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ABSTRACT 

Lake Victoria is the main source of water in Homa Bay town as well as the surrounding 

community.  Increase in population in the resent past has led to intensified human 

activities with a possible compromise on the sanitation standards around the town 

consequently resulting into increased fecal load to the lake through fecal pollution. 

Increased fecal contamination of the lake has consequently led to an increase in 

pathogenic microorganisms including waterborne enteric viruses. These viruses can 

affect both human and animals health by causing diseases such as gastrointestinal 

infections. Research on viral water quality in Lake Victoria is limited. The objectives of 

this study were to determine the occurrence of these pathogenic enteric viruses with 

respect to human adenoviruses and enteroviruses in Lake Victoria Waters. Factors that 

may have influenced the levels of contamination of the lake water by the viruses such as 

physical water parameters, seasonal variations, proximity to sewage effluent and pit 

latrines were assessed. Water samples were collected from six sites commonly used for 

domestic and commercial purposes spanning approximately 3 km along the shoreline for 

analysis for the presence or absence of the two groups of enteric viruses over a seven 

month period. A total of 216 water samples were analysed for possible contamination 

with the viruses using nested PCR method. Paired t test, ANOVA, Odds Ratios, 

Correlation and Regression analysis (STATA ver.13.0) were performed to determine 

factors associated with the virus contamination of the waters. P-values<0.05 were 

considered significant at 95 % confidence interval. Analysis showed that the lake is 

contaminated with adenoviruses and enteroviruses which were discovered in 11(5.09 %) 

and 7(3.24 %) of the samples, respectively. The presence of the enteric viruses was 

strongly associated with the distance from possible sources of contamination (odds ratio 

20.28 and 4.86, confidence interval 2.42, and 0.95) for pit latrines and the sewage 

treatment plant respectively. Neither wet season nor dry season was associated with the 

prevalence of the viruses. Of the 72 samples collected from the sites (L5 and L6) closer 

to the sewage effluent points 13(18 %) tested positive for the two types of viruses. This 

research clearly signifies that waste water discharge and wastewater-impacted surface 

waters along the shores of Lake Victoria contain some enteric viruses. This 

contamination may be due to the fact that the enteric viruses can highly persist in the 

environmental waters due to their ability to be resistant to environmental conditions. This 

viral analysis will provide the much needed information in controlling the source of 

pollution of the lake, such as untreated sewage effluents. It will be useful in ascertaining 

health risks from the analysis of viral exposure. Further research and analysis is 

recommended to ascertain the true position concerning the public heath implication and 

whether the contamination may be as a result of ineffective waste water treatment.



1 

CHAPTER ONE 

INTRODUCTION 

1.1  Background information 

Lake Victoria (LV), the second largest fresh water lake in the world is a source of 

livelihood for many people around the Eastern part of Africa. Over 20 million people 

depend on it for very many uses including drinking, recreational and industrial activities 

(Odada et al., 2004). The lake‟s catchment area is one of the most densely populated 

regions in Africa and the lake is economically significant to this population (Kessides, 

2006). The most important economic activities at the lake includes but not limited to 

water transport and fishing activities. 

 

Over the last five decades, LV ecosystem and the water quality in general has been 

deteriorating (Odada et al., 2004). The deterioration of the ecosystem and the water 

quality are as results of eutrophication, invasive species and acidification all of which can 

be associated to human impacts as a result of increase in population (Odada et al., 2004). 

Populace development and the exercises required to support the expanding populace has 

led to expanded inflows of pollutants and supplements to the lake and waterways from 

the catchment leading to contamination of the lake and water-related general medical 

issues especially in low socio-economic activity areas such as Homa-Bay region 

(Obudho, 1995). Every day thousands of litres of crude sewage and refuse stream into the 

lake from households and enterprises found in many towns around the lake. Untreated 

sewage from Homa Bay town sewage treatment system for example was discharged into 

the lake directly since the treatment plant was out of order.  
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The increased fecal pollution of the nearshore lake waters might be related to the 

increased instances of water-borne illnesses and other water related medical conditions 

and maladies. These may include looseness of the bowels, intestinal worms, cholera, 

typhoid, diarrhoea and the enteric viruses‟ related cases (Otula, 2005). The volume of 

neighbourhood sewage discharge and urban overflow to the lake has transformed into an 

important general public health stress in the area. Increased contamination of the lake is 

debilitating its sustainable utilization, an imperative resource asset for Kenya, Uganda 

and Tanzania (Otula, 2005).  Developing interest in global markets for fresh water fish 

species such as Nile Perch (Lates niloticus) and Tilapia (Oreochromis niloticus) from this 

lake has prompted the increase in the number of fishermen into the lake. Many fishing 

water crafts are out on the lake every night to supply Capital fish processing industry in 

the town with the raw materials. The large number of fishermen equally increases the 

chances of contamination by different species of microorganisms including enteric 

viruses as a result of improper disposal of human waste products (WHO/UNICEF, 2014).  

 

Poor management of microbial contamination of aquatic environments presents a 

potential general public health hazard (Otula, 2005). Surveillance of most waterborne 

diseases worldwide shows that of the many cases recorded for untreated surrounding 

water, 28.7 % are of an obscure etiology and are responsible for intense gastroenteritis 

(Sinclair et al., 2009). In recreational epidemiological studies, diarrhoea and respiratory 

ailments are the most common reported health outcomes (Colford et al., 2007), with a 

belief that there is a relationship between these ailments and different enteric viruses 

contaminations.  
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Enteric viruses‟ presence in environmental waters will definitely affect human health as a 

result of poor biological water quality. Most of these microorganisms mainly originate 

from sewage discharged to surface waters such as Lake Victoria. Information regarding 

microbial activities in water ecology and their transmission in the environment varies 

(Kiulia et al., 2014). The part played by enteric viruses in the lake ecosystem is less 

known in comparison to other microbes such as bacteria and protozoa, potentially 

because of the troubles related with recognizing the viral agents in the aquatic 

environment and lack of comprehensive research in that area. Infections due to enteric 

viruses have been linked to water at certain times and to various other sources such as 

consumption of contaminated food. Water related outbreaks with different sources have 

been documented in some countries including of utilization of polluted water from 

borehole or well (Lawson et al., 1991; Beller et al., 1997; De Serres et al., 1999) and 

contamination of the county water supply with sewage effluent (Kaplan et al., 1982).  

 

Enteric viruses in the water supply may also bring about infections through food borne 

transmission as a result of an after-effect of people involved with food preparation 

becoming contaminated (Brugha et al., 1999). Diseases propagated by contaminated 

water may be transmitted by drinking of contaminated drinking water, through contact 

with recreational water or inhalation (Haramoto et al., 2018). The impact on human 

health brought on by these microorganisms has been reported comprehensively by 

various researchers including reviews on those diseases related to contact with 

recreational waters. Various waterborne disease outbreaks may be well documented of 

course with the exception of hepatitis A virus (HAV); however the disease transmission 
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through taking water has not been exhaustively demonstrated (Van Puijenbroek et al., 

2015). 

 

Presence of viruses in water environment is understated in light of the fact that those 

agents which cause most enteric sickness cannot be developed by typical culture 

techniques. The main impetus for getting more data on viruses in an aquatic environment 

is generally a requirement for expanded knowledge adding to better general wellbeing. 

More knowledge of the behaviour of these viruses in water will encourage the provision 

of proper guidance to the general population and the authorities on utilization and 

treatment of water.  

 

The process of analysing water for the isolation of enteric viruses is ordinarily a two-step 

process majorly due to the fact that the viruses are a few in numbers for a direct 

identification. Therefore the samples are normally concentrated in smaller volumes, 

generally under 10 ml to enhance detection. There are different types of water matrices in 

aquatic environments which are normally concentrated by different level of microbial and 

physical matter. Water is said to be of good quality if it contains no pathogenic 

microorganisms though may contain some physical impurities (Mans et al., 2013). The 

different types of water matrices if polluted with fecal matter are likely to get 

contaminated with microorganisms such as human enteric viruses. The sewage effluent 

after treatment may contain varying concentrations of viruses which are normally being 

determined by a number of factors. These factors may include the type viruses circulating 

in that matrix at any given time, the season and the efficiency of the treatment techniques 
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during the sewage treatment. This means that discharge of sewage effluent into fresh 

water bodies such as Lake Victoria may lead to the viral contamination of the water 

enteric viruses.  

 

Numerous sicknesses like gastroenteritis, keratoconjunctivitis, respiratory diseases and 

hepatitis are related with enteric viruses. These viruses are normally found in natural 

specimens like lake water, groundwater, surface water, sewage, costal water, shellfish 

and even the tap water thereby causing major health conditions in both rural and urban 

pollutions. (Enriquez and Gerba, 1995) and (Laxmivadana et al., 2013).  

 

With documented research about the presences of enteric viruses in water, it is important 

to be vigilant and to routinely monitor for the emergence and presence of these types of 

viruses especially in areas with high percentage of immunocompromised individuals 

(Haramoto and Kitajima, 2017). Despite the fact that availability of safe drinking water is 

viewed as a human right, many families experience the ill effects of deficient water 

supply (Asami et al., 2016). This study was therefore carried out to analyse water 

samples from the most commonly visited shores of the lake around Homa Bay town for 

contamination with adenoviruses as indicators and enteroviruses as important pathogens 

in this part of the country using molecular based-detection assays. 

 

1.2  Statement of the problem 

The contamination of Lake Victoria is an important general concern both regionally in 

relation to the public health effects (Twesigye et al., 2007). This is as a result of the 
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increased cases of water related infections reported from the communities around the lake 

(de Man et al., 2014). The lake is an enormous system supplied by waterways that begin 

from distant regions. It therefore has components of both on location and off-site 

contamination. For example, agro chemicals (non point sources of contamination), 

industrial agro based pollution, straight discharge of untreated sewage effluents to the 

lake and contact as a result of swimming and bathing are some of the sources of 

pollution. The lower water quality of the lake may be as a result of the impact of 

contamination due to poor waste disposal mechanisms. This is evident by current algal 

bloom related to eutrophication and decomposition of the water hyacinth (Eichhornia 

crassipes) which is associated with waterborne diseases (Muyodi et al., 2009). 

 

Poor waste transfer including fecal waste may lead to higher probability of the lake being 

subjected to microbial contamination.  This is likely to be scenario in Homa Bay region 

being one of the regions within low socio-economic zones in the Country. Many kinds of 

microbial agents may form part of the contamination such as: parasites, protozoa and 

enteric infections which are the fundamental etiology of water related illness in the Lake 

Victoria area (Ouma, 2010). The latest WHO figures for diarrhoea related deaths per year 

worldwide for children under 5 years is estimated to be one million which is about 17 % 

of total deaths with majority in Sub-Saharan Africa (World Health Report 2012).  In 

Western Kenya, drinking of the lake water and sharing of pit latrines by several 

households have been identified as some of the reasons that increase the risk of diarrhoea 

(Onyuka et al., 2011). There are numerous pit latrines along the lake which are shared by 

several households and the public. The presence of dilapidated sewage treatment plant 



7 

within the vicinity of the lake may be a risk factor for viral contamination through fecal 

pollution. The untreated sewage from the conventional County Government wastewater 

treatment plant in the town discharged directly into the lake. 

 

Inadequate sanitary facilities such low pit latrine coverage for proper disposal of fecal 

matter and absence of proper enlightenment to the surrounding community may 

encourage the utilization of bush as an option for fecal disposal as reported by UN-

HABITAT (2010). This is a very unhygienic practice that is likely to increase chances of 

enteric viruses being washed down the lake thereby exposing the surrounding community 

to the risk of viral contamination. Garbage, fish cleaning waste, liquid and solid waste 

from eating areas, markets and households end up in the lake (Odada et al., 2004). 

 

1.3  Justification of the Study 

There is a critical need to comprehend viral water quality and the characterization of 

pathogens in the environmental waters in the region including Homa Bay. Understanding 

of the viral water quality is expected to provide an effective system for accomplishing the 

new Sustainable Development Goals coordinated toward advance in sanitation and 

drinking water safety.  

 

Research has not been reported in Kenya particularly on the presence or absence of 

viruses in Lake Victoria.  Byamukama et al. (2005) carried out research on various forms 

of contamination and pollution on LV waters along Kenya and Uganda, which was 
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focused on the fecal coliforrm and not the viral contamination. Limited work has been 

carried out on genetic characterization and evaluation on the persistence of the enteric 

viruses in water and their infectivity in the natural hosts (Kiulia et al., 2010). Studies 

have attempted to identify reliable indicators like existing bacteria in an attempt to 

demonstrate the likelihood of a viral contamination in the water, yet these remain 

unreliable (Haramoto et al., 2018). It has also not been easy to get a reasonable literature 

on the issue of viral infections since "outbreaks" of waterborne infections can be sporadic 

and are not always reported. Enteric viruses have been shown to be resistant to 

environmental conditions and can spread over a longer distance than bacteria. It is 

therefore not appropriate to use bacterial indicators for viral contamination as viruses are 

frequently found with no bacterial pointer for fecal contamination.    

 

No in-depth viral water quality-monitoring system has been put in place; subsequently 

data on the lake's viral water quality is pegged on limited data reported by researchers 

mostly on occasional information. Enteroviruses and adenoviruses were chosen among 

the other groups of enteric viruses for this study on the basis of a number of reasons. For 

example, enteroviruses have been utilized as a parameter for assessing environmental 

viral contamination, in that majority of them can be isolated and evaluated as PFU in cell 

culture (Caro et al., 2001). Because of its predominance as a component of human 

vaccine, poliovirus which is one of the most common serotypes of enteroviruses has been 

suggested by many researchers for viral contamination monitoring though it is not always 

detected in wastewater. Adenoviruses on the other hand are the only human enteric 

viruses that contain DNA (Puig et al., 1994). As for the choice of the study site, the main 
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motivation for its selection is that it is the most commonly visited shoreline along the 

lake in Homa bay town with intense economic activities. 

 

1.4  Hypotheses  

i. The physical water quality parameters of Lake Victoria waters along Homa Bay 

town significantly influence the occurrence of enteric viruses and are within the 

WHO acceptable levels for domestic use. 

ii. Lake Victoria waters along Homa Bay town are contaminated with pathogenic 

human adenoviruses and enteroviruses. 

iii. Wet and dry seasons influence the occurrence of human pathogenic adenoviruses 

and enteroviruses in Lake Victoria waters along Homa Bay town.  

iv. Proximity of the dilapidated sewage treatment plant and pit latrines to the shore of 

Lake Victoria along Homa Bay town has an influence on the viral contamination 

of the lake waters. 

 

1.5  Objectives 

1.5.1  General objective 

To verify the presence and seasonal distribution of pathogenic human adenoviruses and 

enteroviruses in Lake Victoria waters along Homa Bay town, and to assess if there is an 

association between point sources of human fecal pollution and the virus presence or 

absence. 
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1.5.2  Specific objectives 

i. To determine whether the physical characteristics of water in Lake Victoria 

along Homa Bay town influence the occurrence of the enteric viruses and 

whether they are within the WHO acceptable levels for domestic use. 

ii. To determine the occurrence of human adenoviruses and enteroviruses in 

Lake Victoria waters along Homa-Bay town. 

iii. To determine whether wet and dry seasons have an influence on the 

occurrence of pathogenic human adenoviruses and enteroviruses in Lake 

Victoria waters along Homa Bay town. 

iv. To assess if proximity of the defunct sewage treatment plant and pit latrines to 

the shore of Lake Victoria along Homa Bay town have an influence on the 

viral contamination of its waters. 

 

1.6  Significance of the study 

Findings from this study present an interesting source of understanding on the 

contamination of the lake water with enteric viruses, the role played by those viruses as 

human and animal pathogens and the risks inherent from waterborne exposure. It will be 

useful in guiding decisions concerning the use of different
 
enteric viruses in lake water 

microbial quality evaluation.
 
The findings will be helpful in assessing the health risks and 

measurement
 
of the sources of contamination in a watershed because of their host 

specificity such as human pathogenic viruses. The results will be useful in understanding 

the relationship between changes in seasons and the viral contamination. This will in turn 

be helpful in documenting the sources and patterns of contamination of surface waters 
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with enteric viruses and consequently suggest viable recommendations on public waste 

management to the relevant authorities. 

 

Data regarding the presence of enteric viruses in lakes will be helpful in surveying the 

potential danger of disease through waterborne transmission. Assessment of the viruses 

found in the samples collected from around the dysfunctional sewage treatment plant may 

be useful as a pointer to the kind of microbial contamination in the community 

(Katayama et al., 2008). The local community will be enlightened and empowered to 

understand and participate in the improvement of sanitary conditions in their 

surroundings. Proper understanding and management of contamination source will help 

to protect the ecosystem of the lake. 
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 CHAPTER TWO 

LITERATURE REVIEW 

2.1 Enteric viruses  

Enteric viruses are a group of viruses that may be present in the gastrointestinal tract and 

are responsible for certain diseases and infections (Sibanda et al., 2013). There are many 

kinds of these viruses that inhabit the human intestine; replicating in the epithelial cells. 

Some of such viruses cause local infection of the gastroenteritis and may result in other 

related diseases. Since the enteric viruses are discharged with the human waste they are 

normally present in the sewage although being obligate intracellular viruses they cannot 

multiply in the environment. Some of the common enteric viruses include picornaviruses, 

rotaviruses and noroviruses, which are non-enveloped RNA viruses, and two groups with 

double stranded DNA viruses that is adenoviruses and polyomaviruses (Donaldson et al., 

2002).  

 

Most enteroviruses form a distinct taxonomic group (including poliovirus, echovirus and 

coxsackievirus) and can thrive in readily available cell cultures of primate origin. Their 

viability in cell culture makes this group of viruses to be well characterized and 

distinguishable from other gastro enteric viruses. The other groups of gastro enteric virus 

are the heterogeneous virus which includes the astroviruses, rotaviruses, adenovirus 

40/41, human caliciviruses and hepatitis A and E. These cannot be grown easily, if at all, 

in a culture. Their uniqueness lies in their ability to cause distinct gastrointestinal disease 

or hepatitis. Enteric viruses are normally introduced to aquatic environments through 

human related activities such as leaking sewage and septic systems, urban runoff, 

agricultural runoff, and in the case of estuarine and marine waters vessel wastewater 
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discharge, but they may however also be present naturally (Calgua et al., 2008). As 

Griffin et al. (2003) posits, human and animal wastes harbor over 100 types of 

pathogenic viruses that are transported in the environment via groundwater, estuarine 

water, seawater, aerosols from liquid waste management plants, drinking water as well as 

private wells through groundwater pollution (Boehm et al., 2009). 

  

The main mode of transmission of these enteric viruses is the fecal-oral route; primarily 

infecting and replicating in the host‟s gastrointestinal tract. When discharged from the 

host‟s body through faeces, the viral load ranges between 105 and 1011 virus particles 

per gram of stool (Griffin et al., 2003). Most of the enteric viruses belong to the families 

Picornaviridae (enteroviruses, polioviruses, echoviruses, coxsakieviruses and hepatitis A 

virus), Caliciviridae (noroviruses, astroviruses, caliciviruses and small round-structured 

viruses), Adenoviridae (adenoviruses) and Reoviridae (reoviruses and rotaviruses) 

(Maunula et al., 2012). Enteric viruses that are pathogenic and waterborne include 

circoviruses (torque tenovirus and torque tenovirus-like virus). 

  

Tenoviruses are non-enveloped viruses that are single-stranded circular DNA; making 

them resistant to heat inactivation. This classification is usually based on their molecular 

structures that make them resistant to any water treatment processes. Other enteric 

viruses include picobirnaviridae, parvoviruses (the smallest known enteric viruses, with 

single stranded RNA and highly heat resistant) (Dierssen et al., 2008). Picobirnaviridae 

are small nonenveloped viruses with bisegmented double strands of RNA that make them 

extremely resistant to UV light (Dierssen et al., 2008). As described by Haramoto et al. 

javascript:openDSC(7469785,%20304,%20'298');
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(2010), polyomaviruses include JC virus, BK virus and simian virus 40; which are 

usually non-enveloped double-stranded DNA viruses are very stable to heat but less 

resistant to chlorination.  

 

Most adenovirus serotypes as reported by Jiang et al. (2001), are difficult to culture in 

regular cell lines. This explains their presence in polluted water as well as their role in 

gastroenteritis which have been underestimated for a long time (Hemming et al., 2013). 

Kishida et al. (2014) refer to subgenus F of adenovirus (serotypes 40 and 41) as 

"fastidious" due to the difficulty in isolation, and its role in causing infantile 

gastroenteritis. Main modes of transmission of enteric viruses are; food, water, fomites 

and cross contamination. Enteric viruses are also of public health concern due to their 

low infectious dose as explained by Fong et al. (2010). A study by Colford et al. (2007) 

found that the probability of infection from exposure to one rotavirus is 31 % and no 

more than 1 PFU is required to cause infection in 1 % of healthy adults with no antibody 

to the virus. According to Boehm et al. (2007) risk of infection from consumption of 

viruses in drinking water is 10 to 10,000 times higher than pathogenic bacteria at similar 

exposures (Verhougstraete et al., 2010). This therefore makes enteric viruses in water a 

particular concern.  

 

Enteric viruses according to Wade et al. (2008) are the main causative agents of most 

nonbacterial gastroenteritis outbreaks. A report by Girones et al. (2010) indicates that 

only a fraction of waterborne disease incidences caused by enteric viruses are ever 

reported. Enteric viruses have the ability to survive for longer periods in the fresh water 
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environment consequently increasing the probability of human exposure (Lodder et al., 

2010). World over, most public health stakeholders rely mainly on bacterial indicators 

such as fecal coliform and total coliform bacteria and enterococci to assess  water quality 

(Zachos et al., 2016). However, bacterial load is not the best indicator for the risk from 

many medically important pathogens, such as viruses, stressed pathogenic bacteria 

(viable but non-culturable) and protozoa as posited by Wade et al. (2010). One of the 

major drawbacks in using fecal coliform bacteria and other traditional indicators such as 

enterococci in assessing water quality is their availability in both human, animal feces 

and in natural soils. In addition, fecal coliforms have the ability to regrow in soil after 

excretion from their host (Verhougstraete et al., 2010).  Viral pathogens according to 

Kiulia et al., (2010) have been suggested as an effective parameter for examining the 

sources of fecal contaminants in aquatic environments because of their host specificity. 

They may also be used alongside bacterial indicators to assess water quality and for 

disease surveillance (Gibson and Schwab, 2011). Pathogenic viruses are more resistant to 

chlorination than bacteria and are also resistant to lipid solvents and UV inactivation (Li 

et al., 2009). Sinclair et al. (2009) found that enteric viruses can also survive under a 

wide pH range (pH 3 to 10) for extended periods at low temperatures for up to 130 days 

in seawater; 120 days in freshwater and; for 100 days in soil at a temperature of about 25 

°C (Rodriguez et al., 2009).  

 

Enteric viruses also have an obligate host requirement as there is no potential for 

regrowth in the environment. Therefore, enteric viruses show great potential of water 

quality indicators to assess the risks related to infectious virus transmission and in 
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identification of the dominant source of fecal contamination in waters. Enteric viruses‟ 

contaminations cause major waterborne diseases to both man and animals although this 

impact is often underestimated. Enteric viruses are usually stable in the environment and 

may survive wastewater treatment as explained by Baggi and Peduzzi (2000) and Carter, 

(2005). Although the prevalence of certain enteric viruses such as HAstV and HAdV in 

diarrhoeal stool specimens has been documented in Kenya (Kiulia et al., 2007; 

Magwalivha et al., 2010) the contribution of waterborne transmission by enteric viruses 

in Kenya has not been investigated.  

 

2.1.1 Enteric viruses in water  

Quite a big number of different viruses excreted by human have been found in sewage 

and polluted waters (Hot et al., 2003). Over one billion people worldwide lack access to 

clean water supplies and a further two billion plus lack adequate sanitation (WHO, 2012).  

It has been estimated that close to two million deaths per year are related to water 

contamination (Jiang et al., 2005). Due to shortcomings in the epidemiological studies, 

the impact of waterborne diseases is difficult to assess and the health impact 

underestimated (Kajon et al., 2007). Viruses transmitted by waterborne route are usually 

enteric viruses such as viruses which primarily infect the gastrointestinal tract and are 

shed in large numbers in the faeces of the infected individuals (Miagostovich 2009). 

Enteric AdVs for example have been shown to be transmitted by recreational waters (He 

and Jiang, 2005). There is therefore the potential of viruses that may not primarily 

replicate in the gastrointestinal tract to be transmitted by water (Jiang et al., 2009).  
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Because enteric viruses are often found in fecal polluted water, Wong et al. (2009),  

suggests that AdVs be used as molecular index for test of human enteric viruses where 

infectivity need not to be established. Fecal bacteria are not effective indicators of viral 

load in recreational waters (Miagostovich et al., 2008) due to their lack of correlation 

with viral perseverance in the environment (Boehm et al., 2009). Fecal bacteria‟s ability 

to grow in sediments (Byappanahalli and Fujioka 1998), sand (Whitman et al., 2003), 

algae (Verhougstraete et al., 2010) and water (He et al., 2005) also explain their 

ineffectualness in use as indicators for viral contamination (Verhougstraete et al., 2010). 

To mitigate these challenges, molecular tools are now being used to identify and estimate 

human enteric viral pathogens in various environmental waters. Kiulia et al. (2010) 

studied the human enteric viral load at Mbooni, Mbagathi and Mtoine rivers in Kenya. 

The research established that enteric viruses are diverse and may be useful fecal 

indicators for open waters. The study also established that the occurrence of viruses in a 

river system was influenced directly by sewage and CSOs.  

 

2.1.2 Epidemiology of enteric viruses in water  

Enteric viral load is normally high in raw water sources and inadequately treated water 

supplies (Hamza et al., 2009).  The enteric viruses are ubiquitous in an environment with 

huge contamination with human feces and sewage (Wade et al., 2010). Their occurrence 

in treated drinking water and river water has been described previously in a number of 

studies (da Silva et al., 2007) and their potential risk widely recognised (Ngaosuwankul 

et al., 2013). Risk based analyses indicate enteric viruses levels between 0.01- 0.001 in 

potable water could lead to an illness rate between 8.3/ 100 - 8.3/1000 (Haramoto et al., 
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2009). In developing countries drinking water is one of the main sources of pathogenic 

contamination and enteric viruses have been detected even in treated drinking water 

(Fong et al., 2007). Detection of these viruses in drinking water sources is not limited to 

the developing world only as similar studies have detected this in developed parts of the 

world such as in USA (Fong et al., 2007). They have been detected in recreational 

beaches and have been responsible for a number of swimming pool - related out brakes 

(Hatherill et al., 2004). In most cases, HAdVs are considered the most important enteric 

viruses implicated in environmental contamination (Avello et al., 2001) but there is very 

little information regarding this in Kenya especially around the Lake Victoria region. 

 

2.1.3 Enteric viruses as pathogens and the public health implications  

The viruses have been linked to waterborne outbreaks worldwide with their infection 

patterns being influenced by the virus serotype, population group and type of exposure 

(Van Heerden et al., 2004). Clinical manifestations of these viruses‟ infections in humans 

are usually determined by their viral type specificity and confection with different strains 

(Guimara˜es et al., 2008). Some known serotypes of these viruses have been isolated in 

immunocompromised individuals while other serotypes have been identified to cause 

illnesses to general human population (Rock et al., 2010). They have been found to cause 

quite a number of diseases in both humans and animals. These diseases are mainly caused 

by enteroviruses and adenoviruses (Allard et al., 1992). Enteric viruses such have been 

reported as being the causative agents associated with sporadic and endemic diseases that 

result in not only death but also high economic losses (Meqdam et al., 2007). Infections 

by HAdVs for example have been reported to occur throughout the year with outbreaks 
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majorly being reported in late winter, spring up to early summer with respiratory 

infections outbreak always being both epidemic and endemic (Fong et al., 2007).  

 

One of the common causes of diarrhoea in infants is enteric viruses (Basu et al., 2003) 

which are normally brought about by poor water quality especially in developing 

countries. The water quality situation in the developing world has become a major cause 

of numerous public health problems contributing to high mortality rates majorly in 

immunocompromised persons, children and highly susceptible individuals (Fong et al., 

2007). Enteric virus infections besides the diarrhoea in infants are closely linked to quite 

a number of other infections and diseases such as self-limiting gastroenteritis, 

conjunctivitis, respiratory infections, meningitis, hepatitis, encephalitis and paralysis  

(Fong et al., 2010), as well as chronic diseases such as myocarditis and insulin dependent 

diabetes (Girones et al., 2010).  

 

Evidence from reliable sources reveals that these waterborne viruses are much more 

prevalent in our environment although limited attention has been accorded to them as far 

as precaution is concerned (Muscillo et al., 2008). Viruses like noroviruses, hepatitis A 

and E, enteroviruses, rotaviruses, adenoviruses, and astroviruses, as well as avian 

influenza (or H5N1 - the “bird flu”) have not only been detected from surface water 

sources such as rivers and lakes from the developing countries, but also from developed 

countries around the world (Shah et al., 2017). One of the possible reasons for the 

presence of these viruses could be as a result of contamination of water ways by raw 

sewage. Homa Bay town, for example, has a large amount of untreated sewage 
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discharged every day to the lake. Over 20 other small towns and cities around Lake 

Victoria equally dump thousands of litres of raw sewage through by-passes and sewage 

overflows. Most sewage treatment instances are likely to be only for minimal treatment in 

many towns around the lake and no treatment at all as evident by the Homa Bay case. 

Cases of poor water treatment leading to diseases outbreaks by waterborne viruses have 

been reported worldwide (Bofill-Mas et al., 2006). World Health Organization (WHO) in 

2012 documented many cases of outbreaks, particularly in the third-world countries 

(Bofill-Mas et al., 2000).  

 

2.2 Enteroviruses  

These are very small single stranded RNA viruses and one of the genera in the family 

Picornaviridae. Species beforehand grouped in the genus Rhinovirus have as of late been 

moved into the genera Picornaviridae (da Silva et al., 2007). Enteroviruses have an 

icosahedral capsid ranging from 20 to 30 nm in diameter with a protein coat. Green and 

Lewis (1995) found that about 70 % (77 serotypes) and 30 % of non-poliovirus 

enteroviruses are associated with human and animal infections respectively. Due to the 

increased, consistent and effective use of vaccines, Poliovirus has been contained in the 

developed world (Fong et al., 2010).  This however is not the case in the developing 

world as it is still being reported in various parts of the world such as in Africa (Anis et 

al., 2013). Non-polio enteroviruses however still cause various diseases in the developed 

world. They are among the most common causative agents of varied types of diseases in 

the developed countries besides the rhinoviruses which cause the common cold. 

Interestingly, rhinoviruses and enteroviruses share a lot of similarities. Enteroviruses 
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infections have been reported mostly in children unlike rhinoviruses which is common in 

adults as well. According to Boehm et al. (2009), enteroviruses cause about 10-15 million 

symptomatic infections a year worldwide.  

 

2.2.1 Classification of enteroviruses  

The genus enteroviruses belong to the family of Picornaviridae consisting of over 100 

serotypes (Wylie et al., 2015). There are 8 groups of species that have been identified 

(Table 2.1).  

 

Table 2.1: List of enteroviruses serotypes  

Species Number of Serotypes 

Poliovirus 3 

coxsackievirus A 1 

coxsackievirus B 5 

Human enterovirus C 11 

Human enterovirus A 12 

Human enterovirus B 36 

Human enterovirus D 2 

Echoviruses 13 

Bovine enterovirus 2 

Porcine enterovirus A 1 

Porcine enterovirus B 2 

There are at least 61 human pathogenic non-polio enteroviruses. They include 23 

Coxsackie A viruses, 6 Coxsackie B viruses, 28 echoviruses and 4 other enteroviruses. 

 

2.2.2 Morphology of enteroviruses  

A typical enterovirus virion is about 30nm in diameter consisting of a single-stranded 

RNA genome. It is non-enveloped and is isometric (icosahedral) in shape. It is made up 

of 60 units (protomers) each consisting of one molecule of each of the three surface coat 
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proteins and a fourth capsid protein. Shinozaki et al. (1991) found out that these virions 

have more surface features than most other picornaviruses, and a raised area at the 

fivefold axis engulfed by a groove into which the host cellular receptor binds. The virions 

of these viruses have a sedimentation coefficient of 160S in sucrose with buoyant density 

of about 1. 34 g/cm3 in CsCl2. The four structural proteins are a salient feature that is 

common to all enteroviruses (Hamza et al., 2009). 

  

2.2.3 Genomic properties of enteroviruses  

Enterovirus genom has a monopartite positive sense single-stranded RNA of about 7.3- 

7.4 kb in length. At the 5'-terminus there is a genome-linked protein (VPg) and a 3'-

polyA tail (Shen et al., 2008). A single polyprotein which is subsequently processed into 

the functional products is encoded by the RNA which contains 7,391 nucleotides.  

 

2.2.4 Enterovirus stability  

Various germicides, such as phenol, cresol, formaldehyde and sublimate can kill the 

enterovirus under conditions in which other enteroviruses are partially or not inactivated 

at all. However, the EVs are resistant to common preservatives such as chlorine (Tani et 

al., 1995), which is the chemical of choice commonly used for water treatment. Studies 

have indicated that enteroviruses are however more sensitive to methanol and Ultra violet 

light (UV) as compared to adenovirus (Tani et al., 1995).  
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2.2.5 Enteroviruses as human pathogens  

EVs cause a wide range of manifestations, including asymptomatic infection and serious 

disease and fatality (Bergelson et al., 1997). The presence of enteroviruses in the 

environment is a public health concern even at small levels (Arola et al., 1996). Although 

most enteroviruses are transmitted by the fecal-oral route, their clinical outcomes extend 

beyond gastroenteritis. Some of them have the ability to travel from the intestinal tract to 

other organs of the body. These viruses are of major public health importance and have 

been associated with clinical infections such as gastroenteritis, upper respiratory diseases 

(UPD) and conjunctivitis in humans (Crabtree et al., 1997). Besides the respiratory 

system infections, Coxsackieviruses for example have been associated with insulin-

dependent diabetes and cardiac diseases, such as myocarditis and pericarditis (Gerba, 

1990). Echoviruses are normally associated with common cold and respiratory diseases 

though they are less infectious compared to other enteroviruses. From patients with 

bronchitis, conjunctivitis, meningitis and paralysis resembling poliomyelitis the 

numbered enteroviruses (enterovirus types 68 to 71) have been isolated although these 

viruses have not been studied extensively (Lipp et al., 2001).  

 

Enteroviruses cause a number of symptoms in infected persons most of which are not 

severe, disappearing without treatment within a short period albeit with severity in 

younger persons (Lambertini et al., 2008). Common symptoms in infected infants may 

include sepsis (bacterial infection of the blood) with high fever and lethargy, cold, 

headache, sore throat and cough. New-borns may though rarely develop infection of other 

organs such as liver and heart (Kiulia et al., 2014). Other symptoms of enterovirus 
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infection include fever, muscle aches and rashes that are characterized by small, flat red 

dots on the skin of the chest and back with individual small sized lesions, vomiting and 

diarrhoea (Kollaritsch et al., 2015). The vomiting and diarrhoea are occasionally 

associated with abdominal pain as well as ulcers in the mouth (Karafillakis et al., 2015). 

One or all of these symptoms may manifest in a child with an enterovirus infection (Lee 

et al., 2002).  

 

Coxsackievirus A is normally associated with hand, foot and mouth disease which is 

normally common in children though can also be caused by enterovirus 71 (Xagoraraki et 

al., 2007). This is a minor condition that quickly disappears by itself just like most other 

enteroviruses infections. Another rare condition for patients infected by enteroviruses is 

the aseptic or viral meningitis which again is normally short lived. There is very minimal 

or no symptoms at all in most adults infected with an enteroviruses (Dierssen et al., 

2008). The viruses have not only been isolated from the stool of an infected person but 

also from the respiratory secretions such as saliva, sputum, and nasal mucus. Bernhard et 

al. (2003) observed that enteroviruses cause about four infections per child during early 

years on average. However the children get immuned against most of these enteroviruses 

in most cases upon the disappearance of the illness. Enterovirus infections are more likely 

to occur along Lake Victoria in Kenya since these areas are prone to water contamination 

with human waste. Poliovirus has been virtually eliminated from the developed countries 

as a result of proper use of vaccines (Fong et al., 2010). Non-polio enteroviruses however 

are still present as no vaccine has been developed at the moment.  
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2.2.6 Enteroviruses as animal pathogens 

Some animal diseases resulting into diarrhoea, reproductive failure and neurological 

disorders have been linked to animal specific enteroviruses (Benhard et al., 2003).Three 

animal specific enteroviruses have been identified namely: Bovine enteroviruses (BEV) 

which has two serotypes, Porcine enteroviruses (PEV) consisting of three serotypes, 

Porcine teschoviruses (PTV) consisting of eleven serotypes 10 of which were formerly 

classified as porcine enteroviruses and one Ovine enterovirus. Bovine enteroviruses have 

been identified in cattle where they have been associated with diarrhoea and abortions 

though they are usually non-pathogenic (Haramoto et al., 2004).  

 

2.3 Adenoviruses 

These are double stranded DNA viruses belonging to the family adenoviridae. 

Adenovirus is possible candidate as an index virus as they are Ubiquitous and have been 

isolated in nearly every class of vertebrates (Shimizua et al., 2007) and are species 

specific (Logan et al., 2006). They were named after adenoid, the lymphoid tissue from 

which they were first isolated (Shanks et al., 2010). AdVs have been recognised and 

associated with quite a number of clinical symptoms. They are associated with both 

sporadic and endemic diseases that may result in significant economic losses and death 

especially among populations in closed settings (Colford et al., 2012.) such as the Homa-

Bay case. Adenovirus has been reported in most environmental waters such as polluted 

rivers, lakes, coastal and other inland waters (Griffin et al., 2003). 
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2.3.1 Classification of adenoviruses 

Adenovirus belongs to the Adenoviridae family of viruses which consists of five genera. 

The five genera are: Genus Atadenovirus whose species type is Ovine adenovirus D, 

Genus Aviadenovirus whose species type is Fowl adenovirus A, Genus Ichtadenovirus 

whose species type is Sturgeon adenovirus A and Genus Mastadenovirus which includes 

all human adenoviruses. Masterdenoviridae species type includes Human adenovirus C. 

The other genus is Siadenovirus whose species type is Frog adenovirus. Serologically 

distinct viruses are defined as serotypes and these are grouped into species. Species are 

defined depending on a number of characteristics including calculated phylogenetic 

distance, DNA hybridization, restriction fragment length polymorphism analysis 

possibility of recombination, host range and degree of DNA homology (Fong et al., 

2010). Over 50 human adenovirus serotypes classified in six subgroups have been 

identified (Table 2.1) (Dong et al., 2009).  

 

2.3.2 Morphology of adenovirus  

According to Brashear et al. (1982) a typical adenovirus virion has no envelop with a 

diameter ranging between 90-100 nm (Figure 2.1). They display a characteristic 

icoshedral capsid structure and are composed of 252 capsomeres: 240 sub units of the 

trimeric hexon protein (hexons) which form the facets and 12 peptons comprising the 

pentameric peptone base protein and the externally projecting trimeric fibre, forming the 

vertices (Brashear et al., 1982).  
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2.3.3 Genomic properties of adenovirus 

Adenovirus genome is a double-stranded (ds) DNA ranging about 26 to 45 kbp in length. 

Structurally it is linear and non-segmented and can carry about 22 to 40 genes.   The 

genome has a terminal 55 kDa protein which is linked to the dsDNA 5‟ ends where they 

are used as primers during the replication (Chaberny et al., 2003).  

 

Figure 2.1: A section of mastadenovirus (Brashear et al., 1982).  

 

2.3.4 Adenovirus stability  

In comparison to RNA viruses adenoviruses being double stranded can withstand UV 

radiation more. The double stranded feature is important for the virus stability as it 

through the use of the host cell‟s enzymes, helps in repairing damaged DNA (Kasza, 

1966). They have been reported to be stable at -70 
o
C as well as being insensitive to lipid 

Penton {II/IIIα 

             {V 

Hexon {II (hexon 

monomer)  

             {VI 

             {VIII 

             {IX 
DNA 

Genome 

Core {VII  

         {TP 

Fibre {IV} 



28 

solvents (McQuaig et al., 2009). They are deactivated by heat, but their sensitivity to heat 

varies according to the genera. Mastadenovirus for example are inactivated by heating at 

56 
o
C for 10 min (Singh, 2007). Substances that have been found to deactivate the virus 

are formaldehyde or bleach (sodium hypochlorite) (Dong et al., 2009). 

 

2.3.5 Adenoviruses as human pathogens  

Adenoviruses are one of the essential causes for wide range of symptoms such as 

diarrhoea, vomiting, abdominal pain and febrile related ailments in children. These 

symptoms normally last for a short period of about 10 days before disappearing though 

the infections can be fatal in neonates and immune-compromised individuals. They cause 

symptomatic  infections in several organ systems. Among the organs and organ systems 

affected are the respiratory system (pharyngitis, acute respiratory disease and 

pneumonia), eye (conjunctivitis), gastrointestinal tract (gastroenteritis), central nervous 

system (meningoencephalitis) and genitalia (urethritis and cervicitis) (da Silva et al., 

2007). Gastroenteritis in children for example has been linked to HAdVs type 40 and 41.  

 

Adenoviruses prevalence is high in environments where contamination of water sources 

with human faeces or sewage can occur (Jalal et al., 2005). Human adenoviruses 

(HAdVs) are transmitted through fecal-oral route and thus are likely to pose serious 

threat health wise to human beings through water consumption (Chmielewicz et al., 

2007). They can also be transmitted through inhalation of aerosols and contact with 

contaminated fomites (Lodder and Husman, 2005). Both enteric and non-enteric 

adenoviruses can be discharged in faeces and have both been isolated from aquatic 
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environments. They may be naturally present in such environments. Non- enteric 

adenoviruses such as adenovirus type 5 have been reported to account for about 11 % of 

clinical cases to WHO. Adenovirus infections occur throughout the year worldwide 

majorly affecting the children (Bitler et al., 2013). Adenovirus types 40 and 41 have been 

associated with 5 % - 10 % of acute diarrhoeal cases in young children. The diarrhoeal 

illness can be prolonged in case of infants (Cunliffe et al., 2010). Like enterovirus 

infections, adenovirus infections are not only less serious but also self-limiting within a 

short period. The infections rarely lead to death and treatment is therefore just supportive 

(Brown et al., 1996), however in cases of severe illness and in immunocompromised 

individuals, antiviral therapy with cidofovir may be recommended (Lambertini et al., 

2008).  Asymptomatic infections are also common, particularly in children owing to the 

fact that these viruses are likely to be discharged in faeces at a later time following 

primary infection (Ogorzaly et al., 2010). Prevention of transmission may be achieved 

through control from primary sources of infections (Carter, 2005) like open domestic 

water sources along the shores of the lake.  

 

2.3.6 Adenoviruses as animal pathogens 

There is a wide range of species of animals that can be infected by animal-specific 

adenovirus. The species include birds which are infected by the genus Aviadenovirus, 

reptiles, amphibians and fish. Porcine adenoviruses (PAdV) have been associated with 

encephalitis and pneumoenteritis in pigs. Some bovine adenoviruses (BAdV) have also 

been isolated from cattle albeit with mild or no clinical symptoms. In calves however 

serious clinical symptoms such as keratoconjunctivitis, acute febrile condition and 
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pneumonenteritis have been reported and linked to some serotypes of BAdV (Cook, 

1974).  

 

2.4 Effects of environmental factors on enteric viruses survival 

Certain aquatic environmental parameters such as dissolved oxygen, water temperature, 

turbidity and nutrient concentration among other factors may contribute significantly on 

the occurrence and the survival of viruses. These factors have been extensively studied 

and are important considerations when accessing possibility of viral contamination in 

environmental waters.  Studies have shown that viruses may survive relatively longer in 

lower temperature conditions for example, though significant differences were not 

observed in their survival between seasons in natural environmental waters (Wait and 

Sobsey, 2001). 

 

2.5 Other enteric viruses in water  

2.5.1 Norwalk-like viruses (NLV) 

Norwalk-like virus is one of the groups of enteric viruses from the genus Human 

calcivirus from the family calciviridae, a non-enveloped, single-stranded, positive sense 

RNA virus with a single capsid protein. Their morphology is not well defined, 

characterised by a tattered particle form (Fields et al., 1996).  The NLVs were formerly 

denoted as SRSVs in the UK (Lambden et al., 1993; Jiang et al., 2001) and it has two 

geno groups (Kaplan et al., 1982). Norwalk-like viruses have been associated with 

gastroenteritis among adults.  Through the use of immune electron microscopy about six 

antigenic types have been identified (Lewis et al., 1995). The NLVs like other 

javascript:openDSC(1004354,%2037,%20'69790');
javascript:openDSC(1004354,%2037,%20'69790');
javascript:openDSC(1004354,%2037,%20'69790');
javascript:openDSC(1004354,%2037,%20'69790');
javascript:openDSC(1004354,%2037,%20'69790');
javascript:openDSC(1004354,%2037,%20'69790');
javascript:openDSC(1004354,%2037,%20'69794');
javascript:openDSC(1004354,%2037,%20'69794');
javascript:openDSC(1004354,%2037,%20'69794');


31 

enteroviruses are shed in large numbers in faeces and therefore end up getting transported 

in sewage systems to open water bodies such as lakes and rivers.  The virus is persistent 

in the in the environment and this makes it one of the agents that draws a lot of public 

health concerns (Lees et al., 1995). There is plenty of literature concerning sewage 

contamination of drinking water sources leading to outbreak of NLV (Lawson et al., 

1991; Teunis et al., 2008). Recreational contact related infections and outbreaks have 

been however less reported and this relationship has always been pegged on conjectural 

or epidemiological circumstances (Gray et al., 1997).  

 

The other group of human calciviruses is Sapporo-like viruses (SLV) which were 

formerly referred to as „classic calciviruses‟. Like the NLVs, SLVs have been divided 

into 2 geno groups (Berke et al., 1997; Hale et al., 1999; VinjeÂ et al., 2000). Unlike 

NLVs their Morphology is well defined with less amorphous surface outline. They are 

shed in faeces though their potential for waterborne related infections remains uncertain 

since they majorly infect only the young children as adults are immuned. They have also 

been associated with gastroenteritis though this has majorly been reported in children 

who are less than one year old (VinjeÂ et al., 2000).  

 

2.5.2 Astroviruses  

Astroviruses (AV) is a positive sense single stranded RNA virus belonging to the family 

Astroviridae. The virion is 28 nm in diameter with a stellate surface structure which are 

about five to six in number. This virus has been associated with diarrhoea in but not 

limited to children (Willcocks et al., 1992). These viruses are not easily cultured in 
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ordinary cell cultures though this has been successful when cultures are generated from 

intestinal tumours (Willcocks et al., 1990; Wyn-Jones and Herring, 1991). Little has been 

reported about the occurrence of these viruses in aquatic environments. A few such 

reports are as described by Marx et al. (1995) and PintoÂ et al. (1996) in which the 

isolation was done from an area where there was a concurrent existence of gastroenteritis. 

Astrovirues just like the rotavirus and adenovirus are always persistent in different water 

matrices though they have been found to be slightly susceptible to higher temperatures 

(Abad et al., 1997). 

  

2.5.3 Rotavirus  

Rotaviruses are double stranded RNA viruses from the family Reoviridae (Barardi et al., 

1999). The virion is 75nm in diameter with an icosahedral in structure with a triple capsid 

protein layer. The virion is about 75nm in diameter with a segmented RNA. The structure 

is icosahedral and enveloped in a triple capsid protein coat with a protrusion of 60 spikes 

(Mathew et al., 2014). From an EM, an infectious rotavirus virus particle is characterised 

by a smooth surface that transforms to a rugged one upon the loss of the outer shell 

(Birch et al., 1983). The rough particles which are non-infections are more 

environmentally persistent compared to the smooth complete infectious type and 

therefore are found in faeces in large numbers (Nakagomi et al., 2013). About six 

serogroups (A-F) have been identified there are other basis of classification such as 

serotypes and genogroups which enhance monitoring and identification of the strains 

circulating in a given community (Linhares and Justino 2014). Rotavirus is one of cause 
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of gastroenteritis in infants. Little has been reported about waterborne transmission 

except on grounds of contamination of drinking water by sewage (Gerba et al., 1996).  

 

2 .5.4 Hepatitis A and E viruses  

Hepatitis viruses are small non-enveloped single stranded RNA viruses with a 

symmetrical structure. Hepatitis A (HAV) belongs to the genus Hepatovirus of the family 

picornaviridae.  One serotype has been recognised with human being as the only natural 

host. A lot has been reported as far as waterborne transmission of Hepatitis A (HAV) is 

concerned where they have been associated with water related diseases (Mackoviak et al., 

1976). However HAV has been fairly contained in developed countries where high levels 

of hygiene are observed (Maguire et al., 1995), though a few cases still get reported. It is 

relatively persistent in the environment and has been reported to be heat resistant and has 

the ability to survive in low pH. Poor residential settings where hygiene is inadequate 

have provided good grounds for outbreaks of HAV in developing countries. 

Contaminated drinking water (Bloch et al., 1990) and recreational waters (Mahoney et 

al., 1992) have been associated with the outbreak. The HAV has been isolated from 

different environmental samples including water from the well (De Serres et al., 1999), 

from (Jothikumar et al., 1998), sewage sludge (Graff et al., 1993) and in recreational 

waters. Hepatitis E virus (HEV) virus is about 30nm in diameter with icosahedral 

structure. It is classified under the family Caliciviridae as it shares a lot of features with a 

typical calcivirus. Waterborne transmission and outbreaks have been documented with 

infections similar to those of HAV (Jothikumar et al., 1993). 
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2.6 Concentration, recovery and detection of the viruses from water samples  

There are two steps involved in isolation of viruses from water (Ahmed et al., 2010). The 

first step involves application of efficient recovery and concentration procedures as viral 

particles in water are presumed to be low in number (Johnston et al., 2010). These 

procedures are applied to reduce the volume of both much polluted water and viral 

concentrates from water samples with low pollution levels. There are quite a number of 

isolation and detection methods albeit with no standard procedures that can be applied 

depending on certain factors such as efficiency and the costs (Kilpatrick et al., 2011). 

Other important factors to consider while selecting a suitable technique includes Virus 

recovery rate, ability to be completed within a short time, range of viruses concentrated, 

ability to process large volume of water and being easily repeated in the lab (De Paula et 

al., 2007).  

  

Adsorption-elution technique was the method of choice mainly because of its simplicity; 

availability of the instruments required and cost effectiveness (Ruggeri et al., 2015). In 

this procedure, the sample containing the virus is brought into contact with an adsorbent 

such as electron - charged glass wool filter membrane. Under certain specific conditions 

of pH (normally 6-8) and ionic strength, the virus gets adsorbed to the glass wool filters. 

A buffer such beef extract buffer is used to elute the adsorbed virus at a higher pH (about 

9.5) into smaller volumes so as to enhance the release of the adsorbed virus from the 

adsorbent.  
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The other three methods that have been applied in other studies are entrapment, 

ultracentrifugation and immuno-affinity columns and magnetic beads method (Verbyla 

and Mihelcic, 2015). Detection of enteric viruses from water environments has always 

used the methods from their clinical applications (Ahmed et al., 2012). The nucleic acid 

is extracted from the recovered virus particles and then subjected to purification purposes 

of removing the PCR inhibitors. Once purified, the nucleic acid is stored safely under 

recommend temperatures. RNA must be handled with a lot of care as it is very prone to 

degradation compared to the DNA. Its purification must therefore be carefully executed.  

 

Molecular biology technology has enhanced the process of identification of viruses in 

water. Use of PCR has transformed the field of water viral analysis by enhancing 

amplification of viruses which do not grow properly in ordinary cell cultures such as 

rotaviruses. The PCR technique addressed some of the problems that were associated 

with gene probe (Enriquez and Gerba, 1995) such as sensitivity, specificity, speed and 

efficiency (Arola et al., 1996). PCR involves an enzymatic controlled amplification of a 

specific target DNA sequence in vitro.(Chigor and Okoh, 2012), (El-Senousy et al., 

2007). For RNA viruses, RT-PCR technique has been used for detection from 

environmental samples such as rivers, lakes and marine recreational waters (Kopecka et 

al., 1993), ground waters (Abbaszadegan et al., 1993), sludge (Straub et al., 1995) and 

shellfish (Le Guyader et al., 1994). Rotbart (1990) in details described the use of RT-

PCR in detection of enteroviruses. It has also been described in the detection of 

adenoviruses (Puig et al., 1994), HAV (Graff et al., 1993), astrovirus (Marx et al., 1995) 

and rotavirus (Cruz et al., 1990). Other studies in which PCR has been extensively 
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discussed includes by Pallin et al. (1997) involving the comparison of the sensitivity of 

the PCR and the cell culture methods, multiplex RT-PCR for detection of enteroviruses 

from environmental samples and detection of polyomaviruses in sewage using RT-PCR 

(Bofll- Mas et al., 2000).  
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CHAPTER THREE 

MATERIALS AND METHODS 

3.1 Study site  

The study was carried out at the shores of Lake Victoria along Homa Bay town in Homa 

Bay County, Western part of Kenya (Figure 3.1). Homa Bay County has Homa Bay town 

as one of the administrative centre and lies between longitudes 34.30
o
E and 34.20

o
E and 

latitudes 0.30
o
S and 0.35

o
S and the altitude ranges between 3000 m and 3500 m above 

the sea level (Figure 3.1).  

 

 

 

 

 

 

 

Figure 3.1: Map of Kenya showing Homa Bay County where the study was carried out  

Source: Baker and Eric (2008). 
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This is an inland port connecting other important inland ports such as Kisumu and Mbita. 

Homa Bay town is a transportation and commercial hub that serves a huge population of 

the surrounding region in which commercial activities such as fishing, crop and animal 

husbandry thrive. The town serves as a manufacturing centre, with processed foods as the 

major products. The town has a population of about 59,844 according to the 2009 

population census (KNBS, 2010). Homa Bay town was chosen because there are no 

documented studies on the prevalence of enteric viruses and also due to its geographical 

and demographical aspects. Homa-Bay is located on the Eastern side of the Olambwe 

Valley Forest. The town is along Kisumu, Mbita Point and Rongo road, slightly south of 

the equator (UN-Habitat, 2010). Homa Bay town is situated about 80 miles from Kisumu 

City to the South and about 248 miles from the capital city of Kenya, Nairobi. The 

surrounding region in Homa Bay town is mainly involved in Agricultural activities (both 

crop and animal husbandry). There is also trade and tourism due to Lambwe Valley 

Game Reserve and the Homa-lime Hot springs. However fishing still remains the largest 

economic pillar of the region.  

 

Fishing activities take place both day and night in which fish is harvested mainly to 

supply the fish processing plant in the town as well as for the local market. The 

prevailing climatic condition is tropical wet with a binomial rainfall distribution pattern. 

The long rains normally occur around the month of April while the short rains normally 

occur around the month of November (FAO, WFP, FEWS NET and KFSSG 2012). 

Monthly mean temperature is normally about 11.54 °C with the annual potential range 

for evaporation being about 1180 mm to 1322 mm (Odada et al., 2009). 
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3.2 Sanitation situation in Homa Bay town  

The steep slopes make the area vulnerable to urban runoff to the lake during rainy 

seasons. Intense migration to the town from the surrounding communities in the recent 

past as well as population growth has resulted into the increased demand for amenities 

such as fecal disposal items like septic tanks, pit latrines, toilets and proper sewage 

systems. These facilities are in a short supply within the study area thereby increasing the 

exposure to fecal contamination (Odada et al., 2004). There is inadequate clean water 

supply in most households in the town leading to heavy reliance of the poor quality lake 

water for various domestic needs.  

  

3.2.1 Sewerage System  

Homa Bay town has a sewage system whose coverage is not adequate as it is connected 

to a very small percentage of the municipal area (KNBS, 2002). The defunct sewage 

treatment plant is situated at the shore of the lake in which it discharges untreated sewage 

directly to the lake. This likely will result to high fecal contamination of the water in the 

lake. The stabilization ponds of the treatment system and the treatment equipment are in 

dilapidated state. Many household and units are also not connected to the sewer lines 

(UN-Habitat, 2010).   

 

3.2.2 Septic tanks and soak pits  

As an alternative to the inadequate sewage coverage, many residential and household 

units have resorted to the use of septic tanks and soak pits. Their popularity in the town 
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may also be attributed to the lack of adequate waste water treatment system (KNBS, 

2002).  

 

3.2.3 Pit latrines  

Most of the residents of Homa Bay town dispose fecal waste by use of pit latrines. The 

pit latrines are cheap to construct and to maintain as well since they don‟t rely on use of 

water which is inadequate supply in the town. New ones are normally dug to replace the 

filled ones though treatment and exhaustion are also done especially in institutions. 

Despite the fact that this is the most popular fecal disposal method, still the latrine 

coverage in the area especially the surrounding community is inadequate leading to use 

of bushes around the lake as alternative for fecal disposal. 

 

3.2.4 Storm water drainage  

Homa Bay town lacks adequate storm water drainage system. The incomprehensive 

drainage system existing has been seriously hampered by solid waste blockage especially 

plastic bags. Open and broken slabs of manhole covers are a common site along the 

streets of the town. However there exists primary natural drainage system comprising of 

streams being that the town is downhill. This though has been affected by construction 

activities.   
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3.2.5 Wastewater disposal  

There is no proper treatment for wastewater in the town leading to a possible 

contamination of the surface waters and the lake. The disposal methods for the 

wastewater include use of pit latrines, septic tanks, soak pits and sewerage system. 

 

3.3 Sampling sites 

The actual sample collection sites along the shoreline were located within a radius of 

about 3 km covering 2 public beaches in the study area (Figure 3.2). The main beach is 

located at about 10 meters from the pier while the second one is located about 3 km to the 

North of the first beach. The six sampling points along the shoreline were conventionally 

busy areas based on the observation of the level of human activities such as fishing and 

water transport. The surrounding potential sources of fecal contamination facilities that 

were observed at the area such as the defunct sewage treatment plant and the pit latrines 

were also taken into consideration while identifying the sites. The six sampling sites 

designated L1 to L6, were located approximately 2 to
 
3 km apart from one another 

(Figure 3.3). 

 

Other that the sewage treatment plant, other facilities around the study area include 

capital fish processing factory, Water treatment plant, loading zone, hotels  and an Open 

Air Market. There are numerous human activities going on around the sample collection 

area area which are likely to affect the occurrence and concentration of the viruses 

through water usage and commonness of infection within the service population 
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(Haramoto et al., 2018). Some of the activities identified include fishing, animal and crop 

farming, washing, water transport, recreational activities and retail business.  
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Figure 3.2: Map of Homa Bay town showing the sampling area. Source: UN-Habitat 

(2010). 
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Figure 3.3: A GPS map showing the location of the sampling points along the shore line.  

 

Site L1 was located next to the main first beach which also acts as the landing zone 

where boats used for fishing and transport anchor. This site was very busy with a lot of 

human activities including drawing water for domestic use.   

Legend 

Sampling Points 

Homa Bay Town 

Lake Victoria 

Homa Bay Town 
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There were a full-contact human activities, such as fishing, tourism, cargo loading and 

offloading and recreation activities like swimming in this site. Plate 3.1 shows the 

expansive water mass in the loading zone around site L1. This site was also closer to the 

dilapidated pier where ships used to dock (Plate 3. 2).  

 

 

Plate 3.1: Landing site next to site L1. 

 

 

Plate 3.2: Homa-Bay pier next to site L1. 

 

Pier 
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Site L2 was located next to the loading area of Capital Fish factory (Plate 3.3). The waste 

from this fish factory was directly discharges into the lake. Wastes generated from the 

discharge of effluents from these facilities entered the lake through this point. Disposal of 

the remains of the fish at the plant was also not properly executed as they were dumped 

into a land fill which is about 3 km away from the main beach. 

 

 

Plate 3.3: The runway leading to the loading area Capital Fish factory located next to site 

L2. 

 

Site L3 was located next to an open air fish market where fish remains (mgongo wazi) are 

sold (Plate 3.4). A lot of human activities were taking place around this place since it is a 

busy fish market. Market women collect the remains of fish from the Capital fish factory 

which are rewashed and sold to locals here at a cheaper price. Public pit latrines are 
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found in this site which was mostly used by the fish mongers from the nearby fish 

market. 

 

Plate 3.4: A fish vender prepares fish remains for sale next to site L3. 

 

Site L4 was located at an open place where domestic animals grazed (Plate 3.5). The 

beach is at the background (Plate 3.5). One private latrine was observed near this site. 

This place is less polluted compared to other areas. Recreational activities such as 

swimming, laundry activities and fishing were also common at this site. This site was 

located mid-way between the two beaches. 
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Plate 3.5: Cows grazing next to site L4. 

 

Site L5 was located directly opposite to the dilapidated Homa Bay municipal sewage 

treatment plant as shown in plates 3.6, 3.7 and 3.8. It is the closest of all to the 

dilapidated municipal sewage treatment plant; located just about 100 m from the plant. 

This is a highly polluted region with raw sewage directly entering the lake. Wastewater 

from the whole of Homa Bay town is normally discharged into the Lake through this 

point (UN-Habitat, 2010). The current dilapidated sewage treatment plant was 

constructed over 2 decades ago along with urban drainage system. Currently, the raw 

sewage flows away from this treatment plant and ultimately into the Lake untreated in 

that this plant stopped functioning more than a decade ago (UN-Habitat, 2010) . The 

system receives discharge wastes from the whole town but disinfection is not performed. 

This site is located close to the second beach. 

 

Beach 
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Plate 3.6: Two stabilization ponds of the dilapidated sewage treatment system located 

near the lake and site L5. 

 

 

Plate 3.7: Sewage treatment plant machines in a dilapidated condition next to site L5. 
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Plate 3.8: One of the wells of the sewage treatment plant and the lake at the background 

next to site L5. 

 

Site L6 was also located closer to sewage plant but about 800 m from site L5. This site is 

close to the second beach. This was a highly polluted site with the raw sewage effluent 

that was discharged directly to the lake (Plate 3.9). It was located at a slightly sloppy 

ground.  

 

Plate 3.9: Sewage effluent discharging into the lake next to site L6. 

 

Sewage 

effluent 
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3.2 Study design 

In this study, a longitudinal study design was used in which the samples were collected 

during the wet and dry on a monthly basis for a period of seven months. The study was 

carried out along the shoreline beaches of Lake Victoria at six designated locations in 

Homa Bay town between October 2011 and April 2012 with an attempt to correlate 

different factors influencing the lake water quality such as fecal pollution, seasons and 

physical water quality aspects. 

 

3.3 Sample collection 

Standard sampling guidelines and methods as described by the American Public Health 

Association (2005) and Onyuka et al. (2011) were followed. Simple random sampling 

was adopted as the sampling design of choice based on the need to increase accuracy 

level. Collection was carried out using sterilized clean plastic containers at a depth of 

about 50 cm. Sample collection was repeated in six different months during both rainy 

and dry seasons (3 rainy months and 3 dry months) (Table 3.1). The main aim of the 

samples being collected within different rainfall timelines was to determine whether there 

is a correlation between the presence of the viruses in question in the lake water with 

changes in seasons. The sampling rounds (monthly collections) had a total of 36 samples 

per trip, 6 samples for every site in a ten litre volume sterile container while taking 

precautions to ensure no air bubbles were present. 
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Table 3.1: Sampling periods and volume of water sampled 

Site 

Sampling 

period 

Season L1 L2 L3 L4 L5 L6 

Oct 2011 Wet 60 60 60 60 60 60 

Nov 2011 Wet 60 60 60 60 60 60 

Jan 2012 Dry 60 60 60 60 60 60 

Feb 2012 Dry 60 60 60 60 60 60 

Mar 2012 Dry 60 60 60 60 60 60 

April 2012 Wet 60 60 60 60 60 60 

* 60 –The volume of water collected in litres per site 

 

Figure 3.3 shows a satellite image showing the distribution of the sampling points across 

the study area. The sample size of 6 per site on a monthly basis was determined based on 

the need for high precision since the concentration of enteric viruses in water is always 

very low (Haramoto et al., 2018).  

 

The containers used for water sample collection were treated by adding 10 ml of Sodium 

thiosulphate solution for sterilization to neutralise any possible residual chlorination 

effect and to prevent continued of microbicidal action. The Na2S2O3 was prepared by 

dissolving 10.2 g of Na2S2O3 in 1litre of distilled water. The containers were then 

thoroughly washed and rinsing first with distilled and then with the lake water. The 

containers were filled with the samples to the top to reduce chances of air bubbles 

formation to minimise chances of aerobic respiration during transit and then firmly 

sealed. The sampling was repeated for a period of six months resulting into a total of 216 

water samples of 2160 litres. The samples
 
were then transported on ice to the Enteric 

Viruses Research Group –Institute of Primate Research Laboratory in Nairobi for 
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analysis. The samples were kept at a temperature of 4 ºC until they were processed 

(Kiulia et al., 2010).  

 

3.4 Analysis of water physical quality parameters 

Various physical characteristics of the water were measured and recorded on site to 

examine the quality of the water. The physical parameters considered include 

temperature, pH, dissolved oxygen, total dissolved solids, electrical conductivity and 

turbidity.  

 

3.5 Analysis of the samples for viral contamination 

The water samples were dichotomised into either the presence or absence of the viruses 

(adenovirus and enterovirus) being studied. The analysis of the samples for viral 

contamination process involves virus concentration from the environmental water 

samples followed by the recovery of the concentrated virus. The nucleic acids of the 

recovered viruses are amplified using PCR.  The method of choice for the viral isolation 

and recovery was the glass wool adsorption-elution technique. The method adopted was 

that described by Woolfaardt et al. (1995) and Grabow et al. (2007). 

  

3.5.1 Treatment and assemblage of perpex glass wool columns 

The pesrpex tubes were first decontaminated by rinsing them using 3.5 % sodium 

hypochlorite solution. The tubes were then thoroughly rinsed using tap water before a 

final rinse using rinsed using distilled water. Oiled sodocalcic glass wool (Bourre 

725QN; Saint Gobain, Isover-Orgel,
 
France) was rinsed for 15 minutes with 18-mohm 
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reverse osmosis (RO)
 
water. It was then washed with 1 M HCl for 15 minutes and then 

rinsed again with RO
 
water. To raise the pH to 7.0, the glass wool was then was washed 

with 1 M NaOH for 15 minutes before being subjected to final rinsing using
 
RO. The 

clean glass wool was stored
 
in phosphate-buffered saline (PBS) at 4 °C until use. The 

prepared glass wool was then packed in the glass wool columns of fifteen grams 

wool/column (5X3/column) packed one at a time. The column is 20 cm long and has a 

diameter of 30 mm. Fifteen grams of the glass wools were stuffed in the glass wool 

columns to a density of 0.5 g cm
–3 

dry weight using a metal plunger. Five grams portion 

of glass wool were compressed into the columns on each other while separated using 

steel sieve gauze with size pore of about 1 mm
2
 placed in between each of them. The 

packed columns were then flushed with PBS (pH 7.0) prior to running the sample. A 

different column of 16 mm with a diameter of 6.6 cm polyvinyl
 
chloride (PVC) pipe was 

used for cases where the samples were slightly turbid leading to a low filtration rate. 

 

3.5.2 Preparation of apparatus for the filtration process 

Ten litre containers were decontaminated using 3.5 % sodium hypochlorite solution and 

left to stand for 1 hr before filling with the sample. Five millilitres of 3.5 % sodium 

hypochlorite solution was added to the containers and then rinsed with tap water. To 

remove the traces of the sodium hypochlorite solution the containers were further rinsed 

with distilled water. The recovery apparatus (The perpex column, a metal plastic coupling 

link attached to each end of the column connected to the waste collecting flask and the 10 

litre water reservoir containers which had earlier been decontaminated by using 3.5 % 
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sodium hypochlorite solution and rinsed with distilled water) were then mounted on a 

clamp stand (Plate 3.10).  

 

Plate 3.10: Arrangement of the apparatus for the filtration process. 

 

3.5.3 Filtration of the samples to recover the viruses  

Once the filtration apparatus had been assembled, water samples were drained into the 

perpex column by application of negative pressure resulting into filtration through the 

positively charged glass wool columns at a flow rate of 10 l/h. The volumes filtered 

varied depending on the turbidity levels which were affected by the source of the sample. 

For example samples collected from the site close to the sewage effluent were a little 

turbid than those collected directly from the beach. Waters with low turbidity were 

filtered up to 200 ml. Samples that were found to have a pH >7.5 as measured before 
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Vacuum 
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Waste 
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filtration were subjected to adjustment by use of 0.05 N HCl to <7 .5. A vacuum pump 

was used to drain the water through the column. Being negatively charged, the viruses 

got adsorbed on the glass wool filters which are positively charged. 

 

3.6 Secondary concentration of the viruses 

The viruses recovered from the filtration process were subjected to secondary 

concentrated by washing using PEG/NaCl in a glycine beef extract buffer (GBEB) based 

on the methods described by Millen et al. (2012).  

 

3.6.1 Preparation of Glycine beef extract buffer  

Glycine beef extract buffer (GBEG) was prepared by adding about 4 g and 5 g of glycine 

and beef extract respectively in a litre of water. To adjust the pH to 9.5 either 1 M NaOH 

or 1 M HCl was added to the mixture depending on the value. The mixture was 

autoclaved at a temperature of 121 ⁰C for 35 minutes. The buffer was stored at -4 ⁰C until 

use.  

 

3.6.2 Filter elution and flocculation 

The columns were removed from the container attached after the test samples had drained 

through the perspex columns and assembled on a G-Clump with a collecting container 

put in place to receive the elements. The adsorbed viruses were eluted by saturating the 

filters with 50 ml of 9.5 pH GBEB and left for 15 minutes. After 15 minutes contact, the 

excess mixture volume was sucked out through the filter using a syringe before 

evacuation with air. The pH of the resultant eluent was adjusted to 7.5 or 7.0 with 1 N 
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HCl. The eluent was then flocculated using polyethylene glycol 8000 (8 % [wt/vol]) and 

NaCl (final concentration, 0.2 M). This mixture was then stirred for 1 hr at a temperature 

of 4 °C before being subjected to incubation overnight at 4 °C. It was then centrifuged at 

4,200 rpm for 45 min at 4 °C and the pellets resuspended in a 2 ml of sterile phosphate-

buffered saline solution [0.15 M Na2HPO4 solution (pH 7.0)]. It was stored in a separate 

sterile 20 ml tube at a temperature of -70 °C until use. 

 

3.7 Nucleic acid extraction  

The process of nucleic acid extraction from the virus concentrates involved the use of an 

automated nucleic acid extraction system. The method of choice was based on whether 

the virus in focus was a DNA or an RNA type. A higher concentration and better purity 

of the isolated nucleic acids was further enhanced by precipitation after quantification. 

Virus concentrates that were thick probably because of fecal debris were refined by 

adding chloroform. Suspensions from sites L5 and site L6 were treated using 200 µl of 

chloroform (10 % Chloroform-Merck) as they had higher debris concentration than the 

rest of sites. The mixture was rigorously vortexed for 30 seconds followed by 

centrifugation for 30 seconds at 3000 rpm (Eppendorf 5402 microcentrifuge, Hamburg 

Germany). The resulting supernatant was used for nucleic acid extraction in which 1 ml 

was used. The supernatant was centrifuged at 300 rpm for 30 seconds to separate the 

phases (Kiulia et al., 2010). 
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3.7.1 Automated nucleic acid extraction for a DNA virus 

The DNA was extracted using automated commercially available MagNA Pure total 

nucleic acid extraction kit (Roche Diagnostics, Indianapolis, IN, USA) according to the 

manufacturer‟s instructions. MagNA Pure has the advantage of a standardised procedure 

for extracting nucleic acid from up to 32 samples in parallel. One millilitre of the virus 

concentrate was used for isolation using the kit. The nucleic acid extracted was eluted 

and the elute stored in Tris-EDTA (pH 8.0) at a temperature of -20 ⁰C until use. The 

principle of this isolation procedure is based on magnetic-bead technology, which is as 

follows: samples are lysed with incubation with a buffer that contains chemotropic salts 

and proteinase K. Free nucleic acid from lysates is bound to the surface of added 

magnetic glass particles and unbound substance are removed by several washing steps.  

 

3.7.2 Automated nucleic acid extraction for a RNA virus 

The process of RNA extraction involved the use of commercially available RNeasy mini 

kit (QIAGEN category No. 74106) and QIAvac 24 vacuum manifold (QIAGEN category 

No. 19403) following manufacturer‟s instruction. One ml of the recovered virus 

concentrate was added to the RNeasy spin columns. Filtration was done using QIAvac at 

500 mm Hg vacuum approximately. The extracted nucleic acid was eluted and then 

aliquoted into well labelled tubes. To minimise chances of degradation the extracted 

RNA was added to the RNase free water before storage. Storage was done by freezing the 

RNA at a temperature of −70 ⁰C until time of use. 
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3.7.3 DNA purification, quantification and quality assessment 

Diluted DNA samples 
were purified to ensure that PCR inhibitors are removed. Briefly 100 

µl of the DNA was mixed with 40 µl of silica particles. To this mixture, 900 ml of 

guanidinium thiocyanate
 
lysis buffer (GuSCN) was added followed by incubation at room 

temperature for about 10 min. Centrifugation was then carried out for one minute on the 

resultant mixture at 2000 rpm. The supernatant was discarded; the pellet washed using 

double distilled water and then dried briefly for five minutes. Elution buffer (50 µl of 1x 

Tris-EDTA) was used to elute the purified DNA from the beads at a temperature of 4 °C.  

 

The concentration and the purity assessment of the DNA were determined using a 

spectrophotometer (Beuret, 2003). The purified DNA samples were diluted to the ratio of 

1:50 through addition of 50 µl of the DNA to 1000 µl of sterile double distilled water 

before being vortexed to give a reading between 0.1-1.0.  A Beckman spectrophotometer 

was then used for reading the absorbance at 260 nm. The concentration of the dsDNA 

was then calculated in µg/ml using the following formula (Barbas et al., 2007): 

 dsDNA concentration (µg/ml) = OD260  reading X Dilution factor X 50 µg/ml 

An optical density (OD) reading of 1.0 at 260 nm was considered to be equal to 50 µg/ml 

of DNA.  

To verify the purity of the extracted DNA, the ratio OD260/OD280 was calculated using the 

following formula: 

dsDNA purity (A260/A280) = A260 reading ÷ A280 reading 
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 Nucleic acids samples with absorbance ratios ranging from 1.8 to 2.0 were considered to 

be of good purity. Samples that had ratios outside this range were normalised using 10 % 

ethanol. 

 

3.7.4 RNA purification, quantification and quality assessment 

The extracted RNA samples were subjected to purification to remove possible organic 

compound contaminants such as phenols and proteins. The samples were mixed with 2 µl 

of RQ1 RNase-free DNase, 2 µl of DNase buffer (Promega, Madison, WI) and 1 µl of 

RNase inhibitor (Promega) in a 20 µl volume followed by centrifugation for 10 minutes. 

To inactivate the residual DNase, a DNase stopping solution (Promega) was added to the 

mixture. Elution was then carried out to a collecting tube to remove the purified RNA 

from the columns.  Fifty microliters of RNase-free water was added to prevent 

degradation and left to settle for about 1 min before being centrifuged at 10,000 rpm for 2 

min (Eppendorf).  

 

UV spectroscopy was used in verification of the concentration and purity of the RNA 

from the A260:A280. For the determination of the concentration, the absorbance of RNA 

sample at 260 nm was measured. The RNA was first diluted 40 fold in which 2 µl of the 

RNA sample was dissolved in 78 µl of sterile double distilled water. The concentration of 

the RNA was then calculated in µg/ml using the following formula (Barbas et al., 2007): 

 RNA concentration (µg/ml) = OD260  reading X Dilution factor X 40 µg/ml 

An optical density (OD) reading of 1.0 at 260 nm was considered to be equal to 40 µg/ml 
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of RNA. The purity of the RNA was evaluated using the A260/A280 ratio which was 

calculated as follows: RNA purity (A260/A280) = A260 reading ÷ A280 reading 

 Purified RNA samples that had a ratio ranging from 1.8 to 2.0 were considered to be of 

good quality. The ratio of 1.90 for an average A260:A280 was recorded with 86 % of the 

RNA samples falling within 1.8-2.0 which is the range accepted for good quality nucleic 

acids. For DNA, the average A260:A280 ratio recorded with 82 % of the samples falling 

within 1.8–2.0 (Appendix III).  

 

3.8 PCR amplification of the purified nucleic acid samples 

Reverse Transcription (RT)-nested PCR was used for amplification of the RNA samples, 

while nested PCR was used for amplification of DNA samples. The choice of use of the 

Nested PCR for amplification was based on the need to enhance the levels of specificity 

of the amplifications and minimise chances of getting false-positive outcome through 

possible non-specific amplifications. In this study the PCR analysis was only used for 

determination of the virus presence or absence as the virus nucleic acids are always in 

small amounts in environmental samples such as the lake. Sequence of primers and 

probes for the PCR process are provided in Table 3.2.  

 

3.8.1 Polymerase chain reaction for enterovirus 

The PCR procedure for enteroviruses was modified from the procedure according to Puig 

et al. (1994). The specific primers (Ent1/Ent2) used originated from the enterovirus 

genome at the 5' non translated region, aligned with the sequences that are already 

published (Puig et al., 1994). The specific primers and probes target the EVs 5‟ end non 
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coding region of the genome enabling amplification and identification of a wide range of 

species of enterovirus (Puig et al., 1994). 

 

Table 3.2: Primers that were used in this study 

Virus Function Sequence(5‟-3‟) Product 

length 

Reference 

Human 

Adeno 

Virus-

F40/41 

hexAA1885(F) 

 

hexAA1913(R) 

 

HAdV-F4041-

hex214probe 

GCCGCAGTGGTCTTACATGCACATC 

CAGCACGCCGCGGATGTCAAAGT 

6-FAM-

CGACKGGCACGAAKCGCAGCGT-BHQ-1 

300 Santos et al., 

(2004) 

Human 

Adenoviru

s 

nehexAA1893(F) 

 

nehexAA1905(R

) 

GCCACCGAGACGTACTTCAGCCTG 

TTGTACGAGTACGCGGTATCCTCGCGG

TC 

143 Santos et al., 

(2004) 

Human 

Enteroviru

s 

Ent-1(F) 

Ent-2(R) 

 

EntProbe 

CGGTACCTTTGTACGCCTGT  

ATTGTCACCATAAGCAGCCA  

6-FAM-

TCCGGCCCCTGAATGCGGCTAAT-

TAMRA 

534 Puig et al., 

(1994) 

Human 

Enteroviru

s 

neEnt-1(F) 

 

neEnt-2(R) 

TCCGGCCCCTGAATGCGGCTA 

 

GAAACACGGACACCCAAAGTA 

138 Puig et al., 

(1994) 

* F-Forward primer, R-Reverse primer 

 

The specific primers and probes target the EVs 5‟ end non coding region of the genome 

enabling amplification and identification of a wide range of species of enterovirus (Puig 

et al., 1994). Complementary DNA (cDNA) was first synthesised from the enterovirus 

RNA by reverse transcription process. Reverse transcription was carried out using a First-

Strand Synthesis Superscript III reverse transcription
 
kit (Invitrogen, Carlsbad, CA) (Puig 

et al., 1994). Briefly, 5 µl of the extracted nucleic acid was added to a mixture of 4 µl of 

5x transcriptor reaction buffer (Roche), 200 µM each deoxynucleoside triphosphates, 1 µl 

of Moloney murine leukemia virus reverse transcriptase (Promega), 20 U of Protector 
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RNase inhibitor (Roche) and 5 µl of 2.5 µM enterovirus reverse primer (Table 3.2) to a 

total volume of 8 µl. The conditions were set at   temperature at 55 °C for 30 min and the 

enzyme was inactivated at 85 °C for 5 min. Precaution was taken to minimise 

contamination of the samples by the amplified enteroviral DNA molecules by use of 

separate labs for the amplified samples and the reagents. 

 

The one-step PCR reaction involved addition of 10 µl of the cDNA to a PCR mixture 

containing 50 mM KCl, 10 mM Tris-HCl (pH 9.0 at 25 °C), 1.5 mM MgCl2, 0.01 % 

gelatin, 0.1 % Triton X-100, 200 µM of each (dNTP), 0.5 µM each of the enterovirus 

primers (Ent-1 (F) and Ent-2 (R)) and 2 U of thermostable Taq DNA polymerase 

(Promega) to a 50 µl reaction volume. To prevent evaporation, the samples were overlaid 

with 75 µl of mineral oil. A programmable thermal cycler (Progene, Techne, Cambridge, 

UK) was used for the thermal cycling process in which the temperature for initial 

denaturation was set at 94 ºC for 4 min. Thirty amplification cycles were carried out 

which included denaturation at 94 ºC for 90 s, annealing at 55 ºC for 90 s and extension 

at 72 ºC for 120 s. A set of forward and reverse primers were used in first round of PCR 

to amplify a fragment of 534 bp. 

 

For the second round of PCR, nested primers which amplified a 138 bp fragment of 

enterovirus, were used. The nested PCR mixture consisted of 1x PCR buffer, 2.9 mM 

MgCl2, 200 µM of each dNTP, 0.4 µM of each of the nested primers (neEnt-1(F) and 

neEnt-2 (R)), 2 U of thermostable Taq DNA polymerase (Promega) and 2 µl of the one-

step RT-PCR products, for a final reaction mixture volume of 50 µl. Thirty five cycles 
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were carried out (denaturation set at 94 ºC for 25 s, annealing at 55 ºC for 25 s and 

elongation at 72 ºC for 45 s). This was followed by a final extension for 7 min at 72 ºC 

and an observation of a fragment of 138 bp was expected. To prevent samples from 

spilling from one lane into another, the samples were located in the gel on alternate lanes. 

The PCR products were further confirmed by gel electrophoresis.  

 

3.8.2 Polymerase chain reaction of adenovirus  

The PCR procedure for adenovirus was adopted from that described by Allard et al. 

(1990) and modified by Santos et al. (2004).The specific primers used for the first step of 

PCR to amplify adenovirus hexon gene (380 pb) were a published set collected from the 

open reading frame of the DNA sequence of the hexon genes of Ad40 and Ad4l. All the 

PCR products from the first PCR step were amplified for a second time using a different 

set of primers (nested-PCR) that is nehexAA1893 and nehexAA1905 targeting a product 

length of 143 bp. For the one step PCR, 10 µl of the extracted adenovirus nucleic acid 

samples were mixed with 40 µl of the PCR mixture.  

 

The PCR mixture consisted of 1x PCR buffer, 2.5 mM MgCl2, 200 µM of each dNTP, 1 

µM concentration of each primer, 1 U of thermostable Taq DNA polymerase (Promega), 

2 µl enzyme mix (LightCycler FastStart DNA master kit; Roche) and the PCR grade 

water forming a total volume of 50 µl. The amplification was carried out in a 

thermocycler that was set at the following conditions: Initial denaturation at 95 ºC for 15 

min. There were 35 cycles that consisted of 95 ºC for 0.5 min each for denaturation, 57 

ºC for 0.5 min annealing and 72 ºC for 0.5 min elongation followed by a final elongation 

step at 72 ºC for 5 min. For nested PCR, 1 µl of the first round PCR amplification was 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3768521/#b2
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3768521/#b29
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subjected to further amplification. The conditions of amplification were the same as those 

of the first PCR with a new set of primers (nested primer pair nehexAA1893 and 

nehexAA1905 which amplified a 143 bp fragment) (Allard et Al., 1992). The 

concentrations of the primers were changed to 0.5 µM while that of MgCl2 was changed 

to 3.5 mM. PCR mixtures without DNA were used as negative controls for the analysis, 

respectively. The PCR products were further confirmed by gel electrophoresis. 

 

3.9 Gel preparation and electrophoresis 

Separation of the PCR products was done by gel electrophoresis using a 2 % SeaKem 

ME agarose gel (FMC Bioproducts, Rockland, Maine) in a 0.5x Tris-borate-EDTA 

buffers. The gel was stained with 1 mg/ml of ethidium bromide. Two grams of agarose 

powder was dissolved in 100 ml of TBE [(Tris borate EDTA), 54 g Tris base, 27.5 g 

boric acid, 200 ml EDTA] buffer. A microwave was used to heat the solution for 2 min 

while covered to avoid evaporation. One µg/ml ethidum bromide was added to the 

mixture after it was allowed to settle and cool for 5 min following the heating. The 

agarose was then poured in to the tray and the combs were inserted with the bottom half 

of the comb immersed and left to solidify for 30 minutes. The tray was placed on a dark 

surface to help see the wells in the agar before addition of the loading buffer and the 

samples. The solidified agarose gel was transferred to the electrophoresis chamber and 

the loading dye (50 ml EDTA, 5 ml NaCl solution, 5 ml glycerol and 0.01 g bromophenal 

blue) was prepared and loaded to the chamber covering the gel. The combs were removed 

and the molecular weight marker was carefully loaded to the first and the last lanes of the 
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gel. The positive and the negative controls were added to the second last and the third last 

lanes respectively from both ends. 

 

Twelve microliters of the amplified DNA samples were carefully loaded into the other 

wells of the gel with great care being taken during the loading process to avoid 

puncturing of the bottoms of the wells in the gel. The voltage was adjusted to 100 for 

about for 10 minutes. Visualization of the gel was carried out using a UV transilluminator 

(Alpha Innotech Corporation, SanLeandro, CA). The bands on the gel were observed and 

photographed using a digital camera. The amplicons size was compared to 100 bp 

molecular weight (MW) ladder (Promega) and the positive control.  

 

3.10 Data analysis 

Paired t test was used to analyse comparison between the variations in seasons (wet and 

dry seasons) and the variables (the presence or absence of the viruses) while ANOVA test 

was used to analyse comparison between the variations between the sites and the 

variables. The Odds ratios were calculated to determine the relationship between virus 

presence and the orientation of the sampling sites to the sewage treatment plants and pit 

latrines. Descriptive analysis was done to determine the frequency distribution of the 

water quality physical characteristics as well as the prevalence of the two virus species 

across the sites. Correlation and Regression analysis were also used to analyse the factors 

with significant influence on the outcome variable, contamination. SAS ver. 9.1 (SAS 

Institute, Cary, NC, USA) was used to carry out all the analyses in which the P- values 

were considered statistically significant at P-values <0.05. 



66 

CHAPTER FOUR 

 RESULTS 

4.1 Physical characteristics of water samples from the sampling sites 

There were varying results as far as the physical quality these parameters are concerned 

(Table 4.1). The results show that the samples had pH values ranging from 7.00 to 7.06 

that were within the WHO acceptable levels of 6.50 – 8.00 (Table 4.1). A few samples 

had pH greater than 7.00 and 1 N HCl was used to adjust the pH to 7.00 at the filtration 

stage to enhance adsorption of the viruses.  

 

Analysis indicate that there was significant difference in pH (p =0.0090) during the dry 

and wet season as well as between the sites (p=0.0077) (Table 4.1). The highest pH was 

observed in site L5 (7.06) while the lowest pH was observed in sites L1, L2, L3 and L4 

(Table 4.1). There was significant interaction (p=0.0077) between site and season in 

influencing the pH (p=0.0077). Paired comparison using t test shows that there was 

significant difference (p=0.014, t = 2.51) in pH between the wet and dry season 

(Appendix II). Highest pH was recorded during the wet season. 

 

Mean temperature varied between 25.47 
o
C to 25.92 

o
C for all the sampling periods as 

measured on site (Table 4.1). The results indicate that the water temperature was within 

the acceptable limits of ± 2 
o
C from 25.00 

o
C. Statistical analysis showed that there was 

significant difference in temperature (p < 0.0001) during the dry and wet season. There 

was also significant difference in temperature (p=0.0002) between the sites. The highest 

temperature was recorded from site L6 (25.92 °C) as compared to the rest of the sites L1,  



67 

Table 4.1: Two way analysis of variance with Post hoc analysis using Tukey‟s HSD on 

physical parameters 

Treatment pH Temp 

(°C) 

EC 

(μS/cm ) 

TDS 

(mg/l) 

DO 

(mg/l) 

Turbidity 

(NTU) 

Season       

Dry 7.00± 

0.00a* 

25.90±   

0.03a 

70.73±   

3.89a 

50.14±          

3.24a 

8.81±    

0.12a   

9.98±    

 0.25a 

Wet 7.03± 

0.01b 

25.56±   

0.07a 

0.28± 

0.05b 

47.56±          

2.08b 

8.58±    

0.11b 

19.73±    

0.85b     

P values       

Season 0.0090 <0.0001 <0.0001 0.0028 0.0447 <.0001 

Site       

L1 7.00± 

0.00b    

25.47±    

0.13c 

56.97±  

11.40a 

87.17±          

6.13a                                                           

9.55±    

0.20a     

6.06±    

 0.25e    

L2 7.00± 

0.00b     

25.78±    

0.07abc         

60.02± 

10.14a 

30.58±          

1.66c 

9.46±    

0.24a    

16.00±    

1.05c 

L3 7.00± 

0.00b     

25.83±    

0.06ba          

34.63± 

5.90b 

50.72±          

1.58b                                                           

8.46±    

0.17bc    

11.00±    

0.40d   

L4 7.00± 

0.00b    

25.53±    

0.13bc         

20.62± 

3.38c 

25.47±          

0.78d                                                           

8.63±   

0.15b    

15.50±    

1.11c   

L5 7.06± 

0.03a 

25.83±    

0.06ab          

3.91± 

0.00c 

50.00±          

3.66b                                                           

8.08±    

0.11bc    

21.50±    

1.56a     

L6 7.03± 

0.02ab 

25.92±    

0.05a          

4.25± 

0.00c        

49.17±          

3.52b                                                           

7.98±    

0.10c    

19.08±    

1.34b    

WHO 

Standards 

6.8-8.5 25 ºC ±2 500-5000 500-

1000 

8-9 < 5 

P values       

Site 0.0077 0.0002 <0.0001 <0.0001 0.0447 <.0001 

Site*Season 0.0077 0.0002 <0.0001 <0.0001 <.0001 <.0001 

*values followed by the same letter along the column are not significantly different based 

on Tukey‟s HSD at p≤0.05. 



68 

L2, L3, L4 and L5. There was significant interaction (p=0.0077) between site and season 

in influencing the temperature (p=0.0002). There was significant difference (p=0.0001, t 

= -4.52) in temperature between the wet and dry season (Appendix II) from the paired 

comparison using t test. Electrical conductivity (EC) values ranged from 70.73 μS/cm  to 

0.28 μS/cm with two way ANOVA test showing that there was significant difference in 

EC (P<0.0001) during the dry and wet season (Table 4.1). The highest mean EC was 

observed during the dry season (70.73 μS/cm) while the lowest was observed during the 

wet season (0.28 μS/cm) (Table 4.1). There was also significant difference in EC 

(p<0.0001) between the sites with water samples from site L2 having the highest EC 

(60.02 μS/cm) while the lowest EC was recorded from the water samples from site L5 

(3.91 μS/cm) (Table 4.1). There was significant interaction between site and season in 

influencing the EC (<0.0001). There was significant difference (p=0.0001, t = -11.49) in 

Electrical Conductivity between the wet and dry season (Appendix II).  

 

Differences between the sites show that Total Dissolved Solids (TDS) was highest at site 

L1 at 87.17 mg/l while site L4 had the lowest level of TDS at 25.47 (Table 4.1). The TDS 

values were significantly different (p =0.0028) during the dry and wet season. Similarly 

there was significant difference in the TDS values between the sites (p<0.0001) (Table 

4.1). Highest mean for TDS was recorded during the dry season (50.1389 mg/l) compared 

to the wet season (47.56 mg/l). There was significant interaction (p<0.0001) between site 

and season in influencing the TDS (p<0.0001). In terms of seasonal variations, the two 

way ANOVA test indicate that there was significant difference in Dissolved Oxygen 

(DO) with a p value of 0.0447 during the dry and wet season (Table 4.1). The highest 
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mean DO was observed during the dry season (8.81 mg/l) while the lowest was observed 

during the wet season (8.58 mg/l) as shown in Table 4.2. There was also significant 

difference in DO (p=0.0447 between the sites. In regards to sites, the highest DO levels 

were recorded at site L1 (9.55 mg/l) in comparison to the rest of the sites (Table 4.1). 

There was significant interaction between site and season in influencing the DO 

(p<.0001). There was no significant difference (p=0.578, t = -0.56) in Dissolved Oxygen 

between the wet and dry season (Appendix II).  

 

Both conductivity and TDS were below the thresholds recommended by WHO at 500-

5000 mS/cm and 1000 mg/l respectively for fresh water bodies. Majority of the samples 

for the DO levels were within the recommended range by WHO OF 8-9 except samples 

from sites L1 and L2. There was a significant difference (p=0.498, t = -0.68) in Total 

dissolved solids between the wet and dry season (Appendix II).  

 

Turbidity values were significantly different (p<0.0001) during the dry and wet season, 

the highest mean being observed during the wet season (19.73 NTU). Similarly, there 

was significant difference in turbidity (p<0.0001) between the sites with the highest 

turbidity being observed in site L5 (21.50 NTU) and closely followed by site L6 (19.08 

NTU). The lowest turbidity was recorded at site L1 (6.06) NTU (Table 4.1). There was a 

significant interaction (p<0.0001) between site and season in influencing the turbidity 

(Table 4.1). Most samples had turbidity levels that were above the recommended values 

according to WHO for environmental waters of 5 NTU (Table 4.1). There was a 
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significant difference (p=0.047, t = 1.99) in turbidity between the wet and dry season 

(Appendix II).  

 

Based on Pearson correlation analysis, there was a positive association between the 

physical parameters and the two enteric viruses ranging from r=0.045 (p=0.508) between 

Total Dissolved Solids and the adenoviruses to r=0.128 (p=0.060) between pH and 

enteroviruses. For the pairs with negative correlation, the range was from as low as r= -

0.027 (p=0.693) between electrical conductivity and enteroviruses to a high of r=-0.083 

(p=0.222) between DO and the adenoviruses (Table 4.2). There were no significant 

correlation between any of the physical parameters and the number of enteroviruses or 

adenovirus found (p>0.05). 

 

Table 4.2: Pearson correlation of physical parameters and viruses present 

 pH Temp 

(⁰C) 

EC TDS DO Turbidit

y 

HAdV  0.089 

0.193 

0.114 

0.096 

-0.062 

0.366 

0.045 

0.508 

-0.083 

0.222 

0.108 

0.113 

EV  0.128 

0.060 

0.090 

0.188 

-0.027 

0.693 

0.119 

0.082 

-0.068 

0.317 

0.087 

0.202 

Cell Contents: Pearson correlation; P-Value at 0.05 probability level 

Temp-Temperature, EC-Electrical Conductivity, TDS-Total Dissolved Solids, DO-

Dissolved oxygen, HAdV-Human adenovirus detected, EV-Enterovirus detected 

 

 

4.3 Viruses detected from the samples from the six sampling sites 

Out of the 216 water samples that were processed for the identification of the enteric 

viruses, only 7 (3.24 %) were enterovirus positive based on the nested PCR results. 

Eleven out of the 216 water samples assessed (5.09 %) showed positive results for 
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adenoviruses based on the nested PCR results. In total 18 (8.33 %) of the samples out of 

216 tested positive for the enteric viruses.  

 

No bands were visualised in any of the samples with one step PCR products; whereas the 

nested PCR products of the samples displayed 138 bp fragment for RNA and 143 bp 

fragment for adenovirus respectively (Plate 4.1 and 4.2). It was therefore clear that 

viruses were detected in the agarose electrophoresis only after two PCR amplifications 

that is the one-step PCR amplification followed by the nested PCR amplification. 

 

Plate 4.1. Agarose 1 % gel electrophoresis showing PCR amplicons generated by each of 

the adenovirus specific primers. MW, 100 bp molecular weight marker (Promega); Lane 

1, sample from L1; Lanes 6 & 13, samples from sites L2 & L4; Lanes 2-5, samples from 

site L5; Lanes 7 & 8, samples from site L3; Lanes 10 to12, samples from site L6; +C, 

adenovirus positive control and –C, negative control. 
 

MW 1     2      3    4     5    6     7     8      9   10   11   12   13     -C  +C MW  

100bp 

500 bp 

143 bp 

100 bp 
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Plate 4.2. Agarose 1 % gel electrophoresis showing PCR amplicons generated by each of 

the EV specific primers. MW, 100 bp Molecular weight marker (Promega), Lanes 1-6, 

samples from site L5; Lanes 7-10, samples from site L2; Lanes 11-15, samples from site 

L4; Lanes 16-19, samples from site L1; Lane 20-26, samples from site L6; Lanes 27-36, 

samples from from site L3; +C-enterovirus positive control and –C-negative control. 

 

All the six different sampling sites tested positive for either adenoviruses or enteroviruses 

at some point. Adenovirus DNA was isolated in 4 out of the 6 sites same as enterovirus. 

When the samples were tested for the first time in the first month of sampling which was 

October 2011, adenovirus was detected in 1 out of the 36 water samples (2.78 %) while 

enterovirus was not detected from any of the 36 samples. The adenovirus DNA that was 

detected at this first batch of the samples was from one of the samples from site L5. 

Seven more samples out of the rest 30 water samples from the subsequent collections in 

this site tested positive for viral contamination (both enterovirus and adenovirus). The 

positive samples came from the same source (site L5) as the first positive identification 

sampled in five different occasions and were taken in five subsequent. From site L5, 

adenovirus DNA was detected four times at different sampling periods and in different 10 

litre container samples, whereas enteroviruses were detected three times in two different 

  MW   1     2     3     4       5      6      7     8     9    10     11     12   13      14   15   16  17  18   -C +C  MW  

MW 19  20   21    22   23    24    25    26    27   28    29    30    31  32  33  34  35   36   -C       +C   MW  

100 bp 

 
500 bp 

100 bp 

138 bp 
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samples at different times after the initial finding of adenoviruses. In total 8 out of 36 

samples from site L5 tested positive with the enteric viruses in question. The other five 

different sites tested negative during the first sampling in October 2011. Three of these 

sites (60 %) tested positive five times during the observation period with adenoviruses. 

Similarly four of these sites also tested positive for enterovirus seven times. These sites 

included L2, L4, L5 and L6. All the samples from the other two sites L1 and L3 tested 

negative for enteroviral contamination. However, these sites tested positive for 

adenovirus. The sites that tested negative for adenovirus were L2 and L4. In general, 100 

% (6 out of 6) of the sites tested positive at least once for either enterovirus or 

adenovirus. Overall eleven samples tested positive for adenovirus (Table 4.7) from four 

different sites, whereas enterovirus was only detected in seven samples also from four 

different sites.  

 

Table 4.3: Detection of the two enteric viruses from all the sampling points 

Area (Number 

of samples 

(n=36) 

Vol of 

water 

filtered 

(l) 

Total No. 

of samples 

Positive 

samples 

(%) 

Adenovirus 

(%) 

Enterovirus 

(%) 

L1 (n=6) 360 36 1(2.78) 1 (9.1) 0 (0) 

L2 (n=6) 360 36 1(2.78) 0 (0) 1 (14.3) 

L3 (n=6) 360 36 2(5.56) 2 (18.2) 0 (0) 

L4 (n=6) 360 36 1(2.78) 0 (0) 1 (14.3) 

L5 (n=6) 360 36 8(22.22) 5 (45.5) 3 (42.9) 

L6 (n=6) 360 36 5(13.89) 3 (27.3) 2 (28.6) 

Total 2160 216 18(8.3) 11(61) 7(39) 

The values in the brackets represent the proportion of the total number of the samples and 

each type of virus detected by site.  
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The proportion of the viruses detected was higher in L5 and L6 for both viruses as 

compared to other sites with adenoviruses being the most prevalent virus type during this 

study period. The site whose samples were highly contaminated with the viruses was site 

L5 where 22.22% of the samples tested positive for enteric viruses, while the least 

contaminated sites were sites LI, L2 and L3 with 2.27% of the samples testing positive. 

 

There was a significant difference in the level of contamination of the sites with 

adenoviruses (p=0.0373), on the contrary the contamination of the sites with 

enteroviruses was not significantly different (p=0.3046) (Table 4.4). The highest mean 

adenovirus was observed in site L5 (0.14) while the lowest mean was observed in site L1 

and L4 (0.03). The highest mean enterovirus was observed in site L5 (0.08) while the 

lowest mean was observed in sites L2 and L4 (0.03). Adenoviruses were never recorded 

from sites L2 and L4 while enteroviruses were not observed from sites L1 and L3 (Table 

4.4).  

 

Table 4.4: Mean number of water samples from the six sites detected with adenovirus 

and enterovirus.  

Treatment Adenovirus Enterovirus 

Site   

L1 0.03±0.03a     <LOD 

L2 <LOD 0.03±0.03a 

L3 0.06±0.04a     <LOD 

L4 <LOD 0.03±0.03a 

L5 0.14±0.06a     0.08±0.05a 

L6 0.08±0.05a     0.06±0.04a 

P values   

Site 0.0373 0.3046 

*values followed by the same letter along the column are not significantly different based 

on Tukey‟s HSD at p≤0.05; LOD-Limit of detection 
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4.5 Influence of seasonality on the contamination of lake waters along Homa Bay 

town by the enteric viruses 

Data from Livestock Development and Fisheries Development Kenya from 2011 to 2012 

indicates the highest recording of rainfall was in April 2012 during the entire six months 

sampling period. The maxim recording was about 165 mm (Figure 4.1). 
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Figure 4.1: 2012 Rainfall distributions, Homa Bay, Nyanza.  

        Source: FAO, WFP, FEWS NET and KFSSG (2012). 

 

January 2012 recorded the lowest rainfall over the sampling period with the highest 

recorded amount being less than 10 mm. Viruses were detected at least once in each of 

the six sites sampled during the two seasons, but no site was virus-positive in every 

sampling month (Table 4.5). Out of 108 samples collected between October and 

November and in April which were rainy months, 10 (9.26 %) tested positive for viral 
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contamination. Similarly out of the 108 samples collected from January to March during 

the dry season, 8 (7.41 %) tested positive for adenovirus and enterovirus contamination. 

  

Table 4.5: Summary of viruses detection from each site during the wet and the dry 

seasons 

Month Season Enteric virus L1 L2 L3 L4 L5 L6 

Oct 2011 Wet Enterovirus 0 0 0 0 0 0 

Adenovirus 0 0 0 0 1/11 0 

Nov 2011 Wet Enterovirus 0 0 0 0 2/7 0 

Adenovirus 1/11 

 

0 0 0 2/11 

 

0 

Jan 2012 Dry Enterovirus 0 0 0 0 1/7 0 

Adenovirus 0 0 2/11 0 0 0 

Feb 2012 Dry Enterovirus 0 0 0 1/7 0 0 

Adenovirus 0 0 0 0 0 2/11 

Mar 2012 Dry Enterovirus 0 1/7 0 0 0 0 

Adenovirus 0 0 0 0 0 1/11 

April 2012 Wet Enterovirus 0 0 0 0 0 2/7 

Adenovirus 0 0 0 0 2/11 0 

The numerator represents the number of viruses detected in a given month, while the 

denominator represents the total number of the specific virus detected during the whole 

period. Zeros represent non detection. 

 

There was no significant difference in the number of adenovirus detected (p =0.7440) 

during the dry and wet season (Table 4.6). The highest mean adenovirus detected was 

observed during the wet season (0.06) while the lowest was observed during the dry 

season (0.05) as shown in Table 4.6. There was a significant interaction (p=0.0003) 

between site and season in influencing the number of adenovirus detected (Table 4.6). 

There was no significant difference in the number of samples positive for enteroviruses 

(p =0.7010) during the dry and wet season (Table 4.6). The highest mean for enterovirus 
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was recorded during the wet season (0.04) in comparison to the dry season (0.03) with a 

very small margin (Table 4.6). There was a significant interaction (p=0.0077) between 

site and season in influencing the detection of enteroviruses (p=0.3046). 

 

Table 4.6: Mean number of the samples detected with viruses during the dry and wet 

seasons 

Treatment Adenovirus Enterovirus 

Season   

Dry 0.05±0.02a 0.03±0.02a 

Wet 0.06±0.02a     0.04±0.02a 

Site   

L1 0.03±0.03a     <LOD 

L2 <LOD 0.03±0.03a 

L3 0.06±0.04a     <LOD 

L4 <LOD 0.03±0.03a 

L5 0.14±0.06a     0.08±0.05a 

L6 0.08±0.05a     0.06±0.04a 

P values   

Season 0.7440 0.7010 

Site 0.0373 0.3046 

Site*Season 0.0003 0.3046 

Values followed by the same letter along the column are not significantly different based 

on Tukey‟s HSD at p≤0.05; LOD-Limit of detection 

 

4.6 Influence of proximity of the defunct sewage treatment plant and pit latrines to 

the shore on the contamination of the lake waters by the enteric viruses 

 

A total of sixteen pit latrines were identified from the study area mostly owned by 

individual homesteads while others owned communally especially the people from the 

nearby market where the remaining fish products commonly known as “Mgongo wazi” 

from the nearby fish processing factory (Capital Fish) are sold. Two of them were located 

at an estimated distance of about 50m from the shoreline, 5 between 51m-100m while 9 
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beyond 100m. Numerous other pit latrines were however located outside the capture 

zones of the study area. Two pit latrines were identified close (about 50 m) to site L3 

from which some samples tested positive for the viral contamination.  Positive samples 

were also recorded from sites that were about 70 and 100 m away from the pit latrines. 

From the sites that were closer to sources of contaminations like sewage effluents such as 

L5 and L6 viruses were detected in higher frequency than the other sites with adenovirus 

being detected the most. 

 

Odds Ratio analysis (Table 4.14)  indicates that pit latrines that were 50 and 70 metres 

away had a significant influence on the contamination of Lake Victoria waters with Odds 

Ratio (OR) of 20.28 (P = 0.005) and OR of 11.45 (P = 0.029) respectively.  

 

Table 4.7: Multivariate analysis proximity to the sewage plant and pit latrines as factors 

influencing contamination of Lake Victoria waters along Homa Bay town  

Factors Odds Ratio P-value 95 % Confidence Interval 

Distance from the 

nearest latrine 

 50 

 70 

 80 

 100 

 300 

 

 

20.28 

11.45 

4.18 

4.18 

(Reference) 

 

 

0.005 

0.029 

0.250 

0.250 

 

 

2.42 

1.28 

0.37 

0.37 

 

 

169.74 

102.13 

47.68 

47.68 

Distance from the 

sewage plant 

 20 

 70 

 700 

 1500 

 2000 

 3000 

 

 

4.86 

2.74 

1.00 

1.00 

0.49 

(Reference) 

 

 

0.014 

0.039 

0.044 

0.044 

0.563 

 

 

 

0.95 

0.49 

0.13 

0.13 

0.04 

 

 

24.75 

15.17 

7.514 

7.514 

5.608 

The variable contamination was derived from the adenovirus and enterovirus as 

indicators. 
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Similarly sites that are 20, 70,700 and 1500 metres away from the defunct sewage plant 

have significant likelihood of being contaminated with OR of 4.86 (P = 0.014), OR of 

2.74 (P = 0.039), OR of 1.00 (P = 0.044) and OR of 1.00 (P = 0.044) respectively.  

 

There was a significant negative correlation between the estimated distance from the 

latrines and the number of samples testing for adenovirus (p=0.007, r=-0.183). Similarly 

there was a slight significant negative correlation between the distance from the sewage 

treatment plant and the number of adenovirus found (p=0.042, r=-0.139). There was no 

significant correlation between the detection of enterovirus and the distance from the 

latrines and the estimated distance from the sewage treatment plant (p>0.05) (Table 4.8). 

 

Table 4.8: Pearson correlation of estimated distance from the sewage treatment plant and 

the latrines and viruses present 

 Estimated distance 

from nearby latrines 

Adenovirus 

detected 

Enteroviruses 

detected 

Adenovirus detected -0.183 

0.007 

  

Enteroviruses 

detected 

-0.088 

0.198 

-0.042 

0.535 

 

Distance from 

sewage treatment 

plant 

0.207 

0.002 

-0.139 

0.042 

-0.081 

0.238 

 

*Cell Contents: Pearson correlation value; P-Value at 0.05 probability level  
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CHAPTER FIVE 

 DISCUSSION, CONCLUSION AND RECOMMENDATIONS 

5.1 Discussion 

5.1.1 Characteristics of the study sites and water samples  

Most of the samples from all the sites had a normal range of values from the analysis of 

the physical quality parameters. The values were within the WHO acceptable standards 

(WHO, 2004) except for turbidity. Most of the samples had a neutral pH most of 7.0, 

qualifying the water source to be fit for domestic consumption (Onda et al., 2012). The 

average temperature of the samples was 25
o
C with a range of 24

o
C to 26

o
C which falls 

within the recommended temperature ranges for inland waters and suitable for aquatic 

life which does not thrive well when the temperature changes by a ±2
 o

C. The turbidity 

range of 5-30 was not within the WHO recommended levels which is below 5 NTU. 

These higher levels of turbidity recorded during the study can be attributed to agricultural 

activities from the surrounding community especially during the rainy seasons properly 

as a result of runoff carrying silt (Alkarkhi et al., 2009). Higher turbidity makes it 

difficult to execute various water purification processes such as flocculation and filtration 

thereby increasing the cost of water treatment and consequently leading to increased 

chances of feco-oral contaminations (Alkarkhi et al., 2009). 

  

Electrical Conductivity (EC) and Total dissolved solids (TDS) varied from wet to dry 

season with slightly higher recordings during dry seasons. The results of conductivity and 

TDS fell within the thresholds recommended by WHO for fresh water which can be used 

for domestic purposes. WHO recommends a range of 500-5000 mS/cm for conductivity 

and less than 1000 mg/l for Total dissolved solids (TDS). There were high concentrations 



81 

of Dissolved oxygen recorded although a larger percentage fell within the WHO 

recommended range of 8-9 mg/l for surface water. A DO below 5 mg/l is highly polluted 

and not suitable for aquatic life and may act as an indicator for poor water quality (DFID, 

1999). There was a variation of results of DO with a range of 7.8-10.40 recorded across 

the two seasons symbolizing availably of limited organic waste in the lake.  Water from 

most of the sites however is suitable for domestic use except for site L5 and L6. Based on 

the observation, these sites are identified as not suitable for domestic use since their 

pollution intensity from the nearby dilapidated sewage treatment system is higher.  

 

5.1.2 Adenoviruses and enteroviruses detected from samples for the six sites  

Studies have revealed that different types of viruses are present in surface waters 

worldwide (Haramoto et al., 2018). In the present study, the results generally suggest that 

the lake water is contaminated with enteric viruses, even though the study never included 

analysis of the viral concentration levels in the lake waters. The level of contamination 

varied according to the location of a sampling site. The six sampling sites were not the 

same in their levels of contaminations as indicated by the varied percentage of the 

number of samples testing positive for contamination at every site. Eight per cent of all 

the samples (18 out of 216) tested positive for the enteric viruses thus confirming that the 

LV waters along Homa Bay town is contaminated with Human enteric viruses. The 

results may still be an underestimation of the actual levels of contamination in that certain 

limiting factors such as incomprehensive procedures could have affected the overall 

outcome. Findings from the present study show that the sites from which the samples 

were obtained are contaminated with human pathogenic enteric viruses. This suggests 
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that there is poor viral quality of the lake water, and therefore it is not safe for domestic 

usage without proper treatment. It is however important to take cognisant of a probability 

of the fact that not all the viruses detected are infectious. There is a probability of existent 

of non-infectious particles in the lake (Hot et al., 2003). Reverse Transcription-PCR and 

nested PCR methods used in the present study can detect both the infectious and non-

infectious virions without discrimination thus the possibility non-infectious or inactive 

particles from the positive samples.  

 

All the six selected sites tested positive for viral contamination suggesting that this lake is 

contaminated with the viruses and there is a possibility of other natural water courses 

getting contaminated as well. The viral contamination of the lake could be attributable to 

increase in population density which has resulted into massive discharge of human wastes 

into the lake. The poor viral quality of the lake may also be due to contact with animal 

faeces. Little research has been documented concerning presence of viruses in 

environmental samples in Kenya, despite success in related research in different various 

sites around the globe (Shah et al., 2017). From the results of this study, there is a clear 

indication that water may play a very important role as a source of infection in the 

surrounding community in Kenya and Africa in general.  

 

Presence of viruses in the lake water suggests that viruses can possibly end up in the lake 

through different ways. One of the main pathways is through sanitary facilities such as 

sewers, pit latrines and septic tanks. Location of such facilities within the vicinity of the 

water ways as well as poor maintenance is likely to enhance rapid bypass mechanism 
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exacerbated by the flow of water in the soil and this forms localized pathway system. 

Viruses can also end up in the lake through the aquifer pathway which involves 

movement of viruses through the subsoil to the water table. The viruses are small enough 

to go through the porous aquifer rocks or sediments during seepage of contaminated 

sources (Eftim et al., 2017). Virus persistence in the environment is an interesting and an 

important consideration and this can be confirmed by the fact that viruses were detected 

from the lake water samples in this study. Research activities have shown that viruses can 

survive in different environments for a fairly long time even though they never replicate 

outside the host cell (Ettayebi et al., 2016).  

 

The presence and persistence of viruses in environmental samples as observed from this 

study are likely to cause serious public health related issues to the surrounding 

community (Wong et al., 2009). Precautions should therefore be taken especially when it 

comes to the detection of the specific viruses circulating in the community as well as in 

the treatment of the water sources for domestic use. As part of the detection procedure, 

glass wool filtration method for viral concentration process was used. This method was 

chosen because of it is less costly, easy to operate and can be applied to samples with low 

and high levels of fecal contamination. Besides, it also has the additional advantage of 

avoiding inhibition of the reverse transcription and PCR amplification (Grabow et al., 

2007), which is a common problem in many environmental samples (Vilaginès et al., 

1993). The procedure for viral recovery and nucleic acid extraction from the 

environmental samples was relatively simple and can be applied indiscriminately to DNA 

and RNA viruses. 
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The two human specific viruses considered under this study were evaluated as possible 

indicators for contamination of environmental waters by viruses. Positive samples were 

recorded form all the six sampling points. Slightly higher number of samples tested 

positive for adenoviruses indicating that adenoviruses were more prevalent than 

enteroviruses. Adenovirus has been shown to be a perfect indicator for viral 

contamination of the environmental samples due to its ability to resist common 

environmental treatments (Akihara et al., 2005). There is potential risk of adenovirus 

infection to the surrounding community that depend on the lake for various economic 

activities due to the fact that adenovirus was detected in higher numbers. Human 

adenovirus related infection outbreaks have been documented in previous studies 

especially in recreational waters (van Heerden et al., 2005a). Adenoviruses are known to 

be persistent in environmental waters and are less susceptible to the effects of solar 

radiation. This could be one of the reasons as to why more adenoviruses were detected 

compared to enteroviruses (D´Ugo et al., 2016). Adenoviruses have specifically been 

found to always outnumber enteroviruses in occurrence when both are isolated in 

environmental samples (Carter, 2005). 

 

Prior studies have shown that adenoviruses are resistant to various chemical inactivation 

such as chlorination (Katayama et al., 2008). It has been reported that adenoviruses also 

infect and can be spread in the environment by adults besides the children with diarrhoea. 

This could be one of the factors contributing to its dominance in the detection. This 

dominance and persistence of adenovirus in the environment makes it ideal as potential 

indicator for viral contamination of the lake (Chaudhry et al., 2015). Adenovirus isolation 



85 

from the environmental samples has been proposed as intimation for the contamination 

by human enteric viruses (Pina et al., 1998). In comparison to other enteric viruses, 

adenoviruses can be found in abundance in sewage contaminated environments and are 

also rather stable in wastewaters according to previous documented studies (Pina et al., 

1998).  Certainly this study gives a clue to the fact that there could be high amount of 

waterborne enteric viruses in LV waters along Homa Bay town than we may imagine and 

exactly affirms that LV waters are actually contaminated with human fecal matter. The 

viruses have been isolated from similar other open environmental waters all over the 

world such as rivers water, lakes, oceans and pools (Chapron et al., 2000).  

 

Most of the samples (92 %) tested negative for viral contamination. The higher 

percentage of negative results could be ascribed to the fact that viruses concentration in 

environmental samples is always low (D´Ugo et al., 2016). This means that there could 

be viruses that were undetected during the study from the negative samples. This poses 

inherent public health risks to the consumers of the lake water for various domestic and 

recreational uses especially due to the fact that there is a constant human activity along 

the study area. The viruses may also end up contaminating drinking water within the 

region due to the fact that they have the ability to percolate. Depending on the type of the 

virus, estimates suggest that there is increased risk of viral infection to the consumers if 

the concentration of the viruses in drinking water is higher than 1.9 x 10
-3

 litre
-1 

to 2.22 

x10
-7

 litre
-1

, depending on the virus type (Regli et al., 1991). 
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Detection of these viruses from the LV waters means the surrounding community is at the 

risk of enteric virus infection. The surrounding community actually draws water from 

nearby beaches or areas used even for recreational purposes. Examples of recreational 

activities that were noted in the sampled areas include swimming, boat rowing sport, 

tourism and fishing. Presence of viruses in such recreational areas may pose serious 

public health risks. These viruses are important pathogens and have been isolated 

repeatedly from various waters which have been impacted directly or indirectly by fecal 

contamination just like in Homa Bay region case (van Heerden et al., 2005b).   

 

Centres for Disease Control and Prevention (CDC) estimates that most fresh water 

sources used for drinking water in developing countries is contaminated by human enteric 

viruses (CDC, 2000). The significance of enteric viruses as waterborne pathogens has just 

as of late been perceived despite the fact that they have been related with waterborne 

outbreaks (Calgua et al., 2008). According to the World Health Organisation and the 

CDC the role of enteric viruses as waterborne pathogens is continuously getting 

recognition in environmental waters (Albinana-Gimenez et al., 2009).  

 

5.1.3 Influence of seasonality on the contamination of lake waters by the viruses  

Recent studies have revealed seasonal profiles of virus concentration in certain 

environmental waters. For example, human caliciviruses have been found to be more 

prevalent during the colder months of the year (Haramoto et al., 2018). In the present 

study, it was observed that there was slightly higher rainfall that resulted in the month of 

November 2011 and thus the lake received a lot of runoff water 2011 which was the 
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second month of sampling. However during this high rainfall period, the results show that 

there was neither a significant increase in the number of viruses detected in the month of 

November nor in the following months of January or February which were also wet 

seasons. This result is consistent with findings of some studies in regards to seasonal 

concentrations of the two enteric viruses. Adenoviruses and Enteroviruses have been 

reported to show relatively little change in concentration with changes in seasonal trends 

throughout the year (Katayama et al., 2008).  

 

Based on the results, virus detections varied through the sampling months that included 

both the wet and the dry weather from individual sites. Rainfall activities may lead to 

increase in the level of contamination of the surface waters by enteric viruses as a result 

of occasional discharges from the run-offs. This was never the case with this study as the 

detection of the two types of enteric viruses never changed significantly during flooding 

heavy rainfall months of October 2011, November 2011 and April 2012. All the three 

heavy precipitation months resulted in episodic recharge events, as indicated by rising 

water levels and storm sewer flows. Virus detections also peaked in January to March 

2012, a season when no rainfall was recorded. Despite the detections varying with time at 

each site, there was no difference in the timing of virus detection among the six sites (P = 

0.622), suggesting that virus contamination was the result of some other factors common 

to the sites sampled. Point sources of contamination could be the common factor that 

leads to contamination of environmental waters (Fong and Lipp, 2005). 
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Studies have found that virus can persist suspended in environmental water for several 

days at both very low and very high temperatures (Bitton et al., 1982). It has been 

reported from past studies that viral persistence in the environmental waters increases 

with decrease in temperature. This means that viruses are likely to persist more if the lake 

is cooler than when warm (Brashear et al., 1982). There was no significant difference in 

variation in temperature recorded during both the wet and the dry seasons and this could 

be one of the reasons as to why there was no significant deference in the detection of 

viruses in both dry and rainy seasons according to the results.  

 

Viruses have been isolated throughout the year with slight increase in concentration 

during rainy seasons though not always (Brashear et al., 1982). As for this study, there 

seems to be no correlation between contamination of the lake with the viruses to rainy 

seasons as the presence were somehow evenly distributed across both dry and wet 

seasons. The number of viruses detected did not change significantly during the wet 

months of sampling of October, November and April when there were severe flooding, 

compared to the dry moths of January, February and March. Despite the fact there is no 

significant change in detection during wet seasons, it can be assumed that viruses may 

have been transported to the sampling sites later after getting desorbed from subsurface 

sediments after infiltration of rainfall hence can be detected at a later date (Eftim et al., 

2017). 

 

Studies have shown that there are chances of increase in ease of transportation of viruses 

with increase in water flow and this may increase chances of viral detection (Xagoraraki 
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et al., 2007). However few viruses were detected during increased water flow period in 

the wet months and a possible explanation for this could be the dilution effect of the 

flooding activities (Kota et al., 2014). Some samples collected during the dry months 

tested positive. During these dry seasons less water flow happens but contamination of 

the lake water by the viruses can still occur through aquifer pathways. Virus detection 

during this period is not affected by the dilution effect due to less water flow (Wolfaardt 

et al., 1995). Contamination during the dry season can be through the ground flow 

probably exacerbated by the positive surface waters which is in contrast to the wet season 

when contamination is likely to be through water flow in the upper part of the soil (Tani 

et al., 1995). Generally there was low count of the positive samples during the dry 

seasons as only 7.41 % of the samples tested positive. The occurrence of viruses recorded 

from the sampling sites receiving significant contributions of surface water during the dry 

seasons when there are no floods may be lower (Lipp et al., 2001). 

 

5.1.4 Influence of proximity of the defunct sewage treatment plant and pit latrines to 

the shore on the contamination of the lake waters by enteric viruses  

 

The occurrence of viruses in environmental samples can be affected by among other 

factors, discharge of fecal pollution such as sewage and pit latrines. Fecal contamination 

of the water was much more in the sites closer to the sewage plant compared to those 

sites that were far away as indicated by the number of samples that tested positive. 

However, viral contamination was realised from all the sites indicating the same levels of 

water quality. At least one type of virus was detected from every site, however sites L5 

and L6 which were located much closer to the dilapidated County sewage treatment plant 

had higher number of samples with viruses recorded. This is a clear indication that the 
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fecal contamination levels of these two sites were higher than the rest due to the sewage 

effluent. Other than sites L5 and L6 that had contamination of the two virus types 

screened, the other sites were virus negative for certain types of viruses on different 

samples. Enterovirus was not detected in L1 and L3 sites, while adenovirus was not 

detected in L2 and L4 sites. 

 

The absence of these enteric viruses in certain samples is not surprising because they are 

generally present in infected humans. Therefore, the dilapidated county sewage treatment 

plant presumed to be collecting wastewater from healthy humans may not have these 

enteric viruses. Site 5, with high surface water contamination with sewage effluent, was 

virus positive for quite a number of samples within four different months of sampling. 

The positive samples were collected during the months of October, November, January 

and April. Site 6 which is closer to site 5 also had an intermediate sewage contamination, 

but had a lower virus occurrence rates compared to site five. Therefore, this gives an 

impression that the County sewage treatment plant could be one of the fecal 

contamination sources to the lake. Besides the sewage treatment plant, the study has a 

close proximity to other possible sources of fecal contamination such as pit latrines, soak 

pits, septic tanks and the landfills though this is located about 2 km from the study area. 

Homa bay town has numerous pit latrines and septic tanks as an alternative to the 

inadequate sewage treatment system. Some of the pit latrines are located far outside the 

catchment of the study areas, but this town is located on a hilly ground and the possibility 

of infiltration down to the lake. 
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It has been demonstrated by previous studies that presence of pit latrines within a short 

radius of the water sources increases significantly chances of viral contamination (Van 

Puijenbroek et al., 2015). This narrative is in concordance with the fact that viruses can 

be transported through several routes including underground water. Past studies have 

generally hypothesized that viruses can travel longer distances beyond 1 km under 

optimum conditions (Kiulia et al., 2009). The risks associated with closeness of pit 

latrines and chances of microbial contamination to the water sources have been given due 

attention in developed counties. This is however not the case in most developing 

countries (Menor, 2007).  

 

In general some sites which were located within the vicinity of the sewage outlets and the 

beach may have created the potential for fecal pollution especially during wet conditions; 

HAdVs were detected in mostly site L5 as well as in site L6. Enterovirus was also 

detected majorly in both sites. The two sites were the closest to the sewage treatment 

plant outlets emptying directly into the lake.  It is therefore very possible that the sewage 

treatment plant was one of the sources of fecal termination that may have contributed to 

the occurrence of HAdV and enteroviruses in the LV waters along Homa Bay town. 

There is likelihood of other many sites around the study area, towns or other human 

activities along the commonly used sites along the lake discharging untreated or under-

treated sewage into this lake thereby increasing chances of viral contamination 

(Haramoto et al., 2018). 
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From the Odds Ratio analysis there is an indication that the pit latrines that were 50 

metres from the lake shore were 20.28 times more likely to cause contamination to the 

Lake Victoria as compared to those that are 300 metres away while those that were 70 

metres away were 11.45 times more likely to cause contamination than those that are 300 

metres away (Table 4.14). Similarly sites that are 20 metres away from the sewage plant 

can easily get contaminated with the viruses 4.8570 times than those that are 3000 metres 

away while those that are 70 metres away are 2.7419 times more likely to get 

contaminated compared to those that are 3000 metres away and those that are 700 and 

1500 metres away are equally likely to be contaminated as compared to those that are 

3000 metres away (Table 4.14). 

 

The results largely provides evidence on the extent of viral contamination of the lake 

waters in Homa Bay town and suggests the most probable sources of this contamination 

which is majorly from the spillage of the raw sewage from the dilapidated municipal 

sewage treatment plant. The distance between the shoreline and the pit latrines was also 

estimated to be generally short and this may as well increase the chances of viruses being 

transited to the lake from the pit latrines. 

 

Other than the dilapidated County sewage treatment plant and the pit latrines around the 

capture zones of the study area, other potential sources of viral contamination to the lake 

were identified in the area. They include: Septic tanks and soak pits which are a common 

method of fecal disposal in the area besides the pit latrines. Other potential sources of 

fecal pollution were the Landfills, farming activities which include waste water irrigation 
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system, use of manure as well as livestock. One of the landfills was located in a hilly area 

about 2 km from the study area. Another landfill was identified about 3 km from the 

study area but along the banks of one of the rivers that drains into to the lake. Some of the 

common wastes disposed here are the remains of the fish products commonly known as 

“Mgongo wazi” from the nearby fish processing factory. Several livestock were observed 

grazing next to site L3 and there is a possibility of them contributing to the fecal load of 

the lake thereby leading to viral contamination in case of zoonotic pathogens (Millen et 

al., 2012). However there are no results concerning this assumption as this study was 

limited to human specific viruses only. 

 

The surrounding of the study sites is a residential area and has a system of sewer lines. 

Some of the sewer pipes are broken and leaks and given the downhill nature on which the 

town is located, the viruses can be ferried easily to the catchment area of the study site. 

One of the sites (L3) was closer to one of the pit latrines observed in the study area 

compared to other sites tested positive for viral contamination. All other sites including 

the ones far away from pit latrines and also far away from the dilapidated municipal 

sewage treatment plant were however found to be contaminated as well. Many of the 

people residing around the study area heavily rely on pit latrines which may never be 

sufficient in number to handle the large population considering that this population is 

always on a steady rise. This is besides the apparent lack of proper infrastructure when it 

comes to sewerage system and these factors are likely to contribute to the fecal 

contamination of the lake. The ever increasing population and the socioeconomic 

activities in the town will automatically lead to an increase in the number of fecal 
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disposal facilities such as pit latrines. This increase is likely to lower the risk of human 

infections that would occur through direct contact with fecal matter; however the increase 

in the number of such facilities could also lead to the fecal contamination of the 

surrounding lake water (Lipp et al., 2001). 

 

5.2 Conclusions 

i. Most of the samples had an average of the physical water quality parameters that 

were within the range accepted by the WHO. The water is therefore suitable for 

domestic use as far as the physical water quality parameters are concerned. The 

physical water parameters did not affect the occurrence of enteric viruses in Lake 

Victoria waters along Homa Bay town.  

ii. Positive virus detection confirms that there is sufficient evidence to conclude that 

Lake Victoria waters along Homa Bay town are contaminated with human 

pathogenic enteric viruses and that the lake waters are constantly getting impacted 

by human fecal pollution which is a public health issue. The evidence that HAdV 

and enterovirus strains have been detected in these waters also supports the 

evidence that the lake water may be an important reservoir of enteric viruses in 

this community and therefore proper treatment is advisable before use.  

iii. Adenoviruses and enteroviruses occurrence in LV waters are relatively constant 

throughout the year without significant variations in their profile with changes in 

season. Changes in season are therefore an unreliable factor for prediction of viral 

contamination peaks in the lake. 
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iv. Being that most of the positive samples were from sites closer to the dilapidated 

sewage treatment plant, we can conclude that there is significant correlation 

between the levels of viral contamination of the lake and its proximity to the 

dilapidated sewage treatment plant as well as the pit latrines as the main sources 

of fecal pollution.  

 

5.3 Recommendations 

i. With regards to physical water quality parameters being found to be within the 

WHO acceptable levels for domestic use, continuous sampling and analysis of 

the LV waters for the same are recommended. This would be important in 

continuous understanding the hydrological characteristics changes of the lake 

for proper management of its quality in reference to the WHO set standards. 

ii. The lake waters have been found to be contaminated with enteric viruses, 

some of which may be resistant to different environmental treatments with 

different genetic variability. Further studies are required to determine the 

diversity and the extent of contamination of the LV waters with enteric viruses 

for a relatively longer period. 

iii. Having identified the dilapidated sewage treatment plant and the pit latrines as 

point sources of fecal pollution to the lake and consequently viral 

contamination, it is recommended that such elements be incorporated as part 

of comprehensive approach to the prediction of viral contamination in efforts 

to control fecal pollution. 
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iv. There was no significant influence of season in detection of the viruses as per 

the present study, however, more sampling in different regions and during 

different seasons is recommended to establish their geographical distribution 

and relatedness to seasonal distribution patterns.   

 

5.4 Areas of future research 

i. Although this study has established the occurrence of enteric viruses in LV 

waters, there are no documented reports concerning their implications as far as 

public health is concerned in the region. Further research and analysis is 

therefore recommended to ascertain the true position concerning the public 

heath implication. 

ii. Other potential sources of fecal pollution of the lake were identified within the 

catchment of the study area including landfills, manure, septic tanks, and 

irrigation activities. Further research is therefore recommended to determine 

their contribute to the fecal load of the lake vis a vis the enteric virus 

occurrence. 

iii. Livestock were observed grazing next to one of the sampling sites and this 

could suggest that livestock may also be contributing to the fecal load in the 

lake and possibility of presence of potential zoonotic pathogens. Further 

research is therefore recommended to determine the extent to which livestock 

contributes to the fecal load of the lake and the potential for zoonotic 

pathogens.  
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iv. With this study limited to the determination of the presence or absence of the 

viruses only, Hexon sequencing approach, gene typing and other molecular 

methods is recommended so as to assist in the determination of the genetic 

relatedness of the viruses circulating in that community. 

 

 

  



98 

REFERENCES 

Abad, F.X., PintoÂ, R.M., Villena, C., Gajardo, R. and Bosch, A. (1997). Astrovirus 

survival in drinking water. Applied and Environmental Microbiology 63: 3119-

3122. 

Abbaszadegan, M., Huber, S.M., Gerba, C.P. and Pepper, I.L. (1993). Detection of 

enteroviruses in groundwater with the polymerase chain reaction. Applied 

Environmental Microbiology 59: 1318–1324. 

Ahmed, W., Sidhu J.P. and Toze, S. (2012). Evaluation of the nifH gene marker of 

Methanobrevibacter smithii for the detection of sewage pollution in 

environmental waters in southeast Queensland, Australia. Environmental Science 

Technology 46: 543–550. 

Ahmed, W., Wan C., Goonetilleke, A. and Gardner T. (2010). Evaluating sewage 

associated JCV and BKV polyomaviruses for sourcing human fecal pollution in a 

coastal river in southeast Queensland, Australia. Journal of Environmental 

Quality 39: 1743–1750. 

Akihara, S., Phan, T.G., Nguyen, T.A., Hansman, G. Okitsu S. and Ushijima H. 

(2005). Existence of multiple outbreaks of viral gastroenteritis among infants in a 

day care center in Japan. Achieves of Virolology 150: 2061–2075. 

Albinana-Gimenez, N., Clemente-Casares, P., Calgua, B., Huguet, J.M., Courtois, S. 

and Girones, R. (2009). Comparison of methods for concentrating human 

adenoviruses, polyomavirus and noroviruses in source waters and drinking water 

using quantitative PCR. Journal of Virological Methods 158: 104–109. 

Alkarkhi, A., Ahmad, A. and Easa, A. (2009). Assessment of surface water quality of 

selected estuaries of Malaysia: multivariate statistical techniques. The 

Environmentalist 29: 255-262.  

Allard, A., Albinsson, B. and Wadell, B. (1992). Detection of adenoviruses in stools 

from healthy persons and patients with diarrhoea by two-step polymerase chain 

reaction. Journal of Medical Virology 37: 149–157. 

Allard, A., Girones, R., Juto, P. and Wadell, G. (1990). Polymerase chain reaction for 

detection of adenoviruses in stool samples. Journal of Clinical Microbiology 28: 

2659-67.  



99 

American Public Health Association (2005). Standard methods for the examination of 

water and wastewater, 21st edition. American Public Health Association, 

Washington, DC. 

Anis, E., Kopel, E., Singer, S.R., Kaliner, E., Moerman, L., Moran-Gilad, J., Sofer, 

D., Manor, Y., Shulman, L.M., Mendelson, E., Gdalevich, M., Lev, B., 

Gamzu, R. and Grotto, I. (2013). Insidious reintroduction of wild poliovirus into 

Israel. Euro Surveillance 9: 18-38.  

Arola, A., Santti, J., Ruuskanen, O., Halonen, P. and Hyypia, T. (1996). 

Identification of enteroviruses in clinical specimens by competitive PCR followed 

by genetic typing using sequence analysis. Journal of Clinical Microbiology 34: 

313–318. 

Asami, T., Katayama, H., Torrey, J.R., Visvanathan, C. and Furumai, H. (2016). 

Evaluation of virus removal efficiency of coagulation-sedimentation and rapid 

sand filtration processes in a drinking water treatment plant in Bangkok, Thailand. 

Water Research 101: 84-94. 

Avello´ N.A., Pe´rez, P., Aguilar, J.C., Ortiz, R. and Echevarrı´a, J.E. (2001). Rapid 

and sensitive diagnosis of human adenovirus infections by a generic polymerase 

chain reaction. Journal of Virological Methods 92: 113–120. 

Baggi, F. and Peduzzi, R. (2000). Genotyping of rotaviruses in environmental water and 

stool samples in southern Switzerland by nucleotide sequence analysis of 189 

base pairs at the 5‟ end of the VP7 gene. Journal of Clinical Microbiology 38: 

3681–3685. 

Baker, N. J. and Eric, E. (2008). Integrating wildlife in natural resources management 

for tourism and community livelihoods in Lake Victoria basin: East Africa. 

African Journal of Environmental Science Technology 2: 287-295. 

Barardi, C.R.M., Yip, H., Emslie, K.R., Vesey, G., Shanker, S.R. and Williams, K.L. 

(1999). Flow cytometry and RT-PCR for rotavirus detection in artificially seeded 

oyster meat. International Journal of Food Microbiology 49: 9–18. 

Barbas, C. F., Burton, D. R., Scott, J. K. and Silverman, G. J. (2007). Quantitation of 

DNA and RNA. Cold Spring Harbor Protocol. doi:10.1101/pdb.ip47. 

Basu, G.J., Rossouw, T.K., Sebunya, B., Gashe, A., De Beer, M., Dewar, J.B. and 

Steele, A.D. (2003). Prevalence of rotavirus, adenovirus and astrovirus infection 



100 

in young children with gastroenteritis in Gaborone, Botswana. East African 

Medical Journal 80: 652–655. 

Beller, M., Ellis, A., Lee, S.H., Drebot, M.A., Jenkerson, S.A., Funk, E., Sobsey, 

M.D., Simmons, O.D., III, Monroe, S.S., Ando, T., Noel, J.S., Petric, M., 

Middaugh, J.P. and Spika, J.S. (1997). Outbreak of viral gastroenteritis due to a 

contaminated well. Journal of the American Medical Association 278: 563-568. 

Bergelson, J.M., Cunningham, J., Droguett, G., Kurt-Jones, E.A., Krithivas A., 

Hong, J., Horwitz, M.S., Crowell, L. and Finberg R. (1997). Isolation of a 

common receptor for coxsackie B viruses and adenoviruses 2 and 5. Science 275: 

1320–1323. 

Berke, T., Golding, B., Jiang, X., Cubitt, W.D., Wolfaardt, M., Smith, A.W. and 

Matson, D.O. (1997). Phylogenetic analysis of the caliciviruses. Journal of 

Medical Virology 52: 419-424. 

Bernhard, A.E., Goyard, T., Simonich, M.C. and Field, K.G. (2003). Application of a 

rapid method for identifying fecal pollution sources in a multi-use estuary. Water 

Resources 37: 909–913. 

Beuret, C. (2003). A simple method for isolation of enteric viruses (noroviruses and 

enteroviruses) in water. Journal of Virology Methods 107: 1–8. 

Birch, C.J., Rodger, S.M., Marshall, J.A. and Gust, I.D. (1983). Replication of human 

rotavirus in cell culture. Journal of Medical Virology 11: 241–250. 

Bitler E.J., Matthews, J.E., Dickey, B.W., Eisenberg, J.N. and Leon, J.S. (2013). 

Norovirus outbreaks: a systematic review of commonly implicated transmission 

routes and vehicles. Epidemiological Infection 141: 1563-1571.  

Bitton, G., Chou, Y.J. and Farrah, S.R. (1982). Techniques for virus detection in 

aquatic sediments. Journal of Virological Methods 4: 1–8. 

Bloch, A.B., Stramer, S.L., Smith, J.D., Margolis, H.S., Fields, H.A., McKinley, 

T.W., Gerba, C.P., Maynard, J.E. and Sikes, R.K. (1990). Recovery of 

hepatitis A virus from a water supply responsible for a common source outbreak 

of hepatitis A. American Journal of Public Health 80: 428-430. 



101 

Boehm, A.B., Ashbolt, N.J., Colford, J.M., Dunbar, L.E., Fleming, L.E., Gold, M.A., 

Hansel, J.A. and Hunter, P.R. (2009). A sea change ahead for recreational water 

quality criteria. Journal of Water Health 7: 9–20. 

Bofill-Mas, S., Albinana-Gimenez, N., Clemente-Casares, P., Hundesa, A., 

Rodriguez- Manzano, J., Allard, A., Calvo, M. and Girones, R. (2006). 

Quantitation and stability of human adenoviruses and polyomavirus in wastewater 

matrices. Applied Environmental Microbiology 72: 7894–7896. 

Bofill-Mas, S., Pina, S. and Girones, R. (2000). Documenting the epidemiologic 

patterns of polyomaviruses in human populations by studying their presence in 

urban sewage. Applied Environmental Microbiology 66: 238–245. 

Brashear, D.A. and Ward, R.L. (1982). Comparison of methods for recovering 

indigenous viruses from raw wastewater sludge. Applied Environmental 

Microbiology 3: 1413–1418. 

Brown, M., Grydsuk, J.D., Fortasas E. and Petric, M. (1996). Structural features 

unique to enteric adenoviruses. Archives of Virology 12: 301-307.  

Byamukama, D. Kansiime, F., Mach, R.L. and Farnleitner, A.H. (2005). 

Determination of Escherichia coli contamination with chromocult coliform agar 

showed a high level of discrimination efficiency for differing fecal pollution 

levels in tropical waters of Kampala, Uganda. Applied and Environmental 

Microbiology 66: 864–868. 

Byappanahalli, M.N. and Fujioka, R.S. (1998). Evidence that tropical soil environment 

can support the growth of Escherichia coli. Water Science Technology 38: 171–

174. 

Calgua, B., Mengewein, A., Grünert, A., Bofill-Mas, S., Clemente-Casares, P., 

Hundesa, A., Wyn-Jones, A.P., López-Pila, J.M. and Girones, R. (2008). 

Development and application of a one-step low cost procedure to concentrate 

viruses from seawater samples. Journal of Virological Methods 153: 79–83. 

Caro, V., Guillot S., Delpegroux, F. and Crainic, R. (2001). Molecular strategy for 

„serotyping‟ of human enteroviruses. Journal of General Virology 82: 79-91. 

Carter, M.J. (2005). Enterically infecting viruses: pathogenicity, transmission and 

significance for food and waterborne infection. Journal of Applied Microbiology 

6: 1354–1380. 



102 

CDC (2000). Foodborne outbreak of group A rotavirus gastroenteritis among college 

students--District of Columbia, March-April 2000. Morbidity and Mortality 

Weekly Report 49: 1131–1133. 

Chaberny, I. F., Schnitzler, P., Geiss, H.K. and Wendt, C. (2003). An outbreak of 

epidemic keratoconjunctivitis in a pediatric unit due to adenovirus type 8. 

Infectious Control Hospital Epidemiology 24: 514–519. 

Chapron, C.D., Ballester, N.A., Fontaine, J.H., Frades, C.N. and Margolin, A.B. 

(2000). Detection of astroviruses, enteroviruses and adenovirus types 40 and 41 in 

surface waters collected and evaluated by the information collection rule and an 

integrated cell culture-nested PCR procedure. Applied Environmental 

Microbiology 66: 2520–2525. 

Chaudhry, R.M., Nelson, K.L. and Drewes, J.E. (2015). Mechanisms of pathogenic 

virus removal in a full-scale membrane bioreactor. Environmental Science 

Technology 49: 2815–2822. 

Chigor, V.N and Okoh, A.I. (2012). Quantitative RT-PCR detection of hepatitis A 

virus, rotaviruses and enteroviruses in the Buffalo River and source water dams in 

the Eastern Cape Province of South Africa. International Journal of Environment 

Research and Public Health 9: 4017-4032.  

Chmielewicz, B., Benzler, J., Pauli, G., Krause, G., Bergmann, F. and Schweiger, B. 

(2005). Respiratory disease caused by a species B2 adenovirus in a military camp 

in Turkey. Journal Medical Virology 77: 232–237. 

Cho, H.B., Lee, S.H., Cho, J.C. and Kim, S.J. (2000). Detection of adenoviruses and 

enteroviruses in tap water and river water by reverse transcription multiplex PCR. 

Canadian Journal of Microbiology 46: 417–424. 

Colford, J.M., Wade, T.J. and Burns, S. (2012). Using rapid indicators for 

Enterococcus to assess the risk of illness after exposure to urban runoff 

contaminated marine water. Water Research 46: 2176 –2186. 

Colford, J.M., Wade, T.J., Schiff, K.C., Wright, C.C., Griffith, J.F., Sandhu, S.K., 

Burns, S., Sobsey, M., Lovelace, G. and Weisberg, S.B. (2007). Water quality 

indicators and the risk of illness at beaches with nonpoint sources of fecal 

contamination. Epidemiology 18: 27–35. 



103 

Cook, J.K.A. (1974). Pathogenicity of avian adenoviruses for day-old chicks. Journal of 

Complementary Pathology 84: 505. 

Crabtree, K.D., Gerba, C.P., Rose, J.B. and Haas, C.N. (1997). Waterborne 

adenovirus: a risk assessment. Water Science Technology 35:1–6. 

Cruz, J.R., Ca´ceres, F., Cano, J., Flores, A., Bartlett B. and Toru´n B. (1990). 

Adenovirus types 40 and 41 and rotaviruses associated with diarrhea in children 

from Guatemala. Journal Clinical Microbiology 28:1780–1784. 

Cunliffe, N.A., Booth, J.A., Elliot, C., Lowe, S. J., Sopwith, W., Kitchin, N., Nak-

agomi, O., Nakagomi T., Hart, C. A. and Regan, M. (2010). Healthcare-

associated viral gastroenteritis among children in a large pediatric hospital, United 

Kingdom. Emerging Infectious Diseases 16: 55-62.  

da Silva, A.K., Le Saux, S. Parnaudeau, M. Pommepuy, M. Elimelech S. and 

Guyader F.S. (2007). Evaluation of removal of noroviruses during wastewater 

treatment, using real-time reverse transcription-PCR: different behaviors of 

genogroups I and II. Applied Environmental Microbiology 73: 7891–7897. 

de Man, H., van den Berg, H.H., Leenen, E.J., Schijven, J.F., Schets, F.M., van der 

Vliet, J.C., van Knapen, F. and de Roda Husman, A.M. (2014). Quantitative 

assessment of infection risk from exposure to waterborne pathogens in urban 

floodwater. Water Research 48: 90-99. 

De Paula, V.S., Diniz-Mendes, L.M., Villar, S. L., Luz, L.A., Silva, M.S., Jesus, 

N.M., da Silva, V.S. and Gaspar, M.C. (2007). Hepatitis A virus in 

environmental water samples from the Amazon Basin. Water Research 41: 1169–

1176. 

De Serres, G., Cromeans, T.L., Levesque, B., Brassard, N., Barthe, C., Dionne, M., 

Prud'homme, H., Paradis, D., Shapiro, C.N., Nainan, O.V. and Margolis, 

H.S. (1999). Molecular confirmation of hepatitis A virus from well water: 

epidemiology and public health. Journal of Infectious Diseases 179: 37-43. 

DFID (1999). A simple methodology for water quality monitoring. (G.R. Pearcce, 

Chaundry and S. Ghulum, eds). Department for International Development, 

Wallingford. 



104 

Dierssen, U., Rehren, F., Henke-Gendo, C., Harste, G. and Heim, A. (2008). Rapid 

routine detection of enterovirus RNA in cerebrospinal fluid by a one-step real-

time RT-PCR assay. Journal of Clinical Virology 42: 58–64. 

 Donaldson, K.A., Griffin, D.W. and Paul, J.H. (2002). Detection, quantitation and 

identification of enteroviruses from surface waters and sponge tissue from the 

Florida Keys using RT-PCR. Water Resources 36: 2505–2514. 

Dong, Y., Kim, J. and Lewis G.D. (2009). Evaluation of methodology for detection of 

human adenoviruses in wastewater, drinking water, stream water and recreational 

waters. Journal of Applied Microbiology 108: 800–809. 

D´Ugo, E., Marcheggiani, S., Fioramonti, I., Giuseppetti, R., Spurio, R., Helmik, K., 

Albay, M. and Mancini, L. (2016). Detection of enteric viruses in fresh water 

from European countries. Food environmental virology 8: 206-2014. 

Eftim, S.E., Hong, T., Soller, J., Boehm, A., Warren, I., Ichida, A. and Nappier, S.P. 

(2017). Occurrence of norovirus in raw sewageea systematic literature review and 

meta-analysis. Water Research 111: 366-374. 

El-Senousy, W.M., Guix S. Abid I. Pintó, R.M. and Bosch, A. (2007). Removal of 

astrovirus from water and sewage treatment plants, evaluated by a competitive 

reverse transcription-PCR. Applied and Environmental Microbiology 73: 164-

167. 

Enriquez, C.E. and Gerba, C.P. (1995). Concentration of enteric adenovirus 40 from 

tap, sea and waste water. Water Research 29: 2554–2560.  

Ettayebi, K., Crawford, S., Murakami, K., Broughman, J., Karandikar, U. and 

Teng, V. (2016). Replication of human noroviruses in stem cell-derived human 

enteroids. Science 353: 1387–1393. 

FAO, WFP, FEWS NET and KFSSG (2012). Crop, Livestock and Fisheries high 

rainfall areas assessment 2012: Nairobi, Kenya.  

Fields, B.N., Knipe, D.M. and Howley, P.M. (eds.) (1996). Fields' Virology. 3rd ed. 

Philadelphia: Lippincott-Raven. 

 

 



105 

Fong, T., Mansfield, D.L., Wilson, D.J., Schwab, L., Molloy, S. and Rose, J.B. 

(2007). Massive microbiological groundwater contamination associated with a 

waterborne outbreak in Lake Erie, South Bass Island. Environmental Health 

Perspective 115: 856–864. 

Fong, T.T. and Lipp, E.K. (2005). Enteric viruses of humans and animals in aquatic 

environments: health risks, detection and potential water quality assessment tools. 

Microbial Molecular Biology Review 69: 357–371. 

Fong, T.T., Phanikumar, M.S., Xagoraraki, I. and Rose, J.B. (2010). Quantitative 

detection of human adenoviruses in wastewater and combined sewer overflows 

influencing a Michigan River. Applied Environmental Microbiology 76: 715–723. 

Formiga-Cruz, M., Hundesa, A., Clemente-Casares, P., Albiñana-Gimenez, N. 

Allard, A. and Girones, R. (2005). Nested multiplex PCR assay for detection of 

human enteric viruses in shellfish and sewage. Journal of Virological Methods 

125: 111-118. 

Fuhrman, J.A., Jiang, X. and Noble, R.T. (2005). Rapid detection of enteroviruses in 

small volume of natural waters by real-time quantitative reverse transcriptase 

PCR. Applied Environmental Microbiology 71: 4523–4530. 

Gerba, C.P. (2007). Virus occurrence and survival in environmental waters. In Bosch, A. 

(ed.), Human viruses in Water. Amsterdam: Elsevier B.V., pp 91-108. 

Gerba, C. P. and Rose, J.B. (1990). Viruses in source and drinking water In G.A. 

McFeters (ed.), Drinking water microbiology. Springer, New York, pp 380-396. 

Gerba, C.P., Rose, J.B., Haas, C.N. and Crabtree, K.D. (1996). Waterborne rotavirus: 

a risk assessment. Water Research 30: 2929-2940. 

Gibson, K.E. and Schwab, K.J. (2011). Detection of bacterial indicators and human and 

bovine enteric viruses in surface water and groundwater sources potentially 

impacted by animal and human wastes in Lower Yakima Valley, Washington. 

Applied Environmental Microbiology 77: 355-362. 

Girones, R., Ferru M.A., Alonso, J.L., Rodriguez-Manzano, J., Calgua, B., de Abreu 

Correaˆ, A., Hundesa, A. and Carratala, A. (2010). Molecular detection of 

pathogens in water: the pros and cons of molecular techniques. Water Research 

44: 4325–4339. 



106 

Grabow, W.O.K. (2007). Overview of health-related water virology. In Bosch, A.(ed.) 

Human Viruses in Water Amsterdam: Elsevier B.V., pp. 1–25. 

Graff, J., Ticehurst, J. and Flehmig, B. (1993). Detection of hepatitis A virus in sewage 

sludge by antigen capture polymerase chain reaction. Applied Environmental 

Microbiology 59: 3165–3170. 

Gray, J.J., Green, J., Gallimore, C., Lee, J.V., Neal, K. and Brown, D.W.G. (1997). 

Mixed genotype SRSV infections among a party of canoeists exposed to 

contaminated recreational water. Journal of Medical Virology 52: 425-429. 

Green, D.H. and Lewis, G.D. (1995). Enzymatic amplification of enteric viruses from 

wastewaters. Water Science Technology 31: 329–336. 

 Griffin, D.W., Donaldson, K.A., Paul, J.H. and Rose, J.B. (2003). Pathogenic human 

viruses in coastal waters. Clinical Microbiology 16: 129–143. 

Guimara˜es, F.R., Ferreira, F. F. M., Vieira, C. B., Fumian, T. M., Shubo, T.J., 

Leite, G.P and Miagostovich, M.P. (2008). Molecular detection of human 

astrovirus in an urban sewage treatment plant in Rio de Janeiro, Brazil. Member 

Institute Oswaldo Cruz 103:819–823. 

Hale, A., Crawford, S.E., Ciarlet, M., Green, J., Gallimore, C., Brown, D.W., Jiang, 

X. and Estes, M.K. (1999). Expression and self-assembly of Grimsby virus: 

Antigenic distinction from Norwalk and Mexico viruses. Clinical Diagnostic 

Laboratory Immunology 6: 142-145. 

Hamza, I.A., Jurzik, L., Stang, A., Sure, K., Berla, K.U. and Wilhelm, M. (2009). 

Detection of human viruses in rivers of a densely-populated area in Germany 

using a virus adsorption elution method optimized for PCR analyses. Water 

Research 43: 2657–2668. 

Hatherill, M., Levin, J., Lawrenson, N., Hsiao, Y., Reynolds, L. and Argent, A. 

(2004). Evolution of an adenovirus outbreak in a multidisciplinary children‟s 

hospital. Journal of Paediatric, Children Health 40: 449–454. 

Haramoto, E., Katayama, H. and Ohgaki, S. (2004). Detection of noroviruses in tap 

water in Japan by means of a new method for concentrating enteric viruses in 

large volumes of freshwater. Applied Environmental Microbiology 70: 2154– 

2160. 



107 

Haramoto, E., Kitajima, H. Katayama, T. and Ohgaki, S. (2009). Development of 

virus concentration methods for detection of koi herpesvirus in water. Journal of 

Fish Diseases 32: 297–300. 

Haramoto, E., Kitajima, M., Katayama, H. and Ohgaki, S. (2010). Real-time PCR 

detection of adenoviruses, polyomaviruses, and torque teno viruses in river water 

in Japan. Water Research. 44: 1747-1752. 

Haramoto, E. and Kitajima, M. (2017). Quantification and genotyping of Aichi virus 1 

in water samples in the Kathmandu Valley, Nepal. Food Environmental Virology 

9: 350-353. 

Haramoto, E., Kitajima, M., Hata, A., Torrey, J., Masago, Y., Sano, D. and 

Katayama, H. (2018). A review on recent progress in the detection 

methods and prevalence of human enteric viruses in water. Water research 

135: 168–186. 

He, J. and Jiang, S. (2005). Quantification of enterococci and human adenoviruses in 

environmental samples by real-time PCR. Applied Environmental Microbiology 

71: 2250–2255. 

Hemming, M, Räsänen S., Huhti L., Paloniemi, M., Salminen, M. and Vesikari, T. 

(2013). Major reduction of rotavirus, but not norovirus, gastroenteritis in children 

seen in hospital after the introduction of RotaTeq vaccine into the National 

Immunization Programme in Finland. European Journal of Pediatrics 172: 739-

746. 

Hot, D., Legeay O., Jacgues, J., Gantzer, C., Caudrelier, Y., Guyard, K., Lange, M. 

and Andréoletti, L. (2003). Detection of somatic phages, infectious enteroviruses 

and enterovirus genomes as indicators of human enteric viral pollution in surface 

water. Water Research 37: 4703-4710. 

Jalal, H., Bibby, J.W., Tang, J., Bennett, C., Kyriakou, K., Peggs, D., Cubitt, N.S., 

Brink, K., Ward, N. and Tedder, R.S. (2005). First reported outbreak of 

diarrhea due to adenovirus infection in a hematology unit for adults. Journal of 

Clinical Microbiology 43: 2575–2580. 

Jiang, S., Dezfulian, H and Chu, W. (2005). Real-time quantitative PCR for enteric 

adenovirus serotype 40 in environmental waters. Canadian Journal of 

Microbiology 51: 393–398. 



108 

Jiang, S., Nobel, R. and Chu, W. (2001). Human adenoviruses and coliphages in urban 

runoff-impacted coastal waters of Southern California. Applied Environmental 

Microbiology 67: 179–184. 

Jiang, S.C., Han, J., He, J.W. and Chu, W. (2009). Evaluation of four cell lines for 

assays of infectious adenovirus in water samples. Journal of Water Health 7: 650 

656. 

Johnston, C., Ufnar, J.A., Griffith, J.F., Gooch ,J.A. and Stewart, J.R. (2010). A real-

time qPCR assay for the detection of the nifH gene of Methanobrevibacter 

smithii, a potential indicator of sewage pollution. Journal of Applied 

Microbiology 109: 1946 –1956. 

Jothikumar, N., Aparna, K., Kamatchiammal, S., Paulmurugan, R., Saravanadevi, 

S. and Khanna, P. (1993). Detection of hepatitis E virus in raw and treated 

wastewater with the polymerase chain reaction. Applied and Environmental 

Microbiology 59: 2558-2562. 

Jothikumar, N., Cliver, D.O. and Mariam, T.W. (1998). Immunomagnetic capture 

PCR for rapid concentration of hepatitis A virus from environmental samples. 

Applied and Environmental Microbiology 64: 504-508. 

Kajon, A., J. Moseley, D. Metzgar, H. S. Huong, A. Wadleigh, M., Ryan K. and 

Russell, K. (2007). Molecular epidemiology of adenovirus type 4 infections in 

US military recruits in the postvaccination era (1997–2003). Journal of Infectious 

Diseases 196: 67–75. 

Kaplan, J.E., Goodman, R.A. and Schonbereger, L.B. (1982). Gastroenteritis due to 

Norwalk virus: an outbreak associated with a municipal water system. Journal of 

Infectious Diseases 146: 190-193. 

Karafillakis, E., Hassounah, S. and Atchison, C. (2015). Effectiveness and impact of 

rotavirus vaccines in Europe, 2006–2014. Vaccine 33: 2097–2107. 

Kasza, L. (1966). Isolation of an adenovirus from the brain of a pig. Amsterdam. Journal 

of Veterinary Research 27: 751–758. 

Katayama, H., Haramoto, E., Oguma, K., Yamashita, H., Tajima, A., Nakajima, H. 

and Ohgaki, S. (2008). One-year monthly quantitative survey of noroviruses, 

enteroviruses and adenoviruses in waste water collected from six plants in Japan. 

Water Research 42: 1441–1448. 



109 

Kessides, C. (2006). The Urban Transition in Sub-Saharan Africa: Implications for 

Economic Growth and Poverty Reduction: Washington DC: Cities Alliances. 

Kilpatrick, D.R., Iber, J.C., Chen, Q., Ching, K., Yang, S., De, L., Mandelbaum, 

M.D., Emery, B., Campagnoli, R., Burns, C.C. and Knew, O. (2011). 

Poliovirus serotype-specific VP1 sequencing primers. Journal of Virological 

Methods 174: 128-130. 

Kishida, N., Noda, N., Haramoto, E., Kawaharasaki, M., Akiba, M. and Sekiguchi, 

Y. (2014). Quantitative detection of human enteric adenoviruses in river water by 

microfluidic digital polymerase chain reaction. Water Science Technology 70: 

555-560. 

Kittigul, L., Ekchaloemkiet, S., Utrarachkij, F., Siripanichgon, K., Sujirarat, D., 

Pungchitton, S. and Boonthum A. (2005). An efficient virus concentration 

method and RT-nested PCR for detection of rotaviruses in environmental water 

samples. Journal of Virological Methods 124: 117-122. 

Kiulia, N.M., Mwenda, J.M., Nyachieo, A., Nyaundi, J.K., Steele, A.D. and Taylor, 

M.B. (2007). Astrovirus infection in young Kenyan children with diarrhoea. 

Journal of Tropical Paediatric 53: 206 208. 

Kiulia, N.M., Netshikweta, R., Page, N.A., Van Zyl, W.B., Kiraithe, M.M., Nyachieo, 

A., Mwenda, J.M. and Taylor, M.B. (2010). The detection of enteric viruses in 

selected urban and rural river water and sewage in Kenya, with special reference 

to rotaviruses. Journal of Applied Microbiology 109: 818–828. 

Kiulia, N.M., Nyaga, M.M., Seheri, M.L., Wolfaardt, M., van Zyl, W.B., Esona, 

M.D., Irimu, G., Inoti, M., Gatinu, B.W. and Njenga, P.K. (2014). Rotavirus G 

and P types circulating in the Eastern region of Kenya: Predominance of G9 and 

emergence of G12 genotypes. Journal of Paediatric Infectious Diseases 33: S85–

S88. 

Kiulia, N.M., Nyaundi, J.K., Peenze, I., Nyachieo, A., Musoke, R.N., Steele, A.D. and 

Mwenda, J.M. (2009). Rotavirus infections among HIV-infected children in 

Nairobi, Kenya. Journal of Tropical Paediatric 55: 318–323. 

KNBS (2010). 2009 Kenya Population and Housing Census: Volume 1A Population 

Distribution by Administrative Units; Nairobi. Kenya National Bureau of 

Statistics, Ministry of Planning & National Development, Kenya. 



110 

KNBS (2002). Basic Report on Well-being in Kenya; Based on Kenya Integrated 

Household Budget Survey – 2005/06; Nairobi. Kenya National Bureau of 

Statistics, Ministry of Planning & National Development, Kenya. 

Ko, G., Jothikumar, N., Hill, V.R. and Sobsey, M.D. (2005). Rapid detection of 

infectious adenoviruses by mRNA real-time RT-PCR. Journal Virological 

Methods 127: 148–153. 

Kollaritsch, H., Kundi, M., Giaquinto, C. and Paulke-Korinek, M. (2015). Rotavirus 

vaccines: A story of success. Clinical Microbiological Infections 

doi:10.1016/j.cmi.2015.01.027. 

Kopecka, H., Dubrou, S., Prevot, J., Marechal, J. and Lo´pez-Pila, J.M. (1993). 

Detection of naturally occurring enteroviruses in waters by reverse transcription, 

polymerase chain reaction, and hybridization. Applied Environmental 

Microbiology 59: 1213–1219. 

Kota, M., Bino, S., Delogu, R., Simaku, A., Neza, B., Ruggeri, F.M. and Fiore, L. 

(2014). Epidemiology of rotavirus diarrhea in Albania. Archives of Virology 159: 

2491–2495. 

Lambden, P.R., Caul, E.O., Ashley, C.R. and Clarke, I.N. (1993). Sequence and 

genome organisation of a human small roundstructured (Norwalk-like) virus. 

Science 259: 516-519. 

Lambertini, E., Spencer, S. K., Bertz, P. D., Loge, F. J.; Kieke, B. A. and Borchardt, 

M. A. (2008). Concentration of enteroviruses, adenoviruses, and noroviruses from 

drinking water by use of glass wool filters. Applied Environmental Microbiology 

74: 2990−2996. 

Lawson, H.W., Braun, M.M., Glass, R.I., Stine, S.E., Monroe, S.S., Atrash, H.K., 

Lee, L.E. and Englender, S.J. (1991). Waterborne outbreak of Norwalk virus 

gastroenteritis at a southwest US resort: role of geological formations in 

contamination of well water. Lancet 337: 1200-1204. 

Laxmivandana, R., Yergolkar, P., Gopalkrishna, V. and Chitambar, S.D. (2013). 

Characterization of the non-polio enterovirus infections associated with acute 

flaccid paralysis in South-Western India. Journal of Medical Microbiology 8: 61-

650. 



111 

Le Guyader, F., Dincher, M.L., Menard, D., Schwartzbrod, L. and Pommepuy, M. 

(1994). Comparative study of the behaviour of poliovirus in sterile seawater using 

RT-PCR and cell culture. Pollution 28: 723–726. 

Lees, D.N., Henshilwood, K., Green, J. and Gallimore, C. (1995). Detection of small 

round structured viruses in shellfish by reverse transcription-PCR. Applied and 

Environmental Microbiology 61: 4418-4424. 

Lee, S.H. and Kim, S.J. (2002). Detection of infectious enteroviruses and adenoviruses 

in tap water in urban areas in Korea. Water Research 36: 248–256. 

Lewis, D., Ando, T., Humphrey, C.D., Monroe, S.S. and Glass, R.I. (1995). Use of 

solid-phase immune electron microscopy for classification of Norwalk-like 

viruses into six antigenic groups from 10 outbreaks of gastroenteritis in the United 

States. Journal of Clinical Microbiology 33: 633-640. 

Li, D., Gu, A.Z., He, M., Shi, H.C. and Yang, W. (2009). UV inactivation and 

resistance of rotavirus evaluated by integrated cell culture and real-time RT-PCR 

assay. Water Research 43: 3261-3269. 

Linhares, A.C. and Justino, M.C. (2014). Rotavirus vaccination in Brazil: Effectiveness 

and health impact seven years post-introduction. Expert Revision Vaccines 13: 

43–57. 

Lipp, E.K., Kurz, R., Vincent, C., Rodriguez-Palacios, S.R., Farrah, S.R. and Rose, 

J.B. (2001). The effects of seasonal variability and weather on microbial fecal 

pollution and enteric pathogens in a subtropical estuary. Estuaries 24: 266–276. 

Lodder, W.J. and Husman, A.M. (2005). Presence of noroviruses and other enteric 

viruses in sewage and surface waters in The Netherlands. Applied Environmental 

Microbiology 71: 1453–1461. 

Lodder, W.J., van den Berg, H.H., Rutjes, S.A. and de Roda Husman, A.M. (2010). 

Presence of enteric viruses in source waters for drinking water production in The 

Netherlands. Applied Environmental Microbiology 76: 5965-5971. 

Logan, C., O’Leary, J.J. and O’Sullivan, N. (2006). Real-time reverse transcription-

PCR for detection of rotavirus and adenovirus as causative agents of acute viral 

gastroenteritis in children. Journal of Clinical Microbiology 44: 3189–3195. 



112 

Mackoviak, P.A., Caraway, C.T. and Portnoy, B.J. (1976). Oyster associated hepatitis: 

lessons from the Louisiana experience. American Journal of Epidemiology 103: 

181-191. 

Maguire, H.C., Handford, S., Perry, K.R., Nicholas, S., Waight, P., Parry, J.V., 

O'Mahoney, M. and Begg, N.T. (1995). A collaborative case control study of 

sporadic hepatitis A in England. Communicable Disease Review 5: R33-R40. 

Magwalivha, M., Wolfaardt, M., Kiulia, M., van Zyl, W.B., Mwenda, J.M. and 

Taylor, M.B. (2010). High prevalence of species D human adenoviruses in fecal 

specimens from Kenyan children with diarrhoea. Journal Medical Virology 82: 

77–84. 

Mahoney, F.L., Farley, T.A., Kelso, K.Y., Wilson, S.A., Horan, J.M. and 

McFarland, L.M. (1992). An outbreak of hepatitis A associated with swimming 

in a public pool. Journal of Infectious Diseases 165: 613-618. 

Mans, J., Netshikweta, R., Magwalivha, M., van Zyl, W.B. and Taylor, M.B. (2013). 

Diverse norovirus genotypes identified in sewage-polluted river water in South 

Africa. Epidemiology and Infection 141: 303-313. 

Marx, F.E., Taylor, M.B. and Grabow, W.O.K. (1995). Optimization of a PCR method 

for the detection of astrovirus type 1 in environmental samples. Water Science 

and Technology 31: 359-362. 

Mathew, M., Paulose, A., Chitralekha, S., Nair, M., Kang, G. and Kilgore, P. (2014). 

Prevalence of rotavirus diarrhea among hospitalized under-five children. Indian 

Pediatric 51: 27–31. 

Maunula, L., Soderberg, K., Vahtera, H., Vuorilehto, V.P., von Bonsdorff, C.H. and 

Valtari, M. (2012). Presence of human noroviruses and adenoviruses in river and 

treated wastewater, a longitudinal study and method comparison. Journal of 

Water Health 10: 87-99. 

McQuaig, S.M., Scott, T.M., Lukasik, J.O. and Paul, J.H., Harwood, V.J. (2009). 

Quantification of human polyomaviruses JC Virus and BK Virus by TaqMan 

quantitative PCR and comparison to other water quality indicators in water and 

fecal samples. Applied Environmental Microbiology 75(11): 3379–3388. 

Menor, K.D. (2007). Waterborne viruses: assessing the risks. In Human viruses in water 

ed. Bosch, A. Amsterdam: Elsevier B.V., pp 163–175. 



113 

Meqdam, M.M. and Thwiny, I.R. (2007). Prevalence of group A rotavirus, enteric 

adenovirus, norovirus and astrovirus infections among children with acute 

gastroenteritis in Al-Qassim, Saudi Arabia. Journal of Medical Science 23: 551–

555. 

Miagostovich, M.P. (2009). Evaluation of an adsorption-elution method for detection of 

astrovirus and norovirus in environmental waters. Journal of Virological Methods 

156: 73–76. 

Miagostovich, M.P., Ferreira, F.F.M., Guimaraes, F.R., Fumian, T.M., Diniz-

Mendes, L., Luz, S.L.B., Silva, L.A. and Leite, J.P.G. (2008). Molecular 

detection and characterization of gastroenteritis viruses occurring naturally in the 

stream waters of Manaus, Central Amazonia, Brazil. Applied Environmental 

Microbiology 74: 375–382. 

Millen, H.T., Gonnering, J.C., Berg, R.K., Spencer, S.K., Jokela, W.E., Pearce, J.M., 

Borchardt, J.S. and Borchardt, M.A. (2012). Glass wool filters for 

concentrating waterborne viruses and agricultural zoonotic pathogens. Journal of 

Visualized Experiments 61: 3930. 

Muscillo, M., Pourshaban, M., Iaconelli, M., Fontana, S., Di Grazia, A., Manzara, 

S., Fadda, G. and Santangelo, R. (2008). Detection and quantification of human 

adenoviruses in surface waters by nested PCR, TaqMan real-time PCR and cell 

culture assay. Water Air Soil Pollution 19: 83–93. 

Nakagomi, T., Doan, Y.H, Dove, W., Ngwira, B., Iturriza-Gómara, M., Nakagomi, 

O. and Cunliffe, N.A. (2013). Rotaviruses with conserved genotype 

constellations detected in Malawi over 10 years (1997-2007) display frequent 

gene reassortment among strains co-circulating in humans. Journal of General 

Virology 94: 1273-295. 

Ngaosuwankul, N., Thippornchai, N., Yamashita, A., Vargas, R.E., Tunyong, W., 

Mahakunkijchareon, Y., Ikuta, K., Singhasivanon, P., Okabayashi, T. and 

Leaungwutiwong, P. (2013). Detection and characterization of enteric viruses in 

flood water from the 2011 thai flood. Japanese Journal of Infectious Disease 66: 

398-403. 

Nyokabi, M.L. (2003). Diarrhoea causing organisms in the human population of Mathare 

Nairobi, Kenya. Kenyatta University, pp 10-15. 



114 

 

Obudho, R.A. (1995). Urbanization process in Western region of Kenya. Paper 

presented at the International Workshop on Urban and Regional Planning of 

Kisumu and Western Region of Kenya, Sunset Hotel, Kisumu, Kenya May 22-27 

1999. 

Odada, E.O., Olago, D.O., Kulindwa, K., Ntiba M. and Wandiga, S. (2004). 

Mitigation of environmental problems in Lake Victoria, East Africa: Casual 

Chain and Policy Options Analyses. Ambio 33: 13-23. 

Ogorzaly, L., Bertrand, I., Paris, M., Maul, A. and Gantzer, C. (2010). Occurrence, 

survival, and persistence of human adenoviruses and specific RNA phages in raw 

groundwater. Applied Environmental Microbiology 76: 8019−8025. 

Onda, K., LoBuglio, J. and Bartram, J. (2012). Global access to safe water: 

Accounting for water quality and the resulting impact on MDG progress. 

International Journal of Environmental Resources and Public Health 9: 880–894. 

Onyuka, J., Kakai, R., Onyango, D., Arama, P., Gichuki, J. and Ofulla, O. (2011). 

Prevalence and Antimicrobial Susceptibility Patterns of Enteric Bacteria Isolated 

from Water and Fish in Lake Victoria Basin of Western Kenya. World Academy 

of Science, Engineering and Technology 75: 1320-1350. 

Otula, J.O. (2005). The factors associated with prevalence of parasites causing intestinal 

infection among primary school children in Bondo District, Kenya. Kenyatta 

University, pp 5-10. 

Pallin, R., Wyn-Jones, A.P, Place, B.M. and Lightfoot, M.F. (1997). The detection of 

enteroviruses in large volume concentrates of recreational waters by the 

polymerase chain reaction. Journal of Virolgical Methods 67: 57–67. 

Pina, S., Puig, M., Lucena, F., Jofre, J. and Girones, R. (1998). Viral pollution in the 

environment and in shellfish: human adenovirus detection by PCR as an index of 

human viruses. Applied Environmental Microbiology 64: 3376–3382. 

PintoÂ, R.M., Abad, F.X., Gajardo, R. and Bosch, A. (1996). Detection of infectious 

astroviruses in water. Applied and Environmental Microbiology 62: 1811-1813. 

Pinto´, R.M. and Saiz, J.C. (2007). Enteric hepatitis viruses. In: Bosch, A. (ed.). Human 

Viruses in Water. Amsterdam: Elsevier B.V., pp 39-67. 



115 

Puig, M., Jofre, J., Lucena, F., Allard, A., Wadell, G. and Girones, R. (1994). 

Detection of adenoviruses and enteroviruses in polluted waters by nested PCR 

amplification. Applied Environmental Microbiology 60: 2963–2970. 

Regli, S., Rose, J.B., Haas, N. and Gerba, C.P. (1991). Modeling the risk from Giardia 

and viruses in drinking water. Water Works Association 83:76–84. 

Rijal, G., Petropoulou, C., Tolson, J.K., DeFlaun, M., Gerba, C., Gore, R., Glymph, 

T. and Granato, T. (2009). Dry and wet weather microbial characterization of 

the Chicago area waterway system. Water Science Technology 60: 1847–1855. 

Rock, C., Alum, A. and Abbaszadegan, M. (2010). PCR inhibitor levels in concentrates 

of biosolid samples predicted by a new method based on excitation emission 

matrix spectroscopy. Applied Environmental Microbiology 76: 8102– 8109. 

Rodriguez, R.A., Pepper, I.A. and Gerba, C.P. (2009). Application of PCR based 

methods to assess the infectivity of enteric viruses in environmental samples. 

Applied Environmental Microbiology 75: 297–307. 

Rotbart, H.A. (1990). Enzymatic RNA amplification of the enteroviruses. Journal of 

Clinical Microbiology 28: 438–442. 

Ruggeri, F.M.; Bonomo, P., Ianiro, G., Battistone, A., Delogu, R., Germinario, C., 

Chironna, M., Triassi, M., Campagnuolo, R. and Cicala, A. (2015). Rotavirus 

genotypes in sewage treatment plants and in children hospitalized with acute 

diarrhea in Italy, 2010–2011. Applied Environmental Microbiology 81: 241–249. 

Sambrook, J.E., Fritsch, E.F. and Manitas, F. (1989). Molecular cloning: a laboratory 

manual. Gold spring Harbor Laboratory press. Gold Spring Harbor, New York. 

Santos F.M., Vieira M.J., Garrafa P., Monezi T.A., Pellizari V.H., Hársi C.M. and 

Mehnert D.U (2004). Discrimination of adenovirus types circulating in urban 

sewage and surface polluted waters in São Paulo city, Brazil. Water Science and 

Technology 4: 79–85. 

Shah, M., Odoyo, E., Wandera, E., Kathiiko, C., Bundi, M., Miringu, G., Guyo, S., 

Komoto, S., Nyangao, J., Karama, M., Tsuji, T., Taniguchi, K., Morita, K. 

and Ichinose, Y. (2017). Burden of rotavirus and enteric bacterial pathogens 

among children under five years old hospitalized with diarrhea in suburban and 

rural areas in Kenya. Japanese Journal of Infectious Diseases 10: 7883. 



116 

Shanks, O.C., Kelty, C.A., Sivaganesan, M., Varma, M. and Haugland, R.A. (2010). 

Performance of PCR-based assays targeting Bacteroidales genetic markers of 

human fecal pollution in sewage and fecal samples. Environmental Science 

Technology 44: 6281– 6288. 

Shen, C., Phanikumar, M.S., Fong, T.T., Aslam, I., McElmurry, S.P., Molloy, S.L. 

and Rose, J.B. (2008). Evaluating bacteriophage P22 as a tracer in a complex 

surface water system: the Grand River, Michigan. Environmental Science 

Technology 42: 2426–2431. 

Shimizua, H., Phana, G., Nishimuraa, S., Okitsua, S., Maneekarnb, N. and 

Ushijima, H. (2007). An outbreak of adenovirus serotype 41 infection in infants 

and children with acute gastroenteritis in Maizuru City, Japan. Infectious 

Genotypic Evolution 7: 279–284. 

Shinozaki, T., Araki, K., Fujita, Y., Kobayashi, M., Tajima, T. and Abe. T. (1991). 

Epidemiology of enteric adenoviruses 40 and 41 in acute gastroenteritis in infants 

and young children in the Tokyo area. Scandinavian Journal of Infectious 

Diseases 23: 543–547. 

Sibanda, T. and Okoh A.I. (2013). Real-time PCR quantitative assessment of hepatitis 

A virus, rotaviruses and enteroviruses in the Tyume River located in the Eastern 

Cape Province, South Africa. Water South Africa 39: 295-304. 

Singh, S. (2007). Investigation of bacterial fecal indicators and coliphage virus in 

sediment and surface water of parks and beaches along the Grand River (MI) and 

Lake Michigan (MI). Master‟s thesis. Michigan State University, East Lansing, 

MI. 

Sinclair, R.G., Jones, E.L. and Gerba, C.P. (2009). Viruses in recreational water-borne 

disease outbreaks: a review. Journal Applied Microbiology 107: 1769–1780. 

Straub, T. M., Pepper, I.L. and Gerba. C.P. (1995). Removal of PCR inhibiting 

substances in sewage sludge amended soil. Water Science Technology 31: 311–

315. 

Tani, N., Dohi, Y., Jurumatani, N. and Yonemasu, K. (1995). Seasonal distribution of 

adenoviruses, enteroviruses and reoviruses in urban river water. Microbial 

Immunology. 39: 577–580. 



117 

Teunis, P.F.M., Moe, C.L., Liu, P., Miller, S.E., Lindesmith, L., Baric, R.S., Le 

Pendu, J. and Calderon, R.L. (2008). Norwalk virus: how infectious is it. 

Journal of Medical Virology 80: 1468–1476.  

UN-HABITAT (2010). Strategic urban development plan for Homa Bay municipality 

(2008-2030). United Nations Human Settlement Programme (UN-HABITAT); 

Nairobi, Kenya. 

Van Heerden, J., Ehlers, M.M. and Grabow, W.O. (2005a). Detection and risk 

assessment of adenoviruses in swimming pool water. Journal of Applied 

Microbiology 99: 1256–1264. 

Van Heerden, J., Ehlers, M.M, Heim, A. and Grabow, W.K. (2005b). Prevalence, 

quantification and typing of adenoviruses detected in river and treated drinking 

water in South Africa. Journal of Applied Microbiology 99: 234–242. 

Van Heerden, J., Ehlers, M.M., Zyl, W.B. and Grabow, W.O. (2004). Prevalence of 

human adenoviruses in raw and treated water. Water Science Technology 50: 39–

43. 

Van Puijenbroek, P.J.T.M., Bouwman, A.F., Beusen, A.H.W. and Lucas, P.L. 

(2015). Global implementation of two shared socioeconomic pathways for future 

sanitation and wastewater flows. Water Science Technology 71: 227–233. 

Verbyla, M.E. and Mihelcic, J.R. ( 2015). A review of virus removal in wastewater 

treatment pond systems. Water Resources 71: 107–124. 

Verhougstraete, M.P., Byappanahalli, M.N., Rose, J.B. and Whitman, R.L. (2010). 

Cladophora in the Great Lakes: impacts on beach water quality and human health. 

Water Science Technology 62: 68–76. 

Vilagine`s, P., Sarrette, B., Husson, G. and Vilagine`s, R. (1993). Glass wool for virus 

concentration at ambient water pH level. Water Science Technology 27: 299–306. 

VinjeÂ, J., Deijl, H., van der Heide, R., Lewis, D., Hedlund, K.O., Svensson, L. and 

Koopmans, M.P.G. (2000). Molecular detection and epidemiology of Sapporo-

like viruses. Journal of Clinical Microbiology 38: 530-536. 

Wade, T.J., Calderon, R.L., Brenner, K.P., Sams, E., Beach, M., Haugland, R., 

Wymer, L. and Dufour, A. (2008). High sensitivity of children to swimming-

associated gastrointestinal illnesses. Epidemiology 19: 375–383. 



118 

Wade, T.J., Sams, E., Brenner, K.P., Haugland, R., Chern, E., Beach, M., Wymer, 

L. and Rankin, C.C. (2010). Rapidly measured indicators of water quality and 

swimming associated illnesses at marine beaches: a prospective cohort study. 

Environmental Health 9: 1–14. 

Wait, D. A., and M. D. Sobsey. 2001. Comparative survival of enteric viruses and 

bacteria in Atlantic Ocean seawater. Water Science Technology 43: 139-142. 

Whitman, R.L., Shively, D.A., Pawlik, H., Nevers, M.B. and Byappanahalli, M.N. 

(2003). Occurrence of Escherichia coli and Enterococci in Cladophora 

(Chlorophyta) in nearshore water and beach sand of Lake Michigan. Applied 

Environmental Microbiology 69: 4714–4719. 

WHO (2004). Guidelines for drinking water quality. Vol 1. Recommendations. 3rd ed., 

Geneva: World Health Organization: Geneva, Switzerland. 

WHO (2012). Progress on drinking-water and sanitation–2012 Update" Launched on 6 

March 2012; World Health Organization: Geneva, Switzerland. 

WHO/UNICEF (2014). Joint Monitoring Programme for water supply and sanitation, 

Progress on sanitation and drinking-Water Update; WHO/UNICEF: Geneva, 

Switzerland. 

Willcocks, M.M., Carter, M.J., Laidler, F.R. and Madeley, C.R. (1990). Growth and 

characterisation of human fecal astrovirus in a continuous cell line. Archives of 

Virology 113: 73-81. 

Willcocks, M.M., Carter, M.J. and Madeley, C.R. (1992). Astroviruses. Reviews in 

Medical Virology 2: 97-106. 

Wolfaardt, M., Moe, C.L. and Grabow, W.O.K. (1995). Detection of small rounded 

structured viruses in clinical and environmental samples by polymerase chain 

reaction. Water Science Technology 31: 375–382. 

Wong, M., Kumar, L., Jenkins, T.M., Xagoraraki, I., Phankumar, M.S. and Rose, 

J.B. (2009). Evaluation of public health risks at recreational beaches in Lake 

Michigan via detection of enteric viruses and a human-specific bacteriological 

marker. Water Research 43: 1137–1149. 



119 

Wylie, K.M., Wylie, T.N., Orvedahl, A., Buller, R.S., Herter, B.N., Magrini, V., 

Wilson, R.K. and Storch, G.A. (2015). Genome sequence of enterovirus D68 

from St. Louis, Missouri, USA. Emerging Infectious Diseases 21: 184-186.  

Wyn-Jones, A.P. and Herring, A.J. (1991). Growth of clinical isolates of astrovirus in a 

cell line and preparation of viral RNA. Water Science and Technology 24: 285-

290. 

Wyn-Jones, A.P. and Sellwood, J. (2001). A review: enteric viruses in the aquatic 

environment. Journal of Applied Microbiology 91: 945–96. 

Xagoraraki, I., Kuo, H.W., Wong, K., Wong, M. and Rose, J.B. (2007). Occurrence of 

human adenoviruses in two Great Lakes recreational beaches. Applied 

Environmental Microbiology 73: 7874–7881. 

Zachos, N.,  Kovbasnjuk, O., Abel, J., Julie In, J., Blutt, S., Jonge, H., Estes, M. and  

Donowitz, M. (2016). Human enteroids/colonoids and intestinal organoids 

functionally recapitulate normal intestinal physiology and pathophysiology. 

Journal of Biological Chemistry 291: 3759-3766.  

http://www.jbc.org/search?author1=Olga+Kovbasnjuk&sortspec=date&submit=Submit
http://www.jbc.org/search?author1=Jennifer+Foulke-Abel&sortspec=date&submit=Submit
http://www.jbc.org/search?author1=Julie+In&sortspec=date&submit=Submit
http://www.jbc.org/search?author1=Sarah+E.+Blutt&sortspec=date&submit=Submit
http://www.jbc.org/search?author1=Hugo+R.+de+Jonge&sortspec=date&submit=Submit
http://www.jbc.org/search?author1=Mary+K.+Estes&sortspec=date&submit=Submit
http://www.jbc.org/search?author1=Mark+Donowitz&sortspec=date&submit=Submit
http://www.jbc.org/search?author1=Mark+Donowitz&sortspec=date&submit=Submit


120 

APPENDICES 

Appendix I: Buffers and solutions 

a) Buffers for Nucleic Acid extraction (Glycine beef extract buffer-GBEB) 

 Glycine 3.754 g  

 Beef extract 5 g 

 Water  

 1 M NaOH 

 1 M HCl  

 TBE- 100 ml 

 Tris base- 4 g 

 Boric acid-2.75 g 

b) PCR buffer  

 10-50 mM Tris-HCl pH 8.3,  

 Up to 50 mM KCl, 1.5 mM or higher MgCl2,  

 Primers 0.2 – 1 µM each primer,  

 50 – 200 µM each dNTP,  

 Gelatin or BSA to 100 µg/ml, and/or non-ionic detergents such as 

Tween-20 or Nonidet P-40 or Triton X-100 (0.05 - 0.10 % v/v). 

c) Reagent preparation  

Preparation of 1 M HCl was carried out by dissolving 82.5 ml of HCl 

stock solution to water to make a solution. Water was then added to make 

a total volume of 1000 cm
3
 of solution. Preparation of 1 M NaOH 

involved dissolving of 40 g of Sodium hydroxide pellets in water and then 

topped up to make 1000 cm
3
 of solution. 
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Appendix II: Data analyses 

A). Frequency distribution of the pH and the temperature of the samples from all 

the months 

TEMP (ºC) Frequency Percentage pH   Frequency 

Percent

age 

24 12 5.56 7 210 97.22 

25 35 16.2 7.5 6 2.78 

26 169 78.24    

Total 216 100 Total 216 100 

  

B). Physical parameters seasonal comparison using t test 

a) pH  

Paired T-Test and CI: Wet, Dry  

Paired T for Wet - Dry 

 

              N    Mean   StDev  SE Mean 

Wet         108  7.0278  0.1151   0.0111 

Dry         108  7.0000  0.0000   0.0000 

Difference  108  0.0278  0.1151   0.0111 

 

95% CI for mean difference: (0.0058, 0.0497) 

T-Test of mean difference = 0 (vs ≠ 0): T-Value = 2.51  P-Value = 0.014 

 

b) Temperature 

Paired T-Test and CI: Wet, Dry  

Paired T for Wet - Dry 

              N     Mean   StDev  SE Mean 

Wet         108  25.5556  0.6881   0.0662 

Dry         108  25.8981  0.3039   0.0292 

Difference  108  -0.3426  0.7873   0.0758 

 

95% CI for mean difference: (-0.4928, -0.1924) 

T-Test of mean difference = 0 (vs ≠ 0): T-Value = -4.52  P-Value = 0.000 

 

c) Electrical Conductivity 

Paired T-Test and CI: Wet, Dry  

Paired T for Wet - Dry 
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              N    Mean  StDev  SE Mean 

Wet         215   12.86  12.69     0.87 

Dry         215   48.42  36.37     2.48 

Difference  215  -35.56  45.39     3.10 

 

95% CI for mean difference: (-41.66, -29.46) 

T-Test of mean difference = 0 (vs ≠ 0): T-Value = -11.49  P-Value = 0.000 

 

d) Total dissolved solids 

Paired T-Test and CI: Wet, Dry  

Paired T for Wet - Dry 

              N   Mean  StDev  SE Mean 

Wet         108  47.56  21.59     2.08 

Dry         108  50.14  33.72     3.24 

Difference  108  -2.57  39.30     3.78 

 

95% CI for mean difference: (-10.07, 4.92) 

T-Test of mean difference = 0 (vs ≠ 0): T-Value = -0.68  P-Value = 0.498 

 

e) Dissolved Oxygen 

Paired T-Test and CI: Wet, Dry  

Paired T for Wet - Dry 

              N   Mean  StDev  SE Mean 

Wet         215  27.97  24.79     1.69 

Dry         215  29.00  30.87     2.11 

Difference  215  -1.04  27.32     1.86 

 

95% CI for mean difference: (-4.71, 2.64) 

T-Test of mean difference = 0 (vs ≠ 0): T-Value = -0.56  P-Value = 0.578 

 

f) Turbidity 

Paired T-Test and CI: Wet, Dry  

Paired T for Wet - Dry 

              N   Mean  StDev  SE Mean 

Wet         322  25.26  21.21     1.18 

Dry         322  22.68  26.80     1.49 

Difference  322   2.58  23.26     1.30 

 

95% CI for mean difference: (0.03, 5.13) 

T-Test of mean difference = 0 (vs ≠ 0): T-Value = 1.99  P-Value = 0.047 

  



123 

c).  Regression analysis 

1. REGRESSION ANALYSIS: ESTMATED DISTANCE FROM LATRINE 

VERSUS ADENOVIRUS FOUND  

 

The regression equation is 

ESTMATED DISTANCE FROM LATRINE = 154.5 - 89.08 ADENOVIRUS FOUND 

S = 105.767   R-Sq = 3.3%   R-Sq(adj) = 2.9% 

Analysis of Variance 

Source       DF       SS       MS     F      P 

Regression    1    82846  82846.3  7.41  0.007 

Error       214  2393954  11186.7 

Total       215  2476800 

 

 FITTED LINE: ESTMATED DISTANCE FROM LATRINE VERSUS ADENOVIRUS 

FOUND  
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124 

2. REGRESSION ANALYSIS: ESTMATED DISTANCE FROM LATRINE 

VERSUS ENTEROVIRUS FOUND  

 

The regression equation is estmated distance from latrine = 151.7 - 53.15 

ENTEROVIRUS FOUND 

 

S = 107.165   R-Sq = 0.8%   R-Sq(adj) = 0.3% 

Analysis of Variance 

Source       DF       SS       MS     F      P 

Regression    1    19134  19134.4  1.67  0.198 

Error       214  2457666  11484.4 

Total       215  2476800 

 

FITTED LINE: ESTMATED DISTANCE FROM LATRINE VERSUS ENTEROVIRUS 

FOUND  
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3. REGRESSION ANALYSIS: ADENOVIRUS FOUND VERSUS DISTANCE 

FROM THE SEWER  

The regression equation is 

ADENOVIRUS FOUND = 0.08549 - 0.000028 DISTANCE FROM THE SEWER 

S = 0.218738   R-Sq = 1.9%   R-Sq(adj) = 1.5% 

Analysis of Variance 

Source       DF       SS        MS     F      P 

Regression    1   0.2007  0.200725  4.20  0.042 

Error       214  10.2391  0.047846 

Total       215  10.4398 

 

FITTED LINE: ADENOVIRUS FOUND VERSUS DISTANCE FROM THE SEWER  
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4. REGRESSION ANALYSIS: ENTEROVIRUS FOUND VERSUS 

DISTANCE FROM THE SEWER  

 

The regression equation is 

ENTEROVIRUS FOUND = 0.04860 - 0.000013 DISTANCE FROM THE SEWER 

S = 0.177326   R-Sq = 0.7%   R-Sq(adj) = 0.2% 

Analysis of Variance 

Source       DF       SS         MS     F      P 

Regression    1  0.04405  0.0440505  1.40  0.238 

Error       214  6.72910  0.0314444 

Total       215  6.77315 

 

 FITTED LINE: ENTEROVIRUS FOUND VERSUS DISTANCE FROM THE SEWER  
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D).   Pearson Correlation of Physical Parameters and Viruses present 

 pH Temp(⁰C
) 

EDFL Condu

ctivity 

TDS DO Turbidity Adenov

irus 

Found 

Enterovirus 

Found 

Temp(⁰c) *0.032                             

0.636 

        

EDFL -0.147 

0.030 

-0.120 

0.079 

       

Conductivity -0.131 

0.055 

0.267 

0.0001 

0.108 

0.112 

      

TDS 0.125 

0.067 

0.147 

0.031 

-0.465 

0.0001 

0.331 

0.0001 

     

DO -0.108 

0.115 

0.012 

0.850 

0.263 

0.0001 

0.245 

0.0001 

0.214 

0.002 

    

Turbidity 0.247 

0.0001 

0.011 

0.874 

-0.005 

0.945 

-0.542 

0.0001 

-0.132 

0.053 

-0.157 

0.021 

   

Adenovirus 

found 

0.089 

0.193 

0.114 

0.096 

-0.183 

0.007 

-0.062 

0.366 

0.045 

0.508 

-0.083 

0.222 

0.108 

0.113 

  

Enterovirus 

found 

0.128 

0.060 

0.090 

0.188 

-0.088 

0.198 

-0.027 

0.693 

0.119 

0.082 

-0.068 

0.317 

0.087 

0.202 

-0.042 

0.535 

 

EDFS -0.186 

0.006 

-0.175 

0.010 

0.207 

0.002 

0.345 

0.0001 

0.358 

0.0001 

0.485 

0.0001 

-0.557 

0.0001 

-0.139 

0.042 

-0.081 

0.238 

 

*Cell Contents: Pearson correlation value. TDS- total dissolved solids, DO –Dissolved Oxygen, EDL-Estimated distance from 

pit latrines, EDS-Estimated distance from sewage treatment plant 

                  P-Value at 0.05 probability level 
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E).   Frequency distribution of the viruses detected 

Frequency distribution of the enterovirus detected 

Enterovirus 

  Detected Frequency Percentage (%) 

Absent 209 96.76 

Present 7 3.24 

Total 216 100 

 

Frequency distribution of adenovirus detected  

Adenovirus     

Detected Frequency Percentage (%) 

Absent 205 94.91 

Present 11 5.09 

Total 216 100 
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Appendix III: Absorbance ratios of the extracted nucleic acids 

   Sites 

Month Season Nucleic Acid L1 L2 L3 L4 L5 L6 

Oct 2011 Wet RNA 0 0 0 0 0 0 

DNA 0 0 0 0 1.75 0 

Nov 2011 Wet RNA 0 0 0 0 2(1.9) 0 

DNA 2.2 0 0 0 2(1.9) 0 

Jan 2012 Dry RNA 0 0 0 0 2.1 0 

DNA 0 0 2(1.8) 0 0 0 

Feb 2012 Dry RNA 0 0 0 1.9 0 0 

DNA 0 0 0 0 0 2(1.9) 

Mar 2012 Dry RNA 0 1.91 0 0 0 0 

DNA 0 0 0 0 0 1.89 

April 2012 Wet RNA 0 0 0 0 0 2(1.8) 

DNA 0 0 0 0 2(1.9) 0 

Values represent averages of the absorbance ratios of the nucleic acids extracted per site. 

The values outside the parenthesis represent situations where the number of the nucleic 

acids recovered from samples from a given site is more than one with the same 

absorbance ratio. Zero (0) means no nucleic acid was extracted. 

 

 


