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Reverse transcription coupled with PCR was used for the detection of foot-and-mouth disease virus serotypes
A, C, and O in organ extracts from experimentally infected cattle. Primers were selected from conserved
sequences flanking the genome region coding for the major antigenic site of the capsid located in the
C-terminal part of viral protein 1 (VP1). Because this region of the capsid is highly variable its coding sequence
is considered to be the most appropriate for the characterization of virus isolates and, therefore, for the
determination of the epidemiological relationships between viruses of the same serotype. For differentiation
between serotypes and for detailed characterization of individual virus isolates restriction enzyme cleavage and
nucleotide sequence analysis of the respective PCR products were carried out. In order to minimize the time
required for sample preparation from clinical material, viral RNA was released from particles by heating the
sample for 5 min at 90&C. Finally, an air thermocycler was used, which allows performance of a PCR of 30
cycles in approximately 20 min. The results show that reverse transcription PCR followed by restriction enzyme
analysis and/or nucleotide sequence analysis of the PCR products is useful for the rapid detection and
differentiation of foot-and-mouth disease virus.

Foot-and-mouth disease viruses (FMDVs) or aphthoviruses
are picornaviruses which cause a highly contagious and eco-
nomically important disease of cloven-hoofed animals. There
are seven serotypes of the virus, known as serotypes A, O, C,
SAT1, SAT2, SAT3, and Asia1. Type A, C, and O viruses are
also referred to as the European serotypes. In Europe foot-
and-mouth disease has been successfully controlled for several
decades by extensive vaccination of the cattle population, but
in 1991 the European Community as well as other European
countries including Switzerland switched to a policy of nonvac-
cination. Consequently, in the case of future outbreaks, in-
fected as well as contact animals will be slaughtered in order to
eradicate the disease. Recently, this approach has been applied
in Italy, when an epizootic comprising a total of 54 outbreaks
occurred between February and April 1993 (1, 9a). In order to
confine the spread of foot-and-mouth disease in any outbreak
a reliable and rapid laboratory diagnosis of the disease is very
important. Also, the immediate determination of the specific
serotype of field viruses is required in order to administer
emergency vaccination with the appropriate antigen. Finally,
the characterization of virus isolates at the nucleotide level and
comparison with the nucleotide sequences of strains collected
in previous outbreaks are useful in order to track the origin of
a disease outbreak.
Several reports on the rapid detection and differentiation of

FMDV isolates by reverse transcription PCR (RT-PCR) with
primers which allow amplification of sequences within the gene
coding for the viral RNA polymerase gene have been pub-
lished recently (8, 11, 16). Differentiation was carried out in a

separate PCR with serotype-specific primers derived from se-
quences coding for the structural protein VP1 (8, 16).
Here we report on amplification by PCR of the highly vari-

able sequences coding for the C-terminal part of capsid protein
VP1 by using primers which recognize FMDV serotypes A, C,
and O. This approach requires only one reaction for the de-
tection of FMDV and then differentiation and characterization
of virus isolates by restriction enzyme analysis and direct se-
quencing of the PCR-generated DNA. The RT-PCR proce-
dure that we have applied is rapid and simple because samples
prepared from clinical material can be used directly without
prior RNA extraction (21).

MATERIALS AND METHODS

Virus samples. FMDV reference virus strains A5 Allier, C1 Vosges, and O1
Lausanne were grown in BHK-21 cells infected at a multiplicity of infection of 0.1
50% tissue culture infective dose per cell. Swine vesicular disease virus was
replicated in PK15 cells. Virus was extracted by repeated freezing and thawing of
infected cells and subsequent removal of the cell debris by centrifugation. The
organ material used in the study consisted of frozen tongue epithelium derived
from cattle experimentally infected with various FMDV isolates which have been
collected at the Institute of Virology and Immunoprophylaxis since 1950. Virus
was extracted by homogenizing 1 g of frozen material in 10 ml of phosphate-
buffered saline (pH 7.5). Cell debris was removed by low-speed centrifugation,
and the supernatant was collected for further analysis.
Primers. Three oligonucleotide primers, SV1, A2, and P1, were used. The

sense primer SV1 (59-GCGCCACACCGCGTGTTGG-39; nucleotides 3337 to
3356) and the antisense primer A2 (59-GCTTTGATTGCACCATAGTT-39;
nucleotides 3485 to 3466) are derived from conserved regions of the FMDV
genome located within the 1A gene, which codes for the major structural protein
VP1. The numbering used throughout this report refers to the sequence of strain
O1K reported by Kurz et al. (7). Both primers were designed by comparison of
the following published nucleotide sequences from serotypes A, C, and O: A5,
Beck et al. (2); A10, Thomas et al. (19); A12, Robertson et al. (14); A22,
Onishchenko et al. (12); C1, Villanueva et al. (20); C3, Gebauer et al. (3) and
Piccone et al. (13); O1, Kurz et al. (7) and Makoff et al. (9); and O2, Krebs et al.
(6). Because the primers were selected from genomic sequences which were
highly conserved between the viruses compared, they were expected to detect
most if not all FMDVs of serotypes A, C, and O. The second antisense primer,
P1 (59-GAAGGGCCCAGGGTTGGACTC-39), has been described by Höfner
et al. (5). It is derived from the highly conserved 2A region and corresponds to
nucleotides 3669 to 3649 of the FMDV genome. With the primer pair SV1-A2
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PCR products of between 149 (O1) and 137 (C1) bp were expected, whereas the
size of the fragment expected for the primer pair SV1-P1 was between 333 (O1)
and 321 (C1) bp, depending on the virus serotype.
RT-PCR. To release the viral RNA, 5 ml of virus sample and 50 pmol of the

reverse primer (A2 or P1) in a total volume of 40 ml of RT-PCR buffer (25 mM
Tris-HCl [pH 8.4], 75 mM KCl, 2.5 mMMgCl2, 0.25 mM [each] deoxynucleoside
triphosphate) were heated at 908C for 5 min. cDNA synthesis was performed for
30 min at 378C by the addition of 10 U of RNase inhibitor (Boehringer Mann-
heim, Indianapolis, Ind.) and 50 U of Moloney murine leukemia virus reverse
transcriptase (BRL Life Technologies, Bethesda, Md.) in 5 ml of RT-PCR buffer.
For the PCR 50 pmol of the reverse primer SV1 and 1.25 U of Thermus aquaticus
DNA polymerase (Super Taq; Stehelin, Basel, Switzerland) in 5 ml of RT-PCR
buffer were added and the samples were incubated for 30 cycles of amplification
in a thermocycler. PCR products were analyzed by electrophoresis on 3% aga-
rose gels (NuSieve 3:1; FMC BioProducts, Rockland, Maine) run in TBE buffer
(100 mM Tris base, 50 mM boric acid, 2 mM EDTA). Gels contained ethidium
bromide for visualization under UV light.
Thermocyclers. Two different types of programmable thermocyclers were

used. In the water bath thermocycler (bio-med Thermocycler 60; Gesellschaft für
Biotechnologie und Medizintechnik, Theres, Germany) the PCR conditions
were the following: denaturation for 15 s at 958C, annealing for 15 s at either 55
or 608C, and elongation for 45 s at 728C, with an increment of 1 s after each cycle.
In the air thermocycler (Air Thermo-cycler 1605; Idaho Technology, Idaho Falls,
Idaho) the samples (50 ml) were contained in glass capillaries and the reaction
temperature was controlled with hot air (22). The same temperatures but shorter
incubation times when compared with those used in the water bath thermocycler
were used: 5 s each for denaturation and annealing and 20 s for elongation. In
both thermocyclers PCR was carried out for 30 cycles.
Restriction enzyme analysis. The following restriction enzymes were used to

analyze the DNA amplified by PCR: AluI, ApaII, BanI, BglI, BstEII, DdeI, HphI,
NruI, SacI, and ScaI (New England Biolabs, Beverly, Mass.). Briefly, 5 ml of the
PCR sample was digested for 2 h with 8 to 20 U of restriction enzyme in a total
volume of 20 ml by using the appropriate restriction enzyme buffer and incuba-
tion temperature. Parallel reactions to which 1 mg of plasmid pBluescript II SK1

DNA (Stratagene, La Jolla, Calif.) was added served as a control for proper
cleavage by the restriction enzyme. Aliquots of 10 ml of each reaction mixture
were separated on a 4% agarose gel as described above for PCR products, and
the restriction patterns were visualized under UV light.
Nucleotide sequence analysis. To determine the nucleotide sequence, single-

stranded DNA was synthesized from the primary PCR product in an asymmetric
PCR and was subsequently sequenced (4) by the dideoxy termination method of

Sanger et al. (17). Briefly, the PCR product to be amplified asymmetrically was
obtained by piercing the ethidium bromide-stained band in the agarose gel with
a pipette tip and transferring the DNA molecules adhering to the tip into the
reaction tube. PCR was carried out in the water bath thermocycler under the
same conditions described above except that the respective primers were used at
a ratio of 100:1 (200 and 2 nM). The number of cycles was 40, and the respective
times and temperatures were 30 s at 958C, 60 s at 508C, and 90 s at 728C. For
sequencing a 20-ml sample of the asymmetric PCR was mixed with 1.2 pmol of
32P-end-labelled primer (SV1, A2, or P1) and 1 U of Taq polymerase in a total
volume of 30 ml of RT-PCR buffer. Aliquots of 7 ml were transferred into tubes
containing 2.5 ml of each of the four termination mixes (A, G, C, T). The reaction
mixtures were incubated for 5 min at 728C, and the reactions were then stopped
with 4 ml of stop solution containing formamide. Sequencing reactions were
analyzed on 8% sequencing gels and were visualized by exposure of the wet gels
to X-ray film.

RESULTS

Reverse transcription and amplification of FMDV RNA. To
evaluate protocols for the extraction of viral RNA as well as for
the PCR, FMDV obtained from BHK-21 cells infected with
the respective reference viruses of serotypes A5, C1, and O1
were used. Swine vesicular disease virus grown in PK15 cells
served as a negative control. RNA was not extracted separately
from the virions. Instead, the release of viral RNA by heating,
cDNA synthesis with reverse transcriptase, and PCR were car-
ried out consecutively in a single tube. The PCR was per-
formed in the water bath thermocycler. As shown in Fig. 1A
(lanes 1 to 6), all three serotypes were detected with primer
pair SV1-P1 when supernatants of cell extracts were used at
dilutions of 1:8 or 1:40, respectively. Similar results were ob-
tained when the primer pair SV1-A2 was used (data not
shown). The same protocol was successfully applied for the
detection of FMDV of all three serotypes in organ extracts
(shown for viruses of serotype C in Fig. 1B, lanes 1 to 8).
Sensitivity and specificity of the RT-PCR. The sensitivity of

the RT-PCR was analyzed by using primer pair SV1-P1 and
serial eightfold dilutions of an extract with a titer of 106 50%
tissue culture infective doses per ml which was prepared from
BHK-21 cells infected with FMDV serotype C1 Vosges. For
the PCR either the water bath or the air thermocycler was
used. Because of the rapid heat transfer to and from the sam-
ples the latter type of PCR apparatus allows a significant re-
duction in the incubation time at each of the three tempera-
tures. Also, because of the short transition times between
individual temperatures a reduction in the amount of nonspe-
cific products in the PCR was expected. The results of this
experiment are shown in Fig. 2. The highest dilution giving a
positive PCR result was 1:20,480 for the water bath thermocy-
cler (lane 12). A band of comparable strength was obtained at
a dilution of 1:320 for the air thermocycler (lane 4), corre-

FIG. 1. RT-PCR with primer pair SV1-P1 performed in the water bath ther-
mocycler. Fragment sizes (in base pairs) are indicated on the right. Lanes 7 (A)
and 9 (B), supernatant of PK15 cells infected with swine vesicular disease virus
as a negative control; lanes 8 (A) and 10 (B), Sau3AI-cleaved pBluescript II SK1

as a size marker. (A) Supernatants from BHK-21 cells infected with FMDV
serotypes A (lanes 1 and 2), O (lanes 3 and 4), and C (lanes 5 and 6) were diluted
either 1:8 (lanes 1, 3, and 5) or 1:40 (lanes 2, 4, and 6). (B) Organ extracts derived
from animals infected with FMDV isolates serotype C1 Tölz (lanes 1 and 2), C1
Sevelen (lanes 3 and 4), C1 Noville (lanes 5 and 6), and C1 Vosges (lanes 7 and
8) were diluted either 1:8 (lanes 1, 3, 5, and 7) or 1:40 (lanes 2, 4, 6, and 8).

FIG. 2. Comparison of sensitivity and specificity of the PCR performed in the
air thermocycler (lanes 2 to 7) or the water bath thermocycler (lanes 8 to 13).
Serial dilutions of virus suspensions obtained by extraction of cell cultures in-
fected with FMDV type C1 Vosges were used. PCR with the primer pair SV1-P1
was run for 30 cycles, and the samples were analyzed on a 3% agarose gel: lanes
2 and 8, 1:5; lanes 3 and 9, 1:40; lanes 4 and 10, 1:320; lanes 5 and 11, 1:2,560;
lanes 6 and 12, 1:20,480; lanes 7 and 13, 1:163,840; lanes 1 and 14, Sau3AI-
cleaved pBluescript II SK1 as a size marker.
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sponding to a virus concentration of 0.25 and 16 50% tissue
culture infective doses per reaction, respectively. Therefore,
the sensitivity of the PCR performed in the air thermocycler
was approximately 64-fold lower. In contrast, the specificity of
the reaction performed in the air thermocycler was increased.
This is indicated by the absence of DNA fragments longer than
the expected 321 bp at virus dilutions of 1:5 to 1:320 when the
PCR was done in the air thermocycler (lanes 2 to 4). PCR of
similar virus dilutions in the water bath thermocycler resulted
in the production of nonspecific high-molecular-weight DNA
fragments (lanes 8 to 10).
Differentiation of serotypes A, C, and O by restriction en-

zyme analysis. The possibility of differentiating FMDV of se-
rotypes A, C, and O by restriction enzyme analysis of the
respective DNA fragments obtained by RT-PCR was evalu-
ated. The published sequences listed in Materials and Methods
were used to search for restriction enzymes which cleave be-
tween one and three times in the respective PCR products
SV1-P1 or SV1-A2. After testing a total of 10 restriction en-
zymes, 3 of them (DdeI, BstEII, ScaI) were selected. They
proved to be suitable for the differentiation of the three sero-
types (Fig. 3). Thus, the enzyme DdeI was found to cleave the
serotype C-specific SV1-P1 PCR product into two fragments of
approximately 150 and 170 bp (Fig. 3A, lanes 3 and 4). In
contrast, the corresponding PCR products obtained from the
A and O viruses were not cleaved by DdeI (Fig. 3A, lanes 1 and
2 and lanes 5 and 6, respectively). Figure 3B shows the same
type of restriction analyses with DdeI with the SV1-P1 PCR
products of four different C1 isolates, which all resulted in the
same pattern characteristic for type C virus. Similarly, BstEII
exclusively cleaved the PCR fragment SV1-P1 generated from

serotype O virus (Fig. 3C, lanes 3 and 4), and ScaI cleaved only
the PCR fragment P1-A2 obtained from serotype A virus (Fig.
3D, lanes 1 and 2). In order to confirm proper cleavage by the
restriction enzymes, we performed parallel reactions in which
1 mg of pBluescript DNA was added (lanes 2, 4, and 6 in Fig.
3A, C, and D and lanes 3, 5, 7, and 9 in Fig. 3B). DdeI is
expected to cleave pBluescript DNA into four fragments of
1,846, 540, 409, and 166 bp, respectively. Restriction patterns
corresponding to fragments of this size are shown in lanes 2, 4,
and 6 of Fig. 3A and lanes 3, 5, 7, and 9 of Fig. 3B, indicating
that complete cleavage has occurred. Cleavage of pBluescript
DNA with ScaI generated a linear molecule of 2,961 bp which
was too large to be resolved on a 4% agarose gel, as shown in
Fig. 3D, lanes 2, 4, and 6. However, cleavage was confirmed in
a separate analysis of these restrictions with a 1% agarose gel
(data not shown). Finally, pBluescript DNA is not cleaved by
BstEII (Fig. 3C, lanes 2, 4, and 6) and therefore is not useful
for testing for proper cleavage by this particular restriction
enzyme. However, we have repeatedly shown that the SV1-P1
fragment obtained from type A and type C virus is not digested
by BstEII.
Characterization of FMDV isolates by nucleotide sequence

analysis of PCR products. Determination of the nucleotide
sequence of the PCR product is the most specific approach to
the characterization of an individual virus isolate. In order to
have these data available within the shortest time possible
direct sequencing of the PCR products was applied. Synthesis
of single-stranded DNA in an asymmetric PCR and subse-
quent sequencing by the dideoxy chain termination method
proved to be the most reliable and convenient method. By
sequencing from both ends of the fragment by using SV1 and

FIG. 3. Characterization of FMDV serotypes A, C, and O by restriction enzyme analysis of PCR products. Molecular size markers (B to D) or the approximate
sizes of the PCR fragment and restriction products (A) are indicated. (A) PCR products obtained by amplification of RNA from reference viruses A5, C1, and O1 with
primer pair SV1-P1 and cleaved with DdeI. Lanes 1 and 2, A5; lanes 3 and 4, C1; lanes 5 and 6, O1; lanes 2, 4, and 6, pBluescript II SK1DNA was added to the cleavage
reaction. (B) PCR products obtained by amplification of RNA from four FMDV isolates belonging to serotype C1 and cleaved with DdeI. Lanes 2 and 3, strain Tölz;
lanes 4 and 5, strain Sevelen; lanes 6 and 7, strain Noville; lanes 8 and 9, strain Vosges; lane 1, Sau3AI-cleaved pBluescript II SK1 as a size marker; lanes 3, 5, 7, and
9, pBluescript II SK1DNA was added to the cleavage reaction. (C) PCR products obtained by amplification of RNA from reference viruses A5, C1, and O1 with primer
pair SV1-P1 and cleaved with BstEII. Lanes 1 and 2, A5; lanes 3 and 4, O1; lanes 5 and 6, C1; lane 7, Sau3AI-cleaved pBluescript II SK1 as a size marker; lanes 2,
4, and 6, pBluescript II SK1 DNA was added to the cleavage reaction. (D) PCR products obtained by amplification of RNA from reference viruses A5, C1, and O1
with primer pair P1-A2 were cleaved with ScaI. Lanes 1 and 2, A5; lanes 3 and 4, C1; lanes 5 and 6, O1; lane 7, Sau3AI-cleaved pBluescript II SK1 as a size marker;
lanes 2, 4, and 6, pBluescript II SK1 DNA was added to the cleavage reaction.
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P1 as sequencing primers the complete nucleotide sequence
except approximately 25 nucleotides at each end of the PCR
fragment generated with primer pair SV1-P1 could be deter-
mined. This genome region codes for the major antigenic site
of VP1, which is considered the most variable part of the viral
capsid. To test the diagnostic value of such an analysis, refer-
ence strain O1 Lausanne was compared with three isolates of
the subtype O2 (O2 Brescia, O2 Normandie, O2 Spain) ex-
tracted from organ material. One hundred fifty nucleotides of
the SV1-P1 fragment including the region coding for the major
antigenic site were aligned. As shown in Fig. 4, the O1 se-
quence was found to differ from the O2 sequences at a total of
22 positions. Inspection of the O2 isolates alone revealed only
two single positions where the sequences were not identical in
all three viruses.

DISCUSSION

The application of RT-PCR for the rapid diagnosis of
FMDV has been described before (8, 11, 16). However, those
investigators used primers selected from the viral RNA poly-
merase gene, which represents a highly conserved sequence of
the FMDV genome for initial virus detection. Meyer et al. (11)
were able to amplify a 454-bp fragment from the respective
genes of all seven FMDV serotypes. For the differentiation of
FMDV isolates serotype-specific primers which were derived
from sequences coding for the highly variable carboxy-terminal
end of the structural protein VP1 were used. By these means
Rodriguez et al. (16) could differentiate a total of 15 FMDVs
of serotypes A, C, and O.
Our goal was to establish a method which would provide for

the diagnosis, differentiation, and characterization of FMDV
in the shortest possible time. This was achieved by using a
single primer pair, either SV1-P1 or SV1-A2, for detection of
the virus and subsequent analysis of the respective PCR prod-
uct by restriction enzyme cleavage and nucleotide sequence
determination.

A protocol permitting very rapid amplification of viral
cDNA by RT-PCR directly from clinical material, which we
have successfully applied before to detect classical swine fever
virus in organ samples (21), was used. In this procedure, re-
lease of RNA from the virus is obtained by heat denaturation,
and furthermore, cDNA synthesis and PCR are performed in
the same buffer. In addition, when an air thermocycler was
used PCR could easily be performed in 20 min, resulting in a
considerable reduction in the time required for laboratory di-
agnosis when compared with the time required to perform the
procedures available so far. The specificity of the PCR proved
to be superior for the air thermocycler (Fig. 2), and although
the sensitivity was considerably lower, we did not encounter
any problems in detecting virus in the organs of experimentally
infected animals. Hence, we assume that the sensitivity
reached in the air thermocycler is adequate for the diagnosis of
FMDV in clinical specimens from acutely infected animals and
therefore can be used at least for the initial screening of the
samples.
Using the sense primer SV1 together with either of the

antisense primers P1 or A2, we were able to amplify the ex-
pected DNA fragments from our reference viruses of serotype
A5, C1, and O1 as well as from a series of viruses isolated from
frozen organ material which was available in the laboratory
(serotypes A5, C1, O1, and O2). These findings together with
the fact that the primers used represent regions of the FMDV
genome which, according to our alignment of published se-
quences, are highly conserved indicate that these primers are
suitable for the detection of viruses of serotypes A, C, and O.
However, the possibility that a given primer pair misses a
particular virus isolate can never be excluded because a single
point mutation at a critical site can prevent binding of the
primer to the viral nucleic acid. Negative samples should there-
fore always be tested in a second PCR with different primers or
by an alternative diagnostic method.
The genome region that we chose for amplification contains

the sequence coding for the major antigenic site of the virus
capsid located between amino acids 138 and 160 of VP1 (18).
This site, which is exposed at the surface of the virion, is
responsible for the induction of serum-neutralizing antibodies
and represents the most variable part of the capsid (15). Con-
siderable antigenic heterogeneity (10) as well as sequence vari-
ation (2) have been reported even between virus strains be-
longing to the same serotype. Thus, analysis of this region of
the genome was expected to be suitable for the differentiation
of FMDV isolates.
Restriction enzyme digestion of the DNA generated by PCR

with selected endonucleases which generate fragment patterns
diagnostic for a particular serotype does provide valuable in-
formation within hours after the PCR product is available.
However, this method presumably does not always permit un-
ambiguous classification of virus isolates because a single point
mutation within the amplified sequence can either abolish an
existing restriction site or generate a new restriction site. In
contrast, determination of the nucleotide sequence of the PCR
fragment which contains the sequence encoding the major
antigenic site of VP1 is expected to provide the information
required to unequivocally determine the serotype of an FMDV
isolate. This sequence is contained in both PCR fragments that
we amplified, but because SV1-P1 is almost twice as long as
SV1-A2 determination of the sequence of this fragment is
more likely to allow the differentiation of viruses which are
more closely related, i.e., viruses of the same type or subtype.
The example shown in Fig. 4 for different viruses of serotype O
indicates that subtypes such as O1 and O2 can easily be dif-
ferentiated even by comparison of a short sequence within the

FIG. 4. Partial nucleotide sequence of the PCR fragment SV1-P1 for viruses
of serotype O1 Lausanne (L.), O2 Brescia (B.), O2 Normandie (N.), and O2
Spain (S.). Only the sequences corresponding to nucleotides 3367 to 3516 of the
FMDV genome are shown. The region coding for the major antigenic site and
corresponding to amino acids 138 to 160 of VP1 is underlined. The consensus
sequence is given on top, stars indicate positions which are not identical in all
four sequences, and boldface letters indicate nucleotides not conserved in the O2
viruses compared.
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genome region coding for the major antigenic site. In contrast,
the sequences of three isolates of the same subtype (O2 Bres-
cia, O2 Normandie, and O2 Spain) proved to differ only at two
nucleotide positions, even in this region which is known to be
highly variable. Although we do not know the exact origin of
the O2 isolates compared in the present study these findings
suggest that virus isolates of the same subtype might indeed be
differentiated only by detailed sequence analysis.
The protocol presented here for the detection, differentia-

tion, and classification of FMDV isolates is expected to be a
very powerful tool in the case of a sporadic disease outbreak in
which a rapid diagnosis is required in so that the appropriate
measures can be taken.
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