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The lower HUFa content in the Tiso and nanno diets did 
not affect larval development or lipid reserve accumula-
tion. The superoxide dismutase gene expression suggests a 
reduced oxidative stress in the Cocktail group, and overall 
results indicate that gh gene expression could be a valuable 
indicator of development at the molecular level in response 
to dietary HUFa quality during metamorphosis in winter 
flounder.

Introduction

In many marine fish species, metamorphosis is a critical 
step during which animals undergo profound physiologi-
cal and morphological modifications that are controlled by 
a coordinated change in gene expression (Bao et al. 2005; 
Hildahl et al. 2007; Wang et al. 2011). Metamorphosis pro-
cesses differ between flatfish and pelagic fish species: flat-
fish metamorphosis is characterized by striking anatomical 
transformations that involve a 90° rotation in body position, 
asymmetrical pigmentation, and the migration of one eye 
toward the other on the upper side of the fish. This pro-
cess is correlated with a transition from the pelagic to the 
benthic habitat (Fuiman 1997; gibson 1997; geffen et al. 
2007) that involves modifications in feeding habits and 
digestive physiology (Tanaka et al. 1996; lagardère et al. 
1999; Cañavate et al. 2006). In marine fish production, 
metamorphosis is a crucial phase and its success is strongly 
related to survival rate, growth, and pigmentation develop-
ment (geffen et al. 2007).

It is well known that metamorphosis is affected by envi-
ronmental factors such as temperature and photoperiod 
(Policansky 1982; Solbakken and Pittman 2004) as well 
as the nutritional environment (Tocher 2010; Pinto et al. 
2010; Olivotto et al. 2011). The nutritional environment is 

Abstract The aim of this study was to evaluate the effect 
of a dietary highly unsaturated fatty acid (HUFa) defi-
ciency on winter flounder Pseudopleuronectes americanus 
metamorphosis by examining the growth and the expres-
sion of genes involved in some key metabolic processes: 
lipid digestion, oxidative stress, and growth. Three groups 
of fish were fed rotifers enriched with different blends of 
microalgae providing different HUFa profiles: (1) a diet 
comprising a mixture of three microalgae, Nannochloropsis 
oculata, Isochrysis galbana, and Pavlova lutheri (Cocktail 
diet), which contained a balanced combination of ecosap-
entaenoic acid (ePa), docosahexaenoic acid (DHa), and 
arachidonic acid (aa); (2) the N. oculata diet (nanno diet), 
with a low level of DHa; and (3) the I. galbana diet (Tiso 
diet), characterized by low levels of ePa and aa. The 
results indicate that the need for DHa increased from set-
tlement and for ePa and aa from 15 days after settlement. 
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of particular importance during marine fish metamorphosis 
because it must provide the energy required for cellular, 
tissular, and functional remodelling (Sargent 1999; Tocher 
2010). nutritional deficiencies have been shown to be the 
cause of abnormal pigmentation and bone deformities com-
monly encountered during the culture of larval fishes (Miki 
et al. 1990; Kanazawa 1993; Bolker and Hill 2000; Hamre 
et al. 2005; Mazurais et al. 2009). In particular, lipid defi-
ciencies may impair larval health, growth, and feeding effi-
ciency and may also cause anemia and high larval mortality 
(Sargent 1999; Copeman et al. 2002; Cahu 2003; Olivotto 
et al. 2011). among lipids, 20- and 22-carbon highly unsat-
urated fatty acids from the n-3 and n-6 series (n-3 and n-6 
HUFas), such as ecosapentaenoic acid (ePa, 20:5n-3), 
docosahexaenoic acid (DHa, 22:6n-3), and arachidonic 
acid (aa, 20:4n-6), perform a variety of important physi-
ological functions in all vertebrates (Sargent et al. 2002). In 
fish larvae, they are preferentially incorporated into mem-
brane phospholipids (linares and Henderson 1991) and 
have been shown to play key roles in ontogenesis, growth, 
survival, pigmentation, and resistance to stress and disease 
as well as in the development and functionality of the brain, 
vision, and the nervous system (for reviews, see Sargent 
et al. 2002; glencross 2009; Tocher 2010). While they are 
essential for several vital functions, HUFas from the n-3 
and n-6 series are generally only minimally synthesized de 
novo in marine fishes and must therefore be supplied by 
food (Teshima et al. 1992).

lipid digestion is a key metabolic process that develops 
during metamorphosis: dietary lipids play an important role 
as energy sources to achieve metamorphosis in carnivorous 
fishes, which have few carbohydrates available for energy 
(Watanabe 1982). lipid digestion is facilitated by the acti-
vation of lipases (Iijima et al. 1998), the most important of 
which in teleosts is bile salt-activated lipase (Bal) (Pat-
ton et al. 1977; gjellesvik 1992; Murray et al. 2003; Darias 
et al. 2007; Sæle et al. 2010). Bal hydrolyzes the ester bonds 
of triacylglycerols (Tags), and the digestion products are 
absorbed by the enterocytes located on the gut epithelial wall.

The development of digestive pathways and of all other 
metabolic pathways occurring during metamorphosis cre-
ates a high metabolic demand. To meet this demand, fishes 
increase their exogenous oxygen consumption (Fernán-
dez-Díaz et al. 2001), which can increase the production 
of reactive oxygen species (rOS). rOS are waste prod-
ucts from mitochondrial oxidation and may cause dam-
age to lipids, proteins, and Dna in fish tissues (Fridovich 
2004; Mourente et al. 2007). rOS are continually detoxi-
fied and removed from cells by antioxidant enzymes. The 
study of the mechanisms behind oxidative stress in fish is 
an emerging field in aquaculture, and enzymatic activities 
as well as mrna transcription levels have been charac-
terized in several species (Mourente 1999; Fontagné et al. 

2008; Todorcevic et al. 2009; Tovar-ramírez et al. 2010; 
Ji et al. 2011; Zuo et al. 2012a, b). among antioxidant 
enzymes, superoxide dismutase (Sod) catalyzes the dis-
mutation of superoxide radicals to hydrogen peroxide and 
oxygen (Halliwell 2006). Studies on turbot (Peters and liv-
ingstone 1996), common dentex Dentex dentex (Mourente 
1999), and rainbow trout Oncorhynchus mykiss (Fontagné 
et al. 2008) have shown that Sod is required at very early 
developmental stages to reduce elevated tissue concentra-
tions of oxygen. Moreover, in rainbow trout, Sod was the 
only antioxidant enzyme with readily measurable activity 
in embryos, contrary to catalase and glutathione peroxi-
dase. Sod activity during metamorphosis has recently been 
shown to depend on the n-3 HUFa dietary content in atlan-
tic salmon Salmo salar (Todorcevic et al. 2009), juvenile 
grass carp Ctenopharyngodon idellus (Ji et al. 2011), and 
yellow croaker Larimichthys crocea (Zuo et al. 2012a). The 
mrna levels of antioxidant enzymes are known to be valid 
biomarkers of oxidative stress (Olsvik et al. 2005). How-
ever, to our knowledge, there are no reports concerning the 
effect of dietary HUFa content on the expressions of genes 
coding for antioxidant enzymes during early developmental 
stages of marine fish larvae.

While several studies have focussed on flatfish metamor-
phosis and the effects of HUFa dietary content on key pro-
cess during flatfish development at the enzymatic level, very 
little is known about the genetic mechanisms underlying 
metamorphosis and about the role of HUFa in these mecha-
nisms. In this context, our aim was to study the effect of a 
dietary HUFa deficiency on flatfish metamorphosis through 
the measure of growth and the expression of genes involved 
in some key metabolic processes occurring during metamor-
phosis: lipid digestion, oxidative stress, and growth. The 
model we used was winter flounder, a common inshore flat-
fish geographically distributed from labrador (atlantic Can-
ada, 53°n) to georgia (southeast United States, 33°n) (Scott 
and Scott 1988). Since the 1970s, this species has been iden-
tified as a promising candidate for cold-water marine aqua-
culture due to its tolerance to a wide range of temperatures 
(from −1.9 to 25 °C; Duman and Devries 1974; Fletcher and 
Smith 1980) and salinities (from 3 to 40; McCracken 1963), 
its good response to gamete stripping as well as the possi-
bility of cryopreserving sperm (rideout et al. 2003), and its 
high commercial value (Fairchild et al. 2007).

Starting at mouth opening, three groups of winter floun-
der larvae were fed rotifers enriched with different blends 
of microalgae providing different HUFa profiles. The 
expressions of genes involved in growth [growth hormone 
(gh)], lipid digestion [bile salt-activated lipase (bal)], and 
triacylglycerol lipase (tag), and oxidative stress [superox-
ide dismutase (sod)] were surveyed for 30 days starting 
at settlement; these were compared to gene expressions in 
pelagic larvae just prior to settlement.
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Materials and methods

Fish rearing conditions

all experiments were conducted at the Station aquicole de 
Pointe-au-Père (ISMer/UQar, 48°27′n; 68°32′W, QC, 
Canada), and all fish manipulations were done according 
to the Canadian Council of animal Protection recommen-
dations and protocols approved by the University’s animal 
Care Committee.

egg stripping and fertilization were done according to 
Ben Khemis et al. (2000). Once hatched (day 0), larvae 
were transferred into nine 55-l cylindro-conical tanks 
(density 250 larvae l−1) placed in a temperature-con-
trolled room (10 °C) and exposed to a 12–12 (light/dark) 
photoperiod cycle. These tanks were supplied with flow-
ing filtered ambient seawater except during the feeding 
period (09:00–17:00), when flow was stopped. a perma-
nent upwelling was maintained in each tank by the aera-
tion system placed at the bottom of a vertical strainer. From 

mouth opening (4 days post-hatching, dph) until the end 
of the experiment, larvae were fed the rotifer Brachionus 
plicatilis (5 ind. ml−1) enriched with one of three differ-
ent microalgal diets to modify their fatty acid profiles (see 
Seychelles et al. 2009 for the enrichment protocol): (1) the 
Cocktail diet (Nannochloropsis oculata, Isochrysis gal-
bana, and Pavlova lutheri), containing a balanced combi-
nation of ePa, DHa, and aa (ePa/DHa/aa = 3.8/2.9/1); 
(2) the nanno diet (N. oculata), with a low level of 
DHa (ePa/DHa/aa = 3.4/0.5/1); and (3) the Tiso 
diet (I. galbana), with low levels of ePa and aa 
(ePa/DHa/aa = 1.3/6.3/1). The fatty acid composition 
of each diet is reported in Table 1. Three larval tanks were 
used for each experimental diet (N = 3 per diet).

When settlement occurred (~45 dph), newly settled lar-
vae were collected every 3 days and transferred into rec-
tangular tanks (35.5 × 65 × 6.5 cm). each replicate tank 
contained 300 individuals. Post-settled larvae were reared 
according to Fraboulet et al. (2010), using flowing filtered 
seawater (50 μm, 2 l min−1) under natural conditions of 

Table 1  lipid composition 
(lipid classes: % of total lipids, 
mean ± SD; fatty acids: % of 
total fatty acids, mean ± SD) of 
rotifers enriched with the Tiso 
(Isochrysis galbana), nanno 
(Nannochloropsis oculata), and 
Cocktail (Isochrysis galbana, 
Nannochloropsis oculata, 
Pavlova lutheri) diets (N = 3 
tanks per diet)

Only Fas with a content >2 % 
are presented

KET ketone, TAG triglyceride, 
ST sterols, AMPL acetone-
mobile polar lipids, PLP 
phospholipids, AA arachidonic 
acid, EPA ecosapentaenoic acid, 
DHA docosahexaenoic acid, 
SFA saturated fatty acids, MUFA 
monounsaturated fatty acids, 
PUFA polyunsaturated fatty 
acids, EFA essential fatty acids, 
FA fatty acids

Diets not sharing a common 
letter are significantly different 
(P < 0.05)

lipid class Cocktail diet Tiso diet nanno diet p F df

Mean SD Mean SD Mean SD

KeT 70.9 6.5 41.8 23.7 36.0 25.8 0.33 1.7 2

Tag 7.2 8.6 17.1 17.8 22.6 8.0 0.53 0.8 2

ST 0.0 0.0 7.5 0.3 1.1 1.5 0.06 7.8 2

aMPl 9.2 2.7 11.2 8.3 23.9 11.5 0.30 1.8 2

PlP 12.1 0.3 22.5 2.2 16.4 7.7 0.22 2.6 2

Fatty acid

 14:0 7.5a,b 0.7 11.3b 0.9 4.8a 1.2 0.03 16.0 2

 16:0 18.3a,b 0.3 14.2a 0.9 25.2b 1.4 0.00 16.0 2

 18:0 2.7 1.1 2.4 0.0 2.8 0.3 0.70 0.4 2

 22:0 3.3 2.0 3.0 0.1 2.8 0.4 0.95 0.1 2

 24:0 1.0 1.3 2.9 0.1 2.8 0.3 0.16 3.7 2

 16:1 11.7a,b 2.0 2.6a 0.2 16.6b 2.4 0.02 16.0 2

 18:1n-9c 7.2 0.9 12.8 0.5 6.9 0.2 0.13 4.3 2

 18:1n-7 2.4 0.4 2.8 0.4 1.4 0.3 0.06 8.6 2

 18:2n-6c 3.3a,b 0.4 5.0b 0.0 2.4a 0.0 0.03 16.0 2

 18:3n-3 2.0b 0.4 3.7c 1.4 0.8a 0.1 0.01 24.0 2

 18:4n-3 4.8a,b 0.4 6.2b 0.1 1.5a 0.2 0.03 16.0 2

 20:4n-6 (aa) 2.6a,b 0.6 1.5a 0.1 3.4b 0.0 0.03 16.0 2

 20:5n-3 (ePa) 9.9b 2.1 1.9a 0.0 11.6b 0.7 0.02 18.4 2

  22:6n-3 (DHa) 7.7b 1.9 9.5b 0.5 1.7a 0.2 0.03 15.5 2

 Σ SFa 53.6 11.9 52.9 0.9 56.8 4.1 0.58 0.7 2

 Σ MUFa 25.7 0.9 25.1 0.4 26.8 3.0 0.72 0.4 2

 DHa/ePa 0.8 0.0 5.0 0.1 0.2 0.0 0.00 1,658 2

 ePa/aa 3.9 1.2 1.3 0.0 3.4 0.1 0.13 4.2 2

 Σ PUFa 37.0 2.3 36.3 1.0 29 1.4 0.17 3.5 2

 Σ eFa 20.2 3.5 12.9 0.6 16.7 0.5 0.13 4.3 2

 Total Fa (mg g−1) 14.3 6.2 13.2 0.5 13.6 1.3 0.98 0.02 2



988 Mar Biol (2014) 161:985–999

1 3

temperature (10.4 ± 1 °C), salinity (28.8 ± 1.3), and pho-
toperiod (artificial light 400 lux). each day, post-settled lar-
vae were fed the same diet as during pelagic larval stage 
(i.e., nanno, Tiso, or Cocktail; 5 rotifers ml−1 at 11:00, 
13:00, and 16:00), supplemented with 10 microdiet meals 
(gemma wean; www.skretting.com) every 30 min between 
09:00 and 11:00 and between 13:30 and 15:30. Seawater 
flow was stopped between 09:00 and 12:00 and between 
13:00 and 17:00 to avoid rotifer loss. Water was renewed 
between 12:00 and 13:00 and overnight. Dead individuals 
and excess microdiet were removed every day and tanks 
were cleaned every 2 weeks.

rotifer culture and sampling

rotifers were cultured in triplicate in 18-l tanks and 
enriched with fresh microalgae produced in a semi-contin-
uous system in a closed photobioreactor (Seychelles et al. 
2009). Microalgae were added once a day, with the total 
amount of cells provided being adjusted based on rotifer 
numbers in the culture tanks (106 rotifers l−1). Microalga 
concentration was 10 × 109 cells l−1 for I. galbana (Tiso 
diet), 20 × 109 cells l−1 for N. oculata (nanno diet), and 
12 × 109 cells l−1 for the Cocktail diet (1:1:1 N. oculata, I. 
galbana, and P. lutheri). after 72 h of enrichment, two ali-
quots of 20,000 rotifers from each replicate were taken for 
lipid analysis (N = 3 tanks per diet). rotifers were rinsed 
with filtered seawater (0.2 μm) on a 50-μm filter and 
stored at −80 °C in 1 ml dichloromethane in amber glass 
vials with Teflon-lined caps until lipid extraction.

larval sampling

larvae were sampled in the morning before their first meal 
(12 h fast prior to sampling). at the peak of settlement, 
early-settled larvae (S0) and pelagic larvae (Pl) were sam-
pled. larvae were also sampled 15 (S15) and 30 (S30) days 
after settlement. at each sampling period, 10 individu-
als per tank were collected and anaesthetized (MS-222, 
0.05 g l−1) for growth measurements, three subsamples of 
five or six larvae per tank were frozen at −80 °C for lipid 
analysis, and four subsamples of six larvae per tank were 
preserved in five volumes of rnalater® (applied Biosys-
tems, Ca, USa) for 24 h before being frozen at −80 °C for 
gene expression measurements.

lipid analysis

For each subsample, whole frozen larvae and enriched 
rotifers were weighed and homogenized (Dounce homog-
enizer) at 4 °C in dichloromethane/methanol (2:1 v/v). 
Total lipids were extracted (Folch et al. 1957) with chlo-
roform replaced by dichloromethane. lipid classes 

[triacylglycerols (Tag), free sterols (ST), phospholipids 
(PlP), acetone-mobile polar lipids (aMPl), free fatty acids 
(FFa), and ketones (KeT)] were determined on 4 μl of 
total lipids by thin-layer chromatography with flame ioni-
zation detection (TlC–FID) using an Iatroscan MK6 (Shell 
USa, Va, USa; Parrish 1987). extracts were spotted onto 
chromarods coated with silica gel (SIII, Shell USa), and a 
three-stage development system was used. Chromatograms 
were recorded using PeakSimple software (version 3.21, 
SrI Inc., Ca, USa), and peak areas were quantified using 
calibration curves obtained from scans of standards (Sigma 
Chemicals, Inc., MO, USa). lipid classes were calculated 
in μg of lipids per mg of dry mass, summed, and expressed 
as percentages of total lipids.

Total lipid extracts were dried, and fatty acid methyl 
esters (FaMes) were prepared (lepage and roy 1984) 
and analyzed in mass spectrometry scan mode (ionic range 
60–650 m/z) on a Polaris Q ion trap coupled to a trace gas 
chromatography gC (Thermo Finnigan, Mississauga, On, 
Canada) equipped with a Valcobond VB-5 capillary column 
(VICI Valco Instruments Co. Inc., Broakville, On, Can-
ada); data were treated using Xcalibur version 1.3 software 
(Thermo Scientific, Mississauga, On, Canada). FaMes 
were identified by comparing retention times with known 
standards (Supelco 37 Component FaMe Mix and men-
haden oil; Supleco Inc., Belfonte, Pa, USa). Data acquisi-
tion and processing were performed using the excalibur 2.1 
software (ThermoScientific, Fisher, On, Canada).

growth measurements

Total length, standard length (i.e., notochord length), 
and maximum width were measured using a micrometer 
(±0.001 mm) on ten larvae per tank (N = 3 tanks per treat-
ment) at Pl, S0, S15, and S30 stages.

Primer design for superoxide dismutase sod, growth hor-
mone gh, and glyceraldehyde-3 phosphate dehydrogenase 
gapdh cloning and sequencing

Primers were designed from mrna sequences to obtain 
PCr products ranging from 90 to 150 bp using Primer 
express® software version 3.0 (applied Biosystems, Ca, 
USa). While the mrna sequences for the tag and bal 
genes were available for Pseudopleuronectes americanus 
(Benson et al. 2005), those for sod, gh, and gapdh were 
not. Primers for sod, gh, and gapdh were designed from 
sequences available for Platichtys flesus and Paralichtys 
olivaceus. Sequences of primers used for each gene, the 
percentages of similarity between the sequences obtained, 
the source sequences, and the length of the amplicon 
obtained are presented in Table 2.

PCrs using the newly designed primers were carried 
out on a Mastercycler® epgradient S (eppendorf) in a 
total volume of 25 μl containing 5 μl of cDna (initial 

http://www.skretting.com
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concentration 500 ng μl−1), 2.25 μl of each forward and 
reverse primers (10 μmol l−1), 2.5 μl of buffer (expand 
High Fidelity PCr Buffer 10X with MgCl2; roche diag-
nostics, QC, Canada), 0.1 μl of Dna polymerase (expand 
High Fidelity 3.5 U/μl, roche diagnostics, QC, Canada), 
1 μl dnTP (2.5 mM Mix, roche diagnostics, QC, Can-
ada), and 11.9 μl of sterile water. Thermal cycling was 
initiated with 10 min at 95 °C and then 2 min at 50 °C, fol-
lowed by 40 cycles consisting of 15 s at 95 °C and 1 min 
at 60 °C. a last cycle of 10 min at 60 °C was performed to 
obtain poly-a tails for future cloning.

For each gene, the amplicon obtained with the newly 
designed primers was sequenced to verify whether its 
sequence corresponded to the targeted gene sequence. 
The amplicon was first cloned using the TOPO Ta Clon-
ing Kit for Sequencing® (Invitrogen Inc., On, Canada). 
Plasmid cDna was extracted using the eZna Plasmid 
Mini Kit I® (Omega Bio-Tek, ga, USa) and sequenced 
in forward and reverse directions using the Big Dye Ter-
minator version 3.1 Cycle sequencing kit (applied Bio-
systems, Ca, USa). The sequencing reactions were per-
formed with a Perkinelmer Dna Thermal Cycler 480 in 
a total volume of 10 μl containing 3 μl of cDna, 1 μl 
of 5× buffer (applied Biosystems, Ca, USa), 2 μl of 
Big Dye Terminator version 3 chemistry® (applied Bio-
systems, Ca, USa), 2 μl of forward and reverse prim-
ers (1.0 μM) for plasmid (T3 or T7; applied Biosystems, 
Ca, USa), and 2 μl of sterile water. The sequencing 
parameters were as follows: 1 min at 95 °C, 35 cycles of 
10 s at 96 °C, 5 s at 50 °C, and 4 min at 60 °C. Unincor-
porated nucleotides were removed using Ultra-Step Dye 
Terminator removal Kit® (eaZy nucleic Isolation, ezna, 
Omega Bio-Tek, ga, USa). electrophoresis was car-
ried out using an aBI 3130 genetic analyzer (applied 
Biosystems, Ca, USa). For each gene, the sequence 

specificity was verified using BlaST software (altschul 
et al. 1990).

gene expression measurements

relative expressions of sod, bal, tag, and gh were deter-
mined as in Vagner et al. (2013). Briefly, total rna was 
extracted from 30 mg of larvae in three tanks per treat-
ments using an rneasy Plus Mini Kit® (Qiagen, Inc., On, 
Canada) according to the manufacturer’s instructions. Total 
rna purity and concentrations were determined using 
the 260/280 nm absorbance ratio measured with a nan-
odrop nD-1000 Spectrophotometer version 3.3.0 (nan-
oDrop Technologies, Inc., De, USa). rna purity was 
also assessed by running an aliquot of all rna samples 
on 1.2 % agarose gel stained with ethidium bromide. The 
260/280 nm ratio for all samples ranged from 1.6 to 2.0, 
and the intensity ratio of the 28 s and 18 s rrna bands was 
always approximately 2:1.

Duplicate measures of cDnas were immediately 
obtained by reverse transcription on 1 μg of total rna for 
each sample using a Quantitect reverse Transcription kit® 
with integrated removal of genomic Dna contamination 
(Qiagen, Inc., On, Canada). cDna concentrations were 
determined using a nanodrop spectrophotometer. cDna 
duplicates were pooled for each sample and stored at 
−20 °C until analyses. For each gene, qPCr analyses were 
performed in duplicate (Biorad MyiQ I cycler, Bio-rad 
laboratories, Inc., On, Canada) on each pool of cDna in 
a total volume of 15 μl containing 5 μl of cDna (mean 
initial concentration 20.0 ± 2.4 μg ml−1), 0.5 μl of prim-
ers (10 μmol l−1), 1.5 μl of sterile water, and 7.5 μl of 
2X iQ SYBr green Supermix® (Bio-rad laboratories, 
Inc., On, Canada). Thermal cycling of real-time PCr was 
initiated with an incubation at 95 °C for 13.5 min for the 

Table 2  Primers used for Pseudopleuronectes americanus in qPCr analysis

The genBank accession number identifies the sequence of the species used for primer design. The size of the PCr amplicon (bp) as well as the 
percentage of similarity obtained between the sequence of the amplicon and that of the genBank species are provided

tag Triacylglycerol lipase, bal bile salt-activated lipase, sod superoxide dismutase, gh growth hormone, gapdh glyceraldehyde-3 phosphate dehy-
drogenase

Target Primer sequence (5′ → 3′) Sequence used for primer design (genBank 
accession number)

Sequence similarity (%) amplicon size (bp)

tag F: gTggCTTCgaCgagaaaaaC
r: aagTCaaaCgCTgCCagTCT

P. americanus (aF512562) 99 138

bal F: ggaCaaCgCCTaCTCCaCaT
r: gCCTgTgTaggaaCCaggaa

P. americanus (aF512561) 98 116

sod F: TggagaCaaCaCaaaCggg
r: CaTTgagggTgagCaTCTTg

Platichthys flesus (aJ291980) 95 138

gh F: CCTgaagCTgaTagaggCCaaT
r: ggagCaCCgaaCTCTCagaga

Paralichtys olivaceus (M23439) 96 76

gapdh F: CaaCggCgaCaCTCaCTCCTC
r: TCgCagaCaCggTTgCTgTag

P. olivaceus (aB029337) 85 87
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activation of the hot-start enzyme, iTaq™ Dna polymer-
ase. after this initial step, 45 cycles of PCr were per-
formed. each PCr cycle consisted of 30 s at 95 °C for 
denaturing, 60 s at 60 °C for annealing, and 30 s at 72 °C 
for extension. To test the amplification specificity, the PCr 
product was subjected to a melting curve analysis during 
qPCr assays: the 45 cycles for cDna amplification were 
followed by 1 min at 95 °C, 60 s at 55 °C, and 80 cycles 
consisting of 0.5 °C increments from 55 to 90 °C for 10 s 
each.

Cycle threshold (CT) values correspond to the number 
of cycles during which the fluorescence emission moni-
tored in real time exceeds the threshold limit. CT values 
were automatically calculated on the log curve for each 
gene.

To determine the relative quantity of target-gene-specific 
transcripts present in each subsample, CTs were averaged 
for each duplicate, and then for each tank, relative expres-
sion was calculated according to eq. 1 (livak and Schmitt-
gen 2001):

In our study, the calibrator was the pelagic larval stage 
fed the Cocktail diet (Pl-Cocktail group) and the reference 
gene was gapdh, which was already used for this species 
by Vagner et al. (2013). To test the stability of gapdh gene 
expression between samples and developmental stages, 
standard curves were established for each developmen-
tal stage in triplicate by plotting the CT values against the 
log10 of five different dilutions (in triplicate) of a pool of a 
representative cDna sample solutions.

Statistical analyses

all statistical tests were performed with Statistica 6 for 
Windows (Statsoft version 6.1, Tulsa, OK, USa). nor-
mality and homoscedasticity of data were tested using 
Kolmogorov–Smirnov and levene tests, respectively. 
In order to meet these conditions, gene expression val-
ues were log (x + 1)-transformed and fatty acids in per-
centages were arcsine square-root transformed. The effect 
of microalgal treatments on rotifer fatty acid content was 
tested using one-way anOVa. The effects of develop-
mental stage and diet on fish growth (total length, standard 
length, and width), gene expression, and fatty acid content 
were tested using two-way anOVa. a test of slope homo-
geneity followed by an anCOVa was performed on gapdh 
gene expression to show its stability among developmental 
stages. When significant effects were found, the unequal 

(1)2−∆∆∧CT
= 2∧−(∆CTe−∆CTc)

CTe = CTtarget gene− CTreference gene for sample x

CTc = CTtarget gene− CTreference gene for the calibrator.

Tukey’s test was applied if anOVa assumptions were 
met; the Fisher lSD test was applied on rank-transformed 
data if homoscedasticity was violated (Quinn and Keough 
2002). Differences were considered significant at P < 0.05.

Results

lipid composition of diets

no significant difference was found among diets with 
respect to lipid classes, but the fatty acid proportions were 
significantly different (Table 1). The Tiso diet was charac-
terized by (1) the highest content of 18:3n-3 (3.7 ± 1.4 % 
of total Fa) and by an ePa (20:5n-3) content (1.9 ± 0.0 % 
of total Fa) roughly six- and fivefold lower than in the 
nanno and Cocktail diets, respectively. The 14:0, 18:2n-
6c, and 18:4n-3 Fa contents were, respectively, two-, two-, 
and fourfold higher in the Tiso diet than in the nanno 
diet, while the 16:0, 16:1, and aa (20:4n-6) Fa contents 
were, respectively, two-, six-, and twofold higher in the 
nanno diet compared to the Tiso diet. DHa (22:6n-3) 
was approximately five- to sixfold lower in the nanno diet 
(1.7 ± 0.2 % of total Fa) than in the Cocktail and Tiso 
diets, respectively (7.7 ± 1.9 and 9.5 ± 0.5 % of total Fa). 
no significant difference was found between diets with 
respect to the content of other Fa (P > 0.05).

Fatty acid and lipid composition of pelagic larvae, 
early-settled larvae, and post-settled larvae

Diet greatly influenced the Fa composition in early devel-
opmental stages (Table 3). The 14:0 and MUFa contents 
were significantly lower in the groups fed the nanno diet 
than in the other two for all developmental stages (14:0: 
F2 = 13.96, P < 0.001; MUFa F2 = 14.34, P < 0.001). 
at S30, the accumulation of 14:0 and MUFa was 69 
and 59 % lower in post-settled larvae fed with nanno-
enriched rotifers than in the groups fed Cocktail- and Tiso-
enriched rotifers, respectively. larvae fed the nanno diet 
had a 70 % lower 17:0 content than those fed the Cock-
tail diet (F2 = 4.6, P < 0.05). They had 74 % less 18:1n-7 
(F2 = 6.87, P < 0.01), 36 % less 22:1n-9 (F2 = 4.74, 
P < 0.05), 32 % less 20:5n-3 (F2 = 4.1, P < 0.05), and 
81 % less PUFa (F2 = 3.69, P < 0.05) than larvae fed the 
Tiso diet but 20 % higher SFa (F2 = 10.6, P < 0.01) com-
pared to larvae fed the other two diets.

Fatty acids composition varied during winter floun-
der development (Table 3). MUFa content (F3 = 7.40, 
P < 0.01) was 19 % higher at S0 than at S15. Moreover, 
ePa (F3 = 5.60, P < 0.01), DHa (F3 = 7.40, P < 0.01), 
and eFa (F3 = 5.93, P < 0.01) contents were 71, 68, and 
69 %, respectively, higher at S30 than at S0. DHa content 
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also increased significantly (twofold higher) between S15 
and S30 (F3 = 7.40, P < 0.01).

arachidonic acid, ePa, and DHa available from the 
Cocktail diet seemed to be sufficient for larval and post-
settled larval development, since the ratios between organ-
ism Fa content and dietary Fa content were always below 
one for that treatment (Fig. 1). However, we observed 
strong selective retention for DHa from settlement to S30 
with the nanno diet and for ePa (from S15) and aa (from 
S30) with the Tiso diet, with organism/diet ratios above one 
(Copeman et al. 2002). This suggests that the availability of 
essential fatty acids (eFa) from the nanno and Tiso diets 
were below the physiological needs of early-settled (S0) 
and post-settled (S15 and S30) larvae.

no significant differences were found between devel-
opmental groups for the main lipid classes associated with 

Fig. 1  Change in fatty acid (Fa) ratios between fish Fa content and 
dietary Fa content for the three main polyunsaturated fatty acids 
found in fish membranes by developmental stage: a arachidonic 
acid (aa; 20:4n-6), b ecosapentaenoic acid (ePa; 20:5n-3), and 
c docosahexaenoic acid (DHa; 22:6n-3). results are expressed as 
mean ± SD. PL pelagic larvae; S0 at settlement; S15 15 days after 
settlement; S30 30 days after settlement. The dotted lines indicate 
the 1:1 ratio. For each graph, bars or developmental groups not shar-
ing a common letter are significantly different at P < 0.05; Dietary 
groups sharing an asterisk are significantly different from the others 
at P < 0.05

Fig. 2  growth performance of Pseudopleuronectes americanus dur-
ing development and according to diet: a total body length and b 
maximum body width in mm (mean ± Se) by developmental stage 
(PL pelagic larvae; S0 at settlement; S15 15 days after settlement; and 
S30 30 days after settlement). Developmental groups not sharing a 
common letter are significantly different (two-way anOVa; P < 0.05)
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structural lipids or energy reserves (PlP, Tag, ST, and 
aMPl; P > 0.05; Table 3). a significant interaction between 
diet and developmental stage was observed for KeT content 
(F16 = 5.40, P < 0.01), but no clear pattern emerged.

growth performance

Total length varied from an average of 6.60 ± 0.08 mm 
in Pl, S0, and S15 to 7.48 ± 0.17 mm in S30 (F3 = 9.96, 
P < 0.001; Fig. 2a). Between Pl and S0, body width 
increased significantly by a factor of 1.6, remained 
unchanged between S0 and S15, and increased again from 
S15 to S30 (F3 = 30.70, P < 0.001; Fig. 2b). no significant 
effect of diet or interaction between developmental stage 
and diet was observed for growth in total length, standard 
length (data not shown), or maximum width (P > 0.05; 
Fig. 2).

gene expression

a test of slope homogeneity (F = 0.00, N = 4, P > 0.05) 
followed by an anCOVa (F = 0.11, N = 4, P > 0.05) 

did not reveal any effect of developmental stage on gapdh 
expression, allowing its use as a housekeeping gene.

While bal gene expression was not influenced by diet 
(P > 0.05), it differed significantly among development 
stages (Fig. 3a). It was 2.5 times higher at S30 than at Pl 
and S0 for all dietary groups (F3 = 4.74, P < 0.05). rela-
tive gene expression was intermediate at S15, indicating 
that the expression activation had already begun at this 
stage. The tag gene expression was not affected by diet or 
by developmental stage (P > 0.05; Fig. 3b).

The gh and sod gene expressions differed according to 
both developmental stage and diet (F6 = 2.66, P < 0.05; 
Fig. 3c and F6 = 2.85, P < 0.05; Fig. 3d). In young winter 
flounder fed the Cocktail diet, gh gene expression increased 
significantly and continuously from Pl to S30: it was about 
fivefold higher at S15 than Pl and about 16-fold higher 
at S30 than Pl (Fig. 3c). In those fed the nanno diet, it 
increased only by about fourfold from Pl to S30, while it 
increased with the Tiso diet by about sevenfold from Pl 
to settlement before stabilizing. The sod gene expression 
decreased significantly by twofold from Pl to S15 in the 
Cocktail group and remained stable during this period with 

Fig. 3  Fold change in a bile salt-activated lipase (bal), b triacylglyc-
erol lipase (tag), c growth hormone (gh), and d superoxide dismutase 
(sod) gene expression in Pseudopleuronectes americanus with 
respect to pelagic larvae of the Cocktail group (mean ± Se; N = 4 
subsamples of 6 larvae per tank) and according to developmental 
stage (PL pelagic larvae; S0 settlement; S15 15 days after settlement; 

and S30 30 days after settlement). Bars not sharing a common letter 
are significantly different (P < 0.05). The black horizontal line indi-
cates the level of gene expression in the reference group (PL-Cocktail 
group) from which the gene expression of other groups was calcu-
lated (two-way anOVa; P < 0.05)
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the two other diets. It increased significantly by about two- 
to threefold from S15 to S30 in all treatments (Fig. 3d).

Discussion

effect of dietary HUFa levels on the Fa profile of pelagic, 
early-settled, and post-settled larvae

The low amounts of eFa present in the Tiso and nanno 
diets were not reflected in the fatty acid composition of 
pelagic larvae. However, in larvae that had initiated meta-
morphosis, a selective retention of DHa, indicating poten-
tial deficiency, appeared at settlement in the group fed the 
nanno diet, and selective ePa and aa retention appeared 
from S15 in the group fed the Tiso diet. These results sug-
gest that eFa levels in the nanno and Tiso diets were 
below the physiological needs of early-settled and post-
settled larvae, and that the larvae had to retain the low lev-
els of ePa, aa, and DHa in tissues to support growth and 
development during metamorphosis. Such a process was 
suggested for yellow tail flounder (Copeman et al. 2002) 
and sea scallop Placopecten magellanicus larvae (Pernet 
and Tremblay 2004). Pelagic and settled larvae that were 
fed rotifers enriched with the microalgal mix (Cocktail 
diet) did not show any selective retention of DHa, ePa, 
or aa, indicating that this enrichment seemed adequate to 
support the physiological needs in eFa during metamor-
phosis (Copeman et al. 2002; Pernet and Tremblay 2004).

The low levels of eFa in the groups fed the nanno and 
Tiso diets could indicate that, before S0 (for the nanno 
group) or S15 (for the Tiso group), (1) the dietary eFa 
content satisfied larvae needs, or (2) the larvae were able 
to produce eFas from Fa precursors (18:2n-6 or 18:3n-
3) using desaturation and elongation processes. The first 
hypothesis is the most likely, since it is generally consid-
ered that elongation/desaturation processes are of minor 
importance in marine fish that require preformed HUFa, 
contrary to freshwater fish (see glencross 2009; Tocher 
2010 for reviews). From settlement, it is possible that the 
DHa content in the nanno diet is no longer sufficient to 
sustain the high metabolic demand during this develop-
mental stage. Our results suggest that the requirement 
for DHa increases at settlement while those for ePa and 
aa increase 15 days later. These results could be related 
to winter flounder lifestyle in the natural environment. 
Indeed, prior to settlement, pelagic carnivorous larval 
fish, such as flatfish larvae, have access to abundant DHa 
sources in the pelagic food chain (Drake and arias 1993; 
Kainz et al. 2004) through copepods and bivalve veligers 
that are known to be rich in DHa (Holland 1978; Sargent 
and Falk-Peterson 1988; Morehead et al. 2005). Following 
settlement, benthic-dwelling flatfish are exposed mainly 

to an abundance of ePa via diatoms and polychaetes, 
which are particularly rich in this HUFa (Kates and Vol-
cani 1966; graeve et al. 1997; Cabral 2000; Copeman and 
Parrish 2003). It is important to note that the period of set-
tlement coincides with the introduction of the commercial 
diet to supplement the enriched rotifer diet in our experi-
ment. However, this commercial diet was quantitatively 
and qualitatively similar for all dietary groups. We thus 
assume that the fatty acid compositions of all groups were 
similarly impacted by this inert diet, and consequently, that 
the differences in fatty acid composition observed between 
groups are only related to rotifer enrichments.

effect of dietary HUFa levels on growth performance

Despite the selective retention measured in the nanno and 
Tiso groups, which indicates a potential eFa deficiency 
(Copeman et al. 2002; Pernet and Tremblay 2004), growth 
performance in width and total length was similar in all 
three groups, indicating that DHa, ePa, and aa were suf-
ficient in all three diets to sustain normal growth in winter 
flounder. The similar growth rates among groups despite 
eFa deficiencies could also be explained by the presence 
of MUFa and SFa in fish tissues. MUFa and SFa are con-
sidered as the fuel for fish growth and can easily be syn-
thesized by fish (Sargent et al. 2002). While we found ∑ 
MUFa and ∑ SFa to be lower in the nanno group than 
in the other two dietary groups, these low levels did not 
represent deficiencies since the ratios between fish content 
and dietary content were always below one in the three 
groups (results not presented; Copeman et al. 2002; Pernet 
and Tremblay 2004). Moreover, similar growth rates could 
also be explained by a good balance between HUFa, which 
is required for the functional integrity of cell membranes, 
and the less unsaturated Fa required for energy (Sargent 
1995). For instance, Villalta et al. (2005) observed a lower 
growth rate in Senegalese sole fed a high DHa dietary con-
tent compared to those fed a DHa-deficient diet once fish 
became benthic. These authors explained their results by 
the reduction of dietary MUFa in the DHa-enriched diet.

Several studies have highlighted the importance of die-
tary ePa/aa and DHa/ePa ratios rather than the individ-
ual dietary Fa contents in sustaining higher growth rates 
since each of these Fa plays a specific physiological role 
(Sargent 1999; Sargent et al. 2002; Bell et al. 2003; Zuo 
et al. 2012b). a higher growth rate was reported at 19 °C 
in sea bream Sparus aurata fed rotifers with a DHa/ePa 
ratio of 1.5 compared to those fed rotifers with a DHa/ePa 
ratio <0.6 (rodriguez et al. 1997). Moreover, Zuo et al. 
(2012b) reported a higher growth rate for a DHa/ePa ratio 
between 2.17 and 3.04 in yellow croaker reared between 
21.5 and 30 °C. In the present study, the DHa/ePa ratio 
varied widely among the three diets, from 0.15 ± 0.02 for 
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the nanno diet to 5.04 ± 0.02 for the Cocktail diet, but 
these differences did not affect growth performance. Sar-
gent (1999) found growth to be markedly impaired in sev-
eral larval fish species when the ePa/aa ratio was below 
1.5. Such impairment was not observed in our study, where 
the dietary ePa/aa content was not significantly differ-
ent among groups and varied between 1.26 ± 0.02 and 
3.93 ± 1.19. Thus, our results indicate that the DHa/ePa 
and ePa/aa ratios used were not limiting growth perfor-
mance in winter flounder reared at 10 °C, as opposed to 
what has been observed for other fish species. Such dif-
ferences may be explained by the different temperatures 
used in the different studies, since growth has already 
been shown to be affected by both temperature and dietary 
HUFa content in marine fishes (Person-le ruyet et al. 
2004; Skalli et al. 2006). It is known that elevated temper-
ature increases cellular turnover (Hagar and Hazel 1985), 
which should increase the need for HUFa to make new 
cell membranes. The ePa/DHa/aa ratios should then be 
more critical at high temperatures because of higher cell 
turnover.

effect of dietary HUFa levels on lipid reserves

The low eFa levels measured in the nanno and Tiso 
groups did not affect lipid reserve accumulations during 
winter flounder metamorphosis as shown by the similar 
Tag contents as well as by the similar tag gene expres-
sion measured in all groups. Moreover, the Tag ratio 
between fish content and diet content measured in all 
groups from Pl to S30 was below one (results not pre-
sented), revealing that Tag was not incorporated into fish 
tissues. The Tag enzyme is responsible for the degrada-
tion of triglycerides to Fas available for energy (Hen-
derson and Tocher 1987). This lack of accumulated lipid 
reserves could be due to their immediate utilization dur-
ing metamorphosis to support fast growth and metamor-
phosis. This hypothesis is in accordance with the signifi-
cant increase in body width measured at S0 and S30 and 
in body length measured at S30. The absence of accumu-
lated lipid reserves in fish could also be the consequence 
of increased β-oxidation due to a sufficiently high n-3 
HUFa level in all groups, as has been observed in atlan-
tic salmon (Kjaer et al. 2008; Todorcevic et al. 2009). 
Increased β-oxidation would reduce Fa availability (the 
substrate for Tag synthesis) and thus reduce Tag syn-
thesis. The mechanisms underlying the reduction are not 
known in fish, nor have they been completely elucidated 
in mammals (see Shearer et al. 2012 for a review). along 
with stable Tag reserves, we also measured stable bal 
gene expression in all groups from the pelagic larval stage 
(about 45 dph) to 30 days post-settlement (about 75 dph), 
suggesting a stable capacity for lipid digestion throughout 

the studied developmental stages. Our results could also 
suggest that—whatever the levels of DHa, ePa, and aa 
in the diet treatments—they were not limiting factors for 
pancreas development since bal is mostly produced by the 
pancreas in winter flounder.

effect of diet on the expression of genes coding for growth 
hormone and antioxidative defences

While low HUFa levels did not affect growth performance 
or lipid reserves, it reduced gh gene expression in the Tiso 
and nanno groups. although gh expression was continu-
ously stimulated in the Cocktail group from Pl to S30, 
it remained at the settlement level in the Tiso and nanno 
groups. This suggests that an essential combination of ePa, 
aa, and DHa—as in the Cocktail group—is required to 
sustain the up-regulation of this gene expression throughout 
metamorphosis in winter flounder. Thus, gh gene expres-
sion could be an indicator of development at the molecular 
level in response to the dietary HUFa quality during winter 
flounder metamorphosis.

The selective retention indicating potential eFa defi-
ciency that was observed in the nanno and Tiso groups 
may have limited the reduction of antioxidative defences, 
while the combination of n-3 and n-6 HUFa, as in the 
Cocktail group, would instead have reduced the level of 
antioxidative defences through a lowering in the rOS con-
centration in cells. Indeed, sod gene expression decreased 
in the Cocktail group at S15 while it remained stable in the 
two others. It is known that the Sod activity correlates well 
with rOS production (Mourente et al. 2007). The high lev-
els of ePa and aa in the nanno diet as well as the high 
level of DHa in the Tiso diet may have promoted oxidative 
stress in cells, as suggested for atlantic salmon (Todorce-
vic et al. 2009). Moreover, a recent study reported that Sod 
activity increased significantly in juvenile grass carp with 
increasing dietary HUFa content (Ji et al. 2011).

The higher sod gene expression measured at S30 in all 
dietary groups may be related to an increased metabolic 
rate toward the end of metamorphosis due to the increase 
in growth rate measured at the same time (gh gene expres-
sion, total length, and maximum width) (aceto et al. 1994; 
Fernández-Díaz et al. 2001; Vagner et al. 2013). The 
increased growth rate would have led to increased oxygen 
uptake, which may have the potential to increase rOS pro-
duction in the early life stages of fish. This higher sod gene 
expression could be a final response to strong metabolic 
changes occurring throughout metamorphosis, as suggested 
in common dentex (Mourente 1999) and Senegalese sole 
(Solé et al. 2004; Fernández-Díaz et al. 2006). Our results 
are in accordance with the previous studies on rainbow 
trout (Fontagné et al. 2008), Salmo iridaeus (aceto et al. 
1994), and several other fish species (rudneva 1999), all of 
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which reported increasing sod gene expression during lar-
val development.

Conclusion

This study reveals the increased requirement of DHa 
from settlement in winter flounder while the ePa and aa 
contents seem critical starting 15 days later. The lower 
HUFa content in the Tiso and nanno diets had no effect 
on larval growth performance or lipid reserve accumula-
tions. The gh gene expression could be an indicator of 
development at the molecular level in response to the 
dietary HUFa quality during metamorphosis in winter 
flounder. The results indicate that potential eFa deficien-
cies may limit antioxidative defences, and a combination 
of n-3 and n-6 HUFa (as in the Cocktail group) may be 
necessary to reduce oxidative stress in winter flounder 
during metamorphosis. Overall results also suggest that 
the gh gene expression could be a valuable indicator of 
development in response to the dietary eFa quality dur-
ing metamorphosis.
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