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A B S T R A C T

Growth performance, hepatic morphology and antioxidant ability, and expressions of antioxidant, inflammatory
and apoptosis related genes were investigated in hybrid grouper fed high lipid diets containing 0, 0.5, 1, 2 and
10 g kg−1 Lycium barbarum extract (LBE) for 8-week feeding. The study showed that dietary LBE significantly
increased weight gain rate (WGR) and specific growth rate (SGR) of fish (P < 0.05), the highest WGR and SGR
were observed in fish fed 10.00 g kg−1 LBE diet. Dietary LBE improved liver morphology by decreasing hepa-
tocyte necrosis and inflammatory cell infiltration induced by high lipid diets. Meanwhile, high lipid diets sup-
plemented with 0.5–2 g kg−1 LBE improved hepatic antioxidant ability by increasing the expression of anti-
oxidant genes (GPx and CAT) and decreasing Keap1 mRNA levels. Moreover, dietary supplementation with
0.50–2.00 g kg −1 LBE significantly decreased IL-8, caspase-3, caspase-8 and caspase-9 mRNA levels and sig-
nificantly increased IL-10 and TGF-β1 mRNA levels in the liver of fish fed high lipid diets. In conclusion, high
lipid diets supplemented with LBE improved growth performance, feed utilization and liver health in hybrid
groupers by increasing hepatic antioxidant enzymes activity and its genes expression, as well as inhibition of
hepatic inflammatory response and apoptosis.

1. Introduction

The hybrid grouper (Epinephelus lanceolatus ♂× E. fuscoguttatus ♀)
is widely farmed in the southeastern coastal areas of China due to its
fast growth, excellent taste, and high nutritional and economic value
[1]. In recent years, due to the rapid increase in the price of protein
sources such as fishmeal and soybean meal, the cost of aquatic feed has
increased rapidly, which will seriously affect the sustainable develop-
ment of aquaculture. Therefore, lipids and carbohydrates have been
widely added to fish feed as non-protein sources to improve protein
deposition in fish, which was based upon the notion that dietary protein
could be reduced when more energy was provided by dietary lipids and
carbohydrates [2,3]. However, previous studies reported that excessive
lipid levels in fish diets often resulted in increased lipid deposition in
tissues, especially in the liver, which could induce fatty liver [4,5]. The
major harm of fatty liver led to hepatic cell degeneration and necrosis,

stress resistance and meat quality decline, especially when the aqua-
culture environment deteriorated, it was easy to cause fish disease or
even death, and ultimately caused huge economic losses [5–8]. A large
number of antibiotics and chemicals were used to control fish diseases,
which could reduce the risk of disease outbreaks in farmed fish, but it
also caused many other problems, such as bacterial resistance, sup-
pression of the fish immune system and pollution of the aquaculture
environment [9,10]. Thus, it urgently needs to develop green, non-
polluting functional additives to replace antibiotics and chemicals.

Recently, some researchers have reported that dietary supple-
mentation of plant extracts could improve fish growth, immunity and
liver morphology in high-fat diet [1,8,11]. Meanwhile, it is reported
that many plant extracts can promote growth, stimulate appetite, en-
hance immunity and resist pathogens in fish farming [12]. Therefore,
plant extracts can be added to high-lipid diets to improve growth per-
formance, lipid metabolism and immune ability in fish, which will help
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the application of high lipid feed in aquaculture. Lycium barbarum,
Solanaceae family, has been widely used as well-known traditional
medicine and functional food in China for many years [13,14]. Poly-
saccharides are one of the major active ingredients of Lycium barbarum.
Many studies have demonstrated that Lycium barbarum polysaccharides
(LBP) had various bioactivities, such as immunomodulation and anti-
oxidant [15,16], anti-stress [17], hepatoprotective effect [18], im-
provement of lipid metabolism and oxidative stress [19]. These findings
indicated that Lycium barbarum extracts might have great potential to
be used as a supplement in high lipid diets to improve growth perfor-
mance and immune ability, and suppress lipid accumulation in fish.
However, limited studies have been reported about the effects of
dietary Lycium barbarum extract on growth performance and immunity
in fish fed high lipid diets at present. Therefore, the present study aimed
to investigate whether Lycium barbarum extract could improve the
utilization of dietary lipids and health status of fish, based on ex-
amining growth performance, liver health and immune related genes
expression in hybrid grouper fed high lipid diets.

2. Materials and methods

2.1. Diet preparation

The five experimental diets were prepared by supplementing the
basal diet (Table 1) with 0, 0.50, 1.00, 2.00 and 10.00 g kg−1 Lycium
barbarum extract (LBE, polysaccharides content, 80.0%, Shaanxi Ciyuan
biotechnology Co., Ltd., China). The preparation and processing of diets
was the same as our previous study [1].

2.2. Experimental fish and samples collection

Experimental fish were transported to the experimental condition in
cylindrical tanks (500-L) with running water purchased from Marine
Fisheries Development Center of Guangdong Province (Huizhou,
China). Before the feeding trial, hybrid groupers were fed with the
control diet for 2 weeks to adapt to the experimental diets and farming
conditions. After fasting for 24 h, total 225 fish of an average weight
(121.76 ± 3.21 g) were divided into five experimental groups of 15
each in triplicate and randomly stocked into fifteen cylindrical tanks
(500 L, three tanks per treatment). During the feeding trial, the dis-
solved oxygen>6.0mg L−1 and total ammonia level< 0.3 mg L−1;
temperature, salinity and pH of aquaculture water were 27–31 °C,
30–33 psμ and 7.8–8.25, respectively. Farming conditions, fish man-
agement and feeding methods of experimental fish were the same as our
previous study [1].

At the end of the feeding trial, experimental fish were fasted for 24 h
before sampling and then anesthetized with 100mg L−1 Eugenol
(Shanghai Medical Instruments Co., Ltd, Shanghai, China). The three
fish livers from each cylindrical tank for genes expression analysis were
excised, frozen quickly in liquid nitrogen, and stored at −80 °C until
analysis.

2.3. Growth performance

The parameters were calculated as per following formulae:

Weight gain rate (WGR, %)= 100× (final body weight-initial body
weight)/initial body weight;

Specific growth rate (SGR, % day−1)= 100× (Ln final body
weight− Ln initial body weight) / number of days;

Feed efficiency ratio (FER)=wet weight gain (g) / dry feed intake (g);

Survival (%)= 100× (final number of fish) / (initial number of fish)

2.4. Hepatic antioxidant capacity measurements

Hepatic total antioxidative capacity (T-AOC), catalase (CAT), su-
peroxide dismutase (SOD) activities and malondialdehyde (MDA) were
measured according to our previous study [1].

2.5. Liver histological analysis

For histological analysis, three liver samples of per tank were fixed
in 4% paraformaldehyde solution for 48 h, then washed in 70% ethanol
solution, finally transferred to a 70% ethanol solution for storage until
processing into histological slides. Paraffin production process, images
collection and samples measurement were determined according to the
method described by Torrecillas et al. and Xu et al. [20,21].

2.6. RNA isolation and gene expression analysis

Total RNA from livers were extracted using TRIzol® reagent
(Vazyme Biotech Co., Ltd, China). Total RNA quality and integrity are
respectively detected by spectrophotometry and agarose gel according
to our previous study [22]. The single-stranded cDNA was synthesized
from 1 μg total RNA using PrimeScript RT reagent Kit With gDNA Eraser
(Takara, Dalian, China) according to the manufacturer's instructions.
The cDNA templates were then stored at −80 °C for later analysis.

Primers for this study referred to our previous study [1]. Gene ex-
pression of liver samples was measured by ABI 7500 real-time PCR
machine (Applied Biosystems, USA) using ChamQTM SYBR® qPCR
Master Mix (Vazyme, Nanjing, China) according to our previous study

Table 1
Composition and nutrient levels of experimental diets (g
kg−1).

Ingredients Basal diet

Fish meal 450.0
Soybean meal 130.0
Flour 237.4
Beer yeast powder 50.0
Fish oil 50.0
Soybean oil 50.0
Lecithin 10.0
Vitamin premixa 2.0
Mineral premixb 5.0
Choline chloride (50%) 5.0
Antioxidant 0.1
Vitamin C 0.5
Monocalcium phosphate 10.0
Nutrient levels
Moisture 5.12
Crude protein 46.63
Crude lipid 14.81
Ash 10.36

1, 2 Mineral and vitamin premix provided by Guangzhou
Fishtech Co., Ltd., China.

a Vitamin premix provides the following (mg kg−1 diet):
vitamin A (500000 IU) 40mg, vitamin B1 40mg, vitamin B2

93.75 mg, vitamin B6 20mg, vitamin B12 (1%) 45mg, vi-
tamin K3 (50%) 300mg, inositol 400mg, calcium pantothe-
nate 250mg, nicotinic acid 450mg, folic acid 6mg, biotin
(2%) 10mg, vitamin D3 (500000 IU) 15mg, vitamin E (50%)
300mg, unite bran 2990.25mg.

b Mineral premix provides the following (mg kg−1 diet):
Na2SeO3 (1%) 20mg, CuSO4·5H2O (25%) 24mg, FeSO4·H2O
(30%) 266.65mg, ZnSO4·H2O (34.50%) 100mg, MnSO4·H2O
(31.80%) 120mg, Ca (IO3)2 (5%) 50mg, CoSO4·7H2O (5%)
10mg, zeolite power 4380.55mg.
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[1]. Relative gene expression levels were evaluated using 2−ΔΔCT

method [23].

2.7. Statistical analysis

Results are presented with means ± S.D of three replicates. Before
performing one-way analysis of variance (ANOVA), all data were tested
for normality distribution (Kolmogorov-Smirnov test) and homogeneity
of variances (Levene's test) and then were subjected to one-way analysis
of variance (ANOVA) followed by Duncan's multiple range tests. P-
value<0.05 was considered significant. All statistical analyses were
performed using SPSS 16.0 (SPSS Inc., Michigan Avenue, Chicago, IL,
USA) for Windows. The data that did not meet the assumptions of
normality and homoscedasticity were converted and then analyzed as
described above.

3. Results

3.1. Effects of dietary LBE on growth performance and feed utilization in
hybrid grouper fed high lipid diets

In the present study, effects of LBE administration on growth per-
formance and feed utilization of hybrid grouper were shown in Table 2.
Dietary LBE significantly improved WGR and SGR of fish (P < 0.05),
the highest WGR and SGR were observed in fish fed 10.00 g kg−1 LBE
diet. There was no significant difference in FI, FER and survival among
all groups (P > 0.05).

3.2. Hepatic antioxidative capacity

The effect of dietary LBE on hepatic oxidative status was shown in
Table 3. Dietary supplementation with LBE significantly increased SOD,
CAT and T-AOC activity and decreased MDA content in the liver of
hybrid grouper fed high lipid diets (P < 0.05).

3.3. Liver histology

The liver morphology of hybrid grouper fed high lipid diets was
shown in Fig. 1. Hepatocyte surface of fish fed control diet was rough,
accompanied by hepatocyte necrosis and inflammatory cell infiltration
(Fig. 1-1). Dietary supplementation of LBE improved liver morphology
by decreasing hepatocyte necrosis and inflammatory cell infiltration in
hybrid grouper fed high lipid diets (Fig. 1-2, Fig. 1-3, Fig. 1-4 and
Fig. 1-5).

3.4. Immune- and apoptosis-related genes expression in the liver of hybrid
grouper

Expression profiles of antioxidant-related genes were shown in
Fig. 2. Dietary LBE significantly improved glutathione peroxidase (GPx)
and catalase (CAT) mRNA levels. Transcription levels of Kelch-like-
ECH-associated protein 1 (Keap1) showed a trend of decreasing first
and then increasing and its expression was significantly down-regulated
in the liver of fish fed 0.5 and 1.0 g kg−1 LBE diet (P < 0.05), com-
pared to that of the control group. There was no significance in GR
mRNA levels among all groups (P > 0.05).

Transcription levels of interleukin 10 (IL-10), transforming growth
factor β1 (TGF-β1), interleukin 8 (IL-8) and target of rapamycin (TOR)
in the liver of fish were presented in Fig. 3. Dietary supplementation
with LBE significantly increased TGF-β1 and IL-10 mRNA levels,
whereas significantly decreased IL-8 mRNA levels (P < 0.05).

Apoptosis-related genes mRNA levels in the liver of fish were shown
in Fig. 4. The expression of caspase-8 was significantly down-regulated
in fish fed dietary supplementation with LBE (P < 0.05). The expres-
sion of caspase-3 in fish showed a decreasing trend. Caspase-9 mRNA
levels in fish were decreased with dietary LBE levels up to 2.00 g kg−1

diet, and then increased with levels further increasing (P < 0.05).

4. Discussion

Moderate increase in lipid level in fish feeds can save dietary pro-
tein, significantly reduce feed costs and improve farming efficiency,
especially in grouper aquaculture, in which dietary protein level cur-
rently used in production is generally higher than 45%, while the lipid
content is less than 10%. Marine fish such as salmon can make good use
of dietary lipid which can reach 35% in feed [24]. Previous studies
reported that increasing dietary lipid levels could improve protein-
sparing effects and growth performance in some fish aquaculture
[24,25]. However, it could not promote growth performance but result
in fatty liver and immune suppression in many fish species when in-
creasing dietary lipid content [26–29]. Jiang et al. reported dietary
lipid level increased from 7% to 13% did not significantly improve
growth performance of hybrid groupers, but resulted in reduced feed
efficiency and increased fat accumulation [30]. Therefore, simply in-
creasing dietary lipid levels could not improve growth performance and
feed efficiency of hybrid grouper.

Long-term feeding of high lipid diets can cause liver dysfunction,
which might result in fatty liver and eventually cause to slow down the
growth performance of fish. Previous studies had shown that plant
extracts might prevent fatty liver by increasing liver lipid metabolism,
improving liver health and protein sparing effect of lipids in fish fed
high lipid diets [1,11,31]. Dietary silymarin promoted growth

Table 2
Effects of dietary Lycium barbarum extract on growth performance and feed utilization in hybrid grouper, Epinephelus fuscoguttatus × E. lanceolatus.

Diets (g kg−1) Diet 1 Diet 2 Diet 3 Diet 4 Diet 5

0 0.50 1.00 2.00 10.00

IBW (g) 121.92 ± 1.70 118.39 ± 1.03 122.15 ± 4.49 122.29 ± 3.43 124.07 ± 3.96
WGR (%) 165.74 ± 7.02a 179.59 ± 8.83ab 178.13 ± 14.99ab 189.23 ± 1.86b 194.13 ± 7.92b

SGR (%/d) 1.74 ± 0.05a 1.84 ± 0.06ab 1.82 ± 0.09ab 1.90 ± 0.01b 1.93 ± 0.05b

FER 1.01 ± 0.03a 1.05 ± 0.03ab 1.03 ± 0.03a 1.11 ± 0.03b 1.06 ± 0.06ab

FI (g/fish) 199.46 ± 5.34 202.67 ± 13.50 211.58 ± 12.73 208.25 ± 12.49 217.20 ± 10.58
Survival (%) 100.00 ± 0.00 100.00 ± 0.00 100.00 ± 0.00 97.78 ± 3.85 100.00 ± 0.00
Regressions
YWGR=−100.26x2 + 125.88x + 168.48 R2= 0.9231 P=0.048
YSGR=−0.6538x2 + 0.8165x + 1.7622 R2= 0.9094 P=0.043
YFER=−0.4983x2 + 0.549x + 1.009 R2= 0.7551 P=0.08
YFI=−41.356x2 + 57.484x + 201.02 R2= 0.8097 P=0.38

Values are means ± SD of three replications. Means in the same raw with different superscripts are significantly different (P < 0.05).
IBW: initial body weight; WGR: weight gain rate; SGR: specific growth rate; FER: feed efficiency ratio; FI: feed intake.
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performance and improved lipid metabolism and health status by en-
hancement of lipid metabolism and antioxidant capacity in grass carp
fed high-lipid diets [8]. Dietary supplementation of 0.5–10 g kg−1

Panax notoginseng extract significantly improved growth performance
and feed utilization, increased immune ability and improved intestine
morphology in hybrid grouper fed high lipid diets [11]. Diets supple-
mented with 0.50–1.00 g kg−1 ginkgo biloba leaf extract improved
hepatic antioxidant status and morphology, and increased immune-re-
lated genes expression in the head kidney of hybrid grouper fed high
lipid diets [1]. In mice fed high-fat diets, dietary Lycium barbarum
polysaccharides administration improved blood lipid metabolism by
increasing serum high density lipoprotein content and decreasing
serum low density lipoprotein, total cholesterol and triacylglycerols
content [13]. In the present study, dietary LBE not only significantly
improved growth performance of hybrid grouper fed high lipid diets
than the control group, but also improved feed efficiency ratio, al-
though there was no significant difference. The reason was possible that
LBE could improve dietary lipid utilization and protein deposition in
hybrid grouper, thereby improving the protein-saving effect of dietary
lipids.

Fish liver is the main site of triglyceride synthesis, which is the main
cause of fatty liver in fish fed high lipid diets [32]. Hepatic histological
morphology is considered to be good indicators to evaluate nutritional
status, metabolism and liver health, which is most commonly used
morphological parameters: hepatocyte count, hepatocyte surface area
and hepatocyte nuclear area [1]. In blunt snout bream (Megalobrama
amblycephala) fed high-fat diet, excess lipid droplets resulted in nuclear
polarization of hepatocyte, extensive swelling of the endoplasmic re-
ticulum and loss of its ribosomes, as well as lost cristae and matrix of
hepatic mitochondria, which indicated high lipid diet led to fatty liver
of blunt snout bream [33]. However, Zhou et al. reported that high lipid

diets supplemented with 50 and 100mg/kg berberine could attenuate
the liver histological abnormalities in blunt snout bream [34]. Previous
studies demonstrated that Lycium barbarum polysaccharides could im-
prove liver damage caused by carbon tetrachloride in rats [35] and
mice [36]. Similarly, dietary LBE decreased hepatocyte necrosis and
inflammatory cell infiltration induced by high lipid diets in the present
study. These results indicated that dietary supplementation of LBE
could improve liver morphology in hybrid groupers fed high lipid diets.

When fish were fed high lipid diets, oxidative pressure occurred in

Table 3
Effect of dietary Lycium barbarum extract on hepatic antioxidant capacity in hybrid grouper, Epinephelus fuscoguttatus × E. lanceolatus.

Diets (g kg−1) Diet 1 Diet 2 Diet 3 Diet 4 Diet 5

0 0.50 1.00 2.00 10.00

SOD activity (U/g) 1444.20 ± 43.16a 1742.20 ± 11.19c 1789.60 ± 41.01c 1707.90 ± 44.74bc 1626.20 ± 3.73b

CAT activity (U/g) 628.42 ± 15.67a 708.22 ± 6.27b 714.87 ± 16.74b 785.80 ± 12.54c 814.62 ± 9.40c

MDA content(nmol/g) 102.36 ± 2.43d 98.71 ± 2.70cd 84.65 ± 6.94ab 80.95 ± 3.28a 90.90 ± 0.98bc

T-AOC activity (U/g) 170.19 ± 8.36a 202.35 ± 12.43b 196.73 ± 13.16ab 203.62 ± 19.98b 206.72 ± 4.87b

Regressions

YSOD=−1358.3x2 + 1416.9x + 1565.4 R2= 0.4102 P=0
YCAT=−700.23x2 + 872.52x + 642.21 R2= 0.9606 P=0
YMDA = 130.96x2 - 142.43x + 102.4 R2= 0.8902 P=0.001
YT-AOC=−140.99x2 + 167.08x + 180.49 R2= 0.6356 P=0.051

Values are means ± SD of three replications. Means in the same raw with different superscripts are significantly different (P < 0.05).

Fig. 1. Liver sections of test fish fed diets supple-
mentation with Lycium barbarum extract (LBE) levels
(H&E staining 400× ). 1. Liver from fish fed Diet 1
(0 gkg-1 LBE); 2. Liver from fish fed Diet 2 (0.50 gkg-
1 LBE); 3. Liver from fish fed Diet 3 (1.00 gkg-1 LBE);
4. Liver from fish fed Diet 4 (2.00 gkg-1 LBE); 5.
Liver from fish fed Diet 5 (10.00 gkg-1 LBE). “ ”
nuclei of the hepatocytes; “ ” inflammatory cell in-
filtration; “ ” hepatocyte necrosis.

Fig. 2. Effect of dietary Lycium barbarum extract on relative expression of an-
tioxidant-related genes in the liver of hybrid grouper fed high-lipid diets. 0, 0.5,
1, 2, 4, 10 represent the fish fed Diet 1, Diet 2, Diet 3, Diet 4 and Diet 5,
respectively. Values are means (n= 3), bars bearing the same letters are not
significantly different among all treatments (P > 0.05). GPx, glutathione per-
oxidase; CAT, catalase; GR, glutathione reductase; Keap1, Kelch-like- ECH-as-
sociated protein 1.
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liver as reactive oxygen species produced exceeded antioxidant de-
fenses, which could result in disruption of normal metabolism and
physiology of fish [37]. Reactive oxygen species (ROS) clearance was
associated with the enzymatic and non-enzymatic antioxidant defense
systems in liver [38]. SOD, CAT, T-AOC and MDA were often used to
assess antioxidant capacity in fish. SOD and CAT were important anti-
oxidant enzymes and T-AOC directly reflected the ability of fish to
scavenge oxygen free radicals, while MDA content showed the severity
of oxidative stress [39,40]. Lycium barbarum polysaccharide had strong
antioxidant capacity that exhibited inhibition of erythrocyte hemolysis
mediated by peroxyl free radicals, 1, 1-diphenyl-2 picrylhydrazyl ra-
dical-scavenging and metal chelating activity [41] and inhibition of
mitochondrial swelling and erythrocyte hemolysis caused by hydroxyl
radicals [42]. Meanwhile, Lycium barbarum polysaccharide showed the
hepatoprotective and antioxidant effects, which improved carbon tet-
rachloride-induced liver injury by increasing antioxidant enzymes ac-
tivity in common carp [43]. Consistent with these studies, our study
indicated that dietary LBE significantly improved hepatic antioxidant
ability in hybrid groupers fed high lipid diets by increasing activities of
hepatic antioxidant enzymes (SOD, T-AOC, CAT) and reducing MDA
content. The effects of LBE were consistent with the previous studies
that LBE supplementation could effectively inhibit against high-fat diets
induced liver oxidative injury by significantly increasing SOD, CAT and
T-AOC activities and decreasing MDA content in mice [44] and rat [45].
Previous studies demonstrated that the activities of antioxidant en-
zymes were closely related to the mRNA levels of antioxidant enzymes.
Antioxidant abilities could be improved when antioxidant genes ex-
pression increasing and Keap1 expression decreasing [46–48]. In this
study, dietary LBE significantly increased the expression of GPx and
CAT genes, whereas significantly decreased the mRNA levels of Keap1.

These results indicated that dietary LBE improved hepatic antioxidant
ability in hybrid groupers fed high lipid diets by increasing the ex-
pression of antioxidant genes (GPx and CAT) and decreasing Keap1
mRNA levels.

High lipid diets not only caused oxidative stress in the liver, but also
resulted in liver inflammation and apoptosis [49,50]. IL-8 was an im-
portant pro-inflammatory cytokine, whereas IL-10 and TGF-β1 were
important anti-inflammatory cytokines, which could inhibit in-
flammatory response [1]. Apoptosis has two general pathways, caspase-
8 involved in the extrinsic death receptor pathway and caspase-3 and
caspase-9 took part in intrinsic mitochondrial pathway [1]. Previous
study reported Lycium barbarum polysaccharides could protect rat liver
from non-alcoholic steatohepatitis-induced injury by reducing in-
flammation, oxidative stress and apoptosis [50]. Further, Lycium bar-
barum polysaccharides also improved liver function by reducing hepatic
fibrosis, oxidative stress, inflammatory response and apoptosis in non-
alcoholic steatohepatitis rats [49]. In the present study, dietary sup-
plementation with 0.50–2.00 g kg −1 LBE significantly decreased IL-8,
caspase-3, caspase-8 and caspase-9 mRNA levels and significantly in-
creased IL-10 and TGF-β1 mRNA levels in the liver of fish fed high lipid
diets, indicating that dietary supplementation of LBE could reduce in-
flammation and apoptosis in hybrid groupers fed high lipid diets.
Consistent with our study, the previous studies reported that the pro-
tective effect of Lycium barbarum polysaccharides on liver damage
might be closely related to its antioxidant, anti-inflammatory and anti-
apoptosis effects [49,51,52].

5. Conclusions

In conclusion, the results of our study demonstrated that high lipid
diets supplemented with LBE improved growth performance, feed uti-
lization and liver health in hybrid groupers by increasing hepatic an-
tioxidant enzymes activity and its genes expression, as well as inhibi-
tion of hepatic inflammatory response and apoptosis. These results
provided new insights into the application of plant extracts as feed
additives in high lipid diets for fish aquaculture.
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