B Ref. Ares(2022)708756 - 31/01/2022
@PerformFlSH

Acronym: PerformFISH

Title: Consumer-driven production: Integrating Innovative Approaches
for Competitive and Sustainable Performance across the Mediterranean
Aquaculture Value Chain

Grant Agreement: 727610

Deliverable 1.2

Analysis of family and genomic variation
of feed efficiency

Lead parties for Deliverable: INRAE, CSIC, SYSAAF, FMD
Due date of deliverable: 31/03/2021
Actual submission date: 31/1/2022

Version: V2

Dissemination level: Public

All rights reserved

This document may not be copied, reproduced or modified in whole or in part for any purpose
without the written permission from the PerformFISH Consortium. In addition to such written
permission to copy, reproduce or modify this document in whole or part, an acknowledgement
of the authors of the document and all applicable portions of the copyright must be clearly
referenced.

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under grant agreement No 727610. This output reflects the views only of the author(s), and the
European Union cannot be held responsible for any use which may be made of the information contained
therein. Ref. Ares(2018)647107 - 02/02/2018




D1.2: Analysis of family and genomic variation of feed efficiency 6‘,

Contributors

Name

Mathieu Besson
Pierrick Haffray
Anastasia Bestin
Marc Vandeputte
Frédéric Clota
Nicky Rombout

Alain Vergnet
Frangois Allal

Sophie Cariou
Jaume Pérez-Sanchez
Josep Calduch-Giner

Organization

Syndicat des Selectionneurs Avicoles et
Aquacoles Francais (SYSAAF)

Institut national de recherche pour
I’agriculture, I’alimentation et
I’environnement (INRAE)

Institut Frangais de Recherche pour
I'Exploitation de la Mer (IFREMER -
subcontractor)

FERME MARINE DU DOUHET SAS (FMD)
Agencia Estatal Consejo Superior de
Investigaciones Cientificas (CSIC)

WFISH



D1.2: Analysis of family and genomic variation of feed efficiency 6(

Table of contents

1
2

INEFOAUCTION .ttt sbe e e st e s bt e e sare e ebeeesmreesareeesanes 5
Materials and MEthOdS .......ooiiiiii e e e 7
2.1 Animals and summary of trials.........oeo i 7
2.2 Phenotyping for individual feed efficiency .......ccoeeeeciieiiciie e 8
2.3 Evaluation of group feed effiCiency ......cooociveei i 9
2.3.1 Group CONSEItULION ...ccoeeiiie i, 9
2.3.2 Experimental ProtoCol...........uuieeiii i e 10
2.3.3 Individual and group data available from the group experiment....................... 10
2.4 Traits at sampling in experimental fish and cage-reared fish...........ccccceiiecieneennen. 10
2.5 (CT=T o 1] A Tolr= T F= Y AV S USPRUE 11
251 Genotyping and parentage assigNMENTt ........cccvvveiiiieeicieee e 11
2.5.2 GENETIC PArAMIBTEIS. .. e nnnan 11
2.6 Detailed characterization of high and low individual feed converters....................... 12
2.6.1 Selection OF fiSh ..c..ee e 12
2.6.2 Locomotor activity and metabolic traits (AEFiShBIT) .......oeeeeciiieeciiieeecieee e, 12
2.6.3 Gene expression aNAIYSIS .....cciiie et e e e areas 13
2.7 StAtistiCal @NAIYSIS....uveeiiiieee e e e 13
RESUILS @Nd diSCUSSION.....eitiiiiieiie ettt sttt e s s saeeeneens 16
3.1 Feed efficiency iN @QUANIA ....ceecc et e e e e 16
3.2 Group feed effiCiIENCY ..cuuiee e e 17
3.3 o ool =T [ oY= =Y £ 19
34 LCT= V0T o Y Tol o= = 0 =1 (=] T 19
3.4.1 Individual feed efficiency traits .....cceeeeciieeeccee e 19
3.4.2 Genomic correlation between growth rate between experiments.................... 20
3.4.3 Individual feed efficiency and processing traits on the same fish ...................... 20
3.4.4 Individual feed efficiency and processing traits on cage-reared sibs ................. 21
3.5 Detailed characterization of HFC and LFC fish ........cccooiiiiiiiiiniiieeeeeeeeneeeee 22
3.5.1 Leaner body shape for HFC fish.........ccciiiiiiiiiice e 22
3.5.2 AEFishBIT records allow discrimination by feed efficiency......c..ccccecvvevrncinnenns 23
353 Gene expression analysis highlights a different metabolic scope ...................... 29
CONCIUSION 1. st e st e s e e s e e e s b e e snreesareesareeesmreesneean 34

FISH



D1.2: Analysis of family and genomic variation of feed efficiency 6‘,

I 1= (=1 €< 1ol PP U ST PPRTOTROP 35
[ o B T o] L= O POV TUSPUPRUPRRRPO 40
[ o) B T =0 TS 40
F AN o 01T T [t USRS 42
F AN o 01T 1o [ USURRN 43
PN o] o< g Vo LD USSR 47
FAN o 01T 1o [ USRS 48

FISH



D1.2: Analysis of family and genomic variation of feed efficiency 6.(

1 Introduction

Improvement of the feed conversion ratio (FCR= Feed intake - bodyweight gain?) is an important
step in achieving sustainability in the aquaculture industry (Besson et al., 2016). FCR is a measure
that can be used to quantify the ability of an animal to convert feed intake into biomass. In fish
farming, costs of feed range from 30 to 70% of the total production cost (Doupé and Lymbery,
2004; Kolstad et al., 2004). A decrease in the amount of feed needed per unit of fish produced
would, therefore, be essential in enhancing economic stability and reduce environmental
impacts.

One way of improving FCR is through genetic improvement and breeding programs. However,
this option requires collecting individual data to 1) estimate genetic parameters of the trait, and
2) subsequently, estimate breeding values to choose the most efficient fish among selection
candidates. The problem is that individual data on FCR is difficult to obtain due to the difficulty
of measuring individual feed intake (Fl) for fish living in large groups in water.

A recently developed method is based on individual rearing of fish in aquarium under restricted
feeding (Besson et al., 2019). Indeed, several studies on rabbit (Drouilhet et al., 2016) and pigs
(Nguyen and McPhee, 2005) showed that selecting for faster growing animals under restricted
feeding was an efficient method to improve FCR in next generations. With this method applied
on sea bass, Besson et al. (2019) found that both individual FCR and growth (measured as Daily
Growth Coefficient - DGC) obtained in aquaria had a genetic basis (genomic h? = 0.47 and 0.76,
respectively). Furthermore, they showed that the groups of fish consisting of the best fish in
aquarium (low FCR) were more efficient than the groups of fish composed of the worst fish in
aquarium (high FCR). Consequently, these results mean that selecting for fish based on FCR
measured under restricted feeding would be possible and generate improvement of FCR in
groups. The study is promising but has only been performed in European sea bass so far.

The lack of individual phenotypes of feed efficiency in fish has also for consequence that the
physiological and behavioural mechanisms underlying individual variation in feed efficiency
remain poorly known (de Verdal et al., 2018). General statements regarding the importance of
growth, and more specifically of lean growth, can be drawn from comparisons with other
(terrestrial) species where individual feed efficiency records are available (Knap and Kause,
2018). However, growth and body composition are only expected to explain 60-87% of the
variation in feed intake in fish, and the rest of the variation may be caused by differences
between individuals in basal metabolic rate, thermoregulatory functions, immune response
functions, physical activity, and responses to social factors (Gilbert et al., 2017; Knap and Kause,
2018; Knap and Wang, 2012). This remains basically unexplored in fish, and thus it is important
to identify metabolic and behavioural differences between individuals with high and low feed
efficiency.

The gilthead sea bream (Sparus aurata) is the most important species of Mediterranean
aquaculture, with 228,000 tonnes produced in 2018 (FAO, 2020). Feed efficiency is a key driver
of profitability in this species, and several breeding programs are being operated in Europe, but
none of them directly targets feed efficiency (Chavanne et al., 2016). Given the promising results
recently obtained about selective breeding for feed efficiency in sea bass (Besson et al., 2019),
we considered it was relevant to explore the feasibility of such selection also in gilthead sea
bream. While the results on characterization of efficient sea bass only remained at the macro-
phenotype level (growth, feed intake, feed efficiency), it was also relevant to try to have a
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deeper characterization of efficient and non-efficient fish, and to link performance recorded in
the individual feed efficiency phenotyping system to the usually recorded performance of the
same families in the breeding program of Ferme Marine du Douhet (La Brée les Bains, France),
the leading company in selective breeding of gilthead sea bream in France.

In the present study, we thus aimed to apply to gilthead sea bream the individual phenotyping
method for feed efficiency performed by Besson et al. (2019) in sea bass. The individual feed
efficiency phenotypes were tested for their ability to predict group feed efficiency, which is the
trait a breeding program aims to improve. The genetic variation for feed efficiency and other
production traits on the same fish were estimated using genome-wide SNP information. Genetic
correlation with production traits in normal production conditions in cages were obtained using
phenotypes and pedigree information from sibs of the individually-tested animals. In addition,
extreme animals for their individual feed efficiency were deeply characterized for either the
expression of genes related to metabolism, or locomotor and metabolic records obtained with
a new micro-sensor, AEFishBit (Martos-Sitcha et al., 2019b). We expect those results will be
valuable to ascertain the validity of the individual feed efficiency method in other fish species of
interest, and to better identify the specific characteristics of efficient fish.

FISH
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2 Materials and methods
2.1 Animals and summary of trials

The experiment was evaluated by the Ethical Committee CEEA — 036 and authorized by the
French Ministry of Higher Education, Research and Innovation, under agreement numbers
APAFIS#12250-20150717184718471856v9 for the general experiment and APAFIS#22656-
2019102514504626v4 for the characterization of low and high feed converters with the
AEFishBit sensor. All experimental procedures were conducted following the guidelines for
animal experimentation established by the Directive 2010-63-EU of the European Union and the
corresponding French legislation.

The gilthead sea bream originated from a full factorial mating design, performed on the selected
line of Ferme Marine du Douhet (La Brée les Bains, France). Artificial mating was performed in
September 2018, using 61 sires and 28 dams. The fertilized eggs of each dam were incubated
separately. Larvae were transferred in a single tank and reared in common environmental
conditions. At 91 days post-hatching (dph), about 800 randomly selected gilthead sea bream
(average body weight= 2.7 g) were tagged with Passive Integrated Transponders. They were
transferred at 108 dph to Ifremer in Palavas les Flots and randomly split in two tanks of 1.5 m3.
Then, they were weighed a first time at 136 dph (BW_136, mean weight = 17.2 g) and a second
time at 161 dph (BW_161, mean weight = 38.8 g). At 161 dph, we started the individual feed
efficiency experiment in aquaria (details in 2.2). Then, at 323 dph, we started the group feed
efficiency experiment (details in 2.3). Finally, at 420 dph, fish were sacrificed to measure
processing traits (details in 2.4). At 420 dph, 12 High feed converter (HFC) fish and 12 Low feed
converter (LFC) fish were sampled for gene expression (details in 2.6). In addition, 12 HFC fish
and 12 LFC fish (different from the ones above) were diverted from the slaughter chain and kept
alive for locomotor activity phenotyping (details in 2.6). These last 24 fish were sacrificed and
sampled eleven days later at 433 dph. The timeline of the experiment and a summary of traits
measured are given in Figure 1. For the experiment, we used a tailor-made gilthead sea bream
feed from Sparos LDA (Olhdo, Portugal). The composition of the feed is given in Appendix 1. The
experimental feed was formulated to fulfil the gilthead sea bream nutritional requirements
while minimizing the use of fish meal and fish oil in the diet, and to be adequate for feed
efficiency trials in aquaria and in larger tanks (sinking pellets with good water stability).

In addition, a group of 1,530 gilthead sea bream from the same factorial mating was transferred
to a 150 m? cage in Greece at 128 dph. These fish were fed a standard feed (SMART 4.5 from
Irida S.A.). They were reared until 432 dph, when they were slaughtered, and individual DNA
sampling was performed for further parentage assignment.

FISH
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Individual feed efficiency Group feed efficiency Locomatar activity
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Figure 1. Timeline of the experiment. Time is shown in days post hatching (dph). BW refers
to body weight, IFl is the individual feed intake, BWG is the individual body weight gain, TFI
is the feed intake of tanks, TWG is the weight gain of tanks.

2.2 Phenotyping for individual feed efficiency

For the measurement of individual feed efficiency, two hundred 10L aquaria were used in a
recirculation system where natural salinity sea water was kept at a temperature of 20 °C. At 161
dph, a first batch of 150 fish was randomly split in the aquaria. After 14 days of acclimation in
isolation, the fish were weighed again in a “go, no go” step. The fish that lost weight during this
period were removed from the aquaria. The remaining ones were kept in aquaria for two more
periods of 14 days. In total, a “successful” fish stayed 42 days in aquarium and was weighted
three times (Figure 2). To reach the maximum capacity of the facility (200 fish), new batches of
fish were introduced in the aquaria every two weeks to replace the fish that did not pass the
“go, no go” biometry or the ones that completed the 42 days trial. The first batch of fish was
phenotyped at the age of 161 dph (mean weight = 36.7 g) while the last batch was phenotyped
at 273 dph (mean weight = 62.0 g). Before and after the trial in aquaria, the fish were kept in the
1.5 m?3 tanks.

Arrival in Return to commun
aquarium <g0, N0 go> tank
Acclimation I P1 l P2 |
Day 14 Day 28 Day 42
Bw1 BW?2 BW3

Figure 2. Timeline of the individual feed efficiency experiment for one fish. BW refers to body
weight.

Individually reared gilthead sea bream were fed once in the morning with an automatic feeder.
Each day, for each fish, feed pellets were delivered at a rate of 1.54% of an individual’s body
weight. One and a half hours after feed delivering, uneaten pellets were counted and removed
from the aquaria. For each fish, the total number of uneaten pellets over a 14-day period was
converted to grams (1 pellet = 0.01814 g). Among the 669 fish tested in the aquaria, 103 fish lost
weight during the acclimation period and were not further phenotyped. The remaining 566
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gilthead sea bream completed the 42 days trial. For these fish, the cumulated FCR (FCR), and the
cumulated DGC (daily growth coefficient) were calculated:

cop - BWG
~IFI
l 1
DGe = DWW —BWLs 00
N_DAYS

where BWG is the body weight gain of an individual fish measured over periods 1 and 2 (BWG=
BW3-BW1) and IFl is the individual feed intake in periods 1 and 2. N_DAYS is the cumulated
number of feeding days of periods 1 and 2 (23 or 24 days). Due to the skewed distribution of the
data, DGC and FCR were log transformed to obtain log(DGC) and log(FCR). Additionally, we
calculated the residual body weight gain (rBWG) calculated as:

rBWG = BWG- (By + B; X MBW + B, X IFI)

MBW is the initial metabolic body weight of the fish (BW1%8). B, is the regression intercept, B1
is the partial regression coefficient of animal’s BWG on metabolic weight and B; is the partial
regression coefficient of animal’s BWG on total feed intake. Residual body weight gain is the
difference between observed body weight gain and body weight predicted from mean metabolic
body weight and feed intake. A fish with high rBWG grows more than predicted based on its
initial weight and its feed intake, and is thus more efficient than a fish with a low rBWG.

2.3 Evaluation of group feed efficiency
2.3.1 Group constitution

Among the 566 fish with phenotypes in aquarium, we excluded all fish with strong spinal
malformations (N=80), with a cumulated FCR higher than 0 and lower than 2.8. The 458
remaining fish were grouped as followed:

- First, we made 7 groups of each 62 or 64 fish based on their relative daily feed intake
(relative_DFI) calculated as:

IFI
. _ 9
relative_DFI BW1 x N.DAYS 100

- Second, within each group we divided the fish in two subgroups (A and B) of 32 or 33
individuals based on their relative weight gain ((BW3-BW1)/BW1). Fish in subgroup B had
a lower growth and hence a higher FCR than their counterparts from subgroup A.

The aim of such grouping strategy was to compare groups of efficient fish to groups of less
efficient fish at the same relative feed intake in aquarium. So, each DFI group had a subgroup A
with a “low FCR” and a subgroup B with “high FCR”. In total, these 14 groups of 32 or 33 fish
were distributed in 14 tanks of 2 m?, all covered by black plastic to reduce the amount of stress.
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2.3.2 Experimental protocol

The experiment started at the age of 323 dph (average weight = 176.4 g). The water temperature
was set between 22 and 23°C with a 12L:12D (Light:Dark) photoperiod. Here, fish were fed ad
libitum with an automatic feeder delivering the daily ration in 20 portions between 5:30 AM (30
mn after dawn) and 8:35 AM. In case all the ration was eaten, manual operation of the feeder
was repeated until some pellets were left uneaten to ensure ad libitum feeding. Each feeder was
filled with a known weight of feed. For each tank, all uneaten pellets were collected daily, one
hour after the end of the meal, in a fecal trap. All pellets were recovered, washed, photographed
and analyzed with the function “analyze particles” of software Imagel) (Abramoff et al., 2004).
This procedure enabled us to count the number of pellets wasted each day in each tank. Then,
feed intake per tank (TFI) was calculated as the difference between the quantity of feed
distributed and the quantity of feed wasted over a certain period of time. The group FCR trial
lasted a total of 77 days. The first 14 days were used for acclimation to the new environment,
followed by one measurement period of 21 days and three periods of 14 days.

2.3.3 Individual and group data available from the group experiment

All fish were weighed at the start of the experiment and at the end of each period. Thus, five
body weight measurements were available for each fish. These measurements were used to
calculate the total weight gain for each tank and for each period of test (TWG). Then, from TWG
we could calculate the TFCR per tank per period of test as:

TFCR = i
T TWG

Where TFl is the feed intake of a given tank. Then, as the average weight of fish in a tank could
affect group TFCR, we also analyzed body weight gain in each tank, corrected for feed intake
and metabolic body weight in an ANCOVA analysis:

BWGU = BO + SUbgi + Bl X MBWU + BZ X FIU + &jj

Where BWGj; is the average body weight gain of a fish in tank j during the period, subgiis the
effect of subgroup A or B (i=1, 2), MBWj; is the mean metabolic body weight of one fish in the
same tank at the start of the period, and Fl; is the average feed intake of one fish in the same
tank and g is the random residual. Bo is the regression intercept, B1 is the partial regression
coefficient of BWGj; on MBW;; and B is the partial regression coefficient BWGj; on Flj;.

2.4 Traits at sampling in experimental fish and cage-reared fish

After the group experiment, at the age of 420 dph, the experimental fish were killed with an
overdose of benzocaine. Then, we measured several processing traits:

- Harvest weight (Harvest_W)
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- Average muscle fat content from one measure on both sides of the fish using Distell
fatmeter (avg_FAT)

- Left Fillet weight (ribs and skin on)

- Half headless carcass weight (headless carcass after the left fillet was removed)
- Head weight (Head_W)

- Viscera weight (Viscera_W)

- Liver weight (Liver_W)

From those base data, we also calculated

- Fillet weight, calculated by multiplying the weight of left fillet by two (Fillet_W)

- Headless and gutted carcass weight (HGC_W) representing the sum of the weight the left
fillet and of the half carcass.

A total of 1,112 fish from the same families reared in cages in Greece was sacrificed at 432 dph
using ice. We measured:

- Harvest weight (Harvest_W_cage)
- Fat content (avg_FAT cage)
- Viscera weight (Viscera_W_cage)

- Headless and gutted carcass weight (HGC_W _cage)

2.5 Genetic analysis
2.5.1 Genotyping and parentage assignment

We genotyped the 89 parents and 750 offspring of sea bream using the Thermofisher SaurChip
sea bream array which contains 60,000 SNP markers (Allal et al., personal communication). A
first quality control of individuals’ genotypes excluded 10 offspring of sea bream. Then, to create
the SNP dataset used in our genomic analysis we applied for all animals a classic quality control
ignoring all SNPs with a MAF inferior to 5% and a call rate inferior to 90%. Hence, we could keep
50,417 effective SNPs on 740 sea bream offspring and their 89 parents. Then, we used a subset
of 1,000 highly polymorphic SNPs to retrieve the pedigree of the individuals using the R package
APIS (Griot et al., 2020). The number of fish which were assigned to a single parental pair was
719 out of the 740 genotyped (97.2%).

For the group of fish sent to cages, among the 1,112 fish slaughtered, 794 were genotyped and
parentage assignment was 100% successful.

2.5.2 Genetic parameters

Variance components and estimated breeding values for all traits were computed based on
multivariate linear mixed animal models. In these multivariate models, for fish which were
subjected to individual feed efficiency estimation, we always included
BW_136 as a “reference trait” as it has been measured on all animals at the same time. Fixed
effects were stocking tank and feed efficiency batch for all fish recorded for individual feed
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efficiency, plus a block effect (tank line) at sacrifice. For cage-reared fish, no fixed effect was
fitted, as all fish had been in a single batch for their whole life. The models were fitted by
restricted maximum likelihood in AIREMLF90 (Misztal et al., 2002) to compute the genomic
heritability’s. The breeding values were computed with a single-step GBLUP (ssGBLUP) using the
genomic relationship matrix for animals with individual feed efficiency phenotypes, and the
pedigree relationship matrix for their relatives reared in a sea cage (Legarra et al., 2014).

2.6 Detailed characterization of high and low individual feed converters
2.6.1 Selection of fish

A subsample of fish was pre-selected for characterization of gene expression, locomotor activity
and metabolic traits, at the end of the experiment (420 dph). We aimed at subsampling a
number of fish that were very different for individual feed efficiency in individual tanks, different
for group feed efficiency (which could only be evaluated at tank level), but rather similar in terms
of body weight, to avoid as much as possible the counfounding effect of body weight in the
measurements done. A total of 48 fish were pre-selected, 24 for gene expression, and 24 for
locomotor activity. They were selected preferably from groups with average (groups 3, 4) to high
(groups 6,7) DFI in individual tanks, and in subgroups B (high FCR or low feed converters,
thereafter abbreviated LFC) or A (low FCR of high feed converters, thereafter abbreviated HFC).
For gene expression, 12 HFC fish and 12 LFC fish were chosen. Their average individual FCR in
aquaria was 1.21 vs 1.69, while their group FCR (evaluated at tank level) was 1.24 vs 1.28, and
their body weight at 406 dph was 331.9 vs 320.5 g. For locomotor activity, 12 HFC fish and 12
LFC fish were also chosen. Their average individual FCR in aquaria was 1.13 vs 1.78, while their
group FCR (evaluated at tank level) was 1.23 vs 1.28, and their body weight at 406 dph was 332.4
vs 315.2 g.

2.6.2 Locomotor activity and metabolic traits (AEFishBIT)

Individual monitoring of whole organism traits in free-swimming HFC and LFC fish was
conducted by means of the smart device AEFishBIT. It is a small and light (14x7x7 mm; 1.1 g)
sensor composed of a tri-axial accelerometer, a microprocessor, a battery and a RFID that is
designed to be externally attached to fish operculum. This unique location serves to provide
simultaneous measurements of activity patterns (signals of x- and y-axes) and respiratory
frequency (z-axis signal) processed by on-board algorithms (Ferrer et al., 2020; Martos-Sitcha et
al., 2019b). These measures have been proven useful for individual phenotyping of metabolic
condition and welfare in gilthead sea bream facing a wide range of biotic and abiotic stressors
(Rosell-Moll et al., 2021)

The devices were externally attached to the operculum of anaesthetized gilthead sea bream
(N=12 per experimental group) using monel piercing fish tags (National Band & Tag Company)
with a flexible heat shrink polyethylene tube (Eventronic) that is able to easily fit the device, as
illustrated in the video at https://vimeo.com/325943543. This procedure has been
demonstrated to be minimally invasive in gilthead sea bream and sea bass, and in skilled hands
the entire application procedure takes less than 30 seconds per fish. AEFishBIT devices were

programmed for on-board calculation of respiratory frequency and physical activity over 2 min
time windows each 15 min along two consecutive days. Fish were daily fed until AEfishBIT
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tagging, and remained unfed in their original tanks over the recording time. The devices were
recovered at the end of the biological tests for retrieving on-board processed data. For each
device, clock time drift was previously estimated for post-processing synchronization. This time
drift was established to be constant for any given device in a temperature range of 4-30 °C.

2.6.3 Gene expression analysis

After overnight fasting, liver and white skeletal muscle of HFC and LFC fish (N=9-11 per group)
were excised and stored in RNA later (Thermo Fisher Scientific) at -20 °C until RNA extraction.
RNA was extracted using the MagMAX-96 total RNA isolation kit (Life Technologies) after tissue
homogenization in TRI reagent following manufacturers' instructions. RNA quantity and purity
was determined by Nanodrop (Thermo Scientific) with absorbance ratios at 260 nm/280 nm of
1.9-2.1. Reverse transcription (RT) of 500 ng of total RNA was performed with random decamers
using the High-Capacity cDNA Archive Kit (Applied Biosystems). RT reactions were incubated for
10 minat 25°C and 2hat 37 °C. Negative control reactions were run without reverse
transcriptase.

Real-time quantitative PCR was carried out with an Eppendorf Mastercycler Ep Realplex, using
96-well PCR array layouts designed for simultaneously profiling a panel of 44 genes for liver
samples (Table 1), and 29 genes for muscle samples (Table 2). The genes comprised in the liver
array included markers of GH/IGF system (9), lipid metabolism (15), energy metabolism (11),
and antioxidant defence and molecular chaperones (9). Transcripts analysed in muscle were
associated with the GH/IGF system (12), muscle growth and cell differentiation (6), and energy
sensing and oxidative metabolism (11). Specific primer pair sequences are listed in Appendix 2.
Controls of general PCR performance were included on each array, being performed all the
pipetting operations by means of an EpMotion 5070 Liquid Handling Robot (Eppendorf) to
improve data reproducibility. Briefly, reverse transcription reactions were diluted to convenient
concentrations and the equivalent of 660 pg of total input RNA was used in a 25 pL volume for
each PCR reaction. PCR-wells contained a 2x SYBR Green Master Mix (Bio-Rad) and specific
primers at a final concentration of 0.9 UM were used to obtain amplicons of 50-150 bp in length.
The PCR amplification program consisted of an initial denaturation step at 95 °C for 3 min,
followed by 40 cycles of denaturation for 15 s at 95 °C and annealing/extension for 60 s at 60 °C.
The efficiency of the PCR reactions was consistently higher than 90% and similar among all
genes. The specificity of the reactions was verified by melting curve analysis (ramping rates of
0.5 °C/10 s over a temperature range of 55-95 °C) and linearity of serial dilutions of RT reactions.
Negative controls without a template were performed for each primer set. Gene expression was
calculated using the delta-delta Ct method (Livak and Schmittgen, 2001). B-actin was tested for
gene expression stability using GeNorm software (M score=0.21) and it was used as
housekeeping gene in the normalization procedure. For multigene analysis, all values in liver
were referenced to the expression levels of igfbp2a of HFC fish with an assigned value of 1.0; for
skeletal muscle, values were referenced to those of cptla of HFC fish.

2.7 Statistical analysis

FCR between A and B subgroups of fish in the group FCR experiment (2.3) were compared with
paired sample t-tests. In the genetic analysis (2.5), genetic parameters were considered
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statistically different from zero when the confidence interval (estimate + 2 standard errors) did
not include zero.

In the detailed charactrization of high and low feed converters (2.6), statistically significant
differences on processed data were assessed by Student’s t-test and Pearson correlation
coefficients using the Sigmaplot suite (Systat Software Inc.). The daily rhythmicity of the time
series analysis was further analysed using a simple cosinor model (Refinetti et al., 2007).
Recorded data from incomplete light and dark phases were excluded to avoid any temporal bias.
Thus, analysed rhythms typically comprised two complete dark phases and one complete light
phase. Biometric data and AEFishBIT results were jointly analysed by partial least-squares
discriminant analysis (PLS-DA) using EZinfo v3.0 (Umetrics). The list of factors contributing to
group separation was determined by the minimum Variable Importance in the Projection (VIP)
values. Discriminant factors were considered with a VIP threshold > 1.0 (Kieffer et al., 2016; Li
etal., 2012).

Table 1. PCR-array layout for hepatic gene expression profiling

Function Gene Symbol GenBank
PERFORMANCE Growth hormone receptor | ghrl AF438176
GH/IGF system  Growth hormone receptor || ghr2 AY573601
Insulin-like growth factor-I igfl AY996779
Insulin-like growth factor-II igf2 AY996778
Insulin-like growth factor binding protein 1a igfbpla KM522771
Insulin-like growth factor binding protein 1b igfbplb MH577189
Insulin-like growth factor binding protein 2a igfbp2a MH577190
Insulin-like growth factor binding protein 2b igfbp2b AF377998
Insulin-like growth factor binding protein 4 igfbp4 KM658998
LIPID Elongation of very long chain fatty acids 1 elovll JX975700
METABOLISM Elongation of very long chain fatty acids 4 elovl4 JX975701
Elongation of very long chain fatty acids 5 elovl5 AY660879
Elongation of very long chain fatty acids 6 elovl6 JX975702
Fatty acid desaturase 2 fads2 AY055749
Stearoyl-CoA desaturase 1a scdla 1Q277703
Stearoyl-CoA desaturase 1b scdlb 1Q277704
Hepatic lipase hl EU254479
Lipoprotein lipase Ipl AY495672
Adipose triglyceride lipase atgl JX975711
85kDa calcium-independent phospholipase A2 pla2g6 JX975708
Cholesterol 7-alpha-monooxygenase cyp7al KX122017
Peroxisome proliferator-activated receptor a ppara AY590299
Peroxisome proliferator-activated receptor B pparB AY590301
Peroxisome proliferator-activated receptor y ppary AY590304
ENERGY Carnitine palmitoyltransferase 1A cptla JQ308822
METABOLISM Fatty acid binding protein, heart h-fabp JQ308834
Citrate synthase cs JX975229
NADH-ubiquinone oxidoreductase chain 2 nd2 KC217558
NADH-ubiquinone oxidoreductase chain 5 nd5 KC217559
Cytochrome c oxidase subunit | cox-i KC217652
Cytochrome c oxidase subunit Il cox-ii KC217653
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ANTIOXIDANT
DEFENCE

Proliferator-activated receptor gamma coactivator 1

alpha

Sirtuinl

Sirtuin2

Uncoupling protein 1

Glutathione peroxidase 1
Glutathione peroxidase 4
Peroxiredoxin 3

Peroxiredoxin 5

Superoxide dismutase [Cu-Zn]
Superoxide dismutase [Mn]
Glucose-regulated protein, 170 kDa
Glucose-regulated protein, 94 kDa
Glucose-regulated protein, 75 kDa

S

pgclo

sirtl
sirt2
ucpl

gpx1
gpx4
prdx3

prdx5
cu-zn-sod/ sod1
mn-sod / sod2
grp-170

grp-94

grp-75

Table 2. PCR-array layout for skeletal muscle gene expression profiling

Function
PERFORMANCE
GH/IGF system

MUSCLE
GROWTH

ENERGY
METABOLISM

Gene

Growth hormone receptor |

Growth hormone receptor Il

Insulin-like growth factor-I

Insulin-like growth factor-II

Insulin-like growth factor binding protein 3a
Insulin-like growth factor binding protein 5a
Insulin-like growth factor binding protein 5b
Insulin-like growth factor binding protein 6a
Insulin-like growth factor binding protein 6b
Insulin receptor

Insulin-like growth factor receptor | a
Insulin-like growth factor receptor Il

Myoblast determination protein 1
Myogenic factor MYOD2

Myogenic factor 5

Myogenic factor 6

Myostatin/Growth differentiation factor 8
Follistatin

Sirtuinl

Sirtuin2

Sirtuin5

Carnitine palmitoyltransferase 1A

Citrate synthase

NADH-ubiquinone oxidoreductase chain 2
NADH-ubiquinone oxidoreductase chain 5
Cytochrome c oxidase subunit |
Cytochrome c oxidase subunit Il
Uncoupling protein 3
Proliferator-activated
coactivator 1 alpha

receptor

gamma

Symbol

ghrl
ghr2
igf1
igf2

igfbp3a
igfbp5a
igfbp5b
igfbp6a
igfbp6b

insr

igfrla

igfr2

myod1
myod2

myf5

myfé6/mrf4/herculin
mstn/qgdf-8

fst

sirtl
sirt2
sirts

cptla

cs
nd2
nd5
cox-i

cox-ii

ucp3

pgcla

1X975264

KF018666
KF018667
F1710211

DQ524992
AM977818
GQ252681
GQ252683
Q308832
Q308833
1Q308821
Q308820
DQ524993

GenBank
AF438176
AY573601
AY996779
AY996778
MH577191
MH577193
MH577194
MH577195
MH577196
KM522774
KJ591052
KM522776

AF478568
AF478569
JN034420
JN034421
AF258448
AY544167

KF018666
KF018667
KF018670
JQ308822
JX975229

KC217558
KC217559
KC217652
KC217653
EU555336
JX975264
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3 Results and discussion
3.1 Feed efficiency in aquaria

From the experiment in individual aquaria we could obtain 538 reliable phenotypes. We were
able to calculate phenotypic parameters for FCR and DGC (Table 3). Individual FCR was in the
same range as the one obtained with the same system on juvenile European sea bass (Besson
et al.,, 2019), with a mean value of 1.30 in the present experiment vs. 1.38 in the sea bass
experiment. Moreover, the DGC in the present experiment (1.17) was almost twice that
observed in sea bass (0.65), a fact probably linked to the history of selection for growth in the
FMD population of gilthead sea bream we used.

Table 3. Summary of individual phenotypes measured in aquaria
Trait Mean Median CV
FCR 130 1.19 26.8%

DGC 117 1.22 24.0%

In these conditions of restricted feeding in individual aquarium, log(FCR) and log(DGC) were
strongly negatively correlated (r> = 0.76, Figure 3). Again, this was very similar to the observation
made in sea bass by Besson et al. (2019). However, the correlation between log(DGC) and
log(FCR) was even stronger than that in sea bass (-0.87 vs -0.78), showing that growth in
individual tanks under restricted feeding is a good proxy of FCR in the same condition. In
addition, log(FCR) and rBWG also showed a strong phenotypic correlation (r?> = 0.66, Figure 4).

0.8-

log(FCR)
o
=

0.0-

0.5 0.0 05
log(DGC)

Figure 3. Phenotypic correlation between log transformed FCR measured in aquaria and log
transformed DGC measured in aquaria.
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Figure 4. Phenotypic correlation between log transformed FCR measured in aquaria and

rBWG estimated in aquaria.

3.2 Group feed efficiency

First, we compared the tFCR of the tanks from the subgroup A and the tanks from subgroup B
for the five periods (four single periods and the full period). Results showed a significant
difference for the first period (t1, ¢ = -3.035, p = 0.023). Here, subgroup B (composed of
individuals with high FCR in aquarium) had a higher FCR than subgroup A (composed of
individuals with low FCR in aquarium). It meant that tanks of subgroups B were less efficient
than tanks of subgroup A (Figure 5). We did not find significant differences for the other periods
(period 2: t1,6=-0.14, p = 0.89, period 3 : t;,6=-0.011, p=0.99, period 4: t;,=-1.50, p = 0.18).
In those periods, there was at least one tank of subgroup B that had a lower FCR than its paired
tank of subgroup A (Figure 5). When all periods were combined, we also did not find significant
differences (t1,6 =- 1.68, p = 0.14) in TFCR between subgroup A and subgroup B.

1 2 3 4 full
@
1.5-
.c9 8 @ 5
L ®
1.4- @ e 2.-90 2? »
4 1 ®
&13_ Ay §l .“;@ oo o o0,y 8o
= @ c:.. e
) ®
1.2 g
ees s ®
1_1-;@ ] [ ¢
1234567 1234567 1234567 1234567 123456
Groups

Subgroups ® A ® B

Figure 5. Results of tFCR for each tank for the four period of test plus the full period of 9
weeks. On the x-axis is the group of the tanks and the colors refers to the subgroups A
(tanks composed of fish with low FCR in aquaria) or B (tanks composed of fish with high
FCR in aquaria).
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However, we noticed that TFCR was affected by the initial biomass of the tanks at the start of
the periods. Hence, to account for the effect of weight on TFCR, body weight gain in each tank
was evaluated for each subgroup, after adjustment for feed intake and metabolic body weight,
in an analysis of covariance. This showed that there was a significant effect of subgroup on body
weight gain (F1,10 = 6.26, p=0.03), with fish in tanks from subgroups A showing a higher body
weight gain than fish in tanks from subgroups B, once corrected for the effect of feed intake and
metabolic body weight (Figure 6). Hence, tanks of subgroups A were more efficient over the
period of nine weeks.

160-

T s
= 150 4
= , L]
- U
& /Y
2 K
_5 140- / Subgroups
o F A
z Y -
K e
z 4
1!% 130 7 7/
@ /
& :
120 .'/“"‘
=
120 130 140 150 160

Expected weight gain per fish (in g)
Figure 6. Regression of observed body weight gain on expected body weight gain (estimeatd
from feed intake and metabolic body weight) in tanks with fish from subgroups A (low
individual FCR) and B (high individual FCR). The solid line is the linear regression and the
color refers to the subgroups of each tanks.

However, the difference between subgroup A and B at group level was not found for the short
periods of two or three weeks, neither for most of the periods when comparing TFCR. There are
several reasons that may explain this result. First, when looking at short time periods, TFCR could
fluctuate between periods due to social dynamics within the tanks or due to environmental
conditions. This variance at small scale would be smoothed when looking at longer time periods
such as 9 weeks. The lack of difference could also be due to health issues that affected the fish.
During group experiments, fish suffered from an unexplained occurrence of bulging eyes, that
could not be related to nitrogen supersaturation nor pathogens. This may have caused welfare
issues, and perturbed their feeding pattern, as shown by the sharp increase in FCR, from 1.13 to
1.4, between periods 1 and 2 of the group feed efficiency experiment (Figure 5). Nevertheless,
although the results were less straightforward than those by Besson et al. (2019) in sea bass, it
still seems reasonable to consider that in sea bream, variation in individual feed efficiency under
restricted feeding can be at least partly reflected in differences in feed efficiency when fish are
reared in groups with ad libitum feeding, contrary to what has been observed in Nile Tilapia
Oreochromis niloticus (Rodde et al., 2021).
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3.3 Processing traits

Processing traits could be measured on 434 of the individually evaluated fish. The phenotypic
parameters for each trait are presented in Table 4.

Table 4. Summary of phenotypes measured at slaughter on the fish that were characterized
for individual feed efficiency

Trait Mean cv
Harvest_W 363.0¢g 20.2 %
Avg_fat 9.5% 26.3%

Fillet_W 207.1¢g 222 %
Carcass_W 333.7¢g 20.1%
Head_W 813¢ 17.5%
Viscera_W 149¢g 28.9%
Liver_W 50¢g 354 %

3.4 Genomic parameters
3.4.1 Individual feed efficiency traits

The genomic heritability estimates for the three individual feed efficiency traits (FCR, DGC and
rBWG) were moderate, ranging from 0.13 to 0.24 (Table 4). All three traits displayed strong
genetic correlations (Table 1Table 5), as had been observed previously in sea bass (Besson et
al., 2019), confirming that selection for growth rate under restricted feeding (which requires
individual housing but not daily collection of uneaten feed) can be used as an indirect trait to
select for FCR, with less constraints on data recording. The heritability of FCR was in the lower
range of the recent estimates: 0.16 here vs. 0.47 in sea bass in the same system (Besson et al.,
2019) and 0.32 in Nile tilapia in small groups with video recording of feed intake (Verdal et al.,
2018). Nevertheless, heritability was higher than that recorded with X-ray phenotyping of feed
intake in whitefish Coregonus lavaretus (h?>=0.06-0.07, Quinton et al., 2007).

Table 5 Heritabilities and genomic correlations for individual feed efficiency traits.
Heritabilites are on the diagonal, genomic correlations are above the diagonal and phenotypic
correlations below the diagonal. Standard error of estimates within brackets

log(FCR) log(DGC) rBWG
log(FCR) 0.16 (0.06) -0.93(0.56) -0.90 (0.24)
log(DGC) -0.90 0.13(0.05) 0.91 (0.25)
rBWG -0.84 0.72 0.24 (0.07)

The heritability estimates in sea bream were lower than those estimated in sea bass (Besson et
al., 2019), as the genomic heritability of FCR was 0.47 in sea bass and 0.16 in gilthead sea bream
while that of DGC was 0.75 in sea bass and 0.13 in gilthead sea bream. A reason that could
explain part of these differences is a possible confusion between genetic and environmental
effects in the present study. Indeed, to avoid phenotyping large fish in the 10L aquaria, for each
batch, we primarily chose to phenotype the biggest fish remaining in the stock tanks, hence
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generating a confusion between batch and body weight effects. Thus, the fixed effect of batch
which we used in the model may have offset part of the genetic variance for growth, reduced
the genetic variance and thus reduced the heritability estimated. The highest heritability was
observed for rBWG, which is thus the most relevant trait to select in order to improve individual
feed efficiency. Thus, in the following genetic analysis, rBWG will be used as the reference trait
for individual feed efficiency.

3.4.2 Genomic correlation between growth rate between experiments

We calculated the genomic correlations between DGC measured between 136 and 161 dph
(DGC_juv), DGC measured in aquaria (log(DGC)) and DGC measured during the 9 weeks of the
group experiment (DGC_group). Due to high standard error, none of the genomic correlations
were significant, although they were much higher than the phenotypic correlations, which were
all close to zero (Table 6). Only the phenotypic correlation between DGC_juv and DGC_group
was found significant, but was surprisingly negative (r = -0.17, F1,427 = 4.521, p = 0.0003). It is
generally seen that correlation of growth rate among different periods diminishes when those
periods are distant (Le Boucher et al., 2013), however correlation between adjacent periods is
generally high. The non-significant correlations observed here thus probably reflect the fact that
the growth conditions among the different periods (and especially between individual and group
rearing) are very different.

Table 6 Heritabilites and genomic correlations between growth rates across experiments.
Heritabilites are on the diagonal,genomic correlations are above the diagonal and phenotypic
correlations below the diagonal. Standard error of estimates within brackets

DGC_juv log(DGC) DGC_group
DGC_juv 0.21(0.05) 0.11 (0.37) -0.63 (0.44)
log(DGC) 0.07 0.13(0.05)  0.37(0.63)
DGC_group  -0.17 -0.0003 0.14 (0.07)

This result is consistent with the results presented in Besson et al. 2019 who also did not observe
such links between growth rates. It suggests that feed efficiency measured under restricted
feeding in aquaria is not necessarily associated with faster growth under classical rearing
condition and individual feed efficiency might be rather independent of growth rate, which is
not the general view (Knap & Kause 2018, Thodesen et al 1999). Hence, the selection procedure
involving restricted feeding may not select for the animals with the maximal growth.

3.4.3 Individual feed efficiency and processing traits on the same fish

All processing traits measured on the fish evaluated for individual feed efficiency displayed
moderate to high heritability (Table 7). Only few genomic correlations were significant. We
found a negative genetic correlation between rBWG measured in aquaria and rVisc_W (rg = -
0.41 £ 0.22). It means that the most efficient fish had less viscera (and hence less visceral fat)
than less efficient fish at the same weight. Although not significant, the genetic correlation with
muscle fat measured with the Distell fatmeter was also negative (-0.17), confirming the fact that
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the most efficient fish tend to be those which deposit less fat. This is in line with the general
knowledge on selection of animals for feed efficiency (Knap and Kause, 2018).

The genomic correlation between Harvest_W and rBWG (rg = 0.41 £ 0.25) was positive and close
to significance, and again in line with the expectations. However, harvest weight was measured
after individual feed efficiency. As individual feed efficiency was measured under restricted
feeding, the most efficient fish were also necessarily those that grew the most during this
individual housing phase. Thus, the positive link between harvest weight and rBWG might also
be partly an artefact.

Table 7 Heritabilites and genomic correlations of processing traits with individual residual
body weight gain measured in aquaria. Heritabilites are on the diagonale, genomic
correlations are above the diagonal and phenotypic correlations below the diagonal. Genetic
correlations significantly different from zero are highlighted in bold

BW_ rBWG Harvest_ avg_fat rFillet_ rHGC_ rHead_ rVisc_

136 w w w w w
BW_136 0.43 -0.10 0.56 0.325 -0.29 -0.18 0.35 0.07
rBWG 0.11 0.25 0.41 -0.17 -0.04 0.13 0.23 -0.41
Harvest_W 0.60 0.23 0.26 -0.04 -0.52 -0.51 0.81 23
avg_fat 0.36  0.007 0.59 0.24 0.03 0.24 0.14 0.26
rFillet_W -0.08 -0.15 0 0.32 0.21 0.95 -0.99 -0.29
rHGC_W 0.03 0.03 0 0.03 0.40 0.29 -0.92 -0.51
rHead_W 0.11 0.17 0 -0.31 -0.70 0.03 0.25 0.24
rVisc_W -0.06  -0.11 0 0.01 -0.19 -0.75 -0.1 0.44

3.4.4 Individual feed efficiency and processing traits on cage-reared sibs

In order to avoid such artefacts, and to obtain genetic correlations with fish traits when fish are
reared in normal conditions (in cages), a similar study was conducted on a group of sibs of the
ones evaluated for feed efficiency. Family links enabled the estimation of genetic parmeters and
especially of genetic correlations between traits. Residual Headless Gutted Carcass Weight
(rHGCW) was used as a surrogate for residual fillet weight, as they have a near to unity genetic
correlation (see Table 7). The genetic parameters are shown in Table 8. Although none of the
traits was significantly genetically correlated with feed efficiency (measured as rBWG), the signs
of the correlations of sib traits with rBWG were similar to those of the traits recorded on the
feed efficiency animals themselves. The correlation was positive with Harvest weight (+0.22)
and rHGCW (+0.55), and negative with Distell muscle fat (-0.20) and Visceral fat (-0.17).

Altogether, the correlations of traits at harvest were coherent, irrespective of the fact that they
were estimated on the fish subjected to individual phenotyping on feed efficiency or on their
cage-reared sibs. They point to the fact that genetically efficient fish are fast growing and lean,
which is what is expected from theory but has seldom been explicitly demonstrated in fish (de
Verdal et al., 2018; Knap and Kause, 2018).
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Table 8. Heritabilites and genomic correlations of processing traits on cage-reared sibs with
individual residual body weight gain measured in aquaria. Heritabilites are on the diagonal
and genomic correlations are above the diagonal. Genetic correlations significantly different
from zero are highlighted in bold

rBWG Harvest_W avg_fat rHGC_W_cage rVisc_W_cage
_cage _cage
rBWG 0.23 0.22 -0.20 0.55 -0.17 (0.34)
Harv_W_cage 0.23 0.59 0.98 0.68 (0.18)
avg_fat_cage 0.25 0.16 0.002 (0.25)
rHGCW_cage 0.16 -0.67 (0.31)
rCarc_W_cage 0.48 (0.1)

3.5 Detailed characterization of HFC and LFC fish
3.5.1 Leaner body shape for HFC fish

Biometric data of sampled fish for analysis of gene expression and behavioural traits are shown
in Table 9. HFC and LFC fish did not share statistically significant differences in body weight,
although body length of HFC fish was significantly larger than that of LFC fish (25.2 vs 24.4 cm).
This fact led to a significantly lower condition factor for HFC fish (2.23 vs 2.36), as well as a lower
viscero-somatic index (3.75 % vs 4.36%), pointing out to a leaner body shape. This was
concurrent with a significantly lower viscerosomatic index in HFC fish (3.75 vs 4.36) that was
coincident with a slight (non-statistically significant) increase of muscle fat content, whereas
carcass and hepatosomatic indexes remained almost unaltered. Daily growth coefficients for the
finishing period were also similar in HCF and LFC fish.

Table 9. Biometric parameters of HFC and LFC analyzed fish. Values are the mean + SEM of 21-
23 fish. Asterisks indicate significant differences between groups (*P < 0.05, ***P < 0.001;
Student’s t-test)

HFC LFC
Weight 363.8+14.1 346.5+13.8
Length 25.2£0.3* 24.4+0.3
CF! 2.23 £0.04* 2.36 +£0.04
Carcass Index? 0.841 £ 0.003 0.841 £ 0.003
Muscle fat 9.89+0.53 9.63+0.53
HSIB 1.06 £ 0.05 1.06 £ 0.04
VS 3.75+0.17* 4.36+0.23
DGC? 1.64 £0.08 1.69 £ 0.05
FCR® 1.13 £ 0.04%** 1.72+£0.13

ICondition factor, CF = 100 x (body weight/standard lenght3)

2Carcass index = carcass/weight

3Hepatosomatic index, HSI = 100 x (liver weight/fish weight)

4Vicerosomatic index, VSI = 100 x (viscera weight/body weight)

5Daily growth coefficient, DGC = 100 x (final individual weight!/3 - initial individual weight/3)/days
6 Feed conversion ratio, FCR= Feed intake/ bodyweight gain
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3.5.2 AEFishBIT records allow discrimination by feed efficiency

AEFishBIT recording revealed pronounced daily rhythms of physical activity and respiratory
frequency in HFC and LFC groups, which rendered enhanced rates of physical activity during the
feeding period after the onset of lights (Figure 7). This enhanced activity was prolonged over
time, and the cosinor acrophase (maximal value) was attained at the same time in both groups
of fish (4:05-4:10 zeitgeber time in HFC fish and LFC fish), while the mesor and amplitude of
physical activity was slightly higher in HFC. This trend was more clear for respiratory frequency
with mesor values that increased significantly from 1.70 in LFC to 1.96 in HFC (Figure 8). Also,
the respiratory acrophase was moved later in the day (6:57 h zeitgeber time) in HFC fish,
whereas that of LFC fish remained early in the day (2:23 h zeitgeber time) and more coupled to
physical activity.

The phase shift of respiratory rates of HFC fish highlighted a different energy partitioning for
locomotor activity and growth-related metabolic processes. This finding was supported by
correlation analyses, as the regression slope of respiratory frequency (x-axis) against physical
activity (y-axis) was higher in HFC fish than in LFC fish (Figure 9). This means that HFC fish had
higher respiratory rates during low physical activity periods (non-feeding periods), although
swimming activity and respiratory rates were quite similar in both experimental groups during
the fixed feeding period. In fact, feeding time is a relevant zeitgeber in a number of vertebrates
(Hannay et al., 2020; Pickel and Sung, 2020), and a large body of evidence links circadian rhythms
with feeding regimes of farmed fish to ensure that physiological processes are performed at the
appropriate time of day (Sanchez-Vazquez & Madrid, 2001). Indeed, transcriptomic profiling of
gilthead sea bream whole-larvae on a daily basis revealed consecutive activation of canonical
pathways of phototransduction, intermediary metabolism, development, chromatin
remodelling, and cell cycle regulation (Yufera et al., 2017). This daily transcriptome resembles a
cell cycle (G1/S, G2/M, and M/G1 transitions) in synchronization with multicellular processes,
which is temporally organized in a 24-h cycle for maximizing fast growth during early life.
Likewise, in the present study, the phase sift of respiratory frequency of HFC fish was raising as
a clock entertainment that matches with the postprandial peak of ammonia excretion (2-3 h
post-feeding) of fish of the same class of size under the same range of temperatures (Gémez-
Requeni et al., 2003). This should represent a metabolic advantage, preparing the organism for
the highly energy demanding process of digestion and nutrient absorption. In any case, how fish
interact with the environment and their congeners is a major source of variation, and the general
thinking is that fast growth and low activity are highly co-evolved in modern teleosts (Rosenfeld
et al.,, 2015; Sibly et al., 2015). This is because the enhanced energy cost of growth and
maintenance is often supported by a higher feed intake and perhaps improved FCR, as the result
of a reduced locomotor activity that does not offer a special advantage under intensive culture
(Devlin et al., 2004; Killen et al., 2014). Certainly, selection for fast growth in the PROGENSA®
gilthead sea bream program comes at the expense of a reduced swimming performance and
anaerobic fitness (Perera et al., 2021). In the present experiment, fish with a HFC phenotype also
exhibited a reduced locomotor activity during non-feeding periods, but interestingly this
moderate swimming activity was not extended to the feeding period. Moreover, correlation
analysis indicates that the mesor of respiratory frequency in HFC fish was positively correlated
(p < 0.01) with the mesor and amplitude of locomotor activity (Appendix 3), which ensures a
high swimming activity when feed becomes available.
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Further evidence for a divergence between HFC and LFC fish becomes from discriminant analysis
(PLS-DA) of biometric and behavioural traits that clearly separated the two fish groups along
component 1, explaining by itself the 81% of total variance (Figure 10A). According to the VIP
analysis of this projection (Figure 10B), the most important parameters contributing to group
separation (VIP > 1.0) were length, viscerosomatic index, condition factor, or weight, although a
number of descriptors informing of the daily cycle of respiratory frequency in free swimming
individuals (mesor, acrophase, respiratory phase shift) were also of discriminant value for HFC
and LFC fish. Such finding reinforces the usefulness of behaviour studies for the metabolic
phenotyping of individual differences in energy metabolism in gilthead sea bream. This was also
substantive in a previous study, in which metabolic rates inferred from respiratory frequency
were negatively correlated with a different family susceptibility to fasting weigh loss (Perera et
al., 2021). Meanwhile, in LFC but not in HFC, respiratory mesor was negatively correlated with
muscle fat content, whereas HSI was positively correlated (p < 0.05) with growth rates, and the
mesor and amplitude of the recorded free-swimming activity (Appendix 4). Conversely, in HFC
but not in LFC, the amplitude of respiratory frequency was positively correlated with the mesor
and amplitude of locomotor activity (p < 0.05), and negatively with muscle fat and carcass index
(p < 005) (Appendix 3). Altogether, this suggests a different location and use of stored body fats
for growth and locomotor purposes as further evidenced the hepatic and white skeletal muscle
transcriptomic profiling (see section 3.5.3).
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Figure 7. Daily changes in physical activity in HFC (A) and LFC (B) fish. The best-fit curves are
obtained by cosinor analysis. Each point is the consensus of 10 individuals. Dark phase is
labelled in grey (X-axis). The feeding period is indicated by a vertical box. Values of mesor (M),
amplitude (A) and acrophase (®) are stated for each curve.
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Figure 8. Daily changes in respiratory frequency in HFC (A) and LFC (B) fish. The best-fit curves
are obtained by cosinor analysis. Each time point is the consensus of 10 individuals. Dark phase
is labelled in grey (X-axis). The feeding period is indicated by a vertical box. Values of mesor
(M), amplitude (A) and acrophase (®) are stated for each curve. Asterisks indicate significant
differences between groups (*P < 0.05, Student-t-test).
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Figure 10 Discriminant analysis of HFC and LFC fish for biometric and behaviour data. The
two first components explain 88% of total variance. (B) Ordered list of variable importance
(VIP) in the projection of PLS-DA model for group differentiation.
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3.5.3 Gene expression analysis highlights a different metabolic scope

Regarding liver gene expression, clear differences were found between HFC and LFC fish. In liver,
10 out of 44 analyzed genes were expressed significantly at a lower rate (P < 0.05) in HFC fish
than in LFC fish (Table 10). This down-regulation comprised genes related to growth (igfbp2b),
lipid metabolism (elovl6, fads2, scd1a, ppara), oxidative metabolism (cox-i, cox-ii, h-fabp) and
antioxidant defense (mn-sod/sod2, grp-94). Overall, this expression pattern might support a
better performance in concurrence with a lower hepatic lipogenic activity and a reduced risk of
oxidative stress (see below).

Up to 11 igfbp variants, covering the full igfbp1-6 repertoire with paralogs pairs of igfbp1, 2, 3,
5 and 6 have been reported in gilthead sea bream (Pérez-Sanchez et al., 2018). The identity of
these igfbp sequences have been corroborated by phylogenetic analyses, indicating gene
expression analysis of adult fish that mRNA transcripts of the igfgp1/2/4 clade are highly
represented in the liver tissue of gilthead sea bream, whereas the igfbp3/4/5 clade is over-
expressed in the skeletal muscle. Regarding Igfbp2, growth promoting and inhibitory actions
have been reported in fish (Duan et al., 1999; Garcia de la Serrana and Macqueen, 2018),
although gilthead sea bream data on igfbp2b expression mostly support a growth promoting
action, which is substantiated by its up-regulation during the summer growth spurt and its
depressed expression in fish with signs of essential fatty acid deficiencies (Pérez-Sanchez et al.,
2018). In contrast to this, we found in the present study that the higher expression of igfbp2b
was achieved in LHC fish, which might be indicative of the different mechanisms promoting the
improvement of FCR instead of maximum growth as indicated below for muscle markers.

Regarding key enzymes of lipid metabolism, the general idea is that starvation and reduced lipid
storage rates during overwintering are related to a pronounced down-regulation of lipogenic
enzymes, including fatty acid elongases and desaturases (Benedito-Palos et al., 2016, 2014;
Rimoldi et al.,, 2016; Turyn et al., 2010). Conversely, the expression of elov6, scdl (A9
desaturase), and secondly fads2 (A6 desaturase) is largely induced in gilthead sea bream by
feeds formulated for deficiencies in long-chain n-3 PUFA (Perera et al., 2020), preventing fatty
livers and the lipotoxic effect of saturated fatty acids by favoring their conversion to more safely
stored mono-unsaturated fatty acids (Li et al., 2009; Silbernagel et al., 2012). Since this up-
regulated expression was also found in LFC fish, it appears that this group of fish not only shared
an impaired feed conversion, but also a reduced tolerance to the high replacement of dietary
fish meal and fish oil by alternative raw materials. Certainly, histological traits showed
interesting information on the pathological outcome of nutrient deficiencies, liver steatosis
being a common sign of fish nutrient deficiencies in sulfur amino acids, essential fatty acids or
minerals (Ballester-Lozano et al., 2015). Given that these nutrients are perhaps the most
important limiting factors for the total replacement of marine feedstuffs in fish feeds, it is likely
that selection for improved FCR also facilitates the use of new fish feed formulations based on
alternative and more sustainable feed ingredients (i.e., terrestrial plants, insect proteins, single
cell proteins, sea weeds, etc).

In concordance with the above transcriptional changes in hepatic gene expression, HFC fish
showed a down-regulated expression of the lipolytic transcription factor ppara, intracellular
fatty acid transporter h-fabp, and enzyme subunits of the mitochondrial respiratory chain (cox-
i, cox-ii). Since lipogenesis is considered the major energy-demanding process in liver (Rui,
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2014)), this expression feature substantiates a reduced ATP-energy production and reduced risk
of oxidative stress. Certainly, mitochondrial activity is a major source of reactive oxygen species
(ROS), and their attenuated production in HFC fish was associated with a reduced expression of
antioxidant enzymes (mn-sod/sod2) and molecular chaperones (grp-94) that are well-
recognized markers of the fish response to stressors (Saera-Vila et al., 2009; Magnoni et al.,
2017; Martos-Sitcha et al., 2019a; Peixoto et al., 2019).

The gene expression of white skeletal muscle was also altered by the selection for individual
FCR, and a number of genes related to growth (ghr2, igfbp5b, mstn/gdf-8), energy sensing
(sirt2), and mitochondrial respiration uncoupling (ucp3) were differentially regulated in HFC and
LFC fish (Table 11). In particular, the enhanced expression of ghr2 in HFC fish is noticeable. This
feature rendered a lower ghr1/ghr2 expression ratio (0.66 in HFC vs 1.05 in LFC), which is viewed
in gilthead sea bream as a local compensatory growth mechanism to mitigate growth
derangements in fish facing nutritional deficiencies (Pérez-Sdnchez et al., 2018). This was
concurrent with the up-regulation of igfbp5b, the igfbp paralog with a higher expression level in
the skeletal muscle of juveniles and adults of gilthead sea bream that supports its role as a
growth-promoting factor in both sparids and salmonids (Garcia de la Serrana and Macqueen,
2018; Pérez-Sanchez et al., 2018).

Sirtuin (SIRT) are virtually ubiquitous in all kingdoms of life with a varying number of family
members with tissue-specific expression profiles that act coupling protein deacetylation of
histones and metabolic enzymes with the energy status of the cell via the cellular NAD+/NADH
ratio (Schwer and Verdin, 2008). This offers the possibility of different energy sensing
mechanisms that vary depending on tissue, and the intensity and nature of the energy-
demanding process. Thus, the muscle expression of sirtl and sirt5 are induced by fasting in
gilthead sea bream (Simé-Mirabet et al., 2017), but sirt2 was especially responsive to genetic
improvement of FCR both in this study and previous ones (Simé-Mirabet et al., 2018). Thus, the
expression of sirt2 was higher in the white skeletal muscle of HFC than in LFC fish, whereas the
muscle expression of sirt1 remained almost unaltered when comparisons were made between
the two experimental groups. Studies in humans and rodents also indicate that sirt2 integrates
changes in energy status, lipid oxidation and redox homeostasis by increasing fatty acid
oxidation (Krishnan et al., 2012), and the activity of ROS-scavenging enzymes (Austin and St-
Pierre, 2012). Moreover, a role as muscle stem cell proliferation and differentiation factor has
been reported in humans (Dryden et al., 2003; Stanton et al., 2017; Wu et al., 2014), and single
nucleotide polymorphisms of SIRT2 have been associated with different body size traits in
Quinchuan cattle (Gui et al., 2015). All above highly support a conserved role of SIRT2 as key
regulator of muscle growth, linking the availability of metabolic fuels with growth regulation.

Like SIRTs, mitochondrial UCPs act as markers of cell redox balance and oxidative stress,
attenuating the production of ROS by the uncoupling of oxidative phosphorylation (OXPHQS)
(Rial and Zardoya, 2009). This family of mitochondrial transporters is indeed widely distributed
in plants and animal phyla, with one UCP orthologue in avian species (avian UCP) and a core
group of three UCP variants (UCP1-3) in mammals and the lineage of modern fish (Emre et al.,
2007; Hughes and Criscuolo, 2008). Each of these UCP transcripts has evolved with a different
tissue-specific expression pattern, and consequently gilthead sea bream ucpl is mostly
expressed in liver and secondly intestine, ucp2 is more ubiquitous, and upc3 is specific of skeletal
and cardiac muscle tissues with a higher expression level in glycolytic (white skeletal muscle)
than in oxidative muscle tissues (red skeletal muscle, heart) (Bermejo-Nogales et al., 2014,
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2010). Additionally, it is known that the increased flux of fatty acids towards muscle tissue
enhances the expression of Ucp3 in a wide range of animal models, including gilthead sea bream
(Bermejo-Nogales et al., 2011; Nabben and Hoeks, 2008; Schrauwen et al., 2001). In other
words, Ucp3 acts as a muscle safety valve and changes in mRNA transcripts follow the switches
in the oxidative capacity in order to match both energy demand and antioxidant defense. This
dual role is probably closely related to the ancestral protein UCP function as an antioxidant agent
that allows the use of Ucp3 as a lipotoxicity marker in ectothermic fish. Taking all this into
account, the up-regulated expression of ucp3 in HFC fish is viewed as part of the mechanisms
that protect muscle cells against an excessive flux of fatty acids when it surpasses the muscle
oxidative capacity. This was supported by a lower condition factor and a reduced hepatic
lipogenic activity of HFC fish, linked to the redistribution of body fat depots with a diminished
viscerosomatic index that was concurrent with a slight increase (non-statistically significant) of
muscle fat content (Table 9). Moreover, in HFC fish, the individual recorded FCR was negatively
correlated (p < 0,002) with muscle fat (Appendix 3). Muscle lipid deposition is also an indicator
trait of FCR in farmed rainbow trout (Kause et al., 2016), but in this case fish with genetically low
body and muscle lipid content were the more efficient in turning ingested protein into protein
weight gain. It appears, thereby, that selection for improved FCR operates differentially in
gilthead sea bream and trout, although leaner individuals are typically more efficient, and
enhanced hepatic lipogenesis or excessive levels of lipid deposition in viscera are not preferred
traits in breeding programs for improved growth or FCR. In other words, prevention of excessive
lipid deposition is considered beneficial for the improvement of FCR, although muscle fat
content is sometimes a confusing leaner trait that requires normalization by body weight and
other co-selected traits as stated before by other authors. For example, in sea bass, fish which
lose little weight at fasting were shown to be at the same time more fat in the muscle and more
efficient in terms of FCR (Besson et al., 2019; Grima et al., 2010), a fact explained by a lower
metabolioc rate and a capacity to cover enregy needs by preferentially mobilizing lipids
(McKenzie et al., 2014).

From our results, it is also conclusive that HFC fish had a muscle expression profile that favored
an efficient muscle protein accretion, but not necessarily maximal growth due to the up-
regulated expression of myostatin (mstn), a member of the transforming growth factor B (TGF-
B) superfamily that acts as a suppressor of muscle mass through the cell surface receptor, activin
receptor type Il (de Caestecker, 2004). Thus, altering mstn function through gene knockout,
overexpression of inhibitors, or gene mutation edition prominently increases muscle mass in
fish and other animal models of vertebrates (Khalil et al., 2017; Lee and McPherron, 2001;
McPherron and Lee, 1997). According to this, maximum growth in HFC fish should be under
negative rather than positive control, with mstn acting as a muscle growth suppressor but also
as a causative agent of improved FCR. Certainly, the optimum FCR occurs in most fish species
below maximum growth and feed intake (Bureau et al., 2006; Storebakken and Austreng, 1987).
Moreover, the limiting growth of HFC might be also substantiated at systemic level by hepatic
growth factors, such as the growth-promoting ifgbp2b that was consistently down-regulated in
HFC fish as indicated before. All this is indicative of the complex trade-off between growth and
feed conversion, which also involves changes in social hierarchies and feeding behaviour as
observed with the use of AEFishBIT for the simultaneous monitoring of metabolic and
behavioural traits.
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Table 10. Gene expression profile of liver. Data are the mean + SEM of 8-11 fish. All data values
for each gene are in reference to the expression level of igfbp2a of HFC fish with an arbitrary
assigned value of 1

HFC LFC P-Value
ghri 1.56+0.14 1.82+0.22 0.360
ghr2 1.07 £0.09 1.14+£0.22 0.812
igf1 5.49 £0.48 6.17£0.74 0.484
igf2 1.99+0.35 1.87 £0.35 0.816
igfbpla 0.04£0.01 0.06 £ 0.01 0.304
igfbp1b 1.55+0.35 1.44 +0.37 0.842
igfbp2a 1.04+0.11 1.16 £0.17 0.597
igfbp2b 1.71+0.11 2.23+0.14 0.014
igfbp4 0.5+0.08 0.61+0.07 0.331
elovil 7.68 £0.51 8.4+0.6 0.390
elovl4 0.11+£0.02 0.12+0.01 0.635
elovl5 0.31+£0.12 0.3+0.1 0.946
elovi6 0.19+0.03 0.49+0.13 0.046
fads2 0.72+0.17 3.2+11 0.049
scdla 0.14+0.02 0.41+0.13 0.050
scd1b 0.06+£0.02 0.09+£0.02 0.343
hi 7.28 +0.96 8.41+0.79 0.370
Ipl 10.9+1.35 10.4+1.18 0.795
atgl 1.05+0.27 1.43+£0.39 0.475
pla2g6 0.1+0.01 0.11+0.01 0.201
cyp7al 0.39+0.05 0.53+0.1 0.290
ppara 1.2+0.11 1.75+0.19 0.032
ppar6 0.72+0.08 0.83+0.08 0.350
ppary 0.29+0.03 0.34+£0.03 0.439
cptia 0.71+0.05 0.84+0.1 0.346
h-fabp 25.6 £3.13 43.8 £3.40 0.050
cs 0.44 £0.02 0.48 £ 0.03 0.364
nd2 20.8 £2.65 27.8+3.62 0.165
nd5 6.07 £0.57 7.63+0.91 0.189
cox-i 27.3+3.67 37.6+4.03 0.076
cox-ii 14.8 +2.25 26.0+4.51 0.042
pgcla 0.07+0.01 0.08 £ 0.02 0.630
sirt1 0.06+0 0.07+0.01 0.174
sirt2 0.1+0.01 0.12+0.01 0.142
ucpl1 7.7+1.33 9.26 £1.52 0.474
gpx1 0.99+0.1 1.08 £0.08 0.466
gpx4 4.27 £0.85 4.29+0.62 0.985
prdx3 0.58 £ 0.05 0.68 £0.04 0.144
prdx5 0.6 £0.03 0.68 £0.04 0.137
cu-zn-sod/ sod1 3.05+0.47 3.72+0.38 0.280
mn-sod / sod2 0.7 £0.07 1.06 +0.16 0.050
grp-170 0.89+£0.06 1.97 £0.63 0.124
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(S

grp-94 4.29+0.45 14.7 £3.40 0.045
grp-75 0.48 £0.03 0.6 £0.06 0.356

1 p values result from T-Student test. Red bold font in each row indicate significant differences between
HFC and LFC fish groups (P < 0.1).

Table 11 Gene expression profile of white skeletal muscle. Data are the mean + SEM of 9-11
fish. All data values for each gene are in reference to the expression level of cptla of HFC fish
with an arbitrary assigned value of 1

HFC LFC P-Value

ghrl 1.23 +0.09 1.24 +0.15 0.922
ghr2 1.86 +0.28 1.17 +0.13 0.047
igfl 0.09 + 0.03 0.06 +0.01 0.217
igf2 0.60 £ 0.11 0.51 +0.06 0.429
igfbp3a 1.07 +0.11 1.10+0.14 0.863
igfbp5a 0.18 +0.02 0.18 +0.02 0.994
igfbp5b 2.24 +0.17 1.74 +0.15 0.048
igfbp6a 0.01 £ 0.00 0.01 £ 0.00 0.380
igfbp6b 0.04 +0.01 0.04 + 0.00 0.264
insr 0.29 +0.02 0.25 +0.02 0.228
igfrla 0.29 +0.02 0.25 +0.02 0.192
igfr2 0.19 +0.01 0.18 +0.02 0.651
myod1 4.93 +0.40 4.60 + 0.40 0.576
myod2 0.62£0.11 0.58 +0.08 0.771
myf5 0.10 + 0.00 0.10 +0.01 0.439
myf6/mrf4/herculi 0.11+0.01 0.14 £ 0.02 0.409
n

mstn/gdf-8 2.78 £0.48 1.59 +0.29 0.042
fst 0.23 £0.04 0.18 +0.02 0.212
sirt1 0.09 +0.01 0.08 +0.01 0.165
sirt2 0.18 +0.01 0.14 +0.01 0.006
sirt5 0.23 £0.02 0.20 +0.01 0.202
cptla 1.09+0.16 1.19+0.18 0.691
cs 6.61+0.57 5.76 +0.55 0.300
nd2 45.0 +6.51 43.2+4.37 0.816
nd5 14.0 + 1.65 13.4+1.34 0.796
cox-i 57.9 +6.88 55.8 + 4.57 0.800
cox-ii 36.2+7.44 32.9+2.75 0.650
ucp3 5.90 £ 0.63 4.19 + 0.45 0.047
pgcla 0.54 +0.13 0.48 +0.09 0.289

L p values result from T-Student test. Red bold font in each row indicate significant differences between
HFC and LFC fish groups (P < 0.05).
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4 Conclusion

The results of the present study confirm that individual feed efficiency measured in aquaria
under restricted feeding is a heritable trait, which could be used to improve feed efficiency in
fish farming by selective breeding. This result supports the study by Besson et al. (2019) on sea
bass in which individual feed efficiency traits measured in aquaria (FCR and DGC) were also
heritable, although in the present study heritability estimates were lower.

As in Besson et al. (2019), FCR and DGC measured in aquaria were highly correlated. Therefore,
in these conditions of restricted feeding in aquaria, measuring growth rate is equivalent to
estimating FCR, but saves the time needed for counting wasted pellets. Second, there is also
some evidence that feed efficiency at the individual level is linked to feed efficiency at the group
level. Hence, selecting fish for faster growth under restricted feeding in aquarium would
improve the feed efficiency of fish in groups.

For the first time, thanks to the use of genomic and family information, we could link individual
feed efficiency to major production traits at harvest, either on the experimental fish or even on
sibs of those which were reared in commercial condition in cages. The general picture was rather
coherent, and mostly favourable correlations were found. Although correlations varied in
absolute values, we saw a clear trend towards positive links between high feed efficiency, high
growth, low fat (both as visceral and muscle fat) and high processing yields. This means that the
present selective breeding programs which target this type of traits are expected to have a
beneficial effect on feed efficiency.

For the first time also, we were able to link individual variations in feed efficiency to behavioural
and physiological differences. We could show that high feed converters anticipated feeding with
a higher activity prior to feeding, and that their maximal respiratory frequency was delayed a
few hours after feeding, contrary to low feed converters for which it happened just at the end
of the feeding time. Thus, activity patterns may be an interesting indirect trait to consider when
selecting for feed efficiency.

In terms of gene expression, the importance of lipid metabolism was clear, although the
direction of the change was not always towards leaner fish for higher efficiency, depending on
the organ targeted (liver or muscle). This is not necessary contradicting what was observed in
terms of lipid content at harvest, for which correlations of muscle fat with feed efficiency were
negative but weak. This also must be put in perspective with previous observations in sea bass,
in which high muscle fat was found favourable for feed efficiency. Here, the precise mechanisms
remain to be fully explained. Interestingly, gene expression results confirmed the macroscopic
phenotypic and genetic observation that maximal growth capacity was not necessarily
connected to a better feed efficiency.

In practice, this new generated knowledge offers the possibility of a more suitable individual fish
phenotyping, this study being the proof of concept of a holistic approach that combines
zootechnic, biometric, transcriptomic and behavioural tools for unravelling reliable indicator
traits and/or mechanistic process participating in the FCR improvement of farmed gilthead sea
bream.
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Appendix 1

Composition of the feed (PerformFISH, 2nd extrusion)

Ingredients

Fishmeal Super Prime
Soy protein concentrate
Wheat gluten

Corn gluten

Rapeseed meal

Wheat meal

Pea starch

Fish oil

Rapeseed oil

Soy lecithin
PERFORMFISH WP1 Premix 1%
Guar gum

Monocalcium phosphate
L-Lysine

DL-Methionine

L-Taurine

Total

Analysis results
Moisture (g/100g)

Crude protein (g/100g)
Fat (g/100g)

Crude ash (g/100g)
Crude fibre (g/100g)
Total phosphorus (g/100g)

%
5.00
25.00
7.50
25.00
11.00
2.00
1.80
10.90
5.70
1.65
1.00
0.20
2.10
0.90
0.01
0.24
100.00

8.2
42.5
20.3

6.2

2.1

1.1

(S
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Appendix 2

(S

Primers for gPCR gene expression in liver and white skeletal muscle

Gene

Growth hormone receptor-type 1

Growth hormone receptor-type 2

Insulin-like growth factor 1

Insulin-like growth factor 2

Insulin-like binding-protein 1a

Insulin-like binding-protein 1b

Insulin-like binding-protein 2a

Insulin-like binding-protein 2b

Insulin-like growth factor binding
protein 3a

Insulin-like binding-protein 4
Insulin-like growth factor binding
protein 5a

Insulin-like growth factor binding
protein 5b

Insulin-like growth factor binding
protein 6a

Insulin-like growth factor binding
protein 6b

Insulin receptor

Insulin-like growth factor receptor
1a

Symbol

ghrl

ghr2

igfl

igf2

igfbpla

igfp1b

igfbp2a

igfbp2b

igfbp3a

igfpb4

igfbp5a

igfbp5b

igfbp6a

igfbp6b

insr

igfrla

GenBank

AF438176

AY573601

AY996779

AY996778

KM522771

MH577189

MH577190

AF377998

MH577191

KM658998

MH577193

MH577194

MH577195

MH577196

KM522774

KJ591052

Primer

F: ACC TGT CAG CCA CCACATGA
R: TCG TGC AGATCT GGG TCG TA

-

: GAG TGA ACC CGG CCT GACAG
:GCG GTG GTATCT GATTCATGG T

»

F: TGT CTAGCG CTCTTTCCTTTCA
: AGA GGG TGT GGC TAC AGG AGA TAC

»

F: TGG GAT CGT AGAGGAGTGTIGT
: CTG TAG AGA GGT GGC CGA CA

»

-

: ACA AAC CAA AACAGT GCGAGTCCT C
: CCG TTC CAA GAG TTC ACA CACCAG

X

-

:GCCAAACAGTGT GAGTCATC
:ATCTTCTTCCCGTTCCAG G

X

-

: CCA GCA AAG AGA CCACCT
: TCT TCATCT CCT GCCTGT G

=

-

: AGC GAT GTG TCC TGA GAT AGT GAG
: GCA CCG TGG CGT GTAGACC

=

-

: ACA GGC GTG TGG AGT GTA
: TGG TGC TGG CAG GTC AAG

X

-

: GGC ATC AAA CAC CCG CACAC
: ATCCACGCACCAGCACTTCC

X

-

: GAATCT CAC GAT GAC GCCAT
:TGCTGATGT GGT CTCTTCC

X

-

: GCA AGC AGT GTA AGC CAT CTC
: TGAACG CCGTACTTGTCCA

X

-

: CGA CCC GAATCA CGA CAT ATA CAT
: ACT TGC CAC GCC GCT TAC

X

-

: GAT TGC TCA CTG CGG ATC
: GGA GGG ACA GAC CTT GAA

=

-

: ACG GAC AGC AAG AAG GCA GAG AAT C
:GGC TTC AAC GGT CGG ATCAGG T

»

F: TCA ACG ACA AGT ACG ACT ACC GCT GCT
:CACACT TTCTGG CACTGG TTG GAG GTC

X

-

: ACATTC GGG CAG CAC TCC TAA GAT

43

FISH



D1.2: Analysis of family and genomic variation of feed efficiency 6( FISH

Insulin-like growth factor receptor 2  igfr2 KM522776 R: CCA GTT CAC CTC GTA GCG ACA GTT
Elongation of very long chain fatty elovl1 JX975700 F: CCA GGG ACC ATA ATG TTG CC
acids 1 R: TAC ACA CCA CAG GGC TCT C
Elongation of very long chain fatty elovl4 JX975701 F: CGG TGG CAATCATCT TCC
acids 4 R: TCA ACT GGC TGT CTG TGT
Elongation of very long chain fatty elovl5 AY660879  F:CCT CCT GGT GCT CT ACA AT
acids 5 R: GTG AGT GTC CTG GCA GTA
Elongation of very long chain fatty elovl6 I1X975702 F: GTG CTG CTCTACTCCTGG TA
acids 6 R: ACG GCATGG ACC AAGTAG T
Fatty acid desaturase 2 fads2 AY055749  F:GCA GGC GGA GAG CGA CGG TCT GTT CC
R: AGC AGG ATG TGA CCC AGG TGG AGG CAG AAG
Stearoyl-CoA desaturase 1a scdla 10277703  F:CGG AGG CGG AGG CGT TGG AGA AGA AG
R: AGG GAG ACG GCG TAC AGG GCA CCT ATA TG
Stearoyl-CoA desaturase 1b scdlb Q277704 F: GCT CAATCT CAC CAC CGC CTT CAT AG
R: GCT GCC GTC GCC CGT TCT CTG
Hepatic lipase hl EU254479 F: TTG TAG AAG GTG AGG AAAACT G
R: GCT CTC CAT CAG ACC ATC C
Adipose triglyceride lipase atgl IX975711 F: GTG CTT CAG TCCTGG ATG TCT TC
R: AGC CTT GCA GGT CCA TGT TGA
Lipoprotein lipase Ipl AY495672 F: CGT TGC CAA GTT TGT GAC CTG
R: AGG GTG TTC TGG TTG TCT GC
85kDa calcium-independent pla2g6 JX975708 F: CGC CAA GGA ACT CGG AAA GAT GCT

=

phospholipase A2 : ACC GCA CAG CCATCA GAG TCT

Cholesterol 7-alpha-monooxygenase cyp7al KX122017  F:CCCTGCTAT TAA AGT CCCACC TCT

R: ATC GTA GGT AGG CTG GAG GAT TC
Peroxisome proliferator-activated ppara AY590299 F: TCT CTT CAG CCCACCATC CC
receptor a R: ATC CCA GCG TGT CGT CTC C
Peroxisome proliferator-activated pparf AY590301 F: AGG CGA GGG AGA GTG AGG ATG AGG AG
receptor B R: CTG TTC TGA AAG CGA GGG TGA CGA TGT TTG
Peroxisome proliferator-activated ppary AY590304  F:CGCCGT GGA CCT GTC AGA GC
receptor y R: GGA ATG GAT GGA GGA GGA GGA GAT GG
Carnitine palmitoyltransferase 1a cptla JQ308822 | F:GTGCCTTCG TTCGTT CCATGATC

R: TGA TGC TTA TCT GCT GCC TGT TTG
Fatty acid binding protein, heart h-fabp Q308834 F: CTG GGT GTG GGCTTC GCT AC

R: CTC TGT GTT CTT GAT GGT GCT CTG
Citrate synthase cs 1X975229 F: TCC AGG AGG TGA CGA GCC

R: GTG ACC AGC AGC CAG AAG AG
NADH-ubiquinone oxidoreductase nd2 KC217558 F: TAG GTT GAA TGA CCA TCG TA
chain 2 R: GGC TAA GGA GTT GAG GTT
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NADH-ubiquinone oxidoreductase
chain 5

Cytochrome c oxidase subunit |

Cytochrome c oxidase subunit Il

Proliferator-activated receptor
gamma coactivator 1 alpha

Sirtuin 1

Sirtuin 2

Sirtuin 5

Uncoupling protein 1

Uncoupling protein 3

Myoblast determination protein 1

Myogenic factor MYOD2

Myogenic factor 5

Myogenic factor 6

Myostatin/Growth differentiation

factor 8

Follistatin

Glutathione peroxidase 1

Glutathione peroxidase 4

nd5

cox-i

cox-ii

pgcla

sirtl

sirt2

sirts

ucpl

ucp3

myod1

myod2

myf5

myfé6/mrfd/h

erculin

mstn/gdf-8

fst

gpx1

apx4

KC217559

KC217652

KC217653

JX975264

KF018666

KF018667

KF018670

FJ710211

EU555336

AF478568

AF478569

JN034420

JN034421

AF258448

AY544167

DQ524992

AM977818

C o

F: CCT AAA CGC CTG AGC CCT GG
: GCT GTA AAC GAG GTG GCT AGA AGG

=

-

:GTCCTACTTCTTCTGTCCCTT CCTGTT CT
:AGG TTT CGG TCT GTA AGG AGC ATT GTA ATC

=

-

: ACT GCCTACACA GGACCTTGCC
:GTCTGC TTC CAG GAG ACG GAATIGT

=

-

: CGT GGG ACA GGT GTAACCAGGACTC
: ACCAAC CAA GGCAGCACACTCTAATICT

X

-

: GGT TCC TAC AGT TTC ATC CAG CAG CACATC
: CCT CAG AAT GGT CCT CGG ATC GGT CTC

=

-

: GAACAATCC GACGACAGCAGT GAAG
: AGG TTA CGC AGG AAG TCC ATC TCT

X

-

: CAG ACATCC TAA CCC GAG CAG AG
: CCACGA GGCAGA GGTCACA

X

-

:GCACACTACCCAACATCACAAG
R: CGC CGA ACG CAG AAA CAA AG

-

: AGG TGC GAC TGG CTG ACG
R: TTC GGC ATA CAA CCT CTC CAA AG

-

: ATG GAG CTG TCG GAT ATCTCT TTC
R: GAA GCA GGG GTC ATC GTA GAA ATC

-

: CCAACT GCT CTG ATG GCATGATGG ATTTC
R: GACCGTTTGCTT CTCCTG GACTCG TATG

-

:GCATGG TTG ACA GCA ACA GTC CAG TGT
R: TGT CTT ATC GCC CAA AGT GTC GTT CTT CAT

F: GCA GCA ATG ACA AAC CAG AGA GAC GGA ACA
R: GAG GCT GGA GGA CGCCGAAGATTICA

F: AAG AGC AGA TCATCT ACG GCAAGA TCC
R: TCA AGA GCA TCCACAACG GTCTACCA

F: GGA CCA GAC AAA CAACGCATATTG
R: CAT AGA TGA TCC CGT CGT TTC CAC

F: GAA GGT GGA TGT GAATGG AAAAGA TG
R: CTG ACG GGA CTC CAAATG ATG G

F: TGC GTC TGA TAG GGT CCACTG TC
R: GTC TGC CAG TCC TCT GTC GG
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Peroxiredoxin 3

Peroxiredoxin 5

Superoxide dismutase [Cu-Zn]

Superoxide dismutase [Mn]

Glucose-regulated protein, 170 kDa

Glucose-regulated protein, 94 kDa

Glucose-regulated protein, 75 kDa

prdx3

prdx5

cu-zn-sod /

sod1

mn-sod /

sod2

grp-170

grp-94

grp-75

GQ252681

GQ252683

1Q308832

JQ308833

1Q308821

1Q308820

DQ524993

-

-

-

-

-

(S

: ATCAAC ACCCCA CGCAAGACTG
: ACC GTT TGG ATC AAT GAG GAA CAG ACC

: GAG CAC GGA ACA GAT GGC AAG G
:TCCACATTG ATCTTC TTC ACG ACT CC

: TCACGG ACAAGATGCTCACTCTC
: GGT TCT GCC AAT GAT GGA CAA GG

: CCT GAC CTG ACC TAC GAC TAT GG
:AGT GCCTCCTGATATTTCTCCTCT G

: CAG AGG AGG CAGACAGCAAGAC
:TTCTCA GACTCAGCATTT CCAGATTTC

: AAG GCA CAG GCT TACCAG ACAG
: CTT CAG CAT CAT CGCCGACTT TC

: TCC GGT GTG GAT CTG ACC AAA GAC
: TGT TTA GGC CCA GAA GCATCC ATG
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Appendix 3

S

FISH

Pearson correlation matrix of high feed converters (HFC) for behavioural traits. P-values are in italics. In grey, statistically significant positive correlations (p < 0.051).

In orange, statistically significant negative correlations (p < 0.05)

HFC

Weight

Length

CF

Carcass
Index

FAT

HSI

Vsl

FCR

ACT
Mesor
ACT
Amplitude
ACT
Acrophase
RESP
Acrophase

Length

0.944
3.99E-06

CF

0.840
0.001
0.631
0.028

Carcass
Index
0.190
0.554
0.108
0.737
0.315
0.318

FAT

0.717
0.009
0.619
0.032
0.704
0.011
0.454
0.138

HSI

0.274
0.389
0.335
0.288
0.115
0.723
0.379
0.224
0.330
0.294

VSl

0.146
0.651
0.123
0.703
0.166
0.607
0.107
0.741
0.146
0.650
0.357
0.254

DGC

0.287
0.367
0.354
0.260
0.106
0.742
-0.142
0.659
-0.011
0.972
0.187
0.561
-0.058
0.857

FCR

-0.765
0.004
-0.556
0.061
-0.881
1.52E-04
-0.233
0.465
-0.791
0.002
-0.269
0.399
-0.178
0.580

ACT
Mesor
-0.118

0.746
-0.053
0.884
-0.258
0.472
-0.478
0.162
-0.408
0.242
-0.073
0.842
-0.265
0.460
0.016
0.965

ACT
Amplitude
-0.010
0.977
0.073
0.841
-0.219
0.544
-0.583
0.077
-0.348
0.324
-0.072
0.843
-0.166
0.648
-0.0282
0.938
0.980
6.78E-07

ACT
Acrophase
0.334
0.345
0.400
0.252
0.111
0.759
-0.529
0.116
0.110
0.761
0.408
0.242
0.343
0.332
-0.249
0.489
0.035
0.924
0.147
0.686

RESP
Mesor
-0.131

0.718
-0.056

0.879
-0.317

0.371
-0.107

0.768
-0.294

0.410
0.252

0.482
-0.249

0.488

0.0195

0.957
0.832

0.003
0.790

0.007
-0.124

0.732

RESP
Amplitude
-0.580
0.079
-0.505
0.137
-0.501
0.140
-0.690
0.027
-0.728
0.017
-0.412
0.236
-0.328
0.354
0.387
0.269
0.721
0.019
0.701
0.024
0.067
0.854

RESP
Acrophase
-0.215
0.551
-0.151
0.677
-0.155
0.670
0.368
0.296
-0.165
0.649
-0.198
0.584
0.581
0.079
0.38
0.278
-0.412
0.237
-0.394
0.259
-0.198
0.584

Phase
Shift
0.288
0.419
0.249
0.488
0.171
0.637
-0.482
0.158
0.180
0.619
0.294
0.410
-0.430
0.215
-0.414
0.234
0.383
0.274
0.399
0.254
0.460
0.181
-0.961
9.30E-06
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Appendix 4

S

FISH

Pearson correlation matrix of low feed converters (LFC). P-values are in italics. Upper values are the correlation coefficients and lower values are p-values. In grey,

statistically significant positive correlations (p < 0.05). In orange, statistically significant negative correlations (p < 0.05)

LFC

Weight

Length

CF

Carcass
Index

FAT

HSI

VSl

FCR

ACT
Mesor
ACT
Amplitude
ACT
Acrophase

RESP
Acrophase

Length

0.914
3.20E-05

CF

0.325
0.302
-0.082
0.799

Carcass
Index
0.371
0.235
0.100
0.758
0.677
0.016

FAT

0.402
0.195
0.359
0.251
0.141
0.663
0.213
0.505

HSI

0.335
0.287
0.104
0.748
0.607
0.036
0.291
0.358
-0.173
0.591

VSl

0.165
0.609
0.075
0.817
0.288
0.363
0.030
0.927
0.098
0.761
0.530
0.076

DGC

0.388
0.213
0.200
0.533
0.471
0.122
-0.024
0.942
0.165
0.609
0.778
0.003
0.483
0.111

FCR

-0.588
0.044
-0.448
0.144
-0.416
0.178
-0.365
0.243
-0.276
0.385
-0.077
0.812
0.057
0.860

ACT
Mesor
-0.085

0.842
-0.416
0.305
0.508
0.199
0.456
0.256
-0.221
0.599
0.740
0.036
0.581
0.131
-0.261
0.532

ACT
Amplitude
-0.033

0.938
-0.196
0.642
0.257
0.539
0.128
0.762
-0.612
0.107
0.796
0.018
0.255
0.542
0.0653
0.878
0.830
0.011

ACT
Acrophase
0.093
0.826
0.563
0.146
-0.660
0.075
-0.622
0.100
-0.347
0.400
-0.535
0.172
-0.290
0.486
0.0641
0.880
-0.625
0.098
-0.383
0.349

RESP
Mesor
-0.105

0.804
-0.069

0.871
-0.062

0.884
-0.090

0.831
-0.904

0.002
0.395

0.333
-0.254

0.543
-0.264

0.528
0.420

0.300
0.779
0.023
0.081
0.849

RESP
Amplitude
-0.045
0.916
-0.321
0.438
0.450
0.263
0.466
0.244
-0.137
0.746
0.344
0.404
0.225
0.593
-0.685
0.061
0.631
0.093
0.439
0.276
-0.320
0.439

RESP
Acrophase
0.013
0.975
-0.415
0.307
0.604
0.113
0.591
0.123
0.335
0.417
0.111
0.794
-0.207
0.623
-0.585
0.127
0.250
0.550
0.051
0.904
-0.599
0.117

Phase
Shift
0.015
0.971
0.492
0.215
-0.672
0.068
-0.651
0.080
-0.368
0.370
-0.239
0.569
0.087
0.838
0.491
0.217
-0.376
0.358
-0.148
0.726
0.763
0.028
-0.975
3.99E-05
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