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ABSTRACT: Improving feed efficiency is of 
interest to French beef producers so as to in-
crease their profitability. To enable this improve-
ment through selection, genetic correlations with 
production traits need to be quantified. The ob-
jective of this study was to estimate the genetic 
parameters for growth, feed efficiency (FE), and 
slaughter performance of young beef bulls of the 
French Charolais breed. Three feed efficiency cri-
teria were calculated: residual feed intake (RFI), 
residual gain (RG), and ratio of FE. Data on feed 
intake, growth, and FE were available for 4,675 
Charolais bulls tested in performance test sta-
tions and fed with pelleted diet. Between 1985 and 
1989, 60 among 510 of these bulls were selected to 
procreate one generation of 1,477 progeny bulls 
which received the same pelleted diet at the ex-
perimental farm in Bourges. In addition to feed 
intake, growth, and FE traits, these terminal bulls 
also had slaughter traits of carcass yield, carcass 
composition, and weight of visceral organs col-
lected. Genetic parameters were estimated using 
linear mixed animal models. Between perform-
ance test bulls and terminal bulls, the genetic cor-
relation of RFI was 0.80  ± 0.18; it was 0.70  ± 

0.21 for RG and 0.46 ± 0.20 for FE. For carcass 
traits, RFI was negatively correlated with carcass 
yield (−0.18 ± 0.14) and muscle content (−0.47 ± 
0.14) and positively with fat content (0.48 ± 0.13). 
Conversely, RG and FE were positively correlated 
with carcass yield and muscle content and nega-
tively with fat content. For the three FE criteria, 
efficient animals had leaner carcass. For visceral 
organs (as a proportion of empty body weight), 
RFI was genetically correlated with the propor-
tions of the 5th quarter (0.51  ± 0.17), internal 
fat (0.36 ± 0.14), abomasum (0.46 ± 0.20), intes-
tines (0.38 ± 0.17), liver (0.36 ± 0.16), and kidneys 
(0.73 ± 0.11). Conversely, RG and FE were nega-
tively associated with these traits. The high-energy 
expenditure associated with the high-protein turn-
over in visceral organs may explain this opposite 
relationship between FE and the proportion of 
visceral organs. Selection for final weight and RFI 
increased growth and FE in progeny, and also im-
proved carcass yield and muscle content in the 
carcass. To conclude, determinations of growth 
and feed intake in performance test stations are 
effective to select bulls to improve their growth, 
FE, and muscle content in carcass.
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INTRODUCTION

The production of specialized beef breeds 
in France (Charolais, Limousin, and Blonde 
d’Aquitaine) has been increasing in recent decades 
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as a consequence of improvements to breeding and 
management practices. The weight of male calves 
at 210 d has increased by an average of 30  kg in 
the last 15 yr (Griffon et al., 2017) and the carcass 
weight of young bulls rose by 56 kg between 1996 
and 2016 (IDELE, 1997; IDELE, 2017a). At the 
same time, the consumption of forage and concen-
trates per adult animal increased by 10% to 20% and 
29%, respectively (Inosys Réseau Elevage, 2016). 
Between 1998 and 2013, feeding costs increased by 
50% (Inosys Réseau Elevage, 2016), whereas the 
price of the carcass kilogram improved only by 15% 
(IDELE, 2017b). For these reasons, beef producers 
are becoming increasingly concerned about the effi-
cient use of feed by their animals.

For several decades now, the selection programs 
for candidate artificial insemination (AI) sires be-
longing to specialized beef breeds in France have 
included an in-station performance test during 
which growth, muscle score, and feed efficiency 
(FE) are recorded. Genetic correlations between 
the performance of these candidates and their sub-
sequent male progeny on end-user farms were esti-
mated by Fouilloux et al. (1999) and Bouquet et al. 
(2010) with respect to growth and carcass traits, 
but feed intake (FI) was not recorded on these ter-
minal farms, and the carcass fat score was the only 
body composition measure. To estimate the genetic 
relationship between FE and the body compos-
ition of terminal young bulls, an experiment was 
conducted at the Institut National de la Recherche 
Agronomique (INRA) experimental farm in 
Bourges where FI and detailed slaughter traits were 
recorded individually relative to young Charolais 
bull progeny.

The objective of this study was therefore to es-
timate the genetic parameters for the growth, FE, 
and slaughter traits of young Charolais beef bulls 
relative to their sire performance for growth and FE 
as recorded by performance test stations.

MATERIALS AND METHODS

Animal Management

Two generations of French Charolais bulls 
were used during this study. The first comprised 
bulls tested by performance test stations, whereas 
the second was the progeny of some of these 
performance-tested bulls. The latter had been fat-
tened on an experimental farm. During this ex-
periment, all the animals were kept indoors and 
handled with care, in compliance with INRA’s 
ethics policy in accordance with the guidelines for 

animal research issued by the French Ministry of 
Agriculture (https://www.legifrance.gouv.fr/eli/
decret/2013/2/1/2013–118/jo/texte).

Performance-tested bulls. Between 1979 and 2014, 
French AI co-operatives purchased candidate 
male Charolais calves from farms after weaning at 
an average age of 298 ± 33 d. These animals were 
screened by performance test stations to select the 
best candidates for semen production. On arrival 
for testing, the calves were allocated to contem-
porary groups as a function of their age and weight. 
During their stay at the test station, the calves were 
adapted to a test diet for at least 4  wk and then 
tested for at least 12  wk. During the adaptation 
period, the calves were switched from a roughage 
diet to a complete pelleted diet composed of 29% 
dehydrated alfalfa hay, 29% dehydrated beet pulp, 
and 21% bran, plus other ingredients to ensure 
a balanced diet. The energy value of the ration 
was 0.73  “Unité Fourragère Viande” (UFV)/kg, 
where one UFV corresponds to the net energy of 
1-kg barley. This composition of the pelleted diet 
had remained consistent across the years and dif-
ferent stations, with laboratory controls of its com-
position along the testing period. An automatic 
concentrate dispenser ensured the individual distri-
bution of pellets to each animal. The young bulls 
were fed ad libitum. The dispensers were calibrated 
at least once a month to ensure accurate distribu-
tion. To measure growth, all animals were weighed 
on 2 consecutive days to establish their initial body 
weight and then every 28 d throughout the test 
period. At the end of the test, they were weighed 
again on 2 consecutive days to establish their final 
weight (FW). Performance-tested bulls were scored 
to evaluate their muscle and skeletal development 
(Fouilloux et  al., 1999; FGE, 2016). The animals 
were also judged on their ability to produce semen 
of sufficient quantity and quality that would enable 
their potential commercial use as an AI sire.

Terminal bulls. For this experiment, 60 Charolais 
performance-tested bulls were selected from the 
510 tested at 2 stations (Creuzier-le-Neuf  and 
Château-Gontier in France) over a 5-yr period 
(1985 and 1989). Selection was performed by ap-
plying the following rules. The 510 animals were 
ranked on a selection index that combined FW and 
residual feed intake (RFI) negatively: Indexi = 0.44 
(FWi − FWa) − 0.66 (RFIi − RFIa), where the i 
and a subscripts represented the animal and the 
contemporary group average, respectively. Each 
year, at each station, 3 high-merit and 3 low-merit 

https://www.legifrance.gouv.fr/eli/decret/2013/2/1/2013–118/jo/texte
https://www.legifrance.gouv.fr/eli/decret/2013/2/1/2013–118/jo/texte
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bulls were selected, to reach a total of  30 high-
merit and 30 low-merit bulls. These 60 bulls were 
then used to inseminate purebred Charolais fe-
males at the INRA experimental farm in Bourges. 
Their progeny were born between 1988 and 2009 
and weaned on average at 221 ± 3 d.  In the ter-
minal barn, groups of  7 calves were placed in pens 
equipped with Calan Gates (American Calan, 
Northwood, NH) that enable the individual meas-
urement of  FI. The calves were adapted to the ter-
minal diet over a 6- to 8-wk period. They were fed 
ad libitum with the same pelleted diet as their sire, 
the performance test bulls. Any feed that had been 
refused was weighed every Monday, Wednesday, 
and Friday to calculate their FI. At the start of 
the test period, the calves were weighed on 2 con-
secutive days to establish initial body weight. 
They were then weighed every 14 d to monitor 
their growth. All the calves were tested until 15 
mo of  age and this was pursued until 19 mo of 
age in half  of  the animals. The age at slaughter 
was 451 ± 10 and 570 ± 11 d, respectively, in the 
2 groups. At the end of  the test period, the ter-
minal bulls were weighed on 2 consecutive days 
to establish their FW and then slaughtered at the 
experimental slaughterhouse of  INRA in Theix. 
The slaughter protocol was the same at 15 or 19 
mo of  age. The weights of  the hot carcasses were 
recorded. After 24 h chilling, the 6th rib was ex-
cised and dissected to estimate the carcass muscle 
and fat contents. Among the visceral organs, the 
5th quarter fat, rumen, omasum, abomasum, in-
testines, liver, lungs, heart, kidneys, and spleen 
were weighed.

Description of Traits

The number of animals for which growth and 
FI records available were 4,675 and 1,477 at the per-
formance test stations and experimental terminal 
farm, respectively. For slaughter traits, 1,427 pro-
geny were recorded.

The initial and final weights were used to com-
pute the average daily gain (ADG) and mid-test 
weight. The metabolic mid-weight (MMW) was 
calculated as the mid-weight0.75. The automatic 
concentrate dispenser recorded the daily FI of 
the performance-tested bulls. The daily FI of ter-
minal bulls was calculated 3 times a week (Monday, 
Wednesday, and Friday mornings) by subtracting 
refused feed from the weight of pellets distributed 
during the 2 (or three) previous days and dividing 
by 2 (or 3). Eventually FI was calculated as the 
average of all daily FI records.

Feed intake and ADG were used to calculate 3 
FE criteria: residual feed intake (RFI), residual gain 
(RG), and FE. RFI was the difference between ob-
served and expected FI, computed by a regression 
of FI on MMW and ADG, using Proc GLM of 
SAS/STAT software, version 9.4 of the SAS System 
for Linux (Copyright 2002 to 2012 by SAS Institute 
Inc., Cary, NC). A  separate model was fitted for 
each data set, including the fixed effect of the con-
temporary group and age (at the start or end) as 
covariate. For performance test bulls, the model was

 

FI =CG + β1 (MMW) + β2 (ADG)

+ β3 (initial age) + RFI,

where CG was the fixed effect of the contemporary 
group (year*station*group), β1 was the partial re-
gression of FI on MMW, β2 was partial regression 
of FI on ADG, and β3 was the partial regression 
of FI on age at the start. The model for terminal 
bulls was

 

FI = year + β1 (MMW) + β2 (ADG)

+ β3 (final age) + RFI,

where β3 was the partial regression of FI on the age 
at the end. RG was the difference between ADG 
and the expected ADG, computed by a regression 
of ADG on MMW and FI, using Proc GLM of 
SAS/STAT software. The same environmental ef-
fects as for RFI were used to adjust the regression 
models of the performance test and terminal bull 
RG. FE was ADG divided by FI and represented 
the gain in body weight per 1 kg of feed consumed.

For slaughter traits, the weights of the hot 
carcass and organs were expressed relatives to the 
empty body weight (EBW). The weights of muscle 
and fat in the carcass were estimated using the 
following predictive equations, as developed by 
Robelin and Geay (1975) with the independent 
variables expressed in kg:

 

Muscle weight =− 7.89 + 0.77992 (hot carcass)
− 76.9654

(
6th rib fat

)
+ 9.6196

(
6th rib muscle

)
− 0.5065 (5thquarter fat),

 

Fat weight =− 3.56 + 0.1072 (hot carcass)
+ 79.788

(
6th rib fat

)
− 9.851

(
6th rib muscle

)
+ 0.6887 (5th quarter fat).
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The carcass muscle and fat contents were then cal-
culated by dividing the estimated muscle and fat 
weights by the weight of the hot carcass.

Statistical Analysis

Genetic parameters were estimated using 
the restricted estimation of maximum likelihood 
(REML) method with WOMBAT software (Meyer, 
2007). For performance test bulls, the model in-
cluded a contemporary group (205 groups) as fixed 
effect and age at the start as covariates. For ter-
minal bulls, the model included the fixed effects of 
years (22 yr), age of the dam (3, 4, 5, 6 yr and over) 
and twinning (single or twin) and the slaughter age 
as a covariate. Because of the selection of sires, 
the performances of terminal bulls were analyzed 
using a multitrait model simultaneously with the 
RFI and FW of performance test bulls to take into 
account of the selection process. The relationship 

matrix thus included 34,163 animals, up to the 5th 
generation.

To obtain the phenotypic correlations, traits 
were first corrected using the Proc GLM of SAS 
with the same fixed effects and covariates as the 
genetic model. Then, correlations were computed 
using Proc CORR of SAS.

Selection Response

The selection responses to the index combining 
high FW and low RFI of the 30 low-merit and 30 
high-merit performance test bulls were computed 
for FI, FW, ADG, RFI, carcass composition, and 
visceral organs of the terminal bulls. To estimate 
the difference between low-merit and high-merit 
groups, traits were adjusted for the same fixed ef-
fects and covariates as in the genetic model. The 
estimated differences were standardized by the 
phenotypic standard deviation of each trait.

Table 1. Means and standard deviations (SD) of the traits studied in the performance tested and terminal bulls

Trait1

Performance-tested bulls Fattening bulls

Number Mean SD Number Mean SD

Start age, d 4,675 357 35 1,477 275 10

Start weight, kg 4,675 548 58 1,477 349 41

FI, kg/d 4,675 11.40 1.15 1,477 10.62 1.31

MMW, kg 4,675 126.8 9.0 1,477 108.1 8.8

ADG, kg/d 4,675 1.46 0.23 1,477 1.45 0.20

Final age, d 4,675 481 36 1,477 509 60

FW, kg 4,675 730 66 1,477 682 87

RFI, kg/d 4,675 0.00 0.47 1,477 0.00 0.82

RG, kg/d 4,675 0.00 0.18 1,477 0.00 0.14

FE, kg/kg 4,675 0.13 0.02 1,477 0.14 0.02

EBW, kg – – – 1,427 590 78

HCW, kg – – – 1,427 402.4 57.4

MW, kg – – – 1,427 285.4 42.0

FW, kg – – – 1,427 59.6 14.6

5th QW, kg – – – 1,427 183.7 25.0

Leather, kg – – – 1,427 53.2 8.2

5th QFW, kg – – – 1,427 16.0 5.8

Rumen, kg – – – 1,427 12.6 2.3

Omasum, kg – – – 1,427 4.5 1.0

Abomasum, kg – – – 1,427 2.1 0.5

Intestines, kg – – – 1,427 12.0 2.3

Liver, kg – – – 1,427 6.8 1.0

Lung, kg – – – 1,427 4.1 0.6

Heart, kg – – – 1,427 2.3 0.4

Kidneys, kg – – – 1,427 1.2 0.2

Spleen, kg – – – 1,427 1.2 0.3

1Trait abbreviations: FI = daily feed intake; MBW = metabolic mean-weight; ADG = average daily gain; FW = final weight; RFI = residual feed 
intake; RG = residual gain; FE = feed efficiency; EBW = empty body weight; HCW = hot carcass weight; MW = muscle weight; FW = fat weight; 
5th QW = 5th quarter weight; 5th QFW = 5th quarter fat weight.
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RESULTS

Descriptive Statistics

Descriptive statistics of the traits measured in 
performance test and terminal bulls are shown in 
Table 1. The terminal bulls were younger at the 
start of the test period than the performance test 
bulls (differences of −82 d and −199 kg). They also 
ate 0.78 kg less feed per day, but the ADG was quite 
similar. Because of the longer test period, the age 
of terminal bulls at the end was older than that of 
performance test bulls (+28 d) but their FW was 
lower (−48 kg). After adjusting for environmental 
effects, the R2 of the multiple regression of FI on 
MMW and ADG was 0.64 for performance test 
bulls and 0.53 for terminal bulls. The lower R2 of 
the terminal bull model resulted in a greater pheno-
typic variability of RFI in these bulls. For the RG 
trait, the R2 of the performance test bull model was 
0.27 and the R2 of the terminal bull model was 0.48. 
Performance test bulls displayed greater pheno-
typic variability for RG than terminal bulls. FE 
values were the same in both data sets: on average, 
the bulls converted 13%–14% of feed into ADG.

Phenotypic and Genetic Parameters

Overall, the genetic parameters were better esti-
mated in performance test bulls with lower standard 
errors (SE) (Table 2). The heritability coefficients 
of FI were the same in both data sets (0.36 ± 0.05 
and 0.36  ± 0.07), and almost the same for ADG 
(0.27 ± 0.04 vs. 0.31 ± 0.06) and FW (0.37 ± 0.04 
vs. 0.33 ± 0.06). For the 3 FE traits, the heritability 

coefficients were greater for terminal bulls than 
in performance test bulls. Feed intake, ADG and 
FW were positively correlated with each other. As 
expected, RFI was not phenotypically and genet-
ically correlated with ADG in either the perform-
ance test bulls or terminal bulls. Similarly, RG was 
not phenotypically and genetically correlated with 
FI in the 2 data sets. RFI was also independent of 
FW, whereas RG was slightly correlated with FW. 
Residual feed intake was markedly correlated with 
FI (0.84 ± 0.03 and 0.77 ± 0.06), whereas RG was 
markedly correlated with ADG (0.81  ± 0.04 and 
0.80  ± 0.05). Residual feed intake and RG were 
moderately negatively correlated (−0.29 ± 0.11 and 
−0.45 ± 0.13) in both data sets. The FE ratio was 
markedly correlated with ADG (0.81 ± 0.04) in per-
formance test bulls and slightly less so (0.57 ± 0.11) 
in terminal bulls. The FE ratio was closely correl-
ated with RG (0.99 ± 0.04 and 0.91 ± 0.03) in both 
data sets. Genetic correlations between FE and FI 
or RFI were tenuous for performance test bulls and 
FE was negatively correlated with FI (−0.49 ± 0.12) 
and RFI (−0.77 ± 0.07) in terminal bulls.

The genetic correlations between performance 
test traits and terminal traits are shown in Table 3. 
For FI, ADG, and FW, the correlations were close to 
1 (>0.95). They were strong for RFI (0.80 ± 0.18) and 
RG (0.70 ± 0.21) but only moderate for FE (0.46 ± 
0.20). The performance test RFI was markedly posi-
tively correlated with terminal bull FI (0.69 ± 0.16) 
but not with ADG and FW. The performance test 
RG was markedly correlated with the terminal bull 
ADG (0.67  ± 0.21), moderately with FW (0.41  ± 
0.20), but not with FI. The performance test bull 
FE was correlated with the FW (0.53 ± 0.21), ADG 

Table 2. Heritability (diagonal, ±SE), genetic (above diagonal, ±SE), and phenotypic1 correlations between 
traits in each data set1

Trait2 FI ADG FW RFI RG FE

Performance test bulls FI 0.36 ± 0.05 0.66 ± 0.06 0.84 ± 0.03 0.84 ± 0.03 0.10 ± 0.11 0.09 ± 0.11

ADG 0.51 0.27 ± 0.04 0.64 ± 0.06 0.15 ± 0.11 0.81 ± 0.04 0.81 ± 0.04

FW 0.78 0.58 0.37 ± 0.04 0.06 ± 0.10 0.22 ± 0.10 0.17 ± 0.10

RFI 0.62 0.00 0.00 0.26 ± 0.04 −0.29 ± 0.11 −0.22 ± 0.11

RG 0.00 0.85 0.23 −0.39 0.21 ± 0.04 0.99 ± 0.04

FE 0.03 0.86 0.23 −0.34 0.99 0.23 ± 0.04

Terminal bulls FI 0.36 ± 0.07 0.44 ± 0.12 0.75 ± 0.06 0.77 ± 0.06 −0.16 ± 0.15 −0.49 ± 0.12

ADG 0.53 0.31 ± 0.06 0.80 ± 0.06 −0.04 ± 0.16 0.80 ± 0.05 0.57 ± 0.11

FW 0.70 0.72 0.33 ± 0.06 0.10 ± 0.15 0.28 ± 0.14 0.17 ± 0.16

RFI 0.72 0.02 0.02 0.36 ± 0.07 −0.45 ± 0.13 −0.77 ± 0.07

RG 0.00 0.83 0.27 −0.29 0.35 ± 0.07 0.91 ± 0.03

FE −0.45 0.49 0.06 −0.71 0.83 0.35 ± 0.07

1|rp| < 0.03: P not significant; |rp| > 0.05: P < 0.01; |rp| > 0.10: P < 0.0001.
2Trait abbreviations: FI = daily feed intake; ADG = average daily gain; FW = final weight; RFI = residual feed intake; RG = residual gain; 

FE = feed efficiency.
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(0.66 ± 0.22), and RG (0.70 ± 0.21) of the terminal 
bulls, but was independent of FI and RFI.

Slaughter Traits

All the phenotypic and genetic correlations 
with respect to terminal bulls are presented in 
Supplementary Table. This part will focus on re-
lationship between FE traits and slaughter traits. 
Most of slaughter traits had a greater genetic cor-
relation with RFI, RG, and FE than a phenotypic 
correlation (Table 4). Empty body weight displayed 
moderate heritability (0.27 ± 0.06) and was pheno-
typically correlated with RFI (0.10) and RG (0.24).

Carcass traits. The carcass accounted for a very 
high proportion of  EBW (68%). It contained 

mainly for muscle (71%) and a small amount of 
fat (15%). The heritability coefficients of  carcass 
composition traits were moderate to high (0.31 ± 
0.07 for fat and muscle contents; 0.51 ± 0.08 for 
carcass yield). Carcass yield and muscle contents 
were negatively correlated with RFI and positively 
with RG and FE. The carcass fat content was 
positively correlated with RFI and negatively with 
RG and FE.

Fifth quarter traits. On average, the 5th quarter ac-
counted for 31% of EBW. Its heritability coefficient 
was moderate (0.18 ± 0.05); it was positively cor-
related with RFI (0.51 ± 0.17) and negatively with 
RG (−0.44 ± 0.18) and FE (−0.56 ± 0.17). Leather 
had a high heritability (0.41 ± 0.08); it was not cor-
related with RFI but was negatively correlated with 

Table 4. Means, standard deviations (SD) and heritability (±SE) of slaughter traits, and genetic (±SE) and 
phenotypic correlations between slaughter and feed efficiency traits in terminal bulls1

Mean SD h2

RFI2 RG2 FE2

rp rg rp rg rp rg

Empty body weight, kg 590.17 77.84 0.27 ± 0.06 0.10 0.15 ± 0.16 0.24 0.19 ± 0.16 −0.01 0.05 ± 0.17

Carcass, %3 68.12 1.75 0.51 ± 0.08 −0.16 −0.18 ± 0.14 0.18 0.37 ± 0.13 0.18 0.32 ± 0.14

Muscle, %4 70.91 2.42 0.31 ± 0.07 −0.27 −0.47 ± 0.14 0.09 0.43 ± 0.15 0.20 0.51 ± 0.14

Fat, %4  14.74 2.51 0.31 ± 0.07 0.31 0.48 ± 0.13 −0.06 −0.47 ± 0.15 −0.22 −0.55 ± 0.13

5th quarter, %3  31.23 2.60 0.18 ± 0.05 0.07 0.51 ± 0.17 −0.08 −0.44 ± 0.18 −0.07 −0.56 ± 0.17

Leather, %3  9.05 0.99 0.41 ± 0.08 −0.05 0.01 ± 0.15 −0.09 −0.36 ± 0.13 −0.03 −0.19 ± 0.14

5th quarter fat, %3  2.69 0.78 0.33 ± 0.07 0.29 0.36 ± 0.14 0.00 −0.41 ± 0.15 −0.16 −0.46 ± 0.14

Rumen, %3  2.16 0.40 0.32 ± 0.07 −0.11 0.06 ± 0.16 −0.05 0.02 ± 0.16 0.04 −0.04 ± 0.16

Omasum, %3  0.77 0.18 0.14 ± 0.05 −0.03 0.10 ± 0.20 −0.01 −0.11 ± 0.20 0.02 −0.17 ± 0.20

Abomasum, %3  0.36 0.08 0.14 ± 0.05 0.07 0.46 ± 0.20 −0.05 −0.11 ± 0.20 −0.06 −0.55 ± 0.19

Intestines, %3  2.05 0.35 0.21 ± 0.06 0.05 0.38 ± 0.17 −0.02 −0.25 ± 0.18 −0.02 −0.34 ± 0.17

Liver, %3  1.17 0.16 0.24 ± 0.06 0.12 0.36 ± 0.16 0.02 −0.23 ± 0.18 −0.03 −0.38 ± 0.17

Lung, %3  0.70 0.09 0.13 ± 0.05 −0.04 −0.26 ± 0.19 −0.05 0.07 ± 0.20 0.01 0.17 ± 0.20

Heart, %3  0.39 0.05 0.35 ± 0.07 0.06 0.18 ± 0.15 −0.07 −0.10 ± 0.16 −0.07 −0.19 ± 0.15

Kidneys, %3  0.20 0.03 0.28 ± 0.06 0.15 0.73 ± 0.11 −0.07 −0.35 ± 0.16 −0.10 −0.58 ± 0.13

Spleen, %3  0.20 0.04 0.40 ± 0.07 −0.01 −0.08 ± 0.15 0.00 0.17 ± 0.14 0.02 0.16 ± 0.14

1|rp| < 0.05: P not significant; |rp| > 0.05: P < 0.05; |rp| > 0.10: P < 0.0001.
2Trait abbreviations: RFI = residual feed intake; RG = residual gain; FE = feed efficiency.
3Percentage of empty body weight.
4Percentage of carcass weight.

Table 3. Genetic (±SE) correlations between performance test bull traits (rows) and terminal bull traits 
(columns)

Trait1 FI ADG FW RFI RG FE

FI 0.96 ± 0.13 0.73 ± 0.20 0.86 ± 0.17 0.56 ± 0.18 0.06 ± 0.23 −0.38 ± 0.20

ADG 0.69 ± 0.15 0.95 ± 0.19 0.84 ± 0.18 0.23 ± 0.18 0.60 ± 0.20 0.16 ± 0.20

FW 0.78 ± 0.14 0.99 ± 0.14 0.99 ± 0.14 0.18 ± 0.19 0.48 ± 0.19 0.09 ± 0.19

RFI 0.69 ± 0.16 −0.06 ± 0.22 0.18 ± 0.21 0.80 ± 0.18 −0.54 ± 0.22 −0.78 ± 0.19

RG 0.14 ± 0.18 0.67 ± 0.21 0.41 ± 0.20 −0.17 ± 0.19 0.70 ± 0.21 0.50 ± 0.20

FE 0.17 ± 0.18 0.66 ± 0.22 0.53 ± 0.21 −0.11 ± 0.20 0.70 ± 0.21 0.46 ± 0.20

1Trait abbreviations: FI = daily feed intake; ADG = average daily gain; FW = final weight; RFI = residual feed intake; RG = residual gain; 
FE = feed efficiency.

http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skz108#supplementary-data
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RG (−0.36 ± 0.13). Fifth quarter fat followed the 
same trend as carcass fat content: heritability was 
moderate (0.33 ± 0.07), and it was positively correl-
ated with RFI (0.36 ± 0.14) and negatively with RG 
(−0.41 ± 0.15) and FE (−0.46 ± 0.14).

Digestive tract. For the rumen, heritability was mod-
erate (0.32 ± 0.07) and was not correlated with 3 
FE criteria. Omasum had a low heritability (0.14 ± 
0.05) and was not correlated with RFI, RG, and 
FE. The heritability coefficient of abomasum was 
also low (0.14  ± 0.05) and this trait was strongly 
correlated with RFI positively (0.46 ± 0.20) and FE 
negatively (−0.55 ± 0.19). The heritability of intes-
tines was moderate (0.21 ± 0.06) and was positively 
correlated with RFI (0.38  ± 0.17) and negatively 
with RG (−0.25 ± 0.18) and FE (−0.34 ± 0.17).

Organ traits. Organs displayed a broad range of 
heritability (from 0.13 ± 0.05 for the lungs to 0.40 ± 
0.07 for the spleen). Residual feed intake had a 
strong correlation with the kidneys (0.73  ± 0.11), 
a moderate correlation with the liver (0.36 ± 0.16), 
and a low correlation with the heart (0.18 ± 0.15). 
The liver and kidneys were negatively correlated 
with RG and FE, whereas the spleen was slightly 
positively correlated with them. The lungs were not 
correlated with RG and FE and was slightly nega-
tively correlated with RFI (−0.26 ± 0.19).

Selection Response

The differences in traits between high-merit 
and low-merit animals are presented in Table 5. In 
the performance test bulls, the marked differences 
regarding RFI and FW were consistent with the 
selection of these 2 traits (−1.56 and 2.29 pheno-
typic SD unit). These differences were smaller but 
still significant for terminal bulls (−0.17 and 0.53 
phenotypic SD unit). Feed intake and ADG were 
greater in high-merit animals than in low-merit 
animals (0.27 and 0.49). The same trend was ob-
served for carcass yield (0.33) and muscle content 
(0.22). High-merit animals had less fat in the car-
cass (−0.27). The liver weight related to EBW was 
greater in high-merit animals (0.14). The other 5th 
quarter components did not differ between high-
merit and low-merit animals.

DISCUSSION

Residual feed intake had a heritability coeffi-
cient of 0.26 for performance test bulls and 0.36 
for terminal bulls. This result was in line with es-
timates in the literature. In their review, Berry and 

Crowley (2013) reported a range of heritability co-
efficients for RFI from 0.14 to 0.62, thus embracing 
our own estimates. In addition, Zhang et al. (2017) 
found an RFI heritability of 0.22 (0.07). And more 
recently, Polizel et al. (2018) and Coyne et al. (2018) 
noted that the heritability of RFI was 0.28 (0.07) 
and 0.50 (0.05), respectively. Our results, bolstered 
by findings in the literature, suggest that the trait 
might be sufficient heritable to enable potentially 
effective genetic selection in the French Charolais 
population.

Because of the regression properties, pheno-
typic correlations between RFI and FI were posi-
tive and high (0.62 for performance test bulls and 
0.72 for terminal bulls). Our findings were con-
sistent with those of Berry and Crowley (2013) who 
reported an average phenotypic correlation of 0.66 
between FI and RFI. Genetic correlations between 
FI and RFI were even stronger: 0.84 for perform-
ance test bulls and 0.77 for terminal bulls, con-
sistent with the average genetic correlation of 0.72 
reported by Berry and Crowley (2013). Polizel et al. 
(2018) reported same level of correlation between 
phenotype (0.65) and genotype (0.61 ± 0.11), as did 
Coyne et al. (2018), who found 0.72 for phenotypic 
and 0.70 ± 0.04 for genetic correlations. Selection 
for a low RFI would therefore be effective in sig-
nificantly reducing FI. In our study, the genetic 
correlations between RFI and ADG or FW did 
not differ significantly from zero (no greater than 

Table 5. Differences between high-merit and low-
merit performance test and terminal bulls

Trait1 Delta2 Delta/SD3

Performance test bulls RFI, kg/d −0.74*** −1.56

Final weight, kg 106*** 2.29

Terminal bulls RFI, kg/d −0.14* −0.17

Final weight, kg 28*** 0.53

FI, kg/d 0.27** 0.27

ADG, kg/d 0.08*** 0.49

Carcass, %EBW 0.53*** 0.33

Fat, %carcass −0.62*** −0.27

Muscle, % carcass 0.51** 0.22

Abomasum, 
%EBW

−0.01 NS −0.08

Intestines, %EBW 0.00 NS 0.01

Kidneys, %EBW 0.00 NS 0.03

Liver, %EBW 0.02* 0.14

1Trait abbreviations: RFI = residual feed intake; FW = final weight; 
FI = daily feed intake; ADG = average daily gain.

2Delta is the estimated difference between high-merit and low-
merit selected bulls or between the progeny of high-merit and low-
merit selected bulls. P-value: NS = no significant; *<0.05; **<0.001; 
***<0.0001.

3Phenotypic standard deviations of traits.
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0.15  ± 0.11). Therefore, in the French Charolais 
population, selection for RFI would not have an 
impact on growth capacity (FW or ADG). In their 
review, Berry and Crowley (2013) reported that on 
average there was no genetic correlation between 
RFI and ADG or body weight, although in some 
studies a correlation different from zero could be 
found. For example, Nkrumah et al. (2007) found 
a genetic correlation between RFI and ADG of 
0.46 (±0.45) in a composite Canadian population. 
In Wagyu population, Hoque et al. (2006) reported 
a genetic correlation of 0.25 (±0.16) between RFI 
and ADG and 0.19 (±0.15) between RFI and body 
weight. More recently, Polizel et  al. (2018) found 
negative genetic correlation between RFI and ADG 
(−0.19  ± 0.05). Although RFI is by construction 
phenotypically uncorrelated with metabolic body 
weight and ADG, Kennedy et al. (1993) explained 
that genetic correlation different from zero could be 
found in some populations.

Residual gain was not correlated with FI: both 
genetic correlations between RG and FI were in-
deed not significantly different from zero. The gen-
etic correlations estimated between RG and FW 
were significant and slightly positive (0.22 and 0.28) 
because FW was the sum of the mid-test weight 
and half  of the weight gain during the test. As ex-
pected, we found a moderate negative relationship 
between RG and RFI in our 2 bull populations 
(−0.29 and −0.49). Crowley et al. (2010) and Coyne 
et  al. (2018) investigated the relationship between 
RG and other performance traits; during their 
studies, RG was highly correlated to ADG, similar 
to the high genetic correlations (more than 0.80) 
estimated in our study. Crowley et  al. (2010) also 
found a negative genetic correlation between RFI 
and RG (−0.46 ± 0.11).

Most of the studies that investigated FE used 
the feed conversion ratio (FCR  =  FI/ADG, the 
inverse of FE). In our study, no correlation was 
found between FE and FI in performance test 
bulls. However, in terminal bulls, the genetic cor-
relation was −0.49  ± 0.12. In their review, Berry 
and Crowley (2013) found an average genetic cor-
relation of 0.39 between FCR and FI. However, 
the range of correlations between FCR and FI 
was very broad (−0.57 to 0.90). Coyne et al. (2018) 
found a positive genetic correlation between FCR 
and FI (0.33 ± 0.09). We saw positive genetic cor-
relations between FE and ADG in performance test 
(0.81) and terminal bulls (0.57). Similarly, Berry 
and Crowley (2013) found an average genetic cor-
relation of −0.62 and Coyne et  al. (2018) deter-
mined a value of −0.53 (0.07). Between FE and 

FW, we found different relationships between the 
2 bull populations, where FE was correlated with 
FW in performance test bulls but no relationship 
was found in terminal bulls. Berry and Crowley 
(2013) reported an average phenotypic correlation 
of −0.01 (−0.67 to 0.35) and a genetic correlation 
of −0.03 (−0.62 to 0.88) between FCR and FW.

Residual feed intake and the FE ratio were 
negatively correlated, particularly in terminal bulls. 
In their review, Berry and Crowley (2013) found an 
average genetic correlation of 0.75 between FCR 
and RFI, whereas Coyne et al. (2018) estimated a 
genetic correlation of 0.47 (0.08). In our study, the 
genetic correlation between FE and RG was very 
high and close to 1 in both performance test and 
terminal bulls. In their study, Crowley et al. (2010) 
and Coyne et al. (2018) found a strong negative re-
lationship between FCR and RG. The 3 FE criteria 
were obviously correlated inter se, although these 
correlations were not equal to one. These results 
suggest that different biological determinants may 
be involved in the expression of FE and each of 
these criteria could be used to characterize differ-
ences in FE between animals.

Several studies and reviews (Lobley, 2003; 
Herd and Arthur, 2009; Fitzsimons et  al., 2017; 
Cantalapiedra-Hijar et al., 2018) have attempted to 
explore the biological determinants involved in dif-
ferences in FE. Globally, Herd and Arthur (2009) 
suggested that the biological determinants con-
cerned 5% body composition, 2% feeding patterns, 
37% protein turnover, metabolism and stress, 9% 
heat increment of fermentation, 10% digestibility, 
10% activity, and 27% other determinants. During 
our study, we specifically investigated the relation-
ship between FE and the carcass and 5th quarter 
composition. Indeed, Webster (1989) stated that the 
partitioning of nutrients towards lean or fat depos-
ition has a marked effect on FE and that differences 
in visceral mass between animals may have signifi-
cant effects on thermogenesis, because protein turn-
over in visceral organs, a costly energy mechanism, 
is much greater compared with the protein turnover 
in skeletal muscle.

First, we investigated the phenotypic re-
lationship between FE and carcass traits. We 
showed that RFI was negatively correlated with 
the dressing percentage and muscle content but 
positively with fat content. In Angus breed cattle, 
Herd et  al. (2009) also found a negative pheno-
typic association with the dressing percentage 
and positive association with rib fat depth. 
Richardson et al. (2001) found a positive associ-
ation with rib and rump fat depth and a negative 
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association with protein gain in an Angus popu-
lation. Nevertheless, some studies did not find 
any phenotypic association between RFI and car-
cass traits. In Nellore cattle, Gomes et al. (2012), 
Bonilha et  al. (2013), Zorzi et  al. (2013), and 
Fidelis et  al. (2017) could not demonstrate any 
association between RFI and carcass fatness. In 
Angus x Hereford cattle, Sainz et al. (2006), Bulle 
et al. (2007), and Cruz et al. (2010) did not deter-
mine any relationship between RFI and carcass 
traits. However, the latter results were obtained 
during physiology experiments involving a limited 
number of  recorded animals.

Our estimates of genetic relationships revealed 
a strong negative genetic correlation between RFI 
and muscle content in the carcass and a positive 
correlation with fat content. Few studies have in-
vestigated the genetic correlations between FE 
and carcass traits. When studying 381 animals of 
different breeds, Nkrumah et  al. (2007) showed 
a negative genetic association between RFI and 
carcass lean meat area and lean meat yield, and a 
positive genetic association with carcass grade fat. 
Robinson and Oddy (2004) found a positive genetic 
association between RFI and carcass intramuscular 
fat percentage. Crowley et al. (2011) showed a nega-
tive genetic correlation between the sire RFI re-
corded at the performance test station and in their 
progeny with carcass weight and conformation, 
and a positive correlation with carcass fatness. In a 
multibreed analysis, Coyne et al. (2018) also found 
a positive genetic correlation between RFI and 
carcass fat and a negative correlation with carcass 
conformation.

The present study demonstrated positive gen-
etic correlations between RG and dressing per-
centage and muscle content, and negative genetic 
correlations with the carcass fat content. Crowley 
et  al. (2011) also found a positive genetic associ-
ation with carcass weight and conformation, but 
there was no relationship with carcass fat. With FE, 
the same trend was observed with respect to carcass 
traits. Those authors also found a positive genetic 
association with carcass weight and conformation 
but not with fat content. Coyne et al. (2018) esti-
mated a positive genetic relationship between FCR 
and fat depth and intramuscular fat. They also 
found a negative genetic correlation with carcass 
conformation. For rump and rib fat, Robinson 
and Oddy (2004) showed a positive genetic associ-
ation with FCR. However, Nkrumah et al. (2007) 
did not find genetic relationship between FCR and 
lean meat and fat in the carcass. To conclude, in the 
French Charolais population, selection for any of 

the 3 FE criteria (i.e., efficient animals) will increase 
the dressing percentage and muscle content and de-
crease fat content.

As a second step, we studied the relationship 
between FE and several organs traits. According 
to Herd and Arthur (2009), 37% of energy metab-
olism is due to turnover and metabolism require-
ments. Cantalapiedra-Hijar et  al. (2018) defined 
turnover as a continuous process of protein deg-
radation and synthesis for the renewal of tissues. 
This phenomenon is essential for metabolic regu-
lation, cellular repair, and rapid adaptation to en-
vironmental changes, among other functions. In his 
review, Lobley (2003) noted that the rate of protein 
synthesis is greater in splanchnic organs than in 
peripheral tissues such as muscle. Because turnover 
is linked to tissue renewal, it is possible to imagine 
that more energy will be used for protein turnover 
the greater the proportion of visceral organs.

Our results showed that FE was genetically as-
sociated with a lower proportion of the 5th quarter, 
and more specifically with limited 5th quarter fat. 
A similar trend was shown with respect to the car-
cass fat content. In our young bull population, high 
FE was strongly associated with reduced fat ac-
cretion. Webster (1985) noted that the greater the 
proportion of fat in the gains, the poorer the food 
conversion efficiency. For other components of the 
5th quarter, the intestines, liver and kidneys were 
positively correlated with RFI and negatively with 
RG and FE. Efficient animals with lower propor-
tion of these visceral organs might therefore re-
quire less metabolic energy to achieve the protein 
turnover process for tissue renewal. Overall, genetic 
correlations between visceral traits and RFI or FE 
were greater than the correlation with RG.

In his review, Lobley (2003) noted that the 
liver accounts for 25% of the energy expenditure 
of steers, with 4% to 15% of protein synthesis. He 
also showed that the gut represents 23% of energy 
expenditure, with 32% to 45% of protein synthesis. 
Indeed, between 5% and 7% of the EBW of animals 
accounts for 48% of energy expenditure. Basarab 
et  al. (2003) found that animals with a high RFI 
had, in raw mass terms, a larger stomach and intes-
tine, liver, and more kidney fat and trim. Bonilha 
et  al. (2013) found larger kidneys in high-RFI 
animals. Fitzsimons et  al. (2014) found a positive 
correlation between the reticulo-rumen and RFI. 
Some studies did not find any differences in organ 
weights, but determined differences in cell size. Lam 
et al. (2018) studied the rumen epithelium and did 
not find any difference in rumen weight between in-
efficient and efficient animals. However, the size of 
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epithelium cells in the ventral blind sac and across 
sacs was larger in efficient animals. Montanholi 
et al. (2017) found a larger hepatocyte size in the 
livers of efficient animals with respect to the portal 
triad and central vein, but no difference in liver 
weight. Nevertheless, Richardson et  al. (2001), 
Sainz et al. (2006), Gomes et al. (2012), Meale et al. 
(2017), and Fidelis et al. (2017) could not find dif-
ference between RFI and visceral organ traits. In 
their study of crossbred steers, Mader et al. (2009) 
noted a negative correlation between RFI and the 
heart, which was not consistent with our findings. 
Moreover, they found a positive relationship be-
tween FE and spleen, which was also not consistent 
with our results.

Apart from the work by Basarab et al. (2003) 
on 148 steers, the studies cited used fewer than a 
hundred animals. During our study, we noted that 
phenotypic correlations are weaker than genetic 
correlations in the 1,427 terminal bulls. The lack of 
power of some studies may explain why no signifi-
cant phenotypic relationship between FE and or-
gans traits are found in the literature. Combining 
the results of carcass and visceral organ traits al-
lowed us to show that efficient animals had more 
muscle than fat and a lower proportion of some 
visceral organs. A  putative strategy in those ani-
mals may be that they use more energy to deposit 
protein and maintain it in muscles than expending 
it to maintain organs. However, Fitzsimons et  al. 
(2017) noted from a review of some studies the 
possible presence of differences in protein turnover 
and degradation between the muscles of individual 
animals, which might contribute to FE potential. 
Cantalapiedra-Hijar et al. (2018) suggested that ef-
ficient animals might have a lower protein turnover 
in muscle and organs.

To test the selection of young Charolais bulls 
with respect to FE, our study investigated genetic 
correlations across 2 generations of Charolais bulls 
and differences in selection responses between traits 
in performance test and terminal bulls. Performance 
test bulls were selected using a synthetic index that 
combined their FW and RFI, as recommended by 
the Institut de l’Elevage in France (IDELE, 2005). 
With the animals being fed the same pelleted diet, we 
showed that this selection increased the growth and 
FI of progeny. This was not a surprise because, gen-
etically, FW was highly correlated with ADG (0.64 ± 
0.06) and FI (0.84 ± 0.03). However, simultaneous se-
lection against RFI allowed the increase in FI (0.27 
SD unit) to be lower than the responses of FW (0.53 
SD unit) and ADG (0.49 SD unit), leading to a re-
duction in RFI (−0.17 SD unit). The progeny were 

more efficient. Herd et al. (1997) investigated the re-
sponse to selection based on RFI only and showed 
that progeny from low-RFI parents ate less and were 
more efficient. No difference was observed with re-
spect to live weight and growth. Richardson et  al. 
(2001) demonstrated the same trend. They also in-
vestigated body composition and found no difference 
in dressing percentage, although low-RFI animals 
displayed more protein gain and less carcass fat. The 
selection on FW and RFI in our study not only im-
proved the growth and efficiency of progeny, but also 
improved muscle growth capacity as revealed by the 
positive responses of dressing percentage and muscle 
content in carcass and a reduction in the carcass fat 
content.

This study was based on animals fed with a high-
digestibility diet and both sires and progeny received 
the same pelleted diet. Interactions between genetic 
traits and other diets (roughage or silage diets) were 
not explored during this study. Further investiga-
tions will now be necessary to link FE studies and 
management practices on French farms.

CONCLUSION

Feed efficiency is a heritable trait in the French 
Charolais breed and RFI is not associated with FW 
and ADG. This relationship enables the selection of 
this trait without this having any effects on growth 
traits. RG is also useful to select animals with a high 
daily gain without an antagonist effect on FI. RFI, 
RG, and FE have a consistent relationship with 
carcass composition traits: efficient animals have a 
greater proportion of muscle, procuring an advan-
tage in terms of beef value. The 3 FE criteria were 
also associated with a reduction in 5th quarter fat. 
Residual feed intake and FE were markedly associ-
ated with several organ traits, which indicates that 
selection for RFI and FE may reduce the propor-
tion of these visceral organs and hence the impact 
of energy expenditure on protein turnover.

Selection for a high FW associated with a low 
RFI showed that it is possible to improve growth, 
FE, and carcass composition simultaneously: the 
progeny display better growth, are more efficient, 
and have leaner carcasses, in line of the selection 
goals of AI co-operatives. This study investigated 
the selection of RFI and FW under the same high-
digestibility pelleted diet. Genetic parameters for 
FE under different feed systems need to be inves-
tigated to identify a potential genotype x environ-
ment interaction. Indeed, several feed conditions 
apply on French farms and selection for FE needs 
to be profitable for all livestock systems.
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