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We evaluated the mRNA expression of genes involved in hepatic fatty acid, amino acid,
and mitochondrial energy metabolism in crossbred beef steers with divergent low and
high residual feed intake (RFI). Low-RFI beef steers (n = 8; RFI = - 1.93 kg/d) and high-RFl
beef steers (n = 8; RFI = + 2.01kg/d) were selected from a group of 56 growing crossbred
beef steers (average BW = 261 + 18.5 kg) fed a high-forage total mixed ration after a 49-d
performance testing period. At the end of the 49-d performance testing period, liver
biopsies were collected from the low-RFI and high-RFI beef steers for RNA extraction and
cDNA synthesis. The mRNA expression of 84 genes each related to fatty acid metabolism,
amino acid metabolism, and mitochondrial energy metabolism were analyzed using
pathway-focused PCR-based arrays. The mRNA expression of 8 genes (CRAT,
SLC27A5, SLC27A2, ACSBG2, ACADL, ACADSB, ACAAT, and ACAA2) involved fatty
acid transport and B-oxidation were upregulated (FC > 2.0, FDR < 0.05) in low-RFl,
compared to high-RFI steers. Among those involved in amino acid metabolism, hepatic
MRNA expression of a gene encoding for aminoadipate aminotransferase, an enzyme
related to lysine degradation, was downregulated (FC = -5.45, FDR = 0.01) in low-RFl
steers, whereas those of methionine adenosyltransferase | and aspartate
aminotransferase 2, which both link amino acid and lipid metabolism, were upregulated
(FC = 2.0, FDR < 0.05). Two mitochondrial energy metabolism genes (UQCRCT and
ATP5GT) involved in ATP synthesis via oxidative phosphorylation were upregulated (FC >
2.0, FDR < 0.05) in low-RFI beef steers, compared to high-RFI beef steers. The results of
this study demonstrated that low-RFI beef steers exhibit upregulation of molecular
mechanisms related to fatty acid transport, fatty acid B-oxidation, and mitochondrial
ATP synthesis, which suggest that low-RF| beef steers have enhanced metabolic capacity
to maximize capture of energy and nutrients from feeds consumed.
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INTRODUCTION

Due to high feed costs associated with animal production,
residual feed intake (RFI), calculated as the difference between
actual and expected dry matter intake required for maintenance
and growth in animals (Koch et al., 1963), is of great economic
importance. Compared to beef cattle with high (or positive) RFI,
those with low (or negative) RFI are more feed efficient because
they consume less feed than expected while maintaining similar
growth performance.

Despite the great economic importance of RF], the underlying
biological mechanisms controlling this trait in beef cattle are still
not well understood. Recent studies have suggested that low-RFI
beef cattle possess several mechanisms that enable them to
maximize capture of energy and nutrients from feed consumed
(Elolimy et al., 2019). One of the most important organs for
metabolic process is the liver, which regulates whole-body energy
metabolism and acts as the main site of nutrient and energy
metabolism that are essential for growth and productivity of
animals (Bauchart et al., 1996; Baldwin et al., 2004). Studies have
shown that fatty acids (including acetate and long-chain fatty
acids) and acetyl-CoA produced from catabolism of fatty acids
and amino acids are the primary carbon sources oxidized in the
liver to provide energy for the body in ruminants (Drackley et al.,
2001). Indeed, work from other researchers using liver
transcriptomics (Alexandre et al., 2015; Mukiibi et al.,, 2018)
have demonstrated that several biologically relevant pathways,
such as lipid and amino acid metabolism, are associated with RFI
in beef cattle, given their roles in energy production and tissue
protein synthesis.

Furthermore, the major energy-generating organelles in body
tissues, including the liver, are the mitochondria which are
known to help the body cells adapt to conditions of nutrient
deficiency and excess (Bottje, 2019). Thus, mitochondria are
considered the metabolic hub for the regulation of hepatic
metabolism of nutrients such as lipids and proteins (Saraste,
1999). Due to the role of mitochondria in energy metabolism,
several studies have demonstrated that variation in RFI could be
associated with differences in mitochondrial energy metabolism
(Rolfe and Brand, 1997; Kolath et al., 2006; Lancaster et al.,
2014). For instance, Lancaster et al., 2014 revealed that low-RFI
steers had greater hepatic mitochondrial rate than high-RFI beef
steers. In a similar study, Ramos and Kerley (2013) observed
increased activities of some proteins of respiratory complexes in
muscle of low-RFI beef steers when compared with high-RFI beef
steers. In poultry, enhanced expression of mitochondrial proteins
in breast muscle was observed in high feed-efficient broilers,
compared to low feed-efficient ones (Bottje et al., 2017). Due to
the fact that hepatic metabolism is controlled in large part by
transcriptional regulation of several genes/enzymes which
catalyze key nutrient and energy metabolic reactions, it was
necessary to characterize expression of nutrient and energy
metabolism pathway-focused genes in low- and high-RFI beef
steers. Therefore, the objective of the present study was to
analyze the mRNA expression of genes involved in hepatic
fatty acid, amino acid, and mitochondrial energy metabolism
in crossbred growing beef steers with low- or high-RFI fed a high

forage diet using pathway-focused PCR-based arrays to give
more insight into the biological mechanisms associated with
RFI divergence. We hypothesized that differences in the
expression of some nutrient or/and energy metabolism-related
genes would be associated with divergence in RFI in beef steers.

MATERIALS AND METHODS

Animals, Feeding, RFlI Determination

The Institutional Animal Care and Use Committees of West
Virginia University (protocol number 1608003693) approved the
research procedures used in this study. A group of 56 crossbred
growing beef steers (average BW = 261 =+ 18.5 kg; age = 305 + 27 d)
were obtained from a single source (raised together since birth), had
been previously dewormed, vaccinated, and pre-conditioned for at
least 60 d before arrival at West Virginia University farm. The beef
steers were fed a high-forage total mixed ration formulated to
achieve gains of about 0.9 kg per day (Table 1), which is a typical
backgrounding diet fed in West Virginia. The beef steers were kept
in five dry lot pens (10 - 12 steers per pen) each equipped with three
GrowSafe 8000 intake nodes (GrowSafe Systems Ltd., Airdrie,
Alberta, Canada) to measure individual feed intake and In-Pen
Weighing Positions (IPW, Vytelle LLC), positioned at a water
trough in each pen to measure BW of individual animals several
times daily (Wells et al., 2021). The use of IPW to measure BW has
enabled the measurement of feed efficiency with sufficient accuracy
with a test period of 49 d (MacNeil et al., 2021; Wells et al., 2021).
Steers were identified with a passive, half-duplex, transponder ear

TABLE 1 | Ingredient and nutrient composition of the basal diet’.

Item Value?

Ingredient composition

Triticale silage 49.5
Ryegrass silage 47.5
Concentrate supplement® 3.0
Nutrient composition*

DM, % 44.5
CP 13.7
aNDF 59.7
ADF 31.5
EE 3.14
Ca 0.66
P 0.37
NE,, Mcal’kg 1.37
NE,, Mcal/kg 0.91

"Composition of basal diet calculated from analysis and concentration of individual
ingrediients.

2Values are presented on a % DM basis unless indicated otherwise.

STraditions 50% beef supplement (Southern States Cooperative, Richmond, VA)
contained processed grain by-products, plant protein products, ground limestone,
urea, salt, cane molasses, potassium sulfate, magnesium sulfate, sodium selenite,
vitamin A supplement, calcium carbonate, vegetable oil, manganous oxide, vitamin D3
supplement, vitamin E supplement, zinc oxide, lecithin, phosphoric acid, basic copper
chloride, magnesium chloride, propylene glycol, natural and artificial flavors, ferrous
sulfate, calcium iodate, and cobalt carbonate; Guaranteed analysis: 50% CP; 5% Ca;
0.55% P; 2% Na; 3.9% salt; 1% K, and 66,000 IU/kg vitamin A.

“DM, dry matter; CP, crude protein; aNDF, neutral detergent fiber (amylase treated); ADF,
acid detergent fiber; EE, ether extract; NE,, net energy of maintenance; NE, net energy
of gain.
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tag (Allflex USA Inc., Dallas-Fort Worth, TX) before entry into the
test facility. The steers were first allowed to adjust to the facilities
and diet for 15 days before the start of the trial. After the adjustment
period, individual feed intake was measured over 49 days. The IPW
Positions measured the partial BW by weighing the front end of an
animal every second the animals stayed on the scale while drinking.
Details on the use and accuracy of IPW positions have been
published in previous studies (MacNeil et al,, 2021; Wells et al,
2021). Approximately 617 + 92 daily BW data points (after filtering
outliers) per animal were generated in this study and were regressed
on time using simple linear regression to calculate beginning BW,
mid-test BW, and average daily gain (ADG). Values of steer’s ADG
and mid-test metabolic BW (mid-test BW*”®) were regressed
against individual average daily intake (in dry matter basis; 40
days of valid intake data were used) and RFI was calculated as the
residual or the difference between the predicted value of the
regression and the actual measured value based on the following
equation: Y = By + B, X; + B,X; + €, where Y is the observed DMI
(kg/d), By is the regression intercept, B, and B, are the partial
regression coefficients, X is the mid-test metabolic BW (kg), X, is
the ADG (kg/d), and € indicates the RFI (kg/d; Durunna et al,
2011). At the end of the RFI testing period, all animals were ranked
by RFI coefficients. Based on the RFI coefficients, the most-efficient
with the lowest RFI (low-RFI; n = 8) and the least-efficient with the
highest RFI (high-RFI; n = 8) beef steers were selected.

Liver Biopsy Collection, RNA Extraction,
and Gene Expression

Liver biopsies were collected from low- and high-RFI beef steers
by needle biopsy under local anesthesia. After cutting the skin,
liver tissue was extracted using a 14-gauge biopsy needle (Tru-
Core-II Automatic Biopsy Instrument: Angiotech, Lausanne,
Switzerland). Approximately 1 g of liver tissue samples
obtained by one puncture were immediately stored in
RNAprotect tissue tubes (Cat No: 76163; Qiagen,
Germantown, MD), which contain RNAprotect tissue reagent
that immediately stabilizes RNA in tissue samples to preserve the
gene expression profile, and immediately stored at -80°C until
analyzed. Total RNA was isolated with RNeasy Micro Kit (Cat
No: 74004; Qiagen) following the manufacturer’s protocol. Total
RNA concentration (>100 ng/ul) was measured using a
NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA) and RNA integrity was verified using
Agilent 2100 bioanalyzer (Agilent Technologies; Santa Clara,
CA). All the RNA samples had integrity number > 8.0.

The RNA samples were then used to synthesize
complementary DNA (cDNA) using RT? First Strand Kit (Cat.
No. 330401; Qiagen) following the manufacturer’s instructions.

The mRNA expression of 84 genes each related to fatty acid
metabolism, amino acid metabolism, and mitochondrial energy
metabolism were analyzed using the RT” Profiler PCR Array
Cow Fatty Acid Metabolism (PABT-007ZA; Qiagen), RT?
Profiler PCR Array Human Amino Acid Metabolism I (PAHS-
129ZA; Qiagen), and RT? Profiler PCR Array Cow
Mitochondrial Energy Metabolism (PABT-008ZA; Qiagen),
respectively following the manufacturer’s instructions. Each

array consisted 84 metabolism-related genes, five housekeeping
genes (actin, glyceraldehyde-3-phosphate dehydrogenase,
hypoxanthine phosphoribosyltransferase 1, TATA box binding
protein, and tyrosine 3-monooxygenase), one genomic DNA
control to detect gDNA contamination, three reverse
transcription controls, and three positive PCR controls. Real-
time PCR was performed using a QuantStudio 5 Real-Time PCR
System (Applied Biosystems, Foster City, CA). The PCR cycling
conditions were as follows: 95°C for 10 min, 40 cycles of
denaturation at 95°C for 15 s and 60°C for 1 min.

Statistical Analysis

Differences in average RFI values, ADG and DMI between low-
and high-RFI groups were determined by student’s t-test. All
mRNA expression data were analyzed using the Qiagen web-
based platform, GeneGlobe (https://geneglobe.qiagen.com). The
comparative cycle threshold (Ct) method was used for relative
quantification of the gene expression (Pfaffl, 2001). Delta-delta-
Ct (*Ct) method with normalization of the raw data using the
geometric mean of the 5 housekeeping genes was used to
calculate the differences in mRNA expression of the genes
between low- and high-RFI beef steers (Pfaffl, 2001). The PCR
Arrays used have an average amplification efficiency of 99% with
a 95% CI from 90 - 110%, which enable them to accurately
analyze multiple genes simultaneously utilizing the “*Cy
method. The mRNA expression of genes with absolute fold
change (FC) > 2.0 having false discovery rate-adjusted P-values
[FDR; Benjamini and Hochberg, 1995)] < 0.05 were considered
to be differentially expressed.

RESULTS

Table 2 shows the results of the growth performance of the low-
and high-RFI beef steers. The average RFI values of low- and
high-RFI steers were -1.93 and 2.01 kg/d, respectively (P = 0.01).
The initial BW, final BW, and ADG were similar between the two
groups (P > 0.05); however, high-RFI steers had greater (P =
0.01) DMI and tended to have lower (P = 0.09) gain:feed ratio
than low-RFI steers.

The mRNA expression of the 84 genes involved in hepatic
fatty acid metabolism are shown in Table S1. Out of the 84 genes
analyzed, the mRNA expression of 8 genes encoding several
enzymes such as acetyl-CoA transferases, acyl-CoA
dehydrogenases, acyl-CoA synthetases, and fatty acid transport
were upregulated (FC > 2.0, FDR < 0.05) in low-RFI, compared
to high-RFI steers (Table 3).

The mRNA expression of the 84 genes involved in hepatic
amino acid metabolism are shown in Table S2. The mRNA
expression of only 3 genes encoding aminoadipate
aminotransferase (FC = -5.45, FDR = 0.01), methionine
adenosyltransferase I (FC = 2.07, FDR = 0.03), and aspartate
aminotransferase 2 (FC = 3.96, FDR = 0.05) were differentially
expressed (Table 4).

The mRNA expression of the 84 genes involved in
mitochondrial energy metabolism are shown in Table S3. The
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TABLE 2 | Growth performance of low and high-RFI beef steers’.

Item? Low-RFI
RFI, kg/d -1.93
Initial BW, kg 258
Final BW, kg 276
ADG, kg/d 0.76
DMI, kg/d 11.9
Gain:feed 0.064

High-RFI SEM P-value
2.01 0.32 0.01
258 11.2 0.95
278 4.07 0.57
0.86 0.17 0.58
16.0 0.66 0.01

0.052 0.003 0.09

"Low-RFI = feed-efficient beef steers, high-RFI = feed inefficient beef steers.

2ADG, average daily gain; DMI, dry matter intake; BW, body weight; SEM, standard error of mean.

mRNA expression of 2 genes (UQCRCI and ATP5GI) encoding
ubiquinol-cytochrome C reductase core protein 1 and ATP
synthase, respectively were upregulated (FC > 2; FDR < 0.05)
in low-RFI beef steers, compared to high-RFI beef steers
(Table 5). No other mitochondrial energy metabolism genes
were differentially expressed.

DISCUSSION

Hepatic mRNA Expression of Fatty Acid
Metabolism Genes

The mRNA expression of genes involved in fatty acid transport
(CRAT, SLC27A5, and SLC27A2) were upregulated in low-RFI
beef steers. Fatty acids (in the form of fatty acyl-CoA) must be
transported across the mitochondrial outer and inner
membranes for B-oxidation to occur (Kerner and Hoppel,
2000). Carnitine O-acetyltransferase is a member of the
carnitine acyltransferase family which promotes the
translocation of long-chain fatty acids across the mitochondrial
membrane (Kerner and Hoppel, 2000). Both SLC27A2 and
SLC27A4 genes are members of the solute carrier family 27

that encode fatty acid transport protein 2 and 4, respectively
(Schaffer and Lodish, 1994; Krammer et al., 2011). Fatty acid
transport proteins have been proposed to function as both direct
transporters of long chain fatty acids (LCFA) as well as enzymes
that activate LCFA via conjugation with Co-enzyme A, a reaction
catalyzed by Acyl-CoA synthetases (Anderson and Stahl, 2013).
Thus, upregulation of SLC27A2 and SLC27A4 in low-RFI steers
partly explained the greater mRNA expression of gene ACSBG2
encoding acyl-CoA synthetase in low-RFI beef steers, compared
to high-RFI beef steers. Acyl-CoA synthetase catalyzes the
activation of free fatty acids to their CoA thioesters before they
can participate in any cellular metabolic pathways such as
oxidation, elongation or unsaturation, protein acylation, and
conversion into phospholipids (Steinberg et al., 2000). ACSBG2
belongs to a family of genes encoding enzymes capable of
activating long chain fatty acids which are known to originate
primarily from the diet (Steinberg et al., 2000).

The first and rate-limiting step in fatty acid B-oxidation in
mitochondria is catalyzed by acyl-CoA dehydrogenases
(ACADs; Ghisla and Thorpe, 2004). The mRNA expression
of two genes, ACADL and ACADSB, encoding acyl-CoA
dehydrogenases were upregulated in low-RFI steers. ACADL

TABLE 3 | Fold change in hepatic fatty acid metabolism gene expression in low compared with high-RFI beef steers’.

Gene symbol Gene name FC? FDR
ACAA2 Acetyl-CoA acyltransferase 2 5.47 0.01
ACADSB Acyl-CoA dehydrogenase, short/branched chain 4.90 0.01
ACSBG2 Acyl-CoA synthetase bubblegum family member 2 4.34 0.01
CRAT Carnitine O-acetyltransferase 2.37 0.01
SLC27A2 Solute carrier family 27 (fatty acid transporter), member 2 9.37 0.01
SLC27A5 Solute carrier family 27 (fatty acid transporter), member 5 3.35 0.01
ACAAT Acetyl-CoA acyltransferase 1 517 0.02
ACADL Acyl-CoA dehydrogenase, long chain 4.34 0.02
"Low-RFI = feed-efficient beef steers, high-RFI = feed inefficient beef steers.

2Fold change (FC; relative to high-RFl).

TABLE 4 | Fold change in hepatic amino acid metabolism gene expression in low compared with high-RFI beef steers.

Gene symbol Gene name FC? FDR
AADAT Aminoadipate aminotransferase -5.45 0.01
MATTA Methionine adenosyltransferase | 2.07 0.03
GOT2 Aspartate aminotransferase 2 3.96 0.05

"Low-RFI = feed-efficient beef steers, high-RFI = feed inefficient beef steers.
2Fold change (FC; relative to high-RFl).
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TABLE 5 | Fold change in hepatic mitochondrial energy metabolism gene expression in low compared with high-RFI beef steers'.

Gene symbol Gene name FC? FDR
UQCRC1 Ubiquinol-Cytochrome C Reductase Core Protein 1 2.07 0.01
ATP5GT ATP synthase, H+ transporting, mitochondrial Fo complex, subunit C1 2.38 0.01

"Low-RFI = feed-efficient beef steers, high-RFI = feed inefficient beef steers.
2Fold change (FC; relative to high-RFi).

and ACADSB catalyze the first step in mitochondrial B-
oxidation of long and short-chain fatty acids, respectively
(Ghisla and Thorpe, 2004). Acetyl-CoA transferases are a
group of enzymes involved in B-oxidation pathway of fatty
acid degradation and various fatty acid biosynthetic pathways
(Wanders et al.,, 2001). Acetyl-CoA acyltransferase 1 and 2
(ACAAI and ACAA2), both of which were upregulated in low-
RFI steers, are key regulators of fatty acid B-oxidation in
peroxisomes and mitochondria, respectively (Wanders et al.,
2001; Li, 2008). Acetyl-CoA acyltransferase 1 catalyzes the
splitting of 3-ketoacyl-CoA to acetyl-CoA and acyl-CoA,
which are both involved in fatty acid elongation and
degradation in peroxisomes, while ACAA2 catalyzes the last
step of mitochondrial B-oxidation of fatty acids (Wanders et al.,
2001; Li, 2008). Collectively, upregulated expression of these
aforementioned genes suggests enhanced mitochondrial and
peroxisomal fatty acid B-oxidation in low-RFI steers.

The major function of hepatic B-oxidation of fatty acids is
energy production (Kunau et al., 1995). Fatty acid oxidation can
generate 2.5 times more energy than metabolism of carbohydrate
via oxidative phosphorylation. Metabolism of fatty acids is a
major source of energy for the skeletal muscle and B-oxidation of
fatty acids in the liver produces ketone bodies that serve as
essential energy source for extra-hepatic organs. These results
agree with several hepatic transcriptomic studies that
demonstrated lipid oxidation and transport as the most
significant pathway associated with RFI divergence in beef
cattle (Alexandre et al., 2015; Mukiibi et al., 2018). For
instance, Mukiibi et al., 2018 analyzed the hepatic
transcriptome of three breeds of beef cattle fed a grain-based
finishing diet and revealed that expression of genes related to
lipid synthesis and accumulation were observed to be
downregulated in the liver tissues of low-RFI animals, which
was consistent across the three beef breeds. In a similar study, the
gene, ACACB, encoding fatty acid synthase, an enzyme that
promotes lipid synthesis, was observed to be downregulated in
low-RFI beef steers fed a grain-based finishing diet (Alexandre
et al, 2015). In dairy cattle, Salleh et al., 2018 reported
upregulation of co-expressed genes involved in lipid and
cholesterol biosynthesis in liver of high-RFI cows fed a high-
forage diet, compared to low-RFI cows. Previous studies in pigs
have also demonstrated that altered hepatic lipid metabolism is
closely related to feed efficiency (Lkhagvadorj et al., 2010; Zhao
et al., 2016). Taken together, increased hepatic expression of
these fatty acid metabolism-related genes in low-RFI beef steers,
relative to high-RFI beef steers, suggests an improved efficiency
of energy utilization, thus allowing for a similar level of growth
performance despite lower DMI.

Hepatic mRNA Expression of Amino Acid
Metabolism Genes

Hepatic mRNA expression of a gene, AADAT, encoding for
aminoadipate aminotransferase was downregulated in low-RFI
steers. Aminoadipate aminotransferase is a protein involved in a
metabolic pathway that synthesizes kynurenine and glutaric acid,
products of tryptophan and lysine metabolism, respectively
(Sauer et al, 2011). Although most previous studies have
focused on its role in kynurenine biosynthesis, the function of
AADAT in hepatic lysine degradation to aminoadipate has been
well described in several studies (Higashino et al., 1971; Goh
et al,, 2002). In fact, the enzyme has been reported to have a
higher catalytic efficiency for biosynthesis of aminoadipate than
for kynurenine (Han et al., 2008). Downregulation of the activity
of aminoadipate aminotransferase in the liver tissue of low-RFI
steers suggests increased availability of lysine for tissue protein
synthesis in low-RFI steers. This result probably explains the
reduced plasma concentrations of 5-aminopentanoic acid and 2-
aminohexanedioic acid (aminoadipic acid), and increased
plasma concentration of chloro-lysine in low-RFI beef steers
observed in our companion paper (Taiwo et al, 2021). In
agreement with our results, a recent study in sheep
demonstrated reduced serum concentration of aminoadipic
acid and increased serum concentration of lysine in low-RFI
sheep, relative to high-RFI sheep (Goldansaz et al., 2020).

The mRNA expression of a gene, GOT2, encoding for
mitochondrial aspartate aminotransferase isoenzyme 2 was
upregulated in the liver tissue of low-RFI steers. Mitochondrial
aspartate aminotransferase is involved in several metabolic
processes; the enzyme links amino acid metabolism to
carbohydrate metabolism by catalyzing the reaction of L-aspartate
and o-ketoglutarate to form oxaloacetate and L-glutamate, which
both fuel the tricarboxylic acid cycle for ATP synthesis (Jiang et al,,
2016). Mitochondrial aspartate aminotransferase also has high
affinity for LCFA and is known to facilitate cellular transport of
both saturated and unsaturated LCFA, a key step in energy-
generating mitochondrial beta-oxidation of fatty acids (Roepstorff
et al., 2004), which is in line with upregulation of fatty acid
metabolism genes observed in this study.

Methionine adenosyltransferase is an enzyme specific to the
liver and is primarily involved in the conversion of methionine to
S-adenosyl-methionine, a biological methyl donor (Avila et al.,
2002; Mato et al., 2002). S-adenosylmethionine is the key methyl
donor for the synthesis of several compounds (Perez-Mato et al.,
1999), including phosphatidylcholine that is required for export
of very-low-density lipoproteins from the liver to adipose and
muscle tissues where they can either be hydrolyzed to provide
fatty acids as substrates for ATP-generating fatty acid oxidation
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or stored as fat when energy is not needed (Avila et al., 2002;
Alves-Bezerra and Cohen, 2017). Methionine is also a precursor
for synthesis of succinyl-CoA, homocysteine, cysteine, choline,
creatine, methylarginine, and carnitine which are directly or
indirectly involved in lipid metabolism; carnitine, in particular, is
essential for the transfer of LCFA across the inner mitochondrial
membrane (Roe and Ding, 2001). Increased mRNA expression of
MATIA, a gene encoding methionine adenosyltransferase in
low-RFI steers suggests increased conversion of methionine to
s-adenosyl-methionine in the liver. In our companion paper
(Taiwo et al., 2021), we applied a chemical group-based
metabolomics technique to identify blood metabolic signatures
associated with RFI and observed lower plasma concentration of
methionine in low-RFI beef steers when compared with high-RFI
beef steers, which is in line with the result of the current study. It
is important to note that the PCR array panel used was designed
for human mRNA and its cross-reaction with the specific bovine
mRNA was not validated in this study. Therefore, these results
should be interpreted with caution.

Hepatic mRNA Expression of
Mitochondrial Energy Metabolism Genes
Ubiquinol-cytochrome c reductase core protein 1 is a sub-unit of
mitochondrial respiratory complex III and is known to play an
essential role in regulating mitochondrial function, although its
exact function is not yet determined (Yi et al., 2020).
Mitochondrial respiratory complex III is one of the series of
multi-subunit protein complexes of the electron transport chain
(ETC), a key player in mitochondrial energy production
(Lehninger et al., 1993). The ETC generates a potential
difference across the mitochondrial membrane, by pumping
protons from the mitochondrial matrix to the intermembrane
space, which is used to power ATP synthesis (Osellame et al.,
2012). Casal et al., 2018 determined the mRNA expression of
some select genes involved in mitochondrial respiratory chain in
the liver of Hereford steers fed high-forage diet and observed
upregulation of some genes, including UQCRCI in low-RFI
steers. Similar results were observed in beef steers fed a grain-
based diet. For instance, Lancaster et al., 2014 observed greater
ADP-stimulated respiration rates (state 3 respiration rates) in
liver of low-RFI beef steers than their high-RFI counterparts.
Kolath et al. (2006) reported greater ADP-stimulated respiration
rates in muscle of low-RFI beef steers compared to steers with
high-RFI. In another study, Ramos and Kerley, 2013 reported
greater quantity of mitochondrial complex proteins in beef cattle
with low-RFI, relative to high-RFI cattle. In contrast to our
results, other studies that utilized total RNA sequencing or
microarray, reported no differentially expressed genes related
to electron transport chains between beef cattle with divergent
RFI (Alexandre et al., 2015; Tizioto et al., 2015; Zarek et al.,
2017), which may be due to several reasons, including difference
in methodology because transcriptomics analysis is not as
specific and targeted as qPCR-based analysis.

The gene, ATP5G1, encodes a subunit of the mitochondrial
ATP synthase and it is an important component of complex V of
the oxidative phosphorylation chain (He et al., 2017).
Mitochondrial ATP synthase catalyzes ATP synthesis during

oxidative phosphorylation using the energy provided by the
proton electrochemical gradient to meet cellular energy needs
(Keogh et al,, 2015; He et al., 2017). In rats, low feed intake has
been demonstrated to result in increased expression of muscle and
hepatic gene transcripts involved in ATP production to
compensate for the lower caloric intake per unit weight (Gredilla
et al., 2001; Sreekumar et al., 2002). This suggests that increased
expression of ATP5G1 is probably an adaptive response of low-RFI
steers to low DMI that may result in increased ATP production.
Taken together, upregulation of UQCRCI and ATP5G]I supports
the notion that low-RFI beef steers can synthesize ATP more
efficiently than high-RFI beef steers because mitochondrial
oxidative phosphorylation provides over 90% of the energy
needed for mammalian metabolism (Bermejo-Nogales et al., 2015).

It is important to note that the potential impact of these genes
on liver function was not fully evaluated in this study as it was
not determined if these mRNA changes are translated into
proteins or how they affect important metabolic changes that
could influence feed efficiency. In addition, the validation of the
use of the reference genes and amplification efficiency of the PCR
array was based on the information provided by the
manufacturer. However, the results of this study provide
evidence to support the concept that divergence in RFI is
associated with changes in mRNA expression of genes involved
in lipid metabolism, amino acid metabolism, and mitochondrial
ATP production in the liver of crossbred beef steers.

CONCLUSION

This study revealed differential hepatic mRNA expression of
multiple genes involved in amino acid, fatty acid, and
mitochondrial energy metabolism in growing beef steers with
divergently low- or high-RFI. Future studies are needed to
determine how these mRNA changes are translated into
proteins or how they affect important metabolic changes that
could influence measures of feed efficiency in beef cattle.
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