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Preface

Foot-and-mouth disease (FMD) has been recognized in printed records
dating from the sixteenth century, and since the eradication of rinderpest
(cattle plague) in the early part of the twentieth century it has been recog-
nized as the most important and feared disease of cattle and other domes-
tic livestock. The beginning of the twenty-first century brought the worst
outbreak of FMD ever experienced in England, which had been completely
free of the disease for 33 years. This tragic epidemic, which spread to
Northern Ireland, Scotland, France and the Netherlands with severe eco-
nomic consequences, emphasized the need for further research into better
methods for the detection and control of the disease.

FMD is caused by a small RNA virus which is highly contagious and
can survive in meat and other animal products for long periods at normal
pH levels. The virus typically infects cloven-hoofed animals, including cat-
tle, goats, pigs and sheep, as well as a wide range of non-domesticated ani-
mals in regions of the world where FMD virus is endemic, such as the Afri-
can continent.

There are seven recognized serotypes of FMD virus, with numerous
subtypes, and as a consequence vaccine production and administration is
complex and a major debate surrounds every disease outbreak regarding
the relative merits of vaccination as opposed to the slaughter of all infected
animals.

In 1999 a distinct strain of FMD type O virus was first detected in Kin-
men, a Taiwanese island close to China, where it caused disease in cattle
and mortality in goats in January 2000. In March 2000 this strain spread to
Japan which had been free of FMD since 1908, and to Korea which had
been free of FMD since 1934.

This strain, now known as the pan-Asian type O strain, also moved in a
westerly direction to cause FMD outbreaks in the middle East and Europe,
including the outbreak in England in 2001.

The seven chapters in this volume provide an account of the present
knowledge and understanding of FMD pathogenesis and global epidemiol-
ogy, the detailed structure of the virus itself and the properties of its RNA
genome, the immune response of the host and the state of the art in vac-
cine production, and the nature of FMD virus evolution. It is clear that in
all these areas there is still much more to learn about this fascinating virus.
Because of its highly contagious nature, research work on FMD is restrict-



ed to a small number of laboratories worldwide that have adequate con-
tainment facilities. Despite this restriction, the recent progress in research
on FMD which is described in this volume has provided a remarkable level
of understanding of this unique virus.

October 2004, Atlanta, Georgia, USA
Brian W.J. Mahy
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Abstract Foot-and-mouth disease (FMD) has been recognized as a significant epi-
demic disease threatening the cattle industry since the sixteenth century, and in the
late nineteenth century it was shown by Loeffler and Frosch to be caused by a sub-
microscopic, filterable transmissible agent, smaller than any known bacteria. The
agent causing FMD was thus the first virus of vertebrates to be discovered, soon after
the discovery of tobacco mosaic virus of plants. It was not until 1920 that a conve-
nient animal model for the study of FMD virus was established by Waldmann and
Pape, using guinea-pigs, and with the later development of in vitro cell culture sys-
tems for the virus, the chemical and physical properties of FMD virus were elucidat-
ed during the remainder of the twentieth century, culminating in 1989 with a com-
plete description of the three-dimensional structure of the virion. FMD virus is clas-
sified as a species in the Aphthovirus genus of the family Picornaviridae. The virus is
acid labile, and the genome RNA contains a characteristic tract of polyC located
about 360 nucleotides from the 50 terminus. Seven main serotypes exist throughout
the world, as well as numerous subtypes. The World Reference Laboratory for FMD
is located at Pirbright, Surrey, UK and undertakes surveillance of FMD epidemics by
serotyping as well as by genotyping isolates of the virus. A major epidemic of FMD
occurred in the UK in 2001 and was caused by a virulent strain of FMD virus with



origins in Asia. The advantages and some disadvantages of controlling FMD out-
breaks by vaccination are discussed.

1
Introduction

Foot-and-mouth disease (FMD) is of great antiquity, and written records
date back to a description of the disease by a monk, Hieronymous Fra-
castorius, who in 1546 described an epidemic which occurred in cattle
near Verona, Italy. The disease became notorious as a perennial threat to
the cattle industry over subsequent centuries, but it was not until the late
nineteenth century that the pathogenic agent was discovered by two for-
mer pupils of Robert Koch, who were responding to a commission set
up by the German government to discover the cause. Friedrich Loeffler
and Paul Frosch worked originally in Greisswald but moved the project
in 1909 to the island of Insel Rheims, in the Baltic Sea, where it was felt
that work on FMD could be carried out without danger to livestock on
the German mainland. The commission on FMD had been set up with
the aim of producing a vaccine to prevent the disease, and Loeffler and
Frosch took lymph fluid from vesicles caused by FMD and proceeded to
filter the material through bacteria-proof filter candles in the hope that
the infectious material would be retained, leaving behind an anti-toxin
which could be used to confer passive immunity to healthy animals.

They were amazed when inoculated calves developed characteristic
disease symptoms, and they were able to show that something had
passed through the filter candles which was able to multiply in the in-
fected animals. Loeffler and Frosch published their findings in four sep-
arate documents and a summary between 17 April 1897 and 12 August
1898, which were sent to the Minister of Culture. In the first report they
stated, “Even the trial results show reliably that a bacterium which grows
on a conventional substrate cannot be the etiological agent in FMD”.
The second report claimed that immunization against FMD was possi-
ble, and in the third report they concluded that the FMD agent “was
small enough to pass through the pores of a filter which is impermeable
to the tiniest known bacteria, so small, that even the best modern im-
mersion system renders the agent unidentifiable under our microscope”,
which constituted the first description of a virus disease of animals
(Loeffler and Frosch 1897, 1898). This was after D.I. Ivanovski had
shown that the agent of tobacco mosaic disease would pass through a
bacteria-proof filter candle,(Ivanovski 1892) but before Beijerinck devel-
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oped the concept of a filterable virus he called contagium vivum fluidum
(Beijerinck 1898).

For many years after its discovery, research on FMD virus was inhib-
ited by the lack of a suitable experimental animal model to study the
disease. Mice, rats and rabbits had been tried, but in 1920 Waldmann
and Pape were able to show that guinea-pigs were susceptible by intra-
dermal inoculation of the hind pad, so providing an important model
that was used in many later studies of the virus.

2
The Virus

During the twentieth century, research on FMD virus led to a detailed
understanding of its genetic and physical structure, culminating in a
complete description of the three-dimensional structure of the virion by
X-ray crystallography (Acharya et al. 1989).

The virus is classified as a member of the family Picornaviridae,
which is comprised of viruses containing one molecule of single-strand-
ed positive-sense genome RNA within icosahedral particles with no en-
velope, about 30 nm in diameter. Within this family, FMD virus is the
type species of the genus Aphthovirus, the members of which are acid
labile—FMD virus is unstable below pH 6.8. The genome RNA contains
a variable length (100–400 nucleotides) polyC tract located about 360 nu-
cleotides from the 50 terminus. Besides FMD virus, the genus contains
only one other virus, equine rhinitis A, which is related to FMD virus
about 50% in nucleotide sequence across the entire genome.

3
Serotypes

In the early part of the twentieth century it became clear that FMD virus
existed as more than one serological type, and initially two types were
named, type O for Oise in France and type A for Allemagne (Germany)
(Vallee and Carre1922) Later, type C was recognized as an additional
type in Germany (Waldmann and Trautwein 1926). Some 30 years later,
work at the Pirbright laboratory in England demonstrated three novel
serotypes of the virus in samples which had been collected from FMD
outbreaks in South Africa, and these were called SAT1, SAT2, and SAT3
(Brooksby 1958). The seventh and final serotype to be recognized, Asia
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1, was present in a sample from Pakistan (Brooksby and Roger 1957),
and extensive examination of further samples originating worldwide has
not revealed the existence of other serotypes.

4
Genotypes

With the development of techniques for nucleotide sequence analysis,
comparison of the nucleotide sequences of the capsid protein genes
from many FMD viruses from different geographical sites of isolation
showed that there was good correspondence with serotype differences,
the sequences clustering into serotype-specific lineages upon phyloge-
netic analysis. The seven serotypes of FMDV cluster into distinct genetic
lineages with approximately 30%–50% differences in the VP1 gene
(Knowles and Samuel 2003). This differentiation can only be seen with
the capsid region genes, and the sequences of other genes do not cluster
in this way.

As a further aid to molecular epidemiology of FMDV, Samuel and
Knowles have established “topotypes” of various FMDV serotypes, so,
for example, FMDV type O can be divided into eight topotypes, each
containing viruses which differ in VP1 sequence by at least 15% and are
also geographically distinct (Samuel and Knowles 2001). With these
techniques it has been possible to track the recent type O pandemic
strain from Asia and into Africa and Europe.

5
The World Reference Laboratory

In 1924 the British Minister of Agriculture appointed a Foot and Mouth
Disease Research Committee “to initiate, direct and conduct investiga-
tions into foot and mouth disease either in this country or elsewhere with
a view to discovering means whereby the invasion of the new disease
may be rendered less harmful to agriculture,” and as a result The Animal
Virus Research Institute was established in Pirbright in 1925, on the site
of a tuberculosis quarantine station that was set up to ensure that pedi-
gree cattle being exported to South Africa were free from TB. From 1925
until 1939 research was carried out at Pirbright under the auspices of the
Foot and Mouth Disease Research Committee. After the outbreak of war,
the full committee ceased to meet, but a smaller sub-committee held
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meetings. In 1947 the Foot and Mouth Disease Research Committee of
the Ministry of Agriculture was re-appointed as an advisory body until
1957, when the Institute became an independent company, grant-aided
by the Agricultural and Food Research Council (Mahy 1986). In 1958, the
Institute was asked by the Food and Agriculture Organisation (FAO) to
function as the World Reference Laboratory for Foot-and-Mouth Disease.
Most recently, in 1988, the Institute lost its independence and became a
component of the newly formed Institute of Animal Health, which oper-
ates on three geographically separated sites (Compton, Berkshire, Edin-
burgh, Scotland, and Pirbright, Surrey) under the auspices of the Bio-
technology and Biological Sciences Research Council (BBSRC).

6
Transmission and Spread of FMDV

FMDV is highly contagious for cloven-hooved animals, and particularly
so for cattle, but especially in Africa it can cause serious disease out-
breaks in wildlife (Thomson et al. 2003). The virus has been reported
to survive in infectious form for up to 12 years in soil attached to a
Wellington boot and will survive for at least a year in cell culture medi-
um held at 4�C. An extreme example of survival of the virus when
spreading as an aerosol occurred in 1981, when virus from infected cat-
tle in Brittany, France traveled as an aerosol to infect cattle in the Isle of
Wight, a distance of over 250 km. Fortunately, the disease was detected
in the UK cattle, and further spread of disease was prevented.

Another important means of spread of the disease is by carriage in
milk or animal products such as frozen bone marrow and lymph nodes.
Because of this, international trade laws ban the export of animal prod-
ucts from a country in which FMD is endemic, which may cause severe
economic hardship to a country trading in meat and meat products.
This is the main reason why FMD-free countries prefer to control epi-
demics by slaughtering infected animals and those in contact with them
rather than relying on vaccination as a control strategy. There is evi-
dence that vaccinated animals which are not completely protected may
be a source of infection (Sutmoller et al. 2003). Although such animals
may show no clinical signs, virus replication and shedding may occur.

Introduction and History of Foot-and-Mouth Disease Virus 5



7
Other Viruses Causing Vesicular Lesions

Because of the severe economic consequences of an outbreak of FMD, it
has been important to distinguish it from other viruses causing vesicular
lesions of FMD-susceptible animals. In 1932, an outbreak of vesicular
disease in pigs occurred in Buena Park, CA, and as a result 19,000 pigs
were killed and buried. However in the following year, a similar vesicu-
lar disease outbreak in San Diego, CA was examined more closely and
found not to be due to FMDV. Instead, the causative virus was named
vesicular exanthema of swine (VES) virus, and later found to be a cali-
civirus. Nevertheless, over the 10-year period beginning in 1939, numer-
ous outbreaks of VES virus occurred throughout the United States, cul-
minating in a national eradication program, with the last cases recorded
in 1956.

Another disease of swine which may be confused with FMD is swine
vesicular disease (SVD), which has been recorded throughout Europe
and in Hong Kong and Japan. The clinical signs in pigs are very similar
to those caused by FMDV, with lesions on the feet and snout. The SVD
virus is an enterovirus that is closely related to human coxsackie virus
B-5 (Knowles and McCauley 1997).

Finally, vesicular stomatitis virus, a rhabdovirus, causes a disease in
horse, cattle and pigs which involves vesicular lesions in the mouth and
on epithelia of the teats and feet. This disease occurs naturally in North
and Central America and in the northern part of South America. The vi-
rus is transmitted mainly by the sand fly (Lutzomyia shannoni), but a
number of other biting insects may also spread the disease. Differential
diagnosis from FMD is difficult through clinical observation alone, ex-
cept that horses are also affected during an outbreak, but examination
of specimens in the laboratory is straightforward.

8
Vaccination

The first vaccine against FMDV relied on formalin-inactivated virus ob-
tained from the tongue epithelium of infected cattle (Waldmann et al,
1937), but was eventually replaced by virus grown in vitro on bovine
tongue epithelial cells (Frenkel 1951). By 1952 all cattle were vaccinated
in the Netherlands by this procedure. This was extended to France and
Germany over the next 10 years, but a much better method of FMDV
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production for vaccination purposes was developed at the Pirbright lab-
oratory, when suspension cultures of BHK cells were found to support
the growth of virus (Mowat and Chapman 1962; Capstick et al. 1965). Fi-
nally, problems with the inactivation of the virus by formalin (King et
al. 1981) were overcome by the introduction of binary ethylene imine
(BEI) as the inactivant (Bahnemann 1975).

Formulation of FMD vaccine has generally employed aqueous alumi-
num hydroxide and saponin as the adjuvant, but alternatively mineral
oil emulsions are employed, and such vaccines are particularly used for
vaccinating pigs, which do not respond well to vaccines based on alumi-
num hydroxide and saponin. With the use of such vaccines FMD was
eventually eradicated from Europe, and vaccination ceased in 1991.

The main reason for stopping vaccination was based on the policy
that vaccinated animals will not be accepted by countries which do not
have the disease, and so their trading value is lost. However the dramatic
UK epidemic of FMD in 2001 has alerted the world to the need for safe,
effective vaccines against FMD virus should there be a recurrence of
such an epidemic.
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Abstract In this chapter the host range of foot-and-mouth disease (FMD) under nat-
ural and experimental conditions is reviewed. The routes and sites of infection, incu-
bation periods and clinical and pathological findings are described and highlighted
in relation to progress in understanding the pathogenesis of FMD.

1
Introduction

Foot-and-mouth disease virus (FMDV) is classified within the Aph-
thovirus genus as a member of the Picornaviridae family (Bachrach



1968; Newman et al. 1973; King et al. 2000; Belsham 1993) and causes a
severe vesicular disease, foot-and-mouth disease (FMD), of cloven-
hoofed animals including domesticated ruminants and pigs and more
than 70 wildlife species (Thomsen 1994).

Seven serotypes of FMDV, causing indistinguishable disease, have
been identified, i.e. types O, A, C, Southern African Territories (SAT) 1,
SAT 2, SAT 3 and Asia 1. Previous infection or vaccination with one se-
rotype will not protect against subsequent infection with another, and
within a serotype divergent strains of the virus may reduce the efficacy
of existing vaccines (Kitching et al. 1989; Kitching 1998). The fact that
FMDV has a wide host range, a high degree of contagiousness, a very
rapid replication rate and multiple transmission routes and may cause a
subclinical, persistent infection in ruminants makes FMD a difficult and
expensive disease to control and eradicate. As a result, FMD is a major
constraint to international trade in livestock and animal products.

FMD is endemic in large areas of Africa, Asia and South America,
and the infection has a remarkable ability to spread over long distances
and to cause epidemics in previously free areas, as seen, for example, in
the 2001 epidemic in the UK, France and the Netherlands and in the out-
breaks in South Korea and Japan in the year 2000 (Knowles et al. 2001b).

We summarise here the current knowledge of the host range and
pathogenesis of FMD.

2
Host Range

With some minor exceptions, FMD affects members of the order Arteri-
odactyla, i.e. all cloven-hoofed animals including domestic and wild ru-
minants and pigs (Thomson 1994). When considering the host range of
FMD it is important to distinguish between animals which (a) play a role
in the natural epidemiology of the disease, (b) may play a role under cer-
tain conditions or cannot be excluded as being an epidemiological risk
and (c) are susceptible to infection, and even may develop disease, un-
der experimental conditions but appear to be without much, if any, im-
portance under field conditions. The animals which under natural con-
ditions are of greatest significance include cattle, pigs and small rumi-
nants (sheep and goats) and, in particular in Asia and South America,
the water buffalo. African buffalo play an important role as the natural
maintenance host in Africa, but other wildlife such as impala and kudu
may also be involved in the natural epidemiology of FMD. Animals
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which may contribute to the transmission of virus under certain condi-
tions or which cannot be excluded as having some risk of transmission
include deer, camels, llamas and alpacas, any animal of the order Arteri-
odactyla and Indian elephants. These animals may be of some signifi-
cance if they get in close contact with livestock, for example when kept
under farmed conditions or in zoos. Consequently, although these spe-
cies do not appear to play an important role in the wild, they have to be
considered as a potential risk, as mentioned above, in particular when
they are kept under farmed or crowded conditions. As listed below, a
large range of other animals may be infected but do not appear to be in-
volved in the natural epidemiology of FMD. Finally, it should be men-
tioned that all animals, even highly resistant animals as for example
horses and carnivores, can mechanically transfer the virus if they be-
come contaminated and are subsequently in close contact with suscepti-
ble livestock.

2.1
Farm Livestock for Food Production

The animals of most significance in the natural epidemiology of FMD
outside Africa are the species which are of major importance in the pro-
duction of food, i.e. cattle, sheep, pigs, goats and other farmed cloven-
hoofed animals. It is from this fact and the effects of the occurrence of
the disease on the economies of those countries with highly developed
agricultural industries that the major significance of FMD is derived.

Detailed descriptions of development of lesions and clinical signs are
given in the paragraphs of this chapter devoted to describing the patho-
genesis of the disease.

2.2
Free-Ranging Game Species

In countries with less well-developed animal production industries the
existence of many species of cloven-hoofed animals has provided the
possibility of reservoirs of infectious virus being established. These free-
ranging species may on occasions come into close proximity, if not di-
rect contact, with domesticated livestock, providing the opportunity for
the transmission of virus and the initiation of an outbreak of the dis-
ease.

In the last 25 years there have been several publications reporting the
incidence of FMD in wildlife as detected by either clinical signs or the
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presence of specific antibodies and the possibility or otherwise of this
infection contributing to the epidemiology of the disease.

The most recent of these papers is a very comprehensive review of
the subject (Thomson et al. 2003). In common with earlier reports it
deals mainly with the infectiveness of the virus for the wildlife of Africa.
Impala (Aepyceros melampus) have frequently been identified as having
been involved in outbreaks of the disease in domestic livestock (Bastos
et al. 2000; Thomson et al. 1984). African buffaloes (Syncerus caffer)
have been recognised as major reservoirs of the SAT-type viruses and
also may be carriers of the virus for several years (Anderson et al. 1979;
Thomson et al. 1984; Condy et al. 1985; Hedger 1972).

In addition to the several species of deer [red, fallow, muntjac, sika
and roe (Cottral and Bachrach 1968; Forman and Gibbs 1974; Forman et
al. 1974; Gibbs et al. 1975a, b)], other species which have been reported
to be susceptible to infection and may prove to be the source of virus in
the origins of outbreaks affecting domestic farm livestock include white-
tailed deer (Odocoileus virginianus, McVicar et al. 1974) and mountain
gazelle (Gazella gazella, Shimshony et al. 1986). As mentioned above,
there is little to indicate that deer play a significant role in the natural
epidemiology of FMD under European conditions, although farmed deer
may be considered a risk as they are kept closely together and possibly
in contact with livestock; however, the possibility exists that free-ranging
deer could play a role under certain circumstances and in other regions
of the world and, for example, the mountain gazelle has been implicated
in Israel (Shimshony et al. 1986). Consequently, when estimating the role
of wildlife in FMD transmission and control, local circumstances clearly
need to be taken into consideration. The water buffalo (Bubalus bubalis),
which is widely used for agricultural operations throughout Asia and in
South American countries, has also been reported as showing typical
clinical disease after contact with infected cattle and subsequently trans-
mitting the disease to goats. Outbreaks of FMD in cattle, sheep and pigs
have been attributed to virus from infected water buffaloes (Dutta et al.
1983; Jerez et al. 1979; Moussa et al. 1979; Afzal et al. 1968).

The results of studies on the susceptibility of camels (Camelus
dromedarius) to infection with FMDV reported by various groups are
somewhat contradictory. The report of Farag and his colleagues (1998)
stated that camels in contact with infected livestock showed no clinical
signs of the disease and that 30 probang samples from camels were neg-
ative. Neither neutralising nor VIA antibodies were detected in these an-
imals. In contrast, Moussa and his colleagues reported the isolation of
FMDV from camels with an ulcerative disease syndrome (Moussa et al.
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1987) and consequently camels may be a risk for transmission of FMD.
Other members of the camelidae such as llamas and alpacas can be in-
fected under experimental conditions; however, they appear to be rela-
tive resistant to infection and retain the virus for less than 14 days
(Fondevila et al. 1995; Puntel et al. 1999).

The two species of elephant, i.e. the African (Loxodonta africana) and
the Asian (Elephas maximus), appear to differ in their susceptibility to
infection with FMDV. There is a report of the disease affecting African
elephants in a circus in Italy (Piragino 1970), but in their natural habitat
African elephants did not become infected when exposed to artificially
infected cohorts or cattle (Howell et al. 1973). Also, there was no sero-
logical evidence for infection in elephants culled in the Kruger National
Park during 30 years of investigations, and consequently the African ele-
phant plays no role in the epidemiology of FMD (Bengis et al. 1984;
Howell et al. 1973; Hedger et al. 1972).

In contrast, the Asian elephant is significantly more sensitive to infec-
tion (Hedger and Brooksby 1976) and the classical serotypes, O, A and
C, together with the Asia 1 serotype have been recorded from outbreaks
in India. Investigations into an outbreak of the disease in elephants used
for ceremonial purposes in Nepal found that the titre of virus recovered
from tongue epithelium tissue was of the order of 106.0 to 108.0 ID50 per
gramme of tissue. The lesions in the mouth and feet of Indian elephants
can be extensive and severe. This may be due to the invasiveness and
virulence of the virus strains occurring in the Indian sub-continent, but
another factor which might be important is that severity of the disease
is to some extent related to the amount of mechanical stress to which
the affected tissues are subjected. In the case of very large animals such
as elephants, the stress on the feet due to the weight of the animal
s car-
case may result in the severity of some of the lesions described.

2.3
Investigations of Possible Vectors of the Disease

After the major epizootic of FMD in the UK in 1967–68 many investiga-
tions were made into the susceptibility of small British mammals to in-
fection with the virus. This work had two main purposes, i.e. the identi-
fication of possible vectors of the virus resulting in a mechanism for the
transmission of infection to farm livestock and also the possibility of
identifying additional species useful in laboratory investigations.

Investigations were undertaken at the Animal Virus Research Insti-
tute, Pirbright into the susceptibility of small British mammals to infec-
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tion with FMDV and shortly thereafter similar investigations were made
with a number of Australian wild animal species. In experiments with
small British wild mammals a range of susceptibility to the virus was
demonstrated by Maureen Capel-Edwards (Capel-Edwards 1967, 1969,
1970, 1971a, b). This work can be summarised as follows:

1. Myocastor coypus (the coypu) was susceptible to FMD infection by in-
oculation and by contact with diseased cattle. The coypu may be con-
sidered in epidemiological surveys, although there is at present nothing
to suggest that it has played any significant role in the natural epidemi-
ology of FMD.

2. Sciurus carolinensis (the grey squirrel) was only of low-grade suscepti-
bility, and it was unlikely that it would have any epidemiological signifi-
cance.

3. Arvicola amphibius amphibius (the water vole) was very susceptible to
FMD, the disease being lethal in the majority of these animals. There
was also some evidence of sub-clinical infection in a contact animal. It
is possible that these animals under certain conditions may play a part
in the dissemination of the virus, although again, nothing suggests a
significant role.

4. Talpa europa (the mole) was very susceptible to inoculation of the vi-
rus. However, the disease was uniformly and rapidly fatal, which would
probably limit the epidemiological significance of this species.

5. Rattus norvegicus (the brown rat) was shown to be susceptible to virus
inoculation and, moreover, continued to excrete the virus for several
months. Contact rats and those fed with virus did not develop clinical
signs but appeared to continue to excrete virus for several months;
however, the pattern of detection of virus in the samples in the study
appears to be somewhat erratic and may have been caused by particular
circumstances in the experiments, e.g. the particular guinea-pig-adapt-
ed virus used in the experiments. The ability of this species to migrate
considerable distances under pressure suggested that these animals
could play a significant role in the epidemiology of the disease. Conse-
quently, rodent control is considered to be an important component of
efficient control of FMD in case of an epidemic. However, there is noth-
ing to suggest that rodents can maintain the disease or are a significant
risk of causing recrudescence when the infection is eradicated in do-
mestic livestock.

Investigations at Pirbright with small wild Australian species showed
that, although viraemia was detected in some of the wombats, possums,
rat-kangaroos, bandicoots, water rats, echidnas and wild rabbits, infec-
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tion was very mild in the small marsupials as clinical signs were very
rare, but some of them did develop antibodies. However, a large species
of marsupial, the tree kangaroo (Dendrolagus matschiei) did develop
tongue lesions (Snowdon 1968). Consequently, among Australian wildlife
there may be species constituting a substantial epidemiological risk if
the disease was introduced; however, the actual risk cannot be predicted
clearly on the basis of these experiments alone, as many species which
are susceptible under experimental conditions, as mentioned above, of-
ten have no or only minor epidemiological significance under natural
conditions in the field.

Apart from the species mentioned above, a large range of other spe-
cies have been infected under experimental conditions. These include
mice, guinea-pigs, rabbits and even cats, dogs, mink, monkeys, snakes,
birds, chickens and embryonated eggs (Skinner 1954; Cottral and Ba-
chrach 1968; Hyslop 1970; Sarhu and Dardiri 1979). However, in the case
of, for example, mice, a useful laboratory model for FMD studies, the
susceptibility is highly dependent on age (only very young mice being
susceptible) and the genotype of the strain of mice (Skinner 1951, 1952,
1953; Bachrach 1968) and, moreover, the virus has to be directly injected
into the animal and does not produce vesicles but rather infection and
necrosis of the skeletal muscles (Platt 1956). Furthermore, infection of
the species mentioned above, in particular, guinea-pigs (Henderson,
1949), rabbits and eggs, require multiple passage of the virus to adapt
the virus to the new host. Consequently, infection of these species is pos-
sible but is not likely to play any role under field conditions as it re-
quires forced passage of high doses leading to adaptation to the new
species but often the virus is then less fit for the original host. The exact
nature of adaptation is not known but is likely to require changes in the
specificity of receptor binding as well as in specific virus-cell interac-
tions. Sequence studies of mouse-, rabbit- and egg-passaged FMDV indi-
cate that sequences in the 3A gene may be involved, and this gene has
also been implicated in certain strains of FMDV with high virulence for
pigs but low or no virulence for cattle (Dunn and Donaldson 1997; Beard
and Mason 2000; Knowles et al. 2001a; Nick Knowles, personal commu-
nication).

Hedgehogs have long been given a special status in regard to suscep-
tibility and possible risk in FMD transmission. This is because the
hedgehog is highly susceptible to experimental infection, can transmit
the infection to other hedgehogs or livestock and appears to excrete the
virus in its breath when infected. Although there is a report describing
lesions and isolation of FMDV from hedgehogs under field conditions
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(McLauchlan and Henderson 1947), hedgehogs appear to play no or only
a very minor role in the epidemiology of FMD. Nevertheless, during an
epidemic it would probably be wise to exclude the access of hedgehogs
to susceptible livestock.

2.4
Foot-and-Mouth Disease in Humans

There have been many references in the scientific literature in the past
to the occurrence of FMD in humans. In the vast majority of these cases
the appearance of blisters or vesicular lesions has been due to the effect
of other agents—including viruses, e.g. some of the coxsackie A viruses
(i.e. human enteroviruses in the Picornaviridae family) are capable of
causing the condition described as “hand, foot and mouth disease”. Nev-
ertheless, there have been several reports of clinical signs of disease in
humans after the ingestion of untreated milk from infected cattle, or re-
sulting from coming in close contact with diseased animals. Clearly, to
authenticate true infection of an unnatural species such as humans, the
requirements of Koch
s postulates have to be satisfied, which involves
the isolation of the causal agent and its subsequent identification, its
successful transmission to another known susceptible species and the
demonstration of specific serological evidence in the original infected
individual. Unfortunately, most of the reports of FMD in human lack
this authentication and may not necessarily have been caused by FMDV
infection.

One more recent case, in which FMDV has been properly identified
(Armstrong et al. 1967), relates to the infection of an agricultural ma-
chinery salesman, who during the outbreaks of the disease which oc-
curred in Northumberland in 1966 developed the clinical signs of the
disease. He lived with his brother on a farm which was affected and con-
sumed milk from one of the cows which later showed signs of the dis-
ease. Vesicular lesions developed in his mouth and hands and between
some of his toes. Lesion material (epithelium) was collected, and during
investigations at the Animal Virus Research Institute, Pirbright, virus of
the serotype O was recovered and shown to be similar to that causing
the outbreak on the farm. Subsequently it was also found that serum col-
lected at 30 days after infection had high-titre type O antibody but was
negative when tested against types A and C. There was therefore no
doubt that this man had been infected by FMDV. In the UK 2001 FMD
epidemic in which 2,030 outbreaks occurred among livestock, none of
the 15 suspected cases in humans was positive for FMDV by reverse
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transcription-polymerase chain reaction (RT-PCR) analysis (Turbitt
2001).

As a conclusion, it has to be emphasised that infection of humans
with FMDV is an extremely rare event, and where it does occur the re-
sults have only mild and transient consequences (Bauer 1997; Donaldson
and Knowles 2001), and thus human infection does not appear to have
any significant role in the natural epidemiology of FMD. However, peo-
ple often play a significant role in passive transfer of the virus from in-
fected animals or contaminated surfaces to susceptible animals, and
may even passively carry the virus in the respiratory tract for a day or
more (Sellers et al. 1970), and this is important to take into considera-
tion in control programmes.

3
Clinical Signs of the Disease and Pathogenesis

Under field conditions susceptible animals may be infected by FMDV as
a result of direct or indirect contact with infected animals or an infected
environment. When animals are close together the transfer of airborne
droplets and droplet nuclei (aerosols) from the breath of infected ani-
mals to the respiratory tract of recipient animals is probably the most
common form of transmission, although the virus may also gain entry
into a susceptible host through damaged integument. Long-range air-
borne transmission of virus is an uncommon, but under certain condi-
tions important, route of infection and requires the chance combination
of particular factors, including the animal species, the number of the ex-
creting and inhaling animals and favourable topographical and meteoro-
logical conditions.

3.1
Routes of Infection

Most of our understanding of the routes of infection derives from exper-
imental studies in animals infected with FMDV by simulated natural
methods (by direct or indirect contact with infected animals, contami-
nated products or fomites or by exposure to virus aerosols from infected
animals) or in animals infected by artificial methods, including direct
injection of virus. From these studies the minimum infective doses for
the main livestock species infected by different routes can be estimated.
Such values are not absolute but only indicative, as the statistical signifi-
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cance of the estimates is less than optimal because of the practical con-
straints on such studies (a limited number of animals, virus strains and
other variables studied) and because the various methods used for esti-
mating the dose cannot be directly compared.

The most common and efficient mechanism of spread of FMD is by
direct contact, which, as mentioned above, may be initiated by the depo-
sition of droplets or droplet nuclei (aerosols) in the respiratory tract or
by mechanical transfer of virus from infected to susceptible animals and
subsequent virus entry through cuts or abrasions in the skin or mu-
cosae. The intact cornified (keratinised) epidermis provides good pro-
tection against virus entry, but pre-existing damage to the intact integu-
ment predisposes to direct infection. Consequently contact transmis-
sion, especially in pigs, which are quite resistant to aerosol inhalation
(Alexandersen and Donaldson 2002; Alexandersen et al. 2002a), may be
enhanced by physical contact with infected excretions or secretions con-
taining large amounts of FMDV. Transmission of virus may also occur
indirectly, via any contaminated surface or product, i.e. contaminated
personnel, vehicles and all fomites. Farming or disease control activities,
such as shearing or de-worming or clinical examination and blood sam-
pling procedures commonly done during FMD epidemics, greatly in-
crease the risk of indirect spread of the virus by increasing the contact
rates and by facilitating virus entry through traumatized epidermis.

Direct entry of the virus into superficial epithelia or into the body
through pre-existing damage is often simulated in experimental studies.
Transmission by this route has occasionally been incriminated in iatro-
genic disease due to the use of contaminated instruments (e.g. needles)
or medicines, e.g. injection of FMDV-contaminated pituitary extract and
FMD vaccines containing live virus when sub-optimal inactivants were
used (Beck and Strohmaier 1987). Intradermal/subdermal injection of
virus into the tongue, coronary bands or heel bulbs in cattle, sheep and
pigs, respectively, or application of a suspension of virus to damaged
(scarified) skin, targets the highly susceptible epithelial regions (Hen-
derson 1949, 1952; Burrows 1966b, 1968b) and simulates natural infec-
tion through damaged skin by overcoming the normal protective effect
of the intact integument. The dose to establish infection by this route
may be as low as 100 tissue culture 50% infective doses (TCID50) or less
(Sellers 1971); in comparison a single infected animal may excrete as
much as 1014 TCID50 in a single day (Alexandersen et al. 2003c). Experi-
mental exposure of the surface of the tongue of cattle to more than
107 infectious units for 10 min only led to FMD if the cornified epitheli-
um of the tongue was first damaged by scratching with a needle (Cottral
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et al. 1965), indicating, as already discussed, that direct entry into the
epithelia may be an important route of natural transmission in animals
with pre-existing lesions due to trauma or intercurrent disease. Direct
entry of the virus into the circulation, as simulated by intravenous inoc-
ulation, also results in infection, but this method appears less efficient
and more variable than the routes described above targeting epithelia
(Henderson 1952). Intramuscular inoculation is relatively inefficient and
requires a dose of 104 TCID50 or more (Burrows et al. 1981; Donaldson
et al. 1984).

Several recent outbreaks of FMD have been linked to the entry of vi-
rus in contaminated material which has subsequently been fed to ani-
mals. For example, the South Africa 2000 and UK 2001 epidemics have
been ascribed to the feeding of unheated waste food to pigs (Knowles et
al. 2001b; Alexandersen et al. 2003a). Experimental infections by the oral
route have indicated that the dose for pigs and ruminants is 104–105 and
105–106 TCID50, respectively (Sellers 1971), but it is conceivable that
abrasions or other damage to the epithelium of the mouth, for example
caused by pointed bits and pieces of e.g. bone commonly present in
waste food, may facilitate oral infection, reduce the dose required to in-
fect individual animals and significantly increase the risk of infection by
contaminated waste food.

Under specific epidemiological, climatic and meteorological condi-
tions, short-distance aerosol transmission, which as mentioned above is
a highly efficient route of infection of ruminants, may be extended to
airborne transmission over a significant distance. This is particularly a
risk when large numbers of pigs are infected because pigs excrete large
quantities of airborne virus (up to 105.6–108.6 TCID50 per pig per day),
whereas ruminants excrete less virus in their breath (104–105 TCID50 per
day) but, in contrast to pigs, are highly susceptible to infection by in-
haled virus (Sellers and Parker 1969; Donaldson et al. 1970, 1982a; Don-
aldson and Ferris 1980; Alexandersen and Donaldson 2002; Alexander-
sen et al. 2002a). It has been established that ruminants can be infected
experimentally by airborne exposure to only 10 TCID50, whereas to in-
fect pigs by this route more than 103 TCID50 are required and infection
only occurs if virus is delivered at a high concentration (Donaldson et
al. 1970; Donaldson and Ferris 1980; Donaldson 1986; Gibson and Don-
aldson 1986; Donaldson et al. 1987; Donaldson and Alexandersen 2001;
Alexandersen and Donaldson 2002; Alexandersen et al. 2002a). There-
fore, most often the pattern of airborne spread of FMD is from pigs to
cattle and sheep downwind. Because cattle are larger than sheep, they in-
hale more air in a given time and are therefore likely to be more readily
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infected than sheep by the airborne route. FMDV isolates vary in the
amount of virus released in the breath of infected animals, and conse-
quently the distance over which airborne spread can occur is likely to
be dependent on the isolate of FMDV involved in a specific outbreak. On
the current knowledge and computer simulation, it has been estimated
that some isolates, for example, the type O UK 2001 strain, are unlikely
to be spread more than up to 20 km by the wind even when the meteo-
rological conditions are optimal for spread and many infected pigs pro-
vide the source (Donaldson et al. 2001; Alexandersen and Donaldson
2002; Donaldson and Alexandersen 2002). However, some isolates, e.g.
FMDV C Noville, may have the potential for spread up to 300 km by the
wind (Gloster et al. 1981, 1982; Donaldson et al. 1982a,b; Sorensen et al.
2000, 2001). Long-distance airborne spread is only likely to occur when
the infectivity and concentration of virus in the plume are relatively sta-
ble because of the specific climatic and topographical conditions, i.e. a
relative humidity above 55% and minimal mixing of the air. Mixing of
air may occur from the turbulence following passage of wind over hills,
trees or buildings. Conditions favourable to transmission occur under a
continuous steady or slight wind, cloud cover and a level topography
such as the passage of the plume over, e.g. large tracts of water (Donald-
son et al. 2001; Alexandersen and Donaldson 2002; Donaldson and
Alexandersen 2002). Aerosols from infected animals contain large, medi-
um and small particles excreted as droplets and droplet nuclei in the
breath. For FMDV-infected animals it is a significant characteristic that
a large proportion (30%–65%) of the excreted airborne infectivity is as-
sociated with small to medium-sized particles (<6-�m diameter). When
inhaled by recipient animals, large particles will be deposited mainly in
the nares whereas medium-sized and small particles will be deposited in
the pharynx, trachea and bronchi and in the small bronchioles and
bronchiolar-alveolar junction, respectively (Hatch and Gross 1964; Sell-
ers and Parker 1969; Donaldson et al. 1970, 1987; Donaldson and Ferris
1980; Alexandersen, unpublished data). Larger droplets will tend to sedi-
ment rapidly, and although turbulence may keep them suspended longer,
such turbulence will also significantly dilute the effective concentration
of virus by mixing and consequently large droplets mainly play a role
for short-distance spread. However, particles of less than 6-�m diameter
will not be affected much by gravity and therefore can be transported
over long distances (Gloster et al. 1981) and, as described above, are
most likely to be deposited in the upper and middle regions of the respi-
ratory tract. Particles landing in the nares as well as in trachea and
bronchi will be taken towards the pharynx by the muco-ciliary escalator
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and thereby concentrate the virus in the pharynx, a site of entry and ear-
ly replication of FMDV. Thus, in particular, ruminants are highly suscep-
tible to aerosol infection because the virus is concentrated in the pha-
ryngeal region, which is highly susceptible to infection. If FMDV is given
as a liquid inoculum directly into the nares instead of as a natural aero-
sol, ruminants may still be infected but the dose is much larger than that
for aerosol infection, i.e. around 104–105 TCID50 (McVicar and Sut-
moller 1976). As for the airborne route of infection, the site of virus en-
try is probably the pharynx (McVicar and Sutmoller 1976); however,
only a fraction of the dose is likely to reach the pharynx, which may ex-
plain the relatively high dose needed by this route although, as men-
tioned above, it is possible that infection by this route could also be fa-
cilitated by pre-existing epithelial damage.

3.2
Primary and Secondary Sites of Infection

As mentioned above, the pharyngeal area is the usual primary site of in-
fection except when the virus directly enters into the cornified epithelia
or the circulation by damage to the intact integument (Garland 1974;
McVicar and Sutmoller 1976; Burrows et al. 1981). In contact- or aero-
sol-exposed animals, virus may be demonstrated in the pharynx for 1 to
3 days before a viraemia or clinical disease can be detected (Burrows
1968a; McVicar and Sutmoller 1976; Burrows et al. 1981; Alexandersen
et al. 2002b and c; Zhang and Alexandersen, unpublished data; Garland,
unpublished data). The dorsal surface of the soft palate and the adjacent
nasopharynx are sites of particular significance for initial virus entry
and replication as demonstrated originally by probang sampling and
subsequently by in situ hybridisation and “real-time” RT-PCR (Murphy
et al. 1999; Zhang and Kitching 2000, 2001; Alexandersen et al. 2001;
Oleksiewicz et al. 2001; Zhang and Alexandersen, unpublished data).
The tonsillar area may also play a significant role in the initial infection,
in particular in sheep (Burrows 1968b), probably because the epithelium
covering part of the tonsil may also be of a transitional type and because
in sheep the tonsils are located immediately adjacent to the dorsal soft
palate, resulting in physical contact.

The epithelial cells in the pharyngeal region play a special role in pri-
mary infection. Most of the oral cavity is covered by cornified/kera-
tinised (i.e. having a layer of dead cells at the surface) stratified squa-
mous epithelia, whereas the anatomical regions mentioned above, i.e.
the dorsal soft palate, the roof of the pharynx and part of the tonsil, are
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covered by a special non-cornified, stratified squamous epithelia and
therefore, in contrast to intact cornified epithelia, have live cells exposed
on the surface and consequently may allow easy access, and, provided
the right receptors are present, efficient virus entry. FMDV entry into
cells in vivo is believed to involve attachment of the RGD loop of VP1 on
the viral capsid to host integrins such as avb6, avb3, avb5 or avb1 on
the surface of target cells (McKenna et al. 1995; Rieder et al. 1994, 1996;
Jackson et al. 1997, 2000a and b, 2002; Sa-Carvalho et al. 1997; Neff et al.
1998, 2000). Little is known about the relevance of the FMDV receptors
in relation to host range, target cells or persistence. Although it may ap-
pear likely that the receptor(s) would be an important determinant of
host range, the above-mentioned studies have in several instances used
human or non-livestock genes apparently allowing efficient entry and
replication of FMDV. Consequently, it may be possible that other host
factors are important for efficient replication of FMDV in vivo and that
the presence of appropriate receptors on a cell is in itself not sufficient
to allow replication of FMDV.

After initial replication in the pharynx, or in the skin if the virus has
entered directly through damaged integument, virus is spread through
regional lymph nodes (Henderson 1948) and into the circulation (Bur-
rows 1968a; McVicar and Sutmoller 1976; Burrows et al. 1981; Alexan-
dersen et al. 2002b and c; Zhang and Alexandersen, unpublished data;
Garland, unpublished data). This can be detected as a plasma/serum-as-
sociated viraemia usually lasting for 4–5 days (Cottral and Bachrach
1968; Alexandersen et al. 2002c; Alexandersen et al. 2003b; Garland, un-
published data), resulting in seeding of secondary sites and multiple cy-
cles of viral replication and spread, in particular in the cornified epithe-
lia of skin, tongue and mouth where the main viral amplification occurs
(Oleksiewicz et al. 2001; Alexandersen et al. 2001; Hess et al. 1967; Bur-
rows et al. 1981; Zhang and Alexandersen, unpublished data). Although
vesicular epithelia clearly contain the highest concentration of virus, ap-
parently normal skin, both hairy and hairless, also contains significant
amounts (Alexandersen et al. 2001). Experimental studies suggest that
lymph nodes as well as lymphocytes and macrophages (including alveo-
lar macrophages) play little or no part in FMDV replication and that any
virus present in lymphoid organs is produced elsewhere, i.e. the epithe-
lia of the pharynx, mouth and skin (Cottral et al. 1963; Burrows et al.
1981; Alexandersen et al. unpublished data).
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3.3
Virus Clearance or Persistence

The host reaction, in particular antibody production, can be detected
from 3–4 days after the first clinical signs and is usually sufficient to
clear the virus, except in carrier ruminants which develop a persistent
infection of the pharyngeal region. Immunity to FMDV is primarily me-
diated by circulating antibodies which are highly efficient in clearing vi-
rus from the circulation. However, clearance of virus from surfaces such
as the nasal and oral surfaces is less efficient and, similarly, virus may
remain at detectable levels in epithelium for up to 10–14 days (Oliver et
al. 1988). Clearance from the oesophageal-pharyngeal (OP) region is
even less efficient, even in animals that do not develop the carrier state,
and although recovery from infection and protection from disease by in-
activated vaccines or passively transferred antibodies are correlated with
the concentration of circulating antibodies, these antibodies do not effi-
ciently protect against local pharyngeal infection and ruminants may de-
velop a persistent infection at this site (Brown and Cartwright 1960;
Hess et al. 1967; McVicar and Sutmoller 1969b, 1974, 1976; Francis and
Black 1983; Francis et al. 1983; Black et al. 1984; Hamblin et al. 1987;
McCullough et al. 1992; Aggarwal et al. 2002; Alexandersen et al. 2002b).
This concept of FMDV carrier animals was initially based on field expe-
rience but was confirmed when van Bekkum et al. (1959a and b) showed
infectious virus in the “saliva” (OP fluid) in some recovered cattle for
many weeks after infection. A carrier of FMDV is defined as an animal
from which virus can be detected for at least 28 days after infection (Sut-
moller and Gaggero 1965; Burrows 1966a; Sutmoller et al. 1968). Carriers
have been found in a proportion of infected cattle, sheep and goats,
whereas pigs appear to efficiently clear FMDV infection in 3–4 weeks or
less and so do not become carriers (see Salt 1998; Alexandersen et al.
2002b).

A proportion of ruminant animals exposed to FMDV become carriers,
irrespective of whether they are fully susceptible or protected from dis-
ease as a result of vaccination or recovery from infection; the percentage
of animals which become carriers under experimental conditions is vari-
able but averages 50%. The infectivity titre of virus in OP samples from
carriers is usually low, virus recovery is intermittent and the titre de-
clines over time. The animal species and the specific strain of FMDVare
determinants in the development and duration of the carrier state. The
maximum reported duration of the carrier state in different species is as
follows: cattle, 3.5 years; sheep, 9 months; goat, 4 months; African buffa-
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lo, 5 years (Hedger 1972; Thomson et al. 1984; Condy et al. 1985; Hedger
and Condy 1985; Alexandersen et al. 2002b). Other cloven-hoofed wild-
life species, including deer and impala, which may become acutely in-
fected, do not become carriers or only do so for a relatively short period
and are therefore unlikely to play an important epidemiological role as
carriers (McVicar and Sutmoller 1969a; Hedger et al. 1972; McVicar et
al. 1974; Gibbs et al. 1975a, b; Thomson et al. 1984; Bastos et al. 2000).
Information on the water buffalo is very limited; a single experimental
study from Egypt suggested a carrier state lasting at least 6 weeks
(Moussa et al. 1979). Naturally, the presence of a symptomless FMDV
carrier state has contributed significantly to the severe trade implica-
tions of FMD.

3.4
Incubation Periods

The incubation period for FMD depends to a high degree on the dose of
virus received and on also the route of transmission, the specific strain
of FMDVand the animal species and husbandry conditions and is there-
fore highly variable (Alexandersen et al. 2003a, b, c). The range of incu-
bation periods for farm-to-farm spread by indirect contact is normally
4–14 days, and this is also taken as the expected range for farm-to-farm
airborne spread (Sellers and Forman 1973). For farm-to-farm spread re-
sulting from direct contact with an infected animal the incubation peri-
od may range from 2 to 14 days, and this is also often the case for on-
farm spread (Garland and Donaldson 1990), although it typically is 2–
6 days and may be only 1 day, especially under high-challenge condi-
tions and depending on the degree of contact (Alexandersen et al. 2002c;
Alexandersen et al. 2003b; Garland, unpublished data; Alexandersen et
al. unpublished data). Under field conditions the dose and intensity of
FMDV contact are influenced by a number of factors, including in par-
ticular the stocking density, animals being outside or housed and, if
housed, the extent of ventilation. Handling of the animals, especially in
and around the mouth and nares as associated with examination by vet-
erinarians, when farmers or livestock dealers examine animals on farms
or at markets or when gathering of livestock for shearing, dipping, de-
worming, vaccination, transport, marketing, etc. will also accelerate the
rate of spread of virus on an infected premises and shorten the incuba-
tion period.
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3.5
Clinical Signs

This section describes the clinical signs of FMD; however, it should be
emphasised that the clinical diagnosis of FMD may sometimes be diffi-
cult, for example, in small ruminants in which clinical signs are often
mild (Callens et al. 1998; Barnett and Cox 1999; Donaldson and Sellers
2000; Alexandersen et al. 2002c; Hughes et al. 2002). In addition, partic-
ular strains of FMDV may be of low virulence for some species and
highly virulent for others (Donaldson 1998) and other viral vesicular
diseases, such as swine vesicular disease, vesicular stomatitis and vesi-
virus infection, cannot be easily distinguished from FMD solely on the
basis of clinical findings. Consequently, a definitive diagnosis of FMD
requires laboratory confirmation.

FMD is an acute febrile disease characterised by the formation of ves-
icles in and around the mouth and on the feet. Lameness and inappe-
tence are also often characteristic features. Lesions may initially be ob-
served as blanched areas, which subsequently develop into vesicles at
sites of local irritation or abrasion. Consequently, lesions are most often
observed in and around the mouth and on the feet but may also be seen
on the snout or muzzle, teats, mammary gland, prepuce, vulva and other
sites of the skin and mucosae. Animals kept outside on soft ground or
inside on soft bedding are less likely to develop severe foot lesions and
show obvious lameness. Clinical disease is usually severe in pigs, charac-
terised by severe vesicular lesions affecting the coronary band, the bulb
of the heel and the interdigital space (Fig. 1) but sometimes also includ-
ing the dorsal and rostral surface of the snout, accessory digits and pres-
sure points on knees, hocks and elsewhere (Kitching and Alexandersen
2002). The clinical signs in cattle are most often obvious and include the
drooling of saliva and rather severe vesicular mouth lesions (Fig. 2);
however, lesions may also be seen on the feet (interdigital space, bulb of
the heel and the coronary band) and elsewhere. In sheep and goats the
signs are usually rather mild and tend to be characterised by superficial
lesions (Fig. 3) that heal rapidly (Donaldson and Sellers 2000). Lesions
in the mouth of large and, to a lesser extent, small ruminants are most
often seen on the dental pad and the dorsum of the tongue but may also
be seen on the lips, gums and cheeks and sometimes on the hard palate.
In pigs, lesions in the mouth are not always a consistent finding and
when present such lesions are most often located either far back on the
dorsum or as tiny lesions at the tip of the tongue. The rupture of vesi-
cles, especially on the feet or teats, may predispose the affected areas to
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Fig. 2A–C FMD in cattle. A Excess salivation (drooling) is obvious. B Just ruptured
vesicle on the tongue. C Severe erosions on the dental pad and gums. The pictures
were taken in the field during the UK 2001 type O FMD epidemic and are courtesy
of DEFRA, Animal Health Office, Carlisle, UK

Fig. 1 A–C FMD generalized lesions in pigs 3–5 days after exposure to pigs inoculated
with FMDV O1 Lausanne. Unruptured vesicles are evident along the coronary bands.
C Lesion on the snout of a pig inoculated with FMDVO UK 2001

t
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secondary infections, but lameness following rupture of foot lesions is
less obvious. Virus strains may differ in their virulence for different spe-
cies. For example, the O Taiwan 1997 strain caused severe lesions in pigs,
but no cases were seen in ruminants (Dunn and Donaldson 1997). The
marker for the severe virulence of the O Taiwan 1997 strain for pigs and
the absence of virulence for cattle is associated with changes in the 3A
gene of the virus (Knowles et al. 2001a). Virulence of FMDV strains may
also vary between breeds of animal and sometimes within a breed, prob-
ably because of genetic or physiological factors.

3.6
Pathology

Very early lesions are only detectable by microscopical examination
(Gailiunas 1968; Yilma 1980), and it is characteristic that even apparent-
ly normal skin with no macroscopical or histopathological changes may
contain significant amounts of virus (Alexandersen et al. 2001). The first
histopathological changes can be observed in the cornified, stratified
squamous epithelium and are characterised by ballooning degeneration
and increased cytoplasmic, eosinophilic staining of the cells in the stra-
tum spinosum and the onset of intercellular oedema within the dermis
(Fig. 4). This is followed by necrosis and subsequent mononuclear cell
and granulocyte infiltration; the lesions, now macroscopically visible,
develop into vesicles by separation of the epithelium from the underly-
ing tissue and filling of the cavity with vesicular fluid (Fig. 4). In some
cases vesicular fluid production may be high and the vesicles large; in
other cases the amount of fluid may be limited and the epithelium un-
dergoes necrosis or is torn off by physical trauma without the formation
of a conspicuous vesicle. This variability is likely due to a combination
of the virulence of the specific strain of FMDV, the thickness of the skin
affected and the husbandry conditions as these affect the physical stress
on the skin. It should also be noted that ruptured lesions are sometimes
seen on the pillars of the rumen.

Fig. 3 A–C FMD generalized lesions in sheep infected with FMDV O1 BFS 1860. A An
unruptured vesicle can be observed on the dental pad; however, such lesions rupture
early (B), leaving shallow erosions which heal within a few days. C Ruptured vesicle
in the interdigital area

t
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Mortality in young animals, in particular lambs and piglets, may be
due to acute myocarditis. Macroscopical examination of the heart in
these cases often reveals a soft, not well-contracted, heart with white-
greyish spots or stripes (so-called tiger heart) mainly in the left ventricle
and interventricular septum. Often there is an absence of vesicular le-
sions at the normal predeliction sites in the skin and mucosae, and in
hyper-acute cases there may not even be obvious macroscopic lesions in
the heart. However, virus can usually be isolated from the myocardium
or from the blood and a lympho-histiocytic myocarditis with hyaline
degeneration, necrosis of myocytes and infiltration with mononuclear
cells can be observed by histopathological examination (Donaldson et
al. 1984). Occasionally, the skeletal muscles may also be affected. No le-
sions can be observed in the myocardium or skeletal muscles of older
animals, and virus appears not to replicate in such sites except in young
animals (Alexandersen et al., unpublished data). The significance of
acute myocarditis in the spread of FMD has not been studied in detail.
Death usually occurs rapidly and before the development of vesicular le-
sions; however, FMDV replication levels are significant in the heart, and
it appears plausible that a significant viraemia occurs (Donaldson et al.
1984) and that virus particles are therefore likely to be excreted in
breath, saliva, nasal fluid and other excretions and secretions. FMD may
also cause abortion in pregnant animals; however, the precipitating fac-

Fig. 4A–D Formalin-fixed, paraffin wax-embedded sections of tissue from pigs inoc-
ulated with FMDV O Taiwan 1997 in the heel pad of a left fore foot. A Section of
tongue 3 days after inoculation. Early vesicular lesions were evident on all four feet
and the tongue; however, the area of the tongue shown had no obvious macroscopi-
cal lesions. Early microscopical lesions can be seen as microvesicles in the stratum
spinosum between and above the papillae. HE, x100. B The same section as A but at
a higher magnification. An early microscopical lesion (microvesicle) can be ob-
served (arrow) as a small area of swollen cells with an eosinophilic cytoplasm in the
stratum spinosum of the epithelium and a beginning separation and vesicle forma-
tion along the basement membrane just sparing the basal cell layer (arrowhead). HE,
x200. C Section of skin from the coronary band of a hind foot at day 3 after inocula-
tion. The tissue was taken at the edge of a macroscopically visible, early vesicular le-
sion. Swollen cells with eosinophilic cytoplasm are seen (arrow) in the stratum spi-
nosum, probably representing early acute cytopathological changes. HE, x400. D
The same section of skin as that shown in Fig. 3B, but taken at a lower magnification
and including the macrocopically visible lesion. Early cellular cytopathology, cell in-
filtration and vesicle formation are obvious. HE, x200

t
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tors and specific mechanisms involved have not been determined for the
various livestock species.

3.7
Mechanisms of Disease

Although the temporal development and appearance of lesions and acute
clinical disease are well described, little is actually known about the
mechanisms responsible for the severity of the clinical signs. FMD is
usually clinically severe in pigs and cattle, but the severity of the disease
is not always correlated to the severity or magnitude of vesicular lesions
and, in addition, another vesicular virus infection, infection with swine
vesicular disease virus (SVDV), causes very similar or identical vesicular
lesions in pigs but, in contrast to FMDV, only mild or moderate other
clinical signs. Therefore, it appears likely that the FMDV infection in-
duces a general pro-inflammatory reaction leading to additional severe
clinical signs, in particular general dullness, inappetence, inability to
regulate or maintain body temperature, and in severe cases, death. These
aspects of FMD are thought to result from virus-host interactions out-
side the direct acute cytopathogenic effect of the virus on infected cells
and may include cell death (releasing “danger signals”), virus-antibody
immune complex formation, complement activation and the production
and release of pro-inflammatory and antiviral cytokines, prostaglandins
and acute-phase proteins. Cell-free viraemia is usually high in FMD-af-
fected animals and much higher than, for example, in SVDV-infected
pigs, and as the initial decrease in viraemia and development of antibod-
ies appears to correlate with the peak of severe clinical disease (Alexan-
dersen et al., unpublished data) we hypothesise that virus-antibody im-
mune complexes may trigger a pro-inflammatory cascade. Studies on
the acute-phase protein haptoglobin in FMDV-infected cattle (Hofner et
al. 1994) indicated that this acute-phase protein is elevated when vi-
raemia and clinical signs become evident, suggesting that the inflamma-
tory response is indeed activated. We have preliminary data indicating
that FMDV infection results in increased concentrations of circulating
haptoglobin in pigs and in a complex induction and inhibition of pro-
inflammatory and antiviral mRNAs (Murphy, Ahmed, Zhang and
Alexandersen, unpublished data).
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4
Conclusions

FMD is an important, highly contagious, acute vesicular disease of live-
stock that can spread very rapidly and affect both domesticated and wild
ruminants and pigs. Acute clinical signs may be mild in sheep and goats
but are usually associated with severe lameness in pigs and obvious
mouth lesions in cattle. FMDV can cause persistent infection in rumi-
nants, so-called carriers, both in ruminants recovered from the acute in-
fection and in vaccinated ruminants if these are subsequently exposed to
infectious virus. Much remains to be done to increase our understand-
ing of the determinants specifying host range and mechanisms of patho-
genesis.
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Abstract Foot-and-mouth disease virus (FMDV) RNA is infectious. After delivery of
the RNA (about 8.3 kb) into the cytoplasm of a cell, the RNA must initially be trans-
lated to produce the viral proteins required for RNA replication and for the packag-
ing of the RNA into new virions. Subsequently there has to be a switch in the func-
tion of the RNA; translation has to be stopped to permit RNA replication. The sig-
nals required for the control of the different roles of viral RNA must be included
within the viral RNA sequence. Many cellular proteins interact with the viral RNA
and probably also with the virus-encoded proteins. The functions of different RNA
elements within the viral RNA and the various virus-encoded proteins in determin-
ing the efficiency of virus replication are discussed. Unique aspects of FMDV RNA
translation and replication are emphasised.



1
Introduction

Foot-and-mouth disease virus (FMDV) is a member of the picornavirus
family. The picornaviruses are currently divided into nine genera; FMDV
is the prototype aphthovirus. Other well-known picornaviruses include
poliovirus (PV, an enterovirus), human rhinoviruses and encephalomyo-
carditis virus (EMCV, a cardiovirus). Picornavirus particles are roughly
spherical (about 30 nm in diameter) and are comprised of 60 copies of 4
different virus-encoded capsid proteins, VP1 (1D), VP2 (1B), VP3 (1C)
and VP4 (1A) together with a single copy of the viral RNA genome (see
Fig. 1). Each picornavirus has a single-stranded RNA genome of positive
polarity (about 8 kb in length) and the genomic RNA is infectious (see,
e.g. Belsham and Bostock 1988). The virus particle serves to deliver just
the virus genome into the cytoplasm of a cell. It follows that the first step
in the replication of the virus is the translation of the viral RNA to pro-
duce each of the virus-encoded proteins. These proteins are required for
viral RNA replication and for the production of new virus particles
which are able to initiate a fresh cycle of infection. Some of the viral pro-
teins also modify the functions of the host cell in which the virus is
replicating. These changes serve to block host-defense mechanisms and/
or to facilitate the replication of the virus.

Because viruses use the host-cell machinery, it is apparent that there
must be many interactions between host cell proteins and the viral pro-
teins and RNA. Some of these interactions are well characterised, but
many others remain to be identified. These interactions undoubtedly
play an important role in determining which cell types are efficiently in-
fected by the virus and hence the outcome of the infection in terms of
disease. This chapter describes features of the viral RNA and the pro-
teins it encodes which influence the replication of the virus.

Fig. 1 Genome organisation of FMDV. The non-coding and coding regions of FMDV
RNA are indicated. The single large open reading frame encodes a polyprotein which
is never observed. It is processed by virus-encoded proteases during synthesis. Many
different precursors can be generated during this processing of the polyprotein;
some of the major precursors are indicated
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2
Structure and Function of FMDV RNA

2.1
Virion RNA

FMDV genomic RNA is about 8.3 kb in length (see Fig. 1). All of the vi-
ral RNA is of the same length; no sub-genomic mRNAs are produced by
picornaviruses. The viral genome has some similarities to a eukaryotic
cell mRNA in that it contains a single long open reading frame (ORF; the
FMDV ORF is about 7000 nt long) followed by a 30 -untranslated region
(UTR; about 100 nt) and a poly(A) tail. However, it also has certain char-
acteristics which are very different from cellular mRNAs. Typically, cel-
lular mRNAs have a 50-UTR of about 50–100 nt. A feature of the FMDV
RNA is the presence of a very long 50-UTR of about 1300 nt. The RNAs
from other picornaviruses also have long 50-UTRs, but the FMDV
50-UTR is much larger than most (e.g. the PV 50-UTR is about 740 nt
and the EMCV 50-UTR is about 830 nt). All cytoplasmic eukaryotic mR-
NAs have a cap structure [m7GpppN..., where m is a methyl group and
the bond between the methylated G residue to the next base (N) occurs
by a 5
-5
 linkage] at their 50 terminus. This structure is required for the
efficient recognition of the mRNA by the translation initiation complex
eIF4F (see below and Gingras et al. 1999 for review). The viral RNA lacks
this cap structure; indeed, a short virus-encoded peptide, termed VPg
(or 3B), is covalently attached to the 50 terminus of the genomic RNA.
However, this modification is rapidly lost within cells and hence much
of the viral RNAwithin infected cells has a free 50 end.

3
Features of the 50-UTR

3.1
The S-Fragment

The 50-UTR of FMDV RNA contains several discrete regions (Fig. 2). The
first portion (ca. 350 nt) is called the S-fragment and is predicted to fold
into a large hairpin structure (Clarke et al. 1987; Escarmis et al. 1992),
but its function is unknown. It is assumed to be required for RNA repli-
cation, but it has been little studied. In contrast, at the 50-end of the PV
RNA is a much better-characterised cloverleaf
 structure. This structure
is only about 80 nt long and has been shown to interact with both cellu-
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lar and viral proteins (Garmarnik and Andino 1997; Parsley et al. 1997).
It is involved in the process of RNA replication (Andino et al. 1990) and
also has a major effect on the stability of the viral RNA (Murray et al.
2001).

3.2
Poly(C) Tract and Pseudoknots

The presence of a poly(C) tract within the 50-UTR (see Fig. 2) is com-
mon to the aphthoviruses [FMDV and equine rhinitis A virus (ERAV)]
and most cardioviruses (except Theiler
s murine encephalitis virus).
Typically field strains of FMDV have a poly(C) tract of about 150–200 nt
(Brown et al. 1974; Harris and Brown 1977). Within laboratory strains,

Fig. 2 Representation of the structural elements within the FMDV 50-UTR. The
50-UTR is predicted to contain extensive secondary structure. Some of the elements
have defined functions, but others do not. Note that the stems indicated are not per-
fectly base-paired throughout. See the text for information on studies on the detailed
analysis of these RNA structures. Individual domains within the IRES are labelled
(H–L) and are referred to within the text. The conserved GNRA motif and the
polypyrimidine tracts (PPTs) are indicated. Abbreviations: PK, pseudoknot; cre (cis-
acting replication element)/bus (3B-uridylylation site); IRES, internal ribosome en-
try site. The two different start sites (84 nt apart) for the polyprotein that give rise to
Lab and Lb are shown
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the tract can be rather shorter (ca. 80 nt) but the longest poly(C) tract
identified was found in a strain of FMDV recovered from persistently
infected BHK cells; in this case a tract of about 450 nt was identified
(Escarmis et al. 1992). The importance of this region is demonstrated by
the dramatic increase in the length of the poly(C) tract that occurs when
FMDV is rescued from RNA transcripts derived from cloned viral cDNA.
When the plasmid contained just 6 C residues at this site, it was found
that the rescued viruses contained poly(C) tracts with at least 80 C resi-
dues (Rieder et al. 1993). However, when just 2 C residues were present
within the plasmid, the tract was not amplified in the rescued virus. This
mutant virus grew rather slowly in tissue culture but remained as patho-
genic in mice as viruses with longer poly(C) tracts (Rieder et al. 1993). It
should be noted that within cardiovirus RNAs the length of the poly(C)
tract seems to be stable. It has been shown that mengoviruses containing
a genome with a short tract are attenuated in mice (Duke et al. 1990);
however, this was not true for the closely related EMCV (Hahn and Pal-
menberg 1995); thus the role of this feature within the genomes of differ-
ent picornaviruses is rather unclear.

On the 30 side of the poly(C) tract within FMDV RNA is a region
which is predicted to contain multiple (2–4) pseudoknots (Clarke et al.
1987; Escarmis et al. 1995). The role of these elements is not known, but
it may be significant that in cardiovirus RNAs such elements are located
on the 50 side of the poly(C) tract (Martin and Palmenberg 1996); hence
it is possible that the pseudoknots have some role in association with
this tract.

3.3
�cis-Acting Replication Element�

Recently, Mason et al. (2002) have demonstrated that the FMDV 50-UTR
contains a stable stem-loop element of about 55 nt which has properties
similar to structures found in other picornavirus RNAs. These elements
were first discovered when it was shown that a region within the P1-cod-
ing sequence of the HRV-14 genome was required to permit replication
of an RNA transcript (McKnight and Lemon 1996, 1998). The element
necessary to permit replication was required as RNA and was predicted
to form a stable stem-loop structure which was termed a cis-acting rep-
lication element
 (cre). Analogous elements have now been identified in
several different picornavirus RNAs. Each of the picornavirus cre struc-
tures contains a conserved motif of AAACA located within the loop re-
gion. This motif acts as the template for the uridylylation of VPg (3B) by
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the viral RNA polymerase to produce VPgpU and/or VPgpUpU (Paul et
al. 2000; Gerber et al. 2001). These products act as the primers for the
initiation of viral RNA synthesis, thus explaining the presence of VPg at
the 50 terminus of both positive- and negative-sense RNA transcripts.
Amongst the various picornavirus RNAs studied, the cre structures have
been identified in different locations within the genome. For example,
the HRV-14 cre is located within the coding sequence for VP1 (McKnight
and Lemon 1998) whereas the PV cre is located within the 2C sequence
(Goodfellow et al. 2000). Indeed, FMDV is apparently unique in having
this structure located outside of the coding region and within the
50-UTR (see Fig. 2). However, it has been demonstrated that these ele-
ments can be moved within the genome and still retain activity at their
new locations (see, e.g. Goodfellow et al. 2000; Mason et al. 2002).

The identification of the FMDV cre within the 50-UTR has provided
an explanation for some observations on a temperature-sensitive (ts)
mutant of FMDV. The replication of this virus is greatly suppressed at
the non-permissive temperature and, surprisingly, sequence analysis
identified the location of the ts mutation as within the stem-loop struc-
ture within the 50-UTR now identified as the cre (see Tiley et al. 2003).
Importantly, it was possible to complement the defect in its replication
at the non-permissive temperature by co-infection with other ts mutant
FMDVs that were also defective in RNA replication under these condi-
tions but had defects in other regions of the genome. These data indicate
that the FMDV cis-acting replication element
 can function in trans.
This result is consistent with the observation that a pool of free
VPgpUpU (the product of the cre-templated uridylylation of VPg) is
generated within PV-infected cells (Crawford and Baltimore 1983), and
hence it seems reasonable that these elements should be able to function
in trans. Thus the term cre seems inappropriate. Because a specific func-
tion for the element has now been defined (Paul et al. 2000; Gerber et
al. 2001), it has been suggested that the term cre should be replaced by
3B-uridylylation site
 (bus) (see Tiley et al. 2003).

3.4
The Internal Ribosome Entry Site (IRES)

The 30 portion of the FMDV 50-UTR is required for the initiation of pro-
tein synthesis on the viral RNA. The features of the FMDV 50-UTR made
it very unlikely that FMDV RNA could be translated by the classic cap-
dependent translation initiation mechanism. However, FMDV RNA is a
very efficient template for translation. The absence of a cap structure
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and the presence of an extensive secondary structure with multiple un-
used AUG codons are features shared by all picornavirus RNA 50-UTRs.
A major step forward in understanding the mechanism of picornavirus
translation initiation was achieved when Pelletier and Sonenberg (1988)
demonstrated that the PV 50-UTR was able to direct cap-independent in-
ternal initiation of protein synthesis. Analogous results were also ob-
tained with the 50-UTR from EMCV by Jang et al. (1988). The element
required for this activity is now usually referred to as an internal ribo-
some entry site (IRES). Shortly afterwards, it was demonstrated that an
element (located immediately upstream of the polyprotein coding re-
gion) of about 450 nt within the 50-UTR of FMDV RNA functioned as an
IRES (Belsham and Brangwyn 1990; Kuhn et al. 1990).

The classic assay for IRES elements is the construction and analysis
of dicistronic mRNAs in which the putative IRES element is introduced
between two reporter sequences (see Belsham and Sonenberg 1996,
2000; Belsham and Jackson 2000). IRES elements have been defined for
seven of the nine genera of picornaviruses to date. The activity of most
picornavirus IRES elements is, at least, maintained when cap-dependent
protein synthesis is blocked either by the cleavage of the translation ini-
tiation factor eIF4G (see below) or by the sequestration of eIF4E (the
cap-binding protein) with 4E-BP1 (Pause et al. 1994a; Roberts et al.
1998). However, this is not true for the hepatitis A virus (HAV) IRES
(Borman and Kean 1997; Ali et al. 2001); this IRES requires the intact
eIF4F complex (comprising eIF4E, eIF4A and eIF4G). No viral coding se-
quences or viral proteins are required for the activity of picornavirus
IRES elements.

The FMDV IRES is predicted to have a complex secondary structure
which is very similar to that of the EMCV IRES (Pilipenko et al. 1989).
These two elements form a discrete class of picornavirus IRES elements
which functions very efficiently within the rabbit reticulocyte lysate
(RRL) translation system in vitro and within many different cell types
(see review by Belsham and Jackson 2000). The entero-/rhinovirus IRES
elements form a second class of element which has quite distinct charac-
teristics, e.g. these elements function poorly in the RRL in vitro transla-
tion system but their activity is stimulated by the addition of HeLa cell
protein extracts. It seems that the HAV IRES (Brown et al. 1994) and the
teschovirus IRES (Kaku et al. 2002; Pisarev et al. 2004) elements each
have their own unique characteristics which distinguish them from the
other two major classes of picornavirus IRES. The sequence identity be-
tween the FMDV and EMCV IRES elements is about 50%, but there are
some completely identical regions, particularly within the apical region
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of the I domain and within the J and K domains (see Fig. 2; see also
Belsham and Jackson 2000). It is assumed that these highly conserved
regions will generally reflect critical regions of the IRES. However, this is
not always the case. Within the I domain there is a conserved GNRA tet-
raloop motif which is important for activity. Tetraloop sequences that fit
the GNRA consensus are over-represented, on a statistical basis, within
structured RNA elements, and it is believed that they play an important
role in RNA-RNA interactions and in RNA-protein interactions (Woese
et al. 1990; Costa and Michel 1995). Modification of just the 30 A residue
within this motif greatly diminishes the activity of either the EMCV
or FMDV IRES (Roberts and Belsham 1997; Lopez de Quinto and
Martinez-Salas 1997; Robertson et al. 1999). The 50 G residue is also im-
portant in the FMDV IRES (Lopez de Quinto and Martinez-Salas 1997).
In contrast, the EMCV IRES element seems more tolerant in this respect.
EMCV elements containing either a G or an A at this position (i.e. an
RNRA motif) display high activity (Robertson et al. 1999), and even an
EMCV IRES with a CAGA motif at this position was about 80% as active
as the wt element. It is not yet known why this motif is important for
IRES activity; no protein interactions have been localised to this site. Di-
rect RNA-RNA interactions between the I domain of the FMDV IRES
and other regions of the IRES have been demonstrated (Ramos and Mar-
tinez-Salas 1999), and evidence suggests that the structural organization
of the IRES is dependent on the GNRA motif (Fernandez-Miragall and
Martinez-Salas 2003).

The polypyrimidine tract, located at the 30 end of the IRES, is an ex-
ample of a feature which is conserved amongst nearly all picornavirus
IRES elements (Meerovitch and Sonenberg 1993) (except for the tescho-
virus IRES; Kaku et al. 2002) that is less critical for activity. Some muta-
tions within the FMDV polypyrimidine tract are highly detrimental to
IRES activity (Kuhn et al. 1990), but surprisingly modification of this
tract within the EMCV IRES to a polypurine tract only decreased IRES
activity by about 30% (Kaminski et al. 1994). The polypyrimidine tract
is usually about 20 nt upstream of an AUG codon. This codon is an initi-
ation site of protein synthesis on the EMCVand FMDV RNAs but not on
the entero- or rhinovirus RNAs (translation initiation occurs at the next
AUG downstream on these RNAs; see Belsham and Jackson 2000). In-
deed on the FMDV RNA the situation is further complicated because ini-
tiation of protein synthesis occurs at two sites, 84 nt apart (Sangar et al.
1987; Belsham 1992); the first start site is in the position equivalent to
the EMCV start site. The presence of two initiation sites on FMDV RNA
is conserved across all seven serotypes of FMDV and is also maintained
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in the distantly related aphthovirus, ERAV (Hinton et al. 2000). The rea-
son for this arrangement remains unknown.

4
Selection of Initiation Sites of Translation on FMDV RNA

The mechanism of initiation site selection on FMDV and EMCV RNAs
has been extensively studied. The initiation codon on EMCV RNA
(R-strain) is at nt 834. This is the 11th AUG codon within the viral RNA.
There is a strong selectivity for the use of AUG-11 (Kaminski et al.
1990). The AUG-10 codon is just 8 nt upstream but is not used; similarly,
usage of downstream AUGs is very low. The first start site on FMDV
RNA corresponds, in its position relative to the IRES, to the EMCV
AUG-11 but on FMDV RNA many ribosomes fail to initiate at this point
and progress to the next AUG codon. The use of two different initiation
codons results in the production of two alternate forms of the first com-
ponent (the Leader protease, L) of the viral polyprotein; these are
termed Lab and Lb (see Fig. 1). The context (as defined by Kozak 1989)
of the Lab initiation codon is relatively poor compared to that of
AUG-11 in the EMCV RNA, and this may partially explain the ability of
ribosomes to bypass this site. However, other processes must also be
involved because simply improving the context of the Lab start site
does not diminish utilisation of the Lb start site (Lopez de Quinto and
Martinez-Salas 1999). It is apparent that the FMDV RNA sequence
around the two initiation sites has very unusual properties.

Belsham (1992) analysed the utilisation within cells of two different
types of mRNA transcript that each contained the two FMDV start sites.
One of the expressed RNAs contained the complete FMDV IRES up-
stream of the two initiation sites, whereas a second mRNA contained
only about 60 nt of the 50-UTR and was translated in a cap-dependent
manner. On each transcript, utilisation of both start sites was observed.
Furthermore, when two additional AUG codons were introduced in
frame between the two FMDV start sites it was shown that all four AUG
codons within a sequence of 90 nt were recognised. This occurred inde-
pendently of whether translation initiation on the transcripts was by the
cap-dependent mechanism or was directed by the FMDV IRES. It was
concluded that the FMDV IRES directs ribosomes to the Lab AUG initia-
tion codon (as with the EMCV IRES) but many fail to initiate at this
point and then scan along the mRNA until another AUG codon is
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reached. It is remarkable that up to three AUG codons can be bypassed
on this stretch of RNA by scanning ribosomes (Belsham 1992).

Subsequent studies showed that the FMDV Lb start site was required
for virus infectivity whereas, in contrast, the Lab start site could be re-
moved (Cao et al. 1995; Piccone et al. 1995a). These results prompted
further analysis of this system. Studies by Ohlmann and Jackson (1999)
indicated that the FMDV IRES is less stringent in its positioning of ribo-
somes onto the initiation site than the EMCV IRES. For example, with
the use of chimaeric RNAs (fused at the polypyrimidine tract) it was
found that the EMCV IRES directed greater utilisation of the FMDV Lab
start site (corresponding to the EMCV AUG-11 codon) than observed
with the FMDV IRES. Furthermore, in a converse experiment, the FMDV
IRES generated less efficient selection of AUG-11 on the EMCV RNA se-
quence than is observed with the EMCV IRES. In other studies, Poyry et
al. (2001) showed, with in vitro translation reactions, that the introduc-
tion of the iron response element (IRE) between the two FMDV start
sites rendered the utilisation of the Lb start site susceptible to inhibition
by the binding of the iron response protein (IRP-1) to the IRE. This in-
teraction blocks ribosome scanning but not translation. This result was
consistent with the view that the majority of ribosomes reach the Lb
start site by scanning, as proposed by Belsham (1992). However, the
degree of inhibition observed was less great than observed when the
IRE/IRP-1 complex was positioned in the 50-UTR of a standard mRNA
translated by a cap-dependent mechanism. Hence, Poyry et al. (2001)
suggested that the results left open the possibility that some ribosomes
may reach this initiation site by a different mechanism.

Currently it may be considered that the FMDV IRES directs ribosome
attachment to the viral RNA either just upstream or just downstream of
the Lab initiation site. Some ribosomes land upstream of the Lab site
and can then initiate protein synthesis at this point, but some may fail
to do so and then scan along the RNA until the Lb site is reached. The
ribosomes which land downstream of the Lab site presumably just mi-
grate along the RNA to initiate translation at the Lb site.

5
Protein Interactions with the FMDV IRES

The FMDV IRES requires essentially all of the canonical translation ini-
tiation factors for activity which are needed for the translation of cellu-
lar mRNAs (Pilipenko et al. 2000). The only exception is eIF4E (the cap-
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binding protein) consistent with the lack of a cap structure on the viral
RNA. Furthermore, translation of the viral RNA is unimpaired when the
translation initiation factor eIF4F is modified by the cleavage of eIF4G
(see below). As outlined above, the cap-binding complex eIF4F is a het-
ero-trimer comprising eIF4E (a protein that binds specifically to the cap
structure), eIF4A (an RNA helicase) and eIF4G (a scaffold protein).
When eIF4G is cleaved (e.g. as a result of the expression of the FMDV L
protease, see below), cap-dependent protein synthesis is inhibited but
the C-terminal cleavage product of eIF4G (which retains binding sites
for eIF4A and eIF3) is sufficient to support FMDV IRES activity. The
N-terminal cleavage product of eIF4G which interacts with eIF4E and
the poly(A) binding protein (PABP) is not required for IRES activity (in
contrast to initiation on cellular mRNAs). Direct interaction of intact
eIF4G (and of the C-terminal cleavage product) with the 30 region of the
FMDV IRES (the J-K domains) has been demonstrated (Lopez de Quinto
and Martinez-Salas 2000; Stassinopoulos and Belsham 2001). These re-
sults are consistent with data showing that eIF4G protects sequences
within the J-K domain of the EMCV IRES from chemical modification
(Kolupaeva et al. 1998). There is a good correlation between the ability
of IRES elements with mutations within the J-K domain to interact with
eIF4G and their activity within cells (Lopez de Quinto and Martinez-
Salas 2000). The binding of eIF4G will indirectly bring eIF4A to the
IRES, too. The role of eIF4A in IRES function is not clear, but dominant-
negative mutants of eIF4A block both cap-dependent translation and pi-
cornavirus IRES-directed translation initiation (Pause et al. 1994b; Svit-
kin et al. 2001a). Early studies on the FMDV IRES also identified a direct
interaction between eIF4B and this IRES (Meyer et al. 1995). The bind-
ing site for eIF4B has now been mapped to a small stem-loop structure
at the extreme 30 end of the IRES (Lopez de Quinto et al. 2001), but it
appears that this interaction has a rather modest effect on the activity of
the IRES. This is in agreement with the limited requirement for this fac-
tor for the formation of 48S initiation complexes on the EMCV IRES
(Pestova et al. 1996).

The FMDV IRES also requires for activity certain cellular proteins in
addition to the translation initiation factors. The polypyrimidine tract
binding protein (PTB) can be UV cross-linked to all picornavirus IRES
elements tested, and multiple binding sites have been mapped on the
FMDVand EMCV IRES elements (Kolupaeva et al. 1996). The functional
requirement for this interaction varies, however. For example, as judged
by in vitro translation assays, the wt EMCV IRES does not need this in-
teraction when linked to its own coding sequence but its activity is stim-
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ulated by PTB when other reporter sequences are linked to the IRES
(Kaminski and Jackson 1998). The activity of the FMDV IRES is stimu-
lated by PTB in vitro (Niepmann et al. 1997). Furthermore, the stimula-
tion of 48S initiation complex formation on the FMDV IRES with puri-
fied components seems to require the interaction of both PTB and
ITAF45 (also known as the murine proliferation-associated protein,
Mpp1). These two proteins both interact with the same region of the
FMDV IRES, and it is not yet clear how they co-operatively stimulate
IRES activity (Pilipenko et al. 2000). It is generally believed that the vari-
ous IRES-interacting proteins, which share the common properties of
multiple RNA binding sites and multimeric interactions, stimulate IRES
activity by forming or stabilising the tertiary structure of the IRES, and
hence they are considered as RNA chaperones (reviewed in Belsham and
Sonenberg 1996, 2000).

The poly(rC) binding protein (PCBP2) which stimulates the activity
of the PV IRES also binds to the FMDV 50-UTR (Walter et al. 1999). One
site of interaction has been mapped to the domain I of the FMDV IRES
(Stassinopoulos and Belsham 2001), but depletion of this protein does
not block FMDV IRES activity in vitro (Walter et al. 1999; Stassinopou-
los and Belsham 2001). There is a need to establish the role of the vari-
ous IRES-interacting proteins in the activity of the picornavirus IRES el-
ements within cells, and further cellular proteins that modify IRES func-
tion may still need to be identified.

6
The Virus-Encoded Polyprotein

6.1
The L Protease

As indicated above, the first component of the FMDV polyprotein is the
Leader (L) protein. FMDV is unique in having a protease as the Leader
protein. The L protein is a papain-like cysteine protease and it has at
least two distinct activities. It cleaves itself from the rest of the viral
polyprotein at the L/P1 junction (Strebel and Beck 1986), and it also in-
duces the cleavage of the translation initiation factor eIF4G (Devaney et
al. 1988; Medina et al. 1993); this results in the inhibition of cap-depen-
dent protein synthesis. The cleavage of the L/P1 junction (at a lys/gly
bond) can occur in trans (Medina et al. 1993) and also probably in cis
(see Glaser et al. 2002). Each of these functions is shared by the two dif-

54 G.J. Belsham



ferent forms of the protein, Lab and Lb (Medina et al. 1993). The essen-
tial catalytic residues within the protease have been identified (Piccone
et al. 1995b: Roberts and Belsham 1995) and the 3-D structure of Lb has
been determined (Guarne et al. 1998). A third type of activity displayed
by the L protease is the stimulation of enterovirus IRES activity (see
Roberts et al. 1998; Hinton et al. 2002). This effect is also achieved by
the unrelated entero-/rhinovirus 2A proteases (Hambidge and Sarnow
1992; Borman et al. 1997; Roberts et al. 1998; Sakoda et al. 2001). Both
types of viral protease also induce cleavage of eIF4G, but some evidence
suggests that IRES activation is a separate process (Hambidge and
Sarnow 1992; Roberts et al. 1998; Sakoda et al. 2001) and thus the basis
for this effect is not yet understood. It has been suggested that these vi-
ral proteases may induce cleavage of another cellular protein which
modifies IRES function (Roberts et al. 1998).

The FMDV L protease induces cleavage of eIF4GI very early on within
infected cells and requires only very low-level expression of the protease
(see Belsham et al. 2000). The cleavage of eIF4GI and the recently identi-
fied homologue eIF4GII (Gradi et al. 1998) occurs with similar kinetics
within FMDV-infected cells (Gradi et al. 2004). With in vitro assays,
direct cleavage of eIF4GI by rather high levels of recombinant FMDV
Lb protease has been demonstrated and a cleavage site determined
(Kirchweger et al. 1994) which is just seven residues from that cleaved
by an enterovirus 2A protease in a similar assay (Lamphear et al. 1993).
Similarly, the cleavage cite generated by the L protease in elF4GII has
also been identified in vitro (Gradi et al. 2004). Howerver, there are
currently no data on the sites cleaved within eIF4GI or eIF4GII within
FMDV-infected cells. It is worth noting that the in vitro cleavage of
eIF4GI and eIF4GII by either the FMDV L or entero-/rhinovirus 2A pro-
tease is greatly stimulated by the presence of added eIF4E (Haghighat et
al. 1996; Ohlmann et al. 1997; Gradi et al. 2004). These results suggest
that the conformation of eIF4G is important in determining the sensitiv-
ity of the protein to protease digestion and this may, at least in part, ex-
plain the difference in levels of protease required for cleavage in vitro
and in cells.

The L protease is not essential for FMDV replication; a mutant of the
virus lacking the entire Lb coding sequence has been made (Piccone et
al. 1995a). The mutant virus replicates in BHK cells (albeit more slowly
than the parental virus) but is attenuated in cattle (Brown et al. 1996).
The failure to rapidly shut off host cell protein synthesis may permit
cells to mount a more efficient anti-viral response (Chinsangaram et al.
1999).
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6.2
The Capsid Protein Precursor P1-2A

The FMDV capsid precursor P1-2A is released from the polyprotein by
cleavage at its N-terminus by the L protease and at its C-terminus by the
2A protein. Breakage of the viral polyprotein at the 2A/2B junction is
very rapid within cells and within in vitro translation reactions, and no
uncleaved species are detected. The 2A protein of FMDV is only 18 resi-
dues long, and it lacks any protease motifs. The cleavage at the 2A/2B
junction only occurs as a co-translational event. The translation of re-
combinant polyprotein sequences containing mutant forms of the 2A
peptide can generate uncleaved
 proteins; under these circumstances
the 2A/2B junction is stable. It also appears that the 2A/2B link is not
broken within E. coli (Donnelly et al. 1997). Taken together, it seems that
the 2A cleavage
 has to occur on eukaryotic ribosomes during synthesis.
It has been proposed that the 2A/2B bond may never normally be made
and that the 2A functions by preventing synthesis of the specific peptide
bond at the 2A/2B junction (Donnelly et al. 2001).

The P1-2A precursor is processed by the 3C protease to yield VP0
(1AB), VP3 (1C) and VP1 (1D) (see Fig. 1). These are the components of
natural empty capsids, and 60 copies of each protein will self-assemble
to form particles (Abrams et al. 1995). The stability of these particles is
dependent on the myristoylation of the N-terminal glycine residue gen-
erated by the L/P1 cleavage (Chow et al. 1987). It is not clear whether
empty capsids are a dead-end product or whether they can still partici-
pate in the production of new virions. Packaging of the viral RNA to
produce virions is associated with the cleavage of the VP0 (1AB) protein
into VP4 (1A) and VP2 (1B), but the mechanism of this reaction is not
clear.

The FMDV capsid is highly acid labile; it appears that the protonation
of His residues, located at the interface of pentameric structures, results
in dissociation of the capsid (Curry et al. 1995). This may be the mecha-
nism by which the viral RNA is released from the virus particle after its
interaction with integrin receptors on the cell surface and internalisation
into endosomes which create a mildly acidic environment (Miller et al.
2001).
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6.3
The P2 Precursor

The FMDV 2BC precursor is processed to 2B and 2C by the 3C protease
(Fig. 1). Little is known about the function of these proteins. Within
PV-infected cells, 2B and 2C are localised within membrane-associated
viral replication complexes (Bienz et al. 1987, 1990). Presumably, these
proteins also bind to other membranes because the enterovirus 2B pro-
tein can increase permeability of cells, as judged by their enhanced sus-
ceptibility to the translation inhibitor hygromycin B (van Kuppeveld et
al. 1997) and it also blocks protein secretion (Doedens and Kirkegaard
1995). This activity may assist the virus in evading the host immune re-
sponse. However, some mutants within 2B affect cell growth without ap-
parently affecting either of these functions; thus other activities for the
2B protein may still need to be defined (van Kuppeveld et al. 1997). The
various picornavirus 2C protein sequences contain conserved helicase
and nucleotide binding motifs, but no evidence for RNA helicase activi-
ty has been reported. The 2C protein also determines the sensitivity of
viral RNA replication to the inhibitor guanidine (Saunders and King
1982), but the role of 2C in RNA replication is not well defined.

6.4
The P3 Precursor

The FMDV P3 precursor (Fig. 1) is separated from P2 and processed by
the 3C protease to 3A, the three distinct copies of the 3B peptide (VPg),
3C protease and 3D RNA polymerase plus a variety of intermediates
(e.g. 3CD). The 3A protein has hydrophobic sequences which are be-
lieved to anchor it to membranes, and this may be the means by which
RNA replication is localised to membrane vesicles. The 3A protein may
also serve to deliver the 3B peptides to the sites of RNA replication. Cer-
tain strains of FMDV have been isolated that contain in-frame deletions
within the 3A coding sequence, and these strains are attenuated in cattle
(O
Donnell et al. 2001) but remain highly pathogenic in pigs. This pre-
sumably reflects some differences between the two species in the interac-
tion of 3A with cellular factors. It was shown that the expression of the
FMDV 3A protein alone disrupts the Golgi apparatus of keratinocytes. It
is interesting to note that some picornaviruses, e.g. PV, are greatly inhib-
ited by brefeldin A (Maynell et al. 1992), an agent which modifies vesicle
transport between the Golgi and the endoplasmic reticulum. However,
in contrast, FMDV is rather insensitive to this agent (O
Donnell et al.
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2001), like EMCV (Iruzun et al. 1992). The different sensitivities of the
picornaviruses to this agent suggest that the various viruses recruit
membranes to their replication complexes in different ways. The PV 3A
protein has also been shown to block protein secretion (Doedens and
Kirkegaard 1995).

Uniquely, FMDV RNA encodes three distinguishable copies of the 3B
peptide. Even ERAV, the only member of the aphthovirus genus other
than FMDV, only has a single copy of this peptide. The coding sequences
for these different peptides occur as a tandem array in the FMDV ge-
nome (see Fig. 1). Each of the FMDV VPgs has been found attached to
genomic RNA, and thus each peptide is believed to be functionally
equivalent (King et al. 1980). Priming of RNA synthesis requires 3B
(VPg). On the basis of results obtained from studies of PV and HRV
RNA replication, it is now believed that the initial modification of VPg
to VPgpU or VPgpUpU is achieved by using the cre� as a template (Paul
et al. 2000; Gerber et al. 2001). The role of the multiple VPg sequences
has been investigated by mutagenesis (Falk et al. 1992). Deletion of 3B3
alone destroyed virus viability, but this appeared to result from a defect
in polyprotein processing rather than a direct effect on RNA replication.
It was possible to rescue viable viruses which had a deletion of one or
more of the other FMDV 3B sequences, but the mutant viruses replicated
less efficiently than the wt virus. It is not yet clear why the presence of
three different VPg sequences within the FMDV RNA enhances its repli-
cation efficiency (Falk et al. 1992).

6.5
The 3C Protease

The FMDV 3C protease is responsible for most of the proteolytic pro-
cessing of the viral polyprotein. It functions alone and, in contrast to the
PV 3C protease (see Ypma-Wong et al. 1988), does not require 3D se-
quences for any of its processing activities. The key catalytic residues of
the FMDV 3C have been identified (Grubman et al. 1995), and the prote-
ase is a member of the trypsin-like family of serine proteases (except
that the active serine is replaced by a cysteine). In addition to cleaving
the viral polyprotein, the FMDV 3C also modifies certain cellular pro-
teins. The histone H3 was shown to be cleaved by this protease (Falk et
al. 1990), and more recently it has been shown that 3C protease also
cleaves the translation initiation factors eIF4A and eIF4GI within
FMDV-infected cells (Belsham et al. 2000). The precise location of the
cleavage site generated by the 3C protease in eIF4AI has been identified
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(Li et al. 2001). The cleavage is specific for eIF4AI, because the closely
related eIF4AII (92% identical) is not modified. Two amino acid differ-
ences between eIF4AI and eIF4AII near the cleavage site of eIF4AI are
sufficient to account for the resistance of eIF4AII to cleavage by 3C. The
cleavage of eIF4AI, which will inactivate the protein (Li et al. 2001), may
contribute to the decrease in the level of viral protein synthesis during
the later phase of virus infection (Belsham et al. 2000). This may facili-
tate packaging of the viral RNA (see Fig. 3).

The 3C protease cleaves eIF4GI on the C-terminal side of the site gen-
erated by the expression of the L protease (Belsham et al. 2000). This ac-
tivity explains the loss of intact eIF4GI within BHK cells infected by the
FMDV mutant lacking the L protease (Piccone et al. 1995a; Belsham et
al. 2000). Sequential cleavage of eIF4GI within FMDV-infected BHK cells
by the L protease and then of the C-terminal cleavage product of eIF4GI
by the 3C protease has been observed; both cleavages are complete by
3 h after infection (G.J. Belsham, unpublished results). Thus at the time
of peak viral protein synthesis the form of eIF4GI which supports IRES
function is that generated by FMDV 3C. Later on during infection, fur-
ther modification of eIF4GI occurs and these cleavages may contribute
to the decline in viral protein synthesis. The site in elF4GI cleaved by

Fig. 3 Functions of viral RNA within cells. The alternative functions of viral RNA
within cells are indicated—see text for further details. The initial role of the viral
RNA has to be as a mRNA for the production of viral proteins which are required
for RNA replication and for packaging of the de novo-synthesised RNA into virions.
Some of the different functions of the RNA may occur in discrete compartments
within the cell

Translation and Replication of FMDV RNA 59



FMDV 3C has now been identified (Strong and Belsham 2004) but this is
restricted to hamster and murine cells and hence does not seem relevant
to the disease process.

6.6
The 3D RNA Polymerase

The 3D protein is the RNA-dependent RNA polymerase. There are two
processes required for the replication of picornavirus RNA. Initially, the
positive-sense genome acts as a template for the synthesis of an anti-
sense RNA, and this is then used for the production of new positive-
sense infectious genomes (see Fig. 3). Within infected cells, a large ex-
cess of positive strands over negative strands accumulates. This proba-
bly reflects differential recognition of the negative-sense template over
the positive-sense template by the RNA polymerase. The 30 terminus of
the positive-sense RNA (the poly(A) tail) and the negative-sense RNA
template (antisense S-fragment) are very different in sequence. Thus the
nature of the recognition process by the RNA polymerase must be com-
plex but is not currently defined. It is interesting to note that the PV 3D
molecule displays co-operativity in its polymerase activity in vitro (Pata
et al. 1995) and may usually function as a multimer. The structure of the
PV 3D polymerase has been determined by X-ray crystallography, and it
is apparent that there is considerable interaction between adjacent mole-
cules in the crystal (Hobson et al. 2001). Whether these properties are
relevant to the activity of the protein within an infected cell remains to
be determined, but it can be envisaged that a requirement for 3D multi-
merisation to generate efficient polymerase activity could delay RNA
replication until multiple rounds of translation had occurred (see be-
low).

The 3CD molecule does not have RNA polymerase activity, but it does
have RNA binding and protease activity. The PV 3CD protein binds to
the cloverleaf structure at the 50 terminus of the PV genome (Gamarnik
and Andino 1998), and it is also required for the cre-dependent uridyly-
lation of VPg (Paul et al. 2000). No specific role for the FMDV 3CD pro-
tein has yet been determined, and as indicated above, FMDV 3C is suffi-
cient for all FMDV polyprotein processing.
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7
Structure and Function of the FMDV 30-UTR

The 30-UTR of FMDV RNA consists of two components, a region of
about 100 nt of heterogeneous sequence and a poly(A) tail. Deletion of
the unique (heterogeneous) 30-UTR sequence blocks infectivity of FMDV
RNA (Saiz et al. 2001). This may seem unsurprising but contrasts with
the rescue of a viable PV lacking the unique 30-UTR sequence (Todd et
al. 1997). Studies on the 30-UTR of cardiovirus RNA have shown evi-
dence for three stem-loop structures, one of which is essential for virus
viability (Duque and Palmenberg 2001). It is possible that sequences
within the viral coding sequence (but perhaps near the 30 end of the ge-
nome) are required to provide the specificity of viral RNA recognition
which must be achieved by the replication machinery, especially for the
PV mutant lacking the usual 30-UTR sequences.

It has also been shown that the FMDV 30-UTR sequence can stimulate
the activity of the FMDV IRES (Lopez-de Quinto et al. 2002); further-
more, this effect is independent of the stimulation of IRES activity by
poly(A) which was observed previously (Svitkin et al. 2001b). These
results suggest possible RNA-RNA interactions between the 50- and
30-UTRs or bridging
 RNA-protein interactions. It is known that PABP
[which binds to the poly(A) tail] interacts with eIF4G and with PCBP2.
Both of these proteins interact with the FMDV IRES; however, it is not
known how these protein-protein interactions would modify IRES activ-
ity. Indeed, as indicated above, depletion of PCBP2 has no effect on
FMDV IRES activity in vitro but eIF4G is required. Cleavage of eIF4G by
the FMDV proteases would disrupt the eIF4G-mediated circularisation
of the RNA because PABP binds to the N-terminal region of eIF4G
(Imataka et al. 1998) whereas the IRES binds to the C-terminal domain.
However, this cleavage also removes competition from the cellular
capped mRNAs for the translation machinery, so perhaps a reduced effi-
ciency of translation initiation on the viral RNA could be tolerated under
these conditions.

The length of the poly(A) tail determines the infectivity of PV RNA
(Spector and Baltimore 1974). This may reflect modification of the sta-
bility of the RNA or possibly modification of protein interactions with
this sequence; for example, PABP binds optimally to a sequence of at
least 25 A residues. As indicated above, interactions between the 50-UTR
and 30-UTR may influence IRES activity but, furthermore, they may also
affect RNA replication. It has been suggested that circularisation of the
PV RNA is required for RNA replication and may be achieved through
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the interaction of the poly(A) binding protein [bound to the 30 poly(A)
tail] with PCBP2 which also binds to the cloverleaf structure at the 50

end of the genome (Herold and Andino 2001). As mentioned above, no
protein interactions with the FMDV S-fragment have yet been identified.
However, if the S-fragment does exist in a stable stem-loop structure, as
predicted (Clarke et al. 1987; Escarmis et al. 1992), then the 50 end of the
RNA would be brought close to the poly(C) tract which is likely to be
bound to PCBP2. Thus PCBP2 could be in close proximity to the 50 ter-
minus of the FMDV RNA and able to interact with PABP at the 30 termi-
nus of the genome as proposed for the PV cloverleaf.

8
Interaction Between Translation and Replication—Some Speculation

As indicated in the Introduction, the translation of the viral RNA must
precede RNA replication so that viral proteins required for replication
are generated within the infected cell. There is an apparent conflict be-
tween the use of the viral RNA for translation and the need to replicate
the RNA. Studies by Gamarnik and Andino (1998) demonstrated that
the passage of ribosomes along the viral RNA prevented RNA replica-
tion. Thus it seems that translation of the input RNA must be stopped so
that RNA replication can occur (see Fig. 3). The nature of the initial
switch
 between these processes is still unknown. It could be imagined
that the mechanism might be common to all picornaviruses and is most
easily envisaged as a block to IRES function. Once the switch
 has oc-
curred it is not necessary for the initial RNA molecule to resume a role
in translation because the de novo-synthesised RNAs could perform this
function. Thus only a one-way switch is required but clearly it is neces-
sary for translation of viral RNA to continue within the cell. Thus it may
be that the processes of RNA replication, RNA packaging into virions
and RNA translation are separated into distinct compartments within
the cell so that the possibility of competition between these different
processes is reduced. However, the in vitro replication of PV (Molla et
al. 1992) within a cell-free extract suggests that such compartmentalisa-
tion can only be limited at best.

Thus we still have much to learn!
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Abstract Structural studies of foot-and-mouth disease virus (FMDV) have largely fo-
cused on the mature viral particle, providing atomic resolution images of the spheri-
cal protein capsid for a number of sero- and sub-types, structures of the highly im-
munogenic surface loop, Fab and GAG receptor complexes. Additionally, structures
are available for a few non-structural proteins. The chapter reviews our current
structural knowledge and its impact on our understanding of the virus life cycle pro-
ceeding from the mature virus through immune evasion/inactivation, cell-receptor
binding and replication and alludes to future structural targets.



1
Introduction

The ultimate goal of structural studies of foot-and-mouth disease virus
(FMDV) is to visualize the virus, its sub-components and its interactions
with the host cell at a molecular level. The progress to date is sum-
marised in Fig. 1. In essence, FMDV targets epithelial cells and is inter-
nalised after interaction with an integrin receptor. Within the endosome,
a reduction in pH induces disruption of the capsid and ejection of the
RNA genome into the cytoplasm, where it is translated as a single open
reading frame. The resulting polypeptide undergoes a series of cleavages
to produce in excess of 12 mature polyprotein and partial cleavage inter-
mediates.

Many of the non-structural proteins and precursors, as well as the
RNA genome, make up the ribonucleoprotein replication complex which
forms on the surface of membranous vesicles present in infected cells.
This complex copies the positive-strand viral RNA into negative-strand
complementary RNA which then functions as template for the produc-
tion of multiple positive RNA strands to be used for translation, replica-
tion and packaging into viral progeny.

This chapter describes the work behind the structures depicted in
Fig. 1, introduced from a historical perspective and proceeding from the
mature virus through immune evasion/inactivation, cell-receptor bind-
ing and on to replication, alluding to future structural targets along the
way.

FMDV was the first animal virus to be identified as a filterable agent
(Loeffler and Frosch 1897), although at the time it could not be visual-

Fig. 1 A structural view of the viral life cycle. The background tomography of a cell
is taken from Ohad et al. (2002). Membrane sections are taken from the X-ray crys-
tallographic structure of the PRD1 bacteriophage (Cockburn et al., in preparation).
The RNA is constructed from coordinates deposited as 157D (Berman et al. 2000).
Host components are grey, and viral components are coloured. The figure shows the
all-atom structure of reduced O serotype virus [structure determined in the presence
of DTT (Logan et al. 1993)]. Atoms are depicted as solid spheres with radii corre-
sponding to their size (CPK): VP1 is blue, VP2 green and VP3 red (VP4 is internal
and not visible in these views). Individual viral proteins are depicted as above. The
integrin avb3 cellular receptor (1L5G, Berman et al. 2000) is depicted in dark and
mid-grey. An inactivated C-serotype virus complexed with Fab is shown colour cod-
ed as above with the Fab in grey (1QGC, Berman et al. 2000). Cryo-EM representa-

t

72 E.E. Fry et al.



tions of an active ribosome are depicted in grey with difference density interpreted
as a pseudoknot and tRNAs shown in green (Spanchak et al., in preparation). Na-
scent proteins are depicted in yellow. Poliovirus 3D polymerase (1RDR, Berman et
al. 2000) is depicted in rose. The poliovirus 3C proteinase (1L1N, Berman et al. 2000)
is depicted in magenta and the FMDV leader proteinase dimer in purple and orange.
The dimeric N-terminal fragment of poliovirus 3A (1NG7, Berman et al. 2000) is
shown in pink and green. All molecular renditions were prepared with Bobscript
(Esnouf 1997) and Raster3D (Merritt and Murphy 1994)
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Fig. 2 Virus interactions. The figure shows the all-atom structure of reduced O sero-
type virus (as in Fig. 1). The VP1 GH loop residues 130–160 (FMDV loop) is shown
as a �worm� in cyan with the Arg-Gly-Asp residues in orange CPK (speres corre-
sponding to atomic radii). Antigenic residues are colour-coded according to their
classification into sites (Crowther et al. 1993; Kitson et al. 1990): sites 1 and 5 (mid-
blue), site 2 (pale yellow), site 3 (light blue), site 4 (magenta). The potential occupan-
cy of the VP1 GH loop [which appears to behave as a mobile domain hinged at its
base (Parry et al. 1990)] is modelled by a transparent sphere centred at the mid-point
between the two ends of the loop. The heparin motif which has been visualized in
complex with the virus (Fry et al. 1999) is drawn in yellow ball-and-stick. A pro-
tomeric subunit (the smallest repeating unit, representing 1/60th of the capsid) is
outlined and enlarged. The FMDV loop is further enlarged with residues that are
conserved (or virtually conserved) across all strains drawn in full. In this depiction
of the loop sequence variability between strains is proportional to the thickness of
the tube; thus the most variable regions are thicker and the most conserved regions
thinner. The residue numbers are shown for the conserved residues with the residue
type being indicated for the proposed integrin binding RGD motif (orange). All resi-
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ised. Elucidation of its general morphology was not possible until the
advent of the electron microscope, when negative-stained images to a
resolution of 40–50 � revealed smooth, round particles of 30-nm diame-
ter (Wild et al. 1969). A detailed understanding of its structure came two
decades later when advances in technology and the production of crys-
tals of the virus (Fox et al. 1987) permitted the application of X-ray crys-
tallography. The X-ray diffraction data, together with knowledge of the
complete protein sequence and structural information from related pi-
cornaviruses, led to the atomic resolution structure for the protein shell
of an O serotype virus (Acharya et al. 1989) (Figs. 1, 2). Subsequent
studies permitted comparisons with other serotypes and subtypes, e.g.
the European A, O and C serotypes (Fig. 3) (Acharya et al. 1989; Curry
et al. 1996; Lea et al. 1995; Lea et al. 1994), and monoclonal antibody-re-
sistant mutants (MAR mutants) (Parry et al. 1990). A striking feature of
all of these virus particle structures was that a particularly interesting
sequence within the VP1 protein, which had been shown to be of major
antigenic and immunogenic importance, was not visible because of its
disordered state relative to the remainder of the particle surface. Con-
temporaneously with the structural work this poorly visualised surface
loop was also identified as being important in interactions with host cell
receptors. In addition, the MAR mutant results suggested, unexpectedly,
that a single mutation might produce significant structural rearrange-
ments in this sequence. Often referred to as the FMDV loop, this struc-
ture has since been more clearly visualised (Logan et al. 1993) (Fig. 2)
and its role in antibody and receptor recognition delineated with some
precision. It appears from these studies that neutralisation of FMDV oc-
curs by blocking of receptor attachment. Indeed, complexes of the virus
with large fragments of monoclonal antibodies (Fabs) have been visual-

dues are numbered such that the least significant digit defines the protein chain, e.g.
1382 is residue 138 of VP2. The heparin binding site is enlarged to show the protein
side chains which act as ligands for the five sugar residues IDU1–IDU5. The protein
backbone is shown in the background colour-coded as above and the side-chains in-
teracting with the heparin are in ball-and-stick and coloured as the protein back-
bone; His195 of VP1, Lys134, Arg135 and Tyr138 of VP2 and Arg56, Gly59, Gly60,
Ser87 and Asn88 of VP3. A Fab fragment interacting with an FMDV C serotype pro-
tomeric subunit is viewed from the side. This model was produced from a cryo-EM
reconstruction (1QGC, Berman et al. 2000). The virus is depicted as above with
theVP1 GH loop in cyan, the RGD motif in orange ball-and-stick and antigenic resi-
dues highlighted. The Cas of the Fab fragment are depicted in grey CPK
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ised by cryoelectron microscopy (Figs. 1, 2) (Hewat et al. 1997) and syn-
thetic peptides representing antigenic portions of the FMDV loop have
been imaged complexed with Fabs by X-ray crystallography (Verdaguer
et al. 1994, 1999).

The identification of cellular receptors has also progressed greatly
since the proposition that a conserved RGD motif in the FMDV loop
binds the virus to cells via an integrin (Fox et al. 1989; Pfaff et al. 1988;
Surovoi et al. 1988). Two classes of receptors are now recognised:
integrins and heparan sulphate proteoglycans (Berinstein et al. 1995;
Jackson et al. 2000b, 1996, 2002; Neff et al. 2000). Interactions with the
latter have been detailed via structural studies of two virus-heparan sul-

Fig. 3 Structural comparison of serotypes. A superimposition of the VP1, 2 and 3
proteins of FMDVs: A10 (E.E. Fry. et al., unpublished data), A22 (Curry et al. 1996),
O1BFS (Acharya et. 1989), O1K (Lea et al. 1995), CS8 (Lea et al. 1994) and SAT1
(Adams et al., unpublished data). Each is drawn as a thin worm coloured according
to the key. The O serotype structures depicted are not reduced; hence the VP1 G-H
loop is not shown
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Fig. 4 Non-structural proteins. a The FMDV leader proteinase (Guarn� et al. 2000)
(a papain-like cysteine proteinase) is drawn as a ribbon, colour-ramped from blue to
red from the N- to C-terminus. The secondary structure elements were defined with
RASMOL. The catalytic residues [His148 and Cys51 (mutated to an Ala) and the pro-
posed third member of the catalytic triad (Asp163)] are depicted in ball-and-stick
with standard atom colouring. b The dimeric N-terminal fragment of polio 3A
(Strauss et al. 2003) drawn as a. c Hepatitis A virus 3C proteinase (Bergmann et al.
1997) drawn as a. The nucleophile Cys A172 and the acid-base catalyst His A44 are
depicted in ball-and-stick with standard atom colouring together with Asp84 (origi-
nally thought to be the third member of the catalytic triad). Residues 95–99 KFRDI
(the RNA recognition sequence) are depicted in blue ball-and-stick. d The poliovirus
3D polymerase (Hansen et al. 1997) drawn as a. The conserved metal binding motif
4xDD (residues 326–329) is depicted in ball-and-stick with standard atom colouring
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phate receptor complexes (Fry et al. 1999) (Fig. 2). The molecular pro-
cesses that follow receptor recognition remain unclear, but the capsid
structure of FMDV has provided an explanation for the observation that
FMDVs share with the cardioviruses a mechanism of dissociation dis-
tinct from rhino- and enteroviruses.

The capsid proteins constitute approximately one-third of the pro-
teins encoded by the virus genome. Of the remaining proteins which
regulate viral replication, protein processing and modifications of the
host, structural information is available for the leader proteinase of
FMDV (Guarn� et al. 2000), the 3C proteinases of related picornaviruses
(Matthews et al. 1994; Allaire et al. 1994; Mosimann et al. 1997), the 3D
polymerase of poliovirus (Hansen et al. 1997), the soluble domain of 3A
(Strauss et al. 2003) of poliovirus and the 2A proteinase of rhinovirus
(Petersen et al. 1999) (Fig. 4). Knowledge from all of these structures will
be drawn upon, bearing in mind that, although many aspects of protein
replication will be similar for related picornaviruses, studies of the cap-
sid proteins and comparison of the genomes reveal significant differ-
ences between the genera.

2
Structural Overview

In the mature virus particle (Fig. 1), 60 copies of each of the four struc-
tural proteins VP1–4 associate to form the icosahedral shell or capsid.
The virion has a pseudo T=3 icosahedral architecture, made possible by
the broadly similar structures of VP1, VP2 and VP3. The arrangement is
similar to that observed in other picornaviruses where the VP1 proteins
are located around the icosahedral five-fold axes, VP2 and 3 alternate
around the three-fold axes and the shorter VP4 is located entirely at the
inner surface of the capsid. VP1–3 adopt a fold almost ubiquitous in
RNA viruses [hence often referred to as the RNA virus fold (RVF)], that
of a wedge-shaped eight-stranded b-barrel. According to convention the
strands of the two sheets are labeled alphabetically proceeding from the
N- to the C-termini of the amino-acid sequence, namely CHEF and
BIDG. These b-wedges form a well-fitting mosaic that comprises the
bulk of the capsid. Loops connecting the strands form the exterior sur-
faces and are identified by the strands they join; thus the hypervariable
sequence known as the FMDV loop, spanning residues 140–160 of VP1,
is also known as the GH loop (Fig. 2). For FMDV, the major structural
proteins, VP1–3 are smaller than their counterparts in other picor-
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naviruses, especially so VP1, each having a molecular weight of approxi-
mately 24,000 (Fig. 3). This reduction in size is achieved by the trunca-
tion of surface loops rendering the capsid both thinner (excluding VP4
the average capsid thickness is 33 � as compared to 42.5 � for human
rhinovirus 14) and smoother, with none of the remarkable surface fea-
tures such as the pits and canyons described for other picornaviruses
(Hogle et al. 1985; Rossmann et al. 1985; Luo et al. 1987). In fact, for
FMDV the C-terminus of VP1 traverses the biological protomer in a
clockwise direction finishing adjacent to the VP1 GH loop of the 5-fold
related protomer and in doing so fills the depression which would be
analogous to the canyon/pits.

FMDV serotypes have on average 86% sequence identity to each oth-
er, although VP1 is substantially more variable. Whereas most structural
differences between subtypes are confined to side chains and resemble
the changes observed in MAR mutants (Parry et al. 1990; Lea et al.
1995), a comparison of serotypes (Acharya et al. 1989; Lea et al. 1994,
1995; Curry et al., 1996) reveals more significant main-chain differences,
providing some structural basis for serotype and subtype differentiation
(Fig. 3).

3
Capsid Stability and Permeability

Of the major capsid proteins, VP1 contributes most to the accessible
surface of the virus whereas VP3 contributes most towards capsid stabil-
ity (Fig. 2). The N-termini of VP3 associate to form a b-annulus at the
icosahedral 5-fold axes, knitting the protomeric subunits (VP1–4) into
pentamers and leaving a small pore or channel along the 5-fold axes
which is accessible from the capsid exterior. In common with nearly all
other picornaviruses, FMDV possesses a myristoyl group (Chow et al.
1987; Belsham et al. 1991) covalently linked to the N-terminus of VP4.
This is not visible in the X-ray structures of FMDVs, but, by analogy
with other picornavirus structures (Hendry et al. 1999), it is likely to
form a cluster at the base of the icosahedral 5-fold axes, possibly stabi-
lizing the N-terminal strand of the VP3 b-barrel. Further stability is pro-
vided by a feature unique to FMDV, a ring of disulphide bonds around
the 5-fold axes towards the virus exterior, linking the VP3 N-termini
and constricting the channel. VP1-VP2 covalently associated dimers are
also seen in serotype O viruses, where they have a special role in modu-
lating the mobility of the VP1 GH loop (Logan et al. 1993). The capsid
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as a whole is fairly permeable; FMDV particles have the highest buoyant
density of any picornavirus in CsCl and permit the entry of proflavin,
the dimensions of which are commensurate with its entry via the 5-fold
channel (Acharya et al. 1989).

Capsid integrity is vulnerable to low pH; below pH 6.8, the capsids
dissociate to 12S pentameric assemblies (Brown and Cartwright 1961)
and this property probably influences virus targeting, pathogenicity and
spread (Fig. 1). It has been proposed that the pH instability of FMDV is
governed by the switch of the protonation state of a cluster of histidines
within 15 � of the pentamer boundary (van Vlijmen et al. 1998), in par-
ticular the interactions of His142 and His145 of VP3 with polar residues
across the inter-pentamer boundary. His142 was proposed (Curry et al.
1995) to mediate a histidine-a-helix charge-dipole interaction, a role
verified by mutational analysis (Ellard et al. 1999), although electrostatic
calculations suggest that this interaction contributes only a small pro-
portion of the destabilisation energy. An extended b-sheet of six strands
straddles the pentamer boundaries, composed of four strands from VP3
(pentamer 1) and two (b-A1 and b-A2) from VP2 (pentamer 2). Togeth-
er with cation ligation on the three-fold axis this maintains capsid in-
tegrity. To date, no structural information is available for dissociated
pentamers. In rhino- and enteroviruses; the trans-pentamer b-sheet
structure is strengthened by a seventh strand contributed by the N-ter-
minal extension of VP1 of pentamer 1 forming a sandwich around
the strands contributed by pentamer 2 (Acharya et al. 1990; Fry et al.
1991, 1990). The rhino- and enteroviruses do not readily dissociate into
pentameric subunits but rather uncoat via A-particle intermediates
(Rueckert 1996) in which VP4 and the N-terminus of VP1 are external-
ized. A final major, and biologically important, structural distinction di-
vides the FMDVs and cardioviruses from rhino- and enteroviruses. In
the latter viruses the b-barrel of VP1 contains a long, hydrophobic pock-
et that accommodates a fatty acid molecule, often referred to as the
pocket factor (Filman et al. 1989; Lewis et al. 1998). The release of this
molecule on receptor binding triggers viral uncoating in the rhino- and
enteroviruses, whereas FMDVs and cardioviruses dissociate via a differ-
ent mechanism and have no trace of, nor room for, a pocket factor (Fry
et al. 1991).
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4
Genome Penetration

A common problem for all picornaviruses is that of transposing their
RNA genomes across the cell membrane to initiate the infection process
in the cytoplasm. For poliovirus and rhinoviruses conformational
changes in the virus capsids, which are induced by receptor binding
and/or internalisation into endosomes, result in the loss of the RNA and
VP4 without disruption of the particles. There is increasing evidence
that these conformational changes result in the insertion of VP4 and the
N-terminus of VP1 into the cellular membranes to produce channels
through which the genomic RNA might traverse the membrane (Hogle
2002). The infection process by FMDV appears to be markedly different,
and there is no model at present as to how the genome enters the cell.
All of the available evidence suggests that the process is triggered simply
by the acidic environment of the endosome. Acid treatment results in
the dissociation of the virus into pentameric subunits, VP4 and the ge-
nome, and available evidence suggests that the capsid proteins remain
in endosomes while the RNA penetrates into the cytoplasm. Acidifica-
tion of the virus in vitro produces an insoluble aggregate of VP4 while
the pentmeric 12S subunits remain soluble. It is possible, therefore, that
VP4 may associate with the endosomal membrane to produce channels
into the cytoplasm, but at present this is purely speculative.

5
Immunogenicity/Receptor Binding

Multiple antigenic sites have been identified for the majority of picor-
naviruses studied (Boege et al. 1991; Hogle and Filman 1989; Sherry et
al. 1986). In general, the entire accessible surface of a virus would be ex-
pected to be antigenic, although antigenic variation is likely to be more
apparent in residues which are not essential for capsid structure or func-
tion. For type O1 FMDVs, up to five antigenic sites have been described
(Barnett et al. 1989; Crowther et al. 1993; Kitson et al. 1990) involving all
three major capsid proteins (Fig. 2). For C serotype viruses, the identifi-
cation of sites is similar, with a major discontinuous antigenic site locat-
ed near to the three-fold axis involving residues of VP1, VP2 and VP3
(Lea et al. 1994). Two major antigenic sites have been located on VP1
and VP3 of A10 (Thomas et al. 1988) and corresponding sites identified
on A12 (Baxt et al. 1989). There is an underlying structural similarity
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between the antigenic sites of the different serotypes, revealed by early
studies which demonstrated the key importance of mobile, exposed re-
gions on a single FMDV capsid protein, VP1, for the biological proper-
ties of the virus. In all FMDVs the C-terminus and the GH loop of VP1
are highly exposed regions which are central to both antigenicity and re-
ceptor binding (Barnett et al. 1989; Baxt and Becker 1990; Crowther et
al. 1993; Fox et al. 1989; Jackson et al. 1997, 2000a, 2000b, 2002; Kitson
et al. 1990; Liebermann et al. 1991; Mason et al. 1994; McCahon et al.
1989; Parry et al. 1989, 1985; Stave et al. 1988; Surovoi et al. 1988; Xie et
al. 1987). In type O FMDV, for example, trypsin cleavage of VP1 within
the GH loop and at the C-terminus does not affect the integrity of the
virus particle but abolishes the ability of the virus to attach to cells and
greatly reduces immunogenicity.

The VP1 GH loop has been found to be structurally disordered in all
serotypes studied to date (Acharya et al. 1989; Curry et al. 1996; Lea et
al. 1994) (Fig. 3). The mobility of this loop presumably presents more
possibilities for interaction with antibodies, leading to its extreme anti-
genicity. Nevertheless, for certain variant viruses which escape neutrali-
sation by a monoclonal antibody which bound simultaneously to the
GH loop and to the C-terminus of VP1, escape substitutions were, sur-
prisingly, found in a quite different part of the virus, the VP1 BC loop
(Parry et al. 1990). Crystallographic studies of these mutants and com-
parisons with the parent virus revealed that single amino acid changes
in the VP1 BC loop were responsible for switching the conformation of
the VP1 GH loop. The electron density profiles suggested that the VP1
GH loop exists in two predominant conformations, “down” and “up”,
and that the conformational restriction imposed by the disulphide teth-
ering one of the ends of the loop in O1 BFS (C134 of VP1-C130 of VP2)
was responsible for driving it towards the less intrinsically stable “up”
conformation in the parent virus. Thus the substitutions in the VP1 BC
loop underlying this “up” conformation were able to destroy the integri-
ty of the VP1 GH loop epitope by switching it to a predominantly
“down” conformation. On the basis of these data, the VP1 GH loop was
proposed to act as a hinged domain (Parry et al. 1990). This hypothesis
was confirmed when the VP1 GH loop structure was visualised in a
well-ordered “down” conformation by the crystallographic analysis of
DTT-reduced O1BFS virus (Logan et al. 1993), in which the destabilizing
Cys134 VP1–Cys130 VP2 disulfide was deliberately broken. In the re-
duced virus structure, the VP1 GH loop lies predominantly over the sur-
face of VP2 (the Ca for Cys134 of VP1 moves some 12 �). The N-termi-
nal portion of this loop (residues 130–160) traverses the biological pro-
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tomer in a clockwise direction, coming into close proximity with the
VP3 GH loop (residues 173–180) from a five-fold related biological pro-
tomer, resulting in a rearrangement of that loop. Thus observed confor-
mational differences in this VP3 GH loop between serotypes are more
likely to be attributable to the flexibility of the VP1 GH loop than to gen-
uine serotype specific changes (Curry et al. 1996). The VP1 GH loop
then forms a strand of b-sheet adjacent to strand C of VP2. The RGD
motif (residues 145–147) occupies a turn prior to a 310 helix and is in an
extended conformation (Fig. 2), similar to that observed for the same
motif in g-crystallin, which is known to bind integrin (Wistow et al.
1983).

Although in native viruses the VP1 GH loop is disordered, there is ev-
idence that the internal structure seen in reduced viruses is preserved in
different loop positions. Thus the crystal structure of a synthetic peptide
corresponding to the sequence of the loop for a serotype C virus in com-
plex with an Fab fragment from a neutralising monoclonal antibody re-
vealed a loop structure similar to that seen in crystals of reduced O1BFS
(Verdaguer et al. 1995). Each of these loop structures was also found to
be maintained after multiple amino acid substitutions (Lea et al. 1995;
Ochoa et al. 2000). Such conservation suggests that the conformation as
well as the chemical properties of these residues is important in integrin
recognition.

Because FMDV replicates in the reducing environment of the cyto-
plasm, O1 strains are initially produced in the reduced state, and so pre-
sumably possess a VP1 GH loop that is ordered. Oxidation to the ma-
ture, disordered form occurs only after release from the host cell. In-
deed, studies of the re-oxidation of reduced virus showed that the disul-
phide bond reforms. The ability to form the disulphide bond despite the
large deviation in the position of residue 134 of VP1 emphasises the re-
sidual mobility of the reduced loop as evidenced by the high crystallo-
graphic B-factors (measures of thermal motion) and the estimated 85%
occupancy compared to the rest of the structure. Not surprisingly, the
infectivity of reduced virus with an ordered loop
 is markedly lowered,
unless the virus can use an alternative receptor (A. King, unpublished
data). The release of virus initially unable to bind receptor might be im-
portant for pathogenesis, facilitating viral spread.

Whereas the reduced virus structure confirmed the “down” position
for the loop proposed by Parry et al.(1990), an Fab-C-serotype virus
complex (Hewat et al. 1997) determined by cryoelectron microscopy
provided direct evidence for the “up” position, because this accounted
best for the observed position of the bound Fab (Fig. 2). Analysis of a

The Structure of Foot-and-Mouth Disease Virus 83



further C serotype virus-Fab complex and the corresponding Fab-pep-
tide complex (Verdaguer et al. 1999) showed the VP1 GH loop in a simi-
lar conformation but disposed differently on the virus surface, a differ-
ence explicable by a simple rotation hinged about the base of the loop
(Hewat et al. 1997; Verdaguer et al. 1999). Together these results verify
the hypothesis that the loop exists as a self-contained, biologically im-
portant folding unit which can occupy at least two radically different po-
sitions on the virus surface (Acharya et al. 1989; Parry et al. 1990)
(Fig. 2). The combination of flexibility and rigidity in the structure of
the VP1 GH loop for native viruses facilitates receptor binding via the
conserved RGD integrin-binding motif within it.

The strong antigenicity of this receptor binding site is in complete
contrast to what would be expected from the canyon hypothesis for
receptor binding proposed for other picornaviruses (Luo et al. 1987;
Rossmann et al. 1985), in which the residues involved in cell attachment
are located at the base of surface depressions whose dimensions render
them accessible to cell receptors but not antibodies. In contrast, the
mode of neutralisation for anti-FMDV antibodies recognising this site is
clearly by direct blocking of receptor attachment (Verdaguer et al. 1995)
and all the antigenic sites flank the RGD triplet [if we consider both of
the predominant conformations (Fig. 2)]. Taking into account the large
footprint of an antibody (typically 700 �2), we would expect that varia-
tion around the conserved attachment site would be sufficient to evade
immune surveillance. In fact, more subtle effects also operate, as we
have seen, such that a single mutation in the structure underlying the
VP1 GH loop (e.g. residue 82 of VP2 or residue 43 or 59 of VP1) can per-
turb its structure, resulting in an amplified propagation of structural
change (Curry et al. 1996; Parry et al. 1990).

Because the receptor attachment site is at a peripheral flexible
 loca-
tion, receptor binding is unlikely to mediate any capsid dissociation by
imposing mechanical strain on the capsid [as is thought to occur in oth-
er picornaviruses (Rueckert 1996)], hence the requirement for an addi-
tional factor, acid lability, to promote disassembly (Acharya et al. 1989).

6
Receptor Interactions

FMDV targets epithelial cells, and much progress has been made in
identifying cellular receptors for FMDV (Baranowski et al. 2000; Berin-
stein et al. 1995; Jackson et al. 1996, 2000b, 2002; Neff et al. 2000).Two
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classes of receptors have been recognised, integrins and heparan sul-
phate proteoglycans. The most favoured integrin isoforms are avb3,
avb6 and avb1 (Jackson et al. 1997, 2000b, 2002). It has also been shown
that antibody-bound FMDV can infect cells via Fc receptor-mediated ad-
sorption (Mason et al. 1993) and via an engineered artificial receptor
consisting of a single-chain anti-FMDV monoclonal antibody fused to
ICAM-1 even with RGD-deleted viruses, suggesting that regions of the
virion other than the G-H loop of VP1 might bind to and infect cells in
culture.

7
Heparan Sulphate Proteoglycan Receptors

Heparan sulphates (HSs) are polymers of disaccharide repeats of l-idu-
ronic acid and d-glucosamine, which carry random patterns of sulfation
and are hence negatively charged (Bernfield et al. 1999; Kjellen and
Lindahl 1991). They are found as the carbohydrate component of many
proteins called heparan sulphate proteoglycans (HSPGs). They are ex-
pressed on the surface of virtually all cell types, either as integral mem-
brane proteins or as components of the extracellular matrix.

HS was originally identified as a potential enhancer (or co-receptor)
of cell entry by certain strains of type O FMDV (Jackson et al. 1996). Sub-
sequently, viruses representing several other serotypes, including sero-
types A (Fry et al. 1999), C (Baranowski et al. 1998, 2000; Escarmis et al.
1998), Asia-1 and SAT-1 (T. Jackson, unpublished data) have been shown
to bind HS and/or use HSPGs as cellular receptors. It was at one time
thought that HS acts as the virus
 first point of contact with the cell, en
route to its integrin receptor (Jackson et al. 1996). However, a functional
relationship between HS and integrins was not established, and it is now
clear that propagation of certain strains of FMDV in cultured cells selects
for virus variants that have a high affinity for HS (Sa-Carvalho et al.
1997). Such viruses can then completely dispense with their RGD inte-
grin-binding site and use HSPGs as alternative receptors without the me-
diation of integrins (Baranowski et al. 2000; Martinez et al. 1997; Neff et
al. 1998).

Viruses that bind to HS arise rapidly in cell culture and are character-
ised by having a small plaque phenotype and an increased virulence and
expanded host range for cultured cells typified by an acquired ability to
infect CHO and K562 cells (Baranowski et al. 2000; Jackson et al. 1996;
Neff et al. 1998; Sa-Carvalho et al. 1997). Remarkably, the ability of
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FMDV to bind HS arises from only one or two residue changes on the
outer capsid surface which result in a net gain in positive charge (Fry et
al. 1999; Sa-Carvalho et al. 1997). Subtype O strains, for example, have a
histidine residue at VP3-56 which changes to arginine on passage in tis-
sue culture, and this single change was identified as important for HS
binding by genetic studies using a cloned infectious copy of the genome
(Sa-Carvalho et al. 1997). For a single substitution to confer such a dra-
matic change in HS affinity suggests that the icosahedral virion, with 60
binding sites, interacts with HS polymers at multiple sites, so amplifying
the effect of any sequence changes, although direct crystallographic evi-
dence demonstrates that monovalent interactions can be significant (see
below).

The question arises as to whether the ability of FMDV to switch
rapidly between its integrin and HS receptors plays any role in FMDV
pathogenesis. Despite conferring a clear advantage for growth in cul-
tured cells, viruses that have a high affinity for HS are attenuated for
cattle (Sa-Carvalho et al. 1997). Furthermore, infection of cattle by an
HS-binding strain gave rise to virulent revertant viruses which had lost
the ability to bind HS. These observations imply that a high affinity for
HS is a disadvantage for FMDV in an animal. It remains to be estab-
lished whether low-affinity interactions between FMDV and HS occur in
vivo, or whether the ability of FMDV to switch rapidly from integrin to
HS receptors plays any role in the latter stages of FMDV pathogenesis,
once an infection has been established (Fry et al. 1999).

8
The Structural Basis of Heparan Sulphate Recognition

The crystal structures of two tissue culture-adapted strains of FMDV,
O1BFS (Fry et al. 1999) and A10 (E.E. Fry, unpublished data), complexed
with HS have been determined. The HS binding site in both complexes
is formed by a shallow depression in the centre of the biological pro-
tomer similar to the putative receptor-binding pit
 of cardioviruses
(Luo et al. 1987). The models reveal a segment up to five sugar residues
binding in a position, orientation and conformation which are almost
identical for the two serotypes (Fig. 2). The bound sugar motif is fully
sulphated and makes contact with approximately nine amino acid resi-
dues derived from all three major structural proteins (VP1–VP3). A
comparison with the unliganded virus structures shows that virtually no
conformational changes occur in either virus on HS binding. Arg56 of
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VP3 occupies a critical position in both complexes, making ionic inter-
actions with two sulphate groups. This residue switches to Arg from the
wild-type His when O1 viruses adapt to tissue culture (Sa-Carvalho et
al., 1997). A second contact residue, Arg 135 of VP2, which is also con-
served between O1BFS and A10, plays a subsidiary role in interacting
via water molecules with one of the HS disaccharides. Most other con-
tact residues are not conserved between these two viruses (E.E. Fry, un-
published data). In contrast, studies with type C FMDV (Baranowski et
al. 2000; Escarmis et al. 1998) have identified residues involved in HS
adaption at widely spaced locations on the capsid, leading the authors to
suggest that there may be more than one potential binding site in this
serotype.

The C-terminal residues of VP1 (residues 201–211) have also been
implicated in cell attachment because selective removal of these residues
by treatment with the lysine-specific endoproteinase Lys-C results in vi-
rus particles which are no longer capable of binding to cells (Fox et al.
1989). It is unclear whether this region is involved in binding to HS or
to integrin receptors. The sequence of this region is similar to the hepa-
rin-binding site of vitronectin, leading to the suggestion that there is a
direct interaction with HS. However, the crystal structure of the virus-
HS complex demonstrated that this is not the case (Fry et al. 1999). Nev-
ertheless, the nearby residues, His 195 and Lys 193 of VP1 of O1BFS and
A10, respectively, do make contact with HS and it is possible that the
C-terminus of VP1 may serve to stabilise these residues in a suitable po-
sition for HS binding. Interestingly, the HS binding site is also one of
the five antigenic sites (site 4; Fig. 2). As the antibody that mapped to
this site was raised against the wild-type (i.e. integrin dependent) form
of the virus, its mechanism of neutralisation may not be via receptor
blocking.

The heparan sulphate receptor binding site is located some 15 � away
from the RGD motif in the reduced conformation. The adaptation to
HSPG receptors by O1 viruses appears not to compromise their ability
to make use of integrin receptors, implying that the two attachment sites
function independently of each other (S. Najjam, unpublished data).

Overall, we feel that the similarities in the crystal structures of the O
and A type virus-HS complexes suggest that this binding site has an im-
portant role in the survival of the virus, perhaps via persistent infections
(Fry et al. 1999).
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9
Integrin Receptors

Integrins are heterodimeric proteins composed of two, differing, type 1
transmembrane subunits, a and b, with large extracellular domains and
usually a short cytoplasmic tail and are the key determinants of cell en-
try by FMDV. Most integrins recognise their ligands by binding to short
linear peptide sequences, and several members of the integrin family, in-
cluding avb1, avb3, avb5, avb6 and a5b1, recognize their ligands by
binding to the tripeptide RGD. Of these avb5 and a5b1 have not been
shown to act as receptors for FMDV (Baranowski et al. 2000; Jackson et
al. 2000b; Mason et al. 1993; Neff et al. 1998), and according to the dis-
tribution of the others in tissues, avb6 is most likely to correspond to
the true cellular receptor (though the distribution of avb6 in bovine tis-
sues remains unclear). FMDV is thought to enter the cell through endo-
somes where capsid uncoating is triggered by the acidic environment of
this compartment (Curry et al. 1995; Ellard et al. 1999; Mason et al.
1993) and infection is inhibited by pre-treatment of cells with reagents
that raise endosomal pH (Baxt 1987; Carillio et al. 1984; Miller et al.
2001). Mutant avb6 receptors with deletions in a conserved motif
(known to function in other internalisation receptors as a signal which
directs membrane proteins into clathrin-coated vesicles) (Chen et al.
1990; Trowbridge et al. 1993) are defective at mediating infection despite
retaining the ability to bind FMDV (Miller et al. 2001), suggesting that
the b6 cytoplasmic domain may contain signals necessary for virus up-
take into endosomes.

Several lines of evidence show that the residues following the RGD
motif of FMDV, including those at the RGD +1 and +4 positions, are
important for receptor recognition (Rieder et al. 1994, Mateau 1996,
Jackson et al. 2000a). The similarity between the RGD site of FMDV and
LAP-1 and the observation that the DLXXL motif is a ligand for avb6
(Kraft et al. 1999) suggest that conservation of the leucine residues at
the RGD +1 and RGD +4 positions is likely to reflect the use of avb6
rather than avb3 as a specific receptor. A model of the virus with the
loop in the “up” position can readily be docked with the extended avb3
(Xiong et al. 2001) structure in a fashion analogous to the Fab interac-
tion.
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10
Virus-Integrin Complexes

To date no complex of FMDV with integrin has been visualised. Perhaps
the closest approximation comes from work with hepatitis B cores ex-
pressing the FMDV loop, which have been visualised decorated with
avb3 by EM (Sharma et al. 1997).

Nevertheless, the recent report of a crystal structure for the ectodo-
main of avb3 should, in the future, facilitate interpretation of cryo-EM
reconstructions if these can be obtained.

11
Non-structural Proteins

For FMDVs, the product of translation of the single-stranded positive-
sense RNA genome is a polyprotein that is subsequently processed by a
variety of virus-encoded proteases
 (Leader, 2A, 3C).

The leader proteinase Lpro (201 residues in serotype O) is found at
the N-terminus of the polyprotein in aphthoviruses [closely conserved
between the distantly related equine rhinovirus A (ERVA) and FMDV
(Hinton et al. 2002)]. It is synthesised in two forms, Lab and Lb, the lat-
ter predominating in vivo. A papain-like proteinase, it mediates autocat-
alytic cleavage of itself from P1 and cleaves the host protein eIF4GI, re-
sulting in the shut-off of host cap-dependent mRNA translation. A simi-
lar function is performed by protein 2A in human rhino- and en-
teroviruses, although the cleavage occurs at a different site. Lpro appears
to play a critical role in pathogenesis. An X-ray crystallographic study of
Lpro (Guarne et al. 2000) (Fig. 4) confirms that the active site triad com-
prises Cys51, His148 and Asp163 (the latter in place of the Asn usually
found in papain-like proteinases). In addition, it is unusual in that the
His-Asp interaction is exposed to solvent and that the transition state
analogue is stabilized by an Asp (Guarne et al. 2000). Other notable dif-
ferences to papain include a high sensitivity to increases in cation con-
centration and activity limited to a narrow pH range. The structure sug-
gests that these characteristics are due to the presence of Asp49, 163 and
164 close to the active site (not normally present in papain-like en-
zymes).

There is as yet no structural information for proteins and their inter-
mediates derived from the P2 and P3 regions of the FMDV genome, but
some information is available for analogous P3 proteins from rhinovirus
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and poliovirus and these may provide a paradigm for picornaviruses.
These proteins participate in RNA replication and protein folding and
assembly.

In aphtho- and cardioviruses, the primary polyprotein cleavage oc-
curs not between P1 and 2A but at the C-terminus of 2A. The three
C-terminal residues of aphtho- and cardiovirus 2A are completely con-
served (-NPG-), as is the N-terminal residue (proline) of 2B (Palmenberg
et al. 1992). Although FMDV 2A comprises only 18 amino acids, it ap-
pears to function as an autoproteinase [as do the 19 C-terminal residues
of cardiovirus 2A (Donnelly et al. 1997)]. However, it has been hypothe-
sized for FMDV 2A that it actually acts at the level of the ribosome, us-
ing a novel mechanism to modify the translational machinery, allowing
the release of 2A whilst permitting the synthesis of the downstream pro-
teins (Donnelly et al. 2001). Thus the structure of the rhinovirus 2A pro-
tease (Petersen et al. 1999) is probably irrelevant to FMDV 2A.

Picornaviral 2B (154 residues type O) and 2C (318 residues type O)
proteins localise to the ER–derived outer surface vesicles which are the
sites of genome replication (Lubroth and Brown, 1995). In poliovirus,
2B appears to enhance membrane permeability and block secretory
pathways whereas 2C is required for the initiation of negative-strand
RNA synthesis. In all picornaviruses, these proteins contain conserved
nucleoside triphosphate-binding and helicase motifs, have ATPase and
GTPase activity and are highly conserved.

For the P3 proteins 3A and 3B are anomalous in FMDV. 3A is almost
twice as long in FMDV (143 residues) as in poliovirus. A C-terminal
truncation produces a bovine-attenuated phenotype which is highly vir-
ulent in pigs (Beard and Mason 2000) and adaptation to guinea-pigs is
conferred by a single amino acid change in 3A, implicating it in host ad-
aptation. FMDV 3A has been shown to co-localize with the intracellular
membrane system where replication occurs (O
Donnell et al. 2001). This
correlates with the prediction of a transmembrane helix between resi-
dues 59 and 76. 3A also forms stable intermediates 3AB and 3ABB. For
poliovirus, 3AB can bind the 50 cloverleaf structure of the viral genome
(Xiang et al. 1995) and can directly bind to and act as a co-factor of 3D
(Richards and Ehrenfeld 1998, Xiang et al. 1998). An NMR structure for
the soluble N-terminal fragment of poliovirus 3A (Fig. 4) is available (re-
sidues 1–59 of 87) (Strauss et al. 2003). This structure consists of a sym-
metrical amphipathic a-helical hairpin dimer with unstructured termini
and a charged surface patch, presumably the site of RNA interaction.
The hydrophobic portion may contribute to a second dimeric interface
in line with pore formation and its ability to permeabilise membranes.
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3B (VPg) is covalently bound to the 50 terminus of the genome and
implicated in priming replication. The first step in poliovirus RNA syn-
thesis is the covalent linkage of UMP to 3B (Paul et al. 2003). FMDV un-
usually possesses three non-identical copies of 3B in tandem (23–24
amino acids apiece) with a highly conserved Tyr at position 3 which me-
diates the phosphodiester linkage to the viral RNA (Forss and Schaller
1982). Not all three copies are required for replication (Falk et al. 1992)
but they are clearly important to the virus, possibly playing a role in
pathogenesis or host-range (Pacheco et al. 2003).

FMDV 3Cpro (213 residues) can efficiently process all 10 cleavage sites
in the polyprotein (Bablanian and Grubman 1993). Whereas in poliovi-
rus, 3CDpro has been implicated as the major viral proteinase, responsi-
ble for cleavage of the structural protein precursor, in FMDVs levels of
3CD are variable and it appears to be rapidly cleaved. FMDV 3Cpro

shows greater heterogeneity in cleavage sites than poliovirus 3Cpro. It
can also cleave the host proteins eIF4A (which is part of the cap-binding
complex and functions as an RNA helicase) and eIF4G, late in the infec-
tious cycle and at a different site to Lpro (Belsham et al. 2000), and it
may inhibit host cell transcription by cleavage of histone H3.

The sequences of 3Cpros show that they belong to the chymotrypsin-
like family of serine proteases, and the high degree of conservation sug-
gests that the three-dimensional structures for rhinovirus, hepatitis A
and poliovirus (Matthews et al. 1994; Allaire et al. 1994; Mosimann et al.
1997) should provide reasonable models for other members of the fami-
ly (Fig. 4). However, there is a difference in the nature of the catalytic
site whereby the family divides into two lineages. The entero- and rhi-
noviruses have a Glu as a member of the serine proteinase-like catalytic
triad which interacts with a His, as observed in the HRV14 structure.
The Asp which replaces the Glu (conserved in lineage B) was observed
in the hepatitis A 3C proteinase structure not to interact with the histi-
dine (Allaire et al. 1994), a water molecule fulfilling this role. Biochemi-
cal studies have identified the residues involved in the catalytic triad in
FMDV 3Cpro as Cys163, His46 and Asp84 (Grubman 1995). Thus FMDV
is a member of the second lineage and we would expect the active site to
more closely resemble the hepatitis A 3C proteinase structure (Fig. 4).

3CDpro has been shown to bind to positive-strand RNA (Andino et al.
1990, 1993). Mutations shown to affect RNA-binding have been located
on the three-dimensional structure of 3Cpro, revealing the binding site to
be on the opposite side to the catalytic site and in close proximity to the
N- and C-termini such that RNA binding may regulate protein process-
ing.
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FMDV 3D (470 residues) is an RNA-dependent RNA polymerase
which, together with other viral proteins and possibly host proteins, car-
ries out viral RNA replication to generate new template, messenger and
viral RNAs from the original infecting RNA. This appears to take place
within a membranous complex. There is a high degree of conservation
among the different FMDV sero- and subtypes for 3D at both the nucle-
otide and amino acid sequence levels. The structure of poliovirus 3D
(Hansen et al. 1997) (Fig. 4) revealed a strong similarity to other classes
of polymerases with the characteristic palm
, fingers
 and thumb
 sub-
domains. The core palm
 subdomain comprises four of the conserved
sequence motifs found in other polymerases. The active site consists of
the conserved YGDD sequence and a highly conserved D residue also
found in this subdomain. Interestingly, the crystal structure also re-
vealed polymerase-polymerase interactions at two interfaces which ap-
pear to be functionally significant (Hobson et al. 2001). This tallies with
the high degree of cooperativity in RNA binding and polymerisation ac-
tivities, suggesting that the polymerase may function as an oligomer
(Beckman and Kirkegaard 1998). This could produce multiple interac-
tions with other viral and host cell factors consistent with a recent mod-
el of initiation of poliovirus negative-strand RNA synthesis which
includes a poly (A)-binding protein (PABP)-3CD complex and a
PCBP-3CD complex that interact with each other to form a circular RNP
complex (Barton et al. 2001, Herold and Andino 2001).

12
Capsid Assembly

Structural proteins accounting for approximately one-third of the
polyprotein are encoded towards the 50 end of the open reading frame
(the P1 region) and appear to fold into a structure which is antigenically
very similar to the virus even prior to the cleavages which yield the viral
proteins VP0, VP1 and VP3 (also known as 1AB, 1D and 1C, respective-
ly).

The P1/2A cleavage to form the structural protein precursor, P1
(Fig. 1), is performed by the 3C protease. P1 folds into a protomer, five
of which associate to form a pentamer after the VP2/3 and VP3/1 cleav-
ages have taken place. We have no structural information for either of
these intermediates. Beyond this point the assembly and encapsidation
mechanism is unclear; either the pentamers assemble into empty capsids
and the RNA [covalently linked to VPg (3B)] is inserted to form the
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provirion (the immature particle in which the maturation cleavage
of VP0 has yet to occur) or the pentamers interact directly with the
RNA/VPg, forming the provirion without an empty capsid intermediate.
More recent studies with poliovirus (Verlinden et al. 2000) favour the
latter hypothesis whereby empty capsids are either a failed product or
serve as a repository of pentamers. The final step in producing the ma-
ture virion is the cleavage of 1AB (VP0), which occurs via a presumed
autocatalytic mechanism in the presence of viral RNA, converting the
N-terminal 85 residues into VP4 and the remaining residues into VP2
(1A and 1B, respectively), although a few copies of 1AB may remain in
the intact virion.

Structural analyses of empty capsids of type A22 FMDV (Curry et al.
1997) (which despite lacking RNA possess cleaved VP0) reveal that in-
creased ordering of the N-terminus of VP1 and C-terminus of VP4 in
the vicinity of the 3-fold axes is associated with RNA encapsidation and
that a further stabilization of the capsid is attributable to VP0 cleavage.
A conserved histidine (His145 of VP2) could mediate the autocatalytic
VP0 cleavage in FMDV (Curry et al. 1997), as predicted in poliovirus for
the analogous His195 of VP2. Naturally occurring FMDV provirions
have not been observed; however, noninfectious mutated provirions
with uncleaved 1AB have been generated by reverse genetics and these
remain acid sensitive.

13
Concluding Remarks

The small size, icosahedral geometry and relative simplicity of FMDV
lend it to detailed structural analysis. Thus far, these factors have en-
abled much progress in understanding in intimate detail how the virus
binds its cellular receptors and uncoats during the process of cell entry,
and also how neutralising antibodies recognise the particle. It now re-
mains to obtain a clearer picture of the processes involved in virus repli-
cation in atomic detail. FMDV was the first animal pathogen to be iden-
tified as a virus, and today, more than a century later, it remains at the
forefront of structural virology. Future progress towards more humane
and cost-effective ways of controlling FMD will benefit from a better un-
derstanding of the molecular mechanisms underlying infection and
transmission of this most infectious of all viruses.

The Structure of Foot-and-Mouth Disease Virus 93



References

Acharya, R., Fry, E., Logan, D., Stuart, D., Brown, F. and Rowlands, D. (1990) New
aspects of positive strand RNA viruses. In: M.A. Brinton and F.X. Heinz (Eds),
Some observations on the three-dimensional structure of foot-and-mouth dis-
ease virus

Acharya, R., Fry, E., Stuart, D., Fox, G., Rowlands, D. and Brown, F. (1989) The three-
dimensional structure of foot-and-mouth disease virus at 2.9-� resolution. Na-
ture (London) 337, 709–716

Adams, P., Lea, S., Newman, J., Blakemore, W., Najjam, S., King, A., Stuart, D. and
Fry, E. A three-dimensional structure for foot-and-mouth disease virus SAT 1 se-
rotype. (in preparation)

Allaire, M., Chernaia, M.M., Malcolm, B.A. and James, M.N. (1994) Picornaviral 3C
cysteine proteinases have a fold similar to chymotrypsin-like serine proteinases.
Nature 369, 72–6

Andino, R., Rieckhof, G.E., Achacoso, P.L. and Baltimore, D. (1993) Poliovirus RNA
synthesis utilizes an RNP complex formed around the 50-end of viral RNA.
EMBO J. 12, 3587–98

Andino, R., Rieckhof, G.E. and Baltimore, D. (1990) A functional ribonucleoprotein
complex forms around the 50 end of poliovirus RNA. Cell 63, 369–80

Bablanian, G.M. and Grubman, M.J. (1993) Characterization of the foot-and-mouth
disease virus 3C protease expressed in Escherichia coli. Virology 197, 320–7

Baranowski, E., Ruiz-Jarabo. C. M., Sevilla. N., Andreu. D., Beck, E. and 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

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

Barnett, P.V., Ouldridge, E. J., Rowlands, D. J., Brown, F. and Parry, N. R. (1989) Neu-
tralising epitopes on type O foot-and-mouth disease virus. I. Identification and
characterisation of three functionally independent, conformational sites. J. Gen.
Virol. 70, 1483–1491

Barton, D.J., O
Donnell, B.J. and Flanegan, J.B. (2001) 50 cloverleaf in poliovirus RNA
is a cis-acting replication element required for negative-strand synthesis. EMBO
J. 20, 1439–48

Baxt, B. (1987) Effect of lysomotropic compounds on early events in foot-and-mouth
disease virus replication. Virus Res. 7, 257–271

Baxt, B. and Becker, Y. (1990) The effect of peptides containing the arginine-glycine-
aspartic acid sequence on the adsorption of foot-and-mouth disease virus to tis-
sue culture cells. Virus Genes 4, 73–83

Baxt, B., Vakharia, V., Moore, D. M., Franke, A. J. and Morgan, D. O. (1989) Analysis
of neutralising antigenic sites on the surface of type A12 foot-and-mouth disease
virus. J. Virol. 63, 2143–2151

Beard, C.W. and Mason, P.W. (2000) Genetic determinants of altered virulence of Tai-
wanese foot-and-mouth disease virus. J Virol 74, 987–91

94 E.E. Fry et al.



Beckman, M.T. and Kirkegaard, K. (1998) Site size of cooperative single-stranded
RNA binding by poliovirus RNA- dependent RNA polymerase. J. Biol. Chem.
273, 6724–30

Belsham, G., Abrams, C.C., King, A.M.Q., Roosien, J. and Vlak, J.M. (1991) Myristoy-
lation of foot-and-mouth disease virus capsid precursors is independent of other
viral proteins and occurs in both mammalian and insect cells. J. Gen. Virol. 72,
747–751

Belsham, G.J., McInerney, G.M. and Ross-Smith, N. (2000) Foot-and-mouth disease
virus 3C protease induces cleavage of translation initiation factors eIF4A and
eIF4G within infected cells. J. Virol. 74, 272–80

Bergmann, E.M., Mosimann, S.C., Chernaia, M.M., Malcolm, B.A. and James, M.N.G.
(1997) The refined crystal structure of the 3C gene product from hepatitis A vi-
rus: specific proteinase activity and RNA recognition. J. Virol. 71, 2436–2448

Berinstein, A., Roivainen, M., Hovi, T., Mason, P. W. and Baxt, B. (1995) Antibodies
to the vitronectin receptor (integrin avb3) inhibit binding and infection of foot-
and-mouth disease virus to cultured cells. J. Virol. 69, 2664–2666

Berman, H.M., Westbrook, J., Feng, Z., Gilliland, G., Bhat, T.N., Weissig, H., Shindya-
lov, I.N. and Bourne P.E. (2000) The Protein Data Bank. Nucleic Acids Res.
28,235–242

Bernfield, M., Gotte, M., Park, P. W., Reizes, O., Fitzgerald, M. L., Lincecum, J. and
Zako, M. (1999) Functions of cell surface heparan sulfate proteoglycans. Annu.
Rev. Biochem. 68, 729–777

Boege, U., Kobasa, D., Onodera, S., Parks, G., Palmenberg, A. and Scraba, D. (1991)
Characterisation of mengo virus neutralisation epitopes. Virology 181, 1–13

Brown, F., and Cartwright, B. (1961) Dissociation of foot-and-mouth disease virus
into its nucleic acid and protein components. Nature (London). 192, 1163–1164

Carrillo, E. C., Giachetti, C. and Campos, R. H. (1984) Effect of lysomotropic agents
on the foot-and-mouth disease virus replication. Virology 135, 542–545

Chen, W-J., Goldstein, J. L. and Brown, M. S. (1990) NPXY, a sequence often found
in cytoplasmic tails, is required for coated pit-mediated internalization of the
low density lipoprotein receptor. J. Biol. Chem. 265, 3116–3123

Chow, M., Newman, J., Filman, D., Hogle, J.R., Rowlands, D.J. and Brown, F. (1987)
Myristylation of picornavirus capsid protein VP4 and its structural significance.
Nature (London) 327, 482–486

Cockburn, J.J.B., Abrescia N.G.A., Grimes, J.M., Sutton, G.C., Diprose, J.M., Benev-
ides, J., Thomas Jnr, G., Bamford, J.K.H., Bamford, D.H., Stuart, D.I. (2004) A bi-
ological membrane interacting with protein and DNA visualized in bacterio-
phage PRD1 at high resolution. (In preparation)

Crowther, J.R., Farias, S., Carpenter, W.C. and Samuel, A.R. (1993) Identification of a
fifth neutralizable site on type O foot-and-mouth disease virus following charac-
terisation of single and quintuple monoclonal antibody escape mutants.
J. Gen.Virol. 74, 1547–1553

Curry, S., Abrams, C.C., Fry, E., Crowther, J.C., Belsham, G.J., Stuart, D.I. and King,
A.M.Q. (1995) Viral RNA modulates the acid sensitivity of foot-and-mouth dis-
ease virus capsid. J. Virol. 69, 430–438

Curry, S., Fry, E., Blakemore, B., Abu-Ghazaleh, R., Jackson, T., King, A., Lea, S.,
Newman, J., Rowlands, D. and Stuart, D. (1996) Perturbations in the surface

The Structure of Foot-and-Mouth Disease Virus 95



structure of A22 Iraq foot-and-mouth disease virus accompanying coupled
changes in host cell specificity and antigenicity. Structure 4, 135–145

Curry, S., Fry, E., Blakemore, W., Abu-Ghazaleh, R., Jackson, T., King, A., Lea, S.,
Newman, J. and Stuart, D. (1997) Dissecting the roles of VP0 cleavage and RNA
packaging in picornavirus capsid stabilization: the structure of empty capsids of
foot-and-mouth disease virus. J. Virol. 71, 9743–9752

Donnelly, M.L., Gani, D., Flint, M., Monaghan, S. and Ryan, M.D. (1997) The cleavage
activities of aphthovirus and cardiovirus 2A proteins. J. Gen. Virol. 78, 13–21

Donnelly, M. L., Luke, G., Mehrotra, A., Li, X., Hughes, L.e.., Gani, D. and Ryan, M.D.
(2001). Analysis of the aphthovirus 2A/2B polyprotein cleavage
 mechanism in-
dicates not a proteolytic reaction, but a novel translational effect: a putative ri-
bosomal skip
. J. Gen. Virol. 82, 1013–25

Ellard, F. M., Drew, J., Blakemore, W. E., Stuart, D. I. and King, A. M. Q. (1999) Evi-
dence 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

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

Esnouf, R. M. (1997) An extensively modified version of MolScript which includes
greatly enhanced colouring capabilities. J. Mol. Graphics 15, 132–134

Falk, M.M., Sobrino, F. and Beck, E. (1992) VPg gene amplification correlates with
infective particle formation in foot-and-mouth disease virus. J. Virol. 66, 2251–
60

Filman, D.J., Syed, R., Chow, M., Macadam, A.J., Minor, P.D. and Hogle, J.M. (1989)
Structural factors that control conformational transitions and serotype specifici-
ty in type 3 poliovirus. EMBO J. 8, 1567–1579

Forss, S. and Schaller, H. (1982) A tandem repeat gene in a picornavirus. Nucleic
Acids Res 10, 6441–50

Fox, G., Parry, N.R., Barnett, P.V., McGinn, B., Rowlands, D.J. and Brown, F. (1989)
Cell attachment site on foot-and-mouth disease virus includes the amino acid se-
quence RGD (Arginine-Glycine-Aspartic Acid). J. Gen. Virol. 70, 625–637

Fox, G., Stuart, D., Acharya, K.R., Fry, E., Rowlands, D.J. and Brown, F. (1987) Crys-
tallisation and preliminary X-ray diffraction analysis of foot-and-mouth disease
virus. J. Mol. Biol. 196, 591–597

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

Fry, E., Logan, D., Abu-Ghazaleh, R., Blakemore, W., Curry, S., Jackson, T., Lea, S.,
Lewis, R., Newman, J., Parry, N., Rowlands, D., King, A. and Stuart, D. (1991)
Molecular studies on the structure of foot-and-mouth disease virus. In: P.
Goodenough (Ed), Protein Engineering, pp. 71–80. CPL Press, Berkshire, UK

Fry, E., Logan, D., Acharya, R., Fox, G., Rowlands, D., Brown, F. and Stuart, D. (1990)
Architecture and topography of an aphthovirus. Semin. Virol. 1, 439–451

Giancotti, F. G., and Ruoslahti, E. (1999) Integrin signalling. Science 285, 1028–1032

96 E.E. Fry et al.



Grubman, M.J., Zellner, M., Bablanian, G., Mason, P.W. and Piccone, M.E. (1995)
Identification of the active-site residues of the 3C proteinase of foot- and-mouth
disease virus. Virology 213, 581–9

Guarn�, A., Hampoelz, B., Glaser, W., Carpena, X., Tormo, J., Fita, I. and Skern, T.
(2000) Structural and biochemical features distinguish the foot-and-mouth dis-
ease virus leader proteinase from other papain-like enzymes. J. Mol. Biol. 302,
1227–1240

Hansen, J.L., Long, A.M. and Schultz, S.C. (1997) Structure of the RNA-dependent
RNA polymerase of poliovirus. Structure 5, 1109–22

Hendry, E., Hatanaka, H., Fry, E., Smyth, M., Tate, J., Stanway, G., Santti, J.,
Maaronen, M., Hyypia, T. and Stuart, D. (1999) The crystal structure of coxsack-
ievirus A9: new insights into the uncoating mechanisms of enteroviruses. Struc-
ture 7, 1527–1538

Herold, J. and Andino, R. (2001) Poliovirus RNA replication requires genome circu-
larization through a protein-protein bridge. Mol. Cell 7, 581–91

Hewat, E.A., Verdaguer, N., Fita, I., Blakemore, W., Brookes, S., King, A., Newman, J.,
Domingo, E., Mateu, M.G. and Stuart, D.I. (1997) Structure of the complex of an
Fab fragment of a neutralizing antibody with foot-and-mouth disease virus: Po-
sitioning of a highly mobile antigenic loop. EMBO J. 16, 1492–1500

Hinton, T.M., Ross-Smith, N., Warner, S., Belsham, G.J. and Crabb, B.S. (2002) Con-
servation of L and 3C proteinase activities across distantly related aphthoviruses.
J. Gen. Virol. 83, 3111–3121

Hobson, S.D., Rosenblum, E.S., Richards, O.C., Richmond, K., Kirkegaard, K. and
Schultz, S.C. (2001) Oligomeric structures of poliovirus polymerase are impor-
tant for function. EMBO J. 20, 1153–63

Hogle, J. M. 2002. Poliovirus cell entry: common structural themes in viral cell entry
pathways. Annu. Rev. Microbiol. 56:677–702

Hogle, J.M., Chow, M. and Filman, D.J. (1985) Three-dimensional structure of polio-
virus at 2.9 � resolution. Science 229, 1358–1365

Hogle, J.M. and Filman, D.J. (1989) The antigenic structure of poliovirus. Phil. Trans.
R. Soc. Lond. B 323, 467–478

Jackson, T., Blakemore, W., Newman, J., Knowles, N.J., Mould, A.P., Humphries, M.J.
and King, A.M.Q. (2000a) Foot-and-mouth disease virus is a ligand for the high-
affinity binding conformation of integrin a5b1: influence of the leucine residue
within the RGDL motif on selectivity of integrin binding. J. Gen. Virol. 81, 1383–
1391

Jackson, T., Ellard, F.M., Abu Ghazaleh, R., Brookes, S.M., Blakemore, W.E., Corteyn,
A.H., Stuart, D.I., Newman, J.W.I. and 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(8), 5282–5287

Jackson, T., Mould, A. P., Sheppard, D., Denyer, M. and King, A. (2002) Integrin
avb1 is a receptor for foot-and-mouth disease virus. J. Virol. 76, 935–941

Jackson, T., Sharma, A., Abu-Ghazaleh, R., Blakemore, W., Ellard, E., Simmons, D.L.,
Stuart, D.I., Newman, J.W.I. and King, A.M.Q. (1997) Arginine-glycine-aspartic
acid-specific binding by foot-and-mouth disease viruses to the purified integrin
avb3 in vitro. J. Virol. 71, 8357–8361

The Structure of Foot-and-Mouth Disease Virus 97



Jackson, T., Sheppard, D., Denyer, M., Blakemore, W. and King, A. (2000b) The epi-
thelial integrin avb6 is a receptor for foot-and-mouth disease virus. J. Virol. 74,
4949–4956

Kitson, J.D.A., McCahon, D. and Belsham, G.J. (1990) Sequence analysis of monoclo-
nal antibody resistant mutants of type O foot-and-mouth disease virus: evidence
for involvement of the three surface exposed capsid proteins in four antigenic
sites. Virology 179, 26–34

Kjellen, L., and Lindahl, U. (1991) Proteoglycans— structures and interactions.
Annu. Rev. Biochem. 60, 443–475

Kraft, S., Diefenbach, B., Mehta, R., Jonczyk, A., Luckenbach, A. and Goodman, S. L.
(1999) Definition of an unexpected ligand recognition motif for avb6 integrin. J.
Biol. Chem. 274, 1979–1985

Lea, S., Abu-Ghazaleh, R., Blakemore, W., Curry, S., Fry, E., Jackson, T., King, A.,
Logan, D., Newman, J. and Stuart, D. (1995) Structural comparison of two strains
of foot-and-mouth disease virus subtype O1 and a laboratory antigenic variant,
G67. Structure 3, 571–580

Lea, S., Hernandez, J., Blakemore, W., Brocchi, E., Curry, S., Domingo, E., Fry, E.,
Abu-Ghazaleh, R., King, A., Newman, J., Stuart, D. and Mateu, M.G. (1994) The
structure and antigenicity of a type C foot-and-mouth disease virus. Structure 2,
123–139

Lewis, J.K., Bothner, B., Smith, T.J. and Siuzdak, G. (1998) Antiviral agent blocks
breathing of the common cold virus. Proc. Natl. Acad. Sci. USA 95, 6774–6778

Liebermann, HT., Dolling, R., Schmidt, D. and Thalmann, G. (1991) RGD-containing
peptides of VP1 of foot-and-mouth disease virus (FMDV) prevent virus infection
in vitro. Acta Virol. 35, 90–93

Loeffler, F. and Frosch, P. (1897) Summarischer Bericht �ber der Ergebnisse der
Untersuchungen zur Erforschung der Maul- und Klauenseuche. Zentralblatt
Bakt. Abt. Orig. 22, 257–259

Logan, D., Abu-Ghazaleh, R., Blakemore, W., Curry, S., Jackson, T., King, A., Lea, S.,
Lewis, R., Newman, J., Parry, N., Rowlands, D., Stuart, D. and Fry, E. (1993)
Structure of a major immunogenic site on foot-and-mouth disease virus. Nature
(London) 362, 566–568

Luo, M., Vriend, G., Kamer, G., Minor, I., Arnold, E., Rossmann, M.G., Boeg�, U.,
Scraba, D.G., Duke, G.M. and Palmenberg, A.C. (1987) The atomic structure of
mengo virus at 3.0 � resolution. Science 235, 182–191

Lubroth, J. and Brown, F. (1995) Identification of native foot-and-mouth disease vi-
rus non-structural protein 2C as a serological indicator to differentiate infected
from vaccinated livestock. Res. Vet. Sci. 59, 70–8

Mason. P. W., Baxt, B., Brown, F., Harber, J., Murdin, A. and Wimmer, E. (1993) Anti-
body-complexed foot-and-mouth disease virus, but not poliovirus, can infect
cells via the Fc receptor. Virology 192, 568–577

Mason, P.W., Rieder, E. and Baxt, B. (1994) RGD sequence of foot-and-mouth disease
virus is essential for infecting cells via the natural receptor but can be bypassed
by an antibody-dependent enhancement pathway. Proc. Natl. Acad. Sci. USA 91,
1932–6

Martinez, M. A., Verdaguer, N., Mateu, M. and Domindo, E. (1997) Evolution sub-
verting essentiality; dispensability of the cell attachment Arg-gly-asp motif in

98 E.E. Fry et al.



multiply pasaged foot-and-mouth disease virus. Proc. Natl. Acad. Sci. USA 94,
6798–6802

Mateu, M. G., Luz Valero, M., Andreu, D. and Domingo, E. (1996) Systematic replace-
ment of amino acid residues within an Arg-Gly-Asp-containing loop of foot-and-
mouth disease virus and effects on cell recognition. J. Biol. Chem. 271, 12814–
12819

Matthews, D.A., Smith, W.W., Ferre, R.A., Condon, B., Budahazi, G., Sisson, W.,
Villafranca, J.E., Janson, C.A., McElroy, H.E., Gribskov, C.L. et al. (1994) Struc-
ture of human rhinovirus 3C protease reveals a trypsin-like polypeptide fold,
RNA-binding site, and means for cleaving precursor polyprotein. Cell 77, 761–71

McCahon, D., Crowther, J.R., Belsham, G.J., Kitson, J.D.A., Duchesne, M., Have, P.,
Meloen, R.H., Morgan, D.O. and De Simone, F. (1989) Evidence for at least four
antigenic sites on type O foot-and-mouth disease virus involved in neutralisa-
tion; identification by single and multiple monoclonal antibody-resistant mu-
tants. J. Gen. Virol. 70, 639–645

Merritt, E.A. and Murphy, M.E.P. (1994) Raster3D version 2.0: a program for photo-
realistic molecular graphics. Acta Cryst. D50, 869–873

Miller, L. C., Blakemore, W. E., Sheppard, D., Atakilit, A., King, A. M. Q. and Jackson.
T. (2001) Role of the cytoplasmic domain of the b-subunit of integrin avb6 in
infection by foot-and mouth disease virus. J. Virol. 75, 4158–4164

Mosimann, S.C., Chernaia, M.M., Sia, S., Plotch, S. and James, M.N.G. (1997) Refined
X-ray crystallographic structure of the poliovirus 3C gene product. J. Mol. Biol.
273, 1032-

Neff, S., Mason, P. W. and Baxt. B. (2000) High-efficiency utilization of the bovine
integrin avb3 as a receptor for foot-and-mouth disease virus is dependent on
the bovine b3 subunit.. J. Virol. 74, 7298–7306

Neff, S., Sa-Carvalho, D., Rieder, E., Mason, P. W., Blystone, S. D., Brown, E. J. and
Baxt. B. (1998) Foot-and-mouth disease virus virulent for cattle utilizes the inte-
grin avb3 as its receptor. J. Virol. 72, 3587–3594

O
Donnell, V.K., Pacheco, J.M., Henry, T.M. and Mason, P.W. (2001) Subcellular dis-
tribution of the foot-and-mouth disease virus 3A protein in cells infected with
viruses encoding wild-type and bovine-attenuated forms of 3A. Virology 287,
151–62

Ochoa, W.F., Kalko, S.G., Mateu, M.G., Gomes, P., Andreu, D., Domingo, E., Fita, I.
and Verdaguer, N. (2000) A multiply substituted G-H loop from foot-and-mouth
disease virus in complex with a neutralizing antibody. A role for water mole-
cules. J. Gen. Virol. 81, 1495–1505

Ohad, M., Weber, I., Frangakis, A.S., Nicastro, D., Gerisch, G. and Baumeister, W.
(2002) Macromolecular architecture in eukaryotic cells visualized by cryoelec-
tron tomography. Science 298, 1209–1213

Pacheco, J.M., Henry, T.M., O
Donnell, V.K., Gregory, J.B. and 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

Palmenberg, A.C., Parks, G.D., Hall, D.J., Ingraham, R.H., Seng, T.W. and Pallai, P.V.
(1992) Proteolytic processing of the cardioviral P2 region: primary 2A/2B cleav-
age in clone-derived precursors. Virology 190, 754–62

The Structure of Foot-and-Mouth Disease Virus 99



Parry, N., Fox, G., Rowlands, D., Brown, F., Fry, E., Acharya, R. and Stuart, D. (1990)
Structural and serological evidence for a novel mechanism of immune evasion in
foot-and-mouth disease virus. Nature (London) 347, 569–572

Parry, N.R., Ouldridge, E.J., Barnett, P.V. and Brown, F. (1989) Neutralising epitopes
of type O foot-and-mouth disease virus. II. Mapping three conformational sites
with synthetic peptide reagents. J. Gen. Virol. 70, 1493–1503

Parry, N.R., Ouldridge, E.J., Barnett, P.V., Rowlands, D.J., Brown, F., Bittle, J.L.,
Houghten, R.A. and R.A., L. (1985) Identification of neutralizing epitopes of
foot-and-mouth disease virus. In: R.A. Lerner, R.M. Chanock and F. Brown
(Eds), Vaccines 85, pp. 211–216. Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, New York

Paul, A.V., Peters, J., Mugavero, J., Yin, J., van Boom, J.H. and Wimmer, E. (2003)
Biochemical and genetic studies of the VPg uridylylation reaction catalyzed by
the RNA polymerase of poliovirus. J. Virol. 77, 891–904

Petersen, J.F.W., Cherney, M.M., Liebig, H-D., Skern, T., Kuechler, E. and James,
M.N.G. (1999) The structure of the 2A proteinase from a common cold virus: a
proteinase responsible for the shut-off of host-cell protein synthesis. EMBO
J. 18, 5463–5475

Pfaff, E., Thiel, H-J., Beck, E., Strohmaier, K. and Schaller, H. (1988) Analysis of neu-
tralizing epitopes on foot-and-mouth disease virus. J. Virol. 62, 2033–2040

Richards, O.C. and Ehrenfeld, E. (1998) Effects of poliovirus 3AB protein on 3D
polymerase-catalyzed reaction. J. Biol. Chem. 273, 12832–40

Rieder, E., Baxt, B. and Mason, P.W. (1994) Animal-derived antigenic variants of
foot-and-mouth disease virus type A12 have low affinity for cells in culture.
J. Virol. 68, 5296–5299

Rossmann, M.G., Arnold, E., Erickson, J.W., Frankenburger, E.A., Griffith, J.P., Hecht,
H.J., Johnson, J.E., Kamer, G., Luo, M., Mosser, A.C., Rueckert, R.R., Sherry, B.
and Vriend, G. (1985) Structure of a human common cold virus and functional
relationship to other picornaviruses. Nature (London) 317, 145–153

Rueckert, R.R. (1996) Picornaviridae: The viruses and their replication. In: B.N.
Fields (Ed), Fields Virology, Third ed., pp. 609–654. Vol. 1. 2 vols. Lippincott-Ra-
ven Publishers, Philadelphia, PA

Sa-Carvalho, D., Rieder, E., Baxt, B., Rodarte, R., Tanuri, A. and 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

Sharma, A., Rao, Z., Fry, E., Booth, T., Jones, E.Y., Rowlands, D.J., Simmons, D.L. and
Stuart, D.I. (1997) Specific interactions between human integrin avb3 and chi-
meric hepatitis B virus core particles bearing the receptor-binding epitope of
foot-and-mouth disease virus. Virology 239, 150–157

Sherry, B., Mosser, A.G., Colonno, R.J. and Ruecket. R.R. (1986) Use of monoclonal
antibodies to identify four neutralisation epitopes on a common cold picornavi-
rus, human rhinovirus 14. J. Virol. 57, 246–257

Spanchak, K., Namy, O., Brierley, I. and Gilbert, R.C. In preparation
Stave, J.W., Card, J.L., Morgan, D.O. and Vakharia, V.N. (1988) Neutralisation sites of

type O1 foot-and-mouth disease virus defined by monoclonal antibodies and
neutralisation-escape mutants. Virology 162, 21–29

100 E.E. Fry et al.



Strauss, D.M., Glustrom, L.W. and Wuttke, D.S. (2003) Towards an understanding of
the poliovirus replication complex: the solution structure of the soluble domain
of the poliovirus 3A protein. J. Mol. Biol. 330, 225–234

Surovoi, A. Y., Ivanov, V. T., Chepurkin, A. V., Ivanyuschenkov, V. N. and Dryagalin,
N. N. (1988) Is the Arg-Gly-Asp sequence the site for foot-and-mouth disease vi-
rus binding with cell receptor? Sov. J. Bioorg. Chem. 14, 965–968

Thomas, A.A.M., Woortmeijer, R.J., Puijk, W. and Barteling, S.J. (1988) Antigenic
sites on foot-and-mouth disease virus type A10. J. Virol. 62, 2782–2789

Trowbridge, I. S., Collawn, J. F. and Hopkins, C. R. (1993) Signal-dependent mem-
brane protein trafficking in the endocytotic pathway. Annu. Rev. Cell Biol. 9,
129–161

van Vlijmen, H.W.T., Curry, S., Schaefer, M. and Karplus, M. (1998) Titration calcu-
lations of foot-and-mouth disease virus capsids and their stabilities as a function
of pH. J. Mol. Biol. 275, 295–308

Verdaguer, N., Mateu, M.G., Andreu, D., Giralt, E., Domingo, E. and Fita, I. (1995)
Structure of the major antigenic loop of foot-and-mouth disease virus com-
plexed with a neutralizing antibody: direct involvement of the arg-gly-asp motif
in the interaction. EMBO J. 14, 1690–1696

Verdaguer, N., Mateu, M.G., Bravo, J., Tormo, J., Giralt, E., Andreu, D., Domingo, E.
and Fita, I. (1994) Crystallisation and preliminary X-ray diffraction analysis of a
monoclonal FAb fragment against foot-and-mouth disease virus and of its com-
plex with the main antigenic site peptide. Proteins 18, 201–203

Verdaguer, N., Schoehn, G., Ochoa, W.F., Fita, I., Brookes, S., King, A., Domingo, E.,
Mateu, M.G., Stuart, D. and Hewat, E.A. (1999) Flexibility of the major antigenic
loop of foot-and-mouth disease virus bound to a Fab fragment of a neutralizing
antibody: structure and neutralization. Virology 255, 260–268

Verlinden, Y., Cuconati, A., Wimmer, E. and Rombaut, B. (2000) Cell-free synthesis
of poliovirus: 14S subunits are the key intermediates in the encapsidation of po-
liovirus RNA. J. Gen. Virol. 81, 2751–4

Wild, T., Burroughs, N. and Brown, F. (1969) Surface structure of foot-and-mouth
disease virus. J. Gen. Virol. 4, 313–320

Wistow, G., Turnell, B., Summers, L., Slingsby, C., Moss, D., Miller, L., Lindley, P. and
Blundell, T. (1983) X-ray analysis of the eye lens protein g-II crystallin at 1.9 �
resolution. J. Mol. Biol. 170, 175–202

Xiang, W., Cuconati, A., Hope, D., Kirkegaard, K. and Wimmer, E. (1998) Complete
protein linkage map of poliovirus P3 proteins: interaction of polymerase 3Dpol
with VPg and with genetic variants of 3AB. J. Virol. 72, 6732–41

Xiang, W., Harris, K.S., Alexander, L. and Wimmer, E. (1995) Interaction between
the 50-terminal cloverleaf and 3AB/3CDpro of poliovirus is essential for RNA
replication. J. Virol. 69, 3658–67

Xie, Q.-C., McCahon, D. Crowther, J.R., Belsham, G.J. and Mc Cullough, K. C. (1987)
Neutralisation of foot-and-mouth disease virus can be mediated through any of
at least three separate antigenic sites. J. Gen. Virol. 68, 1637–1647

Xiong, J-P., Stehle, T., Diefenbach, B., Zhang, R., Dunker, R., Scott, D.L., Joachimiak,
A., Goodman, S.L., Arminaout, M.A. (2001) Crystal structure of the extracellular
segment of the integrin alphavbeta3. Science 294, 339–345

The Structure of Foot-and-Mouth Disease Virus 101



CTMI (2005) 288:103--131
� Springer-Verlag 2005

Natural and Vaccine Induced Immunity to FMD

T. R. Doel

Merial Animal Health Ltd., Ash Road, Pirbright, Woking, Surrey, GU24 0NQ, UK
tim.doel@merial.com

1 Natural Immunity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
1.1 Cattle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
1.2 Sheep and Goats . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
1.3 Pigs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
1.4 Serum Antibody Response . . . . . . . . . . . . . . . . . . . . . . . . . . 106
1.5 Mucosal Antibody Response and the Carrier State
 . . . . . . . . . . . . 108
1.6 T Cell Responses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
1.7 Viral Antigens and Epitopes . . . . . . . . . . . . . . . . . . . . . . . . . 111

2 Vaccine-Induced Immunity . . . . . . . . . . . . . . . . . . . . . . . . . 112
2.1 FMD Vaccines and Vaccination . . . . . . . . . . . . . . . . . . . . . . . . 113
2.2 Serum Antibody Response . . . . . . . . . . . . . . . . . . . . . . . . . . 114
2.3 Maternally Derived Immunity . . . . . . . . . . . . . . . . . . . . . . . . 116
2.4 Early Immunity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
2.5 Mucosal Antibody Response and the Carrier State
 . . . . . . . . . . . . 119
2.6 The Secondary Immune Response and Duration of Immunity . . . . . . 121
2.7 T Cell Responses to Vaccination . . . . . . . . . . . . . . . . . . . . . . . 124
2.8 Vaccine Antigens . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

Abstract A brief overview of the foot-and-mouth disease (FMD) literature over the
last 100 years will give the impression that a great deal is known about the immune
response of livestock to infection and vaccination. At the practical level, this is in-
deed the case and our knowledge is more than adequate in relation to the production
and supply of potent vaccines for the control of the disease. The deficiencies in our
understanding of the immune response are at the fundamental level and, arguably,
stand in the way of its rational manipulation to achieve goals such as life-long immu-
nity conferred by vaccination. Most of the research activity to date has focused on T
cell dependency of the immune response of livestock and important B (and probably
T) cell epitopes and has been used by researchers to design highly sophisticated nov-
el vaccines and delivery systems. None of these, to the author
s knowledge, exceeds
the potency obtained with a good commercial vaccine. Although it is not yet possible
to see a clear direction for the development of improved formulations, it is impor-
tant to reflect on our current knowledge of natural and vaccine-induced immunity
and some of the issues surrounding modern inactivated FMD vaccines. This process



will perhaps help to discriminate the fact from the fiction and serve to focus on pre-
cisely what is needed or desirable for improved products.

1
Natural Immunity

It will be apparent in the following review that much of what we know of
natural or vaccine-induced immunity against foot-and-mouth disease
(FMD) is based on studies with both infected and vaccinated animals. A
practical consequence for the reader is that issues such as maternally de-
rived immunity are reviewed primarily within the section on vaccine in-
duced immunity because of its considerable relevance to field vaccina-
tion campaigns. Fortunately, it would appear that extrapolation of data
from the vaccinated state to the infected state and vice versa is frequent-
ly found to be legitimate and, in fact, largely inevitable considering the
difficulty of conducting significant experiments with infected animals.
In addition, much of the work over the last century has been preoccu-
pied with cattle because of their relative economic importance and only
relatively recently have workers examined the immune responses of pigs
and, to a lesser extent, sheep.

1.1
Cattle

Natural immunity of cattle following recovery from FMD infection is
sometimes used as the benchmark by those workers who seek to im-
prove on conventional inactivated whole virus vaccines.

According to the popular definition of the serotypes of FMD, cattle
which have recovered from infection with one of the seven serotypes are
not immune to the other six. However, it is not commonly known that
further rounds of infection with other serotypes may result in less severe
clinical responses or even protection (Cottral and Gailiunas 1972). In
the work referenced, one animal was completely resistant to infection by
a fourth serotype, two animals were completely resistant to a fifth sero-
type and one animal was completely resistant to a seventh serotype. The
authors reported that the virus cross-neutralization titres of the cattle
sera were consistent with the protection observed.

In the case of protection against homologous virus challenge, high-
quality immunity, as conferred by a recent infection (6 months previ-
ously) appears capable of preventing development of any clinical signs
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of disease regardless of whether virus is administered by needle or con-
tact challenge (T.R. Doel, unpublished observations). In earlier experi-
ments (Cunliffe 1964), convalescent cattle were challenged approximate-
ly 1 year after exposure to virus and were found to be protected, al-
though lesions developed at the inoculation sites. In fact, there is evi-
dence that neutralizing antibody and protection may even persist for the
effective lifetime of some cattle, as demonstrated with eight animals
which were challenged 5.5 years after initial infection (Garland 1974).
These findings were similar to those of another laboratory in which cat-
tle were held for 4.5 years after initial infection (Cunliffe 1964) and, after
challenge, one of three animals was protected. Nevertheless, it is neces-
sary to qualify the experimental observations reported here on the
grounds that the level of protection after a long convalescent period
could be expected to depend on a number of factors including the sero-
type, and possibly subtype, of virus used in the experiment (i.e. relative
virulence for cattle) and variations in the rate of decline of antibody for
individual animals. Although most of the experiments involved chal-
lenge as well as serology, it is also worth mentioning that the well-recog-
nised correlations which exist between FMDV specific antibody titres
and protection have been made with sera taken from animals shortly af-
ter vaccination (usually 21 to 28 days) and it would be premature to as-
sume that the antibodies in long-term convalescent animals would be
qualitatively equivalent.

1.2
Sheep and Goats

Despite the recognised importance of sheep and, almost certainly, goats
in the epidemiology of FMD, relatively little is known of their immune
response to infection. Virus-neutralising antibodies appear 60 h after in-
oculation of sheep reaching a maximum titre around 10 dpi. Titres de-
crease slightly after day 10 but generally remain at a plateau for at least
147 days (Dellers and Hyde 1964). The carrier state may develop in
sheep and goats, and virus has been recovered in oesopharyngeal speci-
mens from 1 to 9 months and more than 1 month, respectively (reviewed
by Cottral 1969).
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1.3
Pigs

The immune response of pigs to infection with FMD has been studied
by a number of workers. According to Cunliffe (1962), serum neutralis-
ing antibody titres initially rose to peak levels between 7 and 10 dpi and
decreased thereafter 12-fold until they reached a relatively stable plateau
at 28 days until the end of the experiment (128 dpi). When five convales-
cent pigs were challenged by contact with a homologous virus-infected
pig at 128 days after the first cycle of infection, only one developed dis-
ease. These results differ slightly from the experiments of other workers
(Gomes 1977; McKercher and Giordano 1967) in which approximately
50% of the animals succumbed to challenge 3 to 6 months after the first
exposure to virus. It would seem, therefore, that the duration of immu-
nity of convalescent pigs is significantly shorter than that of cattle. This
may owe much to the important observation that pigs do not become
persistently infected. The mucosal immune response of pigs also shows
an interesting difference to that of cattle in that the neutralising anti-
body titres of the nasal fluid of pigs are very similar to those of serum
throughout a period of 50 days following exposure to virus (Francis and
Black 1983), suggesting a more significant role for mucosal immunity in
this species.

1.4
Serum Antibody Response

The crucial role of antibody in protection against FMD is supported by
both general and FMD-specific work over the last century. In a recent
review on neutralizing antiviral antibody responses, Zinkernagel et al
(2001) commented, Immune responses and protection against cytopath-
ic virus infections are key to species survival. Without exception, protec-
tion against these agents is mediated by protective antibodies
. From the
FMD perspective, the importance of virus-specific serum antibody was
demonstrated by L�ffler and Frosch (1897), who showed that animals
could be protected by passively administered convalescent serum. In
fact, immune serum was quite widely used in FMD control campaigns in
the early part of the twentieth century by pioneers such as the late
Charles M�rieux. This and other work led ultimately to the establish-
ment and widespread acceptance of correlations between in vitro serum
assays such as the virus-neutralising antibody test and protection of cat-
tle, most of the data having been derived from vaccine potency trials
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(e.g. Ahl et al. 1990). Some of these correlations have been extended to
antibodies measured by ELISA because of the significant advantages this
assay offers in terms of ease of use, speed and avoidance of the need to
grow cells and live FMDV. It is vital to remember, however, that the pop-
ulation of antibodies measured by ELISA will depend greatly on the
methodology and reagents used and will not necessarily reflect the titres
of important (i.e. protective) antibodies in a sample. Zinkernagel et al.
(2001) considered that it was ...mandatory to assess the protective ca-
pacity of antibodies by in vivo adoptive transfer experiments or by in
vitro neutralization assays, rather than measuring antigen binding in an
ELISA
.

There has been some dispute within the FMD scientific community
on the absolute relevance of virus-neutralising antibody in the serum of
infected or vaccinated animals, based on occasional results from poten-
cy tests in which animals were or were not protected, contrary to the
prediction from their neutralising antibody titres (Ahl et al 1990). How-
ever, it is vital to recognise a fundamental flaw in much of the debate
over the apparent occasional failure of neutralising antibody titres to
correlate with protection against live virus challenge. First, there is an
understandable preference to accept the results of the challenge test,
largely because of its apparent practical significance but also because of
the very long history of its use. By default, therefore, the in vitro test
may be perceived as deficient in some way and fail to correlate
. Howev-
er, the Ph.Eur live virus challenge test, which uses three groups of five
cattle, has a very high intrinsic statistical variability (44% to 220% of the
real value
 without reference to the statistical error due to the biology of
the challenge process and virus- and species-specific considerations;
Hendriksen 1988) and it is, therefore, highly improbable that any test,
serological or otherwise, would correlate at all times. In fact, it may
come as something of a surprise, considering the long history of FMD
vaccines, that we do not know the observed between-test variation of
any of the challenge tests used for testing of FMD vaccines. Further-
more, it has been suggested by one of the pioneers of the three Rs (re-
finement, reduction, replacement of animal tests) that tests such as the
Ph.Eur cattle potency test for FMD vaccines might not have been accept-
able to regulators if, historically, it had been developed after serological
tests rather than preceding them (Russell 2000).

Because of the importance of serum antibody in protection against
FMD, there have been a number of studies which have examined the
classes and subclasses of virus-neutralising antibodies. Specific IgM may
be detected 3 to 5 days after infection of cattle, reaching a peak between
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5 and 10 days, whereas specific IgG1 and IgG2 appear from 4 days on-
ward and reach maximal levels between 15 and 20 days (Abu Elzein and
Crowther 1981; Cowan, 1973). As stated above, serum neutralising anti-
body titres may persist for many years, albeit at reduced levels com-
pared to the peak responses. Although specific IgM does not generally
persist, it has been detected as late as 6 months after infection in swine
(Cowan 1973).

1.5
Mucosal Antibody Response and the �Carrier State�

When reviewing immunity against FMD, it is inevitable that the subject
of mucosal responses is raised, considering the importance of the oro-
pharyngeal route in disease entry and development. FMDV-specific mu-
cosal immune responses have been studied after infection of cattle.
A peak of neutralising activity attributed to IgM and IgA was observed
in the pharyngeal fluid 7 days after virus exposure and appeared to be
the result of serum and tissue fluid leakage during the inflammatory
phase of the infection (Francis et al. 1983). Between 20 and 60 dpi, the
neutralising activity of the pharyngeal fluid was attributed exclusively to
IgA produced at mucosal surfaces rather than by serum transudation
(Francis et al. 1983). McVicar and Sutm�ller (1974) reported that the vi-
rus-neutralising activities of both serum and oesophageal-pharyngeal
fluid were higher in virus carriers1 rather than non-carriers, suggesting
the continued stimulation of both compartments of the immune re-
sponse by the persistent infection.

In the establishment of the carrier state, it would appear that FMDV
is able to infect, replicate and establish within privileged sites in the oro-
pharynx before the immune system has an opportunity to mount an ef-
fective response. Thus the virus evades immune protective mechanisms
for at least a period of months. In general, persistently infected cattle
eventually cure
 although this may take several years in some exception-
al cases. The prevalence of persistence in cattle recovered from infection

1 After recovery from infection, it is often possible to recover virus from oe-
sophageal-pharyngeal fluid of a high proportion of apparently healthy cattle. This
condition is sometimes referred to as the carrier state
, which implies at the very
least that a carrier animal is capable of transmitting virus to healthy livestock. In the
author
s opinion, the evidence for such transmission is scant whereas substantially
more data would argue against an epidemiological role for carrier animals. In many
respects, virus persistence
 is a preferable description, but carrier
 has become a fa-
miliar word in the FMD vocabulary and will be used primarily in this article.

108 T.R. Doel



offers an explanation for the long duration of immunity seen with some
individuals—namely, the more or less continuous stimulation or per-
haps frequent boosting of the bovine immune system by very low levels
of carrier virus proteins. One flaw in the hypothesis of constant or
pulsed antigenic stimulation is that a small but significant percentage of
seronegative, persistently infected animals have been reported (Hedger
1968; Sutm�ller 1971). A possible explanation for the absence of specific
serum antibodies is that these animals were in a state of low dose or
high dose tolerance, although there is no experimental evidence to sup-
port this. A second explanation is suggested by the findings of Sutm�ller
and colleagues (1970), who reported that a high percentage of cattle is
infected with bovine enterovirus (BEV) and that FMDV-BEV hybrids, in
which the FMDV RNA is encapsidated by the BEV structural proteins,
are produced in the oropharynx after infection by FMD. Thus these
FMDV-BEV hybrids would not be expected to replicate readily in the
oropharynx or elsewhere because of the high titres of antibody against
BEV but would allow the isolation of infectious FMDV in tissue culture
of oesophageal-pharyngeal samples. Indeed, the authors suggested that
BEV significantly modulated the development of clinical FMD in some
animals. The contribution, if any, of such FMDV-BEV hybrids in the
maintenance of the persistent state is not known.

Unfortunately, it remains difficult to analyse the contribution of mu-
cosal immunity in the protection of cattle against FMD because mucosal
neutralising antibody titres, when present, are accompanied by substan-
tially higher titres of antibodies in the serum. The latter will not only
protect against generalization but would probably reach mucosal sur-
faces because of tissue damage during the acute phase of the infection,
unless mucosal antibody titres were sufficiently high enough to prevent
early virus replication. One further consideration which certainly com-
plicates any interpretation of the contribution that mucosal or serum an-
tibodies play in the modulation and control of the persistent state is the
possible involvement of cytokines. There has been something of a re-
vival in this topic, and Zhang et al. (2002) have demonstrated that IFN-g
significantly restricts or even cures persistently infected cultures of bo-
vine epithelial cells.

1.6
T Cell Responses

After infection, T cell responses have been examined both with respect
to determining protective mechanisms other than those mediated
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by neutralising antibody and to defining the possible role(s) of T
cells in support of FMD specific antibody production by the B cell pop-
ulation.

FMDV immediate and delayed-type hypersensitivity reactions have
been observed with guinea-pigs (Knudsen et al. 1979) and cattle (Shar-
ma et al. 1985) but no correlation was apparent between the responses
in guinea-pigs and protection against challenge. More recent studies
(Childerstone et al. 1999) attempted to characterize classic cytotoxic T
cells, but these were thwarted by the problem of establishing a repro-
ducible assay and the authors resorted to an in vitro proliferation assay.
Although they were unable to conclude a significant role for cell-mediat-
ed immune responses, they raised the possibility that T cells could be
important in the elimination of virus within carrier animals.

Although a few early experiments led to the suggestion that FMDV
might be a T-independent antigen (Borca et al. 1986), almost all of the
published work (e.g. Collen et al 1989; Collen and Doel 1990) points to T
cell dependency and includes studies with cells isolated from animals af-
ter infection or vaccination with whole virus or synthetic peptides. The
availability of synthetic peptides, in particular, has facilitated the identi-
fication of short sequences recognised by FMDV-specific T cell popula-
tions, often with the general aim of constructing novel vaccine antigens
carrying both B and Tcell epitopes.

In two separate studies with peripheral blood T cells taken from
infected cattle, only low to moderate proliferative responses were
observed when stimulated in vitro with virus (Collen 1991; Garcia-
Valcarcel 1993), similar, in fact, to the T cell responses of a vaccinated
group. This was despite the development of high levels of neutralising
antibody in all animals. Furthermore, three of the cattle were shown
to be completely protected, including the inoculated tongues, against
homologous challenge some 6 months after recovery from the first
infection (T.R. Doel, unpublished observations; Garcia-Valcarcel
1993). Some of this work was done with MHC class II typed animals
and there was no evidence of MHC restricted T cell responses to whole
virus (Collen 1991). Another interesting feature of these experiments
was the biphasic nature of both the neutralising antibody and T cell
proliferative responses, in which an initial coincident peak could be ob-
served at 14 dpi followed by a trough at approximately 28 dpi and a
subsequent gradual increase in both responses up to the end of the ex-
periment at 56 dpi. A possible explanation for the recovery of the anti-
body and T cell responses after 28 dpi could be the establishment of the
carrier state and the continued presence of viral antigens. Although the
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in vitro proliferative responses of peripheral blood T cells of once-in-
fected cattle were generally weak, a second in vivo challenge resulted in
significantly stronger in vitro T cell responses (Garcia-Valarcel 1993).
Of course, the in vivo significance of weak
 and strong
 in vitro T cell
proliferative responses is not known and must be interpreted with cau-
tion. In addition, it may be that the circulation of FMDV-specific, active
T cells is limited because of their tissue tropism and because the major-
ity are sequestered in the lymph nodes or other tissues of the lympho-
reticular system. No information is available on the duration of T cell
responses in FMDV-infected cattle.

1.7
Viral Antigens and Epitopes

Our knowledge of viral antigens and antigenic structures which are re-
cognised by the immune system owes much to in vitro studies with
sera from infected, but particularly, vaccinated animals and will be re-
viewed also within the vaccination section of this paper. However, there
is no evidence to suggest that the immune response to infection is fun-
damentally different to that to vaccination in terms of the antigens
which are recognised. It is clear that the host immune system recognis-
es a number of large, multiprotein antigens as well as defined epitopes
within those antigens and is, almost inevitably, likely to be more com-
plex than the in vitro studies would suggest. The whole virus, often re-
ferred to as 146S on the basis of its sedimentation coefficient, is un-
doubtedly the most important viral antigen as shown by many experi-
ments. Mild acid or heat treatment largely destroys the protective ca-
pacity of experimental vaccines (Doel and Chong 1982) and produces
the so-called 12S particles, which contain five copies of each of three of
the four structural proteins of the virus (VP1, VP2 and VP3). The re-
maining protein, VP4, does not appear to play any key role in the im-
mune recognition of the whole virus. Some serotypes of FMDV pro-
duce so-called natural empty particles or 75S particles in tissue culture
(Doel and Baccarini 1981) which appear to be antigenically very similar
to 146S particles but lack the RNA of the virus. From in vitro studies, it
is assumed that natural infection of cattle would also generate natural
empty particles.

After infection of a host cell, a number of other proteins are also
translated from the viral genome, and these are necessary in the replica-
tion and morphogenesis of new virus particles. These so-called non-
structural proteins (NSPs) are capable of stimulating an immune re-
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sponse, and, for many years, antibody titres against one of them, VIAA
(virus infection-associated antigen; Newman et al. 1979), were widely re-
garded as a reliable serological indicator of infection. Although this has
been refuted by the observation of antibodies against VIAA after repeat-
ed vaccination with crude but completely inactivated FMD vaccines
(Pinto and Garland 1979), antibodies against some or all of the other
NSPs (3AB, 3ABC, 2C, 3A, 3B, 3D) are now considered to be a valuable
tool in discriminating infected from vaccinated animals (Manual of
Standards 2000) provided the vaccines are formulated with inactivated,
purified FMDV. Unlike the structural proteins of the virus, the sequences
of the various NSPs are highly conserved among the serotypes, offering
the possibility of the immune response against them being boosted by a
serotype unrelated to the previous round of infection. It is tempting to
suggest that this might be the mechanism of cross-protection following
rounds of infection with different serotypes observed many years ago
(Cottral and Gailiunas 1972).

NSP antibody assays are also valuable in examining the carrier state
in cattle. Whereas the classic approach of virus isolation from oesopha-
ryngeal specimens may be successful for up to 2.5 years (Hedger 1968;
Salt 1993), the frequency of virus recovery becomes quite sporadic and
intervals as long as 100 days between successful isolations have been re-
ported (Bergmann et al, 1993; Salt 1993). Sensitive NSP antibody assays
such as the EITB test, in which serum antibodies against nitrocellulose-
blotted NSPs of the virus are detected immunoenzymatically, indicate
that FMDV may persist beyond the last time point at which infectivity
in oesopharyngeal specimens can be detected (Bergmann et al. 1993).
The NSPs used in the EITB test are 2C, 3A, 3B, 3ABC and 3D (viral RNA
polymerase) and are prepared from recombinant E. coli.

2
Vaccine-Induced Immunity

Although it is not the subject of this chapter to consider in detail FMD
vaccines and their application, it is necessary to briefly review a number
of characteristics and properties in as much as they relate to induction
of immunity.
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2.1
FMD Vaccines and Vaccination

With modern FMD vaccines made under European standards of Good
Manufacturing Practice (GMP), the virus is produced in large-scale sus-
pension cultures of baby hamster kidney cells (BHK-21) and the clarified
product is inactivated with an aziridine, binary ethyleneimine, with a
double-dose, two-tank process (Bahnemann 1990). In the author
s com-
pany, the inactivated antigen is concentrated by ultrafiltration and then
purified2 by industrial scale chromatography to remove extraneous pro-
teins including the NSPs of the virus. This level of purification facilitates
discrimination between vaccinated animals and those previously exposed
to virus with a test such as the EITB (Bergmann et al. 1993). In the final
part of the production process, the antigen(s) are mixed with appropriate
buffers and adjuvant(s) to potentiate the immune response. Usually this
is Al(OH)3 gel and saponin or a mineral oil formulation which produces
a single or complex (commonly known as double oil emulsion or DOE)
emulsion. The former is used for subcutaneous administration in cattle,
sheep and goats, and the latter is used for intramuscular vaccination of
pigs because of their poor response to Al(OH)3/saponin vaccines. Oil-
based vaccines are also used with cattle and, occasionally, sheep and
goats. In relation to age, the dosage for a young animal is the same as that
for an adult animal and there is little evidence to suggest differences be-
tween the responses of the two age groups (Nicholls et al. 1985).

FMD vaccines frequently contain more than one serotype of virus
and occasionally different strains of the same serotype. Thus the sero-
type barrier is considered to be inflexible as far as vaccines are con-
cerned, although the author is not aware of any vaccine studies equiva-
lent to those reported with consecutive rounds of infection using each of
the seven serotypes (see this review; Cottral and Gailiunas 1972). For
practical purposes, it is accepted that animals vaccinated with one sero-
type of FMD are not protected against the remaining six serotypes, and
there are experimental as well as field data to support this conclusion. In
one large study with cattle (Black et al. 1986), it was shown that each vi-
rus serotype within a South American trivalent vaccine (A,O and C sero-
types) acted independently and neither enhanced nor depressed the se-
rological (virus neutralisation test) responses to the other serotypes. It is

2 Concentrated, purified antigens are particularly stable when stored at liquid nitro-
gen temperatures and are widely used for national and international emergency re-
serves (antigen banks).
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equally clear that the widespread practice of multiple rounds of vaccina-
tion with bi-, tri- and sometimes quadrivalent vaccines does not prevent
outbreaks due to significantly different antigenic variants of FMD. The
serotype barrier for vaccine may extend partially to strains within some
serotypes. For example, a number of A serotype strains such as A24 Cru-
zeiro, A

22
and A Iran 96 are sufficiently distinct antigenically as to re-

quire vaccines against each strain. In fact, it is quite common practice in
situations where vaccine is used extensively to adapt a local field strain
for vaccine production so as to optimise the match between the vaccine
and the local field isolates. For some strains within a serotype, where an-
tigenic differences are less significant, complementation
 of antibody re-
sponses may occur. Thus multiple rounds of vaccination with one strain
of FMD will result in an increased likelihood of protecting against relat-
ed strains (Pay 1984). This does not appear to be due to a broadening

of the specificity of the immune response to a particular strain but
rather a simple quantitative increase in cross-reactive antibody titres.
Thus the basic relationship among strains of the same serotype does not
change after multiple vaccinations (Dubourget et al. 1987). The implica-
tions of this are that, as antibody titres rise and fall from vaccination to
vaccination, protection against a field strain closely matched to the vac-
cine strain will last longer than that against a less closely related isolate.

Two of the most important factors affecting the timing and frequency
of vaccinations are the presence or otherwise of maternally-derived anti-
bodies in the young animals and the levels of disease in the region.

2.2
Serum Antibody Response

As indicated above, virus-neutralising antibody is crucial in the develop-
ment of protection against FMD and many studies have been conducted
to establish a correlation between the titre of antibody induced by vacci-
nation and the level of protection against live virus challenge. Perhaps
the best-known work was published by Ahl and his colleagues in 1990,
in which regression equations (log10 antibody titre vs. log10 PB50) were
developed for each of three serotypes of FMD based on a large database
of vaccine trials assembled from various FMD research and vaccine
manufacturing laboratories. The equations are:

Y¼ 0:923xþ0:54 A serotypeð Þ
Y¼ 0:923xþ0:70 O serotypeð Þ
Y¼ 0:923xþ0:45 C serotypeð Þ
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and they point to slight differences between these three serotypes in
terms of the titre of antibody required to achieve protection. For exam-
ple, taking an antibody titre of 1.4 log10 and applying these equations,
the corresponding PB50 values calculate as 8.5, 5.7 and 10.7, respectively.
It is probable that similar differences exist with the other four serotypes,
but there is no evidence, circumstantial or otherwise, to suggest that this
extends to within serotypes. In any case, any attempt to demonstrate
such minor differences between strains and even serotypes would re-
present a massive logistical problem remembering that the 90% confi-
dence limits of the challenge test due to intrinsic variation alone is of
the order of 5 to 22 for a 10 PD50 vaccine (Hendriksen 1988). Interest-
ingly, it is characteristic of the O serotype in general (i.e. South Ameri-
can as well as Asian and Middle Eastern isolates) that a higher payload
of 146S antigen of the O serotype is required to ensure a level of anti-
body equivalent to the A and C serotypes. That is, by comparison with
the A and C serotypes, the O serotype 146S particles are less effective in
the induction of neutralising antibodies.

FMD-specific IgM is reported to develop between 2 and 4 days after
vaccination of cattle (Abu Elzein and Crowther 1981) and may persist
for a considerable time (possibly more than 80 days; cited by Collen
1991). The titres also appeared to be higher in vaccinated than infected
animals without a distinct peak (Abu Elzein and Crowther 1981). IgM
has been shown to be more cross-reactive than the IgG isotypes in neu-
tralization assays (Garland 1974). IgG1 was recorded after 4 days and in-
creased throughout the sampling period of 40 days whereas IgG2 devel-
oped after 9 days, with a similar profile, and tended to peak at 35 days.
However, it is important to qualify these observations. First, it is to be
expected that the rate of development and absolute titres of the different
isotypes of antibody are almost certainly dependent on the adjuvant
used [Abu Elzein and Crowther (1981) used Al(OH)3/saponin]. Second,
earlier studies based on discrimination between isotypes, particularly
IgG1 and IgG2, must be treated with some caution unless highly specific
anti-isotypic Mabs were used (Mulcahy et al. 1990). Whether or not the
IgG1 and IgG2 isotypes against FMDV have different protective capaci-
ties is not clear but it is difficult to believe that there will not be slight
differences at least, other characteristics such as antigenic specificity, ti-
tre and avidity being equal.

In this regard, it has been reported that FMD virus vaccines induced
more IgG1 than IgG2 whereas several peptide vaccines generally in-
duced more IgG2 than IgG1, suggesting that IgG1 is a more relevant an-
tibody to protection of cattle given the superiority of virus vaccines
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over peptide vaccines (Mulcahy et al. 1990). It should be noted that the
peptide vaccines used in this study induced high levels of neutralising
antibody but only low levels of protection. If bovine IgG1 is indeed su-
perior to IgG2 in protection against FMD then the possibility exists that
the presence of significant titres of high-affinity IgG2 may be counter-
productive by binding to virus and preventing attachment of IgG1. The
complicating factor in attempting to identify the different characteris-
tics of antibodies which contribute to protection is that the researcher
is obliged to work with a polyclonal antibody population composed of a
multiplicity of antibodies varying in titre, isotype, affinity and specifici-
ty. The dissection of this population represents a formidable task. On
the question of affinity, the most useful data relate to peptide vaccines,
where it has been shown that high-affinity anti-peptide antibodies were
more likely to be protective than low-affinity antibodies (Steward et al.
1991).

2.3
Maternally Derived Immunity

Maternally derived antibodies (MDA), as a result of either previous in-
fection or vaccination of the dam, represent an extremely important
modulator of the immune response of the young animal to vaccination.
MDA specific for FMDV has been reported to persist in calves and pigs
for up to 5 months and 2 months, respectively (cited by Kitching and
Salt 1995). It is widely accepted on the basis of evidence from many
workers (reviewed by Kitching and Salt 1995) that MDA inhibits the
ability of calves to respond to FMD vaccines as measured by virus-neu-
tralising antibody titres in serum. The mechanism for this was originally
thought to be a form of antigen sequestration, but more recent evidence
suggests a more direct effect of MDA on the immune system (Kitching
and Salt 1995). Whether or not MDA influences negatively or otherwise
the development of immunological memory after vaccination is not
known but deserves attention.

Unfortunately, it seems that MDA offers a window of opportunity

for FMD to infect a young animal whereby waning MDA levels may be
insufficient to prevent virus from establishing an infection but sufficient
to inhibit the development of an adequate immune response to vaccina-
tion (Kitching and Salt 1995). During this critical period, the only mea-
sure that can be usefully employed is to ensure that young livestock are
kept in isolation from other animals.
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In areas of low risk of contact with FMD and the absence of MDA,
vaccines prepared from purified components may be used to vaccinate
cattle, pigs, sheep and goats from about 14 days of age, and we have
some work to show that earlier vaccination is possible without negative-
ly impacting the immune response or causing unacceptable reactions to
the vaccine. Under the same conditions but with young animals from
vaccinated dams, it is necessary to delay the initial vaccination point to
about 2.5 months, which allows MDA to fall to levels which do not inter-
fere significantly with the response to the vaccine. A second dose of vac-
cine is usually applied approximately 4 weeks after the first dose to cat-
tle and those pigs and small ruminants likely to be kept beyond 6 months
of age. Cattle and pigs are usually revaccinated every 6 months, and an-
nual revaccination may be applied to sheep and goats. The presence of
circulating FMD in the region requires a modification to this strategy
whereby vaccination is made at 2 months rather than 2.5 months for
young animals with MDA. A second dose of vaccine 4 weeks after the
first dose is appropriate for all livestock, and the revaccination interval
is adjusted to every 4 months for cattle and pigs and every 6 months for
sheep and goats.

The timing of vaccinations as detailed above, and with particular re-
spect to the primary course, is intended to provide a level of protection
consistent with most epidemiological situations and must, therefore, be
considered a compromise. Indeed, vaccine users frequently ask whether
it is possible to give the second dose sooner than 3 or 4 weeks. The ex-
periment shown in Fig. 1 demonstrates some of the variables in the first
year of vaccination. It can be seen that a primary course of two vaccina-
tions separated by 2 weeks gives virtually no boosting
 of the serological
response whereas increasing the interval to 4 weeks or, particularly,
2 months gives stronger secondary responses. Equally, the 2-month in-
terval gives excellent titres of antibody for a sustained period in contrast
to the primary courses of vaccination where the intervals were shorter.
Unfortunately, the delay in giving the second dose 2 months after the
first provides a period of vulnerability when the antibody titres from the
single vaccination are relatively low and livestock would be at risk to
high levels of circulating field viruses. Thus the second dose is invariably
administered at 3 to 4 weeks so that the susceptibility window
 of the
livestock is minimised.
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2.4
Early Immunity

A number of studies have demonstrated the protection of cattle, sheep
and pigs within a few days of vaccination (Graves et al. 1968; Sellers
and Herniman 1974; Doel et al. 1994; Barnett et al. 2002). In the au-
thor
s experiments, cattle vaccinated 4 days previously with high-po-
tency vaccines were protected against a severe challenge by contact
with viraemic pigs. When the same approach was adopted with vacci-
nated pigs, early immunity was not demonstrated, due probably to the
fact that the control pigs were housed with vaccinated animals and cre-
ated conditions of overwhelming challenge. This problem has been de-
scribed previously (De Leeuw et al. 1979), and the massive titres of vi-
rus shed by infected pigs appear capable of overwhelming even well-
vaccinated pigs, greatly complicating the design and interpretation of
any challenge work with this species. Other authors have demonstrated
early protection of vaccinated pigs by isolating challenge controls and
removing infected pigs as clinical disease became apparent (Salt et al.
1998). All of the recent work has been done with so-called high-poten-
cy emergency vaccines, but it should be emphasised that most of the

Fig. 1 Groups of five cattle were vaccinated with three doses of aluminium hydrox-
ide/saponin vaccine over a period of approximately 6 months. Group 1 (dotted line)
was vaccinated at day 0, day 14 and 6 months. Group 2 (dashed line) was vaccinated
at day 0, day 28 and 6 months. Group 3 (solid line) was vaccinated at day 0, 2 months
and 6 months. Virus-neutralising antibody titres were measured with the individual
sera and the results expressed as mean titres. Vaccine strain was A22 Iraq 24/64
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earlier studies with cattle and pigs were certainly conducted with rou-
tine
 vaccine preparations, suggesting that the phenomenon would oc-
cur with all FMD vaccines having an adequate potency (3 PD50 or
greater).3 The mechanism(s) involved in early resistance to virulent
challenge is not known, but the general absence of significant titres of
virus-neutralising antibodies soon after vaccination points to an alter-
native process. Barnett et al. (2002) have studied early protection in
pigs and found elevated levels of the cytokines IL-6, IL-8 and IL-12.
They attributed the cytokine profiles of the challenged pigs to the in-
duction of monocytic cell activity and a corresponding mobilisation of
the innate immune system. This prompts the question of whether or
not very early immunity is serotype specific or even dependent on the
presence of FMD viral antigens.

2.5
Mucosal Antibody Response and the �Carrier State�

Mucosal immune responses of cattle due to parenteral vaccination are
very different to those seen with infection. After oil emulsion vaccine,
ELISA of pharyngeal fluid showed a rapid development of IgG but more
delayed IgM response (Francis et al. 1983). Vaccinations at approximate-
ly 60-day intervals produced a series of IgM and IgG peaks, but at no
time was IgA apparent, in contrast to parallel experiments with infected
animals. Neutralising activity in the pharyngeal fluid did not appear to
coincide with the first appearance of IgG but rather peaked at the second
vaccination timepoint (63 days). In earlier studies using once- or twice-
vaccinated animals, Garland (1974) reported that neutralisation in the
pharyngeal fluid was principally associated with the IgG1 class, and it is
interesting to note that this was the class of antibody which transferred
most effectively from the blood of passively immunised cattle to the mu-
cosae of the oropharynx. There was also evidence that this selective
transfer may have been assisted by increased vascular permeability due

3 There is often confusion over the potency values given in the literature. In an older
version of the cattle challenge test in which different doses of vaccine were prepared
by dilution with adjuvant, the resultant PD50 value is approximately the square
of the value obtained with another version in which both adjuvant and antigen were
diluted by an inert diluent (PB50). The older test was favoured largely by British
workers and, therefore, publications by them must be interpreted in this light. Thus
Sellers and Herniman (1974) refer to a cattle vaccine of >93 PD50 being used in pigs
but this would only represent about 9 PB50 if tested by the current Ph.Eur. procedure
which is now based on fractional doses rather than dilution with an inert buffer.
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to hypersensitivity reactions. Clearly, the possible presence of serum-
derived antibodies in the pharyngeal fluid due to transudation compli-
cates the interpretation of such studies (Francis et al. 1983).

Neutralization due to IgA as well as IgG was detected in the secretions
of a steer after a third dose of Al(OH)3/saponin vaccine approximately
1 year after first vaccination (Garland 1974). This work perhaps indi-
cates that the adjuvant used or the frequency and timing of vaccine ap-
plication could be an important factor in the induction of mucosal IgA
responses.

From these studies, it would be concluded that one or two rounds of
conventional FMD vaccine do not normally induce significant levels of
IgA in the oropharynx, whereas serum-derived neutralising IgG1 may
reach the mucosae. Multiple rounds of vaccination with a conventional
product or, perhaps, only several applications of a highly potent vaccine
could result in the appearance of secretory IgA. In this regard, IgA was
demonstrated in the nasal fluid of four sheep 9 days after vaccination
with six times the normal dose of aqueous vaccine (Gibson et al. 1984).

Primovaccination of cattle does not prevent the establishment of the
carrier
 state. Despite this observation, there is both direct and circum-
stantial evidence to suggest that high-quality immunity is able to signifi-
cantly limit and possibly cure
 persistently infected cattle. At the field
level, Anderson and colleagues (Anderson et al. 1976) showed a much
lower prevalence of the carrier state in routinely vaccinated herds of cat-
tle although their preferred explanation was that vaccination simply re-
duced the levels (and hence threat) of circulating virus within the herd.
More direct evidence is given by some experiments of the author (Doel
et al. 1994) in which groups of cattle were vaccinated with a high-poten-
cy oil or aqueous vaccine and challenged at different time intervals after
the vaccination. With the exception of the unvaccinated controls, all of
the cattle were protected. In general, the frequency of persistently infect-
ed animals was high and did not appear to be significantly different
from previous reports. However, it was clear that there was a decreased
probability of isolating virus from the oropharyngeal fluid with increas-
ing interval between vaccination and challenge. This observation was in-
dependently confirmed by Sorensen et al. (1998), using sera from the au-
thor
s experiment in a 3D, 3AB, 3ABC blocking ELISA. In this work, it
was demonstrated that seroconversion against 3A and 3ABC only oc-
curred in one out of five cattle challenged with O Lausanne virus at day
16 dpv whereas the frequency of NSP antibody seroconversion was
greater when the interval between vaccination and challenge was less.
The conclusions from the O Lausanne challenge study were supported
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by an extension of the experiment in which the cattle were randomised
and revaccinated with a different serotype vaccine (C Oberbayern) ap-
proximately 4 months after the start of the first part of the experiment.
Once again, with the exception of the unvaccinated controls, all of the
cattle were protected when challenged with C Oberbayern virus. Howev-
er, the percentage of carrier animals was very much lower than with the
O Lausanne phase of the experiment and recovery of virus from oropha-
ryngeal fluid considerably less frequent. The results with the C Oberbay-
ern phase of the experiment could be considered consistent with the
boosting of a cross-reactive immunity against the highly conserved
NSPs of the virus. Clearly, it would be valuable to carry out a substantial
experiment using repeated administrations of a modern potent vaccine
to determine whether high-quality immunity could prevent or cure
 the
carrier state.

Neutralising antibody responses were observed in pig nasal fluid
within 3 to 7 days of injection of an oil vaccine (water-in-oil or DOE),
but the titres thereafter were relatively unaffected by subsequent vacci-
nations at 56 and 117 dpv (Francis and Black 1983). In contrast, the se-
rum neutralising antibody titres increased after each vaccination, the
water-in-oil preparation being the most effective. Unfortunately, the au-
thors were unable to discriminate the antibody classes responsible for
the neutralising activity in the pharyngeal fluid. An important conclu-
sion from the paper by Francis and Black is that the magnitude of the
mucosal immune response in the pig following vaccination may partly
explain why attempts to establish a correlation between protection and
serum antibody levels in this species have not so far proven successful,
in contrast to cattle. Equally, the possibility that the pig mucosal im-
mune system is more responsive
 to FMD infection or parenteral vacci-
nation than that of cattle could provide a partial explanation for the fact
that pigs do not become persistently infected.

2.6
The Secondary Immune Response and Duration of Immunity

One of the more striking variations in the immune response to FMD
vaccines is the extent to which it is boosted by subsequent vaccinations.
The increase in neutralising antibody titre may often exceed 1.5 log10
(Pay 1984) whereas little or no boosting of the immune response is ap-
parent in the data from some other reports (Francis et al. 1983; Rocha et
al. 1983), suggesting that the initial and subsequent vaccinations did not
stimulate the development of immunological memory. This prompts the
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question of what variables impact on the secondary response and, by ex-
trapolation, on the duration of protective antibody titres. Antigen pay-
load has been studied by Rweyemamu and colleagues (Rweyemamu et
al. 1984) using Al(OH)3/saponin FMD vaccines in cattle containing be-
tween 7 and 329,760 ng of 146S per dose. These authors concluded that
the primary response was dose dependent but that there was no evi-
dence of low dose tolerance or high dose immunological paralysis.
Whereas the highest primary antigen doses produced the highest anti-
body titres, the secondary responses were generally superior following
primary doses of 42 or 254 ng virus. Thus the difference between the
primary and secondary antibody responses was most marked when low
antigen doses were used initially (Black et al. 1984). The suggested ex-
planation for this was that high initial antibody titres limited anamnes-
tic responses either by sequestering antigen or by regulating the im-
mune response more directly.

Another variable which impacts on the magnitude of the secondary
antibody response is the interval between the first and second vaccina-
tions. In Fig. 1, it can be seen that the magnitude of the response to
a second vaccination at 14 days was almost non-existent. Whereas a
28-day interval was more satisfactory, extending the interval to 2 months
or longer resulted in impressive secondary antibody responses. This
work and the 146S dose studies (Black et al. 1984; Rweyemamu et al.
1984) are very much consistent with classic studies with model antigens
(Siskind and Benacerraf 1969) in which an optimum dose of an antigen
exists with respect to rate of development, peak titres and persistence of
high-affinity antibody, and boosting of the immune response is favoured
by an increased time interval between the two immunisations.

It is probably a general perception that the duration of protective im-
munity after FMD vaccination is short-lived. Certainly, this is the case
after a single immunisation and significant antibody titres usually wane
after several months, although this will depend on the type and quality
of vaccine used and the possible interference from maternally acquired
antibodies. It is also frequently assumed that oil-adjuvanted FMD vac-
cines give a more gradual development of the antibody response com-
pared to aluminium hydroxide and saponin formulations, and although
this may be seen with some oil formulations (McKercher et al. 1975a, b),
it is not always the case and primary antibody responses often peak
around 21 to 28 days after vaccination.

The duration of protective antibody titres beyond the first vaccina-
tion is, equally, a controversial area. Types of vaccination programme
used are heavily influenced by epidemiological circumstances and in-
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variably are based on revaccination every 4, 6 or 12 months. It has been
claimed that the frequency of immunisation with Al(OH)3/saponin vac-
cines can be reduced with oil-adjuvanted vaccines (Barteling and
Vreeswijk, 1991) because of the more prolonged antibody response ob-
served with some oil-based formulations. This was suggested by the
work of Gomes et al. (1980). In their experiment, 30 cattle which had
been vaccinated three times at 6-month intervals with oil-adjuvanted
vaccines (water-in-oil single oil formulations) were challenged 13 months
after the last vaccination. A high level of protection was predicted ac-
cording to the pre-challenge antibody levels and, indeed, 29 animals
were fully protected. In contrast, there is published data which indicate
that the duration of immunity after repeated application of Al(OH)3/
saponin vaccines can be very long (Fish et al. 1969) and not differ signif-
icantly from vaccination with oil vaccines (Kitching 1997). The work of
Fish and colleagues with Frenkel-type Al(OH)3/saponin vaccines is par-
ticularly noteworthy. They showed that cattle selected from the annual
vaccination programme of the Netherlands during the 1960s initially
produced a peak of neutralising antibody after revaccination which last-
ed about 12 weeks, after which time antibody titres levelled off and re-
mained at this plateau level for up to 44 months after primary vaccina-
tion. Interestingly, the duration of antibody response was not signifi-
cantly affected by the number of re-vaccinations (2, 3, 4, 5, 6, 7 or great-
er) whereas the plateau heights were increased slightly each time (ap-
proximately 0.1 log10 per re-vaccination cycle up to 4/5 revaccinations).
This impressive duration of antibody responses is well supported by a
number of observations by European workers after the cessation of vac-
cination in 1990/1991. In particular, Remond et al. (1998) carried out a
large study of French cattle and reported significant titres of FMD virus-
neutralising antibody titres some 6 years after the last vaccination
(Al(OH)3 /saponin vaccines). This was the case even with cattle which
would have only received several vaccinations at the point that vaccina-
tion was prohibited. As with the kinetics of the antibody response, it is
quite clear that claims on the superiority of oil-adjuvanted formulations
in this respect need to be interpreted cautiously given the very different
oil formulations available internationally and the proven high quality of
some Al(OH)3/saponin products. Equally, it is clear that long duration
of antibody responses can be achieved with relatively infrequent vacci-
nations.

Almost all of the information on the duration of immunity has been
obtained in cattle. However, the more limited data from pigs and sheep
do not appear to differ greatly with respect to the rate of antibody devel-
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opment and decay. In the case of sheep, it has been shown that one type
of oil-adjuvanted vaccine gave improved duration of antibody titre com-
pared with Al(OH)3/saponin vaccines but this was not reflected in the
protection against challenge at 9 months after vaccination (13 sheep
protected/14 sheep challenged and 13 sheep protected/13 sheep chal-
lenged, respectively, McKercher et al. 1975).

2.7
T Cell Responses to Vaccination

Vaccination with Al(OH)3/saponin vaccines induces a population of
T-lymphocytes in bovine peripheral blood which proliferate in vitro in
the presence of optimum concentrations of FMD virus (Collen and Doel
1990; Collen 1991). Whereas these proliferative responses tend to be
relatively weak after only one vaccination (Garcia-Valcarcel 1993; Van
Lierop et al. 1992) higher stimulation indices are obtained when cattle
have been vaccinated several times. Furthermore, peripheral blood T cell
responses after infection do not appear to be superior to those achieved
with vaccination (Garcia-Valcarcel 1993). Although the evidence is quite
limited, the duration of FMDV-specific T cell immunity has been report-
ed as 20 months for one twice-vaccinated animal (Collen and Doel
1990). The possibility also exists that non-circulating FMDV-specific T
cells are resident for even longer periods than peripheral blood Tcells.

A significant feature of the bovine T cell response to FMDV vaccina-
tion or infection is the cross-reactivity among the different serotypes
(Collen and Doel 1990; Collen 1991; Garcia-Valcarcel 1993; Van Lierop et
al. 1992) in clear contrast to the serum antibody responses. For example,
peripheral blood lymphocytes from an animal previously vaccinated
with O serotype virus proliferate strongly and often equivalently when
stimulated in vitro with A serotype virus (Collen and Doel 1990). This
cross-reactivity was attributed to conserved epitopes within VP1, VP2
or VP3 of the different serotypes of the virus. Importantly, there does
not appear to be any correlation between neutralising antibody titres
and Tcell proliferative responses (Van Lierop et al. 1992).

The development of in vitro T cell proliferation assays and the avail-
ability of synthetic peptides prompted investigations to locate and de-
fine T cell epitopes within the structural proteins of FMDV. Collen et al.
(1991) screened a number of VP1 synthetic peptides and identified an
immunodominant T cell epitope between residues 21 and 40 which was
recognised by 7 of 19 virus-vaccinated cattle. Sequences containing the
141–160 region of VP1 were less effective in T cell proliferation assays.
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In fact, studies from this laboratory (Collen 1991; Collen et al. 1991;
Garcia-Valcarcel 1993; T.R. Doel, unpublished observations) were gener-
ally unsuccessful in generating strong T cell responses to peptides con-
taining the VP1 141–158 sequence or showing their recognition by T
cells from virus-vaccinated cattle (Collen 1991). For reasons which were
not apparent, Van Lierop et al. (1992) had more success with peptide-im-
munised cattle although one repeatedly virus-vaccinated animal gave
very little T cell proliferation in response to peptides. In subsequent
studies with in vitro priming of T cells from na�ve animals, Van Lierop et
al. (1995) concluded that although 140 to 160 sequences of VP1 were
able to elicit significant peptide-specific T cell responses, they consis-
tently failed to prime for virus-specific T cells and to a large extent vice
versa. These authors also demonstrated VP4 (20–34) as a dominant T
cell epitope, which satisfied the criteria of high sequence conservation
among the serotypes, induction of virus-specific T cell responses and
high MHC promiscuity. The latter property is widely regarded as essen-
tial in any use of peptides as synthetic vaccines given the general and
specific observation of MHC restriction of T cell responses to synthetic
peptides (Glass et al. 1991 for FMDV).

T cell responses against whole virus and isolated proteins have also
been demonstrated in C serotype-vaccinated inbred miniature pigs (Saiz
et al. 1992), including the observation that the response was heterotypic.
After two vaccinations, the T cell responses persisted for at least 1 year
although the quantities of antigen required for in vitro proliferation were
particularly high (40–200 mg/ml) in comparison with the cattle experi-
ments referred to above.

2.8
Vaccine Antigens

FMD antigen harvests contain a high proportion of irrelevant cellular
and growth media-derived proteins and small quantities of structural
proteins and NSPs of FMDV in a very approximate ratio of 1,000 to 1 by
weight of protein. The structural proteins include 146S particles and var-
ious subunits including natural empty particles (75S) and pentameric
clusters of VP1, VP2 and VP3 (12S). The immunogenicity of 146S parti-
cles exceeds that of the 75S particles (found predominantly in the A se-
rotype viruses) and the 12S particles by approximate factors of 10 and
100, respectively (Doel and Chong 1982). The integrity of the 146S parti-
cle is thus crucial to the efficacy of a vaccine and, in the author
s labora-
tory, is the key parameter for determining antigen payload within a vac-
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cine formulation. Within the intact 146S particle, the VP1 protein may
be partially degraded by the action of some proteolytic enzymes and,
depending on the virus strain, this may reduce the ability of 146S parti-
cles to induce neutralising antibodies. This appears to be a problem pri-
marily with relatively crude virus concentrates stored at 4�C (Doel and
Collen 1982), and purification procedures substantially reduce proteo-
lytic activity.

Rweyemamu et al. (1984) examined the dose response of cattle given
vaccines formulated with different 146S payloads. From their data, it was
clear that protective antibody responses were induced above payloads of
approximately 1 mg after a single dose of O serotype vaccine. It appeared
that there was little benefit to antibody titre when payloads above 10 mg
were used, and examination of the data suggests perhaps a sigmoid rela-
tionship between antigen concentration and antibody response where
the straight line region is between 1 and 10 mg. As mentioned above,
higher antigen payloads are required with the O serotype compared to
most other FMD serotypes.

Although the immune response to FMD vaccine is serotype specific,
it has been suggested that the 12S antigen of the virus is able to stimu-
late inter-serotypic antibody responses (Cartwright et al. 1982). Howev-
er, this is difficult to reconcile with the fact that all but the purest con-
ventional FMD vaccines probably contain a significant quantity of 12S
(approximately 50% of the CF activity of non-purified O1 BFS 1860 har-
vests, T.R. Doel, unpublished observations) and repeated application
does not induce cross-protection (Black et al. 1986). A partial explana-
tion for the data of Cartwright et al. is that low levels of cross-reactivity
between serotypes are not infrequent in the serum neutralisation test
(Cottral 1972).

FMD vaccines formulated from non-purified antigen harvests certain-
ly contain quantities of NSPs coded for by the viral nucleic acid. These
proteins are capable of stimulating specific antibodies in the host and,
as indicated above in this chapter, are proving a valuable tool in the de-
velopment of new assay systems which allow the discrimination between
an animal receiving vaccine alone and one which has recovered from in-
fection. A prerequisite for this level of discrimination is the use of vac-
cines made from purified antigens where the bulk of the NS proteins has
been removed. In the author
s laboratory, concentrated inactivated FMD
antigens are purified by industrial-scale chromatography before a final
concentration step and storage over liquid nitrogen until required for
formulation. Of course, FMD vaccines are applied repeatedly, and it is
essential to demonstrate that a given vaccine does not induce significant
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titres of antibodies against NSPs under worst case scenarios
. We used a
procedure in which cattle were vaccinated between three and five times
with maximum payload quadrivalent vaccines where each dose was
equivalent to approximately 10 to 20 normal
 cattle doses. Under these
circumstances, none of the cattle was scored positive as defined by the
EITB assay (Bergmann et al. 1993).
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1
Introduction

Despite the dramatic advances in our understanding of viral pathogene-
sis and the development of vaccine technology brought about by the en-
lightenment of the most intimate secrets of how viruses interact with
their host cells, foot-and-mouth disease (FMD) virus remains a major
threat to the most sophisticated economies of the world. The combined
threats of free trade and bio-terrorism have shown how vulnerable the
agricultural industries of North America and Europe are to attack by
one of the smallest living organisms; an attack against which the de-
fences are little better than they were 50 years ago. It has been proposed
in the past that the best protection for the developed countries that are



free of FMD would be to eradicate the virus from countries in which it is
endemic, but the events of the last few years clearly show that FMD is in
the ascendency, and is far from dead. The Food and Agriculture Organi-
zation (FAO) is to make FMD its next target for global eradication, fol-
lowing its not yet fully successful eradication of rinderpest. But com-
pared with rinderpest that is caused by a single virus serotype, against
which there is a very effective vaccine that provides virtual lifelong im-
munity after a single inoculation, that does not produce persistent infec-
tion and that has a very limited host range, any program to eradicate
FMD will certainly fail. The tools are not yet available for such a task.
The best that can be expected with current resources would be an at-
tempt to bring the disease under control in as many of the endemic
countries of the world as can sustain the recurrent cost of vaccine and
the imposition of rigid animal movement restrictions. This is an unlikely
proposition in those countries which see little economic benefit for such
cost, and therefore, until the consequences of the epidemiological differ-
ences between rinderpest and FMD are reduced by the development of a
better vaccine or a cheap virucidal drug, FMD will remain a significant
threat for the foreseeable future.

2
Epidemiology of Foot-and-Mouth Disease

It is unwise to consider FMD as a single disease which always behaves in
a pre-determined manner. To do so can be an economically and socially
expensive mistake, as was discovered by the British government when it
chose to follow the advice of the modellers to bring the 2001 outbreak of
FMD under control by slaughtering large numbers of animals which, be-
cause of the particular nature of the Pan Asia strain causing the out-
break, were never likely to have been exposed. The models used at the
start of the outbreak made no allowance for the differences between this
strain and those on which they had been based, even though it was evi-
dent from the Pan Asia outbreaks in Japan and South Korea the previous
year, and from the limited spread from the index case in the UK, that
this virus was epidemiologically distinct.

Foot-and-mouth disease is seven separate diseases, clinically indistin-
guishable, caused by seven antigenically distinct serotypes. And even
within each serotype there is a spectrum of strains with their own anti-
genic and epidemiological characteristics, which make it impossible to
generalise about what to expect in an outbreak (Kitching 1998). The pig-
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specific strains of serotype O FMD virus found in south-east Asia behave
very differently from those found in South America. The epidemiology
of the SAT serotypes differ from each other, although all remain restrict-
ed to Africa, and when they do escape into the Middle East, they never
persist. The ephemeral behaviour of serotype C, which in the last few
years has only been seen in East Africa, is difficult to explain. There is a
constant emergence of antigenically novel strains of serotype A, both in
Asia and South America, but they tend to disappear just as regularly.
New strains of serotype ASIA1 can also be found, but antigenically the
group remains relatively stable.

3
Transmission of Foot-and-Mouth Disease Virus

Although strains of FMD virus exhibit different epidemiologies, they are
constrained by certain common rules, many of which are also shared by
other viruses. Spread of FMD virus is most commonly associated with
the movement of infected animals and their contact with susceptible an-
imals. During the early stages of disease, infected animals shed virus in
all their excretions and secretions, including their breath. In cattle and
pigs peak production of virus coincides with the onset of clinical signs,
whereas in sheep it occurs before the appearance of lesions, and then in
all species it declines rapidly as antibody production and other immune
responses bring the infection under control. Virus may infect in-contact
animals by the oral or aerosol route, or through skin abrasions, particu-
larly in pigs. The incubation period for FMD is between 1 and 14 days,
depending on the strain of virus, the infecting dose, the route of infec-
tion and the susceptibility of the host. The minimum infecting doses for
some strains have been determined (Sellers 1971; Donaldson and
Alexandersen 2002; Sutmoller and Vose 1997).

Clinical FMD in North American and European breeds of cattle and
sheep which have not received vaccination is usually not difficult to
identify, particularly once it has become established on a farm. Spread
between cattle and between pigs is usually rapid so that frequently 90%
of the animals may be showing signs. Sheep and goats show milder clin-
ical signs of FMD, and it is not uncommon to confuse them with other
conditions that cause foot or mouth lesions (De la Rua et al. 2001).
Spread within an infected sheep flock is also slower, and it was evident
from the outbreaks of FMD in Italy in 1993 and Greece in 1994 and 1996
that the virus disappeared from many of the flocks before all the animals
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had been infected. In some flocks only 25% of the animals had been in-
fected before the virus had died out. Kitching and Hughes (2002) have
described the survival of FMD virus in groups of sheep under experi-
mental conditions, and their results confirm the field observations that
transmission of FMD virus between sheep can be precarious. However,
under the conditions of crowding and frequent movement which oc-
curred in the UK during the 2001 outbreak, sheep played a crucial role
in spreading the disease around the country and into Ireland and
France. Some breeds of cattle also show a degree of natural resistance to
clinical FMD, for instance the Brahmin cattle of sub-Saharan Africa, and
the Chinese Yellow breed of cattle (Kitching 2002).

FMD virus undoubtedly entered the UK in 2001 in illegally imported
meat products, probably from south-east Asia—possibly by the same
route by which hog cholera virus had entered the UK the year before.
Some of this meat was infected with a strain of the Pan Asia serotype O
topotype, which was prevalent in Asia, and some eventually was fed to
pigs (see below). All products from animals slaughtered with clinical
FMD or while incubating the disease will contain the virus; however, by
allowing a slaughtered carcase to hang at 2�C for 24 h before freezing,
the change in pH in the muscle to below 6 is sufficient to kill the virus. It
will still be necessary to cut the meat from the bone and separate the
glands, as the same pH change will not occur in these organs. Milk and
semen can be contaminated with FMD virus for up to 4 days before the
appearance of clinical signs, but, assuming only a few animals are infect-
ed before the disease is recognized and milk collection stopped, by the
time the infected milk has been diluted and pasteurized, it will be un-
likely to contain an infectious dose (Donaldson 1997). Milk tankers car-
rying infected milk onto an uninfected farm can spread disease by vent-
ing their tank as they take on additional milk; this occurred during the
1967/68 outbreak in the UK and also during the most recent outbreak
(Gibbens et al. 2001). To spread disease the infected product must have
contact with an FMD-susceptible animal, and therefore typically it is
pigs which are the first infected in an outbreak of FMD in a previously
free country.

FMD virus can also be carried mechanically by people, vehicles,
brushes, surgical equipment and other fomites from infected to suscep-
tible animals. Veterinarians were involved in the spread of FMD in Den-
mark in 1982, and in Italy in 1993—the former using contaminated sur-
gical equipment and the latter carrying out artificial insemination after
being on an infected farm. Similarly, during the 2001 outbreak, farmers
were implicated in the spread of virus between sheep flocks. But, as with
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infected animal products, fairly intimate contact must be made between
the contaminated fomite and the susceptible animal for infection to oc-
cur.

During the early acute phase of FMD, infected animals excrete virus
as they breathe. The quantity depends on the host species and the virus
strain, and early work by Donaldson et al. (1982) identified the pig
as the largest producer of aerosol virus. Log10 8.6 TCID50 can be pro-
duced by a pig in a 24-h period when infected with a strain of serotype
C. Cattle and sheep produce about 3,000 times less, and therefore
they are considerably less significant than pigs as a source of aerosol vi-
rus as a means of transmitting disease between farms (Donaldson et al.
2001). There is a large variation between strains in the amount of aerosol
virus produced from infected animals; for example, Alexandersen and
Donaldson (2002) measured only Log10 6.1 TCID50 of virus from pigs
infected with the PanAsia strain that infected the UK, 300 times less than
that produced by pigs infected with the C Noville strain—consistent
with the field observations (see above).

When produced in sufficient quantity, and under ideal weather condi-
tions of relative humidity above 60%, light breeze in one direction, flat
topography and climatic inversion keeping the virus plume close to the
ground, FMD virus can spread as an aerosol a considerable distance. In
1981, FMD spread from Brittany in France to the Isle of Wight in south-
ern England, a distance of over 250 km., and there are other examples of
aerosol spread over large distances (Donaldson and Alexandersen 2002).
It is usually cattle which become infected by aerosol virus because
of their extreme susceptibility to this route of infection, and their large
respiratory tidal volume compared with smaller ruminants, which are
also very susceptible to aerosol virus. Cattle may become infected at
concentrations of FMD virus as low as 0.06 TCID50 per cubic metre of
air (Donaldson et al. 2001). Pigs are considerably less susceptible to in-
fection by aerosol virus, and may require up to 6,000 times higher con-
centrations (Donaldson and Alexandersen 2001).

Ruminants, in particular cattle and the African buffalo, will retain live
FMD virus in the cells of the pharyngeal epithelium for up to 3 years in
cattle, and longer in buffalo, after initial infection. The immune state of
the bovine at the time of contact with the live virus, whether protected
from disease by vaccination or fully susceptible, does not affect the es-
tablishment of the carrier state, and over 50% of cattle will become car-
riers—as defined by the recovery of live virus 28 days or longer after in-
fection. The potential for these carrier animals to cause fresh outbreaks
of FMD is extremely controversial and not proven (Kitching 2002), but
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the possibility that a bovine vaccinated during an outbreak of FMD
could be carrying live virus has a profound influence on the attitude of
the international community to the use of FMD vaccine. The Nether-
lands slaughtered all 200,000 cattle that had been vaccinated during the
2001 outbreak in order to re-establish its trading status as quickly as
possible.

Under experimental conditions it has never been possible to show
transmission of FMD virus from a carrier to a susceptible bovine. This
does not establish that it cannot happen under certain circumstances,
and field situations in which it appears that outbreaks have been caused
by carriers invariably involve the movement and mixing of the carriers
and otherwise causing them “stress”. The relative distributions of the
different serotypes and even topotypes of FMD virus, and their restric-
tion and persistence in certain geographical areas, does suggest that
some strains adapt to certain hosts, and the existence of the carrier state
could provide at least a partial explanation.

4
Serotype O

FMD caused by serotype O has always been the most dominant and
most widely distributed. It has the reputation of being the most aggres-
sive serotype and the most difficult to control by vaccination, although
so far there is no genetic explanation as to why this serotype is so inva-
sive. Some of the strains are clearly catholic in their host range, appear-
ing equally virulent and transmissible in sheep, goats, pigs and cattle,
whereas others, like those of the Cathay topotype, will only cause disease
in pigs, even under experimental conditions (Dunn and Donaldson
1997). The Cathay topotype is found in the densely pig-populated coun-
tries of south-east Asia and appears to be maintained by the feeding to
susceptible pigs of waste food contaminated with virus. Spread of the vi-
rus between pigs is by close contact, and investigation of outbreaks in
the Philippines, where it is now restricted to “backyard” pigs, has shown
that the virus does not transmit even between neighbouring backyards
as an aerosol. In Hong Kong, where this topotype is also common, the
abattoir lairage became contaminated with virus, and pigs waiting for
slaughter became infected and were developing lesions within 24 h of
entry. These pigs were then slaughtered while viraemic, with the conse-
quence that all their meat was contaminated with virus, and therefore,
following the not uncommon practice of feeding waste restaurant and
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other waste food to growing pigs, the disease was perpetuated. It is cur-
rently the practice in Hong Kong to vaccinate pigs going for slaughter in
order to give them some protection against FMD while waiting in the
lairage.

Not that the feeding of waste food to pigs is restricted to Asia. The in-
dex case for the UK 2001 outbreak was on a farm in Northumberland
which fed waste food from restaurants and other sources (swill). Coun-
tries that are free of FMD follow the OIE guidelines which prevent the
importation of FMD virus in live animals and their products from coun-
tries in which the virus is present. However, it is recognized that illegal
importation of meat is likely to occur, and additional safeguards are in
place whereby all swill must be boiled to kill any contaminating virus
(not only FMD virus, but also hog cholera virus, swine vesicular disease
virus and others) before feeding to pigs. The owner of this index farm
has since been prosecuted for not boiling the swill, and swill feeding
throughout the EU has now been banned. The UK outbreak was caused
by a strain of the PanAsia topotype, and like the Cathay topotype, its
epidemiology was not characterised by significant aerosol spread. Un-
doubtedly, aerosol transmission did occur to some of the neighbouring
farms, but considering that there were almost 500 clinically infected
adult pigs on the farm, and that the virus had been present for at least
3 weeks before they were slaughtered, if this virus had been produced as
an aerosol in the same quantity as had been shown for some other
strains (see above), infection would have occurred in cattle on the coast
of Denmark.

Unlike the Cathay topotype, the PanAsia topotype is not restricted to
infecting pigs. In the UK it caused clinical disease in cattle, pigs, sheep
and goats, although its effect on sheep was less obvious (see above). In
South Korea during the 2000 outbreak it affected only cattle, whereas in
the 2002 outbreak it affected only pigs. When, in 1999, it was discovered
in Taiwan, a strain of this topotype failed to produce clinical disease
in Chinese Yellow cattle but caused outbreaks in cattle and goats. In
Mongolia, a PanAsia strain reportedly was also killing Asian camels dur-
ing their 2000 outbreak. The PanAsia topotype has been extremely suc-
cessful in gaining entry into countries previously free of FMD—Japan
had been free since 1908, South Korea since 1934 and the UK free since
1981. It has also out-competed other topotypes of serotype O in the Mid-
dle East and is now the predominant group identified in outbreaks. It
also caused an outbreak in 2000 in South Africa, having gained entry in
untreated swill collected from a boat in Durban harbour and fed to pigs,
and South Africa had never before recorded an outbreak of FMD caused
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by serotype O. What epidemiological characteristic of this topotype has
allowed it to be so successful is not clear, certainly not long-distance
aerosol transmission or antigenic variability.

Serotype O has in 2001 been active in South America, causing out-
breaks in Argentina, Uruguay and southern Brazil, all areas that had
only recently stopped prophylactic vaccination. In 2002, Paraguay re-
ported the presence of serotype O in vaccinated cattle close to the Brazil-
ian border. The South American strains of serotype O are characterised
by aerosol spread, and it was after the introduction of one of these
strains from Argentina into the UK in 1967 that it was realized that be-
tween-farm aerosol transmission had been occurring (Hugh-Jones and
Wright 1970). It is more likely, however, that in the South American situ-
ation, illegal movement of infected animals would account for most of
the spread that was seen.

5
Serotype A

Serotypes were defined by the lack of immunity in cattle provided by in-
fection with one serotype against challenge with another. Using this def-
inition it would be possible to split strains of serotype A into at least
two new serotypes, as there is no cross-immunity between, for instance,
A22 Iraq and A24 Cruzeiro—although strains are no longer placed in
subtypes (see Kitching et al. 1989), old subtype designations are still
used for historic strains of FMD virus. There is greater antigenic diversi-
ty between serotype A strains than between strains within serotypes O,
C or ASIA 1, and there has been a constant and frequent appearance of
antigenically novel strains, particularly in western Asia. The World Ref-
erence Laboratory for FMD maintains a database of more than 2,000
FMD virus partial 1D gene sequences, which can be rapidly compared
with the sequence of a new outbreak strain to identify a possible origin.
In 1996, outbreaks due to a strain of serotype A were causing major con-
cern to the dairy industry in Iran, because of the lack of immunity pro-
vided by the current vaccine. When the region of the IP4 gene was se-
quenced, it was 18% different from anything in the database, which was
very unusual, as previously even a 10% difference from existing strains,
other than within the SAT serotypes, was rare (Kitching 1998). It is pos-
sible to speculate that the virus had been circulating in an area from
which samples were rarely if ever sent to the World Reference Laborato-
ry, that it had been maintained in a species, such as the Asian buffalo,
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from which samples are seldom collected, or that a large and fairly rapid
mutation event had occurred. In 1999, another antigenically new strain
of serotype A appeared in Iran, although its distant antecedents could be
identified. Antigenically new strains have also appeared in Brazil in
1993, in Columbia in 1985 and in Eritrea in 1998, and other examples
are frequent. The significance of these new strains is that they make con-
trol by vaccination very difficult, both for the producer who suffers the
consequence of an outbreak and for the vaccine producer who must in-
vest in the development of another vaccine strain. But, paradoxically,
many of these new strains disappear just as quickly, without necessarily
creating the huge outbreaks in the unprotected population as was pre-
dicted.

6
Serotype C

During the last 20 years there have been no major outbreaks reported
due to strains of serotype C. Sporadic outbreaks have occurred from
which a strain of serotype C was isolated, particularly in Nepal, Bhutan
and India. More recently, only Kenya has been reporting outbreaks due
to serotype C, and these may be associated with the continuing use of a
strain of serotype C in the locally produced vaccine. There is no obvious
explanation to account for the apparent disappearance of serotype C
from the world, although it may still be present.

7
Serotype ASIA 1

Strains of ASIA 1 serotype anecdotally appear less aggressive than those
of other serotypes in terms of a longer incubation period and better vac-
cinal protection. The serotype is restricted to Asia, although for the first
time it caused an outbreak in Greece in 2000 on the border with Turkey.
It is not clear why ASIA 1 has never been reported in Africa, as there
must have been many opportunities for strains to spread to Africa in in-
fected animals. In the Middle East it is not unusual to isolate a strain of
ASIA 1 together with a strain from another serotype from the same ani-
mal, and Woodbury et al.(1994) were able to show that strains from dif-
ferent serotypes could transmit together. On one occasion strains from
serotypes O, A and ASIA 1 were isolated from a single bovine sample
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collected in Saudi Arabia, which would indicate that antigenically diver-
gent strains from the same serotype could also co-exist in the same host.

8
SAT Serotypes

The SAT serotypes, like ASIA 1, are geographically restricted to Africa.
The major movement of animals is from Africa to Asia, and little at-
tempt is made to prevent the export of FMD-infected animals. There
have been a number of occasions when SAT strains have been found in
the Middle East, the most recent being SAT 2 in Saudi Arabia in 2000.
However, although there were large outbreaks in the unprotected dairy
herds—SAT strains were not included in the routine vaccination pro-
gram—the virus does not appear to have persisted in the region. This is
certainly not because of a successful vaccination campaign, as the only
effective vaccination is practised by the large dairy herds and must be
related to a host preference, or even the ability to establish the carrier
state in the local animal population. During and after the SAT 2 out-
breaks in Zimbabwe in 1991, oro-pharyngeal (probang) sampling of the
local Brahmin and imported Friesian cattle indicated that the virus per-
sisted considerably longer in the Brahmin—one Brahmin bull carried
for over 3-1/2 years, whereas no Friesian cattle were identified as carri-
ers after 12 months (Dawes, personal communication).

SAT 2 is the more common serotype isolated from cattle in Africa.
SAT 1 and 3 are maintained in the African buffalo, occasionally causing
outbreaks in cattle with which the buffalo have contact or in impala,
which then spread disease to the cattle (Bastos et al. 2000). The African
buffalo can remain a carrier of SAT viruses for over 5 years, longer than
that recorded for cattle, particularly with these serotypes, which adds
support to the hypothesis of the importance of the carrier state for the
survival of the FMD virus.

There is considerable sequence variation between strains within each
of the SAT serotypes, suggesting that there could be considerable anti-
genic variation (Bastos et al. 2001; Vosloo et al. 1995, 1996). The eco-
nomic rewards of investigating these differences and producing separate
vaccine strains for each antigenically distinct group within each serotype
would not be justified by any of the vaccine producers, bearing in mind
the limited use of FMD vaccine within the SAT endemic countries.
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9
Prospects for Control

It is self-evident that the control of FMD depends on controlling its
spread from an infected to a susceptible animal, either by preventing the
movement of the virus in infected animals, animal products, fomites,
aerosol or carriers or by reducing the number of susceptibles by vacci-
nation. Countries usually free of FMD usually attempt the former by
strict import controls, as was seen in Europe in 2001, not always suc-
cessfully. However, the benefit of maintaining the national flock and
herd free of FMD without the use of vaccination, in terms of increased
export markets and without the regular expense of vaccine, was consid-
ered to exceed the cost of eliminating the occasional outbreak of disease
and encouraged the EU to stop prophylactic vaccination at the end of
1991. The cost of the UK outbreak, which has been estimated at 12 bil-
lion dollars US, has caused a re-evaluation, not only of the financial cost,
but also of the social and welfare cost of controlling and eliminating an
outbreak by slaughter. That at least 2 million animals were slaughtered
unnecessarily is probably now irrelevant; the image remains of huge
piles of corpses waiting disposal. At the International Conference on
Control of FMD held in Brussels in December 2001, it was made quite
clear by the EU politicians that slaughter on the scale that occurred dur-
ing the 2001 outbreaks in Europe was no longer politically acceptable
and that an alternative was required, in particular, the early use of vacci-
nation, as there was now a serological test to distinguish animals that
were antibody positive from vaccination from those that were positive
after infection.

10
Vaccination

Although the compulsory use of vaccine against FMD on most of main-
land Europe in the 1960s coincided with a dramatic drop in the number
of outbreaks, this was not a consequence of vaccination alone. At the
same time, outbreaks were being controlled by slaughter of infected and
in-contact susceptible animals, disinfection to kill the virus on infected
farms, movement controls around infected farms to prevent movement
of infected livestock and control of the movement of potentially infected
animal products. It has long been clear that vaccination using currently
available vaccines is not sufficient to prevent FMD—vaccination of ru-
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minants may stop disease but will not stop infection. In some of the
large dairy herds of the Arabian peninsula, cattle are vaccinated every
10 weeks with vaccine that contains seven strains of FMD virus, two
serotype O, three serotype A, one serotype ASIA 1 and one serotype SAT
2, and yet they still succumb to clinical FMD. Only by using strict secu-
rity to prevent infected material entering the farm, and maintaining a
separation of at least 100 m between the cattle and the perimeter fence
(and the livestock belonging to the nomadic people), can the number of
outbreaks of FMD be reduced. Vaccination is being used as a second line
of defence (Kitching and Hutber 2003). In pigs, vaccination will protect
against moderate levels of challenge, but once FMD is present in the
herd, the increased amount of virus in the environment will overcome
vaccine immunity; this is recognized when carrying out vaccine potency
tests in pigs: The unvaccinated control pigs are kept in a separate isola-
tion cubicle, out of contact with the vaccinated animals as, if kept to-
gether, when the controls develop FMD, they would likely precipitate
disease in the vaccinates.

Apart from not preventing infection or even disease, FMD vaccines
provide only short-term immunity, and it is recommended that cattle be
re-vaccinated every 4 or 6 months, depending on the expected challenge.
Protection is highest against the strain from which the vaccine was made
(homologous protection) and becomes progressively lower the more
antigenically different the outbreak strain is from the vaccine strain.
This relationship can be expressed as an “r” value, and depending on
the value of this ratio, it is possible to anticipate the level and duration
of protection provided by the vaccine (Kitching et al. 1989). To produce
conventional FMD vaccine it is necessary to grow large amounts of virus
in tissue culture, under disease-secure conditions, completely inactivate
and then purify and concentrate the antigen before mixing with an adju-
vant (Doel 1996). These procedures themselves are not without danger
of escape of virus, either directly from the facility or because the virus
was not properly inactivated before being made into vaccine (Beck and
Strohmaier 1987).

It was initially expected that new developments in biotechnology
would quickly produce a more effective FMD vaccine, but the early pro-
mise soon evaporated (Kitching 1992), as did most of the commercial
funding for such projects. Grubman and Mason (2002) have reviewed at-
tempts to produce a better FMD vaccine and describe their own candi-
date, a replication-defective human adenovirus within which are the 4
capsid and 3C proteinase coding genes of FMD virus. The expressed
proteins form empty FMD virus capsids which stimulate protective im-
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munity in pigs and cattle. Another prospect is a peptide vaccine which
utilises only a short, but antigenically important, sequence from the 1D
gene, together with B and T-helper cell epitopes (Wang et al. 2001). This
reportedly protects pigs but has not yet been proven in cattle. Both these
potential vaccines have the advantage of not requiring the production of
large quantities of live FMD virus, and animals vaccinated with either
could easily be distinguished from animals that had recovered from in-
fection by a non-structural protein (NSP) antibody test. Further testing
will be required to show whether they prevent the development of the
carrier state, the degree of cross-immunity provided between strains
and the duration of immunity. It would be expected that the cost of their
production would be less than that of conventional vaccine, thus encour-
aging their use in some of the poorer countries.

In the past, live attenuated FMD vaccines have been used, particularly
in South America and China, but they became discredited because of
their tendency to revert to virulence. Animals that have recovered from
infection remain protected for years rather than the months following
vaccination with a dead vaccine, and it is likely that an attenuated vac-
cine could afford a similar long-term protection. With the advances pro-
vided by the technology of reverse genetics, it would be possible to engi-
neer a virus that could not revert to virulence, once, of course, the host
specific and virulence determinants of the virus were properly under-
stood.

Considerable enthusiasm has been generated by the development of
the NSP antibody tests as a means whereby vaccination can be used to
control an outbreak. It is possible to distinguish those animals which
have been vaccinated from those which have been infected, by the pres-
ence of antibodies to the NSP
s in animals that have supported a live
replicating FMD virus. Animals receiving a dead virus vaccine have anti-
bodies only to the structural proteins. These tests have not been fully
validated, particularly in vaccinated animals which have had contact
with live virus and have become carriers. Because the animals will sup-
press viral replication, there may be insufficient expression of the NSPs
to produce a detectable antibody response. Currently such animals re-
present a very small, but significant, risk. However, on the understand-
ing that the new NSP tests would identify infection, at least on a herd
basis, the OIE was persuaded to reduce the time from 12 months to
6 months at which a country, usually free of FMD but which had used
vaccine to help control an outbreak, could re-apply for FMD-free status
if it had not subsequently slaughtered the vaccinated animals (OIE,
2003). This was conditional on testing a sample of the vaccinated ani-
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mals for NSP antibodies. It is perhaps not surprising that the EU in its
new draft proposal on Community measures for the control of FMD
prohibits the movement of vaccinated animals, even after the sero-sur-
vey using the NSP tests has shown the vaccinated zone to be infection
free to OIE standards (EU, 2002).

11
Conclusion

At present, control of FMD is firmly dependent on the use of vaccine.
But current vaccines are expensive and strain specific and provide only
short-term immunity. In addition, vaccination alone will not control
FMD, and although the additional measures required can be implement-
ed in developed countries, this is not the situation in many of the FMD-
endemic countries. Totally protecting FMD-free countries from the in-
tentional or accidental importation of virus would paralyse international
trade and travel and would be unacceptable; however, the cost of even a
small outbreak in the USAwould be considerable (Paarlberg et al. 2002).

An alternative is to eliminate the virus from the world as proposed by
FAO, but this would be impossible with current technology. Rweyemamu
and Astudillo (2002) have put forward an alternative proposal based on
a four-stage pathway, similar to that used for rinderpest control, but rin-
derpest is as different from FMD as smallpox is from influenza, and in
my opinion we still need to understand more about the epidemiology of
FMD if such a programme is to be successful.
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Abstract Foot-and-mouth disease virus (FMDV) is genetically and phenotypically
variable. As a typical RNA virus, FMDV follows a quasispecies dynamics, with the
many biological implications of such a dynamics. Mutant spectra provide a reservoir
of FMDV variants, and minority subpopulations may become dominant in response
to environmental demands or as a result of statistical fluctuations in population size.
Accumulation of mutations in the FMDV genome occurs upon subjecting viral pop-
ulations to repeated bottleneck events and upon viral replication in the presence of
mutagenic base or nucleoside analogs. During serial bottleneck passages, FMDV sur-
vive during extended rounds of replication maintaining low average relative fitness,
despite linear accumulation of mutations in the consensus genomic sequence. The
critical event is the occurrence of a low frequency of compensatory mutations. In
contrast, upon replication in the presence of mutagens, the complexity of mutant
spectra increases, apparently no compensatory mutations can express their fitness-
enhancing potential, and the virus can cross an error threshold for maintenance of



genetic information, resulting in virus extinction. Low relative fitness and low viral
load favor FMDVextinction in cell culture. The comparison of the molecular basis of
resistance to extinction upon bottleneck passage and extinction by enhanced muta-
genesis is providing new insights in the understanding of quasispecies dynamics.
Such a comparison is contributing to the development of new antiviral strategies
based on the transition of viral replication into error catastrophe.

1
Introduction: Concepts in RNA Virus Evolution

Foot-and-mouth disease virus (FMDV) is one of the prototypes of anti-
genically variable virus, reflected in seven serotypes (A, O, C, Asia 1,
SAT1, SAT2, SAT3), and many subtypes and variants, too numerous to
be amenable to any reasonable cataloguing at present. The diversity of
antigenic types creates difficulties for prevention of FMD by vaccination
because there is no predictable, reproducible and effective protection
that can be afforded by a limited number of vaccine antigens against
multiple variants cocirculating in different world areas, and sometimes
even within the same geographical area (Doel 2003; Sutmoller et al.
2003). Traditionally, vaccine manufacturers have known that it is neces-
sary to tailor vaccine composition to match the antigenic properties of
the circulating FMDV in much the same way as the influenza vaccines
must be periodically updated. Chemically defined vaccines would be de-
sirable, but they will often fail to provide protection against the diverse
and heterogeneous array of virus forms to be controlled. Vaccine ineffi-
cacy is a major challenge for prevention against diseases caused by vari-
able RNA viruses such as AIDS, hepatitis C and possibly SARS, among
many others.

Phenotypic variation of FMDV has been known since the early work
of C.R. Pringle, H. Bachrach and others (reviewed in Bachrach 1968 and
Domingo et al. 2003). There is now little doubt that antigenic variation
of FMDV is a consequence of the error-prone replication of the viral ge-
nome, visualized as variability of antigenic epitopes. This feature is
shared with other RNA viruses and it is due to the lack (or low efficien-
cy) of proofreading repair and postreplicative repair activities during
RNA-dependent RNA and DNA synthesis (Holland et al. 1982; Drake
and Holland 1999; Domingo et al. 2001). Mutation rates during RNA
replication and retrotranscription average 10-3–10-5 misincorporations
per nucleotide copied. Together with homologous and nonhomologous
recombination and genome segment reassortment (in viruses with seg-
mented genomes), these mechanisms provide the molecular scenario on
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which virus diversification and adaptability are built (overviews are giv-
en by Morse 1993, 1994; Gibbs et al. 1995; Domingo et al. 1999, 2001;
Domingo 2003). Despite high error rates affecting all RNA viruses exam-
ined to date (Drake and Holland 1999) the extent of antigenic variation,
and therefore the resulting problems of low vaccine efficacy derived
from variation, do not affect all RNA viruses equally. For example, there
is one serotype of Mengo virus, three of poliovirus, seven of FMDV and
more than one hundred of human rhinoviruses, despite monoclonal-
escape mutants arising with comparable frequencies in the range of
10-3–10-5 for these picornaviruses (values have been compared in
Domingo et al. 2002). This indicates the existence of constraints to anti-
genic diversification operating with different intensity, even among
viruses sharing a pattern of genetic organization and features of their
virion structure. Defining the molecular basis of such constraints re-
mains a challenge for virology, which requires bridging biochemistry
with evolutionary biology.

FMDV being a picornavirus of about 8,300 nucleotides with a highly
compact genetic information, a single open reading frame, cis-acting
functions, regulatory regions dependent on precise spatial structures
and several multifunctional proteins and from all evidence replicating
close to the error threshold for maintenance of genetic information
(Sect. 2), it is remarkable that a large repertoire of many different muta-
tions are tolerated by the virus. Mutations may affect important func-
tions such as translation or replication efficiency, cell tropism or host
range, and they have been produced during virus replication, without
the need of chemical mutagenesis (specific cases are reviewed in Bara-
nowski et al. 2001, 2003; Jackson et al. 2003; Mason et al. 2003). FMDV
mutants produced during replication in cell culture or in animals are
under examination and provide valuable tools to help understanding
FMDV biology.

Genetic variation of FMDV, like that of other viruses, results in an in-
creasing amount of nucleotide and amino acid sequence information
which demands an orderly treatment of data to arrive at a meaningful
understanding of the origins of genetic diversity. Genomic sequences
have been analyzed by phylogenetic and statistical procedures to define
relationships among dominant sequences found in the isolates from in-
fected animals. The result of such analyses is a new genotypic classifica-
tion of FMDV that is gradually replacing the classic classification based
on serology. Phylogenetic studies have also permitted tracing the origin
of FMD outbreaks, contributing to the molecular epidemiology of this
pathogen (see the chapter by Kitching, this volume). An understanding
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of the origins of genetic diversity is increasingly achieved by analyzing
in detail the genetic population structure of the virus as it replicates in
infected hosts, or in cell culture. Probing into the fine structure of viral
genomes at the population level has been possible through the applica-
tion of biological and molecular cloning, combined with rapid nucleo-
tide sequencing.

The population size and genetic heterogeneity of viral populations are
increasingly recognized as relevant to viral pathogenesis. Model studies
on passage of infectious clones under controlled environments and de-
signed population regimes can provide insight into the major evolution-
ary forces acting on viruses. For viruses that can produce plaques on cell
monolayers (or cause infection from a single viral particle by end-point
dilution), the progeny of a single infectious genome can be analysed. In
sequence screenings based on biological clones, there is a bias towards
scoring genomes which are infectious in the particular cell line chosen,
but not in other cells or in some animal hosts. Reverse transcription of
genomic RNA and PCR amplification (RT-PCR), followed by molecular
cloning and sequencing of individual clones, offers an alternative means
to examine viral populations which does not depend on infectivity. Here
a bias may come from low fidelity of the enzymes used for RT-PCR
(which may result in an overestimate of nucleotide sequence heteroge-
neity) or from a limitation in the number of viral RNA template mole-
cules amplified by RT-PCR (resulting in an underestimate of nucleotide
sequence heterogeneity). Both potential biases can be easily avoided by
appropriate control experiments (experimental details for FMDVare giv-
en by Arias et al. 2001 and Airaksinen et al. 2003).

Extensive studies with FMDV and other RNA viruses involving the
analysis of biological and molecular clones have documented that at the
population level viral genomes in infected natural hosts and cell cul-
tures, during acute and persistent infections, consist of complex mutant
distributions termed viral quasispecies (Eigen 1971, 1996; Domingo et
al. 1978, 2001; Eigen and Schuster 1979; Eigen and Biebricher 1988).
This means that the nucleotide sequence determined for a virus isolate
(the average or consensus sequence of that particular isolate) often does
not exist physically in the population, or exists only as a minority sub-
population within a larger mutant spectrum. The composition of an
RNA virus is “statistically defined but individually indeterminate”
(Domingo et al. 1978). This population structure is a consequence of the
high input of mutations during replication, and it underlies virus adapt-
ability because viruses replicate essentially as pools of genetic and phe-
notypic variants. The individual components of the mutant spectrum
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are ranked according to relative fitness (a measure of relative replication
capacity in a given environment), and most of them, when they repli-
cate, display lower fitness than the average for the population from
which they were isolated (Domingo et al. 1978; Duarte et al. 1994).
Fitness, moreover, is unavoidably a property of ensembles of individu-
als because even virus from a single plaque is a mutant distribution
(Escarm�s et al. 1996, 2002). Subpopulations of viral genomes provide a
reservoir of genomes ready to become the dominant subset in the face
of an environmental challenge (e.g., an immune response, the presence
of an inhibitor that targets the dominant genome class or an encounter
with a new host cell type, among others). The generation of quasispecies
swarms is the first stage in the process of genetic diversification of virus-
es which occurs within infected hosts. Diversification is more clearly
manifested upon host-to-host transmission when one or a few founder
viruses from a mutant spectrum replicate in a different environment.
Further diversification in nature is a complex process, poorly under-
stood in molecular terms, and thought to be influenced by positive se-
lection and random drift of genomes (reviewed in different chapters of
Morse 1993, 1994; Gibbs et al. 1995).

Several experiments have shown that virus evolution is directly rele-
vant to the generation of disease or to disease progression within infect-
ed individuals. Classic examples are mutations which render attenuated
poliovirus virulent and progression to AIDS associated with HIV-1 evo-
lution. In this respect, the elegant work of Kimata et al. (1999) showed
that simian immunodeficiency virus molecular clones synthesized from
virus isolated from monkeys at different stages of disease reproduced
the disease stage of the parental monkey when inoculated into healthy
monkeys. Furthermore, many cases of genetic change associated with a
modification of host cell tropism and host range with implications in vi-
ral pathogenesis have been described (reviewed in Baranowski et al.
2003). Therefore, virus evolution is one of the determinants of viral dis-
ease. A common misunderstanding is the thought that many mutations
are needed for a substantial biological modification such as an alteration
of virus host range or virulence. This is not necessarily the case. One or
a few mutations (with a good probability of being represented in mutant
spectra of viral quasispecies) may suffice to alter virulence and other
important biological traits of viruses. A case involving FMDV is the
demonstration that one amino acid replacement selected during replica-
tion of a swine virus in guinea-pigs determined the capacity to produce
disease in the new host (Nffl�ez et al. 2001). The problem of relating a
genetic change to a phenotypic alteration does not arise commonly from
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the number of mutations but from the fact that several unrelated muta-
tions or multiple unrelated combinations of few mutations may lead to
similar phenotypic alterations.

Additional implications of quasispecies dynamics for RNA virus biol-
ogy have been reviewed recently (Domingo et al. 2001; Domingo 2003)
and they are not further discussed here, except with respect to molecular
mechanisms of virus extinction and recent trends in the development of
new antiviral strategies, the central topics of this chapter.

2
Accumulation of Deleterious Mutations: Rate, Mode, Mechanisms

Several concepts of population genetics have been very useful for the un-
derstanding of quasispecies dynamics. One of these is the accumulation
of deleterious mutations in asexual populations of organisms when no
compensatory mechanisms such as recombination intervene, a process
termed Muller
s ratchet (Muller 1964; Maynard-Smith 1976). The opera-
tion of Muller
s ratchet was first documented with an RNA virus by Lin
Chao (Chao 1990) working with phage f6. These results were then ex-
tended to VSV (Duarte et al. 1992), FMDV (Escarm�s et al. 1996) and
HIV-1 (Yuste et al. 1999). Experimentally, an increase in deleterious mu-
tations and fitness loss can be demonstrated upon serial plaque-to-pla-
que transfers of virus, in which virus replication is limited to the devel-
opment of a plaque on the cell monolayer (Fig. 1). Fitness loss associated
with accumulation of deleterious mutations is in contrast with fitness
gain upon large population passages of virus (Novella et al. 1995)
(Fig. 2). In the latter situation, a competitive optimization of the mutant
distributions occurs, resulting in selection of mutant distributions that
show high fitness in the environment in which replication takes place.
The initial fitness of the virus determines whether a given population
size involved in replication will lead either to an increase or to a de-
crease in relative fitness (Novella et al. 1995, 1999).

Nucleotide sequence comparisons carried out with FMDV have de-
fined multiple molecular pathways for fitness loss (Escarm�s et al. 1996)
or for fitness gain (Escarm�s et al. 1999). Remarkable differences were
noted in the types of mutations accumulating in the FMDV genome in
the course of plaque-to-plaque transfers and those observed among nat-
ural isolates, or laboratory populations evolved without bottlenecking.
Specifically, in clones derived by serial plaque transfers, 50% of the ami-
no acid substitutions affecting the viral capsid were located at internal
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capsid sites, which are highly restricted for variation during natural evo-
lution or large population passages of FMDV (Acharya et al. 1989; Mateu
et al. 1994). In the course of at least 200 plaque-to-plaque transfers of
several viral clones, point mutations accumulated in a nearly linear fash-
ion at a rate of about 0.3 mutations per genome per transfer. This is an
average rate of accumulation observed in the consensus sequence of the
virus population present in a single plaque, but it does not mean that
three plaque transfers are needed for one mutation to occur. During
each plaque development multiple mutations occur (as expected from
high mutation rates; Sect. 1) and virus from individual plaques is geneti-
cally heterogeneous (Escarm�s et al. 1996, 2002). Mutations which accu-

Fig. 1 A scheme of a viral quasispecies and the accumulation of mutations upon pla-
que-to-plaque transfers. A typical RNA virus mutant distribution is shown on the
right; genomes are depicted as horizontal lines and mutations are represented by dif-
ferent symbols on the lines. Plaque-to-plaque transfers (small arrows) force the pop-
ulation through successive populations with a modified consensus sequence (bottom
lines). Note that the consensus sequences are not represented in their respective mu-
tant spectra. Because deleterious mutations tend to be more frequent than neutral
and advantageous mutations, relative fitness (upper arrow) tends to decrease initial-
ly. When fitness is low the dynamics of fitness variation becomes very complex (see
text)
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mulated upon plaque transfers of FMDV were clustered at some genomic
loci (different for independent lineages) rather than being randomly dis-
tributed along the genome. In clusters, the mutation frequencies were
four- to five-fold larger than the average for the entire genome, and the
difference with the average mutation frequency for the entire genome
was statistically significant. The basis for such mutation clustering is not
well understood (Escarm�s et al. 2002). Possible interpretations include
a reduced copying fidelity of the viral replicase at genomic regions af-
fected by template structure or preexisting mutations and the occur-
rence of compensatory mutations in the proximity of those that are del-
eterious. In addition, many clonal lineages acquired an elongation of

Fig. 2 A scheme of a viral quasispecies and adaptive evolution upon large population
passages of the viral population. Symbols to depict viral quasispecies are as in Fig. 1.
Large population passages (thick central arrows) result in optimization of the mutant
distribution and adaptation to the environment in which replication takes place,
seen as a change in the consensus (or average sequence) of the population. In this
case, relative fitness increases (upper arrow). When fitness reaches high values, the
population size may become a limiting factor for further increases of fitness, and the
population dynamics becomes very complex (see text)
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four adenylate residues that precede the second AUG translation initia-
tion codon, which created an internal oligoadenylate, a genetic lesion
which had never been observed in FMDV. The oligoadenylate was vari-
able in length, heterogeneous within some viral plaques and associated
with fitness loss of FMDV (Escarm�s et al. 1996, 1999, 2002). It is one of
the genetic markers used to demonstrate the presence of a molecular
memory in viral quasispecies (Ru�z-Jarabo et al. 2000, 2002; Arias et
al. 2001). The oligoadenylate permitted the experimental demonstration
of multiple, alternative pathways for fitness recovery when the debilitat-
ed clones were subjected to large population passages. Alternative path-
ways observed were the shortening of the elongated oligoadenylate
which on occasions yielded the wild-type sequence (true reversion) and
a deletion of 69 residues spanning the site of the polyadenylate extension
(Escarm�s et al. 1999). Interestingly, this deletion resulted in viable
viruses whose genomes included only 12 nucleotides between the two
AUG translation initiation codons (Fig. 3). The mechanism proposed for
the generation and elongation or shortening of the internal oligoadeny-
late tract is polymerase slippage which leads to misalignment mutagene-
sis (Ripley 1990; Arias et al. 2001). These results with FMDV emphasize
how the dynamics of viral infections (e.g., occurrence and severity of
genetic bottlenecks, intervention of large population infections) can

Fig. 3 Position of a 69-nt deletion (D69) produced upon large population passages of
an FMDV clone containing an internal oligoadenylate tract. D69 is located between
the two functional AUG protein synthesis initiation codons. The internal oligoadeny-
late (An) precedes the second functional AUG. Based on results reported in Escarm�s
et al. 1996, 1999
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profoundly affect the types and numbers of mutations observed in a vi-
rus genome [the portion of 
sequence space
 the mutant spectra occupy
(Eigen and Biebricher 1988)] despite using the same replication machin-
ery with its copying fidelity properties, within the same host cells.

3
Resistance to Extinction Despite Accumulation of Mutations:
Observations and Modeling

Despite a nearly linear accumulation of mutations in FMDV clones sub-
jected to plaque-to-plaque transfers, the virus showed a remarkable re-
sistance to extinction. An FMDV population (obtained either from a pla-
que or from an infection in liquid culture medium) is considered extinct
when, upon at least three blind passages in cell culture under optimal in-
fection conditions, no infectivity and no FMDV-specific RT-PCR-ampli-
fiable material can be recovered. The amount of infectious virus found
in individual plaques developed during a given time period in the same
environmental conditions was taken as an approximate measure of rela-
tive fitness (Escarm�s et al. 2002). Fitness decrease upon serial plaque-
to-plaque transfers of several FMDV clones was biphasic. An initial
phase of exponential decrease was followed by a second phase in which
fitness values displayed large fluctuations around an average constant
value; the amplitude of the fluctuations tended to be larger the lower the
fitness values (Escarm�s et al. 2002; L�zaro et al. 2002) (Fig. 4).

A numerical model was developed which provided clues to a molecu-
lar interpretation of the experimental results. A critical feature of the
model is the occurrence with low probability of advantageous mutations
which permit reaching an equilibrium between the trend to eliminate in-
dividuals which have attained very low fitness values and the probability
of selecting for the subsequent transfer individuals with compensatory
mutations. As a result of both processes a stationary state of constant av-
erage fitness is achieved (L�zaro et al. 2002). Nucleotide sequencing
of genomic RNA from clones of successive plaque transfers indicated
that mutations were associated with fitness fluctuations. In particular,
in clones with the internal oligoadenylate, a shortening of the homopoly-
meric tract, or its interruption by A!G transitions, resulted in fitness
increase (Escarm�s et al. 2002). The relative fitness was inversely relat-
ed to the length of the oligoadenylate tract (Fig. 5). Because of these
mutation-associated fluctuations in viral production, the FMDV clones
displayed a remarkable resistance to extinction. Here a constant muta-

158 E. Domingo et al.



tional input serves to attenuate the effects of Muller
s ratchet to render
them unnoticeable regarding virus survival. Manrubia and associates
(Manrubia et al. 2003) have explored a mean field theory which in fact
represents an extension of the model developed for FMDV to any expo-
nentially growing population of mutating replicons. The mean field the-
ory proposed permits an exact formal analysis of various dynamical re-
gimes. When the population is subjected to strong bottlenecks, large
fluctuations of viral yield at each passage are expected, but they do not
drive the population to extinction. A precise mathematical form de-
scribes the fluctuations as observed experimentally. When the popula-
tion is allowed to grow exponentially for many replication cycles, the rel-
ative proportion of different mutant types attains fixed values. Remark-

Fig. 4 Evolution of relative fitness of an FMDV clone subjected to plaque-to-plaque
transfers. At each plating on a BHK-21 cell monolayer, a plaque (developed for 24 h
under a semisolid agar overlay) was chosen at random and the infectious virus pres-
ent in it was determined by a plaque assay (values on ordinate). Virus from the same
plaque was plated again, and the process was repeated a total of 120 times (abcissa).
A biphasic evolution and large fluctuations of fitness values can be observed. Similar
findings were obtained with additional FMDV clones. Based on results reported and
discussed in Escarm�s et al. 2002; L�zaro et al. 2002, 2003
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Fig. 5 Length of the internal oligoadenylate tract and infectivity of FMDV clones.
The genomic region spanning the internal oligoadenylate tract (compare with Fig. 3)
was amplified by RT-PCR in the presence of S35-dATP. The amplified products (a
198-bp amplicon) were analyzed by electrophoresis through a 6% polyacrylamide se-
quence gel (top of figure). The number of PFU contained in the corresponding pla-
ques was also determined (bottom of figure). This and other results documented that
a longer oligoadenylate implies a lower infectivity. Based on experiments reported in
Escarm�s et al. 2002
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ably and unexpectedly, in this model, for high enough mutation rates,
the most represented variant is not the one with the highest fitness
(Manrubia et al. 2003).

In a further theoretical development linked to the results on repeated
bottlenecking of FMDV, L�zaro et al. (2003) have shown that the fluctu-
ating pattern of fitness values of FMDV clones follows a Weibull distri-
bution. This is a type of statistical distribution (Weibull 1951) which de-
scribes unrelated processes such as fragmentation of materials, cardiac
contractions and time between events of the disease paroxysmal atrial
fibrillations (Araki et al. 1999; Rose et al. 1999). This pattern essentially
reflects the large variations in the initial fitness of the founder virus at
each bottleneck event, which are exponentially enhanced during plaque
development. Variations in fitness have their origin in the mutations oc-
curring in the viral genome during plaque development and result from
the extreme complexity of the host-virus interaction, involving multiple
viral and host cell functions (Domingo 2003; L�zaro et al. 2003). As the
virus becomes more debilitated by deleterious mutations, compensatory
mutations play a more relevant role to increase the fitness of the virus,
contributing in this way to the fluctuating pattern of fitness values and
survival of genome subsets from the population (L�zaro et al. 2002,
2003).

Concepts that find application to virology may arise as an integration
of results from experimental virology with population genetics and
physics. One such concept is complexity, which refers to systems made
of multiple elements, whose properties (or behavior) cannot be antici-
pated merely as the sum of contributions of the individual elements
which comprise the system (Gell-Mann 1994). FMDV, like other RNA
viruses, has a compact genetic information in its genome (Sect. 1), so
that many genomic regions are involved in multiple functions. There-
fore, mutations, so frequent in each replication round, when accumulat-
ed as the result of bottlenecks, may trigger a cascade of perturbations
which lead to large variations in the fitness of the individual components
of a lytic plaque. That this is so (versus the alternative of accumulation
of mutations which sum small biological effects) has been unveiled by
the numerical analyses of plaque-to-plaque virus yield values which
have shown that the system follows a Weibull distribution (L�zaro et al.
2003). The effect of mutations, however complex and continuous, did
not drive the entire FMDV population to extinction. Alternative path-
ways of accumulation of mutations which lead to effective extinction of
viruses must be sought.
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4
Lethal Mutagenesis or the Transition into Error Catastrophe:
A Pathway Towards Virus Extinction

A consequence of error-prone replication and quasispecies dynamics is
the existence of an error threshold for maintenance of genetic informa-
tion. This important concept was proposed on a theoretical basis (Sweti-
na and Schuster 1982; Eigen and Biebricher 1988; Nowak and Schuster
1989; Alves and Fontanari 1998; Nilsson and Snoad 2000; Eigen 2002),
and has been supported by an increasing number of experimental re-
sults with different viruses (Holland et al. 1990; Loeb et al. 1999; Crotty
et al. 2000, 2001; Loeb and Mullins 2000; Lanford et al. 2001; Grande-
P�rez et al. 2002; Domingo et al. 2003; Severson et al. 2003). The first
experimental evidence of a transition of virus into error catastrophe
was obtained by J.J. Holland and his colleagues, who documented the
adverse effect of chemical mutagenesis on VSV and poliovirus (PV)
(Holland et al. 1990; Lee et al. 1997). These results suggested that VSV
and PV replicate close to the error threshold. Increases in mutation rate
should result in violation of the error threshold and an irreversible tran-
sition from a productive viral infection into an abortive viral infection,
reflected in virus extinction. It must be emphasized that virus entry into
error catastrophe implies virus extinction, not merely a decrease in virus
titer.

Experiments with FMDV have been designed to evaluate the effect of
relative viral fitness and viral load (the number of infectious particles
that participate in the infection) in virus extinction by mutagenic base
analogs. For a given viral load, a low relative fitness favors virus extinc-
tion (Sierra et al. 2000; Pariente et al. 2001). This satisfies a prediction
of quasispecies theory because a lower viral fitness implies a lower supe-
riority of the master sequence in the quasispecies distribution, and
this is one of the parameters which determine complexity of the
genetic information that can be maintained (the position of the error
threshold) (Swetina and Schuster 1982; Nowak and Schuster 1989; Alves
and Fontanari 1998; Nilsson and Snoad 2000; Eigen 2002). For a given
relative fitness, the lower the viral load, the more likely it was to drive
FMDV to extinction by a given dose of mutagenic agent (Sierra et al.
2000; Pariente et al. 2001). These observations led to investigations of
FMDV extinction by the combined action of the mutagenic base analog
5-fluorouracil (FU) and the antiviral inhibitors guanidine hydrochloride
and heparin. Some of these treatments led to systematic extinction (47
times out of 47 attempts) of high-fitness FMDV in fewer than five pas-
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sages in cell culture (Pariente et al. 2001). Interestingly, extinction of
high-fitness FMDV was achieved in combinations which included FU
but not with guanidine hydrochloride and heparin alone, even when
these two inhibitors exerted the same inhibitory effect as FU in one pas-
sage (Airaksinen et al. 2003). These results suggest that combinations of
viral-specific mutagenic agents and antiviral inhibitors could provide
suitable treatments to eradicate virus from infected organisms.

The FMDV model also provided an experimental system to approach
the problem of virus escape due to resistance to antiviral inhibitors, an
evolutionary phenomenon which greatly impairs treatment by antiviral
inhibitors of important diseases such as AIDS, hepatitis C or influenza
(Richman 1996; Domingo et al. 2001; Men�ndez-Arias 2002). A detailed
analysis of the FMDV populations which escaped extinction showed that
in all cases mutations that confer resistance to guanidine hydrochloride
and/or heparin were selected (Airaksinen et al. 2003). In contrast, the
consensus sequence of preextinction populations (those preceding ex-
tinction) did not show any mutation relative to the wild type. In the pro-
cess towards extinction by a combination of FU and guanidine hydro-
chloride, there was a 1,000-fold reduction in virus titer and a 100-fold
reduction in the amount of viral RNA (Pariente 2003). This and other
observations (C. Gonz�lez-L�pez and N. Pariente, unpublished results)
suggest that there is a considerable amount of non-infectious, mutage-
nized RNA in the process of transition to error catastrophe (Airaksinen
et al. 2003). These results reinforce the conclusions that mutagenesis
rather than inhibition of viral-specific RNA synthesis is the main mech-
anism of action of FU in the extinction of FMDV. Similar conclusions
have been reached in studies with the prototype arenavirus lymphocytic
choriomeningitis virus (LCMV) (Grande-P�rez et al. 2002; Ruiz-Jarabo
et al. 2003). Intracellular UTP pools were depleted in FU-treated cells,
whereas there was an accumulation of fluorouridine triphosphate
(FUTP), resulting in approximately 12 times more intracellular FUTP
than UTP. The other NTPs remained close to normal levels (Airaksinen
et al. 2003). These measurements strongly suggest that FU-mediated mu-
tagenesis of FMDV is associated with incorporation of fluorouridine
monophosphate into viral RNA rather than with nucleotide pool imbal-
ances. Experiments are in progress to investigate this point further.

The transition into error catastrophe was accompanied by increases
in mutant spectrum complexity as measured by mutation frequencies
(proportion of mutated positions) and Shannon entropies (proportion
of non-identical genomes). Such increases varied depending on the virus
(poliovirus, HIV-1, FMDV or LCMV), the genomic region analyzed, and
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the mutagenic treatment (Loeb et al. 1999; Sierra et al. 2000; Crotty et al.
2001; Pariente et al. 2001; Grande-P�rez et al. 2002). In the case of
FMDV, mutation frequencies in the mutant spectra of populations sub-
jected to FU mutagenesis were 1.5- to 6-fold larger than for control pop-
ulations subjected to parallel passages in the absence of mutagen. The
maximum relative increases in complexity were seen in the polymerase
(3D)-coding region, a genomic region which, under unperturbed condi-
tions of replication, is highly conserved and which usually displays a
very narrow mutant spectrum (Sierra et al. 2000). Despite increases in
mutant spectrum complexity, consensus sequences in preextinction
FMDV populations did not vary with respect to the parental virus, sug-
gesting that mutagenic pressure impairs adaptive selection of mutant
distributions with new dominant sequences. In contrast, genomic con-
sensus sequences of FMDV populations which were subjected to serial
passages in the presence of mutagenic agents, but did not result in virus
extinction, showed mutations in the consensus sequence with respect to
the parental virus (Sierra et al. 2000). This result suggests that in this
case adaptive mutations occurred which contributed to elude extinction,
as also observed with extinction-escape mutants of FMDV harboring in-
hibitor-resistant mutations when mutagenesis was insufficient to achieve
virus extinction (Airaksinen et al. 2003).

Ribavirin (1-b-d-ribofuranosyl-1,2,3-triazole-3-carboxamide) is a
broad-spectrum nucleoside analog which can exert its antiviral activity
through several mechanisms (Snell 2001; Zhang et al. 2003). Interesting-
ly, this licensed drug has been shown to be mutagenic for a number of
RNA viruses (Crotty et al. 2000, 2001; Lanford et al. 2001; Maag et al.
2001; Airaksinen et al. 2003; Severson et al. 2003). Ribavirin triphos-
phate (RTP) can be incorporated by RNA-dependent RNA polymerases
(Crotty et al. 2000, 2001; Maag et al. 2001), thus providing a molecular
interpretation of its mutagenic action. Recently, a poliovirus polymerase
mutant with decreased sensitivity to ribavirin has been characterized
(Pfeiffer and Kirkegaard 2003), emphasizing the need to cross the error
threshold to avoid selection not only of virus mutants resistant to in-
hibitors which may be used in combination with mutagens (Airaksinen
et al. 2003) but also of mutants which may show decreased sensitivity to
mutagenic agents. However, mutagenesis is not the only mechanism by
which ribavirin exerts its antiviral activity. Its potent anti-arenavirus ac-
tivity was not associated with significant increases in mutant spectrum
complexity of LCMV (Ruiz-Jarabo et al. 2003), a result which is in con-
trast with the effects of FU in the same system (Grande-P�rez et al. 2002;
Ruiz-JARABO et al. 2003). Application of microarray-based detection of
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perturbations in cellular gene expression documented multiple alter-
ations of gene expression which were associated with administration of
ribavirin in cells infected with respiratory syncytial virus (Zhang et al.
2003).

Ribavirin can eliminate FMDV from persistently infected cell cultures
(de la Torre et al. 1987). To examine whether this curing activity was as-
sociated with enhanced mutagenesis, the alterations of mutant spectra
complexity of persistent FMDV as a result of treatment with ribavirin
or with mycophenolic acid were compared (Airaksinen et al. 2003).
Both drugs are inhibitors of inosine monophosphate dehydrogenase
(IMPDH), a key enzyme of the pathway of the synthesis of GTP, and
therefore administration of either of these two drugs results in similar
intracellular nucleotide pool imbalances. The critical difference between
the two inhibitors is that RTP can be a substrate for viral polymerases
whereas mycophenolic acid cannot be incorporated into polynucleotide
chains. Mycophenolic acid-induced mutagenesis of FMDV was weak and
reversed by addition of guanosine to the culture medium, and thus it
was probably due to nucleotide pool alterations. In contrast, ribavirin
addition resulted in higher mutation frequencies (Airaksinen et al. 2003)
which reached levels comparable to those observed in other viral sys-
tems (Crotty et al. 2000, 2001; Contreras et al. 2002; Severson et al. 2003;
Zhou et al. 2003). The antiviral effect of ribavirin was diminished by
guanosine addition, but its mutagenic activity was not. These observa-
tions suggest that ribavirin-mediated curing of FMDV from persistently
infected cultures was associated with at least two effects: mutagenesis
and inhibition of IMPDH (Airaksinen et al. 2003). Despite ribavirin hav-
ing multiple mechanisms of action, the demonstration that at least in
some cases its antiviral activity may be associated with a mutagenic ac-
tivity has represented important progress in the prospects of developing
error catastrophe as a new antiviral strategy (Graci and Cameron 2002).

de la Torre and colleagues (Ruiz-Jarabo et al. 2003) have shown that
treatment of mice with FU prevents the establishment of a persistent in-
fection with LCMV. This important result constitutes a proof of principle
of the feasibility of a mutagenesis-based, antiviral approach in vivo.
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5
Advantages and Limitations of Error Catastrophe
as an Antiviral Strategy

A comparison of the results with FMDV showing the robust resistance
of this virus to extinction when mutations accumulate during bottleneck
transfers (Escarm�s et al. 2002; L�zaro et al. 2002, 2003), with results
showing extinction by mutagenic treatments (Sierra et al. 2000; Pariente
et al. 2001; Airaksinen et al. 2003; Pariente 2003) points to modulation
of the mutagenic input as critical for virus survival. This does not mean
that upon serial bottleneck transfers extinction events are rare. They are
probably frequent, but the mutant repertoire allows for a viable virus (in
this case 
viable
 means 
able to form a plaque
) to arise. An excessive
mutation rate suppresses this 
viability-escape
 potential of the mutant
reservoir. The critical contribution of mutation rates to extinction, pre-
dicted by theoretical treatments (Swetina and Schuster 1982; Eigen and
Biebricher 1988; Nowak and Schuster 1989; Alves and Fontanari 1998;
Nilsson and Snoad 2000) has been documented experimentally with the
comparative studies with FMDV (Sects. 3 and 4). The irreversibility of
the transition provides a definitive advantage of error catastrophe versus
inhibition as an antiviral design (Airaksinen et al. 2003; C. Gonz�lez-
L�pez et al., manuscript in preparation}.

Despite the promising developments summarized in Section 4, a clin-
ical application of lethal mutagenesis requires addressing a number of
issues, including (a) the specificity for viral replicases and retrotran-
scriptases of the antiviral mutagens to be used alone or in combination
with antiviral inhibitors. This is a key point which requires the develop-
ment and testing of new mutagenic agents which can be incorporated by
viral enzymes but not by cellular enzymes. (It must be said, however,
that many drugs which have been licensed as antiviral agents show con-
siderable toxicity for cells and organisms). (b) A second problem to be
addressed is that the concentration of mutagenic agent(s) at the sites of
viral replication must be sufficiently high to provoke virus replication
to cross the error threshold. Insufficient mutagenesis could favor sur-
vival of virus mutants with unpredictable biological properties, or
even mutants manifesting resistance to mutagenic agents (Pfeiffer and
Kirkegaard 2003). (c) To limit possible resistance to lethal mutagenesis
it may be necessary to use more than one mutagen simultaneously to
avoid viral escape (as with combination therapy with inhibitors). (d) In
the case of retroviruses, the integrated provirus will be largely immune
to mutagenic treatments because proviral DNA is copied by the cellular
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replication machinery as though it were a cellular gene. Retrovirus entry
into error catastrophe may necessitate combining activation of provirus
to enter the particle formation pathway together with mutagenic treat-
ments.

These limitations for an eventual clinical application of error catas-
trophe are not substantially different to those limitations often encoun-
tered with current antimicrobial treatments, and they should encourage
rather than discourage research on antiviral treatments aimed at virus
extinction through enhanced mutagenesis. This new line of research is
favored by an increasing understanding of the molecular basis of poly-
merase copying fidelity (Men�ndez-Arias 2002), as well as by expanding
possibilities for the design of new mutagenic base analogs, useful also
for other types of medical interventions such as cancer therapy. When
low toxicity and means to reach effective mutagen or mutagen-inhibitor
combinations are achieved, the chances of success will be high. This
great potential will only be realized as a result of gradual accumulation
of basic information by studying multiple virus-host systems.

6
Conclusions and Prospects

In this article we have summarized experimental and theoretical ap-
proaches to the understanding of quasispecies dynamics of FMDVaimed
at defining parameters which can shift virus populations from sustained
survival to extinction. One of the advantages of exploiting evolutionary
concepts to design antiviral strategies is that developments can benefit
from studies with multiple virus-host systems because the molecular
bases of the designs are shared by all viral systems. One of the common
threads which underlie quasispecies dynamics—on which error catas-
trophe methodology is constructed—is error-prone replication. Low fi-
delity of template copying is expected to occur whenever RNA is the ge-
netic material (in all riboviruses and retroviruses) or RNA is a replica-
tive intermediate in DNA viruses (in hepadnaviruses such as hepatitis B
virus). Even if some proofreading activity operated during replication of
the largest RNA genomes—for example, an activity of the type described
for human influenza virus polymerase (Ishihama et al. 1986)—it is un-
likely that post-replicative correction pathways would be efficient on
those RNA genomes. Therefore, high mutation rates, population hetero-
geneity, quasispecies dynamics and the potential for rapid evolution in
nature stand as general features of RNA viruses and probably also of
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some DNA viruses (Domingo 2003). These general features encourage
equally general antiviral designs such as lethal mutagenesis.

There are precedents in biological systems of exploitation of en-
hanced mutagenesis as a defense mechanism of cells against invading
molecular parasites. Filamentous fungi such as Neurospora crassa have
evolved a mechanism against DNA with repeated nucleotide sequences
which can penetrate into their cells, consisting in producing mutations
at each of the repeat copies. This mechanism is known as repeated-in-
duced point mutations (RIP) (Kinsey et al. 1994; reviews in Bushman
2002 and Arnold and Hilton 2003). The existence of an innate cellular
immunity to retroviral infections has recently been described (Harris et
al. 2003; Lecossier et al. 2003; Mangeat et al. 2003; Zhang et al. 2003).
This cellular defense is mediated by mutagenesis of the viral genome
through cytidine deamination which greatly impairs expansion of retro-
viruses. Protein vif of HIV-1 overcomes this mutagenesis effect through
a still -unknown mechanism. Therefore, a mutagenesis-based antiviral
approach to drive virus to extinction may not be foreign to the natural
mechanisms which have permitted survival of organisms in the face of
perturbing molecular parasites.
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