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ABSTRACT: RNAseq was performed to examine differen-
tial gene expression profiles in M. longissimus dorsi biop-
sies collected from Holstein Friesian bulls undergoing a 
period of restricted feed intake (Period 1) followed by sub-
sequent re-alimentation (Period 2), compared to ad libitum 
fed animals.  Growth rates were 0.6 and 2.5 kg/d for re-
stricted fed animals in periods 1 and 2, respectively and 1.9 
and 1.4 kg/d in control animals in periods 1 and 2 respec-
tively. The oxidative phosphorylation pathway was over-
represented in both periods (P<0.001). Genes of mitochon-
drial enzyme complexes I to V were up-regulated in re-
stricted fed animals in Period 1 and subsequently down-
regulated in these animals in Period 2, suggesting improved 
mitochondrial function in Period 1 in feed restricted ani-
mals. However down-regulation of genes of oxidative 
phosphorylation in Period 2 indicates that improved mito-
chondrial function does not contribute to the occurrence of 
compensatory growth. 
Keywords: mitochondria; RNAseq; feed efficiency; com-
pensatory growth 
 
 

Introduction 
 

As feed can account for up to 75% of the variable 
costs in beef cattle production systems (Finneran et al., 
2010; NRC, 2000), any means by which these costs may be 
reduced without compromising overall feed efficiency or 
animal performance would be of benefit to the beef indus-
try. Compensatory growth (CG) is defined as a physiologi-
cal process whereby an animal has the potential following a 
period of restricted feed intake, to undergo accelerated 
growth upon re-alimentation (Hornick et al., 2000). The CG 
phenomenon is commonly exploited by cattle producers to 
reduce the overwintering costs of beef cattle (Keane and 
Drennan, 1994). The ability of an animal to display com-
pensatory growth has been attributed to a number of factors 
including an increase in feed efficiency, following on from 
a period of restricted feeding. However, there is a dearth of 
information in the literature on the molecular mechanisms 
underpinning compensatory growth in cattle. A greater un-
derstanding of the molecular control regulating CG could 
be exploited to identify polymorphisms which could con-
tribute to genomically assisted breeding programs to select 
animals with a greater ability to undergo CG and decrease 
feed costs.  

 

The recent advent of next generation sequencing 
technology allows for an in-depth analysis of the molecular 
control underlying such phenotypes, however, such analysis 
of potential transcriptional differences between restricted 
and compensating animals using RNAseq has not been per-
formed. RNAseq has distinct advantages over previous 
technologies utilized such as microarrays, including the 
sensitive detection of all genes without the need to generate 
an array of probes based on known sequences, little back-
ground noise and a much higher dynamic range (Wang et 
al., 2009). Previous research using microarray technology 
(Lehnert et al., 2006) identified alterations in gene expres-
sion profiles in skeletal muscle in steers after 114 days of 
restriction and after subsequent 84 days of re-alimentation. 
However, by day 84 of re-alimentation, the animals may 
have entered a normal growth trajectory (Lehnert et al., 
2006) as the peak of compensatory growth has been shown 
to occur at approximately 60 days into re-alimentation 
(Hornick et al., 2000). Therefore, the objective of this study 
was to examine the molecular control of CG in M. longis-
simus dorsi tissue of Holstein Friesian bulls following (i) a 
period of feed restriction and (ii) an initial period of re-
alimentation using RNAseq.    

 
Materials and Methods 

 
Animal model. This experiment was conducted as 

part of a larger study designed to examine the physiological 
and molecular control of CG in growing beef cattle. The 
animal model and management has previously been de-
scribed by Keogh et al. (2012) and is briefly outlined here. 
Sixty purebred Holstein Friesian bulls (mean live weight 
370 ± 35 kg; mean age 479 ± 15 d), reared under the same 
management conditions from calfhood,  were blocked on 
the basis of live weight, age and sire and were subsequently 
assigned within block to one of two dietary regimens (i) 
restricted feed allowance for 125 days (RES; n=30) fol-
lowed by ad libitum access to feed for a further 55 days or 
(ii) ad libitum access to feed throughout the 180 day trial 
(ADLIB; n=30). The first 125 days of the trial were denoted 
as Period 1 and the subsequent 55 days, Period 2. The 55 
days re-alimentation period employed here is consistent 
with peak CG response in cattle (Hornick et al., 2000). 

 
During Period 1 RES animals were managed to 

achieve a target mean daily growth rate of 0.6 kg/day, 
whilst ADLIB animals were expected to gain between 1.5 
and 2 kg/day. All animals were offered a total mixed ration 



diet consisting of 70% concentrate and 30% grass silage on 
a dry matter basis. Diets were fed individually, with the 
proportion of feed required based on each animal’s own 
individual bodyweight. M. longissimus dorsi biopsies were 
harvested from all bulls under local anesthetic on days 120 
and 15 of periods 1 and 2 respectively. Biopsies were 
washed in sterile DPBS, snap frozen in liquid nitrogen and 
subsequently stored at -80°C. 

 
RNA isolation and library preparation. Total 

RNA was isolated using the TRIzol procedure and subse-
quently purified using the Qiagen RNeasy clean up kit. The 
quantity of the RNA isolated was determined by measuring 
the absorbance at 260nm using a Nanodrop spectrophotom-
eter ND-1000 (Nanodrop Technologies, DE, USA). RNA 
quality was assessed on the Agilent Bioanalyser 2100 using 
the RNA 6000 Nano Lab Chip kit (Agilent Technologies 
Ireland Ltd., Dublin, Ireland). RNA quality was also veri-
fied by ensuring all RNA samples had an absorbance 
(A260/280) of between 1.8 and 2. RNA samples with 
28S/18S ratios ranging from 1.8 to 2.0 and an RNA integri-
ty number between 8 and 10 were deemed high quality. 
High quality RNA samples were selected from 10 repre-
sentative animals from each treatment within each period. 

  
cDNA libraries were prepared from RNA using an 

Illumina TruSeq RNA sample prep kit following the manu-
facturer’s instruction (Illumina, San Diego, CA, USA). 
Briefly, mRNA was purified from total RNA, then frag-
mented and reverse transcribed into cDNA. Adaptors were 
ligated to the cDNA which was then enriched by PCR. Sin-
gle end RNA sequencing was carried out using the Illumina 
Hiseq. After quality control procedures, individual RNA-
seq libraries were pooled based on their respective sample-
specific-6bp adaptors and sequenced at 100bp/sequence 
read using an Illumina HiSeq 2000 sequencer. Approxi-
mately 37.5 million sequences per sample (Mean ± SD = 
37,541,426 ± 4,204,042) were generated. 

 
RNAseq data analyses. Raw sequence reads were 

first checked for quality. Input reads were aligned to the 
bovine reference genome (UMD3.1) using TopHat. The 
number of mapped reads was counted and differential gene 
expression was determined using EdgeR. Statistically sig-
nificant (P<0.05) differentially expressed genes (DEG), 
with a false discovery rate of 10% and a fold change ≥1.5 
were then subjected to pathway analysis. Analysis of physi-
ological pathways over-represented in the set of DEG was 
conducted using KEGG pathway analysis and GOseq. Fur-
ther pathway analysis was carried out using Ingenuity 
pathways analysis (IPA). 

 
Results and Discussion 

 
Animal performance. Differences in ADG, feed 

intake, and animal performance are outlined in detail by 
Keogh et al. (2012). Briefly, at the end of 125 days of dif-
ferential feeding during Period 1, there was a 161 kg differ-
ence in bodyweight recorded between RES (442 kg ± 40 kg) 
and ADLIB (603 kg ± 49 kg). Following 55 days ad libitum 

feeding for both groups in Period 2, the difference in body 
weight had reduced to 84 kg (RES: 594 kg ± 37 kg; ADLIB: 
678 kg ± 59 kg). Animals subjected to the restricted feeding 
regime during Period 1, managed to achieve their target 
growth rate of 0.6 kg/d during this period, with ad libitum 
control animals displaying a live weight gain of 1.9 kg/d at 
the same time. Whilst in Period 2, previously restricted 
animals, now compensating for their delayed growth 
exhibited a live weight gain of 2.5 kg/d, ad libitum animals 
growing at 1.4 kg/d during the same phase of the trial. These 
results indicate that the bulls in the present study showed 
accelerated growth upon re-alimentation and displayed a 
degree of CG as a consequence. A compensatory growth 
index (Hornick et al., 2000) provides a method of 
quantifying the extent of the compensatory growth response 
achieved, in the current study RES animals displayed a 
compensatory growth index of 48% after 55 days re-
alimentation. 

 
RNAseq results. A total of 1630 and 1010 genes 

were identified as differentially expressed between RES 
and ADLIB groups in Periods 1 and 2 respectively. These 
were manifested as 861 genes with increased expression 
and 769 genes with decreased expression in RES relative to 
ADLIB in Period 1. During compensatory growth 445 and 
565 genes had increased and decreased expression, respec-
tively, in RES compared to ADLIB animals. The top five 
over represented pathways (P<0.05) in each period were as 
follows: Period 1: oxidative phosphorylation; citrate cycle; 
glycolysis/gluconeogenesis; fatty acid beta oxidation and 
cell cycle; Period 2: oxidative phosphorylation; citrate cy-
cle; tRNA charging; acetyl CoA biosynthesis and serine 
biosynthesis. As oxidative phosphorylation was the top 
pathway in each period, the remainder of this paper will 
focus solely on the effect of diet on differences in the ex-
pression of genes of this pathway.  

 
Oxidative phosphorylation, the final stage in aero-

bic cell respiration, produces ATP through the transfer of 
electrons through the electron transfer chain on the inner 
mitochondrial membrane. Electrons are transferred between 
four enzyme complexes on the inner mitochondrial mem-
brane, with the final step of ATP production occurring at 
complex five. In each period of the current study, genes 
associated with each of the five complexes of the electron 
transport chain were differentially expressed between the 
two dietary regimens, namely: complex 1: NADH reduc-
tase; complex II: succinate reductase; complex III Q-
cytochrome c reductase; complex IV: cytochrome c oxidase 
and complex V: ATPsynthase. Differential expression of 
oxidative phosphorylation genes was not evident after 114 
days of feed restriction nor after 84 days of subsequent re-
alimentation in the study of Lehnert et al. (2006), indicating 
the greater depth of information gained through employ-
ment of RNAseq technology over that of microarray. Fold 
changes of genes that were differentially expressed across 
both periods in the current study are presented in Table 1. 
Data from our own group (Kelly et al., 2011) and others 
(Bottje and Carstens, 2008) have shown that feed efficiency 
affects the coupling of the enzyme reactions of the electron 
transport chain, whereby inefficient animals exhibit leakage 



of protons out of the inner mitochondrial membrane, thus 
reducing the amount of ATP produced, with the reverse 
effect recorded in efficient mitochondria . During Period 1, 
a restricted feeding regime in RES animals caused greater 
expression of genes of each complex, which is indicative of 
a greater mitochondrial efficiency in these animals over 
ADLIB animals. After 15 days of re-alimentation in Period 
2, however, all DEG of the oxidative phosphorylation 
pathway were down-regulated (Table 1). The inversion of 
previously up-regulated genes, in addition to other down-
regulated genes in Period 2, suggests a lack of coupling of 
the electron transport chain during re-alimentation. In their 
study of hepatic expression in steers during dietary re-
striction and subsequent CG, Connor et al. (2010), identi-
fied greater expression of genes associated with each com-
plex on the first day of re-alimentation after a period of 
restricted feeding, with the authors suggesting that greater 
mitochondrial efficiency occurred in re-alimenting animals, 
undergoing CG. However, these initially positive fold 
changes in expression were subsequently negative or not 
detectable by day fourteen of their study.  The results of the 
current study conducted with muscle tissue are in agree-
ment with the hepatic data reported by Connor et al. (2010), 
indicating that restricted feeding causes greater expression 
of oxidative phosphorylation genes and as such greater 
coupling of the electron transport chain and improved ener-
gy production.  However, down regulation of these genes in 
Period 2, indicate that improved energy production does not 
contribute to the occurrence of CG. 

 
Table 1. Fold change1 of oxidative phosphorylation 
genes in RES animals relative to ADLIB animals during 
restricted feeding (Period 1) and compensatory growth 
in re-alimentation (Period 2).  

Gene Name Period 1 Period 2 
Complex 1   
NDUFA4  -4.174 
NDUFA5  -2.507 
NDUFA9 2.784  
NDUFA10 1.976  
NDUFA12  -4.189 
NDUFAB1  -2.097 
NDUFAF1  -2.133 
NDUFB3  -2.219 
NDUFB5  -3.941 
NDUFB6 1.998 -2.627 
NDUFB7 1.97  
NDUFB8 1.966  
NDUFB10 3.878  
NDUFS1  -3.162 
NDUFS3 1.915  
NDUFS4  -2.89 
NDUFS5 1.7 -1.835 
NDUFS7 3.917  
NDUFS8 2.606  
NDUFV1 3.45  
NDUFV2  -2.596 
Complex II   
SDHB 3.097  
SDHD 1.852 -1.993 

Complex III   
UQCR10  -2.515 
UQCR11 1.821  
UQCRB  -3.057 
UQCRC1 2.572  
UQCRC2 2.3 -2.967 
UQCRFS1  -3.319 
UQCRQ 2.289  
Complex IV   
COX10 1.933 -2.075 
COX15  -2.861 
COX4I1 2.519  
COX5A  -3.476 
COX5B 3.642  
COX6B1 2.354 -3.145 
COX7A1 2.934 -2.116 
COX7B  -3.297 
Complex V   
ATP5A1  -2.322 
ATP5B 2.773 -2.526 
ATP5C1 2.82 -2.23 
ATP5D 2.978  
ATP5F1 2.021 -2.61 
ATP5G1 2.772  
ATP5G2 2.365  
ATP5J  -2.437 

1 Fold changes of genes with where P<0.05 and false discovery rate <0.1. 
 

 
Conclusion 

 
The results of the current study suggest that there 

was a significant improvement in mitochondrial energy 
production of M. longisimus dorsi muscle during restricted 
feeding in Period 1. However the reversal of expression 
profiles for oxidative phosphorylation genes suggest that 
improved mitochondrial efficiency in skeletal muscle does 
not contribute to the CG phenomenon in cattle.  
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