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A B S T R A C T

Improving the efficiency of production to reduce the environmental footprints is pivotal to the sustainability of
livestock systems. Despite the advances in cattle feed efficiency (FE) measurement and identification of potential
mechanisms involved, much is still unclear regarding the genetic and biological basis of this trait. Nevertheless,
lipid and carbohydrate metabolism have been outlined as important in determining efficient and inefficient
animals. To address the role of genes partaking in these processes and previously involved with residual feed
intake (RFI), we carried out a liver expression profile in Nelore steers (n = 83). Six target genes (FABP1, FADS2,
PPP1R26, RGS2, SLC2A5, and UCP2) were measured by qPCR analysis. A general linear mixed model approach
was applied to associate them with dry matter intake (DMI), body weight (BW), metabolic BW (MBW, kg), DMI
as a percentage of BW (DMI%BW), and average daily gain (ADG, kg/d). Residual feed intake (RFI), feed con-
version ratio (FCR), feed efficiency (FE), Kleiber index (KI), and relative growth rate (RGR) were also evaluated.
Our results support that increased expression of FABP1 gene was associated with enhanced values for RFI and
DMI. Likewise, higher expression level of SLC2A5 was related to higher KI and RGR. There was no phenotypic
correlation between RFI and ADG, BW, and MBW. The positive correlations between FABP1 and SLC2A5, and
between FABP1 and FADS2 gene expression suggest a putative co-regulation affecting feed efficiency pheno-
types.

1. Introduction

There is a growing concern over the livestock systems impact on
climate change and the use of natural resources. Concomitantly, stra-
tegies to improve the efficiency in the resource usage and animal yield
have been developed and applied (Rojas-Downing et al., 2017). Re-
garding cattle production, one of the strategies is to identify animals
with increased efficiency of feed conversion for the same production
level (Herd and Bishop, 2000; Karisa et al., 2014). This approach would
lead to cost reduction, as well as the environmental footprints

(Nkrumah et al., 2006). However, many factors affect feed efficiency
(FE), including genetic and environment (Arthur et al., 2001).

Accordingly, several approaches have been applied to measure the
FE in beef cattle, since there is a genetic and phenotypic variation in-
volved (Herd and Arthur, 2009). Despite the different methods to es-
timate FE, residual feed intake (RFI) has become a desirable measure as
it is independent of other production and growth traits (Herd and
Arthur, 2009; Moore et al., 2009). Extensive progress has been made to
clarify the biological process behind the biological variation on FE.
Gene expression profiling, as well as genome-wide association analysis
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(GWAS), have pointed out genes and metabolic processes acting on FE-
related traits (Mukiibi et al., 2018; de Oliveira et al., 2014; Tizioto
et al., 2015, 2016; Zhang et al., 2017).

These studies showed different quantitative trait loci (QTLs) and
differentially expressed (DE) genes among breeds, and between effi-
cient and inefficient animals. Although genomic regions and genes may
not hold across studies, biological processes as lipid, protein, insulin,
and carbohydrate metabolism involved with FE are in agreement
among them (Diniz et al., 2018; Mukiibi et al., 2018; de Oliveira et al.,
2018). Additionally, most of the genome-wide expression profiling
studies employed case-control approaches, which does not consider the
continuous variation of gene expression across the whole population
once divergent groups are selected. By applying a differential expres-
sion framework, Tizioto et al. (2015) selected 20 Nelore steers, which
are part of the animals evaluated here, genetically divergent for RFI.
These authors reported several DE genes in liver partaking in the
aforementioned process, including fatty acid binding protein 1
(FABP1), fatty acid desaturase 2 (FADS2), protein phosphatase 1 reg-
ulatory subunit 26 (PPP1R26), regulator of G-protein signaling 2
(RGS2), solute carrier family 2 member 5 (SLC2A5), and uncoupling
protein 2 (UCP2). Although these genes have also been reported as DE
for FE in other studies (Chen et al., 2011, 2012), it still missing to assess
their expressions as a continuous variable.

Regardless of these results, there is still a gap in knowledge related
to the genetic basis of FE and the linear gene expression-phenotype
relationship. Furthermore, Mukiibi et al. (2018) suggested that the
genetic architecture underlying FE is probably not the same across
breeds. To better understand the quantitative gene expression-trait re-
lationship regarding candidate genes that were identified by DE ana-
lysis in contrasting phenotypes, herein, we tested the hypothesis that
the gene expression continuous variation across the population has an
“additive effect” on the phenotype. We tested this hypothesis not only
for the phenotype used on the previous DE analysis (RFI) (Tizioto et al.,
2015) but also for all the FE-related traits measured in the experimental
Nelore population. To this end, we carried out an association study
based on qPCR liver expression profile in Nelore cattle samples re-
presenting the normal distribution of the phenotypes. Our results sup-
port that increased expression of FABP1 and SLC2A5 genes were related
to higher values of some FE-related traits in Nelore.

2. Material and methods

2.1. Animals, phenotypic traits, and target gene selection

Nelore steers (n = 83) were produced and raised as previously
described by Tizioto et al. (2015). The animals, allocated to feedlots
with 21 months old, were evaluated for growth and FE-related traits.
The animal management, diet, and the experimental trial were detailed
elsewhere (de Oliveira et al., 2014). In brief, the feeding was offered ad
libitum twice daily with a diet formulated to contain 40% dry matter of
corn silage and 60% of the concentrate. During the 70-days trial, the
dry matter intake was measured daily and non-fasted body weight (BW)
every 14 days (de Oliveira et al., 2014).

The following parameters were estimated: individual dry matter
intake (DMI, kg/d), body weight (BW, kg), metabolic BW (MBW, kg),
DMI as a percentage of BW (DMI%BW), average daily gain (ADG, kg/d),
residual feed intake (RFI, kg/d), feed conversion ratio (FCR, kg/kg),
feed efficiency (FE, kg/kg), Kleiber index (KI, ADG/MBW), and relative
growth rate (RGR%/d) (Bergh et al., 1992; Diniz et al., 2018; de
Oliveira et al., 2014).

To select the target genes, we based our study on the previous work
carried out by Tizioto et al. (2015). In this work, the authors selected 20
animals out of 83 based on the Best Linear Unbiased Prediction (BLUP)
of genetic merit for RFI calculated in the context of 585 Nelore steers,
and for which liver samples were available. For that study, the animals
were grouped in contrasting classes high (n = 10) or low (n = 10) RFI,

according to its genetic merit for RFI, and the hepatic genome-wide
expression profile from RNA-sequencing was employed. The RFI was
estimated as the residuals from the phenotypic regression of DMI on
mid-test BW0.75 and ADG. The regression model included the con-
temporary group, defined as feedlot place, year, animal origin, and pen
type (individual or collective), as a fixed effect. Considering this ap-
proach, Tizioto et al. (2015) reported 112 annotated genes as DE, from
which we selected six targets (FABP1, FADS2, PPP1R26, RGS2, SLC2A5,
and UCP2) based on their biological role and involvement with FE
traits. Herein, all the 83 animals, from which liver samples were
available, from which Tizioto et al. (2015) selected the divergent ani-
mals, were used to assess the association of the target genes not only
with RFI but also with other FE-related traits. Additionally, we adopted
a continuous gene expression distribution to evaluate the gene ex-
pression-trait relationship rather than a case-control design.

2.2. RNA isolation and Real-time quantitative PCR

Liver samples (n = 83) collected at the slaughterhouse were frozen
immediately in liquid nitrogen and kept at −80 °C until subsequent
analyses. TRIzol® (Life Technologies) was used to extract the total RNA,
following the manufacturer's instructions. The concentration and RNA
quality (260/280 ratio) were measured by spectrophotometry
(NanoDrop® ND-1000, Thermo Fisher Scientific). The RNA integrity
was evaluated by electrophoresis on 1% agarose gel, and 24 randomly
selected samples were further evaluated on Agilent 2100® Bioanalyzer
(Agilent Technologies). After DNase I (Deoxyribonuclease I -
Invitrogen®) treatment, the reverse transcription was performed in-
dividually with 1 μg of total RNA in a 20 μL reaction volume using
SuperScript III (Invitrogen®), as suggested in the manufacturer's pro-
tocol.

Primers for the target genes (FABP1, FADS2, PPP1R26, RGS2,
SLC2A5, and UCP2) were designed using Primer3 software (http://
www.bioinformatics.nl/cgi-bin/primer3plus/primer3 plus.cgi/) based
on the transcript sequences deposited on Ensembl database (Table 1).
The primers were designed across exon-exon junctions or in different
exons, and up to 2 °C difference in the melting temperature between
primer-pairs. Primer quality control and specificity analyses were car-
ried out by NetPrimer software (http://www.premierbiosoft.com/
netprimer/netprimer.html), and NCBI Basic Local Alignment and
Search Tool (BLAST) (http://www.ncbi.nlm.nih.gov/BLAST/), respec-
tively. The genes RPL19 and YWHAZ were used as reference genes after
evaluation by RefFinder software (http://www.leonxie.com/
referencegene.php?type=reference) (Table S1).

Table 1
Gene symbols, accession number, primer sequences, and amplicon size for
qPCR gene expression analysis in liver of Nelore steers.

Genes Accession Sequence (5′ - 3′) Amplicon
size (bp)

SLC2A5 NM_001101042.2 F: CGATCTACTACTACGCAGACCA 103
R: GTTATCAGCACATTGACAGCAC

PPP1R26 XM_002691719.3 F: CTCCATAGACAGCGATGACAG 96
R: CCTCCTGGAATTTCTGATCC

RGS2 NM_001075596.1 F: AAGATTGGAAGAGCCGTTTGAG 105
R: GAGAAGGCTTGATGAAGGTTTG

FADS2 NM_001083444.1 F: GCTTCATACCACCCTCTTTTCT 140
R: CACAGAAGGGCAGAGGATTG

UCP2 NM_001033611.2 F: AGACGAGATACATGAACTCTGC 119
R: GAGAAAGGAGGGCATGAACC

FABP1 NM_175817 F: GGTTCAGCAGGAAGGTGATAAT 101
R: CCTTCGTCATGGTACTGGTAA

F= forward; R = reverse; bp = base pairs; FABP1- fatty acid binding protein 1;
FADS2 - fatty acid desaturase 2; PPP1R26 - protein phosphatase 1 regulatory
subunit 26; RGS2 - regulator of G protein signaling 2; SLC2A5 - solute carrier
family 2 member 5; UCP2 - uncoupling protein 2.
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The relative expression levels of target genes were carried out in
duplicate for every gene and sample. The experimental set-up was
based on a sample maximization method proposed by Hellemans et al.
(2007). RPL19 gene was adopted as inter-run calibration. All reactions
were carried on Applied Biosystems® 7500 Real-Time PCR system. The
PCR reaction was performed in a 10 μL volume containing 1 μL of cDNA
diluted 0.2×, 5 μL of SYBR® Green I Master Mix (Thermo Fisher Sci-
entific) 2×, and 5 μM of each primer (Sigma-Aldrich®). Amplification
conditions were as follows: 2 min at 50 °C, 10 min at 95 °C, and
40 cycles of 15 s at 95 °C, and 1 min at 60 °C. A dissociation curve to
test PCR specificity was carried out by one cycle for 15 s at 95 °C, 1 min
at 60 °C, 30 s at 95 °C, and 15 s at 60 °C.

2.3. Data association and functional analyses

Based on the LinRegPCR software, the PCR efficiency was calculated
by fitting the slope of the regression line taking into account the
fluorescence intensities measured after each cycle for each sample
(Ruijter et al., 2009). For this, we used at least three points in the log-
linear phase from the amplification curve for each sample. Further-
more, the individual efficiencies (Cq – cycle of quantification) for all
samples were adjusted for the theoretical maximum (100%) (Bustin
et al., 2009), as previously described in Tizioto et al. (2013). A general
linear mixed model approach was applied to consider the individual
sample variation on gene expression, allowing adjusting for the cycle of
quantification. Thus, the model included the reference gene and con-
temporary group as a fixed effect, and the animal sample as a random
effect, according to the equation:

= + + + +y μ C G A εijk i i k ijk (1)

Where:
yijk: is the Cq for the ith contemporary group, for the jth reference

gene, of the kth sample;
μ: is the average of Cq;
Ci: is the fixed effect for the ith contemporary group (i = 1, 2);
Gi: is the fixed effect for the jth reference gene (j = gene 1, gene 2);
Ak: is the random effect associated with the kth sample, taking ac-

count Ak ~ NID (0, σa2);
εijk: is the random residual effect, with εijk ~ NID (0, σe2).
The Satterthwaite degrees-of-freedom correction (Satterthwaite,

1946) was applied, as well as the variance for each reference gene was
considered.

A complete model, including simultaneously the adjusted expres-
sion for all the target genes, obtained from eq. 1, was applied to esti-
mate their effect on the studied traits. The genes did not show colli-
nearity in this model. The same degrees-of-freedom correction
described was applied. Based on the REG procedure on SAS® software,
the analyses were carried out applying the model as follow:

∑= + + − + − +
=

y μ C b A A g G G ε( ) ( )ij i ij k k ijk K ijk1 1

6

Where:
yij: is the ith trait for the jth animal;
μ: is the overall mean;
Ci: is the fixed effect for the ith contemporary group (i = 1, 2);

−b A A( )ijk1 : is the regression coefficient associated with animal's
age at slaughter;

Aij: is the animal's age at slaughter; A is the mean age at slaughter;
Gijk: is the kth gene expression adjusted by eq. 1, for the ith trait, for

the jth animal;
GK : is the mean for the kth gene expression adjusted by the eq. 1

(k = 1, 2, …, 6);
εijk: is the random residual effect, with εijk ~ NID (0, σe2).
Co-association analysis was performed between traits and genes by

applying Pearson's correlation in the corrplot R-package (Wei and
Simko, 2017). We calculated both the co-expression values based on

our target genes expression (Cq) levels and the predicted co-expressed
genes by using GeneMania (Warde-Farley et al., 2010). GeneMania al-
lows us to predict the most closely connected genes based on our target
gene list by finding functionally similar genes (Warde-Farley et al.,
2010). To gain insights into the pathways in which these genes are
partaking, we carried an over-representation analysis using STRING
v.11.0 (Szklarczyk et al., 2017).

3. Results

We carried out a qPCR gene expression profiling in Nelore cattle to
evaluate their relationship with FE-related traits. Descriptive statistics
for the studied traits are presented in Table 2.

Based on the linear regression, we identified significant association
among the target gene's expression level, measured as Cq, and the FE-
related traits (Table 3). FABP1 gene's Cq values were negatively asso-
ciated with RFI and DMI, which decreased 0.2471 kg/d and 0.4001 kg/
d, respectively, for each additional Cq unit. As Cq is inversely propor-
tional to gene expression, it means that both traits exhibited a positive
association with the gene expression. Thus, increased expression of
FABP1 leads to higher values of RFI and DMI. A similar pattern was
observed for SLC2A5 in relation to KI and RGR traits, where the in-
crement in Cq values were associated with decreasing in the phenotypic
measure. Likewise, the gene expression resulted in increased KI and
RGR with estimated effects of 0.00006 and 0.00057, respectively. There
was no significant association among FADS2, RGS2, PPP1R26, and
UCP2 with the evaluated traits (Table 3).

To identify the gene relationship and its co-association with the FE-
related traits, we performed a correlation analysis. Based on that, the
genes FABP1, SLC2A5, and FADS2 showed a negative correlation with
DMI, being the former also negatively correlated with RFI (Fig. 1). Gene
co-expression also pointed significant correlations (p ≤ .05) between
FADS2 and FABP1, FADS2 and PPP1R26, and between RGS2 and UCP2
(Fig. 1). Furthermore, the co-expression prediction, based on Gene-
Mania, pointed out 20 genes co-expressed with our targets (Fig. 2). The
pathway analysis using all co-expressed genes retrieved protein diges-
tion and absorption, fat digestion and absorption, and PPPAR signaling
as over-represented KEGG pathways (FDR ≤ .05).

We also applied correlation analysis to identify the relationship
among the FE-related traits (Fig. 1). RFI was strongly and significantly
correlated with DMI%BW. Moderate phenotypic correlations were
identified between RFI and DMI, FCR, and FE. Strong and significant
correlations were also identified for FCR with FE and with KI, KI with
RGR, FE with KI, ADG with FCR, KI, and RGR.

Table 2
Descriptive statistics for feed efficiency-related traits measured in a sample of
Nelore steers.

Traits N Mean SD

ADG (kg/d) 83 1.623 0.25
BW (kg) 83 345.1 32.15
DMI (kg/d) 83 8.806 1.02
DMI%BW (%BW0.75) 83 2.561 0.27
FCR 83 5.524 0.81
FE 83 0.185 0.02
KI (kg gain/kg BW0.75) 83 0.020 0.002
MBW 83 79.99 5.59
RFI 78 0.0154 0.66
RGR (%/d) 83 0.202 0.028

N - sample size; SD - standard deviation; ADG -average daily gain; BW - body
weight; DMI- individual dry matter intake; DMI%BW - DMI as a percentage of
BW; FCR - feed conversion ratio; FE - feed efficiency; KI - Kleiber index; MBW -
metabolic body weight; RFI - residual feed intake; RGR - relative growth rate.
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4. Discussion

Feed efficiency in cattle is an economically important trait con-
trolled by many factors, including the genetic background. Therefore,
identifying the factors affecting FE and selecting animals with high
breeding values for FE can be advantageous under different perspec-
tives, such as land occupation, greenhouse gas emission, and profit-
ability. Many genes have been pointed out acting in several biological
processes related to FE. However, previous works have mainly adopted
a case-control approach (Alexandre et al., 2015; Tizioto et al., 2015),
thus overlooking the continuous variation of the expression profile in
complex traits. Using that approach, Tizioto et al. (2015) reported 112
genes as DE, identified by liver RNA-seq, between groups of Nelore
steers divergent for RFI. To overcome the limitations of this study, we
applied a quantitative approach to associate the continuous gene ex-
pression with several FE-related traits. For this, we selected six target
genes (FABP1, FADS2, PPP1R26, RGS2, SLC2A5, and UCP2) previously
reported as DE by Tizioto et al. (2015). Then, we quantified their he-
patic expression level in 83 Nelore steers, from where the animals used
by Tizioto et al. (2015) were selected, representing the continuous
variation of the traits, and associated them with ten FE-related traits.

According to Herd and Arthur (2009), metabolism, feed intake and
digestion, and thermoregulation are among the main physiological
processes affecting FE. Regarding energy metabolism, the efficiency of
nutrient utilization and energy partition towards growth and muscle
deposition are improved in animals with negative RFI values (Herd and
Arthur, 2009). Thus, the lipid and carbohydrate metabolism have been
reinforced as pivotal in more efficient animals (Karisa et al., 2014;
Mukiibi et al., 2018; Tizioto et al., 2015). The genes FADS2 and FABP1,
are involved, respectively, with unsaturated fatty acid (FA) synthesis
(Graugnard et al., 2009), FA uptake and transport (Ballester et al.,
2017). Also, the SLC2A5 gene codes a transporter acting in fructose
absorption (Barone et al., 2009). Biological functions related to mi-
tochondrial energy production (Schrauwen and Hesselink, 2002), pro-
tein synthesis modulation (Nguyen et al., 2009), and cell proliferation
regulation by phosphatase activity (Hendrickx et al., 2009) have been
described for the genes UCP2, RGS2, and PPP1R26, respectively.

Among the over-represented pathways, PPAR signaling has a pivotal
role by modulating lipogenic gene expression and lipid synthesis
(Graugnard et al., 2009). Acting in this pathway, we identified the li-
pogenic genes FABP1 and FADS2, which were already reported as
candidates for FE determination in Nelore steers. The positive re-
lationship identified between FABP1 and FADS2, considering both the
correlation based on qPCR expression data and on prediction analysis,
reinforces the joint action of these genes towards the energy

metabolism by the interaction with the UCP2 gene. Besides a role in
resting energy expenditure, the UCP2 gene has also been associated
with insulin secretion (Schrauwen and Hesselink, 2002), which has an
effective role in protein synthesis, lipolysis, and fatty acid biosynthesis
(Graugnard et al., 2009; Karisa et al., 2014).

Our association model pointed not only a direct and linear re-
lationship between FABP1 and RFI but also its increased expression
drives to enhanced RFI and DMI trait values. FABP1 gene act as a
metabolic sensor modulating the lipid homeostasis (Newberry et al.,
2006). Furthermore, its co-expression with FADS2, which partakes in
the FA beta-oxidation pathway, may promote increased fatty oxidation,
leading to increased circulating free FA levels. Fatty acid oxidation acts
as a modulator of feed intake (Scharrer, 1999) and thus, may affect
growth performance through the consequent reduction of available
nutrients (Azevêdo et al., 2010). Hepatic FABP1 expression has been
reported as up-regulated in inefficient Nelore animals (Tizioto et al.,
2015). On the other hand, efficient animals were reported to have a
down-regulation in lipid synthesis, being the energy input likely de-
rived towards muscle deposition (Mukiibi et al., 2018), which is con-
sistent with the observed down regulation on FABP1 expression in this
group of animals herein.

The involvement of the SLC2A5 gene in the metabolism of carbo-
hydrates (Barone et al., 2009) supports its association with FE-related
traits, as identified here. Our approach showed that increased SLC2A5
expression was associated with enhanced RGR and KI indices. However,
although animals with higher weight gains exhibit the best efficiency
for these indices (Sobrinho et al., 2011), it may also increase energy
maintenance requirements (Manuel et al., 2019). The expression of
nutrient transporter is essential for proper nutrient uptake and animal
metabolism. The increased expression of the SLC2A5 has been asso-
ciated with increased adipocyte differentiation and fat deposition (Du
and Heaney, 2012). The negative relationship identified between
SLC2A5 and FE is likely due to the fact that lipogenesis is energetically
more expensive than muscle accretion (Herd and Arthur, 2009; Mukiibi
et al., 2018).

Different biological mechanisms tightly regulate lipid and carbo-
hydrate metabolism, as well as the efficiency of energy utilization
(Ballester et al., 2017; Herd et al., 2004; Newberry et al., 2006). Si-
milarly, several environmental and genetic factors underlie feed intake
behavior, which has a major role in feed efficiency. Unlike the approach
adopted by Tizioto et al., (2015), we showed that only the genes FABP1
and SLC2A5 were associated with FE-related traits in a continuous
variation context. Considering that, FABP1 and SLC2A5 genes have a
potential role in the previously discussed biological functions, and are
putative candidates for FE traits.

Table 3
Estimated effect of target genes' expression, measured as adjusted real-time PCR cycle of quantification (Cq), on feed efficiency-related traits in Nelore.

Traitsa RGS2 SLC2A5 UCP2 FABP1 FADS2 PPP1R26

RFI 0.09699 (± 0.09514) 0.001473 (± 0.006028) −0.01232 (± 0.06309) −0.2471* (± 0.1146) 0.02909 (± 0.04856) 0.02051 (± 0.05328)
BW −16.438 (± 47.441) 0.08352 (± 0.3048) 23.049 (± 32.159) −35.760 (± 57.730) −0.9858 (± 24.655) 45.295 (± 26.733)
MBW −0.2704 (± 0.8265) 0.01462 (± 0.05310) 0.3981 (± 0.5602) −0.6275 (± 10.057) −0.1799 (± 0.4295) 0.7902 (± 0.4657)
ADG −0.02203 (± 0.03856) −0.00446 (± 0.002478) 0.04469 (± 0.02614) 0.004610 (± 0.04693) 0.005056 (±0.02004) 0.002327 (± 0.02173)
DMI 0.1132 (± 0.1406) −0.00132 (± 0.009031) 0.07979 (± 0.09528) −0.4001* (± 0.1710) 0.01109 (± 0.07305) 0.09995 (± 0.07921)
DMI%BW 0.03700 (± 0.03581) −0.00095 (± 0.03581) 0.005550 (± 0.02427) −0.08531 (± 0.04357) 0.01275 (± 0.01861) −0.00578 (± 0.02018)
FCR 0.1133 (± 0.1226) 0.01346 (± 0.007874) −0.1034 (± 0.08308) −0.1855 (± 0.1491) −0.01195 (± 0.06370) 0.05686 (± 0.06907)
FE −0.00432

(± 0.004219)
−0.00040 (± 0.000271) 0.003182 (± 0.002860) 0.007766 (± 0.005134) 0.000502 (± 0.002193) −0.00172 (± 0.002377)

KI −0.00016
(± 0.000400)

−0.00006*
(± 0.000026)

0.000459 (± 0.000271) 0.000114 (± 0.000487) 0.000130 (± 0.000208) −0.00018 (± 0.000226)

RGR −0.00115
(± 0.004109)

−0.00057*
(± 0.000264)

0.003041 (± 0.002785) 0.001992 (± 0.005000) 0.001141 (± 0.002135) −0.00153 (± 0.002315)

a Estimated effect (± standard error, SE); *p ≤ .05; ADG -average daily gain; BW - body weight; DMI- individual dry matter intake; DMI%BW - DMI as a
percentage of BW; FCR - feed conversion ratio; FE - feed efficiency; KI - Kleiber index; MBW - metabolic body weight; RFI - residual feed intake; RGR - relative growth
rate; FABP1- fatty acid binding protein 1; FADS2 - fatty acid desaturase 2; PPP1R26 - protein phosphatase 1 regulatory subunit 26; RGS2 - regulator of G protein
signaling 2; SLC2A5 - solute carrier family 2 member 5; UCP2 - uncoupling protein 2.
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5. Conclusion

Our results reinforce the role of FABP1 and SLC2A5 expression in
the quantitative variation of feed efficiency-related traits. We suggested
that the increased FABP1 expression is unfavorable for RFI and DMI
traits. Although SLC2A5 gene expression may be favorable to KI and
RGR indices, it may increase the energy requirements and compromise
animal efficiency. The positive co-expression between some of the
target genes suggests a putative co-regulation on the feed efficiency
traits studied here.
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Fig. 1. Pairwise Pearson's correlation coefficients between feed efficiency-related traits and between the qPCR cycle of quantification in Nelore steers liver.
The matrix is color-coded (p≤ .05) based on their Pearson's correlation values according to the color legend. Blue and red colors represent, respectively, a positive or
negative correlation. White cells are not significant. ADG -average daily gain; BW - body weight; DMI- individual dry matter intake; DMI%BW - DMI as a percentage
of BW; FCR - feed conversion ratio; FE - feed efficiency; KI - Kleiber index; MBW - metabolic body weight; RFI - residual feed intake; RGR - relative growth rate;
FABP1- fatty acid binding protein 1; FADS2 - fatty acid desaturase 2; PPP1R26 - protein phosphatase 1 regulatory subunit 26; RGS2 - regulator of G protein signaling
2; SLC2A5 - solute carrier family 2 member 5; UCP2 - uncoupling protein 2.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.aggene.2019.100100.

References

Alexandre, P.A., Kogelman, L.J.A., Santana, M.H.A., Passarelli, D., Pulz, L.H., Fantinato-
Neto, P., Silva, P.L., Leme, P.R., Strefezzi, R.F., Coutinho, L.L., Ferraz, J.B.S., Eler,
J.P., Kadarmideen, H.N., Fukumasu, H., 2015. Liver transcriptomic networks reveal
main biological processes associated with feed efficiency in beef cattle. BMC
Genomics 16, 1073. https://doi.org/10.1186/s12864-015-2292-8.

Arthur, P.F., Archer, J.A., Johnston, D.J., Herd, R.M., Richardson, E.C., Parnell, P.F.,
2001. Genetic and phenotypic variance and covariance components for feed intake,
feed efficiency, and other postweaning traits in Angus cattle. J. Anim. Sci. 79,
2805–2811.

Azevêdo, J.A.G., Filho, S. de C.V., Pina, D. dos S., Valadares, R.F.D., Edenio, D., 2010.
Prediction of dry matter intake by cattle in feedlot. In: de Campos Valadares Filho, S.,
Marcondes, M.I., Chizzotti, M.L., Rodrigues Paulino, P.V. (Eds.), Nutrient
Requirements of Zebu Beef Cattle - BR - Corte. Federal Univeristy of Viçosa,
Department of Animal Science, Viçosa, pp. 185.

Ballester, M., Ramayo-Caldas, Y., Revilla, M., Corominas, J., Castelló, A., Estellé, J.,
Fernández, A.I., Folch, J.M., 2017. Integration of liver gene co-expression networks
and eGWAs analyses highlighted candidate regulators implicated in lipid metabolism
in pigs. Sci. Rep. 7. https://doi.org/10.1038/srep46539.

Barone, S., Fussell, S.L., Singh, A.K., Lucas, F., Xu, J., Kim, C., Wu, X., Yu, Y., Amial, H.,

Seidler, U., Zuo, J., Soleimani, M., 2009. Slc2a5 (Glut5) is essential for the absorption
of fructose in the intestine and generation of fructose-induced hypertension. J. Biol.
Chem. 284, 5056–5066. https://doi.org/10.1074/jbc.M808128200.

Bergh, L., Scholtz, M.M., Erasmus, G.J., 1992. Identification and assessment of the best
animal: the Kleiber ratio (growth/ metabolic mass) as a selection criterion for beef
cattle. In: Proceedings… Australian Association of Animal Breeding Genetic, pp.
338–340.

Bustin, S.A., Benes, V., Garson, J.A., Hellemans, J., Huggett, J., Kubista, M., Mueller, R.,
Nolan, T., Pfaffl, M.W., Shipley, G.L., Vandesompele, J., Wittwer, C.T., 2009. The
MIQE guidelines: minimum information for publication of quantitative real-time PCR
experiments. Clin. Chem. 55, 611–622. https://doi.org/10.1373/clinchem.2008.
112797.

Chen, Y., Gondro, C., Quinn, K., Herd, R.M., Parnell, P.F., Vanselow, B., 2011. Global
gene expression profiling reveals genes expressed differentially in cattle with high
and low residual feed intake. Anim. Genet. 42, 475–490. https://doi.org/10.1111/j.
1365-2052.2011.02182.x.

Chen, Y., Arthur, P.F., Barchia, I.M., Quinn, K., Parnell, P.F., Herd, R.M., 2012. Using
gene expression information obtained by quantitative real-time PCR to evaluate
Angus bulls divergently selected for feed efficiency. Anim. Prod. Sci. 52, 1058.
https://doi.org/10.1071/AN12098.

de Oliveira, P.S.N., Cesar, A.S.M., Nascimento, M.L., Chaves, A.S., Tizioto, P.C., Tullio,
R.R., Lanna, D.P.D., Rosa, A.N., Sonstegard, T.S., Mourao, G.B., Reecy, J.M., Garrick,
D.J., Mudadu, M.A., Coutinho, L.L., Regitano, L.C.A., 2014. Identification of genomic
regions associated with feed efficiency in Nelore cattle. BMC Genet. 15, 100. https://
doi.org/10.1186/s12863-014-0100-0.

de Oliveira, P.S.N., Coutinho, L.L., Tizioto, P.C., Cesar, A.S.M., de Oliveira, G.B., Diniz,
W.J. da S., De Lima, A.O., Reecy, J.M., Mourão, G.B., Zerlotini, A., Regitano, L.C.A.,
2018. An integrative transcriptome analysis indicates regulatory mRNA-miRNA
networks for residual feed intake in Nelore cattle. Sci. Rep. 8, 17072. https://doi.org/

Fig. 2. Co-expression network prediction of selected hepatic genes in Nelore steers from GeneMania.
The edges are based on co-expression prediction, and target genes (nodes) are indicated with stripes.

W.J.S. Diniz, et al. Agri Gene 15 (2020) 100100

6

https://doi.org/10.1016/j.aggene.2019.100100
https://doi.org/10.1016/j.aggene.2019.100100
https://doi.org/10.1186/s12864-015-2292-8
http://refhub.elsevier.com/S2352-2151(19)30020-0/rf0010
http://refhub.elsevier.com/S2352-2151(19)30020-0/rf0010
http://refhub.elsevier.com/S2352-2151(19)30020-0/rf0010
http://refhub.elsevier.com/S2352-2151(19)30020-0/rf0010
http://refhub.elsevier.com/S2352-2151(19)30020-0/rf0015
http://refhub.elsevier.com/S2352-2151(19)30020-0/rf0015
http://refhub.elsevier.com/S2352-2151(19)30020-0/rf0015
http://refhub.elsevier.com/S2352-2151(19)30020-0/rf0015
http://refhub.elsevier.com/S2352-2151(19)30020-0/rf0015
https://doi.org/10.1038/srep46539
https://doi.org/10.1074/jbc.M808128200
http://refhub.elsevier.com/S2352-2151(19)30020-0/rf0030
http://refhub.elsevier.com/S2352-2151(19)30020-0/rf0030
http://refhub.elsevier.com/S2352-2151(19)30020-0/rf0030
http://refhub.elsevier.com/S2352-2151(19)30020-0/rf0030
https://doi.org/10.1373/clinchem.2008.112797
https://doi.org/10.1373/clinchem.2008.112797
https://doi.org/10.1111/j.1365-2052.2011.02182.x
https://doi.org/10.1111/j.1365-2052.2011.02182.x
https://doi.org/10.1071/AN12098
https://doi.org/10.1186/s12863-014-0100-0
https://doi.org/10.1186/s12863-014-0100-0
https://doi.org/10.1038/s41598-018-35315-5


10.1038/s41598-018-35315-5.
Diniz, W.J.S., Rosa, K.O., Coutinho, L.L., Tizioto, P.C., de Oliveira, P.S.N., de Souza, M.M.,

Chaves, A.S., Lanna, D.P.D., Mourão, G.B., Regitano, L.C.A., 2018. KCNJ11 gene
expression is associated to feed consumption and growth traits in Nelore beef cattle.
Agric. Gene. https://doi.org/10.1016/j.aggene.2018.05.004.

Du, L., Heaney, A.P., 2012. Regulation of adipose differentiation by fructose and GluT5.
Mol. Endocrinol. 26, 1773–1782. https://doi.org/10.1210/me.2012-1122.

Graugnard, D.E., Piantoni, P., Bionaz, M., Berger, L.L., Faulkner, D.B., Loor, J.J., 2009.
Adipogenic and energy metabolism gene networks in longissimus lumborum during
rapid post-weaning growth in Angus and Angus x Simmental cattle fed high-starch or
low-starch diets. BMC Genomics 10, 142. https://doi.org/10.1186/1471-2164-10-
142.

Hellemans, J., Mortier, G., De Paepe, A., Speleman, F., Vandesompele, J., 2007. qBase
relative quantification framework and software for management and automated
analysis of real-time quantitative PCR data. Genome Biol. 8, R19. https://doi.org/10.
1186/gb-2007-8-2-r19.

Hendrickx, A., Beullens, M., Ceulemans, H., Den Abt, T., Van Eynde, A., Nicolaescu, E.,
Lesage, B., Bollen, M., 2009. Docking motif-guided mapping of the interactome of
protein phosphatase-1. Chemistry & Biology 16 (4), 365–371. https://doi.org/10.
1016/j.chembiol.2009.02.012.

Herd, R.M., Arthur, P.F., 2009. Physiological basis for residual feed intake. J. Anim. Sci.
87, E64–E71. https://doi.org/10.2527/jas.2008-1345.

Herd, R.M., Bishop, S.C., 2000. Genetic variation in residual feed intake and its asso-
ciation with other production traits in British Hereford cattle. Livest. Prod. Sci. 63,
111–119. https://doi.org/10.1016/S0301-6226(99)00122-0.

Herd, R.M., Oddy, V.H., Richardson, E.C., 2004. Biological basis for variation in residual
feed intake in beef cattle. 1. Review of potential mechanisms. Aust. J. Exp. Agric. 44,
423. https://doi.org/10.1071/EA02220.

Karisa, B., Moore, S., Plastow, G., 2014. Analysis of biological networks and biological
pathways associated with residual feed intake in beef cattle. Anim. Sci. J. 85,
374–387. https://doi.org/10.1111/asj.12159.

Manuel, M., Cavani, L., Millen, D.D., Andrighetto, C., Lupatini, G.C., da Fonseca, R., 2019.
Estimation of genetic parameters for weight traits and Kleiber index in a Brahman
cattle population. Sci. Agric. 76, 459–462. https://doi.org/10.1590/1678-992x-
2018-0062.

Moore, S.S., Mujibi, F.D., Sherman, E.L., 2009. Molecular basis for residual feed intake in
beef cattle. J. Anim. Sci. 87, E41–E47. https://doi.org/10.2527/jas.2008-1418.

Mukiibi, R., Vinsky, M., Keogh, K.A., Fitzsimmons, C., Stothard, P., Waters, S.M., Li, C.,
2018. Transcriptome analyses reveal reduced hepatic lipid synthesis and accumula-
tion in more feed efficient beef cattle. Sci. Rep. 8, 7303. https://doi.org/10.1038/
s41598-018-25605-3.

Newberry, E.P., Xie, Y., Kennedy, S.M., Luo, J., Davidson, N.O., 2006. Protection against
Western diet-induced obesity and hepatic steatosis in liver fatty acid-binding protein
knockout mice. Hepatology 44, 1191–1205. https://doi.org/10.1002/hep.21369.

Nguyen, C.H., Ming, H., Zhao, P., Hugendubler, L., Gros, R., Kimball, S.R., Chidiac, P.,
2009. Translational control by RGS2. J. Cell Biol. 186, 755–765. https://doi.org/10.
1083/jcb.200811058.

Nkrumah, J.D., Okine, E.K., Mathison, G.W., Schmid, K., Li, C., Basarab, J.A., Price, M.A.,
Wang, Z., Moore, S.S., 2006. Relationships of feedlot feed efficiency, performance,

and feeding behavior with metabolic rate, methane production, and energy parti-
tioning in beef cattle1. J. Anim. Sci. 84, 145–153. https://doi.org/10.2527/2006.
841145x.

Rojas-Downing, M.M., Nejadhashemi, A.P., Harrigan, T., Woznicki, S.A., 2017. Climate
change and livestock: impacts, adaptation, and mitigation. Clim. Risk Manag. 16,
145–163. https://doi.org/10.1016/j.crm.2017.02.001.

Ruijter, J.M., Ramakers, C., Hoogaars, W.M.H., Karlen, Y., Bakker, O., van den Hoff,
M.J.B., Moorman, A.F.M., 2009. Amplification efficiency: linking baseline and bias in
the analysis of quantitative PCR data. Nucleic Acids Res. 37, e45. https://doi.org/10.
1093/nar/gkp045.

Satterthwaite, F.E., 1946. An approximate distribution of estimates of variance compo-
nents. Biom. Bull. 2, 110. https://doi.org/10.2307/3002019.

Scharrer, E., 1999. Control of food intake by fatty acid oxidation and ketogenesis.
Nutrition 15, 704–714. https://doi.org/10.1016/S0899-9007(99)00125-2.

Schrauwen, P., Hesselink, M., 2002. UCP2 and UCP3 in muscle controlling body meta-
bolism. J. Exp. Biol. 205, 2275–2285.

Sobrinho, T.L., Branco, R.H., Bonilha, S.F.M., Castilhos, A.M., Figueiredo, L.A., Razook,
A.G., Mercadante, M.E.Z., 2011. Residual feed intake and relationships with perfor-
mance of Nellore cattle selected for post weaning weight. Rev. Bras. Zootec. 40,
929–937. https://doi.org/10.1590/S1516-35982011000400030.

Szklarczyk, D., Morris, J.H., Cook, H., Kuhn, M., Wyder, S., Simonovic, M., Santos, A.,
Doncheva, N.T., Roth, A., Bork, P., Jensen, L.J., von Mering, C., 2017. The STRING
database in 2017: quality-controlled protein–protein association networks, made
broadly accessible. Nucleic Acids Res. 45, D362–D368. https://doi.org/10.1093/nar/
gkw937.

Tizioto, P.C., Gasparin, G., Souza, M.M., Mudadu, M. a, Coutinho, L.L., Mourao, G.B.,
Tholon, P., Meirelles, S.L.C., Tullio, R.R., Rosa, A.N., Alencar, M.M., Medeiros, S.R.,
Siqueira, F., Feijo, G.L.D., Nassu, R.T., Regitano, L.C.A., 2013. Identification of
KCNJ11 as a functional candidate gene for bovine meat tenderness. Physiol.
Genomics 45, 1215–1221. https://doi.org/10.1152/physiolgenomics.00137.2012.

Tizioto, P.C., Coutinho, L.L., Decker, J.E., Schnabel, R.D., Rosa, K.O., Oliveira, P.S.,
Souza, M.M., Mourão, G.B., Tullio, R.R., Chaves, A.S., Lanna, D.P., Zerlotini-Neto, A.,
Mudadu, M. a, Taylor, J.F., Regitano, L.C., 2015. Global liver gene expression dif-
ferences in Nelore steers with divergent residual feed intake phenotypes. BMC
Genomics 16. https://doi.org/10.1186/s12864-015-1464-x.

Tizioto, P.C., Coutinho, L.L., Oliveira, P.S.N., Cesar, A.S.M., Diniz, W.J.S., Lima, A.O.,
Rocha, M.I., Decker, J.E., Schnabel, R.D., Mourão, G.B., Tullio, R.R., Zerlotini, A.,
Taylor, J.F., Regitano, L.C.A., 2016. Gene expression differences in longissimus
muscle of Nelore steers genetically divergent for residual feed intake. Sci. Rep. 6,
39493. https://doi.org/10.1038/srep39493.

Warde-Farley, D., Donaldson, S.L., Comes, O., Zuberi, K., Badrawi, R., Chao, P., Franz, M.,
Grouios, C., Kazi, F., Lopes, C.T., Maitland, A., Mostafavi, S., Montojo, J., Shao, Q.,
Wright, G., Bader, G.D., Morris, Q., 2010. The GeneMANIA prediction server: bio-
logical network integration for gene prioritization and predicting gene function.
Nucleic Acids Res. 38, W214–W220. https://doi.org/10.1093/nar/gkq537.

Wei, T., Simko, V., 2017. R Package “Corrplot”: Visualization of a Correlation Matrix.
Zhang, X., Wang, W., Mo, F., La, Y., Li, C., Li, F., 2017. Association of residual feed intake

with growth and slaughtering performance, blood metabolism, and body composition
in growing lambs. Sci. Rep. 7, 1–11. https://doi.org/10.1038/s41598-017-13042-7.

W.J.S. Diniz, et al. Agri Gene 15 (2020) 100100

7

https://doi.org/10.1038/s41598-018-35315-5
https://doi.org/10.1016/j.aggene.2018.05.004
https://doi.org/10.1210/me.2012-1122
https://doi.org/10.1186/1471-2164-10-142
https://doi.org/10.1186/1471-2164-10-142
https://doi.org/10.1186/gb-2007-8-2-r19
https://doi.org/10.1186/gb-2007-8-2-r19
https://doi.org/10.1016/j.chembiol.2009.02.012
https://doi.org/10.1016/j.chembiol.2009.02.012
https://doi.org/10.2527/jas.2008-1345
https://doi.org/10.1016/S0301-6226(99)00122-0
https://doi.org/10.1071/EA02220
https://doi.org/10.1111/asj.12159
https://doi.org/10.1590/1678-992x-2018-0062
https://doi.org/10.1590/1678-992x-2018-0062
https://doi.org/10.2527/jas.2008-1418
https://doi.org/10.1038/s41598-018-25605-3
https://doi.org/10.1038/s41598-018-25605-3
https://doi.org/10.1002/hep.21369
https://doi.org/10.1083/jcb.200811058
https://doi.org/10.1083/jcb.200811058
https://doi.org/10.2527/2006.841145x
https://doi.org/10.2527/2006.841145x
https://doi.org/10.1016/j.crm.2017.02.001
https://doi.org/10.1093/nar/gkp045
https://doi.org/10.1093/nar/gkp045
https://doi.org/10.2307/3002019
https://doi.org/10.1016/S0899-9007(99)00125-2
http://refhub.elsevier.com/S2352-2151(19)30020-0/rf0150
http://refhub.elsevier.com/S2352-2151(19)30020-0/rf0150
https://doi.org/10.1590/S1516-35982011000400030
https://doi.org/10.1093/nar/gkw937
https://doi.org/10.1093/nar/gkw937
https://doi.org/10.1152/physiolgenomics.00137.2012
https://doi.org/10.1186/s12864-015-1464-x
https://doi.org/10.1038/srep39493
https://doi.org/10.1093/nar/gkq537
http://refhub.elsevier.com/S2352-2151(19)30020-0/rf0185
https://doi.org/10.1038/s41598-017-13042-7

	FABP1 and SLC2A5 expression levels affect feed efficiency-related traits
	Introduction
	Material and methods
	Animals, phenotypic traits, and target gene selection
	RNA isolation and Real-time quantitative PCR
	Data association and functional analyses

	Results
	Discussion
	Conclusion
	Ethics statement
	Funding
	Availability of data and materials
	mk:H1_12
	Supplementary data
	References




