 NKA (μmol ADP /
mg protein)  n =9 

   C5P52  3.30±0.23  1.19±0.11  5.07±0.45  42.29±4.28  0.89±0.06  3.48±0.27 

 12  C15P46  3.29±0.10  1.18±0.09  5.20±0.16  41.52±4.77  0.94±0.07  3.37±0.15 

   C25P40  3.33±0.18  1.27±0.10  5.27±0.55  44.97±4.18  0.93±0.06  3.16±0.28 

   C5P52  3.29±0.14  1.04±0.08 b   4.84±0.19  40.65±3.49  0.94±0.08  6.93±0.20 

 18  C15P46  3.24±0.05  1.16±0.11 ab   5.18±0.27  41.06±3.19  0.96±0.06  7.03±0.19 

   C25P40  3.29±0.12  1.25±0.05 a   5.33±0.58  43.00±3.46  1.02±0.07  6.83±0.12 

   C5P52  3.23±0.17  1.17±0.09  5.13±0.34  41.16±2.66  0.93±0.06  7.26±0.22 

 24  C15P46  3.31±0.28  1.20±0.03  5.30±0.34  42.05±2.69  0.98±0.11  7.16±0.28 

   C25P40  3.32±0.18  1.29±0.05  5.27±0.07  43.01±3.19  0.99±0.09  7.03±0.26 

   C5P52  3.37±0.10  1.18±0.16  5.48±0.37  38.88±4.33  0.92±0.08  8.16±0.43 

 30  C15P46  3.32±0.21  1.19±0.19  5.28±0.07  42.00±2.67  0.94±0.12  7.75±0.14 

   C25P40  3.33±0.11  1.28±0.09  5.38±0.04  42.83±4.15  0.96±0.07  7.53±0.35 

   C5P52  3.42±0.05  1.20±0.14  5.45±0.11  39.09±3.36  0.97±0.13  8.30±0.11 

 36  C15P46  3.37±0.20  1.22±0.12  5.31±0.07  43.81±3.47  1.02±0.06  8.23±0.47 

   C25P40  3.38±0.19  1.33±0.07  5.37±0.14  43.64±3.69  1.07±0.10  8.17±0.24 

 12  

All diet 
combined 

 3.31±0.23  1.21±0.05  5.18±0.10  42.93±1.81  0.92±0.03 b   3.34±0.16 c  

 18  3.27±0.15  1.15±0.10  5.11±0.25  41.57±1.26  0.97±0.04 ab   6.93±0.10 b  

 24  3.29±0.20  1.22±0.06  5.23±0.10  42.07±0.92  0.96±0.03 ab   7.15±0.11 b  

 30  3.34±0.18  1.21±0.06  5.38±0.10  41.24±2.08  0.94±0.02 b   7.81±0.32 a  

 36  3.39±0.19  1.25±0.07  5.38±0.07  42.18±2.67  1.02±0.06 a   8.23±0.06 a  

 All salinity 
combined 

 C5P52  3.32±0.15  1.16±0.06 b   5.19±0.27  40.41±1.43 b   0.93±0.03 b   6.82±1.96 

 C15P46  3.31±0.23  1.19±0.02 ab   5.25±0.06  42.09±1.04 ab   0.97±0.04 ab   6.71±1.93 

 C25P40  3.33±0.19  1.28±0.03 a   5.32±0.05  43.49±0.88 a   0.99±0.05 a   6.54±1.96 

 Interaction  ns  ns  ns  ns  **  *** 

 Note: ns: non-signifi cant; * P  < 0.05; ** P  < 0.01; *** P  < 0.001. Different letters denote signifi cant differences ( P <0.05) between dietary treatments within each 
salinity regime or between different salinities independent of dietary treatments.  
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18 and 36, and lower at 12 ( P  < 0.05); GH levels of 
fi sh fed with the highest starch and lowest protein diet 
(C25P40) were signifi cantly lower than those fed 
with the other two diets ( P <0.05) (Table 4). Cortisol 
(COR) levels were higher in fi sh reared at 12, and 
lower at 18 and 36 ( P  < 0.05); COR levels of fi sh fed 
with the highest starch and lowest protein diet 
(C25P40) were signifi cantly higher than those fed 
with the other two diets ( P <0.05) (Table 4). Although 
GH and COR levels varied among dietary treatments 
and salinity groups, GH levels were positively 
correlated while COR levels were negatively 
correlated with SGR. Linear regression analysis of 
the relationship between SGR and GH was expressed 
as  y =1.403 1 x –1.270 6 ( R  2 =0.663), and between SGR 
and COR as  y =-55.688 x +156.51 ( R  2 =0.561 8).  

 3.4 Hepatic glycolytic (GK, PK), gluconeogenic 
(G6Pase, PEPCK) and lipogenic (G6PD, FAS) 
enzyme activities  

 Hepatic glycolytic glucokinase (GK) activity was 
higher in fi sh reared at a salinity of 12, and lower at 18 
and 36 ( P  < 0.05); hepatic lipogenic glucose-6-
phosphate dehydrogenase (G6PD) and fatty acid 
synthase (FAS) activities were higher in fi sh reared at 
18 and 36, and lower at 12 ( P  < 0.05) (Table 5). GK 
activity of fi sh fed with the highest starch and lowest 
protein diet (C25P40) was signifi cantly higher than 
those fed with the other two diets ( P <0.05). G6PD 
activity of fi sh fed with the highest starch and lowest 
protein diet (C25P40) was signifi cantly lower than 
those fed with the other two diets ( P <0.05); FAS 

 Table 4 Serum glucose (GLU, mmol/L), triacylglycerol (TAG, mmol/L), cholesterol (CHOL, mmol/L), growth hormone 
(GH, ng/mL) and cortisol (COR, ng/mL) levels in juvenile turbot reared at fi ve salinities (12, 18, 24, 30, and 36) and 
fed with three diets (C5P52, C15P46, and C25P40) (means±SD,  n =6) 

 Salinity  Diet  GLU (mmol/L)  TAG (mmol/L)  CHOL (mmol/L)  GH (ng/mL)  COR (ng/mL) 

   C5P52  1.87±0.09 a   1.88±0.14  3.01±0.27  0.41±0.05 c   76.41±5.55 

 12  C15P46  1.54±0.13 b   1.89±0.08  2.99±0.24  1.00±0.07 b   69.33±2.34 

   C25P40  1.70±0.10 ab   1.95±0.07  3.09±0.21  1.13±0.05 a   69.93±3.90 

   C5P52  1.34±0.05  1.74±0.10  2.86±0.14  1.45±0.04 a   53.06±4.24 

 18  C15P46  1.40±0.10  1.79±0.14  2.87±0.18  1.38±0.03 b   53.76±2.89 

   C25P40  1.47±0.09  1.82±0.05  3.01±0.11  1.29±0.04 c   55.03±1.05 

   C5P52  1.46±0.05  1.77±0.08  2.89±0.16  1.39±0.05 a   57.12±2.76 

 24  C15P46  1.51±0.10  1.81±0.07  2.94±0.09  1.36±0.04 a   56.29±4.07 

   C25P40  1.52±0.11  1.85±0.11  3.07±0.17  1.18±0.02 b   62.01±1.79 

   C5P52  1.56±007  1.81±0.08  2.93±0.08  1.28±0.07  59.65±3.23 

 30  C15P46  1.61±0.09  1.89±0.13  2.99±0.09  1.22±0.08  61.44±4.05 

   C25P40  1.63±0.03  1.88±0.10  3.03±0.15  1.23±0.05  64.13±3.80 

   C5P52  1.33±0.10 a   1.84±0.05  2.85±0.14  1.66±0.04 a   37.04±1.87 

 36  C15P46  1.29±0.06 a   1.83±0.15  2.88±0.24  1.34±0.06 b   36.51±1.60 

   C25P40  1.10±0.07 b   1.86±0.08  2.89±0.14  1.26±0.03 b   41.06±2.27 

 12 

 All diet combined 

 1.70±0.16 a   1.91±0.03  3.03±0.06  0.85±0.38 d   71.89±3.93 a  

 18  1.40±0.07 d   1.78±0.04  2.91±0.08  1.37±0.08 a   53.95±1.00 d  

 24  1.51±0.03 c   1.81±0.02  2.97±0.09  1.31±0.11 b   58.47±3.09 c  

 30  1.60±0.03 b   1.86±0.02  2.99±0.05  1.24±0.03 c   61.74±2.26 b  

 36  1.24±0.12 e   1.84±0.05  2.87±0.02  1.42±0.21 a   38.20±2.49 e  

 All salinity combined 

 C5P52  1.51±0.20  1.81±0.06  2.91±0.07  1.24±0.48 ab   56.66±14.12 ab  

 C15P46  1.47±0.11  1.84±0.05  2.93±0.06  1.26±0.16 a   55.47±12.15 b  

 C25P40  1.48±0.21  1.87±0.05  3.02±0.08  1.22±0.07 b   58.43±11.08 a  

 Interaction  ***  ns  ns  ***  ** 

 Note: ns: non-signifi cant; * P  < 0.05; ** P  < 0.01; *** P  < 0.001. Different letters denote signifi cant differences ( P <0.05) between dietary treatments within each 
salinity regime or between different salinities independent of dietary treatments.  
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activity was unaffected by dietary treatments. It is 
worth noting that GK, G6PD, and FAS activities of 
fi sh fed with the highest starch and lowest protein diet 
(C25P40) were all signifi cantly higher than those fed 
with diet C5P52 ( P <0.05) when reared at 36 (Table 
5). Hepatic glycolytic pyruvate kinase (PK), 
gluconeogenic glucose-6-phosphatase (G6Pase) and 
phosphoenolpyruvate carboxykinase (PEPCK) 
activities were not affected by dietary composition or 
water salinity (Table 5).  

 4 DISCUSSION 
 Gill Na + , K + -ATPase (NKA) plays a critical role in 

maintaining ion homeostasis in fi sh (Evans et al., 
2005). NKA activity is strongly regulated by water 
salinity and is usually minimal when fi sh are 

maintained in isosmotic surroundings (Evans, 2008). 
In the present study, NKA activity increased with the 
increase in water salinity, indicating that less energy 
was expended to maintain osmotic homeostasis when 
fi sh were reared at lower salinity. Similar fi ndings on 
turbot were also recorded by Gaumet et al. (1995) and 
Imsland et al. (2003). However, NKA activity was not 
affected by dietary treatments and, thus, the 
mechanisms of osmoregulation in fi sh via diet 
composition will require further study. 

 There was no mortality in the experimental groups, 
except in fi sh reared at salinity of 12. The main reason 
may be that juvenile fi sh are sensitive to stressors 
(Wendelaar, 2011) and physiological functions, 
particularly non-specifi c immunity, are adversely 
affected when juvenile turbot are maintained in a low-

 Table 5 Hepatic glycolytic (GK, PK), gluconeogenic (G6Pase, PEPCK) and lipogenic (G6PD, FAS) enzymes specifi c activities 
(mIU/mg protein) in juvenile turbot reared at fi ve salinities (12, 18, 24, 30, and 36) and fed with three diets (C5P52, 
C15P46, and C25P40) (means±SD,  n =6) 

 Salinity  Diet  GK (mIU/
mg protein) 

 PK (mIU/
mg protein) 

 G6Pase (mIU/
mg protein) 

 PEPCK (mIU/
mg protein) 

 G6PD (mIU/
mg protein) 

 FAS (mIU/
mg protein) 

   C5P52  1.22±0.06 a   14.98±1.36  6.40±1.39  0.49±0.07  3.93±0.17 b   0.47±0.09 b  

 12  C15P46  0.92±0.05 b   14.69±1.08  5.92±2.06  0.52±0.12  4.27±0.12 a   0.75±0.12 a  

   C25P40  1.05±0.11 b   15.32±1.23  7.51±1.15  0.44±0.12  4.03±0.13 ab   0.73±0.11 a  

   C5P52  0.31±0.02 c   13.54±0.57  6.04±1.85  0.55±0.11  5.13±0.07 a   1.32±0.19 a  

 18  C15P46  0.42±0.04 b   13.76±1.26  6.96±1.24  0.53±0.10  4.97±0.11 a   1.14±0.11 ab  

   C25P40  0.60±0.02 a   14.27±0.57  8.25±1.87  0.51±0.13  4.40±0.19 b   0.99±0.07 b  

   C5P52  0.37±0.03 c   13.90±1.88  6.79±0.95  0.53±0.07  4.69±0.07 a   1.13±0.19 a  

 24  C15P46  0.47±0.04 b   14.17±1.05  6.69±1.39  0.49±0.10  4.54±0.19 ab   0.96±0.12 ab  

   C25P40  0.66±0.03 a   13.71±0.50  5.72±2.13  0.51±0.02  4.27±0.19 b   0.81±0.08 b  

   C5P52  0.64±007 b   14.54±1.06  8.10±1.31  0.54±0.12  4.44±0.13 a   0.91±0.09 

 30  C15P46  0.71±0.08 b   14.71±2.32  5.98±2.23  0.50±0.10  4.33±0.06 ab   0.82±0.08 

   C25P40  0.86±0.06 a   15.28±1.03  5.37±0.72  0.46±0.07  4.20±0.14 b   0.76±0.11 

   C5P52  0.52±0.02 b   13.67±1.27  7.66±1.08  0.63±0.09  4.24±0.15 b   1.02±0.18 c  

 36  C15P46  0.58±0.04 ab   14.03±1.40  7.35±1.00  0.59±0.05  4.73±0.08 a   1.37±0.10 b  

   C25P40  0.60±0.05 a   14.78±0.72  5.36±1.26  0.52±0.07  4.85±0.21 a   1.67±0.09 a  

 12 

 All diet 
combined 

 1.06±0.15 a   15.00±0.32  6.61±0.81  0.48±0.03  4.11±0.21 d   0.65±0.16 e  

 18  0.45±0.14 e   13.86±0.37  7.08±1.11  0.53±0.01  4.84±0.30 a   1.15±0.11 b  

 24  0.50±0.17 d   13.93±0.23  6.40±0.59  0.51±0.02  4.50±0.14 b   0.97±0.18 c  

 30  0.74±0.11 b   14.84±0.38  6.49±1.43  0.50±0.03  4.32±0.05 c   0.83±0.07 d  

 36  0.57±0.04 c   14.16±0.56  6.79±1.25  0.58±0.02  4.61±0.21 b   1.35±0.33 a  

 All salinity 
combined 

 C5P52  0.61±0.36 b   14.13±0.61  7.00±0.86  0.55±0.05  4.49±0.45 a   0.96±0.32 

 C15P46  0.62±0.20 b   14.27±0.42  6.58±0.62  0.53±0.04  4.57±0.29 a   1.01±0.25 

 C25P40  0.75±0.20 a   14.67±0.69  6.44±1.35  0.48±0.04  4.37±0.0.2 b   0.99±0.39 

 Interaction  ***  ns  ns  ns  ***  *** 

 Note: ns: non-signifi cant; * P  < 0.05; ** P  < 0.01; *** P  < 0.001. Different letters denote signifi cant differences ( P <0.05) between dietary treatments within each 
salinity regime or between different salinities independent of dietary treatments. 
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salt environment (salinity of 12 in the present study) 
(Zhang et al., 2011). This contention is further 
supported by the fact that festering of the gills and 
body surface were observed only in fi sh adapted to a 
salinity of 12 during the feeding trial. Therefore, 
juvenile turbot should be reared at salinities greater 
than 12. Interestingly, fi sh fed with higher starch and 
lower protein diets (C15P46 and C25P40) had 
signifi cantly higher survival rates than those fed with 
diet C5P52, when reared at 12. The main reason is 
that, compared with proteins, carbohydrate 
metabolites (mainly glucose) can more rapidly 
generate ATP to meet a fi sh’s energy requirements 
(Tseng and Hwang, 2008), indicating that fi sh fed 
with carbohydrate-rich feed could have improved 
survival rates when under severe stress.  

 Growth performance and FCR may be improved 
when fi sh are reared in a low-salinity environment, 
since they expend less energy to meet the metabolic 
demands of osmoregulation (Tseng and Hwang, 
2008). Previous studies have demonstrated that the 
best growth performance and FCE were observed at 
19 in juvenile turbot reared at water salinities ranging 
from 10 to 35 (Gaumet et al., 1995; Imsland et al., 
2001). As expected, our data show that, independent 
of diet composition, improvements in SGR and FCE 
were observed in fi sh maintained at 18 compared with 
those reared at 24 or 30. However, better SGR and 
FCE values were obtained in fi sh adapted to a salinity 
of 36. Previous studies on turbot have demonstrated 
that the highest growth rates are observed at a salinity 
of 33.5, compared with 15 or 25, in fi sh reared at 
18°C, while growth rates decreased with increased 
water salinity in fi sh reared at 22°C (Imsland et al., 
2001). The water temperature was mainly below 18°C 
throughout the experimental period in the present 
study. This may also be the main reason why SGR 
and FCE values were greatly improved in fi sh reared 
at 36. Although fi sh maintained at 12 required minimal 
energy costs to meet osmoregulation, they had to 
expend considerable amounts of energy for other 
important physiological functions such as immunity 
improvement, which results in serious adverse effects 
on SGR and FCE. 

 Fish, especially carnivorous species, display 
inadequate use of dietary carbohydrates and, therefore, 
the protein-sparing effect is relatively limited (Stone, 
2003). Previous studies have shown that the maximum 
amount of dietary carbohydrate is generally lower 
than 20% for marine fi sh species (Wilson, 1994). In 
the present study, irrespective of water salinity, SGR, 

and FCE showed no statistically signifi cant difference 
in fi sh fed with two different starch level diets (C5P52 
and C15P46). The results indicate that good growth 
performance and FCE could be obtained even at low 
dietary protein levels with suffi cient carbohydrates in 
the diet, which may reduce cost on fi sh feed and, in 
turn, nitrogen emissions into the environment 
resulting in eutrophication. There was also a trend 
towards improved PER with increased dietary starch 
content, suggesting that carbohydrates can spare 
some protein when dietary protein is low. However, 
extra high levels of starch (25% in the present study) 
signifi cantly decreased SGR and FCE. This may be 
ascribed to the  poor use of high levels of dietary 
starch, resulting in carbohydrate energy being wasted 
as heat and a reduction in energy retention in fi sh 
(Lovell, 1989; Bureau et al., 1998). It is worth noting 
that SGR and FCE were unaffected by dietary starch 
when fi sh were maintained at 36, but those fed with 
higher starch and lower protein diets (C15P46 and 
C25P40) had higher SGR and FCE than those fed 
with diet C5P52 when fi sh were adapted to 12, at 
which disease-resistance in fi sh is impaired. The 
results are consistent with data in rainbow trout 
( Oncorhynchus   mykiss ) where swimming exercise 
greatly improved the use of gelatinized starch (Felip 
et al., 2012; Friedrichsen et al., 2013), indicating that 
some stressors can improve carbohydrate use and 
enhance the protein-sparing effect. The principal 
reason is that carbohydrates serve as major energy 
substrates in meeting the metabolic demand of these 
stressors, which has been confi rmed by the 
oxygen:nitrogen (O:N) atomic ratio (Mayzaud and 
Conover, 1988). 

 Irrespective of dietary treatments,  F % was not 
affected by salinity in fi sh reared at salinities ranging 
from 18 to 36; a similar result was previously reported 
in turbot, i.e., that food consumption is mainly related 
to temperature not salinity (Imsland et al., 2001). 
Lower  F % in fi sh maintained at 12 may be attributed 
to a deterioration in non-specifi c immunity and 
hyperglycemia (Polakof et al., 2011). Independent of 
salinity,  F % was not affected by diet composition 
and, in turbot,  F % may be mainly regulated by the 
dietary energy content (Boujard and Médale, 1994; 
Paspatis and Boujard, 1996).  

 Independent of salinity, serum glucose levels 
showed no signifi cant difference among diet groups. 
Previous studies on turbot have demonstrated that 
glucose is relatively rapidly metabolized and returns 
to basal values within 24 h (Garcia-Riera and Hemre, 
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1996). Blood was sampled after fi sh were fasting for 
24 h and this is the main reason why glucose was 
unchanged. HSI rose signifi cantly with the increase in 
dietary starch. Glucose from carbohydrate-rich diets 
could enhance liver glycogen content and consequently 
increase HSI. Additionally, feeding high starch diets 
leads to increase hepatic lipogenesis and results in 
increased liver lipid content (Fernandez et al., 2007). 
Considering that hepatic FAS and G6PD activities 
were affected by dietary carbohydrate levels, the 
higher HSI in fi sh mainly resulted from increased 
liver glycogen and lipid levels. VSI was unaffected by 
dietary starch levels; the main reason being that only 
negligible amounts of glycogen and lipid accumulated 
in the liver compared with the amount of absorbed 
glucose and lipid. Muscle glycogen increased with 
the increase in dietary carbohydrate levels, which 
may be strongly related to converted dietary 
carbohydrates.  

 Both GH and COR are generally considered as 
seawater-adapting hormone (McCormick and 
Bradshaw 2006; Almeida et al., 2013). However, 
recent studies have shown that COR plays a critical 
role in regulating ion uptake; thus COR is considered 
to have a dual osmoregulatory function (McCormick 
et al., 2008). In addition, COR has been used as an 
important stress indicator (Mommsen et al., 1999; 
Barton, 2002). In the present study, independent of 
diet composition, GH levels displayed a signifi cant 
positive correlation with SGR, but had an ambiguous 
relationship with salinity. Previous studies on turbot 
have showed that IGF-I levels are positively correlated 
with growth rate, but unrelated to environmental 
salinity (Imsland et al., 2008). Since IGF-I levels are 
strongly regulated by GH in fi sh (Björnsson et al., 
2002), our data are in agreement with this result. COR 
levels showed a signifi cant negative correlation with 
SGR, but were unrelated to water salinity. These 
fi ndings are consistent with those reported in Japanese 
fl ounder ( P .  olivaceus ) (Bolasina et al., 2007). 

 The endocrine system is regulated by nutritional 
and metabolic factors (Fuentes et al., 2012; Nagel et 
al., 2012), but the relationship is complex and has not 
been clarifi ed. For example, a contradictory result has 
been observed in European whitefi sh ( Coregonus  
 lavaretus ) fed with high carbohydrate diets that 
promoted (Ruohonen et al., 2007) or reduced (Vielma 
et al., 2003) serum cortisol levels. In the present study, 
fi sh fed with the highest starch and lowest protein diet 
C25P40 had lower GH and higher COR than those 
fed with the other two diets. The results indicated that 

excess levels of starch (25%) cause stress in fi sh, 
resulting in a signifi cant reduction in growth rate and 
feed use.  

 As the principal organ of glucose homeostasis, the 
liver plays a critical role in regulating intermediary 
metabolism in response to nutritional status in 
addition to supplying carbohydrate metabolites to the 
osmoregulatory organs (Klover and Mooney, 2004; 
Tseng and Hwang, 2008). To evaluate the response of 
physiological and biochemical processes to dietary 
starch levels, the activities of a number of key 
carbohydrate metabolic enzyme, including hepatic 
glycolytic (GK and PK), gluconeogenic (G6Pase and 
PEPCK) and lipid synthase (G6PD and FAS), were 
examined. Irrespective of salinity, GK activity 
increased with increasing dietary starch levels. 
Elevated GK activity could lead to an increase in 
glucose uptake from circulation into the liver and 
offset any possible hyperglycemic response, which 
may further result in an increase in liver glycogen 
content and HSI (Table 3). Independent of diet 
composition, although hepatic GK activity varied 
among the salinity treatment groups, GK activity 
increased with decreasing SGR. Hepatic glycogen 
content was unaffected by salinity. Elevated GK 
activity could generate ATP, which is used for other 
important physiological function, such as 
osmoregulation and immunity enhancement, resulting 
in an adverse effect on growth performance. PK 
activity appears to be unregulated by either dietary 
carbohydrate levels or water salinity. The response of 
GK is generally stronger than that of PK, suggesting 
that GK may play a more important role in adaptation 
to carbohydrate diets than PK.  

 Hepatic gluconeogenic G6Pase activity was not 
regulated by diet composition or water salinity in 
juvenile turbot. Although PEPCK activity may be 
closely related to plasma glucose levels (Elo et al., 
2007), which were shown to be strongly affected by 
salinity in the present study, hepatic PEPCK activity 
was not signifi cantly different among groups. The 
absence of change in gluconeogenic activities 
indicates inadequate regulation of glucose homeostasis 
(Polakof et al., 2012) and at least partly explains that 
turbot have a relatively limited capacity to metabolize 
dietary glucose. 

 Usually, the pentose phosphate pathway, together 
with glycolysis, is enhanced in fi sh fed with high 
carbohydrate and low protein diets (Meton et al., 
1999), indicating their carbohydrate use ability and 
the protein-sparing effect. As a key enzyme in the 
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pentose phosphate pathway, G6PD can produce 
NADPH for biosynthesis, including lipid synthesis. 
In the present study, irrespective of water salinity, 
hepatic G6PD activity was signifi cantly reduced in 
fi sh fed with the highest starch and lowest protein diet 
(C25P40) compared with those fed diets C5P52 and 
C15P46, while GK activity increased with increasing 
dietary carbohydrate levels. This partly explains the 
reason that fi sh fed with diet C25P40 had an inferior 
growth performance than those fed with diets C5P52 
and C15P46. It is worth noting that G6PD, FAS and 
GK activities all increased with increasing dietary 
starch levels in fi sh reared at a salinity of 36, which 
may be the principal reason that the SGR and FCE of 
these fi sh was unaffected by dietary carbohydrate 
levels. To date, the effects of water salinity on 
lipogenic enzyme activities have not been studied. 
The increased lipogenic enzyme activities, but 
unchanged gluconeogenesis, in fi sh reared at higher 
salinities was consistent with data from exercised 
rainbow trout ( O .  mykiss ) in juvenile sea bream 
( Sparus   aurata ) showing greatly improved the use of 
carbohydrates (Felip et al., 2012; Friedrichsen et al., 
2013). In turbot, lipogenesis was enhanced by higher 
salinities, suggesting a potential role of water salinity 
in the use of dietary glucose. The mechanisms for the 
regulation of lipogenic enzymes in fi sh reared at 
different salinities require further study and 
clarifi cation. 

 The pentose phosphate pathway is also regulated 
by water salinity, but the relationship has not been 
identifi ed. For example, a contradictory result was 
observed in sea bream ( S .  auratus ) reared in low-salt 
environments that promote (Sangiao-Alvarellos et al., 
2005) or reduce (Sangiao-Alvarellos et al., 2003) gill 
G6PD activity. In the present study, although hepatic 
G6PD and FAS activities varied among salinity 
treatment groups, G6PD and FAS increased with 
increasing SGR. The principal reason is that the 
increase in G6PD and FAS activities enhanced 
biosynthesis, such as fatty acid synthesis from 
glucose, to meet the metabolic demands of growth.  

 5 CONCLUSION 
 Juvenile turbot should be reared at salinities of 

above 12 to achieve good growth. Compared with 
diet C5P52, feeding diet C15P46 had no adverse 
effect on growth performance or feed use in fi sh 
reared at salinities ranging from 18 to 30, suggesting 
that an increase of 10% in gelatinized starch can spare 
6% protein in the diet. Growth performance and feed 

use were unaffected by dietary starch levels in fi sh 
reared at 36, indicating that higher salinity could 
boost carbohydrate use and enhance the protein-
sparing effect. 

 6 ACKNOWLEDGMENT 
 We are grateful to Qingdao Great Seven Bio-Tech 

Co. Ltd. for kindly providing the dietary ingredients 
and technical guidance, and QIAO Wei, CHEN Shibo, 
JIA Neijin, KONG Xiangdi, and WEI Yiliang from 
Yellow Sea Fisheries Research Institute for their help 
with sampling and enzyme activity assays.  

 References 

 Alegre M, Ciudad C J, Fillat C, Guinovart J J. 1988. 
Determination of glucose-6-phosphatase activity using 
the glucose dehydrogenase-coupled reaction.  Anal . 
 Biochem .,  173 (1): 185-189.  

 Almeida D V, Martins C, Figueiredo M, Lanes C F, Bianchini 
A, Marins L F. 2013. Growth hormone transgenesis 
affects osmoregulation and energy metabolism in 
zebrafi sh ( Danio   rerio ).  Transgenic .  Res .,  22 (1): 75-88. 

 AOAC. 2000. Offi cial Methods of Analysis.  In : International A 
ed. Association of Offi cial Analytical Chemists. 17 th  edn. 
Arlington, VA, America. p.1-45. 

 Barton B A. 2002. Stress in fi shes: a diversity of responses 
with particular reference to changes in circulating 
corticosteroids.  Integr .  Comp .  Biol .,  42 (3): 517-525.  

 Bautista J M, Garrido-Pertierra A, Soler G. 1988. Glucose-6-
phosphate dehydrogenase from  Dicentrarchus   labrax  
liver: kinetic mechanism and kinetics of NADPH 
inhibition.  Biochim .  Biophys .  Acta ,  967 (3): 354-363.  

 Björnsson B T, Johansson V, Benedet S, Einarsdottir I E, 
Hildahl J, Agustsson T, Jönsson E. 2002. Growth hormone 
endocrinology of salmonids: regulatory mechanisms and 
mode of action.  Fish   Physiol .  Biochem .,  27 (3-4): 227-
242. 

 Bolasina S N, Tagawa M, Yamashita Y. 2007. Changes on 
cortisol level and digestive enzyme activity in juveniles of 
Japanese fl ounder,  Paralichthys   olivaceus , exposed to 
different salinity regimes.  Aquaculture ,  266 (1): 255-261. 

 Boujard T, Médale F. 1994. Regulation of voluntary feed 
intake in juvenile rainbow trout fed by hand or by self-
feeders with diets containing two different protein/energy 
ratios.  Aquat .  Living   Resour .,  7 (3): 211-215.  

 Bradford M M. 1976. A rapid and sensitive method for 
quantitation of microgram quantities of protein utilizing 
principle of protein-dye binding.  Anal .  Biochem .,  72 (1): 
248-254. 

 Bureau D P, Kirkland J B, Cho C Y. 1998.  In : McCracken K J 
ed. Energy Metabolism of Farm Animals. CAB 
International Press, Wallingford, UK. p.163-166. 

 Caceres-Martinez C, Cadena-Roa M, Métailler R. 1984. 
Nutritional requirements of turbot ( Scophthalmus  
 maximus ) I. A preliminary study of protein and lipid 



68 CHIN. J. OCEANOL. LIMNOL., 33(1), 2015 Vol.33

utilization.  J .  World   Maricult .  Soc .,  15 (1-4): 191-202. 
 Chakrabarty K, Leveille G A. 1969. Acetyl-CoA carboxylase 

and fatty acid synthetase activities in liver and adipose 
tissue of meal-fed rats.  Proc .  Soc .  Exp .  Biol .  Med .,  131 (3): 
1 051-1 054. 

 Elo B, Villano C M, Govorko D, White L A. 2007. Larval 
zebrafi sh as a model for glucose metabolism: expression 
of phosphoenolpyruvate carboxykinase as a marker for 
exposure to anti-diabetic compounds.  J .  Mol .  Endocrinol ., 
 38 (4): 433-440. 

 Enes P, Panserat S, Kaushik S, Oliva-Teles A. 2009. Nutritional 
regulation of hepatic glucose metabolism in fi sh. Fish. 
 Physiol .  Biochem .,  35 (3): 519-539. 

 Evans D H, Piermarini P M, Choe K P. 2005. The multifunctional 
fi sh gill: dominant site of gas exchange, osmoregulation, 
acid-base regulation, and excretion of nitrogenous waste. 
 Physiol .  Rev .,  85 (1): 97-177.  

 Evans D H. 2008. Teleost fi sh osmoregulation: what have we 
learned since August Krogh, Homer Smith, and Ancel 
Keys.  Am .  J .  Physiol - Reg .  I .,  295 (2): R704-R713. 

 Felip O, Ibarz A, Fernandez-Borras J, Beltran M, Martin-Perez 
M, Planas J, Blasco J. 2012. Tracing metabolic routes of 
dietary carbohydrate and protein in rainbow trout 
( Oncorhynchus   mykiss ) using stable isotopes ([ 13 C]starch 
and [ 15 N]protein): effects of gelatinisation of starches and 
sustained swimming.  Br .  J .  Nutr .,  107 (1): 834-844.  

 Fernandez F, Miquel A G, Cordoba M, Varas M, Meton I, 
Caseras A, Baanante I V. 2007. Effects of diets with 
distinct protein-to-carbohydrate ratios on nutrient 
digestibility, growth performance, body composition and 
liver intermediary enzyme activities in gilthead sea bream 
( Sparus   aurata , L.) fi ngerlings.  J .  Exp .  Mar .  Biol .  Ecol ., 
 343 (1): 1-10.  

 Foster G D, Moon T W. 1986. Enzyme activities in the Atlantic 
hagfi sh,  Myxine   glutinosa : changes with captivity and 
food deprivation.  Can .  J .  Zool .,  64 (5): 1 080-1 085. 

 Friedrichsen M, Mortensen B, Pehmøller C, Birk J B, Jørgen F 
P, Wojtaszewski J. 2013. Exercise-induced AMPK activity 
in skeletal muscle: role in glucose uptake and insulin 
sensitivity.  Mol .  Cell .  Endocrinol .,  366 (2): 204-214. 

 Fuentes E N, Einarsdottir I E, Valdes J A, Alvarez M, Molina 
A, Björnsson B T. 2012. Inherent growth hormone 
resistance in the skeletal muscle of the fi ne fl ounder is 
modulated by nutritional status and is characterized by 
high contents of truncated GHR, impairment in the JAK2/
STAT5 signaling pathway, and low IGF-I expression. 
 Endocrinology ,  153 (1): 283-294. 

 Garcia-Riera M P, Hemre G I. 1996. Glucose tolerance in 
turbot,  Scophthalmus   maximus  (L.).  Aquacult .  Nutr .,  2 (2): 
117-120.  

 Gatlin D M, Barrows F T, Brown P, Dabrowski K, Gaylord T 
G, Hardy R W, Herman E, Hu G, Krogdahl A, Nelson R, 
Overturf K, Rust M, Sealey W, Skonberg D, Souza E J, 
Stone D, Wilson R, Wurtele E. 2007. Expanding the 
utilization of sustainable plant products in aquafeeds: a 
review.  Aquac  ult .  Res .,  38 (6): 551-579. 

 Gaumet F, Boeuf G, Severe A, Roux L, Mayer-Gostan N. 

1995. Effects of salinity on the ionic balance and growth 
of juvenile turbot.  J .  Fish .  Biol .,  47 (5): 865-876.  

 Hardy R W. 2010. Utilization of plant proteins in fi sh diets: 
effects of global demand and supplies of fi shmeal. 
 Aqua  cult .  Res .,  41 (5): 770-776. 

 Imsland A K, Foss A, Gunnarsson S, Berntssen M H G, 
FitzGerald R, Bonga S W, Ham E V, Nævdal G, Stefansson 
S O. 2001. The interaction of temperature and salinity on 
growth and food conversion in juvenile turbot 
( Scophthalmus   maximus ).  Aquaculture ,  198 (3): 353-367. 

 Imsland A K, Gunnarsson S, Foss A, Stefansson S O. 2003. 
Gill Na + , K + -ATPase activity, plasma chloride and 
osmolality in juvenile turbot ( Scophthalmus   maximus ) 
reared at different temperatures and salinities. 
 Aquaculture ,  218 (3): 671-683. 

 Imsland A K, Gustavsson A, Gunnarsson S, Foss A, Arnason J, 
Arnarson I, Jonsson A F, Smaradottir H, Thorarensen H. 
2008. Effects of reduced salinities on growth, feed 
conversion effi ciency and blood physiology of juvenile 
Atlantic halibut ( Hippoglossus   hippoglossus  L.). 
 Aquaculture ,  274 (2): 254-259. 

 Keppler D, Decker K. 1974. Glycogen. Determination with 
amyloglucosidase.  In : Bergmeyer H U ed. Methods of 
Enzymatic Analysis. Academic Press, New York. p.1 127-
1 131. 

 Klover P J, Mooney R A. 2004. Hepatocytes: critical for 
glucose homeostasis.  Int .  J .  Biochem .  Cell   Biol .,  36 (5): 
753-758.  

 Krogdahl A, Sundby A, Olli J J. 2004. Atlantic salmon ( Salmo  
 salar ) and rainbow trout ( Oncorhynchus   mykiss ) digest 
and metabolize nutrients differently. Effects of water 
salinity and dietary starch level.  Aquaculture ,  229 (1): 
335-360. 

 Lee J K, Cho S H, Park S U, Kim K D, Lee S M. 2003a. Dietary 
protein requirement for young turbot ( Scophthalmus  
 maximus  L.).  Aquacult .  Nutr .,  9 (4): 283-286. 

 Lee S M, Kim K D, Lall S P. 2003b. Utilization of glucose, 
maltose, dextrin and cellulose by juvenile fl ounder 
( Paralichthys   olivaceus ).  Aquaculture ,  221 (1): 427-438. 

 Lovell R T. 1989. Nutrition and Feeding of Fish. Van Nostrand 
Reinhold, New York. 

 Mayzaud P, Conover R J. 1988. O:N atomic ratio as a tool to 
describe zooplankton metabolism.  Mar .  Ecol .  Prog .  Ser ., 
 45 (3): 289-302. 

 McCormick S D, Bradshaw D. 2006. Hormonal control of salt 
and water balance in vertebrates.  Gen .  Comp .  Endocr ., 
 147 (1): 3-8. 

 McCormick S D, Regish A, O’Dea M F, Shrimpton J M. 2008. 
Are we missing a mineralocorticoid in teleost fi sh? Effects 
of cortisol, deoxycorticosterone and aldosterone on 
osmoregulation, gill Na + , K + -ATPase activity and isoform 
mRNA levels in Atlantic salmon.  Gen .  Comp .  Endocr ., 
 157 (1): 35-40. 

 Meton I, Mediavilla D, Caseras A, Canto E, Fernandez F, 
Baanante I V. 1999. Effect of diet composition and ration 
size on key enzyme activities of glycolysis-
gluconeogenesis, the pentose phosphate pathway and 



69No.1 ZENG et al.: Effects of water salinity on protein-sparing effect of dietary carbohydrates

amino acid metabolism in liver of gilthead sea bream 
( Sparus   aurata ).  Br .  J .  Nutr .,  82 (3): 223-232.   

 Mol K A, Van Der Geyten S, Burel C, Kuhn E R, Boujard T, 
Darras V M. 1998. Comparative study of iodothyronine 
outer ring and inner ring deiodinase activities in fi ve 
teleostean fi shes.  Fish   Physiol .  Biochem .,  18 (3): 253-266. 

 Mommsen T P, Vijayan M M, Moon T W. 1999. Cortisol in 
teleosts: dynamics, mechanisms of action, and metabolic 
regulation.  Rev .  Fish   Biol .  Fish .,  9 (3): 211-268. 

 Moon T W. 2001. Glucose intolerance in teleost fi sh: fact or 
fi ction?  Comp .  Biochem .  Physiol .  B ,  129 (2): 243-249. 

 Nagel F, Danwitz A V, Tusche K, Kroeckel S, Bussel C G J, 
Schlachter M, Adem H, Tressel R P, Schulz C. 2012. 
Nutritional evaluation of rapeseed protein isolate as fi sh 
meal substitute for juvenile turbot ( Psetta   maxima  L.) —
Impact on growth performance, body composition, 
nutrient digestibility and blood physiology.  Aquaculture , 
 3 (1): 357-364. 

 Paspatis M, Boujard T. 1996. A comparative study of automatic 
feeding and selffeeding in juvenile Atlantic salmon 
( Salmo   salar ) fed diets of different energy levels. 
 Aquaculture ,  145 (1): 245-257. 

 Polakof S, Mommsen T P, Soengas J L. 2011. Glucosensing 
and glucose homeostasis: from fi sh to mammals.  Comp . 
 Biochem .  Physiol .  B ,  160 (4): 123-149.  

 Polakof S, Panserat S, Soengas J L, Moon T W. 2012. Glucose 
metabolism in fi sh: a review.  J .  Comp .  Physiol .  B ,  182 (8): 
1 015-1 045. 

 Ricker W E. 1979. Growth rates and models.  In : Hoar W S ed. 
Bioenergetics and Growth, Fish Physiology. Academic 
Press, London. p.677-743. 

 Ruohonen K, Simpson S J, Raubenheimer D. 2007. A new 
approach to diet optimisation: a re-analysis using 
European whitefi sh ( Coregonus   lavaretus ).  Aquaculture , 
 267 (1): 147-156. 

 Sangiao-Alvarellos S, Arjona F J, Martín del Río M P, Míguez 
J M, Mancera J M, Soengas J L. 2005. Time course of 
osmoregulatory and metabolic changes during osmotic 
acclimation in  Sparus   auratus .  J .  Exp .  Biol .,  208 (22): 
4 291-4 304. 

 Sangiao-Alvarellos S, Laiz-Carrión R, Guzmán J M, Martin 
del Río M P, Miguez J M, Mancera J M, Soengas J L. 
2003. Acclimation of  S .  aurata  to various salinities alters 

energy metabolism of osmoregulatory and 
nonosmoregulatory organs.  Am .  J .  Physiol .  Regul .  Integr . 
 Comp .  Physiol .,  285 (4): R897-R907. 

 Scholz S, Braumbeck T, Segner H. 1998. Viability and 
differential function of rainbow trout liver cells in primary 
culture: coculture with two permanent fi sh cells.  In   Vitro  
 Cell .  Dev .  Anim .,  34 (10): 762-771. 

 Soengas J L, Barciela P, Fuentes J, Otero J, Andres M D, 
Aldegunde M. 1993. Changes in muscle carbohydrate 
metabolism in domesticated rainbow trout ( Oncorhynchus  
 mykiss ) after transfer to seawater.  Comp .  Biochem . 
 Physiol .  B ,  105 (3): 173-179. 

 Stone D A J. 2003. Dietary carbohydrate utilization by fi sh. 
 Rev .  Fish   Sci .,  11 (4): 337-369. 

 Thivend P, Mercier C, Guilbot A. 1972. Determination of 
starch with glucoamylase.  In : Whistler R L ed. Methods in 
Carbohydrate Chemistry. Academic Press, New York. 
p.100-105. 

 Tranulis M A, Dregni O, Christophersen B, Krogdahl A, 
Borrebaek B. 1996. A glucokinase-like enzyme in the 
liver of Atlantic salmon ( Salmo   salar ).  Comp .  Biochem . 
 Physiol .  B ,  114 (1): 35-39. 

 Tseng Y C, Hwang P P. 2008. Some insights into energy 
metabolism for osmoregulation in fi sh. Comp.  Biochem . 
 Physiol .  C ,  148 (4): 419-429. 

 Vielma J, Koskela J, Ruohonen K, Jokinen I, Kettunen J. 2003. 
Optimal diet composition for European whitefi sh 
( Coregonus   lavaretus ): carbohydrate stress and immune 
parameter responses.  Aquaculture ,  225 (1): 3-16. 

 Wendelaar Bonga S E. 2011. Hormonal responses to stress.  In : 
Farrell A P ed. Encyclopedia of Fish Physiology: From 
Genome to Environment. Academic Press, San Diego. 
p.1 515-1 524. 

 Wilson R P. 1994. Utilization of dietary carbohydrate by fi sh. 
 Aquaculture ,  124 (1): 67-80. 

 Zang X N, Zhang X C, Mu X S, Liu B. 2013. Optimization of 
the purifi cation methods for recovery of recombinant 
growth hormone from  Paralichthys   olivaceus .  Acta  
 Oceanol .  Sin .,  12 (1): 169-174. 

 Zhang Y J, Mai K S, Ma H M, Ai Q H, Zhang W B, Xu W. 
2011. Rearing in intermediate salinity enhances immunity 
and disease-resistance of turbot ( Scophthalmus   maximus  
L.).  Acta   Oceanol .  Sin .,  30 (4): 122-128. 


