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Quantitative RT-PCR can be carried out as a one- or a two-step reaction. However, the choice of method
raises controversy from the perspective of the researcher and manufacturer, because of advantages and
disadvantages with both systems. We therefore hypothesize that running the RNA-to-C;™ 2-Step kit
[(Applied Biosystems (AB), Foster City, CA] using a one-step protocol (as recommended) is not appropriate
for quantitation of gene expression levels and should not be performed. Consequently, we ran comparative
studies of the two suggested methods to evaluate their efficiency, sensitivity, and accuracy. To ensure
precession, two different PCR machines were used: the StepOnePlus system and Chromo4. In addition, the
RNA-to-C;™ 1-Step kit (recently launched by AB) was also used to compare its efficiency with these methods.
Efficiency, sensitivity, and linearity were determined by standard curves generated using RNA isolated from
C2 myoblasts to amplify the housekeeping gene GAPDH. When the RNA-to-C;™ 2-Step kit was run as a
two-step reaction on the Chromo4 or StepOnePlus, respectively, not only did the efficiency increase
(100%1.5% and 99.7£0.95%) but also the sensitivity (comparative threshold cycle for the lowest standard:
33.2#+0.5 and 32.5+0.7) and linearity (0.997+0.001 and 0.9930.006) compared with RNA-to-C;™ 2-Step
run as one-step and RNA-to-C;™ 1-Step kit. This is the first study to demonstrate that the RNA-to-C;™ 2-Step
kitis notreliable to be performed as a one-step reaction but as a two-step reaction, is even more sensitive than

the newly launched RNA-to-C;™ 1-Step kit.
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RT-PCR reaction converts and amplifies a ssRNA template
to yield abundant dsDNA product. This technique has
gained renewed importance since the development of
quantitative real-time RT-PCR,! which is a powerful tool
for analysis of gene expression and quantitation and for
characterization of RNA splice variants.”” These tech-
niques rely on measuring the amplification of a fluores-
cence signal generated during the log linear phase of the
reaction, where the sensitivity and efficiencies of the reac-
tion for the target gene are normalized against a housekeep-
ing gene."* Ideally, the QRT-PCR is validated and opti-
mized by standard curve linearity, amplification efficiency,
and sensitivity. As the real-time quantitation is based on the
relation between the initial template amount and the com-
parative threshold cycle (C ), at which fluorescence signal
crosses the threshold line during the exponential phase of
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the amplification, validation, and optimization of qRT-
PCR is highly essential for accurate and reproducible quan-
titation of samples.” By definition, qRT-PCR efficiency is
the doubling of DNA concentration in each amplification
cycle, which can be calculated from the slope of the stan-
dard curve (generated using tenfold serial dilutions) using
the following formula: Efficiency (E) = 10C1/s1oP) 6 Qe
sitivity of QRT-PCR refers to the minimum quantity of
target that can be detected above the background noise of
the system. Linearity of QRT-PCR refers to a measure of
variability across assay replicates and whether the amplifi-
cation efficiency is the same for different starting template
copy numbers. Linearity can be measured by the correla-
tion coefficient of the line (R?), which should be >0.985 to
validate the data.””” The RT-PCR is generally carried out as
a one-step or two-step reaction. In the one-step reaction, all
reagents are combined in one single tube, and RT and PCR
are performed sequentially in the tube. For the two-step
reaction, the RT reaction is first performed, and the result-
ant template subsequently undergoes PCR in a second step.

The choice of method is potentially somewhat contro-
versial between the researchers and the manufacturers, as
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there are advantages and disadvantages for both systems.
The purpose behind running RT and PCR reactions in a
single tube (one-step) is that the method is less time-
consuming and requires no user intervention, therefore
minimizing the chance of pipetting errors and cross-con-
tamination. However, several groups have determined that
the one-step reaction is intrinsically variable and signifi-
cantly less sensitive than the two-step method.®? One
major disadvantage to using the one-step reaction is that it
is not possible to store cDNA for any further applications.
In contrast, the two-step method offers the opportunity to
generate and store cDNA for any subsequent investiga-
tions. In the one-step reaction method, cDNA can only be
generated by a gene-specific primer, and in the two-step
method, a variety of priming options can be used to gener-
ate cDNA (gene-specific, poly-dT, and random hexamer
primers), which may provide greater flexibility and optimi-
zation.

Applied Biosystems (AB; Foster City, CA) advertises
that its two-step reagents (Power SYBR® Green RNA-to-
C ™ 2-Step kit; P/N #4399449) may be used to perform
a two-step or a one-step reaction. Therefore, the purpose of
this study was to examine the efficiency, linearity, and
sensitivity of the RNA-to-C™ 2-Step (carried out as
one-step) against the RNA-to-C ™ 2-Step (carried out as
two-step) and newly launched RNA-to-C ™ 1-Step
(Power SYBR® Green RNA-to-C™ 1-Step kit; P/N
#4389986) using two different PCR machines [AB and
Bio-Rad (BR), Hercules, CA] and the universal housekeep-
ing gene GAPDH. Our data show clearly that when the
RNA-to-C™ 2-Step kit is carried out as a two-step reac-
tion, the resultant data are highly efficient, sensitive, and
linear compared with data generated using the RNA-to-
C ™ 2-Step as a one-step method, as advertised as being
plausible by the manufacturers. Moreover, efficiency, sen-
sitivity, and linearity obtained by the RNA-to-C™
2-Step kit (carried out as a two-step reaction) were superior
to those produced by the RNA-to-C™ 1-Step. These
data were reproducible and accurate and confirmed using
two different PCR machines.

MATERIALS AND METHODS
Cell Culture

C2 mouse skeletal myoblasts'® were grown to ~80% coflu-
ency in a humidified 5% CO, atmosphere at 37°C in
growth medium (GM) composed of DMEM with Glu-
tamax supplemented with 10% FBS, 10% newborn calf
serum, and penstrep and L-glutamine at final concentra-
tions of 10,000 U/ml and 2 mM, respectively. Six-well
plates were precoated with 0.2% gelatine for 5 min at room
temperature, and cells were plated at 1 X 10 cells/ml in
GM for next-day confluency. The following day, differen-
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tiation was initiated following washing with PBS by trans-
ferring cultured cells to low serum-containing differentia-
tion medium [DMEM plus glutamax, supplemented with
2% human serum, penstrep, and L-glutamine (supple-
mented as above)].

Primer Design and Synthesis

Optimal primer designs are essential to ensure that only a
single PCR product is amplified in particular when using
real-time PCR-based SYBR Green methodology. We
therefore used web-based software from Invitrogen (Carls-
bad, CA) to design our primers (F: GC C. TCCGTGTT
C TACG; R: GC C G C TCACCAC C TC), which
were analyzed further by Sigma-Genosys (Haverhill, UK)
software. The primers were designed to yield products
spanning exon-intron boundaries to prevent any possible
genomic DNA contaminations from total RNA isolation.
Sequence homology searches against the database of Gen-
Bank showed that these primers matched only the sequence
to which they were designed.

qRT-PCR and Data Analysis

RNA was extracted using the TRIzol method, according to
the manufacturer’s instructions (Invitrogen), followed by
DNase digestion to minimize genomic contamination.''
For the RNA-to-C™ 1-Step reaction (Power SYBR®
Green RNA-to-C™ 1-Step kit; P/N #4389986), the
standard curve was generated by a fivefold serial dilution
using total RNA at concentrations of 500 ng/reaction to
3.4 pglreaction to amplify the housekeeping gene
GAPDH. For the RNA-to-C™ 2-Step reaction, the same
RNA concentration was used for RT reaction, and then the
cDNA was diluted using fivefold serial dilutions (as above)
to generate the standard curve. Real-time PCR amplifica-
tions were carried out using the Power SYBR® Green
RNA-to-C;™ 1-Step and RNA-to-C™ 2-Step kits on
the Chromo4 PCR (BR) and the StepOnePlus (AB) ma-
chines, according to the manufacturers’ instructions. In
brief, for RNA-to-C™ 1-Step, real-time PCR was per-
formed using the following cycles: 48°C for 30 min (for
cDNA synthesis), 95°C for 10 min (transcriptase inactiva-
tion), followed by the following cycling parameters: 95°C
for 15 s and 60°C for 1 min for 40 cycles. For the RNA-
to-C ™ 2-Step reaction, the RNA-to-C ™ 1-Step proto-
col was used with the addition of one extra step at the
beginning for the RT reaction (cDNA generation), which
was as follows: 25°C for 15 min, 37°C for 60 min, and
95°C for 5 min. The resultant cDNA reaction (5 l) was
used to perform the real-time PCR. At the conclusion of
the 40 cycles, dissociation curve (melting curve) analyses
were performed using the following protocol: hot start at
60°C for 15 s, and then measure the fluorescence every

173



N. AL-SHANTI ET AL. / TWO-STEP QRT-PCR: MORE EFFICIENT AND RELIABLE

0.5°C until 95°C to confirm specific amplification. The
Step-One software v2.0.1 (AB) and Opticon Monitor soft-
ware, version 3.1 (BR), were used to analyze the data of the
real-time PCR. Using data from samples designated as
standard points with assigned concentrations, an arbitrary
threshold level was set, and C- values for all PCR samples
were calculated, allowing generation of standard curves.

Statistical Analysis

All experiments were repeated at least twice independently,
and the measurements in each experiment were run in
triplicate. Statistical analysis and the significance of the data
were determined using SPSS, UK (Surry, UK) software,
version 12.0. Results are presented as the mean *= SD.
Statistical significance was determined using one-way
ANOVA analysis of variance with multiple post hoc anal-
yses. Results were considered statistically significant with
P < 0.05 versus appropriate controls.

RESULTS

To address whether the original Power SYBR® Green
RNA-to-C™ 2-step and the newly launched RNA-to-
C™ 1-Step show comparable efficiency and sensitivity
for the expression levels of the GAPDH housekeeping
gene, fivefold dilutions of total RNA extracted from differ-
entiated C2 myoblast cells were analyzed using AB and BR
PCR machines. Representative real-time PCR standard
curve linearity (log concentration versus Cy) is shown in
Figures 1-3, and inset graphs of amplification plots (A
reaction vs. Cp) are also presented in Figures 1-3. Each
real-time RT-PCR was run in triplicate to generate stan-
dard curves on a log scale graph of RNA concentration
versus C. The slope of each standard curve was used to
determine reaction efficiency.” Initially, we sought to eval-
uate the efficiency and sensitivity of the RNA-to-C{™
2-Step using the one-step protocol on the BR machine (Fig.
1A). It demonstrates lower-than-acceptable efficiency and
sensitivity. The efficiency was 86 = 1.6%, and the sensi-
tivity was inaccurate in the quantitation of low RNA con-
centrations (0.032, 0.16, 0.8, 4.0 ng/reaction). The C-
values for these standards were 30.0, 30, 28.7, and 27,
respectively, and were not separated as we expected. More-
over, the linearity of the standard curve was low, R* =
0.961 = 0.07 (Fig. 1A). To elucidate whether the low
efficiency and poor sensitivity at low concentrations, ob-
tained from running RNA-to-C ™ 2-Step using a one-
step protocol on a BR machine, were not occurring as a
result of using a non-AB PCR machine, we tested the
RNA-to-C™ 2-Step using the one-step protocol on an
AB machine. Similarly, the efficiency and standard curve
linearity were comparable with data obtained on the BR
machine, as 88 = 0.97% and R* = 0.971 = 0.004,
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respectively. Compared with the BR machine, sensitivity
was lost at the bottom end of the curve on the AB machine,
with C values of 30.7, 29.8, 28.2, and 24.8 (Fig. 1B).

To provide additional lines of evidence that the RNA-
to-C ™ 2-Step is not accurate and appropriate to be run
using the one-step protocol, the RNA-to-C ™ 2-Step was
performed using two-step protocol on both machines (Fig.
2A and B). The efficiency was increased significantly up to
100 £ 1.5% on the BR and 99.7% =% 0.95 on the AB
machine, and the standard curve linearity (R?) was also
good on both machines: 0.997 = 0.001 and 0.993 * 0.006
for BR and AB, respectively (Fig. 2A and B). The sensitivity
of both PCR machines was high and much closer to our
expectation. The C; values of the lowest standard RNA
concentration detected on the BR and AB machine were
33.2 = 0.5 and 32.5 = 0.7, respectively.

Finally, we carried out the newly launched RNA-to-
C ™ 1-Step (Power SYBR® Green RNA-to-C ™ 1-Step
kit; P/N #4389986) on both machines, and the efficiency,
sensitivity, and linearity were determined (Fig. 3A and B).
The data analysis using the BR and AB software show that
the efficiency was 107 £ 1.2% and 109.5 * 2.5%, and
linearity was 1 = 0.001 and 0.995 * 0.000, respectively.
The C values of the lowest standard RNA concentration,
as detected on the BR and AB machines, were 28.4 + 0.9
and 27.2 * 0.3, respectively.

DISCUSSION

The real-time, fluorescence-based qRT-PCR is a major
development of PCR technology that enables reliable de-
tection and measurement of the target-specific products
amplified during each cycle of the PCR process."”> RT-
PCR can be performed by a one-step method, in which the
cDNA synthesis (RT reaction) and PCR are carried out in
one tube as a single reaction, or by a two-step reaction, in
which the RT reaction is run first, followed by the PCR
reaction in a separate tube. Although the two-step RT-PCR
reaction provides greater flexibility and better optimiza-
tion, one-step protocols are powerful, as they minimize
handling and therefore, reduce chances of pipetting errors
and cross-contamination.'>™"* Therefore, the preferred
method of choice (one- or two-step) for RT-PCR has
become somewhat controversial.

AB, one of the leading commercial companies in
DNA/RNA quantitation and molecular biology tech-
niques, produces a Power SYBR® Green RNA-to-C™
2-Step kit, which advocates one-step or two-step protocols
for performing RT and ¢cDNA quantitation by real-time
PCR. Recently, AB launched a new Power SYBR® Green
RNA-to-C™ 1-Step kit that enables RT of RNA into
cDNA, which is then quantitated by SYBR Green real-time

PCR in a one-step protocol. Therefore, it was our aim to
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Efficiency and linearity of the Power SYBR® Green
RNA-to-C;™ 2-Step kit run as one-step reaction.
PCR amplification of standard curves generated
using GAPDH as a reference gene on BR (A) and
AB machines (B) using total RNA in amounts rang-
ing from 500 ngto 3.2 pg (fivefold serial dilutions).
(Insets) Graphs show the amplification plot of the
standard curves, which were run on BR and on AB,
respectively.
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FIGURE 2
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Efficiency and linearity of the Power SYBR® Green
RNA-to-C;™ 2-Step kit run as a two-step reaction.
Standard curves were generated using GAPDH as
areference gene on BR (A) and AB machines (B),
as mentioned in Figure 1. (Insets) Graphs show the
amplification plot of the standard curves, which
were run on BR and on AB, respectively.
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Efficiency and linearity of Power SYBR® Green
RNA-to-C;™ 1-Step kit. (A and B) The linearity of
standard curves generated using GAPDH as a
reference gene. Seven samples containing five-
fold serial dilutions of GAPDH in amounts ranging
from 500 ng to 3.2 pg were assayed on BR (A) and
AB (B) PCR machines. (Insets) Graphs show the
amplification plot of the standard curves, which
were performed on BR and on AB, respectively.
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test whether the results of these two different protocols
were comparable in terms of efficiency, sensitivity, and
reliability.

In the last decade, it has been well established that
validated QRT-PCR assays should show a good linear stan-
dard curve with the expected R* as >0.980 and elicit a high
amplification efficiency (90-110%) using: E = 10C"/51°P9,
where the slope is 2" = dilution factor of the standard
curve, and n = the number of C- between curves.””!> For
example, in our system with a fivefold serial dilution of
RNA, 2" = 5. Therefore, n = 2.35, and the C values
should be separated by 2.23 cycles.

Any variability in the efficiency, linearity, and sensitiv-
ity in real-time RT-PCR reactions could be a result of one
or more of the following reasons: using different PCR
machines, stability and quality of isolated RNA, and cDNA
synthesis efficiency. In our current study, as the same RNA
samples, reagents, and PCR machines were used, these may
be excluded from any contribution to variability in effi-
ciency and linearity of real-time RT-PCR. Therefore, the
remaining reason that may explain the variability in our
data could be the cDNA synthesis step. The RT (or cDNA)
synthesis step is considered the main source of variability in
a qRT-PCR experiment, so an optimal RT is essential for
reliable and successful qRT-PCR.'>'® Generally, the
cDNA, which is used in quantitation real-time assays, can
be generated using target gene-specific primers, oligo-dT,
or random hexamer primers. In real-time PCR, target-
specific primers are used in ~20% of experiments to gen-
erate cDNA for quantitation assays.'>'> However, ~30%
and ~40% of cDNA, which are used in qRT-PCR exper-
iments, are synthesized using random hexamer and
oligo-dT primers, respectively.'” Theoretically, random
hexamer and oligo-dT primers convert all mRNAs into
cDNA (nonspecifically), and target gene-specific primers
prime only target-gene mRNA, resulting in the most-
specific cDNA, which in turn provides the highest sensitiv-
ity for quantitation assays."'*'® Oligo-dT primers are more
specific than random primers and could be more favorable
over the target gene-specific primers, as higher cDNA
yielded in two-step reaction (1 g RNA) compared with
one-step reaction (50 ng RNA/reaction).'” In our study,
the one-step qRT-PCR was carried out using target-spe-
cific primers, and the two-step QRT-PCR was performed
using oligo-dT primers. These variables in the above stud-
ies may not only explain the variability in the efficiency,
linearity, and sensitivity between RNA-to-C™ 2-Step,
which was run as a one- and two-step reaction, but also
between RNA-to-C ™ 1-Step and RNA-to-C ™ 2-Step
assays. Thus, our data are consistent with the results of a
previous study, which demonstrated that the two-step RT-
PCR method is more efficient and sensitive when com-
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pared with the one-step method.'” Theoretically, a one-
step method should have higher or at least the same
sensitivity of a two-step method because of using gene-
specific primers, but this was not the case here or in studies
by Battaglia et al.® This variability in data becomes crucial
in, for example, viral research-diagnostic laboratories,
where the sensitivity is a vital issue.'®~*° In agreement with
these findings, our data demonstrated that RNA-to-C ™
1-Step is less sensitive (where the Cy value of the lowest
RNA concentration was 27) than RNA-to-C. 2-step as a
two-step assay (where the C- value of the lowest RNA
concentration was 33). The sensitivity of RNA-to-C™
1-Step could be limited by the relative nonspecificity of the
RT step.21 Indeed, the manufacturers may recommend
carrying out RNA-to-C;™ 1-Step and RNA-to-C;™
2-Step as a one-step method to facilitate research for the
scientists by minimizing contamination, pipetting inaccu-
racies, and carryover. Therefore, each laboratory must de-
cide what is more important relative to their outcomes,
sensitivity, or speed of the assay protocol. Nevertheless, it is
highly recommended not to carry out the RNA-to-C ™
2-Step using a one-step protocol nor to replace the RNA-
to-C ™ 2-Step with the newly launched RNA-to-C™
1-Step kit, particularly in viral diagnostic research labora-
tories.
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