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Using breeding programs to improve feed efficiency, the ratio between fish body weight
gain (BWG) and feed intake (Fl), could increase aquaculture sustainability through
reduced feed costs and environmental impact. To this end, individual phenotypic
information is required. Individual FI can be measured by isolating each fish. Under
these conditions, restricting the feeding rate has proved relevant to improve feed
efficiency indirectly by selecting faster-growing animals. Moreover, a restricted feeding
rate reduces the work load of collecting uneaten pellets after each meal. The approach
assumes the most efficient fish at high and low feeding rates are the same, but
this assumption remains untested. In European sea bass (Dicentrarchus labrax), feed
efficiency is likely to be impacted also by population, temperature, and their interaction,
as already demonstrated for growth in this species. To investigate these issues, 200
European sea bass from three wild populations, Atlantic (AT), West Mediterranean (WM)
and East Mediterranean (EM), were reared individually at two temperatures, 18°C and
24°C. Their BWG and FI were measured at six different feeding rates, from ad libitum
(100% ADL) down to fasting. A trade-off between performance at 100% ADL and at
fasting was observed: more efficient fish at 100% ADL showed a stronger decrease
in BWG (standardized to metabolic weight) when the feeding rate was progressively
lowered and lost more weight at fasting. The most efficient fish were not the same
depending on the feeding rate, suggesting the feeding rate used to phenotype fish in
selective breeding programs must be the same as that used in commercial practices.
The slope in the linear relationship between BWG and Fl (both standardized to metabolic
weight) was similar among populations and temperatures. However, EM fish had a
higher intercept than others, suggesting this population grew more and thus was more
efficient for an equal feeding rate. Similarly, fish reared at 18°C were more efficient for
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an equal feeding rate. When feed efficiency was studied in fish fed at 100% ADL, the
temperature effect disappeared but the population effect remained. This highlights the
complex interplay between population, temperature and feeding rate when evaluating

individual feed efficiency.

Keywords: aquaculture, individual rearing, feed efficiency, feeding rate, fasting tolerance, sea bass

INTRODUCTION

In order to feed the increasing world’s population, including
more fish in future diets could help provide a solution because
it would spare lands and feed crops when comparing with
livestock production (Froehlich et al., 2018). Fisheries production
has not increased over the last two decades, thus meeting the
future demand for aquatic products will rely on aquaculture
(FAO, 2018). However, to reach the fish production required,
aquaculture needs to address some sustainability issues. The main
issue is linked to fish feed which accounts for 30% to 60% of total
costs in an intensive fish farm (Goddard, 1996). Furthermore,
feed production will have to compete with both agriculture and
human consumption for access to ingredients (Troell et al., 2014),
and is responsible for a high proportion of the environmental
impact of aquaculture (Aubin et al., 2009; Besson et al., 2016a).
Improved use of feed by fish may involve fish nutrition
(NRC, 2011), husbandry (De Silva and Anderson, 1995) and
genetics (de Verdal et al., 2018a,b; Besson et al., 2019). Nutrition
and husbandry have already been widely addressed, but genetic
studies are scarce. Selective breeding could reduce feed use
in aquaculture and improve sustainability by improving feed
efficiency of farmed fish, i.e., the ratio between fish body weight
gain (BWG) and feed intake (FI) (Besson et al., 2014, 2016a).
Improving feed efficiency means using less feed to produce
the same amount of fish, or producing more fish with the
same amount of feed. However, to perform a selective breeding
program, accurate individual phenotypic information is required.
Measuring individual BWG is easy when fish are individually
tagged, but measuring the individual FI of a large number of fish
is challenging as fish are reared in large groups. Individual FI can
be measured using individual rearing (Silverstein, 2006; Martins
et al,, 2011; Besson et al., 2019). This implies managing the exact
number of pellets eaten by each individual. This method has the
major advantage of being exhaustive: FI can be measured for
each meal over several months and thus the temporal variability
of FI is fully considered (Rodde et al., 2020). Moreover, the
method gives immediate results (FI can be determined only a
few hours after feeding). Besson et al. (2019) already managed to
assess the feed efficiency of 588 European sea bass Dicentrarchus
labrax in 194 days using this methodology. However, this
method is tedious because of the need to collect all the uneaten
pellets in all the individual aquariums. In their study, Besson
et al. (2019) restricted the feeding rate to 50% of the optimal
feeding rate. Using this methodology, it was demonstrated that
selecting faster-growing individuals under a restricted feeding
rate improved feed efficiency of the progenies in pigs (Nguyen
et al., 2005) and in rabbits (Drouilhet et al., 2016), no matter if
those progenies were then fed at a restricted or an ad libitum

(abbreviated as “100% ADL” in the present study) feeding rate.
Advantageously, using a restricted feeding rate reduces the
workload. The reduced labor costs from lowering fish feeding
rate make the transfer of this phenotyping method to practical
selective breeding programs more likely and economically viable
(Besson et al., 2019).

However, to our knowledge, there is no existing evidence
that the most efficient fish at high feeding rates are also the
most efficient at low feeding rates, and this issue needs to be
addressed prior to starting breeding programs. As changing
the feeding rate may impact the accuracy of feed efficiency
estimates, it is useful to study individual variation in feed
efficiency according to the feeding rate. For this study, three
populations of European sea bass identified in the wild were
used, Atlantic (AT), West Mediterranean (WM), and East
Mediterranean (EM) (Guinand et al., 2017). The Atlantic and
Mediterranean lineages of European sea bass started to diverge
around 300,000 years before present following spatial separation
during this glacial period. While the differentiation between
the EM and the AT European sea bass was maintained, the
secondary contact between these two lineages led to an admixed
population in West Mediterranean area (Duranton et al., 2018,
2020). This evolutionary process occurred in environments
whose average temperatures differed, since a North-West to
South-East temperature gradient exists in European waters
(Lindgren and Hékanson, 2011). Feed efficiency performance
in European sea bass may thus be impacted by population,
rearing temperature, and their interaction. Population by rearing
temperature interactions on growth have been demonstrated
already in this species (Vandeputte et al., 2014) suggesting similar
effects could be found in feed efficiency. If such differences exist,
there is a potential to choose more efficient source populations
to start a selective breeding program, and to favor some specific
rearing sites according to the temperature gradient existing in
European waters.

In the present study, individual fish BWG and FI were
measured at six different feeding rates, from 100% ADL down to
fasting (0% ADL) to test whether feed efficiency at low feeding
rates reflected feed efficiency at high feeding rates. A total of
200 European sea bass from AT, WM, and EM were reared
individually at two temperatures: 18°C and 24°C, corresponding
to the average and optimal temperatures, respectively, for
European sea bass growth in the West Mediterranean area
(Person-Le Ruyet et al., 2004; Besson et al., 2016b). Moreover,
18°C and 24°C reflect well the coldest and warmest average
temperatures at which European sea bass is reared across Europe
(Vandeputte et al., 2014). The objectives of the present study were
(1) to assess the impact of the feed ration on the relationship
between BWG and FI at individual level, and (2) to determine
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whether the relationship between BWG and FI varies with
population and/or temperature.

MATERIALS AND METHODS

Ethics Statement

This study was carried out in accordance with the
recommendations of Directive 2010-63-EU on the protection
of animals used for scientific purposes. The protocols were
approved by C2EA-36 (“Comité d’éthique en expérimentation
animale Languedoc-Roussillon”) under authorization APAFiS n°
2018032109435819 (version 2).

Biological Material

The 200 European sea bass used in the present study were
produced by artificial fertilization on the 5th of February 2018 at
the Ifremer Experimental Aquaculture Research Station (Palavas-
les-Flots, France, 43°31'13°N; 3°54'37°E), with a similar protocol
to Doan et al. (2017). The Atlantic (AT) and West Mediterranean
(WM) groups were produced by mating wild sires and wild dams
from each of the populations in a full factorial mating design,
thus producing pure AT and WM offspring. Wild AT and WM
fish were initially captured in the English Channel and the Gulf
of Lions (France), respectively. Equal numbers of eggs from 22
WM dams, fertilized with sperm from 40 WM sires, and eggs
from 9 AT dams, fertilized by 26 AT sires, were used. The East
Mediterranean (EM) group was produced by mating 39 wild EM
sires and 13 F1 EM x WM dams thus producing 75% EM-25%
WM backcross progenies, hereafter called EM. Only wild EM
males were available, which were initially captured in Turkey and
Egypt (Vandeputte et al., 2014), and this is why only 75%EM-
25%WM progenies could be produced. Hatching occurred on
the 9th of February 2018. Each fish population was reared in
separated tanks until 188 days post-hatching (dph). Fish (62 AT,
66 WM, and 72 EM) were then gathered in a single 1000 L
holding tank after the injection of PIT-tags (Biolog-id, France).
At 213 dph, fish were fasted until the beginning of the experiment
at 221 dph to stimulate their appetite.

Rearing System

The rearing system consisted of two independent recirculating
water systems placed in the same room. Each rearing system was
comprised of 100 aquariums (10 L each), a sand filter, a biological
filter and a UV filter. Water renewal rate was 300% per hour
in each aquarium. Water temperature was set at 18 and 24°C
in first and second rearing systems, respectively. For the first
and second systems, mean oxygen saturation was, respectively,
114.1% (8.64 mg O,/L) and 107.1% (7.28 mg O,/L), mean
water salinity was, respectively, 37.2%0 and 37.4%0 and mean

water pH was 8.3 in both cases. Photoperiod was artificial: 12 h
light/12 h dark.

Experimental Design

The experimental procedure consisted of three distinct periods:
acclimation, reaching 100% ADL and phenotyping (Figure 1).
Acclimation lasted 4 weeks. During the first 2 weeks, five fish were

reared per aquarium. Groups were then split to acclimate one fish
per aquarium for another 2 weeks, as described by Besson et al.
(2019). Feed, manufactured by Le Gouessant Aquaculture, was
from the commercial diet called “Neo Start 3” with: 47% of crude
protein, 18% of crude fat, 1.5% of crude fiber, 8% of ash, 1% of
phosphorus, 19 MJ/kg for digestible energy content, 23 g/MJ for
digestible protein/digestible energy ratio. The diet used remained
the same over the whole experiment. From the beginning of
acclimation onward, feed was supplied once a day in the morning
(9 a.m.) by automatic feeders. During acclimation, fish were fed
50% of the feeding ration recommended by the feed provider
with a single daily meal, and the number of uneaten pellets per
aquarium was recorded as soon as fish were reared individually.

During the second period, three rounds of 1 week were needed
to reach 100% ADL for each fish (Figure 1). Over each round,
the number of pellets uneaten by each fish was manually counted
2 h after each meal. The last week of acclimation was used as a
starting point to estimate which fish were already fed at 100%
ADL. At the end of each round, different choices were made
according to the number of pellets wasted by each fish over
the week:

(a) if the fish left a relatively low number of uneaten pellets
(less than 30 pellets per day), that fish was considered
to have reached 100% ADL and the FI of the fish was
considered equal to its 100% ADL;

(b) if the fish left a large number of uneaten pellets (higher
than 30 pellets per day), feed ration was decreased the week
after by 10% of the feeding ration recommended by the feed
provider to ease the wasted pellets counting;

(c) if the fish did not waste any pellets, its feed ration was
increased the week after by 20% of the feeding ration
recommended by the feed provider to reach 100% ADL.

At 270 dph, the end of round 3, there were 99 fish reared at
18°C (28 AT, 34 WM and 37 EM) and 95 fish reared at 24°C (28
AT, 32 WM and 35 EM). Six fish died before 270 dph because
they jumped out of their aquarium (five AT at 18°C and one AT
at 24°C).

The third period of the experiment was the phenotyping
period, fish were first fed for 22 days (from 270 to 292 dph)
with an individual feeding rate taking into account the various
choices previously made to reach 100% ADL (Figure 1). Fish were
weighed at 270, 281, and 292 dph (beginning, half and end of
the 22 days) to update the individual feeding ration according
to their body weight (BW) and to determine individual BWG
(final BW - initial BW). Fish were anaesthetized with benzocaine
(37.5 g per m? of seawater) before weight measurements. Uneaten
pellets were counted in each aquarium and removed daily. The
uneaten feed weight was estimated every day, considering that all
the pellets had the same weight (14.6 £ 1.6 mg with CV = 11.0%)
and cumulated over the 100% ADL step. Fish were fasted the day
of weight measurements and the day before. Feed intake of each
fish during this 100% ADL step was calculated as: weight of feed
given - weight of feed uneaten, and converted to a% of BW per
day to estimate 100% ADL.
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Acclimation Reaching 100% ADL
221 235 249 256 263 270
Fish grouped by five Individual fish Round 1 Round 2 Round 3

100% ADL 100% ADL 80% ADL

BWO0

BWI

BW2 BW3

60% ADL

334 344

40% ADL 20% ADL 0% ADL

BWwW4 BW35 BWG6 BW7

Phenotyping

FIGURE 1 | Experimental schedule applied to each fish. Fish age (in days post hatching) at each step is indicated by the numbers. ADL, ad libitum feeding rate; BW,

body weight measurement.

After estimation of 100% ADL, fish were successively fed 80%,
60%, 40%, 20%, and 0% ADL for 10 to 11 days at each step
(Figure 1). Individual BWG and FI were measured over each
step as previously defined, with fish being weighed on the days
indicated in Figure 1. For ethical reasons, if a fish had lost weight
both between 270 and 281 dph and between 281 and 292 dph
when fed at 100% ADL (Figure 1), or if a fish had lost weight
when fed at 80%, 60%, or 40% ADL, the next step was directly
0% ADL and then the fish was removed from the experiment.
Moreover, five fish (two AT fish at 18°C, two AT fish at 24°C,
and one WM fish at 24°C) did not eat at all at 100% ADL (<1%
of their BW over the 22 days) and were directly removed from the
experiment, without going through a 0% ADL step.

Statistical Analysis
General Data Treatment
All statistical analyses were done using R software (R Core Team,
2018). The normality of residuals was checked using the quantile-
quantile method (comparing residuals quantiles with theoretical
normal quantiles). The homoscedasticity and independence of
the residuals were checked by comparing the residuals with the
fitted values from the models. Linear mixed models and tests
associated to these models were performed using R packages
“Ime4” (Bates et al., 2015), “ImerTest” (Kuznetsova et al., 2017)
and “Ismeans” (Lenth, 2016).

Individual metabolic weight (MBW) was calculated for each
step (100% ADL to 0% ADL) as MBW = /(Wi x Wf)%8 with
Wi and Wf the initial and final BW of each specific feeding

rate step (Lupatsch et al., 2003; Saravanan et al, 2012). In
order to allow a more accurate comparison between fish with
heterogeneous BW, individual BWG and FI were standardized to
MBW (respectively, named StdBWG and StdFI) at each feeding
rate step as StdBWG = 100 * BWG/MBW and StdFI = 100 %
FI/MBW and expressed in % of MBW.day~!. Metabolic body
weight was used instead of BW as BWG and FI in fish are more
closely related to MBW than to BW (Paloheimo and Dickie, 19665
Warren and Davis, 1967; Fonds et al., 1992).

Temperature and Population Effects at 100% ADL

To study individual feed efficiency at 100% ADL, feed efficiency
ratio (FER) was calculated as FER = BWG/FI. The impact
of temperature and population on StdBWG, StdFI and FER
during the 100% ADL step was determined using the following
linear model:

where Yy is the phenotype (StdBWG, StdFI or FER) at
temperature i (18 or 24°C), for population j (AT, WM or
EM) and animal k; p is the general mean; T is the fixed
effect of temperature i (18 or 24°C); P is the fixed effect of
population j (AT, WM or EM); TP is the interaction of these
two effects, and €jjk is the residual [Sijk ~ N(050,2)]. Fixed effects
significance was determined with Fisher test and then pairwise
differences between temperature by population combinations
were determined with Tukey post hoc test.
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Relationship Between StdBWG and StdFI at
Population and Temperature Levels

The individual StdBWG and StdFI data of every step (100% ADL
to 0% ADL) were then analyzed all together. Focus was firstly
made on the variability between temperatures and populations
in the relationship between StdBWG and StdFI. The following
repeated measures linear mixed model was used to analyze
this relationship:

StdBWGjjy = [ + T; + P+ TP;j + A|]
+ [B + BTI + BP] + BTP’] + Bl] * StdFIijkl + gljkl

where StdBWG,-jkl and StdFl; are, respectively, StdBWG and
StdFI at temperature i (18 or 24°C) for population j (AT, WM
or EM), step k (k between 1 for 100% ADL and 6 for 0% ADL)
and animal ; i is the general mean, T is the fixed effect of
temperature i (18 or 24°C), P is the fixed effect of population
j (AT, WM or EM), and TP is the interaction of temperature
by population: all those effects are the “intercept” part of the
relationship since they do not depend on StdFI; B is the fixed
effect of StdFI, BT and PP are the interactions of StdFI by
temperature and population, respectively, and BTP is the triple
interaction of StdFI by temperature and population: all those
effects are the “slope” part of the relationship since they depend
on StdFI. Finally, A; and B; are the random effects of the animal /,
respectively, associated to intercept and slope, with A; ~ N(0;02,)
and B; ~ N(0;0%}), and ejjkl is the residual [g;; ~ N(0;0.2)]. Fixed
effects significance was determined with Fisher test and then
pairwise differences between populations or temperatures were
determined with Tukey post hoc test using R packages “Ime4”
(Bates et al., 2015), “ImerTest” (Kuznetsova et al., 2017) and
“Ismeans” (Lenth, 2016). Data were considered as outliers and
discarded from the analyses when their Cook’s distance (i.e., their
influence) in the model linear mixed model was higher than 4/n
(Algur and Biradar, 2017), with n the total number of StdBWG
and StdFI measurements. The residuals of the model, i.e., Eijkl>
were extracted for data collected at 100% ADL (res100%ADL) and
0% ADL (res0%ADL). From a biological point of view, the higher
the individual res100%ADL, the more efficient the fish at 100%
ADL, and the lower the individual res0%ADL, the higher the body
weight loss at fasting.

Relationship Between StdBWG and StdFI at
Individual Level

To assess individual variability within each temperature by
population combination, parameters of the linear relationship
between StdBWG and StdFI, i.e., intercept and slope, were
calculated for each individual using the following model:

StdBWG, = intercept + slope * StdFI} + ¢

where StdBWGj, and StdFIj are, respectively, the StdBWG and
StdFI of the individual at step k (k between 1 for 100% ADL
and 6 for 0% ADL) and g the residual [ep ~ N(0;0,%)].
This calculation was done exclusively for individuals with data
available for at least 100% ADL, 80% ADL, 60% ADL, and 0%
ADL (114 individuals out of 194). The coefficient of variation

(CV = 100 * standarddeviation/mean, expressed in %) was then
estimated for intercepts and slopes within each population by
temperature combination.

Finally, Pearson’s correlations were estimated between
resl00%ADL, res0%ADL, intercepts and slopes. Since the
number of data for individual intercepts and slopes within each
combination of temperature by population was too low (from 9
to 28) to ensure robust correlation analysis at combination level,
it was decided to merge the data from the different combinations
to estimate Pearson’s correlation. To avoid a bias in correlation
estimations due to potential population and temperature effects
on individual intercepts and slopes, intercepts and slopes were
corrected by these fixed effects before merging the data. To
correct for these effects, the following linear model was used:

Yijk:M+Ti+Pj+TPij+€ijk

where Yij is the intercept or slope at temperature i (18 or
24°C), for population j (AT, WM, or EM) and animal k; p
is the general mean; T is the fixed effect of temperature i
(18 or 24°C); P is the fixed effect of population j (AT, WM,
or EM); TP is the interaction of these two effects, and & is
the residual [g; ~ N(0;6.2)]. In the present model, residuals
are the individual intercepts and slopes corrected for potential
temperature, population, and interaction effects. Thus, these
residuals were extracted to estimate the correlations.

RESULTS

Performance at 100% ADL

All fish left some pellets uneaten and thus reached 100% ADL
during the 22-day period: 95.9% of the fish left feed uneaten
over at least nine meals out of 18 and 83.5% of the fish did so
over at least 15 meals out of 18. Among the 194 fish that were
successfully evaluated at 100% ADL, 46 (23.7%) lost weight and
were consequently discarded from the analyses. Over the 22 days,
fish grew from 26.5 &+ 10.1 g (CV = 38.1%) to 29.6 &+ 114 g
(CV = 38.4%). Individual BWG, StdBWG, FI and StdFI were all
significantly different according to temperature. This effect was
driven by WM and EM fish which grew faster and consumed
more feed at 24°C than at 18°C (Table 1). Individual FI was
also significantly different according to population (Table 1), with
EM fish eating on average 15 and 17% less than WM and AT
fish, respectively. Feed efficiency ratio was significantly different
according to population but not according to temperature
(Table 1), with EM fish being on average 18 and 41% more
efficient than WM and AT fish, respectively.

Relationship Between StdBWG and StdFI

at Temperature and Population Levels

The data from 100% ADL to 0% ADL were merged. Using CooK’s
distance to detect outlier data, 30 data out of 729 were rejected
(4.1% of the total dataset). The proportion of variance explained
by the models with StdBWG as a linear function of StdFI ranged
from R? = 0.80 to R?> = 0.90 according to the population by
temperature combination (Figure 2). No difference was seen
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TABLE 1 | Mean =+ standard deviation of body weight gain (BWG), body weight gain standardized to metabolic body weight (StdBWG), feed intake (Fl), feed intake
standardized to metabolic body weight (StdFl) and feed efficiency ratio (FER) recorded for 22 days with fish fed at 100% of ad libitum feeding rate.

BWG* StdBWG** FI* StdFI** FER*** Proportion of fish

(% of BW.day 1) (% of MBW.day~') (% of BW.day~ ') (% of MBW.day 1) that lost weight (%)
Combinations
AT x 18°C 0.43+0.22ab 0.84 £ 0.42a,b 0.73 +0.16 b,c,d 1.43 +0.30 b,c 0.57 £0.22 a,b 7/28-25.0
WM x 18°C 0.35+0.21b 0.67 £0.40b 0.61+0.35¢c,d 115+ 0.64c 0.60 + 0.34 a,b 5/34-14.7
EM x 18°C 0.39+0.20b 0.78 £0.42b 0.53+0.16d 1.05+0.37¢ 071 +025a 6/37-16.2
AT x 24°C 0.47 £0.41ab 0.91 +0.81ab 0.95+0.47 ab 1.81 +0.96 a,b 0.44 +£0.27b 11/28-39.3
WM x 24°C 0.69 + 0.37 a 129+0.71a 1124+ 0.58a 2.08 +1.08a 0.64 +0.26 a,b 13/32-40.6
EM x 24°C 0.65+0.34a 1294+ 0.69a 0.85 + 0.31ab,c 1.68 4+ 0.63 a,b 072 +0.21a 4/35-11.4
Populations
AT 0.45 + 0.31 0.88 + 0.62 0.83+0.35 1.60 4+ 0.70 0.51 + 0.25 18/56-32.1
WM 0.49 +0.33 0.92 + 0.62 0.81 + 0.51 1.52 4+ 0.95 0.61 + 0.31 18/66-27.3
EM 0.52 + 0.31 1.03 4 0.62 0.69 + 0.29 1.37 4 0.60 0.72 +0.23 10/72-13.9
Temperatures
18°C 0.39 + 0.21 0.76 + 0.41 0.61+0.25 1.18 4+ 0.49 0.63 + 0.28 18/99-18.2
24°C 0.61 +0.37 119 +0.73 0.95 + 0.45 1.83 4 0.87 0.63 + 0.26 28/95-29.5
Significance of the effects (p-values)
Pop. x Temp. Fo,140 = 2.86, Fo,142 = 2.59, Fo,140 = 1.93, Fo,142 = 1.66, Fo,140 = 1.22, P = 0.299

P =0.061 P =0.079 P=0.148 P=0.194
Population Fo,144 = 0.54, F5,144 = 0.65, Fo,144 = 3.70, Fo,1a4 = 2.32, Fo,aa =7.47,P =82 x 107
P =0.581 P =0.523 P =0.027 P=0.102

Temperature F1,144 = 20.72, F1,144 = 19.67, F1,144 = 37.05, F1,144 = 34.64, F1,144 =0.15, P =0.701

P=11x10"° P=18x10"° P=99x 1079 P=27x10"8

Results are presented for Atlantic (AT), West Mediterranean (WM) and East Mediterranean (EM) populations reared at 18°C or 24°C. Letters indicate significant differences
among population by temperature combinations (Tukey test, P < 0.05). * Considering BWi and BWf are, respectively, the initial and final body weights over the period,
bodyweight (BW) is expressed as: BW = /(BWi x BWf) . ** Considering BWi and BWf are, respectively, the initial and final body weights over the period, metabolic

body weight (MBW) is expressed as: MBW = /(BWi x BWF)0-8, *** FER=BWG/FI

in slopes between temperatures or populations, as well as no
temperature by population interaction (P > 0.05 in all cases
with Fisher test). The intercept, i.e., the part of StdBWG variance
that does not depend on StdFI, was significantly different among
populations and temperatures (P < 0.001 in both cases with
Fisher test), but the interaction was not significant (P > 0.05,
Fisher test). The intercept was higher for EM than for WM
(P < 0.001, Tukey test) which was higher than for AT (P < 0.001,
Tukey test). The intercept was also significantly higher at 18°C
than at 24°C (P < 0. 001, Tukey test). This result means that for
an equal StdFI, StdBWG was higher for EM fish than for WM
and AT fish, and thus EM fish were the most efficient. Similarly,
fish reared at 18°C were more efficient than fish reared at 24°C
for an equal StdFI.

Individual Variability in the Relationship

Between StdBWG and StdFl

Modeling the individual relationship between StdBWG and StdFI
with a linear function appeared suitable since 101 individuals
out of 114 had a corresponding R? higher than 0.80. The
coefficients of variation were between 14.5% and 38.8% for
intercepts and between 14.4% and 34.0% for slopes among the
six different temperature by population combinations (Figure 3).
No significant correlation was found between res100%ADL and
res0%ADL. A significant and positive correlation was found
between intercept and res0%ADL as well as between res100%ADL

and slope. A significant and negative correlation was found
between intercept and res100%ADL, between intercept and slope,
as well as between res0%ADL and slope (Table 2).

DISCUSSION

The objective of the present study was firstly to determine
whether individual feed efficiency at low feeding rates reflected
feed efficiency at high feeding rate. This aspect is key to give
new insights on the potential development of selective breeding
programs for feed efficiency in European sea bass. Secondly,
the present study aimed at providing a better understanding
of the variations in the relationship between BWG and FI at
population and temperature levels, across a range of feeding rates.
Such variations are of major interest to determine the impact of
temperature and population on feed efficiency.

Variation in Individual Feed Efficiency at

Different Feeding Rates

At the individual level, there appeared to be a trade-off between
performance observed at 100% ADL and at fasting. Due to the
high and significant correlation between res100%ADL and the
slope of the linear relationship between StdBWG and StdFI,
it seemed that more efficient fish at 100% ADL were showing
a stronger decrease in StdBWG when the feeding rate was
progressively lowered. Moreover, these fish were losing more
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FIGURE 2 | Linear relationships between body weight gain and feed intake, standardized to metabolic body weight (MBW), for the different population by
temperature combinations. The three populations are from Atlantic Ocean (AT), West Mediterranean sea (WM), and East Mediterranean sea (EM). Standardized body
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weight at fasting (lower intercept). Surprisingly, no significant
correlation was found between res100%ADL and res0%ADL.
Actually, both res0%ADL and intercept are an estimation of
body weight loss at fasting. These two parameters are not
perfectly equivalent (r = 0.47) and the intercept of the linear
relationship may better reflect body weight loss at fasting. Indeed,
the intercept integrates all data from 100% down to 0% ADL (four
to six measurement periods) whereas res0%ADL is based only on
one measurement period.

Trade-offs in growth performance between high and low
feeding rates have been reported in European sea bass (Dupont-
Prinet et al., 2010; Grima et al., 2010), but not specifically for
feed efficiency. These authors identified two profiles of fish: those
exploiting the available feed as much as possible, growing faster
and losing more weight during a fasting period (“boom and
bust”) versus those with less capacity to exploit the available feed,
growing slower and losing less weight during feed deprivation
(Dupont-Prinet et al., 2010). McKenzie et al. (2014) provided
evidence that such variation in weight loss at fasting was linked
to metabolic costs, but also to the composition of the reserves
used. They concluded that fish tolerant to feed deprivation rely
more on lipids whereas fish sensitive to feed deprivation rely
more on proteins. Variation in feed efficiency at 100% ADL

might be linked to the same factors as variation in weight loss
at fasting, i.e., differences in metabolic costs or in the nature of
the energy reserves used, but also to differences in the digestive
process as observed by Dupont-Prinet et al. (2010). Further
investigation is required to determine the physiological processes
underlying these observations, but present results strengthen
the previously noted hypothesis that some individuals are more
adapted to feed abundance whereas others are more adapted to
feed deprivation. In contrast, measuring feed efficiency both in
isolated aquariums and in groups, Besson et al. (2019) highlighted
that fish with lower weight loss at fasting were more efficient. This
difference might be due to the fact that Besson et al. (2019) used
genetic information whereas present data are only phenotypic.
For instance, de Verdal et al. (2018b) found no phenotypic
correlation between feed efficiency and weight loss at fasting
in Nile tilapia Oreochromis niloticus but found a strong genetic
correlation between the same traits.

At the individual level, the most efficient fish at high feeding
rates are not the most efficient at low feeding rates. Present
results suggest that the feeding rate used to phenotype fish in
selective breeding programs for feed efficiency must be the same
as that used in commercial practices. However, the present results
are only phenotypic and it is required to describe the genetic
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FIGURE 3 | Linear relationships between body weight gain and feed intake, standardized to metabolic body weight (MBW), at individual level within the different
population by temperature combinations. The three populations are from Atlantic Ocean (AT), West Mediterranean sea (WM), and East Mediterranean sea (EM).
Standardized body weight gain and feed intake are expressed in % of MBW per day. Parameters presented within each combination are the minimum, maximum and
average of the R-squared (R?) of the various linear relationships, the number of individuals (n) and the coefficients of variation of intercept (CVj,;) and slope (CVsiope)-

correlations between these traits before adding such characters
in selective breeding programs.

Variability Between Temperatures and

Populations
In this study, WM and EM fish grew more at 24°C than at
18°C when fed at 100% ADL, but no population effect was

TABLE 2 | Correlation matrix with phenotypic correlations above diagonal and
statistical significance (given as p-values) of the correlations below diagonal.

res100%ADL res0%ADL Intercept Slope
res100%ADL 1 —0.08 -0.32 0.67
res0%ADL 0.39 1 0.46 -0.35
Intercept 25 x 103 <1 x 104 1 —0.37
Slope <1x10°% 3x10°* <1x10°4 1

Correlations with associated p-values lower than 0.05 are considered as significant
and presented in bold. res100%ADL, residual body weight gain at 100% ad libitum
feeding rate; resO%ADL, residual body weight loss at fasting; intercept and slope
are the intercept and slope of the linear relationship between body weight gain and
feed intake (standardized to metabolic body weight). All parameters were previously
corrected for potential population and temperature effects.

significant. This contrasts with previous results (Vandeputte
et al., 2014) showing EM had higher growth rates compared to
other populations when reared at an average of 24.4°C. This
difference may be due to the fact that Vandeputte et al. (2014)
used EMx AT and EMxWM hybrids to extract additive effects
of the EM population, whereas in the present study EM fish
were in fact 75% EM-25% WM. Furthermore, in the present
study, WM and EM fish showed an increase of FI and StdFI
with temperature, similar to evidence of increase of FI with
temperature reported in larger European sea bass (Lanari et al.,
2002). The fact that AT fish did not exhibit a lower BWG and FI at
18°C than at 24°C could be explained by evolutionary differences
between AT and the two Mediterranean populations (WM
and EM). In particular, one possible explanation is a potential
specific adaptation of AT population to lower temperatures, since
the Atlantic Ocean is colder than the Mediterranean sea. The
differentiation between the populations has been widely reported
at the genomic level (Duranton et al., 2018) and associated with
phenotypic variation in sex ratio, muscle fat or resistance to
viral nervous necrosis (Doan et al., 2017; Guinand et al., 2017).
Duranton et al. (2020) demonstrated that the maintenance of
the genomic differentiation between the AT and Mediterranean
populations was due to reproductive isolation barriers established
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after the ancient admixture of the Atlantic European sea bass
with the closely related Dicentrarchus punctatus. In addition, the
subsequent rapid fixation of some D. punctatus alleles in the
Atlantic D. labrax could have provided a selective advantage in
the Atlantic environment compared to ancestral D. labrax alleles
(Duranton et al., 2020).

Results from the six different feeding rates (from 100% ADL
to 0% ADL) showed that for an equal value of StdFI, fish from
the EM population and fish reared at 18°C had the highest
StdBWG, and thus were the most efficient. To explain these
differences, it can be hypothesized that metabolic costs are
not similar between the different temperatures and populations.
Fish obtain energy from feed and invest this energy both
into metabolism (to ensure routine requirements) and growth
(Warren and Davis, 1967; Bureau et al., 2003). The use of
energy could be differently balanced between metabolism and
growth among the various populations and temperatures. In the
case of temperature, the fact that higher temperatures increase
fish metabolic costs is well known in various species (meta-
analysis by Clarke and Johnston, 1999), including European
sea bass (Claireaux and Lagardere, 1999). This supports the
idea that fish reared at 24°C in the present study had higher
metabolic costs and so were less efficient than fish reared at
18°C for an equal value of StdFI. Similarly, AT fish might
have higher metabolic costs because their StdBWG was lower
than other populations for an equal value of StdFI. However,
differences in metabolic costs among populations have never
been studied in European sea bass to our knowledge. Further
investigation is required to assess these aspects. Alternatively, the
observation that AT fish were less efficient may be linked to their
muscle fat content, higher than in the Mediterranean populations
(Vandeputte et al, 2014; F. Allal, personal communication,
2020). Indeed, it was demonstrated in several terrestrial and
aquatic species that the most efficient animals had the lowest
muscle fat content (Knap and Kause, 2018). As detailed by
Knap and Kause (2018), deposition of 1 g of lipid leads to
1.1 g of weight gain, including 0.1 g of water in the associated
adipose tissue. Conversely, deposition of 1 g of protein leads
to 4-5 g of weight gain, including 3-4 g of water. Even if
protein deposition is energetically more expensive than lipid
deposition (59.9 kJ/g vs. 43.5-55.3 kJ/g), this higher energetic
cost is small compared to the four to fivefold increase in weight
gain associated to protein deposition (Knap and Kause, 2018).
Considering an equal value of StdFI, fish reared at 18°C were
more efficient than fish reared at 24°C, which was not the case
when fish were fed at 100% ADL, i.e., with different values
of StdFI. When fed at 100% ADL, fish reared at 24°C had a
higher FI, permitting them to compensate for probably higher
metabolic costs, and increasing the proportion of dietary energy
allocated to growth.

Present results indicate that whatever the rearing temperature
(18°C or 24°C), and for an equal feeding rate, the EM population
had better individual feed efficiency than the AT and WM
populations. This population effect remained when fish were fed
at 100% ADL. In contrast, the impact of temperature on growth
and feed efficiency was different whether fish were restricted or
fed at 100% ADL. However, investigating a broader range of

temperatures could give more generic results. Furthermore, these
results still need to be validated in group rearing systems.

Impact of Individual Rearing on Fish

Performance

The need to obtain individual data regarding European sea bass
FI implied the use of an individual rearing system. However,
whether performance exhibited in individual rearing reflects
what would be observed in group rearing is debatable. The
level of 100% ADL ranged from 0.53 to 0.73% and from 0.85
to 1.12% of BW.day~! at 18°C and 24°C, respectively, which
is low compared to group rearing. With the model developed
by Lanari et al. (2002) for European sea bass, 100% ADL was
estimated to be around 1.1% and 1.7% of BW.day ! at 18°C
and 24°C, respectively, for fish weighing 26.5 g (mean weight at
the beginning of the 100% ADL step). Feed provider tables were
advising an even higher feeding rate: about 1.90% and 2.75% of
BW.day ! at 18°C and 24°C, respectively. It can be hypothesized
that fish performance was degraded because of stress due to
isolation, as it has been demonstrated that chronic stress lowers
BWG and FI performance in European sea bass (Leal et al.,
2011). Present results may also reflect individual variation in
stress resistance because stress reaction is known to be highly
variable among individuals. For instance, Volckaert et al. (2012)
estimated a CV of 44.4% in plasma cortisol (stress marker) when
an acute stress is applied in European sea bass. It is important to
note that almost one quarter of the fish lost weight at 100% ADL
in the present study, which can be considered as a non-adaptation
to this isolation rearing system. In particular, at 24°C, more AT
and WM than EM fish lost weight at 100% ADL. It suggests an
interaction between population and temperature may exist in the
ability to adapt to the isolation rearing system. This ability to
adapt to the individual rearing system, whatever the temperature,
may also be linked to the coping style of European sea bass.
Indeed, we showed in a preliminary (unpublished) experiment
that shy (reactive) fish adapted better to the individual rearing
system than bold (proactive) fish. Moreover, the proportion of
bold and shy fish might be different from a population to another,
as a genetic basis to coping style has been evidenced in European
sea bass (Ferrari et al., 2016). Further investigation is required
to confirm this hypothesis. Nevertheless, it is still unknown
whether stress or coping style affect the ranking of the fish
based on the feed efficiency performance. Although individual
rearing certainly has lowered fish performance, its relevance for
selective breeding was supported by Besson et al. (2019) who
demonstrated a link between individual feed efficiency, measured
using the same isolated rearing system, and subsequent group
feed efficiency. Thus, it can be suggested that the most efficient
fish in the present study would still be the most efficient in
“classical” group rearing.

CONCLUSION

At the individual level, the phenotypic variability reported
here in the relationship between StdBWG and StdFI suggests
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opportunities to develop genetic breeding programs for feed
efficiency. Whether this variability is genetically determined or
not still needs to be addressed. However, the most efficient
fish at high feeding rates were not the most efficient at low
feeding rates, stressing the fact that feeding rate must be chosen
carefully before phenotyping fish for selective breeding. Besides,
it was observed that for an equal feeding rate, whatever the
temperature, EM fish were the most efficient. Furthermore,
for an equal feeding rate and whatever the population, fish
were more efficient when reared at 18°C than at 24°C, but
this effect disappeared when fish were fed at 100% ADL
while the population effect remained. These results were
measured on fish reared in isolation and need to be validated
in group rearing, as well as at other development stages.
Nevertheless, investigating the interactions between populations
and temperatures seems a promising pathway to improve on-
farm feed efficiency.
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