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Abstract

This preliminary study assessed genotype � diet in-
teraction in late growth of European sea bass (Dicen-
trarchus labrax) fed with either a ¢sh meal (FM)- or a
¢sh oil (FO)-based diet (M) or an all-plant-based (PB)
diet. A total of 550 ¢sh from 224 families were reared
together and tagged. DNAwas sampled and microsa-
tellites were used to assign parentage. When ¢sh
weight was 192 � 54 g, two tanks were fed with M
(FM: 100%; FO: 100%) and two others with PB (FM:
0% and FO: 0%). Body weight (BW), fork length (FL)
and ¢llet lipid content (CorrFat) were analysed with a
linear model and with REML methodology. We ob-
served no signi¢cant di¡erences between groups,
but a slightly lower (P50.03) daily growth coe⁄cient
in sea bass fed PB than in those fed M. Heritability
estimates of BWdi¡ered signi¢cantly from zero (PB:
0.37 � 0.18; M: 0.47 � 0.24). Sire � diet interactions
were signi¢cant and genetic correlations ranged be-
tween 0.51 and 0.87, showing genotype � diet inter-
action for BWand CorrFat. For the ¢rst time, genetic
parameters in the context of total replacement of
marine ¢shery by-products were estimated in Eur-
opean sea bass, showing re-ranking of family perfor-
mances with extremely contrasted diets.

Keywords: genotype by diet � environment in-
teraction, European sea bass, plant diet, genetic
correlation

Introduction

Over the past decades, aquaculture has become an
animal production sector with the highest annual
growth rate (FAO 2008, State of World Aquaculture),
thus trying to meet the increasing demands for sea-
food supplies coming from economically viable,
environmentally friendly and socially acceptable
production systems.
To make the production system sustainable, one of

the well-known targets in aquaculture is to reduce
the reliance on feeds based on ingredients derived
from wild ¢shery resources (Tacon & Metian 2008).
Replacement of ¢sh meal (FM) by plant protein
sources has hence been a target of many studies and
recent works on European sea bass (Dicentrarchus
labrax) concluded that anywhere from 50% to even
98% of FM-derived proteins can be replaced using
plant protein sources, with growth similar to that
when ¢sh oil (FO) is used as the lipid source (Oliva-
Teles & Gonc� alves 2001; Kaushik, Cove' s, Dutto &
Blanc 2004; Messina, Tulli, Messina, Franchin & Ti-
baldi 2005; Dias, Conceic� a� o, Ribeiro, Borges,Valente
& Dinis 2009), although in some cases, total replace-
ment of FM by single plant protein sources has been
shown to lead to depressed growth (Dias, Alvarez,
Arzel, Corraze, Diez, Bautista & Kaushik 2005).
Replacement of FO by vegetable oils (VO) has also

been widely studied in European sea bass and repla-
cement of 60% of FO has been shown to have no
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negative impact on survival, growth and health of
¢sh (Izquierdo, Obach, Arantzamendi, Montero, Ro-
baina & Rosenlund 2003; Figueiredo-Silva, Rocha,
Dias, Silva, Rema, Gomes & Valente 2005; Mourente,
Dick, Bell & Tocher 2005; Richard, Mourente, Kaush-
ik & Corraze 2006), whereas growth performances
were reduced at higher levels of substitution (80%)
(Montero, Robaina, Caballero, Gine¤ s & Izquierdo
2005), contrary to what has been observed in salmo-
nids, where total replacement of FO byVOs has been
shown to have no adverse consequences in terms of
growth performance (Torstensen, Bell, Rosenlund,
Henderson, Gra¡, Tocher, Lie & Sargent 2005; Ri-
chard, Kaushik, Larroquet, Panserat & Corraze
2006). This di¡erence between salmonids and mar-
ine teleosts such as the European sea bass is possibly
linked to putative di¡erences in fatty acid bioconver-
sion capacities between freshwater and marine ¢n-
¢sh (Watanabe1982; Sargent,Tocher & Bell 2002).
In the general context of reducing the dependence

on marine ingredients (FO and FM) for developing
aquafeeds, genetic improvement of farmed ¢sh ap-
pears as an interesting complementary target (Gatlin,
Barrows, Brown, Dabrowski, Gaylord, Hardy, Her-
man, Hu, Krogdahl, Nelson, Overturf, Rust, Sealey,
Skonberg, Souza, Stone,Wilson &Wurtele 2007), and
recent studies on salmonids suggest the existence of
genetic variability for utilization of plant-based (PB)
diets (Palti, Silverstein,Wieman, Phillips, Barrows &
Parsons 2006; Pierce, Palti, Silverstein, Barrows, Hal-
lerman & Parsons 2008; Dupont-Nivet, Me¤ dale, Leo-
nard, Le Guillou, Tiquet, Quillet & Geurden 2009).
Because, in general, selection programmes targeting
mainlyongrowth rate usingmostlycommercial feeds
using hitherto conventional feed ingredients, study-
ing genetic parameters including genotype � diet in-
teractions when using PB diets is a major step
forward to address two issues: (1) will the rankings of
European sea bass families fed on marine feeds be
conserved or not if increased proportions of plant in-
gredients are used in the feed?; and (2) whether it is
possible to speci¢cally select ¢sh for growth on PB
diets, thusmaking it amore environmentally sustain-
able genotype of interest to future aquaculture?
The existence of genotype � diet interactions has

been studied in Rainbow trout Onchorynchus mykiss
(Blanc 2002, Palti et al. 2006; Pierce et al. 2008;
Dupont-Nivet et al. 2009) and European white¢sh
Coregonus lavaretus (Quinton, Kause, Koskela & Ritola
2007; Quinton, Kause, Ruohonen & Koskela 2007).
Signi¢cant interactions only appeared in the studies
of Pierce et al. (2008) and of Dupont-Nivet et al.

(2009), both of which had the highest replacement
rate (37.2 and 0% for FO and 93.75 and100% for FM
respectively), while the other works performed only
partial replacement [FO: 11.4%, FM: 87% for early
stage and100% later as in Palti et al. (2006); FO: 0%,
FM:73.3% inQuinton, Kause, Ruohonen et al. (2007)].
For European sea bass, a leading aquaculture species
in the Mediterranean, no such studies exist, but bear
signi¢cance as this species is reported to showavery
high ¢sh in/¢sh out ratio (Naylor, Goldburg, Prima-
vera, Kautsky, Beveridge, Clay, Folke, Lubchenco,
Mooney & Troell 2000). Besides, high genetic gains
for growth are possible in this species (Vandeputte,
Dupont-Nivet, Ha¡ray, Chavanne, Cenadelli, Parati,
Vidal, Vergnet & Chatain 2009) using conventional
feeds rich in FM and FO.
The present work focused onweight, length and li-

pid content. Known as a valuable trait in this species,
fat deposition is known to be a¡ected by dietary car-
bohydrate levels as well as protein sources (Dias et al.
2005). Saillant, Dupont-Nivet, Sabourault, Ha¡ray,
Laureau,Vidal and Chatain (2009) demonstrated that
the quality of prediction of lipid content with Distell
Fish Fatmeter, previously used on rainbow trout
(Douirin, Ha¡ray,Vallet & Fauconneau 1998; Quillet,
Le Guillou, Aubin & Fauconneau 2005; Quillet, Le
Guillou, Aubin, Labbe¤ , Fauconneau & Me¤ dale 2007),
was accurate enough to assess genetic parameters in
sea bass, with a moderate heritability (0.28 � 0.12)
for this trait.Wemeasured and followed this trait dur-
ing our trial.
We focused on growth of juvenile sea bass, where

feed consumption is the highest, and chose to com-
pare a marine ingredients-based diet with a totally
PB diet, free of any marine ingredient (FO: 0%, FM:
0%), in order to exacerbate any possible di¡erences.
All families were mixed in tanks to avoid confusion
of genetic and environmental e¡ects and pedigrees
were redrawn a posteriori with microsatellite mar-
kers. In this study based on a total replacement of
marine products, diet e¡ect, heritability and genoty-
pe � diet interactions are assessed and analysed.

Materials and methods

Experimental design

This study was conducted in the Ifremer aquaculture
station (Palavas-les-£ots, France) with wild-caught
West Mediterranean European sea bass broodstock.
A full factorial mating designwas used to cross eight
dams and 41 sires in order to obtain 328 families.
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Sperm was collected as described in Fauvel, Suquet,
Dreanno, Zonno and Menu (1998). After hormonal
induction of ovulation (10 mg kg�1 luteinizing-re-
leasing hormone, Sigma D-TRP6LHRH Chesnes,
France), females were manually stripped and the
same volume of eggs were collected, mixed and di-
vided into 41aliquots. Each aliquot of eggs was then
fertilized with sperm of one single sire to avoid sperm
competition, as described by Saillant, Chatain, Fos-
tier, Przybyla and Fauvel (2001). All fertilizations
were carried out within a 30-min period and eggs
were pooled in conical-bottom incubators. Floating
(live) and sinking (dead) eggs were separated at 48-h
post fertilization (14 1C) by decanting at a salinity of
48% (Chatain1994).Viable eggs (50mL) were trans-
ferred in a 0.5m3 incubator (in triplicate) containing
all families and hatched. Until day 68, larvae were
kept in the same tank and the temperature increased
from 14 to 20 1C. Fish were fed Artemia for 40 days
and thenweaned on arti¢cial feed.
At 306 day post fertilization (dpf), 2000 randomly

chosen ¢sh (mean weight: 48.5 � 16.0 g, mean stan-
dard length:13.9 � 1.4 cm) were tagged using a Pas-
sive Integrated Transponder (AEG-Id, Ulm, Germany)
and individual ¢n clips were stored in 100% ethanol
for DNAextraction, genotype analysis and parentage
assignment. Until day 588, ¢sh were used in a feed
deprivation trial to assess heritability of weight loss
as detailed in Grima, Chatain, Ruelle, Vergnet,
Launay, Mambrini and Vandeputte (2010). On day
588, 785 of them were then randomly sampled,
distributed in four 5m3 tanks (196 ¢sh per tank)
and fed with a commercial feed for 135 days to avoid
potential e¡ect of the previous study.Water tempera-
ture was 21 1C on average, salinity was 38% and the
system was recirculated (10^30% renewal per day).
The feeding trial, described in this paper, startedwith
¢sh aged 588 days and weighing192 � 54 g.

Feeding trial and experimental diets

Two tanks received a marine (M) experimental diet
containing FM and FO and the other two received a
PB experimental diet devoid of FM and FO. Both diets
were manufactured using a twin-screw extruder
(Clextral BC45, Clextral, Firminy, France) at the
INRA experimental facilities (Donzacq, France). In-
gredients and proximate composition of diets are pre-
sented in theTable1. Diet M contained a blend of FM,
corn gluten meal, wheat gluten and extruded wheat
as protein sources, whereas diet PB contained ablend

of corn gluten meal, soybean meal, wheat gluten, ex-
truded wheat and white lupin. In order to obtain a
total replacement of ¢sh products, only linseed oil
(9.4%) was used in the PB diet, whereas diet M con-
tained FO (8.5%). Linseed oil is rich in 18:3 n-3 (50%
of total fatty acids), whose incorporationwas thus in-
tended to supply high levels of 18:3 n-3 but no long-
chain n-3 poly-unsaturated fatty acids (PUFA) such
as the EPAor DHA in the PB diet and to verify the po-
tential bioconversion capacities of 18 carbon fatty
acids in this euryhaline species. The fatty acid com-
position of the two feeds is provided in Table 2. Diet
PB also contained an attractant mix to increase the
palatability (Table 1), which contained only non-es-
sential amino acids (alanine, glycine), a physiological
amino acid (taurine) and betaine. The nitrogen con-
tents of these were also taken into account in formu-
lating the feeds to be comparable between the two
feeds. Both diets were isoproteic (digestible protein:
43% of dry matter), isolipidic (fat:13% of dry matter)
and isoenergetic (17MJ kg�1). Fishwere fed one daily
meal until apparent satiation (determined when un-
eaten pellets started to be collected in the faecal

Table 1. Ingredients and proximal composition of the ex-
perimental diets

Diets M PB

Ingredients (g kg� 1)

Fish meal 380 0

Corn gluten meal 180 200

Soybean meal 0 182

Wheat gluten 72 20

Extruded wheat 253 72

White lupin 0 140

Fish oil 85 0

Linseed oil 0 94

Soy lecithin 0 10

L-lysine 0 27

CaHPO4 � 2H2O 0 30

Binder (sodium alginate) 10 10

Attractant mix� 0 15

Min. premixw 10 10

Vit. premixw 10 10

Chemical composition

Dry matter (DM) (%) 88.9 94.5

Crude protein (%DM) 49.4 49.6

Crude fat (%DM) 14.4 14.1

Ash (%DM) 7.0 6.1

Nitrogen-free extract (NFE) (%DM)z 18.1 24.7

�Attractant mix contained (g kg�1 feed) taurine (3), betaine (3),
glycine (2), alanine (2) and glucosamine (5).
wAs in Guillaume et al. (2001).
zNFE5 dry matter^crude protein^crude fat^ash.
M: ¢sh meal and ¢sh oil diet, PB: all ¢sh meal and ¢sh oil re-
placed by plant products.
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traps), and all uneaten pellets were counted. The
meal duration was between 1h and 1h30min every
day and the trial lasted 262 days.

Data collection

The feeding trial was divided into six periods £anked
by seven measures at 588,605,647,679,736,787 and
850 dpf in order to get a measure approximately
every 40 days. Fish weights and standard lengths
were measured at each date and lipid content was in-
directly measured with a Fish Fatmeter (FM692, Dis-
tell, Fauldhouse, UK) at the same days using the

SEABASS-1calibration (mean of four measurements,
two on each side of the ¢sh, in percentage fresh
matter). The daily growth coe⁄cient (DGC)605

(W6
1/3�W0

1/3)/(t6� t0) was also calculated (withW6

being the weight at the end of period 6,W0 being the
weight at the end of period 0, t6� t0 being the dura-
tion in days between dates).

Parentage assignment

Rapid DNA extractions were performed from the ¢n
clips, using Chelex resin as described in Estoup, Lar-
giader, Perrot and Chourrout (1996). Parents and o¡-
spring were assayed at ¢ve or six microsatellite loci as
described in Chistiakov, Hellemans and Volckaert
(2006) andGarc|¤ a de Leo¤ n, Dallas, Chatain, Canonne,
Versini and Bonhomme (1995). Four loci were com-
bined in two multiplex panels (multiplex1: DLA0016
and DLA0014; multiplex 2: Labrax 8 and Labrax17),
while the locus Labrax 29 was assayed singly. Paren-
tage was performed by exclusion using VITASSIGN

(Vandeputte, Mauger & Dupont-Nivet 2006). When
more than one parent pair was found per individual,
the locus Labrax 3 was used to discriminate the po-
tential families. At the end of this process, 99.2% of
the ¢sh sampled (778 of 784) had been successfully
and unambiguously assigned to their parents.

Statistical analyses

Traits followed at the end of each period were the
body weight (BW), the standard length and the mean
muscle fat content assessment divided by the decimal
logarithmof BWof each period (CorrFat) as bigger sea
bass are known to be fatter.
Fish were sexed by visual inspection of the gonads

on slaughtered ¢sh at the end of the experiment, as
sex is known to have a highly signi¢cant e¡ect on
the growth of European sea bass. Because of data col-
lection problems, sex could only be recorded on 554
individuals. Parentage analyses showed that some
¢sh belonged to under-represented half-sib families.
O¡spring from half-sib families with less than ¢ve
¢sh were not used for further statistical analyses. Fi-
nally, 550 individuals from seven dams and 32 sires
were used (224 full-sib families).
Preliminary analyses indicated that the sire

� dam e¡ect was never signi¢cant for any trait and
was therefore not included in the models. To deter-
mine the signi¢cance of ¢xed e¡ects (sex, diet) and
to evaluate the signi¢cance of genotype � diet inter-

Table 2 Fatty acid composition (% of total fatty acids) of
the two diets used for growing European sea bass

Fatty acid M PB

8:0 0.02 0.02

10:0 0.68 0.81

12:0 0.08 0.01

14:0 7.01 0.09

15:0 0.70 0.04

16:0 19.26 8.19

17:0 0.46 0.11

18:0 3.07 3.07

20:0 0.16 0.21

14:1 0.07 –

16:1 5.79 0.16

17:1 0.03 0.04

18:1 15.70 21.72

20:1 5.74 0.59

22:1 4.53 0.21

16:2 n-4 1.09 –

16:3 n-4 0.85 –

16:4 n-1 1.26 –

18:2 n-6 7.51 21.97

18:3 n-6 0.19 –

20:2 n-6 0.20 0.04

20:3 n-6 0.06 –

20:4 n-6 0.47 –

22:2 n-6 0.15 0.10

18:3 n-3 0.99 41.31

18:4 n-3 1.43 0.01

20:3 n-3 0.11 –

20:4 n-3 0.58 –

20:5 n-3 (EPA) 7.41 –

21:5 n-3 0.27 –

22:5 n-3 1.29 –

22:6 n-3 (DHA) 8.78 –

Sum saturates 31.43 12.54

Sum monoenes 31.85 22.72

Sum n-6 fatty acids 8.58 22.11

Sum n-3 fatty acids 20.85 41.33

Sum fatty acids 96.14 98.79

M: ¢sh meal and ¢sh oil diet; PB: all ¢sh meal and ¢sh oil re-
placed by plant products.

G � E interactions in sea bass with plant-based diet R Le Boucher et al. Aquaculture Research, 2011, 42, 583^592

586 r 2010 Blackwell Publishing Ltd, Aquaculture Research, 42, 583^592



actions, data were ¢rst analysed using SAS-GLM (SAS
Institute, Cary, NC, USA) with the following model:

Yijklmn ¼ mþ dieti þ sexj þ tankðdietÞkðiÞ þ sirel

þ damm þ sire� dietil þ dam� dietim
þ eijkðiÞlmn

ð1Þ

where Yijklmn is the performance of individual n,
m is the general mean, dieti is the ¢xed e¡ect of the
diet, sexj is the ¢xed e¡ect of sex j (15male, 25

female), tankk(i) is the random e¡ect of the tank k
(k51,2) nested within diet i, sirel is the random e¡ect
of sire l, damm is the random e¡ect of dam m, sire
� dietil the random interaction between sire l and
diet i, dam � dietin the random interaction between
dam n and diet i and eijklmn is the random residual.
Genotype � diet interactions were also quanti¢ed

through genetic correlations between the trait of in-
terest with diet M and the same trait with diet PB,
considered as two di¡erent traits in the analysis. In
this case, G � E (genetic � environment) interaction
is the di¡erence between 1 and the genetic correla-
tion, and the closer to 1 the correlation, the smaller
the G � E interaction. To estimate this correlation as
well as trait heritability, the following model was
used in ASREML (Gilmour, Gogel, Cullis et al. 2006):

Yijklm ¼ mþ sexi þ tankj þ sirek þ daml

þ eijklm ð2Þ

whereYijklm is the performance of individual m, m
is the general mean, sexi is the ¢xed e¡ect of sex j
(15male, 25 female), tankj is the ¢xed e¡ect of tank
j (j51, 2; two tanks per diet), sirek is the random e¡ect
of sire k, daml is the random e¡ect of dam l and eijklm is
the random residual. The sire component of variance
(ss

2) was used to estimate the additive genetic variance
(sA

2) through the formula sA
2 54ss

2 (Becker1984) and
heritability was estimated as the ratio h2 5sA

2/sP
2,

with sP
2 being the estimate of phenotypic variance.

Results

Diet e¡ect

After 9months of the growth trial, the total mortality
was 0.3% (0.6% in PB, 0.0% in M). Descriptive statis-
tics of studied traits at the end of the study are given
inTable 3. Linear model estimates of themeanweight
showa 3.1-fold increase with theM diet and a 2.7-fold
increase with the PB diet. Body weight of ¢sh fed the
PB diet was never signi¢cantly lower than that of ¢sh
fed diet M throughout the entire experimental period

(Table 4). However, di¡erences between diets in-
creased from period1 (111.1%) to period 6 (116.4%)
where it became suggestive (Po0.06, see Fig. 1). No
di¡erences were observed between ¢sh fed with the
two diets for muscle lipid content (CorrFat, P40.51,
see Table 4). The daily growth coe⁄cient calculated
between the last (6) and the ¢rst (0) sampling dates
was smaller in ¢sh fed diet PB (Po0.03).

Linear model, heritability estimates and
genetic correlations

Diet e¡ects or dam � diet e¡ects were not signi¢cant
on BWand CorrFat at any sampling point (Table 4).
Sire � diet interactions on BW and CorrFat were

Table 3 E¡ect of total replacement of ¢sh oil and ¢sh meal
(M) by plant products (PB) on bodyweight (BW), fork length
(FL), estimates of lipid content divided by the weight (Corr-
Fat) and daily growth coe⁄cient (DGC5 FBW1/3� IBW1/

3)/durationwith IBW (g) and FBW (g)

Traits M PB F P-value

BW (g) 647.1 � 10.8 556.1 � 10.7 14.34 0.06

FL (mm) 313.9 � 1.9 299 � 1.9 5.19 0.15

CorrFat 3.1 � 0.06 3.1 � 0.06 0.02 0.89

DGC 1.08 � 0.01 0.92 � 0.01 31.71 0.03

IBW, initial body weight; FBW, ¢nal body weight.

Table 4 P-values for diet, tank (diet), sex, and interactions
sire � diet and dam � diet e¡ects for bodyweight (BW) and
estimates of lipid content divided by the weight (CorrFat) for
each date

Diet
Tank
(diet) Sex

Dam �
diet

Sire �
diet

BW

(588) 0 0.57 0.47 o0.0001 0.17 0.15

(605) 1 0.31 0.01 o0.0001 0.14 0.05

(647) 2 0.31 o0.0001 o0.0001 0.30 o0.01

(679) 3 0.25 o0.0001 o0.0001 0.35 o0.01

(736) 4 0.20 o0.0001 o0.0001 0.30 o0.01

(787) 5 0.14 o0.01 o0.0001 0.21 o0.01

(850) 6 0.06 0.08 o0.0001 0.16 0.01

CorrFat

(588) 0 0.65 0.08 o0.0001 0.15 0.88

(605) 1 0.84 o0.01 0.22 0.34 0.64

(647) 2 0.65 0.1 o0.0001 0.83 0.66

(679) 3 0.63 o0.01 o0.0001 0.99 0.29

(736) 4 0.59 0.24 o0.0001 0.99 0.05

(787) 5 0.51 o0.0001 o0.0001 0.97 0.01

(850) 6 0.89 o0.0001 o0.0001 0.96 o0.01

In column 1, the ages of ¢sh (in dpf) are indicated within par-
entheses before the sampling time.
dpf, days post fertilization.
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signi¢cant, showing a signi¢cant re-ranking of the
sire families between diets for these traits. The multi-
ple measures and individual tagging enabled us to
observe an increase of signi¢cance of the sire � diet
interaction during the trial.
Heritability estimates of BW di¡ered signi¢cantly

from zero ( � 1.65 SE for a 90% certainty of rejecting
the null hypothesis), whether both diets were com-
bined (BW6: 0.30 � 0.13) or considered separately
[BW6 (PB):0.37 � 0.18; BW6 (M):0.47 � 0.24], except
for date 3 in the PB batch (Table 5). The highest herit-
ability estimates were obtained for CorrFat at mea-
sure 3 (0.78 � 0.21). Two heritability values for
CorrFat were over 1, probably due to estimation pro-
blems resulting from the small size of the dataset.

Heritability estimates were always higher with diet
M and tended to decrease over time for both diets,
although no signi¢cant di¡erences could be shown
because of thehighvalues of standard errors (Table 5).
Genetic correlations calculated using model (2) are

shown in Table 5. They are all comprised between
0.51 and 0.99, lower values suggesting the existence
of genotype � environment interactions. Between
dates 3 and 6, the genetic correlation reduced from
0.81 to 0.51 for BWand from 0.99 to 0.83 for CorrFat.
Standard errors of estimated genetic correlations are
too high to show a signi¢cant di¡erence between
them and it does not allow one to conclude that the
decreasing trend at the end of each period is signi¢-
cant (Fig.1).
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Figure1. Evolution of
the meanweight (g) of
European sea bass fed diet
M or plant-based diet over
37 weeks. �Signi¢cant
di¡erence (Po0.1); dpf,
days post fertilization.

Table 5 Genetic correlations between diets and heritability (� standard errors) for plant-based, marine and both diets

Genetic correlation h2 (PB) (� SE) h2 (M) (� SE) h2 (total) (� SE)

BW

(588) 0 0.99 � 0.00 0.25 � 0.03 0.44 � 0.04 0.34 � 0.14

(605) 1 0.99 � 0.00 0.07 � 0.00 0.52 � 0.04 0.31 � 0.13

(647) 2 0.99 � 0.00 0.14 � 0.00 0.52 � 0.04 0.32 � 0.13

(679) 3 0.81 � 0.38 0.21 � 0.16 0.54 � 0.24 0.31 � 0.13

(736) 4 0.64 � 0.35 0.29 � 0.17 0.51 � 0.24 0.31 � 0.13

(787) 5 0.51 � 0.34 0.36 � 0.18 0.48 � 0.24 0.30 � 0.13

(850) 6 0.51 � 0.34 0.36 � 0.18 0.47 � 0.24 0.30 � 0.13

CorrFat

(588) 0 0.99 � 0.00 0.46 � 0.1 0.60 � 0.08 0.63 � 0.19

(605) 1 NE NE NE 0.63 � 0.19

(647) 2 0.99 � 0.00 0.19 � 0.01 0.19 � 0.11 0.61 � 0.18

(679) 3 0.99 � 0.09 0.70 � 0.22 1.02 � 0.29 0.78 � 0.21

(736) 4 0.87 � 0.16 0.59 � 0.22 0.83 � 0.27 0.60 � 0.18

(787) 5 0.80 � 0.16 0.57 � 0.22 1.10 � 0.29 0.65 � 0.19

(850) 6 0.83 � 0.17 0.56 � 0.22 0.94 � 0.23 0.65 � 0.19

Ages (in dpf) of the ¢sh are indicated before the period number.
NE, nonestimated due to lack of model convergence.
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Discussion

The objectives of this preliminary study were to eval-
uate genotype � diet interactions in European sea
bass in the case of total replacement of ¢sh products
in the diet, together with the estimation of heritabil-
ities of BW, length and fat content in both feeding
contexts.

Diet e¡ect

A 16.4% di¡erence in ¢nal weight between ¢sh fed
themarine (M) diet and ¢sh fed the PB diet was found
after 262 days of trail, but it was not statistically sig-
ni¢cant. Kaushik et al. (2004) have shown previously
that an almost total replacement of FM does not have
any adverse e¡ect on the growth of European sea
bass. The present results clearly proved that it is pos-
sible to go further as the total replacement of FO and
FMcan lead to good performances under similar con-
ditions. Because the feeds were extruded, the puta-
tive presence of anti-nutritional factors from plant
protein sources were reduced, as also demonstrated
by the more or less equivalent growth performance
of the twogroups.This lackof signi¢cant e¡ects could
also be due to the experimental design, which was
probably not optimal to detect feed e¡ects (only two
replicate tanks per feed, with signi¢cant tank e¡ects
for some dates), because the primary goal of this
study was to detect genotype by feed interactions.
The growth rate recordedwas lower than those re-

ported in earlier studies (Dias, Corraze, Arzel, Alvar-
ez, Bautista, Lopez-Bote & Kaushik 1999; Kaushik
et al. 2004). A smaller growth rate has also been re-
ported with sea bass in the case of partial FM or FO
replacement (Dias et al. 2005; Montero et al. 2005).
The daily growth coe⁄cient calculated on the entire
period takes into account the initial weight of each
individual and is higher in the M batch, contrary to
weight. The fact that PB fed ¢sh took up to 2 weeks
to feed normally after the initiation of the experi-
ment, while M ¢sh ate normally after 2^3 days, sup-
ports the hypothesis of a low initial palatability of the
PB diet and the need for a period of adaptation.
Estimates of muscle lipid contents did not showdif-

ferences between ¢sh from the two dietary groups,
which is consistent with results obtained in Atlantic
salmon fed vegetable-oil-based feeds (Torstensen
et al. 2005; Nanton,Vegusdal, R�r�, Ruyter, Baeverf-
jord & Torstensen 2007). Indeed, dietary lipid sources
are known not to a¡ect lipid deposition in either liver
ormuscle in sea bass, but inclusionof VOs in ¢sh diets

modi¢es the body fatty acid pro¢le (Izquierdo et al.
2003).
To our knowledge, this is the ¢rst ever study with

European sea bass fed with a complete marine ingre-
dients-free diet. Even if a VOs blend can mimic the
fatty acid pro¢le of FO for total saturated fatty acids,
monounsaturated fatty acids and PUFA (Torstensen
et al. 2005; Francis,Turchini, Jones & De Silva 2007),
de¢ciency in n-3 long-chain PUFA can still occur
(Turchini, Bente, Torstensen & Ng 2009). Moreover,
it is generally recognized that marine ¢sh have a low-
er ability to convert18C fatty acids into longer PUFAs
(Watanabe1982) andwill exhibit direct requirements
for HUFA (Sargent et al. 2002). Previous works have
reported the necessity of 1.0% of n-3 HUFA to ful¢l
essential fatty acid requirements in sea bass (review
by Turchini et al. 2009). The total absence of such
fatty acids in diet PB was probably partially compen-
sated by ¢sh reserves inherited fromcommon feeding
past, although the ¢nal BW was almost three times
the initial BW. Muscle fatty acid pro¢les ona subsam-
ple of the same ¢sh have shown di¡erences between
the two dietary groups re£ecting dietary fatty acid
pro¢les but still maintaining non-negligible levels of
the long-chain w3 fatty acids (Geay, Santigosa, Culi,
Corporeau, Boudry, Dreano, Corcos, Bodin, Vande-
putte, Zambonino-Infante, Mazurais & Cahu 2010).

Genetic parameters

Sire � diet interaction became signi¢cant for both
traits (BWand CorrFat) during the growth trial, indi-
cating that a general re-ranking of the sire families
occurred in response to the diet challenge. A statisti-
cal procedure (GLM procedure in SAS) allowed us to
check whether one of the e¡ects is signi¢cant inside
each level of the other e¡ect of the interaction.
Knownas simple e¡ects (Winer1971), it con¢rms that
signi¢cance of diet e¡ect on BWexists for10 of the 32
sire families (Po0.05).
One interesting ¢nding of the present study is the

existence of sire � diet interactions for both BWand
muscle lipid content measured with fatmeter in Eur-
opean sea bass in case of total replacement of marine
products in the diet in a late growth context. In the
white¢sh, Quinton, Kause, Koskela et al. (2007) found
only weak genotype � diet interaction for growth
(genetic correlation for daily gain: 0.99 � 0.13).
Therefore, they predicted that changing from FM-
based to soybean meal-based diets should have only
aminor in£uence on ¢sh breeding programmes. Palti

Aquaculture Research, 2011, 42, 583^592 G � E interactions in sea bass with plant-based diet R Le Boucher et al.

r 2010 Blackwell Publishing Ltd, Aquaculture Research, 42, 583^592 589



et al. (2006) found no family � diet interactions for
growth in rainbow trout fed with FMor gluten-based
diet. In our experiment, total substitution leads to
clear interactions for BWand brings results close to
the conclusions of Pierce et al. (2008) and Dupont-Ni-
vet et al. (2009) in rainbow trout. Analysis of the evo-
lution of sire � diet interaction shows that it became
signi¢cant very soon in the trial (after17 days) for BW
andmuch later for CorrFat (after199 days). Same pat-
tern of changes is observed with genetic correlation
(after 91days for BWand148 days for CorrFat) show-
ing that both calculations are consistent. Consider-
ing that weight measurement is accurate on ¢sh of
such size, increase of interaction with time could be
due to the ampli¢cation in di¡erences between fa-
milies who di¡er in genetic values (Saillant, Dupont-
Nivet, Ha¡ray & Chatain 2006). This would indicate
that variability appears fast and remains or increases
under these conditions.
Estimates of BW heritability when M and PB diets

are combined were almost all signi¢cantly higher
than 0, but lower than or equal to those found pre-
viously in the European sea bass: 0.60 for logarithm
of BW (Saillant et al. 2006); 0.34^0.46 (Dupont-Nivet,
Vandeputte, Vergnet, Merdy, Ha¡ray, Chavanne &
Chatain 2008); 0.63 (Saillant et al. 2009); and 0.34^
0.60 (Vandeputte et al. 2009). Notwithstanding the
moderate sample size of the present study, heritabil-
ity estimates can be considered moderate to high for
BWand con¢rm that European sea bass is a good can-
didate for selection on these traits (Dupont-Nivet et al.
2008;Vandeputte et al. 2009). The main conclusion is
that sea bass fed on PB diet are also good candidates
for selection and that heritability estimates are not
signi¢cantly di¡erent between diets.
High heritabilities of CorrFat con¢rm that rapid ge-

netic gain is also possible for this quality trait, as al-
ready shown on rainbow trout (Quillet et al. 2005),
common carp (Kocour, Mauger, Rodina, Gela, Lin-
hart & Vandeputte 2007), European sea bass (Ha¡ray,
Pincent, Dupont-Nivet,Vandeputte, Merdy, Chavanne
& Chatain 2007) and European white¢sh (Kause,
Quinton, Ruohonen & Koskela 2009). Selection can
be e⁄cient on this trait, whatever be the diet (M or
PB). Fat content of the muscle is a valuable trait for
industry, but impact of selection on the fattyacid pro-
¢les should also be studied in the context of lesser
availability or increasing cost of FO. Further studies
are warranted to check whether fatty acid pro¢les
can present a genetic variability. The source of global
ability to grow better on diets less dependent onwild
marine ¢shery resources could be diverse: a better

HUFA conversion, a better endurance of HUFA re-
striction or a better appetence to PB diets.We should
add that this ability can express itself to a smaller ex-
tent possibly evenwith less extreme feeds.

Conclusion

Our results allow us to expect that total replacement
of marine products in late growth of European sea
bass could be performed with moderate e¡ect on BW
and lipid content. The signi¢cance of genoty-
pe � diet interaction in the linear model and moder-
ate genetic correlations between dietary groups for
BW and muscle fat content estimated by Fish Fat-
meter correspond to a big step towards the considera-
tion of feed products origin in future ¢sh selection. In
this trial, we demonstrate that the performance rank-
ing of the families for these traits is not similar with
both diets. Extreme contrasts in diet composition as
used here are not likely to be encountered in the in-
dustry todayand a lower interactionmay then be ob-
served with commercial diets. However, these diets
were chosen to give rise to an increased genotype
� diet interaction. The existence of such interactions
and of the high genetic variabilityon diet PB suggests
that it is possible to identify ¢sh with a global ability
to grow better on the future feeds.
This study proves that genetic improvement can be

impacted by extreme changes in diet and the use of
PB products. Still, this has to be con¢rmed in larger
experiments, over a longer time period.
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