10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Improving feed efficiency in fish by selective breeding: areview

Runing title: Improving feed efficiency in fish Isglection

Hugues de Verd3, Hans Komef) Edwige Quillet, Béatrice Chatafip Francois Allaf,

John A.H. Benzi¥, Marc Vandeputt®

CIRAD, UMR116 ISEM, TA B-116/16, 73 rue Jean-Fraisg@@reton - 34398 Montpellier
Cedex 5, France

bWorldfish, Jalan Batu Maung, Bayan Lepas, 11960aRg, Malaysia

‘Animal Breeding and Genomics Centre, Wageningewéssity, P.O. Box 338, 6700 AH
Wageningen, The Netherlands

IGABI, INRA, AgroParisTech, Université Paris-Sacl&y78350 Jouy-en-Josas, France
lfremer, Chemin de Maguelone, F-34250 Palavas-ets,;H-rance

fSchool of Biological Earth and Environmental ScesydJniversity College Cork, Cork

Ireland.
*Corresponding author

Email addresses:

HdV: hugues.de_verdal@cirad;fphone number: +60 4 6202 172

HK: hans.komen@wur.nl

EQ: Edwige.Quillet@jouy.inra.fr

BC: Beatrice.Chatain@ifremer.fr

FA: Francois.Allal@ifremer.fr

JB:].benzie@cgiar.org

MV: Marc.Vandeputte@jouy.inra.fr




26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

ABSTRACT

Improving feed efficiency (FE) is key to reducingg@uction costs in aquaculture and to
achieving sustainability for the aquaculture indusfeed costs account for 30 to 70 % of
total production costs in aquaculture much worklieesn done on nutritional and husbandry
approaches to improve FE but only a limited amadimesearch has been devoted to using
genetics, despite its potential. This paper revipast work to improve FE in fish by selective
breeding and assess future directions. Direct sefeon FE traits requires methods to
measure individual feed consumption and estimateffti€iently and accurately. This is
particularly difficult to do in fish because of tkavironment in which they live. Many of the
published studies on FE were found to be inacclratause of methodological problems.
The relatively low heritability estimates of FEitsan fish published to date are probably
partly as a result of inaccurate measurementseaf ifgake. Improving ways to measure the
individual feed intake with high accuracy will betical to the successful application of
genetics to improving FE. Indirect selection cidghat could be used to improve FE
(including growth after starvation/refeeding, baabmposition, neuropeptides or hormone

levels) are discussed.

Promising approaches to measuring feed intake amdyrthat may enable these studies to be
undertaken are identified. More work using thesélva needed prior to assessing the
practicality of the introduction of direct or indut traits for FE in fish genetic improvement

programs.

Keywords: feed efficiency, genetics, selectiondfeenversion ratio, feed intake, fish
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1. Introduction

With an increasing world population predicted tmiat 9.6 billion in 2050, the sustainable
increase of food supply, and more specifically aliprotein production, is a key challenge.
Animals not only need to become more productive imatre importantly, they also need to
become more efficient. Farmed fish species offep@ortunity in that regard. Compared to
farmed terrestrial species, farmed fish are mdiieieft in converting feed to biomass (Table
1) using feed amount as the reference. Feed cotigsdiffer significantly amongst

different animals; in terms of protein rates, fitsats contain around 35% protein compared to

around 18-20 % in pigs or chickens.

Total fish harvested has grown 2.87 % per yearsi®s0, essentially through increased
farmed fish production (1.93 % per year; Earth &olnstitute 2013). In 2014, global
aguaculture production (excluding algae and plam&s estimated at 74 million tons, roughly
similar to the global production of beef cattle.tAé same time, farmed fish species consume
around six times less feed than beef cattle toymedhe same volume of body mass (Table
1). Despite the higher efficiency compared to ligek species, the cost of feed - ranging
from 30 to 70% of the total production costs -his primary expenditure of intensive fish
farming systems (Doupé and Limbery 2004; Kolstadl. 2004). Improving feed efficiency
(FE) is therefore key to reducing production costsalmon for example, a2 - 5 %
improvement in FE would save 42.9 - 107 million Utd costs per year, respectively

(following Table 1 and with a feed price of 1.35MI8g™).

Improving FE would also have a positive effect lba énvironmental impact of fish farming.
Whatever the species, a FE improvement will rasudt reduction of emissions (Pym 1990;
Pinares-Patinet al. 2003; Zhang and Aggrey 2003; Hill and Azain 2008;Verdalet al.

2011a, Bessoat al. 2016). For example, Bouvaret al. (2006) showed that a 4.8%
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improvement of FE in broiler chicken reduced nigo@nd phosphorus excretidns9 and
14%, respectively. In aquaculture production, seMée cycle assessment (LCA) studies
(Aubin et al. 2009; Samuel-Fitwet al. 2012; Mungkunget al. 2013) have investigated the
major environmental impacts of improving FE. Thegelies showed that improving FE will
have less negative impact on eutrophication, acatibn, climate change and energy demand
per ton of fish produced, mainly as a results dficeed nitrogen excretion of fish (Aubén al.
2009; Bessomet al. 2016).

In terrestrial species, selective breeding hasgalayn important role in improving feed
efficiency (Table 2). Since 1960 feed efficienc lrecreased by ~20 to 30% (broilers, laying
hens and pigs respectively). Most of this gainus tb selection, next to improved
management practices and feed formulation. Sesgardies have estimated genetic
parameters for FE traits in livestock (reviewedHngue and Suzuki 2009; Grima 2010;
Willems et al.2013) and found moderate to high heritabiliti@sging from 0.12 to 0.67.
However, direct selection for feed efficiency rensadifficult, as it requires the precise
recording of individual feed intake. In terrestiigestock, it is widely recognized that much
of the historical gain on FE has been obtained-@utlly through selection for growth rate
(Emmerson, 1997).

In fish, measuring FE implies measuring feed intak&ch is highly complex since fish are
generally reared in water and in large groupsubhsonditions, it is impossible to measure
individual feed consumption and collect uneaterdfdeurthermore, according to the species,
social interactions between fish may modify FE (®e&tion 3), which could lead to large
differences between measurements performed onasdiah and measurements obtained in
group rearing conditions. As a consequence, madtgsdorts aimed at improving FE in
aguaculture have focused on feed formulation (RarghEllis 1992; Nematipour and Gatlin

[1l 1993; Elangovan and Shim 2000; Gaylor and @dltli2001; Linet al. 2008; Tacchet al.
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2011; Guroyet al.2013; Yacet al.2014) and/or husbandry (Alanara 1996; Bendiletea.
2003; Imslancet al. 2005; Liet al. 2008; Magnusseet al. 2008; Yilmaz and Arabaci 2010;
Arbelaez-Roja®t al.2011; Zhacet al.2013). These studies have shown strong effects of
nutrition, diet and husbandry on FE. In contratitelwork has been done on genetics. Any
genetic selection approach would need, of couospay specific attention to the feeds used
and the age/size of the fish as key aspects d@drlieonment / selection subject that could
influence the genetic outcome.

The objective of the present paper is thereforewew the possibilities to improve FE in fish
by selective breeding. In the first part, we witpéore the concept of FE and how it can be
measured. In the second part, we review the diffesays to measure feed intake in fish,
while in the third part, we focus on the possil@btto directly select for feed intake or FE.
Finally, in the last part, we outline various pbdties to use indirect selection criteria to

improve FE, based on growth and bio-energetics tsode

2. What is feed efficiency and what are the parameters used to measure it?

Improving feed efficiency means reducing feed comstion per kg of fish produced, or
increasing fish production from the same amourieed. It is important to note that FE will
vary from one species to another, with rearing mmment (i.e. temperature, salinity, pH and
feed composition, Arnassat al.2009) and the developmental stage of the fish (jtenet

al. 2002; Arnassost al.2009). One major aspect determining FE is thel lef/feed intake
(FD): FE tends to improve up to an optimum whernkEfteases, and then decreases until
maximum Fl is reached (Jobling, 1994). If for somason Fl is less than optimal, increasing
FI will increase FE. Conversely, if Fl is higheaththe optimum, increasing FI will decrease

FE.
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A second major point is the relation of FE to fsshe, with smaller fish generally having a
better FE than larger fish (Andersen and Riis-\fgstard, 2003). FE is related to metabolic
rate which is function of fish size. To correct fze differences, weights are scaled to
metabolic weights (K, Clarke and Johnstone, 1999; Jobling, 2002). Whileroving FE is
the general objective, we need to define ways taswme it. The most used measure of FE is
the ratio of FI to body weight gain (BWG), and eanmed feed conversion ratio (FCR).
However, its inverse (feed efficiency ratio, FEBWG.FI') measures the same trait.
Improving feed efficiency thus means reducing FCkoreasing FER. In these two
measurements of FE, the part of Fl allocated falybnaintenance is not distinguished from
the part of FI dedicated to growth (Willerasal.2013). Another way to measure FE is thus

to estimate the residual feed intake (RFI).
The equation for calculating RFI in a phenotypipm@ach is given as:
FI = By + By * MBW + B, * BWG + RFI

with FI being the feed intakg@, the regression interceg, the partial regression coefficient
of animal’s FI on metabolic body weigl#BW the average metabolic body weight during
the experimentf3, the partial regression coefficient of animal’soRl body weight gainBW G
the body weight gain, and RFI the residual errahefmodel. This model allocates the feed
intake according to expected maintenance and greegihirements, the remaining part being

defined as the residual feed intake.

RFI is phenotypically independent from growth ré€ech et al. 1963; Kennedyet al.1993;
Doupé and Limbery 2004; Crew Jr. 2005), which isthe case for FCR or FER ratios
(Arthur et al. 2001; Martinset al.2011). Used for the first time by Koeh al. (1963) on beef
cattle, RFl is defined as the difference betweed feonsumed by an animal and its predicted

consumption estimated by a regression model takiogaccount the feed requirements for
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maintenance and growth as independent varigKlesnedyet al. 1993; Doupé and Limbery
2003; Martinset al.2011). Individuals with positive RFI consume mtran the average
whereas animals with negative RFI consume lesgesiimg the latter are more efficient. RFI
has been widely investigated in terrestrial aninfiads pigs, cattle, hens, chicken), and genetic
parameter estimates are generally moderate towitgheritabilities ranging from 0.10 to

0.47 (Johnsoet al.1999; Arthuret al.2001; Gilbertet al.2007; de Verdaét al.2011b; Do

et al.2013; Wolcet al.2013).

The main issue about RFI estimation is the difficolf modeling it in the correct parameters.
A lot of different models could be implemented degieg on whether nutritional

composition of the feed, coefficient of digestiu@ization of metabolizable energy, protein,
lipid or starch, or body composition of the fistc@nsidered. Equations developed on
livestock species, where selection schemes haadyiteeen developed using RFI, show that
even more traits could be included (Luiting andfl&91; Arthuret al.2001; Robinson and
Oddy 2001; Hoque and Suzuki 2009; Willeatsal.2013). As an example, in laying hens, the
RFI model takes into account the egg weight toesirRFI by the energy used to produce
eggs (Luiting and Urff 1991). The same approaalksed in dairy cattle for milk production

(Kennedyet al. 1993; Connoet al.2013). In this context, the model used is as ¥atlo

y =By + By * MBW + B, * BWG + 3 * PW + RFI

with 5 being the partial regression coefficient of anim&l on production weight an@llW/
the production weight (egg or milk production famaenple). This type of model could be
interesting to use in fish, for example to corfectvisceral and/or intramuscular lipid

content.

An important question in terms of selective bregdor feed efficiency is the choice of the

trait(s) to include in the index. As FCR and FER &tios, they are genetically correlated



171 with the two terms of the ratio, BWG and FI, andgeoetic change of FCR or FER cannot be
172 simply related to underlying genetic variation ¢gpowth, feed consumption, or both (Turner
173 1959; Sutherland 1965). As a consequence, seldatitiagtly on FCR or FER will lead to

174  poor selection response (Gunsett 1984; Lin 1980)da®s not enable an accurate prediction
175  of genetic gain (Gunsett 1987). However, lineaexes combining body weight gain and FI
176  can be designed which have optimal propertiesrmgef accuracy and achieved genetic gain
177 (Turner 1959; Lin 1980; Gunsett 1984, 1987; Lin &ugrey 2013). Alternatively, residual
178 feed intake can also be used as the selectiomignifespecially in multiple trait selection

179  combining RFI and growth (Kenne@y al. 1993). When used in single trait models, RFI

180  should be based on genotypic and not phenotypressmpn of feed intake on production, to
181  avoid a component linked to the genetic variatmmnoine or more elements of production

182  (Kennedyet al. 1993).

183  In any case, in order to develop a selective bregpiogram to improve feed efficiency
184  characteristics, it is important to have individdata of the trait under selection. Whatever
185 the trait used to calculate FE, the crucial issue imeasure both growth and FI. Whilst
186  growth and growth rate are easily measurable, meagskl of individual fish is much more

187  challenging.

188

189 3. How to measure Fl for selective breeding in fish?

190 The simplest way to measure Fl in fish is to résr in a group and to calculate the FE of the
191  group. Using separately reared full sib famili¢$s possible to estimate the genetic

192  variability of the trait (Henryort al.2002) and then do between-family selection.
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A frequently proposed way to measure Fl is theaisaitomatic or self-feeders on family
groups, with recovery of the feed waste to caleutae feed consumption of the aquarium or
the tank (Hellancekt al.1996; Akneset al.1997; Lemiewxet al.1999; Thodesent al.2001;
Mambrini et al.2004a; Liet al.2005a; Albrektsert al.2006; Akne<et al.2006). The main
advantage of this technique is that it enablegstienation of the family FI, and the genetic
variation between families (Kolstaa al.2004). However, this technique is also widely
criticized. First, it leaves unexplored the intearilial variations for the trait considered,
resulting in overestimated heritabilities (Doupé &umbery 2004, Kause et al 2006a).
Consequently, this type of selection will be leBgient than selection that also acts on the
within-family component. A way of by-passing theplem is the use of self-feeders with
registration of the triggering individual and theaqtity of feed delivered. However, in
practice only some of the fish will activate théf-$eeder while the other fish eat the feed
they find in the tank, so this method would be asueement of the feeding
motivation/behavior rather than a real measurermoemdividual FI (Brdnnés and Alanara
1993; Millot and Bégout 2009). Moreover, the fegdaystem itself could be responsible for
bias in FE estimation. Individual fish that are fexing self-feeders or with automatic feeders
do not grow with the same rate. Mambtial. (2004a) showed that brown tro@&almo

trutta) fed with self-feeders grew faster and showed@roved FE compared to trout fed in

excess with automatic feeders.

Very careful manual feeding to avoid loss of fegdlso difficult to manage. There is a large
effect of the “feeder” and, consequently, a loweaability of the measurement (de Verdal,

pers. comm.).

An alternative method in fish to measure FI of “geénindividuals” reared in groups could be
the use of clonal lines, as shown by Grietal. (2008) for rainbow trout. In fish, isogenic

clonal lines are obtained by pair mating unreldtechozygous gynogenetic or androgenetic

9
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parents (Komen and Thorgaard 2007, Quékeal. 2007). In such lines, all individuals are
strictly genetically identical but heterozygous axdhibit performancen the range of those of
conventional trout. Isogenic lines are an excejlitool that allows the measurement of the
genetic variability of traits showing a high envirnental variability, as is the case for FE
traits. However, clonal lines can only be usedeiquerimental purposes and consequently,
results are not representative of production camst nor can they be used in the
implementation of a breeding program.

Another way to estimate individual Fl is by reargngmals separately in aquaria. This type of
rearing requires large number of aquaria and contfethe environmental effect of aquarium
with the phenotype of the individual evaluated. Blonportantly, as stated before, it does not
take into account the social interactions and fegdanks between fish, which may have a
significant impact on Fl and FE. In sunfish, Hayavat al. (2000) showed that group rearing
reduces both growth rate and FI probably due topatitive social interactions, which has a
negative impact on FE. McComish (1971) estimategtlaction of more than 50 % for FI and
around 30 % for growth when bluegill are rearednoup rather than in isolation, in aquaria
with anad libitumfeeding regime. In rainbow trout, Silverstein (BDdemonstrated a
moderate phenotypic correlatiop & 0.66) between FE estimated in fish held indialtjuor

in a social group, the latter showing greater REhtisolated fish, in agreement with studies
from Haywardet al. (2000) and McComish (1971). Therefore, accordinfish species and
their degree of social interactions, the FI measimesolation will differ from measurements
taken in groups. This implies that it is necessargonsider behavioral aspects and the

impacts it can have on performance traits.

Since rearing isolated fish can have an impacherestimation of Fl, it would be more
accurate if FI could be measured on individual$ #ina kept in groups. Several methods and

techniques have been developed to measure indiidlwa fish held in groups (Joblires al.

10
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2001). The simplest method is to analyse the stbhroantent of each fish obtained by
dissection (Bromley 1994; Cortés 1997; Rindorf aadry 2004). However this method is
limited to the evaluation of a single meal; it @& suited to follow the feed consumption over
time.

Another method, much used in the past, is the tiseeanical markers integrated in the feed
(Walshet al.1987; Morriset al.1990; Johnstoet al. 1994; Unprasert al. 1999).

Essentially used to study the digestive procesdlamdastro-intestinal transit time, it requires
measuring the quantity of a marker in the feceschvis only possible if feces can be
collected individually, or when done directly irethastro-intestinal tract, which involves
sacrificing the fish before analyses or at leastdling and anaesthetizing it.

A third method is X-radiography of eaten mealsngsk-ray dense markers (generally radio-
opaque ballotini glass beads) included in pell&&kot and Higgins 1983; McCartley al.
1993; Silversteiret al.2001; Joblinget al.2001; Boujarcet al.2006; Kauseet al.2006a;
Quintonet al.2007a, b; Grimat al.2008). Just after feeding this labeled feed, figh a
anaesthetized and the number of radio-opaque e#ds gastro-intestinal tract is counted on
an individual radiography of each fish, allowing thstimate of FlI of each fish. This
technique is highly accurate for one meal but hagdisadvantage that it allows only
measuring the FI of one meal at each time, sinceviery can take days or weeks before a
new measurement can be performed. Furthermoregiibs that some fish can distinguish
feed with and without radio-opaque beads, whichmadify their feeding behavior and their
ingestion (Chatain, pers. comm.). This method ésdfore not suited for measuring FI for a
long period or for species that show high day-tg-eiriability in FI as this causes a low
repeatability of the measurements (r=0.09 to (<aiseet al.2006a, Grimaet al. 2008).
Kauseet al.(2006a) estimated that at least three FI measuntsmeae needed to ensure a

good estimation of the average FI, while 4 to 6 sneaments were better.

11
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The last method consists in direct observationidew recording of individual daily feed
intake (Adamset al.1995; Tuene and Nordvedt 1995; Snethal. 1995; Hughes and Kelly
1996; Damsgard and Ugedal 1997; Ang and Petrelf;1Bfraset al.2012; de Verdatt al.
2016). Feed consumption can be measured for esttiyi counting the number of eaten
pellets during a given time span. Video registratid feed consumption for a specific period
(potentially a few consecutive days) is possiblghaut disturbing the fish, but much time is
required to observe the fish or to analyze thewideordings. Duration of the observation is
variable according to the fish species ranging femme minutes to several hours. Whatever
the duration, it should be done at the same tineeyeday, since the feeding response and
behavior may change over the day (Toguwral. 1996). Furthermore, the need for external
tagging and individual tracking of each individlialits the group size to 10-20 fish. Such

sizes are not representative of farm rearing cardit

It can be concluded that all methods described @bave their shortcomings and that there is
still a need for more accurate and tractable methodhelp us measure individual variation in
Fl and FE. However, in the absence of any bettdmigues, the methods above have been
used to estimate genetic parameters of Fl and [eiiferent species. The results of these

experiments will be reviewed in the next section.

4. What is the variability of FE and can we select for FE directly?

As noted before, there are two levels at which gewariation in FE can be estimated. The
first one is to rear fish in full sib families, teasure the family mean FI and estimate the
existence of genetic variability between these li@s(Thodesemet al. 2001; Henryoret al.

2002; Kolstacet al.2004). The second one is to measure individualbhdish and estimate

12
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the heritability of the trait considered (Silveistet al.2001; Kauset al. 2006a, b; Quinton

et al.2007a, b; Grimat al.2008). The heritability is a genetic criteria gsiting the amount
of variation in a phenotypic trait in a populatiexplained by the genetic variation among
individuals in this specific population. It can &epressed as a ratio of genetic variance over
phenotypic variance (broad sense heritability) orearcommonly additive genetic variance
over phenotypic variance (narrow sense heritapility

Using family as the measurement unit, it can beckmted that while FE traits do show some
genetic variation (Thodeset al.2001; Kolstacet al.2004), they present a low coefficient of
variation; ranging from 4.0 to 13.9 % (Henryenal.2002). Many studies have used the X-
ray method to estimate individual FI and heritaig§ of Fl or FE (FER or FCR). Whatever
the species and the experimental procedure, estimatt heritability of FE is always low
(ranging from 0 to 0.07) while those of FI are lamwmoderate ranging from 0.07 to 0.23
(Kauseet al.2006b in rainbow trouDncorhynchus mykisQuintonet al.2007a, b in
European whitefisiCoregonus lavaretysThe only exception is the study of Silversteiral.
(2001) who estimated heritabilities of FI of chaiheegfishlctalurus punctatuso be
0.37£0.15. The most likely reasons to explain khgh value compared to other studies are i)
that the authors performed their experiment witly ome meal (without any repetition) and
with only 290 fish, which implies a limited accuyaaf the FI measurement, and ii) the full-
sib genetic design confounds the environmental comeffects with the additive genetic
variance, which tends to increase heritabilityreates.

In fish, the only study using RFI to estimate geneariability of FE was performed on
rainbow trout clonal lines using the X-ray methaapi (Grimaet al.2008). These authors
showed substantial genetic variability among irdlinal genotypes & 0.23).

According to Quintoret al.(2007a), the generally observed low heritabilityldobe

explained by the fact that fish are poikilotheraergy intake (by the feed) is used for

13
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growth, maintenance or physical activities. Thatiee share of maintenance requirement is
much lower in fish. For example white groupEpinephelus aeneyyEuropean sea bass
(Dicentrarchus labraxand gilthead seabrea@garus auratpuse 34.05, 45.38 and 47.89 kJ
of digested energy (DE) K¢°day* respectively which is less than terrestrial angi{alg.
459.8 kJ of DE k@-"°day* in pigs; Martinset al.2011). There is a possibility that
maintenance requirement variability, being reldyivewer in fish than in terrestrial animals,
results in a lower variability of FE, as hypothesidy Gjedrem (1983). Another reason that
could explain these low heritability estimateshiattmeasurements were performed during the
exponential growth phase where most of the feedesl for growth (Quintoat al.2007a).
Finally, the low repeatability of the X-ray methisklf (range from 0.09 to 0.32) sets an
upper bound for heritability estimates which arassmuently also low (Falconer and
Mackay, 1996).

It is important to keep in mind that all estimasasf FE traits in fish were done at specific
ages, and it is consequently not possible to gérerhese results for the global rearing
period. Regarding the age effect, it is known #atdecreases with the age of the fish.
Studying rainbow trout families and using familyasarements of FI, Henryaat al.(2002)
estimated a higher FER (1.09) during the finalgetof measurement (i.e. days 186 to 215)

compared to the first phase of measurement (L&8]ays 52 to 76).

From these studies, it can be concluded that dineetsurement of FE is difficult and results
in low estimates of heritability, often with higtasdard errors. The main reason seems to be
the low repeatability of the methods used to meablirFurthermore, none of methods
reviewed here, are suitable for large scale phemugyas required for selective breeding.
Consequently, finding traits highly correlated withand FE that could be used as indirect

criteria for selection could be a better optiondetective breeding for FE in fish.
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5. Which indirect criteria could be used to estimate and improve FE?

Different categories of traits have been proposeattount for variations in FE, the major
two categories being traits derived from growth elednd traits derived from bio-energetic

models.

5.1. Growth model traits

5.1.1. Growth models

The most widely selected trait in aquaculture magh rate. Growth can be defined in
different ways (Dumast al.2010; Jobling 2003):

1) body weight gain (BWG), which is the differencetwo body weight measurements
taken at time t and tv: BWG = BW, — BW,,

2) the specific growth rate (SGR), which is BWG expesbat a logarithmic scale to
reduce the heterogeneity of variance between twly leight measurements, taken at
different ages, and divided by the time betweenwemeasurements t andAtt:

SGR = (InBW, — InBW,)/At * 100

3) the daily growth coefficient (DGC), which uses thibic relation between BW and

length to make growth rate linear over time:
DGC = 100 = (BW,™® — BW,*®) /At
4) the thermal growth coefficient (TGC), which is tseme as DGC but now corrected

for the water temperature of the rearing environnaeming the measurement period:

TGC = BW,® — BW ) /(T  At) * 100

5.1.2 Correlations of growth with FE
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In livestock species, it is generally admitted tR&tis correlated with growth rate, but in fish,
this is still debatable. Estimations of phenotygiel genetic correlations between growth
traits and FE traits are summarized in Table 3haAtphenotypic level and using X-ray
method, Thodeseet al.(1999, 2001) and Kolstaet al.(2004) reported positive correlations,
ranging from 0.60 to 0.90, between growth rate (egged as TGC and BWG, respectively)
and FE (expressed as FER) in Atlantic saliSaimo salarUsing video analyses to record
feed intake, de Verdait al. (2016) found high phenotypic correlation betwesmgh rate
(expressed as BWG) and FCR (of 0.62+0.06) in Nagia Oreochromis niloticuswhich

was in the same range as that estimated in Atlaatroon.

The results from tilapia agree with those of Thahext al.(1999) who compared wild

Atlantic salmon with a selected strain and conadilifet an improvement of growth rate of
around 10 % could result in a 4.6 % improvemeriER by one generation of selection. The
authors explained this high potential impact oésgbn for growth on FER by the fact that it
could be associated with a reduction of the eneogys per unit of gain, and consequently, an
increase of metabolizable energy available for gaiher than for maintenance requirements.
However this explanation is questionable sincestiergy needed for maintenance

requirement in fish is low.

Ogataet al. (2002) compared Japanese flounder selected ortlgrate for two generations
with wild individuals and concluded that the seéettine had higher growth rate and FlI, as
well as a better FE after correction for a pheniatgffect of body size. In both studies
(Thodeseret al.1999; Ogatat al. 2002) selected fish were compared with wild-cauigiht
Therefore, the selected and wild groups differedomby for selection for growth, but also for
domestication state, which could bias the resgltwial fish are expected to show poor

growth and high FCR in captivity (Millat al.2010, 2011). The difference for FE or FI
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389  between selected and wild fish could thereforedmetd domestication, selection, or a

390 combination of both.

391 In another study on amago salm@ng¢orhynchus masgufish selected for improved growth
392  on alow fishmeal diet were compared to contratéhlon a fishmeal and on a low fishmeal
393 diet (Yamamoteet al, 2015). The selected fish had a better FER thamrantrols, especially
394 on the low fishmeal diet (0.98 vs. 0.84). This seémbe due to a strong increase in feed
395 intake in the selected fish fed the low fishmeat @2.01 vs 1.71 % BWX whereas control
396 and selected fish had the same feed intake whethéefishmeal diet. In such a case, it is
397 likely that the increase in FE is linked to thetfdmat control fish have a suboptimal feed

398 intake level when fed a low fishmeal diet, thus@asing the relative cost of maintenance.
399  This also highlights that the type of feed used imaye a high impact on the components of
400 the genetic response (growth and feed intake).

401 The general conclusion of a number of studies comgd| and FE on brown trout selected
402  for growth with fish from a control line (Sanchetzal.2001; Mambriniet al.2004a, b;

403  Mambriniet al.2006; Boujarcet al.2006), is that the improvement of growth is only

404  explained by the increase of feed consumptionlecsed fish, and that FE is not affected.
405  This lack of response in FE could be explained wlierassume that faster growing fish will
406  most likely be those that feed more, and thes@atreecessarily the ones that are also more
407  efficient. This effect is likely to be more pronaad in situations where fish are fed ad

408 libitum with automated feeders. As discussed eafigh fed with automated feeders can
409 have lower FE than fish fed with self-feeders. Tthesory is supported by phenotypic

410 observations on responses to six generations @ftsmh on growth and FCR in Nile tilapia.
411 In this selection experiment, growth rate, exprésseDGC increased from 2.29 to 4.46 while
412 FCR remained constant at 1.3-1.4 across genergt@msen, personal comm.). In this

413  experiment, fish were fed with automated feederd,faeding rate was adjusted each
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generation to accommodate the higher growth raterasult of selection. Consequently,
using ad libitum feed ration, selected fish wouddfish that are faster growing and feed less,

but also fish that are faster growing because tbeg more.

Estimates of thgeneticcorrelation between FE and growth are scarcesin Kausest al.
(2006b) and Quintoet al. (2007a) found correlations between Fl and bodyghteranging
from 0.72 to 0.90 and from 0.93 to 0.97 in fullfr&lb families of rainbow trout and European
whitefish, respectively. Quintoet al.(2007a) concluded from this high genetic relatigmsh
that an indirect selection for FE combining sel@ttior high growth and low FI would be at

least twice as efficient as selection for growthyon

Henryonet al.(2002) also estimated the genetic correlations éetwWFE (expressed as FER)
and growth (expressed as body weight at a givepiadall-sib families of rainbow trout.

The genetic correlations estimated for seven sgoeeperiods of growth between 52 and 215
days of age, and for the cumulative periods, wevad ranging from 0.63 to 0.99, with an
average of 0.87 for the cumulative rearing peridte moderate to high genetic correlations
between FER and BW indicate that these two trAésessome genetic control. However, it is
important to note that in this study, fish were wgth a restricted amount of feed. Due to this
restricted feeding regime, FER and growth were oggrf (fish who grew faster are those
showing higher FER), there was lessiation for voluntary feed intake, and conseglyent
estimates of the genetic correlation between FERgaowth traits are high (Henryaat al.

2002).

The results discussed in this section could be sammaed as follows: positive correlations
between growth and FE were observed when selestedveére compared with wild fish.
These correlations are likely biased by domestioagiffects on behavior which makes fish

less stressed and better adapted to the farmingpement. Phenotypic trends in growth and
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FE within selection lines indicate that selectiontiigher growth rate alone could favor fish
which have higher FI but these are not necessawalse efficient — and this may depend on

the starting level of FI before selection, andne type of feed used.

There is the risk of a bias if comparisons are domemall and big fish in the same analyses
given the relationship between FE and fish sizevéier, in nutrition experiments, this bias
is usually dealt with by calculating FE on the Basi metabolic FI and growth rate (i.e Fl in
gr/kg®8 and growth rate in gr/Kg). In genetic experiments, fish are compared ugadlthe
same age rather than same weight/size. Indeedjrthis to estimate the phenotype of a large
number of fish and it is impossible in practicenteasure the feed intake of each fish
individually at the same size even if the experitestarted with fish of similar size.
However, from a genetic perspective such experisngmbuld detect those fish that are more
efficient. The relationship between efficiency disth size does mean that FE needs to be
measured over a series of size/age classes ovprdtection lifetime of the fish (and on a

defined feed) to obtain a practical measure faxc®n for a given production system.
5.1.3 Growth after starvation and refeeding periods

In order to bypass the issues associated with tesure of FI, some authors have
investigated the potential of indirect but traceabtiteria linked to growth under specific
conditions to predict FE. Grimet al.(2008; 2010a) proposed that body weight loss aiml ga
during respectively feed deprivation (FD) and rediag (RF) periods could serve as possible
proxies of FE (defined as RFI in their work). Figur outlines the general principle of
measuring FD and RF. The loss of weight during $Bssumed to be correlated to the
maintenance requirement of the fish (Lupatsthl.2003; Grimaet al.2008). The RF period

is also known as a compensatory growth period, &baarunusually rapid growth follows a

period of starvation (Xiet al.2001, Aliet al.2003). Russel and Woottom (1992) defined this
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period as “the ability of a dietary restricted aalrto achieve its normal body weight and
form by a growth spurt on re-alimentation”. Compaosy growth has been reported in a
large range of fish species (Russell and Woott®?2;19oblinget al.1994; Nicieza and
Metcalfe 1997; Mélaret al.1997; Boujarcet al.2000; Wanget al.2000; Gaylor and Gatlin

[Il 2000; Chatakondi and Yant 2001; Barretioal.2003). There is large variability in the
protocols used to measure the weight loss duringWith measurements performed on
groups or on isolated fish, with different durasasf FD period, with repetitive FD periods or
not, and with different sizes and ages of fisthatlieginning of the experiment (&i al.

2005b; reviewed in Alet al.2003). Using a specific procedure with three wesksD

followed by three weeks of RF, repeated twice inbblaw trout, Grimeet al.(2008) found no
significant correlation between RFI and weight Idasing FD or growth capacity during RF
considered separately. However, combining botlstracreased the proportion of variance in
RFI explained, and the best criterion to estimdte\was the combination of all the
measurements over the two periods of survey, wexgitained 60% of RFI variation. More
recently, Grimaet al.(2010b) observed that European seabass sorteaWoréight loss

during FD and high compensatory growth during RFilgited an improvement of RFI when
compared to groups sorted for opposite charadtjdiut that most of the difference came
from the weight loss during FD. However, Daetéal.(2014) did not find any significant
response on FE (FCR or RFI) after one generatiativeirgent selection of seabass for weight

loss during FD only.

Several authors showed significant positive coti@ha between the increase of growth after
a FD period and the improvement of FE (Russell\Alodtton 1992; Barretet al.2008).

This was considered to be due to a reduction obésal metabolic rate of the fish during the
FD period which continued for a small period ofdiafter the end of the FD period (Russel

and Wootton 1992). However, this hypothesis is tjoeable since it is known that the
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energy needed for maintenance is low in fish (&GedL983; Martingt al.2011). Using fish

selected for high or low weight loss during staiwat Dupont-Prineet al.(2010) showed no

significant difference in standard metabolic rateing fasting. Other authors proposed that
compensatory growth is only explained by a hypegghwithout any modification of FE

(Haywardet al.2000; Wanget al.2000; Xieet al.2001; Nikkiet al.2004).

5.2. Bio-energetic models

An alternative approach to the use of growth mottels look into the bio-energetics of

growth to identify traits that could be used folesion on FE (Jobling 1993; Karjalainen et
al. 1997; Cho and Bureau 1998). Growth models ddake into account the available and
digestible energy and nutrients in the feed, nerahergy and proteins retained by the fish.
Both digestibility of nutrients and energy flux caave a large impact on growth and FE of

animals.

It is possible to model FI in energetic terms, esatibed in Figure 2 and in the following

eqguation (Strand 2005):

FI = (Ep + Ey + Ey) + (Mg + Mg + My + Mg) + (Gs + Gg)
wherer] is feed intakeE the faeces excretiolly the urinary loss and gill excretiof;,
the mucus epidermal cells log4; the basal metabolisnMy the voluntary activityM, the
thermal regulationMy the heat energyis the somatic growth an@, the gamete production
(Figure 2).
Such a model takes into account all the energetigponents from Fl to excretion, growth
and heat production. The interest here is to be @mbéstimate the optimal feed consumption

and the energy losses with particular attentiodifferent parameters as growth prediction,

21



510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

estimation of the digestible energy needed, detatiun of digestible energy in the feed and
growth (Cho and Bureau 1998; Kaushik 1998). Usiegé models could help finding new
measurable traits explaining individual FE differes. It could be potentially important to
estimate the physical activity of the fish or thertnal regulation which are easier to measure
than individual faeces excretion, urinary loss itirexcretion.

Lipid and protein are energetically the most imaonttcomponents of body composition. The
ratio between lipid and protein deposition coulgéhan impact on FE (Azeveat al. 1998).

In this section, we will discuss lipid depositiomdgprotein turnover rates in the context of the

bio-energetic model, and show how they could bel us@rediction for FE.

5.2.1. Lipid deposition

It is well established from terrestrial specie |poultry or pigs that FE is linked to body fat
deposition, with leaner individuals exhibiting ireised FE. While protein content is mostly
determined by fish size, lipid deposition is higkipriable, depending on physiological age
and feed composition (Shearer, 1994). Older figld te deposit more fat, resulting in lower
FE. Because of the lower energy content of protgiikJ/g) compared to lipids (37kJ/g), the
increased protein deposition and lower fat depwsitn leaner animals contributes to the
reduction of metabolic cost of tissue. Faetal.(2013) for instance showed that pigs
selected for low RFI have lower lipid content thmags from the divergent high RFI line
whatever the body compartment in which the fat degsosited (thinner back fat, less internal

fat and lower intra-muscular fat).

Similar relationships between body fat and FE Haeen recorded in fish. A divergent
selection for muscle fat content has been carngdnorainbow trout (Quilleet al. 2005). A

survey after four generations of selection shovirad fish from the lean-muscle selected line
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had lower body and muscle lipid contents, and B@R was improved by about 6-9%
compared to the fat-muscle selected line irrespedt the carbohydrate content of the diet
(Kamalamet al.2012). The difference in FE among lines was cordalrand enhanced after
seven generations of selection (Quillet, pers. com&milarly, in coho salmon
Oncorhynchus kisut¢ii 6 generations of selection for growth resultetiath higher FE and
body leanness than in the unselected parental gimdyet al. 2008). In European whitefish
Coregonus larvaretyQuintonet al. (2007b) found no significant phenotypic and gemeti
correlations between whole-body lipid content aadlyd=CR. Nevertheless, they calculated
that combining selection for reduced lipid contefth selection for high BWG, could
accelerate indirect FCR improvement compared vatbction for BWG only. Similar results
were found in rainbow trout (Kaugt al. 2016)In contrast with those studies, Griregal.
(2010b) concluded in sea bass that the most etftiamelividuals should be the ones having
the highest muscle fat content. However, in thigeexnent, the whole body fat content was
not measured, and the correlation was observeghbitiiat had experienced two fasting-

refeeding periods a few months before, which masehiafluenced the results.

Altogether, these results indicate that relatiopsHietween body lipids and FE in fish deserve
further investigations. Traits related to lipid degtion are usually highly heritable (Quillet

al. 2005, 2007; Tobiet al. 2006; Kauset al. 2009). Moreover, it is now possible to estimate
lipid content in different body compartments withnainvasive methods. Muscle fat content
can be efficiently estimated using apparatus hieistell Fish Fatmeter®. Internal
ultrasound and 2D external imagery allow in vivegiction of carcass yields (Haffray al.
2014) which in turn is highly correlated to percesal fat, another important site of lipid
deposition. Taken together these results suggasittshould be possible to use lipid
deposition as indirect selection criterion to erdegaRE. However, care should be given to

selection against muscle fat content as this miayfeare with meat quality. The most
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559 interesting target to select against is perividdataas this is generally perceived as an

560 economic loss.

561

562 5.2.2. Protein turn-over rates and nitrogen retention

563  Another criterion potentially interesting to foocois to improve FE could be the nitrogen
564 retention (excretion to intake ratio). In chickéms trait was previously described with a
565 heritability of 0.29 and with a genetic correlatiwith FCR equal to 0.95 (de Verdati al.

566 2011a). In pig strains, Saintilat al. (2013) estimated genetic correlations ranging f6o@7
567 10 0.98 and from 0.38 to 0.83 between nitrogemteair and FCR and RFI, respectively,
568 indicating that the nitrogen retention could beoadycriterion in view to improve FE.

569 However, despite its relatively easy measuremetdriestrial animals, this trait is highly
570 complex to measure in fish since the ability toneate the nitrogen retention of each

571 individual reared in groups is difficult, reducittge practicality of this trait as a selection
572  criterion in fish species. In European sea bBssefhtrarchus labray McKenzieet al (2014)
573  found that the differences between fasting toleaaot sensitive phenotypes was more
574  probably explained by differences in the use ofattielipids and proteins, fasting tolerant fish

575 using less proteins as metabolic fuel than fadargitive fish.

576

577 5.2.3. Oxygen consumption

578  The rate of oxygen consumed increases after feadifigh. The first study using oxygen
579  consumption to estimate FE was done by Kinghor83)1®n young rainbow trout.
580 According to this author, a high Fl associated \iitjh genetic growth capacity will lead to

581 improved FE by increasing the availability of metkable energy for body weight gain
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relative to maintenance requirement costs. By nreéagthe metabolized energy, more
specifically the oxygen consumption, and the eneegyired for growth, Kinghorn (1983)
showed that oxygen consumed was highly negativaietated with gross feed efficiency
ratio. Furthermore, variation in oxygen consumptias highly heritable (0.51+£0.12) with
moderate coefficient of variation (CV=18.3 %, Kimgh 1983). It is interesting to note that
the family mean heritability of gross FER was viay (0.03+0.10), which is in the same
range as reported from direct estimations of FERgy techniques (ranging from 0 to 0.07,
see section 2.2). Furthermore, feed consumptioweti@ moderate to high family mean
heritability (0.41+0.13), but this trait was modeig correlated with FER (Kinghorn 1983).
These results should be interpreted with care sialmilations were based on a number of
assumptions (oxygen consumption as an indirect mneas Fl, a constant maintenance

requirement, and heritability was estimated fromifg means-Thodesegt al. 1999).

5.3. Other traits

5.3.1. Neuropeptides and hormones

It is well known that many neuropeptides and horesoare involved in the FI and digestive
processes, as illustrated in Figure 3. Feedingities are regulated by a multitude of
hormones and neuropeptides produced by the brdiother peripheral organs as the liver,
the gut or the stomach. Complete reviews of the obkhese neuropeptides and hormones in
fish were written by de Pedro and Bjornsson (2@010) Volkoffet al. (2010). There is no

doubt that the regulation of FI in fish involvegrigenic and anorexigenic signals at the brain
level (Lin et al.2000; Bernier and Peter 2001; Volkeffal.2010). Feed deprivation

generally causes an up-regulation of the expressionexigenic factors and a down-

regulation of the expression of anorexigenic fac{®olkoff et al.2010).
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Consequently, it would be interesting to studypbgential regulation processes of these
hormones and neuropeptides on Fl and FE, and dstthmrelationship between FE traits
and the level of these hormones and neuropeptidesexample, it was previously shown that
the level of plasmatic growth hormone (GH) in Nilapia tends to be negatively correlated
with the increase in food ration (Toguyestial. 1996). Furthermore, regulatory hormone
levels are heritable in humans (h2 ranging fron#@d30.67 for ghrelin, amylin, insulin and

leptin; Fisheret al. 2007).

5.3.2. Gastro-intestinal tract morphology and functioning

The upper limit of FE is related with the digestivact capacity to assimilate nutrients from
feed (Lemiewet al.1999). Consequently, FE is dependent on the digestct morphology
and functioning. According to Volkott al.(2010), variations in fish feeding habits are
linked with different morphologies and physiologigsese authors illustrated this by the
development of teeth and stomach, generally pataeloped in omnivorous or herbivorous
fish species but well-developed in carnivorous fipkcies (e.g. salmon, seabass). In Nile
tilapia, Charo—Karisat al. (2007) showed that selection for growth on a hengius diet for
three generations in low input earthen ponds reguit an increase of gut length index (GLI:
gut length/ standard length) from 3.1 to 4.2. Hdaility of GLI was low, 0.09, but the genetic
correlation with body weight was 0.22. In chickegenetic relationships were found between
FE and the development of the gastro-intestinat iraterms of weight, length and weight to
length ratio (de Verdadt al. 2010, 2011b). In those two studies, chickens tesh Iselected
on the ability to digest a low quality diet. It waseviously shown in chicken that difference
in FE linked to increases in digestibility were apmt only when using the low quality diet,

while they were not significant using a highly digble diet (Mignon-Grasteaet al, 2010).
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Feed efficiency is also dependent on the avaitgtofi digestive enzymes and on their
capacity to degrade and transport nutrients fragrdigestive tract to the blood (Lemieei

al. 1999). For example, pepsin is the main enzymedrstomach and is active in protein
digestion, and alkaline phosphatase is involvetiéntransport and absorption of lipid and
carbohydrates. However, it is complex to identifthe enzyme activities are based on gastro-
intestinal digesta (from the feed) or on gastrestinal tissues (from the gut).

Several studies on proteolytic enzymes in fish haeeided the evidence that trypsin and
chymotrypsin are key enzymes for feed utilizatiod growth through their involvement in
the processes of protein digestion (Lemietial. 1999; Belangeet al.2002; Rungruangsak-
Torrissenet al.2006; Charet al.2008).In two salmonid species (Atlantic salmon and
rainbow trout), a strong linear correlation wasrfdietween trypsin activity and protein
digestibility (Krogdahlet al. 1994; Rungruangsak-Torrissenal.2006). Trypsin and
chymotrypsin are the major protease enzymes seldogtéhe pancreas in the anterior part of
the intestine (Dabrowski 1983). Trypsin activityalso correlated with FER, while
chymotrypsin was not, according to Lemiezbal.(1999) in a study on Atlantic cdgdadus
morhua This link can be as strong as the relation wittwgh rate [trypsin activity expressed
in U. g of fish! exhibited a significant relationship with growtite, Fl and FER (r2 = 0.58,
0.38 and 0.19, respectively)], which supports thgotthesis of trypsin activity in feed
utilization. In the same way, the protease actixattyo of trypsin to chymotrypsin (T/C ratio)
was shown to be linked with growth rate (Rungruakggorrisseret al.2006) and FER
(Sundeet al.2001) in Atlantic salmon. Considering the correlatbetween FER and pyloric
caecal T/C ratio, it would be interesting to ugse tast trait as an indicator of FE

(Rungruangsak-Torrissen, 2007; Suredal.(2004).
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654  While these traits might be useful to estimate &t of work is still needed from a genetic
655  point of view. Most correlations described are mitgpic and estimates of genetic

656  correlations are in almost all cases lacking. itasessary to have an accurate idea of the
657  correlations between each of these traits befaleding them in a selection process. Since
658 some of these traits show common pathways, ther@assibility that selecting on one trait
659  could result in negative correlations with othaits in the same pathway. It should be also
660 noted that the measurement of almost all thesedcidinetabolic traits is lethal, which

661 reduces their potential efficiency and increasesctst of selective breeding, as in this case
662  recording of additional slaughtered sibs would beassary to implement a breeding program.
663  Finally, genomic tools could be useful as was mesiy highlighted that some genomic

664  regions were linked with FE characteristics in $iteek species (Chen et al. 2011; Wolc et al.
665 2013; Tran et al. 2014; Al-Husseini et al. 20149wever, nothing has been reported to date
666  on fish to our knowledge. The rapid developmentex sequencing technologies in

667 aquaculture (Robledo et al. 2017) will allow impiray quicker FE traits when these will be
668  well measured or estimated.

669

670 Conclusion

671 Improving FE in fish by the selective breeding viadlve high positive economic and

672  environmental impacts. Many methods have been stgg@nd tested to improve FE using
673  genetics, but results in terms of response to sefeare often inconclusive as FE-related
674  traits show little genetic variation. Furthermamegny results are questionable due to flawed
675 experimental protocols, especially for measurirdiMidual feed intake. There is an urgent
676  need for sound experimental procedures that ameoaaically and practically feasible at

677  production scales. The primary issue appears tmpsoving methods to measure individual

678  Fl with high accuracy. Increasing the repeatabiityhe measurements over time and
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679 environments, and the assessment of FE over theewdaring period, are two other critical

680 elements that require a lot more attention.

681 Nevertheless, while FE improvement by selectivetirgg in fish will not be easy, it is likely
682  to be feasible. One way forward would be to combiifierent traits showing a correlation
683  with FE and implement a multitrait selection usBigUP (Best Linear Unbiased Prediction).
684 The development of genomic tools for FE, as wasmidg done for livestock animals where
685 some genomic regions were found linked with FE d@l$o be investigated in fish. Since it is
686 difficult to measure FI, the identification of moldar markers linked to QTLs (quantitative
687 trait loci) or metabolism pathways associated \githes controlling FI or FE, would be

688 valuable. In the event of a trait under highly gmgic control, the development of genomic
689  selection may allow significant increases in thecsion of estimated breeding values, as
690 well as easier selection if the association of gananarkers and phenotype can be done in
691  controlled reference populations, while selectiself would rely solely on the multilocus

692  genotype of selection candidates (Meuwisseal. 2016).

693

694 Acknowledgements

695  This study contributes to the CGIAR Research Progra Livestock and Fish.
696

697

29



698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

References

Abidi SF, Khan MA (2014) Evaluation of feeding rdtased on growth, feed conversion,
protein gain and carcass quality of fingerlink Brdimajor carpCatla catla
(Hamilton).Aquaculture Research5, 439-447.

Adams CE, Huntingford FA, Krpal J, Jobling M, Butin®J (1995) Exercise, agonistic
behaviour and food acquisition in Artic cha@glvelinus alpinusgEnvironmental
Biology of Fishes43, 213-218.

Aksnes A, Izquierdo MS, Robaina L, Vergara JM, MaatD (1997) Influence of fish meal
quality and feed pellet on growth, feed efficierryd muscle composition in gilthead
seabreamSparus aurata Aquaculture 153, 251-261.

Aksnes A, Hope B, Jonsson E, Bjornsson BT, AlbektS (2006) Size-fractionated fish
hydrolysate as feed ingredient for rainbow tradbh¢orhynchus mykis$ed high plant
protein diets. I: Growth, growth regulation anddesilization. Aquaculture 261, 305-
317.

Alanéra A (1996) The use of self-feeders in raintiemut (Oncorhynchus mykisgroduction.
Aquaculture 145, 1-20.

Albrektsen S, Mundheim H, Aksnes A (2006) Growted efficiency, digestibility and
nutrient distribution in Atlantic cod3adus morhupgfed two diffrent fish meal
gualities at three dietary levels of vegetable girosourcesAquaculture 261, 626-
640.

Al-Husseini W, Gondro C, Quinn K, Herd RM, Gibsdh, Lhen Y (2014) Expression of
candidate genes for residual feed intake in AngdisecAnimal Genetic$45, 12-19.

Ali M, Nicieza A, Wootton RJ (2003) Compensatorpwgth in fishes: a response to growth

depressionkish and Fisheries4, 147-190.

30



722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

Andersen NG, Riis-Vestergaard J (2003) The effetfeod consumption rate, body size and
temperature on net food conversion efficiency itheaand whitingJournal of Fish
Biology, 62, 395-412.

Ang KP, Petrell RJ (1997) Control of feed dispeitsain seacages using underwater video
monitoring: effects on growth and food conversidguacultural Enguneerind.,6,
45-62.

Arbelaez-Rojas GA, Inoue LAKA, Moraes G (2011) Raiytic activity and growth of
matrinxa at sustained swimming speed and fed twtepr levelsPesquisa
Agropecuaria Brasileira46, 1521-1529.

Arnasson T, Bjérnsson BT, Steinarsson A, Oddgeir$8¢2009) Effects of temperature and
body weight on growth rate and feed conversiomratiturbot Scophtalmus
maximu$. Aquaculture 295, 218-225.

Arthur PF, Archer JA, Johnston DJ, Herd RM, RiclsardEC, Parnell PF (2001) Genetic and
phenotypic variance and covariance componentsefm intake, feed efficiency, and
other postweaning traits in Angus cattleurnal of Animal Scienc&9, 2805-2811.

Aubin J, Papatryphon E, Van der Werf JHJ, Chataf§t(2009) Assessment of the
environmental impact of carnivorous finfish prodantsystems using life cycle
assessmendournal of Cleaner Productiori,7, 354-361.

Azevedo PA, Cho CY, Leeson S, Bureau D (1998) Efe€feeding level and water
temperature on growth, nutrient and energy utikimatind waste outputs of rainbow
trout (Oncorhyncus mykissAquatic Living Resourcedl, 227-238.

Bailey J (2003) Energy requirements and feedin@belir of salmonids in cultur@hD
thesis. Department of Aquacultu®wedish University of Agricultural Sciences,

Umea.

31



746  Baras E, Montalvan Naranjos GV, Silva del Aguila,B3hu Koo F, Dugué R, Chavez &,

747 al. (2012) Ontogenetic variation of food intake and exacuation rate in larvae of the
748 doncellaPseudoplatystoma punctifeas measured using a non-destructive method.
749 Aquaculture Research3, 1764-1776.

750 Barreto RE, Moreira PSA, Carvalho RF (2003) Sexcdjgecompensatory growth in food-
751 deprived Nile tilapiaBrazilian Journal of Medical and Biological Reselay86, 477-
752 483.

753  Barreto RE, Marquez de Miranda Cabral Gontijo Alifde HC (2008) Correlations between
754 pre- and post-fasting growth in Nile tilapiournal of Applied Animal Researd4,
755 113-116.

756  Bélanger F, Blier PU, Dutil J-D (2002) Digestivepeaity and compensatory growth in
757 Atlantic cod Gadus morhup Fish Physiology and Biochemisti36, 121-128.

758  Bendiksen EA, Berg OK, Jobling M, Arnesen AM, MaabK (2003) Digestibility, growth
759 and nutrient utilisation of Atlantic salmon pasa(mo salarL.) in relation to

760 temperature, feed fat content and oil soufmpiaculture 224, 283-299.

761  Bernier NJ, Peter RE (2001) The hypothalamic-patytinterrenal axis and the control of
762 food intake in teleost fistlComparative Biochemistry and Physiology: PartlB9,
763 639-644.

764  Besson M, Aubin J, Komen H, Poelman M, Quillet Bndeputte Met al. (2016)

765 Environmental impacts of genetic improvement ofvgiorate and feed conversion
766 ratio in fish farming under rearing density andagen output limitationslournal of
767 Cleaner Production116, 100-109.

768  Boujard T, Burel C, Médale F, Haylor G, Moisan A(®) Effect of past nutritional history
769 and fasting on feed intake and growth in rainbawtOncorhynchus mykiss

770 Aquaculture Living ResourceE3, 129-137.

32



771

772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

793

794

Boujard T, Cuvier A, Geurden |, Labbé L, Mambrini(®D06) Selection for growth and
feeding hierarchy in brown trouApplied Animal Behavior Scienc®9, 344-356.
Bouvarel |, Travel A, Lescoat P, Lessire M, BastifirD, Hervouet Cet al.(2006) Approche
multiple des relations nutrition-rejets chez laarié¢. (OFIVAL-ADAR Report)

54pp.

Brannas E, Alanard A (1993) Monitoring the feedaegjvity of individual fish with a demand
feeding systemlournal of Fish Biology42, 209-215.

Bromley PJ (1994) The role of gastric evacuatiopeginents in quantifying the feeding rates
of predatory fishReviews in Fish Biology and Fisherids 36-66.

Cassidy ES, West PC, Gerber JS, Foley JA (2013gfeag agricultural yields: from tonnes
to people nourished per hectaemvironmental Research LetteB,034015.

Chan CR, Lee DN, Cheng YH, Hsieh DJY, Weng CF (20@&d deprivation and re-feeding
on alterations of proteases in tila@aeochromis mossambicugoological Studies,

47, 207-214.

Charo-Karisa H, Bovenhuis H, Rezk MA, Ponzoni R\&hArendonk JAM, Komen H
(2007) Phenotypic and genetic parameters for boglysurements, reproductive traits
and gut length of Nile tilapiaQreochromis niloticusselected for growth in low-input
earthen pond#Aquaculture 273, 15-23.

Chatakondi NG, Yant RD (2001) Application of compatory growth to enhance production
in channel catfishctalurus punctatusJournal of the World Aquaculture Socie3g,
278-285.

Chen Y, Gondro C, Quinn K, Herd RM, Parnell PF, $&ow B (2011) Global gene
expression profiling reveals genes expressed difitgally in cattle with high and low

residual feed intakédnimal Genetic42, 475-490.

33



795

796

797

798

799

800

801

802

803

804

805

806

807

808

809

810

811

812

813

814

815

816

817

Cho CY, Bureau DP (1998) Development of bioenecgeibdels and the fish-PrFEQ
software to estimate production, feeding ration @adte output in aquaculture.
Aquatic Living Resource$], 199-210.

Clarke A, Johnston NM (1999) Scaling of metabaditerwith body mass and temperature in
teleost fishJournal of Animal Ecology§8, 893-905.

Connor EE, Hutchinson JL, Norman HD, Olson KM, Viassell CP, Leith JMgt al. (2013)
Use of residual feed intake in Holsteins duringyelactations shows potential to
improve feed efficiency through genetic selectidmurnal of Animal Scien¢®1,
3978-3988.

Cortés E (1997) A critical review of methods ofdstung fish feeding based on analysis of
stomach contents: application to elasmobranchdisb@nadian Journal of Fisheries
and Aquatic ScienceS4, 726-738.

Crew Jr. DH (2005) Genetics of efficient feed atlion and national cattle evaluation: a
review.Genetics and Molecular Researeh,152-165.

Crovatto Veras G, Solis Murgas LD, Vieira Rosa Bng@eronimo MG, Soares do Silva
Ferreira M, Solis-De Leon JA (2013) Effect of phmedod on locomotor activity,
growth, feed efficiency and gonadal developmentiité tilapia. Revista Brasileira de
Zootecnia42, 844-849.

Dabrowski K (1983) Digestion of protein and amimidaabsorption in stomachless fish,
common carpQyprinus carpiaoL.). Comparative Biochemistry and Physiology: Part
A, 74, 409-415.

Damsgard B, Ugedal O (1997) The influence of pliedaisk on habitat selection and food

intake by Arctic charSalvelinus alpinugL.). Ecology of Freshwater Fisié, 95-101.

34



818 Daulé S, Vandeputte M, Vergnet A, Guinand B, Grim&hatain B (2014) Effect of

819 selection for fasting tolerance on feed intakewghoand feed efficiency in the

820 European sea baBscentrarchus labraxAquaculture 420-421, S42-S49.

821 de Pedro N, Bjornsson BT (2001) Regulation of foudke by neuropeptides and hormones.
822 In: Food intake in fisi{ed. by Houlihan D, Boujard T, Jobling M). Wileydikwell

823 pp. 269-296.

824  de Verdal H, Mignon-Grasteau S, Jeulin C, Le Bibarval E, Leconte M, Mallet St al.

825 (2010) Digestive tract measurements and histolbgitaptation in broiler lines

826 divergently selected for digestive efficien®oultry Scienced9, 1955-1961.

827 de Verdal H, Narcy A, Bastianelli D, Chapuis H, Mei, Urvoix St al.(2011a) Improving

828 the efficiency of feed utilization in poultry bylsetion. 2. Genetic parameters of
829 excretion traits and correlations with anatomyhaf gastro-intestinal tract and
830 digestive efficiencyBMC Genetics]2, 71.

831 de Verdal H, Narcy A, Bastianelli D, Chapuis H, Mei, Urvoix S.et al.(2011b)

832 Improving the efficiency of feed utilization in pliny by selection. 1. Genetic
833 parameters of anatomy of the gastro-intestinat atad digestive efficiencyBMC
834 Genetics 12, 59.

835 de Verdal H, Mekkawy W, Lind CE, Vandeputte M, GhiatB, Benzie J (2016) Measuring
836 individual feed efficiency and its correlations wperformance traits in Nile tilapia,
837 Oreochromis niloticusAquaculture 468, 489-495.

838 Do DN, Strathe AB, Jensen J, Mark T, Kadarmideen(BNL.3) Genetic parameters for
839 different measures of feed efficiency and relatadg in boars of three pig breeds.
840 Journal of Animal Scienc8}l, 4069-4079.

841 Doupé RG, Lymbery AJ (2003) Toward the genetic imvpment of feed conversion

842 efficiency in fish.Journal of the World Aquaculture Sociedg, 245-254.

35



843  Doupé RG, Lymbery AJ (2004) Indicators of geneticiation for feed conversion efficiency
844 in black breamAquaculture ResearcB85, 1305-1309.

845 Dumas A, France J, Bureau D (2010) Modelling groarid body composition in fish

846 nutrition: where have we been and where are weg@dquaculture Researchl,

847 161-181.

848  Dupont-Prinet A, Chatain B, Grima L, Vandeputte ®aireaux G, McKenzie DJ (2010)

849 Physiological mechanisms underlying a trade-offiMeein growth rate and tolerance of
850 feed deprivation in the European sea b&ssgntrarchus labrax The Journal of
851 Experimental Biology213, 1143-1152.

852  Earth Policy Institute (2013) World animal prodoctiby type, 1950-2012. http://www.earth-
853 policy.org/data_center/C24, published online 122J2@13.

854  Elangovan A, Shim KF (2000) The influence of repigdish meal partially in the diet with
855 soybean meal on growth and body composition ofrjugéin foil barb Barbodes

856 altus). Aquaculture 189, 133-144.

857 Emmerson DA (1997) Commercial approaches to gesetection for growthand feed

858 conversion in domestic poultrioultry Sciencer6, 1121-1125.

859  FAO yearbook. Fishery and Aquaculture Statisti€@/FAO annuaire. Statistiques des
860 péches et de I'aquaculture. 2012/FAO anuario. Estiads de pesca y acuicultura.
861 2012. Rome/Roma, FAO. 76 pp.

862 Falconer DS, MacKay TFC (199B)troduction to quantitative genetic&” edition, Longman
863 Scientific & Technical, Burnt Mill, Harlow, Unitelingdom.

864  Farhangi M, Carter CG (2007) Effect of enzyme seapmntation to dehulled lupin-based

865 diets on growth, feed efficiency, nutrient digesitiyp and carcass composition of
866 rainbow troutOncorhynchus mykig¥Valbaum).Aquaculture Researc38, 1274-
867 1282.

36



868

869

870

871

872

873

874

875

876

877

878

879

880

881

882

883

884

885

886

887

888

889

890

891

892

Faure J, Lefaucheur L, Bonhomme N, Ecolan P, Melkgddetayer Coustard &t al.(2013)
Consequences of divergent selection for residua ifgake in pigs on muscle energy
metabolism and meat qualityleat Science9d3, 37-45.

Fisher JO, Cai G, Jaramillo SJ, Cole SA, ComuzZi Butte NF (2007) Heritability of
hyperphagic eating behavior and appetite-relatechbines among hispanic children.
Obesity 15, 1484-1495.

Gaylord TG, Gatlin 11l DM (2000) Assessment of cagnpatory growth in channel catfish
Ictalurus punctatu®k. and associated changes in body condition isdicairnal of
the World Aquaculture Society], 326-336.

Gaylord TG, Gatlin 11l DM (2001) Dietary protein denergy modifications to maximize
compensatory growth of channel catfisttglurus punctatus Aquaculture 194, 337-
348.

Gilbert H, Bidanel JP, Gruand J, Caritez JC, BillgrGuillouet P et al.(2007) Genetic
parameters for residual feed intake in growing pigth emphasis on genetic
relationships woth carcass and meat quality traasrnal of Animal Scienc@b,
3182-3188.

Gjedrem T (1983) Genetic variation in quantitatirsts and selective breeding in fish and
shellfish.Aquaculture 33, 51-72.

Grima L, Quillet E, Boujard T, Robert-Granié C, @aia B, Mambrini M (2008) Genetic
variability in residual feed intake in rainbow ttatlones and testing of indirect
selection criteriaGenetic Selection Evolutiod, 607-624.

Grima L (2010) Vers une amélioration de l'efficaa@limentaire chez le poisson. 8tiences
de la Vie et de la Sant@groParisTech, Ecole doctorale ABIES.

Grima L, Chatain B, Ruelle F, Vergnet A, LaunayMambrini M, et al.(2010a) In search

for indirect criteria to improve feed utilizatiofffieiency in sea bas€jcentrarchus

37



893 labrax). Part II: Heritability of weight loss during feelkprivation and weight gain
894 during re-feeding periodéquaculture 302, 169-174.

895 Grima L, Vandeputte M, Ruelle F, Vergnet A, MambiNh Chatain B (2010b) In search for

896 indirect criteria to improve residual feed intakesea basd{centrarchus labrax
897 Part I: Phenotypic relationship between residuadl fmtake and body weight
898 variations during feed deprivation and re-feediegqals.Aquaculture 300, 50-58.

899  Gunsett FC (1984) Linear index selection to imprivaés defined as ratio§ournal of

900 Animal Scienceb9, 1185-1193.

901 Gunsett FC (1987) merit of utilizing the heritatyilof a ratio to predict the genetic change of
902 a ratio.Journal of Animal Scien¢é5, 936-942.

903 Guroy B, Sahin I, Kayali S, Mantoglu S, Canan BriMeld DL, et al.(2013) Evaluation of

904 feed utilization and growth performance of juverstaped catfisiPangasianodon
905 hypophtalmuged with varying inclusion levels of corn glutereat. Aquaculture
906 Nutrition, 19, 258-266.

907 Haffray P, Bugeon J, Rivard Q, Quittet B, Puyo 8amelou JM.et al.(2014) Reprint of:

908 Genetic parameters of in-vivo prediction of carcaesad and fillet yields by internal
909 ultrasound and 2D external imagery in large raintimut (Oncorhynchusnykiss.
910 Aquaculture 420-421, S134-S142.

911 Hayward RS, Wang N, Noltie DB (2000) Group holdingpedes compensatory growth of
912 hybrid sunfishAquaculture 183, 299-305.

913  Helland SJ, Grisdale-Helland B, Nerland S (199&)iAple method for the measurement of
914 daily feed intake of groups of fish in tanksgquaculture 139, 157-163.

915 Henryon M, Jokumsen A, Berg P, Lund |, Pedersen®8sen NJet al.(2002) Genetic

916 variation for growth rate, feed conversion effi@gnand disease resistance exists

917 within a farmed population of rainbow trodtquaculture 209, 59-76.

38



918

919

920

921

922

923

924

925

926

927

928

929

930

931

932

933

934

935

936

937

938

939

940

941

942

Hill RA, Azain M (2009) Growth and development syoaspum: The molecular basis for feed
efficiency.Journal of Animal Scienc&/ (E-suppl), E39-E40.

Hoque MA, Suzuki K (2009) Genetics of residual fegdke in cattle and pigs: a review.
Asian-Australasian Journal of Animal Scien2g, 747-755.

Hughes NF, Kelly LH (1996) New techniques for 3-ideo tracking of fish swimming
movements in still or flowing wate€anadian Journal of Fisheries and Aquatic
Sciences’3, 2473-2483.

Imsland AK, Foss A, Folkvord A, Stefansson MO, Js®n TM (2005) The interrelation
between temperature regimes and fish size in jlevéitiantic cad Gadus marhup
effects on growth and feed conversion efficierieigh Physiology and Biochemistry,
31, 347-361.

Jobling M (1993) Bioenergetics: feed intake andrgp@artitioning. In:Fish ecophysiology
(ed. by Rankin JC, Jensen FB). Chapman & Hall, oondUK.

Jobling M (1994 ish BioenergeticsLondon.

Jobling M, Meloy OH, Dos Santos J, Christianseri®¥¢) The compensatory growth
response of the Atlantic cod: effects of nutritiohigtory. Aquaculture International,
2, 75-90.

Jobling M, Coves D, Damsgard B, Kristiansen HR, k&da J, Petusdottir TEt al. (2001)
Techniques for measuring feed intake.Anod intake in fisi{ed. by Houlihan D,
Boujard T, Jobling M). Wiley-Blackwellpp. 49-87.

Jobling M (2002) Environmental factors and ratelefelopment and growth. Istandbook
of Fish Biology and Fisheriggd. by Hart PJB, Reynolds JD). Blackwell Publigjin
pp. 97-122.

Jobling M (2003) The thermal growth coefficient (Czmodel of fish growth: a cautionary

note.Aquaculture Resear¢cB34, 581-584.

39



943  Johnson ZB, Chewning JJ, Nugent RA (1999) Geneiiarpeters for production traits and
944 measures of residual feed intake in large whiteewliournal of Animal Sciencé&y,
945 1679-1685.

946  Johnston WL, Atkinson JL, Glanville NT (1994) A ketque using sequential feedings of
947 different coloured foods to determine food intalariividual rainbow trout,

948 Oncorhynchus mykiss: effect of feeding lev&fjuaculture 120, 123-133.

949  Kamalam BS, Médale F, Kaushik S, Polakof S, Skilbagy S, Panserat S (2012) Regulation
950 of metabolism by dietary carbohydrates in two linéginbow trout divergently

951 selected for muscle fat conteftie Journal of Experimental Biolog315, 2567-2578.
952  Karjalainen J, Miserque D, Huuskonen H (1997) Téteneation of food consumption in

953 larval and juvenile fish: experimental evaluatidrbmenergetics modeldournal of
954 Fish Biology 51, 39-51.

955 Kause A, Tobin D, Dobly A, Houlihan D, Martin S, Migsaari EAget al.(2006a) Recording
956 strategies and selection potential of feed intakasured using the X-ray method in
957 rainbow troutGenetic Selection EvolutioB8, 389-409.

958 Kause A, Tobin D, Houlihan DF, Martin SAM, MéantysialBA, Ritola O,et al.(2006b) Feed
959 efficiency of rainbow trout can be improved throwsghection: Different genetic

960 potential on alternative diet3ournal of Animal Scienc&4, 807-817.

961 Kause A, Quinton CD, Ruohonen K, Koskela J (2008)&ic potential for the regulation of
962 variability in body lipid and protein content of Expean whitefish@oregonus

963 lavaretug. British Journal of Nutrition 101, 1444-1451.

964 Kause A, Kiessling A, Martin SAM, Houlihan D, Ruaten K (2016) Genetic improvement

965 of feed conversion ratio via indirect selectioniagtlipid deposition in farmed
966 rainbow trout Oncorhynchus mykid&/albaur) British Journal of Nutrition116,
967 1656-1665.

40



968

969

970

971

972

973

974

975

976

977

978

979

980

981

982

983

984

985

986

987

988

989

990

991

992

Kaushik S (1998) Nutritional bioenergetics andraation of waste production in non-
salmonidsAquatic Living Resources], 211-217.

Kennedy BW, van der Werf JHJ, Meuwissen THE (1998jhetic and statistical properties of
residual feed intake&lournal of Animal Scienc&}, 3239-3250.

Kinghorn B (1983) Genetic variation in food conversefficiency and growth in rainbow
trout. Aquaculture 32, 141-155.

Koch RM, Swiger LA, Chambers D, Gregory KE (1963fidiency of feed use in beef cattle.
Journal of Animal Scienc@2, 486-494.

Kolstad K, Grisdale-Helland B, Gjerde B (2004) Fhndiifferences in feed efficiency in
Atlantic salmon $almo salay. Aquaculture241, 169-177.

Komen H, Thorgaard GH (2007) Androgenesis, gynogisrend the production of clones in
fishes: A reviewAquaculture 269, 150-173.

Koumi AR, Koffi KM, Atsé BC, Kouame LP (2011) Groltfeed efficiency and carcass
mineral composition dfleterobranchus longifilisOreochromis niloticugnd
Sarotherodon melanothergaveniles fed different dietary levels of soybeaeal-
based dietsAfrican Journal of Biotechnology0, 14990-14998.

Krogdahl A, Lea TB, Olli JJ (1994) Soybean protemanhibitors affect intestinal trypsin
activities and amino acid digestibilities in raimbtrout (Oncorhynchus mykiss
Comparative Biochemistry and Physiology: Partl87, 215-219.

Leenstra F, Napel JT, Van Sambeek F (2016) Laysdinf programmes in changing
production environments: a historic perspectiMerld's Poultry Science Journal?,
21-36.

Lemieux H, Blier P, Dutil J-D (1999) Do digestiveaymes set a physiological limit on
growth rate and food conversion efficiency in thi#aAtic cod Gadus morhug? Fish

Physiology and Biochemistrg0, 293-303.

41



993

994

995

996

997

998

999

1000

1001

1002

1003

1004

1005

1006

1007

1008

1009

1010

1011

1012

1013

1014

1015

1016

Li MH, Robinson EH, Bosworth BG (2005a) Effectspafriodic feed deprivation on growth,
feed efficiency, processing yield, and body comgmsiof channel catfiskctalurus
punctatusJournal of the World Aquaculture Socie®g, 444-453.

Li MH, Manning BB, Oberle DF, Robinson EH (2005jd€ets of maintenance feeding
regimens on weight gain, feed efficiency, and booiyposition of pond-raised
channel catfishNorth American Journal of Aquaculturg/, 129-132.

Li MH, Robinson EH, Peterson BC, Bates TD (2008)w&h and feed efficiency of juvenil
channel catfish reared at different water tempeeatand fed diets containing various
levels of fish mealNorth American Journal of Aquaculturé), 347-352.

Lin CY, Aggrey SE (2013) Incorporation of economaiues into the component traits of a
ratio: Feed efficiencyPoultry Sciencgd2, 916-922.

Lin X, Volkoff H, Narnaware Y, Bernier NJ, Peyon Peter RE (2000) Brain regulation of
feeding behavior and food intake in fiS&omparative Biochemistry and Physiology:
Part A,126, 415-434.

Lin YC (1980) Relative efficiency of selection metts for improvement of feed efficiency.
Journal of Dairy Science3, 491-494.

Lin YH, Shie YY, Shiau SY (2008) Dietary copper sggments of juvenile grouper,
Epinephelus malabaricug\quaculture 274, 161-165.

Luiting P, Urff EM (1991) Optimization of a model estimate residual feed consumption in
the laying henLivestock Production Sciencgy, 321-338.

Lupatsch I, Kissil GW, Sklan D (2003) Comparisoreaergy and protein efficiency among
three fish species gilthead sea bre&mpafus auratp European sea bass
(Dicentrarchus labraxand white groupelHpinephelus aeneusenergy expenditure

for protein and lipid depositioiquaculture 225, 175-189.

42



1017

1018

1019

1020

1021

1022

1023

1024

1025

1026

1027

1028

1029

1030

1031

1032

1033

1034

1035

1036

1037

1038

1039

1040

Magnussen AB, Imsland AK, Foss A (2008) Interact¥fects of different temperature and
salinities on growth, feed conversion efficienayddlood physiology in juvenile
spotted wolffishAnarhuchas mino®Olafsen.Journal of the World Aquaculture
Society 39, 804-811.

Mambrini M, Sanchez M-P, Chevassus B, Labbé L, |€u, Boujard T (2004a) Selection
for growth increase feed intake and affects feetelgavior of brown trout.ivestock
Production Science38, 85-98.

Mambrini M, Médale F, Sanchez P-P, Recalde B, Cémy@ B, Labbé Let al.(2004b)
Selection for growth in brown trout increases fegedke capacity without affecting
maintenance and growth requiremedtsurnal of Animal Scienc&2, 2865-2875.

Mambrini M, Labbé L, Randriamanantsoa F, Boujar@0d06) Response of growth-selected
brown trout Salmo truttd to challenging feeding condition&quaculture 252, 429-
440.

Martins CIM, Conceicao LEC, Schrama JW (2011) Fegdthehavior and stress response
explain individual differences in feed efficienayjuveniles of Nile tilapia
Oreochromis niloticusAquaculture 312, 192-197.

Masilko J, Hartvivch P, Rost M, Urbanek M, Hlava, Dvorak P (2014) Potential for
improvement of common carp production efficiencynbgchanical processing of
cereal dietTurkish Journal of Fisheries and Aquatic Sciendds 143-153.

McCarthy ID, Houlihan DF, Carter CG, Moutou K (199&ariation in individual food
consumption rates of fish and its implicationstfog study of fish nutrition and
physiology.Proceedings of the Nutrition Sociebg, 427-436.

McComish TS (1971) Laboratory experiments on groawit food conversion by the bluegill.

University of Missouri, Columbia, pp. 203.

43



1041  McKenzie DJ, Vergnet A, Chatain B, Vandeputte MsDarais E, Steffensen J#,al.

1042 (2014) Physiological mechanisms underlying indialdvariation in tolerance of food
1043 deprivation in juvenile European sea b&isentrarchus labraxThe Journal of
1044 Experimental Biology217, 3283-3292.

1045 Mélard C, Baras E, Desprez D (1997) Compensatawiyr of Nile tilapiaOreochromis

1046 niloticus In: Fourth International Symposium on Tilapia in Aquigre (ed
1047 Fitzsimmons K). Northeast Regional Agricultural Eregring Service, Orlando,
1048 Floride, USA.

1049  Meuwissen THE, Hayes B, Goddard M (2016) Genomiecsien: A paradigm shift in animal
1050 breeding Animal Frontiers 6, 6-14.

1051  Mignon-Grasteau S, Juin H, Sellier N, Bastianelli@mez J, Carré B (2010) Genetic

1052 parameters of digestibility of wheat- or corn-badests in chickens. troth World

1053 Congress on Genetics Applied to Livestock Prodaogtieipzig, Germany, pp. 4p.
1054  Millot S, Bégout M-L (2009) Individual fish rhythmirects group feeding: a case study with
1055 sea bass juvenile®icentrarchus labraxunder self-demand feeding conditions.
1056 Aquatic Living Resourceg2.

1057 Millot S, Pean S, Leguay D, Vergnet A, Chatain BgBut M-L (2010) Evaluation of

1058 behavioral changes induced by a first step of dticasn or selection for growth in
1059 the European sea baficentrarchus labrax A self-feeding approach under repeated
1060 acute stresfquaculture 306, 211-217.

1061 Millot S, Pean S, Chatain B, Bégout M-L (2011) Sekding behavior changes induced by a
1062 first and a second generation of domesticatioremtion for growth in the European

1063 sea basdicentrarchus labraxAquatic Living Resourceg4, 53-61.

44



1064

1065

1066

1067

1068

1069

1070

1071

1072

1073

1074

1075

1076

1077

1078

1079

1080

1081

1082

1083

1084

1085

1086

1087

Morris JE, D'Abramo LR, Muncy RC (1990) An inexpemsmarking technique to assess
ingestion of formulated feeds by larval fiSfhe Progressive Fish-Culturi€i2, 120-
121.

Mundheim H, Aksnes A, Hope B (2004) Growth, feeficefncy and digestibility in salmon
(Salmo salal..) fed different dietary proportions of vegetapl®tein sources in
combination with two fish meal qualitieAquaculture 237, 315-331.

Mungkung R, Aubin J, Prihadi TH, Slembrouck J, dan Werf HMG, Legendre M (2013)
Life cycle assessment for environmentally sustdaabuaculture management: a
case study of combined aquaculture systems foraratgilapiaJournal of Cleaner
Production,57, 249-256.

Neely KG, Myers JM, Hard JJ, Shearer KD (2008) Carigon of growth, feed intake, and
nutrient efficiency in a selected strain of cohbisan (Oncorhynchus kisutch) and its
source stockAquaculture 283, 134-140.

Nematipour GR, Gatlin 11l DM (1993) Effects of d#ffent kinds of dietary-lipid on growth
and fatty-acid composition of juvenile sunshineshasorone-chrysops female x
morone-saxatilis maléquaculture 114, 141-154.

Nicieza AG, Metcalfe NB (1997) Growth compensatimjuvenile atlantic salmon: responses
to depressed temperature and food availablitplogy,78, 2385-2400.

Nikki J, Pirhonen J, Jobling M, Karjalainen J (2D@mpensatory growth in juvenile
rainbow troutOnchorhynchus mykiggvalbaum), held individuallyAquaculture,

235, 285-296.

Ogata HY, Oku H, Murai T (2002) Growth, feed eféiocy and feed intake of offspring from

selected and wild Japanese floundarglichthys olivaceys Aquaculture 211, 183-

193.

45



1088

1089

1090

1091

1092

1093

1094

1095

1096

1097

1098

1099

1100

1101

1102

1103

1104

1105

1106

1107

1108

1109

1110

1111

Pinares-Patino CS, Ulyatt MJ, Lassey KR, Barry Hdlmes CW (2003) Persistance of
differences between sheep in methane emission ge@rous grazing conditions.
Journal of Agricultural Sciencd40, 227-233.

Pym RAE (1990) Nutritional Genetics. IRoultry breeding and geneti¢sd by Crawford
RD), Amsterdam, The Netherlangs. 847-876.

Quillet E, Le Guillou S, Aubin J, Fauconneau B (2D0wo-way selection for muscle lipid
content in pan-size rainbow trout (Oncorhynchus isg)kAquaculture 245, 49-61.

Quillet E, Le Guillou S, Aubin J, Labbé L, FaucoaneB, Médale F (2007) Response of a
lean muscle and a fat muscle rainbow tr@mg¢orhynchus mykiséine on growth,
nutrient utilization, body composition and carcaagis when fed two different diets.
Aquaculture 269, 220-231.

Quinton CD, Kause A, Koskela J, Ritola O (2007agd®ling salmonids for feed efficiency in
current fishmeal and future plant-based diet emvitent.Genetic Selection Evolution,
39, 431-446.

Quinton CD, Kause A, Ruohonen K, Koskela J (20@3Zéetic relationships of body
composition and feed utilization traits in Europednitefish Coregonus larvaretus
L.) and implications far selective breeding in fisdal- and soybean meal-based diet
environmentsJournal of Animal Scienc&5, 3198-3208.

Rauw WM, Kanis E, Noordhuizen-Stassen EN, Gromrér€L998) Undesirable side effects
of selection for high production efficiency in famnimal: a reviewLivestock
Production Sciencé&6, 15-33.

Reigh RC, Ellis SC (1992) Effects of dietary soyiaad fish-protein ratios on growth and
body-composition of red druns¢iaenops ocellatyiged isonitrogenous diests.

Aquaculture 104, 279-292.

46



1112

1113

1114

1115

1116

1117

1118

1119

1120

1121

1122

1123

1124

1125

1126

1127

1128

1129

1130

1131

1132

1133

1134

1135

1136

Rindorf A, Lewy P (2004) Bias in estimating foochsamption of fish by stomach-content
analysisCanadian Journal of Fisheries and Aquatic Scien6&s2487-2498.

Robinson DL, Oddy VH (2001) Improving estimatesnaight gain and residual feed intake
by adjusting for the amount of feed eaten beforigveg. Australian Journal of
Experimental Agriculture41, 1057-1063.

Robledo D, Palaiokostas C, Bargelloni L, MartineHBuston RD (2017) Applications of
genotyping by sequencing in aquaculture breediniggemeticsReviews in
Aquaculture DOI: 10.1111/raq.12193.

Rungruangsak-Torrissen K, Moss R, Andresen LH, Berd/aagbo R (2006) Different
expressions of trypsin and chymotrypsin in relatmgrowth in Atlantic salmon
(Salmo salay. Fish Physiology and Biochemisti32, 7-23.

Rungruangsak-Torrissen K (2007) Digestive efficigrgrowth and qualities of muscle and
oocyte in Atlantic salmonSalmo salal.) fed on diets with krill meal as an
alternative protein sourcdournal of Food Biotechnolog®1, 509-540.

Russell NR, Wootton RJ (1992) Appetite and growdimpensation in the European minnow,
Phoxinus phoxinu@Cyprinidae), following short periods of food nestion.
Environmental Biology of Fishe34, 277-285.

Saintilan R, Mérour I, Brossard L, Tribout T, DowadhJY, Sellier Pet al.(2013) Genetics of
residual feed intake in growing pigs: Relationshigih production traits, and nitrogen
and phosphorus excretion trailsurnal of Animal Scienc8], 2542-2554.

Samuel-Fitwi B, Wuertz S, Schroeder JP, Schulz@122 Sustainability assessment tools to
support aquaculture develomedburnal of Cleaner Productior2, 183-192.

Sanchez M-P, Chevassus B, Labbé L, Quillet E, Mambt (2001) Selection for growth of
brown trout Salmo truttd affects feed intake but not feed efficiengyguatic Living

Resourcesl4, 41-48.

47



1137

1138

1139

1140

1141

1142

1143

1144

1145

1146

1147

1148

1149

1150

1151

1152

1153

1154

1155

1156

1157

1158

1159

Shearer KD (1994) Factors affecting the proximataposition of cultured fishes with

emphasis on salmonid&quaculture, 119, 63-88.

Silverstein JT, Bosworth BG, Waldbieser CG, Wolt&fR (2001) Feed intake in channel
catfish: is there a genetic componeAtfuaculture ResearcB2(Suppl 1), 199-205.

Silverstein JT (2006) Relationship among feed iatd&ed efficiency, and growth in juvenile
rainbow troutNorth American Journal of Aquaculturég, 168-175.

Smith IP, Metcalfe NB, Huntingford FA (1995) Thdesfts of food pellet dimensions on
feeding response by Atlantic salmd@a(mo salaLl..) in a marine net pen.
Aquaculture 130, 167-175.

Strand A (2005) Growth- and Bioenergetic models thed application in aquaculture of
Perch (Perca fluviatilisPhD thesis Sveriges Lantbruks Universitet,
Vattenbruksinstitutionen, Umea.

Sunde J, Taranger GL, Rungruangsak-Torrissen K1(?D@jestive protease activities and
free amino acids in white muscle as indicatorddéed conversion efficiency and
growth rate in Atlantic salmorS@imo salal.). Fish Physiology and Biochemistry,
25, 335-345.

Sunde J, Eiane SA, Rustad A, Jensen HB, Opstvédighard E et al.(2004) Effect of fish
feed processing conditions on digestive proteaseitas, free amino acid pools, feed
conversion efficiency and growth in Atlantic salm@almo salai..). Aquaculture
Nutrition, 10, 261-277.

Sutherland TM (1965) The correlation between fdé@diency and rate of gain, a ratio and its

denominatorBiometrics 21, 739-749.

48



1160

1161

1162

1163

1164

1165

1166

1167

1168

1169

1170

1171

1172

1173

1174

1175

1176

1177

1178

1179

1180

1181

1182

1183

Tacchi L, Bickerdike R, Douglas A, Secombes CJ,tMe&8AM (2011) Transcriptomic
responses to functional feeds in Atlantic salm®8alifho sala). Fish & Shellfish
Immunology31, 704-715.

Talbot C, Higgins PJ (1983) A radiographic methodféeding studies on fish using metallic
iron powder as a markelournal of Fish Biology23, 211-220.

Thodesen J, Grisdale-Helland B, Helland SJ, Gj&{@&999) Feed intake, growth and feed
utilization of offsring from wild and selected Atiac salmon $almo salay.
Aquaculture 180, 237-246.

Thodesen J, Gjerde B, Grisdale-Helland B, Storebakik (2001) Genetic variation in feed
intake, growth and feed utilization in Atlantic sedn Salmo salay. Aquaculture 194,
273-281.

Tobin D, Kause A, Mantysaari EA, Martin SAM, Houdifn D, Dobly A et al.(2006) Fat or
lean? The quantitative genetic basis for seleditategies of muscle and body
composition traits in breeding schemes of rainb@wutt(Oncorhynchusnykiss.
Aquaculture 261, 510-521.

Toguyeni A, Baroiller J-F, Fostier A, Le Bail P-Kiihn ER, Mol KA, et al.(1996)
Consequences of food restriction on short-term grosariation and on plasma
circulating hormones i@reochromis niloticusn relation to sexGeneral and
Comparative Endocrinologyl03, 167-175.

Tran TS, Narcy A, Carré B, Gabriel I, Rideau N,b@itt H,et al. (2014) Detection of QTL
controlling digestive efficiency and anatomy of tligestive tract in chicken fed a
wheat-based dieGenetics Selection Evolutio#6, 25.

Tuene S, Nortvedt R (1995) Feed intake, growthfaed conversion efficiency of Atlantic

halibut,Hippoglossus hippoglossik.). Aquaculture Nutrition], 27-35.

49



1184

1185

1186

1187

1188

1189

1190

1191

1192

1193

1194

1195

1196

1197

1198

1199

1200

1201

1202

1203

1204

1205

1206

1207

Turner HN (1959) Ratios as criterion for selectiomnimal or plant breeding, with particular
reference to efficiency of food conversion in shefggstralian Journal of Agricultural
Research10, 565-580.

United States Department of Agriculture (USDA) (3D Statistics of grain and feed
Agricultural Statistics (USDA National Agricultur&itatistics United States
Department of Agriculture) Washington, DC. pp46.

Unprasert P, Taylor JB, Robinette HR (1999) Contipetifeeding interactions between small
and large channel catfish cultured in mixed-sizeytations.North American Journal
of Aquaculturepl, 336-339.

Volkoff H, Hoskins LJ, Tuziak SM (2010) Influencéiatrinsic signals and environmental
cues on the endocrine control of feeding in fistteptial application in aquaculture.
General and Comparative Endocrinolog7, 352-359.

Walsh M, Ayers KT, Huguenin JE (1987) A fish feehsumption monitorThe Progressive
Fish-Culturist,49, 133-136.

Wang Y, Cui Y, Yang Y, Cai F (2000) Compensatorgvgth in hybrid tilapiaOreochromis
mossambicug O. niloticus reared in seawatekquaculture 189, 101-108.

Wang Y, Li C, Qin JG, Han H (2009) Cyclical feedpdgation and refeeding fails to enhance
compensatory growth in Nile tilapi@®reochromis niloticus.. Aquaculture Research,
40, 204-210.

Willems OW, Miller SP, Wood BJ (2013) Aspects oliestion for feed efficiency in meat
producting poultryWord's Poultry Science Journ&, 77-88.

Wolc A, Arango J, Jankowski T, Settar P, Fulton OFullivan NP et al.(2013) Pedigree
and genomic analyses of feed consumption and radieed intake in laying hens.

Poultry Science92, 2270-2275.

50



1208  Xie S, Zhu X, Cui Y, Wootton RJ, Lei W, Yang Y (2D0Compensatory growth in the gibel
1209 carp following feed deprivation: temporal pattemmgrowth, nutrient deposition, feed
1210 intake and body compositiodiournal of Fish Biology58, 999-1009.

1211  Yamamoto T, Murashita K, Matsunari H, Oku H, Fuauit, Okamoto H, Amano S, Suzuki N

1212 (2015) Selectively bred juvenile F2 amago salmorddmynchus masou ishikawae
1213 fed a low fishmeal diet exhibit growth comparaldeihselected juveniles fed a
1214 fishmeal-based dieEisheries Scienc&l, 83-93.

1215  Yao YF, Jiang M, Wen H, Wu F, Liu W, Tianek al.(2014) Dietary phosphorus requirement
1216 of GIFT strain of Nile tilapiadreochromis niloticuseared in freshwateAquaculture
1217 Nutrition, 20, 273-280.

1218  Yilmaz Y, Arabaci M (2010) the influence of stocgidensity on growth and feed efficiency
1219 in Gilthead seabrear®parus aurataJournal of Animal and Veterinary Advances,
1220 1280-1284.

1221 Zhang W, Aggrey SE (2003) Genetic variation on fetiization efficiency of meat-type

1222 chickensWorld's Poultry Science Journd9, 328-339.

1223 Zhao F, Wang Y, Zhang LZ, Zhuang P, Liu JY (201@)&val, growth, food conversion

1224 efficiency and plasma osmolality of juvenéganus guttatu@Bloch, 1787):
1225 experimental analyses of salinity effedtssh Physiology and Biochemisti39, 1025-
1226 1030.

1227  Zuidhof MJ, Schneider BL, Carney VL, Korver DR, Rudon FE (2014) Growth, efficiency,

1228 and yield of commercial broilers from 1957, 1978 2005 Poultry Sciencgd3, 1-
1229 13.
1230

51



1231

1232

1233

1234

1235

1236

1237

1238

1239

1240

1241

1242

1243

1244

1245

1246

1247

1248

1249

1250

Appendix

List of abbreviations used in the present review

FE — Feed Efficiency

Fl — Feed Intake

FCR - Feed Conversion Ratio
FER — Feed Efficiency Ratio
RFI — Residual Feed Intake
BWG — Body Weight Gain

SGR — Specific Growth Rate
BW — Body Weight

DE — Digested Energy

DGC — Daily Growth Coefficient
TGC — Thermal Growth Coefficient
L — Initial specific growth rate

K — Maturation rate

Ti — Age of inflexion

FD — Feed deprivation

RF — Refeeding
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1251  Tables

1252 Table 1 — Feed efficiency and feed consumptioheofrtain livestock and fish species at the

1253  world scale

Species FCR World production (in Feed consumption
2011; 16 tons) (estimated, 10tons)

Beef cattle 8 —12%7 63 504 — 800
Sheep and lamb 5-18.9 13 65 — 220
Pig 5-6.5 110 550 - 715
Broiler chicken 2-25 95° 190 - 237.5
Fish species 1-2.68 62 62 — 166.2
- Carps and other cyprinids 1.40-2.68 22.95 32.1-615
(10 major species)
- Nile tilapia 1-1.32 2.81 2.81-3.71
(Oreochromis niloticus
- Atlantic saimon$almo  0.65-0.92 1.73 1.12 - 1.59
salar)
- Rainbow trout 1.01-1.29° 0.77 0.78 —0.99

(Oncorhynchus mykiss
1254 !FCR (Feed Conversion Ratio) = Feed intake * Bodightegain®

1255  2Cassidyet al. 2013

1256  °United States Department of Agriculture (USDA) 2013

1257  *FAO yearbook. 2012

1258  °Cyprinus carpio, Ctenopharyngodon idellus, Carassiarassius, Megalobrama
1259 amblycephala, Mylopharyngodon piceus, Catla cdtkheo rohita Cirrhinus mrigala
1260  Hypophthalmichthys molitriHypophthalmichthys nobilis

1261 °Earth Policy Institute 2013

1262  'Masilkoet al.2014; Abidiet al.2014

1263  8Crovatto Veragt al.2013; Koumiet al.2011; Wanget al.2009

1264  °Mundheimet al.2004; Kolstackt al.2004; Sundet al.2004; Quintoret al.2007a

1265  OFarhangi and Carter 2007; Grima 2010; Henrgbal 2002; Sancheet al.2001
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1267

1268
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1271

1272

1273

1274

1275

1276

Table 2 — Improvement in productivity and efficiedae to selective breeding

Performance
Species Trait 1960 2005 A (%)
_ Growth g/d 629 925 47
Pigs-2
FCR 3.24 2.65 18
_ Growth g/d 10 40 400
Broilers®
FCR 2.85 1.98 30
] # eggs per year 230 315 30
Laying hen$
FCR (g/ g egg) 3.13 2.28 27
S Growth g/d 0.61 4,75 780
Nile tilapia®
FCR 1.58 1.45 8

Rauwet al. 1998

2Saintilanet al. 2013 (estimates for 2005 from average of datactatl between 2000 and

2009)
SZuidhofet al. 2014

YLeenstraet al 2016

SOmasaki and Komen (unpublished data from a donagsticand unselected Kenyan strain

and from the GIFT strain, generation 5 of growtlestton, commercial results from 2005).
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1277

1278

1279

1280

1281

Table 3 — Estimations of phenotypic and geneticatations between growth traits and feed intake BEdraits'.

Species Growth trait?> Feed trait® Correlations Results
Thodeseret al. (1999) Atlantic salmonSalmo salay TGC FER Phenotypic r=0.90
Thodeseret al.(2001) Atlantic salmonSalmo salay TGC FER Phenotypic r=0.79
. . . . . Fed at satiation (r = -0.31)
Silverstein (2006) Rainbow troubficorhynchus mykiss TGC RFI Phenotypic 506BW ration (r = -0.57)
= Between FCE and BWG (r = 0.6)
Kolstadet al.(2004) Atlantic salmonSalmo salay BWG FER Phenotypic Between FCE and FI (r = 0.45)
Between BWG and FI (r = 0.98)
. . . . After 42 days (r = 0.78)
Doupé and Limbery (2004)  Black breaAc@anthopagrus butchgri BWG Fl Phenotypic After 56 days (r = 0.69)
Phenotypic Between DFI and BW : 0.48 to 0.54
. . DWG Between DFIl and DWG : 0.51 to 0.74
Kause et al. (2006b Rainbow trout (Oncorhynchugi DFI
(2006b) ( ynchukissy BW Genetic _Between DFi and BW : 0.72 10 0.90
Between DFIl and DWG : 0.86 to 0.96
e Phenotypic r=0.86to 0.88
Quintonet al.(2007a) European whitefishGoregonus DWG DEI .
lavaretuy Genetic r=0.931t00.97
Henryonet al(2002) Rainbow trout@ncorhynchus mykiys BW FER Genetic 0.63t0 0.99
Fl Between BWG and Fl : 0.74
de Verdakt al.(2016) Nile tilapia (Oreochromis niloticus BWG FCR Phenotypic Between BWG and FCR : -0.62
RFI Between BWG and RFI : -0.03

IAll the measurements were done with the X-ray mdshar by measuring directly the feed intake offtmeily group.

2TGC=Temperature Growth Coefficient; BW= Body WeigB¥WG=Body Weight Gain; DWG=Daily Weight Gain (=BW@umber of experimental dal)s

SFER=Feed Efficiency Ratio; RFI= Residual Feed Iatdk=Feed Intake; DFI=Daily Feed Intake (=FI. n@mnbf experimental day$

“FER estimated as the cumulative FER for all thevgrat period

55



Figures

Figure 1- Variation of body weight after feed degtion (FD) and re-feeding (RF) period,

based on Jobling (1994), modified from Ali et 20@3).

Figure 2— Energy flux in fish, criteria used in thio-energetic models (from Strand 2005,

modified from Bailey 2003)

Figure 3 — A model for FI regulation by hormoneslareuropeptides in fish (modified from
de Pedro and Bjérnsson 2001)

*
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Figure 1- Variation of body weight after feed degtion (FD) and re-feeding (RF) period,
based on Jobling (1994), modified from Ali et 20@3).
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Figure 2 — Energy flux in fish, criteria used irethio-energetic models (from Strand 2005,

modified from Bailey 2003)

58



N
1
S/

FEED
INTAKE

ENDOCRINE GLANDS

Vagus

Ins, Glu, GH, GLP

GASTROINTESTINAL TRACT

CCK, BBS

Nutrients

ADIPOSE MASS

Leptin ?

Figure 3 — A model for FI regulation by hormoneslareuropeptides in fish (modified from

de Pedro and Bjornsson 2001) with CRF, corticotiopteleasing factor; NA, noradrenaline;

GAL, galanin; DA, dopamine; 5-HT, serotonin; CCHKptecystokinin; BBS, bombesin; NPY,

neuropeptide Yf4-E, f-endorphin; Ins, insulin; Glu, glucagon; GH, growtiormone; GLP,

glucagon-like peptide; +, stimulatory input; -, itory input.
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