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This study examined the genetic variability and genotype×diet interactions during early growth (initial
mean body weight 1.2 g) among seven heterozygous clones of rainbow trout, Oncorhynchus mykiss. The
clones were hand-fed a diet containing either fishmeal or plant proteins during a 49-day trial divided into
two periods (P1, 26 days, and P2, 23 days). Weight, variation of weight within clone, feed intake, feed
efficiency and mortality were calculated for both periods.
There was a highly significant effect of diet and of clone for all traits at both periods, except for feed efficiency
and mortality at P1. Highly significant interactions between diet and clone were also recorded for all these
traits, except for mortality at P1. The occurrence of genotype×diet interactions when feeding juvenile
rainbow trout with an all plant-protein diet indicates that a highly performing genotype on a fishmeal diet
may perform poorly when fed a plant-protein diet. Interactions were found for the two major determinants
of growth, i.e. feed intake and feed efficiency, showing that the dietary response differs according to the
genotype. Monitoring of the within-clone variability of weight showed that a plant-based diet is likely to
enhance the overall phenotypic variance in a population, whatever its initial genetic variability.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Intensification and development of the aquaculture industry
depends on the use of sustainable protein sources as alternatives for
fishmeal in aquafeeds (Naylor et al., 2000; Gatlin et al., 2007). In
salmonids, several studies replaced part (33–75%, Carter and Hauler,
2000; Storebakken et al., 2000; Espe et al., 2006) or all (100%, Kaushik
et al., 1995; Watanabe et al., 1998; Yamamoto et al., 2002) of the
fishmeal by alternate proteins without significant growth reductions.
However, depressed performances, especially at high levels of plant
protein have been reported in other studies (Gomes et al., 1995;
Médale et al., 1998; de Francesco et al., 2004; Barrows et al., 2007),
which highlight the need to optimize intakes and nutritional value of
plant-based diets for salmonids. Suggested approaches concern better
selection and processing techniques of the ingredients or genetic
manipulation of the raw materials (Gatlin et al., 2007).

The cited studies, however, considered themeanperformance of the
studied populations, but not the within population variability of traits
and its genetic basis. Indeed, another way to tackle the problem of
decreased performance is to explore the potential of selection programs
on the aptitude of fish to use plant-based diets (Gatlin et al., 2007). The

genetic variability for growth in fish fed plant proteins has been little
studied, except recently in rainbow trout Oncorhynchus mykiss (Palti
et al., 2006; Pierce et al., 2008) and European whitefish Coregonus
lavaretus (Quinton et al., 2007a,b). All studies concluded to the existence
of additive genetic variability for growth on plant-protein diets,
suggesting that genetic progress is possible by selection. To be noted
however is that the plant-protein diets in latter studies still contained
somemarineprotein sourceeven if itwasonlyduringearlygrowth (Palti
et al., 2006).

Up to date, most commercial breeding schemes for growth have
been performed on fish fed diets containing fishmeal. Yet, differences in
rankings of families due to a change in dietary protein source (i.e.
genotype×diet interactions) could have a drastic impact on the future of
these selected lines. Information on the existence of genotype–diet
interactions, when substituting fishmeal by plant protein, is limited. In a
recent study with European whitefish, no significant diet×genotype
interactionwas evidencedwhen comparing a dietwith fishmeal to a diet
in which soybean meal replaced 50% of the fishmeal (Quinton et al.,
2007a,b). This agrees with Palti et al. (2006), who tested higher
substitution levels and who noted no significant difference in family
rankings of rainbow trout when fed a gluten-based or a fishmeal-based
diet. In contrast, a significant genotype×diet interaction in the family
growth response of rainbow trout was found by Pierce et al. (2008),
pointing towards the risk of losing genetic progress when feeding alter-
nate protein to strains selected in a traditional fishmeal environment.
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The aim of the present study was to examine the existence of
genetic variability and genotype×diet interactions in rainbow trout
fed a diet with fishmeal or plant proteins. The experimental conditions
were chosen to enhance both diet and genotype effects. With regard
to the diet, two extreme experimental formulations were tested, i.e. a
diet with only fishmeal as protein source versus an isoproteic diet
totally devoid of fishmeal containing a blend of plant-protein sources.
Moreover, the diets were given at an early growth stage (initial weight
of 1.2 g), during which the fish are highly responsive to dietary
changes because of their high growth potential.

With regard to thegenotype,weused clones. Since all animalswithin
each clone are genetically identical, measures of the performances of
each group reflect the performances of each individual genotype. This
not only increases the precision of individual traits like growth, but also
allows measuring feed intake and feed efficiency of each genotype. In
fish genetics, these two parameters, essential for understanding growth
differences between genotypes, are rarely discerned. This is mainly due
to the difficulty to measure individual feed intakes in fish, except by
means of X-rays (e.g. in Quinton et al., 2007a,b; Grima et al., 2008).
Secondly, again because all individuals are genetically identical, additive
genetic variance within a clone is null and the phenotypic variance of a
trait provides a direct measure of environmental variance, i.e. the
tolerance of a genotype (the clone genotype) to the environment. A
further advantage of the use of clones is that exactly the samegenotypes
can be produced for future trials since the parental genotypes belong to
well established homozygous clonal lines (Quillet et al., 2007).

2. Materials and methods

2.1. Experimental diets

The two experimental diets were manufactured using a twin-
screw extruder (Clextral, France) at the experimental fish farm of the
French National Institute of Agronomy Research (INRA, Donzacq,
France). Diet V0 contained fishmeal as sole protein source, whereas
the fishmeal-free diet V100 contained a blend of wheat gluten meal,
corn gluten meal, soybean meal and white lupin as protein sources
(Table 1). Although not of commercial practice, diet V0 was for-
mulated to contain no plant-protein source in order to compare the
genotype response to a full fishmeal versus plant-protein diet.
Synthetic L-lysine and phosphorous salts were added to diet V100 to
correct the deficiency in essential amino acid and phosphorous
supply. Both diets had a similar amount of crude protein. Extra fish oil
was added to diet V100, compensating for the residual fat content in
the fishmeal, in order to render the diet isolipidic.

2.2. Experimental animals

The breeders were homozygous fish issued from the INRA
‘synthetic’ strain (SY) of rainbow trout (O. mykiss), expected to
contain a large level of genetic variability (Quillet et al., 2007). Seven
heterozygous clones were obtained by mating a single homozygous
female clonal line with seven individual homozygous males from
seven other clonal lines. The use of the samematernal (same genome)
line for the seven experimental clones avoided initial maternal effects
associated to egg size and hatching time. Ova had to be collected from
different females from the same clonal line in order to produce a
sufficient number of fish. In order to further minimize maternal
effects, seven females with similar mean egg size (ranging from 54 to
58 mg) were chosen among 28 collected on the same day. Mating was
classically carried out by collecting gametes on anaesthetized
breeders to perform external fertilization. The ova were carefully
mixed and then divided into seven groups, each one being fertilized by
one of the seven males. Thus, differences between clones are only to
be attributed to the genetic variability brought by the male pathway,
without being biased by maternal effects.

Homozygosity of all breeders and isogenicity of females were
checked using allelic variation at four polymorphic microsatellite
markers for dams and nine for sires.

The fertilized eggs were incubated at 10 °C. At the eyed (embryo)
stage, each clone was divided into three replicates and reared in 25 l
aquaria (recirculated system, 10 °C constant). After yolk resorption,
the fry were fed a commercial trout diet (Bio-Optimal Start, Biomar
France) from first-feeding until the start of the feeding trial (76 days
post first-feeding).

2.3. Feeding trial and measured traits

At the start of the experiment, each of the seven cloneswas divided
into six groups of 105–110 fish each. The initial body weight of the
fish was 1.20±0.26 g. Three replicates of each clone were fed the
fishmeal-based diet (V0) while the three others received the plant-
based diet (V100). Each group was randomly allocated to one of
the 42 aquaria (25 l) in the same closed recirculating system (10 °C
constant).

The feeding trial was divided into two periods (P1 and P2) which
lasted 26 and 23 days respectively, corresponding to 24 and 21 days of
feeding. Because of the onset of mortality at the end of P2 (see Results
section), the trial was continued for 14 days (period 3, P3) with fish
fed ad libitum. Here (P3), only mortality was recorded in order to
monitor the genetic variability of this trait. The fish were left unfed for
two days during the weight measurements, which took place at the
start of the experiment and at the end of each period. All fish from
each aquarium were weighed individually for the determination of
individual body weights and the coefficient of variation (CV, %).
Mortality was monitored every day. Fish were fed three times daily
(10 a.m.,13 p.m. and 17 p.m.). The glass front of the aquaria allowed an
accurate observation of feed intake. Periods of ad libitum feed
distributions, where fish were carefully fed by hand until visual
satiation (until pellets reached the bottom of the aquarium), were
alternated with periods of pre-weighed feed ration distributions
(‘restricted feeding’, Fig. 1) with the aim to reduce the feeding work

Table 1
Formulae and analytical composition of the experimental diets (V0: fishmeal-based
diet, V100: all fishmeal replaced by plant protein sources).

Diet V0 V100

Ingredients (g/kg)
Fishmeal LT 94 a 472 0
White sweet lupin (CP 40%) b 0 100
Corn gluten meal (CP 62%) c 0 150
Wheat gluten (CP 80%) d 0 250
Extruded whole wheat (CP 10%) c 362 94
Extruded dehulled peas (CP 24%) e 0 24
Soybean meal (CP 46%) c 0 120
L-Lysine f 0 11
CaHPO4.2H20 (18%P) 0 43
Fish oil a 160 202
Mineral and vitamin premix g 6 6

Analytical composition
Dry matter (g/kg WW) 934.7 925.7
Crude protein (g/kg DM) 392.6 445.7
Crude lipids (g/kg DM) 220.9 208.8
Gross energy (MJ/kg DM) 23.3 24.6
Ash (g/kg DM) 82.6 58.4
Phosphorus (g/kg DM) 12.8 11.7

a Sopropêche, Lorient, France.
b Terrena Cooperative, Ancenis, France (Farilup500).
c Inzo, Argentan, France (Cerestar 13864;Soja 48).
d Roquette, Lestrem, France (Vital wheat gluten).
e Sotexpro, Hermonville, France (Aquatex 8071).
f Eurolysine, Paris, France.
g According to NRC (1993).
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load. The pre-weighed feed ration corresponded to 90% of the mean
amount of feed ingested by each fish group of each tank during the ad
libitum distribution and was divided over the three daily meals. It was
supplied by hand and here also special care was taken so that no food
was wasted. The feed ration was recalculated on a weekly basis by
estimating the body mass gain (taking into account a mean feed
efficiency of 1.2).

Daily feed intakes (DFI) in each period were expressed on an
individual basis as mg feed ingested per day per fish. Feed efficiencies
(FE) were calculated for each period by dividing the bodymass gain by
the total feed intake during that period. Thus, for each clone, three
values (one for each replicate) of DFI and FE were available per diet
and period.

2.4. Statistical analysis

For each period, the effects of clone, diet and clone*diet
interaction on cumulated percentage of mortality, body weight, CV
of body weight, DFI and FE were tested using ANOVA or ANCOVA (for
DFI with the initial weight of each period as a covariable). An angular
transformation and a logarithmic transformation were applied to the
raw values of mortality and DFI, respectively. For CV, no transforma-
tion was applied since it was not skewed as it can be feared for a trait
expressed in percentage. For body weight, a replicate effect was added
resulting in the following model:

Wijkl = μ + clonei + dietj + clone⁎dietij + replicateik + eijkl

where μ was the general mean, clonei the clone effect, dietj the diet
effect, clone*dietij, the interaction between diet and clone, replicateik,
the replicate effect nested within clone and eijkl the residual error. For

F-tests, clone effect was tested taking into account the replicate effect
as the error term.

GLM procedure of SAS® software was used to perform the
analyses.

3. Results

3.1. Recorded traits

Table 2 summarizes the overall means (with standard deviations)
and the genotype-dependent minimum and maximum values of the
different traits recorded in each diet. During the first two periods,
the body weight more than quadrupled for fish fed diet V0 and more
than doubled for fish fed diet V100. These differences in body weight
resulted from differences in both DFI and FE. Results of the ANOVA
and ANCOVA are reported in Table 3. Except for FE and mortality in P1,
all effects i.e. clone, diet and clone*diet were highly significant for
all traits.

At the end of period P3, cumulated mortality for each clone and
diet is reported in Table 4. The mortality with diet V0 was low (b3.5%)
and unaffected by the genotype (P=0.21). Important mortality was
seenwith diet V100 during P3. This resulted in a significant diet effect
on mortality (Pb0.02) for clones 91, 97, 107, 110 and 120. Yet, within
diet V100, there was a highly significant clone effect (Pb0.0001) on
mortality, with clones 97, 91 and 107 having the highest mortalities
(50.6, 39.4 and 25.5% of cumulated mortality, respectively) and clones
79 and 83 the lowest (3.0 and 6.2% respectively). Thus, further in this
paper, only results from P1 and P2 are considered.

Due to the significant interactions (Pb0.017, Table 3) found for the
parameters detailed in Table 5 (body weight, CV, feed intake and feed
efficiency), the significance of the main effects (clone and diet) on

Fig. 1. Occurrences of ad libitum and restricted feed distributions during the experimental period.

Table 2
Elementary statistics for each trait in clonal rainbow trout fed diet V0 (fishmeal diet) or diet V100 (all fishmeal replaced by plant protein) per period (P1, P2 or P3).

N Mean±SD Min Max

V0 V100 V0 V100 V0 V100 V0 V100

Initial weight 4404 1.20±0.26 1.10 1.31
Initial CV of weight (%) 20.1 16.4 23.8
Period P1
Final weight (g/fish) 2274 2232 2.83±0.58 2.31±0.60 2.47 1.94 3.21 2.64
CV of weight (%) 21 21 18.5±2.4 23.0±3.9 15.5 17.1 20.4 30.1
Feed intake (mg/fish/d) 21 21 56.6±6.2 37.9±6.2 49.9 30.1 68.1 45.0
Feed efficiency 21 21 1.25±0.05 1.27±0.10 1.20 1.11 1.30 1.38
Mortality (%) 21 21 0.57±0.94 1.48±1.76 0 0.3 1.5 3.3

Period P2
Final weight (g/fish) 2271 2006 5.21±1.21 3.18±0.92 4.51 2.54 6.53 4.02
CV of weight (%) 21 21 19.6±2.2 24.8±4.6 16.9 17.9 21.9 31.4
Feed intake (mg/fish/d) 21 21 95.6±13.1 44.7±8.9 79.0 32.9 122.5 59.4
Feed efficiency 21 21 1.13±0.09 0.81±0.19 0.96 0.47 1.22 1.05
Mortality (%) 21 21 0.30±1.16 8.9±12.1 0 1.21 1.5 32.8

Period P3
Mortality (%) 21 21 0.47±0.87 8.13±11.7 0 1.23 3.06 37.8
Cumulated mortality (%) 21 21 1.4±1.2 22.1±17.5 0 3.0 3.3 50.6

The mean represents the average value (±SD) per diet. The minimum and maximum represent the minimum or maximum clone mean within each dietary group.
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these parameters was tested with the other effect (diet or clone,
respectively) fixed.

3.2. Diet effect (within each genotype)

For body weight, the diet effect was significant for each clone
(Pb0.04). At the end of P1, the clones fed V100 were on average 18%
smaller than those fed V0 and 39% at the end of P2 (Table 2). The
within-clone phenotypic variability, measured as the coefficient of
variation of weight (CV), was also affected by the diet, whatever the
period, as illustrated by the approximately 20% smaller CVs in clones
fed diet V0 compared to diet V100 (Table 2). The magnitude of CV
increase in response to the diet was however not uniform: two clones
exhibited a large increase of CV: 79 and 110 (Pb0.0037), while no
significant change was noted for clones 83 (PN0.29), 97 (PN0.16) and
120 (PN0.13). Diet-induced differences in CV in the other clones were
close to the level of significance (P within 0.05–0.09).

Likewise, feed intakes in each clone were significantly affected by
the diet during both periods (Pb0.05). At the end of P1, the clones fed
V100 had consumed on average 33% less feed than those fed diet V0
and 53% less at the end of P2. For feed efficiency, the diet effect was not
significant in P1 (PN0.22) except for clones 110 and 120 (Pb0.03)
which displayed a lower FE with V100 than with V0 from the
beginning of the trial. In P2, FE was significantly affected by the diets
in all clones (Pb0.04) but for clone 97 (P=0.11). In this second period,
the average FE in clones fed V100 was 28% lower than when fed V0.

3.3. Genotype effect (within each dietary group)

Table 5 shows the genotype effect on the growth-related
parameters. The analyses revealed, when diet effect is fixed, a
significant (Pb0.05) clone effect for body weight, DFI and FE, except
for FE in P1 with V0. Considering the CV, the clone effect was also
significant for each period and each diet (Pb0.02).

Table 3
P values showing the effect of the genotype (7 rainbow trout clones), of the diet (V0,
V100) and the interaction clone×diet at the end of each period (P1, P2 or P3) for each
trait (ANOVA results, except ANCOVA for feed intakes).

Clone effect Diet effect Clone×diet effect

Period P1
Final weight b0.0001 b0.0001 b0.0001
CV of weight b0.0001 b0.0001 0.0005
Feed efficiency 0.0043 0.3214 0.0170
Daily feed intake 0.0051 b0.0001 b0.0001
Mortality (during P1) 0.15 0.21 0.79

Period P2
Final weight b0.0001 b0.0001 b0.0001
CV of weight b0.0001 b0.0001 0.0142
Feed efficiency b0.0001 b0.0001 b0.0001
Daily feed intake b0.0001 b0.0001 b0.0001
Mortality (during P2) b0.0001 b0.0001 0.0026

Period P3
Mortality (during P3) b0.0001 b0.0001 b0.0001

Table 4
Cumulated mortality (%±SD) at the end of period P3 for each rainbow trout clone and
each diet.

Clone Diet Diet effect
(P value)V0 V100

79 0.6±0.5 3.0±2.1E 0.09
83 1.7±3.0 6.2±2.6DE 0.26
91 0.0±0.0 39.4±8.6AB 0.02
97 3.3±1.9 50.6±8.2A 0.0004
107 1.8±1.6 25.5±3.1BC 0.0005
110 0.9±1.6 13.9±7.9CDE 0.02
120 2.1±2.1 16.1±4.3CD 0.0061
Clone effect (P value) 0.21 b0.0001

Clones with different letters are significantly different (Pb0.05 ANOVA).

Table 5
Ranking of the rainbow trout clones for bodyweight, CV of body weight, feed intake and
feed efficiency in periods 1 and 2.

Period 1 (P1) Period 2 (P2)

Group Range of
mean values

Clone Group Range of
mean values

Clone

Body weight (g) for V0
A 3.21 110 A 6.52 110
B 3.06 107 B 5.44 107
C 2.82–2.87 83, 120 C 5.22 83
D 2.67 91, 97 CD 5.14 120
E 2.47 79 D 5.03 91

E 4.51–4.63 97, 79

Body weight (g) for V100
A 2.64 83, 107 A 4.02 83
B 2.52 120 B 3.55 107
C 2.34 97 C 2.27 120
D 2.12 91 D 3.11 97
E 1.94–2.02 110, 79 E 2.80–2.85 79, 110

F 2.52 91

CV (%) for V0
A 21.6 97 A 21.9 97
AB 20.4 107 AB 18.2–21.4 107, 91, 110,

120, 79
ABC 17.7–19.2 110, 91, 120 B 16.9 83
BC 16.4 79
C 15.5 83

CV (%) for V100
A 30.1 110 A 31.5 110
B 22.9–23.4 91, 107,

97, 79
AB 26.4–27.1 107, 91

BC 21.4 120 ABC 23.5–24.1 97, 79
C 17.1 83 BC 23.0 120

C 17.9 83

Daily feed intake (mg per ind) for V0
A 68 110 A 122 110
AB 59 107 B 90–98 107, 120,

97, 91, 83
B 50–56 120, 91, 97,

83, 79
C 79 79

Daily feed intake (mg per ind) for V100
A 42.1–45 107, 120, 83 A 59.4 83
AB 39.8 97 AB 52.3 107
BC 35 91 BC 45.2 120
C 30.1–31.6 110, 79 BCD 41.8 79, 110

CD 39.8–41.6 97
D 32.9 91

Feed efficiency for V0
A 1.20–1.30 All A 1.11–1.22 110, 83, 79,

91, 107
A 1.10 120
B 0.96 97

Feed efficiency for V100
A 1.38 83 A 1.05 83
AB 1.21–1.32 91, 120, 107,

97, 79
AB 0.77–0.99 79, 110, 97,

107
B 1.11 110 BC 0.74 120

C 0.47 91

For each trait and each period, groups with different letters are significantly different
(Pb0.05 ANOVA or ANCOVA for feed intakes).
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3.4. Genotype–diet interactions

Genotype–diet interactions were highly significant for all traits
(Table 3). These interactions are illustrated in Fig. 2 for body weight
(a) and body weight CV (b) at P2 and in Table 5, showing multiple
inversions of genotype rankings for all traits between both diets. For
example, in P2, clone 110 fed diet V0 had the best growth (+20%
compared to the second best clone in P2), the highest feed intake and
a very high FE. However, this clone had a depressed performance with
diet V100. Clone 83 showed a different response, displaying
intermediate performances with diet V0 but the best growth with
diet V100 (related to a higher feed intake and good FE, Table 5).
Moreover, these clones exhibited a different response to the diet in
terms of phenotypic variability. In clone 110, diet V100 increased the
variability of weight (+50% relative increase), in contrast to clone 83,
in which the CV remained almost unchanged, irrespective of the diet.
It is noteworthy that genotype–diet interactions remained significant,
even after the removal of a clone with a strong response to diet (e.g.
clone 110) from the analysis, underlying interaction as an intrinsic
feature of the results.

The ranking of the clones was well conserved between both
periods for final weight and CV (Table 5). For DFI, the ranking between
both periods was well conserved with diet V0 and less with diet V100.
For FE, the rankings between both periods could not be compared for
fish fed V0, as there was no significant difference between the clones
in the first period. With V100, the ranking of the clones based on FE
was only partially conserved between P1 and P2.

4. Discussion

4.1. Dietary effect

The plant-based diet reduced growth as compared to the fishmeal
diet in all clones, despite the selection of high quality plant-protein

sources and the correction of the essential amino acid deficiency. This
reduction in growth at the end of P2 was between 23% and 57%
depending on the genotype. This growth limitation is higher than in
most other studies on fishmeal replacement in rainbow trout (Refstie
et al., 2000; Yamamoto et al., 2002; Barrows et al., 2007), including
those from our laboratory (Kaushik et al., 1995; Médale et al., 1998;
Mambrini et al., 1999). The drastic dietary effect, reflected also in
reduced survival, is likely to be attributed to the deliberately chosen
combination of a complete fishmeal substitution together with the
small fish size, rather than, as in the majority of above cited studies, a
partial substituted diet and fish of larger sizes, less susceptible to the
diet. Indeed, veterinary controls identified no specific disease
associated with mortalities. Moreover, the mean performances (feed
intake and feed efficiency) of the heterozygous clones fed the fishmeal
diet were in the range of those recorded in non-clonal trout, indicating
that the tested clones were not particularly compromised in terms of
feed utilization potential. The impact of plant-based diets on health
and well-being constitutes here an interesting and complementary
research question.

The reductions in growth with the plant-based compared to the
fishmeal-based diet were significant from the first period and further
accentuated towards the end of the second period. The samewas seen
for voluntary feed intakes. This suggests that the lower growth was
not the result of a temporary adaptation problem to the plant-based
diet, as suggested before with larger trout fed a soybean meal-based
diet (Refstie et al., 1997). Reduced feed intakes, due to palatability
problems, have been reported frequently in fish fed plant-based diets
(Gomes et al., 1995; Mambrini et al., 1999; Espe et al., 2006).
Palatability can be defined as the overall impression of a diet by all the
animal's senses and is determined by the experience and metabolic
status of the animal and the orosensory properties of the feed (Forbes,
1995). However, orosensory dislikes, mostly detected in choice tests,
are not necessarily expressed when the food is given separately. This
was also seen in rainbow trout fed diets with various feed oils, where
the lower preference for the diet with linseed oil relative to fish oil
(Geurden et al., 2005) did not significantly affect the actual intakes of
these diets in a no-choice trial (Geurden et al., 2007). Moreover,
orosensory dislikes are often found to be temporary (Forbes, 1995).
Since feed intakes in our study remained persistently lower, without
visible adaptation to the plant-based diet, they are more likely to be
attributed to an adverse post-ingestive or metabolic effect rather
than to an orosensory dislike of the plant proteins, an issue requiring
however further confirmation.

Also the observation that feed efficiency was adversely affected by
the plant-based diet suggests a post-ingestive or metabolic alteration,
but only significant during period 2. The reduction in feed efficiency
due to fishmeal replacement is in agreement with findings from other
trials with rainbow trout (Adelizi et al., 1998; de Francesco et al., 2004;
Barrows et al., 2007) and might be due to disturbed digestive or
modified metabolic processes (Krogdahl et al., 2003; Vilhelmsson
et al., 2004), possibly in relation with the presence of anti-nutritional
factors in plant ingredients.

4.2. Genotype effect

Our data demonstrate an important genetic variability among the
seven genotypes for all traits within the groups fed the plant-based
diet as well as within the groups fed the fishmeal-based diet. This
result is enhanced by the consistency, within each diet, in the ranking
order of the clones between both periods for all traits, except FE. The
low consistency of rankings for FE is in line with the generally low
heritability estimates of FE reported in the fish literature (Kinghorn,
1983; Henryon et al., 2002; Quinton et al., 2007a,b).

Only few studies with fish documented genetic variability
(between strains or families) in the response to plant-based diets.
For rainbow trout, genetic variability was found for growth using a

Fig. 2.Mean body weight (a) and weight CV (b) at the end of period 2 for each rainbow
trout clone fed diet V0 (fishmeal diet) or diet V100 (plant-based diet).
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diet low in fishmeal (Smith et al., 1988), or a diet with corn and wheat
gluten and 10% krill (Palti et al., 2006), or with a diet with corn gluten,
wheat gluten, soybean meal and 5% krill (Pierce et al., 2008). Genetic
variability was also reported for growth in European whitefish fed a
diet with 25% soybean meal and 25% fishmeal (Quinton et al., 2007b).
Only two papers investigated the genetic variability of the two major
growth determinants (DFI and FE) and provided results consistent
with ours, i.e. genetic variability exists for both traits (Quinton et al.,
2007a,b).

Our study also provides original results on the level of phenotypic
variability when feeding plant-based diets. Despite the genetic
identity of all individuals within a clone, feeding the plant-based
diet increased the phenotypic variability in most clones, reflecting the
reduced acceptance of plant protein. It follows that the growth
performance of a given genotype (a clone here, an individual in a
classical population) when fed plant-based diets may become quite
unpredictable. This may not only increase the overall phenotypic
variability in commercial stocks, but also decrease the precision of
breeding value estimates compared to a classical diet. This observation
also points out the need for further studies on the physiological status
and health of trout fed plant-based diets.

Taken together, all these results suggest that parameters related to
growth and its determinants (DFI and to a lesser extent FE) with
plant-based diets can be selected, which may help the transition
towards new aquafeed.

4.3. Genotype–diet interactions

The major finding in this study is the high genotype×diet
interaction for all traits (except mortality which was close to zero
for all clones fed with V0), illustrated by the important re-rankings of
the clones between both experimental diets. This finding contrasts
with most other studies examining genotype–diet interactions,
related e.g. to the level of protein or carbohydrate (Austreng et al.,
1977; Blanc, 2002). With regard to the dietary protein source, Smith
et al. (1988) reported that the growth differences among 10 rainbow
trout strains, fed a diet rich in either plant or fishmeal protein, were
affected by the strain but not by the protein source (no strain×diet
interaction). Similarly, recent feeding trials with salmonids designed
for the study of a family interaction with dietary protein source (Palti
et al., 2006; Quinton et al., 2007a,b) concluded that current fish
breeding programs which select for growth on fishmeal-based diets
should also improve the broodstock's ability to use alternative
proteins. The latter authors however used a partially substituted
diet during the whole experiment (Smith et al., 1988; Quinton et al.,
2007a,b) or during early growth (until 25 g, Palti et al., 2006), which
might have masked the interaction. Our results agree with two recent
studies in channel catfish, Ictalurus punctatus (Li et al., 2006) and
rainbow trout (Pierce et al., 2008), where the genotype×protein
source interaction for growth rate was found to be, respectively,
slightly or highly significant. In Pierce et al. (2008), almost all marine
protein was substituted by a blend of soybean meal and gluten (corn
and wheat), leaving only 5% in the form of krill as attractant, and part
of fish oil was substituted with soybean oil. Moreover this diet was
given from first-feeding. These could be the reasons why, as in the
present study, significant interactions were found.

In summary, the present study shows the existence of genoty-
pe×diet interactions using different protein sources. Thus, rainbow
trout selected for high growth with a conventional fishmeal-based
diet may not necessarily display optimal performances with plant-
based diets, at least when fed an extreme diet devoid of fishmeal
during early growth. In addition, genotype×diet interactions were
also noted for the within-clone variability in growth (CV) and for both
growth determinants, i.e. daily feed intake and feed efficiency, which
raise further issues for improving the use of plant-based diets by
rainbow trout.
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