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Abstract 

Background Selecting animals for feed efficiency directly impacts the profitability of the beef cattle industry, which 
contributes to minimizing the environmental footprint of beef production. Genetic and environmental factors influ-
ence animal feed efficiency,  leading to phenotypic variability when exposed to different environmental conditions 
(i.e., temperature and nutritional level). Thus, our aim was to assess potential genotype-by-environment (G × E) inter-
actions for dry matter intake (DMI) and residual feed intake (RFI) in Nellore cattle (Bos taurus indicus) based on bi-trait 
reaction norm models (RN) and evaluate the genetic association between RFI and DMI across different environmental 
gradient (EG) levels. For this, we used phenotypic information on 12,958 animals (young bulls and heifers) for DMI 
and RFI recorded during 158 feed efficiency trials.

Results The heritability estimates for DMI and RFI across EG ranged from 0.26 to 0.54 and from 0.07 to 0.41, 
respectively. The average genetic correlations (± standard deviation) across EG for DMI and RFI were 0.83 ± 0.19 
and 0.81 ± 0.21, respectively, with the lowest genetic correlation estimates observed between extreme EG levels 
(low vs. high) i.e. 0.22 for RFI and 0.26 for DMI, indicating the presence of G × E interactions. The genetic correlation 
between RFI and DMI across EG levels decreased as the EG became more favorable and ranged from 0.79 (lowest 
EG) to 0.52 (highest EG). Based on the estimated breeding values from extreme EG levels (low vs. high), we observed 
a moderate Spearman correlation of 0.61 (RFI) and 0.55 (DMI) and a selection coincidence of 53.3% and 40.0% for RFI 
and DMI, respectively.

Conclusions Our results show evidence of G × E interactions on feed efficiency traits in Nellore cattle, especially 
in feeding trials with an average daily gain (ADG) that is far from the expected of 1 kg/day, thus increasing reranking 
of animals.
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Background
In recent years, various worldwide beef cattle breeding 
programs have included feed efficiency-related traits as 
a selection criterion to increase the profitability of beef 
production and minimize the industry’s environmen-
tal impact. Feeding represents approximately 70% of 
the total beef cattle production costs [1], and improving 
individual feed efficiency could potentially influence the 
profitability and sustainability of beef cattle production 
systems [2]. Feed efficiency-related traits are controlled 
by different physiological and biological processes that 
are associated with feed intake and energy expenditure 
[3, 4]. In this context, variation in feed composition and 
availability may result in different weight gain ratios, 
which could potentially be impacted by genotype-by-
environment (G × E) interactions [5].

Both genetic and environmental factors affect individ-
ual feed efficiency traits, leading to phenotypic variability 
in response to exposure to divergent environmental con-
ditions [6–8]. Previous studies indicated that animals that 
are fed high-energy diets had a significantly improved 
feed efficiency as compared to those fed low-energy diets 
[9]. In this context, evaluating the evidence of G × E inter-
actions on economically important traits is essential to 
selecting breeding animals with progeny showing good 
performance even under challenging conditions [8, 10, 
11].

In spite of several studies that have evaluated feed 
efficiency traits under the assumption of independent 
genetic and environmental effects in the models used to 
estimate genetic parameters [12–15], the effect of G × E 
interactions on the genetic parameters and breeding val-
ues for feed efficiency traits, such as dry matter intake 
(DMI) and residual feed intake (RFI), across environmen-
tal gradients (EG) remain unknown in Nellore cattle (Bos 
taurus indicus) populations. In taurine breeds (Bos tau-
rus taurus), Durunna et al. [9] reported evidence of G × E 
interactions for RFI and DMI in crossbred steers fed with 
growing and finishing diets.

G × E interactions occur when a genotype expresses 
different performances in different environmental or 
management conditions [6]. G × E interactions can be 
assessed based on genetic correlations for the same trait 
measured across environments. Genetic correlations 
lower than 0.80 have been suggested to indicate a signifi-
cant effect of G × E interactions on the target traits [7], 
with potential reductions in selection response [8]. In 
this context, G × E interactions represent a major chal-
lenge for breeding programs, as they are an important 
source of phenotypic variation in animals raised across 
different environments. G × E interactions also affect the 
genetic variance and re-ranking among selection candi-
dates [16, 17].

In Brazil, feed efficiency trials have been carried out 
on experimental stations and commercial herds across 
diverse geographical and climatic regions or nutritional 
strategies [18]. Although an average daily gain (ADG) 
of approximately 1 kg/day is recommended for feeding 
trials [5], possible differences in diet composition and 
environmental conditions during different feeding trials 
may result in differences in ADG. In this context, animals 
from herds with a greater selection emphasis on growth 
traits tend to have a higher genetic merit for ADG, which 
influences the feeding intake needed to meet their energy 
requirements and, consequently, the RFI results. Thus, 
comparisons of the expected estimated breeding values 
(EBV) between feeding trials conducted under differ-
ent management conditions, with different diet compo-
sitions, and with animals from multiple herds are often 
challenging [9, 19]. Although most feed efficiency trials 
follow standard nutritional recommendations for diet 
formulation, the chemical composition of the diets can 
lead to divergent nutrient intake [20].

In beef cattle, G × E interactions have been evaluated 
for several traits based on reaction norm (RN) models 
and continuous EG levels, including the estimated aver-
age performance of contemporary groups (CG) [21–23]. 
The RN model links the phenotypic variability to an envi-
ronmental value through the polynomial function, where 
the polynomial coefficients indicate the expected average 
EBV of the animal (intercept) and the slope coefficient 
represents the animal response to environmental changes 
[24–26]. Evaluating G × E interactions is crucial to opti-
mize the design of breeding programs and enhance the 
genetic improvement of feed efficiency-related traits 
measured across environments. Thus, the aim of this 
study was to assess the level of G × E interactions for DMI 
and RFI in Nellore cattle based on a bi-trait RN model 
and evaluate the genetic correlation between DMI and 
RFI across EG levels.

Methods
Field data
The phenotypic information for feed efficiency-
related traits was measured on 12,958 Nellore animals 
(9170 males and 3788 females) and was provided by 
the National Association of Breeders and Research-
ers (ANCP, Ribeirão Preto, SP, Brazil; www. ancp. org. 
br). Animals were recorded during 158 feeding trials 
and belonged to three commercial herds (Nelore HoRa, 
Cornélio Procópio, PR; Rancho da Matinha, Uberaba, 
MG; and AgroNova, Barra do Garças, MT, Brazil) and 
two research centers (Embrapa Cerrados, Goiânia, GO; 
and Federal University of Uberlândia, Uberlândia, MG, 
Brazil). The dataset used includes phenotypic informa-
tion for ADG, DMI, and RFI, following the procedures 

http://www.ancp.org.br
http://www.ancp.org.br
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for measuring individual feed intake in beef cattle [5]. 
The datasets are highly connected due to the use of com-
mon sires across herds through artificial insemination 
(AI), with at least five genetic links across the feeding 
trials, which were evaluated using the AMC program 
[27]. The animals were raised on pasture-based systems 
(Urochloa brizantha cv). The commercial herds adopt 
different nutritional practices with some farms provid-
ing protein and mineral supplementation, especially 
during the dry season, while others providing only urea 
supplementation.

Phenotypic information
The animals received an ad libitum mixed diet during the 
feeding trials, allowing refusals from 5 to 10%. The feed-
ing trial was performed in group pens from 2011 to 2017 
with animals grouped by sex. Feed intake was recorded 
automatically based on the GrowSafe (www. vytel le. com) 
and Intergado (www. inter gado. com) feeding systems. 
The feeding trials comprised at least 21  days for adap-
tation to the feedlot diet and management and an aver-
age of 64.74 ± 29.6 days for the data collection period of 
DMI and ADG. Animals were weighed without fasting 
at the beginning and end of the feeding trial and every 
14  days during the experimental period. Total mixed 
ration (TMR) was offered over the years but differed in 
composition and ingredients. Diets were formulated as 
described by Mendes et al. [5], based on corn silage and 
commercial concentrate, with an average of 64% of total 
digestible nutrients (TDN), 13% of crude protein (CP), 
76% of dry matter (DM), and formulated for different 
weight gains/day. The diets were adjusted based on the 
percentage of dry matter (%DM) to guarantee 2.17 Mcal/
kg for metabolizable energy (ME) and 1.3 MJ/kg for net 
energy for gain  (NEg). In addition, samples of roughage, 
concentrate, and diet refusals were collected to evalu-
ate their chemical composition, such as %DM, which is 
crucial for evaluating DMI and feed efficiency. Thus, the 
%DM in the diet was determined from weekly samples of 
the diets offered and refused.

The DMI was estimated as the feed intake per animal 
recorded automatically by the GrowSafe or Intergado 
feeding system with subsequent adjustments for dry mat-
ter content and expressed as kg/day. ADG was defined as 
the slope from the linear regression of body weight (BW) 
on feeding trial days. Finally, residual feed intake (RFI) 
was estimated within each contemporary group (CG), 
which was defined by year and season of the feeding trial, 
farm, sex (males and females were evaluated in differ-
ent groups) and management groups, as the difference 
between the observed and expected feed intake consider-
ing each animal’s average metabolic body weight (MBW) 

and ADG, using the equation proposed by Koch et  al. 
[19] as follows:

where b0 is the intercept, b1 and b2 are the linear regres-
sion coefficients for ADG and MBW, respectively, and e 
is the residual effect representing the RFI estimate. The 
MBW was calculated as:

where α is the intercept of the regression equation which 
represents the body weight at the beginning of the feed-
ing trial test; and b is the linear regression coefficient 
which represents the ADG; and DFT is the number of 
days of the feeding trial. The descriptive statistics for 
DMI and RFI are in Table 1.

Reaction norm models
A reaction norm model with two steps [11, 28] was con-
sidered in the present study. In the first step, the ADG 
during the feeding trials was used to define the EG lev-
els, given that the actual ADG shows significant variation 
from the recommended ADG of 1.0 kg per day [5]. The 
best linear unbiased estimates (BLUE) solutions of CG for 
ADG were used to quantify potential differences between 
the management and the environmental conditions (i.e., 
nutritional differences) during the feeding trials.

First step—estimation of the environmental gradient 
levels
The EG levels describing the environmental condition 
were based on the BLUE solutions of CG for ADG as they 
are expected to capture differences in management and 
environmental factors experienced by the animals during 
the feeding trials. The CG solutions were obtained con-
sidering an animal model via best linear unbiased predic-
tion (BLUP) as follows:

where y is the vector of phenotypic information for ADG; 
b is the vector of fixed effects of CG and age at feed-
ing trials as a linear covariate, a is the vector of additive 
genetic effects assumed to follow N (0,Aσ

2
a) , where σ2a is 

the additive genetic variance for ADG and A is the pedi-
gree relationship matrix; and e is the vector of residual 
effects assumed N (0, Iσ2e) , where I is an identity matrix 
and σ2e is the residual variance. X and Z are the incidence 
matrices related to the systematic and additive genetic 
effects, respectively. The EG levels were obtained by 
standardizing the BLUE solutions of CG to a mean of 0 
and a standard deviation (SD) of 1.

DMI = b0 + b1AGD+ b2MBW+ e,

MBW =

[
α + b ∗

(
DFT

2

)]0.75
,

y = Xb+ Za + e,

http://www.vytelle.com
http://www.intergado.com
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Second step—reaction norm model
Genetic parameters for DMI and RFI across the EG levels 
were estimated based on a bi-trait reaction RN model as 
follows:

where yij is the vector of phenotypic records for DMI 
and RFI of the animal i on EG level j , b is the vector of 
fixed effect of CG and age of animal as a linear covari-
ate, X is the incidence matrix, ωf is the vector of the f-th 
fixed regression coefficient for intercept ( f = 0 ) or slope 
( f = 1 ) on �

(
EGj

)
 ; �f

(
EGj

)
 is the vector containing the f

-th linear Legendre orthogonal polynomials correspond-
ing to EG level j ( EGj) , αfi is the vector of the random 
regression coefficients for the additive genetic effects of 
the intercept ( f = 0 ) or slope ( f = 1 ) corresponding to 
animal i on EG level j , and eij is a vector of random resid-
ual effects. The bi-trait RN was evaluated considering 
the residual variances as homogeneous or heterogeneous 
across EG levels. For heterogeneous residual variances, 
the different classes of residual variance were determined 
using the K-means clustering approach [29] and the best 

yij = Xb+

∑1

f=0
ωf�f

(
EGj

)
+

∑1

f=0
αfi�f

(
EGj

)
+ eij,

model with different classes of residual variance was cho-
sen based on the Bayesian information criterion (BIC) 
[30]. For this we considered 11, nine, seven, six, and five 
classes of residual variance (Table 2). In addition, a quad-
ratic Legendre orthogonal polynomial was tested for the 
best linear model (Table 3).

The genetic variance ( ̂σ2aEGj
 ) and heritability ( ̂h

2

EGj
 ) 

estimates for DMI and RFI across the EG levels were 
calculated based on the following equations: 
σ̂
2
aEGj

=�fKab�f ′ ; where Kab is the matrix of estimated 
(co)variances pertaining to the random regression coef-
ficients for the additive genetic effects of the intercept 
and slope. The heritability ( ̂h

2

EGj
 ) for each EG level was 

determined as follows: ĥ
2

EGj
=

σ̂
2
aEGj

σ̂
2
aEGj

+σ̂2eEGj

 ; σ̂2aEGj
 is the addi-

tive genetic variance and σ̂2eEGj
 is the residual variance 

considering heterogeneous variance for EG level j . The 
genetic correlation across EG levels ( rEGj,EGj′ ) was 
determined as follows: 
rEGj,EGj′ = σEGj,EGj′/

√
σ̂
2
aEGj

∗ σ̂
2
aEGj′

 , where σEGj,EGj′ rep-
resents the covariance between EG level j and EG level 

Table 1 Descriptive statistics for dry matter intake (DMI), residual feed intake (RFI), and average daily liveweight gain (ADG) in Nellore 
cattle and feeding trials information

Variable RFI (kg/day) DMI (kg/day) ADG (kg/day)

Average − 0.001 8.496 1.205

Standard deviation − 0.720 2.063 0.350

Minimum − 4.931 3.171 − 0.403

Maximum 4.698 18.748 4.335

Feeding trials information

 Number of trials with only males 118

 Number of trials with only females 40

 Animals in the pedigree 23,665

 Sires 802

 Dams 6833

 Sires with progeny records 510

 Dams with progeny records 6349

 Number of contemporary groups 505

Table 2 Group of environment gradient (EG) considered for each class of residual variance

CL: class of residual variance

Class EG1 (− 1.5) EG2 (− 1.2) EG3 (− 0.9) EG4 (− 0.6) EG5 (− 0.3) EG6 (0.0) EG7 (0.3) EG8 (0.6) EG9 (0.9) EG10 (1.2) EG11 (1.5)

Eleven CL1 CL2 CL3 CL4 CL5 CL6 CL7 CL8 CL9 CL10 CL11

Nine CL1 CL1 CL2 CL2 CL3 CL4 CL5 CL6 CL7 CL8 CL9

Seven CL1 CL2 CL2 CL2 CL3 CL3 CL3 CL4 CL5 CL6 CL7

Six CL1 CL2 CL2 CL2 CL3 CL3 CL3 CL4 CL5 CL6 CL6

Five CL1 CL2 CL2 CL2 CL3 CL3 CL3 CL4 CL5 CL5 CL5
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j′ , which are estimated in the same way as the additive 
genetic variance for each EG level.

The EBV for animal i at each EG level were obtained 
using the following equation: ĝiEGj

=αfi�f
′ ; where αfi is 

the vector of the additive genetic values for the intercept 
and slope estimates of animal i and �f

′ is the transposed 
vector of the Legendre orthogonal polynomials for each 
EG level. Pearson’s and Spearman’s rank correlation coef-
ficient for EBV across EG levels were used to assess the 
reranking of 50 sires that were selected based on the 
highest EBV values for a medium EG level (EG = 0) and 
with at least five progenies recorded at low, medium, and 
high EG levels. To evaluate the sire coincidence between 
the low, medium, and high EG levels, we selected 15 sires 
with the highest EBV in these EG levels.

The genetic analyses were performed using the Wombat 
software [31] based on the average information restricted 
maximum likelihood (AI-REML) algorithm. The mod-
els were compared using the BIC [30], according to the 
following equation: BIC = −2logL+ plog(N− r(X)) , 
where p is the number of parameters estimated for the 
model, N is the number of phenotypic records for DMI 
and RFI, r(X) is the rank of the coefficient matrix of fixed 
effects in the analyzed model, and logL is the maximum 
log-likelihood.

Environmental sensitivity
A plasticity scale was assumed based on the absolute 
individual value of the slope ( f1 ) and standard deviation 
of the population slope ( σf 1 ). The animals were classi-
fied as robust ( 

∣∣f1
∣∣ < σf 1 ), plastic ( σf 1 <

∣∣f1
∣∣ < 2σf 1 ), and 

highly plastic ( 
∣∣f1

∣∣ > 2σf 1).

Results and discussion
Comparison of reaction norm models
Based on the BIC criteria, on the one hand, a linear 
model considering heterogeneous residual variances with 
six classes (Lin_het_6) was the most appropriate model 
to fit the residual structure of DMI and RFI, as presented 
in Table  3. On the other hand, a quadratic model con-
sidering six classes of residual variance (Qua_het_6) did 
not improve the model fit of the data. Among the mod-
els tested, the model that assumed homogeneous resid-
ual variances (Lin_hom) showed the highest (worst) BIC 
value. Thus, models considering heterogeneous residual 
variances fitted the data better than those considering 
a homogeneous residual variance. To select the optimal 
model, Meyer [32] recommended to balance the classes 
of residual variance and the amount of data available, 
especially when the data are irregularly distributed. In 
this context, Carvalheiro et al. [33], Mota et al. [11] and 
Carvalho Filho et al. [34], suggested that for the evalua-
tion of G × E interactions for productive and reproductive 
traits in Nellore cattle, RN models with heterogeneous 
residual variances provided a better fit to the data than 
homogeneous residual variances.

Phenotypic means of RFI, DMI, and ADG across EG levels
The phenotypic means and standard deviation by EG for 
the traits studied are in Table 4. For DMI and ADG, as the 
environment became more favorable (or less restricted), 
the mean values showed an increasing pattern, ranging 

Table 3 Comparison of the reaction norm models according 
to the log-likelihood function (LogL) and Schwarz-Bayesian 
information criterion (BIC) for dry matter intake (DMI) and 
residual feed intake (RFI) in Nellore cattle

Italic: model used; CRV: Residual variance classes; Lin_hom: linear model with 
homogeneous residual variance; Lin_het_11: linear model with eleven classes of 
residual variance; Lin_het_9: linear model with nine classes of residual variance; 
Lin_het_7: linear model with seven classes of residual variance; Lin_het_6: 
grouping the last two classes of residual variance; lin_het_5: model lin_het_7 
grouping the last three classes of residual variance; Qua_het_6: quadratic model 
with six classes of residual variance

Model PO CRV LogL BIC NP

Lin_hom 2 1 2988.3 3054.1 13

Lin_het_11 2 11 2805.9 3023.5 43

Lin_het_9 2 9 2811.3 2998.6 37

Lin_het_7 2 7 2830.0 2986.9 31

Lin_het_6 2 6 2819.0 2960.7 28

Lin_het_5 2 5 2853.2 2979.7 25

Qua_het_6 3 6 2823.6 3021.0 39

Table 4 Number of records (N) and descriptive statistics for 
dry matter intake (DMI), residual feed intake (RFI) and average 
liveweight gain (ADG) by environmental gradient (EG) in Nellore 
cattle

DM: dry matter
* Values in parentheses represent the environmental gradient solution 
standardized for mean zero and standard deviation of 1 for ADG BLUE (best 
linear unbiased estimate) solutions

EG* N DMI (kg DM/day) RFI (kg DM/day) ADG (kg/day)
Mean ± SD

1 (− 1.50) 254 6.255 ± 1.036 0.00 ± 0.512 0.680 ± 0.191

2 (− 1.20) 1312 6.907 ± 1.027 0.00 ± 0.649 0.851 ± 0.224

3 (− 0.90) 1938 7.379 ± 1.531 0.00 ± 0.652 0.978 ± 0.205

4 (− 0.60) 2494 7.846 ± 1.278 0.00 ± 0.651 1.093 ± 0.208

5 (− 0.30) 2117 8.472 ± 2.027 0.00 ± 0.724 1.201 ± 0.222

6 (0.00) 1646 9.419 ± 2.553 0.00 ± 0.758 1.313 ± 0.236

7 (0.30) 1512 9.677 ± 1.691 0.00 ± 0.726 1.445 ± 0.289

8 (0.60) 834 10.674 ± 1.690 0.00 ± 1.026 1.566 ± 0.298

9 (0.90) 499 10.349 ± 1.578 0.00 ± 0.616 1.698 ± 0.239

10 (1.20) 151 10.353 ± 1.746 0.00 ± 0.840 1.817 ± 0.225

11 (1.50) 201 11.498 ± 0.094 0.00 ± 0.980 1.933 ± 0.292
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from 6.255 to 11.498 (kg of DM/day) for DMI and from 
0.680 to 1.928 (kg/day) for ADG. Following the recom-
mendations that a diet energy intake that allows an ADG 
of around 1.0 kg/day during the feeding trials should be 
provided [5], there was a large variability in ADG across 
EG (Table  4). The potential physicochemical differences 
in the ingredients used for the formulation of the diets, 
which were caused by the vast climatic variation and geo-
graphic regions across the Brazilian regions where the 
trials were conducted, in addition to the greater selec-
tion emphasis on body weight for specific farms, might 
explain the considerable variation observed in the aver-
age ADG of the animals evaluated in this study.

In pigs, differences in feed composition have been 
reported as a crucial source of environmental variation 
and G × E interaction [35], with ADG, DMI, and RFI 
showing sensitivity to these variations in environmental 
conditions. Furthermore, improving feed efficiency in 
production systems generally increases environmental 
sensitivity, whereby differences in dietary energy con-
centration significantly impact feed efficiency outcomes 
[36]. Therefore, it is important to monitor and manage 
the impact of selection across different feeding trials to 
improve these traits successfully.

Heritability, phenotypic, and additive genetic variance 
estimates
The heritability estimates obtained for RFI and DMI 
across EG ranged from 0.07 to 0.41 (Fig.  1a) and from 
0.26 to 0.54 (Fig.  1c), respectively. Both RFI and DMI 

showed similar patterns for heritability estimates across 
EG, i.e., first decreasing from the lower EG level (− 1.5) 
until a medium EG level (0.60) and then increasing for 
higher EG (0.90) levels. Differences in heritability esti-
mates across different EG levels occur due to the effect 
of G × E interactions leading to changes in genetic and 
phenotypic variances between EG levels for RFI (Fig. 1b) 
and DMI (Fig. 1d). Based on these results, it seems that 
environmental factors might have a greater impact on 
phenotypic variations than additive genetic effects. This 
could be due to the enhanced EG level leading to higher 
ADG or to the possibility of the animal’s genetic potential 
being masked by the environment.

The heritability estimates obtained for RFI (0.13) 
and DMI (0.34) for the medium EG level (0.0) were 
slightly different from those reported in the litera-
ture, with models that do not consider G × E interac-
tions. However, the values across EG levels (Fig.  1a 
and c) corroborate with the expected values observed 
in the literature. The heritability estimates were lower 
than those described in the literature for RFI, ranging 
from 0.17 to 0.28 [4, 14, 37, 38]. For DMI, the herit-
ability estimates were within the range observed in 
other Nellore cattle studies, with values ranging from 
0.23 to 0.47 [4, 14, 37, 38]. However, the differences 
in heritability estimates are probably due to the dif-
ferences between populations (as genetic parameters 
are population-specific due to differences in allele fre-
quencies), environmental conditions, and the statisti-
cal model used to estimate the variance components. 

Fig. 1 Heritability ( h2 ) for residual feed intake (RFI) (a) and dry matter intake (DMI) (c), and additive genetic variance ( σ2a ) and phenotypic variance 
( σ2p ) estimates for RFI (b) and DMI (d) across environmental gradients
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Higher genetic responses are expected at EG levels of 
1 for RFI and at EG levels of 1 and 9 for DMI due to 
higher heritability estimates (Fig. 1).

In a study that estimated genetic parameters for 
feed efficiency traits in crossbred cattle fed growing 
and finishing diets under successive feeding regimes, 
Durunna et  al. [9] reported higher heritability values 
for DMI and RFI (0.43 and 0.36, respectively) with the 
finisher-fed regime than with the grower-fed regime 
(0.30 and 0.19, respectively). The authors justified 
these results by the greater additive genetic varia-
tion for DMI and RFI in the finisher-fed group than 
in the grower-fed group. The estimates of the addi-
tive genetic variance for DMI increased gradually as 
environmental conditions improved (0.26 to 0.75), i.e., 
better environments (assessed based on greater ADG) 
enhance the differences between animals for this trait. 
Regarding RFI, the additive genetic variance showed a 
constant behavior along the EG (0.07 to 0.11; Fig. 1).

The phenotypic variance estimated for RFI and 
DMI increased across EG levels, ranging from 0.27 to 
1.08 and from 0.55 to 1.71, respectively. Thus, a less 
restricted environment (higher ADG) resulted in the 
largest phenotypic variability for both traits. However, 
for RFI, this increase was not due to the greater addi-
tive genetic variance, but it reflected the increase in 
environmental variance, and consequently, the herita-
bility estimates decreased for RFI along the EG. There-
fore, the influence due to variance heterogeneity was 
greater for RFI than for DMI, probably because RFI 
had a larger influence on environmental variance along 
the EG.

Genetic correlation estimates for RFI and DMI 
across environmental gradients
The genetic correlation estimates for the evaluated traits 
across EG levels ranged from 0.22 to 0.99 (0.81 ± 0.21) for 
RFI and from 0.26 to 0.99 (0.83 ± 0.19) for DMI, which 
indicates the presence of G × E interactions (Fig.  2). 
When the EG levels were more similar, we observed 
genetic correlation estimates higher than 0.80, and as 
the EG levels were more divergent, the genetic correla-
tion decreased below 0.80, indicating the occurrence of 
G × E interactions across EG [7]. The lower genetic cor-
relations between the extreme EG levels represent a 
significant effect of G × E interactions, potentially lead-
ing to reranking of breeding animals due to variation in 
EBV across EG levels [11, 39]. Genetic correlations close 
to 0.80 were obtained by Godinho et al. [35] for RFI and 
average daily feed intake in pigs during the early phase, 
and below 0.80 for RFI (0.74) in the grower phase with 
two diets. The authors reported that the genetic progress 
observed when applying selection under one diet might 
not be the same as that observed when selecting animals 
with another diet during these phases due to a reranking 
of the genotypes. Thus, in pigs, these traits are sensitive 
to changes in the source of energy nutrients in the diets.

Durunna et al. [9] evaluated G × E interactions for feed 
efficiency traits in crossbred cattle that were fed grow-
ing and finishing diets under successive feeding regimes 
and reported the existence of G × E interactions for 
DMI and RFI. Low genetic correlation estimates were 
observed between DMI (0.63) and RFI (0.39) measures 
with the two diets, indicating differential performance 
across environments, i.e., feed efficiency may depend on 

Fig. 2 Genetic correlation estimates for residual feed intake (RFI) (a) and dry matter intake (DMI) (b) across environmental gradients (EG) in Nellore 
cattle. The colors indicate the magnitude of the genetic correlations
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the diet provided. In this context, G × E models provide a 
new tool for the evaluation of traits measured in different 
environments where genetic heterogeneity might exist.

Genetic correlation estimates between the same trait 
evaluated in different environments have been used to 
evaluate the degree of the sensitivity of animals to envi-
ronmental variations for many traits of economic impor-
tance in beef cattle [11, 16, 34, 39, 40]. When the genetic 
correlation between EG levels is below 0.80, the genes 
that control the additive genetic variance differ between 
environments or act differently [22]. Thus, the results 
presented here show evidence of G × E interactions on 
RFI and DMI, which reflect changes in genetic param-
eters according to environmental fluctuations, i.e., differ-
ent ADG in feeding trials influenced the additive genetic 
variance estimates of DMI and RFI.

Estimates of the genetic and phenotypic correlations 
between RFI and DMI across EG
The estimates of genetic and phenotypic correlations 
between RFI and DMI across EG were positive, rang-
ing from 0.52 to 0.79 and from 0.63 to 0.81, respectively 
(Fig.  3). These results were expected since RFI is the 
residual of the regression equation between observed 
DMI, ADG, and MBW. Previous studies that estimated 
genetic and phenotypic correlations between DMI and 
RFI without considering G × E interactions obtained 
values ranging from 0.51 to 0.85 and from 0.70 to 0.81, 
respectively [37, 41–44]. This association between RFI 
and DMI has been widely explored since more efficient 
animals evaluated for RFI are usually animals that con-
sume less feed, i.e., selecting animals with a negative RFI 
should lead to a decrease in DMI and consequently to 
a decrease in the nutritional requirements of the herd 
without changing the performance of the animals [44, 
45]. Although the magnitude of the genetic correla-
tions between RFI and DMI across environments indi-
cates a similar genetic background between these traits, 

especially in more restricted environments (EG 1 to EG 
3), there was a decrease in the magnitude of the correla-
tions as the EG level increased (less restricted environ-
mental groups).

In restricted EG levels (lower ADG), animals showed 
greater efficiency due to their lower DMI, resulting in 
lower RFI values. Based on these results, animals with 
a higher genetic potential for feed efficiency (i.e., lower 
RFI) tend to have lower DMI. In spite of the nutritional 
recommendation to provide a diet to attain an ADG of 
1 kg/day during the feeding trial [5], differences in diet 
quality across tests can be expected due to the bromato-
logical variation of the diets. The ability of an animal to 
use energy from the diet provided is associated with the 
rumen microbial population, converting the diet energy 
into body weight gain [46]. Allen [47] and Mertens [48] 
concluded that physical and physiological factors regu-
lating feed intake change with increasing digestibility or 
diet quality. Thus, differences in diet quality across tests 
would affect the regulation of feed intake and conse-
quently feed efficiency.

A reduction in feed efficiency was observed in less 
restricted EG conditions (Table  4), probably due to the 
larger residual effect produced by a higher proportion of 
animals from farms with greater selection emphasis on 
growth traits, which increases the maintenance require-
ments and phenotypic mean in the most favorable EG. 
However, for a better understanding of the genetic mech-
anisms that are involved in feed efficiency, the use of 
genomic information could provide a better explanation 
of the effects of G × E interactions on these traits. In the 
literature, there are few studies that have estimated the 
genetic correlations between traits related to feed effi-
ciency, such as RFI and DMI, measured in different envi-
ronments. Bi-trait RN models are a promising tool for 
genetic evaluation programs, as they allow the evaluation 
of the heterogeneity of variances in different environ-
ments for traits of economic importance. Therefore, the 
results presented in this study provide support and infor-
mation to researchers and breeders to define appropriate 
selection criteria for specific environments for genetic 
improvement of feed efficiency-related traits in beef cat-
tle populations that are raised in tropical conditions.

Genotype‑by‑environment interactions
The RN for 50 sires with the largest number of progeny 
(average of 86.04, ranging from 27 to 451) that were dis-
tributed in at least three EG levels, i.e., low, medium and 
high EG for RFI and DMI, showed reranking among these 
sires (Fig. 4a). The effect of G × E interactions on the sen-
sitivity of animals across EG levels, especially between 
extreme EG levels, was expected due to a genetic correla-
tion lower than 0.80 (Fig. 2). The average EBV for RFI and 

Fig. 3 Genetic and phenotypic correlation estimates 
between residual feed intake (RFI) and dry matter intake (DMI) 
across environmental gradients (EG) in Nellore cattle
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DMI were, respectively, − 0.027 kg/DM/day and 0.103 
kg/DM/day for the low EG level (− 1.5), − 0.053 kg/DM/
day and 0.122 kg/DM/day for the medium EG level (0.0), 
and − 0.085 kg/DM/day and 0.147 kg/DM/day for the 
high EG level (1.5) (see Additional file 1: Fig. S1). The pat-
tern of the RN reflects the significance of the G × E inter-
actions with the genotypes that have a high plasticity, 
i.e., a greater sensitivity to environmental changes, being 
associated with steeper slopes, while the more robust 
genotypes have flatter slopes. Based on the slope ( f 1 ) 
solutions, 43.3% and 42.9% of the animals were classified 
as highly plastic to environmental changes, and 56.7% 
and 57.1% as more robust to environmental changes for 
RFI and DMI, respectively. Among the more robust ani-
mals, i.e., ( 

∣∣f1
∣∣ < σf 1 ), at a medium EG level, 60% were 

considered better for both traits and 40% were consid-
ered better for one or neither of the traits, while 53% and 
only 40% were considered better for both traits at a low 
and high EG level, respectively.

The sire EBV for RFI and DMI across EG levels fol-
lowed similar trends (Fig.  4a). However, comparing 
the EBV of the top 15 sires for both traits (see Addi-
tional file 2: Tables S1 and S2), larger differences in EBV 
for DMI were observed between EG levels (see Addi-
tional file 2: Table S2), as indicated by the lower genetic 

correlation between extreme EG levels (Fig. 2b). Animal 
sensitivity to environmental variations plays a role in the 
phenotypic mean and the trait’s genetic variance under 
different environmental conditions [49]. RFI and DMI 
showed changes in the phenotypic mean (Table  4) and 
genetic variance (Fig. 1) according to EG level, and it is 
important to carefully evaluate animal selection for feed 
efficiency traits as the environment becomes more diver-
gent (e.g., greater diet variability). Spearman correlation 
and selection coincidence were estimated by selecting the 
50 sires with at least five progenies raised at low, medium, 
and high EG levels and with the highest EBV to visualize 
the effect of G × E interactions (Table 4). When the top 50 
sires that were ranked based on the EBV of animals with 
at least five progenies raised at low, medium, and high 
EG levels were considered, the Spearman’s correlation 
values were highest between the medium EG level and 
either the low or high EG levels for both traits (Table 5). 
These results indicate that the selection of animals for 
feed efficiency based on data from feeding trials with an 
expected ADG around 1 kg/day had less impact on sires’ 
rank across environments compared to selection based 
on data from extreme EG levels.

The selection coincidence of the sires that were ranked 
based on the highest EBV and the largest number of 

Fig. 4 Reaction norms for residual feed intake (RFI) (a), and dry matter intake (DMI) (c), and the number of matching and specific sires 
in the environments for RFI (b) and DMI (d) considering the 50 sires with the highest number of progeny number and top-ranked by EBV for RFI 
and DMI in the moderate environmental gradient (EG = 0.0)
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progenies between the medium and low EG levels was 
73.33% for RFI and 66.67% for DMI, and between the 
medium and high EG levels it was 80% for RFI and 70% 
for DMI (Table  5). These results indicate that most of 
the bulls with a superior genetic potential for feed effi-
ciency based on the performance of their progeny main-
tain this potential for feed efficiency at extreme EG levels. 
However, we compared the selection of animals per-
formed under extreme EG levels (low EG vs. high EG), 
and found lower Spearman correlations, 0.61 and 0.55, 

and lower selection coincidence percentages among the 
bulls, being 53.3% and 40.0%, for RFI and DMI (Table 5), 
respectively, which indicate a clear reranking of sires 
across extreme EG. These results indicate that selec-
tion decisions for feed efficiency-related traits based on 
EBV from more restricted environments would affect 
the ranking of sires in less restricted environments (and 
vice versa). Spearman’s correlations for the EBV of the 50 
sires with the largest progeny number between low and 
high EG levels were equal to 0.61 for RFI (Fig.  5a) and 
0.57 for DMI (Fig. 5b). These results indicate that these 
traits are influenced by G × E interactions when a smaller 
number of animals are shared among EG levels (Fig. 4). 
We observed that among the top 50 sires, only 16 for RFI 
(Fig. 4a) and 13 for DMI (Fig. 4b) were shared among the 
low, medium, and high EG levels.

The Spearman’s correlations when comparing sire EBV 
for RFI and DMI at the medium EG level with those at 
the other EG levels ranged from 0.85 to 1.00 (Fig. 5a) and 
from 0.83 to 1.00 (Fig. 5b), respectively, which indicates a 
small change in EBV ranking. Thus, on the one hand, the 
top sires selected at the medium EG level are expected 
to maintain their genetic superiority across EG levels. 
On the other hand, when the sires’ ranks were compared 
between extreme environmental conditions (i.e., low EG 
or high EG level), greater reclassification of sires was 
expected (Fig.  5). From a practical point of view, when 
animals are selected for RFI and DMI under feeding trials 
with ADG around 1 kg/day, small changes in animal per-
formance, or in reranking of top sires for RFI and DMI 
are expected. The presence or evidence of G × E interac-
tions for RFI and DMI caused small changes in the sires’ 
EBV when selection was applied at a medium EG level, 
and major reranking of the top sires in extreme environ-
ments. Therefore, it is crucial to follow the recommen-
dations proposed by Mendes et al. [5], i.e. to adequately 

Table 5 Spearman’s rank correlation and selection coincidence 
of top 50 sires for residual feed intake (RFI) and dry matter intake 
(DMI) with at least five progenies in three different environmental 
gradients

a Medium environmental gradient (EG) is the comparison criterion for selection 
coincidence
b Represents the percentage of sires in common between environments 
gradients evaluated

Scenariosa Spearman’s 
correlation

Selection 
 coincidenceb

Residual feed intake (RFI)

 Medium EG vs low EG 0.85 73.3%

 Medium EG vs high EG 0.89 80.0%

 Low EG vs high EG 0.61 53.3%

Dry matter intake (DMI)

 Medium EG vs low EG 0.83 66.7%

 Medium EG vs high EG 0.90 70.0%

 Low EG vs high EG 0.57 40.0%

Number of sires and progenies 
under different environmental 
gradients (EG)

Low EG Medium EG High EG

 Number of sires with progeny 45 48 26

 Number of average progeny/
sire

28 58 9

 Total number of progenies 1273 2792 237

Fig. 5 Pearson’s correlation between the sire estimated breeding values (EBV) obtained in the low (red), moderate (blue), and high (green) 
environmental gradients (EG) across EG levels for residual feed intake (RFI) (a) and dry matter intake (DMI) (b)
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measure or collect RFI and DMI records in feed effi-
ciency trials under different conditions when performing 
national genetic evaluations for these traits.

Conclusions
Our results show clear evidence of genotype-by-envi-
ronment interactions on feed efficiency indicator traits 
in Nellore cattle. The breeding values for residual feed 
intake and dry matter intake were sensitive to environ-
mental changes. This interaction was particularly clear in 
more divergent environments, e.g. when the variance in 
average live weight gain was substantial during the feed-
ing trials. Furthermore, as the environmental conditions 
were less restricted (better environments), the expected 
correlated response in residual feed intake based on 
selection for dry matter intake is expected to decrease 
(and vice versa) since the genetic association between 
these traits was smaller in less restricted (better) envi-
ronments. From a practical point of view, when animals 
are selected for residual feed intake and dry matter intake 
under feeding trials that allow an average daily gain of 
approximately 1  kg/day (i.e., from 0.9 to 1.4  kg/day), a 
slight change in animal performance is expected. How-
ever, when animals are selected for both traits in feeding 
trials with an ADG that is far from the average value, an 
increase in reranking is observed, which may be caused 
by the difference in nutritional levels masking the genetic 
potential and biasing the genetic evaluations for feed effi-
ciency in progeny that are fed for a different ADG.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12711- 023- 00867-2.

Additional file 1: Figure S1. Boxplot of the estimated breeding values 
(EBV) of 50 sires with the largest progeny number for residual feed intake 
(RFI) and dry matter intake (DMI) in low, medium, and high environmental 
gradient (EG) levels.

Additional file 2: Table S1. Correspondence of selection of the top 15 
Nellore sires with the largest progeny number, ranked by EBV for residual 
feed intake (RFI) in the medium, low and high environmental gradients 
(EG). Correspondence of selection of the top 15 Nellore sires with the 
highest progeny number, ranked by EBV for dry matter intake (DMI) in the 
medium, low and high environmental gradients (EG).

Acknowledgements
The authors thank the National Association of Breeders and Researchers 
(ANCP, Ribeirão Preto, SP, Brazil) for providing the datasets for the research.

Author contributions
CUM and FB conceived and led the coordination of the study. JBSN, LFMM, 
and FB performed the study design; JBSN contributed to the statistical analysis 
and manuscript preparation; LFB contributed to the interpretation of the 
results and critically revised the manuscript. JBSN, LFMM, and FB performed 
the analyses and interpreted the results; JBSN, EP, STA, and LFB drafted the 
manuscript. All authors read and approved the final manuscript.

Funding
The authors thank the São Paulo Research Foundation (FAPESP, Brazil, grant 
number #2022/15385-4). This study was also partially financed by the Coor-
dination for the Improvement of Higher Education Personnel - Brazil (CAPES) 
- Finance Code 001.

Availability of data and materials
Phenotypic and genotypic information is available for academic use from the 
authors upon reasonable request (Dr. João Carlos G. Giffoni Filho, President of 
ANCP email: presidencia@ancp.org.br).

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Animal Science, School of Agricultural and Veterinarian Sci-
ences (FCAV), São Paulo State University (UNESP), Jaboticabal, SP 14884-900, 
Brazil. 2 School of Animal Sciences, Virginia Polytechnic Institute and State 
University, Blacksburg, VA 24061, USA. 3 School of Veterinary Medicine and Ani-
mal Science, University of São Paulo, Pirassununga, SP 13635-900, Brazil. 
4 Department of Animal Sciences, Purdue University, West Lafayette, IN 47907, 
USA. 5 Embrapa Rice and Beans, GO-462, km12, Santo Antônio de Goiás, GO 
75375-000, Brazil. 

Received: 14 August 2023   Accepted: 7 December 2023

References
 1. Anderson RV, Rasby RJ, Klopfenstein TJ, Clark RT. An evaluation of pro-

duction and economic efficiency of two beef systems from calving to 
slaughter. J Anim Sci. 2005;83:694–704.

 2. Herd RM, Arthur PF. Physiological basis for residual feed intake1. J Anim 
Sci. 2009;87:E64-71.

 3. Brito LF, Oliveira HR, Houlahan K, Fonseca PAS, Lam S, Butty AM, et al. 
Genetic mechanisms underlying feed utilization and implementation 
of genomic selection for improved feed efficiency in dairy cattle. Can J 
Anim Sci. 2020;100:587–604.

 4. Mota LFM, Santos SWB, Júnior GAF, Bresolin T, Mercadante MEZ, Silva JAV, 
et al. Meta-analysis across Nellore cattle populations identifies common 
metabolic mechanisms that regulate feed efficiency-related traits. BMC 
Genomics. 2022;23:424.

 5. Mendes EDM, Faria CU de, Sainz RD, Silveira ACL, Magnabosco CU, Eifert 
E da C, et al. Procedimentos para mensuração de consumo individual 
de alimento em bovinos de corte. 2nd ed. Ribeirão Preto: Associação 
Nacional de Criadores e Pesquisadores ANCP; 2020.

 6. Falconer DS, Mackay TFC. Introduction to quantitative genetics. 4th ed. 
Harlow: Pearson Education Limited; 1996.

 7. Robertson A. The sampling variance of the genetic correlation coefficient. 
Biometrics. 1959;15:469.

 8. Raidan FSS, Santos DCC, Moraes MM, Araújo AEM, Ventura HT, Bergmann 
JAG, et al. Selection of performance-tested young bulls and indirect 
responses in commercial beef cattle herds on pasture and in feedlots. 
Genet Sel Evol. 2016;48:85.

 9. Durunna ON, Plastow G, Mujibi FDNN, Grant J, Mah J, Basarab JA, et al. 
Genetic parameters and genotype × environment interaction for 
feed efficiency traits in steers fed grower and finisher diets. J Anim Sci. 
2011;89:3394–400.

 10. Berghof TVL, Poppe M, Mulder HA. Opportunities to improve resilience in 
animal breeding programs. Front Genet. 2019;9:692.

https://doi.org/10.1186/s12711-023-00867-2
https://doi.org/10.1186/s12711-023-00867-2


Page 12 of 12Silva Neto et al. Genetics Selection Evolution           (2023) 55:93 

 11. Mota LFM, Fernandes GA Jr, Herrera AC, Scalez DCB, Espigolan R, Magal-
hães AFB, et al. Genomic reaction norm models exploiting genotype × 
environment interaction on sexual precocity indicator traits in Nellore 
cattle. Anim Genet. 2020;51:210–23.

 12. Brunes LC, Baldi F, Lopes FB, Lôbo RB, Espigolan R, Costa MFO, et al. 
Weighted single-step genome-wide association study and pathway 
analyses for feed efficiency traits in Nellore cattle. J Anim Breed Genet. 
2021;138:23–44.

 13. Santana MHA, Utsunomiya YT, Neves HHR, Gomes RC, Garcia JF, Fuku-
masu H, et al. Genome-wide association study for feedlot average daily 
gain in Nellore cattle (Bos indicus). J Anim Breed Genet. 2014;131:210–6.

 14. Benfica LF, Sakamoto LS, Magalhães AFB, de Oliveira MHV, de Albuquer-
que LG, Cavalheiro R, et al. Genetic association among feeding behavior, 
feed efficiency, and growth traits in growing indicine cattle. J Anim Sci. 
2020;98:skaa350.

 15. Ceacero TM, Mercadante MEZ, Cyrillo JNDSG, Canesin RC, Bonilha SFM, de 
Albuquerque LG. Phenotypic and genetic correlations of feed efficiency 
traits with growth and carcass traits in Nellore cattle selected for post-
weaning weight. PLoS One. 2016;11:e0161366.

 16. Mota LFM, Costa LS, Garzón NAM, Passafaro TL, Silva DO, Abreu LRA, 
et al. Unraveling the effect of body structure score on phenotypic 
plasticity for body weight at different ages in Guzerat cattle. Livest Sci. 
2019;229:98–104.

 17. Shi R, Brito LF, Liu A, Luo H, Chen Z, Liu L, et al. Genotype-by-environment 
interaction in Holstein heifer fertility traits using single-step genomic 
reaction norm models. BMC Genomics. 2021;22:193.

 18. Mendes EDM, Campo MM. Eficiência alimentar em bovino de corte. Inf 
Agropecuário. 2016;37:28–38.

 19. Koch RM, Swiger LA, Chambers D, Gregory KE. Efficiency of feed use in 
beef cattle. J Anim Sci. 1963;22:486–94.

 20. Dykier KC, Oltjen JW, Robinson PH, Sainz RD. Effects of finishing diet sort-
ing and digestibility on performance and feed efficiency in beef steers. 
Animal. 2020;14:59–65.

 21. Kolmodin R, Bijma P. Response to mass selection when the genotype by 
environment interaction is modelled as a linear reaction norm. Genet Sel 
Evol. 2004;36:435–54.

 22. Mota LFM, Lopes FB, Fernandes Júnior GA, Rosa GJM, Magalhães AFB, 
Carvalheiro R, et al. Genome-wide scan highlights the role of candidate 
genes on phenotypic plasticity for age at first calving in Nellore heifers. 
Sci Rep. 2020;10:6481.

 23. Santana ML Jr, Eler JP, Cardoso FF, Albuquerque LG, Balieiro JCC, Pereira 
RJ, et al. Genotype by environment interaction for post-weaning weight 
gain, scrotal circumference, and muscling score of composite beef cattle 
in different regions of Brazil. Genet Mol Res. 2014;13:3048–59.

 24. Kirkpatrick M, Lofsvold D, Bulmer M. Analysis of the inheritance, selection 
and evolution of growth trajectories. Genetics. 1990;124:979–93.

 25. Schaeffer LR. Application of random regression models in animal breed-
ing. Livest Prod Sci. 2004;86:35–45.

 26. de Jong G. Phenotypic plasticity as a product of selection in a variable 
environment. Am Nat. 1995;145:493–512.

 27. Roso VM, Schenkel FS. AMC - A computer program to assess the degree 
of connectedness among contemporary groups. In Proceedings of the 
8th World Congress on Genetics Applied to Livestock Production: 13–18 
August 2006; Belo Horizonte; 2006.

 28. Calus MPL, Veerkamp RF. Estimation of environmental sensitivity of 
genetic merit for milk production traits using a random regression model. 
J Dairy Sci. 2003;86:3756–64.

 29. Hartigan JA, Wong MA. Algorithm AS 136: a K-means clustering algo-
rithm. J R Stat Soc Ser C Appl Stat. 1979;28:100.

 30. Schwarz G. Estimating the dimension of a model. Ann Stat. 1978;6:461–4.
 31. Meyer K. WOMBAT—a tool for mixed model analyses in quantitative 

genetics by restricted maximum likelihood (REML). J Zhejiang Univ Sci B. 
2007;8:815–21.

 32. Meyer K. Estimates of genetic covariance functions for growth of Angus 
cattle. J Anim Breed Genet. 2005;122:73–85.

 33. Carvalheiro R, Costilla R, Neves HHR, Albuquerque LG, Moore S, Hayes BJ. 
Unraveling genetic sensitivity of beef cattle to environmental variation 
under tropical conditions. Genet Sel Evol. 2019;51:29.

 34. Carvalho Filho I, Silva DA, Teixeira CS, Silva TL, Mota LFM, Albuquerque 
LG, et al. Heteroscedastic reaction norm models improve the assessment 

of genotype by environment interaction for growth, reproductive, and 
visual score traits in Nellore cattle. Animals (Basel). 2022;12:2613.

 35. Godinho RM, Bastiaansen JWM, Sevillano CA, Silva FF, Guimarães SEF, 
Bergsma R. Genotype by feed interaction for feed efficiency and growth 
performance traits in pigs. J Anim Sci. 2018;96:4125–35.

 36. Knap PW, Wang L. Pig breeding for improved feed efficiency. In Feed effi-
ciency in swine. Wageningen: Wageningen Academic Publishers; 2012. p. 
167–81.

 37. Polizel GHG, Grigoletto L, Carvalho ME, Rossi Junior P, Ferraz JBS, de San-
tana MHA. Genetic correlations and heritability estimates for dry matter 
intake, weight gain and feed efficiency of Nellore cattle in feedlot. Livest 
Sci. 2018;214:209–10.

 38. Brunes LC, Baldi F, Lopes FB, Narciso MG, Lobo RB, Espigolan R, et al. 
Genomic prediction ability for feed efficiency traits using different mod-
els and pseudo-phenotypes under several validation strategies in Nelore 
cattle. Animal. 2021;15:100085.

 39. Pégolo NT, Oliveira HN, Albuquerque LG, Bezerra LAF, Lôbo RB. Genotype 
by environment interaction for 450-day weight of Nelore cattle analyzed 
by reaction norm models. Genet Mol Biol. 2009;32:281–7.

 40. Chiaia HLJ, de Lemos MVA, Venturini GC, Aboujaoude C, Berton MP, 
Feitosa FB, et al. Genotype × environment interaction for age at first 
calving, scrotal circumference, and yearling weight in Nellore cattle 
using reaction norms in multitrait random regression models. J Anim Sci. 
2015;93:1503–10.

 41. Schenkel FS, Miller SP, Wilton JW. Genetic parameters and breed differ-
ences for feed efficiency, growth, and body composition traits of young 
beef bulls. Can J Anim Sci. 2004;84:177–85.

 42. Lancaster PA, Carstens GE, Ribeiro FRB, Tedeschi LO, Crews DH Jr. 
Characterization of feed efficiency traits and relationships with feeding 
behavior and ultrasound carcass traits in growing bulls. J Anim Sci. 
2009;87:1528–39.

 43. Mujibi FDN, Nkrumah JD, Durunna ON, Stothard P, Mah J, Wang Z, et al. 
Accuracy of genomic breeding values for residual feed intake in cross-
bred beef cattle. J Anim Sci. 2011;89:3353–61.

 44. Kava R, Peripolli E, Brunes LC, Espigolan R, Mendes EDM, da Silva Neto 
JB, et al. Estimates of genetic and phenotypic parameters for feeding 
behaviour and feed efficiency-related traits in Nelore cattle. J Anim Breed 
Genet. 2023;140:264–75.

 45. Moraes GF, Abreu LRA, Toral FLB, Ferreira IC, Ventura HT, Bergmann 
JAG, et al. Selection for feed efficiency does not change the selection 
for growth and carcass traits in Nellore cattle. J Anim Breed Genet. 
2019;136:464–73.

 46. Guan LL, Nkrumah JD, Basarab JA, Moore SS. Linkage of microbial ecol-
ogy to phenotype: correlation of rumen microbial ecology to cattle’s feed 
efficiency. FEMS Microbiol Lett. 2008;288:85–91.

 47. Allen MS. Effects of diet on short-term regulation of feed intake by lactat-
ing dairy cattle. J Dairy Sci. 2000;83:1598–624.

 48. Mertens DR. Creating a system for meeting the fiber requirements of 
dairy cows. J Dairy Sci. 1997;80:1463–81.

 49. Fordyce JA. The evolutionary consequences of ecological interactions 
mediated through phenotypic plasticity. J Exp Biol. 2006;209:2377–83.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Genotype-by-environment interactions for feed efficiency traits in Nellore cattle based on bi-trait reaction norm models
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Methods
	Field data
	Phenotypic information
	Reaction norm models
	First step—estimation of the environmental gradient levels
	Second step—reaction norm model
	Environmental sensitivity

	Results and discussion
	Comparison of reaction norm models
	Phenotypic means of RFI, DMI, and ADG across EG levels
	Heritability, phenotypic, and additive genetic variance estimates
	Genetic correlation estimates for RFI and DMI across environmental gradients
	Estimates of the genetic and phenotypic correlations between RFI and DMI across EG
	Genotype-by-environment interactions

	Conclusions
	Anchor 22
	Acknowledgements
	References


