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Residual feed intake (RFI) is a popular measure of feed efficiency in livestock animals. The functionality of
mitochondrial metabolism has been shown to be associated with variation in feed efficiency. In this study,
mitochondrial biogenesis was determined by measuring the mitochondrial DNA (mtDNA) copy number in
skeletal muscle of two groups of fat-tailed lambs divergently ranked on phenotypic expression of RFI
(high- and low-RFI). A quantitative real-time PCR was performed to determine the relative mRNA levels of
peroxisome proliferator-activated receptor γ coactivator 1 α (PGC-1α) and NAD+-depended deacetylase
sirtuin1 (SIRT1), as two major genes involved in the regulation of mitochondrial biogenesis. The level of
mtDNA in skeletal muscle of low-RFI lambs was higher than those ranked as high-RFI. Higher mRNA
level of PGC-1α was also detected in low-RFI lambs in compared with the high-RFI group. However, no
significant difference was observed between the RFI groups for mRNA expression of SIRT1. The results
showed a negative relationship between phenotypic expression of RFI with mitochondrial biogenesis and
PGC-1α mRNA level in skeletal muscle of fat-tailed lambs. Overally, our results suggest that the increased
mitochondrial dynamics has a potential to regulates bioenergetic efficiency and energy expenditure in lowRFI lambs.
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INTRODUCTION
In areas of the world where religion or ethnicities preclude
the consumption of beef or pork, sheep meat provide a major source of high-quality animal protein. Iran ranks fifth in
the world sheep population, with the majority of sheep being fat-tailed and belonging to non-genetically improved
native breeds. With the increasing production costs and
continuing degradation of natural pastures, along with the
preservation of germplasm of native domestic animals, it is
also important to improve feed efficiency.
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Residual feed intake (RFI) is a popular measure of feed
efficiency, which can be defined as the difference between
actual feed consumed and expected feed intake required for
the rate of gain and body weight (Arthur et al. 2001). Variation in RFI is known to exist in a range of animal species
including beef cattle (Archer et al. 1999), pigs (De Haer et
al. 1993) and sheep (Rajaei Sharifabadi et al. 2012; Rajaei
Sharifabadi et al. 2016). Over the past decade, researchers
have paid considerable efforts to characterize the physiological mechanisms responsible for the variation in RFI.
Many different physiological processes such as metabolism,
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feed intake, digestibility, activity and thermoregulation
have been suggested to be associated with the phenotypic
expression of RFI (Herd and Arthur, 2009). Recently, several genome-wide association studies and transcriptome
profiling have also been conducted to explore the molecular
basis of RFI (Tizioto et al. 2015; Kong et al. 2016b). These
genomic studies highlight multiple genes from various
metabolic pathways that may explain the variation in RFI.
There is a need to increase understanding of the molecular
mechanisms underlying RFI that will aid in the identification of biomarkers for use in the breeding programs as well
as optimization of nutritional strategies.
Mitochondria play central roles in the cellular energy
provision as well as the generation of reactive oxygen species Tizioto et al. (2015) in eukaryotic cells. At a cellular
level, mitochondrial dysfunction leads to decreased efficiency of energy production from the substrate (e.g.
NADH) and is associated with increased oxidative damage
to cellular macromolecules mediated by reactive oxygen
species (ROS) (Bottje and Carstens, 2009). Therefore, mitochondrial functionality may influence the capacity of an
animal to efficiently convert feed to body mass. The relationship between mitochondrial function and feed efficiency was firstly reported in broiler chickens by Bottje and
colleagues (Bottje et al. 2002). Further studies in the ruminant animals also showed a negative correlation between
phenotypic expression of RFI with the mitochondrial function (Kolath et al. 2006) and activity of mitochondrial respiratory chain complexes (Rajaei Sharifabadi et al. 2012;
Zamiri et al. 2016). There is evidence that the mitochondrial metabolism-related genes were differentially expressed in breast muscle between high and low feed efficiency pedigree broiler males (Bottje and Kong, 2013) and
that the mitoproteome was elevated in the high feed efficiency phenotype (Kong et al. 2016b). However, the molecular regulation of mitochondrial function and biochemistry in low- and high-RFI animals has additional features
that are not completely defined, particularly in sheep.
In mammals, the mitochondrial genome encodes only 13
proteins that are all subunits of respiratory chain enzyme
complexes (Anderson et al. 1981), whereas the regulation
of mitochondrial metabolism and dynamics is governed by
several nuclear transcription networks (Ventura-Clapier et
al. 2008). As the typical mitochondrial dynamics, mitochondrial biogenesis is the process by which cells increase
their individual mitochondrial mass and copy number
(Ventura-Clapier et al. 2008). This process is accompanied
by dramatic changes in the function and oxidative capacity
of the mitochondria (Austin and St-Pierre, 2012). Peroxisome proliferator-activated receptor γ coactivator 1 α
(PGC-1α), a nuclear-encoded protein, is the master regulator of mitochondrial biogenesis that potentially initiates a
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transcriptional cascade and eventually leads to the mitochondrial biogenesis (Fernandez-Marcos and Auwerx,
2011; Nisoli et al. 2003). Elevated expression of PGC-1α
has also been shown to positively affect the cellular redox
status by up-regulation of the ROS-detoxifying enzymes
(Austin and St-Pierre, 2012). However, the activity of PGC1α is strongly controlled by several post-translational modifications such as methylation, phosphorylation and deacetylation. The latter is mediated by NAD+- dependent deacetylase Sirtuin 1 (SIRT1) and positively regulates the activity
of PGC-1α (Fernandez-Marcos and Auwerx, 2011). Therefore, mitochondrial biogenesis and the expression of its
regulators may serve as the foundation for further in-depth
studies of the molecular basis of variation in RFI.
In this study, we hypothesized that the variation in RFI is
partly due to differences in the regulation of mitochondrial
dynamics. Therefore, the mRNA expression of the master
regulator of mitochondrial biogenesis (PGC-1α) was determined in skeletal muscle of low- and high-RFI lambs. To
explore the activity of PGC-1α, we assessed the copy number of mitochondrial DNA (mtDNA) in each cell as an index of the mitochondrial biogenesis and analyzed the
deacetylation status of PGC-1α by measure the mRNA
level of SIRT1.

MATERIALS AND METHODS
Animal management and tissue sampling
Animals in this study (58 Kurdi ram lambs, 6 months old,
32.1±4.2 kg body weight) were randomly selected from
spring-born flock of the Jovain Industrial and Agricultural
company (Khorasan-e-Razavi, Iran) and reared at the Animal Production Site of the company. The lambs were individually housed in 1 × 1.2 m cages and had free access to
water and a pelleted diet through the experiment. After a 10
d acclimation period, an ad libitum feeding strategy was
performed for 42 d and average daily dry matter intake
(DMI) was calculated using the total dry matter intake for
42 d. The lambs were weighed weekly and two consecutive
day body weight (BW) records were measured at the beginning and end of the experimental period. Average daily
gain (ADG) and mid-test metabolic BW (MMBW) of individual lambs were estimated by linear regression, as described by (Ceacero et al. 2016). Residual feed intake was
also calculated as the residual of the linear regression equation of DMI on ADG and MMBW. Following equation was
fitted to calculate RFI:
DMI= α + β1 (ADG) + β2 (MMBW) + ε
Where:
α: intercept.
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β1 and β2: partial regression coefficients of DMI on ADG
and MMBW, respectively.
ε: RFI.
At the end of the experimental period, animals with RFI
value less or higher than the mean minus or plus 0.5 standard deviation were grouped as low- or high-RFI phenotypes, respectively. Surgical biopsy sampling was performed from Longissimus dorsi muscle for six lambs per
phenotypic group as described by Zamiri et al. (2016). The
biopsy samples were flash-frozen in liquid nitrogen and
kept at -80 ˚C for subsequent analyses.
RNA extraction and reverse transcription
Total RNA was extracted from the biopsy samples (100
mg) by Trizol reagent (Thermo Scientific, Rockford, IL)
according to the manufacturer’s recommendations. The
integrity of RNA was assessed using 1% agarose gel electrophoresis and RNA concentration and purity were determined for each sample by Take 3 Micro-Volume plate using Epoch Microplate reader (BioTek, Winooski, VT). The
RNA samples were diluted to an equal concentration of 500
ng/μL in DEPC-water and 1 μg of RNA (2 μL of RNA suspension) was reverse-transcribed to complementary DNA
(cDNA) in a final volume of 20 μL by using AccuPower®
CycleScript RT PreMix (dN6) kit (Bioneer, South Korea)
according to manufacturer’s protocol. Five microliters of
cDNA suspension from each sample were pooled together
(pooled cDNA) to make a serial dilution and remained
cDNA samples (15 μL) were diluted 10 times by adding
135 Μl nuclease-free water.
Nuclear and mitochondrial DNA extraction
Nuclear and mitochondrial DNAs were simultaneously extracted using the method described by Sambrook et al.
(1987) with some modification. The concentration of DNA
was determined using Epoch Microplate reader (BioTek,Winooski, VT) and adjusted to an equal concentration
of 1000 ng/μL. Five microliters of DNA suspension from
each sample were pooled together (pooled cDNA) to make
a serial dilution and remained DNA samples were diluted
10 times by adding nuclease-free water (diluted DNA).
Quantitative real time polymerase chain reaction (qRTPCR)
The quantities of PGC-1α and SIRT1 mRNA were determined by qRT-PCR. Briefly, 5 μL of diluted cDNA (5
ng/μL cDNA) was amplified in a 20 μL PCR reaction medium containing 10 μL SYBR Green (Maxima SYBR
Green/ROX qPCR Master Mix 2X, Thermo Scientific,
USA), 1 μL of both forward and reverse primers (100 nM)
and 8 μL nuclease-free water. The reaction was initiated at
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95 ˚C for 5 min, followed by 40 cycles of 95 ˚C for 30 s, 60
˚C for 30 s and 72 ˚C for 30 s. The amplification was monitored using the 7300 Real-Time PCR machine (Applied
Biosystems, USA). The mRNA quantities of PGC-1α and
SIRT1 were normalized to beta-actin (ACTB) mRNA as a
housekeeping gene (Dervishi et al. 2010). Summary details
for the oligonucleotides used in this study are presented in
Table 1. To determine the amplification efficiency, a 4-fold
serial dilution (101, 100, 10-1 and 10-2) provided from the
pooled cDNA was also subjected to real-time quantitativepolymerase chain reaction (qRT-PCR). Relative mRNA
levels of the target genes were calculated by the 2-ΔΔCt
method (Livak and Schmittgen, 2001).
Mitochondrial DNA copy number
A real-time PCR analysis was conducted to measure the
relative copy number of mtDNA per diploid nuclear genome (nDNA). Five microliters of the diluted DNA (5
ng/μL) were amplified in 20 μL PCR reaction medium,
following the same thermal condition as above. Oligonucleotides primers were designed to amplify genomic DNA
region for beta-actin (G-ACTB) and mitochondrial DNA
region for cytochrome b (Cyt-b) as reliable markers of
nDNA (Davinelli et al. 2013) and mtDNA (Addabbo et al.
2009) copy number, respectively. The amplification efficiency was determined by 4-fold serial dilution (101, 100,
10-1 and 10-2) of pooled DNA. The copy number of mtDNA
per nDNA was calculated as 2ΔCt, where ΔCt is the difference between Ct values of Cyt-b and G-ACTB.
Statistical analysis
Data were analyzed as a completely randomized design
with individual lambs as the experimental unit and phenotypic groups (low- and high-RFI) as the fixed effect using
PROC GLM of SAS (2004) and the following model:
Yij= μ + Pi + ε
Where:
μ: overall mean.
Pi: fixed effect of phenotypic groups.
ε: residual error.

RESULTS AND DISCUSSION
Residual feed intake is a measure of feed efficiency that
refers to variation in feed intake between animals at the
same level of production and maintenance requirement
(Herd and Arthur, 2009). As we observed in this study, the
lambs in high- and low-RFI groups were similar in MMBW
and ADG, but consumed different amounts of feed (Table
2).

Iranian Journal of Applied Animal Science (2021) 11(1), 117-122

Feed Efficiency and Mitochondrial Biogenesis

Table 1 Primer sets used for analysis of PGC-1α and SIRT1 genes expression as well as mitochondrial biogenesis
Sequence of primer
Acc. No. GenBank
Primer names
NCBI
forward (F) and reverse (R)

Amplicon (bp)

AT (˚C)

AY957611

154

59

XM015104377

117

59

U39357

172

60

NC_001941

153

60

NC_019481

199

60

Gene expression
PGC-1α
SIRT1
ACTB

F:5’ ATTGCCCTCATTTGATGCGC 3’
R:5’ TAGCTGAGTGTTGGCTGGTG 3’
F:5’ GTGCGAAAGTGACGAAGATG 3’
R:5’ GGATCTGTGCCAATCATGAG 3’
F:5’ GGACTTCGAGCAGGAGATGG 3’
R:5’ GGTAGTTTCGTGAATGCCGC 3’

Mitochondrial biogenesis
Cyt-b
G-ACTB

F:5’ TAACACTCCCCCTCACATCG 3’
R:5’ AGAGGATTAGGGCGAGGACG 3’
F:5’ TACTAACCCTGGCTCGTGTG 3’
R:5’ CGTCATACTTGGGACACCAC 3’

AT: Annealing temperature; PGC-1α: peroxisome proliferator-activated receptor γ coactivator 1 α; SIRT1: sirtuin1; ACTB: beta-actin; Cyt-b: mitochondrial DNA region for
Cytochrome b and G-ACTB: genomic DNA region for beta-actin.

Table 2 Growth performance of lambs with the divergent phenotypic expression of residual feed intake (RFI)
Phenotype groups
Traits (kg)
High-RFI
Low-RFI
No.
6
6
Initial BW
34.98
33.77
Final BW
46.42
43.89
MMBW
14.96
14.45
ADG
0.27
0.23
DMI
2.35
1.80
RFI
0.19
-0.21

SEM

P-value

1.21
1.50
0.35
0.02
0.09
0.04

0.49
0.26
0.32
0.22
< 0.01
< 0.01

High-RFI: RFI ≥ mean + 0.5 standard deviation and Low-RFI: RFI ≤ mean – 0.5 standard deviation.
BW: body weight; MMBW: med-test BW0.73; ADG: average daily gain and DMI: dry matter intake.
SEM: standard error of the means.

The variation in feed intake has been previously reported
in beef cattle (Arthur et al. 2001; Durunna et al. 2011) and
sheep (Rajaei Sharifabadi et al. 2012; Rajaei Sharifabadi et
al. 2016), where the animals were divergently ranked on the
basis of phenotypic expression of RFI. This variation may
be attributed to metabolic efficiency and energy expenditure (Herd and Arthur, 2009).
Here, we firstly evaluated the copy number of mtDNA as
an index of mitochondrial biogenesis in skeletal muscle of
high- and low-RFI lambs. The results showed a negative
relationship between mitochondrial biogenesis and phenotypic expression of RFI (Figure 1A).
When compared with high-RFI lambs, the greater copy
number of mtDNA in low-RFI lambs indicates an increased
level of mitochondrial biogenesis that may enhance the
capacity of cells for generation of ATP (Austin and StPierre, 2012).
This finding, however, confirms previous evidence that
finds a relationship between feed efficiency and expression
of genes involved in the mitochondrial biogenesis (Kelly et
al. 2011). To further understanding of the molecular
mechanism that differentially regulates the mitochondrial
biogenesis in high- and low-RFI lambs, we analyzed the
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expression of PGC-1α as the master regulator of mitochondrial biogenesis at mRNA level. In skeletal muscle, upregulation of PGC-1α stimulates mitochondrial biogenesis
through initiate a sequence of events leading to fission and
fusion of mitochondria (Ventura-Clapier et al. 2008). Thus,
over-expression of PGC-1α is likely be associated with
increased mitochondrial biogenesis. In agreement with the
result for mtDNA copy number, we also observed a higher
level of PGC-1α mRNA in low-RFI lambs than those
ranked as high-RFI group (Figure 1B). Similar to our finding, Kelly et al. (2011) reported a negative correlation between RFI and mRNA expression of PGC-1α in muscle of
Limousin × Friesian beef heifers. However, no significant
difference was reported in another study between low- and
high-RFI Nellore cattle for mRNA expression of PGC-1α in
both skeletal muscle and liver tissues (Fonseca et al. 2015).
These contradictory results may be due to differences in
the tissues type and method of tissue sampling. In both
Kelly et al. (2011) and the present study, the expression of
PGC-1α was measured in biopsies of the Longissimus dorsi
muscle, whereas the muscle samples used in the study of
Fonseca et al. (2015) harvested from masseter muscle after
slaughtering.
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This result is not surprising, because SIRT1 is involved
in PGC-1α-mediated regulation of the mitochondrial biogenesis via an energy-sensing pathway and its expression is
depended to environment-induced changes in cellular energy status (Rodgers et al. 2005; Fernandez-Marcos and
Auwerx, 2011). Therefore, increased mitochondrial biogenesis and mRNA expression of PGC-1α in low-RFI
lambs observed in this study are independent of SIRT1
gene expression.

CONCLUSION
Our results suggest that the increased mitochondrial dynamics in low-RFI lambs has a potential to regulates bioenergetic efficiency and energy expenditure.
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Figure 1 Copy number of mitochondrial DNA per diploid genomic DNA
(A) and relative expression of PGC-1α (B) and SIRT1 (C) genes in the
muscle of lambs with the divergent phenotypic expression of residual feed
intake (RFI)

However, the increased expression of PGC-1α in lowRFI animals observed in this study may be associated with
higher mitochondrial functionality that was previously reported in lambs with negative RFI (Rajaei Sharifabadi et al.
2012; Zamiri et al. 2016). In a proteomics study, PGC-1α
was predicted to be activated in pedigree male broilers exhibiting high compared to low feed efficiency (Kong et al.
2016a).
There is strong evidence that the cascade mediated by
PGC-1α improves the mitochondrial oxidative phosphorylation (Austin and St-Pierre, 2012). Therefore, it seems that
the increased mitochondrial biogenesis and function in efficient lambs is partially attributed to the over-expression of
PGC-1α.
The role of SIRT1 in expression and activity of PGC-1α
was also analyzed in the biopsies samples. Although SITR1
mRNA expression in the muscle of low-RFI lambs was
numberically higher, there was no significant difference
(P=0.369) between the phenotypic groups for mRNA expression of SIRT1 (Figure 1C).
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