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Norovirus (NoV) was first reported as causative agent of gastroenteritis in 1972,
when students and staff of an elementary school located in Norwalk, Ohio, USA,
presented vomitus and diarrhoea (Atmar and Estes 2001). After this, a number of
studies definitively associated the NoV infection with outbreaks of acute gastroen-
teritis (Karst et al. 2015). Nowadays, NoV is considered the leading cause of non-
bacterial gastroenteritis outbreaks and severe childhood diarrhoea worldwide,
including water- and food-borne outbreaks (Patel et al. 2009; Karst et al. 2014).

In animals NoV infections have been reported in swine, bovine, ovine, canine,
feline, and murine. The pathogenic role of NoV infection and its impact in animal
health are not completely clear. Most of the epidemiological studies detected NoV
in asymptomatic animal hosts worldwide (van der Poel et al. 2000; Keum et al.
2009; L’Homme et al. 2009). However, there are studies that associated the NoV
infection with disease, especially enteritis, in canine (Martella et al. 2008), feline
(Martella et al. 2007), swine (Shen et al. 2012), and bovine (Otto et al. 2011).

6.1 The Norovirus

The Caliciviridae family comprises the genera Norovirus, Lagovirus, Nebovirus,
Sapovirus, and Vesivirus (Fig. 6.1). Norwalk virus, previously named Norovirus, is
the single representative species of Norovirus genus (ICTV 2014).
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Fig. 6.1 Genetic relationship of virus members of Caliciviridae family, including the representa-
tive strains of each of the five genera. The GenBank accession numbers of the sequences are indi-
cated between parentheses. BEC bovine enteric calicivirus, RHVCG rabbit haemorrhagic disease
virus — calicivirus genome, EBHSV European brown hare syndrome virus, PEC porcine enteric
calicivirus, FCV feline calicivirus, VESV vesicular exanthema of swine virus

Members of Norovirus genus are small, non-enveloped, with an icosahedral cap-
sid, and present 27-40 nm in diameter (Fig. 6.2). Virus particle’s buoyant density is
1.33-1.41 g/cm?® in caesium chloride gradient (Kapikian et al. 1973). The NoV has
a linear, single-stranded, positive-sense RNA genome of approximately 7.5 kb in
size. The 3’ end of the RNA genome is polyadenylated, and the 5 end has a cova-
lently linked protein, named VPg. This protein acts primarily in the replication pro-
cess by binding initiation factors for the translation of the virus RNA.

The genome of NoV is organised into three open reading frames (ORFs). The
ORF1 encodes a polyprotein with approximately 200 kDa that is cleaved by the
cysteine proteinase, encoded by the virus genome. The cleaved polyprotein gives
origin to six nonstructural proteins, including the 2C helicase, 3C protease, and 3D
RNA-dependent RNA polymerase (RdRp). The ORF2 and ORF3 encode two struc-
tural proteins that are, respectively, the VP1, which is the major capsid protein, and
the VP2, a minor structural protein that is responsible for the virus genome packag-
ing. The VP1I is functionally divided into shell (S) and protrusion (P) domains. The
last is divided into P1, which is formed by two noncontiguous regions, and the
hypervariable P2 that is inserted between the P1 subregions (Fig. 6.3) (Jiang et al.
1993; Ettayebi and Hardy 2003). A fourth ORF, tentatively named virulence factor
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Fig.6.2 Electron microscopy of norovirus particles present in human faecal samples stained with
2 % potassium phosphotungstate (Courtesy of Dr. J. Vinje, National Calicivirus Laboratory,
Centers of Disease Control and Prevention (CDC), Atlanta, GA, USA)
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Fig. 6.3 Schematic genome organization of Norovirus. Open reading frames (ORFs) and the
respective virus proteins for each genomic region are shown. ORF encodes a polyprotein that is
cleaved into nonstructural proteins. ORF2 and ORF3 encode the structural proteins VP/ and VP2,
respectively, both composing the virus capsid. The VP1 is divided into shell (S) and protrusion (P)
domains. P domain is externally exposed

1 (VF1), which encodes a protein involved in the regulation of innate immune
response has been described in the murine NoV genome (McFadden et al. 2011).

Based on the complete deduced amino acid (aa) sequence of the VP1 capsid
protein, NoVs are classified into six genogroups (GI-GVI) with the proposed sev-
enth genogroup (GVII) (Vinje 2015). Genogroups have been further subdivided into
at least 31 genotypes (Fig. 6.4). Human NoV strains are organised into GI, GII, and
GIV. The human NoV GII is the most commonly detected and is classified into
other distinct genotypes, of which the GII.4 is the most frequently detected in the
majority of the recent large outbreaks (Karst et al. 2015).

Differently from the human NoV, animal NoVs are less genetically variable. The
canine NoV is classified as GIV and GVI, while the feline NoV is classified as GIV
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Fig. 6.4 Norovirus (NoV) is classified into seven genogroups and their genotypes based on the
VP1 capsid protein. GI.1 is the NoV prototype strain. *The GII.11, GII.18, and GII.19 NoV strains
infect swine; GIII.1 and GIII.2 bovine; GIII.3 ovine; GIV.2 canine and feline; GV.1 mice; and GV.2
rats. The GVI and GVII NoV strains were reported in canine

(Martella et al. 2008; Pinto et al. 2012). The murine NoV strains are in the GV
(Zheng et al. 2006; McFadden et al. 2011).

The bovine and ovine NoV isolates are in the genogroup GIII. The molecular
characterisation of bovine NoV genome showed that there are two different bovine
NoV genotypes within the GIII genogroup. The prototypes were named Jena agent
(Bo/Jena/80/DE) for the genotype 1 and Newbury agent-2 (Bo/Newbury2/76/UK)
for the genotype 2 (Di Martino et al. 2014).

Porcine NoV strains are classified into GII and are closest to the most prevalent
human NoV isolates. The porcine NoV GII strains detected to date are distributed into
the three genotypes GII.11, .18, and .19, while the human NoV GII is classified into
other distinct genotypes (Zheng et al. 2006). Since the porcine NoV strains have
grouped only into these three genotypes, it was suggested that these strains have been
adapted and its occurrence is restricted to pigs (L_Homme et al. 2009). However, the
porcine NoV GII.18 was shown to be genetically and antigenically most closely related
to human GII NoV, raising questions of whether pigs may be reservoirs for emergence
of new human NoV strains (Wang et al. 2005). Figure 6.5 presents a dendrogram show-
ing the NoV classification into genotypes and their genetic relationship.

6.2 Pathogenesis of the Disease

NoV infection can be symptomatic or asymptomatic; however, the pathogenesis of
norovirus in humans and animals is not fully clarified. The incubation period after
exposure to NoV is short, varying between 24 and 48 h. Symptoms of infection include
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Fig. 6.5 Norovirus (NoV) classification into genotypes based on the VP1 capsid protein (From
Vinje (2015), Copyright© American Society for Microbiology (2015), with permission)

acute enteritis with non-haemorrhagic diarrhoea, vomitus (characteristic sign in out-
breaks), nausea, anorexia, abdominal pain, and mild fever. However, asymptomatic
infections occur in one third of individuals experimentally infected. The disease dura-
tion is short (12—60 h) and self-limiting; however, immunosuppressed patients may
have chronic diarrhoea and excrete viruses for months or years (Karst et al. 2015).

Previous studies with NoV performed in volunteers showed that the target cells
for virus replication are primarily enterocytes of the proximal portion of the intes-
tine, leading to malabsorption diarrhoea. Although the intestinal epithelium appears
to remain intact, there are specific histopathological lesions by infection of human
NoV in the jejunum, including atrophy in intestinal villi, breakdown of intestinal
epithelial cells, hyperplasia crypt cells, and vacuolated and mononuclear inflamma-
tory infiltrate in the lamina propria of villi. The malabsorption is related to the
shortened microvilli and decreased brush border enzyme activity, both observed in
acute infection (Karst et al. 2015).

Bovine NoV has been detected in diarrhoeic and non-diarrhoeic cattle faecal
samples. Newborn calves that were inoculated with the bovine NoV GIII.1 (Jena
agent) by the oral route presented severe diarrhoea in a very short incubation period
(Otto et al. 2011). Experimental infection with the bovine NoV GIII.2 (Newbury
agent-2) showed calves presenting diarrhoea 3—4 days postinoculation (dpi), with
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short duration (1 day), and no diarrhoea was observed after the re-challenge of the
calves (Jor et al. 2010). This and other bovine NoV experimental-based studies
showed that infected calves presented reduced appetite at the fourth and fifth dpi,
non-haemorrhagic enteritis, mild to moderate diarrhoea, transient anorexia, and/or
xylose malabsorption; discrete or no diarrhoea was observed in conventionally kept
calves at 1-8 days of age. The rectal temperatures were between 37 and 40 °C, with
pulse and respiratory rates kept within normal ranges (Jor et al. 2010; Otto et al.
2011). Infections with both bovine NoV genotypes lead to the villus atrophy and
crypt hyperplasia in the proximal small intestine (Hall et al. 1984; Otto et al. 2011).

Other enteric virus agents, such as bovine rotavirus and Torovirus, infect primar-
ily the tips and bases of villi; however, an experimental study with the bovine NoV
GIII.1 showed that this virus infects all the enteroabsorptive cells. Since the bovine
NoV GIII.1 causes severe villus atrophy and loss of mature enterocytes, it was sug-
gested that these facts may limit the infection duration due to the reduction in the
number of susceptible cells to the virus infection (Otto et al. 2011). On the other
hand, the bovine NoV GIII.2 experimental studies showed that calves shed the NoV
in faeces for at least 30 days after inoculation, regardless of the faecal consistency
(diarrhoeic or not) and the duration of the clinical signs (Jor et al. 2010; Jung et al.
2014). Diarrhoea and prolonged faecal shedding of bovine NoV GIIL.2 were
observed even in calves that were not presented with major histological changes in
the intestine, including no necrosis of intestinal epithelium, villous atrophy, or
inflammatory lesions (Jung et al. 2014).

The importance of the porcine NoV as diarrhoea-causative agent in pigs is not
yet fully understood. In an experimental challenge of piglets, the porcine NoV incu-
bation period was of only 1 dpi, and the diarrhoea persisted for 2—-6 days. Piglets
presented mild to moderate villous atrophy and mild to moderate and multifocal
villous fusion in the small intestine (Shen et al. 2012).

Previously, an experimental study inoculated piglets with the human NoV strain
GIL4. The incubation period varied from 24 to 48 h; the diarrhoea was mild and
self-limiting, persisting for 1-3 days. As well, the virus shedding was shown to be
short, from 1 to 4 days. The virus antigen was detected in the cytoplasm of the small
intestine cells. The histopathological lesions that were multifocal atrophy of the
intestinal villi, enterocytes infected with low columnar morphology, and oedema of
the lamina propria duodenal occurred at low frequency and were considered to be of
low intensity. Another finding of this study was the increase in the number of apop-
totic enterocytes (Cheetham et al. 2006).

Replication of NoV may not be restricted to enterocytes. Of all the potential
experimental models studied to better understand the pathogenesis of noroviruses,
the only norovirus which replicates in vitro is the murine NoV. This agent replicates
in macrophages and dendritic cells derived from cultures of bone marrow cells and
in mouse macrophage cell lines (RAW 264.7) (Wobus et al. 2004). The murine
NoV-1 infection in knockout mice for recombination-activating gene 2 (RAG2) and
signal transducer and activator of transcription 1 (STAT-1) genes, RAG2/STAT-1,
showed tropism for haematopoietic cell (macrophages and dendritic cells) and
development of systemic disease. Clinical signs include pneumonia, hepatitis,



6 Norovirus Infection 173

encephalitis, and vasculitis in brain capillaries and can be observed even in inocula-
tion in serial passages (Karst et al. 2003; Wobus et al. 2006; Scipioni et al. 2008b).
It was also demonstrated that the murine NoV can naturally infect wild and immu-
nodeficient mice. The infection also occurs following oral or intranasal inoculation.
However, although other strains of murine NoV have already been isolated from
faecal samples of infected mice, it is not yet clear whether this virus is an effective
enteric pathogen in this animal species (Hsu et al. 2005).

6.3 Epidemiology

The transmission of NoV occurs predominantly by the faecal-oral route for both
human and animals. Differently of other viruses that depend on high virus concen-
trations for causing disease, NoV requires a low infectious dose (<10-100 virions)
to establish the infection (Atmar and Estes 2006).

NoV showed a long-term survival in suspensions at environmental tempera-
ture, indicating that transmission by routes involving surface or drinking water,
moisture fomites, or workplace surfaces is possible (Duizer et al. 2004).
Additionally, the respiratory tract has been considered as another natural route of
NoV transmission by the inhalation of aerosolised particles in vomitus (Atmar
and Estes 2006).

NoV is considered a waterborne virus of primary concern, together with other
virus agents, such as hepatitis A virus, hepatitis E virus, adenovirus, astrovirus,
enterovirus, and rotavirus (Gibson 2014). Outbreaks of human NoV infection were
associated with contaminated drinking water in different countries (Duizer et al.
2004). Studies revealed a widespread occurrence of human enteric viruses in both
individual and municipal wells, showing that groundwater can be pathogen con-
taminated, including with NoV, and that groundwater-sourced public water systems
producing water without disinfection can represent a risk of waterborne illness
(Gibson 2014), including for animals.

The faecal contamination in water, food, and fomites and the direct individual-
to-individual contacts are responsible for the major occurrence of gastroenteritis
outbreaks determined by NoV. Since the surface/drinking water and groundwater
quality can be affected by multiple sources of pathogens, vegetables also can be
contaminated with NoV by irrigation with contaminated water. The food may be
contaminated with virus particles since its production or crop, as in the case of oys-
ters and fresh produce, or is contaminated on site preparation by means of handling
by infected people, as in the case of cold food, sandwiches, and salads (Atmar and
Estes 20006).

High rates of secondary attacks (=30 %) among people who had contact with
infected individuals lead the outbreak amplification in places where there is over-
crowding, such as hospital wards, cruise ships, and shelters (Atmar and Estes 2006).
In addition to the low infectious dose required for NoV transmission, continuous
NoV infection is a result of the difficult elimination of the virus due to its resistance
to disinfectants and many chemical products, the facilitated survival by organic
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debris of the clinical specimens (faeces/vomitus) in which the virus is shed, and the
NoV aggregate formation that protects the virus from the environmental conditions
(Kotwal and Cannon 2014).

In symptomatic animals, the virus shedding appears shortly before or during
the first clinical signs and is prolonged, even after resolving of the symptoms
(Scipioni et al. 2008b); the individuals with asymptomatic NoV infection also
shed the virus. The period of virus shedding may range between 5 and 60 days,
with a medium of 30 days. In human NoV infection, the virus is excreted in high
amounts; the peak of virus RNA titres may vary from 10° to 10'> genomic copies
per gramme stool and may be 1-2 log lower in symptomatic and asymptomatic
individuals, respectively (Newman and Leon 2015). These facts and the NoV
infectious stability for weeks or months in the environment may facilitate the
NoV persistence and the virus transmission among infected and susceptible hosts
(Mathijs et al. 2012).

The murine NoV is one of the most prevalent pathogens of murine, being a caus-
ative agent of systemic infection and lethal disease in immunodeficient laboratory
mice (Karst et al. 2003). However, murine NoV strains were also identified from
immunocompetent laboratory mice with silent infection (Hsu et al. 2005; Wobus
et al. 2006). As the murine NoV is the only norovirus that replicates in cell culture,
this virus is considered an excellent model to comprehend the basic mechanisms of
norovirus replication in vitro and in vivo (Wobus et al. 2006).

Dogs were first evidenced to be susceptible to NoV infection in 2007
(Martella et al. 2008). Later, serological and molecular studies showed that
canine NoV is spread in dogs from Europe (Ntafis et al. 2010; Caddy et al. 2013;
Mesquita et al. 2014) and Asia (Tse et al. 2012; Soma et al. 2015). Norovirus
also was detected from enteric disease-affected feline of Italy (Martella et al.
2007), Japan (Soma et al. 2015; Takano et al. 2015), the United States (USA
(Pinto et al. 2012), and Brazil (Castro et al. 2015). Although canine and feline
noroviruses are likely worldwide disseminated, their pathogenic importance has
to be further studied.

Epidemiological studies have demonstrated that noroviruses are spread in
livestock animals worldwide. Enteric caliciviruses morphologically similar to
the human NoV were identified from diarrhoeic calves in the United Kingdom
and Germany in 1978 and 1980, respectively (Woode and Bridger 1978;
Gunther and Otto 1987), and were molecularly classified as bovine NoV in
1999 (Liu et al. 1999). Since then, bovine NoV has been detected in diarrhoeic
and non-diarrhoeic faecal samples of beef and dairy cattle with young animals
being more frequently described with the infection (Table 6.1). High serop-
revalence of bovine NoV has been reported from cattle herds in Europe and
North America (Table 6.2). The bovine NoV GIII.2 was prevalent in most of
the studies.

The porcine NoV was first reported in Japan, where the virus RNA was
recovered from caecum content of asymptomatic pigs (Sugieda et al. 1998).
Subsequently, porcine NoV was reported from faecal samples of diarrhoeic and
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Table 6.2 Prevalence of bovine NoV antibodies from cattle herds of distinct countries by using
ELISA technique

Samples Results
Age of the animals No. No. Prevalence
Country evaluated Specimen tested | positive | (%) Reference
Germany 10 weeks—9 years Serum/ 824 817 99.1 Deng et al.
plasma (2003)
Germany 6 months Serum/ 200 137 68.5 Oliver et al.
Adult plasma (2007)
United 6 months Serum/ 200 175 87.5
Kingdom Adult plasma
Belgium 1 week—>9 years Serum 439 409 93.2 Mauroy
et al.
(2009)
United 6—7 months Serum 343 326 95 Thomas
States etal.
7-10 days Serum 47 44 93.6 (2014)

Enzyme-linked immunosorbent assay

non-diarrhoeic pigs at different ages in European, Asian, Oceania, and American
countries. Table 6.3 shows the frequency of porcine NoV detection by molecular
assays, primarily the reverse transcription-polymerase chain reaction (RT-PCR),
in different countries, and the age group studied, the number of samples evalu-
ated, the number of positive animals, and the prevalence found. Older pigs have
been more frequently detected with NoV infection; however, the virus also has
been reported from suckling piglets and nursing pigs. A seroprevalence-based
study showed that NoV infection is common in domestic pigs, with 71 %
(78/110) and 36 % (95/226) of pig serum samples from the United States and
Japan, respectively, presenting antibodies against porcine NoV (Farkas et al.
2005).

In both bovine and swine species, NoV infections with other enteric virus agents
may occur. Co-infections with rotavirus, coronavirus, bovine viral diarrhoea virus
(Park et al. 2007), circovirus (Shen et al. 2012), torque teno sus virus (Leme et al.
2014, unpublished data), and even with other caliciviruses (Hassine-Zaafrane et al.
2012) were reported.

To date, there are limited epidemiological data regarding NoV infection in
ovine. In 2007, a study conducted in New Zealand screened sheep for the virus.
In that case, animals that were positive for NoV were not presenting clinical
signs suggestive of the infection. Another study was conducted in Belgium in
the same year; however, sheep were not detected with the virus (Mathijs
et al. 2012).

Interestingly, a seasonality pattern of NoV infection has been reported. Although
the infection can occur in different seasons, wintertime seasonality is observed for
different host species, including livestock animals (Hassine-Zaafrane et al. 2012;
Ahmed et al. 2013; Silva et al. 2015).
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6.3.1 Zoonotic Transmission

A concern regarding NoV infection is the possibility of cross infection among
human and animal NoV strains, which raises questions about the zoonotic transmis-
sion potential of noroviruses. Studies based on the molecular epidemiology of noro-
viruses have shown a closer genetic relationship of human and animal noroviruses
and the emergence of recombinant NoV strains in different hosts (Koopmans 2008).

Serological surveys have revealed antibodies against animal NoV in humans,
including general population and veterinarians (Widdowson et al. 2005; Menon
et al. 2013), and antibodies against human NoV in swine (Farkas et al. 2005).
Molecular studies also revealed the presence of human NoV strains, including the
most prevalent in the major recent large epidemics (GII.4), in cattle, in pig faeces,
and in raw pork meat (Mattison et al. 2007). Additionally, the experimental chal-
lenge of gnotobiotic calves and piglets with human NoV showed virus replication
and seroconversion (Cheetham et al. 2006; Souza et al. 2008).

Although the zoonotic transmission is likely, this hypothesis has not been proved.
A possible explanation for the detection of antibodies against animal NoVs in
human may be the existence of cross-reactive epitopes between the different NoV
strains, as shown between human and bovine NoVs (Scipioni et al. 2008b).
Noroviruses are thought to be a species-specific pathogen (Karst et al. 2015), and
further studies are needed to fully comprehend the role of animals as reservoirs for
human NoV infection.

6.4  Progressin Diagnosis and Management of NoV
Infection

6.4.1 Diagnostic Tests

The techniques used for the laboratory diagnosis of both human and animal NoVs
include the direct detection of intact virus particles by electron microscopy (EM)
and of the virus RNA by RT-PCR. Currently, the development of other techniques
for detecting and quantifying the NoV RNA by RT-quantitative PCR (RT-qPCR)
has been reported for the diagnosis of human (Vinje 2015), swine (Machnowska
et al. 2014), and bovine (Jor et al. 2010; Yilmaz et al. 2011) NoV strains.
Additionally, the next-generation sequencing (NGS) has been a useful tool for the
identification of evolutionary changes in relation to NoV epidemiological data
(Bavelaar et al. 2015). Immunoassays, such as enzyme-linked immunosorbent
assay (ELISA), are able to detect viral antigens or antibodies, both techniques
being associated with the production of recombinant virus-like particles (VLPs)
(Wang et al. 2007; Mauroy et al. 2009). Other techniques, such as microarray
hybridisation (Wang et al. 2006; Scheuer et al. 2013) and immunohistochemistry
(Otto et al. 2011), may also be used for the virus diagnosis. Table 6.4 presents the
advantages and disadvantages of techniques used for the laboratory diagnosis of
NoV infection.
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Samples In general, faecal samples of clinically affected animals present higher
concentrations of NoV particles, and, therefore, faeces are considered the best
samples for diagnosis of the infection, although the virus can be detected from rec-
tal swabs and vomitus (Vinje 2015). The first reports of NoV infections were based
on EM, since other diagnostic methods were not yet available for the virus detection

Table 6.4 Advantages and disadvantages of techniques used for the laboratory diagnosis of noro-

virus infection

Diagnostic assay

Advantages

Disadvantages

Electron
microscopy

Ability to detect multiple virus
pathogens

Low sensitive technique (detection
limit of 10° enteric virus particle
per mL of stool sample)

Unable to differentiate NoV from
other small round enteric viruses
Requires highly skilled experts
Expensive equipment (not widely
available in diagnostic
microbiology laboratories)
Time-consuming process

Conventional
RT-PCR
Nested PCR

High sensitive

High specificity

Allow the virus classification into
genogroups/genotypes

RT-PCR products have to be
analysed in agarose gel

Results have to be confirmed by
sequencing or hybridisation

The sensitivity/specificity may be
affected by the sample quality,
nucleic acid extraction and
purification methods,
oligonucleotide primers, and/or
assay conditions

Nested PCR increases the risk of
cross-contamination

RT-qPCR
one-step RT-qPCR

Increased sensitivity and
specificity, even compared with
conventional RT-PCR assays;

Do not require agarose gel or
hybridisation analyses

Less sample handling (decrease the
cross-contamination risk)

Allow the determination of virus
nucleic acid amount in a sample
Rapid test

A RT-qPCR equipment is required
The supplies are expensive

The technique does not allow the
virus genotyping

NGS

High sensitive

High specificity

Detection and characterization of
the virus in a single assay
Identification of the microbial
contents of clinical specimens in a
single test

May elucidate the infection
causative agent of unexplained
cases of suspect viral
gastroenteritis

Expensive equipment and supplies
(not widely available in veterinary
diagnostic laboratories)

Requires skilled staff

(continued)



182 A.A. Alfieri et al.

Table 6.4 (continued)

Diagnostic assay Advantages Disadvantages

Enzyme Detect both viral particles and High specificity in VLP-based EIAs

immunoassays soluble antigens (the circulation of antigenically
Direct ELISA was shown to be a distinct NoV strains may lead to

sensitive technique (detection limit | underestimated result

of 0.025 ng of capsid protein and interpretations)

1:10,000 dilutions of viral antigen | Cross-reaction of porcine NoV
in the stools) VLP-based antibody ELISA with
Useful for rapid screening of human NoV antibodies

multiple faecal samples

Source: Wang et al. (2007), Scipioni et al. (2008a, b), Vinje (2015), Bavelaar et al. (2015)

NoV Norovirus, RT-PCR reverse transcription-polymerase chain reaction assay, R7-qPCR reverse
transcription-quantitative PCR, NGS next-generation sequencing, ELISA enzyme-linked immuno-
sorbent assay, VLPs virus-like particles

at that time. However, NoV particles are morphologically similar to other small
round viruses, such as sapovirus, rotavirus, astrovirus, and enteric picornavirus, and
the differentiation among the viruses is harder (Wang et al. 2007). The immune EM
(IEM) and solid-phase IEM are variations of the technique that are based on antigen-
antibody reaction and visualised by negative staining; both can be used for NoV
detection. Nowadays, the EM is generally used for research purposes and not for
routine diagnosis of NoV infection.

RT-PCR and RT-qPCR Since the first reports of NoV from different hosts, the
development of diagnostic methods has been hampered by the lack of a cell culture
system for NoVs, other than murine NoV (Scipioni et al. 2008b). With the develop-
ment of the molecular tools for NoV diagnosis, such as conventional or endpoint
RT-PCR in the mid-1990s and later the RT-qPCR and their variations, an increased
number of NoV sequences became available, and the infection diagnosis became
faster and trusty (Vinje 2015).

Among the factors that can affect the sensibility and/or specificity of the RT-PCR
is the nucleic acid extraction method, which has to efficiently recover the virus RNA
and remove the RT-PCR inhibitors. The conserved RdRp gene is frequently targeted
in the RT-PCR assays for the virus diagnosis, while the VPI1 region is used for the
virus genotyping. The highly variable NoV strains become the oligonucleotide primer
selection a hard work, since a single primer pair likely will not be able to detect all the
circulating NoV strains (Wang et al. 2007). Although several primer sets can be used
for the detection of genetically diverse virus strains, the design of oligonucleotide
primers based on the regional NoV strains in circulation is reasonable and acceptable.
For this, molecular epidemiological surveillance-based studies should be conducted.

A second round of the RT-PCR, a semi-nested or a nested PCR, can be per-
formed to increase the sensitivity of the reaction. The increased sensitivity with the
use of a nested PCR can range from 10 to 1000 times; however, this technique also
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increases the risk of cross-contamination (Wang et al. 2007) and its use should be
under closer attention.

The RT-qPCR has major advantages in comparison with the conventional
RT-PCR assays, including higher sensibility and specificity, no need of agarose gel
and sequencing analyses, and the ability to determine the amount of virus nucleic
acid in the clinical sample. The one-step RT-qPCR is another variation of the tech-
nique, in which the reverse transcription and cDNA amplification are performed in
a single reaction. With this, less sample handling is required, which decreases the
risk of cross-contamination (Vinje 2015). However, this technique does not allow
depth phylogenetic studies for NoV genotyping, and the conventional RT-PCR
assay is required to complement the genomic analysis.

The RT-qPCR assays have been considered the gold standard for the rapid and
sensitive detection of NoV in faeces, vomitus, and serum samples of clinically
affected persons, as well as in food, water, and environmental samples (Vinje 2015).
Nevertheless, these techniques are not largely used by the veterinary diagnostic
laboratories. For the detection of NoV in bovine, both SYBR Green- (Park et al.
2009) and TagMan (Scipioni et al. 2008a)-based RT-qPCR assays are available;
however, the SYBR Green RT-qPCR has been more frequently used for this animal
species host. For swine, although a TagMan RT-qPCR has been validated for the
NoV detection (Wolf et al. 2009), this technique has not currently being used. The
most likely cause for the limited use of the RT-qPCR assays for animal NoV diag-
nosis is their high cost, even though the prices of equipment and reagents have
decreased in the last years (Wang et al. 2007).

Since the recombination is common in NoV, the surveillance of emerging strains
is important for understanding the NoV evolution and global epidemiology. For
this, the NGS is a powerful tool in the detection and characterisation of different
types of norovirus from clinical specimens (Bavelaar et al. 2015). However, most of
the routine veterinary diagnostic laboratories are not equipped with the necessary
tools or staff to perform the NGS (Bavelaar et al. 2015).

Enzyme Immunoassays (EIA) NoV capsid proteins are expressed in baculovirus
system to provide VLPs that are used as antigen in the EIA. The ELISA is the most
frequently EIA used for animal NoV infection diagnosis. Hyperimmune polyclonal
serum obtained after animal (mice, rabbits, guinea pigs) immunisation with VLPs is
used as capture antibody for the ELISA-based detection of viral antigen (Scipioni
et al. 2008b). The large amounts of viral soluble proteins in stool are likely respon-
sible for the sensitivity of antigen ELISA similar to that of conventional
RT-PCR. However, the hyperimmune anti-VLP serum is often highly specific with
the homologous strains or viruses within the same genotype, which make the tech-
nique highly specific (Wang et al. 2007). This fact limits the use of the technique in
diagnostic laboratories, since there are highly diverse NoV strains in circulation
(Wang et al. 2007; Scipioni et al. 2008b). Despite this, antigen ELISA is useful for
screening large number of samples since it is a rapid and simple test (Scipioni et al.
2008b) and can be used for epidemiological-based studies from host species in which
larger antigenic and/or molecular NoV genomic variations were not identified.
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Antibody ELISA It is more broadly reactive than the antigen detection and is
more suitable to identify heterotypic NoV infection (Scipioni et al. 2008b). Since
this assay presents a good sensitivity and specificity for NoV-specific antibody
detection, it has been largely used in human epidemiological studies. However, the
cross-reaction of the baculovirus-expressed VLP antibodies against GI and GII
human NoV was reported (Wang et al. 2007).

Antigen and Antibody ELISA They are available for bovine (Deng et al. 2003;
Mauroy et al. 2009) and swine (Farkas et al. 2005; Cheetham et al. 2006) NoV
infection diagnosis. Nevertheless, it is important to mention that three common epi-
topes are shared among NoVs, of which one is in the same genogroup GI (human),
the second is between GII (human, swine) and GIII (bovine), and the third between
GI and GIII (Scipioni et al. 2008b). Therefore, as for human ELISA, cross-reaction
among different genogroups can occur. Studies reported that VLPs of porcine NoV
cross reacted with antibodies against human NoV (Farkas et al. 2005) and the pres-
ence of antibodies against bovine NoV GIIL.2 in veterinarians in the Netherlands
(Widdowson et al. 2005).

RT-PCR-based Multiplex Molecular Diagnosis Tests In the recent years, com-
mercial RT-PCR-based multiplex molecular diagnosis tests for the detection of sev-
eral different multi-gastrointestinal pathogens have been developed. These
diagnostic platforms are able to simultaneously detect enteric viruses, including
NoV GI and GII, bacteria, and parasites. However, the interpretation of data gener-
ated by these multi-pathogen systems may be a challenge, since high number of
mixed infections can be detected, making it difficult to determine which pathogen is
responsible for gastroenteritis (Vinje 2015). Regardless of the advantages and
disadvantages of the commercial tests, these multi-gastrointestinal diagnostic plat-
forms are not yet available for animals.

6.4.2 Management of NoV Infection

Livestock animals affected with NoV infection usually present mild to moderate
non-haemorrhagic diarrhoea. The NoV faecal shedding can be prolonged, even after
the diarrhoea recovery and/or in symptomatic animals. In this context, closer atten-
tion should be given to the livestock and environmental managements in order to
provide clinical support to the affected animals and to avoid the virus exposure and
transmission to susceptible animals.

Livestock animals suspected or confirmed with NoV infection should be isolated
from the other herd animals. Adequate fluid and electrolyte replacement and main-
tenance are key points to manage NoV-induced diarrhoea that is generally a self-
limiting infection, typically resolved within days after exposure. The fluid and
electrolyte therapies are easier to be implemented for calves relative to piglets. For
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piglets, oral products intended to re-establish the hydroelectrolytic balance can be
used. In cases in which severe diarrhoea is present, the use of broad-spectrum anti-
biotic therapy is recommended to avoid/control secondary infections. It is likely that
maternal antibodies in colostrum and milk limit infection and damage in the gut of
nursing piglets. Even not preventing infection, the colostrum intake may have some
impact in the bovine NoV infection by limiting the infection dissemination and
reducing the severity and duration of diarrhoea (Otto et al. 2011). However, further
pathogenic studies under field conditions should be performed to evaluate the effects
of the colostrum on the course of the bovine and swine NoV infections.

6.5 Development of Vaccines and Prophylaxis Measures

There are no vaccines available against bovine and swine NoV infections. Therefore,
the prophylaxis measures are fundamental to prevent the disease. Faeces removal,
clean facilities, disinfection, and other sanitary precautions should control and/or
prevent NoV infection and persistence in the environment. Since NoV is a water-
borne pathogen, adequate water management practices should be adopted, includ-
ing for the drinking water that is offered to the animals, which has to be of good
quality, clean, and adequately chlorine treated. As NoVs are considered potentially
zoonotic, management focused on public health also should be addressed.

In general, NoV is stable in the environment and may be resistant to inactivation
with certain chemicals and heat, depending on the conditions in which both are
used. NoV appears to be resistant to the effects of freeze/thaw (Nims and Plavsic
2013). Inactivation of NoV by heat is time and temperature dependent, and it
should exceed 56 °C to have some reduction of NoV infectivity, with extensive
inactivation requiring exposure times of 30 min or higher (Duizer et al. 2004; Nims
and Plavsic 2013). More consistent and extensive inactivation is observed at tem-
peratures in excess of 60 °C, regardless of calicivirus species or strain (Nims and
Plavsic 2013).

Ultraviolet Radiation Caliciviruses are susceptible to inactivation by ultraviolet
radiation in the C range (UV-C, 254 nm) at fluence of 22-40 mJ/cm?. The UV-C
radiation for the inactivation of caliciviruses appears to be less effective compared
to parvovirus and circovirus that are inactivated by exposure to 8—13 mJ/cm? and
5-11 mJ/cm?, respectively. On the other hand, the calicivirus UV-C inactivation is
generally similar to those displayed by other small, non-enveloped viruses. The UV
radiation in the B range (UV-B, 280-320 nm) at fluence of ~60 mJ/cm? would be
required to achieve calicivirus inactivation (Nims and Plavsic 2013).

Inactivation by Chemicals Different chemical products can be used for the calici-
virus inactivation, in compliance with specific conditions for each one (Table 6.5).
The NoV particles display resistance to inactivation by low pH, with incomplete
inactivation achieved at pH 2.7 for 3 h at room temperature (Duizer et al. 2004).
Ethanol or hypochlorite solution contacts for a short period of time (1-10 min
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Table 6.5 Chemical 4 Chemical product | Concentration/condition | Time

products, concentrations, an Formaldehyde >7000 ppm >30 min

exposure time for substantial -

inactivation of caliciviruses at Free chlorine >2500 ppm 230s

environmental temperature Glutaraldehyde >2500 ppm >5 min
Hypochlorous acid | Fogging >5 min
Hydrogen peroxide | Vapour >15 min
Ozone 20-25 ppm >20 min

Source: Nims and Plavsic (2013)
ppm parts per million, min minutes, s seconds

depending on the concentrations) also were reported to incomplete inactive calicivi-
ruses (Duizer et al. 2004). Differences to the susceptibility to inactivation with these
chemical agents may not afford adequate NoV inactivation.

Treatment of Animal Wastes To improve the agriculture, livestock manure appli-
cations to field land are practised worldwide because of its potential as biofertilizer.
Another common practice in rural areas is the artificial subsurface drainage that
facilitates the crop production. However, it is an efficient means by which agricul-
tural pollutants from field systems, including faecal pollution, can enter the surface
water environment (Wilkes et al. 2014). The land application of manures should be
based on safety parameters, and agricultural beneficial management practices,
including waste treatment in cattle and pig farm units, should be implemented to
reduce the persistence of NoV in the animal waste and to mitigate the manure-borne
faecal contamination of the environment, including water resources. Although it is
not clear if enteric viruses are efficiently inactivated by anaerobic biodigestion, the
anaerobic biodigester system is a tool that can be used to treat livestock manure in
order to provide safe biofertilizers.
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