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Numerous instances of reverse transcriptase (RT) inhibition of the PCR were observed while developing
nonquantitative uncoupled RT-PCR techniques for detecting nitrogenase and ammonia monooxygenase gene
expression in situ. The inhibitory effect of RT on the PCR was removed with increasing template concentrations
beyond 105 to 106 copies. Including T4 gene 32 protein during the reverse transcription phase of the RT-PCR
reaction increased the RT-PCR product yield by as much as 483%; if gene 32 protein was introduced after
reverse transcription but prior to the PCR phase, no improvement in product yield was observed. Addition of
1 mg of exogenous calf thymus DNA or yeast tRNA did little to relieve RT inhibition of the PCR on both
genomic DNA and mRNA templates. These results suggest that RT inhibition of the PCR is mediated through
direct interaction with the specific primer-template combination (DNA and RNA) and point to specific assay
modifications for estimating the extent of RT inhibition and counteracting some of the inhibitory effect.
Furthermore, the working hypothesis of RT inhibition below a 105 to 106 copy threshold has important
implications for quantitative RT-PCR studies. In particular, competitive, quantitative RT-PCR systems will
consistently underestimate the actual RNA concentration. Hence, enumerations of RNA templates below 105 to
106 copies will be relative to an internal standard and will not be an absolute measure of RNA abundance in
situ.

The field of microbial ecology is rapidly expanding due, in
part, to the explosion of molecular microbial ecology and ad-
vances in nucleic acid techniques. Driven in large part by the
availability of PCR, researchers are now able to recover and
analyze nucleic acid sequences from microorganisms that re-
main uncultivated. Virtually every aspect of microbial ecology
has been affected by these techniques. At the forefront of
nucleic acid technological development are PCR and reverse
transcriptase PCR (RT-PCR) assays for quantifying specific
microorganisms, functional genes, and microbial activity in
complex natural communities independently of culturability (7,
8, 13, 25, 27).

Nucleic acid techniques are particularly well suited to the
study of nitrifying and denitrifying bacteria in situ, since these
microorganisms are notoriously difficult to culture in the lab-
oratory and grow very slowly under standard culture conditions
(6). We have been studying the nitrogen-cycling processes in
arid shrub-steppe ecosystems and are developing PCR-based
techniques for quantifying microbial abundance and activity.
During the course of RT-PCR development for nonquantita-
tive detection of mRNA, we routinely observed that control
DNA reaction mixtures containing RT did not give DNA am-
plification during PCR whereas control DNA reaction mix-
tures without RT showed no signs of PCR inhibition. This
observation suggested that our ability to detect and amplify
mRNA from environmental samples may be hindered by pre-
viously unknown interactions between the RT and the tem-
plate. The purpose of this study was to investigate this phe-
nomenon and gain a better understanding of the variables and

limitations associated with the RT-PCR process. Our results
suggest that the inhibitory effect of RT on the PCR is mediated
through the RT interaction(s) with the specific mRNA or
cDNA template and that the inhibitory effect is dependent
upon template concentration (or copy number). Some of the
inhibitory effect could be removed by including T4 gene 32
protein specifically during the reverse transcription reaction,
which has unveiled some novel properties of T4 gene 32 pro-
tein that were not previously recognized or exploited. The
implications of these findings apply to RT-PCR in general but
also to quantitative RT-PCR studies where the abundance of
specific mRNA may be relatively low.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Nostoc sp. strain 27895 was obtained
from the American Type Culture Collection (Rockville, Md.), and Nitrosomonas
europaea “freitag” was obtained from E. Bock, University of Hamburg (Hamburg,
Germany). For DNA isolations, Nostoc was grown in ATCC medium 616 [con-
taining, per liter, 1.5 g of NaNO3, 0.04 g of K2PO4, 0.075 g of MgSO4 z 7H2O,
0.036 g of CaCl2 z 2H2O, 0.006 g of citric acid, 0.006 g of ferric ammonium citrate,
0.001 g of disodium EDTA, 0.020 g of Na2CO3, 2.86 mg of H3BO3, 1.81 mg of
MnCl2 z 4H2O, 0.222 mg of ZnSO4 z 7H2O, 0.39 mg of Na2MoO4 z 2H2O, 0.079
mg of CuSO4 z 5H2O, and 49.4 mg of Co(NO3)2 z 6H2O (pH 7.1)] for 3 weeks
under constant illumination at 26°C. For total RNA isolations, Nostoc was grown
in ATCC medium 616 without nitrate (NaNO3) for 3 weeks under constant
illumination. N. europaea was cultured in ammonia oxidizer medium [containing,
per liter, 0.5 g of (NH4)SO4, 1.34 mg of CaCl2 z 2H2O, 0.04 g of MgSO4 z 7H2O,
0.204 g of KH2PO4, 0.002 g of bromthymol blue, 0.1 mg of Na2MoO4 z 2H2O, 0.2
mg of MnCl2, 2.0 mg of CoCl2 z 6H2O, 100 mg of ZnSO4 z 7H2O, and 20 mg of
CuSO4 z 5H2O] at room temperature, and the pH was adjusted with filter-
sterilized 0.5 M K2CO3 as needed, for up to 2 months.

DNA isolation. Cells from a 500-ml culture of Nostoc and N. europaea were
collected by centrifugation and frozen at 220°C. The pellets were thawed and
resuspended in 800 ml of lysis buffer (50 mM Tris, 50 mM disodium EDTA, 2%
sodium dodecyl sulfate [pH 8.0]). Genomic DNA was liberated from the cells by
ballistic disintegration with ;1 g of sterile glass beads (0.1 mm in diameter) in an
eight-place bead beater (BioSpec Products, Inc., Bartlesville, Okla.) at full speed
for 1 min. Cellular debris and glass beads were removed by centrifugation at
13,600 3 g at room temperature for 5 min, and the supernatant was transferred
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to a fresh tube. Beads and cell debris were extracted once more with 300 ml of
TE (10 mM Tris, 1 mM disodium EDTA [pH 7.8]) and centrifuged as above.
Like supernatants were combined, treated with 10 ml of RNase A (10 mg ml21;
Sigma, St. Louis, Mo.) for 30 min at 37°C, and extracted twice with an equal
volume of phenol-chloroform-isoamyl alcohol (25:24:1) and once with chloro-
form-isoamyl alcohol (24:1). Nucleic acids were precipitated with NaCl-isopro-
panol at room temperature for 10 min, collected by centrifugation for 8 min at
13,600 3 g, washed once in 70% ethanol, dried under vacuum, and resuspended
in sterile TE. DNA concentrations were determined by fluorometry with Hoescht
33258 stain and a TKO minifluorometer (Hoefer, San Francisco, Calif.).

Total-RNA isolation. All glass, tubes, and plasticware were bleached, auto-
claved, and treated with an RNase inhibitor (RNAseZap; Ambion Inc., Austin,
Tex.), and all solutions were treated with diethylpyrocarbonate (DEPC) or pre-
pared with DEPC-treated water. Nostoc culture (2 liters) and N. europaea culture
(6 liters) were grown as described above and harvested by centrifugation. Cryp-
togamic crust (16 g [dry weight]) was rehydrated and incubated for 1 week at
room temperature under natural lighting conditions. An equivalent of 2 liters of
culture medium or 4-g equivalents of crust was lysed with 5 ml of GIPS solution
(4.0 M guanidine isothiocyanate, 0.5% Sarkosyl, 0.25 M sodium citrate [pH 7.0])
and extracted with an equal volume of phenol-chloroform-isoamyl alcohol (25:
24:1). The phases were separated by centrifugation at 6,000 3 g for 10 min, and
the aqueous phase was transferred to a new tube. Nucleic acids were precipitated
with 2 volumes of ethanol overnight at room temperature and collected by
centrifugation at 10,000 3 g for 20 min. Nucleic acid pellets were washed once
with 70% ethanol, dried briefly under vacuum, resuspended in DEPC-treated
water, and stored at 280°C.

Isolation of mRNA and 16S rRNA. Aliquots of total RNA were treated with
amplification-grade DNase I as specified by the manufacturer (Life Technolo-
gies, Gaithersburg, Md.), and the DNase was removed by phenol-chloroform
extraction. Purified RNA was then precipitated with sodium acetate-ethanol as
described above, resuspended in DEPC-treated water, and quantified by UV
absorption. Approximately 4.2 mg of Nostoc RNA and 13.5 mg of N. europaea
RNA were used for affinity capture of nifH mRNA and 16S rRNA, respectively.
The yield of cryptogamic crust total RNA could not be determined due to the
coextraction of humic acids and other soil constituents that interfered with UV
adsorption; in this case, 4-g equivalents of crust material in a 150-ml total volume
were used for affinity capture of nifH mRNA. Biotinylated primers were synthe-
sized by Keystone Laboratory Inc. (Menlo Park, Calif.) with the following se-
quences: Nostoc.I.MHC 59-TTT TCT TCT AAG AAG TTR ATG GCG GTG
AT-biotin for nifH transcripts (this study) and 1392.r 59-ACG GGC GGT GTG
TRC-biotin for 16S rRNA (47). The primers were reconstituted at 50 mM in
DEPC-treated water. Total RNA was initially heat denatured at 65°C for 10 min
and then subjected to affinity capture and purification with a PolyATtract mRNA
isolation system as specified by the manufacturer (Promega Corp., Madison,
Wis.), except that captured RNA was eluted in two washes of DEPC-treated
water totaling 150 ml. After mRNA capture, residual DNA was removed by
DNase I treatment and purified mRNA was recovered as outlined above for total
RNA isolation; the final mRNA sample was resuspended in 150 ml of DEPC-
treated water. RNA concentrations for N. europaea 16S rRNA were approxi-
mately 64 ng ml21 as determined by UV absorption; the quantity of nifH mRNA
was too small to be determined accurately by UV absorption.

Reverse transcription of RNA templates. Purified nifH mRNA (1 to 10 ml) or
N. europaea 16S rRNA (2 ng to 2 fg) and 2 pmol of reverse primer (see below)
were heat denatured in 11 ml (total volume) at 70°C for 10 min. Where indicated,
T4 gene 32 protein was introduced at 1.5 mg per sample during the initial 70°C
template denaturation. After heat denaturation, reverse transcription reaction
mixtures were assembled in 19.5 ml (total volume), which included an additional
0.5 ml of cloned RNase inhibitor, all as specified by the manufacturer of the RT
(Life Technologies). The reverse transcription reaction mixtures were preheated
to 42°C for 2 min, after which 1 ml of SuperScriptII RNase H2 RT (200 U) was
added. After a 50-min incubation at 42°C, the RT was heat inactivated at 100°C
for 5 min and the reaction mixtures were quick-chilled on ice. Two microliters of
each reverse transcription reaction mixture was then used as the template for
PCR as described below. Control reverse transcription reaction mixtures in-
cluded diluted genomic DNA with or without RT, no-template reactions with or
without RT, and purified RNA templates with or without RT. Two additional RT
enzymes, Moloney murine leukemia virus (MoMuLV) RT and avian myeloblas-
tosis virus (AMV) RT, both from Life Technologies, were also tested.

PCR amplification of cDNA products. Primers and PCR conditions for N.
europaea 16S rRNA genes were as described elsewhere (9); a hot-start PCR and
40 amplification cycles were used. Control PCR mixtures included diluted
genomic DNA that was not subjected to reverse transcription and all relevant
controls described above for the RT reactions.

Specific primers for Nostoc nifH sequences were constructed with the sequence
59 CAG AAC CCG GTG TAG GTT (forward) and 59 GTA ACG ATG TAG
ATT TCT TG (reverse) and are based upon a ClustalW alignment for Nostoc
commune, Nostoc muscorum, Nostoc strain PCC6720, and Nostoc sp. nifH se-
quences retrieved from the Entrez database (accession numbers L23514,
U04054, Z31716, and L15551, respectively). A 2-ml portion of each RT reaction
mixture, primers, MgCl2, and water in 25 ml (total volume) were heat denatured
at 80°C, after which PCR buffer, Taq polymerase (Perkin-Elmer, Foster City,
Calif.), and deoxynucleoside triphosphates (Promega) were added. The final

reaction conditions consisted of 2 ml of RT template, 10 mM Tris (pH 8.3), 50
mM KCl, 2.5 mM MgCl2, 200 mM each deoxynucleoside triphosphate, 0.2 mM
each primer, and 2.5 U of Taq polymerase in 50 ml (total volume). Amplification
consisted of 40 cycles at 94°C for 20 s, 50°C for 20 s, and 72°C for 1 min in 0.2-ml
thin-walled tubes and a Perkin-Elmer 9600 thermal cycler. Control PCRs were
similar to those described above.

After PCR amplification, 25 ml of each reaction mixture was resolved on 1%
SeaKem GTG–1% NuSieve agarose (FMC Bioproducts, Rockland, Maine) gels
in 13 Tris-acetate-EDTA running buffer, both containing ethidium bromide.
Images of each gel were captured with a Gel Doc 1000 station and Molecular
Analyst software package (Bio-Rad, Hercules, Calif.). Individual band intensities
were quantified with the accompanying Analyst software package, and the local-
ized background was subtracted from the computer-determined value of each
band. We could therefore compare relative product yield between individual
RT-PCRs and measure the effects of T4 gene 32 protein in a semiquantitative
manner.

RESULTS

The initial observation prompting this study was that DNA
in control (#5 pg of genomic DNA) reaction mixtures con-
taining RT did not amplify during PCR whereas control DNA
reaction mixtures without RT showed no signs of PCR inhibi-
tion. This result was observed on at least six separate occasions
with six different primer-template combinations and is not de-
pendent upon the type or amount of RT (data not shown). The
inhibitory effect of RT on the PCR, however, could be re-
moved with increasing concentrations of genomic DNA (Fig.
1). An identical result and detection limit were obtained with
the nifH PCR system and Nostoc sp. genomic DNA. Assuming
an E. coli genome size of 4.5 fg cell21, the PCR detection limit
in both cases was approximately 45 cell equivalents of DNA, or
45 to 450 gene copies (assuming 1 to 10 copies per cell). RT
inhibition of the PCR was overcome in both cases only when
4.5 3 105 cell equivalents of genomic DNA were present
throughout the RT-PCR.

RT inhibition of the PCR was also observed when nifH
mRNA was used as the template for RT-PCR (Fig. 2); in this
case, Taq polymerase itself functioned as an RT, as indicated
by the lack of PCR product when the template was pretreated
with RNase (Fig. 2). Interestingly, the efficiency of reverse
transcription and PCR was significantly greater with Taq as the
sole polymerase than in the accompanying complete RT-PCR.
When an identical experiment was performed with the N. eu-
ropaea 16S rRNA, Taq polymerase was unable to reverse-
transcribe the template and any inhibitory effects of RT could
not be ascertained (Fig. 3). The detection limit for the 16S
rRNA RT-PCR was approximately 0.4 amol (#200 fg), or 4 3

FIG. 1. RT inhibition of the PCR. 1, RT present; 2, RT absent. Lanes: M,
fX174 3 HaeIII molecular weight marker; 1 and 2, no template; 3 and 4, 200 fg
of N. europaea genomic DNA; 5 and 6, 2 pg; 7 and 8, 20 pg; 9 and 10, 20 pg; 11
and 12, 2 ng; 13, 200 fg of N. europaea genomic DNA amplified by PCR only; 14,
2 pg of N. europaea genomic DNA; 15, 20 pg of N. europaea genomic DNA.
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105 copies, the same copy number at which obvious RT inhi-
bition was overcome when amplifying from DNA templates.

To further investigate the mechanism by which RT inhibits
the PCR, T4 gene 32 protein was added during the reverse
transcription step in an attempt to stabilize the DNA or dis-
place RT from the genomic template. The addition of 1.5 mg of
T4 gene 32 protein during RT-PCR resulted in a 50 to 142%
improvement in PCR sensitivity when RT was also present
(Fig. 4, compare lane 3 with lane 18 and lane 5 with lane 20).
If T4 gene 32 protein was added after the RT step, RT inhi-
bition of the PCR was again evident (Fig. 5). Extending these
analyses to nifH mRNA templates clearly illustrated the im-
provement in RT-PCR sensitivity in the presence of T4 gene 32
protein (Fig. 6, compare lanes 1 to 8 with lanes 15 to 22). In the
absence of T4 gene 32 protein, no amplification products were
visible in the complete RT-PCR. Taq polymerase RT activity
was augmented by 108 to 483% when T4 gene 32 protein was
included in the nifH mRNA RT-PCR mixture. The improved
RT-PCR performance was also evident with N. europaea 16S
rRNA (Fig. 7). While the detection limit was identical whether
or not T4 gene 32 protein was used in the RT-PCR (ca. 20 fg,
or 40 zmol), increased product yield was again observed in
reaction mixtures containing T4 gene 32 protein, ranging from
a 20 to 80% increase when gene 32 protein was included during
the initial 70°C template denaturation.

T4 gene 32 protein is normally considered a single-stranded-
DNA (ssDNA) binding protein and dsDNA helicase (28, 30,
31, 40, 44), but the genomic DNA results in Fig. 5 suggested
that the effect of T4 gene 32 protein was mediated during
reverse transcription rather than PCR amplification. To help
understand the role of T4 gene 32 protein in the RT-PCR
process, T4 gene 32 protein was added to the nifH mRNA
RT-PCR mixtures during the RT step or during the PCR phase
of the protocol. At all template concentrations, gene 32 protein
added prior to reverse transcription significantly increased the

PCR product yield relative to that in the standard RT-PCR (51
to 232% increase [Fig. 8]). If T4 gene 32 protein was added
after reverse transcription but at the beginning of PCR, no
increase in RT-PCR sensitivity was observed whether or not
RT was one of the reaction components. In fact, the series of
RT-PCRs without T4 gene 32 protein were more sensitive than
if T4 gene 32 protein was introduced during the PCR phase of
RT-PCR.

The importance of improved RT-PCR sensitivity was evi-
dent during an analysis of cryptogamic crust mRNA (Fig. 9). In
the absence of T4 gene 32 protein, no amplification products
were detected, whereas positive amplification was observed at
the two highest sample volumes when T4 gene 32 protein was
included in the RT-PCR mixture. Interestingly, Taq polymer-
ase was unable to function as an RT on the nifH mRNA
isolated from the crust material.

Prior investigations have suggested that exogenous nucleic
acids can relieve RT inhibition of the PCR (37). However,
when either 1 mg of calf thymus DNA or 1 mg of yeast tRNA
(5 3 102- to 5 3 106-fold excess) were included in the RT-PCR
mixtures containing genomic DNA, the inhibitory effect of RT
was not relieved (Fig. 10). An apparent 10-fold improvement
in RT-PCR sensitivity was observed in the presence of exoge-
nous calf thymus DNA, but the nonspecific amplification prod-
ucts indicate some level of primer cross-reactivity, which would
serve to increase the effective copy number of the N. europaea
16S rDNA due to titration of the RT. Addition of exogenous
DNA, then, did not significantly relieve RT inhibition of the

FIG. 2. RT inhibition of RT-PCR demonstrated on Nostoc sp. nifH mRNA.
Lanes: M, fX174 3 HaeIII molecular weight marker; 1, 5 ml of purified mRNA
plus RT; 2, 5 ml of purified mRNA without RT; 3 and 4, same as 1 and 2, except
that the mRNA sample was pretreated with RNase A prior to RT-PCR; 5, 20 pg
of Nostoc sp. genomic DNA subject to PCR amplification only; 6, 2 pg of
genomic DNA; 7, 200 fg of genomic DNA; 8, no-template control. FIG. 3. RT-PCR with a dilution series of purified N. europaea 16S rRNA as

template. 1, RT present; 2, RT absent. Lanes: M, fX174 3 HaeIII molecular
weight marker; 1 and 2, 2 ng of 16S rRNA with or without RT; 3 and 4, 200 pg;
5 and 6, 20 pg; 7 and 8, 2 pg; 9 and 10, 200 fg; 11 and 12, 20 fg; 13 and 14, 2 fg;
15 and 16, no-template control; 17 and 18, 2 ng of N. europaea genomic DNA; 19
to 24, same as lanes 1 to 6, except that the sample was pretreated with RNase A
prior to RT-PCR; 25 and 26, no-template controls pretreated with RNase A; 27
and 28, 2 ng of N. europaea genomic DNA pretreated with RNase A; 29, 20 pg
of genomic DNA, PCR-only control; 30, 2 pg of genomic DNA; 31, 200 fg of
genomic DNA; 32, no-template PCR-only control.
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PCR. Similarly, yeast tRNA did not appear to improve RT-
PCR sensitivity from the nifH mRNA template (Fig. 11).
While the data from Fig. 11B suggest some relief of RT inhi-
bition for the full RT-PCR, the data from Fig. 11A indicate
that RT-PCR was again more efficient in the absence of RT
and without exogenous template. The value of exogenous tem-
plate for improving RT-PCR sensitivity, then, is questionable.
Since the RT is heat inactivated prior to PCR (5 min at 100°C)
and neither calf thymus DNA nor yeast tRNA significantly
improved RT-PCR performance at low template concentra-

tions, we conclude that RT inhibition of the PCR is mediated
through a specific interaction with the primer-template pair
undergoing reverse transcription rather than with Taq poly-
merase itself.

DISCUSSION

Taq polymerase as an RT. The initial observations of RT
inhibition of the PCR were made on genomic DNA templates
(ca. 1,000 copies) that were used as controls for RT-PCR (Fig.
1). Similar results, however, were also obtained with an mRNA
template (Fig. 2). We initially viewed the mRNA data with
suspicion, since Taq polymerase is not normally considered or
used as an RT itself. However, pretreatment of the template
with RNase abolished the signal (Fig. 2), indicating some level
of Taq polymerase RT activity. This result is not new (21, 22,
38), although the efficiency of reverse transcription by Taq
polymerase is very low relative to that of the true RT enzymes
(,1% [21]). However, Taq polymerase was unable to function
as an RT on mRNA isolated from cryptogamic crust (Fig. 8).
We speculate that Taq RT activity is more sensitive to copu-
rified contaminants associated with the nucleic acid or that
Mg21 ions are sequestered by copurified contaminants, so that
the RT-PCR conditions applied to the crust mRNA were sub-
optimal for Taq RT activity relative to the control mRNA
template. The differential activity of Taq on a control mRNA
template and test mRNA template, however, may point to a
qualitative difference between “environmental” and “control”
nucleic acid targets that might also affect the true RT enzymes.

FIG. 4. Relief of RT-PCR inhibition through the use of T4 gene 32 protein.
N. europaea genomic DNA was used as template. (A) With T4 gene 32 protein;
(B) without T4 gene 32 protein. 1, RT present; 2, RT absent. Lanes: M,
fX174 3 HaeIII molecular weight marker; 1 and 2, 2 ng of DNA with or without
RT; 3 and 4, 200 pg; 5 and 6, 20 pg; 7 and 8, 2 pg; 9 and 10, 200 fg; 11 and 12,
no-template RT-PCR controls; 13 to 15 5 20, 2, and 0.2 pg of genomic DNA
PCR controls; 16 to 27, same as lanes 1 to 12, except without gene 32 protein; 28,
no-template PCR control.

FIG. 5. Relief of RT inhibition during the reverse transcription step in RT-
PCR. Nostoc genomic DNA (200 pg) was used as the template. T4 gene 32
protein was added during the RT phase of RT-PCR or only for the PCR portion
of the RT-PCR protocol. 1, RT present; 2, RT absent. Lanes: M, fX174 3
HaeIII molecular weight marker; 1 and 2, no added T4 gene 32 protein; 3 and 4,
gene 32 protein added during the RT step; 5 and 6, gene 32 protein added for the
PCR phase only; 7, 20 pg of genomic DNA, PCR only; 8, 2 pg of DNA; 9, 200
fg of DNA; 10, no-template PCR control.

FIG. 6. Effect of T4 gene 32 protein on RT-PCR amplification of Nostoc nifH
mRNA. (A) Samples included 1.5 mg of gene 32 protein per RT-PCR; (B) no
gene 32 protein present. 1, RT present; 2, RT absent. Lanes: M, fX174 3
HaeIII molecular weight marker; 1, 2, 15, and 16, 5 ml of mRNA as template; 3,
4, 17, and 18, 2 ml of mRNA; 5, 6, 19, and 20, 1 ml of mRNA; 7, 8, 21, and 22,
0.5 ml of mRNA; 9, 10, 23, and 24, RT-PCR no-template controls; 11, 12, 25, and
26, RT-PCR 200 pg of Nostoc genomic DNA controls; 13, 14, 27, and 28,
PCR-only controls; 13, 20 pg of genomic DNA; 14, 2 pg; 27, 200 fg, 28, no
template.

672 CHANDLER ET AL. APPL. ENVIRON. MICROBIOL.



This possibility warrants further study within the context of
quantitative RT-PCR studies (see below).

RT inhibition of the PCR. Several reports indicate that RT
itself can interfere with PCR amplification of first-strand
cDNA (1, 29, 37), but the results are mixed and confusing.
Sellner et al. (37), for example, also observed that control
DNA in RT-PCRs was not amplified during PCR whereas
standard PCR would produce the desired product. An AMV
RT-to-Taq ratio of $3:2 appeared to be the threshold for Taq
inactivation, but addition of exogenous tRNA to the RT reac-
tion mixture could alleviate the effect of RT inhibition. Aat-
sinki et al. (1) describe a one-tube RT-PCR system where the
RT-PCR sensitivity was adversely affected by enzyme ratios
only at limiting (100 ng) RNA concentrations. At higher RNA
template concentrations, the ratio of RT to Taq was inconse-
quential. Mallet et al. (29), however, observed PCR inhibition
at an AMV RT-to-Taq ratio of 20:2.5 when amplifying human
immunodeficiency virus (HIV) mRNA from 1 of 100,000 in-
fected cells.

These conflicting and confusing results suggest that the op-
timal RT-to-Taq enzyme ratio is determined by specific reac-
tion conditions or primer-template pairs. Part of the confusion
and disparate results also appear to be related to the abun-
dance of specific target mRNA in the total RNA pool, where
inhibitory effects become noticeable only at low (ca. 100-ng)
total-RNA concentrations (1, 29). Much of the confusion and
uncertainty surrounding PCR inhibition by RT can be removed
if we consider a more useful barometer of template concen-
tration, such as the template copy number. When previous
studies are reevaluated with this normalized scale of template
concentration, there is a clear contrast between previous in-
vestigations and the results presented here. In particular, our
data suggest that at template concentrations of $105 to 106

copies in an uncoupled RT-PCR, all signs of RT inhibition

disappear. Aatsinki et al. (1) used 1 pg of plasmid DNA as the
lowest concentration of template; assuming a generous 10 kbp
per plasmid, 1 pg is approximately 105 copies. Hence, the
lowest concentration of template used in that study was at or
above the threshold at which we would not expect to see PCR
inhibition by the RT. An estimate of template copy number
cannot be calculated from the study of Mallet et al. (29), but
the concentration of HIV-positive cells (1 in 105) in their blood
sample suggests that their specific template was probably
present at #105 to 106 copies per PCR.

Sellner et al. (37) reported RT inhibition of the PCR at a
plasmid DNA concentration of 100 pg (ca. $107 copies, as-
suming 10 kbp per plasmid) in a one-tube, coupled RT-PCR.
One of the conclusions in this work was that RT interacts
directly with Taq polymerase to inhibit the PCR. At elevated
ratios of AMV to Taq (i.e., 14:2), some nonspecific protein-
protein interaction may be inevitable and potentially lead to
Taq inactivation. On the other hand, prolonged incubation of
Taq polymerase during an RT incubation combined with a
5-min heat denaturation at 95°C may reduce Taq activity such
that the amplification efficiency during the PCR would be less
than under standard, optimal PCR conditions. Conclusions
from other experiments were that primers, template, or MgCl2
alter RT enzyme conformation so that it is less susceptible to
heat inactivation.

FIG. 7. Effect of T4 gene 32 protein on RT-PCR amplification of N. europaea
16S rRNA. (A) Samples included 1.5 mg of gene 32 protein per RT-PCR; (B) no
gene 32 protein. 1, RT present; 2, RT absent. Lanes: M, fX174 3 HaeIII
molecular weight marker; 1, 2, 19, and 20, 2 ng of 16S rRNA as template; 3, 4,
21, and 22, 200 pg; 5, 6, 23, and 24, 20 pg; 7, 8, 25, and 26, 2 pg; 9, 10, 27, and
28, 200 fg; 11, 12, 29, and 30, 20 fg; 13, 14, 31, and 32, RT-PCR no-template
controls; 15, 16, 33, and 34, 200 pg of N. europaea genomic DNA RT-PCR
controls; 17, 18, 35, and 36, PCR-only controls; 17, 20 pg of N. europaea genomic
DNA; 18, 2 pg of DNA; 35, 200 fg of DNA; 36, PCR-only no-template control.

FIG. 8. Specificity of T4 gene 32 protein interaction during RT-PCR ampli-
fication of Nostoc nifH mRNA. 1, RT present; 2, RT absent. Lanes: M,
fX174 3 HaeIII molecular weight marker. Lanes were assigned based upon
template identification, as indicated above each block of samples. Samples were
also paired according to T4 gene 32 protein treatment; A, no-gene 32 protein; B,
gene 32 protein added during the reverse transcription step of RT-PCR; C, gene
32 protein added after the reverse transcription step, and beginning of PCR.
PCR-only controls were Nostoc genomic DNA; lane 1, 20 pg; lane 2, 2 pg; lane
3, 200 fg; lane 4, no template.
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T4 gene 32 protein effects. Several studies have shown that
T4 gene 32 protein can improve PCR sensitivity during ampli-
fication of DNA derived from environmental samples (24, 39,
43). T4 gene 32 protein has also improved the PCR amplifi-
cation of long templates (36), DNA-sequencing reactions (23),
recovery of mutated DNA sequences with pronounced second-
ary structure (11), and PCR-based diagnostics in clinical ma-
terial (33). T4 gene 32 protein increases the fidelity of DNA
replication in vitro by interacting with DNA and proteins at the
replication fork (31, 40) and greatly reduces the thermody-
namic cost of helix melting in vivo (2). There is evidence for a
direct interaction between T4 gene 32 protein and RNA (14),
but this property has not been extensively studied or exploited.
An analogous protein isolated from chicken fibroblast cells
chronically infected with Rous sarcoma virus is also capable of
binding to all forms of nucleic acid, including dsDNA, ssDNA,
dsRNA, ssRNA, and DNA-RNA hybrids (19).

Our results suggests that T4 gene 32 protein is exerting its
influence on the mRNA or RNA-DNA duplex during reverse
transcription, in contrast to but consistent with the traditional
notion and use of gene 32 protein as a ssDNA binding protein
and helicase. Most compelling is the augmentation of Taq RT
activity, as the inclusion of T4 gene 32 protein in the reverse
transcription phase of the reaction consistently and signifi-
cantly improved nifH product yield relative to that in standard
RT-PCRs. Since all RT-PCRs were performed under identical
conditions and the results were replicated on three separate
occasions, we conclude that first-strand cDNA synthesis was
more efficient in the presence of T4 gene 32 protein than

without it, whether Taq or SuperScriptII RT was the primary
source of RT activity. Improved N. europaea 16S rRNA RT-
PCR product yield also conforms to this hypothesis, since 16S
rRNA contains extensive secondary and tertiary structures
(45), which are probably maintained at the reverse transcrip-
tion reaction temperature of 42°C. The increased yield of nifH
RT-PCR products from cryptogamic crust also support this
hypothesis. The observation that Taq polymerase could not
function as an RT on mRNA isolated from cryptogamic crust
(Fig. 8), however, suggests that inhibitory effects may not be
uniformly operative on control RNA relative to experimental
RNA.

While we postulate that T4 gene 32 protein is involved in
RNA binding and stabilization, a direct interaction with RT
(MoMuLV or Taq) cannot be ruled out; other studies suggest
that T4 gene 32 protein is multifunctional, including domains
for interacting with DNA, DNA ligase, DNA polymerase, re-
combination nucleases, and membrane proteins (31, 44). Con-
sidering the relative inefficiency of Taq RT activity (21, 22) and
the consistently superior performance of Taq over the Super-

FIG. 9. Effect of T4 gene 32 protein on RT-PCR amplification of Nostoc nifH
mRNA isolated from cryptogamic crust. (A) Samples included 1.5 mg of gene 32
protein per RT-PCR; (B) no gene 32 protein. 1, RT present; 2, RT absent.
Lanes: M, fX174 3 HaeIII molecular weight marker; 1, 2, 15, and 16, 10 ml of
mRNA as template; 3, 4, 17, and 18, 5 ml of mRNA; 5, 6, 19, and 20, 2 ml of
mRNA; 7, 8, 21, and 22, no-template RT-PCR controls; 9, 10, 23, and 24, 200 pg
of Nostoc genomic DNA RT-PCR controls; 11 to 14, PCR-only controls; 11, 20
pg of Nostoc genomic DNA; 12, 2 pg; 13, 200 fg; 14, no template. FIG. 10. Effects of nonspecific, noncompetitive templates on RT inhibition

of the PCR. N. europaea genomic DNA was used as the template. (A) No added
competitive template; (B) 1 mg of calf thymus DNA added during the reverse
transcription step; (C) 1 mg of yeast tRNA added during the reverse transcription
step. 1, RT present; 2, RT absent. Lanes: M, fX174 3 HaeIII molecular weight
marker; 1 and 2, 2 ng of DNA; 3 and 4, 200 pg; 5 and 6, 20 pg; 7 and 8, 2 pg; 9
and 10, 200 fg; 11 and 12, no template; 13, 20 pg of DNA, PCR-only control; 14,
2 pg of DNA, PCR-only control; 15 to 26, same as lanes 1 to 12 except with calf
thymus DNA as nonspecific template; 27, 200 fg of DNA PCR-only control; 28,
no-template PCR-only control; 29 to 40, same as lanes 1 to 12 except with yeast
tRNA as the nonspecific template. Arrows show the position of calf thymus
genomic DNA (G), a nonspecific amplification product resulting from calf thy-
mus genomic DNA (NS), and primer artifacts (P).
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ScriptII RT during amplification of nifH mRNA, a direct in-
teraction between gene 32 protein and Taq DNA polymerase is
plausible. In any case, our results suggest that T4 gene 32
protein is invaluable for improving RT-PCR sensitivity, and we
therefore recommended its use in uncoupled RT-PCRs.

Possible mechanism of RT inhibition. Our data suggest that
interaction of RT with the template (DNA and RNA) is the
mechanism for PCR inhibition at low template concentrations.
Increasing template concentration alleviates the inhibition
(Fig. 1 and 3), as does the addition of T4 gene 32 ssDNA
binding protein during the RT incubation (Fig. 5 through 8).
Altering the ratio of Superscript RT to Taq to 50:2.5 did
nothing to alleviate PCR inhibition below 105 to 106 copies of
template, and the inhibitory effect was evident with three dif-
ferent RT enzymes (AMV, MoMuLV, and Superscript M-
MLV RNAse H2) used at or below the recommended levels
(data not shown). In addition, 1 mg of exogenous yeast tRNA
or calf thymus DNA was of limited value for improving RT-
PCR sensitivity with the recommended levels of RT in the
RT-PCR (Fig. 10 and 11).

Any RT has an inherent affinity for both DNA and RNA
templates, since both forms of nucleic acid are bound by the
enzyme during polymerization. Any nucleic acid present dur-
ing an RT incubation, then, could serve as an RT substrate
regardless of the sequence or source of nucleic acid. Since
exogenous nucleic acid added during the reverse transcription
step did not relieve PCR inhibition at standard RT-to-Taq
ratios (Fig. 10 and 11), the binding of RT appears to be specific
for the primer-template combination under investigation, per-
haps in conjunction with primer extension on RNA and (at

lower levels) DNA templates. In addition to our own data,
many results presented by Sellner et al. (37) are also explained
by this mechanism, and the reduced RT-to-Taq molar ratio
required to alleviate PCR inhibition in the latter case may
simply reflect titration of RT enzyme on abundant targets, Taq
affinity for RNA templates (which may preclude RT binding to
the target site), low-level Taq RT ability (see above and refer-
ences 21, 22, and 38), or more efficient displacement of RT by
Taq during repeated amplification cycles. Furthermore, heat
inactivation of the RT is normally used to eliminate RT and
RT nuclease activity. As such, the use of heat to inactivate the
RT enzyme does not necessarily translate into the release of
template (DNA or RNA) upon heat denaturation; the very
existence of hyperthermophilic Archaea (18) demonstrates that
extreme heat does not necessarily result in complete protein
denaturation. Proteinase K digestion (37), however, will frag-
ment the RT into smaller peptides and would therefore be
expected to release substrates (template, primer, and Mg21)
otherwise sequestered by the RT. These results (37) also sug-
gest that RT is binding specifically to the nucleic acid target
and is not being released or displaced upon heat inactivation
and subsequent cycles of PCR. Thus, most of the previous
accounts of PCR inhibition by RT can be described by a copy
number effect, and we therefore conclude that RT inhibition of
the PCR at low template concentrations is an inevitable fea-
ture of uncoupled RT-PCRs.

Implications for quantitative RT-PCR studies. The power of
RT-PCR to rapidly amplify RNA templates with exquisite sen-
sitivity and specificity has naturally led to the development of
numerous quantitative RT-PCR systems (4, 7, 15, 17, 20, 27,
34, 35). Given the widespread use of quantitative RT-PCR in
both clinical and environmental applications, it is surprising
that RT inhibition of the PCR has not been more common-
place or widely recognized. As Sellner et al. note (37), many
investigators may have unwittingly avoided this problem by
using relatively high levels of template during RT-PCR; we
observed this phenomenon only because we naively used small
quantities of genomic DNA as a control template throughout
the reverse transcription and PCR steps of RT-PCR.

On the surface, the finding that RT can interfere with PCR
amplification appears to be a rather innocuous situation, one
that can be easily overcome by performing RT-PCR at ele-
vated template concentrations. The question then becomes
one of whether #105 to 106 copies is an experimentally rele-
vant concentration of target. In many cases, detection of #105

to 106 RNA templates in a given sample, such as the detection
of HIV, food and public health viruses and pathogens, plant
pathogens, or other infectious agents in both humans and
animals, is extremely relevant (3, 10, 12, 16, 26, 41, 42). The
detection of certain mRNA transcripts in complex environ-
mental samples is equally relevant, since the relatively low
recovery of nucleic acids from soils and sediments (27, 32) and
the inherent instability of mRNA quickly deteriorate into
problems of low-copy-number nucleic acid detection. For these
reasons, RT-PCR has become a primary technique for detect-
ing in situ gene expression and viral RNA genomes, and it is
being used to enumerate RNAs in numerous clinical and en-
vironmental settings. However, small variations in amplifica-
tion efficiency during early rounds of the PCR can result in
disparate quantities of PCR product during the exponential
phase of amplification, so the effect of RT inhibition on the
PCR has important consequences for more quantitative at-
tempts to detect #105 to 106 copies of RNA template.

Competitive, quantitative RT-PCR assays are normally as-
sembled in one of two formats: reverse transcription of test
RNA is carried out independently of a competitive template

FIG. 11. Effects of nonspecific template on RT-PCR from Nostoc nifH
mRNA. (A) No added nonspecific template; (B) 1 mg of yeast tRNA added
during the reverse transcription step. 1, RT present; 2, RT absent. Lanes: M,
fX174 3 HaeIII molecular weight marker; 1 and 2, 2 ml of nifH mRNA tem-
plate; 3 and 4, 1 ml; 5 and 6, 0.5 ml; 7 and 8, no template; 9 and 10, 1 ng of Nostoc
sp. genomic DNA, RT-PCR control; 11, 20 pg of genomic DNA, PCR-only
control; 12, 2 pg of DNA; 13, 200 fg of DNA; 14, no-template PCR-only control;
15 to 23, same as lanes 1 to 10 except with yeast tRNA during the reverse
transcription step.
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and the competitive template is added during the PCR process,
or a copied RNA (cRNA) template is synthesized and subject
to both the reverse transcription and PCR amplification in the
presence of the test RNA. Our initial PCR experiments with
DNA templates are analagous to a quantitative RT-PCR assay
in which the competitive cDNA is added after reverse tran-
scription. If RT inhibition of the PCR is true, as our data
suggest, then this quantitative RT-PCR design will clearly give
an underestimate of the actual template concentration in the
RNA sample. That is, the competitive template will not inter-
act with active RT and will therefore be amplified with greater
efficiency than the test RNA sample. Therefore, less compet-
itor will be required to obtain equivalence between test RNA
and competitor PCR product concentrations. In this respect,
quantitative RT-PCR systems that use an internal cRNA com-
petitor to account for RT inefficiency and inhibition will be
much more accurate indicators of the actual RNA copy num-
ber. However, our T4 gene 32 protein experiments show that
reverse transcription of RNA targets may also be inhibited at
lower template concentrations and that the extent or occur-
rence of inhibition may be different on mRNAs extracted from
environmental samples. Since the deduced quantity of test
RNA in these systems is always relative to the internal stan-
dard, the efficiency of reverse transcription of the test RNA
cannot be determined directly, and nucleic acids extracted
from environmental samples may contain additional inhibitors
that do not act equally on the test RNA and cRNA templates,
enumerations of RNA templates in the test sample should not
be considered “absolute” (4, 5, 46).

Summary. This study has established an inhibitory effect of
RT on the PCR, which manifests itself as reduced RT-PCR
efficiency in uncoupled RT-PCR systems below 105 to 106

copies of starting RNA. More importantly, however, these
results imply that uncoupled, competitive quantitative RT-
PCR assays used in both clinical and environmental settings
will consistently underestimate the actual target RNA concen-
tration in a sample if the starting concentration is below the
105- to 106-copy threshold. The extent of inhibition can be
estimated by performing control RT-PCR amplifications of
both DNA and RNA independently of the amplifications of
the test sample but under otherwise identical reaction condi-
tions. Some of this inhibition can also be relieved by incorpo-
rating 1.5 mg of T4 gene 32 protein during the initial template
denaturation prior to reverse transcription, a property of gene
32 protein that has not been previously reported. However,
because the outcome of quantitative RT-PCR can be signifi-
cantly influenced by minor variations in amplification efficiency
during the early rounds of PCR and because the extent of RT
or PCR inhibition of test samples cannot be determined di-
rectly, this study suggests that quantitative RT-PCR enumer-
ations of low-copy-number RNAs will underestimate mRNA
levels in test samples. Consequently, a more thorough molec-
ular and mechanistic understanding of RT-PCR and PCR at
low template concentrations is required to accurately imple-
ment RT-PCR systems for quantifying low-abundance in situ
RNA templates in both clinical and environmental samples.
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