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A method based on nested polymerase chain reaction was developed for the detection of enteroviral genomes
in biological samples. By taking advantage of the conserved 5' noncoding region of the enteroviral RNA, two
sets of primers were utilized, enabling the detection either of a broad range of enterovimses or of group B
coxsackieviruses only. The sensitivity of the method is close to the detection of single molecules of viral RNA
in as much as 1 mg oftissue sample. A preliminary study showed the usefulness of this technique for the analysis
of endomyocardial biopsy samples from patients with idiopathic dilated cardiomyopathy and myocarditis.

In the picornavirus family, several members of the entero-
virus (EV) genus (including polio-, echo-, and coxsackievi-
ruses) are important pathogens for humans (18). Diagnosis of
EV infection usually requires propagation of virus in cell
cultures followed by neutralization typing with antiserum
pools; this procedure, however, is laborious and time-con-
suming and often appears to have inadequate sensitivity (22),
especially in diseases such as idiopathic myocarditis and
idiopathic dilated cardiomyopathy, for which epidemiologi-
cal and experimental data suggest a coxsackievirus infection
but viral isolation usually fails (20).
Taking advantage of the availability of the complete

nucleotide sequences of over 30 human picornavirus strains
(reviewed by Stanway [28]), we have developed a method
based on nested polymerase chain reaction (PCR) with two
different sets of oligonucleotides able to recognize either all
the EVs or specifically group B coxsackieviruses. This
method does not require an internal hybridization step and
has a sensitivity close to the detection of a single molecule of
viral RNA present in 1 mg of tissue sample.

Nested PCR amplification for EV-specific and coxsackievi-
ms group B-specific detection. Seven different primers were
synthesized for reverse transcription-PCR amplification of
EV genomes (see Fig. 1A for localization and 1B for primer
sequences). All the primers are from the 5' noncoding
region, which contains sequence homology boxes highly
conserved among different EVs, some of which have been
used by different authors for hybridization (2, 10, 23, 24) and
PCR studies (5, 7, 9, 13, 21, 22, 31).
Nested PCR amplification for EV detection entails reverse

transcription and a first step of amplification, followed by
dilution of the sample and a second step of amplification
using two primers internal to the first amplification product.
This is one of the methods for obtaining maximum sensitivity
from PCR without loss of specificity of amplification. Two
different sets of primers were synthesized in order to obtain
amplification either for a broad range of EVs (primer set B,
Fig. 1C) or specifically for coxsackieviruses group B (primer
set A). Set A includes primers CX4 and CX7 for the first
amplification and primers CX2 and CX3 for the nested
amplification. Since the sequence of primer CX4 is present in
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all group B coxsackieviruses sequenced so far but not in the
other EVs (Fig. 2), amplification with primer set A is able to
recognize only the group B coxsackieviruses. It should be
observed, however, that since the current criteria for clas-
sifying the EVs do not necessarily reflect the overall genetic
relationships among the various members (4), this set of
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FIG. 1. Sequence and localization of oligonucleotides used in
this study. (A) Schematic representation of the positions of the
oligonucleotides on the first 600 5' nucleotides of the EV RNA.
Arrows indicate the 5'-to-3' orientations. (B) Nucleotide sequences
of the primers and localization on the coxsackievirus B3 sequence
(16). All the oligonucleotides utilized in this work were synthesized
by the ICGEB Oligonucleotide Synthesis Service with an Applied
Biosystems AB 394-B synthesizer. (C) Primer choice for reverse
transcription and nested PCR amplification for EV-specific (primer
set B) and coxsackievirus-specific (primer set A) detection.
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Name Sequence Map posiflon(Coxackie 83)

CX4 5' - CCCCGGACTGAGTATCAATA- 3' 180-199
CX3 5' - CGGTGGCTGCGTTGGCGGCC - 3' 354-373
CX9 5' - GGCCCCTGAATGCGGCTAAT- 3' 451-470
CX2 5' - CGCATTCAGGGGCCGGAGGA - 3' 464-445
CX7 5' - GCAGTTAGGArTAGCCGCAT - 3 479-460
CX8 5' - AAACACGGACACCCAAAGTA- 3' 563-544
Cx10 5' - ATGTGACCATAAGCAGCCA- 3' 599-580
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CX4 (179-199)
5'-CCCCGGACTGAGTATCAATA-3'

P0101 TT**CCGG***TGTCGT***
P01102 T***CCGG****GC*GT***
P0oll3 TT**CCGG****GCCGC***

CX-3 (354-373)
5'-CGGTGGCTGCGTTGGCGGCC-3'
TCCA****************
TCCA****************
TCCA****************

CX-9 (451.470)
5'-GGCCCCTGAATGCGGCTAAT-3'

*******************

CX-2 (464-445)
5'-CGCATTCAGGGGCCGGAGGA-3'

*******************

CAV9 ******************** ****C******C***T****
CAV-21 TT**CCGG***AATCAT*** *CCA****************

CX1. ******************** *
CX4 ******************** *
CXB4 ******************

EV.70 TT**CCGG***AGT*GC*** TCCA****************

CX-7 (479.460) CX4 (563544) CX-10(599-580)
5'-GCAGTTAGGATTAGCCGCAT-3' 5-AAACACGGACACCCAAAGTA-3' 5'-ATTGTCACCATAAGCAGCCA-3'

Pdo11 *AG***G************* ***
PA012 *TG*****************
Pb013 ATG***************** ****************

CAV9 ******G*************
CAV.21 *TG*****************

CXB3 ********************
CXB4 ********************

********************

EV-70 ********************

FIG. 2. Homology of oligonucleotide sequences with the available sequences of EV genomes. Sequences used for comparative purposes
were for poliovirus (Polio) type 1 (Mahoney) (14), poliovirus type 2 (Lansing) (15), poliovirus type 3 (Leon/37) (29), coxsackievirus A9
(CAV-9) (4), coxsackievirus A21 (8), coxsackievirus B1 (CXB-1) (11), coxsackievirus B3 (16), coxsackievirus B4 (12), and EV-70 (25). All the
sequences were obtained from GenBank (release 92.2.0). Alignments were obtained starting from the 3' end of each oligonucleotide, because
pairing in this region is considered crucial in priming DNA polymerization in PCR experiments.

primers should presumably also amplify genomes from other
EVs that in molecular terms are very similar to the coxsack-
ievirus B group, like coxsackievirus A9, which shares a
perfect match with primer CX4 (see Fig. 2 for sequence
comparison) (4). Primer set B includes primers CX3 and
CX10 for the first amplification and primers CX8 and CX9
for the nested amplification. The sequences of all the four
primers are conserved in all the human EVs (Fig. 2) and
rhinoviruses (28) whose sequences have been determined so
far. These primers were also designed both to allow high
temperatures of annealing, in order to ensure high specificity
to the amplification reaction, and to obtain short amplifica-
tion products (112 and 113 bp with primer sets A and B,
respectively), thus enabling amplification even if the quality
of the RNA extracted from the biological samples is not
optimal.
cDNA synthesis was carried out with primers CX7 and

CX10 for sets A and B, respectively. Total RNA from
infected cells (100 ng, corresponding to 1 ,ul) was reverse
transcribed in 50 mM Tris (pH 8.3)-75 mM KCl, 3 mM
MgCl2-10 mM dithiothreitol-20 U of RNasin (Promega,
Madison, Wis.)-1 mM each deoxynucleoside triphosphate
(dNTP)-20 pmol of primer-200 U of murine leukemia virus
reverse transcriptase (GIBCO BRL, Paisley, United King-
dom) (final reaction volume, 20 ,ul). The reaction mixture
was overlaid with 60 ,ul of mineral oil (Sigma, St. Louis,
Mo.), and the reaction was allowed to proceed for 45 min at
42°C. The reaction was stopped by heating at 95°C for 5 min.

Eighty microliters of a solution containing 250 ,uM each
dNTP, 10 pmol of the primer used for cDNA synthesis, 30
pmol of the other primer, 2.5 U of Taq polymerase (Ampli-
taq; Perkin-Elmer Cetus, Norwalk, Conn.), 50 mM KCl, 10
mM Tris (pH 8.3), 1.5 mM MgCl2, and 0.01% gelatin were
directly added to the 20 p,l used for cDNA synthesis.

Reaction mixtures (100 pI) were subjected to 40 cycles of
amplification in a programmable thermal cycler (Perkin-
Elmer Cetus) by using the following sequence: 94°C for 40 s,
53°C for 1 min, and 72°C for 1 min, plus a final extension step
at 72°C for 7 min.
Two microliters of the first amplification reaction was

further amplified with the nested pair of primers in 100 ,ul of
a reaction mixture containing 250 p.M each dNTP, 30 pmol of
each primer, 2.5 U of Taq polymerase, 50 mM KCI, 10 mM
Tris (pH 8.3), 1.5 mM MgCl2, and 0.01% gelatin. Reaction
mixtures were overlaid with 60 p.1 of mineral oil and sub-
jected to 30 cycles of amplification by using the following
sequence: 94°C for 40 s, 55°C for 1 min, and 72°C for 1 min,
plus a final extension step at 72°C for 7 min.

Amplification products were visualized by ethidium bro-
mide staining after electrophoresis in 6% acrylamide gels.

All precautions were taken in order to avoid carryover of
amplification products, including physical separation of pre-
and post-PCR procedures, UV irradiation of nondisposable
devices, use of aerosol-resistant tips (Continental Labora-
tory Products, San Diego, Calif.), and assembling of master
mix solutions to reduce manipulation of samples. Further-
more, several negative controls were included in each re-
verse transcription-PCR experiment. Amplification of rat
myocardial RNA, total RNA from uninfected cell lines
(HeLa, BGM [African green monkey kidney], and H9), and
water consistently produced negative results, without the
appearance of nonspecific amplification products or primer
dimer artifacts.

In order to test the specificity of amplification with the two
different sets of primers, nested PCR was performed from
RNA extracted from BGM cell monolayers infected with all
six group B coxsackieviruses, the three polioviruses, and
echoviruses 9, 19, and 31, obtained either from the Center

1346 NOTES



NOTES 1347

A

4-

t2 3 4 5 6 7 8 9 10

a e°~~~~cN

Ne

12 13 14 15

A\ 64
04°¢

X 3 ' 5 7 8 9 10 j L 3 I

FIG. 3. Nested PCR amplification of selected EV strains. Total RNA from BGM cells infected with the indicated viral types was reverse

transcribed and subjected to nested PCR amplification; amplification products were resolved by polyacrylamide gel electrophoresis and
stained with ethidium bromide. Uninfected rat myocardial RNA (100 ng) and water were included in the experiments as negative controls.
The arrows indicate the positions of the amplification products (112 bp for primer set A [A] and 113 bp for primer set B [B]).

for Public Health (London, United Kingdom) or from a
clinical virology laboratory (Istituto di Igiene, Ospedale
Burlo Garofolo, Trieste, Italy). Total RNA was extracted 20
h postinfection (6), reverse transcribed, and amplified by
nested PCR with primer sets A and B (Fig. 3A and B,
respectively). Amplification was obtained for all the EV
strains with primer set B but only for group B coxsackievi-
ruses (Bi to B6) with primer set A. These results are clearly
in agreement with those expected from the primer sequence
homologies reported in Fig. 2.
To further determine the specificity of nested amplifica-

tion, the amplification products obtained from EV-infected
cell lines by using primer set B were sequenced by the
dideoxy-chain-termination method of Sanger et al. (26) with
primer CX9 and the T7 sequencing kit (Pharmacia LKB,
Uppsala, Sweden). Sequence analysis revealed complete
consistency, with only a few nucleotide changes (among
almost 80 nucleotides sequenced), between our EV se-
quences and the sequences present in the data banks (data
not shown).

Sensitivity of nested PCR. The sensitivity of the nested
PCR method described above was assessed by a limiting
dilution experiment. Serial 10-fold dilutions of the superna-

tant of coxsackievirus Bl-infected BGM cells were used to
infect BGM monolayers in order to determine the virus titer
by the plaque assay technique (19). The amount of virus
corresponding to a single PFU was further serially diluted,
and aliquots containing from 10-1 to 10' PFU were mixed
with about 1 mg of rat myocardial tissue. From each sample,
total RNA was extracted, reverse transcribed, and amplified
with the broad-range-detection primer set B. As shown in
Fig. 4, an amplification product is clearly visible up to the
dilution corresponding to 10-2 PFU. Five of six independent
samples of the 10' dilution gave a positive result (Fig. 4B,
lanes 5 and 9 to 13), while five of six samples of the 10-4
dilution were negative (lanes 6 and 16 to 20). From these
data, the number of amplifiable genomes per PFU was
estimated according to the minimum chi-square method
described by Taswell (30), with the assumption that the
distribution of molecules in the limiting dilution experiment
could be described by the Poisson probability distribution.
By this analysis, it was determined that about 1,800 single
RNA molecules per PFU could be detected. Since it has
been estimated that there is a particle/infectivity ratio of
between 100 and 1,000 for the EVs (18, 22), we conclude that
the nested PCR method employed was able to detect an
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FIG. 4. Sensitivity of nested PCR amplification. Total RNA was

extracted and subjected to nested PCR amplification from serial
10-fold dilutions of the amount of virus corresponding to 1 PFU
mixed with 1 mg of rat myocardial tissue. Five of six independent
samples from the 10-' dilution (lanes 5 and 9 to 13) and one of six
samples from the 10-4 dilution (lanes 6 and 16 to 20) were scored
positive by the assay. As determined by applying the minimum
chi-square method described by Taswell (30) to these data, there are

about 1,800 detectable molecules per PFU.

amount of viral RNA close to a single molecule in as much as
1 mg of tissue sample. Further experiments are obviously
needed to see whether this observation can also be extended
to other EV serotypes.
These results indicate that in contrast to the PCR methods

developed so far for the detection of EVs, consisting of
reverse transcription of the RNA extracted from the clinical
samples followed by PCR and hybridization of an oligonu-
cleotide internal to the amplification product (5, 7, 9, 13, 21,
22, 32), the combined use of two subsequent amplification
steps allows direct visualization of the final products by
ethidium bromide staining, even starting with a very small
amount of initial template. In addition, nested PCR should
also have some advantages over PCR plus hybridization
even in terms of specificity. In fact, the hybridization step
demands almost perfect homology between the probe and
the amplification product, which is often not predictable
because of the high sequence variability of EVs. In contrast,
nested PCR requires primer-template complementarity only
for a few nucleotides at the 3' end of the primers (27). As a
consequence, it can be predicted that viral isolates detect-
able by nested PCR could not always be recognized by PCR
plus hybridization if they carry point mutations in the region
complementary to the internal primer.

Detection of enteroviral RNA in endomyocardial biopsy
samples. To determine the applicability of this technique to
clinical samples, primer sets A and B were used to detect the
presence of EV sequences in left ventricular endomyocardial
biopsy samples (about 1 mg each) of 10 patients with
idiopathic dilated cardiomyopathy (diagnosed on the basis of
reduced left ventricular pump function in the absence of any
known etiologic factor, according to World Health Organi-
zation criteria [3]) and 1 patient with idiopathic myocarditis
(diagnosed according to the "Dallas" criteria [1]). The
hypothesis of a viral origin of these diseases in humans has
long been considered (20), and recent molecular studies
suggest thatEV persistence (in particular, group B coxsackie-
viruses) could play a pathogenetic role (for a review, see
reference 17).

Amplification was obtained with samples from two pa-
tients (one with idiopathic dilated cardiomyopathy and one
with idiopathic myocarditis); both positive results were

detected with either primer set A or primer set B, suggesting
that the viral sequences detected were related to coxsackie-
virus genomes. The samples from the other patients as well
as all the negative controls were consistently negative.
Although the limited number of patients analyzed does not

allow us to draw any conclusions as to the role of EV
persistence in these diseases, the data confirm the applica-
bility of this technique to clinical samples and support the
hypothesis of the persistence of coxsackievirus RNA in at
least a fraction of the patients. We are presently analyzing a
larger population of patients with idiopathic dilated cardio-
myopathy and idiopathic myocarditis as well as clinical
controls, in order to further extend these observations.

In conclusion, nested PCR can be very useful for the
detection of EVs in clinical samples from patients with
diseases for which chronic persistence of very small
amounts of viral RNA is postulated.
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