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Chimeric foot-and-mouth disease viruses (FMDVs) have been generated from plasmids

containing full-length FMDV cDNAs and characterized. The parental virus cDNA was derived from

the cell-culture-adapted O1Kaufbeuren B64 (O1K B64) strain. Chimeric viruses, containing

capsid coding sequences derived from the O/UKG/34/2001 or A/Turkey 2/2006 field viruses,

were constructed using the backbone from the O1K B64 cDNA, and viable viruses (O1K/O-UKG

and O1K/A-Tur, respectively) were successfully rescued in each case. These viruses grew well in

primary bovine thyroid cells but grew less efficiently in BHK cells than the rescued parental O1K

B64 virus. The two chimeric viruses displayed the expected antigenicity in serotype-specific

antigen ELISAs. Following inoculation of each virus into cattle, the rescued O1K B64 strain

proved to be attenuated whereas, with each chimeric virus, typical clinical signs of foot-and-mouth

disease were observed, which then spread to in-contact animals. Thus, the surface-exposed

capsid proteins of the O1K B64 strain are responsible for its attenuation in cattle. Consequently,

there is no evidence for any adaptation, acquired during cell culture, outside the capsid coding

region within the O1K B64 strain that inhibits replication in cattle. These chimeric infectious cDNA

plasmids provide a basis for the analysis of FMDV pathogenicity and characterization of receptor

utilization in vivo.

INTRODUCTION

Foot-and-mouth disease (FMD) remains one of the most
economically important diseases of farm animals. It can
affect a wide range of cloven-hoofed animal species
(including cattle, pigs and sheep) and is able to spread
rapidly (Alexandersen et al., 2003). The disease is wide-
spread across the world, especially in Africa and Asia. In
addition, there are occasional incursions into countries
that are normally disease-free, e.g. in the UK in 2001, and
these cause very high economic losses. The disease is caused
by foot-and-mouth disease virus (FMDV), which is the
prototype member of the genus Aphthovirus within the
family Picornaviridae. The virus particle comprises a
positive-sense ssRNA genome of about 8.4 kb enclosed
within a protein shell consisting of 60 copies of each of the
four capsid proteins 1A (VP4), 1B (VP2), 1C (VP3) and 1D
(VP1) (see Belsham, 2005). Only VP1, VP2 and VP3 are
exposed on the outer surface of the virus particle and, thus,

these three proteins determine both the antigenicity of the
virus and its ability to interact with receptors on cells.

The virus exists in seven distinct serotypes, O, A, C, SAT1,
SAT2, SAT3 and Asia-1. Infection or vaccination against
one serotype does not confer protection against other
serotypes. There is also significant diversity within
serotypes. Serotype O is the most common on a global
basis, and serotype A is also widespread. The three-
dimensional structures of several different serotypes of
FMDV have been determined (Acharya et al., 1989; Lea
et al., 1994; Curry et al., 1996; Fry et al., 2005).

The major cellular receptor for FMDV is the integrin avb6,
which is expressed on the surface of epithelial cells (Jackson
et al., 2000; Monaghan et al., 2005). Other RGD-binding
integrins (e.g. avb8 and avb3) have also been shown to act
as functional receptors for FMDV (Jackson et al., 2004;
O’Donnell et al., 2009). The avb6 and avb8 receptors
recognize a highly conserved RGDLXXL motif within the
VP1 protein (Burman et al., 2006). In addition, cell-
culture-adapted serotype O viruses can also bind heparan
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sulfate (HS) and use this interaction to enter cells. This
switch in receptor usage is associated with specific amino
acid substitutions on the surface of the virus. The presence
of an Arg56 residue in VP3 within cell-culture-adapted
viruses greatly enhances the interaction with HS compared
with the presence of His56 in VP3 of field strains (Jackson
et al., 1996; Fry et al., 1999). The HS-binding phenotype
has been linked to attenuation of a serotype O virus in
cattle (Sa-Carvalho et al., 1997). An ability to bind HS has
also been observed for cell-culture-adapted serotype C
viruses (Baranowski et al., 2000; Escarmı́s et al., 1998),
serotype A viruses (Fry et al., 2005) and SAT-type viruses
(Maree et al., 2010). However, it is not yet clear whether all
serotypes of FMDV can use HS as an alternative functional
cell receptor.

Full-length infectious cDNAs corresponding to the FMDV
genome derived from serotype O (Zibert et al., 1990; Falk
et al., 1992; Ellard et al., 1999), serotype A (Rieder et al.,
1993; Piccone et al., 1995) and serotype C (Garcı́a-Arriaza
et al., 2004) viruses have been described. In addition, some
chimeric FMDV full-length cDNAs have been produced by
transferring the capsid coding sequences from one virus
serotype into the ‘backbone’ of a different virus serotype; as
expected, the rescued viruses display the antigenicity of the
capsid sequences (e.g. Sa-Carvalho et al., 1997; Baranowski
et al., 1998; van Rensburg et al., 2004). The plasmids
containing the O1Kaufbeuren cDNA (as used by Zibert
et al., 1990; Falk et al., 1992) and the more recent version
(pT7S3) developed by Ellard et al. (1999) are based on a
cell-culture-adapted B64 strain of the O1 Kaufbeuren virus
(O1K B64).

To the best of our knowledge, no studies have been
reported previously that have examined the ability of
viruses rescued from O1K B64-derived infectious cDNA to
cause disease in natural host animals. It is now shown that
the rescued O1K B64 virus is highly attenuated in cattle.
However, two chimeric virus derivatives, containing
surface-exposed capsid proteins from field strains of
FMDV, namely O/UKG/34/2001 (O-UKG, from the large
epizootic of FMD in the UK in 2001) and A/Turkey 2/2006
(A-TUR), caused typical clinical signs of FMD in
inoculated cattle, which spread to in-contact animals in
each case.

RESULTS

Rescue and characterization of FMDV from
chimeric cDNA plasmids

Plasmids containing the full-length FMDV O1K B64 cDNA
(pT7S3; Ellard et al., 1999) plus modified versions including
the O-UKG capsid region (O1K/O-UKG chimera) and the
A-TUR capsid region (O1K/A-TUR chimera), as well as a
modified O1K B64 plasmid (pT7S3-NheI) containing an
engineered restriction site used for swapping the capsid
sequences, were prepared (Fig. 1). Each plasmid was

linearized and the DNAs were then used as templates for
the production of full-length FMDV RNAs in vitro. These
transcripts were then introduced into BHK cells by
electroporation. The treated cells alone, or overlaid onto
monolayers of pBTY or ZZ-R 127 cells, were incubated for
24 h and then, in each case, passed once more on fresh
monolayers of the same cell type. In BHK cells, the O1K B64
virus and its slightly modified derivative, O1K B64Nhe
(from pT7S3-NheI), each grew efficiently, and extensive
cytopathic effect (CPE) was observed in both the first and
second passages (Table 1). The chimeric transcript contain-
ing the A-TUR capsid coding region also induced extensive
CPE in electroporated BHK cells, but the CPE in the second
passage in these cells was incomplete. Finally, the O1K/O-
UKG chimera produced extensive CPE in electroporated
cells but grew very poorly in the second passage in BHK cells.
In contrast, the rescued parental O1K B64 virus plus the two
chimeric viruses containing the capsid coding sequences
from ‘field’ strains of FMDV all grew well in both pBTY cells
and the ZZ-R 127 goat cell line and produced complete CPE
in each case (Table 1). These results are consistent with the
fact that the O1K B64 cDNA is derived from a BHK-cell-
adapted virus (and hence may be expected to grow well in
BHK cells), while the ‘field’ virus capsid regions (especially
the serotype O sequence) seem to confer reduced ability to
grow in BHK cells (which may lack an appropriate RGD-
binding integrin).

To explore the properties of these viruses in more detail,
growth curves for the O1K B64 virus and the two chimeric
viruses were determined in both BHK cells and pBTY cells
(Fig. 2). Almost identical growth kinetics were observed for
each virus in pBTY cells (Fig. 2a), whereas production of
the O1K/O-UKG chimera was reduced significantly in
BHK cells compared with the rescued O1K B64 virus, while
the growth of the O1K/A-TUR chimera was intermediate
(Fig. 2b).

The rescued FMDVs were analysed using serotype-specific
FMDV antigen ELISAs. As anticipated, the O1K B64 and
O1K/O-UKG viruses were each identified as serotype O,
while the O1K/A-TUR chimeric virus was identified as
serotype A (Table 1).

Pathogenicity of FMDV O1K B64 and its chimeric
derivatives in cattle

Previous studies by Sa-Carvalho et al. (1997) showed that
an HS-binding virus (O1-Campos) is attenuated in cattle
and therefore the O1K B64 virus, which also displays high
affinity for HS (Fry et al., 1999), could also be attenuated.
To determine the pathogenicity of the O1K B64 virus and
its derivatives in cattle, experiments were performed in
which the O1K B64, O1K/O-UKG and O1K/A-TUR viruses
(each grown in pBTY cells) were inoculated into the
tongues of calves that were then kept in contact with other
calves for a period of 10 days. Clinical examination of the
calves was performed on a daily basis and serum samples
were collected to determine viraemia [as measured by
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quantitative real-time RT-PCR (qRT-PCR) assays] and the
generation of anti-FMDV antibodies (as determined in
serotype-specific blocking ELISAs).

(i) O1K/O-UKG chimeric virus. In the first experiment,
two calves (3C3 and 3C5) were inoculated (on day 0) in the
tongue with the O1K/O-UKG virus and were each kept in
contact with two other calves (3C3 with 3C1 plus 3C2 and
3C5 with 3C4 plus 3C6) within two adjacent pens. On day
2 post-inoculation (p.i.), calf 3C3 exhibited standard
clinical signs of FMD, including elevated temperature
(41 uC) with moderate salivation and the presence of
vesicles both at the site of inoculation and elsewhere in the
mouth and a single, unruptured vesicle on the left hind
foot (posterior face in interdigital space). These clinical
signs developed further on day 3 (except the temperature,
which decreased) but subsequently moderated, and the
lesions started to heal on subsequent days. No significant
signs of disease were apparent in the other inoculated calf,
3C5, at this early time point. However, the in-contact

calves 3C1, 3C2, 3C4 and 3C6, together with the inoculated
calf 3C5, all showed an elevated temperature (above 40 uC)
for 1 or 2 days between days 5 and 7 p.i., and all displayed
some other signs of clinical disease, including salivation
plus lesions in the mouth and on the feet, which were
apparent from about day 5 p.i. Thus, the disease had spread
from the inoculated animal(s) (presumably 3C3) to the in-
contact animals and also probably to 3C5. The level of
virus in sera reached high levels in most of the animals (up
to 1.56109 genomes ml21 in 3C6), but high levels of viral
RNA were only detected in the serum for 2 or 3 days in
each calf (Fig. 3b), and no significant viraemia was detected
in calf 3C5. Analysis of sera from these animals showed the
early presence of anti-FMDV antibodies (from day 5 p.i.)
in calf 3C3 and a later positive reaction in each of the other
animals, which reached the diagnostic threshold between
days 8 and 10 p.i. (Fig. 3c). Titres of anti-FMDV antibodies
were determined for sera scored as positive in the screening
assay (Table 2). The decline in viraemia coincided well with
the appearance of circulating anti-FMDV antibodies, e.g. in

Fig. 1. Structure of O1K B64 cDNA and its derivatives. The structure of plasmid pT7S3 (Ellard et al., 1999) containing the full-
length cDNA of the O1K B64 strain is shown. Modifications to this plasmid to introduce cDNA fragments corresponding to the
coding sequence of the surface-exposed capsid proteins 1B (VP2), 1C (VP3) and 1D (VP1) derived from the O-UKG and A-
TUR strains using the NheI and ApaI restriction enzyme sites (as indicated) are described in Methods. The locations of
restriction sites used for modifications to the plasmid (see text) are indicated as follows: Ap, ApaI; Kp, KpnI; Sa, SalI; Su, SunI;
Xb, XbaI. The full-length plasmids were linearized using HpaI and RNA transcripts were prepared using T7 RNA polymerase.
The transcripts were then introduced into cells (see Methods) to rescue the viruses.

Table 1. Characterization of plasmid-derived FMDV O1K B64 and its chimeric derivatives in different
cell types and by serotype-specific antigen ELISAs

CPE is scored as follows: +++, complete cell detachment; ++, some surviving cells; +?, some floating cells

only; ND, not determined. Serotype-specific antigen ELISAs were performed on viruses grown in BTY cells and

diluted 1 : 20.

Rescued virus CPE ELISA (A450)

BHK cells BTY cells ZZ RA cells Anti-O Anti-A

O1K B64 +++ +++ +++ 1.00 0.09

O1K B64Nhe +++ +++ ND ND ND

O1K/O-UKG +? +++ +++ 1.06 0.05

O1K/A-TUR ++ +++ +++ 0.09 1.24

Pathogenic FMDVs derived from chimeric cDNA plasmids
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calf 3C3, antibodies were detected from day 5 and the
viraemia, which had reached 2.86108 genomes ml21 at
day 2 p.i., had decreased greatly at this time (Fig. 3b, c).
These results showed that the O1K/O-UKG chimeric virus
is pathogenic in cattle and can spread from one animal to
another.

(ii) O1K B64 virus. Since clear clinical signs of FMD were
initially observed only in one of the two calves inoculated
with the O1K/O-UKG virus, it was decided to inoculate
four calves in subsequent experiments (with just two in-
contact animals as indicators of virus transmission). This
was thought to be particularly appropriate for the O1K B64
virus, since it is tissue-culture-adapted and, as indicated
above, previous studies with a similarly cell-culture-
adapted serotype O virus indicated that it was attenuated
in cattle (Sa-Carvalho et al., 1997). Indeed, the rescued
O1K B64 virus proved to be non-pathogenic in cattle, as
none of the four inoculated calves or the two in-contact
animals showed clear signs of clinical disease; no significant
temperature rise was observed (Fig. 4a) and no lesions were
detected. Analysis of sera showed only very low levels of
viraemia (,2000 genome copies ml21, compared with up

to 1.56109 genomes ml21 observed with the O1K/O-UKG
chimeric virus) (Fig. 4b) in just two (4C2 and 4C4) of the
inoculated calves, and no viral RNA was detected in sera
from the other inoculated animals or their contacts (Fig.
4b). Furthermore, none of the animals seroconverted
against FMDV by day 11 p.i. (Fig. 4c). Thus, the virus
derived from the parental O1K B64 cDNA plasmid pT7S3
(Ellard et al., 1999) was highly attenuated for cattle.

(iii) O1K/A-TUR virus. The chimeric O1K/A-TUR virus
was also inoculated into four calves (5C1, 5C2, 5C4 and
5C5) and these were kept in contact with two others (5C3
and 5C6). Three of the animals showed a slight, transient
temperature response (Fig. 5a), and the inoculated animals
each displayed drooling from days 1–2 p.i., with the
formation of vesicles on the tongue and around the mouth
in three of the four animals. In addition, the same three
inoculated calves (5C2, 5C4 and 5C5) developed lesions on
the feet from days 4 to 8 p.i. The in-contact calf 5C6
developed clinical signs on day 8 of the experiment,
including elevated temperature plus lesions on the dental
pad and on all four feet by the end of the experiment (day
10). No significant clinical signs were observed in calf 5C3
at any time. Analysis of sera from the animals showed a
significant viraemia (up to 46107 genomes ml21) in all
four inoculated animals (5C1, 5C2, 5C4 and 5C5),
although it was rather lower in 5C1 (peak of 26104

genomes ml21), from days 1–4 p.i., while the in-contact
calf 5C6 had high levels of virus (peaking at 86106

genomes ml21) in serum on days 7–9 p.i. (Fig. 5b). No
viraemia was detected in the second in-contact calf, 5C3.
Consistent with these results, anti-FMDV antibodies (in a
serotype A-specific blocking ELISA) became detectable by
day 5 p.i. in each of the inoculated animals and at day 10
p.i. in calf 5C6 (Fig. 5c), but no seroconversion occurred in
calf 5C3. High titres of anti-FMDV (serotype A) antibodies
were generated in each of the inoculated calves (Table 3);
the lowest titre was observed in calf 5C1, which also had
the lowest level of viraemia (Fig. 5b). It is clear from these
observations that the O1K/A-TUR chimera is also
pathogenic in cattle, but the disease was relatively mild
and the level of viraemia observed was much lower than
that observed with the O1K/O-UKG virus (compare Figs
3b and 5b). Furthermore, the disease spread from the
inoculated calves to only one of the two in-contact animals.

DISCUSSION

The ability to rescue FMDV from plasmids containing the
full-length cDNA is well documented; however, the
analysis of viruses derived from the O1K B64 full-length
cDNA (e.g. pT7S3; Ellard et al., 1999) has been restricted to
assays within cell culture (Zibert et al., 1990; Falk et al.,
1992; Ellard et al., 1999; Nayak et al., 2006; Zunszain et al.,
2010). The studies presented here demonstrate that, in
cattle, the rescued O1K B64 virus is highly attenuated, and
it failed to evoke an immune response (Fig. 4). This is

Fig. 2. Growth curves for rescued O1K B64 and the chimeric virus
derivatives O1K/O-UKG and O1K/A-TUR in pBTY and BHK cells.
Monolayers of pBTY (a) or BHK cells (b) were infected with the
indicated viruses (pBTY.P2 stocks in each case). At the times
shown, medium was removed, RLT buffer was added and the
samples were frozen prior to RNA extraction. FMDV RNA was
quantified in triplicate using a real-time RT-PCR assay as
described in Methods. Numbers of FMDV genomes (means±SD;
note many of the error bars are too small to see) were calculated
with reference to a dilution series of viral RNA transcripts.
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Fig. 3. Chimeric O1K/O-UKG virus is pathogenic in cattle and spreads to in-contact animals. Two bull calves (3C3 and 3C5,
underlined) were inoculated into the tongue with 106 TCID50 of the rescued O1K/O-UKG chimeric virus; each calf was housed
in contact with two other calves and all six calves were in adjacent pens. (a) Temperatures and appearance of clinical signs (m,
drooling; &, foot lesion; $, tongue lesion; *, mouth lesion) in all six animals were monitored on a daily basis; clinical signs are
indicated on the first day when these signs were observed. The dashed horizontal line is set at 40 6C; the downward arrow
indicates when the animal’s temperature first exceeded this value. (b, c) Blood samples were also collected and the serum was
assayed for the presence of FMDV RNA by qRT-PCR (b) and for anti-FMDV antibodies in a serotype O-specific blocking ELISA
(c). The number of FMDV genomes was calculated with reference to a dilution series of RNA transcripts as for Fig. 2. The
diagnostic cut-off level in the ELISA is indicated. Antibody titres for samples detected as positive in the ELISA were determined
(Table 2).
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probably due to cell-culture adaptation of the parental
virus strain (64 passages) resulting in its ability to bind
HS (Fry et al., 1999), which may promote clearance from
the circulation. Previously, Sa-Carvalho et al. (1997)
reported that an HS-binding, cell-culture-adapted virus
with the capsid proteins of O1-Campos was also
attenuated in the two cattle tested. However, reversion
to a virulent form of the virus was observed in those
animals; no such reversion was apparent with the O1K
B64 virus used here.

Substitution of the coding sequences for the surface-
exposed capsid proteins from ‘field’ strains of FMDV,
using sequences derived from either O/UKG/01 or A/TUR/
06, enabled viable chimeric viruses to be produced. The
O1K/O-UKG and O1K/A-TUR viruses displayed the
expected antigenicity, corresponding to the inserted capsid
sequences. The O1K/O-UKG virus showed a marked
preference for growth in pBTY cells compared with BHK
cells, whereas the rescued O1K B64 virus grew well in both
cell types and O1K/A-TUR showed intermediate prop-
erties. Furthermore, the chimeric viruses each proved to be
pathogenic in cattle, producing clinical signs typical of
FMD, and also spread from inoculated animals to in-
contact animals.

The O1K/A-TUR virus appeared to induce a higher titre of
anti-FMDV antibodies than the O1K/O-UKG virus, even
though the latter virus reached a higher level within the
circulation. It is likely that this reflects different sensitivities
of the serotype-specific assays. It is also apparent that not
all animals were susceptible to the O1K/A-TUR virus. Calf
5C3 failed to exhibit any signs of infection and showed no
viraemia or immune response against FMDV despite close
contact for several days with other calves infected with the
O1K/A-TUR virus. It would be interesting to compare the
characteristics of this chimera in cattle in parallel with
those of the parental A/Turkey 2/2006 virus, but this has
not yet been done.

These chimeric cDNA plasmids provide a background for
specific modifications of the virus to alter its character-

istics in a defined manner. It has been established that
viable, but defective, FMDVs can be generated with
deletions in various different parts of the genome, for
example, within the Leader coding sequence (Piccone et al.,
1995), 3A (Pacheco et al., 2003) and 3B1-3 (Falk et al.,
1992). The effect of such changes on virus pathogenicity
can also be examined. In addition, these viruses provide a
system for analysis of receptor utilization by different
serotypes of FMDV in vivo. Finally, these studies indicate
that the multiple passages of the O1K B64 strain of FMDV
in cell culture did not result in any adaptations, outside the
capsid coding region, that blocked the ability of the virus to
cause disease in cattle.

METHODS

Virus growth, cDNA synthesis and PCR. Stocks of FMDV O/UKG/
34/2001 (O-UKG) and A Turkey 2/2006 (A-TUR) were obtained
from the FMD World Reference Laboratory at the Institute for
Animal Health, Pirbright, UK, after a single passage through primary
bovine thyroid (pBTY) cells. A second round of infection of pBTY
cells was performed and RNA was extracted using Trizol (Invitrogen)
as recommended by the manufacturer. For each virus, single-stranded
cDNA was generated from the RNA using a primer (59-CGTC-
AGAGAAGAAGAAGGGCCCAGGGTTGGACTC-39) that spans the
junction of the 2A/2B coding regions and includes an ApaI site
(underlined). PCR products for the capsid coding sequences of
O-UKG and A-TUR were generated from these templates using the
primer used for cDNA synthesis plus separate, strain-specific primers
(O-UKG, 59-CGCTCTGCTAGCTGACAAGAAAACCGAGGAGACC-
39; A-TUR, 59-CGCTCTGCTAGCTGACAAAAAGACAGAGGAGA-
CT-39) that span the junction of the VP4 and VP2 coding regions and
include an NheI site (underlined). The introduction of the NheI and
ApaI sites in the PCR primers did not change the encoded amino acid
sequences.

Construction of plasmids containing chimeric full-length

FMDV cDNAs. Plasmid pT7S3 (Ellard et al., 1999) contains the
full-length cDNA for the O1K B64 strain of FMDV. Chimeric
plasmids were generated in which the coding regions for VP2 (1B),
VP3 (1C), VP1 (1D) and 2A from the O1K B64 strain were replaced
by the corresponding coding sequences of O-UKG or A-TUR
generated as described above (Fig. 1). This was achieved as follows.
pT7S3 was digested with KpnI and the ~1.4 kbp fragment was

Table 2. Reciprocal titres of anti-FMDV antibodies (serotype O) in sera from calves inoculated on
day 0 with chimeric O1K/O-UKG virus and from in-contact calves

Sera were collected on a daily basis and those found to be positive in the screening assay (at 1 : 10 dilution;

see Fig. 3) were reassayed, using 2-fold dilutions, to determine the titre.

Time (days p.i.) Inoculated calves In-contact calves

3C3 3C5 3C1 3C2 3C4 3C6

0 ,10 ,10 ,10 ,10 ,10 ,10

5 10 ,10 ,10 ,10 ,10 ,10

7 80 ,10 ,10 ,10 ,10 ,10

8 80 ,10 ,10 ,10 10 10

9 80 ,10 10 ,10 40 40

10 80 ,10 20 ,10 80 80
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inserted into pGEM7zf (Promega) to make pGEM7zfDFMDV, which

was used as a template for overlap PCRs to introduce an NheI site

into the coding region for VP4 using primer 59-CTTCTTGTCG

GCTAGCAGAGCGCCGAAA-39 and the complementary 59-TTTC-

GGCGCTCTGCTAGCCGACAAGAA together with external primers

in the 59-UTR (59-GATTTCCATGCTGGCATTTT-39) and the coding

Fig. 4. Cell-culture-adapted O1K B64 virus is attenuated in cattle. Four bull calves (4C1, 4C2, 4C4 and 4C5, underlined) were
inoculated into the tongue with 106 TCID50 of the rescued O1K B64 virus and each pair of calves was housed in contact with
one other calf and in adjacent pens. (a) Temperatures and clinical signs (as described in Fig. 3) in all six animals were monitored
on a daily basis (note that the temperature of calf 4C1 was variable prior to inoculation, and the elevated temperature seen on
day 1 p.i. was not considered significant). (b, c) Blood samples were also collected as indicated and the serum was assayed for
the presence of FMDV RNA by qRT-PCR (b) and for anti-FMDV antibodies in a serotype O-specific blocking ELISA (c). The
number of FMDV genomes was calculated with reference to a dilution series of RNA transcripts as for Fig. 2. The diagnostic
cut-off level in the ELISA is indicated. Note that the vertical scale in (b) is very different from that used in Figs 3(b) and 5(b).

Pathogenic FMDVs derived from chimeric cDNA plasmids
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Fig. 5. Chimeric O1K/A-TUR virus is pathogenic in cattle and can spread to in-contact animals. Four bull calves (5C1, 5C2,
5C4 and 5C5, underlined) were inoculated into the tongue with 106 TCID50 of the rescued chimeric O1K/A-TUR virus and
each pair of calves was housed in contact with one other calf and in adjacent pens. (a) Temperatures and clinical signs
(indicated as described for Fig. 3) in all six animals were monitored on a daily basis. (b, c) Blood samples were also collected as
indicated and the serum was assayed for the presence of FMDV RNA by qRT-PCR (b) and for anti-FMDV antibodies in a
serotype A-specific blocking ELISA (c). The number of FMDV genomes was calculated with reference to a dilution series of viral
RNA transcripts as for Fig. 2. The diagnostic cut-off level in the ELISA is indicated. The antibody titres for samples detected as
positive in the ELISA were determined (Table 3).
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sequence of VP2 (59-GAAGTGTTCGGTCCGCTCAC-39). The final
PCR product was digested with SunI and SalI and the 380 bp
fragment, including the NheI site, was used to replace the
corresponding SunI–SalI fragment of pGEM7zfDFMDV to generate
pGEM7zfDFMDV-NheI. This plasmid was digested with KpnI and the
1.4 kbp fragment was used to replace the corresponding fragment of
pT7S3 to generate pT7S3-NheI. Plasmid pT7S3-NheI was then
digested with XbaI and the ~5 kb fragment, which extends from
the 59-UTR to the coding region for 3A, was ligated into XbaI-
digested pGEM9zf (Promega) to generate pGEM9zfDFMDV. PCR
products containing the capsid coding sequence for the O-UKG and
A-TUR viruses (described above) were digested with NheI and ApaI
and inserted into similarly digested pGEM9zfDFMDV. The cDNA
corresponding to the VP3 capsid coding region of O-UKG includes
an NheI site and thus this insertion was performed in two steps. The
resulting plasmids contained cDNA corresponding to the coding
region for VP2 through to the 2A/2B junction for O-UKG and
A-TUR. These plasmids were digested with XbaI and the ~5 kb
fragments were ligated back into the XbaI-digested backbone of
pT7S3 to generate pT7S3/O-UKG and pT7S3/A-TUR, respectively.
These plasmids were then sequenced to confirm their structures
(Fig. 1).

Rescue of virus from full-length cDNA plasmids. The parental
plasmids and chimeric derivatives were linearized by digestion with
HpaI and full-length RNA transcripts were made with T7 RNA
polymerase using an Ambion Megascript kit as described by the
manufacturer. The RNAs were checked using agarose gel electro-
phoresis and then introduced into BHK cells by electroporation,
essentially as described previously (Nayak et al., 2006). Electroporated
BHK cells were incubated for 24 h either alone or after being overlaid
onto fresh monolayers of pBTY cells or the goat epithelial cell line ZZ-
R 127 (Brehm et al., 2009) and were harvested following freezing. In
each case, a second passage (P2) of the virus onto the same cells was
performed and the appearance of CPE was monitored. Rescued
viruses were characterized using serotype-specific antigen ELISAs for
both serotype O and serotype A, essentially as described previously
(Roeder & Le Blanc Smith, 1987).

Virus titres for each virus grown in pBTY cells were determined in
fresh pBTY cells as TCID50 as described previously (Reed & Muench,
1938).

Virus growth kinetics were determined in both BHK and pBTY cells
from the production of FMDV RNA, within cells (in six-well plates)
infected with pBTY.P2 virus stocks of the rescued viruses, as
measured by qRT-PCR on triplicate samples, as described previously
(Reid et al., 2003; Belsham & Normann, 2008).

Analysis of plasmid-derived FMDV pathogenicity in cattle. All

animal work was approved and conducted according to the

requirements of the Danish Animal Experiments Inspectorate (licence

no. 2008/561-1541).

Three similar experiments were performed to determine the

pathogenicity of FMDVs recovered from the O1K B64 cDNA and

the chimeric derivatives. In each case, male calves (approx. 200 kg)

(two for O1K/O-UKG and four for O1K B64 and O1K/A-TUR) were

inoculated into the tongue, at two sites, with approx. 106 TCID50 (in

total, as determined in pBTY cells) of pBTY.P2 stocks of each FMDV.

Each inoculated animal was kept in contact with two other calves in a

pen within high-containment animal accommodation and all six

animals (in two adjacent pens within a single stable) in each

experiment were monitored on a daily basis for signs of clinical

disease (including elevated rectal temperature, drooling and appearance

of vesicles in the mouth and on the feet) for a period of 10 days. Serum

samples were collected before and after inoculation of the animals, on a

daily basis, until euthanasia. RNA was then extracted from these samples

and assayed for the presence of FMDV RNA by qRT-PCR as described

above. The level of viral RNA detected in serum samples was converted

to the number of genome copies by reference to a standard curve of

reference RNA samples assayed in parallel. Serum samples were also

screened for the presence of anti-FMDV antibodies (using a 1 : 10

dilution of serum) using serotype-specific blocking ELISA systems (for

O and A as appropriate) as described previously (Have & Jensen, 1983;

Balinda et al., 2009), and positive samples were then titrated, using

2-fold dilutions, to quantify the antibody content (as in Balinda et al.,

2009).
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virus at 2.9 Å resolution. Nature 337, 709–716.

Alexandersen, S., Zhang, Z., Donaldson, A. I. & Garland, A. J. M.

(2003). The pathogenesis and diagnosis of foot-and-mouth disease.

J Comp Pathol 129, 1–36.

Table 3. Reciprocal titres of anti-FMDV antibodies (serotype A) in sera from calves inoculated on
day 0 with chimeric O1K/A-TUR virus and from in-contact calves

Sera were collected from calves on the days indicated and those found to be positive in the screening assay

(at 1 : 10 dilution; Fig. 5) were reassayed, using 2-fold dilutions, to determine the titre.

Time (days p.i.) Inoculated calves In-contact calves

5C1 5C2 5C4 5C5 5C3 5C6

0 ,10 ,10 ,10 ,10 ,10 ,10

4 ,10 ,10 ,10 ,10 ,10 ,10

5 10 20 80 10 ,10 ,10

7 80 320 1280 160 ,10 ,10

8 160 640 640 320 ,10 ,10

9 160 640 1280 320 ,10 ,10

10 160 640 1280 320 ,10 10

Pathogenic FMDVs derived from chimeric cDNA plasmids

http://vir.sgmjournals.org 1149



Downloaded from www.microbiologyresearch.org by

IP:  193.190.199.20

On: Fri, 23 Nov 2018 14:19:14

Balinda, S. N., Tjørnehøj, K., Muwanika, V. B., Sangula, A. K., Mwiine,
F. N., Ayebazibwe, C., Masembe, C., Siegismund, H. R. &
Alexandersen, S. (2009). Prevalence estimates of antibodies towards
foot-and-mouth disease virus in small ruminants in Uganda.
Transbound Emerg Dis 56, 362–371.

Baranowski, E., Sevilla, N., Verdaguer, N., Ruiz-Jarabo, C. M.,
Beck, E. & Domingo, E. (1998). Multiple virulence determinants
of foot-and-mouth disease virus in cell culture. J Virol 72, 6362–
6372.

Baranowski, E., Ruiz-Jarabo, C. M., Sevilla, N., Andreu, D., Beck, E. &
Domingo, E. (2000). Cell recognition by foot-and-mouth disease
virus that lacks the RGD integrin-binding motif: flexibility in
aphthovirus receptor usage. J Virol 74, 1641–1647.

Belsham, G. J. (2005). Translation and replication of FMDV RNA.
Curr Top Microbiol Immunol 288, 43–70.

Belsham, G. J. & Normann, P. (2008). Dynamics of picornavirus RNA
replication within infected cells. J Gen Virol 89, 485–493.

Brehm, K. E., Ferris, N. P., Lenk, M., Riebe, R. & Haas, B.
(2009). Highly sensitive fetal goat tongue cell line for detection and
isolation of foot-and-mouth disease virus. J Clin Microbiol 47, 3156–
3160.

Burman, A., Clark, S., Abrescia, N. G., Fry, E. E., Stuart, D. I. &
Jackson, T. (2006). Specificity of the VP1 GH loop of foot-and-
mouth disease virus for av integrins. J Virol 80, 9798–9810.

Curry, S., Fry, E., Blakemore, W., Abu-Ghazaleh, R., Jackson, T.,
King, A., Lea, S., Newman, J., Rowlands, D. & Stuart, D. (1996).
Perturbations in the surface structure of A22 Iraq foot-and-mouth
disease virus accompanying coupled changes in host cell specificity
and antigenicity. Structure 4, 135–145.

Ellard, F. M., Drew, J., Blakemore, W. E., Stuart, D. I. & King, A. M. Q.
(1999). Evidence for the role of His-142 of protein 1C in the acid-
induced disassembly of foot-and-mouth disease virus capsids. J Gen
Virol 80, 1911–1918.

Escarmı́s, C., Carrillo, E. C., Ferrer, M., Arriaza, J. F. G., Lopez, N.,
Tami, C., Verdaguer, N., Domingo, E. & Franze-Fernández, M. T.
(1998). Rapid selection in modified BHK-21 cells of a foot-and-
mouth disease virus variant showing alterations in cell tropism. J Virol
72, 10171–10179.

Falk, M. M., Sobrino, F. & Beck, E. (1992). VPg gene amplification
correlates with infective particle formation in foot-and-mouth disease
virus. J Virol 66, 2251–2260.

Fry, E. E., Lea, S. M., Jackson, T., Newman, J. W., Ellard, F. M.,
Blakemore, W. E., Abu-Ghazaleh, R., Samuel, A., King, A. M. Q. &
Stuart, D. I. (1999). The structure and function of a foot-and-mouth
disease virus-oligosaccharide receptor complex. EMBO J 18, 543–
554.

Fry, E. E., Newman, J. W., Curry, S., Najjam, S., Jackson, T.,
Blakemore, W., Lea, S. M., Miller, L., Burman, A. & other authors
(2005). Structure of foot-and-mouth disease virus serotype A10 61
alone and complexed with oligosaccharide receptor: receptor
conservation in the face of antigenic variation. J Gen Virol 86,
1909–1920.

Garcı́a-Arriaza, J., Manrubia, S. C., Toja, M., Domingo, E. & Escarmı́s, C.
(2004). Evolutionary transition toward defective RNAs that are
infectious by complementation. J Virol 78, 11678–11685.

Have, P. & Jensen, M. H. (1983). Detection of antibodies to foot-and-
mouth disease virus type O by enzyme-linked immunosorbent assay
(ELISA). In Proceedings Research Group of the Session of the Standing
Technical Committee of the European Commission for the Control of

Foot-and-Mouth Disease, Lelystad, Netherlands, Appendix VIII, pp.

44–51.

Jackson, T., Ellard, F. M., Ghazaleh, R. A., Brookes, S. M.,
Blakemore, W. E., Corteyn, A. H., Stuart, D. I., Newman, J. W. I. &
King, A. M. Q. (1996). Efficient infection of cells in culture by type O

foot-and-mouth disease virus requires binding to cell surface heparan

sulfate. J Virol 70, 5282–5287.

Jackson, T., Sheppard, D., Denyer, M., Blakemore, W. & King,
A. M. Q. (2000). The epithelial integrin avb6 is a receptor for foot-

and-mouth disease virus. J Virol 74, 4949–4956.

Jackson, T., Clark, S., Berryman, S., Burman, A., Cambier, S.,
Mu, D., Nishimura, S. & King, A. M. Q. (2004). Integrin avb8 func-

tions as a receptor for foot-and-mouth disease virus: role of the beta-

chain cytodomain in integrin-mediated infection. J Virol 78, 4533–

4540.

Lea, S., Hernández, J., Blakemore, W., Brocchi, E., Curry, S.,
Domingo, E., Fry, E., Abu-Ghazaleh, R., King, A. & other authors
(1994). The structure and antigenicity of a type C foot-and-mouth

disease virus. Structure 2, 123–139.

Maree, F. F., Blignaut, B., de Beer, T. A., Visser, N. & Rieder, E. A.
(2010). Mapping of amino acid residues responsible for adhesion of

cell culture-adapted foot-and-mouth disease SAT type viruses. Virus

Res 153, 82–91.

Monaghan, P., Gold, S., Simpson, J., Zhang, Z., Weinreb, P. H.,
Violette, S. M., Alexandersen, S. & Jackson, T. (2005). The avb6

integrin receptor for Foot-and-mouth disease virus is expressed

constitutively on the epithelial cells targeted in cattle. J Gen Virol

86, 2769–2780.

Nayak, A., Goodfellow, I. G., Woolaway, K. E., Birtley, J.,
Curry, S. & Belsham, G. J. (2006). Role of RNA structure

and RNA binding activity of foot-and-mouth disease virus 3C

protein in VPg uridylylation and virus replication. J Virol 80, 9865–

9875.

O’Donnell, V., Pacheco, J. M., Gregg, D. & Baxt, B. (2009).
Analysis of foot-and-mouth disease virus integrin receptor expres-

sion in tissues from naı̈ve and infected cattle. J Comp Pathol 141, 98–

112.

Pacheco, J. M., Henry, T. M., O’Donnell, V. K., Gregory, J. B. & Mason,
P. W. (2003). Role of nonstructural proteins 3A and 3B in host range

and pathogenicity of foot-and-mouth disease virus. J Virol 77, 13017–

13027.

Piccone, M. E., Rieder, E., Mason, P. W. & Grubman, M. J. (1995). The

foot-and-mouth disease virus leader proteinase gene is not required

for viral replication. J Virol 69, 5376–5382.

Reed, L. J. & Muench, H. (1938). A simple method of estimating fifty

percent endpoints. Am J Hyg 27, 493–497.

Reid, S. M., Grierson, S. S., Ferris, N. P., Hutchings, G. H. &
Alexandersen, S. (2003). Evaluation of automated RT-PCR to

accelerate the laboratory diagnosis of foot-and-mouth disease

virus. J Virol Methods 107, 129–139.

Rieder, E., Bunch, T., Brown, F. & Mason, P. W. (1993).
Genetically engineered foot-and-mouth disease viruses with poly(C)

tracts of two nucleotides are virulent in mice. J Virol 67, 5139–

5145.

Roeder, P. L. & Le Blanc Smith, P. M. (1987). Detection and typing of

foot-and-mouth disease virus by enzyme-linked immunosorbent

assay: a sensitive, rapid and reliable technique for primary diagnosis.

Res Vet Sci 43, 225–232.

A. Bøtner and others

1150 Journal of General Virology 92



Downloaded from www.microbiologyresearch.org by

IP:  193.190.199.20

On: Fri, 23 Nov 2018 14:19:14

Sa-Carvalho, D., Rieder, E., Baxt, B., Rodarte, R., Tanuri, A. & Mason,
P. W. (1997). Tissue culture adaptation of foot-and-mouth disease
virus selects viruses that bind to heparin and are attenuated in cattle.
J Virol 71, 5115–5123.

van Rensburg, H. G., Henry, T. M. & Mason, P. W. (2004). Studies of
genetically defined chimeras of a European type A virus and a South
African Territories type 2 virus reveal growth determinants for foot-and-
mouth disease virus. J Gen Virol 85, 61–68.

Zibert, A., Maass, G., Strebel, K., Falk, M. M. & Beck, E. (1990).
Infectious foot-and-mouth disease virus derived from a cloned full-
length cDNA. J Virol 64, 2467–2473.

Zunszain, P. A., Knox, S. R., Sweeney, T. R., Yang, J., Roqué-Rosell, N.,
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