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The objective of this study was to investigate the effects of dietary phospholipids (PLs) on survival rate, growth
performance and expression of key genes related with phosphatidylcholine (PC) metabolism in larval and juve-
nile large yellow croaker, Larimichthys crocea. Three isonitrogenous and isolipidic diets with graded levels of PLs
(2.53%, 6.32% and 12.7%) were randomly allocated to triplicate groups of larvae (initial body weight: 3.86 ±
0.24 mg) eight times daily for 30 days. Five isonitrogenous and isolipidic diets with graded levels of PLs (1.32%,
3.05%, 5.86%, 7.4% and 9.63%) were randomly allocated to triplicate groups of juveniles (initial body weight:
7.36± 0.33 g) twice daily to apparent satiation for 60 days. Results showed that survival rate and specific growth
rate of larvae fed the diet with 2.53% PLs were significantly lower compared with those of larvae in other groups
(P b 0.05). However, specific growth rate and survival rate were not significantly different among dietary treat-
ments in juveniles. No significant difference was observed in the transcript levels of key genes involved in PC
de novo synthesis, including CTP: choline phosphate cytidylyltransferase and phosphatidylethanolamine N-
methyltransferase, in both thewhole larvae body and the livers of juveniles fed dietswith different concentrations
of PLs. Although no significant difference was found, the mRNA expression levels of 1, 2-diacylglycerol choline
phosphotransferase increased with the increasing levels of dietary PLs in the livers of juveniles, with acyl-CoA:
diacylglycerol acyltransferase 2 showing the opposite trend. These results confirmed that the beneficial effects
of dietary PLs on survival and growth performance of large yellow croaker were restricted to fish larvae. Dietary
PLs might reduce lipid deposition in the liver of juvenile large yellow croaker through utilizing more diacylglycerol
for PC synthesis, rather than triglyceride synthesis.
Statement of relevance: The present studywas conducted to investigate the effects of dietary phospholipids (PLs) on
survival rate, growth performance and expression of key genes related to phosphatidylcholine (PC) biosynthesis in
larval and juvenile large yellow croaker, (Larimichthys crocea). The results are reliable and of both theoretical and
practical importance. For “theoretical importance”, our study provided the first evidence that dietary PLs might re-
duce lipid deposition in the liver of juvenile large yellow croaker through utilizing more diacylglycerol for PC syn-
thesis, rather than triglyceride synthesis, which could contribute to better understanding the mechanisms
underlying the discrepancy in requirements for phospholipids between larval and juvenile large yellow croaker.
For “practical importance”, our study confirmed that the beneficial effects of dietary PLs on growth performance
of large yellow croaker were restricted to larvae rather than juveniles (at least 7.36 g) and these findings could
be applied to reduce the supplementation of PLs in commercial feeds for large yellow croaker, which in turn
might reduce the cost of the commercial feeds for large yellow croaker.
The work described has not been submitted elsewhere for publication, in whole or in part, and all the authors
listed have approved the manuscript that is enclosed. I have read and have abided by the statement of ethical
standards for manuscripts submitted to Aquaculture.
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1. Introduction
Table 1
Formulation and chemical composition of larval experimental diet (% dry matter).

Ingredient % dry diet

Dietary phospholipids level (%)

2.53% 6.32% 12.7%

LT-White fish meala 21 21 21
LT-Krill meala 14 14 14
LT-Squid meala 12 12 12
Casein 20 20 20
Hydrolyzed fish meala 4 4 4
LT-Yeast 3 3 3
α-starch 4 4 4
Alginae sodium 1.5 1.5 1.5
Vitamin premixb 1.5 1.5 1.5
Mineral premixc 1.5 1.5 1.5
Ascorbyl polyphosphate 0.2 0.2 0.2
Attractant mixtured 2 2 2
Mld inhibitor 0.05 0.05 0.05
Antioxidant 0.05 0.05 0.05
Choline chloride 0.2 0.2 0.2
Fish oile 3 3 3
Soybean oile 12 7 0
Soybean lecithine 0 5 12

Proximate analysis
Crude protein 56.35 56.12 56.43
Crude lipid 19.39 18.98 19.44
lecithin 2.53 6.32 12.7

a Low temperaturewhitefishmeal: crude protein 71.2% drymatter and crude lipid 5.3%
dry matter; Low temperature krill meal: crude protein 63.8% dry matter and crude lipid
13% dry matter; Low temperature squid meal: crude protein 59.6% dry matter and crude
lipid 2.0% drymatter; Hydrolyzed fishmeal: crude protein 77.1% drymatter and crude lip-
id 1.3%drymatter. All thematerials abovewere bought fromHaiyun bios., Zhejiang, China.

b Vitamin premix (IU or g kg−1 premix) (provided by Great Seven Bio-Tech., Qingdao,
China): retinal palmitate, 3,000,000 IU; cholecalciferol, 1,200,000 IU; DL-α-tocopherol ac-
etate, 40.0 g kg−1; menadione, 8.0 g kg−1; thiamin-HCl, 5.0 g kg−1; riboflavin, 5.0 g kg−1;
D-calcium pantothenate, 16.0 g kg−1; pyridoxine-HCl,4.0 g kg−1; meso-inositol,
200.0 g kg−1; D-biotin, 8.0 g kg−1; folic acid, 1.5 g kg−1; para-aminobenzoic acid,
5.0 g kg−1; niacin, 20.0 g kg−1; cyanocobalamin, 0.01 g kg−1; ascorbyl polyphosphate
(contained 25% ascorbic acid), 100.0 g kg−1.

c Mineral premix (g kg−1 premix) (provided by Great Seven Bio-Tech., Qingdao, China):
Ca(H2PO4)2·H2O, 675.0; CoSO4·4H2O, 0.15; CuSO4·5H2O, 5.0; FeSO4·7H2O, 50.0; KCl, 50.0;
KI, 0.1; MgSO4·2H2O, 101.7; MnSO4·4H2O, 18.0; NaCl, 80.0; Na2SeO3·H2O, 0.05;
ZnSO4·7H2O, 20.0.

d Attractantmixture (g kg−1 premix) (provided byGreat Seven Bio-Tech., Qingdao, China):
betaine, 500.0; glycine, 150.0; alanine, 100.0; argine, 100.0; taurine, 100.0; inosine-5′-
monophosphoric acid, 50.0.

e Provided by Great Seven Bio-Tech., Qingdao, China.
Phospholipids (PLs) can act as components essential for eukaryotic
biologicalmembranes formation (Fagone and Jackowski, 2013), provide
energy for embryonic and early larval development (Fraser et al., 1988;
Rainuzzo et al., 1992; Tocher et al., 1985) and act as important precur-
sors of a range of highly biologically active mediators of metabolism
and physiology including eicosanoids, diacylglycerol (DAG), inositol
phosphates and platelet activating factors (Tocher et al., 2008). Dietary
PLs exert beneficial effects on growth, survival, stress resistance, lipid
absorption and distribution in a variety of fish larvae species (Cahu et
al., 1994; Daprà et al., 2011; Geurden et al., 1997; Harada, 1987;
Kanazawa, 1997; Poston, 1990; Seoka et al., 2008; Zhao et al., 2013).
The growth-promoting effects of PLs appear to depend on the develop-
mental stage and be restricted to larvae and early juveniles, although
the requirements for PLs in juvenile and (or) adult fish are largely un-
studied. Some researchers suggest that the requirement for PLs during
larval stage might be due to the limited capacity to de novo synthesize
PLs (Tocher et al., 2008; Daprà et al., 2011).

As one of the most abundant phospholipid classes in regular PLs
sources, phosphatidylcholine (PC) is physiologically important as the
principle component of cellular membranes, the precursor of signaling
molecules (Robinson et al., 1989; Van-Meer et al., 2008) as well as the
key element of lipoproteins (Skipski et al., 1967), bile (Alvaro et al.,
1986) and lung surfactant (Pérez-Gil, 2008). There is evidence demon-
strating that PC is the main limiting factor driving the requirement for
intact PLs (Azarm et al., 2013; Taylor et al., 2015). Like mammals, fish
possesses a full set of enzymes for endogenous production of PC and
can synthesize PC de novo through two pathways: cytidine diphos-
phate-choline (CDP-choline) pathway and phosphatidylethanolamine
(PE) methylation pathway. CTP: choline phosphate cytidylyltransferase
α (CCTα) and 1, 2-diacylglycerol choline phosphotransferase (CPT)
constitute the two most critical enzymes during the biosynthesis of PC
in CDP-cholinepathway (Tocher et al., 2008). CCTα catalyzes the forma-
tion of CDP-choline and CPT catalyzes the production of PC via the con-
densation of CDP-choline with DAG (Cole et al., 2012). DAG can be also
converted to triglyceride by diacylglycerol O-acyltransferase 2 (DGAT
2), whichmeans CPTmay be competingwithDGAT 2, ultimately chang-
ing the ratio of PC to triglyceride (Oxley et al., 2007). Previous studies
have proven the existence of CCT in liver of trout (Holub et al., 1975),
brain and liver of goldfish (Ghosh et al., 2006) and intestine and liver
of Atlantic salmon (Carmona-Antoñanzas et al., 2015). An alternative
pathway for PC biosynthesis is the conversion of phosphatidylethanol-
amine (PE) to PC by PE-methyltransferase (PEMT) (Vance, 2013). This
alternative pathway for PC synthesis occurs only in the liver and con-
tributes to about 30% of total hepatic PC synthesis (CDP-choline path-
way provides the remaining 70%) in mammals (Vance, 2013).

Pancreatic enzyme secretory phospholipase A2 group IB (sPLA2 IB)
accounts for the digestion of dietary PLs, resulting into the production
of a non-esterified fatty acid and a lysophospholipid (Murakami and
Kudo, 2002). Besides being found in Atlantic cod and red sea bream,
the existence of sPLA2 IB has been also reported in large yellow croaker
(Cai et al., 2015; Sæle et al., 2011; Fujikawa et al., 2012). So far, no stud-
ies have evaluated the regulation of key genes expression involved in PC
metabolism in response to dietary PLs at transcriptional level, especially
at both larval and juvenile stages.

Large yellow croaker (Larimichthys crocea) is a carnivorous marine
fish species that has been widely cultured in southeast China due to
its delicious taste and commercial value (Ai et al., 2008; Xie et al.,
2011; Zuo et al., 2012a, 2012b). Although optimal requirement for die-
tary PLs has been established in large yellow croaker larvae in our pre-
vious study (Zhao et al., 2013), n-3 HUFA content failed to keep
constant in that study, which might affect the accuracy of the results.
Furthermore, little information is available about the effects of dietary
PLs on PC metabolism, especially under a comparative study in fish lar-
vae and juveniles. Thus, the present study was conducted to compare
the effects of dietary PLs on survival, growth performance, lipid deposi-
tion and expression of genes related with PC metabolism in larval and
juvenile large yellow croaker, which was expected to contribute to bet-
ter understanding thediscrepancy of requirement for PLs at this two dif-
ferent stages.

2. Materials and methods

2.1. Feed ingredients and diet formulation

For larvae, three isonitrogenous (56% crude protein) and isolipidic
(19% crude lipid) diets were formulated by adding graded levels of PLs
(0%, 5%, and 12%) and the final dietary PLs concentrations were 2.53%,
6.32% and 12.7%, respectively (Table 1). Fatty acid composition of the
three experimental diets is given in Table 2. Low temperature processed
white fish meal, krill meal, squid meal and hydrolyzed fish meal
(Haiyun bios., Zhejiang, China) were chosen as the primary protein
sources. Fish oil, soybean oil and soybean lecithin were used as the
lipid sources. Microdiets were manufactured by micro-bonding tech-
nology. The particle size of the formulated diets ranged from 150 to
250 μm for fish from 15 to 25 days after hatch (DAH) and 200 to
350 μm for fish thereafter.

For juveniles, five isonitrogenous (44% crude protein) and isolipidic
(13.5% crude lipid) diets were formulated by adding graded levels of



Table 2
Fatty acid composition of larval experimental diet (% total fatty acids).g

Dietary phospholipids level (%)

2.53% 6.32% 12.7%

C14:0 2.83 3.09 3.69
C16:0 15.09 17.22 20.47
C18:0 0.13 0.13 0.15
∑SFAa 18.05 20.44 24.31
C16:1 4.40 4.84 5.98
C18:1 26.52 25.43 23.21
C20:1 1.96 2.27 2.37
∑MUFAb 32.88 32.54 31.55
C18:2n-6 33.85 31.55 27.08
C20:4n-6 0.25 0.23 0.29
∑n-6 PUFAc 34.10 31.78 27.37
C18:3n-3 4.62 4.05 2.75
C20:5n-3 3.44 3.77 4.64
C22:6n-3 3.58 3.83 4.79
∑n-3 PUFAd 11.65 11.65 12.19
∑n-3/∑n-6 0.34 0.37 0.45
n-3HUFAe 7.02 7.60 9.43
DHA/EPAf 1.04 1.02 1.03

a SFA: saturated fatty acids.
b MUFA: mono-unsaturated fatty acids.
c n- 6 PUFA: n- 6 poly-unsaturated fatty acids.
d n- 3 PUFA: n- 3 poly-unsaturated fatty acids.
e n- 3 HUFA: n- 3 highly-unsaturated fatty acids.
f DHA/EPA: 22:6n- 3/20:5n- 3.
g Some fatty acids, of which the contents are minor, trace amount or not detected, such

as C20:0, C22:0, C24:0, C14:1, C20:1n-9, C22:1n-11, C20:2n-6, C18:3n-6, C20:3n-6,
C18:4n-3, C22:5n-3, are not listed in the table.

Table 3
Formulation and chemical composition of juvenile experimental diet (% dry matter).

Ingredient % dry diet

Dietary phospholipids level (%)

1.32% 3.05% 5.86% 7.4% 9.63%

Fish meala 43 43 43 43 43
Soybean meala 15 15 15 15 15
Wheat meala 24.35 24.35 24.35 24.35 24.35
Yeast meal 3 3 3 3 3
Attractantb 0.3 0.3 0.3 0.3 0.3
Mold inhibitorc 0.1 0.1 0.1 0.1 0.1
Antioxidant 0.05 0.05 0.05 0.05 0.05
Choline chloride 0.2 0.2 0.2 0.2 0.2
Mineral premixd 2 2 2 2 2
Vitamin premixe 2 2 2 2 2
Fish oilf 2 2 2 2 2
Soybean oilf 8 6 4 2 0
Soybean lecithinf 0 2 4 6 8

Proximate analysis
Crude protein 44.15 43.79 44.93 44.43 45.14
Crude lipids 13.71 13.56 13.65 13.18 13.06
Leithin 1.32 3.05 5.86 7.4 9.63

a Fish meal: crude protein 69.92% dry matter and crude lipid 6.9% dry matter; soybean
meal: crude protein 54.7% dry matter and crude lipid 1.7% dry matter; wheat meal: crude
protein 17.1% dry matter and crude lipid 1.1% dry matter. All the materials were provided
by Great Seven Bio-Tech., Qingdao, China.

b Attractant (provided by Great Seven Bio-Tech., Qingdao, China): glycine and betaine.
c Mold inhibitor (provided by Great Seven Bio-Tech., Qingdao, China): contained 50%

calcium propionic acid and 50% fumaric acid.
d Mineral premix (mg or g kg−1diet) (provided by Great Seven Bio-Tech., Qingdao,

China): CoCl2·6H2O (1%), 50 mg; CuSO4·5H2O, 10 mg; FeSO4·H2O, 80 mg; ZnSO4·H2O,
50mg;MnSO4·H2O, 45mg;MgSO4·7H2O, 1200mg;Na2SeO3·H2O, 20mg; calcium iodate,
60 mg; zeolite, 18.485 g.

e Vitamin premix (mg or g kg−1diet) (provided by Great Seven Bio-Tech., Qingdao,
China): vitamin D, 5 mg; vitamin K, 10 mg; vitamin B12, 10 mg; vitamin B6, 20 mg; folic
acid, 20 mg; vitamin B1, 25 mg; vitamin A, 32 mg; vitamin B2, 45 mg; pantothenic acid,
60mg; biotin, 1.2mg; niacin acid, 200mg;α-tocopherol, 120mg; inositol, 800mg; ascor-
bic acid, 2000 mg; microcrystalline cellulose, 16.47 g kg−1.

f Provided by Great Seven Bio-Tech., Qingdao, China.

Table 4
Fatty acid composition of juvenile experimental diet (% total fatty acids).g

Fatty acid

Dietary phospholipids level (%)

1.32% 3.05% 5.86% 7.4% 9.63%

C14:0 1.92 2.04 2.14 2.32 2.62
C16:0 14.32 15.32 16.66 18.40 20.26
C18:0 0.09 0.10 0.10 0.11 0.12
∑SFAa 16.33 17.45 18.91 20.83 22.99
C16:1 3.80 4.09 4.42 4.83 5.40
C18:1 27.25 24.30 25.67 22.09 20.39
C20:1 0.09 0.10 0.10 0.11 0.12
∑MUFAb 32.44 30.05 31.41 28.26 27.17
C18:2n-6 36.03 34.73 33.29 31.48 29.52
C20:4n-6 0.41 0.44 0.48 0.50 0.56
∑n-6 PUFAc 36.44 35.17 33.77 31.98 30.08
C18:3n-3 4.73 4.44 4.10 3.65 2.89
C20:5n-3 2.09 2.21 2.39 2.52 2.83
C22:6n-3 4.28 4.64 5.05 5.44 6.04
∑n-3 PUFAd 11.10 11.28 11.54 11.60 11.75
∑n-3/∑n-6 0.30 0.32 0.34 0.36 0.39
n-3HUFAe 6.37 6.85 7.44 7.95 8.87
DHA/EPAf 2.04 2.10 2.11 2.16 2.14

a SFA: saturated fatty acids.
b MUFA: mono-unsaturated fatty acids.
c n -6 PUFA: n- 6 poly-unsaturated fatty acids.
d n -3 PUFA: n- 3 poly-unsaturated fatty acids.
e n- 3 HUFA: n- 3 highly-unsaturated fatty acids.
f DHA/EPA: 22:6n- 3/20:5n- 3.
g Some fatty acids, of which the contents are minor, trace amount or not detected, such

as C20:0, C22:0, C24:0, C14:1, C20:1n-9, C22:1n-11, C20:2n-6, C18:3n-6, C20:3n-6,
C18:4n-3, C22:5n-3, are not listed in the table.
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PLs (0%, 2%, 4%, 6% and 8%) and the final dietary PLs concentrationswere
1.32%, 3.05%, 5.86%, 7.4% and 9.63% (Table 3). White fish meal and soy-
beanmealwere chosen as themain protein sources. Fish oil, soybean oil
and soybean lecithin were chosen as the primary lipid sources. Fatty
acid composition of the five experimental diets is given in Table 4. All
formulated diets for larval and juvenile large yellow croaker were
packed in separate silver bags to keep light off and stored at −20 °C
until use.

2.2. Experimental procedures

Larvae used in this study were obtained and reared at Ningde Fufa
Fishery co., Ltd., Fujian, China. All larvae in the hatchery were fed with
rotifers, Brachionus plicatilis (0.5–1.5 × 104 individual L−1) from 3 to 8
DAH, Artemia nauplii (1.0–1.5 × 103 individual L−1) from 6 to 11 DAH,
and live copepods, Calanus sinicus and a commercial pellet diet
(Otohime A, Nissin Marinetec, Yokohama, Japan) from 10 to 14 DAH,
and then the larvae were weaned onto the experimental diets. The ex-
periment was carried out in 9 white plastic tanks (water volume
300 L) at a stocking density of 3000 larvae (mean body weight
3.86 ± 0.12 mg) per tank. They were supplied with seawater that had
been filtered through two-grade sand filter. During the rearing period,
water temperature ranged from 20 to 24 °C, pH from 7.8–8.2 and salin-
ity from 21 to 25‰. About 150–300% of thewater volumewas renewed
daily and there was an air stone in each tank. Larvae were reared under
14 h light: 10 h dark dial cycle photoperiod. Fluorescent light intensity
was 8.5Wm−2maximumduring daytime at thewater surface. The sur-
face water was skimmed with a polyvinylchloride pipe regularly to re-
move the suspended waste. Also, accumulation of feeds and feces at
the tank bottoms was siphoned twice daily. From 15 to 45 DAH, larvae
were manually fed to satiation with the experimental diets eight
times (6:00, 7:00, 8:00, 9:00, 13:00, 14:00, 15:00 and 16:00) daily.

The juveniles were obtained and reared at a commercial farm in
Xiangshan bay, Ningbo, China. Juveniles were fed a commercial diet
for twoweeks to acclimate to the experimental conditions and feeds. Ju-
venile large yellow croaker with similar size (7.36 ± 0.33 g) were dis-
tributed into 15 sea cages (1 m × 1 m × 1.5 m) and each cage was



Table 6
Effects of dietary phospholipids on survival, SGR and lipid composition of larval large
yellow croaker (mean ± S.E.M., n = 3).⁎

Dietary phospholipids level (%)

2.53% 6.32% 12.7%

Initial weight (mg) 3.86 ± 0.12 3.86 ± 0.12 3.86 ± 0.12
Final weight (mg) 23.75a ± 1.12 62.61b ± 2.33 70.17b ± 4.43
Specific growth rate (%/day) 6.06a ± 0.16 9.29b ± 0.12 9.67b ± 0.21
Survival (%) 12.8a ± 1.31 23.3b ± 1.29 22b ± 2.11
Whole body lipid content (%) 9.61a ± 0.52 13.22b ± 0.68 14.72b ± 0.97

⁎ Data with the different superscript letters in the same row are significantly different
(P b 0.05).

Table 5
qPCR primers used in this study.

Target genes Forward (5′–3′) Reverse (5′–3′) GenBank number or publication

CCTα CGCCAGAGTTTCTCGCAAGACATCG CGTGGACAAGGTGAAGAGGAAGGTGC KF006239
CPT GCATCTCCACGATTTAGCCTTC CTGACACAGTAACGCACCAAG KJ563920
DGAT 2 TTCGGTGCTTTCTGCAACTTCG AAGGATGGGGAAGCGGAAGT Yan et al. (2015)
PEMT GTGGGCACTCTACTGGTTGTC TCGGGTTCTCCATGATGTTGAAG KJ563918
sPLA2 IB TCTGGACAGGTGCTGTCAGG AAGATGGGCCAGCACTCAGG Cai et al. (2015)
β-actin CTACGAGGGTTATGCCCTGCC TGAAGGAGTAACCGCGCTCTGT Yan et al. (2015)
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stocked with 60 fish. Each diet was randomly allocated to triplicate
cages of fish. Fish were hand-fed twice daily (05:00 and 17:00) to ap-
parent satiation. The feeding trial lasted for 60 days. During the experi-
mental period, the water temperature, salinity and dissolved oxygen
were measured daily. The water temperature ranged from 25 to 30 °C
and salinity from32‰ to 36‰. The dissolved oxygenwas approximately
7 mg L−1.

2.3. Sampling and dissection

At the end of the experiment, survival was determined by counting
the individuals remaining in each tank or cage for both larvae and juve-
niles. All larvaewere deprived of food for 24 h before sampling to empty
their guts. Fifty individuals were randomly sampled from each tank to
measure wet body weight (BP 210S, Sartorius, Germany). Fifty individ-
uals per tank were sampled and immediately frozen in liquid nitrogen
and stored at−80 °C for thewhole body lipid content analysis. Another
fifty individuals per tank were sampled and immediately frozen in liq-
uid nitrogen and stored at−80 °C for gene expression analysis.

Large yellow croaker juveniles were fasted for 24 h and anaesthe-
tized in eugenol (1:10,000) (Shanghai Reagent, China) for wet weight
determination (JA61001, Shanghai precision &scientific instrument
Co., Ltd., China). The livers and muscle were dissected from five fish
from each cage and immediately frozen in liquid nitrogen and then
stored at −80 °C for lipid content analysis. The livers and muscle of
three fish per cage were sampled and immediately frozen in liquid ni-
trogen and then stored at −80 °C for gene expression analysis.

2.4. Biochemical analysis

The crude lipid contents of thewhole larvae body and the lipid levels
of liver andmuscle of juvenilesweremeasured through ether extraction
using the Soxhlet method (Soxhlet Extraction System B-811, BUCHI,
Switzerland). The fatty acid profiles of the experimental diets were an-
alyzed using the procedures described by Metcalfe et al. (1966) with
some modification (Ai et al., 2008; Zuo et al., 2012a, 2012b). About
100 mg freeze-dried samples were added into a 20 mL volumetric
screwed tube with cover. Then 3 mL potassium hydroxide methanol
(1 N) was added and heated on 72 °C water bath for 20 min. After
that, 3 mL HCL–methanol (2 N) was added and the mixture was heated
on 72 °Cwater bath for another 20min. Finally, 1mL hexanewas added
into the mixture above, shaken vigorously for 1 min, and then allowed
to separate into two layers. Fatty acid methyl esters were separated,
and quantified by a HP6890 gas chromatograph (Agilents Technologies
Inc., Santa Clara, California, USA) with a fused silica capillary column
(007-CW, Hewlett Packard, Palo Alto, CA, USA) and a flame ionization
detector. The column temperature was programmed to rise from
150 °C up to 200 °C at a rate of 15 °C/min, from 200 °C to 250 °C at a
rate of 2 °C/min. Injector and detector temperature was 250 °C,
respectively.

PL content was measured by determining phosphorus content
(phosphoru × 25) using molybdenum blue method (Li et al., 2005;
Zhao et al., 2013). Briefly, about 100 mg freeze-dried samples was
digested with nitric acid and perchloric acid and added with molybde-
num blue reagent. The phosphorus content can be calculated by
assaying the absorbance at 830 nm with the UV-2401PC spectropho-
tometer (Shimadzu Corporation, Japan).

2.5. RNA extraction, cDNA synthesis and real-time quantitative polymerase
chain reaction

Total RNA was extracted using Trizol Reagent (Invitrogen, USA)
and electrophoresed on a 1.2% denaturing agarose gel to test the in-
tegrity. The RNA was treated with RNase-Free DNase (Takara,
Japan) to remove DNA contaminant and reversely transcribed to
cDNA by PrimeScript™ RT reagent Kit (Takara, Japan) following
the instructions. First strand cDNA was diluted by 4 times using
sterilized double-distilled water. Real-time quantitative polymer-
ase chain reaction was carried out in a quantitative thermal cycler
(Mastercycler ep realplex, Eppendorf, Germany). The operational
approach referred to Zuo et al. (2012a, 2012b). The primers se-
quences for CCT, CPT and PEMT were designed and synthesized
based on the published sequences from GenBank and the primers
for β-actin, DGAT 2 and sPLA2 IB were directly synthesized based
on the corresponding sequences in published papers (Cai et al.,
2015; Yan et al., 2015) (Table 5). At the end of each PCR reaction,
melting curve analysis was performed to confirm that only one
PCR product was present in these reactions. The fluorescence data
acquired during the extension phase were normalized to β-actin
via 2−ΔΔCT method (Livak and Schmittgen, 2001). The relative
mRNA expression of target genes in fish fed no PL-supplemented
diet was selected as the calibrator.

2.6. Statistical analysis

Statistical analysis was performed by using SPSS 17.0 for Windows
(SPSS Incorporation, USA). Following testing for homogeneity of vari-
ance, all the data were subjected to a one-way ANOVA and differences
between the means were tested by Duncan's multiple-range test. The
level of significance was set at P b 0.05 and the results were presented
as mean values with their standard errors.

3. Results

3.1. Survival and growth performance

In the present study, larvae fed diets with 6.32% and 12.7% PLs
showed higher survival rate (SR) and specific survival rate (SGR) than

ncbi-n:KF006239
ncbi-n:KJ563920
ncbi-n:KJ563918


Table 7
Effects of dietary phospholipids on survival, SGR and lipid content of juvenile large yellow croaker (mean ± S.E.M., n = 3)⁎.

Dietary phospholipids level (%)

1.32% 3.05% 5.86% 7.4% 9.63%

Initial weight (g) 7.36 ± 0.33 7.36 ± 0.33 7.36 ± 0.33 7.36 ± 0.33 7.36 ± 0.33
Final weight (g) 36.23 ± 2.30 35.78 ± 1.07 31.88 ± 2.92 35.95 ± 3.59 37.12 ± 1.72
Specific growth rate (%/day) 2.65 ± 0.10 2.63 ± 0.05 2.43 ± 0.15 2.63 ± 0.17 2.69 ± 0.08
Survival (%) 95.56 ± 1.47 91.67 ± 5.36 84.44 ± 2.94 89.44 ± 3.38 94.44 ± 2.42
Liver lipid content (%) 21.35a ± 0.47 21.27a ± 0.25 18.60b ± 0.67 18.34bc ± 0.51 16.14c ± 0.25
Muscle lipid content (%) 8.82 ± 0.51 8.73 ± 0.45 7.90 ± 0.49 7.81 ± 0.14 7.14 ± 0.13

⁎ Data with the different superscript letters in the same row are significantly different (P b 0.05).
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larvae fed the diet with 2.53% PLs (P b 0.05, Table 6). SR and SGR were
comparable between larvae fed diets with 6.32% and 12.7% PLs
(P N 0.05, Table 6). However, for juvenile large yellow croaker, SR and
SGR were not significantly different among dietary treatments
(P N 0.05, Table 7).

3.2. Lipid content

In the present study, larvae fed diets with 6.32% and 12.7% PLs
showed higher whole body lipid content than larvae fed the diet with
2.53% PLs (P b 0.05, Table 6). The whole body lipid content was compa-
rable between larvae fed diets with 6.32% and 12.7% PLs (P N 0.05, Table
6). In juvenile stage, no significant difference was found in muscle lipid
content among dietary treatments (P N 0.05, Table 7). Liver lipid levels
Fig. 1. Relative mRNA expression of CCTα, CPT and DGAT 2 in larval large yellow croaker (A
(n=3). Different letters above the bars represent significant difference between experim
2-diacylglycerol choline phosphotransferase; DGAT2: diacylglycerol O-acyltransferas
significantly decreased with the increasing levels of dietary PLs
(P b 0.05, Table 7), with larvae fed the diet with 9.63% PLs showing
the lowest liver lipid content.
3.3. Expression of genes related with phosphatidylcholine biosynthesis and
DGAT2

In larvae, dietary PLs did not significantly affect the mRNA expres-
sion of CCTα, as well as the transcript levels of CPT, DGAT 2 and PEMT
(P N 0.05, Figs. 1A and 2A). In the liver of juvenile large yellow croaker,
the transcript levels of PC biosynthesis-related genes (CCTα, CPT and
PEMT) and DGAT 2 were also not significantly affected by dietary PLs
(P N 0.05, Figs. 1B and 2B).
) and liver of juvenile large yellow croaker (B). Values are presented as means ± S.E.M.
ental groups (P b 0.05). CCTα: CTP: choline phosphate cytidylyltransferase; CPT: 1,
e 2.



Fig. 2. Relative mRNA expression of PEMT in larval large yellow croaker (A) and liver
of juvenile large yellow croaker (B). Values are presented as means ± S.E.M. (n = 3).
Different letters above the bars represent significant difference between experimental
groups (P b 0.05). PEMT: phosphatidylethanolamine N-methyltransferase.
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3.4. Expression of genes related with phosphatidylcholine digestion in
larvae

The transcript levels of sPLA2 IB of larvae fed diets with 6.32% and
12.7% were significantly lower than that of larvae fed the diet with
2.53% PLs (P b 0.05, Fig. 3). The transcript levels of sPLA2 IBwere compa-
rable between larvae in 6.32% and 12.7% PLs groups.

4. Discussion

In the present study, SR and SGR of larvae fed diets with 6.32% and
12.7% PLs were significantly higher than those of larvae fed the diet
Fig. 3. Relative mRNA expression of sPLA2 IB larval large yellow croaker. Values are
presented as means ± S.E.M. (n = 3). Different letters above the bars represent
significant difference between experimental groups (P b 0.05). sPLA2 IB: secretory
phospholipase A2 group IB.
with 2.53% PLs, which confirmed a requirement for PLs in large yellow
croaker larvae (Zhao et al., 2013). However, SR and SGR increased
with the increasing levels of dietary PLs from 2.6% to 5.72% and thereaf-
ter declined in the previous study (Zhao et al., 2013). Fish oil was used
to keep the experimental diets isolipidic in that study, which led to de-
creasing levels of n-3 HUFA from 2.51% to 1.17% dry diet with increment
of dietary PLs (Zhao et al., 2013). Relatively lower content of n-3 HUFA
in the highest level of PLs group might inhibit the growth performance
of larvae. On the contrary, the present study used soybean oil to keep n-
3HUFA content of the experimental diets constant and SR and SGRwere
not compromised by the highest level of dietary PLs. These results em-
phasized the importance to maintain constant n-3 HUFA content of
the experimental diets in order to better understand the role of intact
PLs. In addition, it should be noticed that even though some fatty acids
levels (C16:0, C18:1, C18:2n-6 and C18:3n-3) seemed different be-
tween diets supplemented with 6.32% and 12.7% PLs, no significant dif-
ferences in survival and growth performance were observed in these
two treatments, indicating that these fatty acids might play less impor-
tant role in large yellow croaker larvae comparing with n-3 HUFA.

The lipid levels were significantly lower in the livers of juveniles fed
diets with higher levels of dietary PLs (5.86–9.63% dry diet). Previous
studies in mammals have demonstrated that dietary PLs could inhibit
hepatic triglyceride synthesis and promote hepatic triglyceride
oxidization to reduce lipid content in the liver of rats (Buang et al.,
2005; Rossmeisl et al., 2014). Alternatively, as the most abundant PL
class on the surface of lipoprotein, PC can promote lipid transport
from liver to perihepatic tissues by enhancing the formation of very
low density lipoprotein (Yao and Vance, 1988). Thus, dietary PLs
might also reduce lipid content of the liver in juvenile large yellow
croaker by optimizing lipid metabolism. In the present study, larvae
fed diets with 6.32% and 12.7% PLs showed higherwhole body lipid con-
tent than larvae fed the diet with 2.53% PLs, which was in accordance
with the findings of Gao et al. (2014) and Zhao et al. (2013). Previous
studies demonstrated that PLs could facilitate lipid digestion and ab-
sorption in the intestine of the fish larvae via improved emulsification
(Hung et al., 1997; Koven et al., 1993). However, the exact mechanisms
need to be further investigated.

sPLA2 IB is responsible for the digestion of dietary PLs and can hydro-
lyze the fatty acid ester bond at the sn-2 position of PL and produce a
non-esterified fatty acid and a lysophospholipid (Cai et al., 2015). In
the present study, the transcript levels of SPLA2 IB of larvae fed diets
with 6.32% and 12.7% PLs were significantly lower than that of larvae
fed the diet with 2.53% PLs. This was inconsistent with some studies.
Buchet et al. (2000) found that the increasing levels of PLs could induce
a large increase in sPLA2 IB activity in red drum Sciaenops ocellatus lar-
vae. In addition, the mRNA expression of sPLA2 IB was positively corre-
lated with PLs content in the diets of seabass larvae (Cahu et al., 2003).
One possible reason for this may be because large yellow croaker larvae
in the2.53%PLs group tended tomaximize thehydrolysis of low content
of dietary PLs for utilization through enhancing the expression of sPLA2

IB via negative feedback mechanism. Different fish species and diet for-
mulation might be other reasons.

CCTα catalyzes the rate-limiting step in the CDP-choline pathway.
Nevertheless, the last step catalyzed by CPT can become rate limiting
if the supply of diacylglycerol is restricted (Gibellini and Smith, 2010).
In addition, PC produced from PEmethylation pathway can compensate
for PC production in the liver. The limited capacity of fish larvae to
de novo synthesize PC is the main limiting factor driving the re-
quirement for dietary intact PLs. Thus, in order to provide new insights
into themechanisms related to the requirement for PLs in larvae, we de-
tected the transcript levels of genes encoding key enzymes involved in
endogenous synthesis of PC in large yellow croaker fed diets with graded
levels of PLs, especially at both larval and juvenile stage. There were
apparently no significant effects of dietary PLs concentrations on the
expression of key genes associated with PC synthesis (CCTα, CPT and
PEMT) for larval large yellow croaker. In a recent study, intestinal
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transcriptome in Atlantic salmon fed diets with different levels of PLs
was conducted and the results also showed that dietary treatments
did not significantly affect the transcript levels of any genes related
with phospholipids metabolism in the intestine of 2.5 g fry (De
Santis et al., 2015). Furthermore, Daprà et al. (2011) reported that
the expression of CPT was not significantly affected by dietary PLs
in rainbow trout larvae. One explanation with the results obtained
with the expression of CCTα, CPT and PEMT was that the expression
of these genes was not only regulated at transcriptional level. It has
been reported that the activity of CCT can be regulated efficiently
by translocation on and off membranes (Sugimoto et al., 2008). Fur-
ther studies are needed to determine protein expression and enzyme
activities of CCT, CPT and PEMT. Although no significant difference
was also observed in the expression of PC synthesis-related genes
in the liver of juvenile large yellow croaker, the transcript levels of
CPT in the liver increasedwith the increasing levels of dietary PLs, ac-
companied by the decreasing mRNA expression levels of DGAT 2,
which is involved in triglyceride synthesis. CPT may compete with
DGAT 2 for diacylglycerol in the fish enterocytes (Oxley et al.,
2007), which implied that hepatocytes of large yellow croaker fed
diets with higher levels of PLs might utilize more diacylglycerol for
the synthesis of PC rather than triglyceride, ultimately reducing
lipid accumulation in the liver.

In conclusion, the beneficial effects of dietary PLs on survival and
growth performance of large yellow croaker were restricted on larval
stage. Dietary PLs could not affect the PC synthesis of both larvae
and juveniles at transcriptional level. Dietary PLs might reduce
lipid deposition of liver through utilizing more diacylglycerol for PC
synthesis, rather than triglyceride synthesis.

Conflict of interest

There are no competing interests.

Acknowledgements

This research was supported by the National Natural Science
Foundation of China (Grant no.: 31172425 and 31372541) and the
National Basic Research Program of China (973 Program, grant no.
2014CB138600).

We thank K.K. Men, J.J. Cao, S.J. Xing, S.Q. Lin, L. Cheng and staff in
Ningde Fufa Fishery co., Ltd. for their help during the experiment.

References

Ai, Q.H., Zhao, J.Z., Mai, K.S., Xu, W., Tan, B.P., Ma, H.M., Liufu, Z.G., 2008. Optimal dietary
lipid level for large yellow croaker (Pseudosciaena crocea) larvae. Aquac. Nutr. 14,
515–522.

Alvaro, D., Cantafora, A., Attili, A.F., Ginanni Corradini, S., De Luca, C., Minervini, G., Di
Blasé, A., Angelico, M., 1986. Relationships between bile salts hydrophilicity and
phospholipid composition in bile of various animal species. Comp. Biochem. Physiol.
83B, 551–554.

Azarm, H.M., Kenari, A.A., Hedayati, M., 2013. Effect of dietary phospholipid sources and
levels on growth performance, enzymes activity, cholecystokinin and lipoprotein
fractions of rainbow trout (Oncorhynchus mykiss) fry. Aquac. Res. 44, 634–644.

Buang, Y., Wang, Y.M., Cha, J.Y., Nagao, K., Yanagita, T., 2005. Dietary phosphatidylcholine
alleviates fatty liver induced by orotic acid. Nutrition 21 (7), 867–873.

Buchet, V., Zambonino Infante, J.L., Cahu, C.L., 2000. Effect of lipid level in a compound diet
on the development of red drum (Sciaenops ocellatus) larvae. Aquaculture 184,
339–347.

Cahu, C., Guillaume, J.C., Stephan, G., Chim, L., 1994. Influence of phospholipid and highly
unsaturated fatty acids on spawning rate and egg and tissue composition in Penaeus
vannamei fed semi-purified diets. Aquaculture 126 (1–2), 159–170.

Cahu, C.L., Zambonino Infante, J.L., Barbosa, V., 2003. Effect of dietary phospholipid level
and phospholipid: neutral lipid value on the development of sea bass (Dicentrarchus
labrax) larvae fed a compound diet. Br. J. Nutr. 90, 21–28.

Cai, Z., Xie, F., Mai, K., Ai, Q., 2015. Molecular cloning and genetic ontogeny of some key
lipolytic enzymes in large yellow croaker larvae (Larimichthys crocea R.). Aquac.
Res. http://dx.doi.org/10.1111/are.12697.

Carmona-Antoñanzas, G., Taylor, J.F., Martinez-Rubio, L., Tocher, D.R., 2015. Molecular
mechanism of dietary phospholipid requirement of Atlantic salmon, Salmo salar,
fry. Biochim. Biophys. Acta 1851 (11), 1428–1441.
Cole, L.K., Vance, J.E., Vance, D.E., 2012. Phosphatidylcholine biosynthesis and lipoprotein
metabolism. Biochim. Biophys. Acta 1821 (5), 754–761.

Daprà, F., Geurden, I., Corraze, G., Bazin, D., Zambonino-Infante, J.L., Fontagné-Dicharry, S.,
2011. Physiological and molecular responses to dietary phospholipids vary between
fry and early juvenile stages of rainbow trout (Oncorhynchus mykiss). Aquaculture
319 (3), 377–384.

De Santis, C., Taylor, J.F., Martinez-Rubio, L., Boltana, S., Tocher, D.R., 2015. Influence
of development and dietary phospholipid content and composition on intestinal
transcriptome of Atlantic Salmon (Salmo salar). PLoS One 10 (10), e0140964.

Fagone, P., Jackowski, S., 2013. Phosphatidylcholine and the CDP–choline cycle. Biochim.
Biophys. Acta 1831, 523–532.

Fraser, A.J., Gamble, J.C., Sargent, J.R., 1988. Changes in lipid content, lipid class composi-
tion and fatty acid composition of developing eggs and unfed larvae of cod (Gadus
morhua). Mar. Biol. 99, 307–313.

Fujikawa, Y., Shimokawa, M., Satoh, F., Satoh, O., Yoshioka, D., Aida, S., Uematsu, K., Iijima,
N., 2012. Ontogeny of gene expression of group IB phospholipase A2 isoforms in the
red sea bream, Pagrus major. Comp. Biochem. Physiol. 161A, 185–192.

Gao, J., Koshio, S., Wang, W., Li, Y., Huang, S., Cao, X., 2014. Effects of dietary phospholipid
levels on growth performance, fatty acid composition and antioxidant responses of
Dojo loach Misgurnus anguillicaudatus larvae. Aquaculture 426–427, 304–309.

Geurden, I., Coutteau, P., Sorgeloos, P., 1997. Effect of a dietary phospholipid supplemen-
tation on growth and fatty acid composition of European sea bass (Dicentrarchus
labrax L.) and turbot (Scophthalmus maximus L.) juveniles from weaning onwards.
Fish Physiol. Biochemist 16, 259–272.

Ghosh, M., Tucker, D.E., Burchett, S.A., Leslie, C.C., 2006. Properties of the Group IV
phospholipase A2 family. Prog. Lipid Res. 45, 487–510.

Gibellini, F., Smith, T.K., 2010. The Kennedy pathway—de novo synthesis of phosphatidyl-
ethanolamine and phosphatidylcholine. IUBMB Life 62 (6), 414–428.

Harada, K., 1987. Relationships between structure and feeding attraction activity of cer-
tain L-amino acids and lecithin in aquatic animals. Nippon Suisan Gakkaishi 53,
2243–2247.

Holub, B.J., Nilsson, K., Piekarski, J., Slinger, S.J., 1975. Biosynthesis of lecithin by the CDP-
choline pathway in liver micosomes of rainbow trout, Salmo gairdneri. J. Fish. Res.
Board Can. 32, 1633–1637.

Hung, S.S.O., Berge, G.M., Storebakken, T., 1997. Growth and digestibility of soya lecithin
and choline chloride in juvenile Atlantic salmon. Aquac. Nutr. 3, 141–144.

Kanazawa, A., 1997. Effects of docosahexaenoic acid and phospholipids on stress
tolerance of fish. Aquaculture 155, 129–134.

Koven, W.M., Kolkovski, S., Tandler, A., Kissil, G.W., Sklan, D., 1993. The effect of dietary
lecithin and lipase, as a function of age, on n-9 fatty acid incorporation in the tissue
lipids of Sparus aurata larvae. Fish Physiol. Biochem. 10, 357–364.

Li, B.Q., Deng, Y.J., Suo, X.B., 2005. Determinating contents of phospholipids in liposomal
gel with molybdenum blue method. Chin. J. Pharm. 3, 306–310 (In Chinese).

Livak, K.J., Schmittgen, T.D., 2001. Analysis of relative gene expression data using
real-time quantitative PCR and the 2−ΔΔCT method. Methods 25 (4), 402–408.

Metcalfe, L.D., Schmitz, A.A., Pelka, J.R., 1966. Rapid preparation of fatty acid esters from
lipids for gas chromatographic analysis. Anal. Chem. 38, 514–515.

Murakami, M., Kudo, I., 2002. Phospholipase A2. J. Biochem. 131, 285–292.
Oxley, A., Jutfelt, F., Sundell, K., Olsen, R.E., 2007. Sn-2-monoacylglycerol, not glycerol, is

preferentially utilised for triacylglycerol and phosphatidylcholine biosynthesis
in Atlantic salmon (Salmo salar L.) intestine. Comp. Biochem. Physiol. 146B, 115–123.

Pérez-Gil, J., 2008. Structure of pulmonary surfactant membranes and films: the role
of proteins and lipid-protein interactions. Biochim. Biophys. Acta 1778,
1676–1695.

Poston, H.A., 1990. Effect of body size on growth, survival and chemical composition of
Atlantic salmon fed soy lecithin and choline. Progress. Fish Cult. 52, 226–230.

Rainuzzo, J.R., Reitan, K.I., Jørgensen, L., 1992. Comparative study on the fatty acid
and lipid composition of four marine fish larvae. Comp. Biochem. Physiol.
103B, 21–26.

Robinson, B.S., Yao, Z., Baisted, D.J., Vance, D.E., 1989. Lysophosphatidylcholine metabo-
lism and lipoprotein secretion by cultured rat hepatocytes deficient in choline.
Biochem. J. 260 (1), 207–214.

Rossmeisl, M., Medrikova, D., Van Schothorst, E.M., Pavlisova, J., Kuda, O., Hensler, M.,
Hensler, M., Bardova, K., Flachs, P., Stankova, B., Vecka, M., Tvrzicka, E., Zak, A.,
Keijer, J., Kopecky, J., 2014. Omega-3 phospholipids from fish suppress hepatic
steatosis by integrated inhibition of biosynthetic pathways in dietary obese mice.
Biochim. Biophys. Acta 1841 (2), 267–278.

Sæle, Ø., Nordgreen, A., Olsvik, P.A., Hamre, K., 2011. Characterisation and expression of
secretory phospholipase A2 group IB during ontogeny of Atlantic cod (Gadus
morhua). Br. J. Nutr. 105, 228–237.

Seoka, M., Kurata, M., Tamagawa, R., Biswas, A.K., Biswas, B.K., Yong, A.S.K., Kim, Y.S., Ji,
S.C., Takii, K., Kumai, H., 2008. Dietary supplementation of salmon roe phospholipid
enhances the growth and survival of Pacific bluefin tuna Thunnus orientalis larvae
and juveniles. Aquaculture 275 (1), 225–234.

Skipski, V.P., Barclay, M., Barclay, R.K., Fetzer, V.A., Good, J.J., Archibald, F.M., 1967. Lipid
composition of human serum lipoproteins. Biochem. J. 104 (2), 340.

Sugimoto, H., Banchio, C., Vance, D.E., 2008. Transcriptional regulation of phosphatidyl-
choline biosynthesis. Prog. Lipid Res. 47, 204–220.

Taylor, J.F., Martinez-Rubio, L., del Pozo, J., Walton, J.M., Tinch, A.E., Migaud, H., Tocher,
D.R., 2015. Influence of dietary phospholipid on early development and performance
of Atlantic salmon (Salmo salar). Aquaculture 448, 262–272.

Tocher, D.R., Fraser, A.J., Sargent, J.R., Gamble, J.C., 1985. Fatty acid composition of phos-
pholipids and neutral lipids during embryonic and early larval development in Atlan-
tic herring (Clupea harengus, L.). Lipids 20 (2), 69–74.

Tocher, D.R., Bendiksen, E.Å., Campbell, P.J., Bell, J.G., 2008. The role of phospholipids in
nutrition and metabolism of teleost fish. Aquaculture 280 (1), 21–34.

http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0005
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0005
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0005
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0010
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0010
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0010
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0015
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0015
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0015
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0020
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0020
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0025
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0025
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0025
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0030
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0030
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0030
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0035
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0035
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0035
http://dx.doi.org/10.1111/are.12697
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0045
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0045
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0045
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0050
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0050
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0055
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0055
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0055
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0060
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0060
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0060
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0065
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0065
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0075
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0075
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0075
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0080
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0080
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0080
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0085
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0085
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0085
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0090
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0090
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0090
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0090
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0095
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0095
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0095
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0100
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0100
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0105
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0105
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0105
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0110
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0110
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0110
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0115
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0115
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0120
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0120
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0125
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0125
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0125
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0130
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0130
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0135
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0135
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0135
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0135
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0140
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0140
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0145
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0150
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0150
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0150
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0155
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0155
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0155
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0160
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0160
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0165
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0165
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0165
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0170
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0170
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0170
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0175
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0175
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0175
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0180
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0180
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0180
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0180
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0185
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0185
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0185
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0190
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0190
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0195
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0195
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0200
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0200
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0205
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0205
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0205
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0210
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0210


66 S. Feng et al. / Aquaculture 469 (2017) 59–66
Vance, D.E., 2013. Physiological roles of phosphatidylethanolamine N-methyltransferase.
Biochim. Biophys. Acta 1831, 626–632.

Van-Meer, G., Voelker, D.R., Feigenson, G.W., 2008. Membrane lipids: where they are and
how they behave. Nat. Rev. Mol. Cell Biol. 9, 112–124.

Xie, F., Ai, Q., Mai, K., Xu, W., Ma, H., 2011. The optimal feeding frequency of large yellow
croaker (Pseudosciaena crocea, Richardson) larvae. Aquaculture 311, 162–167.

Yan, J., Liao, K., Wang, T., Mai, K., Xu, W., Ai, Q., 2015. Dietary lipid levels influence lipid
deposition in the liver of large yellow croaker (Larimichthys crocea) by regulating li-
poprotein receptors, fatty acid uptake and triacylglycerol synthesis and catabolism at
the transcriptional level. PLoS One 10 (6), e0129937.

Yao, Z.M., Vance, D.E., 1988. The active synthesis of phosphatidylcholine is required for
very low density lipoprotein secretion from rat hepatocytes. J. Biol. Chem. 263 (6),
2998–3004.
Zhao, J., Ai, Q., Mai, K., Zuo, R., Luo, Y., 2013. Effects of dietary phospholipids on survival,
growth, digestive enzymes and stress resistance of large yellow croaker, Larmichthys
crocea larvae. Aquaculture 410, 122–128.

Zuo, R., Ai, Q., Mai, K., Xu, W., Wang, J., Xu, H., Liufu, Z., Zhang, Y., 2012a. Effects of dietary
n-3 highly unsaturated fatty acids on growth, nonspecific immunity, expression of
some immune related genes and disease resistance of large yellow croaker
(Larmichthys crocea) following natural infestation of parasites (Cryptocaryon irritans).
Fish Shellfish Immunol. 32, 249–258.

Zuo, R., Ai, Q., Mai, K., Xu, W., Wang, J., Xu, H., Liufu, Z., Zhang, Y., 2012b. Effects of dietary
docosahexaenoic to eicosapentaenoic acid ratio (DHA/EPA) on growth, nonspecific
immunity, expression of some immune related genes and disease resistance of
large yellow croaker (Larmichthys crocea) following natural infestation of parasites
(Cryptocaryon irritans). Aquaculture 334–337, 101–109.

http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0215
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0215
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0220
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0220
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0225
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0225
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0230
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0230
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0230
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0230
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0235
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0235
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0235
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0240
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0240
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0240
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0245
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0245
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0245
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0245
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0245
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0250
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0250
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0250
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0250
http://refhub.elsevier.com/S0044-8486(16)31132-2/rf0250

	Effects of dietary phospholipids on growth performance and expression of key genes involved in phosphatidylcholine metaboli...
	1. Introduction
	2. Materials and methods
	2.1. Feed ingredients and diet formulation
	2.2. Experimental procedures
	2.3. Sampling and dissection
	2.4. Biochemical analysis
	2.5. RNA extraction, cDNA synthesis and real-time quantitative polymerase chain reaction
	2.6. Statistical analysis

	3. Results
	3.1. Survival and growth performance
	3.2. Lipid content
	3.3. Expression of genes related with phosphatidylcholine biosynthesis and DGAT2
	3.4. Expression of genes related with phosphatidylcholine digestion in larvae

	4. Discussion
	Conflict of interest
	Acknowledgements
	References


