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Abstract
Background: An essential part of using real-time RT-PCR is that expression results have to be
normalized before any conclusions can be drawn. This can be done by using one or multiple,
validated reference genes, depending on the desired accuracy of the results. In the pig however,
very little information is available on the expression stability of reference genes. The aim of this
study was therefore to develop a new set of reference genes which can be used for normalization
of mRNA expression data of genes expressed in porcine backfat and longissimus dorsi muscle, both
representing an economically important part of a pig's carcass. Because of its multiple functions in
fat metabolism and muscle fibre type composition, peroxisome proliferative activated receptor γ
coactivator 1α (PPARGC1A) is a very interesting candidate gene for meat quality, and was an ideal
gene to evaluate our developed set of reference genes for normalization of mRNA expression data
of both tissue types.
Results: The mRNA expression stability of 10 reference genes was determined. The expression
of RPL13A and SDHA appeared to be highly unstable. After normalization to the geometric mean of
the three most stably expressed reference genes (ACTB, TBP and TOP2B), the results not only
showed that the mRNA expression of PPARGC1A was significantly higher in each of the longissimus
dorsi muscle samples than in backfat (P < 0.05), but also that the expression was significantly higher
in the most cranial of the three muscle samples (P < 0.05).
Conclusion: This study provides a new set of reference genes (ACTB, TBP and TOP2B) suitable for
normalization of real-time RT-PCR data of backfat and longissimus dorsi muscle in the pig. The
obtained PPARGC1A expression results, after application of this set of reference genes, are a first
step in unravelling the PPARGC1A expression pattern in the pig and provide a basis for possible
selection towards improved meat quality while maintaining a lean carcass.
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Background
Because of consumers' demands, the emphasis of modern
day porcine breeding programmes and selection criteria is
gradually shifting towards a higher meat quality, instead
of the more classical focus of just selecting for a lean carcass and high growth rate [1]. Two strongly genetically
determined factors influencing meat quality are the
amount of intramuscular fat (IMF) and muscle fibre type
composition [2]. The first factor has a large impact on the
taste of the meat and its deposition is strongly influenced
by the surrounding muscle [3]. Peri- and post-mortem
biochemical processes in muscle and meat are strongly
influenced by muscle fibre type composition and in their
turn influence meat tenderness [4]. The fibre type composition depends on the location and use of a muscle. Muscles used for posture are more oxidative, while more active
muscles contain more glycolytic fibres [2]. In general,
meat quality increases if more oxidative fibres and less glycolytic fibres are present, but the influence of fat distribution and fibre type composition on meat quality also
varies between different breeds [1,5,6].
Unfortunately the selection of leaner pigs was often
accompanied by a decrease in IMF and a lower percentage
of oxidative fibres, resulting in a decrease of meat quality
[7,8]. To understand the complex relationship between all
the traits affecting meat quality, it is important to trace the
responsible genes. One particularly interesting gene in
this regard is the peroxisome proliferative activated receptor γ
coactivator 1α (PPARGC1A), a coactivator that influences
the expression of many genes through a whole range of
nuclear hormone receptors and other transcription factors, like the peroxisome proliferative activated receptors
(PPAR α, β, γ), nuclear respiratory factors and the thyroid
hormone receptor [9,10]. PPARGC1A plays an important
role in adipogenesis and adipocyte differentiation [11],
mitochondrial biogenesis and respiration [9,12], and
hepatic gluconeogenesis [13]. This means that the gene is
involved in adaptive thermogenesis, fat metabolism and
energy homeostasis. PPARGC1A can be induced by cold
and exercise, it has been proven to function as a natural
protection against obesity in brown fat of mice by producing heat and it is especially expressed in tissues with a high
energy demand, like muscle and brown fat [9,10,14]. The
expression is higher in muscles that contain more oxidative fibres and it has been shown that PPARGC1A is an
important factor in determining fibre type in that it
enhances the number of oxidative muscle fibres [15,16].
Also, other candidate genes for meat quality like glucose
transporter 4 (GLUT4) are regulated by PPARGC1A, making it an even more interesting gene [17]. All these functions and the fact that already a quantitative trait locus for
leaf fat weight in the pig has been located in the chromosomal region to which PPARGC1A was mapped [18],
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illustrate that PPARGC1A is a very promising candidate
gene with regard to meat quality.
In humans, PPARGC1A has been thoroughly investigated
because of its presumed role in the obesity pandemic and
correlated diseases like type II diabetes mellitus and cardiovascular complications, especially in search of possible
future therapies [19-21]. In the pig however, very little is
known about PPARGC1A although it has a great economic potential and, because of the strong genetical
resemblance between pig and man, the information could
be useful in human research as well [22,23]. Jacobs et al.
[18] already described the porcine PPARGC1A coding
sequence and discovered several polymorphisms, of
which at least one was significantly associated with backfat.
To study mRNA expression levels, one needs a set of carefully selected and validated reference genes (also called
housekeeping genes) for normalization purposes. In the
pig however, virtually no information is available on reference genes. In this study, we therefore designed assays to
measure the mRNA expression levels of several candidate
reference genes, followed by determination of their
expression stability and suitability for normalization purposes in the tissues of interest. The first aim of this study
was to develop a set of reference genes that can be used for
normalizing real-time RT-PCR mRNA expression data
from backfat and longissimus dorsi muscle of the pig. These
two tissues comprise an important part of the carcass and
have quite opposite demands regarding fat content, as
explained above. If the regulation of PPARGC1A expression proves to be different in these tissues, unravelling the
mechanism can possibly enable future selection towards
one feature without influencing the other. Therefore the
second aim of our study was to assess whether PPARGC1A
mRNA expression differs between backfat and several
longissimus dorsi muscle locations.

Results
Reference gene expression and selection
The cycle threshold value (Ct-value: the fractional PCR
cycle at which the fluorescent signal significantly rises
above the background signal) range of the reference genes
is shown in Figure 1 and demonstrates that their expression levels can vary considerably. Backfat samples sometimes showed a minimal SDHA mRNA expression (Ct >
36), but for most of these samples no SDHA could be
detected in our experimental setup. The expression pattern of RPL13A varied between animals: either there was
expression in all 4 tissue samples of the same animal, or
no Ct-values could be measured, or expression could only
be detected in muscle samples but not in fat. For the other
8 reference genes, Ct-values were detected in all 4 tissue
types and their raw data were analyzed using the geNorm
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Figure 1range of the reference genes
Ct-value
Ct-value range of the reference genes. The thick, black line is the median. The coloured box represents 50% of the measurements for a gene. #: depending on the animal, RPL13A was detected either in both muscle and fat, only in muscle, or was
not detected at all. *: in most of the backfat samples no SDHA was detected.

algorithm [24]. The stepwise exclusion of the reference
gene with the least stable expression showed that ACTB
and TOP2B were the most stably expressed reference genes
in the analyzed samples (Figure 2). Of note, the conventionally used reference gene GAPDH proved to be quite
unstable in our tissue samples, further underscoring the
need for reference gene evaluation. GeNorm indicated
that normalization using a set of the 3 most stably
expressed reference genes (ACTB, TOP2B and TBP) would
provide reliable results for mRNA expression analysis in
backfat and longissimus dorsi muscle.
PPARGC1A expression
Figure 3 visualizes the PPARGC1A expression differences
between the rescaled, normalized data of the 20 pigs used
for determining the reference gene stability. The 95% confidence intervals (represented by the error bars) clearly
indicate that the mRNA expression of PPARGC1A is signif-

icantly higher (P < 0.05) in the 3 muscle samples than in
backfat of the pig. It also shows that the expression in the
longissimus dorsi muscle sample taken near the 3rd or 4th rib
is significantly higher (P < 0.05) than in the other 2 muscle samples. No significant PPARGC1A expression difference was found between these 2 other muscle samples.
The same analysis was performed on the data obtained
from the larger independent group of 30 pigs and showed
exactly the same significant differences in PPARGC1A
expression
(See
additional
file
1:
AddFileRelativeExpression30pigs.doc).

Discussion
Real-time RT-PCR is a sensitive and accurate technique for
measuring gene expression [25], but to be able to compare
mRNA expression across samples, it is essential to correct
for variables such as differences in the amount of starting
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material in the reaction and enzyme efficiency. This normalization can be performed by using internal reference
genes. Contrary to original expectations, it has been
proven that their expression level can vary extensively
with tissue type and (experimental) conditions, and that
their use needs to be validated for each type of tissue and
every experimental setup [26-28]. Furthermore Vandesompele et al. [24] showed that more than one reference
gene should be used for accurate normalization of expression data.
In the pig however, very little is known about the expression of reference genes, certainly in combination with
real-time RT-PCR. Analysis of the expression stability of
the 10 chosen reference genes showed that RPL13A and

Figure
Relative,
sion
of 20
3normalized
pigs
and rescaled PPARGC1A mRNA expresRelative, normalized and rescaled PPARGC1A mRNA
expression of 20 pigs. Muscle 3-4R are the longissimus dorsi
samples taken near 3rd or 4th rib, muscle LR is taken near the
last rib and muscle 4LV near the 4th lumbar vertebra. Error
bars represent the 95% confidence interval.

SDHA cannot be used for normalization of longissimus
dorsi and backfat data. The expression of RPL13A, a component of the 60S ribosomal subunit, varied per animal.
As far as we know, this is the first time such an expression
pattern is described for this reference gene, and could
reflect a large difference in basic transcriptional activity
depending on the animal and/or tissue used. Because of
the importance of a correct protein synthesis mechanism,
it is likely that for the samples in which no RPL13A was
detected, its function was (partly) taken over by another
ribosomal protein [29-31], or that an alternative splice
product exists to which the used primer(s) could not
anneal [32,33]. Another possible explanation for this variability is technical variation, because the assay could have
been at the limit of its sensitivity. SDHA, an enzyme
involved in energy production (Krebs cycle and respiratory chain) [34], could not be detected in backfat samples,
except for a very weak signal in a few pigs. This could indicate SDHA is present in much lower concentrations in
backfat compared to longissimus dorsi muscle, which agrees
with one of the main functions of white adipose tissue,
storing energy. But from the data presented here no definitive conclusions can be drawn regarding the cause of this
variability.
As mentioned before, expression results are considerably
more reliable if they are normalized using the geometric
mean of multiple reference genes [24]. GeNorm analysis
indicated that addition of the 3rd reference gene to the
normalization factor had the largest impact on reducing
variability. Though variability further decreased by
including a 4th and 5th gene, the decrease is minimal and
does not outweigh the practical considerations accompanying the inclusion of more genes. Therefore, the use of
the geometric mean of the 3 most stably expressed reference genes (ACTB, TOP2B and TBP; Figure 2) provides
reliable results for backfat and longissimus dorsi mRNA
expression comparison in the pig.
Although it has been investigated which tissues express
PPARGC1A and what the effects of sequence polymorphisms are [16,18,35], little is known in the pig about its
relative mRNA expression when comparing tissues to one
another. Because this knowledge is essential in researching differences in PPARGC1A regulation in view of selection for improved meat quality, we compared its mRNA
expression in 2 economically important tissue types. Our
results not only clearly indicate that the PPARGC1A
mRNA expression is significantly higher in longissimus
dorsi muscle than in backfat (P < 0.05), but also that its
expression is significantly higher in the most cranial of the
3 muscle samples (P < 0.05; Figure 3). The PCR efficiencies of the standard curves indicated that the lower mRNA
expression of PPARGC1A in backfat was not due to inhibition. Nevertheless, if there would be any inhibition
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present, this should be corrected for by normalization.
These results correspond with findings in humans where
PPARGC1A mRNA expression in vastus lateralis muscle
was clearly higher than in subcutaneous fat [36], and are
similar to studies in the pig on the mRNA expression of
PPARγ (one of the transcription factors coactivated by
PPARGC1A) which showed variation between visceral
and subcutaneous fat [37]. In a study on the effect of exercise on PPARGC1A protein expression in rats, differences
were not only found between various skeletal muscles,
but also basal protein expression in a control group differed between the more oxidative and the more glycolytic
part of the gastrocnemius muscle [38]. Keeping this in
mind, a possible explanation for the higher mRNA expression in the most cranial longissimus dorsi sample could be
that because of its location, it has other energy demands
and fibre type composition compared to more caudal
parts of the muscle. Our findings could indicate a tissue
and location specific regulation of PPARGC1A expression
correlating with the functions of PPARGC1A in longissimus
dorsi muscle and backfat [20]. But on the other hand
mRNA expression differences do not necessarily translate
into protein expression differences [39].

Conclusion
The data from this study not only present a newly developed set of reference genes for normalization of mRNA
expression data from porcine backfat and longissimus dorsi
muscle, but also prove that significant differences exist in
PPARGC1A mRNA expression between and within (for
muscle) these economically important tissues, providing
a basis for possible selection towards improved meat
quality while maintaining a lean carcass.

Methods
Sample collection and cDNA synthesis
In a commercial pig slaughterhouse 4 samples were carefully collected from each of 50 cleaved pigs: a sample of
the longissimus dorsi muscle near the 3rd or 4th rib, a sample
of the longissimus dorsi muscle near the last rib, a longissimus dorsi sample near the 4th lumbar vertebra, and a sample of backfat. The samples (thickness 0.3 – 0.4 cm) were
immediately submerged in RNAlater (Sigma-Aldrich) for
RNA preservation, after which they were crushed to powder with liquid nitrogen, subdivided per 80–100 mg and
stored at -80°C, until total RNA extraction with TRIR
(ABgene) according to the manufacturer's protocol. During the next step contaminating DNA was degraded by
treating each sample with RQ1 RNase-free DNase
(Promega) according to the instructions manual, followed by a spin-column purification (Microcon YM-100,
Millipore). During optimization of the RNA extraction
protocol, RNA integrity was verified by loading RNA onto
a 0.8% agarose gel and evaluating the 28S and 18S ribosomal RNA bands. Backfat RNA showed slightly more deg-
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radation compared to muscle RNA, but this was no
problem because of the small size of the amplicons used.
After verification of the absence of any DNA contamination by means of a minus reverse transcription (RT) control PCR (which included a positive porcine genomic
DNA control and a no-template control) using the
YWHAZ primers (Table 1), the purity and RNA concentration was measured with a BioPhotometer (Eppendorf).
The OD 260/280 ratio of the samples ranged between
1.75 – 2.15. Concentrations for muscle samples ranged
between 80–200 ng/μl (total yield 1.76–4.40 μg RNA)
and for fat samples between 40–100 ng/μl (total yield
0.88–2.20 μg RNA). In this way approximately 1 μg of
RNA from each sample could be converted to cDNA in the
subsequent 20 μl RT reaction with the iScript cDNA synthesis kit (Bio-Rad), which contains both oligo dT and
random primers. The cDNA was diluted 10 times with
Tris-HCl (pH 8, 10 mM) before verification of the RT reaction through a control PCR using 2.5 μl cDNA and the
same YWHAZ primers as mentioned above (Table 1).
Each PCR also included a negative control to check for
DNA contamination.
Primers
From literature 10 reference genes were selected (Table 2)
[24,40], belonging to different functional classes to minimize the chance of coregulation. Primers for TOP2B were
used from Van Poucke et al. [40]. The NCBI [41] and
Ensembl [42] databases were used to search for available
porcine sequences of the other 9 reference genes in order
to design primers with Primer3 [43], taking into account
the possible secondary structures of the amplicon (Mfold)
[44] and the amplicon specificity of the primers (Blast)
[45]. Whenever possible, intron-spanning primers were
selected as an extra control to be able to distinguish
between cDNA and contaminating genomic DNA. Primer
conditions were optimized by determining the optimal
annealing temperature and primer concentration, and
amplicons were verified by sequencing with an ALFexpress (Amersham Biosciences). The primer pair used for
measuring mRNA expression of PPARGC1A was selected
from Jacobs et al. [18]. Table 1 summarizes the information on the primers, including their GenBank accession
numbers.
Real-time PCR assays
Real-time PCR was conducted on the iCycler iQ Real-Time
PCR Detection System (Bio-Rad), each reaction consisting
of 7.5 μl Platinum SYBR Green qPCR SuperMix UDG
(uracil-N-glycosylase; Invitrogen) spiked with 0.15 pmole
fluorescein calibration dye (Bio-Rad), 2.5 μl cDNA, the
optimized amount of primer and supplemented with
water (Molecular Biology Grade, Eppendorf) to a total
volume of 15 μl. The real-time PCR program started with
a 2 minute UDG incubation step at 50°C, followed by a 3
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Table 1: Information on the primers used for real-time PCR

Gene

Primer sequence (5'→3')

ACTB

TCTGGCACCACACCTTCT
TGATCTGGGTCATCTTCTCAC
AAACGGAAAGCCAAATTACC
ATCCACAGCGTTAGGAGTGA
ACTCACTCTTCTACCTTTGATGCT
TGTTGCTGTAGCCAAATTCA
CTGTTTACCAAGGAGCTGGAAC
TGAAGCCAGGAGGAAGCA
CCGAGGATTTGGAAAAGGT
CTATTTCTGTTCAGTGCTTTGATGT
AGTTAAAGTACCTGGCCTTCCT
TGGCCTCTCTTGGTCTTG
GAACCGAAGATGGCAAGA
CAGGAGATCCAAGGCAAA
GATGGACGTTCGGTTTAGG
AGCAGCACAGTACGAGCAA
AACTGGATGATGCTAATGATGCT
TGGAAAAACTCCGTATCTGTCTC
ATGCAACCAACACATCCTATC
GCATTATTAGCGTGCTGTCTT
CCTGCATGAGTGTGTGCTCT
CTCAGAGTCCTGGTTGCACA

B2M
GAPDH
HMBS
HPRT1
RPL13A
SDHA
TBP
TOP2B
YWHAZ
PPARGC1A

Amplicon length

Ta

GenBank accession number or reference

114 bp

60°C

[GenBank:DQ178122]

178 bp

60°C

[GenBank:DQ178123]

100 bp

57°C

[GenBank:DQ178124]

100 bp

59°C

[GenBank:DQ178125]

181 bp

60°C

[GenBank:DQ178126]

136 bp

59°C

[GenBank:DQ178127]

191 bp

58°C

[GenBank:DQ178128]

124 bp

59°C

[GenBank:DQ178129]

137 bp

60°C

[40]

178 bp

60°C

[GenBank:DQ178130]

107 bp

59°C

[18]

minute denaturation at 95°C, during which the hot start
platinum Taq DNA polymerase was fully activated. This
was followed by 40 cycles of 15 seconds of denaturation
at 95°C and 30 seconds of annealing/elongation at the
optimal annealing temperature (Ta) for each specific
primer (Table 1), during which fluorescence was measured. Next a melting curve was constructed by increasing
the temperature from 70 to 95°C in sequential steps of
0.5°C for 10 seconds, at which fluorescence was measured. This allowed the verification of the presence of one
gene-specific peak and the absence of primer dimer peaks,
which also give a fluorescent signal and influence PCR
efficiency. During optimization all PCR products were
loaded onto a 2% agarose gel (Gentaur) for verification. A
10-fold dilution series of cDNA was included in each run
to determine PCR efficiency by constructing a relative
standard curve. PCR efficiencies were consistently > 92%

and were used to convert the Ct-values into raw data (not
yet normalized, relative quantities). All experiments contained a negative control and samples were analyzed in 2
independent runs.
Reference gene selection
To determine the mRNA expression stability of the 10 reference genes, their expression in the 4 tissue samples (biological replicates) of 20 randomly selected animals was
measured using real-time PCR, as described above. This
means that for each reference gene 80 reactions were performed in duplicate (technical replicates), in 2 separate
runs. To correct for technical inter-run variation between
replicated reactions of the same sample measured in different runs, the data from these 2 runs were calibrated by
calculating the average Ct-value over all the samples in
each run and subtracting the difference between these 2

Table 2: Full reference gene names

Full gene name
ACTB
B2M
GAPDH
HMBS
HPRT1
RPL13A
SDHA
TBP
TOP2B
YWHAZ

beta actin
beta-2-microglobulin
glyceraldehyde-3-phosphate dehydrogenase
hydroxymethylbilane synthase
hypoxanthine phosphoribosyltransferase 1
ribosomal protein L13a
succinate dehydrogenase complex, subunit A
TATA box binding protein
topoisomerase II beta
tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, zeta polypeptide
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averages from each individual sample in the run with the
highest average Ct-value. After this calibration step, the
average Ct-value of each duplicate reaction was converted
to relative quantities and these were analyzed using the
geNorm algorithm, which is based on the principle that
the expression ratio of 2 ideal reference genes should be
identical in all samples [24]. Using this algorithm, the
most stably expressed reference genes and their optimal
number for normalization were determined.
The same procedure of real-time PCR, calibration and
conversion to relative quantities was repeated for the 4 tissue samples of the remaining 30 animals, performed with
only the 3 most stably expressed reference genes as determined by geNorm.
PPARGC1A mRNA expression and data processing
Real-time PCR was conducted with the primers for
PPARGC1A on the 4 samples of all 50 animals, after
which the mRNA expression data were calibrated and converted into raw data in the same manner as described
above for the reference genes. Then for each animal the
geometric mean of the raw expression data of the 3 most
stably expressed reference genes (i.e. normalization factor,
NF) was calculated and used for subsequent normalization, dividing the raw PPARGC1A mRNA expression data
by the NF. These normalized expression levels of
PPARGC1A were then converted into logarithmic values,
the average per sample type and the 95% confidence interval was calculated, these in their turn were converted into
linear rescaled values and eventually plotted in a graph
(Figure 3).

Authors' contributions
TE performed all the experimental procedures and was the
primary author of the manuscript. MVP and KG participated in the study design and provided real-time support.
JV provided expert input in data analysis. AVZ and LJP
participated in the design of the project, helped to draft
the manuscript and supervised the study. All authors read
and approved the final manuscript.

http://www.biomedcentral.com/1472-6750/6/41

Acknowledgements
The authors like to thank Marc Mattheeuws and Ruben Van Gansbeke for
their help in collecting samples, and Lies Bogaert for assisting in graphical
design. This work was supported by Ghent University BOF-grant no
01104005.

References
1.

2.
3.

4.
5.
6.

7.
8.

9.
10.

11.
12.

13.

14.

Additional material
15.

Additional file 1
Relative, normalized and rescaled PPARGC1A mRNA expression of 30
pigs. Muscle 3-4R are the longissimus dorsi samples taken near 3rd or
4th rib, muscle LR is taken near the last rib and muscle 4LV near the 4th
lumbar vertebra. Error bars represent the 95% confidence interval.
Click here for file
[http://www.biomedcentral.com/content/supplementary/14726750-6-41-S1.doc]

16.

17.

18.

Fiedler I, Nürnberg K, Hardge T, Nürnberg G, Ender K: Phenotypic
variations of muscle fibre and intramuscular fat traits in
Longissimus muscle of F2 population DurocxBerlin Miniature Pig and relationships to meat quality. Meat Sci 2003,
63:131-139.
Klont RE, Brocks L, Eikelenboom G: Muscle fibre type and meat
quality. Meat Sci 1998, 49:S219-229.
Smith SB, Lunt DK, Zembayashi M: Intramuscular fat deposition:
the physiological process and the potential for its manipulation. In Plains Nutrition Council Spring Conference (publ no AREC 00-22)
Amarillo: Texas A&M Research and Extension Center; 2000:1-12.
Karlsson AH, Klont RE, Fernandez X: Skeletal muscle fibres as
factors for pork quality. Livest Prod Sci 1999, 60:255-269.
Kolstad K, Jopson NB, Vangen O: Breed and sex differences in fat
distribution and mobilization in growing pigs fed at maintenance. Livest Prod Sci 1996, 47:33-41.
Chang KC, Da Costa N, Blackley R, Southwood O, Evans G, Plastow
G, Wood JD, Richardson RI: Relationships of myosin heavy
chain fibre types to meat quality traits in traditional and
modern pigs. Meat Sci 2003, 64:93-103.
Cameron ND: Genetic and phenotypic parameters for carcass
traits, meat and eating quality traits in pigs. Livest Prod Sci 1990,
26:119-135.
Brocks L, Klont RE, Buist W, de Greef K, Tieman M, Engel B: The
effects of selection of pigs on growth rate vs leanness on histochemical characteristics of different muscles. J Anim Sci
2000, 78:1247-1254.
Puigserver P, Wu Z, Park CW, Graves R, Wright M, Spiegelman BM:
A cold-inducible coactivator of nuclear receptors linked to
adaptive thermogenesis. Cell 1998, 92:829-839.
Wu Z, Puigserver P, Andersson U, Zhang C, Adelmant G, Mootha V,
Troy A, Cinti S, Lowell B, Scarpulla RC, Spiegelman BM: Mechanisms controlling mitochondrial biogenesis and respiration
through the thermogenic coactivator PGC-1. Cell 1999,
98:115-124.
Spiegelman BM, Puigserver P, Wu Z: Regulation of adipogenesis
and energy balance by PPARγ and PGC-1. Int J Obes 2000,
24:S8-10.
Oberkofler H, Esterbauer H, Linnemayr V, Strosberg AD, Krempler
F, Patsch W: Peroxisome proliferator-activated receptor
(PPAR) γ coactivator-1 recruitment regulates PPAR subtype
specificity. J Biol Chem 2002, 277:16750-16757.
Yoon JC, Puigserver P, Chen GX, Donovan J, Wu ZD, Rhee J, Adelmant G, Stafford J, Kahn CR, Granner DK, Newgard CB, Spiegelman
BM: Control of hepatic gluconeogenesis through the transcriptional coactivator PGC-1. Nature 2001, 413:131-138.
Goto M, Terada S, Kato M, Katoh M, Yokozeki T, Tabata I,
Shimokawa T: cDNA cloning and mRNA analysis of PGC-1 in
epitrochlearis muscle in swimming-exercised rats. Biochem
Biophys Res Commun 2000, 274:350-354.
Lin J, Wu H, Tarr PT, Zhang C-Y, Wu Z, Boss O, Michael LF, Puigserver P, Isotani E, Olson EN, Lowell BB, Bassel-Duby R, Spiegelman
BM: Transcriptional co-activator PGC-1α drives the formation of slow-twitch muscle fibres. Nature 2002, 418:797-801.
Zhao R-Q, Yang X-J, Xu Q-F, Wei X-H, Xia D, Chen J: Expression
of GHR and PGC-1α in association with changes of MyHC
isoform types in longissimus muscle of Erhualian and Large
White pigs (Sus scrofa) during postnatal growth. Anim Sci
2004, 79:203-211.
Michael LF, Wu Z, Cheatham RB, Puigserver P, Adelmant G, Lehman
JJ, Kelly DP, Spiegelman BM: Restoration of insulin-sensitive glucose transporter (GLUT4) gene expression in muscle cells
by the transcriptional coactivator PGC-1. Proc Natl Acad Sci
USA 2001, 98:3820-3825.
Jacobs K, Rohrer G, Van Poucke M, Piumi F, Yerle M, Barthenschlager
H, Mattheeuws M, Van Zeveren A, Peelman LJ: Porcine PPARGC1A

Page 7 of 8
(page number not for citation purposes)

BMC Biotechnology 2006, 6:41

19.

20.

21.

22.
23.

24.

25.
26.
27.
28.
29.
30.

31.
32.

33.
34.
35.

36.
37.

(peroxisome proliferative activated receptor gamma coactivator 1A): coding sequence, genomic organization, polymorphisms and mapping. Cytogenet Genome Res 2006, 112:106-113.
Ek J, Andersen G, Urhammer SA, Gæde PH, Drivshom T, BorchJohnsen K, Hansen T, Pedersen O: Mutation analysis of peroxisome proliferator activated receptor-γ coactivator-1 (PGC1) and relationships of identified amino acid polymorphisms
to type II diabetes mellitus. Diabetologia 2001, 44:2220-2226.
Hammarstedt A, Jansson P-A, Wesslau C, Yang X, Smith U: Reduced
expression of PGC-1 and insulin-signaling molecules in adipose tissue is associated with insulin resistance. Biochem Biophys Res Commun 2003, 301:578-582.
Yoon JC, Xu G, Deeney JT, Yang SN, Rhee J, Puigserver P, Levens AR,
Yang R, Zhang CY, Lowell BB, Berggren PO, Newgard CB, BonnerWeir S, Weir G, Spiegelman BM: Suppression of β cell energy
metabolism and insulin release by PGC-1α. Dev Cell 2003,
5:73-83.
Roehe R, Plastow GS, Knap PW: Quantitative and molecular
genetic determination of protein and fat deposition. Homo
2003, 54:119-131.
Wernersson R, Schierup MH, Jorgensen FG, Gorodkin J, Panitz F,
Staerfeldt HH, Christensen OF, Mailund T, Hornshoj H, Klein A,
Wang J, Liu B, Hu S, Dong W, Li W, Wong GK, Yu J, Wang J, Bendixen
C, Fredholm M, Brunak S, Yang H, Bolund L: Pigs in sequence
space: a 0.66X coverage pig genome survey based on shotgun sequencing. BMC Genomics 2005, 6:70.
Vandesompele J, De Preter K, Pattyn F, Poppe B, Van Roy N, De
Paepe A, Speleman F: Accurate normalization of real-time
quantative RT-PCR data by geometric averaging of multiple
internal control genes. Genome Biology 2002, 3:34 [http://
medgen.ugent.be/~jvdesomp/genorm].
Heid CA, Stevens J, Livak KJ, Williams PM: Real time quantitative
PCR. Genome Res 1996, 6:986-994.
Thellin O, Zorzi W, Lakaye B, De Borman B, Coumans B, Hennen G,
Grisar T, Igout A, Heinen E: Housekeeping genes as internal
standards: use and limits. J Biotechnol 1999, 75:291-295.
Bustin SA: Absolute quantification of mRNA using real-time
reverse transcription polymerase chain reaction assays. J Mol
Endocrinol 2000, 25:169-193.
Schmittgen TD, Zakrajsek BA: Effect of experimental treatment
on housekeeping gene expression: validation by real-time,
quantitative RT-PCR. J Biochem Biophys Methods 2000, 46:69-81.
Kenmochi N, Kawaguchi T, Rozen S, Davis E, Goodman N, Hudson
TJ, Tanaka T, Page DC: A map of 75 human ribosomal protein
genes. Genome Res 1998, 8:509-523.
Higa S, Yoshihama M, Tanaka T, Kenmochi N: Gene organization
and sequence of the region containing the ribosomal protein
genes RPL13A and RPS11 in the human genome and conserved features in the mouse genome.
Gene 1999,
240:371-377.
Dresios J, Panopoulos P, Synetos D: Eukaryotic ribosomal proteins lacking a eubacterial counterpart: important players in
ribosomal function. Mol Microbiol 2006, 59:1651-1663.
Cuccurese M, Russo G, Russo A, Pietropaolo C: Alternative splicing and nonsense-mediated mRNA decay regulate mammalian ribosomal gene expression. Nucleic Acids Res 2005,
33:5965-5977.
Neverov AD, Artamonova II, Nurtdinov RN, Frishman D, Gelfand
MS, Mironov AA: Alternative splicing and protein function.
BMC Bioinformatics 2005, 6:266.
Brière JJ, Favier J, El Ghouzzi V, Djouadi F, Benit P, Gimenez AP, Rustin P: Succinate dehydrogenase deficiency in human. Cell Mol
Life Sci 2005, 62:2317-2324.
Kunej T, Wu XL, Berlic TM, Michal JJ, Jiang Z, Dovc P: Frequency
distribution of a Cys430Ser polymorphism in peroxisome
proliferator-activated
receptor-γ
coactivator-1
(PPARGC1A) gene sequence in Chinese and Western pig
breeds. J Anim Breed Genet 2005, 122:7-11.
Larrouy D, Vidal H, Andreelli F, Laville M, Langin D: Cloning and
mRNA tissue distribution of human PPARγ coactivator-1. Int
J Obes 1999, 23:1327-1332.
Omi T, Brenig B, Špilar Kramer Š, Iwamoto S, Stranzinger G, Neuenschwander S: Identification and characterization of novel peroxisome proliferator-activated receptor-gamma (PPAR-γ)
transcriptional variants in pig and human. J Anim Breed Genet
2005, 122:45-53.

http://www.biomedcentral.com/1472-6750/6/41

38.

39.
40.
41.
42.
43.

44.
45.

Terada S, Tabata I: Effects of acute bouts of running and swimming exercise on PGC-1α protein expression in rat epitrochlearis and soleus muscle. Am J Physiol-Endocrinol Metab 2004,
286:E208-216.
Gygi SP, Rochon Y, Franza BR, Aebersold R: Correlation between
protein and mRNA abundance in yeast. Mol Cell Biol 1999,
19:1720-1730.
Van Poucke M, Yerle M, Tuggle C, Piumi F, Genet C, Van Zeveren A,
Peelman LJ: Integration of porcine chromosome 13 maps.
Cytogen Cell Genet 2001, 93:297-303.
National Center for Biotechnology Information
[http://
www.ncbi.nlm.nih.gov]
Ensembl Genome Browser
[http://www.ensembl.org/
index.html]
Rozen S, Skaletsky HJ: Primer3 on the WWW for general users
and for biologist programmers. Bioinformatics Methods and Protocols: Methods in Molecular Biology 2000:365-386 [http://
frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi].
Totowa:
Humana Press
Zuker M: Mfold web server for nucleic acid folding and hybridization prediction. Nucleic Acids Res 2003, 31:3406-3415 [http://
www.bioinfo.rpi.edu/applications/mfold/dna/form1.cgi].
Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ: Basic local
alignment search tool. J Mol Biol 1990, 215:403-410 [http://
www.ncbi.nlm.nih.gov/blast].

Publish with Bio Med Central and every
scientist can read your work free of charge
"BioMed Central will be the most significant development for
disseminating the results of biomedical researc h in our lifetime."
Sir Paul Nurse, Cancer Research UK

Your research papers will be:
available free of charge to the entire biomedical community
peer reviewed and published immediately upon acceptance
cited in PubMed and archived on PubMed Central
yours — you keep the copyright

BioMedcentral

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

Page 8 of 8
(page number not for citation purposes)

