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ABSTRACT

This study addresses the problem of PCR inhibition
by reverse transcriptase. It has been shown that the
inhibition occurs mostly when a small amount of RNA
is taken for RT reaction, and it is more visible for rarely
expressed transcripts. We show here that the inhibi-
tion takes place regardless of what amount of tem-
plate is utilized for RT. The inhibition possesses a
global nature, i.e. the amplification of any given
transcript may be compromised with different levels
of inhibition. The process of inhibition also explains
wrongfully derived PCR amplification efficiencies,
sometimes more than 100%, when the sequential
dilutions of unpurified RT sample are utilized to
build the calibration curve. The RT influences PCR
not only by inhibiting it. When microgram(s) of RNA
are taken for RT reaction, reverse transcriptase may
cause overamplification of some transcripts under
certain PCR conditions. The possible mechanism
of RT influence on PCR is presented, and a purifica-
tion method is implemented to remove the effects of
RT on PCR.

INTRODUCTION

Messenger RNA profiling relies heavily on a reverse transcrip-
tion step which is accompanied by PCR. The recombinant
Moloney murine leukemia virus reverse transcriptase (RT),
RNase H deficient (MMLV, H�) and avian myeloblastosis
virus RT, RNase H deficient (AMV, H�) are the most fre-
quently used reverse transcriptases for this purpose. There is
a well-known inhibitory effect on PCR by RT components
(1–5). The introduction of micrograms of RNA into the RT
step, followed by the extensive dilution of RT reaction before
PCR execution, is supposed to minimize this inhibition
(1,3,4,6,7). These conditions often are not met for two reasons:
(i) there is not enough RNA available, and (ii) the extensive

dilution will negatively affect the precise detection of rarely
expressed genes. There are other approaches to reduce the RT
impact on PCR:

(i) heating the RT reaction before PCR (3);
(ii) introduction of T4 gene 32 protein (4);

(iii) including of non-homologous RNA as a carrier (1);
(iv) adding of foreign DNA (2);
(v) excluding DDT from the RT reaction (8);

(vi) ethanol precipitating RT reaction (5); and
(vii) phenol extraction followed by alcohol precipitation of

RT reaction (3).

The majority of studies of RT inhibitory effects, up until now,
were performed using regular PCR. In the present study, util-
izing an organic extraction followed by ethanol precipitation
of the RT reaction, and a real-time PCR approach, we were
able to perform a calculation of an approximate percentage of
inhibition in every dilution point of its unpurified counterpart
RT reaction. A novel observation here is that a derived PCR
amplification efficiency of an unpurified sample may be incor-
rectly assigned because of the effects of RT on PCR. It is
deemed important to remove reverse transcriptase before per-
forming PCR.

MATERIALS AND METHODS

Total RNA isolation

Total RNA was extracted from LN229 primary human glioma
cells, grown on six plates (50–70% of confluent) using the
RNeasy Mini Kit (Qiagen) with DNase I treatment on the
column. Eluted RNA was subjected to a second DNase I
treatment in solution using Turbo DNA-free (Ambion).
After the treatment, total RNA was cleaned and concentrated
using phenol/chloroform/isoamyl alcohol (25:24:1), pH 5.2
(Amresco) followed by ethanol (EtOH) precipitation. Total
RNA was dissolved in RNase-free water (Ambion), and the
quality was confirmed using an HP 2100 Bioanalyzer (Agilent
Technologies). The readings gave a RIN (RNA Integrity Num-
ber) value of 9. The isolated RNA had an A260/A280 ratio of 2.
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The lack of phenol contamination was confirmed by measur-
ing the absorbance at 270 and 275 nm using the UV spectro-
photometer, SmartSpec 3000 (BioRad).

DNA standards creation

Full-length transcripts of human beta-2-microglobulin (B2M)
and TATA box binding protein (TBP) were amplified by
PCR using proof-reading Platinum Taq DNA Polymerase
HiFi (Invitrogen). Polyadenylated mRNA fragment of plant
(Arabidopsis thaliana) lipid transfer protein 4 (LTP4)—
SpotReport mRNA spike 4 (Stratagene) was subjected to
SMART amplification (Clontech), following the manufac-
turer’s instructions, except for the 50SMART oligonucleotide
which was modified to carry the T7 RNA Polymerase pro-
moter (T7-SWITCH primer). The full-length B2M, TBP and
LTP4 fragment were cloned into a pCR 2.1-TOPO vector
(Invitrogen). The constructs were sequenced and used in a
new PCR to produce the corresponding amplicons, which
were cleaned using a QIAquick PCR purification kit (Qiagen).
The single band of amplification product was confirmed by
running a 1.5% agarose gel containing ethidium bromide for
visualization.

To generate standard calibration curves, 6-fold serial dilu-
tions of corresponding amplicons were made on 50 ng/ml yeast
tRNA as a carrier. The calibration curves have spanned
�4 orders of magnitude. The standards were kept at 4�C. To
check the reproducibility of the standard calibration curve, the
runs were carried out at least four times with the same standard
dilutions in a time period of over a month, on different days.

RT reactions

For each reaction in a total volume of 20 ml, 500 ng oligo
(dT)(12–18), dNTP mix (0.5 mM each) and a corresponding

amount of either 50 ng or 1 mg of total RNA (LN 229)
were added. The total RNA dilution was made on yeast
tRNA solution to introduce 100 ng of the carrier to the RT
reaction. Each RT reaction was run in triplicate. The mixture
was heated at 65�C for 5 min and incubated on ice for 3 min.
The first strand buffer (50 mM Tris–HCl, pH 8.3, 75 mM KCl
and 3 mM MgCl2), 5 mM DTT and 5 U of RNase Inhibitor
(Invitrogen) were added into each tube. The tubes were incub-
ated at 42�C for 5 min, then 200 U of SuperScript III (Invit-
rogen) were added and tubes were incubated at 50�C for
40 min, 55�C for 20 min and 70�C for 15 min. Then, the
cDNA:RNA hybrid was treated with 2 U of RNase H (Invit-
rogen) at 37�C for 20 min. The dilution solution of a carrier
(50 ng/ml yeast tRNA—41.5 ml) was added to each tube. The
contents were mixed and split for two tubes; one tube was used
for further phenol/chloroform/isoamyl alcohol (PCI) treatment
followed by ethanol precipitation (PCI sample), and the
second tube received no further purification (Figure 1).

Phenol/chloroform/isoamyl alcohol (PCI) procedure
followed by ethanol precipitation

PCI samples (31.2 ml) were subjected to organic extraction
followed by EtOH precipitation. Linear Polyacrylamide
(LPA), GenElute LPA (Sigma), 15 mg (1 mg/ml) was added
to each sample before the PCI procedure, along with 1· TE,
pH 8.0 (Sigma) to bring the final volume to 100 ml. For extrac-
tion of cDNA, 100 ml of PCI, pH 8.0 (Amresco) was added
to each PCI sample. Samples were then vortexed for 1 min,
allowed to stand for 5 min and then centrifuged at 7000 g for
5 min at room temperature. The procedure was carried out in
safe-lock tubes (Eppendorf). The aqueous phase was slowly
aspirated in a steady fashion and transferred into a new tube.
Tris-EDTA, 1·, 100 ml was added to the extraction tube and

Figure 1. Experimental layout: comparison of unpurified and PCI samples.
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the PCI procedure was repeated again, giving the final volume
of �200 ml. We then added 1/10 vol of 5 M ammonium acetate
(Ambion) and mixed thoroughly. Then, 2.6 vol of pre-chilled
96% Ethanol (Sigma) was added, mixed again, spun shortly
and precipitated at �20�C overnight.

The next day the tubes were placed into a high-speed cent-
rifuge pre-cooled to 4�C, and centrifuged at 15 000 g for 1 h.
The pellet was thoroughly washed by 70% EtOH (1 ml) at
room temperature. During this procedure the pellet was
detached from the bottom of the tube and it was centrifuged
once more at 15 000 g for 40 min at room temperature. The
supernatant (EtOH and salts) was aspirated using 1 ml filtered
pipette tip. The tube was spun down, and the rest of the ethanol
was aspirated completely using sequentially 30 and 10 ml
filtered pipette tips without touching the pellet. The tubes
were air dried for 3 min at room temperature, and 31.2 ml
of nuclease-free water was added. The contents were mixed,
allowed to stand first for 15 min at room temperature and then
either 1 h or overnight at 4�C before PCR.

PCR

PCRs were carried out either on 1 mg or 50 ng RT reactions
diluted as described above (first point) as well as on standards.
To build a calibration curve for each sample, their contents
were diluted twice with 50 ng/ml yeast tRNA (second point),
and then 4-fold sequentially (points 3, 4 and 5). Real-time PCR
was carried out in a 24 ml reaction volume containing 1·
SYBR Green PCR Master Mix (Applied Biosystems), 140
nM of each primer and 4 ml of template dilution. The thermal
profile for PCR was 95�C for 10 min, followed by 40 cycles of
95�C for 15 s and 60�C for 1 min. Data were collected using
the 7700 SDS thermal cycler (Applied Biosystems). Each
sample was run in duplicate. The melting curve was examined
for each tube to confirm a single peak appearance. Minus RT
reactions were set up also, and PCR negative controls were run
for each pair of primers. In order to generate primer pairs, the
full-length mRNA structure was converted as an antisense
strand that corresponds to a first cDNA strand. The structure
was analyzed using the Mfold program (9) to find the sequence
with least complexity. The primers were designed using
Oligo 6 (Molecular Biology Insights) and were synthesized
either by Invitrogen or Sigma Genosys. Primer sequences are
presented in Supplementary Table 1.

Detection of DNA synthesis activity
of RT in PCR conditions

Two experimental sets were applied. The first set of experi-
ments had two parts. Two RT reactions with 1 mg of total RNA
(LN229) were established and processed, as described above.
One RT reaction was subjected to the PCI procedure, and
another received no purification. For the first part of experi-
ments, the amounts corresponding to 1.28 and 0.64 ml of
undiluted unpurified RT reaction were taken into PCR. The
same volumes of unpurified RT reaction were accompanied
with either 70 or 140 ng of total RNA (LN229). The real-time
PCR was set up without Taq Polymerase using a SYBR Green
PCR Core Kit (Applied Biosystems) as recommended by the
manufacturer: 1· SYBR Green Buffer, 3 mM MgCl2, 0.2 mM
of each dNTP and 140 mM of primers. For the second part of
experiments, 51.2, 12.8 or 3.2 U of SuperScript III (SS III)

were combined either with 4 ml of diluted RT reaction after the
PCI procedure or with total RNA (70 or 140 ng). The dilutions
of SS III were made as recommended (10) on RT dilution
buffer: 1· First Strand Buffer (Invitrogen) with 0.05% NP-
40 (IGEPAL CA-630, Sigma) to protect RT activity. SYBR
Green mix without Taq Polymerase was added to each tube to
the final volume of 24 ml (Figure 2).

The second set of experiments had two parts also. Four
separate RT reactions with 1 mg of total RNA (LN229)
were performed and were diluted as described above. The
contents of all tubes were combined together, giving a final
volume of 250 ml. We took 76 ml of combined RT reactions
without any purification step for the first part of the experiment
and the rest of RT reaction product was split equally for two
tubes (87 ml each) which were purified using the PCI procedure
followed by EtOH precipitation, as described above. The pel-
let was dissolved in 87 ml of water and two tubes were com-
bined and were taken for the second part of the experiment.
For the first part of the experiment, 4 ml of diluted unpurified
RT reaction were combined with SYBR Green PCR Core Kit
components without Taq Polymerase in a final volume of 24 ml.
The tubes were incubated at 55�C for 30 min, while the control
set of tubes was kept on ice. For the second part of the experi-
ment, 4 ml of diluted purified RT reaction were taken into 24 ml
of a PCR without Taq Polymerase, but with 51.2, 12.8 or 3.2 U
of SS III. The tubes were incubated at 55�C for 30 min. The
control set of tubes, where SS III was substituted with RT
dilution buffer, was kept on ice. All reactions were run in

Figure 2. Experiments to detect DNA synthesis activity of RT.
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quadruplicate. After incubation, 26 ml of SYBR Green PCR
Core Kit Master Mix with 1.25 U of AmpliTaq Gold Poly-
merase (Applied Biosystems) were added to both incubated
and control sets of tubes and were then subjected to PCR runs
with two pairs of primers, B2M and TBP (Figure 2).

RNA amplification experiment

Six reactions with 20 ng of total RNA (LN229) were set up for
RNA amplification.

Total RNA was mixed with 0.5 ml of 10 mM modified
oligo(dT) primer [50-AGCAGTGGTAACAACGCTAATA-
CG(T)22-30] and 0.5 ml of 10 mM T7-SWITCH oligonucleotide
[50-AGCAGTGGTAACAACGCTAATACGACTCACTATA-
Gr(GGG)-30] in 5 ml of final volume. The tubes were incubated
at 72�C for 2 min and then chilled on ice. The first strand buffer
(25 mM Tris–HCl, pH 8.3, 37.5 mM KCl and 1.5 mM MgCl2),
1 mM dNTP, 2 mM DTT (Invitrogen) and 3 mM MgCl2
(Sigma) were added to each tube (all concentrations are
final). The tubes were incubated at 42�C for 5 min, then
1 ml of Superscript II (Invitrogen) was added, and the tubes
were incubated at 42�C additionally for 1 h. The final volume
of reaction was 10 ml. Three out of six reactions were cleaned
up by a PCI procedure followed by an EtOH precipitation as
described above, and the other three RT reactions received no
purification. The first-strand cDNA pool was then subjected
to LD (Long Distance) amplification using the Advantage
2 PCR Enzyme System (CLONTECH) and amplification pri-
mer (50-GCAGTGGTAACAACGCTAATACG-30) to produce
double-stranded cDNA as recommended by the manufacturer.
An MJR PCR machine was used for amplification with the
following parameters: 95�C for 1 min; (95�C for 15 s, 65�C for
30 s, 68�C for 6 min)—12 cycles. The alkaline hydrolysis of
RNA (7.5 ml of 1 M NaOH, 2 mM EDTA at 65�C for 5 min)
was followed by neutralization with 0.5 M Tris–HCl, pH 6.8
(12.5 ml). The double-stranded DNA pool bearing T7 Promoter
was purified using a QIAqiuck PCR Purification Kit (Qiagen)
and concentrated on Microcon, YM-30 columns (Millipore)
following the manufacturer’s instructions. RNA was tran-
scribed from double-stranded DNA using reagents from a
MEGAScript High Yield Transcription Kit (Ambion). The
mixture of double-stranded DNA (12 ml), 12 ml of 75 mM
rNTP, 3 ml of 10· Buffer and 3 ml of Enzyme Mix (RNase
Inhibitor and T7 RNA Polymerase) was incubated at 37�C for
18 h. Upon completion, the reactions were treated with 2 ml of
DNase I (Ambion) at 37�C for 30 min. The amplified sense
RNA was purified using a MEGAclear Kit (Ambion) as
described in the Ambion instruction manual. The RNA
yield was evaluated by SmartSpec 3000 (BioRad).

Data analysis

Data were analyzed with 7700 SDS software (Version 1.9.1)
and transferred to Excel. To retrieve Ct values the appropriate
thresholds were set up as recommended [(11,12) and http://
www.appliedbiosystems.com/support/tutorials/pdf/data_
analysis_7700.pdf]. The slope was calculated from the plot
of log transformation of serial dilution versus Ct (samples), or
log transformation of initial target copy number versus Ct

(standards). The amplification efficiency (E) was determined
based on the slope of this graph as E ¼ 10(�1/slope). To assess
the inhibitory effect for every dilution point of sample, the

initial input (number of molecules) was calculated based on
the standard calibration curve for corresponding pairs of
primers. The significance of difference between two groups
was tested using a two-tailed t-test. The type of t-test was
determined by calculating the variance ratio of two samples
of comparison at F < 0.05.

RESULTS

To address the global nature of inhibitory effects of RT reac-
tion components on PCR, we made RT reactions where 50 ng
of total RNA was taken along with 100 ng of a carrier, yeast
tRNA. All reactions were split equally for two tubes. The first
tube of each RT reaction was subjected to the PCI procedure
followed by the EtOH precipitation, while the second one
received no further treatment. The dilutions of RT reactions
were made in a way that the amount corresponding to 1.28 and
0.64 ml of undiluted RT reaction was introduced into the PCR.
Fourteen different primer pairs with different locations on
the transcript’s sequence (50 and 30 ends), and with differ-
ent levels of expression were utilized for real-time PCR.
Each primer pair was implemented for three different RT
reactions. Because the dilution was 2-fold, the expected
DCt ¼ Ct,0.64 � Ct,1.28 should be either equal to 1, when
E ¼ 2, or bigger than 1, when E < 2. In the meantime, DCt

values were <0.6 for 50-ACTB (b-actin), 50-TFRC (transfer-
ring receptor), 50-HPRT1 (hypoxanthine phosphoribosyltrans-
ferase 1), 30-ENO2 (enolase 2, gamma, neuronal), 30-ERP70
(protein disulfide isomerase related protein) and 30-FAP
(fibroblast activation protein, alpha). Moreover, DCt values
for 30-ACTB, 30-HPRT1, 30-TNC (tenascin C), 50-TNC,
30-TFRC and 50-B2M were even negative, meaning that Ct

values of more diluted samples were lower than those of
concentrated samples, and, theoretically, it should be the
opposite. Only two out of fourteen pairs gave DCt values
close to 1: DCt for 50-ERP70 was 0.79 and DCt for 30-TBP
was 0.9. In the meantime, DCt values spun a range of
0.85� 1.24 when the PCI procedure followed by EtOH pre-
cipitation was utilized in these pilot experiments. The PCI
samples always gave lower Ct values than their unpurified
counterparts (Supplementary Table 2).

To explore how the inhibition of PCR affects the linearity
within dilutions and the reproducibility across the identical
samples, we made three RT reactions with 50 ng of total
RNA (LN229) together with 100 ng of yeast tRNA as a carrier
(50 ng RT). All reactions were equally divided in two tubes
after RT reaction. The first tube of each pair was subjected to
the PCI procedure followed by EtOH precipitation, while the
second one received no further treatment (Figure 1). We used
two primer pairs for real-time PCR. The first appears to be
under moderate inhibition—B2M (DCt ¼ �0.05), and the
second, TBP (DCt ¼ 0.9)—without any visible inhibition.
These pairs were chosen for another reason: B2M gene
expression level is moderate-high, and TBP is a relatively
rarely expressed gene. Finally, these transcripts are often con-
sidered as candidates for reference genes in the normalization
procedure (13).

Figure 3 shows that the variability was dramatically
decreased when the PCI procedure was implemented,
especially for the first two points for 50 ng RT reactions.
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Mean Ct values, SD and coefficient of variability (CV) for
every point of calibration curve are presented in Table 1,
Block A. In general, Ct values for the PCI sample are
lower than those for the unpurified sample. There is a decrease
in SD and CV for PCI samples in every dilution point for both
B2M and TBP pairs. The difference is statistically significant
for every dilution point for a B2M pair (P < 0.004). It should
also be mentioned that SD and CV of an unpurified sample
with a B2M pair were improved with dilution (points 4
and 5). For TBP pairs the difference is also significant for
the first two points with an increase of P-value for points 3
and 4. Finally, there is no significant difference at point 5
(Ct > 34), P ¼ 0.5588 (Table 1, Block A). The high Ct

value variability of unpurified samples leads to poor reprodu-
cibility. The ratio between three identical samples should be
around 1 for every given point. This is the case when the PCI
procedure was implemented. The ratio is in a range of 0.9–1.1
for every dilution point with a B2M pair (compare with unpuri-
fied sample—0.6–3.2), and the comparison of two first points
for a TBP pair gave a ratio range of 0.9–1.2 (compare with
unpurified sample—0.7–2.0).

To calculate the inhibitory effect for each dilution point, the
Ct values were transformed into number of molecules using
the corresponding standard calibration curve. The percentage
of molecules in an unpurified sample, excluded from
PCR, in comparison with the PCI sample was calculated by

the formula:

Inhibitory percentage ðIPÞ ¼
100 � ½ðmolecules in unpurified sample=

molecules in PCI sampleÞ · 100	 1

Overall, it is possible to see a decrease in inhibition with every
next dilution for a B2M pair in 50 ng RT. The IP values are
also provided for a TBP pair for every dilution point, but it
should be mentioned that only the first and the second points
are in confident range, because of the simultaneous increase of
variability in points 3, 4 and 5 for both unpurified and purified
samples.

To understand how the amount of total RNA introduced in
RT reactions affects the inhibitory processes, a similar experi-
ment with the same range of dilution of RT reactions to that
presented in Figure 3 (50 ng RT) was executed, except that in
this case 20 times more RNA, 1 mg, was taken for RT reactions
(1 mg RT). No visual inhibitory effect was observed (Supple-
mentary Figure 1), though there is still a calculated IP (up to
30%) for every pair at each dilution point, except the first
(Table 1, Block B). In general, SD and CV values of each
point, except the first, were still lower for samples after the
PCI procedure (1 mg RT), but the statistical significance was
decreased in comparison to 50 ng RT (Table 1, Blocks A and
B). The Ct values of the first point of unpurified samples

Figure 3. The PCI procedure improves the real-time PCR results, when 50 ng of total RNA was taken for RT reaction. The dilutions correspond to certain
volumes of undiluted RT reaction—1.28, 0.64, 0.16, 0.04 and 0.01 ml were used as a template in PCR with a B2M pair of primers (A) and a TBP pair of
primers (B).
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were lower than those of PCI samples for both transcripts, and
the difference is statistically significant (P < 0.0094). We
repeated this experiment taking three new RT reactions for
dilutions with one exception, 1· TE, pH 8.0 was substituted
with 10 mM Tris, pH 8.0 for the PCI sample (data not shown).
The lower Ct values of the first point for samples without
purification versus those for PCI samples were confirmed.

We thought that this effect could result from DNA synthesis
activity of RT, so we tried to detect it using two approaches
(Figure 2). The direct one, when different amounts of RT were
introduced in the absence of Taq Polymerase gave no visible
amplification, regardless of which template was utilized
(cDNA, total RNA or cDNA together with total RNA). We
decided to use a two-step approach, since the residual DNA
synthesis activity of RT might be visible only when amplified
with Taq Polymerase. The first part of the experiment was run
with unpurified RT reaction in the PCR components without
Taq Polymerase. This set of tubes was subjected to an extra
incubation at 55�C for 30 min, while the control set was kept
on ice. The PCR components with Taq Polymerase were added
afterwards. We did not observe any difference for a TBP pair.
The average Ct value for tubes with extra incubation was
23.13 ± 0.03 in comparison with that of the control set:
Ct ¼ 23.11 ± 0.11 with P ¼ 0.84. The control set for a
B2M pair has a slightly lower Ct value compared with that
for tubes with extra incubation (17.13 ± 0.01 versus
17.21 ± 0.01 with P ¼ 0.0001). It is noteworthy that the
same amount of reverse transcriptase was used in both—
control tubes and tubes with extra incubations. We were
able to see more dramatic differences when the samples
with RT were compared with samples without it. The different
amounts of SS III were mixed with 4 ml of diluted RT reaction
after the PCI procedure and PCR components in the absence of
Taq Polymerase. These tubes were subjected to an extra
incubation step at 55�C for 30 min, and the control set was
kept on ice. The PCR components with Taq Polymerase were
added to both sets, and PCR was executed in a final volume of
50 ml. The high concentrations of SS III (51.2 and 12.8 U)
inhibited PCR with a B2M pair of primers (20.06 ± 0.34
versus 17.35 ± 0.07 for control set, P ¼ 0.0004, and
17.75 ± 0.08 versus 17.35 ± 0.07 with P ¼ 0.0002), while
the average Ct value was slightly lower for tubes with 3.2 U
of than that for controls without RT (17.22 ± 0.03 versus
17.35 ± 0.07 with P ¼ 0.014). All concentrations of SS III
caused the overamplification when a TBP pair of primers was
utilized. The Ct value was 22.55 ± 0.12 for 51.2 U of RT,
Ct ¼ 22.46 ± 0.12 for 12.8 U of RT and Ct ¼ 22.97 ± 0.02
for 3.2 U of RT in comparison with the control set without
SS III, Ct ¼ 23.14 ± 0.05. The differences were statistically
significant with corresponding P-values equal to 0.00008,
0.00004 and 0.001. To check any influence of RT dilution
buffer with NP-40 on PCR, the control set of tubes was estab-
lished with water substituted for the buffer. The Ct values were
slightly lower for PCR tubes with RT dilution buffer than those
with water for both pairs (17.35 ± 0.07 versus 17.42 ± 0.03
for a B2M pair, and 23.14 ± 0.05 versus 23.28 ± 0.08 for a
TBP pair). One of the four negative controls of TBP pair was
positive with Ct ¼ 37.71.

Table 2 provides the comparison of efficiency of PCR amp-
lification (E) and coefficient of correlation (R2) derived from
the slope of calibration curves for unpurified and PCI samples T
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at different template levels for RT reactions (50 ng and 1 mg)
for a B2M pair. A similar table for a TBP pair is presented in
the Supplementary Table 3. Since a noticeable inhibition
occurs at the first point of unpurified samples, there is a
poor linearity (R2 < 0.99) within the calibration curves
derived by plotting Ct values of five dilution points against
log transformation of dilution (B2M pair, 50 ng RT). With the
four points approach—excluding the first, most concentrated
point—2 out of 3 plots with R2 > 0.99 were built, and
increased E-values as much as 2.08 were derived. The
improved coefficients of correlation (R2 > 0.9987) were asso-
ciated with the calibration curves for PCI samples (B2M pair).
We were unable to build the calibration curves for TBP with
R2 > 0.99 either for unpurified or PCI samples (50 ng RT),
except in one case for the PCI sample (Supplementary Table 3).
Most important, there is a similarity in amplification efficien-
cies between PCI samples and standard calibration curves for
both 50 ng and 1 mg RT reactions and E of unpurified samples
are different from those of the standard calibration curve
(Table 2). Note that when the four points approach was
used for unpurified sample calibration curves for 1 mg RT
by excluding the first point, this leads to an increase of R2

and E-values for both pairs, B2M and TBP (Table 2 and
Supplementary Table 3).

We also compared the expression ratio between 1 mg and
50 ng RT for both transcripts in all possible combinations with
an expected value equal to 20. The average ratios for each
calibration point of PCI sample for a B2M pair were 20 ± 1,
21 ± 1, 24 ± 1, 28 ± 4 and 27 ± 2. This should be compared
with the unpurified sample: 145 ± 70, 63 ± 22, 44 ± 11,
39 ± 8 and 42 ± 7. When a TBP pair was used, PCI samples
gave the following ratios: 19 ± 1, 21 ± 3, 22 ± 7, 21 ± 6 and
19 ± 9 in comparison with those of unpurified sample:
61 ± 21, 44 ± 12, 30 ± 10, 32 ± 12 and 21 ± 15.

We compared two different purification systems of RT
reactions: EtOH precipitation without the PCI step and a PCI
procedure followed by an EtOH precipitation—the approach
has been described above. Three RT reactions with 50 ng of
total RNA (LN229) together with 100 ng of yeast tRNA as a
carrier were equally divided in two tubes. Each tube of the pair
was subjected to EtOH precipitation as already described, but
a PCI procedure was implemented only for the second tube of
the pair. We utilized TBP and B2M pairs for PCR. Mean Ct

values were lower for PCI samples than those for samples after
EtOH precipitation alone for both B2M and a TBP pairs (Sup-
plementary Table 4). The difference is statistically significant

for the first and second dilution points for the TBP pair
(P < 0.002), and for every dilution point for a B2M pair
(P < 0.001). Although, it has to be pointed out that the
variability was decreased even for samples after EtOH pre-
cipitation alone, when compared with unpurified samples
(Supplementary Table 4 and Table 1). The samples after
EtOH precipitation, when the PCI step was omitted, tend to
exhibit artificially increased amplification efficiencies (2.01
and 2.08 for TBP pair; and 2.06 and 2.03 for B2M pair) as
presented in Supplementary Table 5.

To evaluate how RT may influence other downstream
applications other than RT–PCR, we performed an RNA amp-
lification experiment. A yield of 22.4 ± 1.2 mg of amplified
RNA was generated from a starting amount of 20 ng of total
RNA when RT reactions were cleaned up before double-strand
DNA synthesis, compared with 1.1 ± 0.2 mg of amplified
RNA when the purification step was omitted.

The experiments were also performed in order to evaluate
template loss during the PCI procedure followed by EtOH
precipitation. We introduced double-stranded LTP amplicon
after 50 ng RT reactions were completed. The added LTP
amount corresponded to 15 molecules per cell, based on
one cell containing 20 pg of total RNA, and 50 ng of total
RNA corresponds to 2500 cells. The RT reactions with LTP
spikes were split into two tubes, extracted and precipitated as
described above. The control tube with the same amount of
LTP amplicon but without any further treatment was used as a
reference. The recovery percentage was 92.5 ± 4.8. The
experiments were carried out on three RT reactions in one
experiment and were repeated on two different days.

Based on the finding from these experiments that the amp-
lification efficiency could be more than 100% (E > 2), we
performed a PCR simulation to understand whether the RT
inhibition of PCR might cause the amplification efficiency
overestimation.

The dilutions for the simulated calibration curve were
assigned as follows: the first point corresponds to undiluted
RT sample; the second point is a 2-fold dilution; and the third
to seventh are sequential 4-fold dilutions. We assigned the IP
values for first point as 90, 50 or 20%. The starting IP value
was decreased in each 4-fold dilution with 30, 20 or 10%
decrement (Table 3). The number of molecules competent
for PCR in the first undiluted point was derived from the
formula:

X0 ¼ X=ðKX · ECt‚ xÞ‚ 2

Table 3. PCR simulation was made with different IP combinations—IP in the first point and the decrement

IP in 1st point The decrement Assigned E ¼ 2 Assigned E ¼ 1.8
(%) (%) E/R2, all points E/R2, w/o 1st point E/R2, w/o points 1, 2 E/R2, all points E/R2, w/o 1st point E/R2, w/o points 1, 2

30 (2.59/0.9541) (2.34/0.9821) 2.16/0.9947 (2.24/0.9541) (2.05/0.9821) 1.92/0.9947
90 20 (2.65/0.976) (2.46/0.9894) 2.30/0.9958 (2.28/0.976) (2.14/0.9894) 2.03/0.9958

10 2.48/0.994 2.39/0.997 2.31/0.9992 2.16/0.994 2.09/0.997 2.03/0.9992

30 2.12/0.9957 2.07/0.9976 2.01/0.9999 1.89/0.9957 1.85/0.9976 1.81/0.9999
50 20 2.14/0.9969 2.10/0.9975 2.05/0.9989 1.91/0.9969 1.88/0.9975 1.84/0.9989

10 2.15/0.9998 2.14/0.9998 2.12/0.9998 1.91/0.9998 1.90/0.9998 1.89/0.9998
30 2.03/0.9995 2.01/1 2.00/1 1.82/0.9995 1.81/1 1.80/1

20 20 2.03/0.9996 2.02/0.9998 2.00/1 1.82/0.9996 1.81/0.9998 1.80/1
10 2.04/0.9997 2.03/0.9997 2.01/0.9999 1.83/0.9997 1.82/0.9997 1.81/0.9999

The derived E values with R2 < 0.99 are presented in the parentheses and in italic.
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where

KX ¼ ð100� IPX0
Þ=100‚ 3

X0 is starting concentration, X is amount of product after Ct,x

cycles, and KX is the inhibitory coefficient at this point. We
established the amplification efficiency as E ¼ 1 + E0 to
simplify the presentation of formulae.

Then the number of molecules, PCR available in the second
point (2-fold dilution) was defined by the formula:

Y0 ¼ Y=ðKY ·ECt‚ yÞ‚ 4

where

KY ¼ ð100� IPY0
Þ=100‚ 5

and

IPY0
¼ IPX0

� decrement=2‚ 6

since the decrement was assigned to a 4-fold dilution.
When X ¼ Y at the certain threshold, and Ct,x is also

assigned, it is possible to retrieve Ct,y using the following
equations:

X0=Y0 ¼ ðKY · ECt‚ yÞ=ðKY · ECt‚ xÞ 7

EðCt‚ y�Ct‚ xÞ ¼ ðKX · X0Þ=ðKY · Y0Þ 8

Equation 8 was converted by taking a logarithm of both
sides:

ðCt‚ y�Ct‚ xÞ · logEE ¼ logE½ðKX · X0Þ=ðKY · Y0Þ	 9

Ct‚ y ¼ logE½ðKX · X0Þ=ðKY · Y0Þ	 þ Ct‚ x: 10

Because we analyzed the PCR dynamics at two different
amplification efficiencies, either binary logarithm was applied
at E ¼ 2 or the logarithm base value was 1.8 at E ¼ 1.8.

Using this formula (Equation 10) we may calculate Ct val-
ues in every dilution point with every IP combination—IP
in the first point plus any decrement. For example, if the
number of molecules in the first point introduced into
simulated PCR is 200 000 and IP value at this point is
90%, the number of competent molecules for PCR is defined
by a formula: KX · X0 ¼ 0.1 · 200 000 ¼ 20 000. The
number of molecules participating in PCR for the
second, 2-fold dilution point was calculated as follows:
KY · Y0 ¼ {[100 � (90 � 30/2)]/100} · 100 000 ¼ 25 000,
when the inhibitory decrement is 30%. When Ct,x value is
assigned as 21, Ct,y ¼ logE(20 000/25 000) + 21 ¼ 20.69 if
E ¼ 2. This example shows from theoretical a standpoint
how more diluted samples may exhibit lower Ct values than
those for undiluted ones.

The derived amplification efficiencies and coefficients of
correlation are presented in Table 3. Several tendencies were
observed. The coefficients of correlation were increased when
most concentrated points under the biggest inhibitory influ-
ence were excluded from the calibration curve. When low
starting IP ¼ 20% was taken, the estimated efficiencies are
almost identical to assigned ones with the acceptable linearity.
It is possible to retrieve a correct E even at the moderate
inhibition—E ¼ 50% with a certain decrement (30%). The
higher the starting IP at the first point the lower the possibility

to detect correct amplification efficiency, even after excluding
the most concentrated points (see IP ¼ 90% with all decre-
ments). Interesting, the linearity could be acceptable
(R2 > 0.994) for IP ¼ 90% with a 10% decrement even
when all points were taken to build the calibration curve.
The actual starting number of molecules is irrelevant for
the determination of the slope of the calibration curve in
this PCR simulation, but in a real experiment the increased
variability at Ct > 30 may introduce the additional bias to E
and R2, when the calibration curve is derived for rarely
expressed transcripts.

DISCUSSION

It is acknowledged that the efficiency calculation from the
slope of a calibration curve often overestimates PCR effici-
ency (14). At the same time, it is not unusual to see the deri-
ved PCR amplification efficiency exceeds 100%. We have
observed this in our experiments, and it has been reported
by others (8,15,16). This seems a bit paradoxical, and likewise
is the finding of an overestimated efficiency in samples
containing PCR inhibitors. Such a paradox could be reconciled
by considering PCR competent molecules as an increasing
percentage of the total molecules in a PCR tube with each
sequential dilution.

What could be a possible mechanism of PCR inhibition by
RT reaction components? It seems that a key factor is reverse
transcriptase itself (3–5), in spite of minor potential influences
by other RT reaction components (5,8). Reverse transcriptase
may exhibit several activities:

(i) RNA-dependent DNA polymerase activity (RT activity)
(17,18);

(ii) DNA-dependent DNA polymerase activity (19–24);
(iii) terminal nucleotidyl transferase-like activity (TdT), or

non-template directed nucleotide addition (10,25);
(iv) RNase H activity, if the reverse transcriptase construct was

not mutated to remove it;
(v) strand transfer and displacement ability (26–28); and

(vi) binding capacity.

A previous study has suggested that RT inhibition of PCR is
mediated through direct interaction with a specific primer-
template combination (4). The reverse transcriptase molecules
may withstand the high temperatures and still retain their
activities when bound to any primer–template complex as
RNA:DNA, DNA:DNA or RNA:RNA (4,29,30). Also, the
mutated MMLV, H�, SuperScript III has improved the
enzyme’s intrinsic thermal stability, and some of its activities
could be preserved even without nucleic acid complex pres-
ence (10). Based on these observations, it is reasonable to
propose that the fraction of molecules which was bound to
nucleic acid complexes before the high temperature was
applied (70�C, 15 min and 95�C, 10 min in our experiments)
may retain a binding capacity as well as DNA polymerase
activity—RNA- and/or DNA-dependent. RT molecules
which were not bound to such a complexes may have dramat-
ically reduced DNA synthesis capabilities, or no such an activ-
ity at all, while possessing the binding ability during post RT
step manipulations. We suggest that the binding ability would
be preserved up to 10 PCR cycles, and DNA synthesis activity
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may be exhibited only during a few (1–3) PCR cycles, and also
during a short stage (�2 min) before the first step of PCR when
the temperature rises from 22�C to 95�C and Taq Polymerase
molecules are not yet active.

We were unable to demonstrate DNA polymerase activity in
an experiment where Taq Polymerase was substituted with
RT, but if such activity is retained during a few cycles, the
signal would be undetectable and possibly lost in background.
Meanwhile, when the outcomes of RT activities were ampli-
fied by Taq Polymerase we detected DNA synthesis activity of
RT (3.2 U) for a B2M pair, and for a TBP pair at any amount of
RT. The effects we observed in our experiments could be
explained by differential residual DNA polymerase activity
and binding capacity of two RT fractions, free and bound. We
believe there are two RT activities with opposite vectors:
(i) RT amplifies the template that would lead to an overes-
timation of the number of molecules; and (ii) molecules of
RT compete for binding sites with Taq Polymerase mole-
cules, decreasing the amount of template to be detected.
The inhibition in every dilution of RT sample is influenced
by the RT/Taq Polymerase ratio (1,4). This ratio decreases
with each sequential dilution, which also causes a decrease in
inhibition.

The bound fraction of RT molecules is 20 times larger when
1 mg of RNA is taken into the RT reaction, when compared
with that for 50 ng RT. The amount of template may also
influence the longevity of DNA synthesis activity and the
processivity of RT, and, again, there is 20 times more template
in any dilution point of comparison between 1 mg RT and 50 ng
RT. As a result, all described effects are driven mostly by
inhibition, and the DNA polymerase activity is not dominant
at a 50 ng RNA level, but DNA synthesis ability could be more
profound when 1 mg of RNA is taken.

We detected an overestimation of the number of molecules
for the first, most concentrated point of unpurified sample (1 mg
RT) compared with that of the PCI sample for both TBP and
B2M pairs with single band detection on a gel and a single
peak of melting curve presence. Because we cannot rule out
the possibility that this effect is tied to our purification system,
we repeated the experiment, excluding EDTA, since it could
chelate Mg2+ and affect PCR. Still, the results were confirmed.
We also examined whether LPA may introduce such a bias by
the inhibiting PCR at high concentrations. No such effect
was detected. When the first point of unpurified sample was
excluded from the calibration curve, the linearity was
improved for both pairs, B2M and TBP, while there was no
effect on linearity by the same approach for the PCI sample.
Finally, a comparison of ratios (1 mg RT and 50 ng RT)
between unpurified and PCI samples showed that the results
were superior when the PCI step was introduced. These facts
allow us to assume that the overestimation of number of
molecules in the first point could be ascribed to an effect of
unpurified sample, and it was probably caused by DNA poly-
merase activity of RT. Even though the IP should be highest at
this point when compared with that of other dilution points, the
DNA polymerase activity appears to be highest also. It could
be the case that DNA synthesis activity surpasses the inhibi-
tion in this particular dilution point.

If we assume that the DNA synthesis activity drops faster
than the inhibition with every next dilution, this might also
explain the slight rise of IP for 1 mg RT. MMLV, H� is an

enzyme with low processivity (20–60 nt), which could be
influenced by template concentration (10,29). It means that
2–5 molecules of RT could be required to create a comple-
mentary strand of 100 bp amplicon. In fact, this number
could be even larger. This is predetermined by the nature
of amplification with a pair of specific primers. Only one-
fourth of molecules after two PCR cycles have the target
amplicon size, and other molecules are extended beyond
the amplicon borders. As a result, even a 2-fold dilution
may decrease DNA synthesis activity several times, when
the inhibition defined by binding capacity may be decreased
by only 10–20%.

To add a degree of complication to this interpretation, we
may also assume that the binding affinities of free and bound
RT fractions are different. Moreover, the binding capacity of
both fractions may decrease with unknown dynamics during
PCR. Whether or not RT directly interacts with Taq Poly-
merase is also an open question (1,4).

The DNA synthesis activity and binding capacity of RT
molecules may be influenced by numerous factors. Appar-
ently, the resulting amplification/inhibition effects could be
different, depending upon what type of reverse transcriptase is
utilized. For example, the internal stability of SuperScript III
(MMLV, H�) is much higher than that of SuperScript II
(MMLV, H�). The half-life of Superscript III is 220 min
versus 6 min for SuperScript II at 50�C (10). AMV, H� RT
binds not only nucleic acid duplexes, but also single-stranded
RNA (29), and this may explain why the introduction of
non-homologous RNA relieves the inhibition for this particu-
lar type of RT (1), but it has no effect on MMLV, H� RT (4).
The type of RT–PCR (coupled or uncoupled) and its
conditions will also influence the final results. Post-RT and
pre-PCR handling of diluted RT samples, including an extra
PCR step (uracil-DNA glycosylase treatment) and excluding
RNase H treatment after the RT step, all together will affect
the final outcome. For instance, RNase H not only degrades
RNA in RNA:DNA duplexes, making primer binding sites
readily available (31), but it also creates additional RT
binding sites. The different types of priming during an RT
reaction [(random, specific or oligo(dT)] may change the
bound/free ratio of two RT fractions, which will affect the
final results even apart from the fact that additional amplifica-
tion of certain transcripts may occur with random priming
during RT, due to the displacement process (28,32).
Obviously, various specific pairs of primers taken for PCR
will be under different levels of inhibition even within the
same transcript, since the primer–template structure strongly
influences RT binding affinity (33). This could explain
the different levels of inhibition seen for different sets of
primers. It has also been shown that RT promotes the accu-
mulation of primer-dimers by adding nucleotides to the 30 end
of primers (3).

All of this argues strongly in favor for removing reverse
transcriptase molecules before performing real-time PCR. The
method of purification we present here could be considered to
be a universal equalizer, regardless of what RT type and con-
ditions are implemented before PCR. We introduced the
organic extraction step (34) before ethanol precipitation,
because the proteins could be copurified if ethanol precipita-
tion alone is utilized (35). The PCI treatment may have addi-
tional benefits, such as removing RNA from RNA:DNA
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complexes and resolving some cDNA secondary structure
complications. Implementation of the described approach
leads to an improvement of real-time PCR results. Variability
is decreased and the precision of detection is increased when a
PCI procedure followed by ethanol precipitation is applied.
When undiluted RT reactions starting with nanograms of total
RNA are taken into PCR without purification, the inhibitory
effects will be at their maxima. To decrease these effects, an
investigator usually dilutes the RT reaction before PCR, but
the resulting Ct values will be in an area with increased vari-
ability, low reproducibility and inconsistent detection
(12,36,37). Our approach allows for template concentration
by eliminating PCR inhibitors, which would be especially
valuable in the detection of rarely expressed transcripts, or
in clinical and environmental screening applications.

The applicability of the described method of purification
goes beyond RT–PCR. It is reasonable to expect that reverse
transcriptase may also affect other downstream applications,
e.g. for RNA amplification where minute amounts of RNA
are taken. The RT reaction usually is diluted only 5–6 times
before introduction, without any purification, to the double-
strand DNA synthesis reaction. The RT molecules may com-
pete with DNA polymerase I under these conditions, thus
decreasing the reaction efficiency. When we applied a PCI
step in our amplification method (SMART-like + IVT), the
yield of amplified RNA was increased more than 20 times. It
must be pointed out that only ethanol precipitation could be
utilized for methods based on the classical Eberwine approach
(38), since it requires RNA priming for DNA synthesis.
Indeed, the purification step was successfully implemented
in this case after RT reaction (39) and after double-strand
DNA synthesis (40).

In conclusion, the purification method described here is
robust, reproducible, and provides a reliable recovery. It is
also rather routine and even has the reputation of being
easy to perform, but it does require some degree of familiar-
ization dealing with an almost invisible pellet. There are,
however, colored carriers and phase-lock tubes available
that can simplify the procedure. Care should still be taken
to ensure that the carrier’s dye is not fluorescent, as it may
interfere with real-time PCR. The introduction of a foreign
reference DNA after the RT reaction is completed could afford
monitoring of the recovery in each tube. The methodology
described here has applicability in molecular phenotyping
of valuable cell populations where small amounts of template,
as in the case of studying different stem and progenitor cell
populations (41), pose problems in the precise identification of
genes and rare genes involved in normal and abnormal histo-
genetic events.
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