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Abstract
Gastroenteritis is a serious disease affecting both children and adults globally, but is more
predominant in children with over half a million deaths reported each year. The leading cause
of this disease is rotavirus, which accounts for 38% of all hospitalised cases. There has,
however, been a significant decrease in the number of deaths associated with rotavirus
worldwide since the introduction of the two vaccines, Rotarix® and RotaTeq®. A large
number of cases are therefore either associated with other viruses, such as norovirus, Aichi
virus (Ai1V) or Saffold virus (SAFV), or are of unknown aetiology. This study thus aims to
develop techniques for the identification of viruses associated with gastroenteritis. Theiler’s
murine encephalomyelitis virus (TMEV) was used to develop the sample preparation,
transmission electron microscopy and RT-PCR techniques used in this study. This virus was
chosen as a replication system using baby hamster kidney cells can be used to create high
concentrations of viral particles from which RNA can be extracted preventing the waste of
the limited samples. The virus particles are also similar in size and morphology to the viruses
to be identified in this study, as it belongs to the same family. After sample preparation, TEM
analysis showed the presence of small, round, non-enveloped virus particles in the TMEV
sample. Due to the low concentration of virus particles, PEG precipitation was performed
using both 0.15 M and 0.25 M NaCl and 8% (w/v) PEG 6000. TEM analysis then showed an
increase in viral particle concentration, with the highest concentration observed at 0.25 M
NaCl and 8% PEG 6000. RNA was successfully extracted and RT-PCR assays were
performed for both the VP1 and 2B coding regions of TMEV. A method for creating a
positive control for the RT-PCR assay was developed by the in vifro transcription of RNA
from pTMEV, which contains the cDNA of TMEV. The RNA was then used as the template
for the 2B two-step RT-PCR assay. A product of 412 bp was successfully amplified from the
in vitro transcribed RNA and the sensitivity of the RT-PCR assay was determined. Using a
Norovirus GII positive stool sample provided by Maureen Taylor, a nested RT-PCR assay
was developed for the NoV GII N/S domain using a previously-published primer set and
cycling parameters. A 342 bp product was successfully amplified from the RNA extracted
from the stool sample and cloned into pGEM®-T Easy to produce pNoVGIL Using the
plasmid containing the AiV 5’UTR and the PCR amplicon for AiV 3CD, RT-PCR assays
were developed for A1V S’UTR and partial 3CD. The RT-PCR assays produced a 1008 bp
product for AiV S’UTR and 266 bp for AiV 3CD, which were cloned into pGEM®-T Easy to
produce pAiVS’UTR and pAiV3CD, respectively. Using in vitro transcribed RNA from



pNoVGIL pAiV5S'UTR, pAiV3CD and pSAFV, which contains the SAFV c¢cDNA, positive
controls were developed for the RT-PCR assays for NoV GII, AiV 5’UTR, AiV 3CD and
SAFV 2C. The sensitivity of these assays was determined. The samples chosen for this study
include wastewater collected from the Belmont Valley water treatment plant, oysters
suspected to be infected with viruses collected from Port Elizabeth, South Africa and 30 stool
samples from symptomatic patients. With the methods developed using TMEV, the
wastewater, oysters and 30 stool samples were filter-sterilised, concentrated and screened by
TEM. All samples showed the presence of virus particles. RNA was successfully extracted
and the wastewater, oyster and 30 stool samples were screened for NoV GII using the NoV
GII RT-PCR assay. The wastewater, oysters and 11 of the stool samples produced the 342 bp
NoV GII PCR product and BLAST analysis determined the nucleotide sequences to be NoV
GIL4. This shows that this study was able to develop sample preparation techniques and
TEM analysis for selected samples and RT-PCR assays for NoV GII, AiV and SAFV. The
NoV GII RT-PCR assay was successfully used for the screening of the wastewater, oysters
and 30 stool samples for NoV GIL Due to the high number of gastroenteritis cases with
unknown aetiology in South Africa, the development of techniques for the identification of
NoV, A1V, SAFV and other viruses is very important. The identification of these viruses will

allow for better surveillance, treatment and prevention of gastroenteritis in South Africa.
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Chapter 1: Literature Review

1.1 An Overview of Gastroenteritis

Gastroenteritis is a common, yet potentially serious, disease affecting many people
worldwide. It is one of the leading causes of morbidity and mortality in developing and first
world countries alike. This disease affects both adults and children but is more predominant
in young children and the elderly. The World Health Organization (WHO) reported over
6280 000 deaths in children under the age of five years during 2013 and diarrhoeal disease
accounted for 9% of these (WHO, 2015).

Acute gastroenteritis is a diarrhoeic disease often caused by the ingestion of food or water
which is contaminated by an infectious organism, virus or toxin (Bennett, 1998).
Gastroenteritis may also occur by the infection with a pathogen through the faecal-oral route,
as is often the case with viruses (reviewed by Wilhelmi ef al., 2003). The pathogen causes the
inflammation of the mucosa of the stomach and/or the small intestines. The inflammation is
caused by the invasion of the epithelial cells by the pathogen which results in cell death or by
the production of an enterotoxin which may inhibit cell function or result in cell death. The
dead cells are replaced by new, immature cells which cannot perform their function
adequately which results in the malabsorption of fluids and essential nutrients resulting in
diarrhoea (Bennett, 1998). Other symptoms of this disease include vomiting, fever,
abdominal pain, dehydration, abdominal cramps and bloating. In severe cases blood may be

present in the stool or vomit.

In most cases, gastroenteritis is non-fatal and will often resolve itself within 3 days (Bennett,
1998). Recovery is aided by rehydration with fluids which contain glucose and electrolytes.
Treatment is seldom required and is often limited to the symptoms rather than the cause of
the disease. Severe gastroenteritis may, however, result in the hospitalisation of the patient,

and could be fatal.



1.2 Causative Agents

Pathogens which are associated with gastroenteritis include many bacteria, parasites and
viruses. Protozoan parasites are rare causative agents of this disease as they are generally
unable to survive the pH conditions of the stomach (Verweij et al., 2004; Bennett, 1998). The
most common parasites which cause gastroenteritis are Giardia lamblia, Cryptosporidium
and Entamoeba histolytica (lyaloo et al., 2015; Verweij et al., 2004; Bennett, 1998). G.
lamblia is thought to be one of the main causative agents of non-viral gastroenteritis, as
infections with this pathogen are common. E. histolytica is the cause of amoebic colitis,
amoebic dysentery and amoebic liver abscess, resulting in 100 000 deaths annually.
Cryptosporidium parvum has been recognized as the cause of large water- and food-borne
outbreaks of gastroenteritis and is a fairly common infection in patients with Acquired
Immune Deficiency Syndrome (AIDS). Isospora belli is an opportunistic parasite, which
causes an infection in immune-compromised hosts. This parasite is very common in patients
with Human Immunodeficiency Virus (HIV) (Kumar et al.,, 2015; Ghadage et al., 2014;

Verweij et al., 2004). Protozoan parasite infections occur worldwide.

Bacterial gastroenteritis is caused by bacteria or a toxin produced by a bacterium (Bennett
1998). Both food and water supplies can be contaminated. Once the bacteria has been
ingested, they may cause gastroenteritis by attaching to the intestinal epithelium where they
produce a toxin which damages the cells or the bacterium may invade the mucosal cells and
destroy them resulting in bloody diarrhoea with fever and abdominal pain (dysentery)
(Bennett, 1998). Bacterial gastroenteritis may be caused by the following bacteria:
Staphylococcus aureus, Bacillus cereus, Escherichia coli, Campylobacter jejuni, Salmonella
spp, Shigella spp, Vibro spp and others (lyaloo et al., 2015; Bennet, 1998). Salmonella, S.

aureus, B. cereus and E. coli are discussed below.

Salmonella is the leading cause of bacterial gastroenteritis and affects people of all ages
(WHO, 2016; Majowicz et al., 2010). S. typhi is responsible for typhoid fever and infection
occurs through the consumption of contaminated water (Rahman, 2012). Other Salmonella
spp are responsible for  Salmonellosis. This disease is caused by the ingestion of
contaminated food, in particular poultry, or through person-to-person contact via the faecal-

oral route. Symptoms occur 6-72 hours after ingestion of the bacteria and they include fever,



abdominal pain, diarrhoea, nausea and vomiting (WHO, 2016; Rahman, 2012). The illness
will generally resolve itself in 2 to 7 days and treatment is often limited to electrolyte
replacement and rehydration (WHO, 2016). In severe cases and immuno-susceptible patients,
such as infants and the elderly, antimicrobial treatment may be used. The bacteria invade the
hosts epithelial cells and hide in vacuoles where they replicate. The bacteria are released from

the cells through cell death resulting in diarrhoea.

Staphylococcus aureus and Bacillus cereus cause a mild form of gastroenteritis, which
normally resolves itself within 24-48 hours (reviewed by Dinges et al., 2000; Bennett, 1998;
reviewed by Granum and Lund, 1997). These bacteria will produce toxins after an incubation
period of one to six hours. S. aureus produces many toxins, but pyrogenic toxin superantigens
(PTSAgs) are the toxins responsible for gastroenteritis (reviewed by Dinges et al., 2000).
These toxins cause gastroenteritis by causing lesions and the inflammation of the
gastrointestinal tract. B. cereus produces enterotoxins which cause the accumulation of

liquids in the intestines resulting in watery diarrhoea (reviewed by Granum and Lund, 1997).

E. coli strains are commonly found in the intestinal tract and are generally non-pathogenic
(reviewed by Besser, 1999; Bennett, 1998). Some strains have, however, become pathogenic
by acquiring virulence factors from other bacteria for example the enterohemorrhagic E. coli
strains which have acquired the shiga toxin from Shigella dysenteriae (Lim et al., 2010;
reviewed by Besser, 1999). The toxins are known as Shiga toxins because of the essentially-
identical structure of Shiga toxin 1 (Stx 1) to the Shiga toxin produced by S. dysenteriae type
1. These strains of E. coli are responsible for causing haemorrhagic colitis (bloody diarrhoea)
and haemolytic uremic syndrome as the toxin often destroys the intestinal epithelial cells
(Lim et al., 2010). E. coli O157:H7 is one of the most important enterohemorrhagic E. coli
strains as, while the infection rates are lower than other pathogenic bacteria, the
hospitalisation and fatality rate is much higher than Salmonella and Campylobacter spp. Most
infections with E. coli 0157 present with non-bloody diarrhoea and will resolve themselves
(Lim et al., 2010). Several patients, children and the elderly in particular, will develop bloody
diarrhoea and of these 5-10 % will develop haemolytic uremic syndrome, sequelae or

thrombocytopenic purpura. This bacteria is transmitted through the consumption of



contaminated food or water, or through person-to-person contact and the faecal-oral route

(Lim et al., 2010).

While bacteria and parasites are a common cause of gastroenteritis, viral pathogens are the
leading cause of this disease. The leading viral pathogens and viruses commonly associated
with viral gastroenteritis are discussed in the next section along with novel viruses associated

with this disease.

1.3 Viral Pathogens

Viruses are some of the most important pathogens associated with acute gastroenteritis. The
first identification of viruses as a causative agent of this disease was described by Kapikian
and colleagues in 1972, where Norwalk virus was found in faecal matter after a recent
outbreak of diarrhoea (Kapikian ef al., 1972). Over the next few years rotavirus, astrovirus
and enteric adenovirus were all identified in association with gastroenteritis. Since their
initial identification, a number of viruses have been found in association with this disease in
humans including rotavirus, caliciviruses and picornaviruses such as enterovirus, coxsackie
virus group A and B, human parechovirus, Saffold virus (SAFV) and Aichi virus (AiV).
Enteric adenovirus, astrovirus, Picobirnavirus, and coronaviruses, such as Torovirus and
Coronavirus, have also been associated with gastroenteritis in humans (Knowles ef al., 2012,

reviewed by Wilhelmi ef al., 2003).

Of the viruses associated with gastroenteritis, rotavirus (Reoviridae) and norovirus (NoV)
(Caliciviridae) are the two leading causes of the disease (Esposito ef al., 2013, reviewed by
Bernstein, 2009; reviewed by Wilhelmi ef al., 2003). Rotavirus is mainly limited to, and is
the leading cause of this disease in, children under the age of 5 years. NoV affects all age
groups, but mainly the young and the elderly and is the leading cause of community-acquired
gastroenteritis, causing frequent outbreaks in nursing homes and hospitals (Esposito et al.,

2013; reviewed by Bernstein, 2009; Ferson et al., 2000).

Other viruses associated with acute infantile gastroenteritis include adenovirus

(Adenoviridae), astrovirus (Astroviridae) and picornaviruses (Picornaviridae) (reviewed by



Wilhelmi ef al., 2003). Adenovirus commonly infects children and may cause respiratory or
gastrointestinal symptoms (Russell, 2000; Doefler, 1996). Astrovirus causes diarrhoea in
children either on its own or as part of a mixed infection with other viruses associated with

this disease (Bosch ez al., 2014).

Picornaviruses are an important family of viruses associated with this disease (reviewed by
Wilhelmi et al, 2003). The more commonly known picornaviruses, which are causative
agents of this disease, include coxsackie virus group A and B (genus FEnterovirus),
enterovirus (genus Enferovirus) and echovirus (genus Enterovirus) but in the past few years,
several newer viruses have been associated with the disease. These viruses include SAFV
(SAFV) (genus Cardiovirus) and common stool-associated virus (Cosavirus) (genus
Cosavirus) (Holtz et al., 2008; Jones, 2007). But one of the most important picornaviruses to
cause gastroenteritis is AiV (genus Kobuvirus) as the prevalence of this virus has increased in
the past few years (Reuter ef al., 2009; Oh et al., 2006, Yamashita et al., 1991). The biology

of rotavirus, NoV, picornaviruses, adenovirus and astrovirus are discussed below.

1.3.1 Rotavirus

Rotavirus is the leading cause of severe infantile gastroenteritis, causing approximately 215
000 (37%) of all deaths, due to gastroenteritis, in children under the age of 5 years in 2013
and accounts for an average of 38% of hospitalised cases in 2012 (Tate ef al., 2016; WHO,
2013) This virus mainly infects children under the age of 5 years, particularly those 6 to 36
months, but may also infect the elderly (reviewed by Midthun and Kapikian, 1996). This
virus occurs worldwide with the highest death rates found in the following developing
countries: India, Nigeria, Afghanistan and Democratic Republic of Congo, which account for

approximately 49% of all rotavirus death, as shown in Figure 1.1 below.



Figure 1.1: Map showing the estimated global distribution of 215 000 deaths associated with
rotavirus infections in 2013. 1 dot represents 100 deaths (Tate er al., 2016).

Rotavirus belongs to the family Reoviridae. The virion is approximately 70 nm in diameter
and spherical in shape with a distinctive double capsid as shown in Figure 1.2 (reviewed by
Knox ef al., 2012; reviewed by Dennehy, 2008). The genome is encapsulated in the inner
capsid and consists of 11 double-stranded RNA segments, which encode six structural and six
non-structural proteins (Matthijnssens et al., 2009). The six structural proteins are as follows:
VP1, VP2 and VP3 are the core proteins, VP6 is the inner capsid protein and VP4 and VP7
are the outer capsid proteins. VP4, VP6 and VP7 are important in determining the antigenic
specificities, group, subgroup and serotype, of rotavirus. VP6 is responsible for determining

the group specificity and also mediates the subgroup specificity.

Figure 1.2: A schematic diagram of the rotavirus viral particle. Three protein layers enclose the
11 segments of dsDNA. VP4 and VP7 form part of the outer capsid and are neutralization antigens
and mediate the P and G serotypes. VP6 forms the inner capsid while VP1, VP3 and VP2 form the
internal core (adapted from Dennchy, 2008).



The Rotavirus genus contains 7 serogroups (Group A-G). Human rotaviruses belong to
serogroups A, B, and C; with the most epidemiologically important human and animal
rotaviruses belonging to rotavirus group A (reviewed by Knox ef al., 2012; Knowles ef al.,
2012; reviewed by Midthun and Kapikian, 1996). Rotavirus group B and C infections occur
in both adults and children, but the detection rates of these viruses remain low. Therefore, the
role of these viruses in diarrhoeal disease is not fully known (Rahman ef al., 2005; Anderson
and Weber, 2004; Sanekata ef al., 2003). Studies have shown that rotavirus group B is
limited to Asian and Indian continent. Rotavirus group B and C are not detected by the

rotavirus group A ELISA (Anderson and Weber, 2004).

Classification of rotavirus is currently achieved by the serotyping of VP6, sero- and
genotyping of VP4 and VP7 and analysis of the amino acids of Non-Structural Protein 4
(NSP4). Group A rotavirus is divided into subgroup I and II specificities using VP6, although
some viruses contain both or neither specificities. VP4 (P) and VP7 (G) mediate genotype
and serotype specificity. There are currently 15 G genotypes (14 G serotypes), and 27 P
genotypes (14 P serotypes). Of these 11 G and 12 P serotypes have been found in association
with human rotavirus infections (Matthijnssens e al., 2009). There are four groups which are
the most common serotypes in human infections; these are P8G1, P4G2, P8G3 and P8G4
(reviewed by Dennehy, 2008).

In recent years, a new classification system of rotavirus has been proposed due to the lack of
immunological reagents in many laboratories as well as the cross-reactivity of some of the
serotypes (Matthijnssens ef al., 2009). This system involves the analysis of all 11 segments of
the dsRNA, allowing for the classification of rotavirus using VP1 to VP3, VP4, VP6, VP7
and NSP1-NSP5. As this system uses nucleotide sequences, higher cut off values can be used
allowing for greater identification of distinct rotaviruses genotypes and better analysis of the

trends of rotavirus infections in humans and other animals (Matthijnssens ez al., 2009).

Rotavirus causes disease after a 1-3 day incubation period (reviewed by Bernstein, 2009;
reviewed by Midthun and Kapikian, 1996). The virus replicates in the villus tip epithelial
cells of the small intestines and the infection results in cell death. New, immature cells are

promoted to replace the dead cells. These new cells are inefficient in absorption, resulting in



osmotic diarrhoea and dehydration. Rotavirus is transmitted through the faecal-oral route,
and an infection sheds large numbers of virions during a diarrhoea episode. This allows for a

high transmission rate.

Due to the severity of rotavirus infections, several vaccines have been developed and tested
using live attenuated bovine and rhesus strains of rotavirus as well as human-bovine
assortment virus vaccines (reviewed by Dennehy, 2008). Two vaccines are currently in use;
these are Rotarix® (GlaxoSmithKline Biologicals, Belgium) and RotaTeq® (Merk, USA).
Rotarix® uses a live attenuated virus vaccine while RotaTeq® uses a human-bovine
assortment virus. The Rotarix® and RotaTeq® vaccines are administered orally to babies as
follows: Rotarix® is administered in two doses, at two and four months while RotaTeq® is
administered in three doses at two, four and six months. The vaccines are administered to
lessen the severity of the disease rather than to eliminate the disease entirely as there are a

large number of seasonal variations between strains (reviewed by Dennehy, 2008).

Routine vaccination with Rotarix® was started in 2004 in Mexico and the Dominican
Republic and by 2007 over 90 countries were licensing Rotarix® for the routine vaccination
of infants (reviewed by Dennehy, 2008). Vaccination with RotaTeq® was started in the USA
in 2006 and over 100 countries applied for licensing of this vaccine during 2007. In South
Africa and the UK, routine vaccination with Rotarix® was started in 2009 and 2013
respectively (National Health Service, 2013b; Cohen ef al, 2010; reviewed by Dennehy,
2008) Since the implementation of routine vaccination, industrialised countries report an
efficacy of 80-98% of the vaccines while developing countries report an efficacy of 39-77%,
thus showing a decrease in the burden of disease of rotavirus worldwide (Tshangela et al.,

2012).

1.3.2 Norovirus

NoV is one of the leading causes of acute gastroenteritis worldwide with up to 21 million
cases reported in the United States each year (Centre for Disease Control and Prevention,
2013). This virus affects people of all ages, but the more severe infections are mainly found
in children under the age of 5 years and the elderly, with over 200 000 deaths worldwide

reported in children annually (Centre for Disease Control and Prevention, 2013). This virus

8



is commonly associated with outbreaks of gastroenteritis in community environments such as
hospitals, child care facilities and nursing homes. The virus infections in these environments
may be so severe that the facility or wards may have to be closed down (National Health

Service, 2013a).

The virus belongs to the family Caliciveridae, which are small (27 - 40 nm in diameter), non-
enveloped, icosahedral viruses which have a positive-sense, single-stranded RNA genome as
shown in Figure 1.3 (A) (reviewed by Robilotti ef al., 2015; Green, 2007). The family
contains four genera, Norovirus, Saprovirus, Lagovirus and Vesivirus. Human caliciviruses
belong to the Norovirus and the Saprovirus genera, both of which contain viruses associated
with gastroenteritis (reviewed by Robilotti ef al, 2015). The Norovirus genus is further
divided into five genogroups, GI — GV. Of these GI, GII and GIV contain the human
noroviruses. Currently, the GIL.4 strains are the leading cause of NoV outbreaks worldwide

(Zakikhany et al., 2012; Green, 2007).

The NoV genome is a single strand of RNA approximately 7.5 kb in length which encodes
three open reading frames (ORF’s), as shown in Figure 1.3 (B) below. ORF1 encodes a
polyprotein which is cleaved to form six non-structural proteins including a 3C-like protein
and the RNA-dependent RNA polymerase (RdRp) (reviewed by Robilotti ez al., 2015; Green,
2007). ORF 2 and 3 encode the major structural protein VP1 a minor structural protein VP2.
The VP1 protein is folded into two dominant domains: the shell (S) domain and the
protruding (P) domain; with a third domain found at the N-terminal of VP1 (10-49 amino
acids). The P domain consists of two sub-domains P1 and P2. The N/S domain junction is

frequently used for the identification and genotyping of NoV.



Figure 1.3: Schematic diagram of the Calicivirus (A): virus particle and (B): genome structure.
OREF 1 encodes for six non-structural proteins while ORF 2 and ORF 3 encode for the capsid proteins
VP1 and VP2 (adapted from Donaldson ez al., 2010).

NoV infections result from the ingestion of contaminated food or water, or by person-to-
person contact. After the initial infection, there is a 24 - 48 hour incubation period and a
typical infection lasts between one and three days (reviewed by Robilotti ef al, 2015; Le
Pendu ef al., 2006). NoV infections cause vomiting, diarrhoea, stomach cramps, mild fever
and nausea. These viruses infect the epithelium of the proximal small intestines, where they
cause blunting of the villi, resulting in a decrease in the absorptive surface of the epithelium.
The contaminated food and water sources, from which NoV has been isolated, include
wastewater, sewage-polluted water sources and shellfish, such as oysters and mussels (da
Silva et al., 2007, Loisy ef al., 2005). This group of viruses have been found on their own or
as part of a mixed infection with other viruses associated with gastroenteritis including

astrovirus (Le Guyader ef al., 2008).

Although NoV is the leading cause of gastroenteritis worldwide, there is limited surveillance
of this virus (Centre for Disease Control and Prevention, 2013). Surveillance is limited as
many cases are not reported, either because the patients do not receive medical attention or
because medical practitioners do not have the facilities to test for NoV, and hence only treat
the symptoms. Much of the surveillance which is performed comes from the outbreaks of
NoV which occur throughout the year. While there is no vaccine currently available, a
GIL.1/GIL4 bivalent vaccine is undergoing clinical trials. This bivalent vaccine contains 50 pg

Norwalk virus (GI.1) virus-like particles (VLP's) and 50 pg GI1.4 VLP's developed using the
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consensus amino acid residues of three capsid protein sequences. The VLP's were produced

in a baculovirus expression system (Bernstein et al., 2015; Esposito et al., 2013).

1.3.3 Picornaviridae

Picornaviruses belong to the family Picornaviridae. There are 29 genera in this family,
including the recently-added Cosavirus genus (International Committee on Taxonomy of
Viruses (ICTV) (ICTV, 2014; Racaniello, 2007). The family contains many important human
and animal pathogens including foot-and-mouth disease virus, poliovirus and hepatitis A
virus. Table 1.1 shows several of the genera belonging to the family along with examples of

species within the genera.

Table 1.1: Selected Genera and Species of the Picornaviridae Family (ICTV, 2014).
Family Genus E.g. Species
Aphthovirus Foot-and-Mouth Disease Virus (FMDV)
Encephalomyocarditis Virus (EMCV)

Theiler’s Murine Encephalomyelitis Virus (TMEV)

Cardiovirus
Vilyuisk Human Encephalomyelitis Virus (VHEV)
Saffold Virus (SAFV)
Enteroviruses
Picornaviridae Poliovirus
Enterovirus
Echovirus
Rhinovirus
Hepatovirus Hepatitis A Virus
Aichi Virus
Kobuvirus
Bovine Kobuvirus
Parechovirus Human Parechovirus
Cosavirus Human Cosavirus A
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Picornaviruses are non-enveloped, icosahedra viruses with a diameter of approximately 30
nm, Figure 1.4 (A). The genome is a single-stranded positive sense RNA molecule
approximately 8-9 kb in size, encoding a single polyprotein which is cleaved to form several
viral proteins, Figure 1.4 (B). These proteins either form part of the capsid or are involved in
genome replication (Racaniello, 2007). The genome encodes 4 structural proteins, VP1-4
which form the capsid of the virus, and 8 replication proteins including 2B, which is involved
with the altering of the host Golgi and endoplasmic reticulum (ER) membranes which results
in the formation of virus-vesicles, as well as a change in the permeability of the plasma

membrane which, in turn, results in cell lyses (Racaniello, 2007).

Figure 1.4 (A): A schematic diagram of a picornavirus viral particle. (B) A schematic diagram
of the picornavirus polyprotein, and post translational processing. P1 encodes the structural
proteins of the viral capsid (blue), while P2 (purple) and P3 (red) encode the replication proteins,
including 2B (adapted from www.viralzone.expasy.org).
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There are several viruses within this family that are associated with gastroenteritis, the most
common of which are the Enferoviruses, including enteroviruses, coxsackie viruses groups A
and B, and echoviruses (Griffin ef al, 2003). In recent years several new viruses have,
however, been associated with gastroenteritis. These include SAFV (Cardiovirus), Cosavirus
(Cosavirus) and AiV (Kobuvirus). AiV was mainly associated with oyster-associated
gastroenteritis, but is now considered a serious pathogen of gastroenteritis (Holtz ef al.,

2008; Jones ef al., 2007; Oh et al., 2006).

1.3.3.1 Enteroviruses

Enteroviruses, such as coxsackie viruses group A and B and echovirus, are responsible for
10-15 million infections per year in the United States; a large number of these my result in
gastroenteritis (Centre for Disease Control and Prevention, 2013). Most infections occur in
children under the age of 10 years. These viruses are transmitted through the faecal-oral route
and an infection may occur after the consumption of contaminated food or water, or through
person-to-person contact. These viruses have been commonly found in water sources such as
rivers, dams and bore-holes, are very stable in the environment and may survive wastewater
treatment (Ehlers ef al, 2005; Formiga-Cruz ef al., 2005; Fuhrman et al, 2005). Most
infections are asymptomatic or result in a mild illness; however some cases result in a serious

or fatal infection.

1.3.3.2 Cosavirus

In 2008, Cosavirus was isolated from stool samples taken from children with acute flaccid
paralysis (AFP) and diarrhoea (Holtz ef al., 2008; Kapoor ef al., 2008). This novel virus was
found to be closely related to Cardioviruses but was significantly divergent in the amino acid
sequence; therefore it was classified as a new genus in the Picornaviridae. Cosavirus has
been identified in South Asia, Pakistan, Afghanistan, the United Kingdom and the United
States, in healthy children as well as those with AFP (Blinkova ef al, 2008). To date, the

ecological role and pathogenesis of Cosavirus is unknown.

1.3.3.3 Cardioviruses and Saffold Virus
Cardioviruses have, until recently, been associated with rodents. Members of this genus

include Encephalomyocarditis virus (EMCV) and Theiler’s murine encephalomyelitis virus
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(TMEYV). These viruses infect and replicate in cells of the gastrointestinal tract of rodents and
may cause mild or severe enteric illnesses (Racaniello, 2007). In the case of TMEV there are
two species, one of which is highly neurovirulent. The other is low-neurovirulent or
persistent (Oleszak ef al., 2004; Lipton et al., 1998). There are two strains belonging to each
species: GDVII and FA strains belong to the neurovirulent species while BeAn and DA
belong to the low-neurovirulent species (Oleszak er al., 2004). The neurovirulent strains
cause a rapidly-fatal encephalitis in mice but do not persist in the animal while the less-
virulent strains are less fatal and are able to persist in the central nervous systems (Lipton et
al., 1998). The low-neurovirulent strains have been widely studied as they serve as a model
for multiple sclerosis (Oleszak ef al, 2004; Lipton et al., 1998). TMEV GDVII, which is
highly neurovirulent, has also been widely characterized (Oleszak ef al., 2004; Lipton et al.,

1998).

The first human cardiovirus to be isolated was Vilyuisk human encephalomyelitis virus
(VHEYV) (reviewed by Lipton, 2008). Identified over 50 years ago, this virus is restricted to

the Yakuts people of Siberia as it has not been found elsewhere in the world.

In 2007 a new human cardiovirus, SAFV, was identified and classified in the Cardiovirus
genus (reviewed by Knox ef al., 2012; Jones et al., 2007). SAFV was isolated from the stool
sample collected in 1981 from a child displaying a fever of unknown origin. Electron
microscopy showed viral particles of 28 to 30 nm in diameter and molecular and
phylogenetic analysis showed this virus to be closely related to TMEV. SAFV has been
isolated from many countries around the world, including Germany, America, Canada, Japan
and Brazil. It has been isolated from clinical samples collected from patients suffering with
several diseases including respiratory symptoms, influenza-like illnesses, non-polio AFP, as
well as patients with no overt neurological symptoms of AFP, but most commonly
gastroenteritis (reviewed by Knox ef al, 2012; Blinkova ef al., 2009; Zoll et al., 2009).
Transmission electron microscopy (TEM) analysis and reverse transcriptase-polymerase
chain reaction (RT-PCR) assays are used for the identification of SAFV from clinical
samples and phylogenetic analysis of the VP1 and VP2 regions have shown the presence of
eleven genotypes for SAFV (Naeem ef al, 2014). SAFV has been detected in low
frequencies ranging from 0.5% - 3% globally, but in Afghanistan and Pakistan higher
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incidences of 10% - 12% have been reported (Blinkova ez al., 2009). The aetiological role of

SAFV and its association with gastroenteritis is, however, unknown.

1.3.3.4 Aichi Virus

A1V was first isolated from the Aichi region in Japan in 1989 where it was thought to be a
likely cause of an oyster-associated non-bacterial diarrhoeal case (Oh ef al., 2006; Yamashita
et al, 1991). After it was first detected, A1V was found in many stool samples from
gastroenteritis outbreaks in Japan and tourists returning from Southeast Asia (Oh ef al., 2006;
Yamashita et al, 1995; Yamashita et al, 1993). In recent years, however, AiV has been
isolated from many countries around the world including Japan, Pakistan, Germany, Hungry,
Vietnam, Thailand, France and Tunisia; and shows a high prevalence in many of these
countries (Chang et al., 2013; Lodder ef al., 2013, reviewed by Knox ef al., 2012, Pham et
al., 2007; Yamashita ez al., 1995; Yamashita ef al., 1993).

A1V was first identified using transmission electron microscopy and enzyme-linked
immunosorbent assays (ELISA), where small, round virus particles 30 nm in diameter were
present and caused cytopathic effects in BSC-1 cells (Oh ef al, 2006, Yamashita et al.,
1991). In 2000 a RT-PCR assay was developed for the identification of A1V from clinical
samples (Yamashita ez al,, 2000). Full-length genomes have be obtained for AiV by RNA
extraction followed by cDNA synthesis, cloning and nucleotide sequencing, allowing for

further study of A1V (Chang et al., 2013; Lodder et al., 2013; Yamashita ef al., 1998).

The genome organisation showed that this virus was part of the Picornaviridae tamily, but
the amino acid sequences only showed a 15% - 36% homology to other picornaviruses
(reviewed by Reuter ef al., 2011). One of the most noticeable differences in the organisation
of the genome of AiV is the lack of the cleavage of VP4 from VP1 resulting in three capsid
proteins, namely VPO, VP2 and VP3, as shown in Figure 1.5 below. It was therefore placed
into its own genus, Kobuvirus, which also contains bovine kobuvirus, porcine kobuvirus and
canine kobuvirus. Three genotypes have been identified in AiV to date. These are A, B and
C, where A and B have been identified in Asia and Europe and C has only been identified in
Africa (Di Martino et al., 2013; Oh et al., 2006). This classification is based on phylogenetic
analysis of the 3C/3D and VP1 nucleotide sequences.
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Figure 1.5: A schematic diagram of the AiV genome. The capsid proteins, VP0-VP3, are shown in
blue while the replication proteins, 2A-2C and 3A-3D, are shown in purple and red, respectively.
(adapted from Yamashita et al., 1998)

An infection with AiV may be non-symptomatic or may occur as a respiratory or
gastrointestinal infection, where the patient may suffer from vomiting, diarrhoea, stomach
cramps and nausea (Pham et al., 2007; Oh et al., 2006). Transmission occurs through the

ingestion of contaminated food or water or by person-to-person contact.

Several studies have shown the worldwide presence of AiV in clinical samples collected from
outbreaks from infected food sources, such as oysters and other shellfish; while other studies
have identified AiV from water sources, such as sewage and surface waters (Di Martino et
al., 2013; Lodder et al., 2013; Pham et al., 2007; Yamashita et al., 1995; Yamashita et al.,
1991). Sporadic cases of AiV have also been reported in many countries. It has been isolated
from both adults and children alike but is predominantly studied in children. Several of these
studies have shown the presence of a mixed infection with other viruses associated with

gastroenteritis, such as NoV, rotavirus and astrovirus (Pham et al., 2007, Oh et al., 2006).

Due to the worldwide presence of this virus, the high numbers of mono-infections of AiV and
the ability to cause infections through person-to-person contact, AiV is now considered an
important pathogen in human disease. While there are many studies which have identified the
epidemiological relevance of this virus, and are continuing to do so, there is limited

knowledge on the pathogenesis of this virus.

1.3.4 Adenovirus

Adenovirus was first isolated in the 1950's and has since been found to cause a variety of

diseases, including respiratory and gastrointestinal infections, in humans as well as other
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animals (Russell, et al., 2000). These viruses are large (70 - 100 nm), non-enveloped,
icosahedral viruses with a non-segmented, linear double-stranded DNA genome. The viral
capsid consist of 3 major proteins, 5 minor proteins and 3 proteins which associate with the
viral DNA in the core of the plasmid, as shown in Figure 1.6 below (Nemerow et al., 2012;
Russell, 2000; Doerfler, 1996). The 3 major proteins constitute 252 capsomers, 12 of these
are pentons (protein I11), with a slender projection called a fibre (protein 1V), which occur on
the 12 vertices of the icosahedron. The edges and 20 faces of the icosahedron are made up of
240 capsomers called hexons (protein II). The minor proteins are Illa, VI, VIII and IX
(Nemerow et al., 2012; Russell, 2000). Protein VII is intimately associated with the DNA
genome as well as a minor protein called mu to form a DNA-protein complex which is linked

to protein VI of the capsid by protein V.

Figure 1.6: A schematic diagram of an adenovirus viral particle (Adapted from Russell, 2000).

These viruses belongs to the family Adenoviridae (Doefler, 1996). There are 5 genera within
this family, Atadenovirus, Aviadenovirus, Ichtadenovirus, Mastadenovirus and Siadenovirus.
Since their first identification, 57 types have been observed in humans. These viruses belong

to the Atadenovirus and Mastadenovirus genera, and are further classified into 7 species (A-
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G). Of the 57 serotypes, 40 and 41, which belong to group F, are most commonly associated

with gastroenteritis (Russell, 2000; Doerfler, 1996).

Infection with adenovirus occurs through contact with the conjunctiva, aerosolised droplets,
infected tissue and blood or, in the case of gastroenteritis, the faecal-oral route (Doerfler,
1996). This virus mainly infects children under the age of 5 and most infections are
asymptomatic. Symptoms of gastroenteritis caused by adenovirus include fever, headache,
vomiting, loss of appetite, fainting, stomach cramps, dehydration and watery diarrhoea.

Symptoms may last for up to a week but will often resolve themselves (Doerfler, 1996).

1.3.5 Astrovirus

Astroviruses are small (28-41 nm in diameter), non-enveloped, icosahedra viruses, with a 5 to
6 star-like shape when observed with electron microscopy (Arias and DuBois, 2017; Bosch et
al., 2014). These viruses belong to the Astroviridae family, which contains 2 genera,
Mamastrovirus (mammals) and Avastrovirus (avian) (Bosch et al., 2014). Currently there are
22 species of astrovirus, 19 which belong to the Mamastrovirus genus and 3 which belong to

the Avastrovirus genus.

The genome consists of a 6.2-7.8 kb positive-sense single-stranded RNA molecule that
contains 3 ORFs; ORFla, ORFlb and ORF2 (Bosch et al., 2014). ORFla encodes the
polyprotein NSP1a, while ORF1b encodes the polyprotein NSP1b, both of which are cleaved
to form the non-structural proteins, including the protease, VPg and RNA dependent-RNA
polymerase. ORF2 encodes the polyprotein VP90 which is cleaved to form the capsid
proteins VP34, VP27 and VP25 (Arias and DuBois, 2017). Figure 1.7 below shows a

schematic diagram of the viral particle of astrovirus.
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While astroviruses are detected at a lower rate than norovirus and rotavirus, these viruses are
still an important virus associated with gastroenteritis (Jeong ef al., 2012). Astroviruses have
been detected in 2-16 % of diarrhoeal cases which resulted in hospitalisation in children
under the age of 5 years (Jeong et al., 2012). There are a large number of outbreaks in adults
associated with astrovirus as well as a frequent outbreaks which occur in schools and nursing

homes.

1.4 Gastroenteritis in South Africa

According to the National Institute for Communicable Diseases (NICD), gastroenteritis is
responsible for approximately 20% of child mortalities, under the age of four years, in South
Africa (reviewed by Lanata ef al., 2013). The leading cause of the disease in South Africa is
rotavirus (Cohen ef al., 2010, Steele et al., 2002).

Due to the severity of this disease, routine vaccination is performed using both Rotarix® and
RotaTeq®. Trials for vaccination were started in 2007 and in August 2009 the routine
vaccination against rotavirus was incorporated into the Extended Programme on
Immunisation in South Africa [EPI (SA)] (Cohen ef al., 2010). Rotavirus and the vaccine
Rotarix® has been monitored by the Viral Gastroenteritis Unit, NICD and the Diarrhoeal
Pathogens Research Unit, MEDUNSA since 2009. These groups monitor the number of

rotavirus-positive cases from selected hospitals around South Africa and they test for the
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presence of rotavirus using standard immunoassays, ProSpecT Rotavirus ELISA kit (Oxoid,
UK), and the GastroVir strip (Coris Bioconcept, Belgium). Since vaccination started in 2009,
rotavirus-positive cases have decreased from 48% in 2009 to 19% in 2012 but the number of
rotavirus-positive cases increased to 28% in 2013 (Page ef al., 2014; Tshangela et al., 2012).
The surveillance programme has also reported a decrease of 52% in the number of diarrhoeal
cases from 2009-2013 (Page ef al., 2014). This leaves a large number of cases which are
caused by other pathogens, these may include bacteria, parasites and other viruses, or are of
unknown aetiology. The other viruses may include enteroviruses, such as coxsackie virus

groups A and B, and NoV.

NoV was first reported in South Africa in 1993, with the identification of GI.1 and GII.1
strains in various outbreaks, followed by the identification of GIL3 in 1995 (Wolfaardt,
1997). Since their first identification, noroviruses have been isolated from various stool
samples and water sources in South Africa. A recent study has shown a detection rate of
14.3% from hospitalised patients in the Pretoria region, with a detection of 11 strains, some
of which circulated during the same period. Of these 43% of the cases were strain GIL.4
(Mans ef al.,, 2010). This study showed that NoV has a high prevalence in South Africa, but

there is still limited data on this virus as routine testing is not performed.

While known causative agents such as rotavirus and NoV have been isolated in South Africa,
other known causative agents such as AiV have not been found. Other viruses, newly
associated with gastroenteritis, such as SAFV have yet to be isolated in South Africa. The
next section describes the techniques commonly used for the isolation and detection of

viruses.

1.5 Methods of Virus Detection

Several methods have been developed for the detection and analysis of viruses (Finkbeiner et
al., 2008; Storch, 2000). These methods include cell culture, TEM, antigen detection and

molecular methods.
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Cell culture was first used for the isolation and study of viruses in 1948 by Weller and
Enders, where they cultivated mumps in suspended cell culture (Storch, 2000). The presence
of viruses is detected in cell lines by morphological changes in the cell, known as cytopathic
effect (CPE), which is typically viewed using a light microscope. Cell culture techniques are
still used today for the identification and study of viruses because this technique allows for
the cultivation of viable isolates. Using a variety of cell lines, different viruses and
unexpected viruses can be identified from many samples allowing for the identification of
new viruses and the treatment of disease. Often TEM and other techniques are used in

conjunction with tissue culture.

TEM has been used in the detection and identification of viruses since 1938, where the
poxvirus was first identified (Storch, 2000). This technique has been used to identify many
viruses over the years, including NoV and SAFV (Jones, 2007; Kapikain ef al., 1972). Due to
the size and morphology of viruses, and the development of negative and positive stains,
rapid detection and identification of viruses from many samples, including cell culture
lysates, stool samples, urine and water samples, can be performed (Storch, 2000). New
viruses have also been identified using TEM analysis alongside other techniques, including

genome analysis.

Identification of viruses can also be achieved by antigen-detection techniques, such as
immunofluorescence (IF) and enzyme linked immunosorbent assays (Odell and Cook, 2013).
These techniques involve the detection of a viral antigen using monoclonal antibodies. In the
case of IF, the antigen is detected directly, where a fluorophore is chemically linked to the
antibody, or indirectly, where a secondary antibody linked to a fluorophore is used to detect
the primary antibody, with the use of a fluorescent microscope (Odell and Cook, 2013). The
ELISA technique identifies the presence of the viral antigen through a colour change or
fluorescent reaction (Gan and Patel, 2013). The virus is detected by the binding of the antigen
to an antibody. An enzyme is then linked to the antibody and a substrate is added to the
enzyme which results in a colour change. There are 4 types of ELISAs which can be used,
direct, indirect, sandwich and competitive (Gan and Patel, 2013). Direct ELISA involve the
adhesion of the antigen directly to a microtitre plate followed by the binding of a primary

antibody to the antigen. The enzyme which reacts with the substrate is bound directly to the
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primary antibody. Indirect ELISAs also rely on the adhesion of the antigen directly to a
microtitre plate and a primary antibody is then bound to the antigen (Gan and Patel, 2013).
An enzyme-conjugated secondary antibody is then added to the reaction and binds to the
primary antibody. The substrate is introduced to the reaction and a colour change occurs. In
the case of the sandwich ELISA, the microtitre plate is coated with a known quantity of an
antibody which will capture the antigen when added to the well (Gan and Patel, 2013). The
primary antibody, specific to that of the antigen, is added to the reaction and binds to the
antigen, sandwiching the antigen between the bound and primary antibodies. Once again the
secondary antibody, linked to the enzyme, is added to the reaction and binds to the primary
antibody and the substrate is added resulting in the colour change. The last type of ELISA is
the competitive ELISA (Gan and Patel, 2013). This reaction works by incubating the primary
antibody with the antigen, creating an antibody-antigen complex. The wells of the microtitre
plate are coated with a known quantity of the same antigen. The antibody-antigen complex
solution is then added to the microtitre plate and any free primary antibody in the sample will
bind to the antigen which is adhered to the well. Once again, a secondary antibody, linked to
the enzyme is added to the reaction followed by the substrate. However, unlike the other
ELISAs, a lack of colour change in the reaction indicates the presence of the antigen in the
sample (Gan and Patel, 2013). These techniques are useful for viruses which do not grow
particularly well in tissue culture, and are also able to yield rapid results (Gan and Patel,
2013). There are many commercially-available monoclonal antibodies (IF) and ELISA kits
for different viruses, allowing for the screening of large number of samples (Gan and Patel,
2013; Odell and Cook, 2013). These two techniques do not require viral viability, allowing

for less stringent handling methods.

Molecular methods are commonly used for the identification and detection of viruses (Storch,
2000). These methods include polymerase chain reactions (PCR) and nucleotide sequencing.
For the identification of viruses using these techniques, nucleic acids are required. Viruses
can have one of five types of genomes (Ball, 2007). The genomes can either be double-
stranded DNA, single-stranded DNA, positive-stranded RNA, negative-stranded RNA or
double-stranded RNA (Ball, 2007). These can be extracted from the viruses by using
techniques such as a phenol chloroform extraction or one if the many commercial DNA or
RNA extraction kits (Tan and Yaip, 2009). The extracted DNA or RNA can then be used as

a template for identification techniques such as PCR.
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PCR analysis, which was first developed in 1985, allows for the amplification of specific
nucleotide sequences, including viral sequences, from many samples (reviewed by Garibyan
and Avashia, 2013; Storch, 2000). PCR assays use a DNA polymerase, such as 7aq
polymerase, for the amplification of selected regions from a template DNA. The region of
DNA to be amplified is specified by primers which the DNA polymerase attaches to
(reviewed by Garibyan and Avashia, 2013). Primers are short DNA fragments which are
complimentary to part of the region of the DNA template to be amplified. The DNA
polymerase links nucleotides, complimentary to that of the DNA template, together to create
the amplicon. In order for this to take place the temperature needs to be correct for each
component to perform as required. As DNA is double stranded, the first step is to separate the
strands so the polymerase can access the single strands (reviewed by Garibyan and Avashia,
2013). This is performed at high temperatures. The second stage is the annealing of the
primers which occurs at a temperature dictated by the best annealing of the primers to the
template. The third step is the extension of the primers to form PCR products. This is
performed at the optimum temperature for the polymerase. A PCR assay is exponential and
can be used to detect a sequence from small amounts of DNA and the results are observed

through agarose gel electrophoresis (reviewed by Garibyan and Avashia, 2013).

Since the development of PCR assays, technology has advanced allowing for quantification
of results as shown through real-time PCR (qPCR) (Staggemeier et al., 2012). This technique
involves the addition of either a fluorescent probe which hybridises with a complimentary
sequence on the PCR product or the incorporation of fluorescent dyes into the double-
stranded DNA product (reviewed by Garibyan and Avashia, 2013; Staggemeier ef al., 2012).
qPCR detects and quantifies the amount of PCR product while the reaction is still running by

detecting the level of fluorescence present in the reaction (Staggemeier ef al., 2012).

While PCR and qPCR assays are great techniques for detecting sequences they require a
DNA template. For DNA viruses standard PCR and qPCR assays can be performed but
viruses which have an RNA genome require a different type of PCR assay, the reverse
transcription-PCR (RT-PCR) assay (Ozoemena ef al., 2004). RT-PCR assays use a RNA-
dependent DNA polymerase (reverse transcriptase) to synthesise a copy DNA (cDNA) of the

viral RNA genome which is used as the template for a PCR reaction (reviewed by Garibyan
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and Avashia, 2013; Ozoemena et al, 2004). This cDNA synthesis step can either be
performed in a separate reaction prior to the PCR assay (two-step RT-PCR assay) or it can
become part of the PCR reaction by the addition of the reverse transcriptase enzyme and the
RNA, instead of DNA, to the PCR mixture and the reverse transcription becomes the first
step prior to the PCR cycle (one-step RT-PCR assay) (Wacker and Godard, 2005). RT-PCR
assays are used to detect RNA viruses and RNA expression. Quantitative RT-PCR (qRT-
PCR) assays can be used to quantify the RNA present in a sample. To increase the detection
rate of sequences, nested PCR/RT-PCR assays can be performed. These involve the
amplification of a PCR product using two sets of primers (Staggemeier ef al., 2012). The first
PCR reaction is prepared as a standard reaction. The PCR product then becomes the template
for a second PCR reaction which uses a second set of primers to amplify a region within the
template (Staggemeier ef al., 2012). For the detection of multiple sequences, such as more
than one virus, a multiplex PCR/RT-PCR can be used (Staggemeier ef al., 2012; Elnifro et
al., 2000). This technique uses a number of primer sets, where each set will amplify a
different nucleotide sequence from either one virus or multiple viruses, within a PCR assay.
This technique is useful when the sample is limited as fewer reactions will need to be

performed (Elnifro e al., 2000). It is also cost effective and time saving.

PCR assays are used to detect a wide variety of viruses including NoV, adenovirus and SAFV
and the advantages include rapid detection of the viruses as the samples can be screened in
hours and viruses do not need to be propagated (reviewed by Garibyan and Avashia, 2013;
Magwalivha ef al., 2012; da Silva ef al., 2007, Jones, 2007). PCR assays can, however, only
detect viruses which are presumed to be present (reviewed by Garibyan and Avashia, 2013).
Where an unknown virus is suspected nucleotide sequencing can be used (reviewed by
Stranneheim and Lundeberg, 2012). This technique usually involves the extraction of viral
DNA or RNA followed by cloning into a vector, followed by sequencing. This technique has
been used in the identification of many viruses including SAFV, though newer, molecular

methods are being used for virus identification including metagenomics.

In recent years, metagenomics has become an important tool in the identification and study of
micro-organisms, including viruses (Finkbeiner et al, 2008; Storch, 2000). Metagenomics

utilises sequencing techniques, such as Sanger-sequencing and, more recently, next-
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generation sequencing. Many studies use Sanger-sequencing alongside the development of
clone libraries to study the viral communities present in a given environment. This is
achieved as follows: viral particles are isolated from a given sample, viral DNA or RNA is
extracted from the virus particles. In the case of RNA, cDNA is synthesised by reverse-
transcription, the DNA or cDNA is then cloned into the chosen vector (Finkbeiner ef al,,
2008, Edwards and Rohwer, 2005). Bacterial cells are then transformed, the plasmid DNA is
extracted and sequenced. Some studies have included a PCR amplification step using random
primers to increase the amount of viral DNA or cDNA present in the sample as well as
providing restriction sites which allow for better ligation of the viral DNA to the vector
(Finkbeiner et al., 2008; Edwards and Rohwer, 2005). This approach has been used for the
detection of viruses associated with diarrhoeal disease and has identified known and novel
viruses from the stool samples, but this method is very time- and labour-intensive as

hundreds, if not thousands, of clones have to be sequences (Finkbeiner ez al., 2008).

While both clone libraries and PCR assays are both useful techniques for the identification of
viruses, these techniques vary in a variety of ways. Firstly, PCR assays only require
nanograms of DNA while clone libraries require milligrams of DNA to successfully amplify
and screen for viruses (Hoseini and Sauer, 2015; Finkbeiner e al, 2008; Edwards and
Rohwer, 2005). Secondly, Clone libraries amplify the DNA in vivo inside a bacterium while
PCR amplifies it in vitro. Thirdly, clones have to be screened after isolation to ensure the
correct one is being sequences, PCR amplicons do not necessarily have to be screened if the
DNA was pure (Hoseini and Sauer, 2015). Lastly, clone libraries are very labour-intensive
and can take several days to perform these experiments from DNA extraction all to the way
to sequencing. PCR amplification of viral DNA and sequencing is less labour-intensive than

that of clone libraries and can be completed in a matter of hours.

Since the development of parallel, high-throughput sequencing technologies, such as the 454-
Life Sciences (Roche), Illlumina (Solexa) and SOLiD (Applied Bioscience), next-generation
sequencing methods have been used in metagenomic studies. Next generation sequencing is
used for the detection of known and unknown viruses as follows: viral particles are isolated
from a given sample (Bibby, 2013). The DNA or RNA viral genome is extracted from the

viral particles, cDNA is synthesised from the RNA genome by reverse transcription. The
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nucleic acids are then fragmented and sequenced (Bibby, 2013). If short fragments are
present, they can be assembled to create longer sequences. The raw and assembled sequences
are then identified through the use of a local or global alignment to known viral sequences.
These technologies allow for sequencing of the DNA or RNA extracted from a given sample
without needing to clone into a vector, decreasing the time and labour required for these
studies (Petrosino ef al., 2009; Finkbeiner ef al., 2008). These technologies can be used for
both deep sequencing, where all the viruses in a given environment can be detected and
identified, and full genome sequencing, where a single, or select few, viral genomes can be
fully sequenced. More than one sample can be sequenced at once to compare the viral
community in many samples, however the depth of these samples will be limited compared to
the sequencing of a single sample (Petrosino er al, 2009; Finkbeiner et al., 2008).
Metagenomics has been used in a wide range of studies. It has been used for the identification
of viruses in many environments, including within the human digestive system, allowing for
a greater understanding of the virome of humans (Petrosino ef al., 2009; Finkbeiner et al.,
2008). A variety of viruses have been identified using this technique including saffold virus,
cosavirus, klassevirus/salivirus, polymavirus, bufavirus, tusavirus and recovirus, all of which
have been associated with gastroenteritis (Bibby, 2013; Kapoor ef al., 2008; Jones ef al.,
2007).

1.6 Motivation

Acute infantile gastroenteritis is a serious disease worldwide and in South Africa it is
responsible for 20% of all deaths in children under the age of five years (reviewed by Lanata
et al., 2013). Rotavirus is the leading cause of this disease in South Africa. Since the start of
the rotavirus vaccination in 2009, the number of rotavirus-positive cases has decreased,
leaving a large number of cases that are caused by other pathogens, such as NoV, or are of

unknown aetiology (Page et al., 2014; Tshangela ef al., 2012).

While NoV is the second leading cause of infantile gastroenteritis there is no surveillance
program to monitor the prevalence of this virus in South Africa and no vaccine currently in
circulation (Mans ef al., 2010). There are studies which have reported the identification of
NoV strains in clinical samples, but these were limited to a specific region in the Gauteng

province of South Africa (Mans ef al.,2013; Mans et al., 2010).
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The number of gastroenteritis cases of unknown aetiology is estimated to be 40% in South
Africa (Cohen ef al., 2010). While novel viruses, such as SAFV, have been identified
worldwide, they have not been isolated in South Africa. These viruses may be the cause of
some of these cases. Other viruses which have a high prevalence of disease, such as AiV, in
many other countries have also not been identified in South Africa. The inability to identify
these viruses may be due to the techniques which are currently used for surveillance of
gastroenteritis. These techniques, such as ELISA, are often virus specific therefore would not
identify unknown viruses present in the samples (Gan and Patel, 2013). In order to identify
SAFV, AiV and other viruses which may be the cause of the disease, techniques such as
metagenomics need to be employed. The identification of these and other viruses from stool
samples from symptomatic patients where rotavirus is not present may aid in the surveillance

and treatment of this disease in South Africa.

1.7 Primary Aim and Objectives
The primary aim of the project is to develop techniques for the identification of NoV and

selected picornaviruses associated with acute infantile gastroenteritis.

The specific objectives of the project are: 1) To prepare and screen rotavirus-negative stool
samples and environmental samples by transmission electron microscopy examination for the
presence of viral particles. 2) To extract viral RNA from selected environmental and stool
samples which show the presence of virus particles following TEM analysis. 3) To develop
positive controls and RT-PCR assays for the identification of NoV, A1V and SAFV from the
selected stool and environmental samples. 4) To apply RT-PCR amplification of specific
viral sequences to identify specific viruses including SAFV, A1V and NoV from the stool and

environmental samples.

The following paragraphs describe the content of the remaining chapters.

The next chapter, Chapter 2, describes the development of the sample preparation techniques,
which include filter sterilisation, PEG 6000 precipitation and TEM analysis. As well as the
development of two-step RT-PCR assays to be used during this study. These techniques were
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developed using a known picornavirus, namely TMEV, as this virus can be replicated in
tissue culture and so is a renewable source of virus particles, unlike the samples to be

screened for selected viruses.

Chapter 3 describes the development of the positive controls and the RT-PCR assays to be
used in the identification of NoV, AiV and SAFV from the samples used in this study. The
positive controls were developed by cloning the NoV GII N/S domain and the AiV 5’UTR
and 3CD regions of the genomes into pPGEM®-T Easy. RNA was transcribed in vitro from
pNoVGIL pAiVS’UTR, pAiV3CD and pSAFV (donated by Jan Drexler). This RNA was
then used to develop the RT-PCR assays. The two-step RT-PCR assays involve the synthesis
of cDNA from the in vitro RNA followed by the amplification of selected viral sequences of
NoV GII, A1V and SAFV. These viral sequences include the N/S domain of NoV GII, the
5’UTR and 3CD of AiV and the 2C sequence of SAFV. The positive controls were
synthesised to aid in the development of the RT-PCR assays and to be used as positive
controls in the screening of selected samples for NoV, AiV and SAFV. The RT-PCR assays
were developed to allow for the screening of samples for these viruses. Screening for NoV
will allow us to determine that the techniques used in this study can be applied to the real-

world samples as AiV and SAFV have yet to be identified in South Africa.

In Chapter 4 the wastewater, oyster and clinical samples to be used in this study are
described. It also describes the filter concentration, PEG 6000 precipitation methods and
screening for the presence of viral particles using TEM. The sample preparation was
performed to concentrate virus particles and to remove any contaminants, such as bacteria,
which may interfere with downstream applications. The TEM analyses were performed to
confirm the presence and concentration of virus particles in the wastewater, oyster and

clinical samples.

Chapter 5 describes the RNA extraction and screening of the wastewater, oyster and clinical
samples for the presence of NoV using the RT-PCR assay developed in Chapter 3. This was
done to ensure NoV GII, which was expected to be present in some of the samples, could be

detected using these techniques so that these techniques could be applied to the other viruses.
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The final chapter, Chapter 6, discusses the conclusions made from the results obtained during
the study. An indication of future work than can be performed to further the study is also

discussed.

A flow diagram of the study design is shown in Figure 1.8 and Figure 1.9 below.
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Figure 1.8: Flow diagram of the study design (Chapters 1-3).
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Figure 1.9: Flow diagram of the study design (Chapters 4-6).
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Chapter 2: The Development of Sample Preparation Techniques
and RT-PCR Assays Using Theiler’s Murine Encephalomyelitis
Virus

2.1 Introduction

This chapter describes the development of methods which can be used in the identification of
selected positive-strand RNA viruses in a variety of samples, including wastewater, oyster
and clinical samples. Before conducting RT-PCR assays, it is necessary to develop methods
for sample filtration and concentration by polyethylene glycol (PEG) 6000 precipitation.
Samples then undergo screening by transmission electron microscopy before RNA extraction,

first-strand cDNA synthesis and RT-PCR using virus-specific oligonucleotides.

Due to the limited supply of samples being analysed, the methods were developed using
Theiler’s Murine Encephalomyelitis virus GDVII which can be replicated to high levels in a
Baby Hamster Kidney cell line (BHK-21) in the laboratory. TMEV belongs to the
Picornaviridae (genus: Cardiovirus) and is an appropriate model for development and
optimisation of virus isolation and identification techniques as it shares a similar genome
organisation and morphology to that of AiV and SAFV, as well as to members of the

Caliciviridae.

RT-PCR assays are sensitive, specific and commonly used to detect the presence of positive
strand viruses in a variety of samples. The primary aim of this study is to develop RT-PCR
assays for the detection of A1V and SAFV which have not been found in South Africa. As
NoV is a leading cause of viral gastroenteritis, and has been detected in wastewater and
clinical samples in South Africa, it was decided to develop RT-PCR assays to verify its
presence in the samples acquired. In order to carry out RT-PCR assays, it is necessary to
obtain viral RNA from the samples. Prior to RNA extraction samples require filter-
sterilisation to remove cell debris and other contaminants. Following filter-sterilisation, it is
important to concentrate the viral particles in the samples as, unlike viruses grown in cell
culture, they are likely to be present in low concentrations in environmental and clinical

samples.
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PEG 6000 precipitation can be used to concentrate viruses from environmental samples as
well as samples grown in cell culture. In 1963, Herbert used PEG and NaCl to precipitate
both rod-shaped small and round virus particles from plant matter (Herbert, 1963). Since this
development, many studies have isolated a variety of viruses from a wide range of
environments, including Lewis and Metcalf (1988), who developed a method using PEG
6000 to precipitate out viruses from shellfish, fresh estuarine water and water sediment
seeded with rotavirus, poliovirus and hepatitis A virus (Lewis and Metcalf, 1988). Their
results showed that PEG precipitation was able to precipitate selected samples from a variety
of sources and, when compared to a commonly-used organic flocculation method, PEG
precipitation yielded a higher percentage of virus recoveries than that of organic flocculation.
Lewis ef al. (2010) then adapted this method for the recovery of human indicator viruses

from oysters and mussels (Lewis ef al., 2010).

The remainder of this chapter describes the development of the sample preparation
techniques using TMEV GDVII as a model. These include filter concentration and PEG 6000
precipitation, the screening of infected cell lysates by TEM, viral RNA extraction and the
development of an RT-PCR assay protocol using TMEV GDVII genome-specific
oligonucleotides. The cell lysates were prepared by filter-sterilisation to remove debris and to
increase the concentration of potential viruses present in the samples. The samples were
screened by TEM before and after concentration to determine the presence of virus particles
along with their morphology. Finally a two-step RT-PCR assay, where the cDNA is
synthesised first and added to a PCR reaction, was developed for the identification of TMEV
GDVII VPI and 2B sequences in the cell lysates. This assay is applied to other samples for

the detection of specific viruses in Chapter 3.

The specific objectives for this chapter are to:

o Infect BHK-21 cells with TMEYV and prepare cell lysates.

e Develop a filter-sterilisation and concentration technique using TMEV-infected cell
lysates.

e Screen the cell lysates by TEM to determine the presence of virus particles and
their morphology.

e Develop a PEG precipitation protocol in combination with sodium chloride.
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e Develop a two-step RT-PCR assay for the detection of TMEV GDVII sequences,
with in vitro transcribed TMEV RNA serving as a positive control.

e Determine the minimum amount of RNA required for the two-step RT-PCR assays
using RNA transcribed in vitro from TMEV GDVII ¢cDNA and viral RNA from

infected lysates.

2.2 Materials and Methods

2.2.1 TMEV Sample Preparation

BHK-21 cells were kindly supplied by Martin Ryan (University of St Andrews, UK). The
cells were maintained in complete medium, Dulbecco’s modified Eagle’s medium (DMEM,
Lonza Group Ltd, Basel Switzerland) supplemented with 5% Foetal Bovine Serum (FBS,
Lonza Group Ltd, Basel Switzerland) and 1% Penicillin, Streptomycin and Fungizone (PSF,
Sigma-Aldrich, USA) in 25 cm? flasks at 37°C with 10% CO,,

For the preparation of TMEV GDVII stocks, an 80% confluent monolayer of cells was
infected with a 1 ml TMEV stock (previously prepared in the laboratory). The media was
poured off and the cells rinsed with Phosphate-Buftered Saline (PBS) [137 mM NaCl, 2.7
mM KCL, 10 mM Na;HPO4, 2 mM KH;PO4 (pH 7.4)]. The virus stock was poured onto the
cells and incubated at room temperature with shaking for 1 hr to allow for virus adsorption.
Using serum-free DMEM, the medium in the flask was made up to 10 ml and the flask was
incubated overnight at 37°C with 10% CO,. The viral stocks were then stored in 1 ml aliquots

at -80°C.

2.2.2 Filter Sterilisation and Concentration of TMEV Infected Lysates

The TMEV infected lysates were prepared by infecting BHK-21 cells with a multiplicity of
infection of 3, as determined previously in the laboratory by Lindsay Murray (Murray, 2007).
NP-40 (Sigma-Aldrich, USA) was added to the supernatant, to a final concentration of 1%,
and the supernatant was incubated with shaking at room temperature for 1 hr and centrifuged
at 4000 xg for 20 min to remove debris. The supernatant was passed through 0.25 uM syringe
filters (GVS Filtering Technology, USA) and concentrated to 2 ml using 4 ml Vivaspin
columns (Sartorius Stedim Biotech, Germany), by centrifugation at 4000 xg for

approximately 10 min; as per manufacturer’s protocol.
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2.2.3 Transmission Electron Microscopy Analysis of the TMEV Sample

Forvar carbon coated grids (Wirsam Scientific, South Africa) were prepared for TEM
analysis by placing approximately 20 pl of the TMEV sample on the grid for 1 min followed
by staining with 1% uranyl acetate for 1 min. The grids were viewed under the JOEL JEM
2100 transmission electron microscope (Physics Department, Nelson Mandela Municipality
University), images were captured with the 1000SC TEM digital camera (Gatan Inc, USA)
and analysed using Gatan Digital Micrograph imaging software version 2.1 (Gatan Inc, USA)
or the Zeiss Libra 120 transmission electron microscope (Electron Microscopy Unit, Rhodes
University). Images were captured with the Mega View G2 camera (Olympus, Germany) and

analysed with the 110 Soft Imaging System (Olympus, Germany).

2.2.4 PEG 6000 Precipitation of Virus Particles

For PEG precipitation a 50% (w/v) solution of PEG 6000 was prepared in double-distilled
water (ddH20). A second TMEV sample was prepared. This sample was used to determine
the correct sodium chloride (NaCl) concentration for PEG precipitation. The concentrated
sample was divided into two 1 ml samples and PEG 6000 was added to a final concentration
of 8% and NaCl to final concentrations of 0.15 M and 0.25 M respectively. The samples were
incubated at 4°C overnight and centrifuged at 10 000 xg for 30 min at 4°C. The pellet was
resuspended in 200 ul ddH2O. The two samples were screened by TEM as described above,
Chapter 2, section 2.2.3.

2.2.5 Viral RNA Extraction

Viral RNA was extracted from the cell lysate using the QIAamp® Viral RNA Mini Kit
(Qiagen, USA), according to manufacturer’s instructions as follows: 140 ul of the TMEV
sample was lysed by adding to 560 ul of buffer AVL containing carrier RNA and incubating
at room temperature for 10 min. The RNA was precipitated out by adding 560 ul 100%
ethanol to the solution which was then centrifuged through the QIAamp Mini column at
6000 xg for 1 min, allowing the RNA to bind to the column. The column was washed by
adding 500 pul buffer AWI1 and centrifuging at 6000 xg for 1 min. A second wash was
performed by adding 500 ul buffer AW2 and centrifuging at 12 000 xg for 3 min. The RNA
was eluted by adding 40 pl buffer AVE, incubating at room temperature for 1 min and
centrifuging at 6000 xg for 1 min. The extracted RNA was stored at -80°C until used.
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The RNA was analysed by 1% agarose gel electrophoresis in 1x Tris Acetate EDTA (TAE)
buffer [40 mM Tris (pHS8.0), 0.1% glacial acetic acid, | mM EDTA], in the presence of 0.5
ng/ml ethidium bromide. The KAPA Universal DNA Ladder (KAPA Biosystems, USA) was
used as molecular weight marker throughout the study and the DNA was mixed with 1x
loading dye (Fermentas, USA) before loading and electrophoresis was performed in 1x TAE
buffer for 30 min at 90 V. Bands were visualised using the Uvipro Chemi with the Uvipro
software (Uvitech, Cambridge, UK). The RNA concentration was measured using a

Nanodrop 2000 Spectrophotometer (Thermo Scientific, USA).

2.2.6 First-Strand cDNA Synthesis and RT-PCR Assay

First-strand cDNA was synthesised from the extracted viral RNA using the RevertAid™
Premium first-strand cDNA synthesis kit (Fermentas, USA) according to the manufacturer’s
protocol. In brief, the reaction was prepared as follows: 25 ng/ul to 50 ng/ul final
concentration RNA, 5 puM random hexamer primers, 0.5 mM dNTP mix, 1x reaction buffer,
1 pl RevertAid™ Premium enzyme mix and to 20 ul nuclease-free water. The reaction was

incubated at 25°C for 10 min, 50°C for 30 min and 85°C for 5 min to terminate the reaction.

Forward (F) and reverse (R) oligonucleotides, as shown in Figure 2.1 and Table 2.1 below,
were designed to amplify the full length coding sequence of TMEV 2B (412 bp) and VP1
(828 bp).

Figure 2.1: Schematic diagram of the VP1 and 2B forward (—) and reverse (<) oligonucleotides
and the position of binding to the VP1 and 2B coding sequences.
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Table 2.1: Forward and Reverse Oligonucleotide Sequences for TMEV 2B and VPL1.
Primer Nucleotide Sequence Binding Site Size

2B-F 5'- GGATCCCCTGTGCAGTCGGTTTTTCA -3° 4234 - 4255 bp
412 bp
2B-R 5- GTCGACTCAGTCAGGTTGCATCACAT -3’ 4626 - 6448 bp

VP1-F 5-GGATCCGGAATTGACAATGCTGAGAAG -3° 3008 - 3029 bp
828 bp
VP1-R 5- GTCGACTCACTCGAACTC -3’ 3823 - 3835 bp

RT-PCR assays were performed to amplify the full length TMEV 2B and VP1 sequences,
using a MJ Mini™ Personal Thermal Cycler (Bio-Rad, USA). In brief, 1x ready mix with
Mg (KAPA Biosystems, USA), 0.4 |iM forward and reverse primers, ~4 ng/*l final
concentration first-strand cDNA template and 9.5 |il ddH20 were mixed. Negative control
reactions were set up in the same manner except that ddH20 was used instead of the first-
strand cDNA template. The cycling parameters used for the RT-PCR reactions were as
follows: 95°C for 1 min 30s, 30 cycles of 95°C for 30s, 55°C for 45s, 72°C for 2 min and a
final elongation of 72°C for 5 min. The RT-PCR products were analysed by 1% agarose gel

electrophoresis.

2.2.7 In Vitro Transcription
In order to produce RNA for use as a positive control in RT-PCR assays, TMEV cDNA was
transcribed in vitro from pTMEV (Kindly supplied by Martin Ryan University of St

Andrews, UK). The plasmid map is shown in Figure 2.2 below.
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Figure 2.2: Schematic diagram of pTMEV. Essential features include the TMEV GDVII ¢cDNA,
lacZa and lacO promoter encoding sequence, T3 and T7 RNA polymerase promoter.

pTMEYV (Figure 2.2) is made up of the vector pBluescript SK(-) and the full genome of
TMEV GDVIL pBluescript SK(-) encodes the B-galactosidase alpha (lacZa) gene as well as
the lactose operator (lacO) promoter for which allows for blue/white screening when
selecting for the colony containing the plasmid with the insert (Agilent Technologies Inc.,
2008). The vector also encodes for ampicillin resistance allowing for the selection of colonies
containing the plasmid. Two RNA transcription promoters are present in the vector, T3 and
T7, allowing for in vitro transcription of RNA from this plasmid. A multiple cloning site is
also present, allowing for digestion of the plasmid with restriction enzymes, including Bam

HIL

pTMEV was linearised by digestion with the restriction enzyme Bam HI as follows: the
reaction was set up using ~70 ng/ul final concentration of plasmid DNA, 0.7x buffer, 3 U/ul
Bam HI restriction enzyme and sterile ddH»O to 15 pl. The reaction was incubated at 37°C
for 30 min. The digested plasmid was analysed by 1% agarose gel electrophoresis. The linear
plasmid was cleaned using the Wizard® SV gel and PCR clean-up system (Promega, USA).
In brief, the digested band was excised out of the 1% agarose gel and weighed. Membrane
Binding Solution was added at 10 pl for every 10 mg of agarose gel and the gel was
dissolved by incubating at 50°C for 10 min. The solution was transferred to an SV
Minicolumn and incubated at room temperature for 1 min. The solution was centrifuged at
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16000 xg for 1 min after which the flow through was discarded and the column was washed
with 700 pul Membrane Wash Solution. The column was centrifuged at 16000 xg for 1 min
after which the flow through was, once again, discarded. The column was washed again with
500 ul of the Membrane Wash Solution and centrifuged at 16000 xg for 5 min and the flow
through was again discarded. To elute the plasmid DNA, 50 ul of nuclease-free water was
added to the column and incubated for 1 min at room temperature followed by centrifugation
at 16000 xg for 1 min. RNA was then transcribed from the linearised plasmid using the
TranscriptAid™ T7 High Yield Transcription kit (Fermentas, USA). The in vitro RNA
transcription reaction was set up as follows: 1x transcription buffer, 1 U/ul RiboLock™
RNase inhibitor, ATP/CTP/GTP/UTP to a final concentration of 2mM, 0.02 pg/ul linearised
template DNA, 30 U/ul T7 RNA polymerase and to 50 pl ddH,O. The reaction was
incubated at 37°C for 2 hrs. The RNA was treated with DNase I (Fermentas, USA) to remove
the plasmid template. This was done by adding DNase I (final concentration 0.04 U/ul) to the
reaction mixture and incubating at 37°C for 15 min and, to inhibit the reaction, EDTA (final
concentration 0.01 M) was added and the reaction was incubated at 65°C for 10 min. The

RNA was analysed using 1% agarose gel electrophoresis.

2.2.8 First-Strand cDNA Synthesis and RT-PCR Assay from In Vitro Transcribed
RNA

First-strand cDNA was synthesised from the in vifro transcribed RNA using the RevertAid™
Premium first-strand ¢cDNA synthesis kit according to the manufacturer’s protocol as
described above, Chapter 2, section 2.2.6. The RT-PCR assay for TMEV 2B and VP1 was
carried out as described above, Chapter 2, section 2.2.6 and the RT-PCR products were

analysed by 1% agarose gel electrophoresis.

2.2.9 Sensitivity of the RT-PCR Assay

Five, 5-fold serial dilutions were prepared using the TMEYV in vitro transcribed RNA and the
concentrations were measured using the Nanodrop 2000 Spectrophotometer (Thermo
Scientific, USA). First-strand cDNA was synthesised using 1 pl of RNA (with the following
concentrations: 607.9 ng/ul, 131.8 ng/ul, 26.7 ng/ul, 6 ng/ul and 2 ng/ul) using the
RevertAid™ Premium first-strand cDNA synthesis kit. RT-PCR assays were performed for
the amplification of the coding sequences of TMEV 2B as described above, Chapter 2,

section 2.2.6, and analysed by 1% agarose gel electrophoresis.
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2.3 Results

2.3.1 Transmission Electron Microscopy

BKH-21 cells were infected with TMEV GDVII after which the cell lysates were filter
sterilised and concentrated and virus particles were precipitated with and without PEG 6000
at a NaCl concentration of 0.15 M or 0.25 M before TEM analysis. Figure 2.3 below shows
the result of the transmission electron microscopy of the TMEV sample without PEG (panels
A and B), the sample with PEG 6000 and a NaCl concentration of 0.15 M (panels C and D)
and the samples precipitated with PEG 6000 and NaCl concentration of 0.25 M (panels E and
F).

Viral particles can be seen in panels A-F in Figure 2.3. The particles are approximately 30 nm
in diameter and are icosahedral in shape. Panels A and B in Figure 2.3 show the presence of
virus particles which are bound to cellular debris, but panels C-F show minimal amounts of
cellular debris. Low numbers of virus particles were observed in the sample which was not
treated with PEG 6000, panels A and B. In panels C and D, the sample treated with PEG
6000 and 0.15 M NaCl showed a larger number of virus particles than panels A and B. In
panels E and F, the sample treated with PEG 6000 and 0.25 M NaCl, the highest number of

viral particles was observed, and many of the viral particles formed clusters.
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Figure 2.3: TEM images of the TMEV samples before and after PEG precipitation. Panel A-B:
Transmission e¢lectron micrographs of the TMEV sample without PEG 6000. Panel C-D:
Transmission electron micrographs of the TMEV sample treated with 8% PEG 6000 and 0.15 M
NaCl. Panel E-F: Transmission electron micrographs of the TMEV sample treated with 8% PEG
6000 and 0.25 M NaCl. Arrows point towards single or clusters of viral particles.

2.3.2 RNA Extraction from TMEV Particles

The next objective was to extract RNA from the TMEYV particles, treated with 8% PEG 6000
and 0.25 M NaCl. Figure 2.4 below shows the results of the RNA extraction. Two faint bands
were observed at approximately 10 000 and 4000 bp (as indicated by the upper two arrows).
The majority of the RNA was observed as a smear ranging between approximately 1200 —

500 bp in size (as indicated by the bottom-most arrow).
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Figure 2.4: Agarose gel electrophoresis of the RNA extracted from the TMEV cell lysate. Lane 1:

Kapa Universal marker; lane 2: TMEYV infected cell lysate treated with 8% PEG 6000 in the presence
of 0.25 M NaCl.

2.3.3 RT-PCR Assays for the Detection of TMEV 2B and VPI1 Sequences

A protocol for the two-step RT-PCR assay involved the synthesis of first-strand cDNA from
viral RNA followed by RT-PCR using TMEV GDVII-specific oligonucleotides. The results
of the RT-PCR assay are shown in Figure 2.5 below.

Figure 2.5: Agarose gel electrophoresis of the RT-PCR assays for TMEV 2B and VP1
performed on the RNA extracted from the TMEV sample treated with 8% PEG 6000 and
0.25M NaCl. Lane 1: Kapa Universal marker; lane 2: TMEV 2B RT-PCR; lane 3: TMEV 2B RT-
PCR negative control; lane 4: TMEV VP1 RT-PCR; lane 5: TMEV VP1 RT-PCR negative control.
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Figure 2.5 shows the results from the two-step RT-PCR assays for 2B and VP1 coding
sequence performed on the RNA extracted from the TMEV virus particles. Lanes 3 and 5
show the results of the negative controls where the template was replaced with water. As
expected, no bands were present. In lane 4 a single band was present at 828 bp which
corresponds to the TMEV VP1 coding sequence. In lane 2 a single band 412 bp in size was
present and corresponds to that of the TMEV 2B coding sequence.

2.3.4 In Vitro Transcription of RNA from pTMEV

This experiment aimed to perform an in vifro transcription of TMEV RNA from pTMEV.
This was done to allow for the development of techniques using a known virus with high
RNA concentrations. The RNA could also act as a positive control in future experiments. To
achieve this pTMEV was linearised with Bam HI followed by in vifro transcription of RNA.

The results are shown in Figure 2.6 below.

Figure 2.6: (A) Agarose gel electrophoresis of pTMEYV before and after linearization with Bam
HI. Lane 1: Kapa Universal Marker; lane 2: pTMEV before digestion with Bam HI; lane 3: pTMEV
after digestion with Bam HI. (B) Agarose gel electrophophoresis of the in vitro transcribed RNA
from the linearised pTMEV. Lane 1: RNA marker; lane 2: TMEV in vifro transcribed RNA; lane 3:
TMEYV in vitro transcribed RNA treated with DNase 1.

Figure 2.6 (A), lane 2 shows pTMEYV, 11 059 bp in size, before linearising with Bam HI
Lane 3 shows a single band of 11 059 bp, indicating the complete digestion pTMEV with
Bam HI The linear plasmid was then used as a template for in vitro transcription [Figure 2.6
(B)]. A single band, approximately 10 000 bp in size, is present in lane 2. The RNA was then
treated with DNase I and, once again, a single band approximately 10 000 bp in size was

present in lane 3, although fainter than that in lane 2.

43



2.3.5 Development of a Two-Step RT-PCR Assay from In Vitro Transcribed RNA
The RT-PCR assay used to amplify TMEV 2B and VP1 sequences from first strand cDNA
synthesised using in vifro transcribed RNA from linearised template is shown below in

Figure 2.7.

Figure 2.7: Agarose gel electrophoresis of the two-step RT-PCR assay for the TMEV 2B and
VP1 coding sequences from the TMEYV in vitro transcribed RNA. Lane 1: Kapa Universal marker;
lane 2: TMEV 2B RT-PCR; lane 3: TMEV 2B RT-PCR negative control; lane 4: TMEV VP1 RT-
PCR; lane 5: TMEV VP1 RT-PCR negative control.

In Figure 2.7, lane 2 shows a band 412 bp in size, which corresponds to the TMEV 2B coding
sequence. Lane 4 also shows the presence of a band 828 bp in size for the TMEV VP1 coding
sequence. Lanes 3 and 5 are negative controls where the template was replaced with water

and no bands are observed.

2.3.6 Sensitivity of the Two-Step RT-PCR Assay

As virus particles (and therefore RNA) are expected to be present in low concentrations in the
samples to be analysed, an assay was developed to determine the minimum amount of RNA
necessary to yield RT-PCR products. This was achieved by dilution of the in vifro transcribed
RNA and the two-step RT-PCR assay for TMEV 2B was performed. The results are shown in
Figure 2.8 below.
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Figure 2.8: Agarose gel electrophoresis of the dilution series RT-PCR assay for TMEV 2B from
the in vitro transcribed RNA. Lane 1: Kapa Universal marker; lane 2: negative control; lane 3: 607.9
ng/ul of TMEV RNA; lane 4: 131.8 ng/pl of TMEV RNA; lane 5: 26.7 ng/ul TMEV RNA; lanc 6: 6
ng/ul TMEV RNA; lane 7: 2 ng/ul TMEV RNA.

Lane 2 in Figure 2.8 shows the results of the negative control for the two-step RT-PCR assay
for the amplification of the TMEV 2B coding sequence. No bands were present in this lane
(as expected) as the first-strand cDNA was replaced with water. A band of 412 bp in size and
corresponding to the TMEV 2B coding sequence is observed in lanes 3-7. The band
decreased in intensity as the RNA concentration decreased, and it was determined that an

amount of 2 ng/ul of RNA was sufficient for detection.

2.4 Discussion
This chapter describes the use of TMEV as a model for the development of sample
preparation techniques and the optimisation of RT-PCR assays to detect specific TMEV

sequences.

Cell lysates were filter sterilised and concentrated by centrifugation. To confirm that the
viruses were still present in the sample after initial preparation, TEM analysis was performed
and particles similar in size and morphology to those previously published were observed
(Lipton and Friedmann, 1980). The absence of bacteria and other large debris in the electron
micrographs showed that the filter sterilisation technique was successful. Since the viruses

were present in low concentrations, PEG 6000 precipitation was performed with 0.15 M and
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0.25 M NaCl. Polyethylene glycol is widely used to precipitate viruses from a wide variety of
samples, including stool samples, shellfish and wastewater. Lewis and Metcalf (1988)
successfully used PEG precipitation for the concentration of pathogenic human viruses,
namely hepatitis A virus, rotavirus and poliovirus, from environmental samples. This was
achieved by treating the elution’s from oysters, water and sediment samples with a final
concentration of 8% (wt/vol) PEG 6000 and the effectiveness of the PEG precipitation was
determined by the percent of virus recoveries achieved. These results were also compared to
that of organic flocculation, a commonly-used method for virus recovery, and PEG
precipitation was shown to have a higher recovery rate. A later study by Lewis ef al. (2010)
adapted this PEG precipitation method for the recovery of enteric viruses from oysters and
muscles (Lewis ef al., 2010). In this study they compared the virus recovery rate of whole
shellfish tissue and digestive tract tissue as well as the virus recovery rate of a second PEG
precipitation step. The study found that the modifications to the method increased the
effectiveness of PEG precipitation methods; however, the second PEG precipitation step had
no effect on the virus recovery rate. In this study, PEG precipitation increased the number of
virus particles present in the TEM micrographs with the highest number of particles seen in

the TMEYV infected cell lysate treated with 0.25 M NaCl.

RT-PCR assays are commonly used for the identification of specific RNA viruses in a wide
variety of samples, including stool samples, infected shellfish and wastewater. Examples of
studies which have utilised RT-PCR assays for the identification of SAFV and AiV include
Drexler et al. (2011), Blinkova et al. (2009), Drexler et al. (2008) and Pham ef al. (2007).
Blinkova ez al. (2009) and Drexler ef al. (2008) used nested RT-PCR assays, where two sets
of oligonucleotides were used to amplify the 2C (helicase) and VP1 sequences, respectively,
for the identification of SAFV in clinical samples. Pham ef al. (2007) also used a nested RT-
PCR assay to identify AiV in clinical samples from Japan, Bangladesh, Thailand and
Vietnam. Drexler ef al. (2011) used a mixture of nested RT-PCR assays and real-time RT-
PCR assays for the identification of AiV and the concentrations of shedding in northern
Germany. Using RNA extracted from TMEYV infected call lysates and in vifro transcribed, a
two-step RT-PCR assay protocol was successfully developed for the amplification of 2B and
VP1 coding sequences of TMEV GDVIL
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Because the viruses are expected to be in low concentration in the samples to be analysed it is
important to estimate the minimum amount of RNA required for RT-PCR assays. The
concentrations of RNA extracted from TMEV particles and produced in vitro were 262.6
ng/ul and approximately 3000 ng/ul respectively. To determine the minimum amount of
RNA required to produce an RT-PCR product, RT-PCR assays for TMEV 2B were
performed with varying amounts of extracted and in vitro RNA and the minimum amount of

RNA determined to be as low as 25ng of viral RNA and 2 ng/pl of in vitro RNA.

In conclusion, sample preparation techniques were successfully developed using TMEV
infected call lysates. It was possible to amplify specific viral sequences in a two-step RT-
PCR assay using RNA extracted from virus particles and produced in vitro. These techniques
will be applied for the detection of viruses in stool samples, wastewater and oysters suspected
to be infected with viruses samples as described in subsequent chapters. In Chapter 3 the
construction of plasmids containing A1V, SAFV and NoV sequences for use as positive
controls for RT-PCR assays is described along with the development of the relevant RT-PCR

assays.
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Chapter 3: The Development of Positive Controls for the Detection
of Norovirus GII, Aichi Virus and Saffold Virus Sequences in RT-
PCR Assays

3.1 Introduction

In order to validate RT-PCR assays for the detection of specific viruses in any given sample,
positive controls consisting of partial genome sequences are required. In the case of positive
strand RNA viruses cDNA representing target regions can be inserted into appropriate
vectors. These controls are necessary to show that the oligonucleotides bind to the selected
region of the genome producing an amplicon of the expected size. The use of positive
controls in the assay will also confirm the presence or absence of viruses in the samples being

analysed.

NoV is one of the leading causes of gastroenteritis worldwide and many studies have
identified it in a variety of samples including wastewater, shellfish and clinical samples,
through the use of RT-PCR assays (Mans ef al. 2013; Mans ef al. 2010; Kageyama et al.,
2003). Using both conventional and real-time RT-PCR assays NoV was detected in stool
samples collected from 1997-2000 in Japan (Kojima ef al., 2002). Kojima et al. (2002)
reported that NoV was present in stool samples using genogroup-specific primers, which
allowed for the differentiation between GI and GII strains. Using RT-PCR assays with
genotype-specific oligonucleotides, noroviruses have been detected in sewage-polluted river
water and stool samples of hospitalised paediatric patients in South Africa (Mans ef al., 2013;
Mans et al., 2010). The positive identification of NoV in the wastewater, oysters and stool
samples in this study will indicate that the sample preparation methods and the RT-PCR
assays utilised are effective for the identification of viruses, and can thus be used for the

identification of novel viruses, such as AiV and SAFV.

A1V was first isolated from stool samples of patients with oyster-associated non-bacterial
gastroenteritis in Japan. Since 1991, AiV has been detected in many countries, including
China, Pakistan, Germany, Brazil and Thailand, and is now considered an important human
pathogen (Chuchaona ef al., 2016; Drexler ef al., 2011, Pham et al., 2007, Oh et al., 2006;

Yamashita e al., 1995). Two regions of the genome have been targeted for the detection of
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A1V, the first is a 1008 bp region of the 5’UTR, the second is the 3CD junction. Both the
5’UTR and 3CD sequences were PCR amplified and ligated into pGEM®-T Easy for in vitro
transcription. /n vitro RNA can be used as a positive control for the development of RT-PCR
assays of the 5’UTR and 3CD regions. These RT-PCR assays will be used for the
identification AiV in the wastewater, oysters and stool samples. The development of these
RT-PCR assays may assist in the identification of AiV in South Africa, as it has not been
identified here as of yet.

SAFV is a novel picornavirus that was first identified in 2007 in a stool sample collected
from a patient with a fever of unknown origin (Jones ef al., 2007). Since then, several strains
have been characterised, and the full genome sequence of SAFV-3 has been obtained (Zoll ef
al., 2009). Drexler et al. (2008) reported three lineages of SAFV using RT-PCR from three
cohorts of stool samples collected in Germany and Brazil. A study performed by Blinkova ef
al. (2009) detected SAFV by RT-PCR from clinical samples collected from children in
Pakistan and Afghanistan from 2006-2008. Although SAFV has been identified and
characterised in many countries around the world, there are no reports of SAFV in South

Africa.

The overall aim of this chapter was to create a set of positive controls for use in RT-PCR
assays for the detection of NoV, AiV and SAFV. To develop the positive control for NoV
detection, viral RNA was extracted from a NoV positive stool sample and amplified by RT-
PCR and cloned into pGEM®-T Easy. The approach for AiV positive control required
amplification of the 5"UTR and 3CD sequences from A1V cDNA, followed by cloning into
pGEM®-T Easy. The full length cDNA of SAFV cloned into pSP72+ was used directly for in

vifro transcription.

The specific objectives of this chapter were as follows:

e Extract RNA from NoV particles and amplify the GII N/S domain sequence for
cloning into pGEM®-T Easy and in vitro transcription of RNA.

o Amplification of the AiV 5’UTR and AiV 3CD regions for cloning into pGEM®-T
Easy and in vifro transcription of RNA.
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e [nvitro transcription of SAFV RNA.
o Development of two-step RT-PCR assays for the amplification of specific viral

sequences using in vitro transcribed RNA and determining the sensitivity of the RT-

PCR assays.

3.2 Materials and Methods

3.2.1 Norovirus

3.2.1.1 Viral RNA Extraction

A NoV GII positive stool sample was kindly provided by Maureen Taylor (University of
Pretoria, South Africa). Viral RNA was extracted from the NoV GII positive stool sample
using the QIAamp® Viral RNA Mini Kit (Qiagen, USA), according to manufacturer’s

instructions as described in Chapter 2, section 2.2.5. The extracted RNA was stored at

-80°C until required. The RNA was analysed by 1% agarose gel electrophoresis and the
concentration was estimated using a Nanodrop 2000 Spectrophotometer (ThermoScientific,

USA).

3.2.1.2 Development of a Two-Step RT-PCR Assay for the Amplification of the N/§
Domain of the VPI Sequence

To develop a two-step RT-PCR assay for NoV, first-strand cDNA was synthesised using
approximately 500 ng of viral RNA using the RevertAid™ Premium first-strand cDNA
synthesis kit (Fermentas, USA) according to the manufacturer’s protocol as described in
Chapter 2, section 2.2.6. Forward and reverse oligonucleotides for the coding region for the
N/S domain of the VP1 for NoV GII, described by Kojima ef al. (2002), were used in the RT-
PCR assay. Figure 3.1 below, shows a schematic diagram of the NoV GII genome with the
oligonucleotide binding sites indicated by arrows, while the oligonucleotide sequence and

binding site are described in Table 3.1 below.
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Figure 3.1: A schematic diagram of the forward (~) and reverse () primer binding sites for
the NoV GII VP1 N/S domain coding region.

Table: 3.1: The Forward and Reverse Oligonucleotides for the NoV GIlI VP1 N/S
Domain Coding Region as Described by Kojima et al. (2002).

Primer Nucleotide Sequence Binding Site Size

N/S GII F 5’-CNTGGGAGGGCGATCGCAA -3’ 5046 - 5064 bp
342 nt
N/SGIIR 5-CCRCCNGCATRHCCRTTRTACAT -3 5366 - 5388 bp

A nested RT-PCR assay was performed to amplify the VP1 N/S domain coding sequence,
using the MJ Mini™ Personal Thermal Cycler (Bio-Rad, USA) as follows: 1x ready mix with
Mg (KAPA Biosystems, USA), 0.4 |iM of the forward and reverse oligonucleotides, ~4
ng/™l final concentration first-strand cDNA template and 9.5 |il ddH20. A negative control
reaction was set up in the same manner except that ddH20 was used instead of the first-strand
cDNA template. The cycling parameters used for the first round RT-PCR reaction were as
follows: 95°C for 1 min 30s, 35 cycles of 95°C for 30s, 55°C for 45s, 72°C for 1 min and a

final elongation of 72°C for 5 min.

The second round of PCR amplification was performed as follows: 1x ready mix with Mg2+
(KAPA Biosystems, USA), 0.4 |iM of the forward and reverse oligonucleotides, 5 |il first
round RT-PCR product and 9.5 |il ddH20. A negative control reaction was set up in the same
manner except that ddH20 was used instead of the first round RT-PCR product. The 2nd
round RT-PCR assay used the same cycling parameters as described for the first round RT-

PCR assay. The nested RT-PCR products were analysed by 1% agarose gel electrophoresis.
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3.2.1.3 Cloning and Sequencing of the RT-PCR Product

The growth media used in this study were Luria Bertani broth (LB: 0.5% NaCl, 0.5% yeast
extract and 1% tryptone powder) and Luria Bertani agar (LA: 0.5% NaCl, 0.5% yeast extract,
1% tryptone powder and 3% bacteriological agar). Bacterial cultures were grown in LB or

LA supplemented with ampicillin (Amp, final concentration 100 pg/ml).

The VP1 N/S domain coding sequence (342 bp) amplicon was ligated into pGEM®-T Easy
(Promega, USA) as follows: 0.3 U/ul T4 DNA ligase, 0.2x rapid ligation buffer, ~100 ng/ul
final concentration DNA, ~5 ng/ul pGEM®-T Easy and 5 ul ddH,O; total volume 10 pl.
Ligation was carried out overnight at 4°C to create pNoVGIIL The ligation was transformed
into competent DHS5Sa FE. coli cells (Lucigen® Corporation, USA), according to the
manufacturer's protocol. Briefly: Sul of the ligation reaction was added to 40 ul £. coli cells,
the cells were incubated on ice for 30 minutes. The cells were heat shocked at 42 °C for 45s
then returned to ice for 2 min, 960 ul of LB was added to the cells and the cells were
incubated at 37 °C for 1 hour with shaking at 250 rpm, 100 ul of the transformed cells were
grown overnight on LA/Amp plates supplemented with IPTG (final concentration 0.5uM)
and X-gal (final concentration 80 pg/ml) allowing for blue/white screening. Six white
colonies were incubated overnight at 37°C in 5 ml LB/Amp. The plasmids were extracted
using the Zippy plasmid miniprep kit (ZymoResearch, USA) according to the manufacturer’s
protocol and analysed by 1% agarose gel electrophoresis. To confirm the presence of inserts,
plasmids were digested with Fco RI as follows: the reaction was set up using ~70 ng/ul final
concentration of plasmid DNA, 1x reaction buffer, 0.3 U/ul Eco Rl restriction enzyme and
sterile ddH,O to 15 ul. The reaction was incubated at 37°C for 30 min and analysed by 1%
agarose gel electrophoresis. One plasmid named pNoVGII, containing an insert of the 342 bp,
was sent to Inqaba Biotechnical Industries (Pty) Ltd for sequencing. The sequence was

analysed using NCBI BLAST

(Blast.ncbi.nlm nih.gov/Blast.cgi).

3.2.1.4 In Vitro Transcription of RNA from pNoVGII
pNoVGII was linearised by digestion with the restriction enzyme Pst 1 as follows: the

reaction was set up using ~70 ng/ul final concentration of plasmid DNA, 1x reaction buffer,
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0.3 U/ul Pst 1 restriction enzyme and sterile ddH,O to 15 pl. The reaction was incubated at

37°C for 30 min and analysed by 1% agarose gel electrophoresis.

The linear plasmid was cleaned using the Wizard® SV gel and PCR clean-up system as
described in Chapter 2, section 2.2.7 and RNA was transcribed from the linearised plasmid
using the TranscriptAid™ T7 High Yield Transcription kit, treated with DNase I and
analysed by 1% agarose gel electrophoresis as described in Chapter 2, section 2.2.7. First-
strand ¢cDNA was synthesised using in vitro transcribed RNA using the RevertAid™
Premium first-strand cDNA synthesis kit (Fermentas, USA) as per the manufacturer’s
protocol as described in Chapter 2, section 2.2.6. RT-PCR assay was performed for the
coding sequence of NoV GII VP1 N/S domain as described in Chapter 3, section 3.2.1.2
above, however, ~2 ng/ul of pNoVGII was used as a positive control for the RT-PCR assay
and the RT-PCR assay was analysed by 1% agarose gel electrophoresis

3.2.1.5 Sensitivity of the Norovirus GII RT-PCR Assay

Five-fold, serial dilutions of the in vifro transcribed RNA were prepared and the RNA
concentrations were estimated as described in Chapter 2, section 2.2.5. First-strand cDNA
was synthesised using 1 ul of RNA (with the following concentrations: 481.2 ng/ul, 98.9
ng/ul, 19.7 ng/ul, 3.4 ng/ul and 0.9 ng/ul) using the RevertAid™ Premium first-strand cDNA
synthesis kit (Fermentas, USA) as per the manufacturer’s protocol as described in Chapter 2,
section 2.2.6. RT-PCR assays were performed for the amplification of the coding sequences
of NoV GII VP1 N/S domain as described in Chapter 3, section 3.2.1.2 above and ~2 ng/ul of
pNoVGII was used as a positive control. The RT-PCR assay was analysed by 1% agarose gel

electrophoresis.

3.2.2 Aichi Virus

3.2.2.1 PCR Assays for the 5’UTR and 3CD Coding Sequence

Jan F. Drexler (University of Bonn Medical Centre, Germany) kindly provided a plasmid
which contained a 1008 bp nucleotide sequence of the S’UTR region of AiV. The 5’UTR
coding sequence insert was amplified using the primer set described by Drexler ef al. (2011).

Figure 3.2 shows a schematic diagram of the AiV genome and the binding sites of the
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forward and reverse oligonucleotides are indicated by arrows. The sequences and binding

sites are shown in Table 3.2 below.

Figure 3.2: Schematic diagram of the forward () and reverse (©) primer binding sites for
5'UTR.

Table 3.2: Forward and Reverse Oligonucleotides for AiV 5’UTR as Described by
Drexler et al. (2011).

Primer Nucleotide Sequence Binding Site Size
5’'UTR-F  5-GTTACTCCATTCAGCTTCTTCGGAAC -3’ 69 - 94 bp 1008

5°'UTR-R 5’- CAGGATTGGACATCAGAATCATAGAG -3° 1039 - 1064 bp bp

The PCR reaction for the AiV 5’UTR coding sequence was carried out as follows: 1x ready
mix with Mg (KAPA Biosystems, USA), 0.4gM of the forward and reverse
oligonucleotides,~2 ng/gl of the 5’UTR plasmid and 9.5 gl ddH20. Negative control
reactions were set up in the same manner except ddH20 was used instead of the 5’UTR
plasmid. The cycling parameters were as follows: 95°C for 1 min 30s, 35 cycles of 95°C for
30s, 55°C for 45s, 72°C for 1 min and a final elongation of 72°C for 5 min. This was
performed using the MJ Mini™ Personal Thermal Cycler (Bio-Rad, USA) and analysis of the

amplicon was performed using 1% agarose gel electrophoresis.

For the development of the two-step RT-PCR assay for the AiV partial 3CD coding
sequence, a 266 bp PCR amplicon of the coding sequence of the partial 3CD region for AiV
was kindly provided by Hiroshi Ushijima (University of Tokyo, Japan). The coding sequence
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for the partial 3CD amplicon was amplified using the primer set described by Pham et al.
(2007). Figure 3.3 is a schematic diagram of the AiV genome and the binding site of the
oligonucleotides are indicated by arrows. The sequence and binding sites are described in

Table 3.3 below.

Figure 3.3: Schematic diagram of the forward (©) and reverse (©) primer binding sites for
3CD.

Table 3.3: Forward and Reverse Oligonucleotides for AiV Partial 3CD Coding
Sequence Described by Pham et al. (2007).

Primer Nucleotide Sequence Binding Site Size

3CD-F 5- GACTTCCCCGGAGTCGTCGTCT -3° 6426 - 6448 bp
266 bp
3CD-R 5'- GACATCCGGTCGACGTTGAC -3° 6672 - 6692 bp

The PCR reaction for the partial 3CD coding sequence was carried out as follows: 1x ready
mix with Mg (KAPA Biosystems, USA), 04 gM of the forward and reverse
oligonucleotides ,~2ng/gl of the 3CD PCR product and 9.5 gl ddH20. Negative control
reactions were set up in the same manner except ddH20 was used instead of the 3CD PCR
product. The cycling parameters used were as follows: 95°C for 1 min 30s, 35 cycles of 95°C
for 30s, 55°C for 45s, 72°C for 1 min and a final elongation of 72°C for 5 min. This was
performed using the MJ Mini™ Personal Thermal Cycler (Bio-Rad, USA) and analysis of the

amplicon was performed using 1% agarose gel electrophoresis.
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3.2.2.2 Cloning of the Aichi Virus 5’UTR and 3CD PCR Products

The AiV 5° UTR (1008 nt) and 3CD (266 nt) amplicons were ligated into pPGEM®-T Easy as
per the manufacturer’s protocol, as described in Chapter 3, section 3.2.1.2 above. The Zippy
plasmid miniprep kit (ZymoResearch, USA) was used to extract the plasmids which were
analysed by 1% agarose gel electrophoresis. The plasmids were digested with Fco RI, as
described above in Chapter 3, section 3.2.1.3 above, and analysed by 1% agarose gel
electrophoresis. One plasmid containing each insert was sent to Ingaba Biotechnical
Industries (Pty) Ltd for sequencing. The sequences were analysed using NCBI BLAST
(Blast.ncbi.nlm nih.gov/Blast.cgi).

3.2.2.3 In Vitro Transcription of RNA from pAiV5’UTR and pAiV3CD

pAiV3CD was linearised by digestion with Pst I, as per the manufacturer’s protocol,
described in Chapter 3, section 3.2.1.4, and analysed by 1% agarose gel electrophoresis. The
linear plasmid was cleaned using the Wizard® SV gel and PCR clean-up system (Promega,
USA) as described in Chapter 2, section 2.2.7. RNA was transcribed from the cleaned
pAi1V3CD and the uncut pAiVS5’UTR in an in vitro transcription reaction using RevertAid™
T7- in vitro RNA Transcriptase kit (Fermentas, USA), according to the manufacture’s
protocol, as described in Chapter 2, section 2.2.7. The in vitro transcribed RNA for AiV
5’UTR and partial 3CD was treated with DNase I and was analysed using 1% agarose gel

electrophoresis.

3.2.2.4 Two-Step RT-PCR Assay from the Aichi Virus 5°UTR and 3CD In Vitro
Transcribed RNA

First-strand cDNA was synthesised using in vitro transcribed RNA from pAiV5'UTR and
pAiV3CD using the RevertAid™ Premium first-strand cDNA synthesis kit (Fermentas,
USA), as described in Chapter 2, section 2.2.8. RT-PCR assays were performed for the
coding sequences of AiV 5’UTR and partial 3CD, using the oligonucleotides described in
Tables 3.2 and 3.3, respectively, and the protocols as described in Chapter 3, section 3.2.2.1

above. The RT-PCR reactions were analysed by 1% agarose gel electrophoresis.
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3.2.2.5 Sensitivity of the Two-Step RT-PCR Assays for the Aichi Virus 5’UTR and
3CD Coding Region

Five-fold, serial dilutions of the AiV 5’UTR and 3CD in vitro transcribed RNA were made
and the concentrations of each dilution were measured. First-strand cDNA was synthesised
using 1 pl of RNA (with the following concentrations: S’UTR: 452.7 ng/ul, 102.5 ng/ul, 24.7
ng/ul, 3.5 ng/ul and 0.7 ng/ul; 3CD 429.6 ng/ul, 97.2 ng/ul, 13.8 ng/ul, 0.2 ng/ul and 0 >
ng/ul) for each of the dilution using the RevertAid™ Premium first-strand cDNA synthesis
kit (Fermentas, USA) as per the manufacturer’s protocol. RT-PCR assays were then
performed for the amplification of the coding sequences of AiV 5’UTR and partial 3CD as

described in Chapter 3, section 3.2.2.1, and analysed by 1% agarose gel electrophoresis

3.2.3 Saffold Virus

3.2.3.1 pSAFV

Figure 3.4 shows a schematic diagram of the pSAFV plasmid kindly provided by Christian
Drosten (University of Bonn Medical Centre, Germany). The pSP72+ vector contains both
the SP6 and T7 RNA polymerase promoter sites for RNA transcription, the f-lactamase
coding region for ampicillin resistance (allowing for selection of the plasmid), and a multiple
cloning site which includes Xho I, which allows for the linearisation of pSAFYV for in vitro
transcription of RNA of the full length SAFV genome that is inserted in this plasmid
(Promega, 2006).

Figure 3.4: Schematic diagram of the plasmid map of pSAFV. pSAFV contains an Amp resistance
gene (Amp"), the T7 and SP6 promoters, a multiple cloning site which includes the restriction site for
Xho [ and the full length genome of SAFV.

57



3.2.3.2 In Vitro Transcription of RNA from pSAFV

pSAFYV was linearised by digestion with Xho 1 as follows: the reaction was set up using ~70
ng/pl of plasmid DNA, 1x buffer, 0.3 U/ul Xho I restriction enzyme and sterile ddH,O to 15
ul. The reaction was incubated at 37°C for 30 min and the digested plasmid was analysed by
1% agarose gel electrophoresis. The linear plasmid was cleaned using the Wizard® SV gel
and PCR clean-up system (Promega, USA) and RNA was transcribed from the linearised
plasmid using the RevertAid T7- in vitro RNA Transcriptase kit (Fermentas, USA) as per the
manufacturer’s protocol. The RNA was treated with DNase I as described in Chapter 2,

section 2.2.7 and was analysed using 1% agarose gel electrophoresis.

3.2.3.3 Developing a Two-Step RT-PCR Assay for the Detection of Saffold Virus 2C
Coding Region

First-strand cDNA was synthesised from the in vifro transcribed RNA using the RevertAid™
Premium first-strand cDNA synthesis kit (Fermentas, USA) according to the manufacturer’s
protocol. Forward and reverse oligonucleotides were designed to amplify the full length
coding sequence of SAFV 2C (975 nt) and an internal region of the SAFV 2C coding
sequence (540 nt). The 2C sequence was chosen as the target region for RT-PCR assays as it
is highly conserved within the picornavirus family. This may allow for an increase in the
detection of all SAFV genotypes. Figure 3.5 below shows a schematic diagram of SAFV
genome with the binding sites of the oligonucleotides indicated by arrows. Table 3.4 below

describes the sequences and binding sites for the full length and partial 2C oligonucleotides.

Figure 3.5: Schematic diagram of the forward and reverse primer binding site for SAFV 2C.
The Blue arrows indicate the forward (—) and reverse («<—) primers for the full 2C RT-PCR product.
The red arrows indicate the forward (—) and reverse («—) primers for the internal 2C RT-PCR
product.
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Table 3.4: Forward and Reverse Oligonucleotide Sequences for SAFV Full Length 2C

and Internal Region of 2C.

Primer Nucleotide Sequence Binding Site Size
2C-F 5’- AAAGGATCCTCTCCTATTAGAGAAG -3’ 4600 - 4616 bp

2C-R 5-AAAGTCGACTTGAGCGACTAATGTGTTC -3 5565 - 5575 bp oo oe
2CI- F 5’- AAAGGATCCACTTCATGGTTCAAA -3’ 4690 - 4706 bp

2CI-R 5’- AAAGTCGACGTTAGAAGTGAAG -3’ 5217 - 5230 bp wHobp

RT-PCR assays were then performed to amplify the SAFV full and partial 2C coding
sequences as follows: 1x ready mix with Mg (KAPA Biosystems, USA), 0.4 pM final
concentration of the forward and reverse oligonucleotides, 4 ng/pl first-strand cDNA
template and 9.5 pl ddH20. Negative control reactions were set up in the same manner except
ddH20 was used instead of the first-strand cDNA template. The cycling parameters used for
the RT-PCR reactions were as follows: 95°C for 1 min 30s, 30 cycles of 95°C for 30s, 55°C
for 45s, 72°C for 2 min and a final elongation of 72°C for 5 min. The RT-PCR products were

analysed by 1% agarose gel electrophoresis.

3.2.3.4 Sensitivity ofthe Saffold Virus 2C RT-PCR Assay

Five-fold, serial dilutions were prepared using the SAFV in vitro transcribed RNA and the
concentrations were estimated. First-strand cDNA was synthesised using 1 pl of RNA (with
the following concentrations: 556.9 ng/pl, 115.3 ng/pl, 23.5 ng/pl, 4.8 ng/pl and 1 ng/pl) the
RevertAid Premium first-strand cDNA synthesis kit (Fermentas, USA) as described in
Chapter 2, section 2.2.6. RT-PCR assays were then performed for the amplification of the
coding sequences of SAFV full length 2C as described in Chapter 3, section 3.2.4.2 and

analysed by 1% agarose gel electrophoresis.

3.2.4 Plasmids

Table 3.5 provides a summary of the plasmids synthesised in this chapter, including the
vector, insert size and product, and the reference from where the insert was obtained.
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Table 3.5: The Vector, Insert Size, Insert Product and Reference of the Plasmids used to

Synthesis In Vitro Transcribed RNA.

Plasmid Vector
PGEM®-T
pNoVGII
Easy
PGEM®-T
pAiIV5’'UTR
Easy
PGEM®-T
pAiV3CD
Easy
pSAFV pSP72+
3.3 Results

3.3.1 Norovirus

Insert Size

342 nt

1008 nt

266 nt

9000 nt

Insert Product

Partial VP1 N/S Domain

region

5”UTR region

Partial 3CD region

Full Genome

Reference

Kojima et al.

(2002)

Drexler et al.
(2011)

Pham et al.
(2007)

Drexler et al.
(2008)

3.3.1.1 The Development of a Two-Step RT-PCR Assay for the Detection of NoV

Gll

Using the RNA extracted from the NoV GII positive stool sample, a nested two-step RT-PCR

was developed for the detection of NoV GII. The first step was the synthesis of first-strand

cDNA from the NoV GIl RNA, followed by the amplification of the NoV GII VP1 N/S

domain coding sequence. The first-strand cDNA was used as a template for the first round of
the nested RT-PCR. The second round RT-PCR was performed using the first round RT-PCR

product as a template. The results for the first and the second round of the nested RT-PCR

assay are shown in Figure 3.6 below.
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Figure 3.6: (A) Agarose gel electrophoresis of the first round of the RT-PCR assay performed
on the NoV GII RNA. Lane 1: Kapa Universal marker; lane 2: negative control; lane 3: NoV GII
positive stool sample. (B) Agarose gel electrophoresis of the second round of the RT-PCR assay
performed on the NoV GII RNA. Lane 1: Kapa Universal marker; lane 2: negative control; lane 3:
NoV GII positive stool sample.

Figure 3.6 shows the results from the nested two-step RT-PCR assay performed on the RNA
extracted from the NoV GII positive stool sample. No bands were present in lane 2, figure 3.6
(A) [as expected] as water was used as the template rather than the first-strand cDNA. In lane
3, the first round of the RT-PCR assay showed only one band of approximately 10 000 bp in
size. No band corresponding to the NoV GII VP1 N/S domain coding region was amplified in
this reaction. Figure 3.6 (B), lane 3 shows the second round of the RT-PCR assay and two
bands can be seen. The first is the 10 000 bp band seen in the first round of the RT-PCR
assay and the second band is 342 bp which corresponds to the NoV GII VP1 N/S domain
coding region amplified in this reaction. Lane 2 shows the results of the negative control from
the second round of the RT-PCR assay and once again no bands were present as expected.

The RT-PCR product was cloned into pPGEM®-T Easy.

3.3.1.2 Cloning of the PCR Amplicon from NoV GlI into pGEM®-T Easy

The NoV GII RT-PCR product was cloned into pGEM®-T Easy and the integrity of the
plasmid was determined by the digestion of pNoVGII with Eco RI and sequencing using the
T7 primer. The results of the digestion and the plasmid map are shown in Figure 3.7 below.
In Appendix 11, the nucleotide sequence of the NoV GII RT-PCR product insert in pNoVGII
is shown in Figure 5S and the multiple alignment of pNoVGII to the reference strain of NoV
GII (Accession no. HQ008055.1) published by published by Mans ef al. (2010) is shown in
Figure 19S (Appendix II).
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Figure 3.7: (A) Agarose gel electrophoresis of pNoVGII before and after digestion with the
restriction enzyme Eco RI. Lane 1. Kapa Universal marker; lane 2: Undigested plasmid; lane 3:
plasmid digested with the restriction enzyme Eco Rl (B) A schematic diagram of the plasmid map
of pNoVGIL.

Figure 3.7 (A) shows that when the pNoVGII was digested with Eco R1, in lane 3, a band was
present at 3000 bp and at approximately 342 bp, these correspond to those of the linear
pGEM®-T-Easy vector (3015 bp) and the NoV GII insert (342 bp). Figure 3.7 (B) shows a
plasmid map for pNoVGII, which is 3361 bp in size. The pGEM®-T Easy vector is a linear
vector 3015 bp in size with a single thymidine at the 3’ on each end, these T-overhangs allow
for easy insertion of PCR products amplified using a polymerase which created 5> A-
overhangs. This vector contains both the T7 and SP6 RNA polymerase promoters which
flank the multiple cloning site. For selection purposes, an ampicillin resistance gene is
present, and to screen for plasmids containing the insert, the plasmid contains the a- peptide
coding region of the enzyme [-galactosidase in which the multiple cloning site is found. The
a- peptide is inactivated on insertion of a DNA fragment allowing for Blue/White screening
(Promega, 2010). £. coli DHSa. cells are used for cloning as they support the Blue/ White

screening, as they contain the JacZAM15 gene.

Sanger sequencing of the NoV GII N/S domain insert from pNoVGII showed the correct
insertion of the NoV GII RT-PCR product into pPGEM®-T Easy (Figure 5S, Appendix II) and
BLAST analysis of the sequence showed it to be 99 % identical to the NoV sequence
(Accession no. HQ008055.1) published by Mans ez al. (2010) (Figure 19S, Appendix II).
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3.3.1.3 In Vitro Transcription ofNoV GII RNAfrom pNoVGII and RT-PCR Assay
pNoVGII was linearised with Pst | and in vitro RNA transcription was performed. First-
strand cDNA was synthesised and the first round of the RT-PCR assay for the NoV GII VP1
N/S domain coding region was performed. The results for the in vitro transcription of NoV

GIlI RNA and the RT-PCR assay are shown in Figure 3.8 below.
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Figure 3.8: (A) Agarose gel electrophoresis of the in vitro transcribed RNA from pNoVGII.
Lane 1 Kapa Universal marker; lane 2: NoV GIl in vitro transcribed RNA. (B) Agarose gel
electrophoresis of the RT-PCR assay from the NoV Gl in vitro transcribed RNA. Lane 1 Kapa
Universal marker; lane 2: negative control; lane 3: positive control; lane 4: in vitro transcribed RNA.

Figure 3.8 (A), lane 2 shows a band 600 bp in size, corresponding to the in vitro transcribed
RNA from the pNoVGII. This RNA was used in a two-step RT-PCR assay for amplification
of the NoV GII N/S domain coding region. Figure 3.8 (B), shows the results from the RT-
PCR assay. Lane 2 shows no bands as expected as the first-strand cDNA used as a template
was replaced with ddH20; however a band was present in lane 3 at 342 bp as expected as the
positive control used pNoVGII as the template. Lane 4 shows the results from the RT-PCR
assay from the first-strand cDNA synthesised from the in vitro transcribed RNA from
pNoVGII. A band was present at 342 bp which corresponds to that of the NoV GII N/S

domain coding sequence.

3.3.1.4 Sensitivity ofthe Two-Step RT-PCR Assayfor NoV Gl
The minimum RNA required for the two-step RT-PCR assay was determined using the in

vitro transcribed RNA from pNoVGII. This was achieved by diluting the in vitro transcribed
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RNA, followed by performing a two-step RT-PCR assay for the NoV VP1 N/S domain

coding region. The results are shown in Figure 3.9 below.
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Figure 3.9: Agarose gel electrophoresis of the dilution series RT-PCR assay from the in vitro
transcribed RNA from NoV GII. Lane 1 Kapa Universal marker; lane 2: negative control; lane 3:
positive control; lane 4: 481.2 ng/pl in vitro transcribed RNA; lane 5. 98.9 ng/pl in vitro transcribed
RNA; lane 6: 19.7 ng/pl in vitro transcribed RNA,; lane 7: 3.4 ng/pl in vitro transcribed RNA, lane 8:
0.9 ng/pl in vitro transcribed RNA.

In Figure 3.9, the negative control from the NoV GlIlI two-step RT-PCR, lane 2, showed no
bands, as expected, as ddH20 was used as the template. A band was present at 342 bp in the
positive control, lane 3, as expected as pNoVGII was used as the template. A band was also
present in lanes 4-7 which decreased in intensity with decreasing concentrations of RNA
template. At a concentration of 0.9 ng/pl, the RT-PCR product was no longer visible, lane 8,

and the minimum concentration to produce an amplified product was 3.4 ng/pl.

3.3.2 Aichi Virus

3.3.2.1 PCR Amplification ofthe AiV 5’UTR Coding Region

The amplification of the 5’UTR coding region was performed using the primer set 5’UTR
F/R and using the protocol based on that described by Drexler et al. (2011). The results of the

PCR assay are shown in Figure 3.10 below.
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Figure 3.10: Agarose gel electrophoresis of the PCR assay from the AiV 5° UTR plasmid
provided by Jan Drexler. Lane 1. Kapa Universal marker; lane 2: negative control; lane 3: AiV
5’UTR plasmid.

The negative control from AiV 5’UTR PCR, lane 2 in Figure 3.10 showed no bands as
expected. The amplicon of approximately 1008 bp, as seen in lane 3, was ligated into

pGEM®-T Easy.

3.3.2.2 PCR Amplification of the AiV partial 3CD Coding Region

The cDNA encoding the A1V partial 3CD coding region was amplified using the primer set
3CD F/R and the protocol described by Pham ef al. (2007). The results are shown in Figure
3.11 below.

Figure 3.11: Agarose gel electrophoresis of the PCR assay performed on the 3CD ¢cDNA. Lane 1:
Kapa Universal marker; lane 2: negative control; lane 3: 3CD cDNA.
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In Figure 3.11, no band was present in the negative control, lane 2. Two bands were present
in lane 3. The upper band of 266 bp corresponds to that of the AiV partial 3CD coding region
which was ligated into pGEM®-T Easy.

3.3.2.3 Cloning of the PCR Amplicons into pGEM®-T Easy to create pAiV5’UTR
and pAiV3ICD

The AiV 5° UTR and partial 3CD amplicons were ligated into pGEM®-T Easy to create
pAiVS5’UTR and pAiV3CD, respectively. The plasmids were digested with £co RI to confirm
the presence of the correct inserts (data not shown) and sequenced. Figure 1S and Figure 2S
in Appendix I shows the nucleotide sequences of the inserts of pAiV5’UTR and pAiV3CD,
respectively. Figure 3S and Figure 4S shows a multiple alignment of pAiV5’UTR and
pAiV3CD to the reference strain of AiV (Accession number AB010145), respectively. Figure
3.12 below shows the plasmid maps of pAiV5’UTR and pAiV3CD.

Figure 3.12: A schematic diagram of the plasmid maps of: (A) pAiV5’UTR and (B) pAiV3CD.
Both plasmids contain the T7 and SP6 promoters, the LacZa and LacO genes, the Amp" gene and a
multiple cloning site which contains two Eco RI restriction sites. pAiV5’UTR contains the coding
sequence of the 5’UTR amplicon while pAiV3CD contains the amplicon of the 3CD coding sequence.

The inserts of the pAiV5’UTR and pAiV3CD plasmids were sequenced; Figure 1S and
Figure 2S (Appendix I) show that the RT-PCR products of AiV S’UTR and AiV 3CD were
correctly inserted into pGEM®-T Easy, respectively. BLAST analysis of pAiVS’UTR and
pAiV3CD showed a 97 % identity to the AiV reference strain (Accession number
ABO010145), Figure 3S and Figure 4S (Appendix I), respectively.
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Figure 3.12 (A) shows a schematic diagram of the plasmid map of pAiVS’UTR which is
4028 bp in size and Figure 3.12 (B) shows the schematic plasmid map of pAiV3CD which is
3283 bp in size.

3.3.2.4 Development of a Two-Step RT-PCR Assay for AiV 5°UTR

RNA was transcribed from pAiV5’UTR followed by synthesis of first-strand cDNA. The
cDNA was used as the template for the RT-PCR assay for the 5’UTR coding sequence. The
results of the two-step RT-PCR assay are shown in Figure 3.13 below.

Figure 3.13: Agarose gel electrophoresis of the two-step RT-PCR assays from the ir vitro
transcribed RNA from pAiV5’UTR. Lane 1: Kapa Universal marker; lane 2: positive control; lane
3: first-strand cDNA from the in vitro transcribed RNA; lane 4: negative control.

A band of approximately 1008 bp corresponding to the AiV 5’UTR coding sequence is
present in the positive control, lane 2, as expected, as the positive control template is
pAiV5’UTR. Lane 3 contains two clear bands, the first is approximately 1008 bp in size and
corresponds to that of the AiV 5’UTR amplicon. The second, smaller band was determined to
be a second oligonucleotide binding site within the AiV 5’UTR region. Lane 4 shows no
bands present in the negative control as expected as water was used as the template rather

than the A1V 5’UTR first-strand cDNA.
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3.3.2.5 Development of a Two-Step RT-PCR Assay for AiV 3CD

pAi1V3CD was linearised with Pst I prior to in vitro transcription of RNA. First-strand cDNA
was then synthesised followed by RT-PCR amplification of the partial 3CD coding region.
Figure 3.14 below shows the results of the two-step RT-PCR assay.

Figure 3.14: Agarose gel electrophoresis of the two-step RT-PCR assays from the in vitro
transcribed RNA from pAiV3CD. Lane 1: Kapa Universal marker; lane 2: negative control; lane 3:
positive control; lane 4: in vitro transcribed RNA.

The negative control, lane 2, showed no bands as expected as ddH,O was used as the
template in the RT-PCR assay. The positive control, lane 3, shows the presence of a 266 bp
band as expected as pAiV3CD was used as the template for the RT-PCR assay. The RT-PCR
assay performed on the first-strand cDNA showed a single band at 266 bp which corresponds
to that of the AiV partial 3CD coding region.

3.3.2.6 Sensitivity of the Two-Step RT-PCR Assay for AiV 5°UTR and AiV3CD

Five-fold, serial dilutions of the RNA were performed followed by the synthesis of strand-
strand cDNA for each dilution of RNA. RT-PCR amplification of the AiV 5’UTR and partial
3CD coding regions was performed using the first-strand cDNA for each dilution. The results

are shown in Figure 3.15 below.
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Figure 3.15: Agarose gel electrophoresis of the dilution series RT-PCR assay from the in vitro
transcribed RNA from: (A) pAiV5S’UTR. Lane 1. Kapa Universal marker; lane 2: negative control;
lane 3: positive control; lane 4: 452.7 ng/ul in vitro transcribed RNA; lane 5: 102.5 ng/ul in vitro
transcribed RNA; lane 6: 24.7 ng/ul in vitro transcribed RNA: lane 7: 3.5 ng/pl in vifro transcribed
RNA; lane 8: 0.7 ng/ul in vitro transcribed RNA. (B) pAiV3CD. Lane 1: Kapa Universal marker;
lane 2: negative control; lane 3: positive control; lane 4: 429.6 ng/ul in vitro transcribed RNA; lane 5:
97.2 ng/ul in vitro transcribed RNA; lane 6: 13.8 ng/pl in vitro transcribed RNA; lane 7: 0.2 ng/pl in
vitro transcribed RNA; lane 8: 0> ng/ul in vitro transcribed RNA.

In Figure 3.15 (A) the negative control from the A1V 5’UTR RT-PCR, lane 2, showed no
bands, as expected, as ddH,O was used as the template. A band was present at 1008 bp in the
positive control, lane 3, as expected, as pAiVS’UTR was used as the template. Lanes 4-7 also
showed the presence of this 1008 bp band however it decreased in intensity with decreasing
concentrations of RNA template. At a concentration of 0.7 ng/ul, the RT-PCR product was
no longer visible, lane 8, and the minimum concentration to produce an amplified product
was 3.5 ng/ul. In Figure 3.15 (B), once again the negative control from the A1V 3CD RT-
PCR, lane 2, showed no bands as ddH,O was used as the template. The positive control, lane
3, showed the presence of a 266 bp band, as expected, as pAiV3CD was used as the template.
A band was also present in lanes 4-8 at 266 bp which, decreases in intensity with the decrease

in RNA concentration. The minimum concentration to produce an amplicon for AiV 3CD is

0> ng/pl.

3.3.3 Saffold Virus
3.3.3.1 In Vitro Transcription of SAFV RNA from pSAFV

pSAFV was linearised with the restriction enzyme X#o I followed by the in vitro transcription

of RNA. The results are shown in Figure 3.16 below.
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Figure 3.16: (A) Agarose gel electrophoresis of pSAFV before and after linearization. Lane 1:
Kapa Universal Marker; lane 2: pSAFV plasmid before digestion with X#o I; lane 3: pSAFV plasmid
after digestion with Xho 1. (B) Agarose gel electrophoresis of the in vitro transcribed RNA from
the linearised pSAFV. Lane 1: RNA marker; lane 2: SAFYV in vitro transcribed RNA; lane 3: SAFV
in vitro transcribed RNA treated with DNase 1.

Figure 3.16 (A), lane 2, shows pSAFV before linearising with Xho 1. Lane 3 shows pSAFV
after linearising with Xho I, and a single band of over 10 000 bp in size can be seen,
indicating that complete digestion occurred. Figure 3.16 (B), shows the in vitro transcribed
RNA from pSAFV. In both lanes 2 and 3, a clear band can be seen at over 10 000 bp,
however, the band of RNA before treating with DNase I, lane 2, is brighter than that of the
one after treating with DNase I, lane 3. This RNA was used to develop a two-step RT-PCR
assay for SAFV.

3.3.3.2 Development of a Two-Step RT-PCR Assay for SAFV

From the in vitro transcribed RNA, first-strand cDNA was synthesised. The RT-PCR assay
was then performed in the first-strand cDNA for the amplification of the SAFV full length 2C
region (975 bp) as well as an internal region of 2C (540 bp). The results are shown in Figure
3.17 below.
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Figure 3.17: Agarose gel electrophoresis of the two-step RT-PCR assay for the SAFV 2C, full
and partial, coding sequences from the SAFV in vitro transcribed RNA. Lane 1: Kapa Universal
marker; lane 2: SAFV Full length 2C RT-PCR; lane 3: negative control for the SAFV full length 2C
RT-PCR; lane 4: SAFV partial 2C RT-PCR; lane 5: SAFV partial 2C RT-PCR negative control.

Figure 3.17 shows the results from the RT-PCR assay for SAFV full length and internal 2C.
In lane 2, a single band of approximately 975 bp in size can be seen corresponding to that of
the SAFV full length 2C coding region. Lane 4 shows the presence of a single band 540 bp in
size which corresponds to the SAFV internal coding region of 2C. Both lanes 3 and 5 do not
show the presence of any band as they are the negative controls. This was expected as the
template used in these reactions was ddH,O rather than the first-strand cDNA synthesised
from the SAFV in vitro transcribed RNA.

3.3.3.3 Sensitivity of the Two-Step RT-PCR Assay for SAFV

First-strand cDNA was synthesised from serial dilutions of the SAFV in vitro transcribed
RNA and the RT-PCR assay was performed on each dilution. The results of are shown in
Figure 3.18 below.
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Figure 3.18: Agarose gel electrophoresis of the dilution series RT-PCR assay for SAFV full 2C
from the in vitro transcribed RNA. Lane 1: Kapa Universal marker; lane 2: negative control; lane 3:
556.9 ng/ul of SAFV RNA; lane 4: 115.3 ng/ul of SAFV RNA; lane 5: 23.4 ng/pl SAFV RNA; lane
6: 4.8 ng/pl SAFV RNA: lane 7: 1 ng/pl SAFV RNA.

The negative control, lane 2 of Figure 3.18, shows no bands, as expected, as ddH,O was used
as the template. Lanes 3-6 all show the presence of a single band approximately 975 bp in
size which decreases in intensity as the RNA concentration decreases. No bands were
present when the RNA concentration was 1 ng/ul, lane 7, and the minimum RNA

concentration required to produce an amplicon was 4.8 ng/pl.

3.4 Discussion

The aim of this chapter was to develop positive controls for RT-PCR assays for the detection
of specific sequences for NoV GII, A1V and SAFV. Plasmids containing selected sequences
for NoV GII and A1V were successfully created by cloning specific sequences, selected based
on literature, into pGEM®-T Easy. For SAFV, a plasmid containing the full length genome
was obtained. From these plasmids, RNA was successfully transcribed in vifro and was used

in two-step RT-PCR assays.

For the creation of a positive control for the NoV RT-PCR, RNA was extracted from a NoV
GII infected stool sample and an RT-PCR assay was performed. The 342 bp fragment of the
partial VP1 N/S domain coding sequence was successfully amplified and cloned into
pGEM®-T Easy. RNA was successfully transcribed from the pNoVGII plasmid and a RT-
PCR assay using the in vitro transcribed RNA produced the same 342 bp fragment. It was
determined that the minimum amount of RNA required for this RT-PCR assay was 0.9 ng/ul.
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A positive control for both the AiV S5’UTR and partial 3CD RT-PCR assays were
successfully developed through the amplification of the A1V 5’UTR 1008 bp insert and the
partial 3CD ¢cDNA fragment (266 bp) followed by cloning of the amplicons into pGEM®-T
Easy. Using pAiV5’UTR and pAiV3CD as templates, RNA was successfully transcribed and
the 1008 bp 5’UTR and the 266 bp partial 3CD coding sequences were successfully amplified
from the in vifro transcribed RNA using the RT-PCR assays. The minimum amount of RNA
for the S’UTR RT-PCR assay was determined to be 0.7 ng/ul and <0 ng/ul for the 3CD RT-
PCR assay. As pSAFV contains the T7 promoter and RNA was directly transcribed from this
plasmid to be used as a positive control for the RT-PCR assays. From the in vifro transcribed
RNA, both the full length 2C (975 bp) and partial 2C (540 bp) coding sequences were
successfully amplified using RT-PCR assays and the minimum amount of RNA for the full
length 2C RT-PCR assay was determined to be 1 ng/ul.

The RT-PCR assay chosen for detection of NoV was described by Kojima ef al. (2002),
where genogroup-specific primers were used in the detection of NoV GI and GII from stool
samples which showed Norwalk-like virus particles. The G2SKF/G2SKR primer set,
designed by Kojima and colleagues, was chosen for this study as these primers identified
NoV GII in 100% of the stool samples screened with a single RT-PCR assay (Kojima et al.,
2002). However, in our study, a nested RT-PCR assay had to be performed with the
G2SKF/G2SKR primer set in order to amplify the 342 bp fragment from RNA extracted from
stool samples. This may be due to low concentrations of RNA resulting in a lower cDNA
concentration, leading to poor amplification of the PCR product in the first round or the RT-
PCR assay may require adjustments for the correct amplification conditions. Kojima ef al.
(2002) also designed primers (GISKF/G1SKR) for NoV GI, however, this study did not

perform this RT-PCR assay as a NoV GI positive control was not available.

The GISKF/G1SKR and G2SKF/G2SKR primer sets have since been used in other studies
for the identification of NoV in the GI and GII genogroups. Loisy et al. (2005) used the
primer set for the identification of NoV GI and GII from both natural and artificially-infected
oysters. In this study, RNA from Norwalk virus strain (8FIla) and RNA extracted from a

NoV GII positive stool sample were used as positive controls in the RT-PCR and real-time
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RT-PCR assays which they performed. A similar positive control was used to the one chosen

in our study for the NoV GII RT-PCR assay.

For the detection of AiV in the wastewater, oyster and stool samples, two RT-PCR assays
were chosen based on literature. The first RT-PCR assay detects of the 5’UTR coding region
and the second detects a partial region of the 3CD coding region. The 5’UTR RT-PCR assay
was performed based on the work of Drexler ez al. (2011), where a nested RT-PCR assay and
a real-time RT-PCR assay were developed for the detection of AiV in stool samples. Jan
Drexler kindly supplied a plasmid containing one of the S’UTR PCR product from the study
of Drexler ef al. (2011). The backbone of this plasmid was unknown and so it could not be
used directly in this study. A single round PCR was therefore performed on the plasmid,
using the 5’UTR F/R primers, for the development of the positive control resulting in the
amplification of the 1008 bp fragment.

Yamashita et al. (2000) developed a RT-PCR assay for the detection of AiV using three
primer sets, the third of which amplified a 519 bp region of the 3CD junction. AiV isolates
(grown in Vero cells) and stool samples were then screened for the presence of A1V using the
three primer sets (Yamashita ef al., 2000). The AiV standard strain (A846/88) RNA was used
as a template in the RT-PCR assays and positive results were seen for all three primer sets.
The primer set designed to amplify the 3CD junction was shown to be most sensitive. Pham
et al. (2007) developed a nested RT-PCR using the 3CD junction primer set from Yamashita
et al. (2000) as well as an internal primer set. Using the nested RT-PCR assay, it was possible
to successfully identify A1V from 28 stool samples collected from Japan, Bangladesh and
Vietnam (Pham et al.,, 2007). The 266 bp fragment of the AiV 3CD from Pham et al. (2007)
was used for the development of a positive control for the AiV 3CD RT-PCR assay in this
study. For this reason only the second round RT-PCR primers from Pham ef al. (2007) were

chosen for the development of a positive control in this study.

Blinkova ef al. (2009) identified SAFV RNA fragments from stool samples collected from
children under the age of 15, who suffered from non-polio acute flaccid paralysis, from South
Asia during 2008. The SAFV RNA fragments were identified through shotgun sequencing
and RT-PCR assays of the 2C (helicase) and VP1 regions. The 2C nested RT-PCR assay was
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used for the identification of SAFV sequences while the VP1 RT-PCR assay was used for
classification of the genotypes (Blinkova ef al., 2009). From the 107 samples screened, 11
tested positive for SAFV and so a similar method was used in this study. Two sets of new
primers for the 2C region were designed as those described by Blinkova ef al. (2009) were
degenerate primers. The first set of primers (external primers) amplify a 975 bp region of the
2C sequence while the second set of primers (internal primers) amplify a 540 bp region
within the 2C external primers potentially allowing for a nested RT-PCR assay. In this study
only RT-PCR assays, not nested RT-PCR assays were performed with each primer set unlike
Blinkova ef al. (2009) who used a nested RT-PCR assay. The 975 bp region was used to
determine the sensitivity of the assays in this study as the focus was the development of
techniques. If this RT-PCR assay was used for diagnostic detection the 540 bp region would
be used as the viral RNA in samples may be degraded and a higher detection rate may occur
with this RT-PCR assay. The 2C (helicase) sequence was chosen as it is highly conserved
throughout the picornavirus family, increasing the efficiency of the primers as there is less
sequence variation which may occur in other regions of the genome (Blinkova ef al., 2009;

Racaniello, 2007).

Using the RT-PCR assays and primer sets designed by Kojima et al. (2002), Drexler et al.
(2011) and Pham er al. (2007), positive controls were successfully developed for the
detection of NoV GII, A1V 5’UTR coding region and a partial region of the 3CD junction of
A1V, respectfully. Two RT-PCR assay positive controls were also successfully developed for
the 2C coding region of SAFV based on the work published by Blinkova e al. (2009). The
next chapter describes the samples used in this study, namely wastewater, oyster and clinical
samples as well as their preparation by filter concentration and PEG precipitation. Screening

of filter concentrated samples by TEM for the presence of viral particles is also performed.
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Chapter 4: Preparation of Samples and Morphological Analysis of
Virus Particles

4.1 Introduction

In Chapter 3, the development of RT-PCR assays and positive controls for the identification
of NoV, AiV and SAFV using either viral RNA (NoV) or in vifro transcribed RNA were
described. This chapter describes the samples to be used in this study which include clinical
samples, wastewater and oysters. In addition, the method of preparation of the samples for

TEM screening is also presented.

Viruses associated with gastroenteritis, such as NoV and AiV have previously been isolated
from wastewater and water sources contaminated with sewage in many studies worldwide (di
Martino et al., 2013; Lodder et al., 2013; Mans ef al., 2013; La Rosa ef al., 2008; da Silva et
al., 2007). Wastewater was thus chosen as a sample type in this study. Shellfish, such as
oysters, are often associated with gastroenteritis and many of these cases are as a result of the
viruses, including enteroviruses, NoV and AiV (Reuter ef al., 2011; Formiga-Cruz et al.,
2005; Loisy et al., 2005; Le Guyader ef al., 2000; Atmar ef al., 1995; Yamashita ef al., 1991).
Previous studies have isolated these viruses from oysters therefore, as oysters suspected to
contain viruses were available, they were also used in this study. Many studies have isolated
viruses associated with gastroenteritis from stool samples, including enteroviruses, NoV, AiV
and SAFV (Mans ef al., 2014; Nielsen ef al., 2013; Chau et al., 2011; Eden et al,. 2010,
Pham et al., 2010; Drexler et al., 2008; Oh et al., 2006). Stool samples were thus chosen as
the third sample type for use in this study for the identification NoV, A1V and SAFV.

While the virus particles may be present in high concentrations (10°-10") in nature, these
concentrations often occur in large sample seizes, such as a litre of water (reviewed by
Staggemeir ef al., 2012). As PCR assays use small volumes of sample in the reactions it is
therefore important to concentrate the samples to increase the sensitivity of the PCR assay.
Filtering the sample allows for the removal of inorganic and organic contaminants, such as
soil particles and bacteria, which may have adverse effects on downstream processing (Casas
and Sunén, 2001). During the handling of the sample, virus particles are unavoidably lost,

increasing the need to concentrate the samples. This can be performed after filtering of the
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sample. Concentrating techniques such as PEG precipitation are also able to remove other
amplification inhibitors (Casas and Sunén, 2001). The wastewater, oysters and stool samples
were filtered and concentrated to remove debris and contaminants, and to increase the virus
concentrations in the samples. Syringe filters and concentrator columns can be used to
remove debris and contaminants and initially concentrate the samples. PEG precipitation can
then be used to further concentrate the virus particles present in the samples, and may help in
removing any smaller debris which passes through the filtering step. PEG precipitation has
been used in a wide variety of studies, including that of Lewis and Metcalf (1988) and Lewis

et al. (2010), to concentrate virus particles in a given sample.

Once the samples have been filtered and concentrated, the viruses can then be detected and
identified (reviewed by Staggemeier ef al., 2012). While RT-PCR assays are used for the
identification of viruses in a variety of samples, it is important to ensure virus particles are
present in the samples first. This can be achieved through screening of filter concentrated
samples by TEM to examine the morphological characteristics and approximate the number

of particles present (reviewed by Staggemeier et al., 2012).

The specific objectives were:

e To filter sterilise the wastewater, oysters and clinical samples, in order ~ to remove
bacteria and cell debris.

e To screen samples for virus particles and determine morphological characteristics.

4.2 Materials and Methods
The three samples types chosen in this study include wastewater, oysters suspected to be
infected with viruses and 30 rotavirus-negative stool samples collected from symptomatic

patients. These samples are discussed below.

4.2.1 Wastewater Sample
4.2.1.1 Sample Preparation and Transmission Electron Microscopy
A 200 ml sewage sample was collected from the Belmont Valley Wastewater Treatment

Plant (Grahamstown, Eastern Cape South Africa). The sample was filtered through 0.20 um
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sterile syringe filters (Lasec, South Africa) and concentrated to 6 ml using 20 ml and 4 ml
Vivaspin columns (Sartorius Stedim Biotech, Germany) according to the manufacturer’s
protocol. Samples were prepared for TEM analysis and imaged as described in Chapter 2,

section 2.2.3.

4.2.1.2 Precipitation with PEG 6000

The wastewater supernatant collected above, Chapter 4, section 4.2.1.1, was assumed to have
a NaCl of 0.15 M. As Chapter 2 showed an increase of virus particle recovery using PEG
6000 with a NaCl concentration of 0.25 M, the NaCl concentration of the wastewater
supernatant was increased to a final concentration of 0.25 M. PEG precipitation was
performed on the sample as described in Chapter 2, section 2.2.4. In brief, PEG 6000 was
added to a final concentration of 8% and incubated overnight at 4°C. After incubation the
samples were centrifuged at 10 000 xg for 30 min at 4°C and the pellets were resuspended in
300 ul ddH20. The sample was prepared for TEM analysis and imaged as described in
Chapter 2, section 2.2.3.

4.2.2 Oyster Samples

4.2.2.1 Sample Preparation and Transmission Electron Microscopy

Opysters suspected to be infected with viruses were donated by Oribi Haven, Kasouga, Eastern
Cape, South Africa. The oysters were originally collected from Port Elizabeth, Eastern Cape,
South Africa. The digestive tract, stomach and gills, as shown in Figure 4.1, were removed
from five oysters by dissection, amalgamated and homogenised in 10 ml ddHO with a final
concentration of 0.25 M NaCl, using a stick blender (Sunbeam, USA). The sample was
treated with a final concentration of 1% NP-40 (Sigma-Aldrich, USA) for 1 hr with shaking
at room temperature and centrifuged at 4000 xg for 20 min. The supernatant was filtered
through 0.20 um sterile syringe filters (Lasec, South Africa) and concentrated to 2 ml using 4
ml Vivaspin columns (Sartorius Stedim Biotech, Germany) according to the manufacturer’s
protocol. PEG precipitation was performed on the sample and TEM analysis was performed

as described above in Chapter 2, section 2.2 4.
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Figure 4.1: A schematic diagram of the internal organs of an oyster (adapted from
http://lanwebs.lander.edu/faculty/rsfox/invertebrates/crassostrea.html; drawn by Kate Bryan
[Rhodes University, South Africa]). The digestive tract, stomach and gills, which were dissected out
of the oyster, are shown in purple.

4.2.3 Stool Samples

4.2.3.1 Sample Preparation and Transmission Electron Microscopy

Thirty rotavirus negative stool samples were donated by the Diarrhoeal Pathogens Research
Unit (MEDUNSA, Limpopo University). The samples were initially screened, by the staff at
the Diarrhoeal Pathogens Research Unit, for the presence of rotavirus using the ProSpecT
Rotavirus ELISA kit (Oxoid, UK). The sample number, date of collection, age and gender of
the patients from which the stool samples were collected, were recorded and are shown in

Table 4.1 below.
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Table 4.1: Data Pertaining to the Patients from which the Stool Samples were Collected.

Rhodes sample no

P1

P2

P3

P4

P5

P6

P7

P8

P9

P10

P11

P12

P13

P14

P15

P16

P17

P18

P19

P20

P21

P22

P23

P24

P25

P26

P27

P28

P29

P30

Sample no

5666

5667

5673

5675

5677

5679

5681

5687

5689

5693

5702

5706

5707

5719

5723

5729

5730

5759

5763

5770

5776

5783

5785

5788

5789

5803

5805

5807

5809

5811

Collection Date

11/6/2011

14/6/2011

16/6/2011

17/6/2011

14/6/2011

14/6/2011

13/6/2011

17/6/2011

17/6/2011

18/6/2011

20/6/2011

21/6/2011

24/6/2011

21/6/2011

25/6/2011

9/5/2011

9/5/2011

5/5/2011

15/5/2011

13/5/2011

17/5/2011

30/5/2011

31/5/2011

3/6/2011

6/6/2011

8/6/2011

9/6/2011

8/6/2011

10/6/2011

10/6/2011

Patient Gender

Female

Male

Male

Male

Female

Male

Female

Male

Male

Male

Female

Male

Male

Female

Male

Male

Female

Female

Female

Male

Male

Female

Female

Female

Male

Female

Female

Female

Female

Female

Patient Age

1 Year
5 Months
1 Year
2 Years
3 Years
2 Years
1 Year
4 Months
1 Year
3 Years
4 Years
2 Years
3 Years
3 Months
2 Years
4 Years
1 Year
0 Months
3 Years
4 Years
1 Year
10 Months
1 Year
4 Months
1 Year
2 Years
2 Years
2 Years
0 Months

11 Months
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Approximately 500 pl of each stool sample was suspended in 5 ml of 0.15 M NaCl and
briefly vortexed (adapted from the Isolation of viral RNA from stool using the QIAamp®
Viral RNA Mini Kit User-Developed Protocol, Qiagen®, 2010). The samples were then
clarified by centrifugation at 4000 xg for 20 minutes. The supernatant was filtered through
0.20 pum sterile syringe filters (Lasec, South Africa) and concentrated, by centrifugation at
4000 xg for 10 min or until the sample was concentrated to approximately 500 ul, using 4 ml
Vivaspin columns (Sartorius Stedim Biotech, Germany) as per the manufacturer’s protocol.
The NaCl concentration was increased to a final concentration of 0.25 M and PEG
precipitation was performed as described above, in Chapter 2, section 2.2.1.4. Each sample

was then prepared for TEM analysis and imaged as described in Chapter 2, section 2.2.3.

4.3 Results

4.3.1 Transmission Electron Microscopy Wastewater Sample

The wastewater sample was analysed for the presence of viral particle by TEM. To increase
the concentration of potential virus particles, PEG precipitation was performed with 0.25 M
NaCl. Figure 4.2 shows the TEM micrographs for the wastewater sample after PEG

precipitation.
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Figure 4.2: TEM images of the wastewater sample after PEG precipitation. Panel A-D: TEM
images from the wastewater sample treated with 8% PEG 6000 and 0.25 M NaCl concentration.
Arrows point towards single or clumps of viral particles.

The TEM images in Figure 4.2 show a wide variety of virus particles isolated from the
wastewater sample. These particles were icosahedral in shape, of which some showed the

presence of a tail. The diameter of the viral particles ranged from 30 nm to 100 nm.

4.3.2 Transmission Electron Microscopy of Oyster Extracts

The oyster extracts were analysed for the presence of viral particles by TEM. To increase the
concentration of potential viral particles, PEG precipitation was performed with 8% PEG and
0.25 M NaCl. Figure 4.3 shows the TEM micrographs for the oyster samples after PEG

precipitation.
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Figure 4.3: TEM images of the oyster samples after PEG precipitation. Panel A-D: TEM images
from the oyster sample treated with 8% PEG 6000 and 0.25 M NaCl. Arrows point towards single or
clumps of viral particles.

In the oyster samples, only one type of virus particle was present. These were small (30-40
nm in diameter), round virus particles as can be seen in panels A-D of Figure 4.3. Single viral
particles can be seen in panels A and D, while panels B and C show multiple particles,

including some which are forming clumps.

4.3.3 Transmission Electron Microscopy of Stool Samples

To determine if there were viral particles present in the stool samples PEG precipitation was
performed with 8% PEG and 0.25 M NaCl after which TEM analysis was performed. Figure
4.4 below shows the TEM images from after PEG precipitation and Figure 4.5 below shows

transmission electron micrographs of the variety of viral particles seen in the stool samples.
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Figure 4.4: TEM images of selected stool samples after PEG precipitation. Panel A-B: TEM
images from stool samples P10 and P19 respectively after PEG precipitation with 0.25 M NaCl and
8% PEG 6000. Panel C-D: TEM images from stool sample P2 after PEG precipitation with 0.25 M
NaCl and 8% PEG 6000. Arrows point towards single or clumps of viral particles.
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Figure 4.5: TEM images of selected stool samples showing the variety of virus particles present.
Panel A-F: Transmission electron micrographs from stool samples P17, P25, P23, P9, P10 and P24
respectively showing single virus particles.

All 30 stool samples showed the presence of viral particles. The TEM images in Figures 4.4
and 4.5 showed viral particles ranging from 30 nm to 100 nm in diameter and are icosahedral
in shape, some of which have tails. Viral particles present in Figure 4.4 panels A-D show

clustering of the virus particles and a large number of virus particles could be seen.

Figure 4.5 panels A-F show a variety of virus particles found in the stool samples. Panels A,
D, E and F show virus particles which are icosahedral in shape, with no protruding surface

proteins and are 30 — 50 nm in diameter. Panel B shows a virus particle approximately 80 nm
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in diameter with protruding surface proteins. Panel C shows a virus with a tail and the capsid

of the virus is approximately 50 nm in diameter.

4.4 Discussion
Three samples were chosen for screening in this study, these were wastewater, oysters
suspected to be infected with viruses and rotavirus-negative stool samples collected from

symptomatic paediatric patients in South Africa.

Wastewater was chosen as a sample as viruses are expected to be found in this sample,
including enteroviruses, NoV and AiV, which have been found in sewage samples in many
studies including that of Formiga-Cruz et al. (2005), da Silver ef al. (2007) and di Martino ef
al. (2013). In Formiga-Cruz ef al. (2005) sewage was screened by multiplex RT-PCR and the
sample was found to contain adenovirus, enteroviruses (including poliovirus and coxsackie
viruses) and hepatitis A virus. Da Silver ef al. (2007) performed a study to determine the
removal of NoV GI and GII during wastewater treatment. The detected NoV GI in 43% and
GII in 88% of their influent samples indicating that NoV is commonly found in sewage
before treatment. AiV has been found in sewage samples around the world, including in Italy,
as shown in the study by di Martino ef al. (2013), where AiV was found in four wastewater

treatment plants using RT-PCR assays.

The oysters were found to be associated with non-bacterial gastroenteritis, so viruses were
thought to be present in them, and they were thus used as a sample in this study. Previous
studies have found a wide variety of viruses associated with gastroenteritis in shellfish,
including oysters, (Loisy ef al., 2005; Le Guyader et al., 2000, Atmar et al., 1995; Yamashita
et al, 1991). Loisy et al. (2005) showed the presence of NoV GII from 60 naturally
contaminated oysters using RT-PCR assays. Le Guyader ef al. (2000) collected 20 oysters
and 30 mussels monthly, from five sites for three years to study human enteric viruses in
shellfish (Le Guyader et al., 2000). The study found Norwalk-like viruses, hepatitis A virus,
rotavirus, enterovirus and astrovirus present in the shellfish throughout the study. Atmar ez al.
(1995) showed the presence of Norwalk-like viruses and hepatitis A virus in oysters and

hard-shelled clams from Texas and South Carolina, USA, using PCR assays (Atmar ef
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al.,1995). AiV was first identified in patients suffering from oyster associated gastroenteritis

in three separate outbreaks in Japan, as shown by Yamashita ef al. (1991).

Stool samples from patients with gastroenteritis contain a large variety of viruses associated
with the disease, including enteroviruses, NoV, AiV and SAFV. Many studies look at the
presence of selected viruses or their prevalence through detection of the viruses in stool
samples. Pham ef al. (2010) performed a multiplex RT-PCR assay on stool samples for the
detection of A1V, human parechovirus, enteroviruses, and human bocavirus, many of which
have been found in association with gastroenteritis in Japan. Drexler ef al. (2011) detected the
presence of AiV in stool samples collected from patients in northern Germany using RT-PCR
assay and quantitative RT-PCR. NoV was identified in South Africa in stool samples from
hospitalised patients in a study by Mans ef al. (2010), which also focused on the genotyping
of the strains detected by RT-PCR assays. Khamrin ef al. (2011) identified SAFV from faecal
samples taken from children with diarrhoea in Thailand using a RT-PCR assay which

amplified the 5’UTR coding region.

TEM analysis of the wastewater sample showed the presence of a variety of virus particles
while the oyster samples showed only one size of virus particles. This included small, round,
non-enveloped viruses, 30-40 nm in diameter, as well as larger, round viruses, 80-100 nm in
size. The stool samples showed a wide variety of viral particle sizes and morphologies,
including small and large, round non-enveloped viral particles ranging in size from
approximately 27-90 nm. The larger virus particles showed the presence of protruding
surface proteins. The smaller virus particles present in the samples may belong to the
Caliciviridae family as they exhibit a similar morphology to that of Norwalk-virus as shown
by Green et al. (2000) and Wilhelmi (2003). They also show similar morphology to the TEM
images of viruses present in the NoV stool sample (data not shown). They may, however,
also belong to the Picornaviridae family as they also show a similar morphology to
Poliovirus and AiV when compared to TEM images reported by the ICTV 9th report and
Yamashita et al. (1998) (Knowles ef al., 2012; Yamashita ef al., 1998). The virus particles
are also similar to that of the TEM images of TMEV (see Chapter 2), which is a known
picornavirus. The larger viruses present in the wastewater and stool samples show the

morphology of enteric adenoviruses as well as rotavirus, due to their size and the presence of

87



protruding surface proteins, when compared to TEM images (Berk, 2007; reviewed by
Wilhelmi, 2003). As the rotavirus ELISA does not detect rotavirus group B and C, it is
possible that the stool samples may contain rotaviruses belonging to these groups (Anderson
and Weber, 2004). Adenoviruses are commonly found in wastewater samples (Berk, 2007).
A virus with a head and a tail, 80 nm in diameter, can be seen in the wastewater sample. This
morphology is indicative of a bacteriophage, which is expected in wastewater due to the

presence of bacteria (Campbell, 2007).

The oysters, wastewater and clinical samples did not only show the presence of viral
particles, but many of the viral particles present were similar in morphology to picornaviruses
as well as caliciviruses. NoV was chosen as the first virus to be detected in this study as it is
the second leading cause of viral gastroenteritis in South Africa and it has been shown to be
present here in South Africa (Mans ef al., 2014, Mans et al., 2010). Initial screening of A1V
by RT-PCR assay was performed on the oysters and the wastewater sample but no results,
either positive or negative, were obtained indicating that the RT-PCR assay required further
optimisation. Due to time constraints, optimisation of the AiV RT-PCR assay and the
screening of the wastewater, oysters and stool samples for SAFV by RT-PCR assay was not
completed. The next chapter describes the screening of the wastewater, oyster and stool

samples for NoV using an RT-PCR assay.
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Chapter 5: Detection of Norovirus GII in the Wastewater, Oyster
and Stool Samples using an RT-PCR assay

5.1 Introduction

Previous chapters describe the development of techniques for the isolation and detection of
virus particles in TMEV-infected lysates, wastewater, oysters and stool samples.
Significantly, screening of filter-sterilised samples by TEM showed the presence of
picornavirus-like particles in all samples analysed. Although, the initial purpose of this study
was to develop techniques for the identification of picornaviruses (specifically AiV and
SAFV) which have not yet been described in South Africa, it was decided to first screen the
samples for NoV given that it has been shown to be prevalent in this country. As described in
Chapter 1, section 1.2.2, noroviruses are characterised into five different genogroups, of
which GI and GII are major causative agents of gastroenteritis in humans (Zheng et al.,
2006). A previous study using real time qPCR assays have shown that several NoV
genotypes including GI and GII are prevalent in water sources in Gauteng, South Africa
(Mans et al., 2013). In addition, NoV was detected in 14.3% of stool samples collected from
hospitalised patients in Pretoria during 2008 (Mans ef al, 2010). Both of these studies
reported that NoV strain GII.4 was the most common in South Africa. For this reason a RT-
PCR assay was developed, as described in Chapter 3, for the detection of noroviruses in

wastewater, oyster and stool samples.

The RT-PCR assay described in this chapter was performed based on a study by Kojima ez al.
(2002), where genogroup-specific primers targeting the capsid region of NoV GII were used
to screen stool specimens during a gastroenteritis outbreak in Japan. The overall aim was to
apply the RT-PCR assay developed in Chapter 3 to screen all samples for the presence of

NoV GII and then perform a bioinformatics analysis of sequences obtained.

The specific objectives were as follows:

e To extract RNA from virus particles found in the wastewater, oyster and stool
samples and to perform an RT-PCR assay for the detection of NoV GIL

e To sequence RT-PCR products and perform a bioinformatics analysis of the
nucleotide and amino acid sequences.

89



5.2 Materials and Methods

5.2.1 Viral RNA Extraction from the Wastewater, Oyster and Stool Samples

Virus particles were obtained from wastewater, oyster and 30 stool samples as described in
Chapter 4. Viral RNA was extracted using the QIAmp® Viral RNA Mini kit (Qiagen, USA)
as described in Chapter 2, section 2.2.5, and analysed by 1% agarose gel electrophoresis as
described in Chapter 2, section 2.2.5. The concentration was determined and RNA samples

were stored at -80°C until required.

3.2.2 Nested Two-Step Norovirus GII RT-PCR Assay Performed on the Wastewater,
Oyster and Stool Samples First-Strand cDNA

First-strand ¢cDNA was synthesised from approximately 500 ng of viral RNA using the
RevertAid™ Premium first-strand cDNA Synthesis kit (Fermentas, USA) according to the
manufacturer’s protocol as described in Chapter 2, section 2.2.6. The nested RT-PCR assay
was performed using the N/S GII forward and reverse primers to amplify the NoV GII VP1
N/S domain coding sequence (described in Table 3.1) as follows: 1x ready mix with Mg*"
(KAPA Biosystems, USA), 0.4 uM of the forward and reverse oligonucleotides, 4 ng/ul first-
strand cDNA template and 9.5 pl ddH,O. A negative control reaction was set up in the same
manner except that ddH,O was used instead of the first-strand cDNA template. The positive
control was set up with ~2 ng/ul of pNoVGIL The cycling parameters used for the first round
RT-PCR reaction were as follows: 95°C for 1 min 30s, 35 cycles of 95°C for 30s, 55°C for
45s, 72°C for 1 min and a final elongation of 72°C for 5 min.

The second round of PCR amplification was then performed as follows: 1x ready mix with
Mg®" (KAPA Biosystems, USA), 0.4 pM of the forward and reverse oligonucleotides , 5 pl
first round RT-PCR product and 9.5 ul ddH2O. A negative control reaction was set up in the
same manner except that ddH>O was used instead of the first round RT-PCR product. The
positive control was set up with ~2 ng/ul of pPNoVGIL The second round RT-PCR assay used
the same cycling parameters as described for the first round RT-PCR assay. The nested RT-

PCR products were analysed by 1% agarose gel electrophoresis.
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5.2.3 Cloning, Sequencing and BLAST analysis of NoV RT-PCR Products

RT-PCR amplicons representing a 342 bp region of the NoV GII genome were ligated into
pGEM®-T Easy (Promega, USA) as per the manufacturer’s protocol. Ligations were
transformed and plasmids were extracted as described previously in Chapter 3 section 3.2.1.3.
The plasmids were screened for the correct insert by restriction digestion with Eco RI as
follows: as follows: the reaction was set up using ~70 ng/pl of plasmid DNA, 1x buffer, 3
U/ul Eco Rl restriction enzyme and sterile ddH,O to 15 ul. The reaction was incubated at
37°C for 30 min and agarose gel electrophoresis. One plasmid from each sample (wastewater,
oyster extracts and 11 stool samples) was sent to Inqaba Biotechnical Industries (Pty) Ltd for
sequencing. This was performed using the T7 primer, in the forward direction only and the

sequence was analysed using NCBI BLAST (Blast.ncbi.nlm.nih.gov/Blast.cgi).

5.2.4 Bioinformatics Analysis of the Sequences from the Wastewater, Oyster and
Stool Samples

Nucleotide sequences obtained from RT-PCR assays were translated using the XPasy
translation tool (http://web.expasy.org/translate). A multiple alignment was performed on the
nucleotide and amino acid sequences using Clustal W

(http://www.ebi.ac.uk/Tools/msa/clustalw2/). A NoV GII sequence, described by Mans ef al.
(2010) [Accession no. HQO008055.1], was used as a reference strain to compare sequence

identity and similarity.

5.3 Results

5.3.1 Viral RNA Extraction from the Wastewater, Oyster and Stool Samples

RNA extracted from the wastewater, oyster and stool samples was analysed by agarose gel
electrophoresis (Figure 5.1 and Figure 5.2). The concentration of the RNA present in each

sample was estimated and the results are shown in Table 5.1 below.
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Figure 5.1: Agarose gel electrophoresis of the viral RNA extracted from the (A) wastewater
sample and (B) oyster sample. (A) Lane 1. Kapa Universal Molecular Marker and Lane 2:
wastewater sample. (B) Lane 1: Kapa Universal Molecular Marker and lane 2: oyster sample.

Lane 2 of Figure 5.1 (A) shows the presence of viral RNA, which was extracted from viral
particles present in the wastewater sample. A smear of RNA can be seen from 10 000 bp to
below 500 bp. Viral RNA was also successfully recovered from the viral particles present in
the oyster extract as shown in lane 2, Figure 5.1 (B). A smear can be seen from 10 000 to
below 500 bp and clear bands were present at approximately 1000 bp, 700 bp, 600 bp and
500 bp.

Figure 5.2: Agarose gel electrophoresis of the viral RNA extracted from selected stool samples
(A-C). (A) Lane 1: Kapa Universal Molecular Marker, lane 2: stool sample P14, lane 3: stool sample
P25, lane 4: stool sample P22, lane 5: stool sample P4 and lane 6: stool sample P19. (B) Lane 1: Kapa
Universal Molecular Marker, lane 2: stool sample P1, lane 3: stool sample P35, lane 4: stool sample P7,
lane 5: stool sample P20, lane 6: stool sample P23 and lane 7: stool sample P30. (C) Lane 1: Kapa
Universal Molecular Marker, lane 2: stool sample P12, lane 3: stool sample P13, lane 4: stool sample
P15, lane 5: stool sample P24 and lane 6: stool sample P29.

In Figure 5.2 (A), lanes 3, 5 and 6, RNA can be seen from 10 000 bp to below 500 bp with a

high concentration of RNA below 500 bp, lane 6. No RNA can be seen in lanes 2 and 4.
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Figure 5.2 (B) shows the presence of a clear band in lanes 2 and 3 at approximately 10 000 bp
and the presence of RNA from 10 000 bp to below 500 bp, lanes 2, 3, 5 and 7. A clear band
of RNA is present at 10 000 bp in lane 4 of Figure 5.2 (C) with the presence of RNA in lanes
2-6 from approximately 4000 bp to 500 bp. Table 51 Shows the RNA concentrations

measured for all the samples.

Table 5.1: RNA Concentrations Obtained for the Oyster, Wastewater and Stool

Samples.
RNA RNA RNA
Sample Concentration Sample Concentration Sample Concentration
ng/I ng/I ng/I
Oyster 110.4 P10 921 P21 85.3
Wastewater 137.0 P11 87.6 P22 105.2
P1 85.3 P12 126.1 P23 106.3
P2 354 P13 105.3 P24 110.0
P3 114.8 P14 101.3 P25 108.6
P4 127.0 P15 118.2 P26 62.0
P5 98.8 P16 73.7 P27 98.6
P6 133.5 P17 94.5 P28 102.4
P7 111.8 P18 91.7 P29 72.3
P8 86.2 P19 511.8 P30 109.4
P9 95.9 P20 105.8

5.3.2 Norovirus GIl RT-PCR Assay Performed on the Wastewater and Oyster
Samples

To determine the presence of NoV GllI in the wastewater and oyster samples, a nested RT-
PCR was performed using the RNA extracted from the samples. This was achieved by
synthesising first-strand cDNA from the RNA extracted from each sample, followed by the
RT-PCR assay using primers for the N/S domain of VVP1 region of the NoV genome. Figure
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5.3 and Figure 5.4 show the results from the wastewater and oyster sample nested RT-PCR

assays respectively.

Figure 5.3: Agarose gel electrophoresis of the wastewater NoV GII nested RT-PCR assay. (A)
First round of the RT-PCR assay: Lane 1: Kapa Universal Molecular Marker, lane 2: negative
control, lane 3: positive control and lane 4: wastewater sample. (B) Second round of the RT-PCR
assay: Lane 1: Kapa Universal Molecular Marker, lane 2: positive control, lane 3: negative control
and lane 4: wastewater sample.

In the first round of the nested RT-PCR assay, Figure 5.3 (A), a clear band is present at 342
bp in the positive control, lane 3, as expected as pNoVGII was used as the template. No
bands can be seen in the negative control, lane 2, or in the wastewater sample, lane 4.
However, in the second round of the nested RT-PCR assay, Figure 5.3 (B), a clear band is
present at 342 bp in the positive control, lane 2, and the wastewater sample, lane 4. Once

again, there is no band in the negative control, lane 3.

Figure 5.4: Agarose gel electrophoresis of the oyster sample NoV GII nested RT-PCR assay. A)
first round of the RT-PCR assay: Lane 1. Kapa Universal Molecular Marker, lane 2: negative
control, lane 3: oyster sample and lane 4: positive control. B) second round of the RT-PCR assay:
Lane 1: Kapa Universal Molecular Marker, lane 2: negative control, lane 3: positive control and lane
4. oyster sample.
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In Figure 5.4 (A), no bands are present in the negative control, lane 2, or the oyster sample,
lane 3, but a clear band can be seen at 342 bp in the positive control, lane 4, as pNoVGII was
used as the template. In the second round of the RT-PCR assay, Figure 5.4 (B), no bands
were present in the negative control, lane 2, but a clear band was present at 342 bp in the

positive control, lane 3, and the oyster sample, lane 4.

5.3.3 Norovirus GII RT-PCR Assay Performed on the Stool Samples

To determine the presence of NoV GII in the stool samples, a nested RT-PCR assay was
performed. This was achieved by synthesising first-strand cDNA from the viral RNA
extracted from the stool samples followed by a nested RT-PCR assay using the G2SKF/R
primers which bind to the VP1 N/S domain region of the NoV GII genome. The results from
selected samples are shown in Figure 5.5 below and Table 5.2 summarises the detection

results for all stool samples.

Figure 5.5: Agarose gel electrophoresis of the NoV GII nested RT-PCR assay performed on
selected stool samples. (A) Stool samples P1 and P2: Lane 1. Kapa Universal Molecular Marker,
lane 2: negative control, lane 3: positive control, lane 4: stool sample P2 and lane 5: stool sample P1.
(B) Stool samples P14 and P17- P21: Lane 1: Kapa Universal Molecular Marker, lane 2: negative
control, lane 3: positive control, lane 4. stool sample P14, lane 5: stool sample P17, lane 6: stool
sample P18, lane 7: stool sample P19, lane 8: stool sample P20 and lane 9: stool sample P21. (C)
Stool samples P12, P13, P15 and P29: Lane 1: Kapa Universal Molecular Marker, lane 2: positive
control, lane 3: negative control, lane 4: stool sample P12, lane 5: stool sample P13, lane 6: stool
sample P15 and lane 7: stool sample P29.

In Figure 5.5 (A), the positive control, lane 3 shows a clear band at 342 bp as expected as

pNoVGII was used as the template. The negative control, lane 2, contains no bands as

95



expected as ddH20 was used as the template. Stool sample P2, lane 4, does not contain a 342
bp band but stool sample P1, lane 5, shows this band. Figure 5.5 (B) shows the presence of a
342 bp PCR product in the positive control, lane 3, while the negative control, lane 2 does
not. Stool samples P17-P21, lanes 5-9, show the presence of a 342 bp band however, P14,
lane 4, does not show this band. Figure 5.5 (C) shows a single band of 342 bp in the positive
control, lane 2, and no bands in the negative control, lane 3, as expected. Stool samples P12,
P13 and P15, lanes 4-6, do not show any bands but stool sample P29, lane 7, shows the

presence of a band at 342 bp.

Table 5.2: Presence of NoV GlI in the Stool Samples Analysed.

Sample NoV Gll Sample NoV Gl Sample NoV Gl
P1 Yes P11 No P21 Yes
P2 No P12 No P22 No
P3 No P13 No P23 No
P4 No P14 No P24 No
P5 Yes P15 No P25 No
P6 No P16 No P26 No
P7 Yes P17 Yes P27 No
P8 Yes P18 Yes P28 No
P9 Yes P19 Yes P29 Yes
P10 No P20 Yes P30 No

Using the nested RT-PCR assay, 30 stool samples were screened for NoV GIl. RT-PCR
products were obtained for 11 of the stool samples tested (shown in Table 5.2). The PCR

products were sequenced and analysed using NCBI BLAST.
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5.3.4 BLAST Analysis of the NoV GII Sequences

Figure 6S to Figure 18S (Appendix II) show the nucleotide sequences of the RT-PCR
products of wastewater, oysters and stool samples inserted into pGEM®-T Easy. The
nucleotide sequences show that the RT-PCR products for NoV GII N/S Domain were
correctly inserted into pPGEM®-T Easy.

Table 5.3 below shows the results from the BLAST analysis of the PCR products from the
NoV GII RT-PCR performed on the wastewater, oyster and stool samples. All the PCR
products were determined to be NoV GII, strain GIL.4. The wastewater and oyster PCR
product showed a 99% identity to that of NoV GII (Accession no. KC631815.1). All but one
of the PCR products from the stool samples showed a 99% identity to NoV GII (Accession
no. KC631815.1), P7 showed a 98% identity to NoV GII (Accession no. KC631815.1).

97



Table 5.3: The BLAST Analysis of the NoV GIlI PCR Products for Wastewater, Oyster

and Stool Samples.

Sample

W astewater

Oyster

P1

P5

P7

P8

P9

P17

P18

P19

P20

P21

P29

Description

Norovirus Hu/GIL4M 1002/
2011/USAORF-1, ORF-2, and
ORF-3 genes, complete cds

Norovirus Hu/GI11.4M 1002/
2011/USAORF-1, ORF-2, and
ORF-3 genes, complete cds

Norovirus Hu/GI11.4M 1002/
2011/USAORF-1, ORF-2, and
ORF-3 genes, complete cds

Norovirus Hu/GI11.4M 1002/
2011/USAORF-1, ORF-2, and
ORF-3 genes, complete cds

Norovirus Hu/GI11.4M 1002/
2011/USAORF-1, ORF-2, and
ORF-3 genes, complete cds

Norovirus Hu/GI11.4M 1002/
2011/USAORF-1, ORF-2, and
ORF-3 genes, complete cds

Norovirus Hu/GI11.4M 1002/
2011/USAORF-1, ORF-2, and
ORF-3 genes, complete cds

Norovirus Hu/GI11.4M 1002/
2011/USAORF-1, ORF-2, and
ORF-3 genes, complete cds

Norovirus Hu/GI11.4M 1002/
2011/USAORF-1, ORF-2, and
ORF-3 genes, complete cds

Norovirus Hu/GI11.4M 1002/
2011/USAORF-1, ORF-2, and
ORF-3 genes, complete cds

Norovirus Hu/GI11.4M 1002/
2011/USAORF-1, ORF-2, and
ORF-3 genes, complete cds

Norovirus Hu/GI11.4M 1002/
2011/USAORF-1, ORF-2, and
ORF-3 genes, complete cds

Norovirus Hu/GI11.4M 1002/
2011/USAORF-1, ORF-2, and
ORF-3 genes, complete cds

Query
Coverage

88%

94%

79%

91%

83%

92%

92%

78%

87%

88%

79%

79%

80%

E-Value

5e-166

2e-165

6e-166

2e-169

5e-166

S5e-171

2e-169

5e-166

6e-165

5e-166

le-167

le-167

le-167

Identity

99%

99%

99%

99%

98%

99%

99%

99%

99%

99%

99%

99%

99%

Accession

No.

KC631815.1

KC631815.1

KC631815.1

KC631815.1

KC631815.1

KC631815.1

KC631815.1

KC631815.1

KC631815.1

KC631815.1

KC631815.1

KC631815.1

KC631815.1
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5.3.5 Multiple Alignment ofthe NoV GII Sequences

A multiple sequence alignment of the nucleotide sequences (Figure 19S, Appendix I1) and
amino acid sequences from the NoV GII positive wastewater, oyster and stool samples was
performed using ClustalW, along with the NoV GlI reference sequence reported by Mans et
al. (2010) (Accession no. HQ008055.1). Figure 5.6 shows a multiple alignment of the amino
acid sequences. Each amino acid group is represented in its own colour as follows: the amino
acids with a positively charged side chain are shown in dark blue (R and K) or pink (H), the
negatively charged side chains are shown in red (D and E). The amino acids with polar
uncharged side chains are light blue (S, T, N and Q) while the amino acids with hydrophobic
side chains are shown in dark green (L, M, I, V and W) or aqua (A, F and Y). The special
cases are represented by grey for P and yellow for G. Table 5.4 shows the percentage identity
and similarity of the amino acids sequences when compared to the reference strain and the
NoV GIllI positive stool sample (positive control). Table 5.5 shows the amino acid changes
between the reference strain, the NoV GII positive control (provided by Maureen Taylor),

wastewater, oyster and stool sample amino acid sequences.
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Figure 5.6: Multiple amino acid sequence Alignment of NoV Gl sequences in comparison to the
reference sequence (Accession no. HQ008055.1).
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The VP1 N/S domain amino acid sequences from the NoV GlI positive control, wastewater,

oyster and stool samples show a high identity to the NoV Gl reference strain (Accession no.

HQO008055.1) as can be seen in Figure 5.6. The multiple sequence alignment showed a

sequence identity and similarity of 88% - 89% between the NoV positive control, wastewater,

oyster and stool samples sequences and the reference sequence (Accession no. HQ008055.1),

as shown in Table 5.4. While the wastewater, oyster and stool samples sequences showed a

96% - 99% sequence identity and similarity to the NoV GII positive control sequence. There

are seven amino acid changes present amongst the sequences, as shown in Table 5.5 below.

Four of the amino acid changes are present before the start of the reference strain, the

norovirus sequence from the pNoVGII was used as the reference for these changes as it was

used as the positive control for the RT-PCR assay.

Table 5.4: The Sequence Identity and Similarity of the NoV GII Amino Acid Sequences.

HQO008055.1
NoV
Wastewater
Oyster
P1
P5
P7
P8
P9
P17
P18
P19
P20
P21
P29

Sequence ldentity  Sequence Similarity

HQO008055.1 NoV

88%
88%
88%
88%
89%
88%
89%
89%
88%
88%
88%
88%

88%
88%

88%

98%
98%
96%
97%
96%
97%
97%
99%
98%
99%
98%

99%
99%

HQO008055.1

89%
89%
89%
88%
89%
89%
89%
89%
89%
89%
89%
88%

89%
89%

NoV

89%

98%
98%
96%
97%
96%
97%
97%
99%
98%
99%
98%

99%
99%
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Table 5.5: Amino Acid Changes in the Nov GIl Sequences for the Nov GIl Positive

Control, Wastewater, Oyster and Stool Samples.

Sequence Amino Acid Change
NoV 112H —— Y
Wastewater 10L —— P 112H — Y
Oyster IH — R o — P 112H —— Y
P1 IH — L 8w — R oL — P 112H — Y
P5 IH ——— L 1L — P
P7 IH — L 26— R oL — P 49A — \Y/
P8 i1H —— L 0L —— P
P9 IH — P 0L — P
P17 ww.. — P 112H —— Y
P18 IH — L oL — P 112H — Y
P19 o —— P 3ON —— D 112H — Y
P20 oL — P 112H — Y
P21 o — P 112H —— Y
P29 o — P 112H — Y

Table 5.5 shows the seven amino acid changes seen in the amino acid sequences of the NoV
positive control, wastewater, oyster and stool sample. The first amino acid change is histidine

(H) to arginine (R), lycine (L) or proline (P), resulting in either no change in amino acid
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group (H to R), or a change from a positively-charged side chain to a hydrophobic side chain
(L) or the special side chains (P). The next change observed is that of glycine (G) to arginine,
which results in a change from a special side chain to a positively charged side chain. The
third amino acid substitution is that of tryptophan (W) with arginine, resulting in the change
of a hydrophobic side chain in to a positively charged side chain. Lycine to proline is the next
change observed and results in a change from a hydrophobic to a special side chain. The fifth
amino acid substitution is that of asparagines (N) with aspartic acid (D) resulting in a side
chain change of polar uncharged to negatively charged. The sixth substitution is Alanine (A)
and Valine (V), both of which are amino acids with hydrophobic side chains. The last change
is that of histidine to tyrosine (Y) which results in a change from a positively charged side
chain to a hydrophobic side chain. These amino acid substitutions may indicate seasonal

variation of the GIIL.4 strain of NoV.

5.4 Discussion

Several studies have shown that NoV has been isolated it from a variety of sources including
wastewater, shellfish and stool samples from symptomatic patients. RT-PCR assays were
therefore developed to detect its presence in the wastewater, oyster and stool samples used in
this study. Using a two-step nested RT-PCR assay, NoV of the genogroup GII was
successfully identified in the wastewater, oyster and 11 of the stool samples. BLAST analysis
of the nucleotide sequences showed that they belonged to the NoV GIL4 strain. The
nucleotide sequences from all the samples were translated into amino acid sequences and a
multiple alignment was performed. The multiple alignment showed that the sequences had an
88-89% identity and an 88-89% similarity of amino acids to the reference strain (Accession
no. HQO008055.1) and an identity of 96-99% and similarity of 96-99% to that of the NoV GII

positive control.

NoV is commonly identified in a variety of samples including those of wastewater, shellfish
and stool samples through the use of RT-PCR assays. As wastewater is most likely to contain
NoV @I, studies have used it as source for testing the presence of this enteric virus. Da
Silver ef al. (2007) was able to isolate NoV GII from 71 of 81 samples of influent collected

from four wastewater treatment plants around France. The assay chosen in this study was a

102



conventional RT-PCR assay, where as da Silver ef al. (2007) used a real-time RT-PCR assay
and the primer set QNIF2d/ COG2R and the QNIFS probe.

Atmar et al. (1993) developed a method for the detection of NoV from shellfish such as
oysters using the whole tissue and RT-PCR assays. In a later study, Atmar ef al. (1995),
showed an increase in sensitivity when the stomach and digestive tracts of oysters and hard-
shell clams was used rather than the whole tissues (Atmar ef al, 1995). Another study, by
Loisy et al. (2005), was able to identify NoV GII from 46 out of 150 naturally-contaminated
oyster samples using the G2SKF/R primer set in a RT-PCR assay. They were, however, able
to identify a higher number (60 of 150) of NoV GII positive samples when using a real-time
RT-PCR assay with the primer set the primer set QNIF2d/ COG2R and the QNIFS probe.

NoV has been found in stool samples all over the world including South Africa. Both Mans et
al. (2010) and Wolfaard ef al. (1997) used RT-PCR assays for the identification of NoV from
stool samples. Wolfaard ef al. (1997) was able to identify NoV GII from 29 of 1296 stool
samples collected in South Africa. However, the primer set used in this RT-PCR was
NV36/NV35 and NV36/NVS51 instead of the G2SK F/R primer set. Mans ef al. (2010)
identified NoV GII in 35 of 245 stool samples using a real-time RT-PCR assay. Genotyping
was performed on the NoV positive samples using the G2SK F/R primers and conventional
RT-PCR and eight strains were identified. Of these GI1.4 (48%), GIL.6 (17 %) and GII.1 (9%)
were detected most frequently (Mans ef al.,, 2010). This study differs from our own as once
again only conventional RT-PCR was used to detect NoV GII from the stool samples.
Currently, NoV GIL4 is the most prevalent in South Africa. This is shown by the studies
performed by Mans ef al. (2010) and Mans ef al. (2013), where NoV was identified from
water sources in Gauteng, South Africa. This corresponds to the results in this study, where

all NoV positive samples were shown to be NoV GIL4.

In conclusion, the wastewater, oyster and 11 of 30 stool samples showed the presence of NoV
GIL.4 when screened using the RT-PCR assay designed by Kojima ef al. (2002), which are
highly similar to that of the reference strain (Accession no. HQ008055.1) and the NoV GII
positive stool sample. The next chapter discusses the general conclusions and future work of

this study.
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Chapter 6: General Conclusions and Future Work

The overall aim of this study was to develop sample preparation techniques, including TEM,
PEG precipitation, RNA extraction and RT-PCR assays for the identification of NoV, AiV
and SAFV from a variety of samples, including wastewater, oysters and clinical samples.
Using TMEYV, as this virus can be grown in large volumes in tissue culture in the laboratory,
it was determined that the use of filter-sterilisation and VIVA spin columns in conjunction
with PEG precipitation, with PEG 6000 at a final concentration of 8% and NaCl at a final
concentration of 0.25 M, yielded a high number of virus particles. TEM analysis was then
used to screen for the presence of virus particles and showed small, 30 nm, non-enveloped
viruses, from which RNA was extracted. Using this RNA, RT-PCR assays were developed
for the 2B and VP1 coding regions of TMEYV and the specificity was determined by detection
of a RT-PCR product from as little as 2 ng/ul of RNA. In order to use the RT-PCR assay for
the detection of viruses from the selected samples a positive control is required, this was
successfully developed through the use of in vifro transcribed RNA from the pTMEV

plasmid.

As stated previously, TMEV can be grown in large amounts in cell culture, which allows
high volumes of RNA to be extracted from the culture. This is not the case for the
environmental and clinical samples as it is unknown which viruses are present or if they will
grow in cell culture. The number of virus particles present and extracted from the
environmental and clinical samples are thus expected to be much lower than what is produced
in cell culture, resulting in the extraction of lower amounts of RNA (Lewis ef al., 2010).

TMEYV is, however, a good model for developing the techniques chosen in this study.

While the VIVA spin columns have a 95% recovery rate, a portion of the viral particles
cannot be recovered from the membrane. PEG precipitation was first shown to concentrate
small, round viruses by Hebert (1963). Lewis and Metcalf (1988) utilised 8% PEG 6000 to
concentrate hepatitis A virus, human rotavirus simian rotavirus and poliovirus from fresh
water, estuarine water and oysters, and showed that PEG precipitation was more effective
than organic flocculation for the concentration of hepatitis A virus and rotavirus. Lewis ef al.

(2010) utilised PEG precipitation for the recovery of enteroviruses and F-specific
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bacteriaphages from the digestive tracts of mussels and oysters. Due to the successful use of
PEG precipitation for the concentration of viral particles, this technique was used in this
study. PEG precipitation does, however, result in the loss of virus particles. While both of
these techniques result in a lower concentration of virus particles, the recovered RNA has a
higher concentration when compared to samples which did not undergo PEG precipitation.

Thus, indicating the importance of concentrating the virus particles for this study.

Using the methods described above, RT-PCR assays were developed for the identification of
NoV GII, A1V and SAFV and the sensitivity of these assays was determined to be 3.4 ng/ul
of RNA for NoV GII, 3.5 ng/ul of RNA for AiV 5’UTR, 0> ng/ul of RNA for AiV 3CD and
4.8 ng/ul of RNA for SAFV. The sensitivity was determined as the concentration of the RNA
extracted from the samples is expected to be lower than that of the concentration of the in
vitro transcribed RNA used to develop the RT-PCR assays. If the RNA concentration from
the samples is lower than what the RT-PCR assays can detect, a false negative result may be
produced. By determining the RNA concentration in the samples, these false negatives could

be avoided.

These RT-PCR assays were developed based on studies published by Kojima et al. (2002),
Drexler et al. (2011), Pham et al. (2007) and Blinkova ez al. (2009). There were, however,
variations in the RT-PCR assay technique developed in this study compared to those in the
literature. For example: Kojima ef al. (2002) used one round of RT-PCR assays to detect
NoV GII, where as nested RT-PCR assay was used in this study. This was due to the inability
of the first round of the RT-PCR assay to detect an amplicon, which may be due to a lower
amount of the NoV cDNA in the samples. For the A1V 3CD RT-PCR assay, Pham ef al.
(2007) used a nested RT-PCR assay where the first round amplified a 519 bp fragment of the
3CD junction of A1V and the second round amplified a 266 bp fragment within the 519 bp
amplicon. In this study, a RT-PCR assay was developed for the amplification of the 266 bp
fragment of the A1V 3CD junction, based on the work of Pham et al. (2007), as the 266 bp
PCR product was available and could be used as a positive control for the RT-PCR assay.
The 519 bp primers, developed by Pham ef al. (2007), were not used in this study because
they do not bind to the 266 bp PCR product which was available and a 519 bp PCR product
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was not available. Therefore a positive control for the 519 bp RT-PCR assay could not be
developed and the results of the 519 bp A1V 3CD RT-PCR assay could not validated.

The PCR products from the NoV GII, AiV 5’UTR and AiV 3CD RT-PCR assays were
cloned into the vector pPGEM®-T Easy and RNA was transcribed in vitro. The RNA was then
be used for the development of the positive controls for the RT-PCR assays. The SAFV full
cDNA sequence in pSAFV did not have to be cloned into pPGEM®-T Easy, as pSP72+ also
contains the T7 promoter (Promega, 2006). Using in vitro transcribed RNA from pNoVGII,
pAiVS’UTR, pAiV3CD and pSAFV, positive controls for the RT-PCR assays were
successfully developed allowing for the screening of the environmental and clinical samples
for the presence of these viruses. Positive and negative controls are important for PCR assays
as they validate the results from the RT-PCR assays. Negative controls detect contamination
of reagents and non-specific amplification both of which may produce false positive results.
Positive controls are used to verify negative amplification results as well as detecting non-
specific amplification, by ensuring any PCR products correspond to the known sequence,
which is included in the positive control reaction. Pham ef al. (2010) used negative controls
consisting of either distilled water or samples with monoinfections of group A rotavirus,
adenovirus, norovirus (GI and GII), sapovirus or astrovirus for monoplex and multiplex RT-
PCR assays. Aichi virus, human parechovirus, enteroviruses and human bocavirus sequences
were used as positive controls, either as single virus positive controls or mixed virus positive
controls (Pham ef al. (2010). Drexler ef al. (2008) used a SAFV sample as a positive control
in a RT-PCR assay for the identification of SAFV-like viruses from 844 samples from

patients from Germany and Brazil, but no negative controls were recorded in this publication.

The following experiments focused on the preparation of the wastewater, oysters and stool
samples using the filter-sterilisation, concentration and PEG precipitation followed by TEM
analysis. TEM showed a variety of particles in the samples, including small, 30-40 nm,
round, non-enveloped particles, indicative of picornaviruses and caliciviruses. RNA was
extracted from the wastewater, oysters and stool samples, thus the first three aims, 1) the
preparation and screening of the clinical and environmental samples by TEM, 2) extraction of
viral RNA from the selected samples and 3) the development of the RT-PCR assays and
associated positive controls for NoV GII, AiV 5’UTR, AiV 3CD and SAFV were
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successfully achieved. Achieving these first three aims is important as the RT-PCR assays
cannot be performed on the wastewater, oyster and stool samples if, firstly contaminants
which may affect downstream applications are present and, secondly, the virus particles are
either not present or do not correspond to the size and morphology of the picornaviruses and
caliciviruses. Thirdly, viral RNA is not extracted or does not meet the minimum amount
required to perform the RT-PCR assay. Finally, the RT-PCR assays, based on the work of
Kojima et al. (2002), Drexler et al. (2011) and Pham et al. (2007), have to be optimised and
the positive controls have to be developed to ensured that the results of the RT-PCR assays

performed on the environmental and stool samples are correct.

The fourth aim of this study was to perform RT-PCR assays for the amplification of SAFV,
A1V and NoV sequences from the wastewater, oyster and stool samples using the extracted
viral RNA. Unfortunately, this goal was not achieved due to time constraints, and is
recommended for further research. The only RT-PCR assay performed on the wastewater,
oysters and stool samples was the NoV GII, and this showed the presence of this virus in the
wastewater, oysters and 11 of the 30 stool samples. The strain detected in all the samples was
determined to be NoV GIL.4. While it was possible to detect NoV GII in these samples, it
would also be important to detect NoV GI as these strains are also a common cause of
gastroenteritis in many countries including South Africa (Mans ef al., 2010). NoV GI strains
show a similar detection rate to the NoV GII strains (31% GII vs. 29% GII), as well as mixed
infections (GI and GII) in water sources in South Africa (Mans et al., 2013).

A preliminary experiment was performed in this study to develop a RT-PCR assay for the
amplification of NoV GI using the GISK primer set and RT-PCR assay described by Kojima
et al. (2002), however no clear RT-PCR product was produced and the correct conditions of
the RT-PCR assay could not be determined. Future work will thus be required to firstly,
determine the correct conditions for the NoV GI RT-PCR assay and secondly, perform a
preliminary study involving the screening of the wastewater, oyster and stool samples for
NoV GI, SAFV and AiV. This would determine if these RT-PCR assays are able to detect

these viruses from a variety of samples in South Africa.
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While RT-PCR assays are commonly used for the identification of viruses, such as AiV,
SAFV and NoV, many international research groups have chosen a variety of other
techniques, such as real-time RT-PCR assays, clone libraries and next generation sequencing
to identify viruses associated with gastroenteritis. Real-time RT-PCR assays have shown to
be more sensitive and less labour intensive than traditional RT-PCR assays. This is due to the
ability to detect amplicons using primers and either a fluorescent probe or dye, allowing not
only for the detection of amplicons at a lower concentration but also the detection of the
amplicons while the RT-PCR assay is in progress (Staggemeier et al, 2012). Fluorescent
dyes, such as SYBR® Green, bind non-specifically to dsDNA and produce a high level of
fluorescence which is then detected. The fluorescent probe contains a fluorophore which is
bound to an oligonucleotide sequence which binds to a specific DNA sequence and
fluorescence only occurs once the probe has bound to the target region. Due to fluorescent
probes sequence specificity, it can be used in multiplex gPCR assays unlike fluorescent dyes.
Nielsen ef al. (2013) used real-time RT-PCR assays for the detection of both A1V and SAFV
along with two other viruses in 454 children screened both routinely (1007 samples) and
during a gastroenteritis episode (386 samples). AiV and SAFV were detected in 6 and 38
samples, respectively, indicating the ability of this technique to detect known viruses. qRT-
PCR assays are not only used to detect viral sequences, but can also be used to genotype the
viruses (Liao ef al., 2013; Nakatani ef al., 2010). Genotyping of viruses can be achieved by
designing primers which bind to conserved regions of the viral genome and fluorescent
probes which bind to polymorphic regions of the viral genome. Different genotypes can be
distinguished by using a different fluorophore for each probe allowing for detection and
genotyping to be performed in one reaction (Liao ef al., 2013). Another method which can be
employed for genotyping used a melting temperature curve, where probes are designed with
different fluorophores and melting temperatures (Nakatani ef al., 2010). During the qPCR the
annealing temperature will be ramped up from the lowest melting temperature to the highest
with several amplification steps at each chosen temperature. qPCR assays are also used to
quantify the number of DNA or RNA copies in a sample. This is achieved by comparison of
the fluorescence observed in a unknown sample to that of a dilution series of standards with a
known concentration. Drexler ef al. (2011) utilised real-time RT-PCR assays not only for the
detection of A1V from stool samples but also the quantification of viral concentrations. They
showed the presence of 10 AiV positive samples out of 499 stool samples with a viral

concentration of 1.08 x 10 to 1.30 x 10> RNA copies/g stool (Drexler et al, (2011).
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Determining the viral concentration can help in understanding the virulence of a virus as well

as monitoring the therapy of a viral infection.

It is often the case, however, that the viral agent, such as AiV, SAFV and enteroviruses,
which may be the cause of gastroenteritis is unknown and screening for each of the potential
viruses by RT-PCR assay would be very labour intensive. It is possible to perform one RNA
extraction and utilise this RNA for more than one RT-PCR assay, as the RNA is often eluted
into approximately 60 ul and only a portion of this is required for a single reaction,
depending on the concentration of the extracted RNA. Single RT-PCR assays or multiple
multiplex RT-PCR assays which may take several hours to run will, however, have to be
performed and analysed for each potential virus making these techniques labour intensive
(Garibyan and Avashi et al., 2013). Techniques which allow for non-selective sequencing of
the cDNA present in a sample include clone libraries and next generation sequencing both of
which are better adapted for searching for unknown viruses (Finkbeiner ez al.,, 2008; Storch,

2000).

Clone libraries are created by cloning DNA, or cDNA which is synthesised from viral RNA,
into a cloning vector followed by sequencing of the plasmid. This provides a broad view of
what cDNA is present in the sample (Finkbeiner ef al., 2008). This technique can be very
labour intensive as each new plasmid has to be selected for, extracted and sequenced
(Finkbeiner et al., 2008). If the clone library includes a large sample size, this could
potentially be very costly as well. Due to the number of samples required and the costs

involved, this technique was not selected for this study.

Next generation sequencing also provides a broad range of cDNA sequences present in the
samples but, unlike clone libraries, next generation sequencing is able to sequence more than
one sample at once and is therefore less labour intensive (Finkbeiner ef al., 2008). This
technique involves the synthesis of cDNA, from extracted viral RNA, followed by
sequencing. While this is a good technique and could have been applied in this study, it was
not used as it is presently a costly technique, and the RNA concentrations and quality did not

meet the requirements when a FlashGel analysis was performed.
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With over 3000 reported deaths per year in children under the age of five attributed to
gastroenteritis in South Africa and many more hospitalisations, it is important to determine
the cause of the disease (WHO, 2015). Although rotavirus is the leading cause of this disease,
the implementation of a vaccination programme in 2009 has lead to a decrease of 65% in the
number of rotavirus positive cases (Tshangela ef al., 2012). While NoV is the second leading
cause of this disease, the actual number of cases is unknown since, unlike rotavirus, routine
testing and surveillance is not performed (Mans ef al., 2010). The surveillance of rotavirus
has shown that many cases are of unknown aetiology (reviewed by Knox e al., 2012). These
cases may be caused by viruses such as A1V, which has a high prevalence of disease, SAFV
or other viruses associate with gastroenteritis. Through the use of the techniques developed in
this study, it would be possible to identify viruses associated with gastroenteritis in South
Africa which would allow for better surveillance of this disease. Vaccines could potentially
be developed for viruses which are shown to have a high burden of disease allowing for the

decrease of the burden of this disease in South Africa.

Other future work should consider looking at improving sample collection and preparation in
order to increase the number of virus particles present in the samples. This may include
utilising different collection methods, such as swabbing the grids and other surfaces at
wastewater treatment plants rather than collecting wastewater; or increasing the amount of
the sample used in the case of oysters and stool samples. Finally, the future work would have
to include an increase in sample size. While NoV has a high detection rate in stool and other
samples, the same cannot be said for SAFV or AiV. Pham ef al. (2007) had a sample size of
912 stool samples for the study on the identification of AiV from patients from Japan,
Bangladesh, Thailand and Vietnam. In this study, a detection rate of 3.1% was reported,
where A1V was only detected in 28 of these samples. Drexler ez al. (2011) showed a similar
detection rate of 2% (10 of 499 stool samples) when determining the shedding concentrations
of A1V from patients in northern Germany and Chuchaona et al. (2016) showed a detection
rate of 2.6 % (24 of 923 stool samples) when determining the epidemiology of AiV in
children admitted to hospital with gastroenteritis in Thailand. SAFV has a similar detection
rate shown by Nielsen ef al. (2012) where SAFV was detected in 38 of 1393 (2.7%) samples
screened, but A1V was only detected in six of all the samples (0.4%) (Nielsen et al., 2012).
Khamrin et al. (2011), showed a similar detection rate of 2.7% (4 of 150 samples) when

detecting SAFV from children with diarrhoea in Thailand. Increasing the sample size used
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would increase the probability of detecting these and other viruses, thus aiding in the study of

the viral causative agents associated with gastroenteritis.

In conclusion, this study successfully prepared the rotavirus-negative stool samples,
wastewater and oyster samples, showed the presence of viral particles by TEM analysis and
successfully extracted RNA from these samples. The first two aims of this study were thus
achieved. RT-PCR assays were successfully developed for the amplification of NoV GII N/S
domain, A1V 5’UTR, AiV 3CD and SAFV 2C sequences, along with the corresponding
positive controls, successfully fulfilling the third aim of this study. The fourth aim was to
screen the wastewater, oyster and stool samples for the presence of NoV GII, AiV and SAFV
utilising the developed RT-PCR assays. This aim was only partially achieved as the samples
were only screened for the presence of NoV GII and not AiV and SAFV due to time
constraints. This study can contribute to further research as it has developed sample
preparation techniques which allow for the successful extraction of viral particles and RNA
from selected samples as well as RT-PCR assays and positive controls which allow the
screening of samples for the presence of AiV, NoV GII and SAFV. All of the methods can be
applied to other samples allowing for further study of the presence of AiV and SAFV in
South Africa.
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Appendix I: Aichivirus Nucleotide Sequences and Multiple
Alignments

10 20 30 40 50 60 70 80 90
------ | emmeeme | wmeemmen | memmeeme | eemenma] oemee |« = 0o | oo | e | e e | emmen | e | e | e | e | o] e |
pAiV3CD |GGCCGCCATGGCGGCCGCGGGAATTCGATTPACATCCGGTTGACGTTGACGCCAGGCCGGACTTCAGCAGTGGGGACAATGAGGGATTGT

pAiIV3CD TGGGCGGTGGCGAATTGGGTGATTTGGCCGAGGATAGGGTGGATGGGGGCAGAGAATCCACTCGTGCCCGCGACCCCGGCAACGTGGAGT

pAiV3CD CCCAGAATCTTGACGCCAGAGGGATCATCTGTAACAAGCGGGGAACCGCACAGACCTTCGAAGGTCGCGGCGCGGTAACCGTATGCCTGC

280 290 300 310 320 330 340 350 360
------ PSS Y Y R —" Y SRS O L sy R S T S (R [B——

pAivV3CD ttgcagacgacgactccggggaagtcaatcactagtgaattcgcggccgcctgcaggtcgaccatatgggagagctcccaacgcgttggal

pAiV3CD |TGCATAGCTTGAGTATTCTATAGTGTCACCTAAATAGCTTGGCGTAATCATGGTCATA|

Figure 1S: The nucleotide sequence of the AiV 3CD insert in pAiV3CD. The blue boxes highlight
the pPGEM®-T Easy nucleotide sequence which surrounds the AiV 3CD insert.

125



Figure 2S: The nucleotide sequence of the AiV 5’UTR insert in pAiV5’UTR. The blue boxes
highlight the pPGEM®-T Easy nucleotide sequence which surrounds the AiV 5’UTR insert.
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TCTCGGCCGCGGAGTGCTGTTCCCCAAGCCAAACCCCTGGCCCTTCACTATGTGCCTGGCAAGCATATCTGAGAAGGTGT

TCTCGGCCGCGGAGTGCTGTTCCCCAAGCCAAACCCCTGGCCCTTCACTATGTGCCTGGCAAGCATATCTGAGAAGGTGT
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TCCGCTGTGGCTGCcag:ctggtaacaggtgccccagtgtgcgtaaccttcttccgtci TCGGACGGTAGTGATTGGTTA
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AGATTTGGTGTAAGGTTCATGTGCCAACGCCCTGTGCGGGATGAAACCTCTACTGCCCTAGGAATGCCAGGCAGGTACCC
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CACAGGACAAA XCCGCCGCAA3T ICAACACCACCCCTCCTGAAGACTGGCTCTATGATTCTGATGTCCAATCCTGGTTC

CACAGGACAAG XCCGCCGCAA AC iCAACACCACCCCTCCTGAAGACTGGCTCTATGATTCTGATGTCCAATCCTGAAGG

| - | -=ommemn I e [ | mmeeeee | ememeeee |
rCCTGAAACATACTACTCTGACCTTCAGCAAAAGTTCTTTGACAAATTGGCTCTCCTCTCTCTTCCAGGTGCCTACCA

Figure 3S: A multiple sequnce alignment of the nucleotide sequence of the AiV 5’UTR insert of
pAIV5'UTR to the AiV reference strain (Accession no. AB010145.1). The red blocks indicate
changes in the bases of the nucleotide sequences nucleotide.
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Figure 4S: A multiple sequnce alignment of the nucleotide sequence of the AiV 3CD insert of
pAiIV3CD to the AiV reference strain (Accession no. AB010145.1). The red blocks indicate
changes in the bases of the nucleotide sequences nucleotide.
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Appendix I1: Norovirus Nucleotide Sequences and Multiple

pNoVGIIl | TGCTCCCGGCCGCCATGGCGGCCGCGGGAATTCGATTAATGGGAGGGCGATCGCAATCTGGCTCCCAGTTTTGTGAATGAAGATGGCGTC
100 110 120 130 140 150 160 170 180
""" {Aunnnnl Eennnll unnnnl Eenseell Densnnall Rusunnnll Dusunll Resnl sl Bl Sennnnl Sennnnnll Rennnall Rusunnnl Susunnnll Rennnnnll Rennnnll|
PNoVGIl  GAGTGACGCCAACCCATCTGATGGGTCCACAGCCAACCTCGTCCCAGAGGTCAACAATGAGGTTATGGCTTTGGAGCCCGTTGTTGGCGC
190 200 210 220 230 240 250 260 70
""" { Al Rt Pt Aunnnnntl Beunnl Eennunnel Eennunll Henunll Besannll Ennnnnall Busunal Sesananal Bennall Ennsual Susnnnnl Aesnunall Rennnnal|
pPNoVGIl CTCTATTGCGGCACCTGTAGCGGGCCAACAAAATGTGGTTGTTGACCCCTGGGATTAGAAATAATTTTGTACAAGCCCCTGGTGGAGAGT
280 290 300 310 320 330 340 350 360

pNoVGII TTACAGTATCCCCTAGAAACGCTCCAGGTGAAATACTATGGAGCGCGCCCTTGGGCCCTGACTTGAATCCCTACCTTTCCCATTTGGCCA

N [ p— [ T - [y U — [ [— [— I pu— S pu—— L
pNoVGII GAATGTACAACGGACATGCCGGCGGi}ATCACTAGTGAATTCGCGGCCGCCTGCAGGTCGACCATATGGGAGAGCTCCCAACGCGTTGGATI

------- | e | oo e | e | | e e
pNoVGIlI |GCATAGCTTGAGTATTCTATAGTGTCACCTAAATAGCTTGGC |

Figure 5S: The nucleotide sequence of the NoV GIlI N/S Domain PCR product insert in
pNoVGII The blue boxes highlight the pGEM®-T Easy nucleotide sequence which surrounds the
NoV GII N/S Domain insert.

Figure 6S: The nucleotide sequence of the NoV GIl N/S Domain PCR product from the sewage
sample inserted into pPGEM®-T Easy. The blue boxes highlight the pGEM®-T Easy nucleotide
sequence which surrounds the NoV GII N/S Domain insert.
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Figure 7S: The nucleotide sequence of the NoV GII N/S Domain PCR product from the oyster
sample inserted into pGEM®-T Easy. The blue boxes highlight the pGEM®-T Easy nucleotide
sequence which surrounds the NoV GII N/S Domain insert.

Figure 8S: The nucleotide sequence of the NoV GIl N/S Domain PCR product from the P1 stool
sample inserted into pPGEM®-T Easy. The blue boxes highlight the pGEM®-T Easy nucleotide
sequence which surrounds the NoV GII N/S Domain insert.
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Figure 9S: The nucleotide sequence of the NoV GII N/S Domain PCR product from the P5 stool
sample inserted into pGEM®-T Easy. The blue boxes highlight the pPGEM®-T Easy nucleotide
sequence which surrounds the NoV GII N/S Domain insert.

Figure 10S: The nucleotide sequence of the NoV GII N/S Domain PCR product from the P7
stool sample inserted into pGEM®-T Easy. The bluec boxes highlight the pGEM®-T Easy
nucleotide sequence which surrounds the NoV GII N/S Domain insert.
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Figure 11S: The nucleotide sequence of the NoV GIlI N/S Domain PCR product from the P8
stool sample inserted into pGEM®-T Easy. The blue boxes highlight the pGEM®-T Easy
nucleotide sequence which surrounds the NoV GII N/S Domain insert.

Figure 12S: The nucleotide sequence of the NoV GII N/S Domain PCR product from the P9
stool sample inserted into pGEM®-T Easy. The blue boxes highlight the pGEM®-T Easy
nucleotide sequence which surrounds the NoV GII N/S Domain insert.
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Figure 13S: The nucleotide sequence of the NoV GIlI N/S Domain PCR product from the P17
stool sample inserted into pGEM®-T Easy. The blue boxes highlight the pGEM®-T Easy
nucleotide sequence which surrounds the NoV GII N/S Domain insert.

Figure 14S: The nucleotide sequence of the NoV GII N/S Domain PCR product from the P18
stool sample inserted into pGEM®-T Easy. The blue boxes highlight the pGEM®-T Easy
nucleotide sequence which surrounds the NoV GII N/S Domain insert.
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Figure 15S: The nucleotide sequence of the NoV GII N/S Domain PCR product from the P19
stool sample inserted into pGEM®-T Easy. The blue boxes highlight the pGEM®-T Easy
nucleotide sequence which surrounds the NoV GII N/S Domain insert.

40 SO 60 70 80 90

I WY N N R B B e R R B e e e e e el
P20 ITCCCGGCCGCCATGGCGGCCG CGGéAATTCGATTCCkCSGGCATACCGTTGTACATTGCGATCGCCCTCCCACGACCGCCAGCATGCCCG

100 110 120 130 140 1SO 160 170 180
T e e | | === | | == | | | = | | =1 | === | === | === |
P20 TTGTACATTCTGGCCAAATGGGAAAGGTAGGGATTCAAGTCAGGGCCCAAGGGCGCGCTCCATAGTATTTCACCTGGAGCGTTTCTAGGG

190 200 210 220 230 240 2S0 260 270

P20 GATACTGTAAACTCTCCACCAGGGGCTTGTACAAAATTATTTCTAATCCAGGGGTCAATTACATTTTGTTGGCCCGCTACAGGTGCCGCA

P20 ATAGCGGCACCAACAACGGGCTCCAAAGCCATAACCTCATTGTTGACCTCTGGGACGAGGTTGGCTGTGGACCCATCAGATGGGTTGGCG

P20 TCACTCGACGCCATCTTCATTCACAAAACTGGGAGCCAGATTGCGATCGCCCTCCCATGAA tca™tagtgaattcgcggccgcctgcaggl

460 480 490 500
-1 1 -1 L
P20 I TCGACCATATGGGAGAGCTCCCAACGCGTTGGATGCATAGCTTGAGTATTI

Figure 16S: The nucleotide sequence of the NoV GII N/S Domain PCR product from the P20
stool sample inserted into pGEM®-T Easy. The blue boxes highlight the pGEM®-T Easy
nucleotide sequence which surrounds the NoV GII N/S Domain insert.
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Figure 17S: The nucleotide sequence of the NoV GII N/S Domain PCR product from the P21
stool sample inserted into pGEM®-T Easy. The blue boxes highlight the pGEM®-T Easy
nucleotide sequence which surrounds the NoV GII N/S Domain insert.

10 20 30 40 50 €0 70 80 90
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P29 |ccggccgccatggcggccgcgggaattcgattclatgcccgttgtacattgcgatcsccctcycaagaccgccggcatgcccgttgtacat

100 110 120 130 140 1SO 160 170 180
| | | -1

P29 TCTGGCCAAATGGGAAAGGTAGGGATTCAAGTCAGGGCCCAAGGGCGCGCTCCATAGTATTTCACCTGGAGCGTTTCTAGGGGATACTGT

P29 AAACTCTCCACCAGGGGCTTGTACAAAATTATTTCTAATCCAGGGGTCAATTACATTTTGTTGGCCCGCTACAGGTGCCGCAATAGCGGC

P29 ACCAACAACGGGCTCCAAAGCCATAACCTCATTGTTGACCTCTGGGACGAGGTTGGCTGTGGACCCATCAGATGGGTTGGCGTCACTCGA

370 380 390 400 410 420 430 440 450
e e I L B B I B B e [ PPRN [P . 1 | e | e | e |

P29 cgccatcttcattcacaaaactgggagccagattgcgatcgccctcccatgaatcal tagtgaattcgcggccgcctgcaggtcgaccat

460 470 480 490 500

P29 | ATGGGAGAGCTCCCAACGCGTTGGATGCATAGCTTGAGTATTCTATAGTG |

Figure 18S: The nucleotide sequence of the NoV GII N/S Domain PCR product from the P29
stool sample inserted into pGEM®-T Easy. The blue boxes highlight the pGEM®-T Easy
nucleotide sequence which surrounds the NoV GII N/S Domain insert.
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................. AT GAAGAT GGCGT CGAGT GAC
CATGGGAGGGCGATCGCAATCTGGCTCTTAGTTTTGTGAATGAAGATGGCGTCGAGTGAC
CAT GGGAGGGCGATCGCAATCTGGCTCCCAG TTTTGTGAATGAAGATGGCGTCGAGTGAC
CGT GGGAGGGCGATCGCAATCTGGCTCCCAGTTTTGTGAATGAAGATGGCGTCGAGTGAC
CITGGGAGGGCGATCGCAATCCGGCTCCCAG TTTTGTGAATGAAGATGGCGTCGAGTGAC
criG GGAGGGCGATCGCAATCTGGCTCCCAGTTTTGTGAATGAAGATGGCGTCGAGTGAC
CITCGGAGGGCGATCGCAATCTGGCTCCCAGTTTTGTGAATGAAGATGGCGTCGAGTGAC
criG GGAGGGCGATCGCAATCTGGCTCCCAGTTTTGTGAATGAAGATGGCGTCGAGTGAC
CCTG GGAGGGCGATCGCAATCTGGCTCCCAG TTTTGTGAATGAAGATGGCGTCGAGTGAC
CAT GGGAGGGCGATCGCAATCTGGCTCCCAGTTTTGTGAATGAAGATGGCGTCGAGTGAC
CIT GGGAGGGCGATCGCAATCT GGCYCCCAGTTTTGTGAATGAAGATGGCGTCGAGTGAC
CAT GGGAGGGCGATCGCAATCTGGCTCCCAGTTTTGTGAATGAAGATGGCGTCGAGTGAC
CAT GGGAGGGCGATCGCAATCTGGCTCCCAG TTTTGTGAATGAAGATGGCGTCGAGTGAC
CAT GGGAGGGCGATCGCAATCTGGCTCCCAGTTTTGTGAATGAAGATGGCGTCGAGTGAC
CAT GGGAGGGCGATCGCAATCT GGCTCCclaGTTTTGTGAATGAAGATGGCGTCGAGTGAC

fo S0 %0 100 110 120

GCCAACCCATCTGATGGGTCCACAGCCA ACCTCGTCCCAGAGGTCAACAATGAGGTTATG
GCCAACCCATCTGATGGGTCCACAGCCA ACCTCGTCCCAGAGGTCAACAATGAGGTTATG
GCCAACCCATCTGATGGGTCCACAGCCA ACCT CGTCCCAGAGGT CAACAAT GAGGTTAT G
GCCAACCCATCTGATGGGTCCACAGCCA ACCTCGTCCCAGAGGTCAACAATGAGGTTATG
GCCAACCCATCTGATGGGTCCACAGCCA ACCTCGTCCCAGAGGT CAACAAT GAGGTTAT G
GCCAACCCATCTGATGGGTCCACAGCCA ACCTCGTCCCAGAGGT CAACAAT GAGGTTAT G
GCCAACCCATCTGATGGGTCCACAGCCA ACCTCGTCCCAGAGGT CAACAAT GAGGTTAT G
GCCAACCCATCTGATGGGTCCACAGCCA ACCTCGTCCCAGAGGT CAACAAT GAGGTTAT G
GCCAACCCATCTGATGGGTCCACAGCCA ACCTCGTCCCAGAGGTCAACAATGAGGTTATG
GCCAACCCATCTGATGGGTCCACAGCCA ACCTCGTCCCAGAGGTCAACAATGAGGTTATG
GCCAACCCATCTGATGGGTCCACAGCCA ACCTCGTCCCAGAGGTCAACAATGAGGTTATG
GCCAACCCATCTGATGGGTCCACAGCCG ACCTCGTCCCAGAGGTCAACAATGAGGTTATG
GCCAACCCATCTGATGGGTCCACAGCCA ACCTCGTCCCAGAGGTCAACAATGAGGTTATG
GCCAACCCATCTGATGGGTCCACAGCCA ACCTCGTCCCAGAGGTCAACAATGAGGTTATG
GCCAACCCATCTGATGGGTCCACAGCCA ACCTCGTCCCAGAGGTCAACAATGAGGTTATG

130 140 130 160 IO 10

GCTTTGGAGCCCGTTGTTGGTGCCGC TATTGCGGCACCTGTAGCGGGCCAACAAAATGTA
GCTTTGGAGCCCGTTGTTGGTGCCG CTATTGCGGCACCTGTAGCGGGCCAACAAAATGTA
GCTTTGGAGCCCGTTGTTGGTGCCGC TATTGCGGCACCTGTAGCGGGCCAACAAAATGTA
GCTTTGGAGCCCGTTGTTGGTGCCGC TATTGCGGCACCTGTAGCGGGCCAACAAAATGTA
GCTTTGGAGCCCGTTGTTGGTGCCGC TATTGCGGCACCTGTAGCGGGCCAACAAAATGTA
GCTTTGGAGCCCGTTGTTGGTGCCGC TATT GCGGCACCT GTAGCGGGCCAACAAAAT GTA
GCTTTGGAGCCCGTTGTTGGTGCCGT TATTGCGGCACCTGTAGCGGGCCAACAAAATGTA
GCTTTGGAGCCCGTTGTTGGTGCCGC TATT GCGGCACCT GTAGCGGGCCAACAAAAT GTA
GCTTTGGAGCCCGTTGTTGGTGCCGC TATT GCGGCACCT GTAGCGGGCCAACAAAAT GTA
GCTTTGGAGCCCGTTGTTGGTGCCGC TATTGCGGCACCTGTAGCGGGCCAACAAAATGTA
GCTTTGGAGCCCGTTGTTGGTGCCGC TATTGCGGCACCTGTAGCGGGCCAACAAAATGTA
GCTTTGGAGCCCGTTGTTGGTGCCGC TATTGCGGCACCTGTAGCGGGCCAACAAAATGTA
GCTTTGGAGCCCGTTGTTGGTGCCGC TATTGCGGCACCTGTAGCGGGCCAACAAAATGTA
GCTTTGGAGCCCGTTGTTGGTGCCGC TATT GCGGCACCT GTAGCGGGCCAACAAAAT GTA
GCTTTGGAGCCCGTTGTTGGTGCCGC TATTGCGGCACCTGTAGCGGGCCAACAAAATGTA

19 200 lio 230 240

ATTGACCCCTGGATTAGAAA CAATTTTGTACAAGCCCCT GGT GGAGAGTTTACAGTAT CC
ATTGACCCCTGGATTAGAAAT A ATTTT GTACAAGCCCCT GGT GGAGAGTTTACAGTAT CC
ATTGACCCCTGGATTAGAAA TA.ATTTTGTACAAGCCCCTGGTGGAGAGTTTACAGTATCC
ATTGACCCCTGGATTAGAAATAATTTTGTACAAGCCCCTGGTGGAGAGTTTACAGTATCC
ATTGACCCCTGGATTAGAAATAATTTTGTACAAGCCCCTGGTGGAGAGTTTACAGTATCC
ATTGACCCCTGGATTAGAAATAATTTT GTACAAGCCCCT GGT GGAGAGTTTACAGTAT CC
ATTGACCCCTGGATTAGAAATA. ATTTTGTACAAGCCCCTGGTGGAGAGTTTACAGTATCC
ATTGACCCCTGGATTAGAAATA.ATTTT GTACAAGCCCCT GGT GGAGAGTTTACAGTAT CC
ATTGACCCCTGGATTAGAAATA. ATTTTGTACAAGCCCCTGGTGGAGAGTTTACAGTATCC
ATTGACCCCTGGATTAGAAATA. ATTTTGTACAAGCCCCTGGTGGAGAGTTTACAGTATCC
ATTGACCCCTGGATTAGAAATA ATTTT GTACAAGCCCCT GGT GGAGAGTTTACAGTATCC
ATTGACCCCTGGATTAGAAATAATTTTGTACAAGCCCCT GGTGGAGAGTTTACAGTATCC
ATTGACCCCTGGATTAGAAATA.ATTTTGTACAAGCCCCTGGTGGAGAGTTTACAGTATCC
ATTGACCCCTGGATTAGAAATrAATTTT GTACAAGCCCCT GGTGGAGAGTTTACAGTAT CC
ATTGACCCCTGGATTAGAAATA ATTTT GTACAAGCCCCT GGT GGAGAGTTTACAGTAT CC

Figure 19S: A multiple alignment of the NoV GII PCR product nucleotide sequences from the
NoV GII positive sample, wastewater, oyster and 11 stool samples and the reference strain
(Accession no. HQO008055.1). The red blocks highlight changes in the bases of the nucleotide
sequences. Continues on next page.

136



n b )} © 2% 30
HQO008055.1 CCTAGAAACGCTCCAGGTGAAATACTATGGAGCGCGCCCTT AGGCCCTGATTTGAATCCC

Norovirus CCTAGAAACGCT CCAGGT GAAATACTAT GGAGCGCGCCCTT GGGCCCT GACTTGAATCCC
Sewage CCTAGAAACGCTCCAGGTGAAATACTATGGAGCGCGCCCTT GGGCCCTGACTTGAATCCC
Oyster CCTAGAAACGCT CCAGGT GAAATACTAT GGAGCGCGCC CTT GGGCCCTGACTTGAATCCC
P1 CCTAGAAACGCTCCAGGTGAAATACTATGGAGCGCGCCCTT GGGCCCTGACTTGAATCCC
P5 CCTAGAAACGCTCCAGGTGAAATACTATGGAGCGCGCCCTT GGGCCCTGACTTGAATCCC
P7 CCTAGAAACGCT CCAGGT GAAATACTAT GGAGCGCGCCCTT GGGCCCTGACTTGAATCCC
P8 CCTAGAAACGCT CCAGGT GAAATACTAT GGAGCGCGCCCTT GGGCCCTGACTTGAATCCC
P9 CCTAGAAACGCT CCAGGT GAAATACTAT GGAGCGCGCCCTT GGGCCCTGACTTGAATCCC
P17 CCTAGAAACGCTCCAGGTGAAATACTATGGAGCGCGCCCTT GGGCCCTGACTTGAATCCC
P18 CCTAGAAACGCTCCAGGTGAAATACTATGGAGCGCGCCCTT GGGCCCTGACTTGAATCCC
P19 CCTAGAAACGCTCCAGGTGAAATACTATGGAGCGCGCCCTT GGGCCCTGACTTGAATCCC
P20 CCTAGAAACGCTCCAGGTGAAATACTATGGAGCGCGCCCTT GGGCCCTGACTTGAATCCC
P21 CCTAGAAACGCTCCAGGTGAAATACTATGGAGCGCGCCCTT GGGCCCTGACTTGAATCCC
P29 CCTAGAAACGCT CCAGGT GAAATACTAT GGAGCGCGCCCTT GGGCCCTGACTTGAATCCC

310 20 - 30 330 30

HQO008055.1 TACCTTTCCCATTTGGCCAGAATGTA AATGGTT ATGC GG GGTTTT GAAGT GCAGGTA
Norovirus TACCTTTCCCATTTGGCCAGAATGTA CAACGG AC ATGC GG

Sewage TACCTTTCCCATTTGGCCAGAATGTA CAA GG AC ATGC GG
Oyster TACCTTTCCCATTTGGCCAGAATGTA CAA GGrc ATGC GG
Pl TACCTTTCCCATTTGGCCAGAATGTA CAA GG GC ATGC GG
p? TACCTTTCCCATTTGGCCAGAATGTA CAA GG GT ATGC GG
P7 TACCTTTCCCATTTGGCCAGAATGTA TAA GG TT ATGC GG
PS TACCTTTCCCATTTGGCCAGAATGTA CAA GG AT ATGC GG
P9 TACCTTTCCCATTTGGCCAGAATGTA CAA GGGT ATGC GG
P17 TACCTTTCCCATTTGGCCAGAATGTA TAA GG AC ATGC GG
P18 TACCTTTCCCATTTGGCCAGAATGTA TAA GGr CATGC GG
P19 TACCTTTCCCATTTGGCCAGAATGTA CAA GG GC ATGC GG
P20 TACCTTTCCCATTTGGCCAGAATGTA CAA GG GC ATGC GG
P21 TACCTTTCCCATTTGGCCAGAATGTA CAA GG GC ATGC GG
P29 TACCTTTCCCATTTGGCCAGAATGTA CAA GG GC ATGC GG

Figure 19S: (Continued from previous page) A multiple alignment of the NoV GII PCR product
nucleotide sequences from the NoV GlI positive sample, wastewater, oyster and 11 stool samples
and the reference strain (Accession no. HQ008055.1). The red blocks highlight changes in the
bases of the nucleotide sequences.
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