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SUMMARY

Worldwide it is estimated that 1.1 billion people drink unsafe water and 1.7 million
deaths are caused by drinking of unsafe water and poor sanitation. Enteric viruses are
transmitted by the faecal-oral route and their spread has in part been attributed to the
consumption of contaminated food and drinking water. Viruses are a major cause of
waterborne disease but the health impact of waterborne viral infections is
underestimated. Waterborne illness associated with viruses are more common than
those caused by bacteria making it important to estimate the prevalence and diversity of
enteric viruses in environmental water sources in order to assess the potential public
health risks posed by the contaminated water sources. In Kenya, despite these risks data
regarding the occurrence of the viruses in environmental water sources is limited, and in
addition, data on the prevalence and molecular epidemiology of enteroviruses (EVs) and
noroviruses (NoVs) in the clinical and environmental settings is lacking. Therefore, in
this investigation the microbiological quality, the prevalence and molecular
epidemiology of selected clinically relevant enteric viruses namely, EVs, NoVs and
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rotaviruses (RVs) in Kenyan urban and rural high risk water sources, namely the
Mboone, Mutoine and Nairobi rivers and water from the Dadaab refugee camp, were
investigated. Microbial indicator organisms, namely Escherichia. coli and total
coliforms were detected at levels >200 cfu/mt in 100% (40/40) of the samples thereby
exceeding the World Health Organization (WHQO) recommended guidelines for drinking
water (<1 most probable number/100 m¢), suggesting that there is gross faecal
contamination in these Kenyan water sources. The RVs were detected in 85% (34/40) of
the samples and it was the most predominant virus detected being identified in 83% of
the Mboone river samples, 100% of the Mutoine river samples, 83% of the Nairobi river
samples and 50% of the household water from the Dadaab refugee camp. The G types
detected were G1 and G9 and mixed G1+G9 being detected in the Nairobi river. The P
types detected were, P[4], P[6] and P[8], with mixed P types P[4]+P[6], P[4]+P[8],
P[6]+P[8] and P[4]+P[6]+P[8] being detected in the three surface water sources.
Noroviruses were detected in 63% (25/40) of the selected water samples, with 60%
(24/40) of the samples positive for NoV GII and 20% (8/40) for NoV GI. A number of
genotypes were identified, namely, NoV GI.1, NoV GI.3 and NoV GI.9 and NoV Gll.4,
Gll.6, GIlI.12, GII.16 and GI1.17 with NoV GI1.17 predominating. Enteroviruses were
detected in 58% (23/40) of the samples by direct real-time reverse transcriptase-
polymerase chain analysis of the recovered virus concentrates and were identified in the
three rivers (Mboone, Mutoine and Nairobi rivers) accounting for 50%, 83% and 58%
of water samples, respectively, but not in the borehole or household water from Dadaab.
No polioviruses (PVs) were identified using the recommended WHO methods designed
for identification of PVs and differentiation between vaccine-derived PVs and wild-type
PVs in clinical specimens. In conclusion, this is the first comprehensive report on the
molecular epidemiology of NoVs in Kenyan water sources. From this study it is evident
that further nationwide studies are necessary to fully establish the prevalence,

distribution and clinical relevance of enteric viruses in Kenyan water sources.
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CHAPTER ONE

LITERATURE REVIEW

1.1 GENERAL INTRODUCTION

It is estimated that worldwide 1.1 billion people drink unsafe water (Ashbolt, 2004)
and annually 1.7 million deaths are caused by drinking of unsafe water and poor
sanitation (Ashbolt, 2004; Grabow, 2007). Viruses are a major cause of waterborne
disease but the health impact of waterborne viral infections is underestimated (Grabow,
2007; Mena, 2007). Human enteric viruses, which primarily infect and replicate in the
gastrointestinal tract, have been associated with waterborne transmission (Carter, 2005;
Grabow, 2007; Koroglu et al., 2011). More than 100 types of enteric viruses may be
present in faecally contaminated water (Koopmans and Duizer, 2004; Fong and Lipp,
2005) and their presence in water sources is of public health concern due to their low
infectious dose of 10 to 100 infectious particles (Wyn-Jones and Sellwood, 2001; Fong
and Lipp, 2005). Worldwide enteric viruses such as rotaviruses (RV), noroviruses
(NoV), sapoviruses (SaV), human astroviruses (HAstV), human adenoviruses (HAdVSs)
and hepatitis A virus (HAV) are important agents of gastroenteritis and hepatitis,
respectively (Bern and Glass, 1994; Parashar and Glass, 2003; Hollinger and Emerson,
2007). Diarrhoea remains one of the major causes of childhood morbidity and mortality
in developing countries. Over a billion diarrhoeal cases occur each year among children
younger than five years of age resulting in approximately 2.5 million deaths annually
(O'Ryan et al., 2005). A contributing factor to the high incidence of diarrhoeal cases in
developing countries is ingestion of contaminated food and water resulting from poor
sanitation and limited access to clean water (Hot et al., 2003, Aryal et al., 2012).
Rotaviruses are the most important cause of gastroenteritis in infants and children (Tate
et al., 2012), with NoVs being the second most prevalent cause of diarrhoea in infants
and children (Patel et al., 2009) and the most important cause of acute gastroenteritis in
all age groups (Glass et al., 2009). Enteroviruses, one of the enteric virus group, have
been associated with diverse syndromes from febrile illness to aseptic meningitis,
poliomyelitis and myocarditis (Caro et al., 2002; Pallansch and Roos, 2007). The

predominant mode of transmission of enteric viruses is via the faecal-oral route, directly

1
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from person-to-person or indirectly through the ingestion of faecally-contaminated food
and water (Céceres et al., 1998; Boone and Gerba, 2007; Wikswo and Hall, 2012).
These viruses are discharged into sewage and have the potential to pollute surface
(Pintd and Saiz, 2007), ground (Gerba, 2007) and drinking water (Carter, 2005).
Polluted water can in turn contaminate fresh produce if used for irrigation purposes
(Steele and Odumeru, 2004). The enteric viruses, which are shed in large numbers in
the faeces of infected individuals, are stable in the environment and may survive
wastewater treatment (Baggi and Peduzzi, 2000; Carter, 2005; Kahler et al., 2011).
Indicator micro-organisms have traditionally been used to assess the microbial quality
of water (Ashbolt et al., 2001) but enteric viruses have been detected in water which
conform to quality limits for indicator organisms (van Heerden et al., 2005; Pusch et al.,
2005). Enteric viruses are considered by the United States of America (US)
Environmental Protection Agency (EPA) as the most meaningful, reliable and effective
index for environmental monitoring (Vantarakis and Papapetropoulou, 1998; Lee and
Kim, 2002; Miles et al., 2009). In addition, in developed countries, the presence of
enteric viruses in different water sources has been used to estimate the level of water
contamination (Gratacap-Cavallier et al., 2000; Kittigul et al., 2005). Since wastewater
treatment plants collect and treat community effluent, evaluation of viruses occurring in
sewage samples (Katayama et al., 2008) and wastewater sources (Mueller et al., 2009)
are a useful form of passive surveillance to give an indication of which viruses are
circulating in both symptomatic and asymptomatic individuals in the surrounding

communities.

1.2 ROTAVIRUS

1.2.1 History

Rotaviruses were discovered in duodenal biopsies from hospitalised infants and young
children with acute gastroenteritis by Bishop and colleagues in 1973 (Bishop et al.,
1973). Thereafter, RVs were also identified in faecal specimens by electron microscopy
(EM) (Flewett, 1976). Subsequently, laboratories all over the world soon began to
detect the virus in stools of a large proportion of paediatric patients with gastroenteritis.
Efficient and practical tests were developed to detect RV in clinical specimens thus

facilitating the study of this virus (Estes and Kapikian, 2007).

2
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1.2.2 Virology

Rotaviruses are double-stranded (ds) segmented ribonucleic acid (RNA), non-enveloped
viruses which are 55 to 75 nm in diameter (Bishop et al., 1973; Estes and Kapikian,
2007; Attoui et al., 2012). They have a distinct morphologic appearance by electron
microscopy (EM) which resembles a small wheel with a hub short spikes and a narrow
rim (Figure 1.1). This distinctive morphology characteristic led to the name “rotavirus”
from the latin “rota” for a wheel and distinguishes them from the orbiviruses and
orthoreoviruses (Bishop et al., 1973; Attoui et al., 2012).

Figure 1.1: Electron micrograph of rotavirus showing the short spiked wheels
(Palmer E: http://phil.cdc.gov/phil/details.asp?pid=197)

The viral capsid is triple-layered with the inner layer enclosing the virus genome which
comprises 11 segments of ds RNA, each coding for either structural viral protein (VP)
or non-structural proteins (NSP) (Figure 1.2) (Estes and Kapikian, 2007; Attoui et al.,
2012). The segmented genome of RV readily reassorts during co-infection and it plays a

key role in virus evolution (Estes and Kapikian, 2007).

1.2.3 Classification

Rotaviruses belong to genus Rotavirus in the family Reoviridae, subfamily
Sedoreovirinae, which includes other genera such as Orbivirus, Seadornavirus,
Phytoreovirus, Cardoreovirus and Mimoreovirus (Attoui et al., 2012). Three genera of

3
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http://phil.cdc.gov/phil/details.asp?pid=197

[Jvez [Eves Vs []VP7

D Genome Gene Product Genotype Name

gl VP RMA polymerase

g2 VP2 Core shell

'_\'“\": g3 VP3 RMA-capping Methyltransferase
gd VP4 Protease-activated spike

— g3 NSP1 interferon Antagonist
— gb VPG Intermediate capsid shell

_— g7 MNSP3  Translation regulation
‘\:: g8 MNSP2  octameric NTPase
g3 VPT outer-shell Glycopraotein

—— g10 N3P4  Enterotoxin
— g11 NSP5/6 pHosphoprotein

Figure 1.2: Three-dimensional structure of the rotavirus particle showing gene coding
assignments and virion locations of RV proteins.

(Patton JP. http://www.discoverymedicine.com/John-T-Patton/2012/01/26/rotavirus-
diversity-and-evolution-in-the-post-vaccine-world/)

family Reoviridae, namely Rotavirus, Orthoreovirus, Orbivirus infect humans and
animals (Attoui et al., 2012). Initially RVs were classified serologically into serogroups
and serotypes. A serogroup included viruses that share cross-reacting antigens that can
be detected by serological methods such as enzyme-linked immunosorbent assay
(ELISA) and immunofluorescence (IF). Based on these techniques, RVs were classified
into at least seven serogroups A to G (Estes and Kapikian, 2007). Groups A, B and C
RVs have been detected in both humans and animals, whereas groups D, E, F and G are
associated with animals (Estes and Kapikian, 2007). Rotavirus can further be classified
into genotypes by molecular-based analysis of the VP4, VP6 and VP7 genes (Estes and
Kapikian, 2007; World Health Organization [WHQO], 2009a; Attoui et al., 2012).
Recently a new nucleotide sequence-based complete genome classification was

introduced by the Rotavirus Classification Working Group for group A rotavirus, which

4
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assigns specific genotypes to each of the 11 genome segments of a particular RV strain
based on nucleotide sequence data and according to established nucleotide percent cut-
off values (Matthijnssens et al., 2011). Using the complete genome classification
criteria, 51 new genotypes have been ratified as of April 2011, 27 different G and 35 P
genotypes have been described in both humans and animals (Matthijnssens et al., 2011,
Attoui et al., 2012).

1.2.4 Pathogenesis and immunity

Rotaviruses infect the mature absorptive villous epithelium of the upper two thirds of
the small intestine. After replication in the upper small intestine, infectious particles are
released into the intestinal lumen and undergo further replication in the distal areas of
the small intestine (Estes and Kapikian, 2007). Infection is generally confined to the
intestinal mucosa. Although, RVs can be found in the lamina propria and regional
lymphatics, replication in these sites and systemic spread usually do not occur in
immunocompetent persons (Estes and Kapikian, 2007). Despite the superficial nature

of mucosal infection RVs induce both local intestinal and systemic immune response.

After a primary infection neutralising antibodies directed primarily against the VP7
glycoprotein of the infecting strain (homotypic response) are induced in infants and
young children (Estes and Kapikian, 2007). Repeated RV infections elicit both a
homotypic and heterotypic (against strains with different G serotypes) antibody
response.  Protection against RV diarrhoea correlates with serum antibody titres
following natural infection and infected children are more protected against re-infection
with similar rather than different G serotypes (Estes and Kapikian, 2007). A protective
role of transplacentally transferred maternal antibody among infants <3 months of age
has also been speculated, since RV disease is uncommon in this age group. However
serum neutralising antibody responses among vaccine recipients have sometimes
correlated poorly with protection from disease. Therefore, the exact role of serum

antibody in protection against disease remains unclear (Offit, 1996; Jiang et al., 2002).
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1.2.5 Clinical features

The incubation period for RV is usually five to seven days but it may be as short as 48
hours (WHO, 2002a; Estes and Kapikian, 2007). The onset of symptoms is sudden and
frequent with the initial symptomatic abdominal colic. This is followed by the onset of
watery diarrhoea, fever, malaise, abdominal discomfort and dehydration or a
combination of some of these symptoms that occurs primarily in infants and young
children (Bernstein, 2009). Clinically, RV infection causes a spectrum of symptoms,
which ranges from asymptomatic infection in the new-born babies to severe dehydrating
diarrhoea in infants and young children (Estes and Kapikian, 2007). For severe cases
the duration of hospitalisation ranges from two to 14 days with a mean of four days
(Parashar et al., 1998, 2003; WHO, 2002a). The highest attack rate is usually among
infants and young children six to 24 months old and the next highest in infants less than
six months old (Tate et al., 2012). Rotavirus infection in adults has also been reported
(Cardemil et al., 2012; Gunn et al., 2012; Shen et al., 2013). Rotavirus infection in
adults typically manifests with symptoms such as nausea, malaise, headache, abdominal
cramping, diarrhoea, and fever (Anderson and Weber, 2004). Outbreaks of RV
infection have also been reported in closed adult communities like geriatric wards,
nursing homes, cardiology wards and elderly care facilities (Cubitt and Holzel, 1980;
Holzel et al., 1980; Cardemil et al., 2012; Gunn et al., 2012).

1.2.6 Laboratory diagnosis

The accurate diagnosis of RV infection is important not only for rapid identification of
the patient with severe RV diarrhoea, but also for the identification of any potential
sources of infection (Dennehy et al., 1999). The routine laboratory diagnosis of RV
gastroenteritis requires the detection of virus or viral antigen (Estes and Kapikian,
2007). The most rapid method of RV diagnosis is by identification of group A RV
antigen in stool specimen by immunological-based assays such as latex agglutination
(LA) immunochromatographic assays and enzyme immunoassays (EIA) (Estes and
Kapikian, 2007; WHO, 2009a). Electron microscopy can also be used as this “catchall”
method will detect non-group A RVs that are not detected by conventional serologic

assays as they do not share the common group antigen.
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Although RV can be isolated in many types of continuous cell lines including the
Buffalo green monkey kidney cells (BGM), African green monkey kidney cells (BSC-1,
MA-104 and Vero), human colon adenocarcinoma cell lines (CaCo-2 and HT-29) and
Rhesus monkey kidney cells (LLC-MK3) (Birch et al., 1983; Ward et al., 1984; Aboudy
et al.,, 1989; Arnold et al., 2009), this is not used for the routine diagnosis of RV
diarrhoea. Molecular-based techniques such as polyacrylamide gel electrophoresis
(PAGE) and reverse transcriptase-polymerase chain reaction (RT-PCR) are methods
used to detect group A and non-group A RVs (Estes and Kapikian, 2007; WHO, 2009a)

but are also not used in routine diagnosis.

1.2.7 Management, treatment and prevention

Treatment of RV infection is supportive and primarily aimed at the replacement of
fluids and electrolytes lost due to vomiting or diarrhoea as no antiviral therapies are
currently available (Diggle, 2007; Pammi and Haque, 2011). Oral rehydration is more
readily available and has gained widespread use worldwide as a lifesaving treatment
(Samadi et al., 1998; WHO, 2002a; Munos et al., 2010). In patients with severe
dehydration and shock, intravenous rehydration is indicated for efficient replacement of
fluid loss (Estes and Kapikian, 2007). Improvement in therapy has also resulted in a
marked decrease in mortality from all forms of RV infantile diarrhoea. Because RVs
are highly infectious and are spread by the faecal-oral route, careful attention to hand
washing disinfection and disposal of contaminated materials may limit the spread
especially in nurseries and hospitals where nosocomical infections occur frequently
(Sherchan et al., 2011; Bruijning-Verhagen et al., 2012). The RV vaccines have been
developed and have been introduced in the expanded programme of immunisation (EPI)
in many countries including some countries in Africa (Mwenda et al., 2010; Msimang et
al., 2013). These vaccines are very effective in preventing RV gastroenteritis (WHO,
2009b). The WHO recommends routine vaccination of infants with either of two
available vaccines: RotaTeq® (RV5), licensed in 2006, which is given in three doses at
ages two months, four months, and six months; or Rotarix® (RV1) which was licensed
in 2008, and is given in two doses at ages two months and four months (WHO, 2009b).
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1.2.8 Epidemiology

The primary mode of transmission of RV is via faecal-oral route but respiratory
transmission has also been speculated (Estes and Kapikian, 2007). Because the virus is
stable in the environment, transmission can occur through ingestion of contaminated
water or food and contact with contaminated surfaces, (Dennehy, 2000; Estes and
Kapikian, 2007). Animal to human transmission does not appear to be common
although human RV strains that possess a high degree of genetic homology with animal
strains have been identified (Komoto et al., 2013; Nakagomi et al., 2013; Ndze et al.,
2013).

Worldwide, RVs are known to be the single most significant cause of severe
gastroenteritis causing diarrhoea in young children younger than five years of age in
both developed and developing countries (Estes and Kapikian, 2007; Parashar et al.,
2009; Tate et al., 2012). Rotaviruses also affect older children and adults but are known
to cause severe diarrhoea disease in children below two years of age (Estes and
Kapikian, 2007; Parashar et al., 2009). Recently the WHO global RV surveillance
network estimated an annual global mortality of 453 000 with approximately 85% of
these deaths occurring in sub-Saharan Africa (Tate et al., 2012) and other developing
countries of Asia and South America (Tate et al., 2012). It is estimated that 130 million
children develop RV-related diarrhoea each year, 18 million of whom experience
moderate to severe dehydration (Hoshino and Kapikian, 2000; Tate et al., 2012).

Because the disease cannot be eliminated through improvement in water and sanitation
(Centers for Disease Control and Prevention [CDC], 2006), the development of a safe
and effective rotavirus vaccine has been a priority, particularly but not exclusively in
developing countries where the burden of disease is highest (WHO, 2009b). The
accelerated introduction of a RV vaccine in EPI programme has been designated a
global priority by the WHO, the Global Alliance for Vaccines and Immunization
(GAVI), and many international groups because of the high burden of disease in
developing countries (Mwenda et al., 2010). Rotavirus vaccines are currently pre-
qualified by the WHO and their introduction into the national immunisation
programmes has recently been recommended (WHO, 2009b). These vaccines have

been introduced in many countries of the world (WHO, 2009b). As a consequence the

8

© University of Pretoria



incidence and severity of RV infections has declined significantly in countries that have
added RV vaccine to their routine childhood immunisation programmes (Desai et al.,
2011; Dudareva-Vizule et al., 2012; Choi et al., 2013; Hemming et al., 2013; Msimang
et al., 2013; Tate et al., 2013; Vesikari et al., 2013).

Rotavirus infections display a distinct seasonal pattern in temperate climates with
epidemic peaks occurring predominantly in the cooler winter months of the year. The
monthly peaks may vary from regions and from year to year (Parashar et al., 1998,
2009; Tate et al., 2012). The seasonal nature of RV infections is not universal and in
countries with tropical climates, RV disease has been reported to occur all year round,
with seasonal peaks occurring during the dry cool months of the year (Armah et al.,
1994; Kiulia et al., 2008). These different seasonal patterns observed in tropical and
temperate settings may lead to differing patterns of transmission and perhaps to
different reservoirs of infection. In addition, it may also have an influence on the age of
infection seen in the different climatic settings. Rotavirus infection is predominantly
seen in older children (> 12 month) in temperate countries compared to the younger age
(< 6 months) in tropical countries (Armah et al., 1994). In Kenya RV diarrhoea occurs
throughout the year (Urasawa et al., 1987; Kiulia et al., 2008), and seasonal peaks are
observed during the dry seasons (January to March and June to September (Makino et
al., 1983; Mutanda et al., 1984) than in wet seasons. This is in contrast to other African
countries like southern Africa (South Africa, Madagascar, Zambia and Zimbabwe)
where RV occurs during the autumn and winter and which overlap with the dry seasons
and in northern Africa (Egypt and Morocco) where it occurs in autumn and winter

seasons but not in dry seasons (Tazi-Lakhsassi et al., 1988; Pazzaglia et al., 1993).

Over the last 30 years studies have addressed RV epidemiology in Kenya in both urban
and rural settings (Mwenda et al., 2003; Kiulia et al., 2006, 2008, 2009; Nokes et al.,
2010). In general, these studies have focused on the occurrence of RV-associated acute
diarrhoea in clinics, outpatient visits and hospitalisations. These studies show an
average prevalence rate of 6% to 56% (Kiulia et al., 2008). All four epidemiologically
important RV G types (G1-G4) have been detected in Kenya (Mutanda et al., 1990;
Gatheru et al., 1993; Nakata et al., 1999; Kiulia et al., 2006, 2008; Mwenda et al.,
2010). Recent studies have shown that uncommon strains (G9, G8 and G12) may

account for a significant proportion of RV strains detected in Kenyan children who
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present with diarrhoea (Cunliffe et al., 2001; Steele and Ivanoff 2003; Kiulia et al.,
2008; Mwenda et al., 2010) and also in environmental water sources (Kiulia et al.,
2010) thus, highlighting the importance of this virus. Although water was previously
not considered to be an important route of RV transmission (Grabow, 2007) there is an
increase in RV-associated waterborne outbreaks (Gratacap-Cavallier et al., 2000; Rutjes
et al., 2009). In a pilot study (2007 to 2008) clinically relevant RVs were identified in

rural and urban Kenya water sources (Kiulia et al., 2010).

1.3 NOROVIRUS

1.3.1. History

An epidemic of acute non-bacterial gastroenteritis in humans was first described in 1929
as a “’winter vomiting disease’’. Since none of the known bacterial causes of
gastroenteritis could be isolated, a viral aetiology was suspected by Zahorsky, 1929 as
quoted by Patel et al., (2009). In the 1940s and 1950s, the association of the disease
with a virus was demonstrated through a series of human challenge studies (Green,
2007). 1968, an outbreak of acute non-bacterial gastroenteritis occurred in an
elementary school in Norwalk, Ohio, that caused illness in 50% of 232 students and
teachers was reported by Adler and Zickl, (1969) as quoted by Atmar and Estes, (2009).
Thus, the identified virus was named Norwalk virus and the genus was first called
Norwalk-like viruses, which in 2002 was changed to NoV by the International

Committee on Taxonomy of Viruses (Clarke et al., 2012).

1.3.2 Virology

Noroviruses are non-enveloped, icosahedral viruses with a single-stranded RNA
genome 7.5 to 7.7 kilobase (kb) in length encoding a single major structural protein
(VP1). The virus, when visualised by EM, is 26 to 34 nm in diameter; small, round,
with an amorphous surface and ragged outer edge (Figure 1.3). It can also appear to
have cup-shaped or cup-like structures like other caliciviruses (Green, 2007).

The VP1 protein consists of three open reading frames (ORF) (Figure 1.4), which has a
hypervariable domain (P2 domain) as the most exposed part of the virion. The ORF1
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Figure 1.3: Electron micrograph of norovirus
(Humphrey CD: http://phil.cdc.gov/phil/details.asp?pid=10708)

encodes for a non-structural polyprotein, which is processed into several proteins,
including a helicase, protease and RNA-dependent RNA polymerase. Open reading

frames 2 encodes the major capsid protein and ORF3 a minor capsid protein.

| ORF1 [ ORF2 ORF3
VP i
‘N = 1'. Br ez P1

Figure 1.4: The norovirus genome showing the three open reading frames and the

hypervariable P2 domain of the capsid protein (Zakikhany et al., 2012)

1.3.3 Classification

Noroviruses are classified in the genus Norovirus of the family Caliciviridae (Clarke et
al., 2012). The other genera in the calicivirus family are Vesivirus, Lagovirus,
Sapovirus and Nebovirus (Figure 1.5) (Clarke et al., 2012). Norovirus and SaV infect
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Figure 1.5: Phylogenetic analysis showing the genera of Caliciviridae and their
prototype (Scipioni et al., 2008)

humans. Lagovirus and Vesivirus infect animals and include rabbit haemorrhagic
disease virus (RHDV) and feline calicivirus (FCV) (Clarke et al., 2012). Nebovirus has
only been detected in calves (Clarke et al., 2012). There are other proposed genera that
might be members of calicivirus family such as Recovirus (for rhesus enteric
calicivirus) with Tulane virus as the prototype and Valovirus with St-Valerien as the
prototype (Clarke et al., 2012). In general NoVs tend to be species specific and, to date,
no animal strains have been identified in humans (Atmar, 2010).

The diversity among NoVs is well documented (Atmar and Estes, 2009; Glass et al.,
2009). Initially, the classification of NoVs was based on cross-challenge studies in
volunteers (Lewis et al., 1995) and analysis of antisera cross-reactivity by
immunoelectron microscopy (IEM) (Lewis et al., 1995). Currently the NoVs are
classified on the basis of nucleotide sequence diversity in the VP1-encoding ORF2
gene, which divides the majority of human NoVs into five genogroups (Gl to GV)
(Patel et al., 2009; Clarke et al., 2012). Human infection has been associated with
genogroups I, 11 and IV while genogroups 11l and V infect cows and mice, respectively
(Figure 1.6) (Zheng et al., 2006; Scipioni et al., 2008; Clarke et al., 2012).
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Figure 1.6: Phylogenetic tree of noroviruses depicting the five genogroups (GI-V) and
32 genotypes based on sequence diversity in the complete capsid protein VP1. Human
strains cluster within GI, Gll and GIV (Patel et al., 2009)

Porcine strains are found in GII and recently a lion (Martella et al., 2007) and a dog
(Martella et al., 2008) strain have been identified in genogroup IV, suggesting the

potential for zoonotic transmission.

The difference in amino acid sequence of the major capsid protein is as much as 43%
between isolates within the same genogroup and up to 61% between isolates from
different genogroups. The strains may be further classified into genetic clusters within
each genogroup (Figure 1.6) (Zheng et al., 2006; Patel et al., 2009).

On the basis of >85% sequence similarity in the complete VP1 genome, NoVs can be
classified further into genotypes, with at least eight genotypes belonging to Gl and 21
genotypes belonging to GII (Figure 1.7) (Glass et al., 2009). Recently a new
nomenclature system for classification of NoVs GI1.4 has been proposed by using both
ORF1 and VP1 sequences, as recombination is common and recognising recombinant

viruses may be important (Kroneman et al., 2013). Since 2001, the NoVs Gl1.4 are the
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major aetiological agent of outbreaks of gastroenteritis around the world (Siebenga et
al., 2009; Zakikhany et al., 2012; Kim et al., 2013; Maritschnik et al., 2013, Silva et al.,
2013). Recent studies have demonstrated that these viruses evolve over time through
serial changes in the VP1 sequence, which allow evasion of immunity in the human

population (Siebenga et al., 2009).
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Figure 1.7: Phylogenetic analysis showing the diversity of norovirus genogroup,

genotype and subtypes (Glass et al., 2009).

1.3.4 Pathogenesis and immunity

The current understanding of the pathogenesis, susceptibility and immune response of
NoV infections came from data on more than 1000 volunteers who participated in
challenge studies (Glass et al., 2009). Specimens (proximal jejunal biopsy) collected
from ill volunteers showed a broadening and blunting of the intestinal villi, crypt-cell
hyperplasia, cytoplasmic vacuolization, and infiltration of polymorphonuclear and
mononuclear cells into the lamina propria (Green, 2007). There were no histologic
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changes that were seen in the gastric fundus or in antrum or colonic mucosa. The extent
of involvement of the small intestine remains unknown. The duration of immunity to
NoV gastroenteritis is controversial and studies suggest from six months to two years
(Simmons et al., 2013). Exposure to NoV usually occurs in childhood, with antibody
prevalence rising to greater than 50% by the fifth decade of an individual’s life. It
appears that individuals develop short-term immunity following infection and immunity
is strain specific. Therefore, due to the antigenic diversity, immunity to NoVs appears
to be short-lived (Green, 2007). Short-lived immunity may explain in part the high
attack rates in all age groups in an outbreak (Simmons et al., 2013).

1.3.5 Clinical features

The incubation period of NoV infection ranges from 10 to 51 hours, and the infectious
dose is very low (Glass et al., 2009). It is estimated the infectious dose to be between 18
and 1000 viral particles (Teunis et al., 2008). Many people shed virus prior to onset of
illness, and peak faecal virus shedding may occur after gastroenteritis symptoms have
resolved (Atmar and Estes, 2009). Norovirus associated gastroenteritis is characterised
by the sudden onset of vomiting, watery diarrhoea or both symptoms (Patel et al.,
2009). Additional symptoms such as nausea, abdominal cramping and pain, malaise,
anorexia, fever, chills, headache and myalgias can also be experienced (Desselberger
and Gray, 2003; Chen and Chiu, 2012). Vomiting has been reported more frequently
with GII.4 strains in nursing home outbreaks than with outbreaks caused by other strains
(Friesema et al., 2009). Unusual presentations of NoV infection have been described in
special populations. A cluster of necrotising enterocolitis was noted in a neonatal
intensive care unit and NoV infection was confirmed in half of the affected patients
(Turcios-Ruiz et al., 2008). Noroviruses have also been implicated in necrotising
enterocolitis in premature infants (Bagci et al., 2010) and benign infantile seizures
(Chen et al., 2009; Bartolini et al., 2011). Other cases of NoV infection has been
described in association with exacerbations of inflammatory bowel disease (Khan et al.,
2009). Although the association of NoV infection with these unusual presentations
requires further confirmation, the impact of NoVs in immunocompromised and in
immunocompetent patients has been reported (Glass et al., 2009; Bok and Green, 2012).
While these case reports provide only anecdotal evidence that NoV infection may have

varied clinical outcomes. Therefore, it has been suggested that NoVs should be
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considered as potential aetiological agents, not only in gastroenteritis but also other
diseases (Glass et al., 2009).

1.3.6 Laboratory Diagnosis

The diagnosis of NoV infection has evolved over the past several decades. In the 1970s
and 1980s, the primary means of diagnosis was by EM (Atmar and Estes, 2001). The
specific diagnosis of NoV is routinely made by use of immunological-based assays
(Patel et al., 2009). An automated bioluminescent enzyme immunoassay (BLEIA) has
been described and is potentially useful for the rapid diagnosis of NoV in epidemic and
sporadic gastroenteritis (Sakamaki et al., 2012). Immunological-based assays using
either an ELISA or immunochromatographic format are commercially available (Patel
et al.,, 2009). The principal disadvantage of these tests kits has been their poor
sensitivity, being as low as 32% in the identification of sporadic cases of NoV infection.
The sensitivity is also affected by NoV genotype, as some less common genotypes are
not identified by these assays (Sakamaki et al., 2012). The RT-PCR assays first became
available in the 1990s and are currently the most sensitive methods for detection of
NoVs in clinical samples but are not used in routine diagnosis (Patel et al., 2009; Zheng
et al., 2010). These molecular assays are very sensitive and can detect as few as 10
virus particles (Marshall and Bruggink, 2006; Miura et al., 2013). These assays target
conserved areas in the genome, including the polymerase gene (region A), the
ORF1/ORF2 junction (region B), and areas in the VP1 gene (regions C and D). The
specificity of the assays is confirmed by probe hybridisation or sequencing of the
amplicons. The sequence data using the latter approach can be used for genotyping and
in molecular epidemiologic studies (Yee et al., 2007; Le Guyader et al., 2008). The
real-time (rt) RT-PCR assays also allow more rapid evaluation of clinical and
environmental samples (Butot et al., 2010; Miura et al., 2013).

1.3.7 Management, treatment and prevention

In most persons NoV illness is self-limited and mild, and either no treatment is needed
or it is supportive, e.g. oral rehydration, antiemetics, and analgesics agents. For patients
who become more severely volume depleted, intravenous fluid and electrolyte

replacement may be required in the emergency centre or in the hospital (Green, 2007).
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Currently, there are no vaccines or antiviral therapies approved for the treatment of NoV
infections, and such efforts have been significantly hampered by the lack of a simple
cell culture or small-animal model for human NoVs (Green, 2007). Ribavirin and
interferons inhibit viral replication in a Norwalk viral replicon system, but no clinical
data are available to evaluate their utility in active infection (Chang and George, 2007).
Immune globulin has also been proposed as a treatment either given orally or
intravenously, but only limited anecdotal information has suggested a potential
beneficial effect of such therapy (Florescu et al., 2008; Glass et al., 2009).

Preventive methods are also currently non-specific in nature. These methods include
appropriate  hand hygiene, environmental decontamination, and furlough of
symptomatic food handlers and healthcare workers during the period of illness and for
up to two to three days after symptom resolution (Parashar et al., 2001; Harris, et al.,
2010). Measures to identify contaminated foodstuffs are also used to prevent NoV
transmission. For example, current regulations call for screening of shellfish-growing
waters or shellfish for faecal coliform bacteria to identify exposure to sewage pollution
(Le Guyader et al., 2009). However, this approach has failed to identify viral
contamination of shellfish associated with a number of NoV outbreaks. With the
development of methods to directly detect viral contamination of foodstuffs implicated
in foodborne NoV outbreaks, it should be possible to adapt these assays for screening
high risk foods (Le Guyader et al., 2003, 2004, Bosch et al., 2011). Other approaches
to inactivate NoVs contaminating food, including high-pressure processing and

irradiation, are under evaluation (Atmar, 2010; Lou et al., 2011).

1.3.8 Epidemiology

Norovirus is the leading cause of acute viral gastroenteritis in humans worldwide,
affecting people of all ages (Green, 2007; Glass et al., 2009; Atmar, 2010; Tam et al.,
2012). It has been reported to be second only to RVs in causing severe childhood
gastroenteritis (Glass et al., 2009). Similarly, NoV infection can be particularly severe
in the elderly, even resulting in death (Harris et al., 2008; Glass et al., 2009). The main
route of transmission of NoVs is faecal-oral, although airborne transmission also occurs
resulting in high secondary attack rates (Green, 2007; Atmar and Estes, 2009).

Contamination of food, water and direct person-to-person spread have all been
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implicated in outbreaks of NoV gastroenteritis (Mathijs et al., 2012). Gastrointestinal
disease outbreaks associated with NoV occur frequently in closed settings, for example
in schools, military camps and also in cruise ships (Carling et al., 2009; Vivancos et al.,
2010; Wikswo et al., 2011; Yap et al., 2012), but have the greatest impact and occur
with high frequency in health care settings, particularly hospitals and nursing homes
(Gotz et al., 2002; Trivedi et al., 2012).

Noroviruses are most frequently recognised as causes of outbreaks of acute
gastroenteritis, but sporadic illness also occurs commonly. These viruses are
responsible for 47% to 96% of outbreaks of acute gastroenteritis and for 5% to 36% of
sporadic cases of acute gastroenteritis reported from countries around the world (Atmar
and Estes, 2006; Patel et al., 2009). In many cases, food is a frequent vehicle for virus
transmission (Huang et al., 2013). Contamination of the food with faecal material can
occur at any step during its production, for example, contamination of shellfish usually
occurs prior to harvesting, contamination of berries e.g., raspberries may occur prior to
harvesting for instance due to irrigation with faecally-contaminated water, during
harvesting contamination by infected field workers or during processing prior to
distribution contamination in the factory by infected food handlers (Okabayashi et al.,
2008). Other foods implicated in NoV disease outbreaks, including pumpkin salad and
sandwiches, have been contaminated at the site of preparation by infected food handlers
(Gotz et al., 2002) and also cases of asymptomatic food handlers have been reported
(Okabayashi et al., 2008; Nikolay et al., 2011; Yu et al., 2011).

Noroviruses cause infection throughout the year, but in temperate climates there is
distinct winter seasonality (Lopman et al., 2009). Infection with NoV GII occurs more
commonly that those with G1 (Patel et al., 2009), though G1 has also been showed to
cause gastroenteritis outbreaks in Sweden as a result of water contamination (Nenonen
et al., 2012). The GIlI NoVs have been the most prevalent strains causing infection
worldwide (Patel et al., 2009; CDC, 2011a). Among these, the GIl.4 genotype was
most prevalent in the majority of the years, and large increases in the number of
outbreaks have coincided with the emergence of novel variants (Desai et al., 2012;
CDC, 2013a). Their very low infectious dose (<10 viral particles) combined with high
levels of shedding and long persistence in the environment make NoVs extremely
infectious (Teunis et al., 2008; Patel et al., 2009). Although generally NoV related
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illness is regarded as mild more severe outcomes are increasingly described among
elderly and immunocompromised patients (Bok and Green, 2012; Trivedi et al., 2012).
The combination of large and difficult to control outbreaks and severe illness in some
patients leads to major problems in healthcare settings, such as hospitals and nursing
homes (Trivedi et al., 2012). Over the last ten years many surveillance studies on NoVs
around the world have shown that the spread of NoVs is a global problem and in
developing countries limited studies has been done (Mans et al., 2010, 2014; Bitler et
al., 2013). Waterborne outbreaks of NoV-associated gastroenteritis are well
documented (Matthews et al., 2012). The recent systematic review on the global
epidemiological trends in NoV outbreaks highlights the risk factors associated with
attack rate and NoV genogroup (Matthews et al., 2012).

In Africa, various studies have reported the occurrence of NoVs in both clinical (Mans
et al., 2010, 2014; Hassine-Zaafrane et al., 2013; Huynen et al., 2013; Trainor et al.,
2013) and environmental samples (Kiulia et al., 2010; Mans et al., 2013; Murray et al.,
2013). Recently a study in Kenya has reported the detection of NoVs in
immunocompromised children (Mans et al., 2014). In Morocco, NoVs have been
detected in shellfish collected along the Mediterranean Sea and Atlantic Coast of
Morocco (Benabbes et al., 2013). Very few studies in Africa have reported the
occurrence of NoV in environmental water sources. These studies come from Kenya
(Kiulia et al., 2010), South Africa (Mans et al., 2013; Murray et al., 2013) and Ghana
(Gibson et al., 2011). In the Kenyan study a high (90%) NoV detection rate was
reported for selected urban water sources and NoVs were detected in 8% to 25% of
rural water sources (Kiulia et al., 2010), but this study did not report on the NoVs
genotypes circulating in these water sources. Therefore, there is a need to determine the
molecular epidemiology of NoV genotypes in Kenyan water sources to clearly
understand the epidemiology of these which will provide data that can assist in policy

making

19

© University of Pretoria



1.4 ENTEROVIRUSES

1.4.1 History

Poliovirus (PV), the causative agent of poliomyelitis, is a human EV and member of the
family of Picornaviridae. The PV were first isolated in 1909 by Karl Landsteiner and

Erwin Popper (Pallansch and Roos, 2007).

1.4.2 Virology

Human enteroviruses (HEV) are small non-enveloped, positive-strand RNA viruses
(Knowles et al., 2012). Enteroviruses are about 27 to 30 nm in diameter with an
icosahedral symmetry (Figure 1.8) (Pallansch and Roos, 2007; Knowles et al., 2012).
The HEV genome comprises a 5’ non-translated region (NTR), a long ORF that encodes
a protein of approximately 2100 amino acid residues, a short 3' NTR, and a
polyadenylated tail. The post-translational cleavage products include four structural
(VP1, VP2, VP3 and VP4) and seven non-structural (2A, 2B, 2C, 3A, 3B, 3C and 3D)
viral proteins (Pallansch and Roos, 2007). Among the HEV, PV is one of the most well
characterised viruses.

(http://pathmicro.med.sc.edu/lecture/polio.jpq)
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1.4.3 Classification

Enteroviruses (EVs) are classified in the genus Enterovirus of the family Picornaviridae
(Knowles et al., 2012). The other genera in the Picornaviridae family are Cardioviris,
Aphthovirus, Hepatovirus, Parechovirus, Erbovirus, Kobuvirus, Teschovirus,
Sapelovirus, Senecavirus, Tremovirus and Avihepatovirus (Knowles et al., 2012).
Enteroviruses are subgrouped into PVs and non-polioviruses EVs (NPEVs) (Solomon et
al., 2010). Poliovirus has three serotypes (PV1-3) and is classified in HEV species C.
The NPEVs are divided into HEV-A 22, HEV-B 61, HEV-C 18, HEV-D 4. Other
related viruses which may be members of the EVs and have not yet been approved as
species by ICTV, include the following, EV-103, EV-108, EV-112 and EV-115, the
simian (SV) 6 and SV-47 (Knowles et al., 2012). The EV species can further be
classified into serotypes or genotypes by their antigenic properties and phylogenetic
sequence similarities (Knowles et al., 2012). Attempts have been made to classify the
HEV serotypes by using the partial nucleotide sequences of the HEV genomes, i.e., the
5" NTR (Diedrich et al., 1995; Kopecka et al., 1995; Bailly et al., 1996), the VP4-VP2
junction (Pulli et al., 1995; Huttunen et al., 1996; Shimizu et al., 1999), and VP1
(Brown et al., 1999, Oberste et al., 2000, 2001; Singh et al., 2000). Methods for
molecular classification of HEVs should not only identify the serotypes rapidly but also
detect antigenic variant strains or new serotypes (Pallansch and Roos, 2007).
Comparing the complete nucleotide sequences of the VP1 region a new serotype of
HEV was identified and named HEV73 (Oberste et al., 2001).

1.4.4 Pathogenesis and immunity

Enteroviruses first start replication in the gastrointestinal tract and then enter the
bloodstream where they can affect other tissues and organs (Pallansch and Roos, 2007).
Paralysis caused by EV infection is due to viral damage of the central nervous system
(CNS) such as cells of the anterior horn of the spinal cord, with lower motor neuron
lesions leading to flaccid paralysis (Pallansch and Roos, 2007). Immunity to EV
infection is serotype specific, although reinfection with the same EV serotype may
occur. After infection, the gut becomes resistant to reinfection with the same virus due
to production in the gut of viral specific neutralising antibody. The humoral immune

response plays a dominant role both in response to infection and for prevention of
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disease with reinfection (Pallansch and Roos, 2007). However, humoral antibody alone
is not sufficient to limit enteroviral replication in vivo (Pallansch and Roos, 2007).
Secretory IgA immunoglobulin, which appears in mucosal secretions and colostrum
approximately two weeks after infection, provides relative protection against infection.
Macrophage function plays a critical role in viral clearance, and recent findings in
transgenic mice expressing the PV receptor have shown that host interferon response
inhibits PV replication in extraneural tissues (Abe et al., 2012). This activity is likely
mediated via interaction with the Toll-like receptor (TLR) 3 pathway (lda-Hosonuma et
al., 2005; Richer et al., 2009).

1.4.5 Clinical features

Most EV infections are subclinical, especially in young children, but when they do
cause clinically apparent disease, they can cause a wide range of clinical syndromes and
can involve many of the body systems (Pallansch and Roos, 2007; Solomon et al.,
2010). The incubation period for EV infections is difficult to determine precisely, and
may vary according to the clinical syndrome or the specific virus. Brief febrile illnesses
mostly occur after an incubation period that averages between three to five days. In
comparison, classic cases of paralytic poliomyelitis often exhibit a biphasic pattern with
a non-specific febrile illness occurring three to five days after exposure. After nine to
12 days recurrence of fever with CNS manifestations occurs. Non-polio EVs most
commonly cause rashes, upper respiratory tract infections (URTIS), aseptic meningitis,
acute haemorrhagic conjunctivitis and summer colds. They can also cause neurological
disease and are the most common cause of meningitis. In general, coxsackievirus (CV)
infections tend to cause more severe complications than echovirus (E) infections
resulting in myocarditis, pericarditis, pleurodynia, herpangina, hand-foot-and-mouth
disease, and occasionally paralysis (Pallansch and Roos, 2007). As in the case of other
EV the PV infection does not always result in clinically apparent disease (Pallansch and
Roos, 2007). They usually cause what is known as *’abortive poliomyelitis’” which is a
mild febrile illness with or without gastroenteritis and it occurs in about 4% to 8% of
infected individuals. Poliovirus infection also causes aseptic meningitis, which is a non-
paralytic illness which present with typical clinical features of viral meningitis
(Pallansch and Roos, 2007). A small number (1%) of individuals infected with PV will
develop acute flaccid paralysis (AFP) (Pallansch and Roos, 2007) due to the death of
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muscle-innervating neurons. The muscles become weak and they eventually atrophy as
they no longer receive any nerve stimulation (Chumakov et al., 2007). Paralysis of the
legs occurs when the lower spinal cord is infected. However, the virus can cause
paralysis of the diaphragm and in turn, severe breathing impairment if the infection
spreads to the brain stem. Permanent paralysis may occur in approximately 80% of
cases, death in about 10% and the remaining 10% may recover completely after
infection (Pallansch and Roos, 2007).

1.4.6 Laboratory diagnosis

In most cases of enteroviral infection, virus isolation in cell culture is the method of
choice, though not all EV grows in cell cultures, for instance some of the CVs A (CV-
A). The samples of choice depends on the site of infection: e.g., for CNS disease,
cerebrospinal fluid (CSF), for eye disease, conjunctival swab, for vesicular disease,
vescular fluid, and for autopsy materials, brain, intestines, heart, lungs, liver and lymph
nodes are collected. Samples collected for PV isolation includes faeces, throat or rectal
swabs. Two stool samples are collected 24 h to 48 h apart within four days of onset of
paralysis and must reach the laboratory within three days in cooled condition (in ice-
packs). The isolated virus can be neutralised by type specific sera which forms the basis
for identification (WHO, 2004). Immunological assays are not widely used as the cell
culture techniques are so efficient and recommended by WHO for use in routine polio
surveillance laboratories throughout the world (WHO, 2004). Other EV infection where
there is manifestation of CNS for instance CVs and E usually show the changes typical
for that of viral meningitis with lymphocytosis and a high protein level. The wild-type
poliovirus (WPV) cases are identified through AFP surveillance and testing of stool
specimens for PVs in WHO-accredited laboratories (WHO, 2004). The Global Polio
Laboratory Network provides comprehensive genomic sequencing of WPV isolates,
which enables tracing of the probable origins of viruses imported into previously polio-
free areas (WHO, 2004, 2012).

1.4.7 Management, treatment and prevention

Currently there are no vaccines available for the NPEVs. Prevention includes improved

sanitation and general hygiene, in addition to quarantine when epidemics are detected.

23

© University of Pretoria



In addition to having no vaccines, there are no specific antiviral agents currently
available for clinical use (Collett et al., 2008; Oberste et al., 2009). Treatment is
symptomatic and focuses on complications associated with infection. Administration of
immunoglobulin may be useful in preventing severe disease in immunocompromised
individuals or in those with life-threatening disease (Pallansch and Roos, 2007).
Currently, there is no treatment for poliomyelitis. In most cases, for those with mild
symptoms or aseptic meningitis, supportive care may include medication such as
acetaminophen or ibuprofen to control fever or pain. Poliovirus infection can be
prevented by immunisation with either one of the approved PV vaccines, i.e.,
inactivated Salk vaccine - the formalin inactivated polio vaccine (IPV). This vaccine is
a trivalent and is administered intramuscularly (Pallansch and Roos, 2007). The IPV
does not induce local IgA mediated immunity to PV in the gut. However, IPV has been
shown to confer herd immunity against PV (Hird and Grassly, 2012). It reduces
pharyngeal and faecal shedding of the virus in vaccinated individuals. In most
developed countries that have used IPV a dramatic reduction of circulating PV was
recorded (Pallansch and Roos, 2007; Hird and Grassly, 2012). This is the vaccine
targeted to replace the live attenuated oral polio vaccine (OPV) (Sabin vaccine) in the
proposed polio end-game. Two OPVs are available: the monovalent (mOPV) and the
trivalent (tOPV) forms. The mOPYV consist of live, attenuated PV strains of either PV1
(mOPV1) or PV3 (mOPV3). The monovalent vaccines were extensively used in the
early 1960s. The tOPV consist of live attenuated PVI, PV2 and PV3 strains (Hird and
Grassly, 2012). There is also a bivalent OPV (bOPV) that consists of live attenuated
PV1 and PV3 strain (Sutter et al., 2010; Hird and Grassly, 2012). The OPV has several
advantages over IPV: i) it induces long lasting immunity, similar to that seen after
natural infection, ii) it induces secretion of IgA antibodies that is not seen with IPV,
thus conferring local immunity against reinfection in the pharynx and gut, and iii) it is
inexpensive to use in mass immunisation campaigns especially in developing countries
(Hird and Grassly, 2012). The major disadvantage of OPV is that the vaccine strains can
reverse to neurovirulence, thus, causing vaccine associated paralytic poliomyelitis
(VAPP) (Modlin, 2010).
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1.4.8 Epidemiology

Transmission of EVs occurs predominantly via direct or indirect contact with faecally
shed virus although transmission from respiratory secretions is known to occur for some
serotypes, including CV-A21 and is more likely to occur in crowded living conditions
(Pallansch and Roos, 2007). Enteroviruses are distributed worldwide and are influenced
by season and climate. Infections occur in summer and early fall in temperate areas,
while in tropical and semitropical areas infection occurs throughout the year (CDC,
2006). While EV infections occur in all age groups, infants less than one year of age
become infected at rates that exceed those of older children and adults by several-fold.
The NPEVs are responsible for 10 to 20 million symptomatic infections per year and are
more prevalent among children of lower socioeconomic class, probably because of
crowding, poor hygiene, and opportunities for faecal contamination (Pallansch and
Roos, 2007). In the USA between 2002 and 2004, E-9 and E-30 were the most
commonly reported EV serotypes (CDC, 2006). In contrast, other EV serotypes such as
E-1, CV-B6, EV-D68 and EV-B69 were reported to have little epidemic potential
(CDC, 2002a). Though this serotype has been detected in other countries and at a high
rate (Piralla et al., 2012). The EV-A71 and CV-A16 has been reported to cause major
outbreaks of hand, foot, and mouth disease in most parts of the world (Solomon et al.,
2010; CDC, 2012).

1.4.8.1 Non-polio enteroviruses

Non-polio enteroviruses remain widespread globally. They cause a wide variety of
clinical diseases, especially in children, most of them being mild or asymptomatic, but
serious illnesses may occur, such as viral meningitis, paralysis, pericarditis and
myocarditis (Laxmivandana et al., 2013). With the eradication of circulating WPVs,
other EVs are being more commonly identified as the cause of polio-like illnesses
(Kelly et al., 2006; Dhole et al., 2009). As the global eradication of poliomyelitis is in
sight, attention towards NPEV infection causing AFP is an equal cause of concern
(Laxmivandana et al., 2013). Many NPEV serotypes associated with AFP have been
reported (Saeed et al., 2007; Odoom et al., 2012; Laxmivandana et al., 2013). The
NPEV isolation rate is reckoned as one of the WHO-recommended indicators that are
used to monitor the sensitivity of the PV surveillance programme as NPEVs have a

worldwide distribution and are not targeted by any control programme. In India, the
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NPEYV isolation rate in AFP case is 25% to 35% throughout the year. A few previous
study reports have mentioned several cases of paralysis which were attributed to NPEV
(Dhole et al., 2009).

1.4.8.2 Polioviruses

Polioviruses, the cause of paralytic poliomyelitis, still causes significant disability in
many parts of the world. It is a highly infectious virus that can spread easily from
person -to-person (CDC, 2012).

1.4.8.2.1 Global polio eradication initiatives

Since 1988, WPV has been targeted by a global eradication programme based on mass
vaccination of the population and a complete virological investigation of all AFP cases
(WHO, 2010). Poliomyelitis became very rare at the end of 2012 (CDC, 2012). The
PV has been successfully eliminated from many parts of the world by a successful
WHO-sponsored Global Poliomyelitis Eradication Initiative (GPEI). The WHO Region
of the Americas, the Western Pacific Region, and European Region are certified as
polio-free. However, four countries in the European Region (Kazakhstan, Tajikistan,
Turkmenistan, and the Russian Federation) experienced WPV outbreaks in 2010 (CDC,
2012). There are, however, three countries, namely Afghanistan, Nigeria and Pakistan,
in which the transmission of endemic WPV has never been interrupted (Skern, 2010,
CDC, 2011b, WHO, 2012). The WPV has been re-introduced from these countries into
countries that have previously been certified as PV-free, and in Africa, 15 previously
certified PV-free countries have recorded resurgence in poliomyelitis (Jenkins et al.,
2010; Skern, 2010; CDC, 2011b, 2013b). There are recent studies that have reported
the outbreak of vaccine-derived PVs (VDPV) in polio-free countries (Rakoto-
Andrianarivelo et al., 2005; CDC, 2012) and these VDPVs were due to recombination
between PV with circulating HEVs. Recently a recombinant VDPVs in healthy
children has been reported in Madagascar (Razafindratsimandresy et al., 2013). Factors
which have contributed to the re-emergence of WPV in African countries include armed

conflicts, poor infrastructure and widening gaps in immunisation (Skern, 2010).

1.4.8.2.2 Polio eradication efforts in Kenya
The introduction of the OPV into the national immunisation programme and the mass

vaccination campaigns of children < 5 years of age resulted in the elimination of the
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disease in Kenya. The country was polio-free for 22 years (CDC, 2002b, WHO, 2002b)
until its re-introduction in 2006 (CDC, 2009). Poliomyelitis was reported in a three
year old girl born in Kenya and who lived in the Dadaab refugee camp in north-eastern
Kenya and who had never been to Somalia. Genetic nucleotide sequence analysis
indicated that it was a virus of Nigerian origin, imported from Kismayu, Somalia (CDC,
2009). In 2009, there were 19 cases of poliomyelitis confirmed in Turkana, a semi-arid
area in Kenya bordering Sudan (CDC, 2009), with the majority of the cases reported
being asymptomatic. In 2013, there was emergence of WPV1 in Kenya where 14 cases
were reported including in the Dadaab refugee camp (CDC, 2013b) and this strain was
of West African origin (CDC, 2013b). There is a large presence of refugees from
Somalia in the northern Kenya region and the area is a host to large populations of
nomadic pastoralists, crossing the Ethiopian and Sudan borders and therefore is seen to
be at risk of importing WPV, which may spread among the young non-immunised
generation. As of October 2013 WPV1-associated outbreaks of poliomyelitis also
occurred in Ethiopia (six cases), South Sudan (three cases) and Somalia (174 cases)
(CDC, 2013b). The WPV can circulate in a well-vaccinated population (Bottinger and
Herrstrom, 1992; Swartz and Handsher, 1993-1994; Reichler et al., 1997), with or
without clinical cases, and OPV can cause VAPP (Kew et al., 2004; Troy et al., 2011).
As the PV eradication campaign reaches its final stages, the emergence of circulating
vaccine-derived PVs (cVDPV) is a cause of concern (Modlin, 2010).

1.4.8.2.3 Environmental surveillance of polioviruses

Environmental poliovirus surveillance means monitoring of PV circulation in human
populations by examining environmental specimens supposedly contaminated by human
faeces (Hovi et al., 2012). The WHO has included environmental surveillance of PV in
the new strategic plan of GPEI for years 2010 to 2012 to be increasingly used in PV
surveillance, supplementing the AFP surveillance (GPEI, 2010; Hovi et al., 2012).
Polioviruses in the environment have been shown to be genetically and
epidemiologically related to those circulating in the community (Yoshida et al., 2002;
Mueller et al., 2009). The circulation of the PVs in the population can therefore be
monitored through the isolation and/or detection of the virus from sewage samples
(Hovi et al., 2001, 2005; Horie et al., 2002; Yoshida et al., 2002; Mueller et al., 2009;
Tao et al., 2010). Environmental surveillance for PVs has also been applied for the

evaluation of the effectiveness of immunisation campaigns and for epidemiological

27

© University of Pretoria



investigations (Bottinger and Herrstrom, 1992; Tambini, et al., 1993; Yoshida et al.,
2002). There are reports indicating that environmental surveillance may be more
sensitive in detecting low intensity WPVs in circulation than the surveillance for AFP
(Manor et al., 1999; Ranta et al., 2001; Deshpande et al., 2003; El Bassioni et al., 2003;
Tao et al., 2010; Hovi et al., 2012). Recently WPV1 was detected in Israel during
routine environmental surveillance of PV (Anis et al., 2013). In Kenya EVs were
detected in rural and urban rivers and wastewater sources (Kiulia et al., 2010).
Therefore, analysis of these water sources for PVs will be a valuable supplementary
surveillance system for the presence of circulating WPVs and cVDPVs in high-risk

communities in selected areas in Kenya.

1.5 RECOVERY AND DETECTION OF ENTERIC VIRUSES IN WATER

The recovery and detection of viruses in water samples is a multistage process. This
includes: i) sample preparation or viral recovery, ii) viral detection, and iii) viral typing
or characterisation (Wyn-Jones, 2007; Mattison and Bidawid, 2009).

1.5.1 Recovery of enteric viruses in water

In order to recover viruses in water, the best methods used should be simple, rapid,
inexpensive, and consistent (lkner et al., 2012). The sampling procedures and
techniques for the recovery of viruses from water samples are well described (Bosch et
al., 2011; Ikner et al., 2012) and include ultracentrifugation, ultrafiltration, adsorption-
elution using positively or negatively charged membranes or filters, glass wool or glass
powder, flocculation and two-phase separation with polymers (Wyn-Jones, 2007;
Mattison and Bidawid, 2009; Bosch et al., 2011). These methods have their own
advantages and disadvantages that can affect the efficiency of recovery of viruses (Ikner
et al., 2012). The physicochemical quality of water such as pH, conductivity, turbidity,
and organic acid should be considered when choosing the method to use for recovery of

viruses (lkner et al., 2012).

1.5.1.1 Ultracentrifugation
Centrifugation with sufficient gravitational forces is capable to pellet and concentrate

viruses. Ultracentrifugation may also be used in conjunction with a density gradient to
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purify viruses (Ikner et al., 2012). This method has been used for recovery of viruses
from water, fresh produce and shellfish (Mattison and Bidawid, 2009).
Ultracentrifugation has several advantages over other used concentration methods. The
samples can be processed without adjustments to pH and no elution (Prata et al., 2012)
or secondary concentration steps is required (Fumian et al., 2010). However, it has
several drawbacks. One, the equipment used is highly specialized and expensive and
only small volumes of sample can be processed at a time (Fumian et al., 2010; Prata et
al., 2012).

1.5.1.2 Entrapment by ultrafiltration

This method recovers viruses from water samples based on their particle size and
electrostatic interaction between electronegative viruses (Wyn-Jones and Sellwood,
2001; Wyn-Jones, 2007; Ikner et al., 2012). The main advantages of ultrafiltration is
that the sample requires no preconditioning and that a wide range of viruses and
bacteriophages are recovered with high efficiency (Wyn-Jones and Sellwood, 2001;
Wyn-Jones, 2007; Ikner et al., 2012). This technique is very expensive, since it uses
high cost equipment and that turbid waters take a relatively long time to process. The
cost of buying the filters is also high and its use in low resource countries is limited
(Huang et al., 2000; Ikner et al., 2012).

1.5.1.3 The glass wool adsorption-elution technique

Oiled sodocalcic glass wool is an adsorbent material capable of concentrating viruses
from water due to its net positive charge and hydrophobicity. The glass wool
adsorption-elution technique has proved to be a cost-effective technique for the
recovery of viruses from large volumes of water in the African setting (Taylor et al.,
2001; Vivier et al., 2004; Ehlers et al., 2005; van Heerden et al., 2005; van Zyl et al.,
2006; Kiulia et al., 2010). With this method viral recovery can be done on laboratories
which have minimal facilities like electricity and vacuum pumps without sending or
transporting of large volumes of potentially polluted water to a well-equipped or central
laboratory for further analysis (Bosch et al., 2011). This method has been used to
recover enteric viruses from different water sources, e.g., group A rotavirus (van Zyl et
al., 2006; Kiulia et al., 2010), EVs (Ehlers et al., 2005), adenoviruses (van Heerden et
al., 2005), NoVs (Kiulia et al., 2010, Mans et al., 2013) and SaVs (Murray et al., 2013).

The samples are then eluted using glycine/beef extract buffers. Thereafter a secondary
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concentration process is done using polyethylene glycol (PEG)/sodium chloride (NaCl)
precipitation. This reduces the volume of the eluate to about 100 m¢€ as well as getting
rid of the possible inhibitors which may interfere with the downstream application
(Ikner et al., 2012).

1.5.2 Detection and molecular characterisation of enteric viruses in water

Currently, a wide range of analytical methods is available for virus detection in
environmental water samples (Bosch et al., 2011; Hamza et al., 2011). These include

viral isolation, immunological-based assays and molecular-based assays.

1.5.2.1 Viral isolation in cell cultures

Cell culture techniques, the gold standard for isolation and detection of EVs, cannot be
applied for the routine detection of potentially infectious viruses in water due to the lack
of susceptible cell lines for the isolation of viruses and not all viruses are able to
produce a cytopathic effect (CPE). Viruses such as human NoVs have no available cell
line for propagation (Formiga-Cruz et al., 2005; Greening, 2006; Green, 2007). This
technique is also time consuming, costly and requires training before one embarks on
applying it. This method has its advantages as the viruses detected can be identified as

infectious because of CPE observed.

1.5.2.2 Electron microscopy and immunological-based assays

Viruses in water are usually in very low titres and the use of EM is limited. Routine
conventional viral diagnostic assays such as EIA cannot be applied to the detection of
enteric viruses in water as these viruses are usually present in low titres, which are

below the detection limits of the assays (Koopmans and Duizer, 2004).

1.5.2.3 Molecular-based assays

Molecular methods, such as PCR and rt RT-PCR, have the highest sensitivity and
specificity to investigate virus contamination in water and are most commonly used in
environmental virology for both direct detection and typing of the viruses (Fong and
Lipp, 2005; Bosch et al., 2011). Despite the high sensitivity of PCR, the main
limitation is the lack of correlation between the detected viral genome and viral

infectivity, unlike in the cell culture technique. The development of these molecular
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assays improved the detection of viruses in water (Fong and Lipp, 2005; Hamza et al.,
2011). These techniques are now considered to be the gold standard for enteric virus
detection in water (Bosch et al., 2008). The development of rt RT-PCR assays, which is
now claimed to be the new gold standard for the quantification of enteric viruses (El-
Senousy et al., 2007), has further improved the detection of enteric viruses in water
samples as the probes used are highly specific. The rt RT-PCR has the added advantage
that it is less time consuming, more sensitive and human error is reduced as the post-
amplification interpretation of results is automated. In addition contamination is
reduced since post-amplification handling of samples is avoided (Manojkumar and
Mrudula, 2006). This method also has some limitations: firstly, it is unknown whether
or not the viruses are infectious, and. secondly, the reagents and equipment used are

very expensive and need well trained personnel to perform the assays.

To maintain accuracy and quality of results when doing detection and characterisation
of viruses in water, quality control processes should be applied (Bosch et al., 2011).
The quality control and quality assurance measures include the use of both positive and
negative controls to validate the process and to know the true positive or negative
results, thus, excluding any false results (Bosch et al., 2011). In any process negative
controls should be included such as, a negative process control, a negative extraction
control, a negative RT-PCR, rt PCR/RT-PCR. Also positive controls which include a
positive RT-PCR, rt PCR/RT-PCR control, a positive process control (should have
similar features to the target virus), like a sample that has been spiked with the target
organism and processed in parallel with the test samples (Bosch et al., 2011). The rt
PCR/RT-PCR should also have an internal control that distinguishes a true negative

from a false negative result (Rutjes et al., 2005; Bosch et al., 2011).

1.6 MICROBIAL INDICATORS OF FAECAL POLLUTION

The monitoring the microbiological quality of drinking water relies largely on
examination of indicator bacteria such as coliforms, Escherichia coli, Pseudomonas
aeruginosa and enterococci (WHO, 2008). The total coliforms are a group of bacteria
that are widespread in nature and are found in the intestinal tracts of warm-blooded
animals (Bain et al., 2014; Harwood et al., 2014) but are not specific indicators of

faecal pollution (Ashbolt et al., 2001). Thermotolerant or faecal coliforms are more
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useful as indicators of faecal pollution (Ashbolt et al., 2001), while the WHO
Guidelines for drinking water quality state that as an indicator organism E. coli provides
conclusive evidence of recent faecal pollution and should not be present in water
destined for human consumption (WHO, 2008).

1.7 MOTIVATION FOR THIS INVESTIGATION

Enteric virus diseases cause major health problems in developing countries (Verheyen
et al., 2009). In Kenya there are a paucity of data on the occurrence and nature (species
and genotypes) of enteric viruses in environmental water sources. Data regarding the
presence of enteric viruses in rivers and wastewater will be useful in assessing the
potential risk of infection through waterborne transmission. In addition the analysis of
water samples is an additional tool to determine the molecular epidemiology of viruses
circulating in both symptomatic and asymptomatic individuals in the surrounding
community. The introduction of oral RV immunisation has necessitated the continued
surveillance of RV types circulating in a given community as circulating RV strains
may affect vaccine efficacy. Kenya is planning to introduce the RV vaccine in its EPI
programme in mid-2014. As the RV vaccine has already been licensed in Kenya and
being used in private sector (Kiulia et al., 2010) there is a need for ongoing surveillance
of RVs circulating in urban and rural communities to monitor for the emergence of
novel genotypes. Noroviruses are highly infectious, with a low infectious dose (Atmar
and Estes, 2006; Teunis et al., 2008) and high attack (>30%) and secondary attack rates
(Atmar and Estes, 2006; Atmar, 2010). Worldwide many different types of NoV are
circulating in the general population (Atmar, 2010), with individual strains emerging
and becoming more prominent (Blanton et al., 2006; Glass et al., 2009; CDC, 2013b).
After RVs, NoVs are the second most common cause of gastroenteritis in hospitalised
paediatric patients (Matson and Sziics, 2003; Koopmans, 2008; Atmar, 2010; Mans et
al., 2010). There are no data regarding the molecular epidemiology of NoVs in Kenya
and baseline data is required to establish which genotypes are circulating in the broader
Kenyan community. The global eradication of PV cannot be achieved while there is
still a risk of importations of WPV from polio-endemic countries into polio-free areas.
The risk for importation is great for countries like Kenya which are adjacent to countries
such as Somalia and Sudan where WPVs are still circulating (CDC, 2013b). The recent
cases of poliomyelitis in Kenya in 2013 (CDC, 2013b), reinforces the need for
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environmental surveillance for circulating WPVs in high-risk areas in Kenya. In
addition, such surveillance will be useful for monitoring the circulation of VDPVs once

vaccination with OPV has been terminated.

1.8 HYPOTHESIS

1.8.1 Null hypothesis (HO)

In Kenya the surface water especially the rivers are not contaminated with clinically

relevant enteric viruses and they are not a potential source of waterborne viral diseases.

1.8.2 Alternative hypothesis (HA)

In Kenya the surface water, especially the rivers are contaminated with clinically

relevant enteric viruses and are a potential source of waterborne viral diseases.

1.9 AIM OF INVESTIGATION

The aim of this investigation was to determine the nature and prevalence of selected

enteric viruses in low and high-risk environmental water samples in Kenya.

Specific objectives

) To recover and detect, by rt RT-PCR, selected clinically important enteric
viruses, namely EVs, NoVs and RVs in environmental water samples in low-
and high-risk areas in different geographical regions in Kenya;

i) To recover and isolate, in cell culture, PVs from environmental water samples
from different geographical regions in Kenya;

i) To characterise the environmental RV, PV and NoV strains genetically, and to
compare the data to that of prototype, vaccine and clinical relevant strains from

other regions in Africa and the rest of the world.
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CHAPTER 2

MATERIALS AND METHODS

2.1 ETHICAL APPROVAL

This study was approved by the Institutional Review Committee (IRC) of the Institute
of Primate Research (IPR) (Protocol number: IRC/24/11) and the Student Ethics
Committee of the Faculty of Health Sciences, University of Pretoria (Protocol number
$172/2011).

2.2 AREA OF STUDY AND SITE SELECTION

The following sites were selected for the collection of water samples:

i) Mboone river in the rural Maua town, Meru County (Figure 2.1A): The town has
neither sewerage system nor sewerage treatment plant. This river is highly polluted
with sewerage coming from the surrounding overflowing latrines. Although this river
was investigated previously for enteric viruses (Kiulia et al., 2010), it was selected for
re-investigation to determine whether or not the level of faecal pollution had increased
and also to provide molecular epidemiological data on NoVs from rural communities;

i) Mutoine river in the urban Kibera (Figure 2.1B) which is a densely populated
informal housing/slum area of Nairobi. This river passes through the Nairobi dam and
joins the Nairobi river downstream. The river is used by many slum dwellers for
irrigating their fresh produce;

iii) Nairobi river in urban Nairobi County (Figure 2.1B) and which passes through a
second urban slum in Kamukunji which includes the Mathare, Maringo and Eastleigh
areas;

iv) Dadaab refugee camp in eastern Kenya (Figure 2.1C). Dadaab is a town in north-
eastern Kenya approximately 100 km from the Kenya-Somalia border. Most of the
people living in the camp are Somali refugees accounting for about 500 000 people or
97% of the refugees. This refugee camp also caters for refugees from other areas in

conflict, namely, Sudan, Uganda and the Democratic Republic of Congo.
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Figure 2.1: Diagrammatic map showing the different geographic regions where water
samples were collected: A: Mboone river, Maua, Meru County; B: Mutoine and
Nairobi river, Nairobi County; C: Dadaab refugee camp.

2.3 SAMPLE COLLECTION

Water samples (10 litre [£]) were collected in sterile containers from the Nairobi,
Mutoine and Mboone rivers. Sampling was done at set intervals on a monthly basis for
a full calendar year to cover both the wet and dry seasons. Water samples from
household containers (2) and borehole water (2) from the Dadaab refugee camp were
collected on two occasions. A separate 500 m{ water sample was collected in sterile
bottles at each site for microbiological indicator analysis. All the samples were
transported in cooler bags from the sites to the Enteric Viruses Laboratory, IPR, Nairobi

and stored at 4°C until processing.

2.4 SAMPLE PROCESSING AND VIRUS RECOVERY

Viruses were recovered from the river water samples using a glass wool adsorption-
elution procedure based on the method of Vilagines et al., (1993) as described by
Wolfaardt et al., (1995) and Vivier et al., (2004), and further modified and optimised by
Venter (2004). The glass wool columns, 20 centimetre (cm) in length and with an
internal diameter of about 30 millimetre (mm) were packed with 15 grams (g) oiled

sodocalcic glass wool (Glass wool Bourre 725 QN, Ouest Isol, Alizay, France). During
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packing three 5 g portions of glass wool were compressed into the columns at different
angles to each other with a steel sieve grid with pore sizes of about 1 mm? inserted
between each 5 g portion of compressed glass wool. The packed columns were then
treated to positively charge the glass wool by soaking in autoclaved sterile distilled
water and then pre-treated with 40 millilitre (m€) of 1 molar (M) hydrochloric acid
(HCI) (Merck Darmstadt, Germany), 100 m¢{ sterile distilled water and then 40 m¢ of 1
M NaOH (Merck) with a final rinse of 100 m¢ sterile distilled water to adjust the pH to
7.0. To recover the viruses, 10 ¢ of water were filtered through the positively charged
glass wool columns using negative pressure at a flow rate of 10 €/h. The negatively
charged viruses, which adsorbed to the glass wool, were eluted twice with 50 m¢
glycine-beef extract buffer pH 9.5 (GBEB; 0.05 M glycine (Merck); 0.5% beef extract
[BBL™ Becton Dickinson and Co., Sparks, MD]). Immediately after elution the pH of
the eluate was neutralised to pH 7 using 1 M HCI (Merck). The viruses in 100 m¢{ eluate
were secondary concentrated using PEG/NaCl precipitation. Briefly, 14 g of PEG 6000
(Merck) and 1.17 g NaCl (Merck) were dissolved in the 100 m¢ eluate and maintained
at 4°C overnight. The solution was centrifuged (Beckman GPR, Glenrothes, Scotland)
at 6000 x g for 30 min at 4°C. The supernatant was discarded and the pellet was
resuspended in 10 me€ phosphate-buffered saline (PBS) pH 7.2 (Sigma-Aldrich Co., St
Louis, MO). The recovered virus suspensions were stored at -20°C until further

analysis.

2.5 MICROBIAL INDICATOR ORGANISMS

From the 500 m{ water sample collected 1 m{ was analysed for indicator organisms
within 24 h of collection. Escherichia coli and total coliforms were enumerated using
the Compact Dry for E. coli and coliforms (CD-EC) plate (HyServe GmbH & Co. KG,
HechenRainer, Germany). This CD-EC is a ready-to-use test method for the
enumeration of E. coli and total coliform bacteria in food and water. The plates are pre-
sterilised and contained culture medium with a cold water-soluble gelling agent. The
CD-EC plate contains the nutrients developed primarily for the rapid growth of
coliform, including 5-bromo-6-chloro-3-indoxyl-/3-D-galactopyranoside (Magenta-Gal)
for coliform and 5-bromo-4-chloro-3-indoxyl-/3-D-glucuronic acid (X-Gluc) for E. coli
(Hosokawa and Kodaka, 2010).
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One millilitre was inoculated onto the CD-EC plates and the solution was allowed to
diffuse by capillary action. After 24 h of incubation at 35°C, E. coli and total coliform
counts colony forming units (cfu/mt) were calculated by counting the total colonies
eliciting the obligatory colour production on each medium multiplied by the dilution
factor. For the E. coli blue and blue purple colonies and for the total coliforms red/pink

purple colonies were counted.

2.6 VIRUS ISOLATION

2.6.1 Cell cultures

The cell cultures used in this study were those used routinely at the Department of
Medical Virology, University of Pretoria for isolation of selected enteric viruses from
water samples. The L20B cell line used, was kindly donated by the WHO Reference
Laboratory, National Institute for Communicable Diseases, South Africa, courtesy of

Dr. Nicksy Gumede-Moeletsi.

2.6.1.1 Human hepatoma cell line (PLC/PRF/5) (European Collection of Cell
Cultures [ECACC 85061113])

The PLC/PRF/5 human liver hepatoma cell line is susceptible to most culturable enteric
viruses (Grabow et al., 1999). The PLC/PRF/5 cell line has been used to isolate HAdVs
from both environmental and clinical samples (van Heerden et al., 2005).

2.6.1.2 Buffalo green monkey kidney cell line (BGM) (ECACC 90092601)

The BGM cell line is very sensitive to infection by PV and other EVs such as
coxsackievirus B virus (CV-B) and is the most common cell line used for the detection
of these viruses in water (Dahling, 1991, Balkin and Margolin, 2010).

2.6.1.3 L20B (CDC)

The L20B is a genetically engineered mouse cell line which expresses the human PV
receptor and is non-permissive to most other human enteric viruses (Wood and Hull,
1999; WHO, 2004). These cells have shown to be more selective and sensitive for PV

isolation than other cell lines used routinely, namely RD or Hep2 cells. The isolation of
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PVs from clinical samples is the gold-standard method for virological surveillance in
the world-wide initiative to eradicate wild-type PVs.

2.6.1.4 Vero African Green Monkey cell line (ECACC 84113001)

Vero cells are derived from the kidney of an African green monkey, and are one of the
more commonly used mammalian continuous cell lines for isolation of viruses
(Ammerman et al., 2008).

2.6.2 Cell culture propagation and maintenance

The human hepatoma cell line PLC/PRF/5 and BGM African Green Monkey cell lines
were propagated and maintained as described by Taylor et al., (2001), Vivier et al.,
(2004) and Venter (2004). The L20B cell lines was maintained and propagated using the
method described in the WHO polio laboratory manual (WHO, 2004).

2.6.3 Viral isolation and detection

Five milliliters of the recovered virus concentrate was clarified by the addition of 2 m¢
chloroform (Merck) and thereafter treated with 100 ut of penicillin/streptomycin/
neomycin (Sigma-Aldrich) and 100 ut of nystatin (Sigma-Aldrich) as described by
Vivier et al., (2004). Using conventional cell culture techniques, monolayers of the
PLC/PRF/5, the L20B and the BGM cell cultures in 25-cm? cell culture flasks were
inoculated in duplicate with 1 m¢ each of the virus concentrates and incubated at 37°C
as described by Grabow et al., (1999), and Vivier et al., (2004). After a 14-day
incubation period at 37°C, which included a blind-passage at day 7 post-infection, the
infected cells were harvested for nucleic acid extraction. The cell cultures were also
blind-passaged onto monolayers of the Vero cell line in cell culture tubes with flying
coverslips. The infected cell cultures were examined daily for CPE and after seven days
incubation, stained with haematoxylin and eosin and examined for virus specific
inclusion bodies (Malherbe and Strickland-Cholmley, 1980).
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2.7VIRUS DETECTION

2.7.1 Nucleic acid extraction

Depending on the downstream application and due to the low number of viral particles
in water samples genomic viral nucleic acid was extracted using an automated system or
a manual extraction method to maximise the rate of detection and characterisation of the

selected enteric viruses.

2.7.1.1 Automated nucleic acid extraction

The recovered virus suspensions were clarified by the addition of 200 pt of chloroform
(Merck) to 1.5 me of the viral suspension followed by rigorous vortexing (Stuart
Scientific Autovoltex SA6) for 30 sec. The mixture was then centrifuged at 3000 x g
(Eppendorf 5402D Microcentrifuge, Hamburg, Germany) for 30 sec. Prior to nucleic
acid extraction, 10 pl of mengovirus (5 x 10* copies/10 pt) was added to each sample
as a process control to monitor the efficiency of nucleic acid extraction. Genomic viral
nucleic acid was extracted directly from the seeded 1 m{ of recovered virus concentrate
using the MagNA Pure LC Total Nucleic Acid Isolation Kit (large volume) (Roche
Diagnostics GmbH, Mannheim, Germany) in a MagNA Pure LC Robotic instrument
(Roche Diagnostics), following the manufacturer’s instructions. The extracted nucleic

acid was eluted in 100 pt and stored in 10 pt aliquots at -70°C until use.

2.7.1.2 Manual nucleic acid extraction

From the 10 m¢€ eluate from the viral recovery, 1 mt€ was used for manual nucleic acid
extraction using the QlAamp® UltraSens® RNA extraction kit (Qiagen, Hilden,
Germany), according to manufacturer’s instructions. An extraction negative control
(nuclease-free water, Promega Corp, Madison, WI) was included. The extracted nucleic

acid was eluted in 100 pt and stored in 10 pt aliquots at -70°C until use.

2.7.2 Virus amplification

2.7.2.1 Mengoviruses
Mengovirus was detected using a singleplex rt RT-PCR assay based on TagMan

technology and primers and probe described by Pint6 et al., (2009). The detection was
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performed using the mengo@ceeramTools™ Kit (Ceeram S.A.S, La Chappelle-Sur-
Erdre, France) following manufacturer’s instructions. The reaction was carried out in a
total volume of 20 pt in sealed glass capillaries in a Lightcycler® v2.0 Instrument
(Roche Diagnostics). The amplification was done on 5 pt of RNA extracts and the
conditions of the assay were as follows: 45°C for 10 min, 95°C for 10 min and 45
cycles of 95°C for 15 sec, 60°C for 45 sec.

2.7.2.2 Enteroviruses

Enteroviruses were detected using qualitative singleplex rt RT-PCR assays based on
TagMan technology). The primers and probe used targets the EVs 5’-end non-coding
region (NCR) and it allows the detection of the different EV species (human EVs A, B,
C and D). Reverse transcription was done using 5 pt of the purified nucleic acid and
amplification was performed using the enterovirus@ceeramTools™ Kit (Ceeram S.A.S)
in a Lightcycler® v2.0 Instrument (Roche Diagnostics) following manufacturer’s

instructions.

2.7.2.3 Rotaviruses

Rotavirus was detected in a qualitative singleplex rt RT-PCR assay based on TagMan
technology and published primers and probe targeting the non-structural protein 3’
(NSP3) region of the RV genome (Zeng et al, 2008) wusing the
rotavirus@ceeramTools™ Kit (Ceeram S.A.S) in a Lightcycler® v2.0 Instrument
(Roche Diagnostics) following manufacturer’s instructions.

2.7.2.4 Noroviruses

Noroviruses (Gl and GIl) were detected using qualitative singleplex rt RT-PCR assays
based on TagMan technology and published primers and probes, namely, NoV Gl (da
Silva et al., 2007; Svraka et al., 2007); and NoV GII (Kageyama et al., 2003; Loisy et
al., 2005). Reverse transcription for NoV Gl and NoV GlII was done using 5 pl of the
purified nucleic acid template and amplified using the norovirusGl@ceeramTools™
and norovirusGll@ceeramTools™ Kit (Ceeram S.A.S) in a Lightcycler® v2.0

Instrument (Roche Diagnostics) following manufacturer’s instructions.
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2.7.3 Quality control

Standard precautions were applied in all the manipulations to reduce the possibility of
cross-contamination between samples, and between sample and DNA amplicons.
Separate laboratories, each equipped with its own apparatus such as, pipettes, using
aerosol resistant filter tips and reagents tubes, were used for sample processing and
preparation, reagent preparation, reaction preparation and manipulation of amplified
fragments. Negative extraction controls i.e molecular grade water, a rt RT-PCR
negative and positive control included in the kit was included in each virus detection
reaction to monitor for false-positive and false-negative reactions. The mengovirus was
used as a process control to validate the extraction procedures. CeeramTools™ Kits
were used for the detection of, RV, EV, NoV Gl and NoV GlI using rt RT-PCR. These
kits have an internal amplification control to monitor the amplification process and
therefore controls for false negatives.

2.8 VIRUS CHARACTERISATION

2.8.1 Rotavirus genotyping

Multiplex nested PCR methods and primers initially developed for the G typing
(Gouvea et al., 1990, 1994a; Das et al., 1994; Gault et al., 1999; Iturriza-Gomara et al.,
2004) and the P typing (Gentsch et al., 1992; Gouvea et al., 1994b; Mphahlele et al.,
1999; Simmonds et al., 2008) of human RVs from clinical samples was applied for the
characterisation of the VP7 (G types) and the VP4 (P types) genes of the environmental
RV strains. Briefly, the dsSRNA was denatured by boiling at 94°C for 5 min followed
by chilling on ice. The RNA (8 nt) was then reverse transcribed by incubating with 1
ut of the forward and reverse primers, 0.8 pl 2.5 mM dNTPs, 20 pt 5X Avian
Myeloblastosis Virus (AMV) buffer and 0.2 ut AMV reverse transcriptase (Roche
Diagnostics) for 25 to 30 min at 42°C (Little Genius thermocycler (Bioer Technology
Co. Ltd, China). The resultant full length 1062 bp (for VP7 gene) and 876 bp (for VP4
gene) cDNA was amplified using primers sBeg9 and End9 (for VP7) and Con2 and
Con3 (for VP4) in a 40 pl reaction containing, 4 ul 2.5 mM dNTPs, 8 ut 5X Taq
buffer, 2.4 pt 25mM MgCly, 26 ut molecular grade water and 0.2 nt DNA polymerase
(Promega Corp.). A multiplex PCR with genotype specific primers for VP4 (genotype
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P), and VP7 (genotype G) was used for the characterisation of the RV. Briefly for VP7,
consensus primer 9con 1 as described previously by Das et al., (1994), was used with
VP7 genotyping primers (Table 2.1). The Con3 primer was used as the consensus
primer for VP4 genotyping with other human and animal primers (1T-1D, 1T-1v, 2T-1,
3T-1, 4T-1, 5T-1, mP11, pGott, pOSU, pUK, pNCDV, pB223) in a 50 pl reaction
containing, 4 pt 2.5 mM dNTPs, 10 ut 5X Taq buffer, 3 pt 25mM MgCly, 29.8 ut
molecular grade water and 0.2 u¢ DNA polymerase (Promega Corp) (Table 2.2). The
primers listed in Tables 2.1 and 2.2 are described in the WHO/AFRO laboratory
training manual 2010 and the Virology Division, National Institute for Communicable
Diseases standard operating procedures for RV characterisation. The PCR was
performed at 95°C for 1 min, followed by 30 cycles of 95°C for 1 min, 42°C for 1 min,
72°C for 1 min, and a final extension at 72°C for 7 min, before being stored at 4°C. The
PCR products were resolved by electrophoresis on a 2% (m/v) agarose gel (NuSieve®
3:1 Agarose. FMC Bioproducts, Rockland ME), stained with ethidium bromide
(Promega Corp.), and visualised under ultraviolet illumination (Gel Doc™ . XR+System,
Bio-RAD Labortories, Inc, Itercules, CA)

2.8.2 Poliovirus genotyping

Water samples shown to be positive for EV by direct analysis of the water and the
L20B CPE-positive cell culture extracts were tested for PV using the rt RT-PCR method
currently in routine use in the WHO Global Polio Laboratory Network (GPLN) for the
differentiation between vaccine-related PV and WPV isolates (intratypic differentiation
[ITD]) (WHO, 2004; Kilpatrick et al., 2009). This was achieved by use of rt RT-PCR
CDC analytical kits designed for the identification PV and differentiation between
VDPVs and WPVs that included separate reactions with primers that were pan-EV, pan-
PV (Kilpatrick et al., 1996), serotype specific (Kilpatrick et al., 1998), and specific for
the Sabin type 1, 2, and 3 viruses (Yang et al., 1991). In brief, rt RT-PCR was carried
out in a reaction mixture of 25 ut containing 2.5 ut cDNA, 12.5 pt TagMan Universal
PCR Master Mix (Applied Biosystems), a 400 nM concentration of each primer, and
200 nM of each probe. Polymerase chain reaction amplification was performed in an
ABI Prism 7500 thermocycler (Applied Biosystems, Foster City, CA) under the
following conditions: incubation at 50°C for 2 min, initial denaturation at 95°C for 10
min, and then 45 cycles of amplification with denaturation at 95°C for 15 sec, and
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annealing and extension at 56°C for 1 min as described by Kilpatrick et al., (2009).
This characterisation was done at the WHO Reference Laboratory, National Institute for
Communicable Diseases, Sandringham. This was essential to conform to the South

African Department of Health’s laboratory containment of PV requirements.

2.8.3 Norovirus genotyping

2.8.3.1 Virus amplification

The NoV strains detected in the water samples were characterised genetically, i.e.
genotyped, by DNA sequence and phylogenetic analysis of the 5’-end of the NoV
capsid gene (Region C) using a semi-nested RT-PCR. Briefly, amplification of the
capsid gene of NoVs was performed as described by Mans et al., (2013). Primers were
synthesized by Ingaba Biotechnical Industries (Pty) Ltd, Pretoria, South Africa). The
cDNA was synthesized at 42°C for 60 min in a 20 pu¢ RT reaction as follows, 10 ul of
template RNA, 1.5 mM MgCl,, 10 mM concentrations of each dNTPs, 200 U of
RevertAid™ Premium Reverse Transcriptase (Thermo Scientific, Waltham, MA), 20 U
of RNase inhibitor (Promega Corp.), and 100 pmol/ pf concentrations of random
hexamer primers. Then, 10 pul of the cDNA sample was mixed with 5 pf PCR buffer
with 1.5 mM MgCl,, 200 uM concentrations of each dNTPs, 0.2 UM concentrations of
primers QNIF4 and G1SKR for Gl and primers QNIF2 and G2SKR for Gll, and 0.25
U/ut of AmpliTag Gold DNA polymerase (Applied Biosystems). After initial
incubation at 95°C for 10 min, PCR was performed for 45 cycles (94°C, 30 sec; 50°C,
30 sec; and 72°C, 40 sec), with a final extension step at 72°C for 10 min. At the end of
the amplification, 1 pf of the first-round PCR product was added to a seminested PCR
mix containing the same reagents as the first round of PCR but with the primers G1SKF
and G1SKR for Gl and the primers G2SKF and G2SKR for GllI (Table 2.4). The
amplification products were analysed on 1.5% (m/v) agarose gels containing 0.5 ng/m¢
of ethidium bromide (Promega Corp.), using a 100 bp ladder (Thermo Scientific) and
visualised under UV illumination (Gel Doc™.XR+System, Bio-RAD).
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Table 2.1: Primers used for genotyping of VP7 (G) types of rotaviruses

Primer Sequence (5’-3°)* Nucleotide | Genotype
Position

sBeg9 GGCTTTAAAAGAGAGAATTTC 1-21

9Conl TAGCTCCTTTTAATGTATGG 37-56

End9 GGTCACATCATACAATTCTAATCTAAG | 1062-1036

dAnEnd9 | GGTCACATCAAACAATTCTATTGC 1062-1045

RVG9 GGTCACATCATACAATTCT 1062-1044

EndA ATAGTATAAAATACTTGCCACCA 922-944

aBT1 CAAGTACTCAAATCAATGATGG 314-335 Gl

aCT2 CAATGATATTAACACATTTTCTGTG 411-435 G2

mG3 ACGAACTCAACACGAGAGG 250-269 G3

aDT4 CGTTTCTGGTGAGGAGTTG 480-498 G4

aAT8v GTCACACCATTTGTAAAYTCAC 178-198 G8

mG9 CTTGATGTGACTAYAAATAC 757-776 G9

mG10 ATGTCAGACTACARATACTGG

G12b GGT TAT GTA ATC CGA TGG ACG 504-524 G12

9Conl TAGCTCCTTTTAATGTATGG 37-56

9T1-1 TCTTGTCAAAGCAAATAATG 176 — 195 Gl

9T1-2 GTTAGAAATGATTCTCCACT 262 — 281 G2

9T-3P GTCCAGTTGCAGTGTTAGC 484 - 503 G3

9T-4 GGGTCGATGGAAAATTCT 423 - 440 G4

aFT5 GACGTAACAACGAGTACATG 779 — 760 G5

aDT6 GATTCTACACAGGAACTAG 499 - 481 G6

MW-8 TCT TCA AAAGTC GTAGTG 670-688 | G8

aHT8 GTGTCTAATCCGGAACCG 273-256 | G8

9T-9B TATAAAGTCCATTGCAC 131 - 147 G9

aET10 GAAGTCGCAACGGCTGAA 714 — 697 G10

aBT11 GCAACTCAGATTGCTGATGAC 336 - 316 Gl1

sBeg9 GGCTTTAAAAGAGAGAATTTC 1-21

OR (9Conl) | TAGCTCCTTTTAATGTATGG 37 -56

AlJUPAC codes

used to indicate degenerate positions: Y=C/T R=A/G N=A/G/C/T
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Table 2.2: Primers used for genotyping of VP4 (P) types of rotaviruses

Primer Sequence (5’-3°)* Nucleotide | Genotype

position
Human VP4 typing primers

Con3 TGGCTTCGCTCATTTATAGACA | 11-32

VP4F TATGCTCCAGTNAATTGG 132-149

Con2 ATTTCGGACCATTTATAACC 868-887

VP4R ATTGCATTTCTTTCCATAATG 775-795

1T-1D TCT ACT GGR TTR ACN TGC 339-356 P[8]

1T-1v TCT ACT TGG ATAACG TGC 339-356 P[4]

2T-1 CTATTGTTAGAGGTTAGAGTC 474-494 P[4]

3T-1 TGTTGATTAGTTGGATTCAA 259-278 P[6]

4T-1 TGAGACATGCAATTGGAC 385-402 P[9]

5T-1 ATCATAGTTAGTAGTCGG 575-594 P[10]

mP11 GTAAACATCCAGAATGTG 305-323 P[11]

Con3 TGGCTTCGCTCATTTATAGACA | 11-32

OR (VP4R) | ATTGCATTTCTTTCCATAATG 775-795

Animal VP4 typing primers

pNCDV CGAACGCGGGGGTGGTAGTTG | 269-289 P[1]

pUK GCCAGGTGTCGCATCAGAG 336-354 P[5]

pGott GCTTCAACGTCCTTTAACATCAG 465-487 P[6]

pOSU CTTTATCGGTGGAGAATACGTCAC | 389-412 P[7]

pB223 GGAACGTATTCTAATCCGGTG 574-594 P[11]

Con2 ATTTCGGACCATTTATAACC 868-887

OR (VP4R) | ATTGCATTTCTTTCCATAATG 775-795

{IUPAC codes used to indicate degenerate positions:
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Table 2.3: Real-time RT-PCR primers and probes used for the characterisation of

polioviruses.
Virus type | Primer or probe Primer or probe sequence (5’-3")" Nucleotide
(polarity)? position®
PanEV PCR-1 (A) GCGATTGTCACCATWAGCAGYCA 603-581
PCR-2 (S) GGCCCCTGAATGCGGCTAATCC 458-480
pan EV Probe (S) FAM-CCGACTACTTTGGGWGTCCGTGT-BHQ1 546-568
PanPV panPV/PCR-1 (A) AYRTACATIATYTGRTAIAC 2978-2956
panPV/PCR-2 (S) CITAITCIMGITTYGAYATG 2876-2895
panPV probe 21A (A) FAM-TGRTTNARIGCRTGICCRTTRTTRTT-BHQ1 2957-2935
seroPV1A (A) ATCATIYTPTCIARPATYTG 2528-2509
Serotype 1 | seroPV 1,2S (S) TGCGIGAYACIACICAYAT 2459-2477
seroPV1 probe 16A (A) | FAM-TGICCYAVICCYTGIGMIADYGC-BHQ1 2510-2488
Serotype 2 | seroPV2A (A) AYICCYTCIACIRCICCYTC 2537-2518
seroPV1,2S (S) TGCGIGAYACIACICAYAT 2459-2477
seroPV2 probe5S (S) FAM-CARGARGCIATGCCICARGGIATNGG-BHQ1 2482-2507
Serotype 3 | seroPV3 A (A) CCCCIAIPTGRTCRTTIKPRTC 3178-3157
seroPV3s (S) AAYCCITCIRTITTYTAYAC 3037-3056
seroPV3 probellS(S) FAM-CCRTAYGTNGGITTRGCVAAYGC-BHQ1 3091-3113
Sabin 1 Sab1/PCR-1(A) CCACTGGCTTCAGTGTTT 2600-2583
Sab1/PCR-2 (S) AGGTCAGATGCTTGAAAGC 2505-2523
Sab1/Probe (A) CY5-TTGCCGCCCCCACCGTTTCACGGA-BHQ3 2563-2540
Sabin 2 Sab2/PCR-1 (A) CGGCTTTGTGTCAGGCA 2595-2579
Sab2/PCR-2 (S) CCGTTGAAGGGATTACTAAA 2525-2544
Sab2/Probe (S) FAM-ATTGGTTCCCCCGACTTCCACCAAT-BHQ1 2550-2572
Sabin 3 Sab3/PCR-1(A) TTAGTATCAGGTAAGCTATC 2591-2572
Sab3/PCR-2 (S) AGGGCGCCCTAACTTT 2537-2552
Sab3/Probe (S) ROX-TCACTCCCGAAGCAACAG-BHQ2 2554-2571

Polarity: A, antisense; S, sense.
Y JUPAC nucleotide codes: V= G/C/A; D= G /A/T; I= inosine; K= G/T; M =A

/C;N=A/G/C/T;P,6H,8H-3,4-dihydropyrimido[4,5-c][1,2]oxazin-7-one (3);R, A/G; S,
G/C; w, AIT; Y, C/T (Kilpatrick et al., 2009)
°Nucleotide positions are numbered according to the consensus numbering system of

Toyoda et al., 1984.

2.8.3.2 Cloning and sequencing
The PCR products were cloned using the ClonJET™ PCR cloning kit (Thermo

Scientific). Briefly, 5 ut of the purified PCR product was used for the ligation reaction
according to the manufacturer’s instructions. The ligation mixture (4 ut) was then
transformed in competent E. cloni® cells (Lucigen® Corp., Middleleton, WI), where
10-20 pt of E. cloni competent cells were thawed on ice and added to the ligation
mixture and incubated for 30 min on ice. This was followed by heat-shocking of the
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mixture at 42°C for 30 min and then cooling the reaction on ice for 2 min. After
cooling 200 pt of recovery media was added and then the mixture was incubated at
37°C (211D Shaker incubator Labnet International Inc., Woodbridge NJ) for 1 h. One
hundred microliters of the transformed cells was then plated on a Luria-Bertani (LB)
agar and incubated for 37°C (211D Shaker incubator) for 16 h. Fifteen discrete colonies
were randomly selected and colony PCR was performed in a 20 pl reaction consisting
of 4 ut 1X PCR buffer, 1.2 p¢ 1.5 mM MgCl,, 0.4 ut 200 pM dNTPs, 0.4 put 0.2 uM
pJET1.2 forward and reverse primers and 0.1 GoTag® Flexi DNA polymerase
(Promega Corp.) and nuclease free water (Promega Corp.). The PCR condition were as
follows; initial denaturation at 95°C for 3 min followed by 30 cycles of denaturation at
94°C for 30 sec, annealing at 60°C for 30 sec, an extension at 72°C for 40 sec and a
final extension at 72°C for 10 min. The amplified product (448 bp) of 10 clones were
selected for sequencing using pJetl.2/blunt specific primers (Thermo Scientific).
Briefly the PCR products were purified with the DNA Clean and Concentrator kit
(Zymo Research, Irvine, CA) and directly sequenced with the ABI PRISM BigDye®
Terminator v. 3.1 Cycle Sequencing kit (Applied Biosystems) on an ABI 3130
automated analyser (Applied Biosystems). The sequencing reaction (20 pf) containing
3 ul 5X sequencing buffer, 1 pl reaction terminator mix, 1 p of 3.2 pmol of the
forward and the reverse primers and 13 pt nuclease-free water (Promega Corp). was
used. The PCR conditions for sequencing was an initial step at 95°C for 3 min followed
by 25 cycles of denaturation at 94°C for 30 sec, annealing at 50°C for 10 sec and
extension at 60°C for 4 min. This was followed by a precipitation step where the 20 pt
reaction was mixed with 2 ul 125 mM ethylenediaminetetraacetic acid, 2 ut 3 M
sodium acetate (Merck) (pH 5.2) and 50 pl of 100% absolute ethanol vortexed and
incubated at room temperature (25°C +5°C) for 15 min. This was spun for 20 min at 16
000 x g (Eppendorf 5402D Microcentrifuge), the supernatant was removed and 100 p¢
of 70% ethanol was added and spun again for 10 min at 16000 x g (Eppendorf 5402D
Microcentrifuge). The supernatant was removed and the pellet dried at 95°C in a
thermal cycler for about 3 min. It was then dissolved in 10 uf of Hi-Di Formamide
(Life Technologies Corp, Carlsbad, CA), denatured at 95°C for 2 min and then chilled
on ice for 2 min, analysed in the ABI 3130 genetic analyser ((Applied Biosystems) and

data collected using the genetic Analyser Data Collection V3.0 software.
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Table 2.4: Primers used for genotyping of the noroviruses

Virus Primer / Sequence (5’-3")° Nucleotide Reference

Probe position
Norovirus G1SKF CTGCCCGAATTYGTAAATGA 5342-5361* | Kojima et al., 2002
Gl

G1SKR CCAACCCARCCATTRTACA 5653-5671* | Kojima et al., 2002
Or QNIF4 CGCTGGATGCGNTTCCAT 5291-5308* | daSilvaet al., 2007

G1SKR CCAACCCARCCATTRTACA 5653-5671% | Kojima et al., 2002
Norovirus G2SKF CNTGGGAGGGCGATCGCAA 5046-5064° | Kojima et al., 2002
Gll

G2SKR CCRCCNGCATRHCCRTTRTACAT 5367-5389" Kojima et al., 2002
Or QNIF2 ATGTTCAGRTGGATGAGRTTCTCWGA 5012-5037" | Loisy et al., 2005

G2SKR CCRCCNGCATRHCCRTTRTACAT 5367-5389° | Kojima et al., 2002

4GenBank accession number M87661, "GenBank accession number X86557,
‘IUPAC codes used to indicate degenerate positions. R = A/G, S=G/C,Y =C/T

2.8.3.3 Phylogenetic analysis

Nucleotide sequences for NoVs were edited and analysed using Sequencher™ 4.9
(Gene Codes Corporation, Ann Arbor, MI) and BioEdit Sequence Alignment Editor
(V.7.0.9.0) [Hall, 1999]. A Basic Local Alignment Search Tool (BLAST) search

(http://blast.ncbi.nim.nih.gov) was performed to compare the identity of the sequenced

clones with the reference strains from the GenBank by pairwise comparison. Where the
nucleotide sequence of all 10 clones from a single sample were identical, a
representative sequence of each set of clones was used for phylogenetic analyses. The
5’-end of the capsid gene (285 bp for Gl and 273 bp for GIl) of the NoV strains was
aligned with NoV GI and NoV GlI reference sequences from GenBank (Table 2.5 and
2.6) using MAFFT version 7 (http://mafft.cbrc.jp/alignment/server/). After manual

adjustment of the alignment, phylogenetic analysis was performed with MEGADS using
the neighbour-joining methods (Tamura et al., 2011). Genotypes were assigned based
on the clustering in the phylogenetic tree (>70% bootstrap support). All the genotypes
assigned were confirmed by analysis of the sequences with the NoV Genotyping Tool

as described by Kroneman et al. (2011) (http://www.rivm.nl/mpf/norovirus/typingtool).
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Table 2.5: GenBank accession numbers of the NoV Gl isolates used as reference strains

for phylogenetic analysis.
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Norovirus Gl strains
Genotype Accession number Genotype Accession humber
Gl1 EF547392 (Japan) Gl.4 AJ313030 (UK)
L.23828 (Japan) AB042808 (Japan)
M87661 (USA) Gl5 AJ277614 (UK)
AY502016 (USA) AF414404 (USA)
AB447406 (India) AB039774 (Japan)
JX416391 (Burkina Faso) Gl.6 AJ277615 (UK)
GI.2 AF435807 (USA) AY502008 (USA)
L07418 (UK) AF093797 (Germany)
Gl3 HE716748 (Vietnam) Gl.7 AJ277609 (UK)
EF547396 (Japan) AY675555 (Iraq)
HQ213844 (South Korea) AJ844469 (Japan)
JX416392 (Burkina Faso) Gl.8 AF538679 (USA)
JN603244 (Sweden) GlL9 JN871684 (Nigeria)
AB187514 (Japan)
U04469 (USA)
GU138161 (Russia)
EF630430 (Japan)
AF439267 (Germany)
AJ277612 (UK)
AF414405 (USA)
49




Table 2.6: GenBank accession numbers of the NoV Gl isolates used as reference
strains for phylogenetic analysis.

Norovirus Gl strains
Genotype | Accession number Genotype | Accession number
Gll.1 U07611 (USA) Gll.8 AB039780 (Japan)
0B2001007 AF195848 (Netherlands)
GllL.3 EU187437 (Japan) Gll.9 DQ379715 (Australia)
AY652979 (USA) AY038599 (USA)
Gll.4 AB445395 2008 (Netherlands) Gll.12 GQ845370 (Australia)
GQ845367_2010 (Australia) AJ277618 (UK)
EF187497 _2006a (Australia) AB032758 (Japan)
EP200222_Farmington_Hills_2002 | Gll.14 AY130761(USA)
AJ004864_US95 96 EF547404 (Japan)
AY883096_Hunters_2004 Gll.16 AY772730 (Germany)
EF126966_2006b (Netherlands) AY502010 (USA)
OB2007254_Sydney_2012 Gll.17 AY502009 (USA)
Gll.6 AB818398 (Japan) JQ751044 (China)
AB039779 (Japan) DQ438972 (USA)
AB039777 (Japan) Gll.20 AB542917 (Japan)
JN183165 (Sweden) EU373815 (Germany)
AJ277620 (UK)

2.8.3.4 Nucleotide sequence accession numbers

The nucleotide sequences determined in this investigation have been deposited in
GenBank under the following accession numbers KF793788 to KF793798 for NoV Gl
and KF808211 to KF808254, KF916584 and KF916585 for NoV GlI.

2.8.4 Statistical analysis

Analysis of the viral detection rates in river samples was done using Fisher’s exact test
using StatView software (version 5.0, SAS Institute Inc, Cary, NC). Differences with p
values >0.05 were considered not significant at a 95% confidence interval (Cl).
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CHAPTER 3

RESULTS

3.1 WATER SAMPLES

From February 2012 to January 2013, 40 water samples were collected from rural
(Maua), urban (Nairobi) and refugee (Dadaab) settings in Kenya. Surface river water
samples included 12 from the Mboone river (Maua-rural setting), 12 from the Mutoine
river (Kibera, Nairobi-urban setting) and 12 from the Nairobi river (Nairobi-urban
setting). Four samples, two from borehole and two from household containers, from the

Dadaab refugee camp (refugee setting) were also collected (Table 3.1).

Table 3.1: Summary of the water samples collected during the sampling period

February 2012 to January 2013.

Site Rural setting Urban setting Refugee
(Maua) (Nairobi) setting
Dadaab
Month Mboone Mutoine Nairobi Dadaab
(n=12) (n=12) (n=12) (n=4)
Feb 2012 1 1 1
Mar 2012 1 1 1
Apr 2012 1 1 1 2
May 2012 1 1 1
Jun 2012 1 1 1
Jul 2012 1 1 1
Aug 2012 1 1 1 2
Sept 2012 1 1 1
Oct 2012 1 1 1
Nov 2012 1 1 1
Dec 2012 1 1 1
Jan 2013 1 1 1
Total 12 12 12 4
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3.2 MICROBIOLOGICAL ANALYSIS

Presumptive E. coli and total coliforms were detected in all 100% (40/40) the samples

(Table 3.2).

Table 3.2: Summary of the presumptive E. coli and total coliforms detected during the

sampling period February 2012 to January 2013.

Site Rural setting Urban setting Refugee setting
(Maua) (Nairobi) (Dadaab)
Mboone Mutoine Nairobi Dadaab
(n=12) (n=12) (n=12) (n=4)
Month
cfu®/l me cfu/l me cfu/l me cfu/l me
E. coli® Total E. coli Total E. coli Total E. coli Total
coliforms Coliforms coliforms coliforms

Feb 2012 24 232 >200 >200 >200 >200

Mar 2012 130 250 >200 >200 >200 >200

Apr 2012 160 340 >200 >200 >200 >200

May 2012 102 200 >200 >200 >200 >200 50 80
Jun 2012 640 672 180 >200 >200 >200

Jul 2012 320 464 200 >200 >200 >200

Aug 2012 200 280 160 >200 150 >200 5 20
Sept 2012 136 320 150 >200 >200 >200

Oct 2012 180 220 180 >200 >200 >200

Nov 2012 560 800 >200 >200 >200 >200

Dec 2012 340 760 >200 >200 >200 >200

Jan 2013 460 980 >200 >200 >200 >200

%cfu = colony forming units
®E. coli = Escherichia coli
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3.3 VIRAL ISOLATION IN CELL CULTURE

Cytopathogenic viruses were detected in 35% (14/40) of the samples (Table 3.3).
Viruses were isolated in both BGM and PLC/PRF/5 cells lines in 33% (4/12) of
Mutoine river, 17% (2/12) of Mboone river and 33% (4/12) of Nairobi river samples but
none in the Dadaab samples (Table 3.3). For the L20B cell line, 25% (3/12) of the
Mboone river and 17% (2/12) of the Nairobi river water samples were CPE positive
(Table 3.3).

3.4 VIRAL DETECTION

Mengovirus was detected in 100% (40/40) of the samples (Table 3.4 and Table 3.5). Of
the 12 samples from Mboone River (Maua- rural setting), NoV GI was detected in 8.3%
(1/12) of the samples, NoV Gll in 33% (4/12), RV in 83% (10/12) and 50% (6/12) of
the samples were positive for EV (Table 3.4 and 3.5). In the 12 samples from Mutoine
river (Kibera, Nairobi-urban setting) the following viruses were detected: NoV Gl 25%
(3/12), NoV GII 100% (12/12), RV 100% (12/12) and EV 83% (10/12) (Table 3.5).
Out of the 12 samples collected from the Nairobi river (Nairobi- urban setting), 33%
(4/12) were positive for NoV GlI, 58% (7/12) for NoV Gll, 83% (10/12) for RV and
58% (7/12) for . From the Dadaab (Dadaab-refugee setting) a total of four samples
were analysed where NoV GII was detected in 8% (1/4) and RV in 50% (2/4). No NoV
Gl or EV were detected by direct analysis of the Dadaab samples (Table 3.5). There
was a statistically significant difference in the overall prevalence for the viruses
detected in the three settings (p<0.05).
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Table 3.5: Enteric viruses detected in water sources from rural, urban and refugee settings
from February 2012 to January 2013.

Site Rural setting Urban setting Refugee setting
(Maua) (Nairobi)
Mboone Mutoine Nairobi Dadaab
Virus type n=12 (%) n=12 (%) n=12 (%) n=4 (%)
Mengovirus 12 (100%) 12 (100%) 12 (100%) 4 (100%)
NoV Gl 1 (8.3%) 3 (25%) 4 (33%) 0
NoV GlI 4 (33%) 12 (100%) 7 (58%) 1 (8.3%)
RV 10 (83%) 12 (100%) 10 (83%) 2 (50%)
EV 6 (50%) 10 (83%) 7 (58%) 0

NoV = norovirus; RV = rotavirus; EV = enterovirus; NoV GI = norovirus genotype I;
NoV GII = norovirus genotype Il

3.5 VIRAL CHARACTERISATION

3.5.1 Rotavirus

Rotavirus strains for both rt RT-PCR positive (n=34) and negative (n=6) water samples
were genotyped. The G types were identified in 73% (29/40) of the samples with only
G1 and G9 being characterised (Table 3.6). In addition, mixed G types (G1+G9), were
detected, i.e. in Nairobi river in July 2012 and August 2012. The G types were non-
typeable in 38% (15/40) of the samples. The P types that were identified included P[4],
P[6] and P[8] (Table 3.6). Mixed P types were also detected, e.g. in the Mboone river
(June 2012 P[4]+P[6]), Mutoine river (February 2012 P[4]+P[8]; May 2012 P[6]+P[8];
October 2012 P[6]+P[8] and January 2013 P[6]+P[8]). In the Nairobi river two to three
types were characterised in different months (May 2012 P[4]+P[8]), (June 2012
P[4]+P[6]+P[8]) (July 2012 P[4]+P[6]), (September 2012 P[6]+P[8]) and October 2012
P[6]+P[8] (Table 3.6).
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Table 3.6: Summary of rotavirus G and P genotypes detected in rural, urban and refugee

settings.
Site Rural Urban Refugee

Setting Setting setting
Mboone Mutoine Nairobi Dadaab

Months (n=12) (n=12) (n=12) (n=4)

Feb 2012 - G?P[4]+P[8] G?P[8]

Mar 2012 - GIP[8] -

Apr 2012 - G1P[8] -

May 2012 G?P[8] G1P[6]+P[8] | G1P[4]+P[8] G?P[4]

Jun 2012 G?P[8] G1P[4] | G?P[4]+P[6]+P[8]

Jul 2012 G1P[?] G?P[8] G1+GOP[4]+P[6]

Aug 2012 - G?P[4] G1+G9P[8] -

Sept 2012 G?P[4]+P[6] G?P[4] G?P[6]+P[8]

Oct 2012 GIP[6] G1P[6]+P[8] | G1P[6]+P[8]

Nov 2012 G1P[8] G?P[6] G1P[8]

Dec 2012 G1P[8] - G?P[4]

Jan 2013 - G?P[6]+P[8] G?P[4]

3.5.2 Poliovirus

The results of the analysis for PV on the EV-positive samples are summarised in Table
3.7. No PVs were identified in any of the sample analysed using the WHO

recommended techniques for clinical specimens.

3.5.3 Norovirus

3.5.3.1 Nucleotide sequence analysis of region C of the NoV capsid gene
Strains from the 24 samples positive for NoV GlII were selected for amplification and
sequencing and of these, 87.5% (21/24) were sequenced successfully (Table 3.8).

Strains from four samples that were NoV Gl positive were selected for amplification
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Table 3.7: Summary of poliovirus typing results.

Site Rural Urban Refugee
setting setting setting
Mboone Mutoine Nairobi Dadaab
Virus type (n=12) (n=12) (n=12) (n=4)
PanEV - - - -
PanPV - - - -
Serotype 1 - - - -
Serotype 2 - - - -
Serotype 3 - - - -
Sabin 1 - - - -
Sabin 2 - - - -
Sabin 3 - - - -
rt RT-PCR® ITD" NEV? NEV NEV NEV

®NEV - non-enteroviruses; °ITD - intratypic differentiation;
‘rt RT-PCR- real time, reverse transcriptase-polymerase chain reaction

and sequencing and all strains were successfully sequenced (Table 3.8). A neighbor-
joining tree constructed from an alignment of the 285-base nucleotide sequence for NoV
Gl and NoV GIlI and NoV reference strains (Figures 3.1 to 3.6) of the capsid gene
revealed multiple genotypes. Three different GI genotypes were identified, namely,
Gl.1, GL.3 and GI.9. The predominant GI genotype being G1.3 and detected in the
Nairobi river during June 2012 and August 2012 (Table 3.8). The GI.1 was detected in
Mutoine river (Kibera) during the month of May 2012 and G1.9 was detected in Nairobi
river in June 2012. The NoV GlI strains clustered into five genotypes, namely, Gll.4,
Gll.6, GIl.12, GI1.16 and GI1.17 (Figures 3.2 to 3.7). Norovirus GII1.17 was the most
predominant genotype detected in the surface water sources. In Mboone river (Maua) it
was detected in May 2012 to July 2012 while in the Mutoine river (Kibera) it was
detected in February 2012, March 2012, August 2012 and October 2012 to January
2013 (Table 3.8). In the Nairobi river NoV GII.17 strains was detected in February
2012 to April 2012, June 2012, July 2012 and October 2012 (Table 3.8). Only NoV
GI1.6 was detected in the Dadaab household water in May 2012 (Table 3.8).
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Table 3.8: Summary of the norovirus genotypes detected in water samples.

Site Rural Urban Refugee
Setting setting setting
Month Mboone Mutoine Nairobi Dadaab
Month NoV GI+GllI NoV GI+GlI NoV GI+GllI NoV GI+GllI
Feb 2012 - Gll.17 Gll.17
Mar 2012 - Gll.4; GlI.6; GlI.16; GII.17 Gll.17
Apr 2012 - GllL.6 Gll.17
May 2012 Gll.16; GII.17 Gl.1 - GllL.6
Jun 2012 Gll.17 GllL.6 Gl.3; G1.9; GI1.17
Jul 2012 GIl.17 Gll.6 GIl.17
Aug 2012 - Gll.12; GII.17 Gl.3; Gll.4 -
Sept2012 - - -
Oct 2012 - Gll.17 GIl.17
Nov 2012 - Gll.6;GIl.17 -
Dec 2012 - Gll.6;GIl.17 -
Jan 2013 - Gll.17 -

Norovirus Gll.4 strains were detected in both urban and rural settings. In the Mboone
river it was detected in June 2012, in the Mutoine river in March 2012 and in Nairobi
river in February 2012 and August 2012 (Table 3.8). Norovirus GII.6 was detected in
urban and refugee settings where it was detected in the Mutoine river in March 2012-
July 2012, November 2012 to December 2012 and in Dabaab household water in May
2012 (Table 3.8). Genotype GII.16 was detected in both Mboone (Maua) in May 2012
and the Mutoine (Kibera) river in March 2012. The GII.12 strain was only detected in
the Mutoine river in August 2012 (Table 3.8).
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Figure 3.1: Unrooted phylogenetic tree based on partial nucleotide sequences (320 bp)
of the capsid gene of NoVs Gl strains detected in Kenyan river water samples (®
Nairobi river m Mutoine river). The sampling sites NR (Nairobi river), KD (Mutoine
river). Collection month/year and clone number for different genotypes are indicated.
Numbers at each branch indicate bootstrap values for the clusters supported by that
branch. Bootstrap values of >70 are shown. The scale (0.05) represent the number of
substitution per site.
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Figure 3.2: Unrooted phylogenetic tree based on partial nucleotide sequences (320 bp)
of the capsid gene of NoV Gl strains detected in Kenyan river water samples (®Nairobi
river m Mutoine river A Mboone river ¥ Dadaab Household water). The sampling sites
NR (Nairobi river), KD (Mutoine river), MB (Mboone river) and HHI (Daadab
Household water one). Collection month/year and clone number for different genotypes
Numbers at each branch indicate bootstrap values for the clusters
Bootstrap values of >70 are shown.
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Figure 3.3: Unrooted phylogenetic tree based on partial nucleotide sequences (320 bp)
of the capsid gene of NoV GII.17 strains detected in Kenyan river water samples
(eNairobi river m Mutoine river AMboone river). The sampling sites NR (Nairobi
river), KD (Mutoine river) and MB (Mboone river). Collection month/year and clone
number for different genotypes are indicated.
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Figure 3.4: Unrooted phylogenetic tree based on partial nucleotide sequences (320 bp)
of the capsid gene of NoV GIl.4 strains detected in Kenyan river water samples (®
Nairobi river m Mutoine river). The sampling sites KD (Mutoine river) and NR
(Nairobi river). Collection month/year and clone number for different genotypes are
indicated. Numbers at each branch indicate bootstrap values for the clusters supported
by that branch. Bootstrap values of >70 are shown. The scale (0.005) represents the
number of substitutions per site.
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Figure 3.5: Unrooted phylogenetic tree based on partial nucleotide sequences (320 bp)
of the capsid gene of NoV GII.6 strains detected in Kenyan river water samples (m
Mutoine river and ¥ Dadaab Household water one). The sampling sites KD (Mutoine
river) and HHI (Daadab Household water one). Collection month/year and clone
number for different genotypes are indicated. Numbers at each branch indicate
bootstrap values for the clusters supported by that branch. Bootstrap values of >70 are
shown. The scale (0.01) represents the number of substitutions per site.
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Figure 3.6: Unrooted phylogenetic tree based on partial nucleotide sequences (320 bp)
of the capsid gene of NoV GII.12 and GI1.16 strains detected in Kenyan river water
samples (A Mboone river m Mutoine river). The sampling sites MB (Mboone river) and

KD (Mutoine river). Collection month/year and clone number for different genotypes
are indicated. Numbers at each branch indicate bootstrap values for the clusters
supported by that branch. Bootstrap values of >70 are shown. The scale (0.02)
represents the number of substitutions per site.
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CHAPTER 4

DISCUSSION AND CONCLUSIONS

Waterborne illness associated with viruses are more common than those caused by
bacteria making it important to estimate the prevalence and diversity of enteric viruses
in environmental water sources in order to assess the public health risks associated with
exposure to these pathogens (Espinosa et al., 2008). Enteric viruses are transmitted by
the faecal-oral route and their spread has in part been attributed to the consumption of
contaminated food and drinking water (La Rosa et al., 2012). Waterborne infections
have been shown to be an important cause of gastroenteritis outbreaks throughout the
world (Lund and O’Brien, 2011). However, current water quality monitoring is based
on the levels of faecal bacteria indicators rather than viruses resulting in a paucity of
data regarding waterborne viruses. This makes it hard to develop and implement plans
to prevent viral transmission through contact with environmental water (Lee and Kim,
2002). In Kenya, despite the potential public health risk posed by enteric viruses, data
regarding the occurrence of these pathogens in environmental water sources is limited,
and in addition, data on molecular epidemiology of NoVs is lacking. Therefore, the aim
of this investigation was to determine the prevalence and molecular epidemiology of
selected enteric viruses namely, EVs, NoVs and RVs in Kenyan water sources. The
surface water sampling sites for the Mutoine, Nairobi and Mboone rivers were located
close to highly populated areas. The sample collection site for the Mboone river was
located close to Maua town. This town does not have a sewage plant and most of the
households have pit latrines. It is thus highly probable that enteric virus contamination
of the river by run-off water or overflowing latrines may increase during the rainy
season. The Mutoine river passes through the Kibera informal settlement, one of the
largest informal settlements in the south and east of sub-Saharan Africa and it is
polluted by household waste and raw sewage from residential estates. The development
of an informal housing settlement has impacted negatively on the water quality of the
stream and has led to the loss of biodiversity, especially in the Nairobi dam, which was

earlier a good water source for irrigation, recreation and domestic use.
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Enteric virus detection in water sources is a multistep process involving sample
preparation or viral recovery, viral detection and viral characterisation (Wyn-Jones,
2007; Mattison and Bidawid, 2009). In this study the glass wool adsorption- elution
method (Lambertini et al., 2008), which is considered to be the most cost effective to
use in developing countries, was applied for the recovery of viruses. For the detection
of viruses a combination of cell cultures and molecular-based methods was applied.
Commercial rt RT-PCR kits were used to detect viruses directly in the recovered virus
concentrate as the kits have an internal positive control to monitor for any inhibitors that
might be present in polluted water. Mengovirus, which was used as a process control to
monitor the efficiency of the nucleic acid extraction procedure, was detected in all
(100%) of the samples indicating that the processing and nucleic acid extractions
procedures were adequate and valid. The isolation of viruses in cell culture was used to
establish if there were any infectious viruses present and also to monitor specifically for
for PVs. The detected viruses were characterised to identify the circulating strains since
this gives an indication on the strains circulating in the surrounding communities close
to the water source therefore providing new data on the molecular epidemiology of the
selected enteric viruses. The analysis of bacterial indicators provides general
information on microbial water quality at each source. In this study E coli and total
coliforms were detected in 100% (40/40) of the samples at levels >200 cfu/m¢, thereby
exceeding the WHO recommended guidelines for drinking water (<1 most probable
number (MPN)/100 m¢t) (Table 3.2). This suggests that there is gross faecal

contamination in these water sources, including the household water.

Globally, group A RVs remain the major cause of morbidity and mortality and are
associated with an estimated 453 000 deaths (range 420 000 to 494 000) annually in
infants and children younger than five years of age (Tate et al., 2012). Rotavirus has
been detected in surface water sources in many countries namely, South Africa (van Zyl
et al., 2006; Sibanda and Okoh, 2013), Egypt and Spain (Villena et al., 2003), Brazil
(Miagostovich et al., 2008), the Netherlands (Rutjes et al., 2009) and Venezuela
(Rodriguez-Diaz et al., 2009). Recently RV was detected in flood water in Thailand
(Ngaosuwankul et al., 2013). In this investigation RVs were detected in 85% (34/40) of
the samples analysed. It was the most predominant virus being detected in 83% (10/12)
of the Mboone river samples, 100% (12/12) of the Mutoine river samples, 83% (10/12)
of the Nairobi river samples and 50% (2/4) of the household water from the Dadaab
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refugee camp (Table 3.5). The prevalence of RVs in this investigation is similar to an
earlier study in 2007-2008 where RVs were detected in 100% of Mutoine water samples
(Kiulia et al., 2010). In the Mboone river the current study reported a higher prevalence
of 100% compared to 25% prevalence detected in the earlier study (Kiulia et al., 2010).
This study corresponds to other studies conducted in surface water e.g., a study in China
where 100% (40/40) of river water samples were RV positive (He et al., 2008), but
differs from a study in SA where RVwas detected in surface water at a lower rate of
14% (Chigor and Okoh, 2012) while in Benin no RV was detected in surface water
(Verheyen et al., 2009). In this study RV was detected in 50% (1/2) of household
water samples in the Dadaab refugee site and these results differs to a study in Korea
where no RV was detected in untreated groundwater (Jung et al., 2011). The RV strains
detected in this study were further characterised and 75% were successfully typed
(Table 3.6). This typing rate is comparable to earlier studies in Kenya and SA where
96% (Kiulia et al., 2010) and 95% (van Zyl et al. 2006) of RV's were successfully typed,
respectively. The G types identified in this study were G1 and G9, either individually
or as mixed types (Table 3.6). These strains were also reported in a South African study
where G1, G2, G8, and G9 were identified in river water samples (van Zyl et al. 2006).
Of note is that no G2, G3, G4 and G8 were detected in this study, as these strains have
been circulating in the Kenyan population for over 10 years (Kiulia et al., 2006, 2008,
2009; Mwenda et al., 2010; Nokes et al., 2010). The G9 RV strain identified in this
study has been the predominant RV strain circulating in the eastern region of Kenya for
the last 10 years (Kiulia et al., 2006, 2014). Of interest is that this strain is not included
in either of the current licensed oral RV vaccines, i.e. Rotarix (G1P[8]) and RotaTeq
(G1, G2, G3, G4, and P[8]) (Ruiz-Palacios et al., 2006; Vesikari et al., 2006). The
following P types were identified, P[4], P[6] and P[8], with mixed P types P[4]+P[6],
P[4]+P[8], P[6]+P[8] and P[4]+P[6]+P[8] present (Table 3.6). The rate of mixed RV
types in this study is comparable to that observed in an earlier study in the
environmental samples where the same mixed P types were detected (Kiulia et al.,
2010), and in a study in Venezuela where mixed P[4]+P[8] types were detected in
sewage-polluted water (Rodriguez-Diaz et al., 2009).

Noroviruses have been identified as aetiological agents of acute gastroenteritis in all age
groups worldwide (Glass et al., 2009; Vega et al., 2014). Noroviruses are highly
infectious and transmitted primarily via the faecal-oral route. Worldwide, water and
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foodborne outbreaks of acute gastroenteritis associated with NoVs have been frequently
reported (Riera-Montes et al., 2011; Bitler et al., 2013; Hoa Tran et al., 2013; Stals et
al., 2013; Larsson et al., 2014). In this study NoVs were identified in 80% (32/40) of
the samples analysed (Table 3.5). These high rates of NoV detection correspond with a
study in SA where NoV was detected in 66% of surface water samples (Mans et al.,
2013). Norovirus GIlI was detected at all the sampling sites with prevalence rates of
33% in the Mboone river, 100% in the Mutoine river, 58% in the Nairobi river and
8.3% in the Dadaab household water (Table 3.5). The NoV GI was detected in 8.3% of
the Mboone, 25% of the Mutoine and 33% of the Nairobi river samples but it was not
detected in the Dadaab borehole and household water. Comparing the results from this
study to an earlier study (Kiulia et al., 2010), the rate of both NoV GI and NoV GlII was
similar in the Mboone river (NoV GI 8.3% vs 8.3%; NoV GIll 33% vs 25%). In the
Mutoine river the rate of NoV Gl detection in the earlier studydiffered from the current
study with NoV GI being detected in 25% of the samples while in the earlier study it
was detected in 90% of the samples analysed (Table 3.5, Kiulia et al., 2010). The rate
of NoV detection (8.3%) in the household (Dadaab) in this study corresponds with a
study in South Korea where a detection rate of 18% was reported in borehole water
(Jung et al., 2011). While NoV GI predominated (71%) in the Korean study (Jung et
al., 2011) this study showed that NoV GlII was the predominant strain identified in 8.3%

while no NoV GI was detected in neither household or borehole water (Table 3.5).

Based on nucleotide sequence analysis of the capsid region (320 bp) the following NoV
Gl strains were detected, NoV Gl.1, GI.3 and GI1.9 (Figure 3.1). Two NoV GI.1 strains
(KDMarch2012-301 and KDMarch2012-304) detected in this study were closely related
to Burkina Faso NoV GI.1 strain (JX416391) showing high nucleotide sequence
identity (97%). Phylogenetic analysis of the GI.3 strains showed that it grouped into
four clusters (Figure 3.1), and were closely related to strains from Russia (GU138161),
Japan (AB187514), Sweden (JN603244), Burkina Faso (JX416392), South Korea
(HQ213844) and Vietnam (HE716748) with nucleotide sequence identities ranging
from 94% to 97%. The GI.9 strain detected was related to a Nigerian (JN871684) strain
showing a 98% nucleotide sequence identity. Phylogenetic analysis showed that G11.17
was the predominant strain detected in this investigation and strains grouped into two
clusters (Figure 3.3) with most of the strains detected from different sampling sites

resorting in one cluster and the other cluster comprising strains from the Nairobi river
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and were closely related to strains from the USA (DQ438972) and China (JQ751044),
respectively. The GII.17 strain has also recently been identified in clinical specimens
collected during 1999 to 2000 from immunocompromised children at a care center in
Kenya (Mans et al., 2014). This could suggest this strain has been in circulation for a
considerable period of time. The detection of GII.17 in this study is of clinical
relevance as it has been implicated in nosocomial NoV infection (Sukhrie et al., 2011)
and chronic NoV infection in a kidney transplant patient (Schorn et al., 2010). The
genotype has also been widely reported in children with gastroenteritis in Central and
South America (Gomes et al., 2008; Bucardo et al., 2009; Ferreira et al., 2012), Korea
(Park et al., 2011) and Thailand (Kittigul et al., 2010). The other NoV GII strains
detected were Gll.4, GII.6, GII.7, GII.12 and GII.16 (Table 3.8), which are similar to
types detected in a study conducted in HIV seropositive children in Kenya (Mans et al.,
2014). The GII.4 strains in this study (NRAugust2012-62 and KDMarch2012-91) were
closely related to the Sydney variant (OB2007254 Sydney 2012) (Figure 3.4), while
the GI1.4 strain identified in the clinical study was closely related to the non-epidemic
GIll.4 Kaiso 2003 variant (Mans et al., 2014). Of note is that Gll.4 detected in the
Nairobi river was closely related to the Sydney 2012 variant, which is currently the
most predominant strain identified in most NoV-associated gastroenteritis outbreaks
worldwide (CDC, 2013a; Kim et al., 2013; Maritschnik et al., 2013, Silva et al., 2013),
highlighting the significance of the presence of these strains in Kenyan surface waters
used for domestic purposes. The GII.6 strains were the second most predominant
strains and were closely related to the Swedish (JN183165) and Japanese (AB818398)
strains. The GII.6 strain was also identified in the clinical study in Kenya as reported by
Mans et al., (2014), indicating the presence of clinically relevant strains in the water
sources. After NoV GIl.4, NoV GII.6 has been showed in many studies to be the
second most dominant strain in clinical studies in a number of countries namely, SA,
Brazil, Japan, and Finland (Phan et al., 2005; Ferreira et al., 2010; Mans et al., 2010;
Puustinen et al., 2011; Chan-It et al., 2012). This shows the need to monitor this strain
closely in both environmental and clinical specimens. The NoV GII.12 strains were
detected in the Mutoine river in August 2012 (KDAugust2012-169/171) and were
related to an Australian (GQ845370) strain with a nucleotide sequence identity of 99%
which was identified in Australia during 2008. The GII.16 was also identified in the
Mboone (MBMay2012-7/9) and the Mutoine rivers (KDMarch2012-95) and were
closely related to strains from Germany (AY772730) and USA (AY502010). This

69

© University of Pretoria



study correlates with other studies conducted in Africa where NoVs GlI.1, GI.3 and
NoVs Gll.4, GII.12, GII.17 have been identified in South African water sources (Mans
et al., 2013). Using BLAST analysis and the NoV typing tool, one of the clones
(NRJuly2012-46) was assigned to be a GII.7 and it was closely related to strains from
Japan (AB258331) and UK (AJ277608). This sequence was not used for phylogenetic
analysis and the nucleotide sequence was not submitted to GenBank due to various
mutations identified, therefore this sample need further analysis to confirm the
nucleotide sequence. Overall, the results in this study suggest that the rivers are
contaminated with clinically relevant NoV strains namely, NoVs Gll.4, GIl.6 and
Gll.12.

In assessing the prevalence and isolation of EV in cell culture it was noted the detection
of viruses by cell culture methods was more sensitive than the molecular-based methods
with the advantage that infectious viruses were detected. Enterovirus strains from
samples where CPE was noted on L20B, BGM and PLC cell cultures were further
characterised for PV using the method used in the WHO reference laboratories to
characterise clinical samples but no PV was identified. In this study EV was detected
by rt RT-PCR directly in 58% (23/40) of the samples and it was identified in the three
rivers (Mboone, Mutoine and Nairobi rivers) accounting for 50% (6/12), 83% (10/12)
and 58% (7/12) of EV-positive water samples, respectively, but not in the borehole or
household water from Dadaab (Table 3.5). There were no PVs identified by direct
analysis of the water samples using the rt RT-PCR analytical Kits designed for
identification of PV and differentiation between VDPVs and WPVs. Due to the low
titers of viruses in water samples nucleic acid was re-extracted again from all the
samples using a more sensitive QlAamp UltraSens RNA kit to determine if it would be
possible to detect any PV from the EV positive samples. This also did not yield any
positive result for EVs and neither VDPVs nor WPVs were detected (Table 3.7).

This study outlines several interesting aspects regarding the virological quality of
environmental water in Kenya. First, is the high prevalence of viral pollution in the
Mutoine river in the Nairobi urban setting, i.e., 100% for NoV GlI, 100% for RV, 83%
for EV and 25% of NoV Gl (Table. 3.5). The results differ from other epidemiological
studies of enteric viruses in a middle income country like Brazil where a study on

enteric viruses in stream waters reported that RVs were detected in 44.2% and NoV in
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5.8% of the samples analysed (Miagostovich et al., 2008). These studies indicate that
regardless of the status of a country, either middle income or developing, continuous
epidemiological survey of enteric viruses in environmental water samples will be an
important indicator of the level of contamination and also providing information on
viruses circulating in the community. Surface waters may be directly or indirectly
contaminated with human pathogenic viruses by untreated sewage or run-off of animal
manure. The high level of viral pollution demonstrated in the Mutoine river provides
evidence that these viruses circulate at high frequencies among the population of
Kibera, while also reflecting the effects of increased population densities and
anthropogenic activities on fresh water resources. The diversity of enteric viruses
detected in the surface waters from different geographical areas was variable and
appeared to be dependent on factors such as population density and drinking water and
sanitation facilities. In Kenya, the majority of the population lacks access to treated
drinking water and rely on surface water for their domestic needs. Thus, considering
the levels of pollution present in the Mboone, Mutoine and the Nairobi rivers, the levels
of enteric virus present could possibly pose a public health risk if the water was used for

domestic or recreation purposes.

In conclusion, this is the first comprehensive report on the molecular epidemiology of
NoVs in Kenyan water sources. Furthermore, it is the first study to assess
environmental water sources in Kenya for the presence of PV. The study also
contributes additional important information on the circulating RV strains in the Kenyan
population before the introduction of the RV vaccine into the EPI schedule. The results
of this study therefore provide valuable information on selected enteric viruses in
Kenyan water sources and surrounding communities. From these data it is evident that
further nationwide studies are necessary to fully establish the prevalence and
distribution of enteric viruses in the Kenyan water sources and surrounding

communities
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A.l: Kiulia NM, Mans J, Page NA, Gumede-Moeletsi N, Mwenda JM, Taylor MB.
Enteric viruses in selected surface waters in urban and rural Kenya [Presentation]. 19"
International Scientific Conference on “Basic and Clinical Research for Improved
Health hosted by the Institute of Primate Research and Kenya Agricultural Research
Institute-Trypanosomiasis Research Centre 11-13 September 2013 Southern Sun,
Mayfair, Nairobi, Kenya

Background: Human enteric viruses, associated with various clinical syndromes are
shed in high concentrations in faecal matter of infected patients. Viruses are discharged
into sewage which may contaminate surface water sources for drinking water,
recreational activities and irrigation.

Objectives: To investigate the prevalence and predominant genotypes of selected
enteric viruses, namely rotaviruses (RVs), noroviruses (NoVs) and enteroviruses (EVS)
in surface water from high risk water catchment areas in urban and rural Kenya.
Methods and Results: River (10 L) and wastewater samples (2 L) were collected in
urban (Nairobi river, Kibera stream) and rural (Mboone river) areas. Enteric viruses
were recovered from the water samples by glass-wool adsorption elution and/or
PEG/NaCl precipitation. Nucleic acid was extracted using the automated MagNA Pure
platform and screened using commercial singleplex real-time RT-PCR assays. Detected
virus strains were characterised by type-specific polymerase chain reactions or
nucleotide sequence analysis. Among the 36 water samples collected, at least one virus
was detected in each of the samples except for the samples collected from Mboone river
in August 2012 with RV being the most commonly detected in 85% (34/40), and NoV
genogroup Il in 60% (24/40), NoV genogroup | in 20% (8/40) and EVs in 58% (23/40)
of the samples. No polioviruses were identified in all the EVs positive samples.
Rotavirus G9 and P[8] were the most predominant type detected. Norovirus Gll.4, GIL.7
and GI1.17 - like strains were detected in both rural and urban rivers.

Conclusions: This study reports for the first time the NoV strains circulating in
environmental waters in Kenya thus, indicating the importance of this pathogen in
Kenya. Continued surveillance of environmental samples in Kenya is therefore crucial

to supplement the ongoing clinical surveillance of these viruses.
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