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Abstract:

Supplies of marine fish oils are limited, and continued growth in aquaculture production dictates that
lipid substitutes in fish diets must be used without compromising fish health and product quality. In this
study, the total substitution of a fish meal and fish oil by a blend of vegetable meals (corn, soybean,
wheat and lupin) and linseed oil in the diet of European sea bass (Dicentrachus labrax) was
investigated. Two groups of European sea bass were fed with fish diet (FD) or vegetable diet (VD) for
9 months. VD, totally deprived of eicosapentaenoate (EPA; 20:5n-3) and docosahexaenoate (DHA;
22:6n-3), revealed a nutritional deficiency and affected growth performance. Whilst VD induced a
significant increase in fatty acid desaturase 2 (FADS2) and sterol binding regulatory element-binding
protein 1 (SREBP-1) mRNA levels, the desaturation rate of [1-'“C]18:3n-3 into [1-'*C]18:4n-3,
analysed in microsomal preparations using HPLC method, did not show an upregulation of FADS2
activities in liver and intestine of fish fed VD. Moreover Western-blot analysis did not revealed any
significant difference of FADS2 protein amount between the two dietary groups.

These data demonstrate that sea bass exhibits a desaturase (FADS2) activity whatever their diet, but
a post-transcriptional regulation of fads2 RNA prevents an increase of enzyme in fish fed a HUFA-free
diet. This led to a lower fish growth and poor muscle HUFA content.
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1. Introduction

It is well known that n-3 highly unsaturated fatty acids (HUFA) eicosapentaenoate (EPA,
20:5n-3) and docosahexaenoate (DHA; 22:6n-3) induce many health benefits for fish as
well as for their consumers including human (Burr, 1981; Simopoulos, 2000). Until
now, high n-3 HUFA levels in flesh of farmed fish have been obtained by fish oil incorporation
in diet formulation. However, such feeding based on availability of natural fish resources is
not sustainable, and will constrain continuing growth of aquaculture activities (Pike, 2005). In
this context, fish oil replacement by vegetable oils, rich in Cyg short chain fatty acids (PUFA)
but devoid of the n-3 HUFA, may help to reduce the aquaculture industry's dependence on
wild fisheries. This is the case for the European sea bass (Dicentrarchus labrax) culture
which is among the most important concerning carnivorous marine finfish species in Europe.

Freshwater fish species fed a diet rich in C18 PUFA are able to maintain a certain degree
mourof desaturase and elongase activities to produce HUFA, including EPA and DHA
(Tocher et al., 2001; Tocher et al., 2004). On the contrary, marine fish species including sea
bass are unable to produce HUFA from either linolenic acid ( 18:3n-3: LNA) or linoeic acid
(18:2n-6 : LA) at a physiologically significant level due to apparent deficiencies in one or
more steps of the metabolic pathway (Owen et al., 1975; Ghioni et al., 1999; Tocher and
Ghioni, 1999). In order to determine the reasons for this deficiency in marine species, special
attention has been paid to characterise the delta 6 desaturase gene fads2 product, the
FADS2, which has been shown in mammals to catalyze the first limiting step in the HUFA
biosynthesis pathway (Sprecher et al., 1995 ; Cho et al., 1999a b; Marquardt et al., 2000 ;
Innis 2003; Nakamura et Nara, 2004). cDNAs for FADS2 have been cloned from marine
species, including European sea bass (Gonzales-Rovira et al., 2009; Santigosa et al., 2010).
The functional characterization of the corresponding proteins by heterologous yeast
expression system showed that enzymes are able to transform LNA and LA into 18:4n-3 and
18:3n-6, respectively (sea bream: Seiliez et al., 2003; cod: Tocher et al., 2006; sea bass:
Gonzéles-Rovira et al., 2009; Santigosa et al., 2010). These data support the hypothesis that
the poor ability of marine fish species, and patrticularly sea bass, to bioconvert PUFA into
HUFA is not due to lack of FADS2.

However, whilst it was reported a stimulation of FADS2 activity, which is correlated to an up
regulation of gene expression, in freshwater fish species fed vegetable diets (Zheng et al.,
2005a),such nutritional regulation is more controversed in marine fish species. In cod, both
FADS2 expression and activity were not significantly increased in liver and intestine of fish
fed 100% vegetable oil (Tocher et al., 2006) whilst the expression was up regulated by a
similar nutritional challenge in sea bream (Seiliez et al., 2003). In sea bass, partial
substitution (60%) of fish oil by vegetable oil stimulated fads2 expression in liver (Gonzéles-
Rovira et al., 2009) but did not regulate desaturation activities in hepatocytes. This lack of
stimulation of FADS2 activity in sea bass is the first step causing a critical modification of
HUFA flesh profile, with decreased EPA and DHA content and, increased LNA and LA levels,
compromising in consequence their nutritional value for human consumers (Mourente et al.,
2005).

Taken together, these results seem to indicate that the poor ability of marine fish species to
synthesize EPA and DHA from vegetable oil precursors could be due, at least partly, to a
misregulation of FADS2 activity. However, many differences between the studies (Mourente
et al. 2002, 2005; Zheng et al., 2004), including in particular the partial substitution of fish oil
in previous sea bass experiments make direct comparison difficult with other species.
Moreover, there is still scarce information available in marine fish species and particularly in
sea bass concerning the implication of factors such as Sterol regulatory element binding
proteins-1 (SREBP-1) and peroxisome proliferator activated receptor-a (PPARa) that are
likely to be important in controlling the regulation of FADS2 activities in mammals (Nakamura
and Nara, 2003). SREBP-1 gene encodes by alternative splicing two messengers, SREBP-



la and SREBP-1c which activate transcription of genes involved in fatty acid synthesis
including fads2 (Brown and Goldstein, 1997; Eberle et al., 2004). PPARa has been shown in
mammals to induce both genes involved in fatty acid oxidation and synthesis including fads2
which exhibits PPAR responsive element (PPRE) in its promoter.

This prompted us to further investigate the nutritional regulation of FADS2 expression and
activity in European sea bass fed 100% vegetable diet or fish diet during 9 months. To this
end, we 1) compared the rates of desaturation of [1-'*C]18:3n-3 into [1-'*C]18:4n-3 from
microsomal preparations obtained from the liver and anterior intestine of the two dietary
groups by means of high-performance liquid chromatography (HPLC). 2) investigated the
effect of fish meal and fish oil substitution on the relative quantity of FADS2 as well as
SREBP-1 and PPARa transcripts by quantitative PCR in both tissues. And 3) analysed the
impact of substitution through the analysis of HUFA content in flesh.

2. Materials and methods

2.1 Diets and fish

Two iso-energetic and iso-nitrogenous experimental diets were formulated with a constant
lipid content (Table 1). The fish diet (FD) was composed by fish meal, gluten and fish oil
whereas the vegetable diet (VD) devoided fish origin ingredients and was composed by
vegetable meals and vegetable oil (linseed). Proximate and fatty acid compositions are given
in Table 1. Sea bass obtained from a Mediterranean stock held at the Station of Palavas-les-
Flots (Ifremer institute, France) were stocked randomly into four tanks of 5000L capacity
supplied with recirculated seawater (38ppt) at constant temperature of 21°C and were
subjected to a photoperiod of 12 light :12 dark and fed with a commercial diet (Gouessant
Neogreower) before the trial. After the acclimatation period of 2 weeks, 200 fish per tank
(weight: 200g + 509) were hand fed to satiation (1 meal/day) for a period of 9 months. During
the experiment, no significant difference of mortality was observed between the two dietary
treatments. After 9 months, thirty fish per dietary treatment were sampled in the same day.

2.2 Lipid extraction and fatty acid analysis

1 g of white muscle was dissected from thirty fish per dietary treatment and were immediately
frozen in liquid nitrogen. Total lipids were extracted by the Accelerated Solvent Extraction
200 (ASE, Dionex) with dichloromethane/methanol (2:1) containing 0,01% butylated
hydroxutoluene (BHT) as antioxidant. Lipids were extracted at 100 bars, 100°C, 5 min
precalling and 2 min static phases, and 60% of flush during 60 sec (3cycles). Total lipids
were prepared according to the method of Folch et al. (1957). The weight of lipid was
determined gravimetrically after evaporation of solvent. Fatty acid methyl esters (FAME)
were prepared from total lipids by acid-catalyzed trans-esterification.

FAME were quantified by gas-liquid chromatography (Clarus 500, Perkin Elmer) with column
BPX70 of 30 m length and 0.22 mm |.D. Hydrogen was used as carrier gas and temperature
programming was from 50°C to 180°C at 20°C/min and then to 220°C at 3°C/min. Individual
methyl esters were identified by comparison to known standards. The fatty acid analysis was
performed on one sample per fish.

2.3 Fatty acid desaturation in liver and intestine microsomes

For microsomal preparation, 5 g of frozen liver and intestine of each fish (thirty fish of each
dietary treatment) were homogenized to 10% (w/v) in a solution pH 7,4 containing 0,25 M
sucrose, 50mM Nay,PO., 2H,0, 50mM Na,HPO4, 7H,O, with 10 mM EDTA and 0,1mM



dithiotheritol (DTT). The mix was centrifuged at 10 000g for 30 min at 4°C (Beckman, Optima
L-70K Ultracentrifuge). The supernatant was collected in a new tube and centrifuged at
105 000g for 60 min at 4°C. The pellet was washed in a solution pH 7,4 containing 100mM
Na4P,0;, 10mM EDTA and 0,1 mM DTT. Homogenate was centrifuged at 105 000g for 60
min at 4°C and pellet was homogenised in a solution buffer of 20% glycerol (v/v) pH 7,4
containing 80 mM K,;HPO,, 3H,0, 20 mM KH,PO,4, 1mM DTT and 1mM EDTA. Microsomal
protein content was determined using Bio-Rad protein assay (Bio-Rad, Hercules, CA, USA)
based on the Bradford (1976) dye-binding procedure using bovine serum albumin as
standard.

Microsomal preparation (200 pg) was incubated with C18:3n-3 substrate (isotopic dilution for
a final concentration of 80uM) in a solution of phosphate buffer with 6 mM MgCl, 0.54 mM
coenzyme A, 72 mM ATP and 0.8 mM NADH in a total volume of 1 ml during 20 min.
Saponification was performed by addition of 1 ml KOH in ethanol (12%, W/V) for 30 min at
70°C and acidified back with 1 ml 3M HCI. The C18:3n-3 substrate and the specific product
of desaturation were extracted by diethylether and separated by RP-HPLC using a 5-uym
Ultrasphere C18 column 250 x 4.6 mm (Beckman, France) with a gradient of mobile phase.
The HPLC chromatography apparatus was equipped with a Flo-One Beta radiometric
detector (Packard, Meriden, CT). Metabolic rates were calculated from the percent-
transformed areas of metabolites and expressed in pmol min™ mg™ of protein.

2.4 Western-blot analyses

Three pools of 10 fish were investigated by western-blot in both dietary treatments. Total
protein contained in liver and intestine microsomal preparations was quantified using a DC
protein assay (Bio-Rad, Hercules, CA, USA) and adjusted to a final concentration of 1
mg.ml™ in a solution buffer of 20% glycerol (v/v) pH 7,4 containing 80 mM K,HPO,, 3H,0, 20
mM KH,PO,, 1ImM DTT and 1mM EDTA. Thirty micrograms of each microsomal protein
extract were separated in a 10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred onto polyvinylidene fluoride PVYDF membrane for immunodetection on western-
blot as described in Corporeau & Auffret (2003). For immunodetection, we used a mixture of
two heterologous polyclonal sera (S1 and S2) directed against the C-terminal and N-terminal
region of the rat FADS2 protein, respectively. These sera were obtained from the laboratory
of INRA-ENSA (Rennes, France) by immunizing rabbits with two peptide corresponding to
the rat FADS2 (GenBank accession no. AB021980, D’Andrea et al., 2002). The membrane
was probed with a mixture of S1 and S2 sera, each diluted at 1:2000 in PBS buffer
containing 3% BSA and 0.1% tween-20. Blots were then incubated with secondary goat anti-
rabbit antibody diluted at 1:5000, and bands were revealed using an Immun-star AP
detection kit (Bio-Rad Hercules, CA, USA). The relative intensity of the band corresponding
to FADS2 protein was quantified using MULTI-ANALYST software (Bio-Rad,Hercules, CA,
USA) after removal of the background. The obtained value was expressed in OD/mm?, and
represents the spot intensity expressed as mean count per pixel, multiplied by the spot
surface. Results were standardized as a ratio of protein stained with Comassie brilliant blue
(LC: loading control).

2.5 RNA extraction and semi-quantitative real-time PCR analysis

Total mRNA of liver and intestine was extracted using Trizol reagent (Invitrogen, USA), and
quantified by measuring absorbance at 260 nm in a spectrophotometer (Nanadrop Labtech,
France). The reverse transcription was performed using the kit QuantiTect® Reverse
Transcription (QIAGEN) including a step of genomic DNA elimination. Reactions were
carried out in 20 pl of volume containing 1 pg of total RNA, 1 ul Quantiscript Reverse



Transcriptase, 4 ul Quantiscript RT buffer (5X) and 1 pl Primer Mix and sterile MilliQ water.
At the end of the RT reactions, all cDNA were kept at -20°C. FADS2, SREBP-1, PPARa and
the housekeeping Elongation Factor 1 (EF1) gene expressions were determined by real time
PCR. In this study, EF1 was not regulated by dietary treatment and could be used as a
reference gene. The relative mRNA levels of FADS2, PPARa and SREBP-1 in each sample
were normalized with EF1 expression calculated with the comparative threshold cycle (Ct)
method (Whelan et al., 2003). Specific primers (Table 2) were designed from European
seabass sequence of FADSZ (GenBank accession no. EU439924), SREBP-1 (GenBank
accession no. EN677951), PPARa (GenBank accession no. AY590300) and EF1 (GenBank
accession no. AJ866727). The PCR reaction was carried out in an i-cycler with a optical
module (Bio-Rad, Hercules, CA, USA) in a final volume of 20 ul containing 7.5 ul of SYBR
Green Supermix (Biorad, Hercules, CA, USA), 5 nm of each primer and 0.5 pl of cDNA. The
PCR program consisted in an initial DNA denaturation of 94°C for 90s, followed by 45 cycles
at 95°C for 30s, 60°C for 60s and 80 cycles at 95°C for 10s. A triplicate of each reaction was
realized for each sample.

2.6 Statistical analysis

Results are presented as means + SD. The data were checked for normal distribution by the
Pearson test, as well as for homogeneity of the variances with the Bartlett test. Effect of
treatment was tested using Student’s t-test or one-way ANOVAs. In all statistical analysis
test used, P < 0.05 was considered statistically different. The statistical analysis were
performed by using the Statistica biosoft 8.0.

3. Results

3.1 Effect of the dietary treatments on growth performance.

Total weight of fish was around 3-fold higher at the end of the nutritional challenge compared
to the start of the experiment (Table 3). In addition, a significant difference was observed in
fish final weight between dietary treatments, with values of +17.5% for fish fed FD by
comparison with fish fed VD. Mortality over the experimental period did not exceed 1% and
showed no significant differences among dietary treatments.

3.2 Effect of the diets on FA composition of flesh.

Total fatty acid composition in flesh of fish fed FD included approximately 20% total
saturates, 6.5% n-6 fatty acids predominantly 18:2n-6, and almost 28% n-3 fatty acids,
predominantly EPA (8.6%) and DHA (16.2%) (Table 4). This composition is close to the initial
flesh composition. On the contrary, substituting fish ingredients with vegetable ingredients
resulted in a large increase of 18:2n-6 and 18:3n-3 proportions whereas 20:5n-3 (EPA),
22:6n-3 (DHA) and 20:4n-6 (Arachidonic acid) reached only the third of the values obtained
with FD. Moreover, fish nourished with VD contained 0.82% of 18:4n-3 and 0.18% of 20:4n-3
whereas there were absent in the diet.

3.3 Effect of the diets on FADS2 activity and protein levels in liver and intestine.

The effect of diet on the activity and the protein content of FADS2 was determined in liver
and intestine (Figures 2 - 3). There was no significant effect of the diets onto the FADS2



activity in the microsomal fraction of liver and intestine. Desaturase [1-'*C] 18:4n-3
conversion was around 170 pmol/mn/mg protein in liver microsomes and around 150
pmol/mn/mg protein for intestine microsomes. To confirm the specific detection of [1-*C]
18:4n-3 product by HPLC we analysed the microsomal fraction of yeast transfected with the
expression vector pYES2.1 TOPO including the seabass FADS2 cDNA (data not shown). A
microsomal preparation of yeast transfected by the same expression vector without insert
was used as control. This analysis showed a specific peak in the microsomal fraction
transfected with the pYES2.1 TOPO vector with fads2 gene (Figure 1).

The same microsomal fractions were analysed by western blot to evaluate their FADS2
protein contents (Figure 3). In the microsomal fractions of liver and intestine, FADS2 protein
concentrations were identical between FD and VD groups. These results were confirmed by
normalization as a ratio of protein stained with comassie brilliant blue.

3.4 Effect of the diets on fads2, ppara and srebp-1 gene expression in liver and
intestine.

The effect of diet on the relative expression of fads2, ppara and srebp-1 gene was
determined in liver and intestine (Figure 4). VD induced a significant increase in fads2
expression in liver and intestine. Fads2 mRNA levels were 4-fold and 7-fold higher in the liver
and intestine of VD group, respectively. In the same way, srebp-1 expression level in the liver
and intestine were respectively 10-fold and 3,5-fold higher in VD group while no significant
variation of ppara messenger levels were observed between the two dietary groups.

4. Discussion

FADS2 activity, involved in the first step of bioconversion of C18-short chain PUFA LNA and
LA to n-3 long chain HUFA (EPA, DHA and arachidonic acid), is known to be under
nutritional regulation in several vertebrate species (Igal et al. 1991; Nakamura et al., 2002).
For instance, in salmonids fed vegetable oils rich in LNA and LA, the activity of FADS2 is
stimulated when compared to those fed fish oil rich in n-3 HUFA (EPA, DHA) (Buzzi et al.,
1996; Bell et al., 2001). Several works have demonstrated that this stimulation of FADS2
activity is correlated to an up regulation of fads2 gene expression and is linked to low dietary
HUFA contents combined to high LNA and LA levels (Zheng et al., 2004, 2005a). Until now,
this metabolic regulation induced controversial conclusions in marine fish species including
the European sea bass since previous study have shown that the partial substitution of fish
oil with vegetable oil did not increase desaturase activities in the liver of this species
(Mourente et al., 2005). However, the fact that sea bass exhibits the particularity to store high
lipid levels including HUFA in their liver in comparison with other freshwater species
(Mourente and Bell, 2006) could influence the hepatic HUFA contents and the expected
nutritional regulation when partial substitution is performed.

In the present study, sea bass were fed 100% vegetable diet totally devoid in HUFA during 9
months. Contrary to previous results obtained with partial fish oil substitution (Mourente et
al.,, 2002, 2005), this total substitution compromised growth performance, revealing a
nutritional deficiency. This is consistent with Skalli and Robin (2004) results, determining the
n-3 HUFA requirement around 0.7% diet dry matter (or 18% of total dietary lipids) in sea
bass.

This diminution of growth performance can be correlated to the significant decrease in n-3
HUFA contents observed in flesh of fish fed vegetable diet (Tocher et al., 1989; Rodriguez et



al., 1994; Sargent et al., 1995; Ibeas et al., 1996; Oliva-Teles, 2000; Parpoura and Alexis,
2001; Skalli and Robin, 2004).

Another reason could be linked to the low arachidonic acid content of the vegetable diet
compared to fish diet. Indeed, an arachidonic acid requirement has been reported for
growth in different fish such as turbot (Castell et al., 1994). Finally, the supply of protein as
vegetable meals could be another reason explaining the lower final weight of the VD sea
bass, since it has been previously shown that fish meal replacement by vegetable protein
can reduce growth in this species (Tibaldi et al. 2006). However, in this experiment, a blend
of vegetable meals was used and lysine was added for optimising the protein compaosition of
vegetable diet and meeting the amino acid requirement of sea bass.

The analysis of fatty acid profile in muscle in these fish confirmed that the fatty acid
composition of the flesh is directly influenced by the lipid composition of the diet as
previously described by Mourente et al. (2006), even if some specific fatty acids are
selectively retained or utilised (Tocher et al., 2003; Mourente et Bell, 2006). The main
representative fatty acids in vegetable diet are LNA and LA and they are found to accumulate
in muscle revealing the reduced capacity for desaturation and elongation in sea bass.
However, intermediates in HUFA biosynthesis pathway such as, C18:4n-3, C20:4n-3,
C20:5n-3, C22:6n-3, C20:2n-6, C20:4n-6 were found at higher values in muscle than in the
diets of fish fed vegetable diets. Even if their absolute levels were low, our results suggested
that some desaturation and elongation might have occurred. Indeed, this low biosynthesis
of HUFA, might explain why, 9 months of total fish oil substitution by vegetable oil did not
affect the survival rate of the fish even though the growth was significantly depressed.

The capacity of desaturation in fish fed vegetable diet was confirmed by FADS2 activity
investigation using [1-**C]18:3n-3 as substrate in microsomal preparations originated from
liver and intestine, which are the most important tissues involved in HUFA metabolism
pathway in fish (Bell et al., 2003). The investigation was performed on microsomal
preparation since FADS2 in sea bass was preferentially located at this subcellular level
(Gonzéles-Rovira et al., 2009). Specific activity of FADS2 desaturation was confirmed by
analysis of microsomal fractions of yeast (Saccharomyces cerevisae) transfected with the
FADS2 cDNA (data not shown).

In this experiment, the comparison between the two dietary groups revealed that the use of a
vegetable diet totally deprived in HUFA did not up-regulate the FADS2 activity at hepatic and
intestinal levels. This result is similar to those obtained in other marine fish species: Atlantic
cod fed a HUFA-free diet did not exhibit an increase of total desaturation/elongation activities
in liver and intestine (Tocher et al. 2006). The absence of FADS2 activity regulation for this
marine specie is different to what is observed for freshwater species such as salmonids. In
rainbow trout (Oncorhynchus mykiss), increased hepatic FADS2 activities were induced in
fish fed a diet containing olive oil compared to fish fed a fish oil diet (Buzzi et al., 1996). In
Atlantic salmon fed diets containing vegetable oils (rapeseed, palm and linseed oils), hepatic
desaturations of LA and LNA were significantly greater when compared to fish fed diets
containing fish oil (Fonseca-Madrigal et al., 2006; Kennedy et al., 2006). In freshwater
species, the increase of FADS2 activity could be explained by a stimulation of fads2 gene
expression (Zheng et al., 2004, 2005a).

Since western-blot analysis performed in microsomal fractions did not reveal any significant
differences in FADS2 protein contents at hepatic or intestinal level between FD and VD
groups, we were prompted to investigate the relative amounts of fads2 messengers, as well
as those related to two genes (srebp-1 and PPARa) involved in fads2 gene regulation in
mammals (Rodriguez et al., 2006). The gPCR results showed a significant increase of
FADS?2 transcript in both hepatic and intestinal tissues. The level of induction of fads2 gene
expression found in this experiment (4-fold induction) is consistent with that obtained in
previous studies performed on marine fish species such as sea bass fed 60% oil-replaced
diet (5-fold induction, Gonzales-Rovira et al., 2009) and sea bream fed rapeseed and



Soybean oils (6-fold induction, Izquierdo et al., 2008). Moreover, this level of induction in sea
bass is also comparable with that observed in liver and intestine of freshwater species such
as Atlantic salmon (2-3 fold induction, Zheng et al., 2005a). It is well documented in
mammals that key regulators of desaturase gene expression are srebp-1 gene products
(SREBP-1a and SREBP-1c) that mediate transcriptional activation of fads2 genes by HUFAs
(Nakamura et Nara, 2002). In the present study, fads2 gene stimulation in sea bass fed the
VD was shown to be correlated with srebp-1 gene induction demonstrating for the first time in
marine fish species that fads2 expression induced by SREBP-1 was not disrupted and
neither responsible for the misregulation of FADS2 activity. Instead, the stimulation of fads2
gene expression was not found to be related to an induction of PPARa gene expression in
VD fish group. It has been suggested in mammals that the induction of desaturases by
PPARa could correspond to a compensatory response to an accelerated degradation and an
increased demand for unsaturated fatty acids (Nakamura et Nara, 2002). Present data
suggest that this regulation pathway did not seem to occur in sea bass fed vegetable diet in
adult fish suffering from HUFA deficiency. Such PPARO regulation could be stage-specific
since Vagner et al. (2008) described a significant increase of PPARa gene expression in sea
bass larvae fed vegetable olil.

Several hypothesis related to a post transcriptional regulation could explain the lack of
stimulation of FADS2 activity despite the up-regulation of fads2 gene expression. A study
performed in rat presented evidences that a post-transcriptional regulation of FADS1 was
due to an anti-sense RNA (Dreesen et al., 2006). This hypothesis is reinforced by the
possible existence of a tremendous reservoir of non-coding RNA that are estimated to
represent more than 90% of the transcriptional output of the human genome (Beiter et al.,
2007, 2009). In addition, it has to be taken into account that the post-transcriptional
regulation might be under the control of microRNA. Indeed, as demonstrated for many
species, the presence of microRNA could be correlated with the protein inactivation implied
in various physiological functions (Mc Daneld, 2009; Levine et al., 2007). Finally, as already
described with the regulation of fads3 expression in yeast (Saccharomyces cerevisae), the
mis-regulation of FADS2 activity could be a consequence of a regulation of mMRNA stability
(Vemula et al.,1998).

The lack of stimulation of the FADS2 activity observed in this study can have another origin.
Indeed, as shown by Mitchell et al. (2003) on rat cells, a HUFA n-3 deficiency could induce a
modification in membrane conformation, resulting in a modification of membranous protein
activity involved in the signal transduction to the cell.

Similarly, the use of a vegetable diet totally deprived in HUFA n-3 could in sea bass modify
the membrane composition, particularly at the level of the microsoms, inducing a change in
the FADS2 activity.

The causal mechanism responsible for increased HUFA biosynthesis activity during limited
dietary HUFA intake is unclear and seems to be species dependent. In our study, we
showed that the use of a vegetable diet totally deprived of EPA and DHA induces a
stimulation of the fads2 gene expression in the liver and in the intestine of European sea
bass without any increase of its enzymatic activity. The inactivation of this metabolic pathway
step could explain that European sea bass has very low capacity to bioconvert PUFA into
HUFA when vegetable diet was used.
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Table 1: Formulation (g 100g™), chemical composition (%DM) and fatty acid composition
(%FAME) in two experimental diets (FD and VD).

Diets FD VD
Ingredients

Fish meal 38,0 0,0
Corn gluten 18,0 20,0
Soybean meal 0,0 18,2
Wheat gluten 7,2 20,0
Wheat meal 25,3 7,2
Lupin meal 0,0 14,0
Soy lecithin 0,0 1,0
Fish oil 8,5 0,0
Linseed oll 0,0 9,4
L-lysine 0,0 2,7
calcium hydrogen phosphate 0,0 3,0
Liant 1,0 1,0
Attract mix 0,0 15
Vitamins premix 1,0 1,0
Minerals premix 1,0 1,0

Chemical composition

Dry matter (%) 94,5 90,3
Ash 6,3 7,9
Crude protein (%DM) 49,8 50,3
Fatty acids composition

> saturates 27,7 11,8
2 monoenes 36,3 23,9
18:2n-6 8,9 23,6
20:2n-6 0,3 0,1
18:3n-6 0,2 0,1
20:4n-6 0,7 0,0
> n-6 PUFA 10,3 23,9
18:3n-3 1,3 40,9
18:4n-3 1.8 0,0
20:3n-3 0,1 0,1
20:4n-3 0,9 0,0
20:5n-3 9,5 0,1
22:5n-3 1,6 0,0
22:6n-3 10,5 0,1
> n-3 PUFA 25,7 41,1
total lipid (%) 13,8 13,1




Table 2: Primers used for each gene expression analysis by g-PCR

Forward primers (5'-3") Reverse primers (3'-5)
FADS2 CCTTCACTGCTTTCATCCCAA CCCAGGTGGAGGCAGAAGAA
SREBP-1 CTGGAGCCAAAACAGAGGAG GACAGGAAGGAGGGAGGAAG
PPARa ACCTCAGCATCAGGTGACT AACTTCGGCTCCATCATGTC
Elongation Factor a (EF1a) GCTTCGAGGAAATCACCAG CAACCTTCCATCCCTTGAAC

Table 3: Growth and survival for seabass fed fish diet and vegetable diet for 9 months. Data
are presented as means £ SD (n=60). Mean values in similar row with different superscript

letters are significantly different (Student’s t-test, P<0.05)
Fish diet Vegetable diet

Initial weight (g) 193 + 56 190 £ 53

Final weight (g) 623 + 169" 530 + 142°

DGC' 1™ 103.5 +5.7 91+3.3

Survival (%) 99.5% 100%

! Daily Growth Coefficient (%day) = 100*(final individual weight'® — initial individual
weight*®)/days.

Table 4: Fatty acid composition (% of total fatty acids) in muscle from fish fed vegetable diet
(VD) and fish diet (FD) at the beginning and at the end of the trial. Mean values in similar
row with different superscript letters are significantly different (One-way ANOVA, P<0.05)

Diets FD VD initial
Fatty acids composition

¥ saturates 20+3,1° 28,4+ 22° 26,1+0,4°
¥ monoenes 20,2 + 1,5 20,8+2,7% 24,4 + 0,6
18:2n-6 4,7+0,5° 16,7 £ 0,9° 6,8+0,7°
20:2n-6 0,3+0,1% 0,9+0,1° 0,5+0,1°
18:3n-6 0,1+0,1% 0,1+0,0% 0,1+0,1%
20:4n-6 1,4 +0,3" 0,5+0,1° 1,3+0,1°
¥ n-6 HUFA 6,5+ 0,4° 18,2 +0,7° 8,8+0,3"
18:3n-3 0,7+0,1% 17,4 +1,0° 1,2+0,5°
18:4n-3 0,6 +0,2° 0,8 +0,1° 1,2+0,2°
20:3n-3 0,1+0,0% 0,1+0,1% 0,1+0,1%
20:4n-3 0,4+0,1° 0,2 +0,0° 0,6 +0,1°
20:5n-3 8,7+1,0 2,7+0,5% 11,9+ 0,5°
22:5n-3 1,3+0,2° 0,5+0,1% 1,7+0,1°
22:6n-3 16,2 + 2,4 53+1,1% 15,6 + 0,9"
¥ n-3 HUFA 28,0+1,2% 27,1+0,9° 32,4+0,4°
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Figures

Figure 1: Representative HPLC profiles generated from [1-'*C]18:3n-3 by microsomes of liver
of sea bass fed with VD (B). Profile (A) is the negative control of the reaction. Arrow indicates
the specific product of [1-**C]18:3n-3 desaturation.
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Figure 2: FADS2 n-3 microsomal desaturase activities in liver and intestine. Results are
means + S.D. (n=3) and represent the conversion (pmol mn™ mg protein™) of [1-C]18:3n-3.
Significant differences between means are indicated by different letters (Student's t-test,
P<0.05)
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Figure 3: (A) Detection of European sea bass FADS2 protein in liver and intestine for both
dietary treatments. The blot was immunoprobed with anti-rat FADS2 sera S1 and S2, both at
1:2000 dilution. Results were standardized as a ratio of protein stained with Comassie
brilliant blue (LC: loading control). (B) Levels of FADS2 protein in liver and intestine in
response to the dietary trial. FADS2 protein in the microsomal extracts were quantified by
densitometric analysis (expressed in D/mm?). Data in the histogram are shown as mean *
S.D. (n=3). Different letters indicate significant differences (Student’s t-test, P<0.05).

A 3 f& &
Liver Intestine éé‘} N

> > &
FD VDQ‘J} Y

4,5 - OFD
b H\VD

FADS2 protein level (D/mm?2)
N
(6]

liver intestine

tissue

13



Figure 4: Relative expression of fads2, srebp-1 and ppara gene in liver and intestine from
fish fed FD and VD. Relative transcript (MRNA) levels were determined by Q-PCR and
normalized by Elongation Factor 1 (EFla). Results are expressed as mean S.D. (n=15).
Different letters indicate significant differences (Student’s t-test, P<0.05).
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