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Rotaviruses were first observed in the faeces of a foal
h diarrhoea in 1975 in Great Britain (Flewett et al.,
5). They had been detected previously in faeces from a

vet monkey in 1958, but it was not until rotaviruses
re recognised as a major cause of neonatal diarrhoea in
es in 1969 and children in 1973 that significant

earch into this pathogen in other species commenced
hop and Davidson, 1973; Malherbe and Strickla, 1967;

bus et al., 1969). Initially referred to as a reovirus-like

agent, the name rotavirus was later adopted from the Latin
‘‘rota’’ (wheel), because of the wheel-like appearance of
virions by electron microscopy (EM) (Fig. 1) (Flewett et al.,
1974).

Rotaviruses are the most prevalent viral pathogens
identified in the faeces of foals with diarrhoea. The
frequency of detection of rotaviruses in clinical cases
varies from 20 to 77% and they appear to be endemic in
most, if not all, horse populations (Browning et al., 1991c;
Conner and Darlington, 1980; Dwyer et al., 1990; Nether-
wood et al., 1996). Diarrhoea in young foals is a labour
intensive disease that is costly to manage. An inactivated
maternal vaccine has been available commercially since
the mid 1990s, but despite this rotaviruses are still a major
cause of diarrhoea in foals.

2. Rotavirus classification

Rotaviruses belong to the family Reoviridae, subfamily
Sedoreovirinae, genus Rotavirus (Carstens, 2010). They are
icosahedral, non-enveloped viruses that have a segmented,
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A B S T R A C T

Equine rotaviruses were first detected in foals over 30 years ago and remain a major cause

of infectious diarrhoea in foals. During this time, there has been substantial progress in the

development of sensitive methods to detect rotaviruses in foals, enabling surveillance of

the genotypes present in various horse populations. However, there has been limited

epidemiological investigation into the significance of these circulating genotypes, their

correlation with disease and the use of vaccination in these animal populations. Our

knowledge of the pathogenesis of rotavirus infection in foals is based on a limited number

of studies on a small number of foals and, therefore, most of our understanding in this area

has been extrapolated from studies in other species. Questions such as the concentrations

of rotavirus particles shed in the faeces of infected foals, both with and without diarrhoea,

and factors determining the presence or absence of clinical disease remain to be

investigated, as does the relative and absolute efficacy of currently available vaccines. The

answer to these questions may help direct research into the development of more effective

control measures.

� 2013 Elsevier B.V. All rights reserved.

Abbreviations: G, glycoprotein; P, protease sensitive protein; EM,

tron microscopy; ELISA, enzyme-linked immunosorbent assay;

, polymerase chain reaction; RT-PCR, reverse transcription polymer-

chain reaction; RT-LAMP, reverse transcription loop-mediated iso-

mal amplification; TLPs, triple-layered particles; DLPs, double-

red particles; SLPs, single-layered particles; BLS, Brucella spp. luma-

 synthase.
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double stranded RNA genome (Newman et al., 1975;
Welch and Thompson, 1973). The genome consists of 11
segments (Rodger et al., 1975) encoding six virion proteins
(VP1-4, 6 & 7) and six non-structural proteins (NSP 1-6).
The eleventh gene segment codes for both NSP5 and NSP6.

The virions have a triple capsid (Labbé et al., 1991;
Rothnagel et al., 1994). The outer capsid is composed of the
glycoprotein VP7, with spikes composed of VP4, the
intermediate capsid is formed by VP6, and the inner
capsid is enclosed by VP2 and contains VP1 and VP3
(Fig. 2). When visualised by EM, the infectious triple-
layered particles (TLPs) have a diameter of 100 nm.
Double-layered particles (DLPs) that have lost the outer
capsid are 70 nm in diameter, and the less frequently
identified single-layered particles (SLPs) have only the
inner core remaining (Ciarlet and Estes, 2003). Neither
DLPs nor SLPs are infectious. Loss of the outer capsid is
promoted by chelation of Ca2+.

The intermediate capsid protein VP6 is used to classify
rotaviruses into groups A–H (Matthijnssens et al., 2012b).
Group A rotaviruses are the major cause of diarrhoea in
humans and animals. Group B rotaviruses have been
detected in calves, lambs, piglets and humans and group C
rotaviruses in calves, piglets and humans (Ghosh et al.,
2007; Medici et al., 2011; Park et al., 2011; Theil et al.,
1995). Only group A rotaviruses have been detected in
horses (Browning et al., 1991c; Dwyer, 2007).

The VP7 glycoprotein in the outer capsid is the major
neutralisation antigen. It is encoded by the ninth genomic
segment and is used to classify group A rotaviruses into G
types, 27 of which are currently recognised (Matthijnssens
et al., 2011). There are 6 G types reported in equine
rotaviruses (Browning et al., 1991a, d; Hoshino et al.,
1983a,b; Imagawa et al., 1994; Isa et al., 1996).

The protease sensitive VP4 is a minor neutralisation
antigen encoded by the fourth genomic segment, and

determines the P type. There are 35 different P types
currently recognised (Matthijnssens et al., 2011), 6 in
equine rotaviruses (Garaicoechea et al., 2011; Hardy et al.,
1993; Isa and Snodgrass, 1994; Isa et al., 1996; Taniguchi
et al., 1994). VP4 is also associated with haemagglutina-
tion, infectivity and virus attachment. Infectivity is
enhanced by proteolytic cleavage of VP4 into two
fragments, VP5* and VP8*, by trypsin in the small intestine
(Graham and Estes, 1980).

Initially, the classification of rotaviruses into G types
required cross-neutralisation assays with panels of hyper-
immune sera (Hoshino et al., 1984; Kalica et al., 1981; Offit
and Blavat, 1986). Classification into P types was more
complex and generally required either P type specific
monoclonal antibodies or the generation of reassortant
viruses with identical G serotype genes but distinct P type
genes. Serotyping has been largely replaced by genotyping
(Gentsch et al., 1992; Gouvea et al., 1990). The nucleotide
sequence of the VP7 gene correlates closely with G
serotype designations. As VP4 is the minor neutralisation
antigen, it is difficult to raise P serotype specific antibodies,
making P serotyping much more demanding. As a result,
fewer P serotypes have been definitively characterised, and
P genotyping has been much more commonly used in
epidemiological studies. When known, the P serotype is
denoted by a number, while the P genotype is denoted by a
number within square brackets.

A uniform scheme for the nomenclature of group A
rotaviruses based on full genome sequencing has been
adopted by the Rotavirus Classification Working Group.
The nomenclature is shown in Table 1 (Matthijnssens et al.,
2008). Full genome comparisons suggest that rotaviruses
are generally host specific and that interspecies genomic
reassortment is uncommon.

3. Epidemiology and aetiology

Equine rotaviruses are ubiquitous in horse populations.
The evidence for the widespread nature of rotavirus
infection includes the high prevalence of rotavirus anti-
bodies in adult horses (Conner and Darlington, 1980;

Fig. 1. Rotavirus particles as seen by negatively stained electron

microscopy.

From Rodger et al. (1980).

Fig. 2. Schematic representation of the equine rotavirus genomic

electrophoretic pattern and the virion morphology including triple-

layered particles (TLPs), double-layered particles (DLPs) and single-

layered particles (SLPs).
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horn and Huan-Chun, 1987; Goto et al., 1981; Pearson
al., 1982) and the detection of rotaviruses in horse
ulations from many countries, including the United
gdom (Flewett et al., 1975; Strickland et al., 1982), the

 (Kanitz, 1976), Japan (Imagawa et al., 1984a),
tralia (Studdert et al., 1978; Tzipori and Walker,
8), New Zealand (Durham et al., 1979; Schroeder
l., 1983), Germany (Elschner et al., 2005), Italy (Monini
l., 2011), Greece (Ntafis et al., 2010), France (Puyalto-
ussu and Taouji, 2002), the Netherlands (van der Heide
al., 2005), Venezuela (Ciarlet et al., 1994), Argentina
rrandeguy et al., 1998) and India (Gulati et al., 2009).
Transmission is by the faeco-oral route via contami-
ed faeces or fomites. Rotaviruses are highly contagious,
licate rapidly and are found in high titres in the faeces of
cted animals. The minimum infective dose for foals has

 been published. Studies in pigs demonstrate that
ction can occur with as few as 90 viral particles, while

 gram of faeces from an infected animal can contain up
1010 rotavirus particles (Payment and Morin, 1990).
ine rotaviruses can be detected in the faeces of dams of
cted foals. Whether this is just transit of viral particles

ough the mare’s intestinal tract or subclinical infection
ot known, but seroconversion of the dam of an infected
l has been reported (Conner and Darlington, 1980;
gins et al., 1987; Powell et al., 1997).
Six G types and 6 P types have been described among
ine rotaviruses to date (Table 2). However, the majority
irculating equine rotaviruses are G3P[12] and G14P[12]
owning et al., 1992a; Browning and Begg, 1996; Ciarlet
al., 1994; Collins et al., 2008; Elschner et al., 2005;
aicoechea et al., 2011; Hardy et al., 1991; Isa et al.,
6; Monini et al., 2011; Nemoto et al., 2011; Ntafis et al.,
0; Ohta et al., 1990; Tsunemitsu et al., 2001; van der
de et al., 2005).
G3 equine rotaviruses have been further classified into

 subtypes, G3A and G3B, based on cross neutralisation
ays, correlating with 5 amino acid polymorphisms in
ee VP7 antigenic regions (Browning et al., 1992b; Dyall-
ith et al., 1986; Tsunemitsu et al., 2001). Of the two
types, G3A predominates (Browning et al., 1992a, b) in
tralia, Argentina, the UK, Germany, Greece and Ireland
llins et al., 2008; Elschner et al., 2005; Garaicoechea
l., 2011; Ntafis et al., 2010), but not in Japan (Browning

The other G and P types have only been detected either
in a single foal, or from limited numbers of foals, and
probably represent cross infection of foals from other
species. The G8P[1] and G10P[11] rotavirus isolates are
thought to be of bovine origin (Imagawa et al., 1994; Isa
et al., 1996), while G5P[7] rotavirus isolates from foals are
likely to be porcine in origin (Ciarlet et al., 2001). The
G13P[18] equine rotavirus is unique and has only ever
been isolated from a single, very young animal. All G3 and
G14 equine rotaviruses that have been P genotyped have
been P[12], except for one virus isolated in Argentina that
was G3P[3] (Garaicoechea et al., 2011).

Full genome sequencing of 9 rotavirus isolates from
horses further supports the theory that G3P[12] and
G14P[12] are the typical equine rotaviruses and that the
G5P[7] and G3P[3] isolates are most probably rare cases of
cross-species transmission (Table 3). The G5P[7] strain
shares 10 of 11 gene segments with typical porcine
rotavirus strains and none with typical equine rotavirus
strains, supporting its porcine origin (Ghosh et al., 2012),
while the unusual G3P[3] isolate from a foal in Argentina
appears to be most closely related to a cluster of canine and
feline rotaviruses (Miño et al., 2013). The other G3 and G14
strains show a high level of conservation across 8 of the 11
gene segments, falling into 4 different patterns. In contrast,
the unique nature of the G13 strain is highlighted when its
full genome is compared to those of other rotavirus strains
from all species, with the only similarity being the VP6
genotype I6, which is shared with typical equine rota-
viruses (Matthijnssens et al., 2012a).

Dual infections with more than one strain of rotavirus,
including with viruses of different G types, are possible and
have been reported in large scale surveillance projects, but
the clinical significance of this is poorly understood
(Collins et al., 2008; Garaicoechea et al., 2011). Co-
infections with other pathogens, including Salmonella

spp., Cryptosporidium spp. and equine coronavirus have
also been observed, although the significance of and
association between pathogens in co-infections has not
been established (Browning et al., 1991c; Eugster et al.,

le 1

virus full genome nomenclature system.

ne

oduct

RNA

segment

Genotype Description of gene product

7 9 G Glycosylated

4 4 P[] Protease sensitive

6 6 I Intermediate capsid shell

1 1 R RNA-dependent RNA polymerase

2 2 C Core shell protein

3 3 M Methyltransferase

P1 5 A Interferon antagonist

P2 8 N NTPase

P3 7 T Translation enhancer

P4 10 E Enterotoxin

P5 11 H Phosphoprotein

pted from Matthijnssens et al. (2008).

Table 2

Reported equine rotavirus G and P types.

Type Reference

G type

G3 Hoshino et al. (1984)

G14 Browning et al. (1991d)

G5 Hoshino et al. (1984), Imagawa et al. (1993)

G8 Isa et al. (1996)

G10 Imagawa et al. (1994)

G13 Browning et al. (1991a)

P type

P[1] Isa et al. (1996)

P[3] Garaicoechea et al. (2011)

P[7] Hardy et al. (1993), Isa and Snodgrass

(1994), Taniguchi et al. (1994)

P[11] Hardy et al. (1993), Isa and Snodgrass

(1994), Taniguchi et al. (1994)

P[12] Hardy et al. (1993), Isa and Snodgrass

(1994), Taniguchi et al. (1994)

P[18] Hardy et al. (1993), Isa and Snodgrass

(1994), Taniguchi et al. (1994)
8; Slovis et al., 2010).
l., 1992b; Nemoto et al., 2011; Tsunemitsu et al., 2001). 197



Table 3

Equine rotavirus full genome genotype assortants.

Strain VP7 VP4 VP6 VP1 VP2 VP3 NSP1 NSP2 NSP3 NSP4 NSP5

RVA/Horse-wt/ARG/E403/2006/G14 P[12],  RVA/Hor se-wt/A RG/E404 0/20 08/G14P[12 ] G14 P[12] I2 R2 C2 M3 A10 N2 T3 E12 H7

RVA/Horse-wt/ARG/E30/1993 /G3P[12 ] G3 P[12] I6 R2 C2 M3 A10 N2 T3 E12 H7

RVA/Horse-wt/I RL/03V4954 /200 3/G3P[12] G3 P[12] I6 R2 C2 M3 A10 N2 T3 E2 H7

RVA/Horse-wt/I RL/04V2024 /200 4/G14P[12], RVA /Horse-wt/ZA F/E qRV -SA1/2006/G14P[12] G14 P[12] I2 R2 C2 M3 A10 N2 T3 E2 H7

RVA/Horse-wt/ARG/E319 8/200 8/G3P[3] G3 P[3] I3 R3 C3 M3 A9 N3 T3 E3 H6

RVA/Horse-tc/ GBR/L33 8/1991 /G13P[18] G13 P[18] I6 R9 C9 M6 A6 N9 T12 E14 H11

RVA/Horse-tc/ GBR/H-1/197 5/G5P9[7] G5 P[7] I5 R1 C1 M1 A8 N1 T1 E1 H1
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linical disease

Rotaviruses are a significant cause of diarrhoea in foals.
aviral diarrhoea has a high morbidity in foals and,
ough clinical disease is usually self-limiting, dehydra-

 may lead to mortalities. Clinical disease presents as
ctance to nurse, depression, diarrhoea, dehydration,

exia and recumbency and has been reported in foals
 3 days to 5 months of age (Conner and Darlington,

0; Dickson et al., 1979; Kanitz, 1976; Strickland et al.,
2; Tzipori and Walker, 1978), with younger foals
erally showing more severe signs of disease (Dwyer
l., 1990). The incubation period is generally short, with

 onset of diarrhoea usually within 1–4 days of infection
ggins et al., 1987; Imagawa et al., 1984a; Kanitz, 1976).
us can be shed in faeces before the onset of diarrhoea,
ing the clinical phase of disease, which may persist for
2 days, and after resolution of diarrhoea (Conner and
lington, 1980; Dickson et al., 1979; Dwyer et al., 1990;
gins et al., 1987; Imagawa et al., 1984a; Strickland et al.,
2; Tzipori and Walker, 1978). Subclinical infections can

 occur, contributing to environmental contamination
h rotavirus and the infection of other foals (Dwyer et al.,
0; Tzipori et al., 1982).

athogenesis

There have been limited experimental infection studies
foals (Conner and Darlington, 1980; Imagawa et al.,
4b; Kanitz, 1976; Wada et al., 1984), so the pathogen-

 of rotaviral infection has generally been extrapolated
 studies in other species, such as piglets, calves and

oratory animals, or from in vitro studies.
The pathogenesis of rotaviral diarrhoea is considered to

ultifactorial. Rotaviruses infect the mature absorptive
thelial cells of tips of the villi of the duodenum, jejunum

 ileum, but not the crypt cells. The virus replicates in
 cytoplasm of the epithelial cells and virions are
ased by lysis of the infected cells. Enterocyte destruc-

 results in desquamation of epithelial cells, shortening
the absorptive villi and a malabsorptive diarrhoea
oode and Crouch, 1978). Other reported histological
nges include oedema, mononuclear cell infiltration,
uolation and the presence of viral particles in the
thelial cell cytoplasm (Conner and Darlington, 1980).
However, the severity of diarrhoea does not always
relate with histological lesions, suggesting other
chanisms of diarrhoeal pathogenesis. NSP4 has been
ntified as a viral enterotoxin, acting via a number of
chanisms, including: inhibition of sodium-glucose co-
sport, thus impairing solute and water uptake;

uction of disaccharidase enzymatic activity causing
umulation of disaccharides in the gut lumen and
otic diarrhoea; and dysregulation of Ca2+ homeostasis,
cting chloride secretion by crypt cells and epithelial

 cytoskeletal integrity (Beau et al., 2007; Halaihel et al.,
0; Jourdan et al., 1998; Morris et al., 1999). Activation

the enteric nervous system also plays a role in the
hogenesis of rotavirus diarrhoea, as shown by the
nuation of diarrhoea in mice using drugs that block

neurotransmitters, although the exact mechanism has not
been determined (Lundgren et al., 2000).

While it has been suggested that rotaviruses may
induce gastric ulceration and intussusception in foals, no
published studies have clearly demonstrated an associa-
tion in the field and there have not been any experimental
studies demonstrating these outcomes from infection
(Baldwin et al., 1990; Dwyer et al., 1990; Strickland
et al., 1982; Studdert et al., 1978).

6. Diagnosis

Numerous techniques are used to detect rotaviruses in
the faeces of foals. The initial discovery of rotaviruses in
foals was by EM examination of faecal samples, but this
requires specialised equipment and expertise. The diag-
nostic sensitivity of EM is low, with the lower threshold for
detection exceeding 107 viral particles per ml of faeces
(McIntosh, 1996).

Virus isolation in cell culture was initially challenging
until the discovery that proteolytic enzymes, such as
trypsin, enhance viral infectivity, replication and cell-to-
cell spread. Prior to this, serial passage of equine
rotaviruses in cell culture was not possible. The first
equine rotavirus to be serially cultured in cells was from a
UK foal faecal sample in 1981, using MA-104 cells
(Imagawa et al., 1981).

Polyacrylamide gel electrophoresis has been used to
detect RNA in faeces, with the advantage that the
electrophoretic migration pattern of the 11 segments of
double stranded RNA can be used to distinguish between
groups of rotaviruses, as well as different strains. In a
typical equine group A rotavirus pattern (Fig. 2), gene
segments 3 and 4 migrate close together, and segments 7,
8, and 9 form a well spaced triplet (Hardy et al., 1991; Ohta
et al., 1990; Snodgrass and Browning, 1991).

The development of enzyme-linked immunosorbent
assays (ELISA) to detect rotaviruses in faeces has super-
seded the use of EM due to the greatly improved sensitivity
and the accessibility of these techniques for routine
diagnostic laboratories. Many immunoassays are based
on the VP6 protein of the intermediate capsid. This protein
is the most abundant rotaviral protein, is present in
particles that have lost the outer capsid and is highly
conserved in group A rotaviruses from a number of species.
This is advantageous, as commercial assays developed for
detection of rotaviruses in humans can also be used to
detect equine rotaviruses. There are a number of rapid
antigen detection kits, based on immunochromatography
or latex agglutination, for detection of rotavirus in humans
that are rapid, simple and can be performed on the farm.
Some of these kits have been evaluated for use in horses
and, while the sensitivity of rapid antigen detection kits is
not as high as that of ELISAs, these kits can be useful for
veterinarians in the field (Dwyer et al., 1988; Imagawa
et al., 1989; Nemoto et al., 2010a).

Reverse transcription polymerase chain reaction (RT-
PCR) assays can be used to detect rotaviruses, but are more
frequently used in a research setting for G and P
genotyping of rotaviruses, thus providing information on
the molecular epidemiology of outbreaks (Fukai et al.,



K.E. Bailey et al. / Veterinary Microbiology 167 (2013) 135–144140
2006; Garaicoechea et al., 2011; Gentsch et al., 1992;
Gouvea et al., 1994; Tsunemitsu et al., 2001).

An alternative, sensitive and rapid molecular detection
method is reverse transcription loop-mediated isothermal
amplification (RT-LAMP) targeting the VP4 gene, in
particular the P[12] genotype. This method has the
advantage that specialist equipment, such as thermo-
cyclers, and post-PCR processing, such as electrophoresis,
are not required, making it more accessible to diagnostic
laboratories (Nemoto et al., 2010b).

More recently, real time RT-PCR assays have become
commercially available in the USA for rapid, sensitive,
quantitative detection of rotaviruses in faecal samples
(Slovis et al., 2010).

7. Immunity and vaccination

Production of an effective vaccine to control rotaviral
diarrhoea in young animals remains a challenge. Live
attenuated vaccines delivered orally to the neonate
potentially stimulate a local IgA response, but the balance
between attenuation and adequate immunogenicity is
difficult to achieve. In addition, live vaccines are often
inactivated by maternally derived immunoglobulins when
administered to neonates. It is because of these difficulties
that prevention of equine rotaviral diarrhoea is currently
dependent on inactivated, parenterally delivered vaccines
administered to the dam to enhance levels of colostral and
lactogenic immunity.

There are three licensed inactivated equine rotavirus
vaccines currently in use. These vaccines were developed
in the USA, Japan and Argentina. The first two of these are
monovalent, one using the G3AP[12] strain H-2, the other
using the G3BP[12] strain HO-5, and have been commer-
cially available since 1998 (Fort Dodge Animal Health,
USA) and 2001 (Nisseiken Co., Ltd., Japan), respectively
(Imagawa et al., 1998, 2005; Powell et al., 1997). The third
vaccine is a trivalent vaccine that contains the equine
rotavirus H-2 strain, the simian rotavirus G3P[2] strain
SA11 and the bovine rotavirus G6P[1] strain NCDV Lincoln,
and has been in use in Argentina since 1996 (Barrandeguy
et al., 1998; Garaicoechea et al., 2011). All three vaccines
have been shown to significantly increase concentrations
of circulating serum neutralising antibodies in mares and
foals (Barrandeguy et al., 1998; Imagawa et al., 2005;
Powell et al., 1997). However, experimental infection
studies and field studies have shown that foals can acquire
rotavirus infection despite having substantial amounts of
circulating antibody (Conner and Darlington, 1980;
Higgins et al., 1987). Results from field vaccination studies
have been equivocal, with some studies reporting a
reduction in the incidence and severity of diarrhoea and
the shedding of virus in faeces (Barrandeguy et al., 1998;
Imagawa et al., 2005), while another study found no
significant reduction in the incidence of diarrhoea (Powell
et al., 1997). However, as foals from vaccinated mares in all
of these studies were still affected by rotavirus diarrhoea,
at best these vaccines can only be considered partially
protective.

Studies conducted in calves and lambs have shown that,
while colostral antibody absorbed prior to gut closure may

have a limited protective effect against rotaviral diarrhoea,
maximal protection is achieved by the continued presence
of neutralising antibodies in ingested milk, indicating that
maximal protection from dam vaccination depends on
induction of lactogenic immunity (Fahey et al., 1981;
Parreno et al., 2010; Saif et al., 1983; Snodgrass et al.,
1980). It is not clear from studies reported to date how
effective any of the commercial vaccines are in inducing
lactogenic immunity in mares.

An ideal rotavirus vaccine would provide heterotypic
immunity against a wide variety of rotavirus serotypes.
Experimental studies on specific pathogen free foals
infected with G3 rotavirus at 10 weeks of age found that
although a serotype specific antibody response was
detectable at day 6 after infection, a heterotypic response
peaked later, at 32 days after infection (Browning et al.,
1991b). This suggests that, while heterotypic immunity is
possible with a monovalent vaccine, it is likely to be
delayed in onset compared to homotypic immunity.
Currently, there is a multivalent vaccine available that
aims to induce heterotypic immunity, however, of all the G
genotypes in group A rotaviruses, the two G types most
prevalent in horses, G3 and G14, are also the most
genetically similar (Browning et al., 1991d), which raises
questions about the benefit of using a multivalent vaccine
in horses. Furthermore, studies on vaccination of dams
with monovalent inactivated rotavirus vaccines have
shown that the response generated is typically pan-
serotypic, generating neutralising antibodies against
rotavirus serotypes that are unlikely to have infected the
dam previously (Browning et al., 1991b; Snodgrass et al.,
1991).

Further evidence for this was found in a more recent
study in which sera from mares vaccinated with a
monovalent G3BP[12] vaccine were shown to have
increased concentrations of virus-neutralising antibodies
to both homologous G3BP[12] rotavirus strains and
heterologous G14P[12] strains, although the increase in
heterologous neutralising antibodies was less than the
increase in homologous antibodies (Nemoto et al., 2012).

8. Disinfection

Environmental contamination is a major route of
rotavirus transmission. While the minimal dose required
to infect naı̈ve foals and the titres of rotavirus excreted in
foal faeces have not been reported, studies in other species
suggest the faeces from one infected foal can rapidly
contribute to infection of many in-contact susceptible
foals. To further compound the problem of environmental
contamination, rotaviruses are quite resilient outside the
host, surviving for 9 months in faeces at room temperature
and an hour at 60 8C (Woode, 1978).

In addition, rotaviruses are also resistant to a number of
antiseptics and disinfectants. It is beyond the scope of this
paper to review all products available globally, so those
products commonly used in veterinary practice are
considered below. The majority of disinfectant studies
have been performed on human and simian rotaviruses in
conditions containing much less organic matter than a
typical equine environment would contain. Some studies
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flict with others on efficacy, so when interpreting
nfectant efficacy data it is important to consider the
e of surface disinfected, the concentration and contact
e, the diluents used (hard or distilled water), the type of
virus used (field strain or cell culture adapted strain)

 the effect of organic matter and how this was tested
ces/intestinal contents, foetal bovine serum or tryptose
sphate broth).

For hand disinfection, chlorhexidine alone is ineffective.
 efficacy of 1.5% chlorhexidine is improved by addition
5% cetrimide, but not in the presence of organic matter

ttar et al., 1983). Preparations containing alcohol are
erally more effective disinfectants, although the type of
hol and the concentration is important. Methanol is

 active than either ethanol or isopropanol (Kurtz et al.,
0). Solutions of 70% ethanol or isopropanol provide
ctive disinfection in the presence of organic matter,
ile 35% solutions do not (Springthorpe et al., 1986). A

bination of 1.5% chlorhexidine and 15% cetrimide in
 ethanol is effective, even in the presence of organic

tter (Sattar et al., 1983; Springthorpe et al., 1986).
ical application of a 10% povidone iodine preparation is

 efficacious in the presence of organic matter (Sattar
l., 1983; Springthorpe et al., 1986).

A variety of disinfectant preparations have been used to
nfect equine facilities. Although sodium hypochlorite is
monly used because of its wide spectrum of action

inst bacteria and viruses, including spores of Clostri-

m spp., it is readily inactivated by organic matter and,
refore, ineffective against rotaviruses (Lloyd-Evans
l., 1986; Snodgrass and Herring, 1977; Springthorpe
l., 1986). Similarly, quaternary ammonium compounds,
h as ammonium chloride, are also ineffective against
viruses (Springthorpe et al., 1986). The majority of
nolic compounds were ineffective in inactivating
an rotaviruses in a study of the efficacy of commercial

nfectants. One product containing o-phenylphenol, o-
zyl-chlorophenol and p-tertiary-amyl phenol had a

h rate of efficacy in the presence of high loads of organic
tter, but only when tested on viral suspensions. This
e product was not effective on a contaminated

nimate surface (Lloyd-Evans et al., 1986; Springthorpe
l., 1986).

Other commonly used disinfectants such as glutar-
ehyde-based disinfectants and hydrogen peroxide have

 been tested against rotavirus. A 2% glutaraldehyde
tion is effective for sterilisation of instruments, but not
ropriate for environmental or topical disinfection

ttar et al., 1983; Springthorpe et al., 1986). Hydrogen
oxide at 0.3% has been shown to be ineffective in
ctivating human rotavirus on a faecally contaminated
nimate surface, while a 6% hydrogen peroxide �0.85%
sphoric acid preparation inactivated a cell culture
pted simian rotavirus, but was not tested in the
sence of organic matter (Ojeh et al., 1995). A newer
nfectant compound, potassium peroxymonosulfate, is
monly used in the field, but published data to support

use against rotaviruses is not available.
The resistance of rotaviruses to environmental factors

 disinfectants has important implications in the field

environment. Disinfection of some environments, such
as paddocks and yards, is not achievable. When cleaning
stables, removal and disposal of stable bedding requires
careful consideration, as well as the potential generation of
aerosols in the process. Once the stable is emptied, it is
advisable to remove as much organic matter as possible
with a detergent, followed by thorough rinsing and drying,
prior to the application of a disinfectant.

9. Future directions

The equine rotavirus vaccines currently in use may play
a role in reducing the incidence and severity of rotaviral
diarrhoea, but outbreaks still occur on properties that
vaccinate. It is known that local mucosal immunity is more
important than systemic immunity for protection against
gastrointestinal viral diseases. While the current equine
rotavirus vaccines stimulate high serum antibody levels,
further investigation of the antibody levels in milk in
vaccinated mares and the correlation between these and
protection in foals is needed. If these studies revealed
adequate IgA levels in milk, then research into other
aspects of foal susceptibility needs to be conducted. These
areas may include the use of quantitative PCR to
investigate if there is a correlation between faecal
pathogen load and development of clinical disease, and
the effect of vaccination on faecal shedding by infected
foals and their dams. The role of cell mediated immunity in
foal susceptibility to rotaviruses also remains to be
explored.

Recombinant sub-unit and vectored vaccines are being
explored in other domestic animal species as alternatives
to live and attenuated whole virus vaccines. These include
the use of plants to express immunogenic antigens, such as
a subunit vaccine incorporating Vp8*and Brucella spp.
lumazine synthase (BLS), with the BLS acting as an antigen
delivery system (Bellido et al., 2009; Garaicoechea et al.,
2011).

Other areas of vaccine development that could be
explored are the effect of including both G3 and G14
rotavirus antigens in a vaccine, subunit vaccines contain-
ing the P[12] VP4 or the NSP4 enterotoxin and new targets
for cell mediated immune responses that may be identified
with the increase in full genome sequencing of rotaviruses.

There appears to be considerable scope for the future
development and application of vectored vaccines to
induce active immunity in neonates and thus improve
control of this important equine pathogen.
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é, M., Charpilienne, A., Crawford, S.E., Estes, M.K., Cohen, J., 1991.

Expression of rotavirus VP2 produces empty corelike particles. J.
Virol. 65, 2946–2952.
d-Evans, N., Springthorpe, V.S., Sattar, S.A., 1986. Chemical disinfec-
tion of human rotavirus-contaminated inanimate surfaces. J. Hyg.
(Lond.) 97, 163–173.
dgren, O., Peregrin, A.T., Persson, K., Kordasti, S., Uhnoo, I., Svensson, L.,
2000. Role of the enteric nervous system in the fluid and electrolyte
secretion of rotavirus diarrhea. Science 287, 491–495.
herbe, H.H., Strickla, M., 1967. Simian virus SA11 and related O agent.
Arch. Gesamte Virusforsch. 22, 235–245.
thijnssens, J., Ciarlet, M., Heiman, E., Arijs, I., Delbeke, T., McDonald,
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