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Simple Summary: In China, coho salmon is becoming an increasing farming species in recent years.
Thus, full understanding of the fatty acid requirements of coho salmon is particularly relevant, especially
during the larval stage, since they need high-energy demands and rapid lipid metabolism. As a vital
essential fatty acid, linoleic acid (18:2n-6) also plays an important role in the larval stage due to the
production of longer-chained and more essential highly unsaturated fatty acids (HUFA). However, there
is a lack of knowledge about the dietary linoleic acid (18:2n-6) requirement for this fish species. In this
study, six isonitrogenous and isolipidic diets were formulated to contain different dietary linoleic acids
(18:2n-6) by increasing corn oil at the expense of coconut oil to study the growth performance, fatty
acid profile, and hepatic lipid metabolism enzymes of coho salmon alevins. The results showed that the
dietary linoleic acid (18:2n-6) affected the growth performance, muscle fatty acid profile, and hepatic
lipid metabolism enzyme activities of coho salmon, and determined the optimal demand of linoleic acid
based on the specific growth rate (SGR) and feed conversion ratio (FCR).

Abstract: A 12-week feeding trial aimed to evaluate the effects of dietary linoleic acid (LA, 18:2n-6)
on the growth performance, fatty acid profile, and lipid metabolism enzyme activities of coho salmon
(Oncorhynchus kisutch) alevins. Six experimental diets (47% crude protein and 15% crude lipid) were
formulated to contain graded LA levels of 0.11%, 0.74%, 1.37%, 2.00%, 2.63%, and 3.26%. Each diet
was fed to triplicate groups of 50 alevins with an initial body weight of 0.364 & 0.002 g, which were
randomly assigned to 18 white plastic tanks (0.8 x 0.6 x 0.6 m, 240 L/tank). Fish were reared in a
freshwater flow-through rearing system and fed to apparent satiation four times daily. The survival
rate was not significantly different among the treatments (p > 0.05). However, the 1.37% LA group
significantly improved the final body weight and specific growth rate (SGR) (p < 0.05) of alevins.
The feed conversion ratio (FCR) in the 1.37% LA group was significantly lower than those in other
groups (p < 0.05). The whole-body lipid content significantly decreased (p < 0.05) with dietary LA
levels increasing from 0.74% to 2.00%. The fatty acid composition of the total lipid in muscle was
closely correlated with those in the diets. The dietary LA level of 1.37% led to significantly higher
activities of liver lipoprotein lipase (LPL) and hepatic lipase (HL) than those of other groups (p < 0.05).
Hepatic malate dehydrogenase (MDH) and fatty acid synthase (FAS) decreased with the increase
in the dietary LA levels from 0.11% to 1.37%. The lowest MDH and FAS activities were obtained
in the 1.37% LA group (p < 0.05). This study indicated that an appropriate amount of dietary LA
was beneficial for the growth and lipid metabolism of coho salmon alevins, and the results of the
quadratic regression analysis of the SGR and FCR indicated that the optimal dietary LA requirements
were 1.25% and 1.23% for coho salmon alevins, respectively.
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1. Introduction

Lipids are more digestible than carbohydrates for fish, especially for carnivorous
species, such as trout and salmon [1]; they cannot synthesize the de novo n-3 or n-6
series of 18 C-polyunsaturated fatty acids (PUFAs), such as linoleic acid (18:2n-6, LA) and
a-linolenic acid (18:3n-3, ALA), from oleic acid (18:1n-9) due to the lack of A12 and A15
desaturase enzymes [2-5], which need to be obtained from a dietary source [6-8], and that is
theoretically an essential fatty acid (EFA). The two precursors (LA and ALA) were essential
due to the production of longer-chained and more unsaturated counterparts (namely
arachidonic acid, ARA, 20:4n-6; eicosapentaenoic acid, EPA, 20:5n-3; and docosahexaenoic
acid, DHA, 22:6n-3) to meet the part of the requirement for essential highly unsaturated
fatty acids (HUFAs) in fish; by the same token, a deficiency of either of them led to well-
documented symptoms [2,6,9-11]. However, conversion efficiency hinges on the presence
and expression of fatty acid (FA) desaturation and elongation genes [12], and the rate of
this conversion is of paramount importance in determining the final nutritional quality of
aquaculture products [13]. Previous studies have shown that lower dietary of LA than the
optimal demand will lead to growth retardation on aquatic animals [14,15]. Furthermore,
Chen et al.’s [16] research indicated that vegetable oil (rich in LA) that partly replaces fish
oil in diets would promote the growth performance in largemouth bass. Although LA is an
EFA, though one is no better than the other, excessive LA in diets possibly increases the
risks of oxidative stress and weakened immune system and health [14,17,18]. In addition,
although it has been confirmed that n-6 polyunsaturated fatty acids were essential fatty
acids (EFAs) for normal growth and reproduction in fish [19-23], the exact requirements
for LA and ALA widely varied between species [16]. The optimum requirement of dietary
n-6 PUFAs was estimated to be about 0.5% for eel (Anguilla japonicas) [24], 1.0% for chum
salmon (Oncorhynchus keta) [25], 1.0% for coho salmon (Oncorhynchus kisutch) [26], and
1.14% for hybrid tilapia (Oreochromis niloticus x Oreochromis Aureus) [27]. Compared with
mammals, fish require more n-3 PUFAs than n-6 PUFAs [28,29], but studies have shown
that a lack of n-6 PUFAs also significantly affects salmonids growth [25,30-32]. More
than that, all fish species probably need a small amount of n-6 PUFAs in order to form
eicosanoids [23].

The coho salmon Oncorhynchus kisutch (Walbaum, 1792) is one of the most important
aquaculture Pacific salmon species [33], and the world produces about 120,000 tonnes of
coho salmon a year from aquaculture or the wild, of which 80% of the cultured coho salmon
are mainly distributed in Norway and Chile [34]. In recent years, farming of salmon has
started to be promoted in China. Previous studies have shown that the EFA demand greatly
varies depending on the fish species, growth stage, and environment of the fish; but most
studies focus on juvenile and adult fish stages, and studies on EFAs in the early stage
have not attracted enough attention [35-38]. Thus, a full understanding of the fatty acid
requirements of coho salmon is particularly relevant, especially during the larval stage,
since they need high-energy demands and rapid lipid metabolism, and they can be used
for the commercial aquaculture of good-quality fry and fingerling [39]. Currently, EPA is
characterized as EFAs [40], whereas the effects of n-6 PUFAs, especially LA, on the growth,
fatty acid profile, and lipid metabolism enzyme activities of coho salmon alevins are still
unknown. The present study aimed at identifying the dietary LA requirement for coho
salmon alevins through evaluating the effects of graded dietary levels of LA on growth
performance, fatty acid profile, and lipid metabolism enzyme activities.
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2. Materials and Methods
2.1. Experimental Diets

The study was reviewed by the Experimental Animal Management Methods of
Weifang University (approval number 202104132). The formulation and proximate com-
position and the fatty acid profile of the diets are presented in Tables 1 and 2, respectively.
Six experimental diets (containing about 47% crude protein and 15% crude lipid) were
formulated to contain graded dietary LA levels (0.11%, 0.74%, 1.37%, 2.00%, 2.63%, and
3.26%) by supplementing corn oil (Shandong Conqueren Marine Technology Co., Ltd.,
Weifang, China) (different gradients of corn oil were filled with coconut oil to ensure the
same crude lipid content in each diet group).

Table 1. Formulation and proximate composition of experimental diets for coho salmon Oncorhynchus
kisutch alevins (% in dry matter).

Dietary Linoleic Acid Level (%)

Ingredients (%)

0.11 0.74 1.37 2.00 2.63 3.26
Degreasing fish meal ! 40.00 40.00 40.00 40.00 40.00 40.00
Soybean protein concentrate ! 5.00 5.00 5.00 5.00 5.00 5.00
Soybean meal ! 20.00 20.00 20.00 20.00 20.00 20.00
Peanut meal ! 9.80 9.80 9.80 9.80 9.80 9.80
o-Starch ! 12.00 12.00 12.00 12.00 12.00 12.00
Sodium alginate ! 2.00 2.00 2.00 2.00 2.00 2.00
Soybean lecithin ! 1.80 1.80 1.80 1.80 1.80 1.80
Fish oil ! 2.00 2.00 2.00 2.00 2.00 2.00
Coconut oil ! 6.00 4.80 3.60 2.40 1.20 0.00
Corn oil 0.00 1.20 2.40 3.60 4.80 6.00
Mineral premix 2 0.50 0.50 0.50 0.50 0.50 0.50
Vitamin premix 3 0.50 0.50 0.50 0.50 0.50 0.50
Vitamin C phosphate 0.05 0.05 0.05 0.05 0.05 0.05
Choline chloride 0.30 0.30 0.30 0.30 0.30 0.30
Ethoxyquin 0.05 0.05 0.05 0.05 0.05 0.05
Proximate composition
Moisture (%) 7.33 7.29 7.60 7.20 7.32 7.38
Crude protein (%) 46.65 46.90 46.98 46.73 47.00 47.01
Crude lipid (%) 13.67 14.16 13.79 13.94 14.01 13.84
Ash (%) 9.11 9.29 9.38 9.39 9.27 9.47
! Provided by Shandong Conqueren Marine Technology Co., Ltd., Weifang, China. > Composition (mg kg~! min-
eral premix): AIK (SO4),-12H,0, 123.7; CaCl,, 17,879.8; CuSO4-5H,0, 31.7; CoCly-6H,0, 48.9; FeSO4-7H,0, 707 4;
MgSQO,-7H,0, 4316.8; MnSO4-4H,0, 31.1; ZnSO4-7H20, 176.7, KCl, 1191.9; K1, 5.3; NaCl, 4934.5; Na,SeO3-H, O,
3.4; Ca (HyPOy4),-Hy O, 12,457.0; KHa POy, 9930.2. 3 Composition (IU or g kg*1 vitamin premix): retinal palmitate,
10,000 IU; cholecalciferol, 4000 IU; a-tocopherol, 75.0 IU; menadione, 22.0 g; thiamine-HCl, 40.0 g; riboflavin,
30.0 g; D-calcium pantothenate, 150.0 g; pyridoxine-HCl, 20.0 g; meso-inositol, 500.0 g; D-biotin, 1.0 g; folic acid,
15.0 g; ascorbic acid, 200.0 g; niacin, 300.0 g; cyanocobalamin, 0.3 g.
Table 2. Fatty acid composition dry matter of lipid ingredient (% total FA) and experimental diets (%).
Dietary LA Level (%)
Fatty Acids Coconut Oil Corn Oil
0.11 0.74 1.37 2.00 2.63 3.26
C12:0 28.34 0.02 0.783 0.627 0471 0.315 0.159 0.002
C14:0 15.22 0.01 0.317 0.254 0.191 0.127 0.064 0.001
C16:0 13.28 10.90 0.252 0.242 0.232 0.221 0.211 0.201
C16:1n-7 0.02 0.11 0.004 0.004 0.004 0.004 0.004 0.004
C18:0 3.46 1.81 0.026 0.022 0.019 0.016 0.012 0.009
C18:1n-9 213 25.2 0.023 0.164 0.304 0.445 0.586 0.727
C18:3n-3(ALA) 0.83 1.35 0.007 0.007 0.008 0.009 0.009 0.010
C20:5n-3(EPA) - - 0.002 0.002 0.002 0.002 0.002 0.002
C22:6n-3(DHA) - - 0.002 0.002 0.002 0.002 0.002 0.002
C20:0 1.23 0.20 0.014 0.012 0.010 0.008 0.006 0.004
C20:1 1.03 0.21 0.013 0.011 0.010 0.008 0.006 0.004
C18:2n-6(LA) 1.55 54.4 0.110 0.740 1.370 2.000 2.630 3.260
C20:4n-6(ARA) 0.05 - 0.001 0.001 0.001 0.001 0.001 0.001
Y n-6PUFA 12.36 55.2 0.214 0.835 1.420 2.006 2.962 3.631

-: Means that not detected.
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Specific growth rate (SGR, %/day) = 100 x [

2.2. Experimental Fish and Feeding Trial

Coho salmon alevins with an initial mean body weight of 0.364 + 0.002 g were obtained
from Shandong Collaborative Innovation Center of Coho Salmon Health Culture Engineering
Technology (Weifang, China). A total of 900 homogenous-sized fish were stocked in 18 white
plastic tanks (0.8 x 0.6 x 0.6 m, L x W x H, water volume 240 L/tank) with 50 fish per tank
in triplicate per dietary treatment. Fish were fed four times daily (7:30, 11:00, 14:30, and 18:00)
to apparent satiation for 12 weeks. During the feeding period, the alevins reared in filtered
underground spring water and natural light. The temperature, dissolved oxygen, and pH
were in the range 15.5 4= 0.5 °C, 9.5 - 0.8 mg L1, and 6.9 + 0.3, respectively.

2.3. Sampling Procedures

At the end of the feeding trial, all fish were weighed and counted after fasting for 24 h
and then were anesthetized with tricaine methanesulfonate (MS-222, 20 mg L~'). The body
total length and body, intestine somatic, and liver weights of 10 fish per replicate were
recorded for the determination of the condition factor (CF), hepatosomatic index (HSI),
and viscerosomatic index (VSI). Randomized sampling of 20 whole fish per replicate was
performed to carry out whole-body composition. The liver and muscle samples of 15 fish
in each tank were collected and stored at —80 °C until the analysis of the hepatic lipid
metabolism parameters and muscular fatty acid profile.

2.4. Calculations and Analytical Methods
2.4.1. Growth Performance2.4.2. Body Composition Analyses

(final amount of fish)

Survival rate (%) =100 x (inital amount of fish)

In (final body weight) — In (initial body weight)]
days

body weight

Condition factor (CF,g/ crn3) =100 x body lenetd
ody leng

liver weight

H ici HSI, %) =1 —
epatosomatic index (HSI, %) = 100 x body weight

intestine weight

Intestine somatic index (IS, %) = 100 x body weight

total feed intake
F i io (FCR) =
eed conversion ratio (FCR) final body weight — initial body weight

2.4.2. Body Composition Analyses

The chemical compositions of diets and various tissues were analyzed following the
standard methods of AOAC [41]. Moisture was determined after drying in an oven at
105 °C for 24 h. The ash content was gravimetrically determined by combustion at 550 °C
for 24 h in a muffle furnace. Crude protein (N x 6.25) was determined by the Kjeldahl
method. Crude lipid was determined by ether extraction using the Soxhlet method.

2.4.3. Muscle Fatty Acid Analysis

FA profiles of diets and fish muscle were analyzed according to Xu et al. [42]. Briefly,
the total muscle fatty acid was analyzed by a GC/MS chromatograph using Agilent Tech-
nologies 7890-5977A.
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2.4.4. Liver Biochemical Analysis

For the enzymatic analysis, each liver sample was homogenized in 0.1 M, pH 7.4,
PBS bulffer at 4 °C, and a 10% (w/v) homogenate was obtained. The homogenates were
centrifuged for 10 min at 4 °C, and the supernatants were collected for analysis. All were es-
timated using commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China)
(including the activity of hepatic lipoprotein lipase (LPL), lipase (HL), and malate dehy-
drogenase (MDH) and fatty acid synthase (FAS)) by a microplate reader (Tecan Spark10M,
Salzburg, Austria).

2.5. Statistical Analyses

Data were analyzed by one-way analysis of variance (ANOVA) in SPSS 25.0 software
(Chicago, IL, USA) for Windows. Duncan’s multiple-range test was used to test the
treatments’ significance. Statistical significance was set as p < 0.05. Regression analysis was
used for analyzing the optimum LA level based on the SGR and FCR.

3. Results
3.1. Growth Performance

The survival rate ranged from 95.00% to 100.00% (Table 3), which was not significantly
affected by the dietary treatments (p > 0.05). The final body weight and SGR were the highest
in the fish fed with the diet with 1.37% of LA, which were significantly higher than those of
0.11% and 3.26% LA groups (p < 0.05). The FCR was the lowest in the fish fed with the diet
with 1.37% of LA and significantly lower than other experimental groups (p < 0.05). Dietary
LA levels had no significant effect on the CF, HIS, and VSI (p > 0.05). With the SGR as the
evaluation index, the results of the quadratic regression analysis showed that the optimal
dietary LA level was 1.25% (Y = —0.0882X? + 0.2201X + 2.8083, R? = 0.9304, p = 0.001) (Figure 1).
With the FCR as the evaluation index, the results of the quadratic regression analysis showed
that the optimal dietary LA level was 1.23% (Y = 0.1443X? — 0.3551X + 1.7585, R? = 0.952,
p < 0.000) (Figure 2).

Table 3. Survival, growth performance, and feed utilization of Oncorhynchus kisutch alevins fed with
experimental diets with different dietary linoleic acid levels for 12 weeks (means & SE, n = 3).

Dietary LA Level (%) 0.11 0.74 1.37 2.00 2.63 3.26 p Value
Survival rate (%) 95.00 +2.89 9750 +250  100.00 +0.00 100.00 +0.00  100.00 + 0.00  100.00 + 0.00 0.146
Initial body weight (g) 0.365 +0.001  0.362 +0.002 0363+ 0.001 0.364 +0.001  0.364 +0.002  0.366 =+ 0.002 0.609
Final body weight (g) 3864002 424+004¢ 446+0059 407+007¢ 354+£0.10P 327 +0.07° 0.011
SGR (% day 1) 2824001> 292+001¢ 29940069 289+008°¢ 2724003  2.62+0.06% 0.010
FCR 1.73+0.01¢ 1584+0.02P 1.48+0.012 163+002° 19040034 209+ 0.044 0.010
CF 1.27 £0.11 1.13 £0.17 1.02 £+ 0.03 1.17 £ 0.10 1.04 + 0.09 1.11 £ 0.02 0.582
HSI 1.27 + 0.03 1.27 + 0.01 1.22 + 0.02 1.27 + 0.05 1.26 + 0.07 1.36 +0.14 0.790
VSI 1.73 £ 0.07 1.72 £ 0.05 1.51 £+ 0.20 1.43 £ 0.07 1.50 + 0.02 1.46 £ 0.04 0.194

Means in the same raw with different superscript letters are significantly different (p < 0.05).

3.10 1
y=—0.0882x2+0.2201x + 2.8083
R?=10.9304
3.00 1

2.90 1 /

2.80

SGR(%/day)

2.70

2.60

Xp=1.25%

2.50 T T T T T T 1
0.00 0.50 1.00 150 2.00 2.50 3.00 3.50

Dietary linoleic acid level (%)
Figure 1. Quadratic regression analysis of SGR with dietary linoleic acid (LA) levels in coho salmon
Oncorhynchus kisutch alevins. Estimated dietary LA requirement of SGR is 1.25%. Each point repre-
sents the mean of three replicates.
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2.30 1
y = 0.1443x? - 0.3551x + 1.7585

2.207 R?=0.952

2.10
2.00
1.90
1.80

FCR

1.70
1.60
1.50

Xpa=1.23%

1.40 T T T T T T 1
0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50

Dietary linoleic acid level (%)

Figure 2. Quadratic regression analysis of FCR with dietary LA levels in coho salmon Oncorhynchus
kisutch alevins. Estimated dietary LA requirement of SGR is 1.23%. Each point represents the mean of
three replicates.

3.2. Whole-Body Compositions and Muscle Fatty Acid Profile

The whole-body moisture, ash, and crude protein contents were not significantly
different among the dietary groups (p > 0.05) (Table 4). Except for the 2.00% LA group, the
crude lipid content of the whole fish in the 1.37% LA group was significantly lower than
that in the other groups (p < 0.05), and there was no significant difference among other
treatment groups.

The muscle FA composition of the alevins fed with different diets is shown in Table 5.
FAs 16:0 and 18:1n-9 were the most abundant FAs in all fish regardless of the different
dietary LA treatments. The saturated fatty acid (SFAs) and monounsaturated fatty acid
(MUFA) contents were significantly decreased (p < 0.05) with the increase in dietary LA
levels. Both LA and ARA contents in the muscle of fish increased with an increasing
dietary LA level, and the highest contents were observed in the fish fed with the diet
with a 3.26% LA level. The inclusion of dietary LA significantly increased the n-6 PUFA
contents, whereas no clear definite trend of the EPA and DHA contents was observed
among all groups.

Table 4. Whole-body proximate composition of coho salmon Oncorhynchus kisutch alevins fed with
experimental diets with different dietary LA levels for 12 weeks (means =+ SE, n = 3).

lilffsr{el;‘e‘}‘;lf;‘ Moisture (%)  Crude Protein (%)  Crude Lipid (%)  Ash (%)

0.11 77.89 £ 0.13 12.63 +0.17 440 +0.01° 3.64 +0.03
0.74 77.46 4 0.01 12.99 £ 0.20 436+0.61° 3.55 + 0.01
1.37 77.91 4 0.24 12.71 4 0.33 41240592 345 +0.03
2.00 77.98 4 0.06 12.23 £0.10 424 +£030% 345+ 0.06
2.63 77.44 4+ 027 13.11 £ 0.30 45540330 3.60 & 0.02
3.26 77.62 +0.21 12.78 £ 0.37 453 +031° 3.65 + 0.03

One-way

ANOVA

p value 0.293 0.843 0.049 0.206

Means in the same column with different superscript letters are significantly different (p < 0.05).

Table 5. Muscle fatty acid composition (% Total FA) of Oncorhynchus kisutch alevins fed with experimental
diets with different dietary linoleic acid levels for 12 weeks (on dry matter basis) (means + SE, n = 3).

Dietary LA Level (%)

Fatty Acids
0.11 0.74 1.37 2.00 2.63 3.26
C14:0 224 +£0.034 22340.014 222 4+0.024 1.88 +£0.02¢ 1.77 +0.03P 1.56 +0.022
C16:0 22.02 +0.24f 20.6 +£0.17¢ 18.44 + 0.06 d 16.06 + 0.17 ¢ 1452 +0.08 P 12.51 +£0.03 2
C18:0 6.09 +0.04P 5.68 & 0.16 &P 5.56 =+ 0.06 5.37 £ 0.25 2 5.28 4+ 0.16 2 5.25 + 0.06 2
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Table 5. Cont.

Dietary LA Level (%)

Fatty Acids
0.11 0.74 1.37 2.00 2.63 3.26
Y SFA 30.34 £ 0.27f 28.53 +£0.31¢ 26.22 +0.02 4 233 +044¢ 2158 +0.16 " 19.32 +£0.102
C16:1n-7 7.27 +£0.10¢€ 7.14 +0.06 ¢ 6.67 £0.134 5.47 +0.82°¢ 4234+ 0.04b 3.33+0.042
C18:1n-9 33.58 + 0.11 32.54 + 0.62 31.53 + 0.27 32.6 + 0.20 33.54 + 0.03 31.47 +0.22
C20:1 1.17 £ 0.03¢ 1.14 4+ 0.06 € 0.86 +£0.01P 0.82 &+ 0.01 ab 0.76 +0.022 0.75 £ 0.022
YMUFA 42.024+020¢ 4082 +0.74Pc 3906+ 039P 38.89 +0.28P 38.52 + 0.08 P 35.55 4+ 0.27 2
C18:3n-3(ALA) 0.43 £ 0.012 0.42 + 0.005 0.46 & 0.005 0.41 -+ 0.006 0.47 & 0.005 0.43 + 0.006
C20:5n-3(EPA) 0.80 + 0.005 0.75 £ 0.005 0.76 + 0.006 0.82 =+ 0.005 0.81 + 0.006 0.80 =+ 0.008
C22:6n-3(DHA) 223+ 0.01 222 +0.01 2.18 +0.03 2.20 + 0.01 222 +0.01 2.22 +0.03
y'n-3 PUFA 3.26 & 0.02 3.19 £ 0.01 3.25 4 0.03 3.39 & 0.02 3.46 & 0.01 3.51 £ 0.02
C18:2n-6 (LA) 4.92 4 0.022 6.08 +£0.03P 10.38 £ 0.04 ¢ 15.6 +0.024 19.64 +0.01°¢ 2346 +£020f
C18:3n-6 0.49 +0.003 &b 0.51 + 0.03 ¢4 051+ 0.0034  0.49 +0.008>c 049 +0.008 ¢  0.47 +0.003 2
C20:4n-6(ARA)  2.05 £ 0.0152 2.08 4+ 0.006 P 2.11 4+ 0.003 ¢ 2.12 +0.008 © 2.14 £ 0.006 € 2.17 + 0.006 4
y'n-6 PUFA 5.54 4 0.05 2 8194+ 0.01P 12.61 +0.01 ¢ 18.08 + 0.02 4 23.21 +0.01°¢ 26.28 +0.02 f

Means in the same raw with different superscript letters are significantly different (p < 0.05).

3.3. Liver Lipid Metabolic Enzymes Activities

The activities of the hepatic HL, LPL, MDH, and FAS were significantly affected by
the dietary LA levels. The HL and LPL activities were found increasing until the 1.37%
group, after which a reduction was noticed from the 2.00% LA group, and the rest of the
HL and LPL activities were showing a fluctuating trend (p < 0.05) (Figure 3A,B). On the
contrary, the MDH activity was found significantly decreasing with the dietary LA level
from 0.11% to 1.37% (p < 0.05) and then increased with the dietary LA level increasing from
2.00% to 3.26% (Figure 3C). Similarly, the 1.37% LA group also had the lowest FAS activity
among all groups, except for the 0.11% and 3.26% LA groups, which had no significant
differences from the other groups (Figure 3D).
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Figure 3. Effects of dietary LA levels on HL (hepatic lipase, (A)), LPL (lipoprotein lipase, (B)), MDH
(malate dehydrogenase, (C)), and FAS (fatty acid synthase, (D)) activities in liver of coho salmon
Oncorhynchus kisutch alevins. 4: Means that do not share similar letter in group are significantly
different, p < 0.05.
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4. Discussion

Long-term absence of EFAs (including LA, ALA, EPA, and DHA) from the diet leads
to deficiency signs that most often include reduced growth and increased mortality [43].
In the present study, there were no significant differences in the survival rates among all
groups; however, the relatively low survival rates of 0.11% and 0.74% LA groups (95.00%
and 97.50%, respectively) seemed to reflect that dietary LA deficiency affected the survival
rate of coho salmon alevins. This phenomenon may confirm that LA is an essential fatty
acid for coho salmon alevins, and an appropriate supplemental level is beneficial to the
survival rate of fish. According to the regression relationship between dietary LA contents
and SGR and FCR, the optimum dietary LA contents of coho salmon alevins were 1.23%
and 1.25%, respectively. The results showed that the growth of alevins was greatly affected
by the dietary LA levels and could be remarkably enhanced by the diets supplemented
with appropriate LA, which was in agreement with previous studies in chum salmon [25],
rainbow trout [30], Russian sturgeon (Acipenser gueldenstaedti) [19], and tilapia [27]. Stickney
et al. [44] found that the growth of T. aurea was improved by diets containing high soybean
oil levels (which are fats with linoleic acid). Kanazawa et al. [45] found that 1.0% LA in
the feed was the most suitable for tilapia growth. However, Takeuchi et al. [46] found that
dietary 0.5% LA was the optimal requirement for Nile tilapia. However, when the diet was
supplemented with excessive LA (LA > 1.37%), the growth performance and conversion
efficiency of coho salmon showed a downward trend, which may be due to the deficiency
of n-3 fatty acids in diets; thus, it might affect fish growth and feed utilization [47,48]. These
results indicate that it is essential to add appropriate LA to the diet; however, there are
slight differences between fish species. Hence, only the appropriate content of essential
fatty acids can ensure the better growth performance and feed utilization efficiency of fish.

The present study showed that the CF, HSI, and VSI are not affected by the dietary LA
contents. Notably, the HSI was introduced as an indicator to estimate lipid reserves in the
aquatic [49,50], which is normally used to indicate the effect of the feeding regime on liver
functionality [51]. Similar results have been reported for other fish [13,52-54]. These results
might indicate that the dietary LA level itself does not directly cause the lipid deposited in
the liver. Rather, it has been reported that high lipid or highly unsaturated oil inclusion in
the diet may be responsible for the increase in liver weight [55-57].

In the present study, the fatty acid composition of coho salmon alevins generally
reflected their dietary composition, as reported in many other studies [6,52,58-62]. Similarly,
the content of unsaturated FA in the fish body would be affected by the unsaturated oils
in the diet. In the study of Russian sturgeon (Acipenser gueldenstaedti), using a diet with
coconut oil, and with the coconut oil in the basal diet being replaced by sunflower oil,
the total n-6 fatty acid content in the whole body showed the same trend as the dietary
sunflower oil content [19]. It was confirmed in this study that the group with the highest
dietary LA content had the highest C18:2n-6 and total n-6 fatty acid contents in the muscle.
Similar results were also found in Nile tilapia (Oreochromis niloticus) fry and yellow catfish
(Pelteobagrus fulvidraco) [63,64]. Koven et al. [65,66] found that diets enriched with C20:4n-6
(ARA) converting from LA were beneficial to the growth and overall survival rate of larval
gilthead sea bream. Significantly, the content of ARA in the muscle of fish also increased
with the dietary LA level increasing, suggesting that the LA intake of coho salmon alevins
could synthesize ARA through the desaturation of carbon chain extension. However, the
muscle ALA level was not affected by dietary LA, which may be due to the fact that the
dietary ALA level in each group was added in a consistent amount. On the other hand,
since LA and ALA serve as the substrates for desaturase and elongase enzymes in the
biosynthesis pathways (the bioconversion of LA to ARA and ALA to EPA/DHA) [23,37],
the muscle ARA, EPA, and DHA (which were converted from LA and ALA) are thus
substantially affected by the dietary LA level. However, the results of this experiment
showed that muscle ARA, EPA, and DHA were not significantly affected by the dietary
LA level. This is possibly caused by the addition of fish oil to the diet, which provided
sufficient HUFA for alevins.



Animals 2022, 12, 2631

90f13

Lipoprotein lipase (LPL) and hepatic lipase (HL) are key enzymes in liver lipid
catabolism, and both catalyze the hydrolysis of triglyceride (TG) in chylomicron (CM)
and very low-density lipoprotein (VLDL), releasing free fatty acids (FFAs) for storage in
lipid storage organs or for oxidation in other organs. The HL can also be used as a ligand
to promote the uptake of cholesterol (CHO) or VLDL residues in high-density lipoprotein
(HDL) by hepatocytes [67-70]. MDH produces NADPH and NADH that are essential for
lipid synthesis [19]. There is mounting evidence that the dietary lipid levels and fatty acids
type have an impact on lipid metabolic enzymes in fish; in addition, the imbalanced n-3
and n-6 fatty acids in the dietary can generally inhibit the activity of metabolism-related
enzymes [19,71,72]. Higher dietary lipid content resulted in elevated activities of LPL and
HL during the early ontogeny of Pelteobagrus vachellilarvae [73]. A similar result was also
reported by Li et al. [19] who found that the activities of LPL and lipase (LPS) in the liver
were markedly increased by the increase in dietary n-6 fatty acids (1.0% LA group) for
Russian sturgeon. In this study, fish fed with the diet with a 1.37% LA level had the lowest
deposition of lipid in the whole body. Compared with the 1.37% LA diet group, feeding the
alevins with higher or lower levels of LA led to the increase in whole-body lipid deposition,
which might be attributed to the lack of LA or the suboptimal dietary EFA content. In
addition, the diet with LA of 1.37% level led to the lowest activity of MDH in the liver,
confirming that the appropriate dietary LA supplementation ratio could reduce the lipid
synthesis in vivo, thereby improving the lipid decomposition and transport and inhibiting
the lipid deposition in coho salmon alevins. Menoyo et al. [74] found that dietary PUFAs
(n-3/n-6 ratios at 4.7 and 5.4) were negatively correlated with MDH in the liver of Atlantic
salmon. Li et al. [19] also found that compared with the 2.0% LA group, the 1.0% LA group
had higher activity of LPL in the liver of Russian sturgeon, whereas the MDH activity was
significantly lower. The present study indicated that the dietary FA composition affected
the growth and utilization of lipid, and the suitable supplementation of n-6 fatty acids
(especially LA) would be conducive to the activity of LPL and HL, reduce lipid synthesis,
and increase lipid decomposition and transport, but negatively affected the activity of
MDH to prevent excessive lipid deposition.

As a key enzyme of lipogenesis, FAS plays a crucial role in the weight variability of
the abdominal adipose tissue [75] and is mainly expressed in the hepatic cells of fish [76].
The activity and mRNA expression of FAS are regulated by dietary fatty acids [77-79] and
hormones [80]. FAS activity in fish decreases with the increase in the dietary lipid content,
thus inhibiting the production of lipid [81]. Dai et al. [14] found that the dietary LA level
had no significant effect on the FAS expression of Chinese mitten crabs (Eriocheir sinensis);
however, the FAS expression level was the lowest in the recommended addition range of
dietary LA (19.77 g to 28 g/kg). A different result was reported in turbot (Scophthalmus
maximus L.) and silver pomfret (Pampus argenteus) [82,83] in which hepatic FAS expression
significantly upregulated with 100% soybean oil (rich in n-6 PUFA) replacement of fish oil
in diets, indicating that FAS was upregulated by high dietary n-6 PUFA levels. This may be
attributed to the addition of fish oil (containing EPA and DHA) in this experiment, in which
two fatty acids inhibited the transcription and translation of FAS [84]. More than that,
previous research found that high dietary EPA content significantly reduced the hepatic
FAS activity of alevins [40].

5. Conclusions

In summary, the different dietary levels of fatty acids significantly affected the growth,
SGR, FCR, and activities of hepatic lipid metabolic enzymes (HL, LPL, MDH, and FAS) in
coho salmon Oncorhynchus kisutch alevins. LA is essential for growth and lipid utilization
of coho salmon alevins. Based on the SGR and FCR, the dietary LA requirements were
estimated to be 1.25% and 1.23% for coho salmon alevins, respectively. Here, we recommend
that the dietary LA in coho salmon alevins should fluctuate from 0.74% to 1.37%. This
result helps us to provide a theoretical basis for the use of LA in the coho salmon diet and
then provides guidance for practical production. Further studies are required to determine
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the optimum proportion of different fatty acids (LA and ALA), and the effects of dietary
fatty acid (particularly LA or other n-6 HUFAs) levels on the molecular mechanism of coho
salmon lipid metabolic need to be further explored.

Author Contributions: Conceptualization, H.Y.; methodology, L.L.; software, L.Y.; validation, L.L.
and C.X,; formal analysis, L.L., J.Z. and Y.Z.; investigation, L.Y.; resources, H.Y.; data curation, L.L.,
X.Q. and L.S,; writing—original draft preparation, L.L.; writing—review and editing, L.L. and H.Y,;
visualization, L.Y.; supervision, C.X.; project administration, H.Y.; funding acquisition, H.Y. All
authors have read and agreed to the published version of the manuscript.

Funding: This study received funding from Shandong Provincial Key Research and Development
Programs (Major Scientific and Technological Innovation Projects, MSTIP; Grant and Award Numbers:
2018CXGC0102 and 2019JZZY020710); Scientific and Technologic Development Program of Weifang
(Grant and Award Number: 2019ZJ1046); and Innovation-driven Development Special Project of
Guangxi Science and Technology Major Project (Grant and Award Number: AA17204044).

Institutional Review Board Statement: The animal study protocol was approved by the Experimen-
tal Animal Management Methods of Weifang University (approval number 202104132) and followed
Shandong Authority’s Experimental Animal Regulations.

Informed Consent Statement: Not applicable.

Data Availability Statement: All the data in the article are available from the corresponding author
upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. NRC (National Research Council). Nutrient Requirements of Fish and Shrimp; The National Academy Press: Washington, DC, USA, 2011.

2. Tocher, D.R. Metabolism and functions of lipids and fatty acids in teleost fish. Rev. Fish. Sci. 2003, 11, 107-184. [CrossRef]

3.  Tocher, D.R.; Zheng, X.; Schlechtriem, C.; Hastings, N.; Dick, ].R.; Teale, A.J. Highly unsaturated fatty acid synthesis in marine
fish: Cloning, functional characterization, and nutritional regulation of fatty acyl delta 6 desaturase of Atlantic cod (Gadus morhua
L.). Lipids 2006, 41, 1003-1016. [CrossRef] [PubMed]

4. Senadheera, S.D.; Turchini, G.M.; Thanuthong, T.; Francis, D.S. Effects of Dietary x-Linolenic Acid (18:3n-3) / Linoleic Acid
(18:2n-6) Ratio on Fatty Acid Metabolism in Murray Cod (Maccullochella peelii peelii). ]. Agric. Food Chem. 2011, 59, 1020-1030.
[CrossRef] [PubMed]

5. Pamungkas, W.; Jusadi, D.; Zairin, M., Jr.; Setiawati, M.; Supriyono, E.; Imron, I. Effect of dietary essential fatty acids on level of
oestradiol-17f3 and vitellogenin, reproductive performance and larval quality of striped catfish (Pangasianodon hypophthalmus) in
out of spawning season. Aquac. Res. 2020, 51, 3900-3909. [CrossRef]

6. Sargent, ].R.; Tocher, D.R;; Bell, ].G. The Lipids. In Fish Nutrition, 3rd ed.; Halver, J.E., Hardy, R W., Eds.; Academic Press: San Diego,
CA, USA, 2002; pp. 181-257. [CrossRef]

7. Ng, WK, Andin, V.C. The Malaysian mahseer, Tor tambroides (Bleeker), requires low dietary lipid levels with a preference for
lipid sources with high omega-6 and low omega-3 polyunsaturated fatty acids. Aquaculture 2011, 322, 82-90. [CrossRef]

8. Orlando, T.M.; Fontes, T.V.; Paulino, R.R.; Solis Murgas, L.D.; Lopez-Olmeda, J.E; Rosa, P.V. Effects of the dietary linoleic acid to
linolenic acid ratio for Nile tilapia (Oreochromis niloticus) breeding females. Aquaculture 2019, 516, 734625. [CrossRef]

9.  Das, U.N. Essential fatty acid-a review. Curr. Pharm. Biotechnol. 2006, 7, 467—-482. [CrossRef]

10. Torstensen, B.E.; Tocher, D.R. The effects of fish. In Fish Oil Replacement and Alternative Lipid Sources in Aquaculture Feeds; Turchini,
G.M.,, Ng, WK, Tocher, D.R., Eds.; CRC Press: Boca Raton, FL, USA; Taylor and Francis Group: Boca Raton, FL, USA, 2010.

11. Sargent, ].; Bell, G.; McEvoy, L.; Tocher, D.; Estevez, A. Recent developments in the essential fatty acid nutrition of fish. Aquaculture
1999, 177, 191-199. [CrossRef]

12.  Tocher, D.R.; Glencross, B.D. Lipids and fatty acids. In Dietary Nutrients, Additives and Fish Health; Cheng-Sheng, L., Chhorn, L.,
Delbert, M.G., Webster, C.D., Eds.; CRC Press: Hoboken, NJ, USA, 2015; p. 47.

13.  Paulino, R.R; Pereira, R.T.; Fontes, T.V.; Oliva-Teles, A.; Peres, H.; Carneiro, D.]J.; Rosa, P.V. Optimal dietary linoleic acid to
linolenic acid ratio improved fatty acid profile of the juvenile tambaqui (Colossoma macropomum). Aquaculture 2018, 488, 9-16.
[CrossRef]

14. Dai, Y], Jiang, G.Z.; Liu, W.B.; Abasubong, K.P.; Zhang, D.D.; Li, X.E; Chi, C.; Liu, W.B. Evaluation of dietary linoleic acid on
growth as well as hepatopancreatic index, lipid accumulation oxidative stress and inflammation in Chinese mitten crabs (Eriocheir
sinensis). Aquac. Rep. 2022, 22, 100983. [CrossRef]

15. Bogut, I.; Has-Schon, E.; Cati¢, M.; Milakovi¢, Z.; Novoseli¢, D.; Brki¢, S. Linolenic acid supplementation in the diet of European

catfish (Silurus glanis). J. Appl. Ichthyol. 2002, 18, 1-6. [CrossRef]


http://doi.org/10.1080/713610925
http://doi.org/10.1007/s11745-006-5051-4
http://www.ncbi.nlm.nih.gov/pubmed/17263300
http://doi.org/10.1021/jf104242y
http://www.ncbi.nlm.nih.gov/pubmed/21222433
http://doi.org/10.1111/are.14738
http://doi.org/10.1016/B978-012319652-1/50005-7
http://doi.org/10.1016/j.aquaculture.2011.09.021
http://doi.org/10.1016/j.aquaculture.2019.734625
http://doi.org/10.2174/138920106779116856
http://doi.org/10.1016/S0044-8486(99)00083-6
http://doi.org/10.1016/j.aquaculture.2018.01.014
http://doi.org/10.1016/j.aqrep.2021.100983
http://doi.org/10.1046/j.1439-0426.2002.00304.x

Animals 2022, 12, 2631 11 of 13

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

Chen, Y.E; Sun, Z.Z,; Liang, Z.; Xie, Y.D.; Su, J.L.; Luo, Q.L.; Zhu, J.Y.; Liu, Q.Y;; Han, T.; Wang, A. Effects of dietary fish oil
replacement by soybean oil and L-carnitine supplementation on growth performance, fatty acid composition, lipid metabolism
and liver health of juvenile largemouth bass, Micropterus salmoides. Aquaculture 2020, 516, 734596. [CrossRef]

Du, J.; Chen, Q.; Li, Y.; Xiang, X.; Xu, W.; Mai, K.; Ai, Q. Activation of the farnesoid X receptor (FXR) suppresses linoleic
acid-induced inflammation in the large yellow croaker (Larimichthys crocea). J. Nutr. 2020, 150, 2469-2477. [CrossRef] [PubMed]
Yang, B.; Zhou, Y.; Wu, M,; Li, X,; Mai, K.; Ai, Q. w-6 Polyunsaturated fatty acids (linoleic acid) activate both autophagy and
antioxidation in a synergistic feedback loop via TOR-dependent and TOR-independent signaling pathways. Cell Death Dis. 2020,
11, 607. [CrossRef]

Li, Q.; Zhu, H,; Li, E,; Qin, ]J.; Chen, L. Growth performance, lipid requirement and antioxidant capacity of juvenile Russian
sturgeon Acipenser gueldenstaedti fed various levels of linoleic and linolenic acids. Aquac. Res. 2016, 48, 3216-3229. [CrossRef]
Guo, Z.; Zhu, X; Liu, J.; Han, D.; Yang, Y.; Xie, S.; Lan, Z. Dietary lipid requirement of juvenile hybrid sturgeon, Acipenser baeriiQ x
A. gueldenstaedtiic. ]. Appl Ichthyol. 2011, 27, 743-748. [CrossRef]

Bautista, M.; De la Cruz, M. Linoleic (x6) and linolenic (x3) acids in the diet of fingerling milkfish (Chanos chanos Forsskal).
Aquaculture 1988, 71, 347-358. [CrossRef]

Chou, B.S.; Shiau, S.Y. Both n-6 and n-3 fatty acids are required for maximal growth of juvenile hybrid tilapia. N. Am. J. Aquacult.
1999, 61, 13-20. [CrossRef]

Henderson, R.J.; Tocher, D.R. The lipid composition and biochemistry of freshwater fish. Prog. Lipid. Res. 1987, 26, 281-347.
[CrossRef]

Takeuchi, T.S.; Arais, T.; Watanabe, Y. Shimma. Requirements of the eel Anguilla japonicas for essential fatty acids. Bull. Jpn. Soc.
Sci. Fish. 1980, 46, 345-353. [CrossRef]

Takeuchi, T.; Watanabe, T.N. Requirement for essential fatty acids of chum salmon (Oncorhynchus keta) in freshwater environment.
Bull. Jpn. Soc. Sci. Fish. 1979, 45, 1319-1323. [CrossRef]

Yu, T.C.; Sinnhuber, R.O. Effect of dietary w3 and w6 fatty acids on growth and feed conversion efficiencies of coho salmon
(Oncorhynchus kisutch). Aquaculture 1979, 16, 31-38. [CrossRef]

Li, E; Lim, C; Klesius, PH.; Welker, T.L. Growth, body fatty acid composition, immune response, and resistance to Streptococcus
iniae of hybrid tilapia, Oreochromis niloticus x Oreochromis Aureus, fed diets containing various levels of linoleic and linolenic
acids. J. World Aquacult. Soc. 2013, 44, 42-55. [CrossRef]

Yamada, W.K.; Clemans, G.W.; Hutchinson, M.C. Essential fatty acids deficiency in humans. Prog. Lipid Res. 1981, 19, 187-215.
[CrossRef]

Sargent, ].R.; Parker, R.].; Mueller-Harvey, I.; Henderson, R.J. Lipid Biomarkers in Marine Ecology. In Microbes and the Sea; Sleigh,
M.A., Ed.; Ellis Harwood Ltd.: Chichester, UK, 1987; pp. 119-138.

Castell, ].D.; Lee, D.J.; Sinnhuber, R.O. Essential fatty acids in the diet of rainbow trout (Salmo gairdneri), Lipid metabolism and
fatty acid composition. J. Nutr. 1972, 102, 93-100. [CrossRef]

Watanabe, T.; Takashima, F.; Ogino, C. Effect of dietary methyl linolenate on growth of rainbow trout. Bull. Jpn. Soc. Sci. Fish.
1974, 40, 181-188. [CrossRef]

Olsen, R.E.; Henderson, R.J.; Ringg, E. Lipids in Arctic charr, Salvenius alpinus (L). . Dietary induced changes in lipid class and
fatty acid composition. Fish Physiol. Biochem. 1991, 9, 151-164. [CrossRef]

Hart, J.L. Pacific fishes of Canada. J. Fish. Res. Bd. Can. Bull. 1973, 180, 740.

Food and Agriculture Organisation of the United Nations. The State of World Fisheries and Aquaculture-Meeting the Sustainable
Development Goals; Food and Agriculture Organisation of the United Nations: Rome, Italy, 2018.

Tocher, D.R.; Dick, J.R. Essential fatty acid deficiency in freshwater fish: The effects of linoleic, alpha-linolenic, gamma-linolenic
and stearidonic acids on the metabolism of [1-14¢]18:3n-3 in a carp cell culture model. Fish Physiol. Biochem. 2000, 22, 67-75.
[CrossRef]

Izquierdo, M.S.; Fernandez-Palacios, H.; Tacon, A. Effect of broodstock nutrition on reproductive performance of fish. Aquaculture
2001, 197, 25-42. [CrossRef]

Quintero, H.; Durland, E.; Davis, D.A.; Dunham, R. Effects of lipid supplementation on reproductive performance of female
channel catfish Ictalurus punctatus, induced and strip-spawned for hybridization. Aquacult. Nutr. 2010, in press. [CrossRef]
Abi-Ayad, E.A.; Melard, C.; Kestemont, P. Effects of n-3 fatty acids in eurasian perch broodstock diet on egg fatty acid composition and
larvae stress resistance. Aquac. Int. 1997, 5, 161-168. Available online: http://hdl.handle.net/2268/77296 (accessed on 2 July 2022).
Shields, R.J. Larviculture of marine finfish in Europe. Aquaculture 2001, 200, 55-88. [CrossRef]

Yu, HR,; Li, L.Y.; Xu, C.M,; Li, M,; Li, EH.; Guo, M.].; Qiu, X.Y.; Shan, L.L. Effect of dietary eicosapentaenoic acid (20:5n-3) on
growth performance, fatty acid profile and lipid metabolism in coho salmon (Oncorhynchus kisutch) alevins. Aquac. Rep. 2022, 23,
101084. [CrossRef]

Association of Official Analytical Chemists (AOAC). Official Methods of Analysis of Official Analytical Chemists International, 16th ed.;
Association of Official Analytical Chemists: Arlington, VA, USA, 2005.

Xu, H.; Ai, Q.; Mai, K,; Xu, W,; Wang, ].; Ma, H.; Zhang, W.; Wang, X.; Liufu, Z. Effects of dietary arachidonic acid on growth
performance, survival, immune response and tissue fatty acid composition of juvenile Japanese sea bass, Lateolabrax japonicus.
Aquaculture 2010, 307, 75-82. [CrossRef]


http://doi.org/10.1016/j.aquaculture.2019.734596
http://doi.org/10.1093/jn/nxaa185
http://www.ncbi.nlm.nih.gov/pubmed/32614453
http://doi.org/10.1038/s41419-020-02750-0
http://doi.org/10.1111/are.13152
http://doi.org/10.1111/j.1439-0426.2010.01633.x
http://doi.org/10.1016/0044-8486(88)90204-9
http://doi.org/10.1577/1548-8454(1999)061&lt;0013:BNANFA&gt;2.0.CO;2
http://doi.org/10.1016/0163-7827(87)90002-6
http://doi.org/10.2331/suisan.46.345
http://doi.org/10.2331/suisan.45.1319
http://doi.org/10.1016/0044-8486(79)90169-8
http://doi.org/10.1111/jwas.12014
http://doi.org/10.1016/0163-7827(80)90004-1
http://doi.org/10.1093/jn/102.1.93
http://doi.org/10.2331/suisan.40.181
http://doi.org/10.1007/BF02265131
http://doi.org/10.1023/A:1007877130756
http://doi.org/10.1016/S0044-8486(01)00581-6
http://doi.org/10.1111/j.1365-2095.2009.00709.x
http://hdl.handle.net/2268/77296
http://doi.org/10.1016/S0044-8486(01)00694-9
http://doi.org/10.1016/j.aqrep.2022.101084
http://doi.org/10.1016/j.aquaculture.2010.07.001

Animals 2022, 12, 2631 12 0f13

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Glencross, B.D.; Smith, D.M.; Thomas, M.R. The effect of dietary n-3 and n-6 fatty acid balance on the growth of the prawn
Penaeus monodo. Aquacult. Nutr. 2002, 8, 43-51. [CrossRef]

Stickney, R.R.; McGeachin, R.B.; Robinson, E.H.; Arnold, G.; Suter, L. Growth of Tilapia aurea as a function of degree of dietary
lipid saturation. In Proceedings of the Annual Conference Southeastern Association of Fish and Wildlife Agencies, Montgomery,
AK, USA, 1982; Volume 36, pp. 172-181.

Kanazawa, A.; Teshima, S.; Sakamoto, M.; Awal, M.A. Requirements of Tilapia zillii for essential fatty acids. Bull. Jpn. Soc. Sci.
Fish. 1980, 46, 1353-1356. [CrossRef]

Takeuchi, T.; Satoh, S.; Watanabe, T. Requirement of Tilapia nilotica for essential fatty acids. Bull. Jpn. Soc. Sci. Fish. 1983, 49,
1127-1134. [CrossRef]

Emre, Y.; Kurtoglu, A.; Emre, N.; Giiroy, B.; Giiroy, D. Effect of replacing dietary fish oil with soybean oil on growth performance,
fatty acid composition and haematological parameters of juvenile meagre, Argyrosomus regius. Aquac. Res. 2016, 47, 2256-2265.
[CrossRef]

Mu, H.; Shen, H,; Liu, J.; Xie, F.; Zhang, W.; Mai, K. High level of dietary soybean oil depresses the growth and anti-oxidative
capacity and induces inflammatory response in large yellow croaker Larimichthys crocea. Fish Shellfish Immunol. 2018, 77, 465-473.
[CrossRef]

Chellappa, S.; Huntingford, F.A.; Strang, R.; Thomson, R.Y. Condition factor and hepatosomatic index as estimates of energy
status in male three-spined stickleback. J. Fish Biol. 1995, 47, 775-787. [CrossRef]

Campbell, S.; Love, R M. Energy reserves of male and female haddock (Melanogrammus aeglefinus L.) from the Moray Firth. ICES J.
Mar. Sci. 1978, 38, 120-121. [CrossRef]

Ahmed, M; Liang, H.; Kasiya, H.C,; Ji, K.; Ge, X.; Ren, M; Liu, B.; Zhu, X.; Sun, A. Complete replacement of fish meal by plant
protein ingredients with dietary essential amino acids supplementation for juvenile blunt snout bream (Megalobrama amblycephala).
Aquac. Nutr. 2019, 25, 205-214. [CrossRef]

Tian, ].J.; Lei, C.X.; Ji, H. Influence of dietary linoleic acid (18:2n-6) and «-linolenic acid (18:3n-3) ratio on fatty acid composition of
different tissues in freshwater fish Songpu mirror carp Cyprinus Carpio. Aquac. Res. 2016, 47, 3811-3825. [CrossRef]

Wu, EC.; Chen, H.Y. Effects of dietary linolenic acid to linoleic acid ratio on growth, tissue fatty acid profile and immune response
of the juvenile grouper Epinephelus malabaricus. Aquaculture 2012, 324, 111-117. [CrossRef]

Thanuthong, T.; Francis, D.S.; Senadheera, S.D.; Jones, P.L.; Turchini, G.M. Fish oil replacement in rainbow trout diets and total dietary
PUFA content: I) Effects on feed efficiency, fat deposition and the efficiency of a finishing strategy. Aquaculture 2011, 320, 82-90.
[CrossRef]

Bell, J.G.; Tocher, D.R.; MacDonald, FM.; Sargent, ].R. Effects of dietary borage oil [enriched in x-linolenic acid, 18:3(n-6)] or
marine fish oil [enriched in eicosapentaenoic acid,20:5(n-3)] on growth, mortalities, liver histopathology and lipid composition of
juvenile turbot (Scophthalmus maximus). Fish Physiol. Biochem. 1995, 14, 373-383. [CrossRef] [PubMed]

Caballero, M.; Obach, A.; Rosenlund, G.; Montero, D.; Gisvold, M.; Izquierdo, M. Impact of different dietary lipid sources on
growth, lipid digestibility, tissue fatty acid composition and histology of rainbow trout, Oncorhynchus mykiss. Aquaculture 2002,
214, 253-271. [CrossRef]

Seong, M,; Lee, S.; Lee, S.; Song, Y.; Bae, ].; Chang, K.; Bai, S.C. The effects of different levels of dietary fermented plant-based
protein concentrate on growth, hematology and non-specific immune responses in juvenile olive flounder, Paralichthys olivaceus.
Aquaculture 2018, 483, 196-202. [CrossRef]

Bell, J.G.; Henderson, R.J.; Tocher, D.R.; McGhee, E; Dick, ].R.; Porter, A.; Smullen, R.P.; Sargent, ].R. Substituting fish oil with
crude palm oil in the diet of Atlantic salmon (Salmo salar) affects muscle fatty acid composition and hepatic fatty acid metabolism.
J. Nutr. 2002, 132, 222-230. [CrossRef] [PubMed]

Bransden, M.P; Carter, C.G.; Nichols, P.D. Replacement of fish oil with sunflower oil in feeds for Atlantic salmon (Salmo salar L.):
Effect on growth performance, tissue fatty acid composition and disease resistance. Comp. Biochem. Physiol. 2003, 135, 611-625.
[CrossRef]

Francis, D.S.; Turchini, G.M.; Jones, PL.; De Silva, S.S. Effects of dietary oil source on growth and fillet fatty acid composition of
Murray cod, Maccullochella peelii peelii. Aquaculture 2006, 253, 547-556. [CrossRef]

Luo, Z.; Li, X.; Bai, H.; Gong, S. Effects of dietary fatty acid composition on muscle composition and hepatic fatty acid profile in
juvenile Synechogobius hasta. ]. Appl. Ichthyol. 2008, 24, 116-119. [CrossRef]

Castro, C.; Couto, A.; Pérez-Jiménez, A.; Serra, C.R.; Diaz-Rosales, P.; Fernandes, R.; Corraze, G.; Panserat, S.; Oliva-Teles, A.
Effects of fish oil replacement by vegetable oil blend on digestive enzymes and tissue histomorphology of European sea bass
(Dicentrarchus labrax) juveniles. Fish Physiol. Biochem. 2016, 42, 203-217. [CrossRef]

El-Husseiny, O.M.; Abdul-Aziz, G.M.; Goda, AM.A.S.; Suloma, A. Effect of altering linoleic acid and linolenic acid dietary
levels and ratios on the performance and tissue fatty acid profiles of Nile tilapia Oreochromis niloticus fry. Aquacult. Int. 2010, 18,
1105-1119. [CrossRef]

Tan, X.Y,; Luo, Z.; Xie, P; Liu, X.J. Effect of dietary linolenic acid/linoleic acid ratio on growth performance, hepatic fatty acid
profiles and intermediary metabolism of juvenile yellow catfish Pelteobagrus fulvidraco. Aquaculture 2009, 296, 96-101. [CrossRef]
Koven, WM.; Barr, Y.; Lutzky, S.; Ben-Atia, I.; Weiss, R.; Harel, M.; Behrens, P.; Tandler, A. The effect of dietary arachidonic acid
(20:4n-6) on growth, survival and resistance to handling stress in gilthead seabream (Sparus aurata) larvae. Aquaculture 2001, 193,
107-122. [CrossRef]


http://doi.org/10.1046/j.1365-2095.2002.00188.x
http://doi.org/10.2331/suisan.46.1353
http://doi.org/10.2331/suisan.49.1127
http://doi.org/10.1111/are.12677
http://doi.org/10.1016/j.fsi.2018.04.017
http://doi.org/10.1111/j.1095-8649.1995.tb06002.x
http://doi.org/10.1093/icesjms/38.1.120
http://doi.org/10.1111/anu.12844
http://doi.org/10.1111/are.12832
http://doi.org/10.1016/j.aquaculture.2011.10.030
http://doi.org/10.1016/j.aquaculture.2011.08.007
http://doi.org/10.1007/BF00003375
http://www.ncbi.nlm.nih.gov/pubmed/24197528
http://doi.org/10.1016/S0044-8486(01)00852-3
http://doi.org/10.1016/j.aquaculture.2017.10.023
http://doi.org/10.1093/jn/132.2.222
http://www.ncbi.nlm.nih.gov/pubmed/11823582
http://doi.org/10.1016/S1096-4959(03)00143-X
http://doi.org/10.1016/j.aquaculture.2005.08.008
http://doi.org/10.1111/j.1439-0426.2007.01021.x
http://doi.org/10.1007/s10695-015-0130-1
http://doi.org/10.1007/s10499-010-9327-6
http://doi.org/10.1016/j.aquaculture.2009.08.001
http://doi.org/10.1016/S0044-8486(00)00479-8

Animals 2022, 12, 2631 13 0f 13

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Koven, WM.; Van Anholt, R.D.; Lutzky, S.; Ben Atia, I.; Nixon, O.; Ron, B.; Tandler, A. The effect of dietary arachidonic acid
on growth, survival, and cortisol levels in different-age gilthead seabream larvae (Sparus auratus) exposed to handling or daily
salinity change. Aquaculture 2003, 228, 307-320. [CrossRef]

Auwer, J.; Leroy, P.; Schoonjans, K. Lipoprotein lipase: Recent contributions from molecular biology. Crit. Rev. Clin. Lab. Sci.
1992, 29, 243-268. [CrossRef]

Torstensen, B.E.; Lie, &.; Froyland, L. Lipid metabolism and tissue composition in Atlantic salmon (Salmo salar L.) effects of
capelin oil, palm oil, and oleic acid-enriched sunflower oil as dietary lipid sources. Lipids 2000, 35, 653-664. [CrossRef]
Richard, N.; Kaushik, S.; Larroquet, L.; Panserat, S.; Corraze, G. Replacing dietary fish oil by vegetable oils has little effect
on lipogenesis, lipid transport and tissue lipid uptake in rainbow trout (Oncorhynchus mykiss). Br. |. Nutr. 2006, 96, 299-309.
[CrossRef] [PubMed]

Chen, Q.L.; Luo, Z; Pan, Y.X.; Zheng, J.L.; Zhu, Q.L.; Sun, L.D.; Zhuo, M.Q.; Hu, W. Differential induction of enzymes and genes
involved in lipid metabolism in liver and visceral adipose tissue of juvenile yellow catfish Pelteobagrus fulvidraco exposed to
copper. Aquat. Toxicol. 2013, 136-137, 72-78. [CrossRef] [PubMed]

Wang, ].T.; Liu, YJ.; Tian, L.X,; Mai, K.S.; Du, Z.Y.; Wang, Y.; Yang, H.]. Effect of dietary lipid level on growth performance, lipid
deposition, hepatic lipogenesis in juvenile cobia (Rachycentron canadum). Aquaculture 2005, 249, 439—447. [CrossRef]

Kolditz, C.; Borthaire, M.; Richard, N.; Corraze, G.; Panserat, S.; Vachot, C.; Lefévre, F.; Médale, F. Liver and muscle metabolic
changes induced by dietary energy content and genetic selection in rainbow trout (Oncorhynchus mykiss). Am. J. Physiol. Regul.
Integr. Comp. Physiol. 2008, 294, 1154-1164. [CrossRef] [PubMed]

Zheng, K.K.; Zhu, X M.,; Han, D.; Yang, Y.X,; Lei, W.; Xie, 5.Q. Effects of dietary lipid levels on growth, survival and lipid
metabolism during early ontogeny of Pelteobagrus vachelli larvae. Aquaculture 2010, 299, 121-127. [CrossRef]

Menoyo, D.; Lopez-Bote, C.J.; Bautista, ].M.; Obach, A. Growth, digestibility and fatty acid utilization in large Atlantic salmon
(Salmo salar) fed varying levels of n-3 and saturated fatty acids. Aquaculture 2003, 225, 295-307. [CrossRef]

Smith, S.; Witkowski, A.; Joshi, A.K. Structural and functional organization of the animal fatty acid synthase. Prog. Lipid Res. 2003,
42,289-317. [CrossRef]

Wang, A.; Han, G.; Qi, Z.; Lv, F; Yu, Y,; Huang, J.; Wang, T.; Xu, P. Cloning of lipoprotein lipase (LPL) and the effects of dietary
lipid levels on LPL expression in GIFT tilapia (Oreochromis niloticus). Aquacult. Int. 2013, 21, 1219-1232. [CrossRef]

Alvarez, M.].; Diez, A.; Lopez-Bote, C.; Gallego, M.; Bautista, ]. M. Short-term modulation of lipogenesis by macronutrients in
rainbow trout (Oncorhynchus mykiss) hepatocytes. Br. J. Nutr. 2000, 84, 619-628. [CrossRef]

Hudgins, L.C.; Badaya, A.; Hellerstein, M.K.; Parker, T.S.; Levine, D.M.; Seidman, C.E.; Neese, R.A.; Tremaroli, ].D.; Hirsch, J. The
effect of dietary carbohydrate on genes for fatty acid synthase and inflammatory cytokines in adipose tissues from lean and obese
subjects. J. Nutr. Biochem. 2008, 19, 237-245. [CrossRef]

Leng, X.J.; Wu, X.F; Tian, J.; Li, X.Q.; Guan, L.; Weng, D.C. Molecular cloning of fatty acid synthase from grass carp (Ctenopharyn-
godon idella) and the regulation of its expression by dietary fat level. Aquacult. Nutr. 2012, 18, 551-558. [CrossRef]

Najjar, S.M.; Yang, Y.; Fernstrom, M.A ; Lee, S.J.; DeAngelis, A.M.; Rjaily, G.A.; Al-Share, Q.Y.; Dai, T.; Miller, T.A.; Ratnam, S.;
et al. Insulin acutely decreases hepatic fatty acid synthase activity. Cell Metab. 2005, 2, 43-53. [CrossRef] [PubMed]

Boujard, T,; Gelineau, A.; Coves, D.; Corraze, G.; Dutto, G.; Gasset, E.; Kaushik, S. Regulation of feed intake, growth, nutrient and
energy utilisation in European sea bass (Dicentrarchus labrax) fed high fat diets. Aquaculture 2004, 231, 529-545. [CrossRef]
Peng, M.; Xu, W.; Mai, K.; Zhou, H.; Zhang, Y.; Liufu, Z.; Zhang, K.K.; Ai, Q. Growth performance, lipid deposition and hepatic
lipid metabolism related gene expression in juvenile turbot (Scophthalmus maximus L.) fed diets with various fish oil substitution
levels by soybean oil. Aquaculture 2014, 433, 442-449. [CrossRef]

Peng, S.; Shi, Z.; Gao, Q.; Zhang, C.; Wang, J. Dietary n-3 LC-PUFAs affect lipoprotein lipase (LPL) and fatty acid synthase (FAS)
activities and mRNA expression during vitellogenesis and ovarian fatty acid composition of female silver pomfret (Pampus
argenteus) broodstock. Aquacult. Nutr. 2016, 23, 692-701. [CrossRef]

Zhang, Z.; Garzotto, M.; Beer, T.M.; Thuillier, P.; Lieberman, S.; Mori, M.; Shannon, J. Effects of w-3 fatty acids and catechins on
fatty acid synthase in the prostate: A randomized controlled trial. Nutr. Cancer 2016, 68, 1309-1319. [CrossRef]


http://doi.org/10.1016/S0044-8486(03)00317-X
http://doi.org/10.3109/10408369209114602
http://doi.org/10.1007/s11745-000-0570-6
http://doi.org/10.1079/BJN20061821
http://www.ncbi.nlm.nih.gov/pubmed/16923224
http://doi.org/10.1016/j.aquatox.2013.04.003
http://www.ncbi.nlm.nih.gov/pubmed/23660017
http://doi.org/10.1016/j.aquaculture.2005.04.038
http://doi.org/10.1152/ajpregu.00766.2007
http://www.ncbi.nlm.nih.gov/pubmed/18234747
http://doi.org/10.1016/j.aquaculture.2009.11.028
http://doi.org/10.1016/S0044-8486(03)00297-7
http://doi.org/10.1016/S0163-7827(02)00067-X
http://doi.org/10.1007/s10499-013-9625-x
http://doi.org/10.1017/S0007114500001951
http://doi.org/10.1016/j.jnutbio.2007.02.013
http://doi.org/10.1111/j.1365-2095.2011.00917.x
http://doi.org/10.1016/j.cmet.2005.06.001
http://www.ncbi.nlm.nih.gov/pubmed/16054098
http://doi.org/10.1016/j.aquaculture.2003.11.010
http://doi.org/10.1016/j.aquaculture.2014.07.005
http://doi.org/10.1111/anu.12436
http://doi.org/10.1080/01635581.2016.1224365

	Introduction 
	Materials and Methods 
	Experimental Diets 
	Experimental Fish and Feeding Trial 
	Sampling Procedures 
	Calculations and Analytical Methods 
	Growth Performance2.4.2. Body Composition Analyses 
	Body Composition Analyses 
	Muscle Fatty Acid Analysis 
	Liver Biochemical Analysis 

	Statistical Analyses 

	Results 
	Growth Performance 
	Whole-Body Compositions and Muscle Fatty Acid Profile 
	Liver Lipid Metabolic Enzymes Activities 

	Discussion 
	Conclusions 
	References

