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Abstract

Capripoxviruses are the cause of sheeppox, goatpox and lumpy skin disease (LSD) of
cattle. These diseases are of great economic significance to farmers in regions in which
they are endemic and are a major constraint to international trade in livestock and their
products. Although the distribution of capripoxviruses is considerably reduced from what
it was even 50 years ago, they are now expanding their territory, with recent outbreaks of
sheeppox or goatpox in Vietnam, Mongolia and Greece, and outbreaks of LSD in
Ethiopia, Egypt and Israel. Increased legal and illegal trade in live animals provides the
potential for further spread, with, for instance, the possibility of LSD becoming firmly
established in Asia. This review briefly summarizes what is known about
capripoxviruses, including their impact on livestock production, their geographic range,
host-specificity, clinical disease, transmission and genomics, and considers current
developments in diagnostic tests and vaccines. Capripoxviruses have the potential to
become emerging disease threats because of global climate change and changes in
patterns of trade in animals and animal products. They also could be used as economic
bioterrorism agents.



Introduction

The three species in the genus Capripoxvirus, subfamily Chordopoxvirinae, family
Poxviridae, are sheeppox virus (SPPV), goatpox virus (GTPV), and lumpy skin disease
virus (LSDV) of cattle (Buller et al., 2005; Diallo and Viljoen, 2007). Capripoxviruses
are difficult to distinguish morphologically from orthopoxviruses and their DNA
genomes have much in common, including the closed hairpin loops at their termini
(Damon, 2007). The cellular receptors for poxvirus entry are currently unknown (Moss,
2006), but the functions of some of the virus-coded proteins have been demonstrated,
including some involved in evasion of the host immune response (Moss and Shisler,
2001). The most striking similarity between different poxviruses is the clinical disease
which they induce, characterized by pox lesions in the skin.

Impact on Production

Sheeppox and goatpox in endemic areas are associated with significant production losses
because of reduced milk yield, decreased weight gain, increased abortion rates, damage
to wool and hides, and increased susceptibility to pneumonia and fly strike, while also
being a direct cause of mortality (Yeruham et al., 2007). Morbidity and mortality rates
can be very high, approaching 100% in naive animals (reviewed in Bhanuprakash et al.,
2006). For example, it was calculated that it took 6 years for a flock in India to recover
from an outbreak in which the mortality rate had been 49.5% (Garner et al., 2000).

In contrast, LSDV is an occasionally fatal disease of cattle with morbidity averaging 10%
and mortality 1% in affected herds, although mortality rates over 75% have been
recorded (Diesel, 1949). Production losses are similar to sheeppox and goatpox with
decreased weight gain, reduced milk production and damage to hides. The reasons for the
wide ranges in mortality following infection with LSDV are currently unknown but could
be attributed to numerous factors that include the cattle breed, virus isolate, secondary
bacterial infections, state of health of the animal, as well as the type of insect vector
involved in transmission. Another factor is the confusion between LSD and pseudo-LSD
caused by the herpes virus, Allerton virus (reviewed by Hunter and Wallace, 2001).

In countries for which capripoxviruses are exotic, the economic costs because of disease
eradication and trade restrictions would be substantial and comparable to foot and mouth
disease outbreaks (Garner and Lack, 1995; De Clercq and Goris, 2004). New outbreaks
of sheeppox, goatpox and LSD in previously free regions are immediately notifiable
diseases under the World Organization for Animal Health (OIE) guidelines. In addition,
capripoxviruses are listed by the United States Department of Agriculture Select Agents
legislation as potential economic bioterrorism agents and are on the National Select
Agent Registry. Sheeppox, goatpox and LSD are globally the most serious poxvirus
diseases of production animals (Carn, 1993), although camelpox is locally a severe
disease.

Diseases caused by the capripoxviruses are transboundary being significant impediments
to trade in livestock and livestock products. This particularly affects the economic well-



being of farmers in developing countries and would have substantial economic impacts
on industrialized countries should the diseases be introduced to them.

Geographic Range

There are distinct differences between the geographic distribution of sheeppox, goatpox
and LSD viruses. The geographic range of sheeppox and goatpox (Fig. 1a) has been
restricted in the last 50 years mainly to Asia and Africa, extending from Africa north of
the Equator (Asagba and Nawathe, 1981; Kitching et al., 1989; Mariner et al., 1991;
Achour and Bouguedour, 1999), into the Middle East (Daoud, 1997), Turkey (Oguzoglu
et al., 2006), and Asia including regions of the former Soviet Union (Orlova et al., 2006),
India (Mondal et al., 2004; Bhanuprakash et al., 2005) and China (Zheng et al., 2007).
Sheeppox or goatpox extended their range into Bangladesh in 1984 (Kitching et al.,
1987b) and more recently into Vietnam (2005 and 2008) and Mongolia (2006 and 2007)
in the east, and repeated incursions have been reported in Greece in southern Europe
(2007) (World Animal Health Information Database, OIE).

Fig. 1. Map showing likely global distribution of sheeppox and goatpox (a) and LSD (b)
viruses. Recent outbreaks are marked with arrows.



In contrast, LSDV was first identified in 1929 originating in sub-Saharan Africa from
where it has spread north and south during the past 70 years (Woods, 1988). The endemic
geographic range of LSDV (Fig. 1b) is currently limited to the continent of Africa
(including Madagascar), although recent outbreaks in Egypt (House et al., 1990) spread
into Israel (Yeruham et al., 1995). An additional outbreak of LSD occurred in Egypt in
2006, having been introduced with foot and mouth disease by cattle imported from
Ethiopia, and spread to Israel (World Animal Health Information Database, OIE) creating
a real risk of LSDV establishing itself in the Middle East and spreading into Asia and
Europe (Kitching and Carn, 2004).

The origin of LSDV has remained a mystery ever since it was first identified in a
geographic region free of sheeppox and goatpox viruses. It is also difficult to explain why
sheeppox and goatpox viruses have not spread south of the Equator as did LSD. It is
possible that the ability of LSDV to provide heterologous cross-protection against
sheeppox and goatpox is one possible factor limiting the spread of these diseases
southwards (see below), although this is not consistent with the co-existence of LSD,
sheeppox and goatpox in countries in equatorial Africa such as Kenya.

The spread of capripoxvirus into new areas is predominantly associated with the increase
of illegal animal movement through trade (Domenech et al., 2006) as well as inadequate
or breakdown of veterinary services (Rweyemamu et al., 2000). Countries free of
capripoxvirus usually have in place legislation based on OIE recommendations that
attempt to prevent the trans-boundary spread of production-limiting diseases, but
increasingly these are becoming more difficult to enforce, including on the border of the
European Union. Biting flies have also been implicated in the spread of capripoxviruses,
as was the case during the outbreak of LSD in Israel in 1989 (Yeruham et al., 1995).
Capripoxviruses are not present in north, central or south America, south east Asia
(excluding Vietnam) or Australasia.

The impacts of global climate change on insect vectors, established as a route of
transmission for LSD and speculated as possible for sheeppox and goatpox viruses
(because of very high viral loads in the skin), suggest that there are real risks of further
spread of these diseases into other geographic regions.

Host-specificity

Capripoxviruses only infect some ruminant species and have a tropism for certain cell
types (McFadden, 2005); they are not infectious to humans (Regnery, 2007). Sheeppox
virus and GTPV cause clinical disease in sheep and goats, respectively; however, there is
a wide range of clinical disease seen with different field isolates. The nomenclature is
largely made up of the location (country) and the species from which it has been isolated
(sheep or goat or sheep and goat). This issue of naming strains sheeppox, goatpox or
sheep and goat pox remains problematic since this has been based on field observation of
the species affected whether sheep or goats. There is little else to support the species
strain designation except when the viruses are used to experimentally infect both hosts



under controlled conditions. Given the large size of the viruses and the complexity of
encoded factors likely to determine host-specificity, currently there are no molecular
criteria upon which to base strain (sheep or goat or sheep and goat) designation. Some
isolates are uniformly pathogenic in both sheep and goats such as some capripoxvirus
strains from Kenya (Davies, 1976) and the Middle East (Kitching et al., 1986). Most
isolates, however, cause more severe disease in either sheep or goats and only mild or
sub-clinical infection in the other species. It is unknown whether closely related North
American species such as mountain goats and mountain sheep would be susceptible to
GTPV or SPPV, but it is likely they would exhibit at least some degree of susceptibility.
In contrast, LSDV with a few exceptions only causes clinical disease in cattle. It has been
demonstrated that LSDV can experimentally infect other closely related game animals
such as the giraffe and impala (Young et al., 1970) and infection has been reported in an
Arabian oryx (Greth et al., 1992a). However, there have not been any confirmed
outbreaks of clinical disease in the field in any wildlife species. An extensive serological
study involving a wide range of African wildlife demonstrated a low percentage (between
1-10%) of giraffe, impala, springbok, kudu, waterbuck and reedbuck had capripoxvirus
virus neutralization activity with African buffalo and wildebeest being negative (Hedger
and Hamblin, 1983), although in an earlier study by Davies (1982) antibody levels were
detected in buffalo. Two of 239 serum samples from Arabian oryx had antibodies
reactive to LSDV (Greth et al., 1992b). These studies suggest that wildlife species do not
play a significant role in the spread or maintenance of LSDV and there is currently no
strong evidence of a wildlife reservoir for capripoxviruses. However, wildlife infected
with LSDV could be at a distinct disadvantage for survival, and their potential
involvement remains unknown since the high rate of removal of infected animals by
death and predation would result in a low seropositivity rate in the remaining population.
Molecular markers for host- specificity have not been well characterized. However,
recent studies suggest that analysis of sufficient virus strains and genes might reveal
insights into and markers for host-specificity of capripoxviruses (Hosamani et al., 2004).

Clinical Disease and Pathogenesis

Following the introduction of sheeppox and goatpox viruses into susceptible animals,
fever develops concurrently with the generation of macules in the skin. Rhinitis,
conjunctivitis and excessive salivation also occur following infection. Macules enlarge
and develop into papules and then scabs. The distribution of pox lesions in the skin can
be widespread with over 50% of the skin surface affected. However, more commonly in
enzootic areas, the lesions are restricted to a few nodules under the tail and are thus only
detected on close examination. Quantitative analysis using virus isolation and real-time
PCR of the pathogenesis of SPPV and GTPV in their respective hosts revealed high viral
loads in skin (Bowden et al., 2008). Internal organs such as the lung and stomach also
develop characteristic pox-like lesions. Draining lymph nodes are often enlarged
following infection; however, lymphadenopathy is not associated with high viral
replication/load in the nodes (Bowden et al., 2008). In severely affected animals,
respiratory distress occurs, followed by death. Like smallpox, capripoxvirus disease
pathogenesis is associated with both viral and host factors (Stanford et al., 2007). The



control of virus replication by the host likely determines the clinical outcome. Viremia,
likely cell-associated (Kitching and Taylor, 1985), also starts at the time of lesion
occurrence and lasts until the time of seroconversion when host antibodies can neutralize
the virus.

Lumpy skin disease in cattle can range from acute to sub-clinical. Certain breeds of cattle
are more susceptible than others, especially those that are thin-skinned such as Jersey and
Guernsey breeds, and African Sanga cattle such as the Fogera in Ethiopia (Peter Roeder,
personal communication). The most obvious clinical sign of LSD is the formation of skin
lesions that can cover the entire body (Davies, 1991). Once these skin lesions heal, they
leave scars that permanently damage the hide. The disease is characterized by pyrexia,
lymphadenopathy and skin nodules that progress to sitfasts, which can persist for many
months. The morbidity rate in natural infection varies dramatically from 3% to 85%
indicating that a combination of factors is likely to influence clinical disease progression
(Woods, 1988). Not all cattle exhibit clinical signs following experimental infection with
LSDV (Carn and Kitching, 1995a). This is in contrast to SPPV and GTPV for which a
much more uniform range of responses is exhibited following experimental infection in
the respective host species. Nevertheless, different virus isolates can exhibit a wide range
of clinical signs ranging from mild to severe. Like sheeppox and goatpox viruses, LSDV
has a tropism for epithelial cells (Davies, 1991).

Transmission

Sheeppox and goatpox viruses are highly contagious and spread through aerosols and/or
close contact with infected animals and by indirect means such as contamination of cuts
and abrasions (Kitching and Carn, 2004). Viral shedding occurs in nasal, oral and
conjunctival secretions starting from the appearance of papules, with the quantity and
duration of shedding dependent on the virus isolate and host species (Bowden et al.,
2008). Viral DNA and infectious virions can be detected in some secretions for up to a
month following resolution of acute disease (Bowden et al., 2008). Virus can remain
viable in scabs for months in the environment, and it is likely that the viral A type
inclusion body protein in infected cells may be important in protecting the virion after the
scab has disintegrated, although this has not yet been proven. The amount of viral
shedding correlates with the severity of clinical disease, with sheep and goats displaying
mild clinical signs shedding less virus than sheep and goats that have more severe clinical
disease. The high concentrations of virus in the skin may also contribute to the spread of
sheeppox and goatpox via insect vectors (Bowden et al., 2008). There are sufficient
precedents for this proposition with myxoma virus (Fenner et al., 1952), fowlpox virus
(Damon, 2007) and LSDV (Chihota et al., 2001, 2003; Mellor et al., 1987) being
transmitted mechanically by biting insects.

In contrast to sheeppox and goatpox viruses, LSDV appears mainly to be spread
mechanically by biting insects (Chihota et al., 2001, 2003; Mellor et al., 1987) with
transmission by direct contact between animals being insignificant. Under experimental
conditions, it was demonstrated that no disease transmission, nor immunity, was



generated in naive animals housed with infected animals in the absence of suitable insect
vectors (Carn and Kitching, 1995b). Animals that did not show clinical signs did not shed
virus in oral, nasal or conjunctival swabs (Carn and Kitching, 1995a). LSDV can be
isolated in the semen from infected animals for extended periods of time (Irons et al.,
2005; Osuagwuh et al., 2007), and transmission may occur by this route.

Genomics of Capripoxviruses

Capripoxviruses are double-stranded DNA viruses with genomes approximately 150 kbp
in size. Goatpox and sheeppox viruses share at least 147 putative genes (Tulman et al.,
2002). Lumpy skin disease virus has an additional nine genes that are non-functional in
sheeppox and goatpox viruses, some of which are likely responsible for their ability to
infect cattle (Tulman et al., 2001). Capripoxvirus isolates are extremely conserved with
genome identities of at least 96% between SPPV, GTPV and LSDV (Tulman et al.,
2002). A comparative study of the genomes of two field isolates of LSDV with the
genome of the South African Onderstepoort vaccine strain suggests that capripoxvirus
virulence is linked to a number of genes putatively involved in host immuno-modulation
(Kara et al., 2003). Phylogenetic analysis of the capripoxvirus intracellular mature virion
envelope protein P32 nucleotide sequence data revealed that SPPV, GTPV and LSDV
clustered into host species-specific groups (Hosamani et al., 2004); however, more data
on different gene sequences from additional virus isolates are needed to confirm this
observation. Further genomic studies are essential to fully understand the determinants of
capripoxvirus virulence, host- specificity and geographic distribution. Further
comparative genomic studies between SPPV, GTPV and LSDV would also answer the
question of the degree of species-specificity of various isolates of capripoxvirus.
Sequencing several viruses from various geographic regions would potentially allow
tracing of the origins of outbreaks and the evolution of capripoxviruses.

Diagnostics for Detection of Capripoxvirus Infection and
Characterization of Viruses

Although skin and visceral pox lesions caused by capripoxviruses are strongly indicative
of the diseases in question, a definitive diagnosis requires laboratory confirmation.
Classical methods such as electron microscopy can be used to identify capripoxvirus
virions in skin lesions (Fig. 2). However, electron microscopy cannot differentiate
between SPPV, GTPV and LSDV (Kitching and Smale, 1986). Neither can electron
microscopy distinguish capripoxviruses from orthopoxviruses except by the application
of specific immunological staining. Orthopoxvirus infections are documented in buffalo
and cattle in India (Singh et al., 2007), and cattle in Brazil (Damaso et al., 2000).



Fig. 2. Capripoxvirus virions from the skin of a capripoxvirus-infected goat. A poxvirus
particle is indicated with an arrow.

Knowledge of capripoxvirus pathogenesis demonstrates that skin lesions as well as nasal
and oral swabs are the most useful samples for virus isolation (Bowden et al., 2008).
Capripoxviruses can be grown using a variety of sheep, goat, and cattle cells (Binepal

et al., 2001). Currently, primary lamb kidney or primary lamb testis cells are the most
commonly used cells for isolation (Ferris and Plowright, 1958; Kalra and Sharma, 1981;
Zhou et al., 2004). They induce the formation of distinct plaques (Soman and Singh,
1980) with a cytopathic effect characterized by elongated cells (Jassim and
Keshavamurthy, 1981). However, primary cells have several disadvantages including the
need to constantly establish new cultures, cell lot variation, and contamination with
extraneous agents. A lamb testis secondary cell line (OA3.Ts) has been evaluated as a
replacement for primary cells (Babiuk et al., 2007). Capripoxvirus isolation can be
confirmed by immunostaining using anti-capripoxvirus serum (Gulbahar et al., 2006;
Babiuk et al., 2007) but it is not yet possible to differentiate between SPPV, GTPV and
LSDV, as there is only a single capripoxvirus serotype (Kitching, 1986). Immunostaining
also allows easier visualization of capripoxvirus plaques (Babiuk et al., 2007).

The current gold standard for determining anti-capripoxvirus antibodies is virus
neutralization. While effective in detecting anti-capripoxvirus antibodies, it is slow,
labour intensive and requires live capripoxvirus, access to which is often not permitted in
disease-free countries. A recombinant capripoxvirus that expresses green fluorescent
protein (Wallace et al., 2007) is being evaluated for use in a virus neutralization assay



and has decreased the length of time required for detection of virus neutralization activity
from 6 down to 2 days. An immunocapture enzyme-linked immunosorbant assay
(ELISA) for detecting capripoxvirus antigen is also reported (Rao et al., 1997). Western
blotting assays can be used and are specific and sensitive; however, they are difficult to
perform and interpret (Chand et al., 1994). Currently, there is no validated ELISA for the
detection of antibodies to SPPV, GTPV or LSDV, despite an earlier report describing the
development and preliminary evaluation of a test based on recombinant P32 (Heine et al.,
1999), the progress on this assay appears not to have been finalized. Development of a
recombinant ELISA is impeded by difficulties in identifying a single immuno-dominant
capripoxvirus antigen which is stable and easy to purify. Attempts have been made at
using whole inactivated capripoxvirus as an ELISA antigen; however, this was found to
be impractical in a routine diagnostic laboratory setup as virus cultivation is too labour
intensive and requires bio-containment facilities. It would be a significant advance if the
immuno-dominant capripoxvirus antigens were identified and utilized in an ELISA
format, with test sensitivity and specificity at least comparable to those of the virus
neutralization assay. The duration of the anti-capripoxvirus antibody response is currently
unknown, but is likely long-lived, since other poxviruses such as vaccinia virus generate
antibody responses detectable years after infection (Hammarlund et al., 2003).

Polymerase chain reaction (PCR) does provide a rapid and sensitive diagnostic technique
for capripoxvirus genome detection. Several groups have reported using conventional
PCR (Heine et al., 1999; Mangana-Vougiouka et al., 2000) or real-time PCR (Balinsky
et al., 2008; Bowden et al., 2008) for detection of capripoxvirus genetic material. The
strengths of real-time PCR are its speed, its quantitative nature and the ability to include
controls for detection of reaction inhibitors. Despite these benefits, PCR results should be
confirmed by at least one additional test. It has been possible to develop a single PCR-
based assay to identify all capripoxvirus isolates, and the assay could possibly be refined
to be specific only for vaccine isolates (Orlova et al., 2006) or specific for only sheep,
goat or cattle isolates if distinct signatures are found. In addition, a PCR assay has been
developed to identify both capripoxviruses and orf virus (parapoxvirus) in the same
procedure (Zheng et al., 2007).

\Vaccines

Animals that recover from a virulent capripoxvirus infection generate lifelong immunity
consisting of both antibody and cellular immunity, which protects the animals from all
capripoxvirus isolates (Kitching et al., 1987a). Capripoxvirus infection can be prevented
by the administration of anti-capripoxvirus serum (Kitching, 1986), but cell-mediated
immunity is likely the most significant component in recovery from infection and in
long-term protection, evidenced by the protection afforded by vaccination where the
presence of specific antibodies cannot be detected (using existing serological tests). The
vaccines currently used against sheeppox, goatpox or LSD in endemic countries are live
field isolates (Roth and Spickler, 2003), which have been attenuated by multiple passages
in cell culture (Davies and Mbugwa, 1985) and in the chorioallantoic membranes of
embryonated hen's eggs (van Rooyen et al., 1969). The Kenyan sheeppox and goatpox



vaccine (KS-1), an apparently naturally attenuated strain, displays characteristics
suggesting that it is intermediate between SPPV, GTPV and LSDV (Kitching et al.,
1987a). Some vaccines might be substantially attenuated in one host but too virulent to be
used in another. Although most of these live attenuated vaccines work well, reports of
vaccine breakdown, short duration of protection, and low levels of antibody inducement
necessitate the need for improved vaccines (Hunter and Wallace, 2001). The availability
of whole-genome sequence data now allows for a more directed approach to vaccine
development by targeting genes specifically involved in virulence and host immune
system modulation. A virulent SPPV mutant with a deletion in one of its kelch-like genes
was markedly attenuated for virulence in lambs, demonstrating its potential as an
experimental vaccine (Balinsky et al., 2007). It is also likely that other genes can be used
to attenuate capripoxviruses. Capripoxviruses have been utilized as vectors of other viral
genes to elicit protective immune responses to a variety of viral pathogens such as rabies
(Aspden et al., 2002), peste des petits ruminants (Diallo et al., 2002), and Rift Valley
fever viruses (Wallace et al., 2006). Studies on the viral thymidine kinase (TK) gene of
LSDV have shown that TK activity is important for viral growth but, as is the case for
many other poxviruses, the gene can be used as an insertion site for the generation of
recombinant vaccines (Wallace and Viljoen, 2002). Inevitably, there will be regulatory
problems with approving these vaccines in capripoxvirus-free regions, as currently most
of these recombinant vaccines do not have the appropriate companion tests available to
differentiate infected from vaccinated animals (van Oirschot, 1999). As capripoxviruses
are antigenically conserved, a single vaccine can generate long-lasting immunity
(Ngichabe et al., 2002) and offer protection in sheep, goats and cattle for all
capripoxvirus isolates (Kitching, 2003). Capripoxviruses have a single serotype, do not
cause persistent infection, have a limited host range and vaccines are available that
provide life-long immunity. These attributes increase the prospect of successfully
implementing regional control programs, leading to the elimination of the virus and
conceivably global eradication.

Conclusion

There is a real threat of capripoxviruses spreading into new geographic regions,
specifically SPPV and GTPV into south east Asia and LSDV into the Middle East.
Spread can occur through trade of infected animals and their products such as wool and
hides, as well as through the movement of insect vectors. Naive animal populations
would suffer severe morbidity and mortality. Slaughter of infected and in-contact animals
is the current method of choice for eliminating an outbreak in capripoxvirus-free
countries. It is critical to develop and validate modern molecular PCR-based assays as
well as recombinant protein ELISA tests to enable rapid capripoxvirus diagnostics and
surveillance. These tools will increase the capacity to respond to outbreaks, monitor
capripoxviruses in endemic regions and study the epidemiology of the diseases.
Eradication of capripoxviruses is possible through vaccination and strict movement
control. While progressive control and even regional elimination of infection in areas
such as the Maghreb is possibly feasible, the husbandry and social conditions that exist in
the Middle East and the Indian subcontinent mitigate against any immediate prospect of



eradication. Eradication would reduce animal suffering and improve economic
development in those usually poor countries in which the virus is endemic. However, the
economics of eradication campaigns are likely to be marginal as in many areas small
ruminant management involves very small holdings (one to a few animals). In addition,
eradication would remove the risk of accidental or deliberate spread to countries free of
these viruses.
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