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Enhanced mitochondrial complex gene function and reduced
liver size may mediate improved feed efficiency of beef cattle

during compensatory growth
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Abstract Growing ruminants under extended dietary restric-
tion exhibit compensatory growth upon ad libitum feeding,
which is associated with increased feed efficiency, lower basal
energy requirements, and changes in circulating concentra-
tions of metabolic hormones. To identify mechanisms
contributing to these physiological changes, 8-month-old
steers were fed either ad libitum (control; n=6) or 60—-70%
of intake of control animals (feed-restricted; n=6) for a
period of 12 weeks. All steers were fed ad libitum for the
remaining 8 weeks of experimentation (realimentation).
Liver was biopsied at days —14, +1, and +14 relative to
realimentation for gene expression analysis by microarray
hybridization. During early realimentation, feed-restricted
steers exhibited greater rates of gain and feed efficiency than
controls and an increase in expression of genes functioning
in cellular metabolism, cholesterol biosynthesis, oxidative
phosphorylation, glycolysis, and gluconeogenesis. Gene
expression changes during feed restriction were similar to
those reported in mice, indicating similar effects of caloric
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restriction across species. Based on expression of genes
involved in cell division and growth and upregulation of
genes encoding mitochondrial complex proteins in early
realimentation, it was concluded that reduced hepatic size
and increased mitochondrial function may contribute to
improved feed efficiency observed during compensatory
growth.
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Introduction

In beef production, about 60% of total costs in achieving a
marketable steer are attributed to feed expenses (Ritchie
1992). Further, it is estimated that 70-75% of energy
consumed by cattle is used solely for body maintenance
(Ferrell and Jenkins 1984). Considerable variation exists
among animals in maintenance energy requirements, and
these requirements appear to be at least moderately heritable
(W*=0.52; Hotovy et al. 1991). Thus, identification of
animals having lower maintenance energy needs and the
genes that modulate feed conversion should assist in the
selection of animals for improved feed efficiency, thereby
reducing overall costs to beef producers and the environ-
mental impacts of cattle production.

Studies to identify chromosomal regions associated with
improved feed conversion of cattle have identified a
number of putative loci affecting efficiency traits, which
were recently reviewed by Moore et al. (2009). Although
these studies have pointed to genomic regions that may
contribute to differences among animals in the expression of
traits such as net feed efficiency, the resolution of the locations
within the bovine genome remains poor due in part to the
limited numbers of animals for which feed efficiency
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phenotypes are available for fine-mapping studies and
validation of putative genetic markers. Recently, Barendse et
al. (2007) evaluated associations between single-nucleotide
polymorphisms across the whole bovine genome and
phenotypic measures of feed efficiency in nearly 1,500
animals of seven breeds of beef cattle to identify DNA
regions associated with the trait. Their results indicated that
the largest group of polymorphisms associated with feed
efficiency occurred in noncoding regions of the genome
often containing promoter elements and microRNA motifs,
suggesting that a substantial proportion of the variation
among animals in feed efficiency may be due to differences
in the regulation of gene expression. Thus, evaluating
changes in gene expression in response to treatments that
enhance feed efficiency in cattle may provide additional
insight into the physiological basis of feed efficiency.

One such treatment is long-term feed restriction,
followed by realimentation to induce compensatory
growth. Compensatory growth following a period of
imposed feed restriction is known to occur in ruminants
and is associated with increased efficiency of energy use,
reduced basal energy needs, and changes in circulating
concentrations of metabolic hormones (Blum et al. 1985;
Drouillard et al. 1991; Yambayamba et al. 1996a; Cassar-
Malek et al. 2001; Ford and Park 2001). Furthermore,
25% reductions in liver growth have been observed in
steers during feed restriction as determined by protein-to-
DNA ratio (Sainz and Bentley 1997), and Wester et al.
(1995) demonstrated a 60% reduction in liver size in
response to energy and protein restriction in sheep that is
reversed within 2 days of refeeding. The changes in gene
expression associated with these physiological effects
have been studied only on a limited, candidate gene basis.
Studies of complete pathways affected by dietary restric-
tion and realimentation are needed to identify critical
genetic pathways mediating the observed effects. The
recent availability of the bovine genome sequence and of
bovine-specific microarrays provides an excellent oppor-
tunity to study global gene expression in tissues of interest
using a well-controlled and validated approach.

Because the liver is a highly metabolically active tissue
responsible for a substantial portion (18-25%) of the total
oxygen consumption in cattle (Baldwin et al. 2004), this
organ can have substantial effects on basal maintenance
requirements. For instance, divergent selection for basal
metabolic rate in mice resulted in an increase in liver size
with increases in basal metabolic rate (Ksiazek et al. 2004).
Because liver is the principal site of gluconeogenesis,
where it has been estimated that hepatic gluconeogenesis
provides 90% of the glucose requirement of ruminants
(Nafikov and Beitz 2007) necessary to support growth and
lactation, liver is a logical tissue for transcript profiling to
identify key regulatory pathways affecting nutrient use
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efficiency of cattle. For instance, in a recent study, over 150
differentially expressed genes participating in cellular
growth and metabolism were identified in liver of cattle
divergently selected for net feed efficiency (Herd and
Arthur 2009). Additional studies are needed to identify
and understand physiological mechanisms controlling feed
efficiency, which can then serve as targets for improving
this economically important trait.

Therefore, the primary objective of this study was to
examine changes in hepatic gene expression of growing steers
during periods of dietary energy restriction and realimentation
to identify putative genetic pathways mediating observed
increases in feed efficiency during compensatory gain. To
identify putative pathways, gene expression profiles were
determined from liver tissue of steers, using a genome-wide
bovine oligonucleotide microarray, collected at three time
points: (1) after a 10-week period of feed restriction (gain
limited to ~0.7 kg/day); (2) 1 day after realimentation (ad
libitum feeding); and (3) 14 days after realimentation.
Expression profiles were compared with those of control
(ad-libitum-fed) steers biopsied at corresponding time points
to identify differentially expressed genes. This work should
aid in the identification of key genes and gene pathways that
modulate feed efficiency in cattle, which are needed to
develop direct management and genetic selection strategies
to improve production efficiency.

Materials and methods
Animals

Twelve black Angus steers (Wye cross; Brinks and
Katsigianis 1982) averaging (mean=SE) 211+3-kg body
weight and 24845 days of age were used in the study,
which was conducted from late October 2004 to March
2005. Steers were of similar genetic merit and were
managed under the same conditions up to the start of the
experiment. Steers were assigned randomly to one of two
treatment groups, control or feed-restricted, and housed
indoors in individual concrete-floored pens of approxi-
mately 3.3x3.0 m. Each animal was provided a large
rubber mat in place of bedding material. All experimental
procedures were performed according to animal use
regulations; all animal procedures were approved by the
Beltsville Area Animal Care and Use Committee.

Diet

Animals were fed a total mixed ration of 88% corn silage
and 12% soybean meal, supplemented with mineral mix
(Mag Choice, Renaissance Nutrition, Inc., Roaring
Spring, PA, USA) throughout the experimental period
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(20 weeks). Nutrient analysis of the ration was conducted
by the Cumberland Valley Analytical Services, Inc.
(Maugansville, MD, USA) every 2 weeks on a composite
of 14 daily samples. The mean (+SE) dry matter
percentage of the diet was 33.8 (+0.2). Mean (£SE)
analytical values (dry matter basis) were 1.07 (£0.01)
Mcal/kg metabolizable energy gain, 13.7 (+0.2)% crude
protein, 33.6 (+0.3)% neutral detergent fiber, 21.5
(£0.4)% acid detergent fiber, 0.50 (£0.01)% Ca, and
0.40 (£0.01)% P.

Experimental protocol

Steers were acclimated to their individual pens for 5 days prior
to starting the experimental treatments. Feed was offered once
daily between 0630 and 0930 hours, and orts from the
previous day’s feeding were collected and weighed to estimate
actual dry matter intake (kilogram feed consumedx% dry
matter/100). Control animals were fed ad libitum throughout
the 20-week experimental period. Feed-restricted steers were
offered 60-70% of intake of control animals for 12 weeks to
target a limited rate of gain of approximately 0.5 kg/day.
Restricted steers were then fed ad libitum for the remaining
8 weeks of the experiment (realimentation period). During the
first 3 days of realimentation, feed offered to both treatment
groups was divided into two equal rations to gradually adjust
restricted animals to full intake. Water was offered ad libitum
throughout the experimental period. Steers were weighed at
the start of the study and every 2 weeks thereafter to estimate
average daily gain (ADG; kg/day) and feed efficiency
(kilogram of gain/kilogram of dry matter intake).

Approximately 200 mg of liver tissue was collected from
each steer by needle biopsy using a Tru-Cut biopsy needle
(Allegiance Healthcare Corp., McGaw Park, IL, USA) as
previously described (Kahl et al. 1997) at —14, +1, and
+14 days relative to realimentation. Liver samples were
immediately frozen in liquid nitrogen and stored at —80°C
until RNA isolation.

RNA isolation and microarray analysis

Total RNA for hybridization to a custom bovine whole-
genome array (USDA Bovine 60mer 344-k Array; Li et al.
2006) was isolated from liver samples (n=36) using
TRIZOL Reagent (Invitrogen Corp., Carlsbad, CA, USA).
Samples were DNase-treated using the TURBO DNA-free
kit (Ambion, Inc., Austin, TX, USA) according to the
manufacturer’s instructions, followed by column purifica-
tion using the RNeasy Mini Kit (Qiagen, Valencia, CA,
USA). Quality and concentration of RNA were assessed
using a 2100 Bioanalyzer (Agilent Technologies, Palo Alto,
CA, USA) and ND-1000 spectrophotometer (NanoDrop
Technologies, Wilmington, DE, USA). The mean (£SD)

RNA integrity number (RIN) of samples was 8.4 (£0.5). All
samples but one (RIN=6.5) had RIN values within the
range of 7.7 to 9.3. Probe labeling, hybridizations of probes
to the high-density oligonucleotide microarray, and array
scanning were performed according to standard procedures
(Madison, WI, USA; http://www.nimblegen.com) by the
Roche NimbleGen Systems, Inc. Microarray Core Facility
in Reykjavik, Iceland in two separate batches of 18 arrays
each (i.e., three steers per treatment group at the three
biopsy time points). All samples met the NimbleGen Core
Facility's quality control requirements for cDNA synthesis
yield and quality. The microarray data (n=36) are available
as accession GSE12853 in the Gene Expression Omnibus
repository at the National Center for Biotechnology
Information (http://www.ncbi.nlm.nih.gov/geo/).

Validation of microarray results by qPCR

Eight genes (ADH6, ATP50, COL4A5, HSPAS5, NDUFS4,
RHOA, SLC27A46, and TRIB-1) identified as differentially
expressed by microarray were selected for validation by
quantitative polymerase chain reaction (qQPCR) using the
iCycler iQ or MyiQ Real-Time PCR Detection Systems and
SYBR green detection (Bio-Rad Laboratories, Hercules, CA,
USA). Genes selected represented comparisons made at each
time point (day —14, day +1, and day +14) and a range of
fold changes as evaluated by microarray hybridization.
Primer sequences used for each gene, the amplification
product size, annealing temperature used, and assay perfor-
mance measures are provided in Supplementary Table S1.
For each primer pair, amplification products were gel-
purified using the QIAquick Gel Extraction Kit (Qiagen,
Valencia, CA, USA), and identity of intended amplification
products was confirmed by direct DNA sequencing using a
CEQ 8000 Genetic Analysis System and GenomeLab DTCS
Quick Start Kit (Beckman Coulter, Fullerton, CA, USA).
For each RNA sample, reverse-transcription reactions
were conducted using the iScript cDNA Synthesis Kit (Bio-
Rad Laboratories) according to kit directions, using 750 ng
of total RNA in a 30-pul reaction volume. Reaction
conditions were 5 min at 25°C, 30 min at 42°C, and
5 min at 85°C. Negative control reactions were also
performed on each RNA sample where reverse transcriptase
was replaced with water in the reaction. Subsequent PCR
was performed in triplicate (negative controls were
performed in single reactions) using 2 pl of first-strand
cDNA, 10 pmol of each primer, and 12.5 ul of iQ SYBR
Green Supermix (Bio-Rad Laboratories) in a 25-ul reaction
volume, based on manufacturer's instructions. Cycling
conditions consisted of 95°C for 3 min, 45 cycles of 94°C
for 15 s, annealing temperature for 30 s, and 72°C for 30 s,
followed by a melting curve analysis. Standards (10* to 10’
molecules) comprised of gel-purified PCR amplicons of
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each gene target were analyzed in duplicate within each
assay plate, and a blank reaction using water as template
was included with each standard curve. The iCycler
Software was used to calculate amplification efficiency of
each assay and relative gene expression of each gene of
interest was determined using the Livak Method (Livak and
Schmittgen 2001), where normalization was to the refer-
ence gene RPS9Y. Janovick-Guretzky et al. (2007) found
RPSY9 mRNA to be stably expressed in liver of cattle under
different physiological conditions including level of feed
intake, amino acid supplementation, stage of lactation, and
ketosis. Primer sequences and assay details for RPS9 are
provided in Supplementary Table S1.

Statistical analyses
Microarray data analysis

Because microarray hybridization was performed in two
separate batches of 18 hybridizations per batch, principal
component analysis was performed to inspect overall varia-
tion, and the largest component of variation segregated the
samples into two distinct groups corresponding to the
hybridization batch of the samples. This technical artifact
was minimized by adjusting the within-batch median of each
gene to zero. Tests for differential transcript expression were
performed using LIMMA (Smyth 2004). Specifically, a linear
model was fit with terms for feed intake (control or
restricted), time relative to realimentation (day —14, day +1,
or day +14), and their interaction. Contrasts were constructed
to test for differential expression due to feeding within each
time point, and between time points within levels of feed
intake. The log, fold change and P value were calculated for
each contrast. A combined filter of P<0.05 and absolute fold
change >2 was used to identify differentially expressed genes
as it has been demonstrated that a combination of P value
and fold change criteria provides more reproducible results
than false discovery rate-controlling tests (Guo et al. 2006;
Shi et al. 2008). Gene pathway analysis was conducted using
the Bio Resource for Array Genes (www.biorag.org),
DAVID Bioinformatics Resources (http://david.abce.ncifcrf.
gov/home.jsp), and Ingenuity Pathway Analysis 6.0 (Inge-
nuity Systems, Inc., Redwood City, CA, USA).

Analysis of growth performance measures and differential
gene expression by gPCR

Changes in ADG and gain/feed were analyzed by repeated-
measures ANOVA using the PROC MIXED procedure of
SAS (SAS Institute 1996) with treatment (control, feed-
restricted) and time (days relative to realimentation) as fixed
effects. Time was considered repeated on the same animal,
which was nested within treatment. When significant effects
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were detected (P<0.05), differences between means were
further separated by the ESTIMATE option of SAS.

For qPCR data, a delta Ct was calculated for each
sample as the difference between the Ct value of the gene
of interest and the Ct value of RPS9 using the Livak
Method (Livak and Schmittgen 2001). Differences in delta
Ct between treatments (control, feed-restricted) for each
gene at the time point of interest were analyzed using the
PROC TTest procedure of SAS (SAS Institute 1996; Yuan
et al. 2006). The P values were determined based on a one-
tailed test. A P value <0.05 was considered significant.

Results
Animal growth

At the start of the trial, there was no significant difference in
body weight between treatment groups (P=0.38). During the
first 12 weeks of the study, rate of gain of feed-restricted
steers averaged (mean+SE) 0.67 (+0.03) kg/day and was
lower than that of control steers (P<0.0001), which averaged
(mean+SE) a rate of 1.08 (+0.04) kg/day. During the first
14 days of realimentation, feed-restricted steers exhibited a
greater rate of gain compared to controls (2.25 versus
1.55 kg/day; P=0.009) and substantially greater feed
efficiency (gain/feed; P=0.004). Specifically, mean gain/feed
was 0.29 (£0.02) in feed-restricted steers and 0.19 (+0.01) in
controls during the first 14 days of realimentation. This effect
diminished over time, and by 28 days of realimentation,
mean gain/feed was only 0.17 versus 0.15 in feed-restricted
versus control steers, respectively (P=0.17). Table 1 summa-
rizes the mean gain/feed and ADG during the 14-day period
prior to realimentation and during each 14-day period after
realimentation in control versus feed-restricted steers. Mean
final body weight at day +56 of realimentation was greater in
control steers relative to feed-restricted steers (380 versus
355 kg, P=0.04).

Differential gene expression as determined by microarray
hybridization

The number of probes characterized as having greater than
twofold change and P value <0.05 in feed-restricted steers
relative to controls at day —14, day +1, and day +14 relative
to realimentation was 82, 2,643, and 179, respectively.
Within the feed-restricted group, there were 815 probes
differentially expressed at day +1 relative to day —14 and
195 differentially expressed probes at day +14 relative to
day —14. Within the control group, 227 probes were
differentially expressed at day +1 relative to day —14, and
165 probes were differentially expressed at day +14 relative
to day —14.
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Table 1 Mean ADG (kg/d) and feed efficiency (gain/feed) in control (n=6) and feed-restricted (n=6) Angus steers during a 20-week feeding trial

Day relative to realimentation® P value
Performance measure -14 +1 +14 +28 +42 +56 Trt® Time Trtx Time SEM®
ADG (kg/day)
Feed-restricted 091 0.68* 2.25%* 1.44 1.23 0.97 0.7675 <0.0001 0.0001 0.11
Control 1.15 1.12 1.55 1.29 1.18 1.07
Gain/feed”
Feed-restricted 0.18 0.14 0.29%* 0.17 0.14 0.11 0.1722 <0.0001 0.0047 0.02
Control 0.18 0.15 0.19 0.15 0.14 0.12

Control steers were fed a total mixed ration ad libitum for the entire feeding trial. Feed-restricted steers were fed the same total mixed ration at
limited intake to target an average rate of gain of approximately 0.5 kg/day for the first 12 weeks, after which steers were fed ad libitum to induce

compensatory weight gain
*P < 0.01; **P<0.0001

#Values calculated on the day indicated, based on weights from previous 2-week period

® Feed-restricted treatment versus control
¢ Common standard error of the mean from analysis of variance
9 Gain (kg)/dry matter intake (kg)

Day — 14 relative to realimentation

Hepatic genes that were differentially expressed between
the feed-restricted and control animals at day —14
relative to realimentation are summarized in Table 2. A
total of 80 transcripts were identified, of which three
(NEB, CLCA3, and DNER) were detected by two separate
probes, and only 34 had gene annotations. Where two
probes were represented for a single transcript, the
direction of change in both cases was in agreement. Genes
downregulated by feed restriction included 77N, involved
in maintenance of chromosome structure during mitosis
(Machado and Andrew 2000), myosins MYLI, MYL2,
MYL6, and MYH7, which may participate in cytokinesis
(Mabuchi and Okuno 1977; Glotzer 2005), vascular
smooth muscle tone (Webb and Bohr 1981), and other
actin-binding molecules XIRP2, NEB, and MYOT. In
addition, transcript expression of the immunoglobulin
receptor, PIGR, was decreased in feed-restricted steers
relative to controls, which is consistent with downregula-
tion of this gene in liver of calorie-restricted mice (Ha and
Woodward 1998). Other immune-related genes that were
affected by feed restriction included BOLA-DQA2 and
TCAM]I. Functions of genes that were upregulated during
feed restriction were variable and included those involved
in mitogen-activated protein kinase signaling (DUSPS,
HSPAS5, and TRIBI), transcription growth factor beta
signaling (INHBA), transcriptional regulation (ASCLI,
CITED4, RPAP3, and TRIM31), neuronal differentiation
(ASCLI and DNER), and regulation of DNA replication
and repair (7IPIN).

Twenty two of the differentially expressed transcripts at
day —14 relative to realimentation also were changed in the

opposite direction at day +14 of realimentation, supporting
the effect of feed restriction on their expression. Of these
transcripts, nine were annotated genes including ALB, ASCLI,
HSPAS, FBXL4, RPAP3, COL4AS5, CITED4, Cl4orf32, and
LOC728844. Furthermore, MYL2 and MYLI were immedi-
ately upregulated at day +1 of realimentation, and nine
transcripts (including COL4A45 and TRIBI) that were
upregulated at day —14 were downregulated at day +1 of
realimentation, as determined by comparison of gene
expression at day +1 versus day —14 within the feed-
restricted steers. These represent the transcripts whose
expression was modified earliest by realimentation. It should
be noted, however, that differential expression of COL4A45
between control and feed-restricted steers at day —14 was not
detected by qPCR (P=0.57).

Day + 1 relative to realimentation

Relative to controls, expression of over 2,600 transcripts
was affected at day +1 of realimentation in feed-restricted
calves of which 1,114 have gene annotations (Supplemen-
tary Table S2). Eighty-two genes were represented by at
least two probes, and direction of change was consistent
among the multiple probes in all but five cases. These five
genes were omitted from the list of differentially expressed
genes. The majority of differentially expressed transcripts
(71%) were up regulated in response to ad libitum feeding.
Functional grouping of these genes using the BioRag web
resource primarily indicated upregulation of Kegg meta-
bolic pathways related to oxidative phosphorylation,
metabolism of purine/pyrimidines, carbohydrates, fat and
amino acids, glycolysis and gluconeogenesis, and the urea
and tricarboxylic acid cycles (Fig. 1).
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Table 2 Hepatic genes differentially expressed in feed-restricted Angus steers relative to controls at day —14 relative to realimentation

Human

Fold

Ref Seq ID Gene symbol  Gene name

Change P value

Cell division and growth

NM_033381 COL445 Collagen, type 1V, alpha 5 (Alport syndrome) 243 0.013
NM_000257 MYH7 Mpyosin, heavy chain 7, cardiac muscle, beta -2.30 0.045
NM_079420 MYLI Myosin, light chain 1, alkali; skeletal, fast -2.25 0.015
NM_000432 MYL2 Myosin, light chain 2, regulatory, cardiac, slow -3.49 0.004
NM_021019 MYL6 Mpyosin, light chain 6, alkali, smooth muscle and non-muscle 2.27 0.040
NM_006790 myor Myotilin —2.06 0.043
NM_004543 NEB Nebulin —2.49% 0.006
NM_017858 TIPIN TIMELESS interacting protein 2.04 0.039
NM_133378 TTN Titin -2.07 0.009
NM_ 152381 XIRP2 Xin actin-binding repeat containing 2 -2.15 0.031
Immune function
NM 020056 BOLA-DQA2  Major histocompatibility complex, class II, DQ alpha 2 2.47 0.019
NM_002644 PIGR Polymeric immunoglobulin receptor -2.29 0.028
NM_182919 TCAM1 Toll-like receptor adaptor molecule 1 -2.23 0.003
MAPK and TGF-3 signaling
NM_004420 DUSPS8 Dual specificity phosphatase 8 2.30 <0.00001
NM_005347 HSPAS Heat shock 70-kDa protein 5 (glucose-regulated protein, 78 kDa) 2.11 0.021
NM_002192 INHBA Inhibin, beta A (activin A, activin AB alpha polypeptide) 2.10 0.032
NM_025195 TRIBI Tribbles homolog 1 (Drosophila) 2.07 0.008
Transcriptional regulation and neuronal differentiation
NM_004316 ASCLI Achaete-scute complex homolog 1 (Drosophila) -3.01 0.005
NM_133467 CITED4 Cbp/p300-interacting transactivator, with Glu/Asp-rich carboxy-terminal domain, 4 2.04 0.010
NM_139072 DNER Delta/notch-like EGF repeat containing -3.00* 0.003
NM_ 024604 RPAP3 RNA-polymerase Il-associated protein 3 2.32 0.020
NM_007028 TRIM31 Tripartite motif-containing 31 —2.04 0.014
Transport
NM_000477 ALB Albumin 2.26 0.026
NM_004921 CLCA3 Chloride channel, calcium-activated, family member 3 -2.12% 0.041
NM_014580 SLC248 Solute carrier family 2 (facilitated glucose transporter) member 8 2.13 0.024
NM_003486 SLC745 Solute carrier family 7 (cationic amino acid transporter, y + system), member 5 2.39 0.005
Other
NM_ 144578 Cl4orf32 Chromosome 14 open reading frame 32 2.08 0.035
NM_001100159  C7orf57 Chromosome 7 open reading frame 57 -2.20 0.007
NM_001824 CKM Creatine kinase, muscle -2.53 0.046
NM_012160 FBXL4 F-box and leucine-rich repeat protein 4 —2.85 0.009
XM 001133051 LOC728844  LOC728844 2.14 0.016
NM 152636 METT5DI Methyltransferase 5 domain containing 1 -2.10 0.024
NM_ 145202 PRAPI Proline-rich acidic protein 1 -2.17 0.008
NM_005410 SEPPI Selenoprotein P, plasma, 1 2.20 0.009

*Two or more probes indicated differential expression of this gene. The most significant difference based on P value is listed.

Expression of 402 transcripts was commonly affected at
day +1 versus day —14 within the feed-restricted steers and
in feed-restricted versus control steers at day +1. The
direction of change in the two comparisons was 100%
concordant. Of these 402 transcripts, 202 had gene
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annotations, which are summarized in Supplementary Table
S3. These genes represent those that are immediately
responsive to realimentation (after 1 day of ad libitum
feeding), of which 94% were upregulated. Pathway analysis
of these 202 genes using DAVID indicated upregulation of
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NDUFC2
SDHC
ATP5B
NDUFA13
SDHA
NDUFS4
NDUFB3
NDUFV1
NDUFBS8
uQcRrc2
NDUFB9
NDUFS8
cyct
NDUFA6
NDUFA3
PPA1
NDUFS2
NDUFA4L2
ATP5L
SDHD
ATP5D
COoxX17
ATP5C1
PPA2
NDUFS3
COX5A
NDUFA8
ATP50
coxéeB1

AKR1C1
EPHX2
AKR1C2
GSTA1
GSTZ1
AKR1C3
CYP2F1

PAICS
NME2
NT5C
POLR1B
POLE3
NUDT5
PDE4D
NT5E
POLR2I
POLR2L
IMPDH2
PDE7B
POLR2A
NME1
POLR1D
POLR2E
ADK
upPB1

UGT1A1
UGP2
PYGM
ERCC3
UGT1A10
UGT1A3
UGT1A6
UGT1A8
UGT1A4
UGT1A7
UGT1AS5
UGT1A9
UGT2B11
PFKFB1
SORD
PFKFB2
KHK
GALK2

Fig. 1 Expression levels of 142 hepatic transcripts in feed-restricted
Angus steers at day +1 of realimentation relative to control-fed steers.
Genes are arranged by functional groups within Kegg metabolic
pathways according to the BioRag web resource (www.biorag.org).

Oxidative phosphorylation

Metabolism of xenobiotics
by cytochrome P450

Purine and pyrimidine
metabolism

Starch and sugars metabolism

UBE3A
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LOXL4
LAP3
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SETDB1 e -
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SULT4A1 24 3 215 |218 2 2 4

UROC1 Decrease Increase
BCAT2 Ho Change
HMGCS1
AOX1
HMGCL
PNPLA3
PCCA
ARD1A
FARS2 Amino acid metabolism
PAH
NARS
MIF
GOT1
FAH
ECH1
DMGDH
SARS
GCAT
BHMT
PHGDH
GLDC
PSAT1
TARS
SEPHS2
AHCY

CYP4A11
CPT2
HSD17B10
ACAA1
ADH5
ACAD11
CYP4F11
ACAA2 Fatty acid metabolism
HADHB
PECI
ACSL5
ADH1A
ADH6
HSD17B4
ACAT1

ASS1
ACY1
CKB Urea cycle and metabolism
ALDH18A1 of amino groups

CPS1
oDct1

ACSS2
LDHC
G6PC
ENO1 Glycolysis / Gluconeogenesis
PGM1
PGK1
ACYP2
ALDOB

ACAD8
ACADSB Bile acid biosynthesis
ACADVL
CYP27A1

SUCLG1
PCK2 Citrate cycle (TCA cycle)
FH

MDH1

Red represents an elevated level of expression in the feed-restricted
group, and green indicates a lowered level of expression relative to
control-fed steers at the same time point. Intensity of color reflects the
log2 expression ratio
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genes involved in cellular metabolism (113 genes), choles-
terol biosynthesis (ACAT1, NSDHL, HMGCR, HMGCS1,
EBP, DHCR7, and CYP51A1), electron transporter activity
(NDUFAS8, NDUFB3, NDUFBY9, NDUFS3, NDUFS4,
PDIA6, CYCI, CYCS, SDHA, and UQCRC?2), regulation
of RNA processing and translation (DDX1, BZW2, RPLPO,
TARSL2, SARS, EIF1, EIF4A2, EIF4A43, EIF4G2, HNRPD,
LSM6, PPIH, CSTF2, SNRPDI, SNRPE, SF3BI, and
ZNF638), and lipid metabolism (ABCB4, ACATI, ACSLS,
ADH6, APOB, CHPTI, CYP51A41, G6PC, PECI, SLC27A42,
SLC27A46, and TTPA). The most highly upregulated genes
(approximately fivefold or greater) included NDUFS4,
PDIA6, UBLS5, RHOA, PRKD2, ADH6, and SLC27A6.
Changes in the expression of these genes occurred prior to
the increase in feed efficiency observed in feed-restricted
steers and may be involved in the mechanism of increased
efficiency in these animals. It should be noted, however,
that statistically significant differential expression of
SLC2746 (P=0.24) was not detected by qPCR. The reason
for the discrepancy between the two methods (microarray
versus qPCR) is unclear.

Day + 14 relative to realimentation

A total of 184 transcripts were differentially expressed
between feed-restricted versus control steers at day +14 of
realimentation, of which 75 represented annotated genes
(Supplementary Table S4). Based on DAVID functional
annotation, these genes function in processes including
transcription (ERCC6, EWSRI, CNBP, NRIPI, RSFI,
PBX3, SFRS2, and PFDN5), RNA processing (SFRS2,
SNRP70, PCBP2, EXOSC3, and DNAJBII), transport
(ABCCY, TTPA, ALB, ERGIC, TPR, SEC24C, ATP5O,
FMO3, COL4A45, and SLC27A46), cell proliferation (CNBP,
NAMPT, and MCTSI), and immune response (IL/RLI,
CLEC4E, and BOLA-DQA2). Of interest, transcripts that
were upregulated included ECT2, which is known to be
highly expressed in liver during regeneration (Sakata et al.
2000), and CENPE and ERCC6L involved in cell division.

Among the 184 differentially expressed transcripts were
49 transcripts that were also significantly modulated within
feed-restricted steers at day +14 versus day —14. The
direction of change was 100% concordant between the
overlapping differentially expressed genes. Of these 49
transcripts, only ten were downregulated, and only ten had
gene annotations. The ten annotated transcripts included
CLEC4E functioning in inflammation, the extracellular
matrix component COL4A45, ECT2, and ERCCG6L, the
mitochondrial matrix protein GRPELI, the adaptor protein
GULPI needed for efficient apoptosis by phagocytes (Su et
al. 2002), IMMPI1L functioning in proteolysis, LOC652727
of unknown function, NRIPI, which modulates transcrip-
tional activity of nuclear receptors (L'Horset et al. 1996),
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and ST6GALNACS3 involved in substrate glycosylation (Lee
et al. 1999). These transcripts represent those that clearly
were affected by realimentation and whose expression
changes were also associated with the period in which feed
efficiency was greater in the feed-restricted steers compared
to controls. Of note, there was no overlap in genes that
were affected by realimentation at day +14 (long-term
response) with those affected at day +1 (immediate
response).

Validation of differential gene expression by qPCR

A subset of genes identified as differentially expressed
by microarray analysis between control and feed-
restricted steers was evaluated by qPCR including
COL4A45 and TRIBI from day —14, ADH6, ATP50,
NDUFS4, and SLC27A46 from day +1, and ATP50,
HSPAS5, RHOA, and SLC2746 from day +14. Figure 2
illustrates the agreement of microarray and qPCR results,
where the correlation of fold changes between the two
methods was 0.72 (P<0.02), although only six out of ten
differentially expressed genes were validated by qPCR at a
significance level of P<0.10.

Discussion

The goal of the present study was to identify genes that may
regulate feed efficiency in cattle by examining changes in
gene expression during an experimentally induced increase
in feed efficiency (i.e., gain/feed). A 12-week period of
moderate feed restriction followed by realimentation of
growing steers was used to evaluate immediate and short-
term changes in hepatic gene expression relative to contem-
porary steers fed ad libitum in order to gain insight into
genetic mechanisms that may contribute to compensatory
growth and improved gain/feed during realimentation. It is
well established that an extended period of mild to moderate
feed restriction or energy restriction followed by ad libitum
feeding in many animal species, including cattle, can result
in compensatory growth and weight gain, provided that the
restriction is not too severe or prolonged and that the
libitum-fed diet is of sufficient nutritional quality to support
a high growth rate. A number of studies have documented
physiological responses of animals during compensatory
growth including an increase in feed efficiency as deter-
mined by increased gain/feed ratio (Sainz et al. 1995),
changes in circulating concentrations of metabolic hormones
such as growth hormone, insulin-like growth factor (IGF)-I,
and thyroid hormones (Yambayamba et al. 1996a), reduc-
tions in metabolic rates and maintenance requirements, and
increased diet digestibility (Hornick et al. 2000) relative to
control animals fed ad libitum, with no prior feed restriction.
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Fig. 2 Validation of differential gene expression by quantitative real-
time RT-PCR (¢PCR). Relationships between the fold changes in gene
expression of selected genes in feed-restricted steers relative to controls
(fed ad libitum) as determined by microarray, and qPCR approaches are

Little is known, however, about changes that occur at the
gene transcript level in cattle during feed restriction and
realimentation and how these changes may be related to
improved feed efficiency during compensatory growth.

One gene specifically shown to be downregulated during
feed restriction in cattle is the growth hormone receptor
(Radcliff et al. 2006), for which only a 1.8-fold decrease
(P=0.03) in transcript abundance was observed in the
present study after 10 weeks of restricted intake, which did
not meet the criteria for differential expression. Less
stringent criteria would have shown effects of feed restriction
on other members of the growth hormone axis expected to be
affected by level of feed intake including /GF binding protein
(IGFBP)-1 and IGFBP-3 (data not shown). However, effects
of realimentation on /GFBP-2 relative to controls (Supple-
mentary Table S2) were observed, although this result differs
from plasma IGFBP-2 concentrations which were previously
shown to decrease during refeeding in feed-restricted calves
(Renaville et al. 2000).

During early realimentation of feed-restricted steers,
expected increases in rate of gain and efficiency of gain
were observed relative to ad-libitum-fed controls, and
associated changes in expression of nearly 2,800 hepatic
transcripts were detected by microarray hybridization using
the criteria of at least a twofold change in expression and a
P value <0.05. In addition, changes in expression of several
gene pathways during the restriction period were observed
using this approach. Not surprisingly, based on qPCR
validation of a small subset of selected genes in the current
study, only about 60% of the genes identified as differen-
tially expressed by microarray were validated by qPCR,
although the correlation of fold changes between the two

illustrated ("P<0.10, *P<0.05, **P<0.01). Correlation of fold changes
between the two methods was 0.72 (P<0.02). d—14=14 days prior to
realimentation; d+/=1 day after realimentation; d+/4=14 days after
realimentation

methods was consistent with previous reports. For instance,
Morey et al. (2006) evaluated multiple factors affecting the
agreement between oligo-based microarray and qPCR
results and found the correlation of the two methods to be
0.71 (P<0.0001). They found that a number of factors
including expression level, fold change, and P value of
microarray results can influence the level of agreement
between the two methods. The authors concluded that
differentially expressed genes exhibiting a fold change of at
least 1.4 and a P value <0.0001 by microarray are the most
reliable and that data below these thresholds should be
interpreted with caution. In the current study, there was no
apparent relationship between fold change or level of
significance of differential expression by microarray and
subsequent validation by qPCR.

Despite the low percentage of differential gene expres-
sion confirmed by qPCR, a large number of transcripts
showed repeatable changes in patterns of expression. For
instance, 22 transcripts altered at day —14 relative to
realimentation were found to change in the opposite
direction after refeeding, indicating a definite effect of feed
intake on their expression. Similarly, expression of 402
transcripts was altered within the feed-restricted group from
day —14 to day +1 that were also altered in the same
direction when comparing the feed-restricted group versus
controls at day +1 of realimentation. This would strongly
indicate that expression of these 402 transcripts is indeed
changed in animals during early realimentation. Likewise,
expression of 49 transcripts was affected in the restricted
steers by day +14 relative to day —14 for which the pattern of
expression was identically detected between the restricted
steers relative to controls at day +14 of realimentation. These
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findings also provide strong evidence that long-term expres-
sion of these transcripts was affected by realimentation. In
addition, at day +1, relative to realimentation, 77 differentially
expressed transcripts identified between restricted and control
steers were represented by more than one probe on the array
and the direction of change among the probes was in complete
agreement in each case. Lastly, because large numbers of
genes representing particular physiological pathways were
affected by feed restriction and realimentation, the overall
observed effects on gene expression related to a specific
physiological response were likely real and not hybridization
artifacts.

In terms of specific gene pathway responses, after a
10-week period of feed restriction in growing steers, we
observed changes in genes regulating DNA repair, immune
function and inflammation, cell division and differentiation,
and growth factor signaling. Similarly, Dhahbi et al. (2004)
documented functional groups of genes affected by caloric
restriction in mice including those involved in stress
response, immune response, cell growth, and metabolism.
In fact, over half (9/16) of the metabolism-related genes,
over 80% (five of six) of the stress-response-related genes,
and 60% (three of five) of the genes involved in xenobiotic
metabolism identified in mice as stably altered by caloric
restriction were altered, or a gene family member was
altered, in growing steers by day +1 of realimentation,
indicating similar effects of caloric restriction across species.

During the period of feed restriction, expression of genes
encoding proteins involved in the process of cell division
was downregulated, and multiple genes controlling cell
proliferation were altered. Likewise, two studies of gene
expression in longissimus muscle of growing beef steers
under nutrient restriction indicated effects of feed intake on
genes functioning in cell division, protein turnover, and
energy metabolism of the muscle cells (Byme et al. 2005;
Lehnert et al. 2006). In the current study, the overall affect
appeared to be inhibition of cell proliferation as DUSPS and
INHBA decrease cell proliferation, whereas mRNA expres-
sion of ASCL1, a promoter of proliferation (Osada et al.
2005), was downregulated. Expression of transcripts for the
glucose transporter SLC2A48, the amino acid transporter
SLC7A45, and PRAPI, an inhibitor of cell growth (Zhang et
al. 2003), was also altered, all of which may regulate cell
proliferation and hypertrophy. Expression of transcripts for
multiple myosins and actin-binding molecules was also
downregulated. These proteins function in formation of the
contractile ring during cell division (Glotzer 2005). Thus,
these changes in gene expression may reflect a decrease in
hepatic cellular division and growth and are consistent with
observed reductions in liver size of ruminants during feed
restriction (Wester et al. 1995; Yambayamba et al. 1996b);
however, the decrease in liver size of ruminants during feed
restriction has been attributed primarily to a reduction in
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cell size rather than cell number (Sainz and Bentley 1997).
Although liver size was not assessed in the current study, a
reduction in liver size would be expected by 10 weeks of
feed restriction when the first hepatic biopsy was per-
formed. Overall, a reduction in hepatic cell division and
growth may contribute to a reduction in liver size and spare
energy required for body maintenance, as the liver is one of
the primary consumers of dietary nutrients and energy and
can substantially affect efficiency of nutrient use (Kozloski
et al. 2001). Furthermore, reductions in basal energy
requirements during the restriction period and decreased
metabolic rate due to changes in metabolic hormones likely
carry over into the early realimentation period and provide
additional energy to support compensatory growth (Hornick
et al. 2000). Interestingly, recent research indicates signif-
icant reductions in visceral organ weights such as liver and
gastrointestinal tract in cattle selected for higher feed
efficiency (Alberta Agriculture, Food and Rural Develop-
ment 2006), supporting the concept that reductions in liver
size and other visceral organs may contribute to the
mechanism of compensatory growth in cattle by reducing
maintenance requirements.

The realimentation period of feed-restricted steers was
associated with increases in transcript expression of 11
myosins, eight actin-binding molecules (4BLIM1, DSTN,
RDX, WASL, PFNI, and IQGAP2), CENPE, RHOA, and
ECT2, suggesting an increase in components participating
in cytokinesis. For instance, the CENP-E protein assists in
chromosome migration during mitosis (Yen et al. 1992),
and RHO-A and ECT2 are required for contractile ring
formation (Wadsworth 2005). Likewise, based on GO terms
(http://www.geneontology.org/), changes were observed in
expression of 43 genes functioning in cell proliferation, 17
genes regulating cell growth, and 35 genes associated with
the cell cycle and mitosis by day +1 of realimentation.
Among these, 12 genes were upregulated that stimulate cell
proliferation (TSHR, FGA, LRP5, TDGFI, CNBP, CUL3,
FGB, PBEFI, MCTS1, FGG, COL1841, and SHCI), and
GL13 and CULS, which inhibit proliferation, were down-
regulated. These changes clearly indicate immediate hepatic
responses to refeeding that stimulate cell division and
growth.

In addition to responses in cell proliferation, genes
functioning in immunity and inflammation, oxidative stress,
and apoptosis were altered in liver during realimentation of
steers. Long-term caloric restriction of mice results in lower
hepatic expression of genes encoding proteins involved in
inflammation, stress proteins, and inhibitors of apoptosis
(Spindler 2005). In the present study, few changes were
observed in expression of genes involved in these processes
during the period of caloric restriction, although increases
in ten genes involved in the inflammatory response and
seven genes functioning in response to oxidative stress
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were increased at day +1 of realimentation, and 25 genes
involved in the immune response were altered at day +1.
These findings suggest highly rapid physiological
responses to an increase in feed intake in these animals.
Additionally, a small number of genes functioning in
immune response, inflammation, and apoptosis were
affected by day +14 of realimentation. Studies of beef
cattle divergently selected for feed efficiency indicate that a
large proportion of the variation in efficiency among
animals may be attributed to stress-related biological
pathways (Richardson and Herd 2004). Thus, genes
associated with these pathways may be reasonable targets
for improving feed efficiency in cattle.

During realimentation in feed-restricted steers relative to
controls, increases in the expression of hepatic genes
associated with the mitochondrial complex and electron
transport were also observed. On the basis of the importance
of mitochondria in cellular energy production, it has been
hypothesized that differences in mitochondrial functional
activity may contribute to differences observed among
animals in their expression of feed efficiency. Previous
research has demonstrated significant increases in mitochon-
drial abundance and mitochondrial efficiency in hepatic cells
in response to caloric restriction of rodents (Lopez-Lluch et al.
2006). It has been suggested that induced changes in
mitochondrial efficiency and lower production of reactive
oxygen species due to a reduction in electron flow during
caloric restriction may contribute to the antiaging and
anticancer effects of a calorie-restricted diet (Spindler 2005).

Recently, Igbal et al. (2004) measured increased activities
of mitochondrial respiratory chain complexes in breast
muscle of broiler chickens from high-efficiency genetic lines
compared to low-efficiency lines despite similar or higher
protein complex expression in the low-efficiency lines.
Likewise, greater mitochondrial complex activity was
observed in liver (Igbal et al. 2005) and lymphocytes
(Lassiter et al. 2006) of high versus low feed efficient lines
of broiler chickens. In mice, preliminary data generated from
animals divergently selected for heat loss indicated greater
hepatic mitochondrial efficiency in mice selected for low
heat loss (greater energy use efficiency) versus mice selected
for high heat loss (lower efficiency; McDonald and Nielsen
2008). Lastly, in beef cattle, Kolath et al. (2006) observed
higher muscle mitochondrial activity in Angus steers
exhibiting higher feed efficiency compared to steers with
lower feed efficiency.

Mechanistically, altered mitochondrial activity may have
critical impacts on oxidative stress in cattle, resulting in
changes in metabolic balance and nutrient use efficiency
(Elsasser et al. 2008). For instance, minor perturbation of
electron transport and electron leakage contribute to sub-
stantial production of reactive oxygen species and oxidative
stress, which impairs ATP generation needed to support cell

activities such as proliferation, apoptosis, and growth. These
reactive oxygen species may also directly interact with
signaling molecules participating in metabolism and growth,
such as members of the growth hormone axis. Kolath et al.
(2006) found that the efficiency of electron transfer through
the mitochondrial electron transport chain is greater in steers
exhibiting high feed efficiency for weight gain compared to
steers with lower feed efficiency. Likewise, our results
indicated upregulation of nearly 30 genes participating in
mitochondrial electron transport in steers exhibiting
increased feed efficiency during the realimentation period.
These findings suggest that mitochondrial respiratory chain
activity may contribute to phenotypic differences in feed
efficiency of cattle and serve as a biomarker for this trait.

Ultimately, potential variation in genes identified in this
study may contribute to differences among animals in
expression of feed efficiency. For instance, RPS6KAI
mRNA expression was increased at day +1 of realimenta-
tion of feed-restricted steers, and variation in this gene was
recently found to be associated with feed efficiency traits of
beef cattle and may affect this economically important trait
(Sherman et al. 2008). In addition, the mitochondrial
complex gene NDUFS4, which was identified as one of
the genes whose expression was most highly upregulated at
day +1 of realimentation, has been identified as a positional
candidate gene within a quantitative trait locus contributing
to lifespan and aging in mice (Huang et al. 2006). Based on
our knowledge of the relationship between mitochondrial
oxidative damage and aging in rodents and feed efficiency
in cattle and poultry, NDUFS4 may be an excellent
candidate for additional study for its association with feed
efficiency of cattle. Clearly, future studies should focus not
only on the variation in these candidate genes but also on
their transcriptional regulators.

In conclusion, based on the gene pathways affected in the
present study and results of previous investigations related to
feed efficiency in cattle, rodents, and poultry, selecting for
increased feed efficiency has the potential to reduce visceral
organ weights such as liver, alter basal metabolism, improve
mitochondrial electron transport, and reduce oxidative stress.
No specific detrimental interactions among the pathways that
may contribute to efficiency were identified by the present
work, although it is known that selection for improved gain/
feed as a measure of efficiency can result in larger animal
body size (Moore et al. 2008). Relationships between
improved feed efficiency and other traits such as fertility,
body condition, milk production, and temperament are
unknown and warrant investigation. Specific genes identified
in this study during early realimentation and the period of
increased feed efficiency particularly related to the mito-
chondrial complex and regulators of proliferation in visceral
organs may serve as candidates for selection or markers of
feed efficiency in cattle.
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