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Raising plasma fatty acid concentration induces
increased biogenesis of mitochondria in

skeletal muscle
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A number of studies have reported that a high-fat diet induces
increases in mitochondrial fatty acid oxidation enzymes in muscle.
In contrast, in two recent studies raising plasma free fatty acids
(FFA) resulted in a decrease in mitochondria. In this work, we
reevaluated the effects of raising FFA on muscle mitochondrial
biogenesis and capacity for fat oxidation. Rats were fed a high-fat
diet and given daily injections of heparin to raise FFA. This treat-
ment induced an increase in mitochondrial biogenesis in muscle, as
evidenced by increases in mitochondrial enzymes of the fatty acid
oxidation pathway, citrate cycle, and respiratory chain, with an
increase in the capacity to oxidize fat, as well as an increase in
mitochondrial DNA copy number. Raising FFA also resulted in an
increase in binding of peroxisome proliferator-activated receptor
(PPAR) 6 to the PPAR response element on the carnitine palmitoyl-
transferase 1 promoter. We interpret our results as evidence that
raising FFA induces an increase in mitochondrial biogenesis in
muscle by activating PPARG.

peroxisome proliferator-activated receptor (PPAR)S | high-fat diet |
fatty acid oxidation

I t has been reported that high-fat diets induce increased
expression of mitochondrial fatty acid oxidation (FAO) en-
zymes in skeletal muscle, and it has been suggested that this
adaptation results in an increase in the capacity to oxidize fatty
acids (1-6). Similarly, exposure of cardiac myocytes to moder-
ately high concentrations of fatty acids activates transcription of
the muscle carnitine palmitoyltransferase (mCPT) gene (7). The
peroxisome proliferator-activated receptors PPAR« and
PPARP/8 (PPARS) are ligand-activated nuclear receptors that
activate transcription of genes encoding FAO enzymes as well as
the uncoupling proteins (8§—11). Both PPAR«a and PPARGS are
expressed in skeletal muscle, with PPARS being the predomi-
nant isoform (12, 13). The PPARSs are activated by long-chain
fatty acids (14, 15). It, therefore, seemed likely that if raising
plasma free fatty acids (FFA) does increase muscle FAO en-
zymes, this effect is mediated by PPARS and «. However, in
contrast to the earlier reports, two recent studies have reported
that raising plasma FFA with a lipid emulsion (16) or a high-fat
diet (17) results in decreases in muscle mitochondrial enzymes.

In this context, the present study was undertaken to determine
whether raising plasma FFA does induce an increase in expres-
sion of FAO enzymes in skeletal muscle and, if it does, to obtain
evidence regarding whether the increase in FFA activates
PPARG. A second aim, if raising FFA was found to increase FAO
enzymes, was to determine whether an isolated increase in FAO
enzymes results in an increase in the capacity to oxidize fatty
acids or whether the citrate cycle and respiratory chain are
rate-limiting.

Results

Plasma FFA Concentrations. Plasma FFA were markedly elevated
in the rats fed the high-fat diet and given heparin (2.06 = 0.42
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mM; range 1.22-3.84 mM) for six rats given heparin compared
with 0.25 = 0.02 mM for six chow-fed rats.

Raising Plasma FFA Induces Increased Expression of Genes Encoding
FAO Enzymes. As shown in Fig. 1a, protein levels of three enzymes
used as markers for the mitochondrial FAO pathway. Medium-
chain acyl-CoA dehydrogenase, long-chain acyl-CoA dehydro-
genase, and very long-chain acyl-CoA dehydrogenase were all
significantly increased in epitrochlearis muscles of rats in which
plasma FFA were raised daily for 4 weeks. mCPT type 1
(mCPT1) mRNA was also significantly increased in triceps
muscles in response to elevation of plasma FFA (Fig. 1b). The
genes that encode these FAO enzymes are regulated by PPARS
and PPAR« (8,9, 11, 18). Expression of the uncoupling proteins
is also regulated by these nuclear receptors (9, 11, 19), and
uncoupling protein 3 (UCP3) expression was increased in muscle
of rats in which plasma FFA were raised (chow group 1.0 = 0.16
vs. raised FFA group 2.44 * 0.39 arbitrary units; P < 0.01).

The capacity of skeletal muscle to oxidize fatty acids was
evaluated by measuring the rate of *CO, production from
[**C]palmitate by whole homogenates of triceps muscles under
conditions in which availability of ADP and P; are not rate-
limiting. As shown in Fig. 1c, the rate of palmitate oxidation was
increased ~60% in triceps muscles of the rats in which plasma
FFA were raised.

Raising FFA Induces Increased Expression of Mitochondrial Citrate
Cycle and Respiratory Chain Enzymes. The expression of citrate
synthase was increased ~66% in epitrochlearis muscles of the
high-fat diet plus heparin group (Fig. 2). Raising FFA also induced
increases in the levels of a number of proteins used as markers for
the mitochondrial respiratory chain, including NADH ubiquinol
oxidoreductase 39-kDA subunit, succinate-ubiquinone oxi-
doreductase 70-kDA subunit, cytochrome ¢, cytochrome oxidase
subunit I (COXI), cytochrome oxidase subunit I'V (COXIV), and
ATP synthase subunit « (Fig. 2). Another mitochondrial enzyme,
d-aminolevulinate synthase (ALAS), which is rate-limiting for heme
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Fig. 1. Raising plasma FFA induces increased expression of genes encoding

FAO enzymesin skeletal muscle. (a) Representative Western blots and average
protein values of three enzymes used as markers for the mitochondrial -
oxidation pathway in epitrochlearis muscles of rats fed either a chow diet
(control) or a high-fatdiet (n = 7 per group). The rats on the high-fat diet were
given daily heparin injections to raise FFA levels (1 FFA). MCAD, medium-
chain acyl-CoA dehydrogenase; LCAD, long-chain acyl-CoA dehydrogenase;
VLCAD, very long-chain acyl-CoA dehydrogenase. (b) Real time PCR analysis of
mCPT-1 mRNA levels in triceps muscles of control and 1 FFA groups (n = 6 per
group). (c) Palmitate oxidation by triceps muscles homogenates of the control
and 1 FFA groups of rats (n = 7 per group). *, P < 0.05, significantly different
from control.

synthesis, also increased in muscle in response to the high-fat diet
(controls, 1.00 = 0.15 vs. high FFA group, 1.71 = 0.10, ALAS
protein arbitrary units, P < 0.01).

Responses of PPARs « and 6 and PPARy Coactivator 1« (PGC-1a) to
Elevation of Plasma FFA. Raising plasma FFA induced a significant
increase in PPARa mRNA but had no effect on the level of
PPARGS or PGC-1a in skeletal muscle (Fig. 3).

Mitochondrial DNA Copy Number. To evaluate further the effect of
raising plasma FFA on mitochondrial biogenesis, we obtained
information regarding mitochondrial DNA copy number. As
shown in Fig. 4, mitochondrial DNA copy number, as reflected
in the ratios of COXI DNA to 18S DNA and of cytochrome b
DNA to 18S DNA, was significantly increased in triceps muscles
of the rats with raised FFA levels.

PPARS Binding to the mCPT-1 Promoter Is Increased in Muscle of Rats
with Raised Plasma FFA. Increased expression or activation of
PPARS in skeletal muscle or myotubes results in increased
mitochondrial biogenesis (20-22). Elevation of plasma FFA did
not result in increased expression of PPARS (Fig. 3). However,
our finding that raising plasma FFA induces increased expres-
sion of mitochondrial FAO enzymes (Fig. 1) and UCP3, which
are encoded in PPARG& target genes, suggested that the increase
in FFA resulted in activation of PPARS. To explore this possi-
bility, we used the ChIP assay to measure binding of PPARS to
the PPAR response element on the mCPT-1 promoter. As
shown in Fig. 5, there was a large increase in PPARGS binding to
the mCPT-1 promoter in muscles of the rats with raised plasma
FFA. This finding provides evidence that the increase in FFA
resulted in activation of PPARG.

10710 | www.pnas.org/cgi/doi/10.1073/pnas.0704024104
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Fig.2. Increased expression of arange of mitochondrial enzymesin response
to raising plasma FFA levels. Representative Western blots and average pro-
tein values for mitochondrial enzymes used as markers for the citrate cycle
[citrate synthase (CS)] and respiratory chain [NADH-ubiquinone oxidoreduc-
tase (NUO), succinate-ubiquinone oxidoreductase 70-kDa subunit (SUO), cy-
tochrome ¢ (Cyt ), COXI, COXIV], and ATP synthase subunit « (ATP-syn) in
epitrochlearis muscles are shown. n = 7 per group. *, P < 0.05, significantly
different from controls.

Discussion

High-fat diets have been reported to induce increases in enzymes
involved in FAO in skeletal muscle (2-6). These studies, which
involved measurement of a few marker enzymes, led to the
speculation that increased availability of fatty acids induces an
increase in the capacity of muscle to oxidize fat. More recent
studies have resulted in the opposite conclusion, that markedly
raising plasma FFA (16) or eating a high-fat diet (17) causes a
decrease in muscle mitochondria. In the present work, by using
a model that raises FFA to higher levels than does a high-fat diet
per se, we addressed the question of whether increasing plasma
FFA induces an increase in mitochondrial FAO capacity in
muscle. There were two reasons for this approach. One was that
it seemed likely that if raising plasma FFA induces FAO
enzymes, this adaptation would be more readily detected with a
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Fig. 3. Effect of raising FFA on expression of PGC-1«, PPARq, and PPARS.
Real-time PCR analysis of mRNA levels in triceps muscles is shown. Values are
means = SEM for six muscles per group.
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Fig.4. Mitochondrial DNA copy number was evaluated in triceps muscles of
rats with raised FFA and control animals by determining the ratios of COX1
DNA to 18S DNA, and of cytochrome b (Cyt b) to 185 DNA. The COX1 and
cytochrome b genes are in the mitochondrial genome, and the 18S gene is in
the nuclear genome. Values are means =+ SE for four rats with 1 FFA and five
controls. *, P < 0.05.

larger increase in FFA. The other is that we are interested in the
role of FFA in the adaptive increase in mitochondrial biogenesis
in muscle in response to exercise (23-25), and therefore, we
wanted to raise FFA levels into the range seen with sustained
vigorous exercise.

A second aim, if raising FFA did induce an increase in
mitochondrial FAO pathway enzymes, was to determine whether
the capacity of the citrate cycle and/or mitochondrial respiratory
chain limits FAO or whether an isolated increase in mitochon-
drial FAO enzymes suffices to increase the capacity for fat
oxidation. We found that raising plasma FFA does induce
increased expression of enzymes involved in fatty acid transport
into, and oxidation by, the mitochondria. Fatty acids regulate
gene expression through direct interaction with, and activation
of, the PPARs (10, 14, 15, 26, 27), and PPARS and PPAR«
regulate transcription of the genes encoding the fatty acid
B-oxidation enzymes (9, 11, 13, 28, 29). Both PPARS and
PPARa« are expressed in skeletal muscle, with PPARGS being the
predominant isoform (8, 12, 13, 20). In this context, our finding
that markedly raising plasma FFA induces increases in mito-
chondrial FAO enzymes does not seem surprising (7, 30).
However, raising FFA also induced increases in enzymes of the
citrate cycle and respiratory chain, so whether an isolated
increase in mitochondrial FAO pathway enzymes results in an
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Fig. 5. PPARS binding to the mCPT promoter is increased in epitrochlearis
muscles of rats in response to raising plasma FFA. Values are means + SE for
six samples per group (two epitrochlearis muscles per sample). *, P < 0.002,
significantly different from control.
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increased capacity of muscle to oxidize fat is still an open
question.

Our finding of increases in a wide range of mitochondrial
enzymes and in the capacity to oxidize fatty acids provides
evidence that raising plasma FFA results in an increase in
mitochondrial biogenesis. This interpretation is supported by the
finding that raising plasma FFA induced an increase in mito-
chondrial DNA copy number in muscle. These findings would be
surprising if it were not for the discovery by a number of
laboratories that overexpression of PPARS (20, 22) or PPAR«
(9) in muscle or activation of PPARS in muscle or cultured
myotubes (21, 22) results in an increase in mitochondrial bio-
genesis similar to that induced by exercise (24). Our finding that
raising plasma FFA resulted in a large increase in PPARS
binding to the PPAR response element on the mCPT-1 promoter
provides evidence that the increase in FFA resulted in activation
of PPARGS. Therefore, in light of the evidence that an increase
in PPARGS activity results in an increase in muscle mitochondria
(20-22) and that raising FFA activates PPARS, it seems prob-
able that similar to the effect of the PPARGS activator GW501516
(11, 21, 22), fatty acids induce increased mitochondrial biogen-
esis by activating PPARS. Although PPARGE is the predominant
PPAR isoform in skeletal muscle (8, 12, 13, 20), PPAR« is also
expressed in muscle. Therefore, because PPAR« is activated by
fatty acids and because its expression in muscle increased in
response to raising plasma FFA (Fig. 3), activation of PPAR«
may also have contributed to the increase in mitochondrial
biogenesis induced by raising plasma FFA.

Now that we have shown that markedly raising plasma FFA
induces an increase in muscle respiratory capacity, it will be
interesting in future studies to determine whether the smaller
increases in FFA that occur in response to a high-fat diet induce
a similar adaptation, to evaluate the effects of different types of
fatty acids, and to determine the role played by elevations of
plasma FFA in the adaptive response of muscle to exercise.

In conclusion, this work provides the information that large
increases in plasma FFA induce an increase in mitochondrial
biogenesis in skeletal muscle, as evidenced by increases in a
range of mitochondrial proteins, including enzymes of the FAO
pathway, citrate cycle, and respiratory chain. This adaptation
results in an increase in functional mitochondria, as evidenced by
enhancement of the capacity to oxidize fat. Raising plasma FFA
resulted in a large increase in binding of PPARS to the mCPT-1
promoter, providing evidence that the increase in FFA resulted
in activation of PPARGS. In light of the evidence that an increase
in PPARGS activity induces increased mitochondrial biogenesis
(20-22), we interpret our results as evidence that raising FFA
levels brings about an increase in muscle mitochondria by
activation of PPARG.

Materials and Methods

Reagents for SDS/PAGE were from Bio-Rad (Hercules, CA).
Reagents for ECL were purchased from Amersham Pharmacia
Biotech (Arlington Heights, IL). Mouse anti-human monoclonal
antibodies against NADH ubiquinol oxidoreductase 39-kDa
subunit, succinate-ubiquinone oxidoreductase 70-kDa subunit,
COXI and COXIV, and ATP synthase subunit « were obtained
from Molecular Probes (Eugene, OR). Rabbit polyclonal anti-
bodies directed against the 19 carboxyl-terminal amino acids of
8-aminolevulinate synthase and against the 20 carboxyl-terminal
amino acids of citrate synthase were generated by Alpha Diag-
nostic International (San Antonio, TX). A mouse anti-
cytochrome ¢ monoclonal antibody was purchased from Phar-
Mingen International (San Diego, CA). A rabbit anti-human
UCP3 polyclonal antibody was purchased from Chemicon In-
ternational (Temecula, CA). Polyclonal antibodies specific for
medium-chain, long-chain, and very long-chain acyl-CoA dehy-
drogenase were generated as described previously (31-33).
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Horseradish peroxidase-conjugated donkey anti-rabbit, donkey
anti-goat, and goat anti-mouse IgG were purchased from Jack-
son ImmunoResearch Laboratories (West Grove, PA).
EZ-CHIP kits were obtained from Upstate Biotechnology (Lake
Placid, NY). Rat IgG was obtained from Santa Cruz Biotech-
nology (Santa Cruz, CA). TRIzol reagent for isolation of RNA
was purchased from GIBCO (Grand Island, NY). Reagents for
isolation of mRNA were obtained from Ambion (Austin, TX).
TagMan reverse transcription and RT-PCR reagents were pur-
chased from Applied Biosystems (Foster City, CA). All other
reagents were obtained from Sigma (St. Louis, MO).

Animal Care. This work was approved by the Animal Studies
Committee of Washington University School of Medicine (St.
Louis, MO). Male Wistar rats (body mass 51-75 g) were
obtained from Charles River Laboratories (Wilmington, MA).
After an adaptation period to the new facilities, animals were
given either a rodent laboratory chow diet (Purina, St. Louis,
MO) or a high-fat diet and water ad libitum during the 4 weeks
of the experimental period. The high-fat diet contained, as
percent of calories, 40% flax seed oil, 20% olive oil, 13.3%
cornstarch, 6.6% sucrose, and 20% casein. The diet was supple-
mented with 50 g/kg bran, 22 g/kg premier vitamin mix 40077
(AIN mix 76A), 51 g/kg premier mineral mix 170915 (AIN mix
76), and 4.4 g/kg premier methionine 10850 (all from Harlan
Teklad, Madison, WI). Every morning, when their blood was
lipemic from eating the high-fat diet during the night, the
animals were given 50 units of heparin per 100 g of body weight
to raise the plasma FFA level.

Muscle and Dissection. Rats were anesthetized with an i.p. injec-
tion of pentobarbital sodium (5 mg/100 g of body mass), and the
epitrochlearis and triceps muscles were removed.

Palmitate Oxidation. Triceps muscles were homogenized in ice-
cold 300 mM sucrose containing 10 mM Tris-HCI and 2 mM
EDTA. The capacity of whole homogenates of triceps muscles to
oxidize ["*C]palmitate was assessed by measuring the rate of
14CO, production as described previously (34, 35). The reaction
mixture consisted of homogenate equivalent to 50 mg of wet
weight muscle/5 mM MgCly/30 mM KCI/30 mM potassium
phosphate buffer/150 mM sucrose/2 mM EDTA/2 mM ADP/15
mM Triss"HCl/1 mM carnitine/0.025 mM CoA/1% BSA/0.75 mM
palmitate containing 0.25 pCi of [1-*C]palmitate in a final
volume of 2 ml. The reaction mixture was placed in flasks fitted
with serum caps and hanging center wells containing 0.4 ml of
hyamine hydroxide. The flasks were incubated in Dubnoff
shaking incubators. The *CO, produced was trapped, and
radioactivity was measured with a scintillation counter. Results
are expressed per gram of wet muscle weight.

Western Blotting. Epitrochlearis muscles were homogenized in
ice-cold 250 mM sucrose containing 10 mM Hepes/1 mM EDTA,
pH 7.4. Whole-muscle homogenates were subjected to three
freeze and thaw cycles to disrupt the mitochondria. The samples
were then centrifuged at 800 X g for 15 min at 4°C, and the
supernatant was collected. Protein concentrations were mea-
sured with a BCA protein assay kit, and sample volumes were
adjusted to give the same protein concentration. Aliquots of
homogenates were solubilized in Laemmli buffer, subjected to
SDS/PAGE, and transferred to PVDF membranes. The mem-
branes were blocked overnight at 4°C with 5% nonfat dry milk
in PBS containing 0.1% Tween 20. The blots were probed with
the primary antibodies followed by incubation with the appro-
priate horseradish peroxidase-conjugated anti-IgG antibody.
Antibody-bound protein was detected with enhanced chemilu-
minescence and quantified by densitometry.
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Table 1. Rat-specific primer/probe sets used to detect specific
gene expression

Primer/probe Sequence
mCPT-1
Forward 5'-ATCATGTATCGCCGCAAACT-3’
Reverse 5'-ATCTGGTAGGAGCACATGGGT-3’
Probe 5'-TCAAGCCGGTAATGGCACTGGG-3’
PGC-1a
Forward 5'-GTGCAGCCAAGACTCTGTATGG-3’
Reverse 5'-GTCCAGGTCATTCACATCAAGTTC-3'
Probe 5'-AGTGACATAGAGTGRGCTGCC-3’
PPAR«
Forward 5'-ACTATGGAGTCCACGCATGRG-3’
Reverse 5'-TTGTCGTACGCCAGCTTTAGC-3’
Probe 5'-AAGGCTGTAAGGGCTTCTTTCGGCG-3’
PPARS
Forward 5'-TCACTGGCAAGTCCAGCCA-3’
Reverse 5'-ACACCAGGCCCTTCTCTGCCT-3'
Probe 5'-AACGCACCCTTCATCATCCACGA-3’

All probes are 5' FAM- and 3' TAMRA-modified.

Real-Time Quantitative RT-PCR. Real-time PCR was performed as
described previously (36, 37). Total RNA isolated from triceps
muscle was reverse transcribed with TagMan reverse transcrip-
tion reagents (Applied Biosystems) using oligo(dT) and random
hexamers (1:1 ratio). Reactions were performed in triplicate in
a 96-well format with TagMan core reagents and a Prism 7700
Sequence Detector (Applied Biosystems). Rat-specific primer/
probe sets used to detect specific gene expression were selected
by using PRIMER EXPRESS (Applied Biosystems) and
are listed in Table 1. A GAPDH RNA (VIC) probe set was
included in all reactions as an internal correction control, and
corrected data were normalized to B-actin expression (Applied
Biosystems).

Mitochondrial DNA Copy Number. Total DNA was isolated from
triceps muscle samples by using standard organic extraction (38).
DNA was resuspended in 100 ml of TE buffer (10 mM Tris, pH
8.1/1 mM EDTA). PCR was done using 18S primers for a nuclear
target sequence (Ambion catalog no.1718) and primers for two
separate mitochondrial DNA targets, cytochrome b (forward,
acaaaatcccattccatcca; reverse, gttgggaatggagegtagaa) and COXI
(forward, ggagcagtattcgccatcat; reverse, cggecgtaagtgagatgaat).
The cycling conditions used were 95°C for 2 min followed by 27
30-sec cycles at 95°C, 27 60-sec cycles at 56°C, and 27 60-sec
cycles at 72°C. The PCRs were performed with a master mix
(Promega, Madison, WI) containing 7aq polymerase, dNTPs,
MgC1,, reaction buffers at optimal concentrations for efficient
amplification of DNA templates by PCR. For reactions with
COXI and 18S, 0.1 pug of sample DNA was used, and for
cytochrome b and 188, 0.25 ug of DNA was used. PCR products
were separated by electrophoresis on 2% agarose and stained
with SYBR Green (Molecular Probes), photographed, and
analyzed by densitometry. The ratio of COXI to 18S and the
ratio of cytochrome b to 18S were then calculated.

ChIP Assay. ChIP assays were performed with an EZ-CHIP kit
from Upstate Biotechnology. Two epitrochlearis muscles were
pooled for each sample and cross-linked in 10 ml of PBS
containing 1% formaldehyde for 10 min at room temperature.
One milliliter of 10X glycine (Upstate Biotechnology) was added
to stop fixation. Muscles were homogenized in 1 ml of SDS/lysis
buffer containing 5 ul of Protease Inhibitor Mixture II (Upstate
Biotechnology) in glass grinding tubes (Kontes, Vineland, NJ).
Chromatin was sheared by sonicating each sample for four times

Garcia-Roves et al.
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for 10 sec on ice. After centrifugation at 10,000 X g at 4°C for
10 min, supernatant containing 1 mg of protein was diluted to 1
ml with dilution buffer (Upstate Biotechnology). Five micro-
grams of PPARGS antibody was added per sample and incubated
overnight at 4°C. Normal rat IgG was used as a nonspecific
control. The next morning, 60 ul of protein G-agarose was
added, and the sample was mixed for 1 h at 4°C with rotation.
Precipitated complexes were eluted in 100 ul of elution buffer
(Upstate Biotechnology), and cross-linking was reversed by the
addition of 8 ul of 5 M NaCl per sample followed by incubation
at 65°C overnight. Coimmunoprecipitated DNA was purified
according to the manufacturer’s directions. Primers were de-
signed to amplify the PPARS-binding region of the mCPT-
1promoter. The following specific primers were used: forward,
5'-gactggagaggaatgggaca-3'; reverse, 5'-cctagggagggtgggtagag-
3’. PCR conditions were as follows: 94°C for 2 min followed by
36 30-sec cycles at 94°C, 36 30-sec cycles at 59°C, and 36 60-sec
cycles at 72°C. Fifty microliters of PCR product was loaded onto
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