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ABSTRACT. Mitochondrial DNA (mtDNA) content is dependent on
the energy requirements of tissues. To date, no comprehensive study
has been conducted to examine mtDNA copy number variations in
pigs. In the current study, quantitative polymerase chain reaction was
performed to quantify the mtDNA copy number in 15 pig tissue types
at 5 growth stages from embryo to adult. Observable differences in
mtDNA content were detected in the tissues, including a 6-fold greater
mtDNA content in the heart compared with the lung of 180-day-old
samples. mtDNA content in the heart, longissimus dorsi muscle,
psoas major muscle, kidney, brain, ovary, and subcutaneous adipose
increased with growth. Expression of the replicative mitochondrial
helicase (TWINKLE), which regulates mtDNA turnover, was
significantly associated with changes in mtDNA copy numbers across
tissues during growth (r = 0.33, P = 0.01). We demonstrated that the
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expression levels of mitochondrial genes were positively correlated
with mtDNA copy number.

Key words: Growth stages; Mitochondrial DNA copy number;
Gene expression; Pig

INTRODUCTION

Mitochondria are unique organelles because they contain their own DNA. A somatic
mammalian cell contains approximately 1000-10,000 copies of mitochondrial DNA (mtDNA)
(Larsson and Gustafsson, 2007). In general, mtDNA is a circular, double-stranded DNA mol-
ecule that is approximately 16 kb in length and encodes 13 protein subunits of the electron trans-
port chain, 2 ribosomal RNAs, and 22 transfer RNAs, translated from its own mRNAs (Larsson
and Gustafsson, 2007). The 2 strands of mtDNA exhibit different sedimentation properties in
alkaline cesium chloride gradients, and are therefore designated as the heavy and light strands.
mtDNA content is frequently used as a marker of mitochondrial density, reflecting the oxidative
or ATP-producing capacity of tissues (Hoeks and Schrauwen, 2012). mtDNA copy number has
been extensively studied in the tissues of humans (Miller et al., 2003), rats (Moayyeri et al.,
2012), and mice (Masuyama et al., 2005), and has been shown to vary widely in different tis-
sues. Studies in humans (Pesce et al., 2001) and mice (Masuyama et al., 2005) demonstrated that
mtDNA copy number increased in the heart and skeletal muscle during growth and development.

Sophisticated regulatory mechanisms controlled by nuclear genes regulate mitochon-
drial DNA replication and transcription (Larsson and Gustafsson, 2007). TWINKLE is the only
replicative DNA helicase in the mammalian mitochondria encoded by the nuclear genome.
Previous studies have indicated that changes in TWINKLE expression influence mtDNA con-
tent. Such changes in mtDNA content may also regulate the expression of mitochondrial genes
(Barazzoni et al., 2000, Welle et al., 2000), with an integral role in oxidative phosphorylation.

To date, no systematic study has been conducted to examine mtDNA content in vari-
ous tissues of pigs during the development process. In this study, we quantitatively analyzed
mtDNA content in 15 tissue types at 5 growth stages using quantitative polymerase chain re-
action (qPCR) in pigs. We also quantified the mRNA level of TWINKLE and 8 mitochondrial
genes in each of the 15 tissues at 5 growth stages to elucidate the relationship between mtDNA
content and nuclear gene mtDNA transcripts.

MATERIAL AND METHODS
Ethics statement

All animal protocols were approved by the Institutional Animal Care and Use Com-
mittee of Sichuan Agricultural University, and all animal work was approved by the appropri-
ate committee.

Animals and tissue collection

In this study, we collected 15 types of tissues from 3 healthy female Jinhua pigs rep-
resenting 1 prenatal stage (90 days after insemination, E90) and 4 postnatal stages (0, 30, and
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180 days and 7 years after birth, referred to as D0, D30, D180, and Y7, respectively). These
tissues included the heart, liver, spleen, lung, kidney, brain, ovary, longissimus dorsi muscle
(LDM), psoas major muscle (PMM), subcutaneous adipose (SAT), abdominal adipose, mes-
enteric adipose, greater omentum, retroperitoneal adipose, and intermuscular adipose tissue.
Tissues were rapidly dissected and frozen immediately in liquid nitrogen, and stored at -80°C
until use.

DNA and RNA extraction

DNA was isolated from all tissues using the TIANamp MicroDNA Kit (Tiangen, Bei-
jing, China), and total RNA was extracted from frozen adipose tissues using TRIzol (Takara,
Shiga, Japan) according to the manufacturer protocol. DNA and RNA concentration and integ-
rity were analyzed by 1% agarose gel electrophoresis.

Quantification of mtDNA copy number

Relative amounts of mtDNA and nuclear DNA were determined by qPCR. The mito-
chondrial genes ATP6, COX1, and ND1 were used to quantify mtDNA and nuclear gene. The
glucagon gene (GCG), which is highly conserved between species and is present as a single
copy in animals (Wang et al., 2012), was used as the single-copy reference gene. The Ct value
of ATP6, COX1, and ND1 versus the Ct value of the single-copy gene was used to reflect the
mtDNA amount per haploid cell. The data are reported as means + standard deviation. Primer
sequences are listed in Table 1.

Table 1. Primers used for qPCR.

Gene symbol Primer sequence (5' to 3') Amplicon size (bp)

ATP6 F: TATTTGCCTCTTTCATTGCCC 123
R: GGATCGAGATTGTGCGGTTAT

COX1 F: ACTACTGACAGACCGCAACC 220
R: TCCAATGGACATTATGGCTC

cox2 F: TGAAGACCTCACCTTTGACTC 193
R: TCCTGGGATAGCATCTGTTTT

CytB F: TCTTCGCCTTTCACTTTATC 240
R: GGGTGTAGTTGTCTGGGTCT

NDI F: GCCACATCCTCAATCTCCAT 99
R: GATTAGAGGGTAGGGTATTGGTAG

ND2 F: GACTAAACCAAACCCAACT 189
R: GGGATAGGGATAAAGTTGT

ND3 F: CCTCCCTACTCGTACTAATCG 210
R: GATTGTTTGTTTGGGATGCT

ND4 F: ACGGACTCCATCTTTGACTG 217
R: AGGTCGGTTTGACGTAAGC

ND6 F: TGGCTACTGAGATGTACCCT 205
R: CCCATAGCTTCCTCACTAAA

TWINKLE F: GGAAGGAGGATGATGATAAGG 211
R: GGTATGGAGAAGGTAAGAGAGC

GCG* F: GAATCAACACCATCGGTCAAAT 198
R: CTCCACCCATAGAATGCCCAGT

PPIA* F: CACAAACGGTTCCCAGTTTT 171
R: TGTCCACAGTCAGCAATGGT

RPL4* F: AGGAGGCTGTTCTGCTTCTG 185
R: TCCAGGGATGTTTCTGAAGG

YWHAZ* F: ATTGGGTCTGGCCCTTAACT 146
R: GCGTGCTGTCTTTGTATGACTC

*Reference genes.
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PCR amplification was performed using the CFX-96 detection system (Bio-Rad, Her-
cules, CA, USA) in 25 pL using the SYBR PrimeScript q-PCR Kit (Takara). Each reaction
was performed in triplicate and included a negative control (without template).

Measurement of mRNA levels

All genomic DNA was eliminated from the RNA samples using the PrimeScript RT
reagent Kit (Takara), and cDNA synthesis was performed in a 20-pL volume. The transcripts
of mitochondrial genes, including ATP6, CYTB, COX1, COX2, ND2, ND3, ND4, and ND6,
were measured using qPCR with the CFX-96 detection system. Ribosomal protein (RPL4),
peptidylprolyl isomerase A (PPIA), and tyrosine 3-monooxygenase/tryptophan 5-monooxy-
genase activation protein, zeta polypeptide (YWHAZ), were used as reference genes because
of their relatively stable expression levels at different ages and in various tissues (Uddin et al.,
2011). The expression level of the nuclear gene TWINKLE, which is a determinant of mtDNA
levels, was also measured. Detailed information regarding the primers used is listed in Table 1.

Statistical analysis

The mRNA expression level was quantified using the 244t method, and data are re-
ported as means + standard deviation. The statistical tests were performed using one-way anal-
ysis of variance. We also calculated the Pearson correlation coefficient between mitochondrial
genes or TWINKLE expression levels and mtDNA copy number using SigmaPlot 12.3 (Systat
Software, Inc., San Jose, CA, USA).

RESULTS AND DISCUSSION
Different mtDNA content among tissues

The mtDNA content in various tissues of pigs at different ages was determined by
selecting 3 short regions in 3 genes (47P6, COX1, and ND1) of mtDNA and performing qPCR
analysis. The standard curve for each region showed high amplification efficiencies (Figure
1). In all growth stages, the mtDNA copy number showed a significant difference among tis-
sues (Figure 2). For example, the mtDNA copy number in the heart of 180-day-old pigs was
6-fold higher than in the lung (P < 0.01). The mtDNA content in the heart of 180-day-old
pigs was ~2000 copies per cell, which was significantly higher than that in other tissues. The
higher mtDNA content observed in the heart may be associated with the relatively high energy
required for this muscle. We found that the mtDNA content in the skeletal muscles, LDM and
PMM, were ~1600 copies per cell, which was slightly lower than in the heart, whereas the adi-
pose tissues showed the lowest mtDNA content (~400 copies per cell). Our results suggest that
mtDNA content represents the cell’s energy requirements. The heart is one of the most energy-
demanding tissues in the body, and thus heart cells possess the greatest abundance of mtDNA.
Generally, skeletal muscle fibers can be considered to be oxidative (red muscle) or glycolytic
(white muscle) types. Oxidative muscle fibers possess a greater number of mitochondria com-
pared to white muscles. Previous studies indicated that PMM is a classic oxidative muscle
fiber, while LDM is a glycolytic muscle fiber (Bakala et al., 2013). In the current study, we
found that PMM showed higher mtDNA copy numbers compared with LDM. The amount of
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mtDNA in white adipose tissue (retroperitoneal adipose, mesentric adipose, greater omentum,
abdominal adipose, and intermuscular adipose tissue) was lower than in the heart and skeletal
muscle. This result was as expected considering that the main function of white adipose tissue
is to store high-energy molecules (Cinti, 2006). Recently, a new type of adipose tissue, brown
adipose tissue, was found to be important for both basal and inducible energy expenditure in
the form of thermogenesis (Cypess et al., 2009). This tissue contains an unusually high amount
of mitochondria. Thus, the mtDNA content can reflect the energy demands of tissues.
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Figure 1. Standard curve for quantitation of mtDNA. Image shows PCR product from serial dilutions. The
correlation coefficients were all above 0.99, and the amplification efficiency was 0.95-0.99.

Growth-associated changes in mtDNA content in different tissues

We found that mtDNA copy number increased in the heart, PMM, LDM, kidney,
brain, ovary, and SAT with growth (Figure 2).

A dramatic increase in mtDNA copy number occurs during the first year of life
(Pohjoisméki et al., 2010). In the current study, the mtDNA content in the heart of newborn
piglets was nearly 7-fold lower than in that of adults. Growth-associated increases in mtDNA
content in the heart of animals may result from the incessant contractile activity of the heart
and the high energy demand required for this process. Additionally, mtDNA copy number
also increased gradually with age in PMM and LDM, and mtDNA content increased with
muscle development (Pesce et al., 2001). Exercise, particularly aerobic exercise, is known to
activate mitochondriogenesis and increases mtDNA levels in skeletal muscle (Lanza et al.,
2008). We therefore predicted that the increase in exercise intensity associated with the growth
of pigs caused a corresponding increase in mtDNA content. In our study, mtDNA copy number
increased during development of SAT (r = 0.970, P = 0.026). A previous study in human
white fat cells showed that mtDNA copy number was strongly related to adipocyte lipogenesis
(Kaaman et al., 2007); therefore, the increase in mtDNA copy number associated with growth
in SAT in this study indicated accumulation of lipids during adipose tissue development. We
also observed that the amount of mtDNA significantly decreased during the fifth growth stage
in the liver. It has been reported previously that age-related cell loss occurs remarkably in
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some tissues, including the liver (Masuyama et al., 2005), leading to decreased mtDNA levels.
Such a reduction in mtDNA content may result in a decline in liver function (Yin et al., 2004).
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Figure 2. Changes in mtDNA content in various tissues during growth. The bars represent means + standard

deviation. ‘P,” and ‘P,

> represent the P value for age and tissue, respectively. E90 represents embryonic 90 days;

D0, D30, D180, and Y7 represent postnatal 0, 30, and 180 days and 7 years. PMM = psoas major muscle; LDM
= longissimus dorsi muscle; SAT = subcutaneous adipose; RAD = retroperitoneal adipose; MAD = mesenteric
adipose; GOM = greater omentum; AAD = abdominal adipose; IAD = intermuscular adipose.
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Pattern of TWINKLE mRNA expression

TWINKLE is the only replicative DNA helicase in mammalian mitochondria. Studies
examining TWINKLE overexpression and 7TWINKLE knockout have shown that TWINKLE is
an essential mitochondrial helicase required for complete mtDNA replication in the heart and
skeletal muscle of mice (Tyynismaa et al., 2004; Kaaman et al., 2007, Milenkovic et al., 2013).
The relationship between TWINKLE and mtDNA content during growth was investigated by
quantifying the mRNA levels of TWINKLE using qPCR. We found that mtDNA copy num-
ber per cell was positively correlated with the expression of TWINKLE (r = 0.33, P = 0.01),
as shown in Figure 3. Thus, TWINKLE may be a key regulator of the biogenesis process of
mtDNA during pig growth.
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Figure 3. Linear regression analysis to analyze the association between the expression of TWINKLE and mtDNA
copy number across samples (r = 0.33, P=0.011).

Expression patterns of mitochondrial genes during growth

mtDNA-induced changes in mitochondrial gene expression were investigated by
quantifying 8 mitochondrial genes selected randomly from both heavy and light strands during
growth. As shown, the expression of 7 genes was significantly and positively correlated with
mtDNA content (Figure 4). The transcription of mtDNA proceeds through polycistronic
precursor RNAs, encompassing all genetic information encoded in each of the specific strands
(Larsson and Gustafsson, 2007). These primary transcripts are processed to produce individual
mRNA, rRNA, and tRNA molecules (Clayton, 1991), which are thought to be expressed
at similar levels. However, we found that each gene was expressed at a different level and
hypothesized that this discrepancy was caused by post-transcriptional regulation, such as
by miRNAs (Latronico and Condorelli, 2012; Das et al., 2012; Sripada et al., 2012). Hence,
mtDNA copy number was only 1 factor influencing mitochondrial function. In addition,
oxidative functional changes in mitochondria should be examined, particularly cytochrome ¢
activity or ATP-producing capacity.
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Figure 4. Linear regression analysis to establish the association between mitochondrial genes and mtDNA copy
number for all samples (*P <0.05, **P <0.01).

In conclusion, we analyzed the mtDNA content in 8 tissues from pigs at 5 different

stages of growth, from embryo to adult, using qPCR. We found that mtDNA content increased
with growth for most tissues, and that this change may have been caused by the expression
of TWINKLE. We also found that mtDNA copy number variation affected mitochondrial gene
expression to regulate energy demands. Our results will provide basic data for investigations
of tissue development, particularly muscle growth and adipose accumulation.
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