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ABSTRACT: Residual energy intake (REI) on
two successive diets (hay and maize based) and
slaughter traits, including visceral organs, were
phenotyped in 584 adult purebred Charolais cows.
To investigate the relationships between these traits
and their genetic determinism, we first estimated the
genetic parameters, including correlations, using
REML modeling under WOMBAT software. The
animals were then genotyped on the BovineSNP50
SNPchip before being imputed to the 600K density
and genome wide association study was performed
with GCTA software. We found low heritability for
REI (4> =0.12 in each of the diet phases). Although
the phenotypic correlation between the two diet
phases was moderate (0.36), the genetic correlation
was high (0.83), indicating a common genetic de-
terminism for feed efficiency regardless of the diet.
Correlations between REI and slaughter traits were
negative regarding muscle-related traits and posi-
tive for fat-related traits, indicating that efficient
animals generally had a more muscular carcass. It
was also seen that feed efficiency was genetically
and phenotypically correlated with smaller organs

when expressed as a proportion of their empty
body weight. From the GWAS analysis, seven
QTLs were found to be associated with a trait at
the genome-wide level of significance and 18 others
at the chromosome-wide level. One important QTL
was detected in BTA 2, reflecting the essential ef-
fect of the myostatin gene on both carcass com-
position and relative organ weight. Three QTLs
were detected for REI during the maize diet phase
on BTA 13, 19, and 28, the latter being significant
at the genome-wide level. The QTLs on BTA 19
mapped into the TANC2 gene and the QTLs on
BTA 28 into the KIFIBP gene, which are both
known to interact with the same protein (KIF1A).
However, no obvious functional link between these
genes and feed efficiency could be made. Among
the other QTLs detected, one association on BTA 4
with liver proportion mapped to the candidate gene
WASL, which has previously been shown to be dif-
ferentially expressed in liver cells and linked to feed
restriction or cancer development. No QTLs were
found to be common between feed efficiency and
any slaughter traits.
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INTRODUCTION

In the current context of high feed costs and
competition for food between livestock and hu-
mans, the issue of feed efficiency has become crit-
ical in cattle production. Improving the balance
between output (production) and input (feed
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intake) is central to ensuring the economic and en-
vironmental sustainability of the beef and dairy
industries. The traditional method to measure feed
efficiency is to use a ratio trait such as the feed con-
version ratio (i.e., the ratio between feed intake and
body weight gain) or its reverse, gain efficiency.
However, genetic selection on a ratio trait is gen-
erally not considered as optimal (Gunsett, 1984;
Campo and Rodriguez, 1990). Indeed, this type of
selection may only affect one of the two parts of
the ratio, and this part may not be constant over
animals and time, resulting in a lack of selection
efficiency. Despite a recent study showing some ef-
ficiency of selection on a ratio trait in pigs (Shirali
etal., 2018), this method is not widely used in cattle.
Another means of determining feed efficiency is to
study residual feed intake (RFI). First proposed by
Koch et al. (1963), RF1 is the difference between the
actual feed intake of an animal and its predicted
feed intake based on its performance (i.e., the in-
take necessary to cover the demands of different en-
ergy sinks) estimated by regression. Because of its
residual nature, RFI includes both modeling errors
and the actual variability in efficiency. However, this
definition allows RFI to be conceptually pheno-
typically independent of the traits used for predic-
tion and, therefore, reflects digestive and metabolic
variabilities (Archer et al., 1999; Herd et al., 2004;
Berry and Crowley, 2013). For this reason, RFI has
become the measure of choice for feed efficiency in
cattle (Kenny et al., 2018).

Feed efficiency is a complex and multifac-
torial trait and the biological processes involved
change throughout the life of an animal. Energy
sinks are indeed dependent on the context of the
animal: growth, gestation, lactation, accretion, or
mobilization of body reserves, physical activity,
etc. Moreover, an animal also needs to maintain
its integrity and deal with the protein turnover
that contributes to this expenditure. This main-
tenance requirement can be defined as the energy
required by an animal to sustain a perfectly stable
body weight (Archer et al., 1999). Studies have
suggested that maintenance requirements repre-
sent the principal energy sink, using up to 75% of
the total energy requirement in some situations,
but considerable variabilities exist between ani-
mals (Klosterman, 1972; Ferrell and Jenkins, 1985;
Montano-Bermudez et al., 1990; Richardson and
Herd, 2004; Kenny et al., 2018). This variability
may have a metabolic source or result from differ-
ences in resource allocation between energy sinks.
Numerous studies have indeed reported an associ-
ation between maintenance requirements and body
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composition, as well as possible links between these
requirements and the relative size of visceral tissues
and organs (reviewed by Archer et al., 1999 and
Kenny et al., 2018). Digestive efficiency is also a
component of feed efficiency. Individual variations
in digestive abilities have been demonstrated and
may be associated with the microbiome (Khiaosa-
ard and Zebeli, 2014). Digestibility is also strongly
dependent on the type of feed offered to the animal.

Studies have already started to explore the
genomic control of feed efficiency, and quantita-
tive trait locus (QTL) regions have been evidenced
in growing animals (e.g., Nkrumah et al., 2007b;
Rolf et al., 2012; Lu et al., 2013; Seabury et al.,
2017). In this study, the aim was to explore feed
efficiency in adult cows during the preslaughter
period, which represent a new type of animal in
this type of studies. This enabled us to explore feed
efficiency when maintenance was almost the only
energy sink. Based on a design that allowed indi-
vidual data acquisition under two successive diets
and detailed carcass traits at slaughter, we studied,
at both the phenotypic and genetic levels, the in-
fluence of roughage type on feed efficiency, as well
as its links to body composition and visceral organ
weight. Association studies were performed on ef-
ficiency traits and on carcass traits, some of which
are rarely phenotyped.

MATERIALS AND METHODS

Ethics Statement

During this experiment, all animals were kept
indoors and handled with care in line with Institut
National de la Recherche Agronomique’s (INRA)
ethics policy in compliance 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). All blood sam-
ples were drawn by the appropriate staff on the
farm who had been trained by veterinarians.

Animals and Feed Management

The experiment was performed at the Bourges-La
Sapini¢re Experimental Farm (France) belonging to
the INRA between 1985 and 2010. A total of 584
purebred Charolais females were procreated from 60
insemination sires. After a first calving at 3 yr of age
and three further calvings and lactations, dry females
were managed during a preslaughter period, which
is the subject of the current study. This preslaughter
period comprised an adaptation period of 4 wk with
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a hay diet (not studied here), a first-studied phase
of 4 wk when they received a hay-only diet ad lib-
itum, followed immediately by a second-studied
phase involving a maize silage-based diet. The latter
diet contained ad libitum maize silage plus 1,800 g
soy meal, 0.60 g urea, and 300 g minerals per head
daily. The maize phase lasted on average 6 wk and
ended when the farm manager took the decision to
slaughter the animal as a function of its body condi-
tion. The animals were accommodated in pens (seven
per pen) equipped with individual troughs and auto-
matic gates (American Calan Inc., Northwood, NH,
USA) so that their individual feed intake could be
measured.

Fattening and Feed Efficiency Traits

Individual feed intake was determined by
weighing the forage distributed every day and the
forage refused three times a week. Both the forage
distributed and that refused were sampled three
times a week for analysis. The hay dry matter
(DM) was on average 84.2% (SD 2.4) with an en-
ergy value of 0.57 Unité Fouragere Viande (UFV;
SD 0.04) per kg DM. The maize silage DM was
on average 35.5% (SD 3.4) with an energy value
of 0.85 UFV (SD 0.03) per kg DM. The animals
were weighed on two consecutive days at the start
of the hay phase, at transition from hay to maize
and at the end of the maize phase. They were also
weighed every 2 wk during these phases. Their
body condition score (BCS) was evaluated at the
start and end of each phase, as well as at all inter-
mediate points.

Because the phases were not of the same dur-
ation in all animals, intra-animal regressions were
performed on the body weight and BCS using the
general linear model (GLM) procedure under SAS/
STAT software, version 9.4 of the SAS System for
Linux (Copyright 2002 to 2012 by SAS Institute
Inc., Cary, NC, USA). This made it possible to
define initial, mid-test, and final values for body
weight and BCS for each phase and on a common
timeline for all animals. The duration of the hay
phase was fixed at 28 d and that of the maize phase
at 48 d. The initial and final weights were used to
compute the average daily gain (ADG), defined
as the coefficient of the linear regression of body
weight over time, and the mean metabolic weight
(MMW), calculated as (0.5[end weight of phase +
start weight of phase])®”.

Because of these two diets, we decided to ex-
press feed efficiency in terms of energy rather than
kilogram of feed. The residual energy intake (REI)
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was therefore used rather than the RFI. REI was
defined by the difference between observed and ex-
pected energy intake, computed by a regression of
energy intake on MMW and ADG using the GLM
procedure under SAS/STAT software according to
the following model:

Energy intake = year + MMW + ADG + REI

REIs were calculated separately for each phase.
According to this model, efficient animals were
those with negative REI values.

Means and SDs were calculated for each trait
using the Proc Means under SAS/STAT software.
Animals with performance deviating by more than
4 SD from the mean were discarded for the ana-
lyses, so ultimately 578 females from 59 different
sires were studied. The average family size was 10.3
females (SD 6.9) ranging from 2 to 31.

Slaughter Traits

Animals were slaughtered at INRA’s experi-
mental slaughterhouse in Theix (France). The weight
of hot carcasses was recorded. After chilling for 24 h,
the sixth rib was excised and dissected in order to es-
timate the carcass muscle and fat contents. Of the vis-
ceral organs, the fifth quarter fat, rumen, omasum,
abomasum, intestines, liver, lungs, heart, kidneys,
and spleen were weighed, together with the repro-
ductive tract. Hot carcass and organ weights were
expressed relative to the empty body weight (EBW).
Muscle and fat weights in the carcass were estimated
using following predictive equations based on those
developed by Robelin and Geay (1975):

Muscle weight = —47.47 4 0.8357 (hot carcass)
—42.378 (sixth rib fat)
+19.363 (sixth rib muscle)

—1.638(fifth quarter fat)

Fat weight = —21.40 + 0.2172 (hot carcass)
+56.915 (sixth rib fat)
—26.645 (sixth rib muscle)
+1.074(fifth quarter fat)

The carcass muscle and fat contents were calculated
by dividing the estimated muscle and fat weights by
the hot carcass weight.

Statistical Analysis

Genetic parameters. Genetic parameters were es-
timated using the restricted estimation of maximum
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likelihood (REML) method under WOMBAT soft-
ware (Meyer, 2007). The correlation between the
hay REI and maize REI was estimated using a bi-
variate linear animal model, while correlations with
other variables were estimated using a trivariate
linear animal model, including the two REI and the
given variable. The model considered for all traits
can be expressed in a matrix notation as:

y=Xb+Za+e

where y is the vector of observations for the trait, b
is the vector containing the year effect (considered
as a fixed effect), a is the vector of animal additive
genetic effects, e is the vector of residuals and X and
Z. are the respective incidence matrices assigning
observations to effects. Random effects were as-
sumed to be normally distributed with means equal
to 0 and a covariance structure equal to

V. a\ G®A 0
ale) = 0 IL®oR

where G is a (co)variance matrix of random direct
additive genetic effects and R is the residual (co)
variance matrix. The A matrix represents the addi-
tive genetic relationships between animals, and I is
the identity matrix which has an order equal to the
levels of appropriate residuals effect.

The pedigree file consisted of five generations
that included 2,023 animals. Trait heritability was
estimated from the ratio between the animal vari-
ance component and the sum of the animal vari-
ance component and the residual variance.

Genome-wide association studies Animals were
genotyped using the BovineSNP50 (50K) SNPchip
(Illumina Inc., San Diego, CA, USA). DNA extrac-
tion from blood samples and genotyping were per-
formed at the Laboratoire d’Analyses Génétiques
pour les Espéces Animales in Jouy-en-Josas, France
(LABOGENA; www.labogena.fr). Using FImpute
software (Sargolzaei et al., 2014), all genotypes
were imputed to the high-density SNPchip. The
reference population consisted of 664 French
Charolais animals, with an allelic imputation error
rate lower than 1% (Hozé et al., 2013). The marker
order and positions were based on the UMD3.1 bo-
vine assembly. A total of 647,179 autosomal single
nucleotide polymorphisms (SNPs) and 496 animals
were retained after applying the quality control fil-
ters used in the French national evaluation system
(Boichard et al., 2012): an individual call rate
higher than 95%, an SNP call rate higher than 90%,
a minor allele frequency higher than 5% in at least
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one major French dairy cattle breed, and genotype
frequencies in Hardy—Weinberg equilibrium with P
> 107*. Stratification of the population was assessed
by principal component analysis (PCA) computed
with plink software (Purcell et al., 2007). The as-
sociation analyses were single trait and performed
using the mlma option of GCTA software (Yang
et al., 2011); this applies a mixed linear model that
includes the candidate variant:

y =u+xb +u + e

where y is the vector of phenotypes (corrected for
the year effect using the covar option); pis the overall
mean; b is the additive fixed effect of the candidate
variant to be tested for association; x is the vector
of predicted allele assays ranging from 0 to 2; u ~
N(0, Go?) is the vector of random polygenic effects
(with G being the genomic relationship matrix, cal-
culated using high-density SNP genotypes, and o2
being the estimated polygenic variance based on
the null model [y = p + u +e] and then fixed while
testing for the association between each variant and
the trait) and e ~ N(0, Io2) is the vector of random
residual effects, with I being the identity matrix and
o2 the residual variance. Because of the test multi-
plicity, a Bonferroni correction of o = 5% was ap-
plied to both genome-wide and chromosome-wide
thresholds (threshold of significance = —log [o/
number of SNPs]). SNPs with P < 7.72 X 1078 were
considered to be significantly associated at the
genome-wide level. The chromosome-wide thresh-
olds ranged from P <4.23 x 10°to P <1.24 X 107,
The confidence interval of the QTL location was
estimated using the logarithm drop-off method in
order to include SNP with a probability higher than
1/1000 of SNPmax probability.

Significant regions were compared with al-
ready identified QTLs recorded in the cattle QTL
database https://www.animalgenome.org/cgi-bin/
QTLdb/index. In addition, biological functions of
strong positional candidate genes were reviewed
using https://www.uniprot.org/ in order to identify
possible functional candidates among them.

RESULTS

Descriptive Statistics

Descriptive statistics are reported in Table 1
for feed efficiency traits and Table 2 for slaughter
traits. Although the average raw feed consumption
(expressed in kilogram per day) was almost three
time higher during the maize phase than the hay
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Table 1. Means, SDs, minimums (Min.), and maximums (Max.) of feed efficiency traits for both the hay

and maize phases

Hay phase Maize phase

Trait n Mean SD Min. Max. Mean SD Min. Max.
Feed intake, kg/d 578 14.12 3.10 4.77 26.34 32.23 5.97 13.59 51.56
DML, kg/d 578 11.96 2.65 4.07 21.99 11.21 2.12 4.89 18.13
Energy intake, UFV/d 578 6.82 1.51 2.32 12.53 9.53 1.80 4.16 154
Initial weight, kg 578 707.85 70.39 479.45 938.79 719.83 70.93 482.22 927.87
Final weight, kg 578 721.56 70.55 479.17 933.59 769.27 74.77 528.82 1,003.27
Average daily gain, kg/d 578 0.49 0.70 —1.51 2.44 1.18 0.53 —-0.70 2.80
Initial BCS 578 2.39 0.51 1.00 5.00 2.55 0.50 1.00 5.00
Final BCS 578 2.57 0.50 1.00 5.00 3.23 0.60 1.00 5.00
REIL UFV 578 0.00 1.39 —4.35 5.46 0.00 1.28 —5.87 4.11
Table 2. Means, SDs, minimums (Min.), and maximums (Max.) for slaughter traits

Trait Number of animals Mean SD Min. Max.
EBW, kg 542 634.45 58.88 433.06 853.35
Carcass, % of EBW 542 65.79 1.64 59.87 71.96
Muscle, % of carcass 542 64.91 3.28 54.66 76.34
Fat, % of carcass 542 19.42 3.14 8.81 30.27
Fifth quarter, % of EBW 519 33.22 1.68 25.64 37.40
Leather, % of EBW 520 7.74 0.73 5.62 9.88
Fifth quarter fat, % of EBW 542 4.12 0.90 1.33 7.80
Rumen, % of EBW 542 2.37 0.25 0.30 3.05
Omasum, % of EBW 542 1.01 0.22 0.34 1.97
Abomasum, % of EBW 542 0.45 0.08 0.27 0.87
Intestines, % of EBW 542 2.32 0.37 0.04 3.41
Digestive tract, % of EBW 542 6.15 0.62 3.17 8.32
Reproductive tract, % of EBW 493 0.37 0.14 0.11 0.84
Liver, % of EBW 542 1.17 0.11 0.82 1.70
Lungs, % of EBW 520 0.74 0.09 0.51 1.46
Heart, % of EBW 520 0.43 0.04 0.32 0.69
Kidneys, % of EBW 520 0.19 0.02 0.14 0.37
Spleen, % of EBW 519 0.17 0.02 0.11 0.24

phase, this difference disappeared when intakes
were expressed in kilogram DM. Obviously, maize
silage contains more energy than hay (per kilogram
DM), so the energy intake was on average 40%
higher during the maize phase. The average en-
ergy intake during the hay phase (6.82) was slightly
higher than the estimated 6.3 UFV/d that would
have been necessary to meet maintenance require-
ments alone, according to INRA equation (INRA,
2018). This was in line with the observations as the
animals were able to gain a small amount of weight
(0.49 kg/d) and body condition (0.18) during the
period. During the maize phase and because the
females were heavier, their maintenance require-
ments were slightly higher and estimated at an
average of 6.6 UFV/d. During this second phase,
the actual energy intake was substantially higher
at 9.53 UFV/d. The increases in body weight and
condition were consequently greater: 1.18 kg/d and

0.68, respectively. These gains in weight and body
condition were expected and appropriate during
this experiment where the animals were in their fin-
ishing and preslaughter period. By construction,
the REI was an average of zero in each phase. For
the hay phase, the R? of the regression was 0.15,
while it was 0.49 for the maize phase. The ADG
did not have a significant effect on the regression
for the hay phase.

Genetic Parameters

The heritability of REI in both the hay and
maize phases and the correlations between these two
traits are presented in Table 3. Heritability during
the two phases was low and similar at around 0.12
(SE 0.08). Although the phenotypic correlation
was already moderate (0.36), the genetic correl-
ation was extremely high (0.83), suggesting that a
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considerable proportion of the genetic determinism
underpinning feed efficiency might be shared be-
tween the two phases despite the difference in diet.

The heritability of the other traits and their
correlations with hay and maize REI are presented
in Table 4, and they varied depending on the trait.
The three weight traits (hay phase mid-weight,
maize phase mid-weight, and EBW) are highly her-
itable, with a value of A*> = 0.68. By contrast, the
heritability of components such as the lung or re-
productive tract (expressed as a percentage of
EBW) were quite low, at 422> = 0.05 and h?=0.08, re-
spectively. Other slaughter traits were intermediate,
with the heritability of digestive tract components
ranging from 0.11 to 0.23 and that of other organs

Table 3. Heritability (on the diagonal), genetic
correlations (above the diagonal), and phenotypic
correlations (below the diagonal) for REI meas-
ured during the hay and maize phases, with SEs in
brackets

Trait REI hay phase REI maize phase
REI hay phase 0.12 (0.08) 0.83(0.29)
REI maize phase 0.36 (0.04) 0.13 (0.08)
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and carcass composition ranging from 0.27 to 0.53.
For the ADG, heritability of the trait for the maize
phase was slightly higher than that for the hay
phase (0.13 and 0.08). The same pattern was ob-
served with respect to energy intake (4> = 0.15 for
the hay phase and /#*> = 0.20 for the maize phase).
However, in light of the SEs, none of these differ-
ences between phases was significant.

The phenotypic correlations between REI and
the corresponding mid-weight and ADG intraphase
values were equal to zero, as had been anticipated in
view of the definition of the REI equation. By con-
trast, correlations with energy intake were highly
significant, even at the genetic level, with genetic
correlations of between 0.60 and 0.88. Genetic
correlations with mid-weights and the ADG were,
however, mainly low and all were nonsignificant.

Phenotypic correlations with slaughter traits
were low, ranging generally from —0.15 to 0.15, the
only exceptions being the digestive tract (0.16) and
liver (0.26) with the maize REI. For genetic correl-
ations, the SEs were high (mostly around 0.3-0.4),
thus limiting the number of significant results.
The two REI measures tended to be negatively
genetically correlated with the carcass muscle per-
centage (r, = —0.44 and r, = —0.35) and positively

Table 4. Heritability (4?) and phenotypic (r) and genetic (r) correlations with REI measured during the hay
and maize phases for various traits, with SEs in brackets

Hay REI Maize REI

Trait h? r T, r, 7,

Hay energy intake, UFV/d 0.15 (0.08) 0.97 (0.01) 0.88 (0.07) 0.36 (0.04) 0.68 (0.28)
Maize energy intake, UFV/d 0.20 (0.08) 0.32 (0.04) 0.60 (0.29) 0.87 (0.01) 0.68 (0.17)
Hay phase mid-weight, kg 0.68 (0.08) 0.01 (0.04) 0.09 (0.23) —0.01 (0.04) 0.03 (0.23)
Maize phase mid-weight, kg 0.68 (0.08) 0.01 (0.04) 0.11 (0.23) 0.01 (0.04) 0.04 (0.23)
Hay phase ADG, kg/d 0.08 (0.07) 0.00 (0.04) 0.18 (0.54) 0.10 (0.04) —0.32 (0.58)
Maize phase ADG, kg/d 0.13 (0.07) 0.00 (0.04) —0.14 (0.44) 0.00 (0.04) —=0.17 (0.43)
EBW, kg 0.68 (0.09) 0.01 (0.04) —0.12 (0.25) 0.02 (0.02) —0.12 (0.25)
Carcass, % of EBW 0.53 (0.11) —0.08 (0.05) —0.24 (0.28) —0.12 (0.05) —0.32 (0.26)
Muscle, % of carcass 0.33 (0.10) —0.11 (0.04) —0.44 (0.30) —0.09 (0.04) —0.35(0.29)
Fat, % of carcass 0.27 (0.09) 0.11 (0.04) 0.30 (0.33) 0.09 (0.04) 0.28 (0.31)
Fifth quarter, % of EBW 0.51 (0.10) 0.08 (0.05) 0.62 (0.25) 0.12 (0.05) 0.43 (0.26)
Leather, % of EBW 0.47 (0.11) —0.03 (0.04) 0.09 (0.30) 0.01 (0.04) 0.24 (0.28)
Fifth quarter fat, % of EBW 0.33 (0.10) 0.15 (0.04) 0.59 (0.28) 0.08 (0.04) 0.25(0.30)
Rumen, % of EBW 0.23 (0.09) 0.07 (0.04) 0.49 (0.33) 0.11 (0.04) —0.11 (0.35)
Omasum, % of EBW 0.19 (0.08) 0.06 (0.04) 0.12 (0.37) 0.09 (0.04) 0.15 (0.36)
Abomasum, % of EBW 0.14 (0.08) 0.04 (0.04) 0.52 (0.40) 0.09 (0.04) 0.94 (0.40)
Intestines, % of EBW 0.11 (0.07) 0.09 (0.04) 0.66 (0.47) 0.11 (0.04) 0.74 (0.41)
Digestive tract, % of EBW 0.20 (0.08) 0.11 (0.04) 0.59 (0.35) 0.16 (0.04) 0.48 (0.34)
Reproductive tract, % of EBW 0.08 (0.08) —0.03 (0.04) 0.83 (0.60) 0.01 (0.04) 0.72 (0.60)
Liver, % of EBW 0.39 (0.09) 0.11 (0.04) 0.44 (0.27) 0.26 (0.04) 0.57 (0.26)
Lungs, % of EBW 0.05(0.07) 0.06 (0.04) 0.60 (0.68) 0.06 (0.04) 0.53 (0.66)
Heart, % of EBW 0.50 (0.10) —0.01 (0.05) 0.34(0.28) 0.03 (0.05) 0.25(0.28)
Kidneys, % of EBW 0.27 (0.09) 0.01 (0.05) 0.30 (0.35) 0.07 (0.05) 0.24 (0.34)
Spleen, % of EBW 0.38 (0.10) 0.02 (0.05) 0.77 (0.26) 0.03 (0.04) 0.52 (0.31)
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correlated with the carcass fat percentage (rg =0.30
and r,=0.28). This seems to indicate that efficient
animals produced more carcass muscle than fat, al-
though none of these correlations differed signifi-
cantly from zero.

The importance of the fifth quarter and fifth
quarter fat was highly positively correlated with the
REI, particularly for the hay REI where the correl-
ations were significant (r,=0.62 andr =0.59). This
indicates that efficient animals, particularly those
on a hay-based diet, seemed also to be those with
the fifth quarter and fifth quarter fat representing
a smaller proportion of their EBW. This obser-
vation was confirmed by the fact that the genetic
correlations between REI and organs were all posi-
tive (and with just one exception, nonsignificant).
However, due to the large SE among all correlations
between REI and organs, only three are significant:
the correlation between maize REI and abomasum
that was extremely high (r, = 0.94) and the correl-
ations between maize REI and liver (r,=0.57) and
between hay REI and spleen (rg =0.77).

Association Analyses

Stratification of the population, as evaluated
by PCA, is shown in Figure 1. The population
was generally homogenous but with a few families
displaying slight differences. This structure was
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taken into account in the GWAS model using the
genomic matrix.

The results of GWAS analyses are presented in
Table 5. Seven QTLs were found to be associated
with a trait with a genome-wide level of significance,
and 18 others were significant at the chromosome-
wide level, thus giving a total of 25 QTLs scattered
over 13 chromosomes and associated with 15 dif-
ferent traits. Overall, among the 26 different traits
analyzed, no significant QTLs were found for 11
of them, one significant QTL was found for 8 of
them, two QTLs were found for 4 of them, and
three QTLs were found for 3 of them. The REI for
the maize phase was the only nonslaughter trait for
which QTLs were found.

All but one of the QTLs significant at a genome-
wide level were located on the Bos Taurus chromo-
some (BTA) 2. These QTLs, associated with carcass
yield, fifth quarter proportion, fifth quarter fat, per-
centage of muscle, percentage of fat, and liver propor-
tion, were all located at 6.2 Mb. The QTLs were also
significant at a chromosome-wide level for intestine
proportion, digestive tract proportion, and leather
proportion. The level of association was extremely
high for several traits: fifth quarter proportion (—log
P = 28), carcass yield (—log P = 23), percentage of
muscle (—log P = 25), and percentage of fat (—log
P = 15). The minor allele frequency of the SNPmax
was 0.13.

0,04

Figure 1. Population diversity shown following PCA (one color corresponds to one sire).
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Table 5. List of all significant GWAS signals on the different traits

Physical position Associated Number of signifi-  Significant interval Level of
BTA (Mb) Trait P-value cant SNP (Mb) significance’
1 110.27 Omasum, % of EBW 4.54 x 1077 10 110.01-110.27 **
2 6.22 Intestines, % of EBW 3.78 x 1077 13 5.51-6.22 **
2 6.22 Carcass, % of EBW 5.87 x 107 2 6.21-6.22 HEE
2 6.22 Digestive tract, % of EBW 6.08 x 1077 20 5.30-6.22 Hk
2 6.22 Fifth quarter fat, % of EBW 1.00 x 1071° 5 5.59-6.22 HEE
2 6.22 Muscle, % of carcass 4.74 x 107 2 6.21-6.22 kk
2 6.22 Fat, % of carcass 2.22 % 107'¢ 2 6.21-6.22 kk
2 6.22 Leather, % of EBW 6.51 x 1077 12 5.49-6.22 **
2 6.22 Liver, % of EBW 6.11 x 107 5 5.59-6.22 HEE
2 6.22 Fifth quarter, % of EBW 5.44 x 107 2 6.21-6.22 HEE
2 55.42 Heart, % of EBW 1.73 x 1077 5 55.35-55.45 **
2 76.43 Rumen, % of EBW 9.70 x 1077 9 75.91-76.95 **
3 30.59 Abomasum, % of EBW 1.28 x 107 5 30.59-30.71 **
4 88.83 Liver, % of EBW 1.18 x 107 52 88.12-89.91 **
7 70.95 Lungs, % of EBW 1.29 x 107 2 70.94-70.95 **
8 74.83 Leather, % of EBW 4.77 x 1077 47 72.49-75.15 **
12 36.34 Fifth quarter, % of EBW 4.52 x 1077 10 33.94-36.34 **
13 9.256 REI maize phase 1.92 x 107 6 8.25-10.20 o
13 27.01 Lungs, % of EBW 2.41 x 107 15 26.46-27.34 **
19 48.17 REI maize phase 4.51 x 1077 71 42.26-48.20 **
20 69.80 Leather, % of EBW 3.66 X 1077 9 69.69-69.93 **
22 24.59 Rumen, % of EBW 2.77 x 107° 10 24.56-24.60 **
26 43.11 Intestines, % of EBW 1.09 x 107 2 43.10-43.11 **
28 25.43 REI maize phase 6.43 x 1078 16 25.41-25.55 ok
28 28.24 Intestines, % of EBW 7.77 x 1077 13 28.24-28.37 **

#** corresponds to the genome-wide significance threshold and ** to the chromosome-wide significance threshold.

The last QTL to reach the threshold of genome-
wide significance was associated with the REI
during the maize phase and located on BTA 28 at
25 Mb. The frequency of the minor allele was 0.28
and the SNP effect corresponded to a 0.38 pheno-
typic SD.

DISCUSSION

REI Modeling

This study used a very classic REI model
with fixed effects similar to those in the litera-
ture. However, the R? values of our models (0.15
and 0.49) were low, particularly for the hay phase
model. In their review, Kenny et al. (2018) re-
ported that most studies on growing beef cattle
under an energy-dense diet (e.g., Kelly et al., 2010;
Fitzsimons et al., 2014) indicated an R? of around
0.7. When the diet mainly contained forage, the R?
reported in the literature is slightly lower at around
0.6 (e.g., Shafferetal., 2011; Lawrence et al., 2012).
This difference between diets has been hypothe-
sized as being due to differences in the rumen fill
value that might influence the DM intake (DMI)

(Kelly et al., 2010; Kenny et al., 2018). In our spe-
cific case, we cumulated two parameters that could
explain the low R? value: first, the animals were fed
with forage-based diets and, second, the study was
performed on adult, full-grown animals so that
changes to body weight only reflected changes in
body reserves. The small variation in body weight
observed during our study, particularly during
the hay phase, was logically a factor limiting the
importance of the ADG in the R* of the model
when compared to growing animals. Indeed, the
ADG effect was not significant in the hay phase
model. Lawrence et al. (2013), who studied preg-
nant nongrowing beef cows fed with grass silage,
also found a low R? value (R? = 0.24).

Genetic Parameters for Feed Efficiency

The heritability estimates for REI were quite
low (0.12) but similar between the two phases.
However, the SE of 0.08 was quite large and sug-
gests that the true heritability could be between 0
(included) and 0.28. A higher number of animals
would have helped to improve the accuracy of our
estimation.
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This heritability value of 0.12 was within the
lower range of heritability for RFI reported in the
literature, as reviewed by Berry and Crowley (2013).
Indeed, they saw heritability values ranging from
0.00 to 0.62. However, heritability varies between
studies depending on the type of animal involved.
Although the range reported by Berry and Crowley
(2013) for growing animals is between 0.14 and
0.62, this falls to between 0.00 and 0.38 in adult
cows, which is in line with our estimates. This dis-
crepancy between the heritability values of growing
and adult animals may indicate that the biological
processes hidden behind the feed efficiency trait
are at least in part due to differences in their de-
velopmental stage. Indeed, the proportion of main-
tenance on the total energy requirements differs
markedly between growing animals and their adult
counterparts. In other words, one might say that
an efficient use of feed for growth is more herit-
able than an efficient use of feed for maintenance.
Heritability estimates relative to body weight and
energy intake were similar in the two phases and in
line with data in the literature (Berry and Crowley,
2013). However, the ADG estimates were lower
than those reported, probably, because the latter
were all estimated in growing animals.

As expected due to the regression properties,
phenotypic correlations of REI with energy intake
were positive and high for both phases. This result
was consistent with the literature reviewed by Berry
and Crowley (2013), which had reported an average
phenotypic correlation of 0.66 between RFI and
feed intake. Other studies also reported similar
phenotypic correlations (e.g., 0.72 for Coyne et al.,
2018 and 0.65 for Polizel et al., 2018). The genetic
correlations of 0.88 and 0.68 found between REI
and energy intake for the two different phases were
also consistent with equivalent correlations in the
literature: 0.72, 0.61, and 0.70 according to Berry
and Crowley (2013), Coyne et al. (2018), and Polizel
et al. (2018), respectively. Phenotypic correlations
of REI with weight and ADG were 0 by construc-
tion, and none of the genetic correlations differed
from 0 in this study. This result is similar to most
of the findings reported in the literature (Berry and
Crowley, 2013), although some studies did find cor-
relations (e.g., Nkrumabh et al., 2007a; Polizel et al.,
2018).

REI Under Two Different Diets

The genetic correlation between the REI values
during the two phases was high (0.83), indicating
that, although they were two distinct traits, they

Martin et al.

are, nevertheless, markedly similar from a gen-
etic point of view. Some studies had previously
explored the effect of different diets on feed ef-
ficiency but mostly from the phenotypic point of
view. Durunna et al. (2011a) and Cassady et al.
(2016) found moderate phenotypic correlations be-
tween the RFI of young cattle determined under
both growing and finishing diets (0.33 and 0.40,
respectively). Manafiazar et al. (2015) reported a
correlation of 0.30 for RFI between drylot condi-
tions and pasture. By contrast, other studies did not
find any difference in RFI on pasture among ani-
mals ranked according to their RFI evaluated in-
doors (Lawrence et al., 2012; Oliveira et al., 2016).
Finally, Coyle et al. (2016, 2017) estimated correl-
ations of 0.18 and 0.19 between RFI on distributed
fresh grass diet and RFI on high concentrate diet
and correlations of 0.30 and 0.40 between RFI on
grass silage and RFI on distributed fresh grass in
two different breeds of cattle. All these phenotypic
correlations were within the same range (between
0.2 and 0.4), which also covers the phenotypic cor-
relation estimated during our study (0.36). The
study by Durunna et al. (2011b) was one of the rare
works that published a genetic correlation in this
context, finding an estimated genetic correlation of
0.50 between RFI on growing and finishing diets.
Although the genetic correlation we estimated was
higher, these published correlations were both high
as well, suggesting the presence of genetic X envir-
onment (G X E) interactions. Although estimates
of genetic correlations are still rare in that case, a
consensus seems to have been reached in the recent
literature concerning the existence of G X E inter-
actions with respect to feed efficiency (Berry and
Crowley, 2013; Cantalapiedra-Hijar et al., 2018;
Kenny et al., 2018). From a biological point of
view, this interaction may be due to both differ-
ences in feeding behavior and digestive efficiency.
Difference in the rumen microbiota between effi-
cient and nonefficient animals, in interaction with
the diet, have also been demonstrated (Zhou et al.,
2010; Carberry et al., 2012; Hernandez-Sanabria
et al., 2012).

Slaughter Traits and Their Links with Feed
Efficiency

Slaughter traits have been found as being mod-
erately heritable. Rios Utrera and Van Vleck (2004)
reviewed 72 papers from the literature and reported
the heritability of several carcass traits. Although
our estimates were always within the range of those
reported, they differed slightly from the overall



Genetics of feed efficiency and slaughter traits

mean. The review reported an average heritability
of 0.40 for hot carcass weight, which was lower
than the 0.68 we estimated here for EBW (although
this is not exactly the same trait). Similarly, our
estimate was higher than the average for carcass
yield (0.53 vs. 0.32), while the heritability of muscle
percentage and fat percentage were lower (0.33 vs.
0.52 and 0.27 vs. 0.51, respectively). The values for
fifth quarter fat were close (0.33 vs. 0.40). Previous
studies on French Charolais cattle had reported
values close to our estimates: 0.43, 0.54, and 0.68
for carcass yield (Renand, 1985; Fouilloux et al.,
1999; Renand and Krauss, 2002) and 0.41 and 0.36
for muscle and fat percentage, respectively (Renand
and Krauss, 2002). The latter authors also esti-
mated the heritability of three visceral organ traits.
They found a higher heritability than our estimates
for the digestive tract (0.45 vs. 0.20) and lung (0.39
vs. 0.05) and a lower heritability for the heart (0.23
vs. 0.50). Although some authors have suggested
that visceral organ masses may be heritable (Jenkins
et al., 1986; Hotovy et al., 1991), we were not able
to find any other estimates of visceral organ weight
heritability in cattle.

We found low phenotypic correlations between
REI and some carcass traits, suggesting that ef-
ficient animals have generally a slightly higher
muscle percentage and lower fat percentage in their
carcasses compared to high REI animals and that
a larger proportion of EBW is taken in high REI
animals by digestive organs and the liver when
compared to efficient animals. Some studies in the
literature did not find any phenotypic correlations
between RFI and most carcass composition or
organ weight traits (e.g., Mader et al., 2009; Cruz
et al., 2010; Fitzsimons et al., 2014; Fidelis et al.,
2017). However, when correlations were found, they
were in line with those observed during our study.
A link between a low RFI and less internal fat was
reported by Richardson et al. (2001) and Mader
et al. (2009). Fitzsimons et al. (2014) also found
differences in the digestive tract between low and
high RFI groups of animals, with efficient animals
having the lightest reticulo-rumen. Basarab et al.
(2003) and Bonilha et al. (2013) found a similar
trend regarding both the gastrointestinal tract and
liver.

We found similar correlations at the genetic
level, although only a few were significant because
of large SEs. Once again, the results were in line
with the genetic correlations found in the litera-
ture. For instance, Nkrumah et al. (2007a) found
a negative genetic relation between RFI and both
carcass lean meat area and lean meat yield, while
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the correlation with carcass grade fat was positive.
Similar results were also observed by Robinson and
Oddy (2004), Crowley et al. (2011), and Coyne et al.
(2018). In their meta-analysis, Berry and Crowley
(2013) reported genetic correlations of —0.18 be-
tween lean and RFI and of 0.20 between fat and
RFI. To our knowledge, there are few data in the
literature on genetic correlations between visceral
organ weight and RFI. Nevertheless, a study by
Renand and Krauss (2002) reported a positive gen-
etic correlation of 0.42 between RFI and the empty
digestive tract in young Charolais bulls.

The link between feed efficiency and carcass
composition, with more muscle and less fat de-
position among efficient animals, accords with
the fact that the synthesis of protein is energetic-
ally more efficient than that of fat (Archer et al.,
1999; Cantalapiedra-Hijar et al., 2018). However,
the same studies also mentioned that, in contrast,
the maintenance of fat required less energy than
that of protein, which makes this finding difficult
to interpret from a biological point of view. As for
the relationship between feed efficiency and gastro-
intestinal and liver weight or proportion, the in-
terpretation is easier and supported biologically.
First, it has been reported that fluctuations in the
liver and gastrointestinal tract appear to be directly
proportional to dietary intake (Johnson et al., 1990;
Ortigues and Doreau, 1995; Archer et al., 1999),
with feed-restricted animals displaying a reduction
in their organ weights or proportions. Second, the
digestive tract and liver are among the most meta-
bolically active tissues (Smith and Baldwin, 1974;
Ferrell and Jenkins, 1985). Indeed, it has been re-
ported that the liver accounts for 25% of energy
expenditure in steers, while the gut represents 23%
(Lobley, 2003), and their protein turnover has been
found to be higher than that of skeletal muscles
(Early et al., 1990). It has also been suggested that
individual differences in protein turnover rate may
be a component of feed efficiency (Archer et al.,
1999; Fitzsimons et al., 2014; Cantalapiedra-Hijar
et al., 2018).

Association Analysis

The broad effect of the myostatin gene. As men-
tioned above, almost all the QTLs significant at the
genome-wide level, and some at the chromosome-
wide level, were located on BTA 2. These QTLs cor-
respond to the effect of the myostatin gene which was
identified as the GDFS gene and is localized in the
start of BTA 2 (Charlier et al., 1995; Grobet et al.,
1997; Grobet et al., 1998). This gene regulates muscle
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fiber deposition and its mutations are now acknow-
ledged as causing the double-muscling phenotype,
with considerable consequences in different species
(Bellinge et al., 2005). Here, we found a strong effect
of this gene on carcass traits such as carcass yield,
fat percentage, and protein percentage, in line with
the abundant literature on this subject (e.g., Allais
et al., 2010; Martinez et al., 2010; Morris et al., 2010;
Sorbolini et al., 2017). In addition, we found that
this gene also affected some organ proportions: in-
testine, digestive tract, and liver, as well as leather
and internal fat. This effect on internal organ pro-
portions had already been observed by Morris et al.
(2010) with respect to the liver, digestive tract, and
internal fat. They also reported an effect on lung
proportion that we did not observe. Furthermore, an
association between the double-muscling phenotype
and heart size has been reported in the past (Monin
et al., 1974), but neither Morris et al. nor our team
identified any QTL supporting this observation, des-
pite the fact that a similar effect has been found in
mice (Biinger et al., 2004).

Feed efficiency—is a gene family implicated?
Among all the efficiency traits on which GWAS
was performed, only the REI estimated during
the maize phase produced significant results.
Numerous studies have reported QTLs for RFI in
recent years (e.g., Nkrumah et al., 2007b; Sherman
et al., 2010; Rolf et al., 2012; Saatchi et al., 2014;
Seabury et al., 2017). However, the results of these
GWAS were generally inconsistent, with different
QTLs being found from one study to another.
To date, there have been no fewer than 494 re-
ports for RFI and 134 reports for feed conversion
traits in the cattle QTL database (https://www.
animalgenome.org/cgi-bin/QTLdb/index). The re-
sults of our study were not an exception to this
rule, with the QTLs found on BTA 13 being in a re-
gion that has never previously been reported. The
nearest QTL in the literature, detected for main-
tenance efficiency, efficiency of gain, and partial
efficiency of growth by de Oliveira et al. (2014),
is indeed at a distance of 10 Mb. The maximum
of our QTL peak was located in an intergenic re-
gion, the nearest genes being MACRODZ2, FLRT3,
and KIFI16B. The second significant QTL that we
detected for REI on BTA 19 is located less than
1 Mb away from a QTL that was previously re-
ported by Nkrumah et al. (2007b) for RFI and
Rolf et al. (2012) for feed intake. The maximum of
our QTL peak is an intronic SNP of the TANC2
gene. Although the biological functions of the
protein coded by the TANC2 gene remain unclear,
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it has been associated in the literature with neurons
and embryonic development (Han et al., 2010).
The last QTL that we identified for REI was the
most significant and found on BTA 28. Our QTL
co-localized with two QTLs for DMI that had been
identified by Hardie et al. (2017) and Tetens et al.
(2014). It is worth noting that the QTL reported
by Hardie et al. (2017) was found in their multip-
arous but not primiparous cow populations. Tetens
et al. (2014) reported that their QTL region con-
tained a cluster of olfactory receptor genes that
might be related to intake. However, the maximum
of our QTL peak appeared to be an intronic SNP
of the KIFI1BP gene, also called KBP. This kinesin
binding protein, mainly localized in mitochondria,
interacts with the cytoskeleton, and plays a role in
nervous system development (Wozniak et al., 2005;
Alves et al., 2010). The KBP protein is known to
interact with different KIF1 proteins (including
KIF1A) and could be a factor governing their
regulation (Wozniak et al., 2005). This result is par-
ticularly interesting because the TANC2 protein
associated with the QTL found on BTA 19 is also
known to interact with the KIF1A protein (Stucchi
et al., 2018). It is also noteworthy that among the
genes close to our QTL on BTA 13 is KIFI6B,
which also belongs to the kinesin superfamily and
shares a high degree of homology with KIFIA re-
garding its active domains (Lawrence et al., 2004).
However, although there was some concordance
among the genes found under our QTL peaks and
their associated pathways, no obvious links could
be made between this metabolic pathway and the
biology of feed efficiency.

Other slaughter QTL—a strong candidate
gene to determine liver size. Apart from the QTL
on BTA 2 associated with GDF8 described above,
all the other significant QTLs detected during our
study for slaughter traits concerned organ propor-
tions. To our knowledge, only two other publica-
tions have explored QTLs for these traits (Morris
et al., 2010; An et al., 2018). However, none of our
QTLs was common to those previously reported in
the literature. The small number of animals (sev-
eral hundred in our study and that by Morris et al.
and around a thousand in that by An et al.) and the
fact that these studies were performed on different
breeds did not facilitate the statistic power of the
analyses and any potential convergence of the re-
sults regarding these moderately heritable traits.
All the genes localized in close proximity to our
detected QTL were examined. Two of them were
particularly interesting. The first is the SLC16A41
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gene, which is localized 3 kb from our QTL peak
for Abomasum on BTA 3 and is involved in energy
metabolism (Halestrap, 2013), while the second is
the WASL gene, found in close proximity to our
QTL for liver proportion on BTA 4. This gene has
been reported to be differentially expressed in can-
cerous human liver cells versus noncancerous cells
(Costantini et al., 2013). Moreover, this gene has
also been found to be overexpressed in the liver of
cattle during the refeeding phase after feed restric-
tion (Connor et al., 2010), and these authors also
reported a link between feed restriction and a re-
duction in liver size. The WASL gene is, therefore, a
strong candidate to exert a potential genetic effect
on liver size, as well as having a link with feed effi-
ciency, as previously shown.

No QTL was found to be common to REI and
slaughter traits despite some very high genetic cor-
relations. Similarly, there was no common QTL be-
tween the REI of the two diet phases. Moreover,
there was no significant QTL for REI in the hay
phase. It is true that the heritability of REI is
low but it is also likely that the small number of
animals tested during the study restricted our
detection power.

Ashas already been noted, our work involved
an unusual type of animal when studying feed
efficiency in beef cattle: adult cows receiving
forage diets. Most studies in the literature ana-
lyzed RFI in growing (finishing) animals sup-
plied with energy-dense diets. This affected the
conduct of our study. For instance, we chose
only to use residual intake as a feed efficiency
trait and to discard other possible traits, such
as the feed conversion ratio or residual gain,
because of the small variations in body weight
observed in our full-grown animals. Similarly, it
may not be possible to directly compare our re-
sults with those in the traditional literature be-
cause of these differences in both life stage and
diet. Although we have mentioned the G X E
effect observed with the diet, some studies have
also investigated the relationship with life stage
(e.g., Nieuwhof et al., 1992; Gomes et al., 2012)
and also suggested a G X E effect. This raises the
question of the optimum selection goal in beef
cattle in regards with feed efficiency: should
this be young animals fed a concentrate-based
diet, a reproductive herd raised on a forage-
based or grass-based diet, or should we try to
identify common foundations for efficiency be-
tween these different types of feed and animal?
Further investigations are, therefore, necessary
in this respect.
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