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EXECUTIVE SUMMARY

BACKGROUND

Increasing urbanization on a global scale places enormous pressure on finite freshwater
supplies. South Africa is a chronically water stressed country with between 500 m*® and
1000 m® of water available per person per year. Surface water is heavily committed for use,
resulting in water being imported from neighbouring countries. The South African national
government is concerned about the state of river water quality and the status of wastewater
treatment. The Blue Drop Certification Programme was initiated in 2009 which is designed
and implemented with the core objective of ensuring good quality drinking water. Decision
makers, investors and researchers share the view that the declining quality of water will have
a negative impact on the South African economy, in both the short and the long term. As a
result, water availability is predicted to be the single greatest and most urgent development

constraint facing South Africa.

As water demands increase, there are some concerns that need to be addressed to ensure
protection of public health and the health of the environment. In many countries water quality
of the natural resources has become an important issue. With the development of urban and
industrial areas, rivers have traditionally acted as conduits of pollution through legal and
illegal practices. South Africa’s water resources have been under increasing threat of
pollution in recent years partly due to rapid demographic changes, which have coincided
with the establishment of human settlements lacking appropriate sanitary infrastructure. One
of the biggest issues regarding water use is pathogen transport. Due to the complexity of
contamination sources, it is still difficult to assess which pathogens can potentially be spread
through the water supply. Microbial contamination of our aquatic environments poses a
potential public health risk when improperly managed. Water quality issues, associated with
microorganisms and physic-chemical properties, are of increasing importance because they
can impact on water supplies. Accurate and comprehensive assessment of microbial water
quality is of paramount importance if both existing and new water sources are to be safely

employed.

Public water systems rely on bacterial indicators (i.e. coliforms) for monitoring water quality.
However, it has been shown that bacterial indicators are often poorly correlated with the
presence of other microorganisms. Viruses are a group of particular concern because they

include highly stable pathogens that can be resistant to standard wastewater treatment
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processes. The spread of viral pathogens through water is a real possibility as several
studies have detected enteric viruses in treated wastewater, including Reoviruses,
Astroviruses (AstVs), Saproviruses (SaVs), Rotaviruses (RV), Noroviruses (NoVs),
Adenoviruses (AdVs), Hepatitis A viruses (HAVs) and Enteroviruses (EVs). The inherent
resistance of enteric viruses to water disinfection processes means that they can be present
in drinking water exposing consumers to the likelihood of infection. The enteric viruses, shed
in large numbers in the faeces of infected individuals, enter source waterways when
inadequately treated and untreated human and animal wastes are directly or indirectly
discharged into rivers, streams and estuaries. Current safety standards for determining
water quality typically do not specify what level of viruses should be considered acceptable.
This is in spite of the fact that viruses are generally more stable than common bacterial
indicators in the environment. The study of viruses is relatively poor and has historically
been focusing on medical- or agricultural-related viruses. There has been little investigation
of the importance of viruses in the aquatic environmental domain, where even basic
information, such as their temporal dynamics and spatial distribution, is almost non-existent.
Therefore, it was critical to initiate some environmental viral study in order to have an

understanding of viruses in our water environment.

AIMS OF THE STUDY

The objective of this study was to evaluate the seasonal variation of viral abundance,

especially human pathogenic enteroviruses in Umgeni River, South Africa.

METHODOLOGY

The Umgeni River was chosen due to it being the major water source in the Durban area.
Water samples from the Umgeni River were collected during the autumn, winter, spring and
summer seasons. Physico-chemical parameters including, temperature, pH, turbidity,
biological oxygen demand, chemical oxygen demand, conductivity, dissolved nutrient
concentrations and heavy-metals were measured. The membrane filtration (MF) technique
was used for the enumeration of bacterial indicators according to standard protocol. Phage
populations were determined by the plaque assays. Viral community samples (virioplankton)
were concentrated using a two-step tangential flow filtration process, followed by ultra-
centrifugation. SYBR Gold staining and epifluorescent microscopy was used to enumerate
virus-like particles (VLPs). Transmission electron microscopy (TEM) was used to examine
the structures and morphology of VLPs, by resembling known phages and human viruses.

Cell-culture was utilized to determine viral infectivity on various cell lines according to the
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cytopathic effect (CPE). Viral DNA and RNA were simultaneously extracted from the viral
concentrates using appropriate extraction kits. The primers sequences were selected using
previously published data on the different human viruses available in the GENBANK

database. Statistical comparisons were performed between all datasets.

RESULTS AND DISCUSSION

The results show that the Umgeni River water quality, especially in the lower reaches, has

been affected by chemical, bacterial and viral contamination.

Spatial and seasonal fluctuations of the physico-chemical environmental variables of the
water samples were observed. Significant seasonal variations (p<0.05) in turbidity values
were noted and ranged from 1.62 NTU (Inanda Dam; U5) in autumn to 15.64 NTU (Umgeni
River mouth; U1) summer which exceeded the target water quality range of < 1 NTU for
domestic water use. This might cause problems for those who drink the water directly
without treatment. Large seasonal variations in BODs, COD and conductivity levels amongst
the sampling points along the Umgeni River were also observed. The water quality of these
sampling sites can only be used for most of the industrial purposes, not for the recreational
and drinking purposes according to the water quality guidelines set by DWAF. The
nitrite/nitrate, ammonium and phosphate levels of the water samples at the New Germany
Waste Treatment Works (U3) were generally higher than other sampling points except (U1)
indicating potential polluting sources in this area. The phosphate levels of the water samples
from points U1, U2 (Informal settlement at Reservoir Hills) and U3 as lower reaches area are
higher than South African Water Quality guideline value for the aquaculture of 0.077 mg/t P.
The water temperature of the Umgeni River samples showed moderate to strong
correlations with turbidity (r = 0.377), pH (r = 0.572), and conductivity (r = 0.702). All above-
mentioned parameters have strong correlations with the level of heterotrophic bacterial

population in this river according to canonical correspondence analysis (CCA) analysis.

The downstream Umgeni River was found to be more microbially contaminated than
upstream, as the river flows through the more urbanized areas of Durban. Higher nutrient
concentrations and higher turbidity levels were also observed near Durban. TC and FC
counts varied significantly (p<0.05) throughout all sampling points and ranged from 3.30 x
10° cfu/100 mE (U1 — winter) to 6.03 x 10° cfu/100 mé (U1 — summer) and 0.89 x 10> cfu/100
mt (U3 — winter) to 4.85 x 10° cfu/100 m¢ (U2 — spring), respectively. All points failed to meet
the target water quality ranges of TC, FC, EC and FS levels for recreational and drinking
uses according to DWAF and USEPA criteria with points U2 and U1 having the highest TC,
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FC, and VC especially during the spring and summer seasons. Salmonella spp., Shigella
spp. and Vibrio cholerae were also detected in all the water samples. Sampling site U5,
which represented the upstream of the Umgeni River, had the lowest FC, VC and SHIG
concentrations during all seasons. There was no significant difference in the TC, FC and VC
counts (p> 0.05) between the seasons while EC and FS counts differed significantly (p <
0.05) over all seasons. Significant spearman's rho correlation coefficients were noted
between the THB populations and most of other indicator organisms throughout all seasons
except between FS populations with the other indicators as well as with the physico-

chemical parameters as confirmed by the CCA analysis.

CCA ordination plot revealed strong correlations between the overall bacterial growths of
different sites and seasons measured as well as the physico-chemical water quality
variables. The temperature, BODs, turbidity, pH, electrical conductivity, orthophosphate and
sulphate were the most prominent variables that correlate significantly with the microbial
community structures at sites 1, 3 and 5 during the summer and spring seasons. The overall
bacterial growths of site 2, 4, 5 during autumn and winter seasons strongly correlated with
the nitrate/nitrite profiles. The results from the CCA analysis also suggest that correlations
between bacterial community data and heavy metal variables exist. CCA analyses also
demonstrate that the overall bacterial growths correlate with the environmental factors of

different sites and vary seasonally.

In this study, the populations of somatic, F-specific coliphages and various enteric viruses
were also monitored using various techniques. All sampling points throughout all seasons
tested positive for the presence of somatic coliphages which ranged from 10 pfu/mf (U5 —
autumn) to 659 pfu/mf (U1 — summer) especially in the lower reaches of the river and during
the summer period. F-RNA coliphage counts were significantly lower compared to those of
somatic coliphage counts in the literature. F-RNA coliphages from 0 pfu/mf (U5 — autumn) to
550 pfu/mf (U2 — summer) were also detected more frequently in the lower reaches of the
river. Similarly, VLPs were detected using EFM at all sampling sites throughout all seasons,
and increased in a way similar to coliphages, with point U1 during summer having the
highest population of 2086 VLP/m{. Mean concentrations of somatic coliphages and F-RNA
coliphages were comparable between the autumn and spring seasons and correlation
analysis resulted in a strong Pearson's correlation coefficient of 0.977 (p<0.01). These
coliphages had inverse correlations (r = -0.536) with the VLPs detected during autumn but
correlated (r = 0.795) well with the VLPs found during spring. THB populations correlated
(r = 0.85, p< 0.05) well with the somatic coliphages and VLP populations at all sites along

the river and for both seasons. CCA ordination plots revealed strong relationships between

Vi
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the overall viral populations at sites 1, 2 and 3 during the autumn, summer and spring
seasons and the physico-chemical water quality variables such as temperature, BODs,
turbidity, pH, conductivity, orthophosphate and sulphate that were the most important
variables that were correlated significantly with the total bacterial community structures. The
ordination plot also revealed that the Somatic phage, FRNA phage and VLPS were largely
unrelated to one another. The results observed were probably due to different varieties of
specific hosts involved, therefore strong relationships can only be observed between the

THB communities and VLP and phage communities.

All water samples in this study contained a mixture of morphologically different tailed phage
viruses, which were regarded as bacteriophages. Most of the detected phages had isometric
heads and long non-contractile tails, belonging to morphotype B1 (Siphoviridae; 33%of the
water samples) followed by Members of morphotypes A1 (Myoviridae; 25%), and C1
(Podoviridae; 20%). Other appendages are pertinent for the recognition of and interaction
with the host cell. These accessories may be an indication that a significant proportion of the

phages are suspended in the water environment as potentially infective particles.

Several presumptive virus types including Adenoviridae, Caliciviridae (Norovirus),
Coronaviridae, Herpesviridae, Orthomyxoviridae (Influenza virus), Picornaviridae
(Enterovirus), Poxviridae, and Reoviridae (Rotavirus) were found in the Umgeni River during
all seasons based on the morphologies under TEM. The virus infectivity abilities of the above
mentioned VLPs in the water samples were demonstrated using three different tissue culture
assays. All the water samples from U1, U2 and U3 (except the autumn sample) were
capable of inducing the cytopathic effects of all tissue cell lines. The water samples from U5
failed to produce CPE of Hep-G2 cell line except the summer sample. These results strongly
indicate the potential of viruses in the water samples especially from the lower catchment
areas to infect the human hosts throughout the year. These observations may have serious
health care implications. Detection of these presumptive human enteric viruses from the
water samples were further confirmed by PCR/RT-PCR assays using specific primers.
Adenoviruses, enteroviruses, rotaviruses and Hepatitis B viruses were detected in all water

samples in this study.

Vi
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CONCLUSIONS

e.. This study serves as a reminder of the importance of well-functioning drinking water
treatment plants. Furthermore, although river water is never managed to achieve
drinking water quality, the results would also raise concerns for those who may

consume water directly from the river without any form of treatment.

.. The microbiological and physico-chemical qualities of the Umgeni River in Durban,
South Africa did not meet the target water quality ranges of Total Coliforms (TC),
Faecal Coliforms (FC), Enterococci (EC) and Faecal Streptococci (FS) levels for the

recreational and drinking uses according to DWAF.

o.. The presumptive bacterial pathogens such as Salmonella spp., Shigella spp. and
Vibrio cholerae were also detected in all the water samples. In addition, most of the
water samples contained high populations of somatic coliphages, FRNA coliphages
and many other virus-like particles (VLPs) and demonstrated their infectivity abilities of

various human tissue cultures.

.. The results of CCA analyses demonstrate that pH, electrical conductivity, temperature,
and turbidity were correlated with the microbial community structures in the Umgeni

River water.

o.. Many presumptive pathogenic enteric viruses such as adenoviruses, enteroviruses,
rotaviruses and Hepatitis B viruses were detected in all water samples using PCR/RT-
PCR. The above water samples demonstrated their infectivity abilities of various

human tissue cultures.

.. The present study highlights the importance of routine environmental surveillance of
pathogenic bacteria and human enteric viruses. This can contribute to a better
understanding of the actual burden of disease on those who might be using the water
directly without treatment. The study also suggests a need to monitor the actual

viruses present in addition to the traditional indicators.

viii
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+.. Since a “gold standard” for the detection of viruses in environmental samples is not yet
defined, the incidence of viral contamination might be underestimated by the current

methods.

RECOMMENDATIONS

+.. Statistical tools provide an objective interpretation of correlations between surface
water quality variables, and should be incorporated into water quality monitoring
systems more routinely. However, the implication of a cause and effect relationship for

each correlation should not be taken for granted.

+.. Although not used in this study, it is recommended that the infectivity of viruses in river
water using the Integrated Cell Culture Reverse Transcription-Polymerase Chain
Reaction (ICC-RT-PCR) method be investigated. This approach apparently overcomes
most of the disadvantages associated with both conventional cell culture and direct

PCR assays, reducing the time needed for the detection of infectious viruses.

CAPACITY BUILDING

One PhD student participated in the current study. The study also establishes a platform in
this University and the Province as a whole for more incoming students to be involved in

similar studies.
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1 LITERATURE REVIEW

1.1 Introduction

Microbial contamination of aquatic environments poses a potential public health risk when
improperly managed (Alexander et al., 1992; Cheung et al., 1990). One of the largest issues
regarding water use is pathogen transport. In spite of the advantage of technologies, it is still
difficult to assess which pathogens can potentially be spread through the water supply (Salgot
et al., 2001). At present, public water systems rely on bacterial indicators (i.e. coliforms) for
monitoring water quality, and it has been shown that bacterial indicators are often poorly
correlated with the presence of other microorganisms, such as protozoa and viruses, which
can be found in various water sources including finished drinking water (Straub and Chandler,
2003). Viruses are the group of particular concern because they include highly stable

pathogens that can be resistant to standard wastewater treatment processes.

In South Africa, 2.6% of all deaths are attributable to unsafe water supplies, inadequate
sanitation facilities and hygiene, with significantly higher figures applying to children under five
years of age and an associated treatment cost of R3.4 billion (Lewin et al., 2007; Wenhold and
Faber, 2009). While the microbial safety of drinking and recreational waters has dominated the
scientific and public health arena for over a century, the threat of human virus contamination
to these waters has only been of interest over the past few decades. Current safety standards
for determining water quality typically do not specify what level of viruses should be
considered acceptable. This is in spite of the fact that viruses are generally more stable than
common bacterial indicators in the environment (Okoh et al., 2010). The monitoring of water
supplies and research on waterborne viruses in South Africa have been inadequate, and our
understanding has been weighed down by the limited number of scientific outputs, lack of
available and precise detection analyses, and imprudent suppositions with regard to virus
viability, infectivity and pathogenesis (Grabow et al., 2004). Thus the key to understanding and
monitoring water quality has led to the need for developing an effective and efficient method
for the simultaneous collection and recovery of low levels of pathogenic human viruses that

can then be rapidly identified and quantified (Craun et al., 2006).

1.2 Current Environmental Water Situation in South Africa

South Africa is opulently endowed with biodiversity, much of which lies outside of the
approximately 6% of land area that falls within its protected area system (Payment et al.,
1991; Turpie et al., 2008). As poverty and the demand for land for urban and agricultural use

increase, habitats and therefore biodiversity are progressively more under threat. These
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pressures are further exacerbated by climate change, particularly its impacts on water
resources (Turpie et al., 2004). Conservation in South Africa has historically been perceived
as a luxury and the concern of the wealthy, especially since almost all conservation efforts are
focused on the protected areas, which tend to be geographic, economic, and socio-political
enclaves (Turpie et al., 2008). Surface water is heavily committed for use with between 500
m* and 1000 m? of water available per person per year (Ashton, 2002). The current status of
water quality in South Africa varies substantially, with the most contaminated water resources
being the Vaal River, Crocodile West (Limpopo), Umgeni and Olifants River systems (Van der
Merwe-Botha, 2009).

Like many countries in Africa, South Africa’s water resources have been under increasing
threat of pollution in recent years due to rapid demographic changes, which have coincided
with the establishment of human settlements lacking appropriate sanitary infrastructure
(Drechsel et al., 2006; Karikariay et al., 2007). This applies especially to peri-urban areas
which surround the larger metropolitan towns in the country. In these areas no wastewater
treatment is provided and raw sewage enters the rivers and streams directly (Mardon, 2003).
Because of the lack of infrastructure in these settlements, the residents are often forced to
inhabit river banks, and without adequate sanitation, this further contributes to the diminishing
water quality. The lack of adequate potable water supply to many of these residents, forces
them to become dependent on other water sources (Obi et al., 2002). People living in these
areas, as well as downstream users, often utilize the contaminated surface water for crop
irrigation, recreation as well as for domestic personal use such as washing, drinking and
cooking without prior treatment, which creates a situation that poses a serious health risk to
the people (Raschid-Sally et al., 2005; Verma and Srivastava, 1990). Hearings during the
2008 Parliamentary sitting reflected the lack of clarity and certainty surrounding water quality
and water infrastructure in the country. With these aspects in mind and given the ever-
increasing demands to prepare and plan for a water-secure future, one fact is clear — South
Africans are becoming increasingly concerned about a water-secure future. Decision makers,
investors and researchers share the view that the declining quality of water will have a
negative impact on the South African economy, in both the short and the long term (Van der
Merwe-Botha, 2009). As a result, water availability is predicted to be the single greatest and
most urgent development constraint facing South Africa. The need for water is further
highlighted by the fact that water scarcity in developing countries is closely linked to the
prevalence of poverty, hunger, and disease (Ashton and Haasbroek, 2002, Falkenmark,
1994). While the country faces many challenges as a result of the limited and variable nature
of its water resources (Figure 1.1), these challenges need not constrain sustainable growth

and development, with the proviso that water management is sound.
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Figure 1.1 Water quality challenges and security issues facing South Africa

(Muller et al. 2009).

As water demands increase, there are some concerns that need to be addressed to ensure
protection of public health and the health of the environment (Levine and Asano, 2004;
Rosario et al., 2009). Quality issues, predominantly associated with microorganisms, are of
increasing importance as a result of environmental impacts on current water supplies and
development of alternative water sources. Accurate and comprehensive assessment of
microbial water quality is of paramount importance if both existing and new water sources are

to be safely employed (Payment et al., 1991).

1.3 Surface Water Pollution: Sources, Indicator Organisms and Detection
Methods

When referring to water quality, accessible water resources in South Africa are at times
portrayed as being either “too little” (due to drought), “too much” (due to floods) or “too dirty”
(due to pollution). More recently, the emphasis has shifted to water being “dirty” (Van Der
Merwe-Botha, 2009). Water quality is imperative to assess the health of a watershed and to
make crucial management decisions to control current and future pollution of receiving water
bodies (Behbahaninia et al., 2009; Khadam and Kaluarachi, 2006). The information gained on
water quality and pollution sources is important for the implementation of sustainable water-
use management strategies (Nouri et al., 2008, 2009, 2011; Sarkar et al., 2007; Zhou et al.,
2007).
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Rivers have been utilized by mankind for hundreds of years to the extent that very few of them
are now in their innate form (Chang, 2008; Masamba and Mazvimavi, 2008; Ngoye and
Machiwa, 2004). With the development of urban and industrial areas, rivers have traditionally
acted as conduits of pollution through legal and illegal practices (DWAF, 1996 b; Mardon,
2003). Through natural processes anything that is added to a river higher up in a catchment
will eventually find its way to the coast and could lead to the pollution of the near shore region
(DWAF, 2007). Water purification schemes deal with the treatment of industrial and urban
wastewater (Mardon, 2003). These schemes process the wastewater and then need to
dispose of the treated water — usually into rivers. The quality of discharged water is closely
monitored under strict guidelines. Under normal conditions, although treated water is still
polluted to a certain extent, the effect on the river is not detrimental. However problems arise
when excessive rains and floods increase the volumes of untreated wastewaters beyond the
capacity of the schemes. When this happens, untreated wastewater sometimes bypasses the

treatment works and enters the river untreated.
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Figure 1.2 Protecting public health through ensuring drinking water quality (Davison et al.,
2002)

The control of microbiological and chemical quality of drinking and recreational water requires
the development of Water Safety Plans (WSPs) which, when put into practice, provide the
basis for process control to make certain pathogen and chemical loads are acceptable (Deere
et al., 2001). Implicit within this process is that a tolerable disease burden has been identified
at national and local levels and that water quality targets have been established for each type

of technology used (Davison et al., 2002). The delivery of 'safe’ water, therefore, involves
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actions by a variety of stakeholders who set water quality targets to improve public health, as
illustrated in Figure 1.2. The Department of Water Affairs includes the sphere of risk
management, operations and asset management into the Blue Drop Programme to improve
the quality of drinking water (DWA, 2012).

1.3.1 Microbial Indicators and their Detection Methods

Water-borne pathogens transmit diseases to around 250 million people each year resulting in
10 to 20 million deaths around the globe (Wilkes et al., 2009; Zamxaka et al., 2004). The
assessment of the microbiological quality of drinking water aspires to protect consumers from
illness due to consumption of water that may contain pathogens such as bacteria, viruses and
protozoa, and thus to thwart drinking-water related illnesses. An indicator of microbial water
quality is generally something (not necessarily bacteria) which has entered the water system
at the same time as faeces, but is easier to measure than the full range of microorganisms
which pose the health risk. A useful water quality indicator should:
i. Be universally present in the faeces of humans and warm-blooded animals, in large
numbers
i. Be readily detected by simple methods
iii.  Not grow in natural waters, the general environment or water distribution systems
iv.  Be persistent in water and the degree to which it is removed by water treatment is
comparable to those of waterborne pathogens (NHMRC-ARMCANZ, 2003; WHO,
1996).

The presence or absence of indicator organisms are key fundamentals of most drinking water
quality guidelines, water supply operating licenses and agreements between bulk water
suppliers and retail water companies (Colford et al., 2007). At present, the bacterial indicators
used in water quality management and health risk assessments include total coliforms, faecal
coliforms, Esherichia coli, faecal streptococci and enterococci, because they are much easier
and less costly to detect and enumerate than the pathogens themselves (Meays et al., 2004).
The South African water quality guidelines are centred solely on E. coli as being an indicator
of pathogenic pollution and are subject to strict governmental regulations. Recreational waters
intended for full and transitional contact are regulated by compliance to the following two limits
enumerated for E. coli: (1) less than 20% of the samples can exceed 100 colony forming units
per millilitre (cfu/ml), (2) less than 5% of the samples to exceed 2000 cfu/ml. These guidelines
do not set restrictions for enterococcus concentrations nor is the sampling incidence specified
(Mardon and Stretch, 2004).
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None of the bacterial indicators currently used for monitoring meet all ideal criteria established
for water quality (Ashbolt et al., 2001; Bitton, 2005; Stevens et al., 2003). The survival and
incidence of bacterial viruses (phages) in water environments resembles that of human
viruses more closely than most other indicators commonly used. The application of coliphages
(bacteriophages which infect E. coli and certain related species) in water quality assessment
is rapidly gaining ground (DWAF, 1996a; Grabow, 2001). Somatic coliphages occur in large
numbers in sewage and polluted water environments and are easy to detect, but they may be
replicated by host bacteria in certain water environments (Grabow, 2001). Male-specific
(F-RNA) coliphages are highly specific for sewage pollution and cannot be replicated in water

environments, but detection methods are more complicated (DWAF, 2004 a, b).

1.3.1.1 Total Coliforms and Faecal Coliforms

The notion of coliforms as bacterial indicators of microbial water quality is based on the
hypothesis that because coliforms are present in elevated numbers in the faeces of humans
and other warm-blooded animals, if faecal pollution has entered drinking water, it is probable
that these bacteria will be present, even after significant dilution (Stevens et al., 2003). Total
coliforms are typically described as “All facultative anaerobic, gram-negative, non-spore-
forming, oxidase-negative, rod-shaped bacteria that ferment lactose to acid and gas within 48
hours at 35°C or members of Enterobacteriaceae which are (B-galactosidase positive (APHA,
1998)". The total coliform group of bacteria was originally used as a surrogate for E. coli
which, in turn, was considered to demonstrate faecal pollution, until more specific and rapid
methods became available (Kornacki and Johnson, 2001). With a few exceptions, the coliform
group of bacteria themselves are not considered to be a health risk, but their presence
indicates that faecal pollution may have occurred and pathogens might be present in the water
environment as a result. Total coliforms signify only about 1% of the total population of
bacteria in human faeces in concentrations of about 10° bacteria per gram (Brenner et al.,
1982).

It is generally accepted that the total coliform group of bacteria is diverse and they can be
considered typical inhabitants of many soil and water environments which have not been
impacted by faecal pollution. Even though the presence of E. coli is considered a suitable and
specific indicator of faecal pollution, ambiguity surrounds the use of total coliforms as a health
indicator, as many authors have reported water-borne disease outbreaks in water meeting the
coliform regulations (Gofti et al., 1999; MacKenzie et al., 1994; Ootsubo et al., 2003; Ottson
and Stenstrom, 2003; Payment et al., 1991). Faecal coliforms have a survival pattern

analogous to that of bacterial pathogens but their efficacy as indicators of protozoan or viral
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contamination is limited. In addition studies have shown that E. coli is the only coliform almost

exclusively associated with a faecal source (Tallon et al., 2005).

Detection of total and faecal coliforms in raw water can provide authorities with an indication of
any changes in water quality (WHO, 1997). Classical methods for detection of total and faecal
coliforms in natural waters include the Most Probable Numbers (MPN) and the Membrane
Filtration (MF) techniques on selective agar (APHA, 1998). Although the tests are simple to
perform, they are time-consuming, requiring 48 hours for the presumptive results and do not

allow detection of all the target bacteria in natural environments.

1.3.1.2 Faecal Streptococci and Enterococci

The most commonly considered alternative indicator or adjunct to coliform bacteria is Faecal
Streptococci (FS). They are regarded as suitable indicators of faecal pollution as they occur in
relatively high numbers in human and other warm-blooded animals’ excreta and are generally
absent from natural environments having no contact with human and animal life. In addition,
they persist without proliferation outside the animal host (Sinton et al., 1998). Early studies
have indicated that faecal streptococci are more persistent than faecal coliforms in receiving
waters and groundwater (Bitton, 2005; Evison, 1988; Evison and Tosti, 1980). The
enterococcus group is a subgroup of faecal streptococci and has been used successfully as
faecal pollution indicators as well as reliable as indicators of health risk in marine
environments and recreational waters (Scott et al., 2002). This group of bacteria generally
does not grow in the environment and have been shown to survive longer than faecal
coliforms (Sinton et al., 1998). They also require greater amounts of cumulative solar radiation
to be inactivated in seawater compared to faecal coliforms (Sinton et al., 1994; Sinton et al.,
2002). However, it is possible that regrowth of environmental reservoirs of enterococci may

occur once deposited into the environment (Desmarais et al., 2002).

Faecal streptococci/enterococci can be detected, using selective growth media in MPN or MF
techniques. Media for the recovery and enumeration of faecal streptococci are usually based
on their ability to grow in the presence of azide, and their fermentation of carbohydrates to
produce lactic acid. Over 70 enumeration media have been proposed for faecal streptococci
determination by the MF technique. Media for the recovery and enumeration of enterococci
are usually based on the ability of the genus to hydrolyze the complex carbohydrate, esculin in
the presence of high concentrations of bile salts. Rapid and simple methods, based on defined
enzyme substrate technology, are available for the detection and enumeration of faecal
streptococci and enterococci. These tests are based on the detection of the activity of two

specific enzymes, pyroglutamyl aminopeptidase and B-D-glucosidase (Manafi and Sommer,
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1993), using fluorogenic or chromogenic substrates incorporated into the selective media.
Enterolert is a semi-automated 24-hour MPN test that is commercially available for the
detection of enterococci, and is based, on the use of a methylumbelliferyl substrate (Budnick
et al., 1996). The test has been used successfully to test fresh and marine waters for feacal

indicator organisms (Budnick et al., 1996).

Three different approaches have been proposed for the use of faecal streptococci as
indicators of the source(s) of faecal contamination, including, the faecal coliforms vs. faecal
streptococci ratio (FC/FS); species identification and the FC/FS ratio shift (Cimenti et al.,
2007). According to Geldreich and Kenner, (1969) a ratio of > 4.0 indicates human pollution
and a ratio of < 0.7 indicates animal pollution, therefore making it theoretically possible to
ascribe a human or animal source to the faecal pollution based on the determined ratio. The
assay is rapid, provides satisfactory results and requires minimal training to perform. However,
the method is unable to accurately differentiate between human and animal sources due to
differences in die-off rates between faecal coliforms and faecal streptococci as well as
variability of the survival rates among faecal streptococcal species. Therefore, this ratio is no
longer recommended as a viable approach to faecal source tracking unless very recent faecal
pollution has occurred (Howell et al., 1995). Species identification is based on the ratio of
enterococci to other streptococci in faeces among vertebrate species. Human faeces and
sewage is predominantly composed of enterococci, whereas animal sources contain
significant numbers of non-enterococci (Sinton et al., 1998). However, enterococci are also
present in animals, and are more resistant to environmental stress than other faecal
streptococci (Sinton et al.,, 1998) therefore; this approach to identifying sources of faecal
pollution is generally regarded as unreliable (APHA, 1995). The ratio shift approach is used to
determine the differential die-off coefficients of faecal coliforms and faecal streptococci in
stored samples. Faecal streptococci and faecal coliform counts in receiving waters are
generally correlated, although there is a shift in the ratio with time/distance from the faecal
source due to unquantifiable factors (Sinton et al., 1994; Sinton and Donnison, 1994). This

method requires further investigation as its application has produced variable results.

1.3.1.3 Vibrio cholerae

Vibrio cholerae, a motile Gram-negative curved rod shaped bacterium with a polar flagellum is
the causative agent of cholera in humans (Faruque and Nair, 2008), especially in Africa. This
bacterium is excreted in large numbers in the excreta of the victims suffering with cholera; is
stale in an alkaline environment and can survive in environmental water bodies for several
weeks at the very least (Farmer and Hickman-Brenner, 1992). The genus Vibrio includes more

than 60 species, predominantly marine in origin, and its taxonomy is constantly restructured
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due to the addition of new species. A number of Vibrio species, other than V. cholerae, may

cause disease in man mainly by the ingestion of contaminated water.

Cholera has been regarded as endemic in South Africa, where between the years 2000 and
2003, 128 468 cases were reported, which resulted in 395 deaths in the country (Hemson and
Dube, 2004). The maijor features of the pathogenesis of vibrios are well established. Infection
due to vibriosis begins with the ingestion of contaminated water or food. The ability of V.
cholerae to cause disease is reliant on several factors that allow the pathogen to inhabit the
epithelium of the small intestine and produce the respective enterotoxins that interrupts ion
transport. The expression of two virulence factors, the cholerae toxin (CT) which is a potent
enterotoxin and a pilus-colonization factor known as the toxin-coregulated pilus (TCP) are also

imperative for pathogenicity (Faruque and Mekalanos, 2003; Olaniran et al., 2011).

The detection of Vibrio species is based on the established phenotyping procedures as well as
more recent molecular tools (Tamplin, 2001, Vandenberghe et al., 2003). Conventional
culture-based methods involve a selective pre-enrichment of water samples, plating onto
selective solid media by membrane filtration, followed by morphological, biochemical and
serological characterization. Standard operating procedures optimized for the detection and
identification of V. cholerae and enumeration of V. parahaemolyticus and V. vulnificus (Colwell
and Huq, 1994; Tantillo et al., 2004) include an inoculation of the sample test portion into the
selective enrichment medium APW (alkaline peptone water) and incubation at optimum
temperatures, followed by streaking onto the selective solid medium thiosulphate citrate bile
salt agar (TCBS), where yellow and green colonies are considered total presumptive Vibrio
colonies. Molecular methods for the identification of Vibrio species have increased lately,
especially the use of Polymerase Chain Reaction (PCR)-based techniques to amplify specific
DNA sequences, as well as digestion of these fragments with restriction enzymes.
Environmental factors such as pH, salinity, temperature, nutrients, and solar radiation are
known to influence the survival and proliferation of Vibrio species directly by affecting their

growth and death rates and indirectly through ecosystem interactions (Jiang and Fu, 2001).

The survival of contaminant Vibrio spp in water environments has been shown to decrease
with elevated sunlight (Fujioka and Yoneyama, 2002; Hughes, 2003), high salinity (Sinton
et al., 2002) and increased temperature. However, elevated nutrients and particle associations

have been shown to promote the survival in water bodies.
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1.3.1.4 Bacteriophages

Bacteriophages are viruses that infect bacteria and those that infect coliforms are known as
coliphages. The survival and incidence of bacterial viruses (phages) in water environments
resembles that of human viruses more closely than most other indicators commonly used.
Phages are valuable prototypes for enteric viruses because they share many underlying
properties and features. Among these are structure, composition, morphology, size and site of
replication (Grabow, 2001). The application of coliphages (bacteriophages which infect E. coli
and certain related species) in water quality assessment is rapidly gaining ground (Grabow,
2001; DWAF, 1996 a, b). Phage detection in environmental water samples consists of
concentrating the sample, decontaminating the concentrate, and carrying out the phage
(plaque) assay by the double or single-layer agar methods (Bitton, 2005). A wide range of
bacterial host cells have been used as some are more efficient than others in hosting phages.
Most data on the incidence of phages in water environments are on somatic coliphages. This
is largely because somatic coliphages are detectable by simple, inexpensive and rapid
techniques, and the phages occur in large numbers in any water environment exposed to
human or animal excreta. Phages have proven to be largely valuable tools in research on
viruses and have been projected as microbial indicators of water quality, as they share many
fundamental properties with human enteric viruses which pose a health risk, if present in water

contaminated with human faeces (Grabow, 2001).

1.3.1.5 Somatic Coliphages

Somatic coliphages belong to a variety of lytic phages that infect E. coli and closely related
members of the bacterial family, Enterobacteriacea. They occur in large numbers in sewage
and polluted water environments, are easy to detect, and they may be replicated by host
bacteria in certain water environments (Grabow, 2001). Somatic coliphages have been found
to outnumber F-RNA phages in waste water and raw water sources by a factor of about 5, and
pathogenic human viruses by about 500 (Cimenti et al., 2007; Grabow et al., 2001), thus
making them valuable indicators for assessing the behaviour of and the possible presence of
enteric viruses in water environments like estuaries, seawater, freshwater, potable water,
wastewater and bio-solids (Mocé-Llivina et al., 2003). Somatic coliphage counts in the faeces
of man and animals may vary from less than 10 plaque-forming units (pfu)/g to 10° pfu/g,
although in human faeces counts rarely exceed 10° pfu/g and may often be undetectable.
Phages are often found in faeces of patients suffering from systemic diseases. Somatic
coliphage counts in sewage range from 10° to 10* pfu/ml. In natural waters, coliphages may
also be detected in high numbers, primarily due to pollution from sewage. Inactivation of

coliphages is affected by similar conditions to those which determine inactivation of bacteria.
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The most significant factors are temperature, suspended solids, biological activity and sunlight
(Grabow, 2001).

The United States Environmental Protection Agency (USEPA) has proposed two methods
(methods # 1601 and 1602) to detect somatic coliphages (host is E. coli ATCC 13706) in
aquatic environments. Method 1601 (spot test) includes an overnight nutrient enrichment step
of the water sample followed by “spotting” onto a host bacterial lawn. In method 1602 (double-
overlay agar test), the water sample is supplemented with MgCl,, host bacteria, and double-
strength molten agar and the plaques are counted after overnight incubation (USEPA, 2001 a,
b). Wild-type strains of E. coli are poor hosts for the detection of coliphages in wastewaters, as
these strains have a complete O-antigen that conceals the mainstream phage receptor sites
and their defence mechanisms which include nuclease enzymes that destroy phage nucleic
acids recognized as foreign, thus preventing phage replication (Grabow, 2001). Escherichia
coli strain C (ATCC 13706), also known as WG4, is a mutant in which the genes which code
for these nuclease enzymes have been deleted. This strain of E. coli is susceptible to a broad
range of coliphages and is the host most frequently used for detecting the presence of somatic

coliphages in water environments (Grabow et al., 1998; ISO, 1998).

1.3.1.6 Male-Specific F-RNA Coliphages

F-RNA coliphages are ss-RNA phages which represent the simplest phages, include the
families Inoviridae (F-DNA) and Leviviridae (F-RNA), and so represent a suitable model
system for observing biological phenomena such as viral adsorption and penetration,
replication and translation of the viral genome, assembly, and viral release (Grabow, 2001;
Strauss and Sinsheimer, 1963). These phages infect E. coli (strain K12) cells, as the receptor
sites for male-specific coliphages are located on the fertility fimbriae of this bacterium. These
fimbriae carry the F plasmid, which codes for the F or sex pilus to which the F-RNA phage
attach. The host-range of pilus-specific phages is not essentially limited to one or a few closely
related species. Assembly of pili is typically encoded on the F (fertility) plasmid and the host-
range of pilus-dependent phages depends mostly on the successful transfer and expression of
the plasmid. Birge (1981) reported the successful transfer of the F-plasmid of E. coli K-12 to
Salmonella typhimurium, as well as Shigella and Proteus species, causing these recipient
cells to become susceptible to male-specific coliphages. F-RNA coliphages are classified into
four serological types that are selectively excreted by humans or animals. Serogroups | and IV
have to date been found solely in animal faeces and serogroup Ill phages in human faeces
(Grabow, 2001). This phenomenon, offers an attractive tool to distinguish between faecal

pollution of both human and animal origin (Cole et al., 2003).
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Male-specific (F-RNA) coliphages are highly specific for sewage pollution and cannot be
replicated in water environments, but detection methods are more complicated (DWAF, 2004
a, b). Grabow et al. (1998) found that F-RNA phages outnumber cytopathogenic enteric
viruses by a factor of about 100 in wastewaters and raw water sources, implying that their
absence from raw and treated water supplies offers a significant indication of the absence of
human enteric viruses. Several studies have confirmed that the resistance of F-RNA
coliphages to unfavourable environmental conditions and disinfection processes resembles or

exceeds that of most human enteric viruses (Bitton, 2005; Grabow et al., 1998).

Detection of F-RNA coliphages by plaque assays is not simple as the F fimbriae are produced
only by host bacteria in the logarithmic growth phase making preparation of the host cultures
particularly difficult (Grabow, 2001). The USEPA has proposed the use of specific host cells
such as Salmonella typhimurium strain WG49 or E. coli strain HS[pFamp]R to detect male-
specific phages in aquatic environments. This highly modified strain of S. typhimurium is not
susceptible to a large number of somatic coliphages in water environments which tend to
interfere with the detection of F-RNA coliphages using E. coli hosts (Grabow et al., 1998; ISO,
1995). Once detected, the F-RNA phage can be additionally characterized as being a
derivative of human or animal origin by immunological or genetic methods (Griffin et al., 2000;
Hsu et al.,, 1995). In serotyping, group-specific antisera are used whereas in genotyping,
hybridization with group specific oligonucleotides is used (Grabow, 2001; Sundram et al.,
2006). The hybridisation assay involves plating the phage on a particular host, transferring the
plaques to a nylon membrane, denaturing the phage to expose the nucleic acid, cross-linking
the nucleic acid to the membrane, and then detecting group-specific nucleic acid sequences
with *?P- or digoxigenin-labelled oligonucleotide probes (Sundram et al., 2006). This technique
is useful for identifying the four groups of F-RNA bacteriophages and therefore can be used in

tracking sources of faecal pollution (Griffin et al., 2000).

1.3.2 Human Pathogenic Viruses as Potential Indicators of Water Quality

It is imperative to consider human enteric viruses in water quality studies not only because of
their incidence as causal agents for diarrheal disease, but also due to their characteristics
which allow them to survive in the environment for long periods of time, and tolerate changing
environmental conditions (Espinosa et al., 2008; Skraber et al., 2004). Viral pathogens have
been suggested as one of the most promising tools to determine the sources of faecal
contaminants in aquatic environments and may be used in conjunction with bacterial
indicators to assess water quality and improve public health surveillance (Fong and Lipp,
2005). However, previous studies of viral quality of coastal waters are mainly qualitative,

rather than quantitative. Proper monitoring of human viruses in waters is of particular
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importance, because the Centers for Disease Control and Prevention (CDC) suggest that the
causative agent of nearly 50% of all acute gastrointestinal illnesses is suspected to be viral
(CDC, 1988). With approximately 100 potentially water transmissible human viruses
associated with human waste, it is simply impossible to detect all viruses (Berg, 1983; Jiang et
al., 2001; Pina et al., 1998; Puig et al., 1994). Although it is not likely to establish a direct
relationship between epidemiological and environmental data, it is imperative to consider
microbial water quality in terms of water use (Espinosa et al.,, 2008). Furthermore, it is
essential to evaluate the potential health risk to the exposed population, particularly in
developing countries, considering that recycled water has been associated with the presence

and re-emergence of waterborne diseases worldwide (Baggi et al., 2001).

Human Adenoviruses (HAdVs) have been proposed as a suitable index for the effective
indication of viral contaminants of human origin (Bosch et al., 2008; Okoh et al., 2010).
Studies conducted in Europe suggest that human adenovirus be used as an index of human
viral pollution (Pina et al., 1998), since they are prevalent and very stable, they are considered
human specific and are not detected in animal wastewaters or slaughterhouse sewage
(Girones, 2006). HAdVs have been shown to frequently occur in raw water sources, treated
drinking-water supplies urban rivers and polluted coastal waters (Castignolles et al., 1998;
Chapron et al., 2000; Jiang et al., 2001; Pina et al., 1998; Puig et al., 1994). HAdVs infections
have been reported to occur worldwide throughout the year (Bofill-Mas et al., 2006;
Flomenberg, 2005), suggesting that there are no seasonal variations in the prevalence of
these viruses, thus qualifying these viruses as suitable indicators of human viral pathogens in
aquatic environments. The incidence of HAdVs in such waters was surpassed only by the
group of enteroviruses among viruses detectable by PCR based techniques (Chapron et al.,
2000; Grabow et al., 2001). In view of their pervasiveness as enteric pathogens and detection
in water, contaminated drinking and recreational-water represents a likely but unconfirmed
source of HAdV infections (Grabow et al., 2001). HAdVs are also considered important
because they are exceptionally resistant to some water treatment and disinfection processes,
notably UV light irradiation. HAdVs have been detected in drinking-water supplies that met
accepted specifications for treatment, disinfection and conventional indicator organisms
(Chapron et al., 2000; Grabow et al., 2001).

To this point a suitable index for the enteric viruses both in wastewater and drinking waters
cannot be exclusively stated, because there are other proposed indices like Picobirnaviruses,
Torque teno viruses (TTVs) (Griffin et al., 2008), and polyomavirus (Bofill-Mas et al.,2006)
which show some degree of suitability as indices. However, one potential problem with the

use of human viruses as indicators is that their abundance in wastewater depends on the
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degree of infection and shedding in the human population at any given time. With the
increasing popularity of molecular detection methods which are relatively fast and specific
compared to the traditional methods, developing countries may find a solution to the problem
of infectious viruses in aquatic environments if such techniques could be incorporated into part
of regular monitoring programmes to assess the virus levels in wastewater effluents (Okoh et
al., 2010).

1.4 Viral Studies in Freshwater Environments

Research in aquatic viral ecology has mainly focused on marine microbial ecology. It took only
a few years before other environments such as lakes, rivers, sediments, as well as soils, to be
studied from a virological perspective (Suttle, 2005, 2007). Viruses are essential members of
aquatic ecosystems and appear to be not only the most abundant (Fuhrman, 1999) but also

the most diverse biological entities (Angly et al., 2006).

In freshwater ecosystems, estimates of the abundance of viruses (or virus-like particles) have
only recently begun to be documented (Wilhelm and Matteson, 2008). In part, this may be
attributable to the development of more feasible approaches to enumerating total virus
abundance by epifluorescence microscopy (Noble and Fuhrman, 1998; Wen et al., 2004).
Some studies suggest that virus abundance in freshwaters tend to be higher relative to marine
environments (DeBruyn et al., 2004; Filippini and Middelboe, 2007). In marine environments,
the roles of planktonic viruses as regulators of carbon and nutrient cycling as well as microbial
community structure have been a focus of numerous studies, yet the roles of freshwater
virioplankton remain less studied (Suttle, 2007). Fluctuations in nutrient concentrations,
temperature and community structure tend to be more significant and predictable factors
(primarily due to strong seasonal cycles) in the detection of viruses in aquatic ecosystems
(Farnell-Jackson and Ward, 2003; Lymer et al., 2008; Pradeep and Sime-Ngando, 2010;
Sawstrom et al.,, 2009; Wilhelm and Matteson, 2008). Understanding the regulation and
dynamics at various spatial and temporal scales is crucial to realise the viral ecology in the

freshwater environment and their impact factors such as climate change.

In addition to the whole-community approach, studies in specific virus-host interactions are
also important in further understanding the diversity, dynamics and regulation of viruses and
host populations present in freshwater environments. There are many important gaps such as
ecological consequences of viral genetic diversity and the influence of viral activity on host
diversity. Additionally biogeochemical cycles still need to be explored to comprehend the
importance in genetic and functional diversity in viral communities (Middelboe et al., 2008).

Development of tools for analysing viruses in aquatic ecosystems is thus essential for
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obtaining accurate measurements of their activity and for predicting the consequences of
these activities (Miki et al., 2008).

1.5 Human Pathogenic Viruses Present in Environmental Waters

Viruses are omnipresent and extraordinarily abundant in the microbial ecosystems of water,
soil, and sediment (Wommack et al., 1995). In nearly every reported case for aquatic and
porous media environments (soils and sediments) viral abundance exceeds that of co-
occurring host populations by 10 to 100 fold. If current estimates based on metagenomic DNA
sequence data are correct, then viruses represent the largest reservoir of unknown genetic
diversity on Earth (Wommack et al., 1995). Viruses are sub-microscopic inert particles of
protein and nucleic acid which are unable to replicate or adapt to environmental conditions
outside a living host (Van Heerden et al., 2004; Pusch et al., 2005). They vary in size from 10
to 300 nm and have a wide range of geometries including spherical, icosahedral, and rod
shaped (Cann, 2003). The size, shape and other physiochemical properties of a particular
virus determine its ability to survive and be transported in the subsurface of water
environments (Yates et al., 1987). Possible health effects associated with the presence of
such viruses in water include paralysis, meningitis, hepatitis, respiratory illness and diarrhoea
(Gerba et al., 1996; Hewitt et al., 2007; Kukkula et al., 1997; Villena et al., 2003). Recreational
exposure to polluted water has often been linked to viral infections (Vantarakis and
Papapetropoulou, 1998). Viruses are shed in extremely high numbers in the faeces and vomit
of infected individuals, and are routinely introduced into the environment (Figure 1.3) through
the discharge of treated and untreated wastes, since current treatment practices are unable to
provide virus-free wastewater effluents. Enteric viruses enter source waterways when treated
and untreated human and animal wastes are directly or indirectly discharged into rivers,
streams and estuaries (Grabow, 1991). Surface and ground waters are used for public
consumption and have been implicated in waterborne outbreaks of gastroenteritis and
hepatitis. In consequence viral pathogens in vomit and faeces of infected individuals
contaminate the marine environment (a), fresh water (b) and ground water (c). Mankind is
then exposed to these enteric viruses through various means: shellfish grown in polluted
waters (d), contaminated drinking water (e) and food crops grown in land irrigated with
sewage contaminated water and/or fertilised with sewage (f). Foods susceptible to be
contaminated at the pre-harvest stage such as raspberries and strawberries (g) have also

been implicated in outbreaks of viral diseases.
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Figure 1.3 Probable routes of waterborne transmission of enteric viruses (Bosch et al.,
2008)

Enteric viruses are excreted in faecal matter and may occur in recreational water as a result of
storm water discharge, runoff, sewer overflows or sewage discharge. Quantitative data on the
occurrence of enteric viruses in the environment are limited due to the complexity of virus
recovery and detection methods. Viruses are excreted by infected individuals in numbers up to
10""/g faeces (Fong and Lipp, 2005). The enteric viruses, which are shed in large numbers in
the faeces of infected individuals, are stable in the environment and may survive wastewater
treatment (Baggi and Peduzzi, 2000; Carter, 2005). These viruses can thus contaminate
drinking water sources, recreational waters and irrigation waters thereby enabling viral
transmission from person-to-person and surface-to-person to occur (Griffin et al., 2003). Since
viruses cannot multiply outside a living host and are exceptionally resistant to unfavourable
conditions, virus levels tend to decrease gradually after discharge into the aquatic
environment and may be present in water for a long period (DWAF, 1995, 1996 a; Okoh et al.,
2010). This implies that even at low levels of viral pollution, a meaningful risk of infection
exists (DWAF, 2004 a). Drinking water, if ineffectively treated, can contain enteric viruses such
as human adenoviruses and noroviruses derived from source water, and pose a health risk to

people on consumption (Fong and Lipp, 2005; WHO, 1997).
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The inherent resistance of enteric viruses to water disinfection processes means that they
may likely be present in drinking water exposing consumers to the likelihood of infection (Okoh
et al., 2010). Studies have revealed the presence of viruses in raw, surface and ground water
and treated drinking water meeting quality standards for coliform bacteria (Cho et al., 2000;
Gerba and Rose, 1990). Research carried out in Germany showed that even though
microbiological parameters such as E. coli, enterococci and coliphages indicated acceptable
microbiological water quality, the virological data suggested that surface waters might still be
sources for enteric viral infections (Pusch et al.,, 2005). These studies also exposed that
several disease outbreaks were caused by tap water contaminated with viruses in spite of
compliance with water treatment procedures, an indication that viruses are being introduced

into river waters and treated water (Pusch et al., 2005).

Human enteric viruses, which primarily infect and replicate in the gastrointestinal tract, have
been associated with waterborne transmission (Carter, 2005; Grabow, 2007) and therefore
have the potential to pollute surface (Pinté and Saiz, 2007), ground (Gerba, 2007) and
drinking water (Carter, 2005). In one study, HAdVs were detected in about 22% of river water
samples and about 6% of treated water samples in selected areas of South Africa excluding
KwaZulu-Natal (Van Heerden et al., 2005). In another study, about 29% of river water samples
and 19% of treated drinking water samples in South Africa had detectable levels of
enteroviruses (Ehlers et al., 2005). Enteric viruses can cause illnesses in vulnerable
individuals at low viral loads, where typically between 1 and 50 infectious viral particles is
enough to cause iliness (Griffin et al., 2000). Infections associated with rotavirus, in South
Africa account for approximately 25% of all diarrhoeal hospital cases yearly, with 83% of

infections occurring in infants less than 12 months of age (Steel et al., 2004).

Recently, more viruses, such as Aichi virus, Parechovirus, and human Bocavirus, have been
considered as agents associated with diarrhoea in humans (Chow et al., 2010; Pham et al.,
2007, 2010; Reuter et al., 2009). Studies also show that the virome is an important component
of the environment that can interact with host genetic traits to contribute to the pathogenesis of
complex diseases such as Type 1 Diabetes, inflammatory bowel disease and asthma
(Foxman and Iwasaki, 2011). It can be said that the water environment (source, drinking and
recreational water) thus poses a risk in the transmission of enteric viruses not only because
there is doubt on acceptable virus levels but also due to the fact that enteric viruses are

resistant to frequently employed disinfection methods (Dongdem et al., 2009).

17



Microbial Pathogens in the Umgeni River, South Africa

1.6 Waterborne Human Pathogenic Viruses of Public Health Concern and
their Associated llinesses
Viruses, although the smallest and most numerous of all biotic agents, represent the planet’s
largest pool of genetic diversity and human pathogenicity (Rosario et al., 2009). All of the
identified human pathogenic viruses that pose a significant public health risk in the water
environment are transmitted via the faecal-oral route (Griffin et al., 2003). The significance of
enteric viruses as causative agents of crucial human diseases cannot be overrated. These
viruses belong primarily to the families Adenoviridae (adenovirus strains 40 and 41),
Caliciviridae (Norwalk virus, astroviruses, caliciviruses, and small round structured viruses),
Picornaviridae (poliovirus, coxsackieviruses, echoviruses, enteroviruses, and hepatitis A
virus), and Reoviridae (reoviruses and rotaviruses). These enteric viruses are associated with
a variety of diseases in humans, such as ocular and respiratory infections to gastroenteritis,

hepatitis, myocarditis, and aseptic meningitis (Griffin et al., 2003).

Diarrheal diseases affect millions of people around the world and have the greatest impact on
children, especially those in developing countries. Almost every child contracts a diarrhoeal
disease during the first five years of their life, on an average several times per year (Bern and
Glass, 1994). Diarrhoea can be caused by a number of different agents, including viruses,
bacteria, parasites and toxins. However, during the past two decades, viruses have been
firmly established as etiological agents of acute gastroenteritis (GE) (Bern and Glass, 1994).
Diarrhoea is one of the leading causes of death in developing countries, responsible for
25-30% of deaths among children younger than five years of age (Martines et al., 1991;
Snyder and Merson, 1982). In these countries the incidence of diarrhoeal cases varies
between 2.5 and 3.9 episodes per child per year. In Africa, about 2.5 episodes per child per
year are reported mainly among children between 6 and 11 months of age, corresponding to
the introduction of weaning foods (Bern and Glass, 1994). Hepatitis, another contributor to
waterborne disease, can be a seriously debilitating disease progressing from non-specific
illnesses with fever, headache, nausea and malaise to vomiting, diarrhoea, abdominal pain
and jaundice. Hepatitis A (HAV) represents globally approximately 50% of the total hepatitis
cases and although the disease is self-limiting and rarely causing death, it may incapacitate

patients for several months (Pinto and Saiz, 2007).

1.6.1  Adenovirus (AdV)

Human adenoviruses (HAdVs) are members of the genus Mastadenovirus in the Adenoviridae
family, which comprises 51 serotypes classified in 6 species (A-F) (Okoh et al., 2010). They
have double-stranded linear DNA and a non-enveloped icosahedral shell that has fibre-like

projections from each of its 12 vertices (Stewart et al., 1993). Adenovirus serotypes, 40 and
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41, are responsible for the majority of cases of adenovirus-associated gastroenteritis in
children, which can be attributed to consumption of faecal contaminated water and food
(Chapron et al., 2000; Dongdem, 2009; Okoh et al., 2010). Adenoviruses (subspecies B: Ad3,
Ad7, and Ad21, species C: Ad1, Ad2, Ad5 and Ad6 and species E: Ad4) are responsible for
5-10% of childhood respiratory diseases and conjunctivitis (Wold and Horwitz, 2007). It is
estimated that more than 90% of the human population is seropositive for one or more

serotypes of adenoviruses (Fong et al., 2010).

HAdVs are excreted in large numbers in human faeces and are known to occur in sewage,
raw water sources and treated drinking-water supplies worldwide (Chapron et al., 2000;
Dongdem, 2009; Okoh et al., 2010). HAdVs are present at a higher frequency in sewage than
are other enteric viruses (Pina et al., 1998) and are excreted in high concentrations from
infected patients (up to 10" viral particles per gram of faeces). Transmission routes of
adenovirus infection include the faecal-oral route and inhalation of aerosols. Adenoviruses
have been linked with respiratory outbreaks in various settings, including military camps
(Chmielewicz et al., 2005; Kajon et al., 2007), hospitals (Hatherill et al., 2004), day care

centres and schools (Fong et al., 2005)

Adenovirus identification is generally based on virus isolation in cell culture, followed by
antibody or antigen detection, and visualisation by electron microscopy (Fong et al., 2005). In
the past decade the progression of molecular technologies, especially the application of PCR
methods, has enhanced the speed and sensitivity of adenovirus detection in water samples
drastically (Ko et al., 2003; Van Heerden et al., 2003, 2005). HAdV have previously been
detected in environmental samples by PCR-based techniques (Albinana-Gimenez et al., 2009
a, b; Bofill-Mas et al., 2006, 2010; Pina et al.,, 1998; Xagoraraki et al., 2007). Although
quantitative real-time PCR (gPCR) methods for the quantification of some HAdV serotypes in
diverse environmental samples worldwide have been recently described (Bofill-Mas et al.
2006; Choi and Jiang, 2005; Dong et al. 2010; Haramoto et al., 2004; He and Jiang, 2005;
Jiang et al. 2005; Van Heerden et al. 2005; Xagoraraki et al., 2007). To our knowledge,
quantitative data on the occurrence of HAdV in South African recreational waters is still in its
infancy (Van Heerden et al., 2003, 2005). Adenoviruses, which have a high occurrence in
water, have been recommended as candidates as indicator organisms for viral pathogens
because they fit most criteria for an ideal indicator (Fong et al., 2005; Griffin et al., 2001;
Katayama et al., 2008).
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1.6.2 Enterovirus (EV)

The waterborne enteroviruses (EV) group fits into the Picornaviridae family, which consist of
non-enveloped virus particles containing a 7,500-nucleotide single-stranded positive sense
RNA genome protected by an icosahedral capsid (Nasri et al., 2007). EV sizes are very small
ranging from 22-30 nm in diameter (Friedman-Huffman, 1998). Carriers of Enterovirus include
raw sewage, sewage sediments, rivers receiving sewage, as well as treated sewage (Kocwa-
Haluch, 2001). The sources of enteroviruses may be ground waters, river waters, coastal
marine waters, aerosols emitted from sewage treatment plants and from solid waste landfills,
soils and insufficiently treated drinking water (Kocwa-Haluch, 2001). Humans are the only
known reservoir of enteroviruses. EVs survive in human faeces for a long time and through

contact they contaminate hands, utensils, food, water, etc.

The migration of enteroviruses from the source to drinking water occurs along the following
path: ill human->human faeces—>sewage->wastewater treatment plant->river water receiving

sewage > water intake->water treatment process >tap water (Melnick, 1976).

Enteroviral diseases occur most frequently in summer and early autumn. EVs include more
than 70 distinct serotypes of human pathogens, and are known to be the main causative agent
(>85%) of aseptic meningitis (Lee et al., 2004; Lee and Kim, 2002). Nonetheless, vaccinations
do not exist for many serotypes, with the exception of the poliovirus, so the prevention of
diseases caused by these viruses is very difficult (Lee and Kim, 2002). One of the most typical
enterovirus diseases is poliomyelitis. It is almost invariably caused by one of the three
poliovirus serotypes. Polioviruses may also cause aseptic meningitis or nonspecific minor
illness (Hyypia et al., 1997). Coxsackieviruses, beside other illnesses, are most often
connected with human heart diseases. There are no vaccines or antiviral drugs currently
available for prevention or treatment of diseases caused by coxsackieviruses (Kocwa-Haluch,
2001).

The conventional diagnostic technique for enteroviruses is propagation in cell culture followed
by neutralization to confirm the serotype, which is time-consuming (Kocwa-Haluch, 2001).
Furthermore, several enteroviruses replicate poorly in cell cultures (Oberste et al., 2000;
Wong et al., 1999). Molecular biology procedures, such as reverse transcription-polymerase
chain reaction (RT-PCR), can be used for the sensitive, specific, and rapid (24 to 48 hours)
detection of the enterovirus genome (Gantzer et al., 1998). Certain areas of the 5’ non-coding
region of the enterovirus genome are highly conserved among all serotypes. Primers binding
to these areas can be used to amplify sequences common to most enteroviruses. Thus, the

detection of the enterovirus genome by RT-PCR is a valuable alternative to cell culturing for

20



Microbial Pathogens in the Umgeni River, South Africa

evaluating the virological status of the water environment (Gantzer et al., 1998). A multiplex
real-time hybridization probe RT-PCR for detection of enterovirus 71 and Coxsackievirus A16
has been reported (Kocwa-Haluch, 2001). The results showed high specificity and sensitivity
in detecting EV71 or CV-A16 from 67 clinical specimens, and no other enterovirus serotype

was detected.

Enteroviruses are omnipresent in all types of water including tap water (Ehlers et al., 2005;
Lee et al., 2005). They can survive drinking water treatment (Vivier et al., 2004) and have
been detected in drinking water apparently free of coliform bacteria. Infections are most likely
to occur during the summer and early fall coinciding with recreational activities (Fong and
Lipp, 2005).76% of water samples at the river directly downstream of sewage treatment plant
tested positive for enteroviruses in a German study (Pusch et al., 2005). A recent study in
Morocco detected enteroviruses in only 2 of the 18 wastewater samples analysed (Hssaine et
al., 2011). In South Africa, there are only few reports thus far of detecting enteroviruses (up to

16%) in treated and untreated water supplies (Ehlers et al., 2005; Vivier et al., 2004).

1.6.3  Hepatitis A Virus (HAV)

Hepatitis A virus (HAV) is endemic in South Africa with epidemiological features of both the
developed and developing countries being present (Martin, 1992; Schwab et al., 1995). In high
density, low socio-economic communities where sanitation is insufficient, nearly 100% of
children acquire HAV immunity before the age of ten years (Martin et al., 1994; Taylor et al.,
2001). Six types of hepatitis viruses have been identified (A, B, C, D, E and G), but only two
types, hepatitis A (HAV) and hepatitis E (HEV), appear to be transmitted via the faecal-oral
route and consequently linked with waterborne transmission (Hunter 1997; Taylor et al.,
1995). Hepatitis A virus is a small (27 nm in diameter), icosahedral, non-enveloped, single-
stranded, positive-sense RNA virus belonging to the family Picornaviridae (Hollinger and
Emerson, 2007). The two biotypes of HAV, i.e. human HAV and simian HAV, are the only
members of the genus Hepatovirus. There is only one serotype with infection conferring
lifelong immunity (Hollinger and Emerson, 2007). A limited number of epidemiological studies
have been applied to determine the risk posed by HAV infection after recreational exposure to

contaminated surface water sources (Gammie and Wyn-Jones, 1997; Phillip et al., 1989).

Polluted drinking water has been implicated in outbreaks of hepatitis A (Hunter, 1997) and
recreational exposure to faecally contaminated water has unequivocally been associated to
outbreaks of HAV (Hunter, 1997; Mahoney et al., 1992), with the risk of infection increasing
with increased immersion in contaminated water (Gammie and Wyn-Jones 1997, Taylor et al.,

1995). HAV has also been found in surface river water and dam (impoundment) water used
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for recreational, irrigational and domestic purposes in South Africa (Taylor et al., 2001). These
water resources are used by the non-immune higher ‘privileged’ socio-economic communities
for recreational activities while the predominantly immune lower ‘poor socio-economic
population uses the same water for domestic, irrigation and recreational purposes (Gerba,
2000; Hunter 1997; Taylor et al., 2001). Hepatitis A virus is primarily spread by the faecal-oral
route with person-to-person contact being the most significant route of infection. Maximal
faecal excretion of HAV transpires two to three weeks prior to the onset of clinical symptoms
(Zuckerman and Zuckerman, 1999) and remains infectious for three to four weeks after the
alanine aminotransferase (ALT) levels peak (Polish et al., 1999), facilitating the spread of the
virus. The infectious dose of HAV is unknown, and although Grabow (1997) suggested that
one virion can cause infection, the infectious dose is presumed to be of the order of 10 to 100
virions (USFDA, 2004) which imply that even low levels of faecal pollution could pose a threat

of infection.

HAV is not readily propagated in conventional cell cultures and the detection limit of routine
diagnostic procedures such as electron microscopy (EM) and enzyme immunoassays (EIA) is
about 10°-10° viral particles ml™”" of test suspension (Glass et al., 1996; Nasser and Metcalfe,
1987; Taylor et al., 2001). The reverse transcriptase-polymerase chain reaction (RT-PCR) has
successfully been applied for the detection of HAV in sludge and water samples (Deng et al.,
1994; Graff et al., 1993; Taylor et al., 1997), and shellfish (Enriquez et al., 1992; Goswami et
al., 1993), seawater (Myint et al., 1994) and environmental water samples (Marx et al., 1995,
1997, 1998). Data concerning the burden of HAV infection and disease in South Africa is
limited, and consequently the contribution of treated and untreated drinking water, and
recreational water to the burden of HAV infection in South Africa is unknown (Venter et al.,
2007).

1.6.4 Norovirus (NoV)

Noroviruses (NoVs) are a group of non-cultivable, genetically diverse single-stranded RNA
viruses which form the genus Norovirus within the Caliciviridae family (Green et al., 2001).
These viruses are responsible for the majority of outbreaks of acute gastroenteritis in patients
of all age groups in industrialized countries (Frankhauser et al., 2002; Glass et al., 2000; Mead
et al., 1999). Genetically, NoVs are a highly diverse group of viruses and are separated into
five genogroups (GI-GV) on the basis of sequence comparison of the RNA polymerase and
capsid region of the genome (Pham et al.,, 2007) in which most of the members infecting
humans are distributed in two genogroups (Gl and GIV) (Green, 2001) and have about 19
genotypes in genogroup Il (Vinjé et al., 2004).
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Outbreaks of NoVs have been caused by contaminated food and/or drinking water, person-to-
person virus transmission, and airborne droplets of infected vomitus (Ho et al., 1989;
Koopmans et al., 2002; Laverick et al., 2004; Mclver et al., 2001; Mead et al., 1999). Human
noroviruses (HuNoVs) are shed in faeces of infected patients at a high concentration; thus the
faecal-oral route via contaminated food or water is a main mode of its transmission (Green,
2001). Contaminated water poses a particularly serious health risk since results from human
volunteer studies indicate that the minimum infectious dose of NoV may be as low as 10 to
100 PCR units (Mclver et al.,, 2001). Waterborne outbreaks have been caused by
contaminated surface water, ground water, drinking water, and mineral water (Abbaszadegan
et al., 2003; Beuret et al., 2002; Kukkula et al., 1997; Schaub and Oshiro 2000). In waterborne
outbreaks, a high proportion of the population can be affected, leading to several to hundreds
of cases of gastroenteritis, followed by secondary spread and resulting in significant economic
impact. NoV outbreaks are difficult to control and present a major public health challenge;

thus, rapid diagnosis can be critical for the control of outbreaks.

Human noroviruses cannot be cultivated in traditional cell culture or in animal models (Duizer
et al.,, 2004). However, progresses in molecular techniques in the last two decades have
facilitated their detection in clinical and environmental samples (Atmar and Estes, 2001).
Reverse transcription-PCR (RT-PCR) is currently the most extensively used assay for
detection of NoVs in environmental water (Karim and LeChevallier, 2004). Furthermore, this
method coupled with nucleotide sequencing techniques is able to assemble valuable
information on the Norovirus genotypes occurring in the environment, thus providing
epidemiological information of norovirus infections in the community. The RT-PCR primers
that target the viral RdRp gene in open reading frame 1 (ORF1) or capsid gene in ORF2 have
been designed to detect and genotype various norovirus strains (Kojima et al., 2002; Vinje and
Koopmans, 1996; Vinje et al., 2004).

1.6.5 Rotavirus (RV)

Rotaviruses (RVs) are large (70 nm) non-enveloped icosahedral viruses that fit into the family
Reoviridae (Weisberg, 2007). Rotavirus particles consist of a triple-layered protein capsid
surrounding 11 segments of a double-stranded RNA genome (Dennehy, 2007). The RV genus
has been divided into groups, subgroups and serotypes based on viral capsid proteins. Seven
Groups [A-G] have been identified. Rotaviruses have been established as the main cause of
acute gastroenteritis in young children worldwide (Kapikian and Chanock, 1996). An estimated
110,000 to 150,000 children younger than 5 years of age die annually on the African continent
due to RV infection (Molbak et al., 2000; Parashar et al., 2003). Clinical symptoms of RV

infection include diarrhoea, fever and vomiting. Rotaviruses have been estimated to cause
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25-35% of all cases of severe diarrheal illness resulting in a significant economic impact on
society in terms of direct medical costs, loss of working hours, quality of life and mortality
(Glass et al., 1999, 2005). RVs have also been shown to be an imperative cause of sporadic
(Wolfaardt et al., 1997) and epidemic (Sebata and Steele, 2001; Steele et al., 2004; Taylor

et al., 1997) paediatric gastroenteritis in South Africa.

After replication in the gastrointestinal tract, RVs are excreted in high numbers in the faeces of
infected individuals and may enter various sources of water (Santos et al., 1994), such as
sewage (Baggi and Peduzzi, 2000; Dubois et al., 1997; Gajardo et al., 1995), river water
(Baggi and Peduzzi, 2000; Gilgen et al., 1997), ground water (Abbaszadegan et al., 1999),
and even treated drinking water (Gratacap-Cavallier et al., 2000). The stability of rotaviruses in
environmental waters and their resistance to water treatment may facilitate transmission to
humans via the faecal-oral route (Ansari et al., 1991; Raphael et al., 1985; Sattar et al., 1984).
Group A RVs have been detected in untreated and treated drinking water samples in southern
Africa (Van Zyl et al., 2004), but no data exists regarding the molecular epidemiology of RVs
in contaminated water and food sources in this region. Frequently, the laboratory protocols
used regularly to detect group A rotavirus, such as electron microscopy, enzyme
immunoassay and PAGE, are not sensitive enough to detect the virus in concentrations
represented by less than 1000 RNA molecules (Schwarz et al., 2002). Sensitive molecular
assays and group- and type-specific reverse transcriptase PCR (RT-PCR) techniques have
also been used to detect and genotype RVs from contaminated water sources (Hopkins et al.,
1984; Van Zyl et al., 2006). In addition a number of RT-PCR protocols have been developed

for the specific detection of rotaviruses of various species (Mori et al., 2001).

1.6.6 Astrovirus (AstV)

Astroviruses (AstVs) are small, non-enveloped icosahedral positive-sense, single-stranded
RNA viruses, that are 28-30 nm in diameter with a smooth margin and a star-like EM
appearance (Matsui and Greenberg, 1996). Seven serotypes of human astrovirus (HAstV)
have been identified (Matsui and Greenberg, 1996). Outbreaks of astrovirus-associated
gastroenteritis are being reported with increasing frequency (Chapron et al., 2000; Oishi et al.,
1994). AstVs are transmitted via the faecal-oral route, and outbreaks have been linked with
the consumption of sewage-polluted shellfish (Kurtzn et al., 1979), as well as the intake of
water from streams polluted with faeces (Cubitt, 1991). The faecal-oral route is the
predominant mode of transmission of AstV and has been established by numerous volunteer
studies (Chapron et al., 2000, Glass et al., 1996; Taylor et al., 2001). In 1979, Kurtz and
colleagues studied a filtrate from a child with mild gastroenteritis by electron microscopy and

determined that it contained a large number of astrovirus particles. In a previous study 70% of
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the environmental samples analysed from areas in South Africa were positive for human
astroviruses (Marx et al., 1998). The prevalence of HAstV in South African patients with
gastroenteritis was found to be between 5.1 and 7% (Marx et al., 1998; Steele et al., 1998).
HAstV infections occur generally in young children and the elderly (Glass et al., 1996),
although individuals of all age groups may be affected (Oishi et al., 1994). In one study HAstV
was found to be the second most important virus associated with gastroenteritis in

hospitalised patients next to rotavirus (Marx et al., 1998).

There is little data on the presence of HAstV in water sources used for domestic and
recreational purposes in SA (Abad et al., 1997; Taylor et al., 1995). In temperate regions,
most astrovirus infections are detected in the winter while in tropical climates, infections are
noted in during the rainy season (Maldonado, 1996; Matsui and Greenberg, 1996). This
temporal pattern of infection is similar to that of rotavirus infection (Maldonado, 1996). HAstV
are not readily proliferated in conventional cell cultures (Matsui and Greenberg, 1996) and the
detection limit of routine diagnostic procedures such as electron microscopy (EM) and enzyme
immunoassays (EIA) is about 10°-10° viral particles ml™ of test suspension (Glass et al., 1996;
Nasser and Metcalfe, 1987). Astroviruses have been detected in environmental samples by
RT-PCR which has proven to be more sensitive than EM and EIA (Chapron et al., 2000; Le
Cann et al., 2004; Pinto et al., 1996).

1.7 Methods for Isolating Viruses in Environmental Waters

When viruses are present in environmental waters they are often present in very low
concentrations. A critical first step in the application of many virus isolation studies is obtaining
a concentrate of viruses from large volumes of environmental water samples (Wommack et
al., 1995). The studies undertaken to concentrate viruses used glass wool adsorption-elution
filters and ultrafiltration as the tools to concentrate the viruses from different water sources
before analyses (Wommack et al., 1995). Ultrafiltration is another method of concentration and
makes use of size exclusion principles to concentrate water samples (Hill et al., 2007). Recent
studies by Wommack et al. (2010) show that Tangential-flow filtration (TFF) procedures create
high-density viral concentrates that are clear of contaminating cells and can directly feed a

number of downstream analyses common to viral ecological investigations.

Suitable methods for concentrating viruses from water must fulfil a number of criteria (Wyn-
Jones and Sellwood, 2001). The methods must:

i. be technically easy to complete in a short time;

ii.  have a high virus recovery rate;

iii.  concentrate a large range of viruses;
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iv. provide a small volume of concentrate;
V. not be costly;
vi.  be capable of processing large volumes of water; and
vii.  be repeatable (within a laboratory) and reproducible (between laboratories) (Albinana-
Gimenez et al., 2009)

1.7.1  Glass-Wool Adsorption-Elution Method

A number of approaches have been described for the recovery of viruses by techniques based
on the filtration of test water through glass wool to which the phages/viruses adsorb, after
which they are released from the glass wool into a small medium volume suitable for
quantitative plaque assays or presence/absence testing (Lambertini et al., 2008). The principle
involved in adsorption-elution methods is that viruses/phages carry a particular electrostatic
charge that is primarily negative at or near neutral pH levels (Sobsey and Glass, 1980). This
charge can be modified to be mainly positive by reducing the pH level to about 3.5. At this pH
level viruses/phages will adsorb to negatively charged glass wool. After adsorption, a small
volume of an organic solution at pH 9.5 or higher is passed through the glass wool to reverse
the charge on the viruses/phages to negative. This results in the release of the viruses/phages
and they can be detected by conventional and molecular methods. Filter media which carry a
positive charge and hydrophobic binding sites at neutral pH levels, may be used to adsorb

negatively-charged viruses/phages at neutral pH levels (Sobsey and Glass, 1980).

Regardless of the speed and efficiency of absorption-elution methods for the concentration of
viruses, researchers that have focused on the ecology of autochthonous aquatic viral
assemblages have not adopted these methods. The main reason is that since viruses can
differ in biophysical characteristics, not all viruses are concentrated with equal efficiency
through adsorption-elution (Williamson et al., 2003). All adsorption-elution techniques for viral
concentration have focused on the detection of specific pathogenic viruses within freshwater,
and to a lesser extent, seawater samples. Moreover, variation in the characteristics of a given
water sample can influence viral recovery, and eluant buffers such as beef extract can be
incompatible with downstream analyses such as molecular genetic assays and microscopy
(Williamson et al., 2003).

1.7.2  Ultrafiltration and Tangential Flow Filtration

Ultrafiltration is based on the filtration of water samples through membranes of polysulphonate
or related material with a nominal molecular weight cut-off limit of about 10 000 Daltons to

100 000 kiloDaltons. It is a sampling technique that is receiving increased attention as a
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method for simultaneously recovering diverse microbes, including bacteria and viruses from
various water samples (Grabow et al., 2001). An ultra-filter membrane is able to capture
microbes and molecules above a certain molecular weight in the filter retentate while small
molecules (e.g., water) pass through the fibre pores (Polaczyk et al., 2008). Filter systems
include spiral wound and sheet membranes, against which the water is kept in motion by
means of a recirculating pump. These yields close to 100% recovery (Grabow et al., 2001).
However, the primary technical challenge in concentrating sub-micron particles from large
volume aqueous samples is the prevention of filter clogging. While a number of approaches
have been developed to avoid clogging of ultrafiliration membranes, the most widely adopted
has been tangential-flow filtration (TFF) systems that consist of units in which filtration is
enhanced by tangential flow through hollow fibres with a large total filtration surface area
(Simmons et al., 2001). In water analysis procedures, filtration is performed in a tangential
(i.e., cross-flow) mode where a sample is recirculated until the preferred concentration factor

is attained.

TFF has been used to isolate viral particles from a variety of environments (Bench, et al.,
2007; Schoenfeld et al., 2008, Thurber et al., 2009). Particles smaller than the filter pore sizes
are pushed out through the filters. A backpressure is then used to force the filtrate through the
holes on the filter surface. The remaining sample (retentate) is subsequently collected into a
reservoir basin and repeatedly cycled through the filters. Recirculation therefore concentrates
the large sample volumes. Currently a setup for the concentration of viruses from large
volume water samples using a two-step tangential flow filtration process according to the
method of Wommack et al. (2010) has been established in our laboratory as illustrated in
Figure 1.4. Briefly 20 litres of water is filtered through a 25 ym sediment cartridge filter
facilitated by a peristaltic pump to remove large particles (algae, sand and debris etc.). These
pre-filtered samples are then pumped through a Millipore Pellicon Tangential Flow Filtration
(TFF) cartridge filter to remove all bacteria/ contaminating cells greater than 0.22 ym in size.
Virus-like particles in the 0.22 ym filtrate are then concentrated to a final volume of 500 ml

using 100-kDa spiral-wound TFF filter.

Tangential-flow filtration procedures thus create high-density viral concentrates that are clear
of contaminating microbial cells and particles larger than 0.22 ym. These concentrates can
directly feed a number of downstream analyses common to viral ecological investigations such
as isolation of new viral-host systems (Suttle, 1994) and assessing the impact of increased
viral predation on host physiology (Suttle et al., 1990); detection of gene targets by PCR
(Wang and Chen 2004; Zhong et al., 2002); characterization of whole virioplankton
assemblages by randomly amplified polymorphic DNA-PCR (Winget and Wommack 2008) or
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PFGE profiling (Wommack and Colwell, 2000). Beneficial features of this filtration approach
are, the large surface area that allows large volumes of filtrate to pass through rapidly and the
tangential flow that prevents clogging of the system (e.g., as with an impact filter) (Kuwabara

and Harvey, 1990; Ludwig and Oshaughnessey, 1989).

The tangential flow filtration (TFF) system has significant advantages over other procedures
currently used to concentrate viruses, since:
i. It does not depend on virus adsorption, and as a result it minimises virus loss
resulting from antagonism for adsorption sites;
ii. It is not based on the net charge of the viral particles, thus eliminating the need
for acidifying or adding polycationic salts; and

iii. It avoids the elution process (Alonso et al., 1999, 2004; Haramoto et al., 2004).
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Figure 1.4 Experimental set-up for tangential flow filtration (TFF) of viruses from large
volume water samples. Panel A — Pre filtration of water sample, Panel B — TFF
for virus concentration.

Tangential flow filtration has been the most outstanding method used to concentrate viruses
from natural waters because it reduces filter clogging and allows concentration of viruses from
the large volumes (hundreds of litres) of sample that are often essential for genomic and

metagenomic analyses of aquatic viral populations (Rosario et al.,, 2009; Wommack et al.,
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2010). TFF requires expensive equipment compared to the glass-wool concentration method
and several hours of processing time (Schoenfeld et al., 2008), depending on factors such as
sample composition, type of TFF used, the amount of backpressure used and the operator’s

skill in using sample recovery techniques for back flushing of the ultrafiltration membrane.

1.7.3  Organic Flocculation

In organic flocculation, buffered beef extract is used to precipitate viruses from concentrated
alkaline samples by reducing the pH to 3.5. The precipitate is then centrifuged to form a pellet
before being dissolved in sodium phosphate (USEPA, 1996). In the Poly Ethylene Glycol
(PEG)/NaCl precipitation procedure viral particles are precipitated from solution by addition of
0.5 M NaCl and 7% PEG 6000 to beef extract with constant stirring for 2 hours and overnight
incubation at 4°C followed by centrifugation of the precipitate. The virus pellet is then
resuspended in Tris-buffered saline and stored at -20°C (Enriquez and Gerba, 1995). The use
of beef extract in these procedures has been reported to cause inhibitory effects in PCR
assays (Arnal et al., 1999; Schwab et al., 1995).

1.8 Detecting the Presence of Viruses in Environmental Waters

The identification of a virus typically requires the application of a number of methods including
physical, biological, serological and molecular methods (He and Jiang, 2005; Kreuze et al.,
2009; Lee and Kim, 2002; Polaczyk et al., 2008). As a result of the low concentration of
human pathogenic viruses in drinking and recreational water, it is essential to concentrate
large sample volumes before detection is possible (Wommack et al., 2010). This is done using
filtration techniques, flocculation or affinity chromatography and is generally associated with
virus loss and at times inactivation due to the treatment (Vital et al., 2007). Thereafter the
most frequent technique for viral detection after concentration is to grow viruses on
susceptible cell cultures and subsequent analysis of the plaques and cytopathic effect, which
are formed on the cell monolayer. Many investigations on viruses in aquatic ecosystems have
been demonstrated by enumeration of these virus particles by electron microscopy.
Microscopy and other molecular genetic tools have been critical in demonstrating that viruses
are a dynamic component of microbial ecosystems, capable of significantly influencing the
productivity and population biology of their host communities (Grabow, 2001; Okoh et al,
2010; Rosario et al., 2009).
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1.8.1 Cell-Culture

Traditionally, the detection of enteric viruses in water samples had been conducted using cell
culture techniques (Melnick, 1976). Cell culture can detect unsuspected viruses as well as the
target viruses, whereby several different cell lines are inoculated with each environmental
sample in an attempt to provide a suitable host for whichever virus might be present in that
sample (Lee and Jeong, 2004; Leland and Ginocchio, 2007). Lee and Jeong (2004) found that
cell culture assays demonstrated higher viral counts when compared to integrated cell culture
polymerase chain reaction (ICC-PCR) despite the increased sensitivity of the ICC-PCR. After
investigation, it was found that some of the cytopathic effect (CPE) in the cell culture assays
was caused by reovirus not the suspected enterovirus or adenovirus. The common viral
pathogens, such as the AdVs, and many of the enteroviruses, can be detected and isolated in

traditional cell culture techniques.

The presence/absence and viability of viruses can be demonstrated where cytopathic effect
(CPE) is observed. CPE is when the host cells are damaged or killed by the infecting virus
which can be viewed under a microscope (APHA, 1998; Madigan and Martinko, 2006). Cell
culture is the only technique that can assess the viability of pathogenic viruses. The number of
viruses required for detection by cell culture is approximately 1-10 viral particles per gram of
sample (Koopmans and Duizer, 2004) making this method suitable for environmental
samples. Amongst the cell lines that can be used for human virus investigations in water are,
A549 (a human lung carcinoma cell line), BGMK (buffalo green monkey kidney cells), Hek293
(human embryonic kidney), HepG2 (human hepatocellular carcinoma), PLC/PRF/5 (primary
liver carcinoma cell), RD (human rhabdomyocin sarcoma cells), VK (primary vervet monkey
kidney cells). The A549 human lung carcinoma cell line is currently the most commonly used
cell line for adenovirus propagation and plaque titration while the Hek293 human kidney
embryonic cells are mostly used as a package cell line for production of non-replicative
adenovirus vectors. Unfortunately not all viruses are able to grow in culture, and with the
enormous genetic diversity of virus species and the newly discovered human pathogens,

many viruses cannot be isolated by the tissue culture methods.

Plaque assays are routinely available for adenoviruses, enteroviruses, rotaviruses and
astroviruses (Koopmans and Duizer 2004). In this method host cells are grown in a
monolayer, and the viral sample is mixed with an agarose solution and poured over this cell
monolayer. Zones of clearing (plaques) are formed after incubation and these are assumed to
be viral infections. The quantal method is another variation where a dilution series of the

concentrated viral sample is added to the host cells which follows a most probable number
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set-up. The most probable number of infectious 33-34 units (MPNIU) is calculated after the 14
day incubation period (APHA, 1998; Koopmans and Duizer 2004).

Some concerns associated with cell culture include:

i....high running costs, up to 14 days for results,

ii....appropriate cell lines are not available for all enteric viruses (e.g. Noroviruses),

iii....no CPE is observed for some viruses (e.g. adenoviruses especially type 40 and 41) (Lee
and Kim 2002; Van Heerden et al., 2003) and Hepatitis

iv....the virus is slow growing (adenovirus) (APHA 1998; Greening et al., 2001; Koopmans
and Duizer, 2004)

v....some cell lines are selective of virus types (e.g. BGMK cells seem to select for

enteroviruses (Lee and Kim, 2002).

Thus to overcome these issues other detection methods are often utilised in conjunction with
cell culture such as PCR and more than one cell-line is often employed to ensure the study
detects the maximum number of viral strains present in a sample (APHA 1998; Lee and Kim
2002).

1.8.2 Electron Microscopy

Before the dawn of electron microscopy, viruses were only identified by their ability to induce
disease in susceptible hosts (Vale et al., 2010). Due to their relatively small sizes, viruses
cannot be imaged with a conventional light microscope, and their particulate nature is
apparent only indirectly through filtration and ultracentrifugation experiments (Kruger et al.,
2000). This actuality set the stage for the rapidly mounting interest in viruses as soon as the
electron microscope was invented (Ruska, 1987). Virus identification by electron microscopy
has been established on the visualization and morphological identification of virus particles in
samples of diseased tissues or organic fluids (Biel and Gelderblom 1999; Curry et al., 2006;
Goldsmith and Miller, 2009; Vale et al., 2010). The acknowledgment that viruses are profuse
in natural waters and have major effects on the mortality of heterotrophic and autotrophic
microbial communities (Fuhrman, 1999; Suttle, 1994; Wommack and Colwell, 2000), has
provided the impetus to develop protocols to rapidly and accurately enumerate viral particles

in cultures and natural samples (Wen et al., 2004).

Direct counts provide the most basic information to assess the abundance and distribution of
viruses in ecosystems. The total abundances of virus particles can be determined by

transmission electron microscopy (TEM) (Maranger and Bird, 1996; Paul et al., 1993),
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epifluorescence microscopy (EFM) (Drake et al., 1998; Noble and Fuhrman, 1998; Suttle et
al., 1990), flow cytometry (Abad et al., 1998; Duhamel and Jacquet, 2006) and confocal laser
scanning microscopy (Luef and Peduzzi, 2009). TEM has been the traditional method for viral
particle counting in environmental samples in the past since it provided data on both the
abundance and morphology of viruses (Wen et al., 2004). Viral counts with EFM have proven
to be more reliable than TEM counts which underestimates numbers by 1 order of magnitude
(Bettarel et al., 2000, Chen et al., 2001; Hennes and Suttle, 1995; Noble and Fuhrman, 1998;
Weinbauer and Suttle 1997, Suttle, 2007), and have the advantage of being inexpensive and
not as time-consuming as TEM. However, the drawback of using EFM alone is that it cannot
describe the morphological viral diversity or the frequency of infected tissue cells as TEM

does.

1.8.2.1 Epifluorescence Microscopy (EFM)

Epifluorescence Microscopy has been used to enumerate viruses in aquatic environments
since the early 1990s. Virus-like particles are counted in EFM by the use of fluorescent nucleic
acid stains such as DAPI, YoPro but more commonly used are SYBR Green | and SYBR Gold
due to their higher sensitivity. EFM typically provides more accurate estimates (i.e. lower
coefficients of variation among replicate counts) and greater counting efficiency when
compared to the TEM method. At present SYBR Green | and Il and SYBR Gold are most
commonly used (Chen et al., 2001; Noble and Fuhrman, 1998; Middelboe et al., 2006) due to
being suitable for aquatic samples within a wide range of salinity, low background staining,
high stability and high emission intensity (Danovaro et al., 2001; Noble and Fuhrman, 1998).
SYBR Gold is a sensitive fluorescence stain that is used to detect both double- and single-
stranded DNA (ssDNA) and RNA, whereas SYBR Green | yields greatest absorbance with
double-stranded DNA (dsDNA) (Fischer et al., 2005), whilst SYBR Green Il gives the
brightest fluorescence with RNA and ssDNA. Extracellular DNA is known to sometimes
interfere with viral counts; however this effect can be circumvented by treating the samples
with nucleases (Danovaro et al., 2001). In an attempt to decrease sample-processing time, the
use of flow cytometers has been proposed for detecting and quantifying virus-like particles

and prokaryotes (Brussaard, 2004; Marie et al., 1999).

1.8.2.2 Transmission Electron Microscopy (TEM)

Transmission electron microscopy of aquatic viruses can be performed in two ways. Firstly the
sample can be pre-filtered to concentrate (ultrafiltration) the viral particles or the viral particles
can be harvested directly onto TEM specimen grids by ultracentrifugation (Suttle et al., 1990).

The grids with the viral sample are then negatively stained with a heavy metal salt (uranyl
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acetate, phosphor-tungstic acid), to enhance the contrast on the image, and then viewed in
TEM. The heavy metal salt provides a backdrop to the viral particles in the sample, thus
providing an outline of the shape of the particles and also some idea of the internal structures.
TEM viral morphology includes virus-like-particles, i.e. electron-dense particles with a
hexagonal to round shape and a diameter of 30-200 nm. TEM can also establish the
frequency of visibly infected cells (FVIC) (the number of cells containing viruses). FVIC can
then be converted to the total frequency of infected cells (FIC) within the bacterial community
or cell line using conversion factors (Danovaro et al., 2001). Virally induced mortality can then
be calculated from the FIC values by means of additional conversion factors (Danovaro et al.,
2001; Middelboe et al., 2003). Overall, TEM has proven to be a very successful tool in viral
ecology morphology and will continue to play a crucial role in determining the presence of

viruses in aquatic systems.

1.8.3 Flow Cytometry (FCM)

The flow cytometer is a recognised tool for clinical laboratory practice, and is fast becoming
prevalent in the field of environmental microbiology. Flow cytometry allows for exceptionally
swift measurements of single cells, primarily by optical means (Brussaard et al., 2000). FCM
uses the principles of light scattering, and emission of fluorochrome molecules to generate
specific multi-parameter data from particles and cells. Cells are characterised by light
scattering based on their size, shape and density and also on the dyes that are used either
independently or bound to specific antibodies or oligonucleotides that endow a fluorescent
phenotype onto components of interest. As a particle flows through the beam, both light
scattered by the particle and fluorescence light from the labelled particle is collected. This
makes it possible to make multiple simultaneous measurements (up to six parameters) on a
particle. This rapid multi-parameter evaluation of individual cells has thus made flow
cytometric detection an invaluable tool for both qualitative and quantitative data analyses. The
improvement of sensitive nucleic acid stains, in combination with flow cytometric techniques
has enabled the identification and enumeration of minute particles such as viruses in aquatic
systems (Brussaard et al., 2000, 2001; Chen et al., 2001; Larsen et al., 2001, Marie et al.,
1999).

FCM has been shown to be capable of enumerating viruses in water by treating the samples
with deep freezing or heating at 80°C in the presence of a detergent to obtain reliable results
with SYBR Green | (Marie et al., 1999). FCM not only allows rapid and automated counts but
also provides enough resolving power to separate different viral populations in the natural
samples (Chen et al., 2001). SYBR Gold is another sensitive fluorescent stain for detecting

double- or single stranded DNA or RNA nucleic acids in gels. According to the study by Chen
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et al. (2001), marine viruses stained with SYBR Gold yielded a bright fluorescent signal that
was much more stable than that from SYBR Green |. They established that the fluorescent
signal strength of SYBR Gold stained viruses was about twice that of SYBR Green I-stained
viruses, and that SYBR Gold formed at least four distinct viral subpopulations in flow
cytometric signatures. In addition they illustrated that viral counts based FCM proved to be
more efficient and accurate for assessing the numbers of viral particles in natural

environments than direct counting by EFM (Chen et al., 2001).

1.8.4 Polymerase Chain Reaction (PCR)

Since the late 1980s, PCR has been used for the detection and quantification of viral
pathogens in the environment (Saiki et al., 1985). The PCR method can be used to
enzymatically amplify nucleic acid sequences that are present in low copy numbers in water
samples. The analysis of viral diversity and community structure is difficult in all natural
environments. Transmission Electron Microscopy that can distinguish viruses by morphotypes
(Middelboe et al., 2003) offers very limited resolution. Thus the speed, specificity, low-cost and
ease of this PCR procedure have led to its use in the detection of enteric viruses in water
samples (Gilgen et al., 1995; Keswick et al., 1984; Reynolds et al., 1997). Application of
molecular PCR assays have improved environmental virology surveys and has facilitated the
examination of the diversity and ecological dynamics of specific viral populations and entire
communities (Bofill-Mas et al. 2006; De Paula et al., 2007; Girones et al., 2010).

Viral genomes do not share single genes across all taxa, such as 16S or 18S rRNA in the
genomes of prokaryotes and eukaryotes. A first step towards assessing viral diversity is
therefore to identify conservative regions within virus-specific genes as targets for PCR
primers. Once suitable primers have been identified, the genetic diversity and changes in viral
community structure can be assessed (Muyzer et al.,, 1993). PCR of virus DNA from
environmental samples requires release of the viral nucleic acid from the capsid, which is
usually accomplished by extracting with guanidium thiocyanate and passing the sample
through a silica column to remove the dissociated capsid proteins (Griffin et al., 2003). This
method purifies both RNA and DNA, which is particularly important to the isolation of enteric

viruses, most of which have RNA genomes (Fout et al., 2003; Griffin et al., 2003).

Nested PCR is a more sensitive edition of PCR in which a target sequence is amplified and
the sample undergoes a second round of PCR to amplify a sequence nested within the initial
amplicons (Abbaszadegan et al., 1999). This approach is taken when an extremely low

concentration of template DNA (e.g. a single molecule of template in the sample) is
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anticipated or when negative results are achieved using conservative PCR despite other

evidence signifying presence of template DNA in the sample (Griffin et al., 2003).

PCR can only detect DNA sequences, so detection of enteric viruses with RNA genomes must
be preceded by a process called reverse transcription, in which purified 58 retroviral reverse
transcriptase (RT)-an RNA-dependent DNA polymerase-is incubated with an RNA template
and free nucleotides to generate double-stranded, complementary DNA [cDNA] (Girones et
al., 2010; Schwab et al.,, 1993).The usefulness of PCR and RT-PCR assays for routine
monitoring of enteric viruses in water and sediments has also been recognised (Schwab et al.,
1993). Green and Lewis (1999) detected enteroviruses, rotaviruses and hepatitis A viruses in
different types of sediment samples and at various sampling times. Frontiers in PCR have
allowed researchers to obtain quantitative results, higher resolution, and simultaneous
detection of different pathogens. Recently, real time PCR method has been developed for
quantification of human viruses and their detection in sewage and source waters (Le Cann et
al., 2004, Monpoeho et al., 2002, 2004).

1.8.5 Real-Time PCR

Real-time PCR provides quantitative data for the presence of enteric viral genomes in
environmental samples with the use of a fluorescent dye, such as SYBR Green (Molecular
Probes, Eugene, OR), that will bind to amplified cDNA or with fluorochrome-tagged probes
that fluoresce when bound to complementary sequences in the amplified region (Fong and
Lipp, 2005). Real-time PCR involves the detection of a fluorescent signal emitted during the
amplification reaction, where the signal intensity emitted is relative to the amount of the target
DNA amplicon (Fong and Lipp, 2005; Griffin et al., 2003). By amplifying a known concentration
of control DNA in parallel, the ratio of the fluorescent signals allows for quantification of the
experimental target sample. Results obtained from this type of PCR inform researchers about
viral concentration and in the future, may be compared to minimum infectious doses to
estimate health risks (Griffin et al., 2003). Application of PCR as well as RT-PCR (reverse
transcription-polymerase chain reaction) and sequencing techniques have become the
standard methods for the detection and characterisation of viral pathogens (D’Agostino et al.,
2011; Muscillo et al., 2008; Yan et al.,, 2003, 2004). Real-time quantitative PCR (gqPCR)
assays have also been used to detect specific viruses from a mixed population (Pal et al.,
2006) and in source waters and drinking water (Albinana-Gimenez et al., 2009). The use of
gPCR has proven to be rapid, sensitive, specific, and quantitative method of detecting viral
genomes in low concentrations in water, but it also has a few drawbacks. Firstly, PCR
(including gPCR) alone cannot differentiate between infectious and non-infectious viruses (i.e.,

defective virions or naked viral RNA) (Fong and Lipp, 2005). Secondly, a variety of PCR
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inhibitory substances in water are concentrated together with viruses, decreasing the

efficiency of PCR amplification.

A single-tube multiplex PCR for rapid detection in faeces of 10 viruses causing diarrhoea has
recently been developed (Khamrin et al., 2011). Multiplex PCR enables different target DNAs
to be detected in the same reaction vessel. For example, if a number of enteric virus species
are assumed to exist in a water sample, they can be assayed simultaneously in the same
sample vial (Formiga-Cruz et al., 2005). This approach can save time if many samples are to
be processed; however, it may require a great deal of parameter optimisation in order to
create conditions that are favourable for each template to denature and for each primer to
anneal specifically and efficiently (Griffin et al., 2003). Many reports in the literature have
reported detecting human pathogenic viruses in the freshwater systems using molecular
techniques (Chen et al., 2008; Fong and Lipp, 2005) and in quantifying viruses using real time
PCR (Jiang, et al., 1999; Jiang, 2006).

1.8.6  Pulse-Field Gel Electrophoresis (PFGE)

PFGE has become popular for analysing viral communities (Wommack et al., 1995). This
technique allows separation of large nucleic acid fragments on agarose gels and thus the
generation of fingerprinting profiles of viral communities based on differences in genome size
so that major viral genotypes can be distinguished and differences in community structure
resolved (Wommack and Colwell, 2000; Steward et al., 2000). PFGE analyses have also been
successful in both fresh water and marine sediments (Filippini and Middelboe, 2007).
However, 10° viruses of the same genome size are needed to obtain a visible band on a gel,
and therefore the method only detects dominant strains and this technique detects only
dsDNA, as RNA and ssDNA cannot be adequately represented (Wommack et al., 2000;
Steward et al., 2000). Thus, PFGE reveals only a minimum estimate of the dominant

genotypes present within a sample (Danovaro et al., 2007).

1.8.7 Metagenomic Sequencing

In recent year's metagenomics has proven to be a useful tool for examining viruses in a range
of natural systems, revealing novel and diverse environmental viral communities. In systems
with low species richness, metagenomic sequencing reveals patterns in microbial diversity
and evolution (Breitbart et al., 2004). The advantage of using this method is that it surveys the
complete viral community genome without selection based on host or sequence similarity to
known viruses (Rosario et al.,, 2009). Characterisation of microbial communities using

bioinformatics approaches addresses some of the limitations conventional molecular
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techniques have and provides a high-resolution outlook of microbial diversity, as well as the
potential functional capabilities within these assemblages (Bench et al., 2007). Metagenomics
approaches circumvent the problem of the lack of general target sequences in viruses and can
capture the entire diversity of viral communities. Recent developments in the application of
metagenomic tools are revealing a wealth of information concerning the overall scale of the
viral genetic reservoir (Rosario et al., 2009). Accordingly, metagenomic analyses have yielded
10*-10° viral genotypes (Riemann and Middelboe, 2002; Steward et al., 2000; Larsen et al.,
2004).

An improved understanding of the contribution of viral genomes to microbial environmental
processes is just starting to be revealed through the application of these techniques. The
majority of viral metagenomic studies have primarily focused on DNA isolated from material
passing through filters, 0.22 um in size, which is the fraction that contains the bulk of virus-like
particles. These have revealed that viral communities are extraordinarily diverse on both local
and global scales (Angly et al., 2006; Breitbart et al., 2002, 2004). Furthermore, the
investigation of marine viromes across four oceanic regions proposes that viral community
composition and nucleic acid type (i.e. dsDNA vs. ssDNA) is a function of geographic location
and that vastly different environments support similar viral communities that differ only in the

abundance of the dominant viral members (Angly et al., 2006).

1.8.8  Microfluidic Digital PCR

Even though metagenomic studies provide useful tools for revealing novel and diverse
environmental viral communities in a range of natural systems, an approach to physically link
single bacterial cells harvested from a natural environment with a virus is still urgently needed.
Advances in microfluidic technology have enabled the isolation and analysis of single cells
from nature (Marcy et al., 2007; Ottesen et al., 2006; Zare and Kim, 2010). The researchers
used technique called “digital multiplex PCR” (Ottesen et al., 2006; Warren et al., 2006) to
capture the hosts of an uncultured virus from the environment with a microfluidic PCR. The
results demonstrated genus-wide infection patterns displaying intragenus selectivity on the
bacterial community residing in the termite hindgut and limited lateral gene transfer restricted
mixing of viral marker alleles between hosts despite host proximity. This approach provides a
method to examine virus-bacterium interaction in many environments without culturing hosts

or viruses.
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2 EXPERIMENTAL PROCEDURES

2.1 Description of Study Area and Sampling Procedure

Focus in this study period was on the Umgeni River (five points along the river) due to it being
the largest catchment (5000 km?) in the KwaZulu-Natal region (WRC, 2002). The Umgeni
River is approximately 230 km long, providing water to over 3.5 million people and supporting
an area that is responsible for approximately 65% of the total economic production in the
province (WRC, 2002). The study area stretched from upstream of the river at Inanda Dam
downstream towards the river mouth that opens out to the Indian Ocean. Sampling points
(Figure 2.1) were designated as follows: U1 (Umgeni River Mouth), U2 (Reservoir Hills), U3

(New Germany Wastewater Works), U4 (Krantzkloof Nature Reserve) and U5 (Inanda Dam).

Swnth Africe Sample GPS WAYPOINTS
Latitude Longitude
U1(A) 29° 48'43"S 31°02' 20"E
u2(B) 29° 47' 47"S 30° 58' 03"E
u3(C) 29° 48'13"S 30° 53' 36"E
u4(D) 29° 46' 18"S 30° 50' 11"E
U5(E) 29° 40' 29"S 30° 5119"E

Indian

Ocean

Kloof

KrantzKloof Neture
Reserve

U4 m

Umgeni river,

I3 Reservoir Hills

i

015 3 6 9 12 km Durban Harbour

Durban

Figure 2.1 Map of the study region within Durban and surrounding areas. Shown are the
locations approximate sampling points of the Umgeni River investigated in this
study
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Water samples from the Umgeni River were collected during the autumn (March -April 2011),
winter (June-July 2011), spring (September-October 2011), and summer (December 2011-
January 2012) months, to cover the four seasons of the year, so as to assess the potential
effects of seasonal variations on the water quality at these sampling points. Water samples
were collected in 25 { plastic drums with caps. The drums were sterilised with 70% (v/v)
alcohol and were rinsed with the water from the river source prior to collection. The water
samples were collected by holding the container by the handle and plunging it knee deep
(£ 0.5 m) below the water surface facing away from the water current. If there was no water
current, it was artificially simulated by pushing the container forward. All samples were
protected from direct sunlight and transported to the laboratory in the Discipline of
Microbiology, University of KwaZulu-Natal (Westville campus), within one hour of collection,

and stored at 4°C until further analysis (Buckalew et al., 2006).

2.2 Determination of Physico-Chemical Parameters

Several physico-chemical parameters including, temperature; pH; turbidity; biological oxygen
demand and chemical oxygen demand were measured. Temperature was measured in situ,
using a temperature probe, whilst the pH and turbidity were measured at the laboratory facility,
using a pH meter (Beckman ® 50 pH meter) and portable 2100P turbidimeter (HACH),
respectively. Samples were analysed for conductivity, inorganic water quality parameters,
including ortho-phosphate, nitrite and nitrate, ammonia, chloride, sulphate concentrations, and
heavy metals such as aluminium, lead, mercury and cadmium concentrations by the CSIR

Consulting and Analytical Services (CAS) Laboratory.

2.2.1 Biological Oxygen Demand

The biological oxygen demand (BODs) of each water sample was measured using the
OxiDirect BOD system (HACH) over a 5 day period. The selected BODs range was 0-40 mg/t
and the corresponding sample volume according to manufacturer’s instructions was used for
the analysis. Essential pre-treatment steps, where necessary, were carried out prior to
analysis, including modification of pH for optimum biochemical oxidation; filtering turbid
samples; homogenising samples containing fibres and thorough mixing of samples. The
analysis was conducted following manufacturer’s instruction and the BOD measured was

expressed in mg/f.
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2.2.2 Chemical Oxygen Demand

The chemical oxygen demand (COD) of each sample was determined photometrically using
the SpectroQuant Nova 60 COD cell test (Merck) measuring in the range of 0-15000 mg/¢
COD or O,. Each COD test vial, containing all the required reagents, was vortexed to re-
suspend the bottom sediment prior to adding 3 m{ of each sample and mixing vigorously. The
samples were digested in a thermoreactor (HACH) at 148°C for 2 hrs in the dark. Following
sample digestion, the reaction cells were allowed to cool to room temperature before

measuring the COD of the sample.

2.3 Isolation of Bacterial Indicator Microorganisms

The membrane filtration (MF) technique (Millipore, HANG 47 mm) was used for the isolation
and enumeration of eight indicator organisms from all water samples, according to standard
protocol (Standard Methods, 1992). Appropriate dilutions of the water samples were prepared
with autoclaved distilled water prior to filtration. Fifty millilitre samples were filtered through
0.45 pym pore size GN-6 Metricel membrane filters (Millipore, 47 mm), held in a glass filtration
unit, which were then transferred to 45 mm Petri plates containing various selective media for
recovery of each indicator group (Table 2.1). After the incubation period, all the typical
colonies grown on the filters were recorded as presumptive counts for the estimation of colony
forming units per 100 millilitre (cfu/100 mf). Sample blanks were processed during MF to

ensure quality of dilution water (Buckalew et al., 2006).

Table 2.1 Selective media and incubation conditions used for the isolation and
enumeration of bacterial indicators.

INDICATOR
SELECTIVE MEDIA INCUBATION CONDITIONS
MICROORGANISM
Total Heterotrophs (TH) Nutrient Agar 24hrs at 37°C
Total coliforms (TC) M-Endo agar 24 hrs at 35°C
Faecal coliforms (FC) M-FC agar 24 hrs at 44.5°C

Presumptive test: 4 hrs at 37°C
followed by 4 hrs at 44°C
Confirmatory test: 4 hrs at 44°C

Membrane Enterococcus Agar (MEA)

Enterococai (EC) Bile Aesculin Agar (BAA)

Faecal streptococci (FS) KF-Streptococcus Agar (KFS-A) 48 hrs at 42°C
S Thiosulphate Citrate Bile Salts Sucrose o
Presumptive Vibrio cholera (VC) Agar (TCBS) 18-24 hrs at 37°C
Presumptive Salmonella spp. (SAL) | Salmonella-Shigella Agar (S-SA) 24 hrs at 35°C
Presumptive Shigella spp. (SHIG) Salmonella-Shigella Agar (S-SA) 24 hrs at 35°C
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24 Bacteriophage Determinations

The presence-absence spot test using the single agar layer method (ISO, 2000) was used to
determine the presence of somatic and F-RNA (F-specific) coliphages. Escherichia coli ATCC
13786 strain (purchased from American Type Culture Collection (ATCC) was used as the host
for the somatic coliphage, while Salmonella typhimurium WG49 (provided by Dr. Maite
Muniesa, University of Barcelona, Spain) was used as the host for F-specific coliphages. The
test was accomplished by spotting 10 uf of the TFF-concentrated water samples onto lawns of
the two bacterial hosts. The presence of a clearing zone/plaque indicated the presence of
phage. Bacteriophages were enumerated by the double agar layer technique following the
ISO 10705-2 standard (ISO, 2000) for enumeration of somatic coliphages and ISO 10705-1
(ISO, 1995) for enumeration of F-specific RNA bacteriophages (F-RNA). One hundred
microlitres of the concentrated samples was mixed with 1 m{ of overnight bacterial host grown
according to the ISO standards in 8 m{ of soft agar and poured over agar bottom plate as
described by Jiang et al. (2001). Plaques were enumerated after 12 to 24 h of incubation at

37°C and measured as plaque forming units per millilitre (pfu/m?).

25 Tangential Flow Filtration (TFF) for Viral Recovery

Viral community samples (virioplankton) were concentrated using a two-step tangential flow
filtration process as given in Figure 1.4, according to the method of Wommack et al. (2010).
Briefly 20 £ of river water was first pumped through a 25 ym string-wound polypropylene
sediment cartridge filter to remove large particles at a flow rate of 230 mi/min. A peristaltic
pump (Masterflex) was used at a flow rate of 530 m{/min with pressure at ( P;, = 7psiand P,
= 6 psi) to pump the samples through a 0.5 m?, 0.22 ym Pellicon TFF cartridge filter (Millipore
Corp) to remove all bacterial cells. Viruses in the cell-free permeate was further concentrated
to a final volume of 500 m¢ using 10 m? 100-kDa spiral-wound TFF filter (Helicon; Millipore
Corp). The retentate was allowed to re-circulate through the two step system until only 500 m¢
to 1 & of sample remained in the original vessel. The virus-like particles were pelleted out from
solution using an ultra-centrifuge (Beckman, LX-100) at 130 000 x g for 3hours at 4°C. The
resulting pellets were re-suspended in 15 mf of 1 X Phosphate Buffer (pH7) and stored at -
20°C until further use. After each experiment, the filtration unit was sterilised with a 0.4 N
NaOH (pH 13) solution heated to 50°C to remove contaminants for 15 min, followed by

filtration of 20 £ of deionised water.

Normal Water Permeability (NWP) testing had to be performed regularly on the TFF filters
before and after running the system to ensure filter quality. This was calculated using the

following equation:
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NWP = R*F
A' { Pin+P0u:} .pp
2
Where:
R = Permeate Flow Rate in L/hour
Pin = Feed Inlet Pressure in psi

Pout = Retentate Discharge Pressure in psi

Pp = Permeate Discharge Pressure in psi

A = Total Filter area in m?

F = Temperature correction factor

2.6 Enumeration and Visualisation of Virus-Like Particles (VLP)

2.6.1 Epifluorescent Microscopy

SYBR Gold staining coupled with epifluorescent microscopy (Chen et al., 2001; Patel et al.,
2007; Shibata et al., 2006) was used to enumerate virus-like particles (VLPs) from the Umgeni
River virus filtrate. After ultra-filtration (100 kDa cut-off), one millilitre of the concentrated water
samples were fixed with 40 pfof a 2% paraformaldehyde solution and then filtered onto
0.02 ym Anodisc filters (Whatman, Maidstone, Kent, UK) with vacuum pressure no greater
than 20 kPa. The Anodisc filters were allowed to air dry and were then stained with 2 X SYBR
Gold (Invitrogen, Carlsbad, CA, USA) for 15 min in the dark. After staining the filters were
wicked to remove any remaining solution and air dried. The filters were mounted onto glass
slides, and counted digitally at 1000 x magnification under blue-green light excitation (Fitch
filter, excitation at 480-495 nm) with an NIKON Eclipse (80i) epifluorescent microscope in at
least eight fields of view for each sample (Chen et al., 2001). Images obtained were then
analysed using the iTEM software and NIS-D Elements software (D 3.2) to digitally count the

fluorescent green VLP spots and compute the results.

2.6.2 Transmission Electron Microscopy (TEM)

TEM was used to examine the structures and morphology of VLPs in the river water. These
TEM images were then compared to known viral images of human origin where possible
(Rosario et al., 2009). Briefly one drop of freshly prepared VLPs was spotted onto a Formvar-
carbon-coated 200-mesh TEM grid (Electron Microscopy Sciences, Fort Washington, Pa). The

edge of the grid was gently blotted with a piece of Whatman filter paper to drain away the
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excess fluid, and the grid was then stained with a 1% Phospho-tungstic acid (PTA) solution or
a 2% Uranyl Acetate solution for 30 s, washed with 1 drop of deionised water for 10 s, and
dried in air before examination with a TEM (JEOL). Photomicrographs of viruses were taken at
magnifications of 150 000 to 600 000 X. Morphological characteristics of VLPs were compiled
from multiple photomicrographs of phage particles in order to minimize size or shape

anomalies. Samples were grouped according to season.

2.7 Viral Infectivity Using Cell-Culture

Cell-culture (where cell lines were available) was used to determine infectivity of virus-like
particles (VLPs).The total cultivable virus method as described in USEPA (2001) was used as
the infectivity protocol. The concentrated VLPs from various water sources were fed into the
various cell lines. Three known viruses: Adenovirus, Rotavirus and Coxsackievirus were used
as positive controls Amongst the cell lines used for human virus investigations in water were,
VERO (African green monkey kidney cells), HEK 293 (human embryonic kidney cells), and
HEPG2 (human hepatocellular carcinoma cells). Cells were grown in 10% Dulbecco’s
modified essential medium (GIBCO) supplemented with 10% Foetal Calf serum (GIBCO)
containing a penicillin/ streptomycin / fungizone mix (1:1:1) (v/v/v), to confluent monolayers in
24 well plasticplates (Corning, USA). Approximately 200 u{ of viral concentrate was overlaid
onto the monolayers of appropriate cell lines and incubated at 37°C for 5 to 7 days. The
development of cytopathic effect (CPE) that is indicative of a viral infection in the cell cultures
was monitored for up to 7 days. Presence or absence of CPE was confirmed as described in
USEPA (2001). After three freeze-thaw cycles, CPE positive and negative samples were
filtered through 0.22 um syringe filters and were inoculated in new Vero, HepG2 and Hek 293
cells for another 7 days. Samples that showed CPE at the end of the confirmation step were
reported as positive for infectivity. Cell cultures were examined under an Olympus microscope

using a 400 x magnification for the cytopathic effect (CPE).

2.8 Extraction of Viral Nucleic Acids for Viral Genomic Studies

All viral concentrates were filtered through a 0.22 ym Sterivex filter (Millipore, USA) and
treated with 10% chloroform to remove contaminating microbial cells. Viral concentrates were
then ultra-centrifuged twice at 29 000 x g for 3 hours at 4°C (Rosario et al., 2009). Viral DNA
and RNA were simultaneously extracted from viral concentrates using the high pure viral
nucleic acid large volume kit (Roche Diagnostics) and high pure viral RNA kits respectively
(Roche Diagnostics), according to manufacturer’s instructions. RNA concentrations were

standardised to 1 ug/ mf and cDNA was synthesized using the iScript cDNA Synthesis kit
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(BIORAD).All PCR products were visualised using agarose gel (2%) electrophoresis and

staining with ethidium bromide.

2.8.1 Detection of Human Enteric Viruses by PCR/RT-PCR Assay

The primer sequences used to amplify and to detect human enteric viral genomes were
selected using previously published data (Table 2.2) (Rosario et al., 2009; Symonds et al.,
2009; Thurber et al., 2009). PCR or reverse transcription-PCR for each of the targeted viral
groups was performed according to Symonds et al (2009). All PCR mixtures had a total
volume of 25 pt and contained 2 pt of target DNA, 1 x REDTaq PCR buffer (10.0 mM Tris-HCI
[pH 8.3], 50.0 mM KCI, 1.1 mM MgCl,, 0.01% gelatin; Sigma-Aldrich, St. Louis, MO), 0.25 mM
each deoxynucleoside triphosphate, 1 uM of each primer, and 1 U REDTaq DNA polymerase

(Sigma-Aldrich), unless otherwise stated.

Table 2.2 Primer sequences to PCR amplify three viral groups

Virus Primer  Target Gene Amplicon Size  Sensitivity Reference
Sequence (5°-3’) (bp) (no. of targets)

Adenoviruses (Hexon gene) (Allard et al., 1992)

AV-A1 GCC GCAGTG GTC TTACAT GCACATC 300 100

AV-A2 CAG CAC GCC GCG GAT GTC AAAGT

AV-B1* GCC ACC GAG ACGTACTTC AGC CTG 143

AV-B2* TTG TAC GAG TAC GCG GTATCC TCG CGG TC

Enteroviruses (Fong et al., 2005)
JP UP TTA AAA CAG CCT GTG GGT TG 600 100

ENT DOWN ACC GGA TGG CCA ATC

ENT UP* CCT CCG CCCCTG AATG 154

JP DOWN* ATT GTC ACC ATAAGC GACC

Rotaviruses (group A) (VP7 gene) (Gilgen et al., 1997)
RV1 GTC ACA TCA TAC AAT TCT AAT CTA AG 1059 1000

RV2 CTT TAAAAG AGAGAATTT CCGTCT G

RV3* TGT ATG GTATTG AAT ATACCAC 346

Rv4* ACT GAT CCT GTT GGC CAW CC

Hepatitis B viruses (S gene) (Koike et al., 1998)
HBS-1 ATC AGG ATT CCT AGG ACC C 310 10 000

HBS-R1  AGG ACA AAC GGG CAACAAC

HBS-11 GCG GGG TTTTTCTTG TTG AC 1241

HBS-R11 GAA CCA ACA AGA AGA TGA GGC

* Primers for Nested PCR
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2.8.1.1 Adenoviruses

Nested PCR was used to amplify the hexon gene of approximately 47 different adenovirus
serotypes (Allard et al., 1992). Five microlitres of the product from the first round of PCR was
used as a template for the second PCR reaction. Both rounds of PCR had an additional
0.4 mM MgCl; in the reaction mixture. Both adenovirus PCR conditions were 4 min at 94°C,
followed by 40 cycles of 92°C for 30 s, 60°C for 30 s, and 72°C for 1 min and a final incubation
step at 72°C for 5 min. In all PCR reactions a positive control (cell-cultured Adenovirus) and

negative control (distilled water) were included.

2.8.1.2 Enteroviruses

Nested PCR was used to amplify the 5’-untranslated region of approximately 25 different
Enterovirus genomes (Fong et al., 2005). An additional 1.8 mM MgCl, and 1.4 mM MgCl,
were added to the first- and second-round PCR reaction mixtures, respectively. The first-round
of PCR conditions were 40 cycles of 95°C for 30 s, 57.7°C for 30 s, and 72°C for 45 s,
followed by 5 min at 72°C. Thereafter 2 pf of amplified PCR product from the first round PCR
was added as the template to the second round of PCR, which was amplified by 40 cycles of
95°C for 30 s, 56.5°C for 30 s, and 72°C for 30 s, followed by 5 min at 72°C. In all PCR
reactions a positive control (cell-cultured Coxsackievirus) and negative control (distilled water)

were included.

2.8.1.3 Rotaviruses

Nested PCR was used to amplify the VP7 gene of the group A rotaviruses (Gilgen et al.,
1997). The first PCR mixture had an additional 0.4 mM MgCl, and was incubated for 1 min at
94°C, followed by 25 cycles of 94°C for 30 s, 55°C for 30 s, and 72°C for 1 min, followed by
incubation at 72°C for 3 min. The second reaction mixture, containing an additional 2.4 mM
MgCI* and was incubated for 1 min at 94°C, followed by 40 cycles of 94°C for 30 s, 55°C for
30 s, and 72°C for 30 s and then incubation at 72°C for 3 min. In all PCR reactions a positive

control (cell-cultured Rotavirus) and negative control (distilled water) were included.

2.8.1.4 Hepatitis B Viruses

Nested PCR was used to amplify the S gene of hepatitis B viruses (Koike et al., 1998). Both
rounds of PCR had an additional 0.4 mM MgCl, added to the reaction mixture, and the PCR
cycling conditions were as follows: 5 min at 95°C, followed by 30 cycles of 95°C for 30 s, 55°C
for 40 s, and 72°C for 40 s. Two microlitres of product from the first reaction was used as a

template in the final PCR reaction. Second round of PCR followed the same PCR conditions
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as the first PCR. In all PCR reactions a positive control (serum Hepatitis B virus) and negative

control (distilled water) were included.

29 Statistical Analysis

Pearson’s and Spearman’s correlation tests were used to evaluate the correlations between
the bacterial indicators and environmental variables, as well as correlations between the
bacteriophages, virus-like particles and environmental variables. Data comparisons were
performed using analysis of variance (post hoc tests) and the Student’s t-test. Probability
(significant level) was set at 0.05. The SPSS program version 19 (SPSS, Inc., lllinois) was
used for the statistical analyses (Wilkinson, 1988).Canonical correspondence analysis (CCA)
was applied to elucidate the various relationships with a view to determining the important
variables responsible for the observed spatial and temporal distribution of the communities.
CCA ordination allowed for the assessment of the relationships between biological and
environmental data, specifically the extent to which variation in biological data can be
accounted for by the measured environmental variables. On CCA ordinations, environmental
variables are represented by arrows whose lengths reflect their relative importance in
structuring the biological sample data (Clausen and Biggs, 1997). A Monte Carlo permutation
test with 499 random permutations was used to establish the environmental axis that
significantly correlated with the biological variables. CCA analysis was performed using the

computer programme Canoco for Windows version 4.5 (Ter Braak and Verdonschot, 1995).
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3 RESULTS AND DISCUSSION

The Umgeni River catchment supports a diverse range of activities and livelihood, which
contributes to approximately 20% of the gross national product of South Africa (Mardon,
2003). This diversity makes the Umgeni River catchment prone to many different types of
pollution. Microbial pollutants normally enter surface waters through transport pathways such
as surface runoff and discharges of raw and treated sewage (Pejman et al., 2009; Singh et al.,
2004). The water quality of the lower reaches of this river catchment is being affected by many
human activities and influences, which can results in increased risks to users due to microbial

contamination.

3.1 Physico-chemical characteristics of water samples

Spatial and seasonal fluctuations of the physico-chemical environmental variables of the water
samples and heavy metal quality are presented in Tables 3.1 and 3.2, respectively.
Temperature profiles shown in Table 3.1 varied significantly (p<0.05) from all sampling sites
tested along the Umgeni River and ranged from 19°C (U5 — autumn), 15.2°C (U5 — winter),
16.5°C (U4 spring) to 28.5°C (U2 — summer). Increases in water temperatures can result in
higher rates of inactivation of microorganisms in water samples (Carlsson, 2003). No
significant difference (p> 0.05) was observed with pH measurements across all five sampling
points and seasons tested. In this study, the pH measurements of the river water samples
across the four seasons ranged from pH 7.10 to pH 9.16 and fell within the South African
water quality pH guideline for domestic use. It was interesting to note that point U5 during
spring had the highest pH value of 9.16. Significant (p<0.05) seasonal variations in turbidity
values were noted along the Umgeni River and ranged from 1.62 NTU (U5) in autumn to
15.64 NTU (U1) summer (Table 3.1). Turbidity measurements give an indication of the
concentration of suspended clay, silt, organic matter, inorganic matter, plankton and other
microscopic organisms in a water source (DWAF, 1996b). All water samples had turbidity
values which exceeded the recommended standard value of 0.1 NTU for turbidity (SABS,
2001). High turbidity values are associated with the survival of microorganisms due to

association of the microorganisms with the particulate matter (DWAF, 1996b).

BOD is a measure of the quantity of dissolved oxygen in mg/f necessary for the
decomposition of organic matter by microorganisms such as bacteria. COD is used to
measure both the amount of biologically active substances such as bacteria and biologically
inactive organic matter in water. Large seasonal variations in BODs, COD and conductivity
levels amongst the sampling points along the Umgeni River were observed (Table 3.1). BOD,

COD and conductivity values for the Umgeni River ranged from 1.4 mg/t (U3 — autumn) to
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9.45 mg/t (U3 — spring), 10.0 mg/f (U2 — autumn) to 254.0 mg/t (U3 — spring) and 21.6 mS/m
(U5 — spring) to 5150 mS/m (U1 — summer), respectively. Point U1 of the Umgeni River during
the autumn season exhibited a very unusual and high COD measurement of 968 mg/f. Some
Umgeni River samples fell within the universal water quality index of 3 mg/f BOD (Boyacioglu,
2007), except for points U1, U2, U3 and U4 which exceeded this value drastically during
certain seasons. There is no COD guideline for aquatic systems stipulated in South African,
EU, WHO and US EPA guidelines. Conductivity qualitatively reflects the status of inorganic
pollution and is a measure of total dissolved solids in the water. High COD values obtained in
this study suggest that organic and/or inorganic substances from domestic and non-domestic
wastewaters are entering these water systems. The water quality of these sampling sites can
only be used for most of the industrial purposes. The Umgeni River at point U1 had relatively
high values for most of the environmental parameters tested and this could be attributed to the

fact that this point of the river intercepts with the ocean.

Nutrient enrichment acutely degrades aquatic ecosystems and impairs the use of water for
domestic, industrial, agricultural, and recreational purposes (Ouyang et al., 2006). The
phosphate concentrations varied significantly (p < 0.05) for all sampling points along the
Umgeni River across all four seasons tested. Phosphate concentrations of the Umgeni River
varied from <0.004 mg/ P (U5 — autumn) to 1.63 mg/f P (U3 — summer). Point U5 during
autumn, spring and summer had relatively low phosphate concentrations at <0.004 mg/t P.
The phosphate levels of the water samples from points U1, U2 and U3 in this study are higher
than the aquaculture South African Water Quality guideline value of 0.077 mg/t P (DWAF,

1996a), except for point U5 which falls below the value.

The nitrate/nitrite and ammonia concentrations for all sampling points of the river differed
significantly (p< 0.05) and ranged from 0.087 mg/f N (U5 — autumn) to 3.12 mg/t N (U4 —
summer) and 0.005 mg/t NH; (U4 — summer) to 38.1 mg/t NH, (U3 — spring). Nitrate and
Nitrite are commonly present in surface water because they are the end products of aerobic
decomposition of organic nitrogenous matter. The nitrite/nitrate levels of the water met the
criteria for the nitrates guideline value of 6 mg/f N for domestic use. In water quality studies,
nitrogen and phosphorus are the nutrients most commonly identified as pollutants. The
nitrite/nitrate, ammonium and phosphate levels of the water samples at point U3 were
generally higher than other sampling points except point U1 indicating higher potential
polluting sources in this area. Interestingly enough, U3 is located after the wastewater
treatment plant and close to an informal settlement area. High concentrations of either
dissolved phosphate or nitrate concentrations may lead to osmotic stress of the fish species in
rivers (DWAF, 1996a).
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Chloride concentrations were extremely high at point U1 of the river during all seasons tested
and ranged from 9853 mg/{Cl (autumn) to 19234 mg/{Cl (summer). Relatively low chloride
concentrations were observed between sampling points U2 and U5 during the autumn and
winter seasons. Chloride is a common constituent in water, is highly soluble, and is a typical
conservative substance. Typically, concentrations of chloride in fresh water range from a few
to several hundred mg/f Cl. The South African water quality guideline for chloride is 0-100
mg/l CI for domestic use. Point U1 exceeded this guideline by over 10 times during all
seasons. High concentrations of chloride (>120 mg/ £ CI) in the water are likely to cause
damages to industrial equipment and structures and to interfere with several industrial
processes (DWAF, 1996a). Sulphate concentrations were reasonably high at point U1 during
all four seasons tested values ranged as follows: 1388 mg/f SO, (autumn), 1405 mg/t SO,
(winter), 409 mg/t SO, (spring) and 1512 mg/t SO, (summer). Low sulphate concentrations

were detected for the remainder of the sampling points during all seasons.

The water temperature of the Umgeni River samples showed moderate to strong correlations
with turbidity (r = 0.377), pH (r = 0.572), and conductivity (r = 0.702) and weak or no
correlations with COD (r = 0.282), BODs (r = 0.000). Significant positive correlations was
observed between pH and turbidity (r = 0.961; p = 0.039). There were inverse correlations
between COD and conductivity (r = -0.228) and BODs and COD (r = -0.546). Strong positive
correlations between chloride and sulphate concentrations (r = 0.862) for all the river water
samples were also detected. Phosphate concentrations showed strong inverse correlations
(r = -0.005 to -0.913) with all chemicals measured throughout the seasons for all water
samples. Nitrate concentrations in the water samples had positive correlations with chloride

(r=0.436) and sulphate (r = 0.235) for all seasons.

Most of the water samples fell within the regulatory limits for domestic use for all heavy metals
tested (Table 3.2). Heavy metal concentrations for the Umgeni River ranged as follows:
<0.019 mg/f to 0.112 mg/t for Pb; 0.00014 mg/f t0<0.001 mg/t for Hg; <0.009 mg/t t0<0.006
mg/t for Cd and <0.005 mg/t to 0.127 mg/t for Cu. Relatively low concentrations of Cu were
detected throughout all sampling points and all four seasons tested and did not exceed the

South African guideline value of 1 mg/t Cu.

The solubility of trace metals in surface water is predominantly controlled by water pH, water
temperature, and the redox environment of the river system. Heavy metal pollution in water
environments is related to pH, i.e., when the pH of water decreases, the solubility of metals

increases thus increasing their potential toxicity (Campbell and Stokes, 1985; Rai et al., 1993).
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The metal concentrations detected during the dry seasons were higher in concentration
compared to the wet seasons might be attributed to water evaporation during the dry season
and dilution — due to precipitation and run-off during the rainy season. These observations

have been previously reported in other studies (Singh et al., 2008).

3.2 Enumeration of Bacterial Indicators

Total Heterotrophic Bacterial counts indicate the general microbial quality of water and are
used to detect a wide range of bacteria which are omnipresent in nature. According to the
South African Bureau of Standards (SABS), the stipulated recommended limit for THB
population for drinking water is 100 cfu/m{. All samples exceeded this value (SABS, 2001).
Minimum THB counts were recorded during winter while the maximum values were recorded
during summer and ranged as follows: 0.90 x 10° cfu/100 m¢ (U5 — winter) to 13.67 x 10°
cfu/100 mf (U1 — summer) (Figure 3.1). The Umgeni River mouth (U1) had the highest THB
counts during all seasons compared to the other sampling sites along the river. The river was
found to be highly contaminated, as this river flows through the more urbanized areas of
Durban and is subject to higher surface runoff. In addition high nutrient concentrations and
high turbidity had significant positive correlation with the growth of bacterial indicators, thus
resulting in a substantial increase of these naturally-occurring organisms. The findings from

this study correspond well with studies performed elsewhere (Olaniran et al., 2009).
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Table 3.2 Heavy metal quality of the Umgeni River water samples during autumn, winter,
spring and summer seasons
sample | S Heavy metal concentrations (mg/{ )

location § Pb** Hg** cd* cu®
* 0.004 0.0003 0.001 1.400

U1 <0.019 0 <0.009 0.044
U2 > <0.019 0 <0.009 0.013
U3 5 <0.019 0 <0.009 0.011
U4 3 <0.019 0 <0.009 0.009
us <0.019 0 <0.009 0.010
U1 0.031 0.00018 <0.009 0.013
u2 ” <0.019 0 <0.009 0.009
u3 ”EJ <0.019 0 <0.009 0.127
U4 = <0.019 0 <0.009 0.009
us <0.019 0 <0.009 0.013
U1 0.103 0.00037 <0.006 0.009
U2 ® <0.025 0 <0.006 <0.005
u3 5 <0.025 0.00090 <0.006 0.011
U4 &% <0.025 0.000140 <0.006 <0.005
us <0.025 0 <0.006 <0.005
U1 0.112 <0.001 <0.006 0.012
u2 o <0.025 <0.001 <0.006 0.014
u3 % <0.025 <0.001 <0.006 0.015
U4 ? <0.025 <0.001 <0.006 0.016
us <0.025 <0.001 <0.006 0.013

* World Average of trace elements in unpolluted rivers (Meybeck and Helmer, 1989; Schiller

and Boyle, 1987)
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Figure 3.1 Total Heterotrophic Bacterial (THB) populations for Umgeni River at the
different sampling points during autumn, winter, spring and summer seasons.
Bars indicate the average of replicate samples (n = 3 or 4) while the error bars
show the standard deviation.

Presumptive total coliform (TC), faecal coliform (FC), V. cholerae (VC), Salmonella spp.
(SAL), Shigella spp. (SHIG), enterococci (EC) and faecal streptococci (FS) populations for the
Umgeni River over the seasons are presented in Figure 3.2. TC and FC counts varied
significantly (p<0.05) throughout all sampling points and ranged from 3.30 x 10° cfu/100 mt
(U1 — winter) to 6.03 x 10° cfu/100 m¢ (U1 — summer) and 0.89 x 10° cfu/100 m¢ (U3 — winter)
to 4.85 x 10° cfu/100 m¢ (U2 — spring), respectively (Figure 3.2). Total coliforms (TC) are
frequently used to assess the general hygienic quality of water. The TC group includes
bacteria of faecal origin and indicates the possible presence of bacterial pathogens such as
Salmonella spp., Shigella spp., Vibrio cholerae, Campylobacter jejuni, Yersinia enterocolitica
and pathogenic E. coli, especially when detected in conjunction with other FCs (Ashbolt et al.,
2001). The South African water quality guidelines have “negligible risk” for TC and FC of 5
cfu/100 mf and 0 cfu/100 mt, respectively (DWAF, 1996). All points failed to meet the target
water quality ranges for negligible risk with points U2 and U1 having the highest bacterial
populations. According to NMMP (2002) drinking untreated water can pose a potential health
risk if faecal coliforms are present as follows: high risk (>10 cfu/100 m£), medium risk (1-10
cfu/100 mf) and low risk (0 cfu/100 m¢{). Full or partial contact with untreated water containing
faecal coliforms poses health risks of: high risk (> 2 000 cfu/100 m{), medium risk (600-2 000
cfu/100 mf) and low risk (< 600 cfu/100 mf) (NMMP, 2002).
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VC, SAL and SHIG concentrations for the Umgeni River ranged from 1.91 x 10° cfu/100 m¢
(U4 — winter) to 4.97 x 10° c¢fu/100 m¢ (U2 — spring), 0.01 x 10° cfu/100 m¢ (U5 — winter) to
1.43 x 10° cfu/100 mt (U1 — spring) and 0.34 x 10° cfu/100 m¢ (U3 — winter) to 1.83 x 10°
cfu/100 mf (U2 — summer), respectively (Figure 3.2).The highest population of TC, FC, and
VC was observed in the water sample collected at points U1 and U2 during the spring and
summer seasons, compared to the other sampling points along the Umgeni River while
sampling site U5 had the lowest FC, VC and SHIG concentrations during all seasons. SAL
and SHIG populations were detected at all sampling points along the river throughout the
seasons. There was no significant difference in the TC, FC and VC counts (p> 0.05) between
the seasons. EC and FS concentrations ranged from 0.22 x 10° cfu/100 m¢ (U3 — winter) to
1.39 x 10° cfu/100 m (U2 — spring) and 0.02 x 10°cfu/100 m¢ (U5 — autumn) to 2.37 x 10°
cfu/100 mf (U3 — winter), respectively (Figure 3.2). EC and FS counts differed significantly
(p<0.05) and EC had positive correlations with TC (r = 0.343) over all seasons. According to
the USEPA criteria for EC counts (<33 cfu/100 m{ for freshwater) (USEPA, 2004), all points
along the river exceeded the guideline. DWAF specifies two guidelines for FS levels: (1) 0-30
cfu/100 mt for full contact recreation and (2) 0-230 cfu/100 m{ for intermediate contact
recreation. EC and FS counts differed significantly (p < 0.05) and EC had positive correlations

with TC (r = 0.343) over all seasons.

Significant spearman's rho correlation coefficients were noted between the THB populations
and TC and FC populations throughout all seasons (r = 0.9 -1.00, p<0.05). Positive, significant
Pearson’s correlations between the indicator organisms for the Umgeni River include: THB
and TC (r=0.955, p = 0.045), THB and VC (r = 0.862), VC and FC (r = 0.557), THB and SAL
(r=10.999, p =0.001),TC and SAL (r=0.966, p = 0.34), and EC and FC (r = 0.986, p= 0.014)
with no significant correlations between FS and SHIG populations with the other indicators

during the four seasons.
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3.3 Canonical correspondence analysis (CCA)

Canonical correlation analysis was used to investigate the relationships between the water
quality variables and the total bacterial growth, as well as the relationships between the
different indicator bacteria and the physico-chemical parameters at all sites and seasons. CCA
ascertained the extent to which one set of measurements was related to another and
determined the particular attributes responsible for the relationships. The arrows representing
the environmental variables indicate the direction of maximum change of that variable across
the diagram. In essence, the length of the arrow is proportional to the rate of change, so a
longer arrow indicated a larger change in environmental variable. CCA ordination plot (Figure
3.3) revealed strong relationship between the THB communities and measured physical and
chemical water quality variables. The ordination plot revealed that temperature, pH and
turbidity had longer arrows and were the key variables that impacted on the presence of the

bacterial communities.

The exacerbated growth of the total heterotrophic bacterial populations positively correlated
with the key environmental factors affecting water quality, implying that environmental
relationships do exist among biological and physico-chemical data. Physical parameters, such
as pH, temperature and turbidity do have a major influence on bacterial population growth
(Byamukama et al., 2000; Nubel et al.,, 1999). The sample scores were scattered in the
ordination with a number of denser clusters spread out around the origin. An interesting
observation was that the presence of FS had no correlation with the other bacterial indicators
or with the physico-chemical parameters (Figure 3.3). VC, SAL, FC and EC were found to be
grouped similarly (green circle — Figure 3.3), with EC having a stronger correlation with COD.
The nitrate concentration correlated positively with the TC populations in the environment. The
relative magnitude of Eigen values for each of the CCA axis in Figure 3.4 is an indication of

the relative importance of the axis.

CCA axis 1 accounted for 50.7% of total variance of the species data set and in total the
species — environment relation ordination accounted for 100% (Appendix i-Table a) of the
cumulative variance suggesting high correlation between bacterial community data and water
quality variables. The statistical significance of the model was tested using Monte Carlo
permutation test and Eigen value for axis 1 was found to be insignificant (p> 0.05). Pearson’s
correlation between species and water quality variables displayed strong positive correlation

for both axes.
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Environment Axis 1
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Figure 3.3 CCA ordination plot for bacterial indicators and water quality variables at the
five study sites during autumn, winter, spring and summer seasons.

CCA ordination plot revealed strong relationships between the overall bacterial growths of
different sites and seasons measured as well as the physico-chemical water quality variables
(Figure 3.4). According to the CCA plot (blue circle), temperature, BODs, turbidity, pH,
electrical conductivity, orthophosphate and sulphate were the most prominent variables (long
arrows) that impacted the community structures significantly at Sites 1, 3 and 5 during the
summer and spring seasons. The overall bacterial growths of Sites 2, 4, 5 during autumn and
winter seasons strongly correlated with the nitrate/nitrite profiles (green circle). Sites 1 and 3 in

winter showed no correlations with the rest of the sites and variables measured.

The relative magnitude of Eigen values for each of the CCA axis in Figure 3.4 is an indication
of the relative importance of the axis. CCA axis 1 accounted for 37.9% of total variance of the
species data set and in total the species — environment relation ordination accounted for
74.6% (Appendix i-Table b) of the cumulative variance suggesting that there may be a
correlation between the various sites and water quality variables. Pearson’s correlation
between species and water quality variables displayed strong positive correlation for both

axes.

57



Microbial Pathogens in the Umgeni River, South Africa

Sité 3W Site W
O

N
/ 0 Oaﬂe JVQ
3% /' _~"Site 2W \

Ste 55 DS O
S p?m A

Environment Axis 1

urbidit, g i o
r« H L~ — Sito SA Site S
HemicTe ':, ——y Q-R'O e © ]
- | Ste asp e o4 OMedA
- Jbl'e 25 Site 1 Cg
L Site 55& I| o
- — \ —
B
OSie 25p
O Ste 1A
Q
_
|
-0.8 0.8
Site Axis 2

Figure 3.4  CCA ordination plot for all the water quality variables and the total bacterial
growth at the five study sites and during autumn, winter, spring and summer
seasons. Abbreviations: Sites 1 = Umgeni River mouth, 2 = Informal
settlement at Reservoir Hills, 3 = New Germany Waste Treatment Works, 4 =
Krantzkloof Nature Reserve, 5 = Inanda Dam. Seasons: A = Autumn, W =
Winter, Sp = Spring, S = Summer.

CCA ordination plot (Figure 3.5) illustrated the relative abundance (long arrows) of Pb and Cu
in the environment when compared to Hg (short arrow) at the five study sites during autumn,
winter, spring and summer seasons. The sample scores were scattered in the ordination with
Cu being spread out from Pb and Hg.VC, SHIG, FC, TC and EC were grouped similarly
(yellow circle) and were clustered to the ordination center (Figure 3.5), probably giving an
indication that all the heavy metals may have some correlation with them. The SAL and THB
populations correlated positively with the Pb concentration in the environment. Another
interesting observation was that FS was correlated with Cu and had no correlation with the
other bacterial indicators or the other heavy metals tested (Figure 3.5). CCA axis 1 accounted
for 18.5 % of total variance of the species data set and in total the species — environment
relation ordination accounted for 73.3% (Appendix i-c) of the cumulative variance suggesting
that correlation between bacterial community data and heavy metal variables does exist.
Eigen value for axis 1 and axis 2 was found to be significant (p< 0.05). Pearson’s correlation
between species and heavy metal variables displayed strong positive correlation (r = 0.775)
for axis 1.
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Figure 3.5 CCA ordination plot for bacterial indicators and heavy metal variables at the
five study sites during autumn, winter, spring and summer seasons.
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CCA ordination plot for the heavy metal quality variables and the total bacterial
growth at the five study sites and during during autumn, winter, spring and
summer seasons. Abbreviations: Sites 1 = Umgeni River mouth, 2 = Informal
settlement at Reservoir Hills, 3 = New Germany Waste Treatment Works, 4 =

Krantzkloof Nature Reserve, 5 = Inanda Dam. Seasons: A = Autumn, W =

Winter, Sp = Spring, S = Summer.
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CCA ordination plot revealed strong relationship between the overall bacterial growths of
different sites and seasons measured as well as with the heavy metal variables (Figure 3.6).
According to the CCA plot (blue circle), 80% of the sites especially during the spring season
were clustered around the heavy metal ordination graph origin. Site 1 during all seasons
correlated with all the heavy metal profiles (yellow circle). Site 1 during summer and spring
correlated strongly with Pb, whilst during autumn and winter site 1 correlated with Hg and Cu,

respectively.

Growth of bacterial indicators at Site 3 during winter showed strong correlation with the Cu.
The relative magnitude of Eigen values for each of the CCA axis in Figure 3.6 is an indication
of the relative importance of the axis. CCA axis 1 accounted for 63.5% of total variance of the
species data set and in total the species — environment relation ordination accounted for 100%
(Appendix i-Table d) of the cumulative variance suggesting that strong correlations between
bacterial community data and heavy metal variables do exist at most of the sampling sites.
Pearson’s correlation between species and heavy metal variables displayed low positive

correlation (r = 0.259) for axis 1 and no correlation for axis 2 (r = 0).

3.4 Enumeration of Bacteriophages and Virus-Like Particles (VLP)

Both somatic and F-specific coliphages were tested for in this study (Table 3.3) using E. coli
ATCC 13876 and S. typhimurium WG49 as their host cultures respectively. A positive result
for the presence of these phages was indicated by plaque formation on a lawn of host culture.
All sampling points throughout all seasons tested positive for the presence of somatic
coliphages with points U1, U2 and U3, lower reaches area, having stronger plaque formation
during all seasons. As shown above, these three sites also contained higher bacterial counts
and physico-chemical values. Points U1 and U3 during the autumn and spring seasons had

strong F-RNA plaque formation.

The PFU results correlated well with the presence-absence spot test. Somatic coliphage and
F-RNA coliphage counts varied significantly (p < 0.05) at all the sites and all seasons tested.
Somatic coliphage counts ranged from 10 pfu/mi (U5 — autumn) to 659 pfu/mf (U1 — summer)
and F-RNA coliphage counts from 0 pfu/mf (U5 — autumn) to 550pfu/m{ (U2 — summer),
respectively (Figure 3.7). VLPs were detected at all sampling sites throughout all seasons,
with point U1 during summer having the highest population of 2086 VLP/m{ and Point U4 and
U5 had the lowest VLP counts of: 221.5 VLP/mf (U4 — winter) and190.1 VLP/m{ (U5 —
autumn), respectively. Mean concentrations of somatic coliphages and F-RNA coliphages
were comparable between the autumn and spring seasons and correlation analysis resulted in

a strong Pearson's correlation coefficient of 0.977 (p<0.01). These coliphages had inverse
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correlations (r = -0.536) with the VLPs detected during autumn but correlated (r = 0.795) well
with the VLPs found during spring. THB populations correlated (r = 0.85, p< 0.05) well with the

somatic coliphages and VLP populations at all sites along the river and for both seasons.

Table 3.3 Presence — Absence spot test (based on plaque formation) for the
determination of somatic bacteriophages and F-RNA coliphages in the Umgeni
River water samples using host specific E. coli ATCC 13786 and
S. typhimuriumWGA49, respectively

Presence — Absence Spot Test
Sample Location

Somatic Coliphage F-RNA Coliphage
U1 +++ T+
= U2 ++ +
=
=) U3 +++ +++
-
2 U4 + +
us +
U1 ++ +
5 U2 +++ +
= u3 ++ +
Z
= u4 + +
us +
U1 +++ T+
g u2 +++ ++
= u3 +++ +++
® u4 ++ +
uUs + +
U1 +++ e+
['4 u2 +++ +
w
= u3 ++ +
=
7 U4 e+ +
uUs ++ +

Plague Formation (cell lysis): + : Weak Plaque; ++ : Average Plaque; +++ : Strong Plaque; -: No

Plaques

All variables tested had positive correlations with each other during all seasons. Significant
positive correlations were observed between the somatic phage and FRNA phage (r = 0.991,
p = 0.001), somatic phage and VLP (r = 0.884, p = 0.46) and the FRNA phage and THB (r =
0.902, p = 0.036).
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Figure 3.7 Presumptive counts of virus-like particles (VLPs) and plaque forming units
counts for the Umgeni River at the different sampling sites during autumn,
winter, spring and summer. Line plot indicates the average of replicate samples
(n = 8 or 10) for VLPs and bars indicates the average of replicate samples for
PFUs (n = 2 or 3), while the error bars show the standard deviation.

CCA ordination plot (Figure 3.8) revealed strong relationships between the overall VLP and
phage populations at different sites and seasons measured as well as with the physico-
chemical water quality variables. As shown in the CCA plot (blue circle), temperature, BODs,
turbidity, pH, conductivity, orthophosphate and sulphate were the most important variables
(Figure 3.8- long arrows) that impacted the community structures significantly at sites 1, 2 and
3 during the autumn, summer and spring seasons. Site 2, 4, 5 during autumn, winter and
spring seasons correlated with the nitrate/nitrite profiles (green circle). Site 1 and 3 in autumn

and winter showed no correlations with the rest of the sites and variables measured.
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Figure 3.8

Environment Axis 1

Figure 3.9

Environment Axis 1

CCA ordination plot for all the water quality variables and the total viral and
bacteriophage growth at the five study sites and during autumn, winter, spring
Abbreviations: Sites 1 = Umgeni River mouth, 2 =
Informal settlement at Reservoir Hills, 3 = New Germany Waste Treatment
Works, 4 = Krantzkloof Nature Reserve, 5 = Inanda Dam. Seasons: A =

and summer seasons.
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The ordination plot revealed that the Somatic phage, FRNA phage and VLPs were largely
unrelated to one another. The sample scores were scattered in the ordination with a nhumber
of denser clusters (physico-chemical) spread out around the origin. CCA axis 1 (Figure 3.9)
accounted for 60.5% of total variance of the species data set and in total, the species —
environment relation ordination accounted for 83.7% of the cumulative variance. Eigen values
for axis point one and two were 0.043 and 0.021 respectively. Positive significant (p<0.05)
Pearson correlation of species and environmental scores for axis one and two were r = 0.701

and r = 0.943 respectively.

CCA shown in Figure 3.10 revealed strong relationships between the THB communities and
VLP and phage communities (green circle). The VC and TC populations also had positive
relationships VLP and phage communities (yellow circle). The ordination plot revealed that
SHIG, EC, SAL and FS did not impact on the presence of the viral communities. The sample
scores were scattered in the ordination (Figure 3.10). FC had no correlation with VLP and
phage communities. Hurst et al. (1998) demonstrated that conductivity, turbidity and the
number of generation of bacteria growth that a sample could support are the apparent

parameters influencing viral persistence.
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Figure 3.10 CCA ordination plot for bacteriophage and virus populations and bacterial
indicators at the five study sites during autumn, winter, spring and summer
seasons.
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3.5 Visualisation of Virus-Like Particles (VLPs) by Transmission Electron
Microscopy (TEM)

The phage/virus-like particle concentrations in every sample were high enough to view on

formvar coated electron microscopic grids without enrichment. All water samples in this study

contained a mixture of morphologically different tailed phage viruses, which were regarded as

bacteriophages. Table 3.4 classifies the different type of bacteriophage that could be detected

in the Umgeni River according to the scheme of Ackermann and Eisenstark (1974).

Table 3.4 Frequency of phage morphotypes found in the Umgeni River water, classified
according to the scheme of Ackermann and Eisenstark (1974) — [International
Committee on Taxonomy of Viruses (ICTV)]

No. of phage’'s belonging to morphotypes:

A1 B1 A1/B1* B2 C1
g:ggﬁ (DD C[E L’"j Q TOTAL
Autumn 2 1 1 0 3 7
Winter 1 1 0 0 1 3
Spring 7 4 3 2 3 19
Summer 5 14 7 0 5 31
TOTAL 15 20 11 2 12 60

*Classification uncertain, A1 — Myoviridae — short capsid contractile tail, B1— Siphoviridae- short
capsid, non- contractile long tail, B2 — Siphoviridae — long capsid, non-contractile long tail, C1 —
Podoviridae — short tail.

Most of the detected phages (33%) had isometric heads and long non-contractile tails,
belonging to morphotype B1 (Siphoviridae) (Table 3.4). Members of morphotypes A1
(Myoviridae) were detected in 25% of the samples, and C1 (Podoviridae) was present in
substantial (20%) numbers. The phages tagged as A1/B1 were not conclusive in
morphological appearance and could not be classified. Most of the phages from the Umgeni
River were intact, with discrete structures such as tail fibres, base plates, and other
appendages which are pertinent for the recognition of and interaction with the host cell. These
accessories may be an indication that a significant proportion of the phages are suspended in
the water environment as potentially infective particles. Table 3.5 illustrates the size range of
the bacteriophages that could be observed during all four seasons. Phage head diameters

ranged from 48-59 nm (winter) to 42-79 nm (summer), with the general mean value of phage
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heads being 57 nm. The tail length of the phage populations varied throughout all seasons
from 69 nm in autumn to 352 nm in summer. Interesting to note was that the total length of
phages varied extensively ranging from 150 nm (autumn), 181 nm (winter), 290 nm (spring)

and 218 nm (summer).

Table 3.5 Size range of tailed phage’s observed by electron microscopy

Sample No. of Phage Head Diameter (hnm)  Tail Length (hnm)  Total Length (nm)

Season Observed

Range Mean Range Mean Range Mean
Autumn 7 47-70 50 69-186 98 85-240 150
Winter 3 48-59 57 93-181 113 135-250 181
Spring 19 42-68 57 115-263 199 170-480 290
Summer 31 42-79 57 93-351 155 137-514 218

Figures 3.11, 3.12 and 3.13 resemble bacteriophages detected in the Umgeni River water
samples. Phage heads examined, appeared to be hexagonal in outline, with six sided profiles
which were regular, with three symmetrical axes (e.g., Figure 3.11 a, b, ¢, e and f; 3.12 f);
others were irregular, with only one symmetrical axis (e.g., Figure 3.12 a, ¢ and d). However,
these data were not adequate to differentiate between icosahedra, octahedra, and
dodecahedra classification. Figure 3.11 ¢ and h closely resemble members of the family
Myoviridae and Podoviridae, respectively. Figure 3.12 d and h resemble members of the
family B2 Siphoviridae and B1 Siphoviridae, respectively. Figure 3.13 represents phage
particles detected in the Umgeni River at sites U1, U2 and U3 during spring and summer
seasons that resemble known bacteriophages found in literature. These include known
phages of: 71A-6 of Vibrio vulnificus phage; Phage T4 and T4-like Vibrio parahaemolyticus
phage. The main purposes of phage classification are generalisation and simplification, which
facilitates comparisons and understanding of viruses (Ackerman, 2012). The high
morphological diversity of phage communities corresponds well with the great variability and
dynamics of bacterial populations obtained in this current study. Electron microscopy provides
a direct insight into the morphological variability of phage present in the water environment,
without being dependent on the isolation of suitable host strains. This is important, as bacteria
which are not cultivable under laboratory conditions usually dominate aquatic environments

and may be important phage hosts (Demuth et al., 1993).
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Figure 3.11

Figure 3.12

TEM images of phage particles of various morphotypes present downstream in
the Umgeni River at the sampling sites U1, U2, and U3 during autumn, spring
and summer seasons tested. Images captured at 300 000-400 000 x
magnification. Scale bar 100 nm.

¥

TEM ifnages of long tailéd phage particles of various morphotypes present in
the Umgeni River at the sampling sites U1, U2, U3, U4 and U5 during winter,

spring and summer seasons tested. Images captured at 300 000-400 000 X
magnification. Scale bar 100 nm.
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TEM images of various phage morphotypes (a, c, e) present in downstream in
the Umgeni River at the sampling sites U1, U2 and U3 respectively during
spring and summer seasons tested. (b) Known 71A-6 of Vibrio vulnificus phage
(d) Known Phage T4 (f) Known T4-like Vibrio parahaemolyticus phage. Images
captured at 300 000-400 000 X magnification. Scale bar 100 nm

Figures 3.14-3.18 illustrates several presumptive virus types that were found in the Umgeni
River during all seasons. These presumptive viruses were compared to their known structures
illustrated in literature. In this study, most of potential pathogenic enteric viruses as shown
below have been observed under TEM especially during the summer period. Presumptive
naked Adenoviridae-like particles ranging in size from 66.97-74.40 nm are shown in Figure
3.14 and these images are compared to known Adenoviruses (70-90 nm) (Figure 3.14 Q).
Figure 3.15 represents TEM images of presumptive naked Picornaviridae (Enterovirus)-like
particles ranging in size from 26-30 nm, compared to a known Coxsackievirus (Figure 3.15 f).
Poxviridae-like particles (Figure 3. 16 a, b, ¢) and Herpesviridae-like particles (Figure 3.16 e, f,
g) were also detected in the Umgeni River water samples and these were found to be similar
in literature to known Poxvirus (Figure 3.16 d) and known Herpesvirus (Figure 3.16 h). Figure
3.17 illustrates presumptive Reoviridae- like particles ranging in size from 18-20 nm (Figure
3.17 a,b,c) compared to a known Rotavirus (20-30 nm) (Figure 3.17 d). Presumptive
Caliciviridae-like particles are illustrated in Figure 3.17 (e, f, g) and these had a size of 35 nm,
similar to that of a known Norovirus (Figure 3.17 h) of 30-40 nm. Presumptive enveloped
Coronaviridae-like particles (Figure 3.18 a, b, c) were found to be similar to a known
Coronavirus (Figure 3.18 d), with presumptive Orthomyxoviridae-like particles being similar to

a known Influenza virus (Figure 3.18 h).
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Figure 3.14 TEM images of presumptive naked Adenoviridae-like particles and (g) a known
Adenovirus, present in the Umgeni River at the sampling sites U1, U2, U3, U4
and U5 during autumn, spring and summer seasons tested. Images captured at
400 000-600 000 X magnification. Scale Bar 100 nm.

Figure 3.15 TEM images of presumptive naked Picornaviridae (Enterovirus)-like particles
and f) a known Coxsackievirus, present in the Umgeni River at sampling sites
U1, U2, and U3 during spring and summer seasons tested. Images captured at
500 000-600 000 X magnification. Scale Bar 50 nm.
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Figure 3.16 TEM images of enveloped presumptive (a, b, c) Poxviridae-like particles (d)
known Pox virus and (e, f, g) Herpesviridae-like particles (h) known herpes
virus, present in the Umgeni River at site U3 during the summer season.
Images captured at 300 000-500 000 X magnification. Scale Bar 200 nm.

&
7

Figure 3.17 TEM images of presumptive (a, b, ¢c) Reoviridae virus-like particles, d) known
Rotavirus, (e, f, g) presumptive Caliciviridae virus-like particles, h) known
Norovirus virus, present at all the sampling sites during all seasons tested.
Images captured at 500 000-600 000 X magnification. Scale Bar 50 nm.
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Figure 3.18 TEM images of presumptive enveloped virus-like particles (a,b,c) Coronaviridae
virus-like  particles, d) known Coronavirus, (e,f,g) presumptive
Orthomyxoviridae virus-like particles, h) known Influenza virus, present in the
Umgeni River at the different sampling sites during all seasons tested. Images
captured at 400 000-600 000 X magnification. Scale Bar 100 nm.

Great morphological variability was observed in the virus assemblage’s from the Umgeni
River. Most of the VLPs were detected downstream of the river towards the river mouth area
during the spring and summer seasons. The viral contamination of these widely used areas
could be attributed to storm water discharge, surface runoff, sewage discharge and overflows,
recreational exposure and other anthropogenic activities. The detection of viruses by TEM in
the sampling points upstream of the Umgeni River was relatively low or non-existent, probably
due to the stagnant waters and limited recreational exposure. Human viruses seen in negative
stains fall into one of two major morphological categories: enveloped or naked (Zechmann and
Zellnig, 2009). Enveloped viruses have a nucleocapsid (the nucleic acid held together by
some structural proteins) inside, whilst naked viruses are icosahedral; their protein coat or
capsid is more rigid and withstands the drying process well to maintain their spherical
structure in negative stains (Ackermann and Heldal, 2010). Naked human viruses are of three
size ranges: 1) 22 to 35 nm (e.g., parvoviruses, enteroviruses, and caliciviruses); 2) 40 to 55
nm (polyomaviruses and papillomaviruses) and 3) 70 to 90 nm (reoviruses, rotaviruses, and
adenoviruses) (Zechmann and Zellnig, 2009). The negative staining technique for TEM
allowed for the examination of particulate material including determination of structure and

size of particles and has proved important in virological studies (Ackermann and Heldal,
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2010). All water samples analysed were environmental in nature, thus natural degradation

may have altered the morphological features of the viruses substantially.

3.6 Viral Infectivity Using Cell-Culture

The application of PCR-based molecular technology (discuss in the later section) and TEM
has advanced our knowledge of the occurrence and prevalence of human viruses in water.
The interpretation, in terms of health implications, of the presence of viral genome detected by
PCR remains difficult due to the fact that molecular methods do not distinguish between
infectious and non-infectious viral particles. The tissue culture technique has been used
extensively for virus replication studies and plaque assays. Vero (BGM) cells are most often
the choice for the cell culture on virus detection in aquatic environments (Lee et al., 2005) and
are sensitive to infection with many different viruses (Ammerman et al., 2009; APHS, 1995;
Hoyt and Margolin, 2000). Human embryonic kidney cell line 293A and human lung carcinoma
cell line A549 were the most sensitive, especially to enteric adenovirus 40 and 41 (Jiang et al.,
2009). HepG2 cell lines and their derivatives are often used to study Hepatitis B, C and others
(Bchini et al., 1990; Zekri et al., 2011). The tissue culture assay is the only USEPA approved

method for virus infectivity monitoring in the aquatic samples (Jiang, 2006).

The Cytopathic Effect (CPE) refers to observable morphological (shape) changes in tissue
cells due to viral infection. Figure 3.19 and Table 3.6 illustrates the results obtained for the
CPE of the virus-like particles obtained from the Umgeni River using three cell lines. Confluent
monolayers of un-infected cell lines are illustrated in Figure 3.19 (a, b, c), once viral infection
of the cell monolayer’s occurred they started to round off and appear circular as shown in
Figure 3.19 (d, e, f), an indication of cell death. All virus-like particles isolated from all water
samples during all four seasons had positive cytopathic effects (cell death) on the Vero cell
line (Table 3.6). All the water samples from Sites 1, 2 and 3 (except the autumn sample) were
capable of inducing the cytopathic effects of all tissue cell lines. The water samples from Site
5 failed to produce CPE of Hep-G2 cell line except the summer sample. The VLPs isolated
during the summer season had CPE on all three cell lines tested. These results strongly
indicate the potentials of viruses in the water samples especially from the lower catchment
areas to infect the human hosts throughout the year. These observations have serious health

care implications.

The VLPs caused substantial CPE on the VERO cell line during all seasons and sites tested
(Figure 3.20), with increased CPE of 66.37 %, 79.50%, and 79.14% at sites U1, U2 and U3
respectively during summer. It is generally known that not all viral genomes detected

correspond to infectious viral particles and a high percentage of non-infectious viral particles

72



Microbial Pathogens in the Umgeni River, South Africa

may be present in the environment. However, the ability of these viruses to infect susceptible
host cells and to replicate their RNA presented in this study, confirms that they are viable and
infectious and therefore constitute a health risk which should be investigated (Grabow, 2001;
Reynolds et al., 1997).

Figure 3.19 Various cell lines and their associated Cytopathic effect (CPE) from VLPs
present in the Umgeni River. (a) Hep-G2 cell line, (b) HEK cell line, (c) Vero
cell line. CPE of the VLPs after growth at 6 days on the (d) Hep-G2 cell line, (e)
HEK cell line, (f) Vero cell line. Images captured at 400 X magnification.
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Table 3.6 Cytopathic effect (CPE) of the concentrated virus-like particles on various cell
lines for all sites along the Umgeni River during all seasons.

CPE OF VLPS ON CELL LINES
SAMPLE
VERO HEP-G2 HEK 293
Rotavirus + + -
Adenovirus - + +
Coxsackievirus + - +
U1 + + +
z u2 + + +
% U3 + - +
|—
<=( U4 + - N
(VB + - -
U1 + + +
5 u2 + + +
= u3 + + +
Z
; U4 + - +
U5 + - +
U1 + + +
CZD U2 + + +
E u3 + + +
7] U4 + + +
us + - -
U1 + + +
14 U2 + + +
E U3 + + +
=
f?‘) U4 + + +
us + + +

Cytopathic Effect: +: Cell Death; -: No Cell Death
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Figure 3.20 Cytopathic effect (CPE) of the concentrated virus-like particles on various cell
lines for the Umgeni River at the different sampling sites during all seasons
tested. Bars indicate the average of replicate samples (n = 2 or 3) while the
error bars show the standard deviation.

3.7 PCR/RT-PCR

In the present study, molecular techniques were successfully used to detect human
Adenoviruses, Enteroviruses, Rotaviruses and Hepatitis B viruses in the Umgeni River water
samples. The sensitivities of the assays used to identify the viruses under investigation ranged
from 100 targets to 10,000 targets and were similar to those reported previously (Symonds et
al., 2009). The use of two phases of amplification provided higher specificity and sensitivity for
the detection of different virus types. This fact was observed in the studies carried out by Puig
et al. (1994) and Vantarakis and Papapetropoulou (1999), in which 11 and 9 environmental
samples, respectively, were negative according to the first PCR and positive after the second
amplifications. In this study, all the investigated virus types have been detected in the
environmental water samples throughout the study period, thus confirming a high level of viral

pollution in this water source.

Adenoviruses, enteroviruses and rotaviruses are stable in the environment with transmission
occurring through ingestion of contaminated water or food and contact with contaminated
surface. They are important causes of severe diarrhoea especially among infants and young

children. All these enteric viruses have been detected in the Umgeni River during this study
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period. Adenovirus from the river water samples were successfully amplified with both sets of
primers. This resulted in DNA bands of the expected size, and semi-nested PCR allowed for
their detection in less than 12 hours (Figure 3.21 a, b). PCR amplification of the
5’-untranslated region of the Enterovirus genome (Fong et al., 2005) yielded 100% PCR
recovery of the expected Enterovirus genome size at all the sampling points during all
seasons the Umgeni River (Figure 3.22). At the same time, the VP7 gene of group A
Rotaviruses (Figure 3.23) and the S gene of Hepatitis B viruses (Figure 3.24) were also
detected in all the VLPs isolated from the river during the study period. These results are
strongly supported by all types of enteric viruses-like particles of the TEM results and the CPE

effects of various tissue cultures demonstrated above.

Detection of Hepatitis B viruses (HBVs) in all water samples from the Umgeni River during this
study period is somehow unexpected. This virus is transmitted through contact with the blood
or other body fluids of infected person, not through ingestion of contaminated water or food
(WHO, 2012). The hepatitis B virus is 50 to 100 times more infectious than HIV. It is estimated
that 2 billion individuals worldwide are infected with this virus, which causes 620 000 deaths
each year. There are currently between 3 and 4 million South African blacks who are
chronically infected with HBV (Kew, 2008). Finding HBVs in water raises the concerns that

HBV might be transmitted in the natural water environments via breaks in the skin.

In this study, the investigators detected the presence of adenoviruses, enteroviruses,
rotaviruses as well as Heptatitis B viruses in all samples from all seasons. The results of
tissue culture technique and PCR in this study strongly indicate the prevalence of enteric
viruses in the natural water sources such as the Umgeni River is higher than those studies
reported earlier in South Africa (Ehlers et al., 2005; Grabow et al., 2004; Van Heerden et al.,
2003, 2004; Van Zyl et al., 2004, 2006; Vivier et al. 2004; Taylor et al., 2001). The high
detection rate might be partially due to the efficiency of virus recovery rate using a TFF
system. The results of canonical correspondence analysis in this study clearly indicate that the
temperature and others have strong influences in the bacterial and viral populations in the
Umgeni River. It might also be possible that increasing temperatures and other physico-
chemical parameters in recent years results in changing weather patterns and stimulates the
prevalence of viral populations in the natural environments. Skraber et al. (2005) point out that
viruses might accumulate in biofilms from bypassing water over time. In addition, many other
virus-like particles similar to the Coronaviridae, Orthomyxoviridae, pox viruses and herpes
viruses were also observed in the water samples from the Umgeni River. High levels of
potential pathogenic bacteria and viruses detected in this catchment area especially in the

lower reach cause a serious concern in health care.
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(A)
rM 1232 3 567 39 1011 121313 15 1617 1531920212223
300 bp
(B)
r1 122 4 5467 29 10 11 L2 i2 14 15 14617 1S 192021 22 22
143 bp

Figure 3.21 Normal PCR (A) and nested PCR (B) amplification of the hexon gene of 47
different Adenovirus serotypes. M: Molecular weight marker, L1: Adenovirus
Control, L2-L6: Points for autumn season, L7-11: Points for winter season, L12
-16:-Points for spring season, L17-22: Points for summer season, L23:

Negative Control.
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2

ii 12 i3 14 15

154 bp

Figure 3.22 Nested PCR amplification of the 5’-untranslated region of the Enterovirus
genome detecting at least 25 different Enteroviruses. M: Molecular weight
marker, L1: Enterovirus Control, L2-L6: Points for autumn season, L7-11:
Points for winter season, L12 -16:-Points for spring season, L17-22: Points for
summer season, L23: Negative Control.

123 4 54673910011 121314 15 1517 15319202] 2223

346 bp

Figure 3.23 Nested PCR was used to amplify the VP7 gene of group A Rotaviruses. M:
Molecular weight marker, L1: Rotavirus Control, L2-L6: Points for autumn
season, L7-11: Points for winter season, L12 -16:-Points for spring season,
L17-22: Points for summer season, L23: Negative Control.

78



Microbial Pathogens in the Umgeni River, South Africa

241 bp

&
i

—

[
Far
[N
.[..L
i
[}
~J
(= ]
o
.—
[
-
[
[
Pur
[
wr
[
.[...l.
'—
I.‘pll
(-
[
'-
=)
'—
[ ]
-
wr
[
P
=
P
P
P
Ly

Figure 3.24 Nested PCR was used to amplify the S gene of Hepatitis B viruses. M:

4

Molecular weight marker, L1: Hepatitis B Control, L2-L6: Points for autumn
season, L7-11: Points for winter season, L12 -16: Points for spring season,
L17-22: Points for summer season, L23: Negative Control.

CONCLUSIONS

o . This study serves as a reminder of the importance of well-functioning drinking water

treatment plants. Furthermore, although river water is never managed to achieve
drinking water quality, the results would also raise concerns for those who may consume

water directly from the river without any form of treatment.

..The microbiological and physico-chemical qualities of the Umgeni River in Durban,

South Africa did not meet the target water quality ranges of Total Coliforms (TC), Faecal
Coliforms (FC), Enterococci (EC) and Faecal Streptococci (FS) levels for the

recreational and drinking uses according to DWAF.

¢ .. The presumptive bacterial pathogens such as Salmonella spp., Shigella spp. and Vibrio

cholerae were also detected in all the water samples. In addition, most of the water
samples contained high populations of somatic coliphages, FRNA coliphages and many
other virus-like particles (VLPs) and demonstrated their infectivity abilities of various

human tissue cultures.
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..The results of CCA analyses demonstrate that pH, electrical conductivity, temperature,
and turbidity were correlated with the microbial community structures in the Umgeni

River water.

..Many presumptive pathogenic enteric viruses such as adenoviruses, enteroviruses,
rotaviruses and Hepatitis B viruses were detected in all water samples using PCR/RT-
PCR. The above water samples demonstrated their infectivity abilities of various human

tissue cultures.

..The present study highlights the importance of routine environmental surveillance of
pathogenic bacteria and human enteric viruses. This can contribute to a better
understanding of the actual burden of disease on those who might be using the water
directly without treatment. The study also suggests a need to monitor the actual viruses

present in addition to the traditional indicators.

...Since a “gold standard” for the detection of viruses in environmental samples is not yet
defined, the incidence of viral contamination might be underestimated by the current

methods.

RECOMMENDATIONS

... Statistical tools provide an objective interpretation of correlations between surface water
quality variables, and should be incorporated into water quality monitoring systems more
routinely. However, the implication of a cause and effect relationship for each

correlation should not be taken for granted.

...It is recommended that the infectivity of viruses in river water be established using
Integrated Cell Culture Reverse Transcription-Polymerase Chain Reaction (ICC-RT-
PCR) method. This approach overcomes most of the disadvantages associated with
both conventional cell culture and direct PCR assays, reducing the time needed for the

detection of infectious viruses.

80



Microbial Pathogens in the Umgeni River, South Africa

6 LIST OF REFERENCES

ABAD FX, PINTO" RM, VILLENA C, GAJARDO R and BOSCH A (1997) Astrovirus survival in
drinking water. Applied and Environmental Microbiology 63: 3122-3199.

ABAD FX, PINTO RM and BOSCH A (1998) Flow cytometry detection of infectious rotaviruses
in environmental and clinical samples. Applied and Environmental Microbiology 64(7): 2392-
2396.

ABBASZADEGAN M, LE CHEVALLIER M and GERBA CP (2003) Occurrence of viruses in

US ground water. Journal of the American Water Works Association 95: 107-120.

ABBASZADEGAN M, STEWART P and LE CHEVALLIER M (1999) A strategy for detection of
viruses in groundwater by PCR. Applied and Environmental Microbiology 65: 444-449.

ACKERMAN NHW (2012) Bacteriophage electronmicroscopy. Advances in Virus Research
82. DOI: 10.1016/B978-0-12-394621-8.00017-0

ACKERMANN HW and EISENSTARK A (1974) The present state of phage taxonomy.
Intervirology 3(4): 201-19.

ACKERMANN HW and HELDAL M (2010) Basic electron microscopy of aquatic viruses.
Manual of Aquatic Viral Ecology Chapter 18: 182-192.

ALBINANA-GIMENEZ N, CLEMENTE-CASARES P, CALGUA B, HUGUET J, COURTOIS S
and GIRONES R (2009a) Comparison of methods for concentrating human adenoviruses,
polyomavirus JC and noroviruses in source waters and drinking water using quantitative PCR.
Journal of Virological Methods 158(1-2): 104-109.

ALBINANA-GIMENEZ N, MIAGOSTOVICH MP, CALGUA B, HUGUET JM, MATIA L and
GIRONES R (2009b) Analysis of adenoviruses and polyomaviruses quantified by qPCR as

indicators of water quality in source and drinking-water treatment plants. Water Research
43(7): 2011-2019.

ALEXANDER LM, HEAVEN A, TENNANT A and MORRIS R (1992) Symptomatology of
children in contact with sea water contaminated with sewage. Journal of Epidemiology and

Community Health 46: 340-344.

81



Microbial Pathogens in the Umgeni River, South Africa

ALLARD A, ALBINSSON A and WADELL G (1992) Detection of adenoviruses instools from
healthy-persons and patients with diarrhea by 2-step polymerasechain-reaction. Journal of
Medical Virology. 37: 149-157.

ALONSO E, SANTOS A, CALLEJON M and JIMENEZ JC (2004) Speciation as a screening
tool for the determination of heavy metal surface water pollution in the Guadiamar river basin.
Chemosphere 56: 561-570.

ALONSO MC, RODRIGUEZ J and BORREGO JJ (1999) Enumeration and isolation of viral
particles from oligotrophic marine environments by tangential flow filtration. International
Microbiology 2: 227-232.

AMERICAN PUBLIC HEALTH ASSOCIATION (APHA) (1995) Standard methods for the
examination of water and wastewater. American Public Health Association, American Water

Works Association, Water Environment Federation, 19th ed. Washington, DC. p. 953.

AMERICAN PUBLIC HEALTH ASSOCIATION (APHA) (1998) Standard Methods for the
Examination of Water and Wastewater 20" ed. American Public Health Association
Washington DC.

AMMERMAN NC, BEIER-SEXTON M and AZAD AF (2009) Growth and Maintenance of Vero
Cell Lines. Current Protocol Microbiology. doi:10.1002/9780471729259.mca04es11

ANGLY FE, FELTS B, BREITBART M, SALAMON P, EDWARDS RA, CARLSON C, CHAN
AM, HAYNES M, KELLEY S, LIU H, MAHAFFY JM, MUELLER JE, NULTON J, OLSON R,
PARSONS R, RAYHAWK S, SUTTLE CA and ROHWER F (2006) The marine viromes of four
oceanic regions. PLoS Biology 4 (11): e368. DOI: 10.1371/journal.pbio.0040368.

ANSARI SA, SPRINGTHORPE VS and SATTAR SA (1991) Survival and vehicular spread of
human rotaviruses: possible relation to seasonality of outbreaks. Reviews of Infectious
Disease 13: 448-461.

ARNAL C, FERRE-AUBINEAU V, BESSE B, MIGNOTTE B, SCHWARTZBROD L and

BILLAUDEL S (1999) Comparison of seven RNA extraction methods on stool and shellfish

samples prior to hepatitis A virus amplification. Journal of Virological Methods 77: 17-26.

82



Microbial Pathogens in the Umgeni River, South Africa

ASHBOLT NJ, GRABOW WOK and SNOZZI M (2001) Indicators of microbial water quality. In:
Water quality-guidelines standards and health-assessment and risk management for water-
related infectious disease. (Eds) Fewtrell L and Bartram J. World Health Organization Geneva
Switzerland. p. 289-316.

ASHTON, PJ (2002) Avoiding conflicts over Africa's water resources. Ambio 31: 236-242.

ASHTON PJ and HAASBROEK B (2002) Water demand management and social adaptive
capacity: a South African case study. In: Hydropolitics in the developing world- A Southern
African perspective. (Eds) Turton AR and Henwood R. African Water Issues Research Unit
(AWIRU) and International Water Management Institute (IWMI).p. 24.

ATMAR RL and ESTES MK (2001) Diagnosis of non-cultivatable gastroenteritis viruses the

human caliciviruses. Clinical Microbiology Reviews 14: 15-37.

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.

BAGGI F, DEMARTA A and PEDUZZI R (2001) Persistence of viral pathogens and
bacteriophages during sewage treatment lack correlation with indicator bacteria. Research
Microbiology 152: 743-751.

BCHINI R, CAPEL F, DAUGUET C, DUBANCHET S and PETIT MA (1990) In vitro infection of
human hepatoma (HepGZ2) cells with hepatitis B virus. J Virology. 64(6): 3025-32.

BEHBAHANINIA A, MIRBAGHERI SA, KHORASANI N, NOURI J and JAVID AH (2009)
Heavy metal contamination of municipal effluent in soil and plants. Journal of Food and
Agricultural Environment 7(3-4): 51-856.

BENCH SI, HANSON TE, WILLIAMSON KE, GHOSH D, RADOSOVICH M, WANG K and
WOMMACK KE (2007) Metagenomic characterization of Chesapeake Bay virioplankton.

Applied and Environmental Microbiology 73(23): 7629-7641.

BERG G (1983) Viral pollution of the environment. CRC Press, Boca Raton, Florida, USA.

83



Microbial Pathogens in the Umgeni River, South Africa

BERN CJ and GLASS RI (1994) Impact of diarrhoeal diseases worldwide. In: Viral infections
of the gastrointestinal tract, 2" ed., (Ed) Kapikian AZ and Dekker M. New York. p. 1-26.

BETTAREL Y, SIME-NGANDO T, AMBLARD C and LAVERAN H (2000) A comparison of
methods for counting viruses in aquatic systems. Applied and Environmental Microbiology 66:
2283-2289.

BEURET C, KOHLER D, BAUMGARTNER A and LUTHI TM (2002) Norwalk-like virus
sequences in mineral waters: one-year monitoring of three brands. Applied and Environmental
Microbiology 68: 1925-1931.

BIEL SS and GELDERBLOM HR (1999) Diagnostic electron microscopy is still a timely and
rewarding method. Journal of Clinical Virology 13: 105-119.

BIRGE EA (1981) Bacterial and Bacteriophage Genetics Springer Verlag New York. p. 559.

BITTON G (2005) Microbial indicators of faecal contamination: Application to microbial source

tracking. Report submitted to the Florida Storm water Association.

BOFILL-MAS S, ALBINANA-GIMENEZ N, CLEMENTE-CASARES P, HUNDESA A,
RODRIGUEZ-MANZANO J and ALLARD A (2006) Quantification and stability of human
adenoviruses and polyomavirus JCPyV in wastewater matrices. Applied and Environmental
Microbiology 72: 7894-7896.

BOFILL-MAS S, CALGUA B, CLEMENTE-CASARES P, LA ROSA G, IACONELLI M,
MUSCILLO M, RUTJES S, DE RODA HUSMAN AM, GRUNERT A, GRABER |, VERANI M,
CARDUCCI A, CALVO A, WYN-JONES P and GIRONES R (2010) Quantification of human
adenoviruses in European recreational waters. Food and Environmental Virology 2: 101-109
DOI 101007/s12560-010-9035-4.BOSCH A, GUIX S, SANO D, and PINTO RM (2008) New
tools for the study and direct surveillance of viral pathogens in water. Current Opinion in
Biotechnology 19: 295-301.

BOYACIOGLU H (2007) Development of a water quality index based on a European
classification scheme. Water SA 33: 101-106.

84



Microbial Pathogens in the Umgeni River, South Africa

BREITBART M, FELTS B, KELLEY S, MAHAFFY JM, NULTON J, SALAMON P and
ROHWER F (2004) Diversity and population structure of a near-shore marine-sediment viral

community. Proceedings of the Royal Society B: Biological Sciences 271: 565-57

BREITBART M, SALAMON P, ANDRESEN B, MAHAFFY JM, SEGALL AM, MEAD D, AZAM
F and ROHWER F (2002) Genomic analysis of uncultured marine viral communities.
Proceedings of the National Academy of Sciences of the United States of America 99: 14250-
14255.

BRENNER DJ, DAVID BR and STEIGERWALT AG (1982) Atypical biogroups of Escherichia
colffound in clinical specimens and description of Escherichia hermaniisp nov. Journal of
Clinical Microbiology15:703-713.

BRUSSAARD CP, MARIE DD and BRATBAK G (2000) Flow cytometric detection of viruses.
Journal of Virological Methods 85: 175-182.

BRUSSAARD CP, MARIE DD, THYRHAUG R AND BRATBAK G (2001) Flow cytometric
analysis of phytoplankton viability following viral infection. Aquatic Microbial Ecology 26: 157-
166.

BRUSSAARD CP (2004) Optimization of procedures for counting viruses by flow cytometry.
Applied and Environmental Microbiology 70: 1506-1513.

BUCKALEW D W, HARTMAN L J, GRIMSLEY G A, MARTIN A E and REGISTER K M (2006)
A long-term study comparing membrane filtration with colilert defined substrates in detecting
faecal coliforms and Escherichia coli in natural waters. Journal of Environmental Management
80: 191-197.

BUDNICK GE, HOWARD RT and MAYO DR (1996) Evaluation of Enterolert for enumeration

of enterococci in recreational waters. Applied and Environmental Microbiology 62: 3881-3884.

BYAMUKAMA D, KNASIIME F, MACH R | and FARNLEITNER H (2000) Determination of
Escherichia coli contamination with chromocult coliform agar showed a high level of
discrimination efficiency for differing faecal pollution levels in tropical waters of Kampala,

Uganda. Applied and Environmental Microbiology 66: 864-868.

CANN A (2003) Principles of molecular virology 4" ed. Elsevier London UK. p. 315

85



Microbial Pathogens in the Umgeni River, South Africa

CAMPBELL P G C and STOKES P M (1985) Acidification and toxicity of metals to aquatic
biota. Canadian Journal of Fish Aquatic Science 42: 2034-2049.

CARLSSON FHH (2003) Elementary Handbook of Water Disinfection. WRC Report No. TT

205/03. Water Research Commission, Pretoria, South Africa.

CARTER MJ (2005) Enterically infecting viruses: pathogenicity, transmission and significance
for food and waterborne infection. Journal of Applied Microbiology 98: 1354-1380.

CASTIGNOLLES N, PETIT F, MENDEL I, SIMON L, CATTOLICO L and BUFFET-
JANVRESSE C (1998) Detection of adenovirus in the waters of the Seine River estuary by
nested-PCR. Molecular and Cellular Probes 12: 175-180.

CENTERS FOR DISEASE CONTROL AND PREVENTION (CDC) (1988) Water-related
disease outbreaks, 1985. Morbidity and Mortality Weekly Report.37:15-24.

CHANG H (2008) Spatial analysis of water quality trends in the Han River basin South Korea.
Water Research 42(13): 3285-3304.

CHAPMAN D (1996) Water quality assessments: A guide to use of biota, sediments and water
in environmental monitoring, 2" ed., UNESCO, World Health Organization, United Nations

Environment Programme, Chapman and Hall, London, UK.

CHAPRON CD, BALLESTER NA, FONTAINE JH, FRADES CN and MARGOLIN AB (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 and Environmental Microbiology 66: 2520-2525.

CHEN F, LU JR, BINDER BJ, LIU YC and HODSON RE (2001) Application of digital image
analysis and flow cytometry to enumerate marine viruses stained with SYBR Gold. Applied

and Environmental Microbiology 67:539-545.

CHEN CH, HSU BH and WAN MT (2008) Molecular detection and prevalence of enterovirus

within environmental water in Taiwan. Journal of Applied Microbiology 104: 817-823.

CHEUNG WH, CHANG KC, HUNG RP and KLEEVENS JW (1990) Health effects of beach
water pollution in Hong Kong. Epidemiology and Infection.105: 139-162.

86



Microbial Pathogens in the Umgeni River, South Africa

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 of Medical Virology 77:232-237.

CHO HB, LEE SH, CHO JC and KIM SJ (2000) Detection of adenoviruses and enteroviruses
in tap water and river water by reverse transcription multiplex PCR. Canadian Journal of
Microbiology 46:417-424.

CHOI S and JIANG SC (2005) Real-Time PCR quantification of human adenoviruses in urban
rivers indicates genome prevalence but low infectivity. Applied and Environmental
Microbiology 71:7426-7433.

CHOW BD, OU Z A and ESPER FP (2010) Newly recognized bocaviruses (HBoV, HBoV2) in
children and adults with gastrointestinal illness in the United States. Journal of Clinical
Microbiology 47: 143-147.

CIMENTI M, HUBBERSTEY A, BEWTRA JK and BISWAS N (2007) Alternative methods in

tracking sources of microbial contamination in waters. Water SA 33:183-190.

CLAUSEN B and BIGGS B J F (1997) Relationships between benthic biota and hydrological

indices in New Zealand streams. Freshwater Biology 38:327-342.

COLE D, LONG SC and SOBSEYMD (2003) Evaluation of F+RNA and DNA coliphages as
source-specific indicators of faecal contamination in surface waters. Applied and
Environmental Microbiology 69: 6507-6514.

COLFORD J, WADE MTJ, SCHIFF KC, WRIGHT CC, GRIFFITH JF, SANDHU SK, BURNS
S, SOBSEY MD, LOVELACE G and WEISBERG SB (2007) Water quality indicators and the

risk of illness at beaches with nonpoint sources of faecal pollution. Epidemiology 18:27-35.
COLWELL RR and HUQ A (1994) Vibrios in the environment: viable but non-culturable Vibrio
cholerae. In: Vibrio choleraeand cholera: molecular to global perspectives. (Ed) Wachsmuth K,

Blake PA and Olsvik R. American Society for Microbiology. Washington DC. p.117-133.

CRAUN MF. CRAUN GF, CALDERON RF and BEACH MJ (2006) Waterborne outbreaks
reported in the United States. Journal of Water Health 4:19-30.

87



Microbial Pathogens in the Umgeni River, South Africa

CUBITT WD (1991) A review of the epidemiology and diagnosis of waterborne viral infections.
Water Science and Technology 24:197-203.

CURRY A, APPLETON H and DOWSETT B (2006) Application of transmission electron
microscopy to the clinical study of viral and bacterial infections: present and future. Micron
37:91-106.

D’AGOSTINO M, COOK N, RODRIGUEZ-LAZARO D and RUTJES S (2011) Nucleic Acid
Amplification-Based Methods for Detection of Enteric Viruses: Definition of Controls and

Interpretation of Results. Food Environmental Virology 3:55-60.

DANOVARO R, DELL’ANNO A, TRUCCO A and VANNUCCI S (2001) Determination of virus

abundance in marine sediments. Applied and Environmental Microbiology.67: 1384-1387.

DAVISON A, HOWARD G, STEVENS M, CALLAN P, KIRBY R, DEERE D and BARTRAM J
(2002) Water Safety Plans. World Health Organization, Geneva, Switzerland.
WHO/SHE/WSH/02/09.

DE PAULA VS, DINIZ-MENDES L, VILLAR LM, LUZ SLB, SILVA LA, JESUS MS, DA SILVA
NMVS and GASPAR AMC (2007) Hepatitis A virus in environmental water samples from the
Amazon Basin. Water Research 41: 1169-1176.

DEBRUYN JM, LEIGH-BELL JA, MCKAY RML, BOURBONNIERE RA and WILHELM SW
(2004) Microbial distributions and the impact of phosphorus on bacterial activity in Lake Erie.
Journal of Great Lakes Research 30: 166-183.

DEERE D, STEVENS M, DAVISON A, HELM G and DUFOUR A (2001) Management
Strategies. In: Water Quality: Guidelines, Standards and Health. Assessment of risk and risk
management for water-related infectious disease. (Eds.) Fewtrell L and Bartram J. IWA
Publishing, London. p. 257-288.

DEMUTH J, NEVE H and WITZEL K (1993) Direct electron microscopy study on the
morphological diversity of bacteriophage populations in Lake PluBsee. Applied and

Environmental Microbiology 59: 3378-3384.

DENG MI, DAY SP and CLIVER DO (1994) Detection of hepatitis A virus in environmental
samples by antigen capture PCR. Applied and Environmental Microbiology 60: 1927-1933.

88



Microbial Pathogens in the Umgeni River, South Africa

DENNEHY PH (2007) Rotavirus vaccines-an update. Vaccine 25: 3137-3141.

DEPARTMENT OF WATER AFFAIRS (DWA) (2012) Blue Drop Report 2012. Department of
Water Affairs, Pretoria, SA. http://www.dwaf.gov.za/Documents/BD2012/Intro.pdf. Assessed
on 28™ August, 2012.

DEPARTMENT OF WATER AFFAIRS AND FORESTRY (DWAF) (1995) South African water
quality management series. Procedures to assess effluent discharge impacts. WRC Report
No.TT 64/94. Department of Water Affairs and Forestry and Water Research Commission,
Pretoria, SA.

DEPARTMENT OF WATER AFFAIRS and FORESTRY (DWAF) (1996a) South African water
quality guidelines — Recreational use, 2™ ed. Department of Water Affairs and Forestry,
Pretoria, SA.

DEPARTMENT OF WATER AFFAIRS and FORESTRY (DWAF) (1996b) South African water
quality guidelines — Domestic uses, 2™ ed. Department of Water Affairs and Forestry, Pretoria,
SA.

DEPARTMENT OF WATER AFFAIRS and FORESTRY (DWAF) (2002) National water
resource quality status report: inorganic chemical water quality of surface water resources in

SA — the big picture. Department of Water Affairs and Forestry, Pretoria, South Africa.

DEPARTMENT OF WATER AFFAIRS and FORESTRY (DWAF) (2004a) National Water
Resource Strategy (NWRS), 1% ed., Department of Water Affairs and Forestry, Pretoria, SA.

DEPARTMENT OF WATER AFFAIRS and FORESTRY (DWAF) (2004b) Water quality
management series Sub-Series No. MS 13.3. Operational policy for the disposal of land-
derived water containing waste to the marine environment of South Africa — Guidance on

Implementation, 1% ed., Pretoria, SA.
DEPARTMENT OF WATER AFFAIRS and FORESTRY (DWAF) (2007) Guidelines for the

development of catchment management strategies: Towards equity, efficiency and

sustainability, 1° ed., Pretoria, SA.

89



Microbial Pathogens in the Umgeni River, South Africa

DESMARAIS TR, SOLO-GABRIELE HM and PALMER CJ (2002) Influence of soil on faecal
indicator organisms in a tidally influenced subtropical environment. Applied and Environmental
Microbiology 68: 1165-1172.

DONG Y, KIM J and LEWIS GD (2010) Evaluation of methodology for detection of human
adenoviruses in wastewater drinking water stream water and recreational waters. Journal of
Applied Microbiology 108: 800-809.

DONGDEM JT, SOYIRI | and OCLOO A (2009) Public health significance of viral

contamination of drinking water. African Journal of Microbiology 3(12): 856-861.

DRECHSEL P, GRAEFE S, SONOU M and COFIE OO (2006) Informal Irrigation in urban
West Africa: an overview Colombo Sri Lanka International Water Management Institute IWMI
Research Report 102: 1-34.

DRAKE LA, CHOI KH, HASKELL AGE AND DOBBS F (1998) Vertical profiles of virus-like
particles in the water column and sediments of Chesapeake Bay, USA. Aquatic Microbial
Ecology 16:17-25.

DUBOIS E, LE GUYADER FS, HAUGARREAU L, KOPECKA H, CORMIER M and
POMMEPUY M (1997) Molecular epidemiological survey of rotaviruses in sewage by reverse
transcriptase semi nested PCR and restriction fragment length polymorphism assay. Applied
and Environmental Microbiology 63: 1794-1800.

DUHAMEL S and JACQUET S (2006) Flow cytometric analysis of bacteria and virus-like

particles in lake sediments. Journal of Microbiological Methods 64: 316-322.

DUIZER EK, SCHWAB J, NEILL FH, ATMAR RL, KOOPMANS MPG and ESTES MK (2004)

Laboratory efforts to cultivate noroviruses. Journal of General Virology 85: 79-87.

EHLERS MM, GRABOW WOK and PAVLOVDN (2005) Detection of enteroviruses in
untreated and treated drinking water supplies in South Africa. Water Research 39: 2253-2258.

ENRIQUEZ CE and GERBA CP (1995) Concentration of enteric adenovirus 40 from tap sea
and waste water. Water Research 29: 2554-2560.

90



Microbial Pathogens in the Umgeni River, South Africa

ENRIQUEZ R, FROSNER GG, HOCHSTEIN-MINTZEL V, RIEDEMANN S and REINHARDT
GG (1992) Accumulation and persistence of hepatitis A virus in mussels. Journal of Medical
Virology 37: 174-179.

ESPINOSA AC, ESPINOSA R, MARURI-AVIDAL L, MENDEZ E, MAZARI-HIRIART M and
ARIAS CF (2008) Infectivity and genome persistence of rotavirus and astrovirus in drinking
and irrigation water. Water Research 42: 2618-2628.

EVISON LM (1988) Comparative studies on the survival of indicator organisms and pathogens

in fresh and sea water. Water Science and Technology 20: 309-315.

EVISON LM and TOSTI E (1980) An appraisal of bacterial indicators of pollution in seawater.
Progress in Water Technology 12: 591-599.

FALKENMARK M (1994) The dangerous spiral: near-future risks for water-related eco-
conflicts. Proceedings of the ICRC Symposium Water and War: Symposium on water in
armed conflicts, International Committee of the Red Cross, Montreux, Switzerland, 21-23

November.

FARMER JJ 3%° and HICKMAN-BRENNER FW (1992) Vibrio and photobacterium In: The
Protokaryotes, 2™ ed., (Eds) Balows A Truper H Dworkin M Harder W and Shleifer K
Springer-Verlag Berlin. p. 2952-3011.

FARNELL-JACKSON EA and WARD AK (2003) Seasonal patterns of viruses, bacteria and

dissolved organic carbon in a riverine wetland. Freshwater Biology 48: 841-851.

FARUQUE SM and MEKALANOS JJ (2003) Pathogenicity islands and phages in Vibrio

cholerae evolution. Trends in Microbiology 11: 505-510.

FARUQUE SM and NAIR GB (2008) Vibrio cholerae: Genomics and molecular biology Caister
Academic Press UK. p. 218.

FILIPPINI M and MIDDELBOE M (2007) Viral abundance and genome size distribution in the

sediment and water column of marine and freshwater ecosystems. FEMS Microbiology and
Ecology 60: 397-410.

91



Microbial Pathogens in the Umgeni River, South Africa

FISCHER UR, KIRSCHNER AKT and VELIMIROV B (2005) Optimization of extraction and

estimation of viruses in silty freshwater sediments. Aquatic Microbial Ecology 40:207-216.

FLOMENBER GP (2005) Adenovirus infections. Medicine 33: 128-130.

FONG TT, GRIFFIN DW and LIPP EK (2005) Molecular assays for targeting human and
bovine enteric viruses in coastal waters and their application for library-independent source

tracking. Applied and Environmental Microbiology 71: 2070-2078.

FONG TT and LIPP EK (2005) Enteric viruses of humans and animals in aquatic
environments: health risks, detection, and potential water quality assessment tools.

Microbiology and Molecular Biology Reviews 69: 357-371.

FONG TT, PHANIKUMAR MS, XAGORARAKI | and ROSE JB (2010) Quantitative detection
of human adenoviruses in wastewater and combined sewer overflows influencing a Michigan

River. Applied and Environmental Microbiology 76: 715-723.

FORMIGA-CRUZ M, HUNDESA A, CLEMENTE-CASARES P, ALBINANA-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.

FOUT GS, MARTINSON BC, MOYER M and DAHLING DR (2003) A multiplex RT-PCR
method for detection of human enteric viruses in groundwater. Applied and Environmental
Microbiology 69: 3158-3164.

FOXMAN EF and IWASAKI A (2011) Genome-virome interactions: examining the role of

common viral infections in complex disease. Nature Reviews in Microbiology 9: 254-264.

FRANKHAUSER RL, MONROE SS, NOEL JS, HUMPHREY CD, BRESEE JS, PARASHAR
UD, ANDO T and GLASS RI (2002) Epidemiologic and molecular trends of Norwalk-like
viruses associated with outbreaks of gastroenteritis in the United States. Journal of Infectious
Diseases 186:1-7.

FRIEDMAN-HUFFMAN DRJ (1998) Emerging waterborne pathogens. Water Quality

International. p. 14-18.

92



Microbial Pathogens in the Umgeni River, South Africa

FUHRMAN JA (1999) Marine viruses and their biogeochemical and ecological effects. Nature
399: 541-548.

FUJIOKA RS and YONEYAMA BS (2002) Sunlight inactivation of human enteric viruses and
faecal bacteria. Water Science and Technology 46:291-295.

GAJARDO R, BOUCHRITI N, PINTO RM and BOSCH A (1995) Genotyping of rotaviruses
isolated from sewage. Applied and Environmental Microbiology 61: 3460-3462.

GAMMIE AJ and WYN-JONES AP (1997) Does hepatitis A pose significant health risk to

recreational water users? Water Research Technology 35: 171-177.

GANTZER C, MAUL A, AUDIC JM and SCHWARTZBROD L (1998) Detection of infectious
enterovirus genomes, somatic Coliphages and Bacteroides fragilis phages in treated

wastewater. Applied and Environmental Microbiology 64: 4307-4312.

GELDREICH EE and KENNER BA (1969) Concepts of faecal streptococci in stream pollution.
Journal of Water Pollution Control Federation 41: R336-R352.

GERBA CP (2000) Assessment of enteric pathogen shedding by bathers during recreational

activity and its impact on water quality. Quantitative Microbiology 2: 55-68.

GERBA CP (2007) Virus occurrence and survival in environmental waters. In: Human viruses
in water (Ed.) Bosch, A. Amsterdam: Elsevier B.V. p. 91-108.

GERBA CP, NWACHUKU N and RILEY KR (2003) Disinfection resistance of waterborne
pathogens on the United States Environmental Protection Agency’s Contaminant Candidate

List (CCL). Journal of Water Supply: Research and Technology 52: 81-94.

GERBA CP and ROSE JB (1990) Viruses in sources and drinking water. In: Drinking water
microbiology. (Ed) McFeters GA. McFeters Springer- Verlag Inc NY. p. 380- 395.

GERBA CP, ROSE JB, HAAS CN AND CRABTREE KN (1996) Waterborne rotavirus: a risk
assessment. Water Research 30: 2929-2940.

93



Microbial Pathogens in the Umgeni River, South Africa

GILGEN M, GERMANN D, LUTHY J and HUBNER PH (1997) Three-step isolation method for
sensitive detection of enterovirus rotavirus hepatitis A virus and small round structured viruses

in water samples. International Journal of Food Microbiology 37:189-199.

GILGEN M, WEGM ULLER B, BURKHALTER P, BUHLER H-P, LUTHY J and CANDRIAN U
(1995) Reverse transcription PCR to detect enteroviruses in surface water. Applied and
Environmental Microbiology 61: 1226-1231.

GIRONES R, FERRUS MA, ALONSO JL, RODRIGUEZ-MANZANO J, CALGUA B, CORREA
AB, HUNDESA A, CARRATALA A and BOFILL-MAS S (2010) Molecular detection of
pathogens in water: The pros and cons of molecular techniques. Water Research 44: 4325-
4339

GIRONES R (2006) Tracking viruses that contaminate environments using PCR to track
stable viruses provides an effective means for monitoring water quality for environmental

contaminants. Microbe 1: 19-25.

GLASS IR, BHAN KM, RAY P, BAHL R, PARASHAR DU, GREENBERG H, RAO DC,
BHANDARI N, MALDONADO Y, WARD LR, BERSTEIN ID and GENTSCH RJ (2005)
Development of candidate rotavirus vaccines derived from neonatal strains in India. Journal of
Infectious Diseases192: 30-35.

GLASS RI, BRESEE JS, PARASHAR UD, HOLMAN RC and GENTSCH JR (1999) First

rotavirus vaccines licensed: Is there really a need? Acta Paediatrica Supplement 88: 2-8.

GLASS RI, NOEL J, MITCHELL D, HERRMANN JE, BLACKLOW NR, PICKERING LK,
DENNEHY P, RUIZ-PALACIOS G, DE GUERRERO ML and MONROE SS (1996) The
changing epidemiology of astrovirus-associated gastroenteritis: a review. Archives of Virology
12:287-300.

GLASS RI, NOEL JS, ANDO T, FRANKHAUSER RL, BELLIOT G, MOUNTS A, PARASHAR
UD, BRESEE JS and MONROE SS (2000) The epidemiology of enteric caliciviruses from
humans, a reassessment using new diagnostics. Journal of Infectious Diseases 181: S254-
261.

94



Microbial Pathogens in the Umgeni River, South Africa

GOFTI L, ZMIROU D, SEIGLE MF, HARTEMANN P and POTELON JL (1999) Waterborne
microbiological risk assessment: a state of the art and perspectives. Epidemiologic Reviews
47:61-73.

GOLDSMITH CS and MILLER SE (2009) Modern uses of electron microscopy for detection of
viruses. Clinical Microbiology Reviews 22: 552-563.

GOSWAMI BB, KOCH WH and CEBULA TA (1993) Detection of hepatitis A virus in
Mercenaria mercenaria by coupled reverse transcription and polymerase chain reaction.
Applied and Environmental Microbiology 59: 2765-2770.

GRABOW WOK (1991) Human viruses in water. Water Sewage and Effluent 11: 16- 21.

GRABOW WOK (1997) Hepatitis viruses in water: Update on risk and control. Water SA 23:
379-386.

GRABOW WOK VREY A UYS M and DE VILLIERS JC (1998) Evaluation of the application of
bacteriophages as indicators of water quality. WRC Report No 540/1/98 Water Research

Commission, Pretoria. p.55.

GRABOW WOK (2001) Bacteriophages: Update on application as models for viruses in water.
Water SA 27: 251-268.

GRABOW WOK, TAYLOR MB, DE VILLIERS JC (2001) New methods for the detection of
viruses: call for review of drinking water quality guidelines. Water Science and Technology
43:1-8.

GRABOW WOK (2002) Water and public health. Encyclopaedia of Life Support Systems,
EOLSS Publishers Ltd, Oxford, United Kingdom.

GRABOW WOK, TAYLOR MB and Ehlers MM (2004) Assessment of the risk of infection
associated with viruses in South African drinking water supplies. Water Research

Commission, South Africa. WRC Report No. 1164/1/04. ISBN: 1-77005-170-8.

GRABOW WOK (2007) Overview of health-related water virology. In: Human viruses in water.
(Ed.) Bosch, A. Amsterdam: Elsevier B.V. p. 1-25.

95



Microbial Pathogens in the Umgeni River, South Africa

GRAFF J, TICEHURST J and FLEHMIG B (1993) Detection of hepatitis A virus in sewage
sludge by antigen capture polymerase chain reaction. Applied and Environmental
Microbiology 59: 3165-3170.

GRATACAP-CAVALLIER B, GENOULAZ O, BRENGEL-PESCE K, SOULE H, INNOCENTI-
FRANCILLARD P, BOST M, GOFTI L, ZMIROU D and SEIGNEURIN JM (2000) Detection of
human and animal rotavirus sequences in drinking water. Applied and Environmental
Microbiology 66: 2690-2692.

GREEN KY, CHANOCK RM and KAPIKIAN AZ (2001) Human caliciviruses In: Fields’ Virology
fourth ed. (Eds) Knipe DM, Howley PM, Griffin DE, Lamb RA, Martin MA Roizman B, Straus
SE. Lippincott Williams & Wilkins Philadelphia. pp. 841-874.

GREEN DH and LEWIS GD. (1999) Comparative detection of enteric viruses in wastewaters,
sediments and oysters by reverse transcription-PCR and cell culture. Water Research 33:
1195-1200.

GREENING GE, DAWSON J and LEWIS G (2001) Survival of poliovirus in New Zealand
green-lipped mussels Perna canaliculus on refrigerated and frozen storage. Journal of Food
Protection 64(6): 881-884.

GRIFFIN DW, STOKES R, ROSE JB and PAUL JH (2000) Bacterial indicator occurrence and
the use of an F* specific RNA coliphage assay to identify faecal sources in Homosassa

Springs, Florida. Microbial Ecology 39: 56-64.

GRIFFIN DW, LIPP WEK, MCLAUGHLIN MR and ROSE JB (2001) Marine recreation and

public health microbiology: quest for the ideal indicator. Bioscience 51: 817-825.

GRIFFIN DW, DONALDSON KA, PAUL JH and ROSE JB (2003) Pathogenic human viruses

in coastal waters. Clinical Microbiology Reviews 16: 129-143.

GRIFFIN J, PLUMMER SJD and LONG SC (2008) Torque teno virus: an improved indicator

for viral pathogens in drinking waters. Virology Journal 5: 1-6.
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 and Environmental Microbiology 70: 2154- 2160.

96



Microbial Pathogens in the Umgeni River, South Africa

HATHERILL M, LEVIN M, LAWRENSON J, HSIAO NY, REYNOLDS L and ARGENT A (2004)
Evolution of an adenovirus outbreak in a multidisciplinary children’s hospital. Journal of
Paediatric Child Health 40: 449-454.

HSSAINE A, GHARBI J, HARRATH R, HARRAK R, CHALT A, AOUNI M and HAFID J (2011)
In search of enteroviruses in water media in Marrakech, African Journal of Microbiology
Research 5(16): 2380-284.

HE JW and JIANG S (2005) Quantification of enterococci and human adenoviruses in
environmental samples by real-time PCR. Applied and Environmental Microbiology 71: 2250-
2255.

HEMSON D and DUBE B (2004) Water services and public health: the 2000-2001 cholera
outbreaks in KwaZulu-Natal. 8" World Congress on Environmental Health 22, Durban, South

Africa.

HENNES JE and SUTTLE CA (1995) Direct counts of viruses in natural waters and laboratory

cultures by epifluorescence microscopy. Limnology and Oceanography 40: 1050-1055.

HEWITT J, BELL D, SIMMONS GC, RIVERA-ABAN M, WOLF S and GREENING GE (2007)
Gastroenteritis outbreak caused by waterborne norovirus at a New Zealand ski resort. Applied
and Environmental Microbiology 73: 7853-7857.

HILL V, KAHLER A, JOTHIKUMAR N, JOHNSON T, HAHN D and CROMEANS T (2007)
Multistate evaluation of an ultrafiltratoin-based procedure for simultaneous recovery of enteric
microbes in 100-liter tap water samples. Applied and Environmental Microbiology 73(13):
4218-4225.

HO MS, GLASS RI, MONROE SS, MADORE HP, STINE S, PINSKY PF, CUBITT D,
ASHLEY C and CAUL EO (1989) Viral gastroenteritis aboard a cruise ship. Lancet 11: 961-
965.

HOLLINGER FB and EMERSON SU (2007) Hepatitis A virus. In: Fields Virology. (Eds) Knipe,

D.M., Howley, P.M., Griffin, D.E., Martin, M.A., Lamb, R.A., Roizman, B., and Straus, S. E.
Philadelphia PA: Lippincott Williams & Wilkins. p. 911-947

97



Microbial Pathogens in the Umgeni River, South Africa

HOPKINS RS, GASPARD JRGB, WILLIAMS FP, KARLIN RJ, CUKOR G and BLACKLOW
NR (1984) A community waterborne gastroenteritis outbreak: evidence for rotavirus as the
agent. American Journal of Public Health 74: 263-265.

HOWELL JM, COYNE MS and CORNELIUS PL (1995) Faecal bacteria in agricultural waters

of the blue grass region of Kentucky. Journal of Environmental Quality 24: 411-419.

HOYT JL and MARGOLIN AB (2000) Fortified sera and their use in environmental virology.
Applied Environmental Microbiology 66(6): 2259-2262.

HSU BM, CHEN CH, KUNG CM and WAN MT (2006) Evaluation of enteroviruses recoveries

in surface water by different adsorption and elution procedures. Chemosphere 66: 964-969.

HSU FC, SHIEH YS, VAN DUIN J, BEEKWILDER MJ and SOBSEY MD (1995). Genotyping
male-specific  RNA coliphages by hybridization with  oligonucleotide  probes.
Applied Environmental and Microbiology, 61, 3960-3966.

HUGHES KA (2003) Influence of seasonal environmental variables on the distribution of
presumptive faecal coliforms around an Antarctic research station. Applied and Environmental
Microbiology 69: 4884-4891.

HUNTER PR (1997) Viral hepatitis. In: Waterborne Disease: Epidemiology and Ecology. John
Wiley & Sons Ltd., Chichester. p. 207-221.

HURST CJ, McCLELLAN KA and BENTON WH (1998) Comparison of cytopathogenicity,
immunofluorescence and in situ DNA hybridation as methods for the detection of
adenoviruses. Water Research 22: 1547-1552.

HYYPIA T, HOVI T, KNOWLES NJ and STANWAY G (1997) Classification of enteroviruses

based on molecular and biological properties. Journal of General Virology 178: 1-11.
INTERNATIONAL ORGANIZATION FOR STANDARDIZATION (ISO) (1995) Water Quality-

detection and enumeration of bacteriophages. Part 1: Enumeration of F-specific RNA
Bacteriophages. Geneva, ISO 10705-1:1995. p. 15.

98



Microbial Pathogens in the Umgeni River, South Africa

INTERNATIONAL ORGANIZATION FOR STANDARDIZATION (ISO) (1998) Water quality-
Detection and Enumeration of Bacteriophages. Part 2: Enumeration of Somatic Coliphages.
Geneva, ISO/DIS 10705-22. p. 17.

INTERNATIONAL ORGANIZATION FOR STANDARDIZATION (ISO) (2000) Water Quality.
Detection and Enumeration of Bacteriophages — Part 2: Enumeration of Somatic Coliphages.
International Organisation for Standardisation, Geneva, Switzerland

JIANG SC (2006) Human adenoviruses in water: Occurrence and health implications: A

critical review. Environmental Science and Technology 40(23): 7132-7140.

JIANG SC, DEZFULIAN H and CHU WP (2005) Real-time quantitative PCR for enteric
adenovirus serotype 40 in environmental waters. Canadian Journal of Microbiology 51: 393-
398.

JIANG SC and FU W (2001) Seasonal abundance and distribution of Vibrio choleraein coastal
waters quantified by a 16S-23S intergenic spacer probe. Microbial Ecology 42:540-548.

JIANG SC, Han J, HE JW and Chu W (2009) Evaluation of four cell lines for assay of

infectious adenoviruses in water samples. Journal of Water and Health 7(4): 650-656.

JIANG S, NOBLE R and CHU W (2001) Human adenoviruses and coliphages in urban runoff-
impacted coastal waters of southern California. Applied and Environmental Microbiology 67:
179-184.

JIANG X, HUANG PW, ZHONG WM, FARKAS T, CUBITT DW and MATSON DO (1999)
Design and evaluation of a primer pair that detects both Norwalk- and Sapporo-like
caliciviruses by RT-PCR. Journal of Virology Methods 83: 145-154.

KAJON AJ, MOSELEY D, METZGAR HS, HUONG A, WADLEIGH M, RYAN K and RUSSELL
K (2007) Molecular epidemiology of adenovirus type 4 infections in US military recruits in the

post vaccination era (1997-2003). Journal of Infectious Diseases 196:67-75.
KAPIKIAN AZ and CHANOCK RM (1996) Rotaviruses In: Fields Virology third ed. (Eds) Fields

BN, Knipe DM, Howley PM, Chanock RM, Melnick JL, Monath TP, Roizman B, Straus SE.
Lippincott-Raven, Philadelphia. p. 1657-1708.

99



Microbial Pathogens in the Umgeni River, South Africa

KARIKARIAY, BERNASKO JK AND BOSQUE-HAMILTON EKA (2007) An assessment of
water quality of Angaw River in south-eastern coastal plains of Ghana. West African Journal of
Applied Ecology11: 63:71.

KARIM MR and LECHEVALLIER MW (2004) Detection of noroviruses in water: current status
and future directions. Journal of Water and Supply Research Technology 53: 359-380.

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 wastewater collected from six plants in Japan. Water Research 42: 1441-
1448.

KESWICK BH, GERBA C, DUPONT H and ROSE JB (1984) Detection of enteric viruses in
treated drinking water. Applied and Environmental Microbiology 47:1290-4.

KEW MC (2008) Hepatitis B virus infection: the burden of disease in South Africa. South
African Journal of Epidemiology and Infection 23 (1): 4-8.

KHADAM IM and KALUARACHI JJ (2006) Water quality modeling under hydrologic variability
and parameter uncertainty using erosion-scaled export coefficients. Journal of Hydrology
330(1-2): 354-367.

KHAMRIN P, OKAME M, THONGPRACHUM A, NANTACHIT N, NISHIMURA S, OKITSU S,
MANEEKARN N and USHIJIMA H (2011) A single-tube multiplex PCR for rapid detection in

faeces of 10 viruses causing diarrhoea. Journal of Virology Methods 173: 390-393.

KO G, CROMEANS TL and SOBSEY MD (2003). Detection of infectious adenovirus in cell
culture by mRNA reverse transcription-PCR. Applied Environmental Microbiology 69: 7377-
7384.

KOCWA-HALUCH R (2001) Waterborne enteroviruses as a hazard for human health. Polish
Journal of Environmental Studies 10(6): 485-487.

KOIKE K, KOBAYASHI M, GONDO M, HAYASHI I, OSUGA T and TAKADA S (1998)

Hepatitis B virus DNA is frequently found in liver biopsy samples from hepatitis C virus-

infected chronic hepatitis patients. Journal of Medical Virology 54:249-55.

100



Microbial Pathogens in the Umgeni River, South Africa

KOJIMA ST, KAGEYAMA S, FUKUSHI FB, HOSHINO M, SHINOHARA K, UCHIDA K,
NATORI N, TAKED A and K KATAYAMA (2002) Genogroup-specific PCR primers for

detection of Norwalk-like viruses. Journal of Virological Methods 100:107-114.

KOOPMANS M and DUIZER E (2004) Foodborne viruses: an emerging problem. International
Journal of Food Microbiology 90: 23-41.

KOOPMANS M, VON BONSDORFF CH, VINJE J, DE MEDICI D and MONROE S (2002).
Foodborne viruses. FEMS Microbiology Reviews 26: 187-205.

KORNACKI JL and JOHNSON JL (2001) ‘Enterobacteriaceae coliforms and Escherichia coli
as quality and safety indicators’. In: Compendium of methods for the microbiological
examination of foods. (Ed) F. Downs APHA Washington DC.

KREUZE JF, PEREZ A, UNTIVEROS M, QUISPE D, FUENTES S, BARKER | and SIMON R
(2009) Complete viral genome sequence and discovery of novel viruses by deep sequencing
of small RNAs: A generic method for diagnosis, discovery and sequencing of viruses. Virology
388: 1-7.

KRUGER DH, SCHNECK P and GELDERBLOM HR (2000) Helmut Ruska and the

visualization of viruses. Lancet 355: 1713-1717.

KUKKULA M, ARSTILA P, KLOSSNER ML, MAUNULA L, BONSDORFF CH and JAATINEN
P (1997) Waterborne outbreak of viral gastroenteritis. Scandinavian Journal of Infectious
Diseases 29: 415-418.

KURTZ JB, LEE TW, CRAIG JW and REED SE (1979) Astrovirus infection in volunteers
Journal of Medical Virology 3: 221-230.

KUWABARA JS and HARVEY RW (1990) Application of a hollow-fiber tangential-flow device
for sampling suspended bacteria and particles from natural-waters. Journal of Environmental
Quality 19: 625-629.

LAMBERTINI E, SPENCER SK, BERTZ PD, LOGE FJ, KIEKE BA and BORCHARDT MA

(2008) Concentration of Enteroviruses, Adenoviruses and Noroviruses from drinking water by

use of glass wool filters. Applied and Environmental Microbiology 74(10): 2990-2996.

101



Microbial Pathogens in the Umgeni River, South Africa

LARSEN A, CASTBERG T, SANDAA RA, C P D BRUSSAARD CPD, EGGE JK, HELDAL M,
PAULINO A, THYRHAUG R, VAN HANNEN EJ and BRATBAK G (2001) Population dynamics
and diversity of phytoplankton bacteria and viruses in a seawater enclosure. Marine Ecology
Progress Series 221: 47-57.

LARSEN A, FLATEN GAF, SANDAA RA, CASTBERG T, THYRHAUG R, ERGA SR,
JACQUET S and BRATBAK G (2004) Spring phytoplankton bloom dynamics in Norwegian
coastal waters: microbial community succession and diversity. Limnology and Oceanography,
49: 180-190.

LAVERICK MA, WYN-JONES AP and CARTER MJ (2004) Quantitative RT-PCR for the
enumeration of noroviruses (Norwalk-like viruses) in water and sewage. Letters in Applied
Microbiology 39: 127-136.

LE CANN P, RANARIJAON S, MONPOEHO S, LE GUYADER F and FERRE V (2004)
Quantification of human Astroviruses in sewage using real-time RT-PCR. Research in
Microbiology 155:11-15.

LEE HK and JEONG YS (2004) Comparison of total culturable virus assay and multiplex
integrated cell culture-PCR for reliability of waterborne virus detection. Applied Environmental
Microbiology 70(6): 3632-3636.

LEE C, LEE SH, HAN E and KIM SJ (2004) Use of cell culture-PCR Assay based on
combination of A549 and BGMK cell lines and molecular identification as a tool to monitor
infectious adenoviruses and enteroviruses in river water. Applied and Environmental
Microbiology 70(11): 6695-6705.

LEE SH, LEE C, CHO HB and KIM SJ (2005) The simultaneous detection of both
enteroviruses and adenoviruses in environmental water samples including tap water with an

integrated cell-multiplex-nested PCR procedure. Applied Microbiology 98: 1020-1029.

LEE SH and KIM SJ (2002) Detection of infectious enterovirus and adenovirus in tap water in

urban areas in Korea. Water Research 36: 248-256.

LELAND DS and GINOCCHIO CC (2007) Role of Cell culture for virus detection in the age of
technology. Clinical Microbiology Reviews 20(1): 49-78.

102



Microbial Pathogens in the Umgeni River, South Africa

LEVINE AD and ASANO T (2004) Recovering sustainable water from wastewater.

Environmental Science and Technology 38: 201-208.

LEWIN S, NORMAN R, NANNAN N, THOMAS E, BRADSHAW D and THE SOUTH AFRICAN
COMPARATIVE RISK ASSESSMENT COLLABORATING GROUP (2007) Estimating the
burden of disease attributable to unsafe water and lack of sanitation and hygiene in South
Africa in 2000. South African Medical Journal 97: 755-762.

LUDWIG K and OSHAUGHNESSEY K (1989) Tangential-flow filtration—a technical review.
American Biotechnology Laboratory 7: 41-44.

LUEF B, NEU TR and PEDUZZI P (2009) Imaging and quantifying fluorescence signals on
aquatic aggregates: a new method and its implication for aquatic microbial ecology. FEMS
Microbiology and Ecology 68: 372-380.

LYMER D, LOGUE JB, BRUSSAARD CPD, BAUDOUX AC, VREDE K and LINDSTROM ES
(2008) Temporal variation in freshwater viral and bacterial community composition.
Freshwater Biology 53: 1163-1175.

MACKENZIE WRN, HOXIE J, PROCTER ME, GRADUS MS, BLAIR KA and PETERSON DE
(1994) A massive outbreak of Milwaukee Cryptosporidium infection transmitted through the

public water supply. New England Journal of Medicine 331:161-167.

MADIGAN MT and MARTINKO JM (Eds) (2006) Brock’s Biology of Microorganisms. New

Jersey Pearson Prentice Hall.
MAHONEY FJ, FARLEY TA, KELSO KY, WILSON SA, HORAN JM and MCFARLAND LM
(1992) An outbreak of hepatitis A associated with swimming in a public pool. Journal of

Infectious Disease 165: 613-618.

MALDONADO YA (1996) Astrovirus infections in children. Report on Pediatric Infectious
Diseases6: 39-40

MANAFI M and SOMMER R (1993) Rapid identification of enterococci with a new fluorogenic-

chromogenic assay. Water Science and Technology 27: 271-274.

103



Microbial Pathogens in the Umgeni River, South Africa

MARANGER R and BIRD DF (1996) High concentrations of viruses in the sediments of Lac
Gilbert, Quebec. Microbial Ecology 31: 141-151.

MARCY Y, OUVERNEY C, BLIK EM, LOSEKANN T, IVANOVA N, MARTIN HG, SZETO E,
PLATT D, HUGENHOLTZ P, RELMAN DA and QUAKE SR (2007) Dissecting biological "dark
matter" with single cell genetic analysis of rare and uncultivated TM7 microbes from the
human mouth". Proceedings of the National Academy of Sciences 104(29):11889-11894.

MARDON DW (2003) Coastal water quality. M.Sc. Thesis. Department of Civil Engineering,

University of Natal, Durban, South Africa.

MARDON DW and STRETCH DD (2004) Comparative assessment of water quality at Durban

beaches according to local and international guidelines. Water SA 30: 317-324.

MARIE DC, BRUSSAARD PD, THYRHAUG R, BRATBAK G and VAULOT D (1999)
Enumeration of marine viruses in culture and natural samples by flow cytometry. Applied and

Environmental Microbiology 65:45-52.

MARTIN D J (1992) Hepatitis A vaccination an option for South Africa? South African Medical
Journal 82: 5-6.

MARTIN DJ, BLACKBURN NK, JOHNSON S and MCANERNEY JM (1994) The current
epidemiology of hepatitis A infection in South Africa: implications for vaccination. Trans. R.
Soc. Trop. Med. Hyg. 88, 288-291.

MARTINES J, PHILLIPS M and FEACHEM RG (1991) Evolving health sector priorities in
developing countries. In: Diarrhoeal diseases. (Eds) Jamison DT and Mosley WH. World Bank
Washington DC. p. 1-49.

MARX FE, TAYLOR MB and GRABOW WOK (1995) Optimization of a PCR method for the
detection of a astrovirus type 1 in environmental samples. Water Science and Technology 31:

359-362.

MARX FE, TAYLOR MB and GRABOW WOK (1997) A comparison of two sets of primers for

the RT-PCR detection of astroviruses in environmental samples. Water SA 23: 257-261.

104



Microbial Pathogens in the Umgeni River, South Africa

MARX FE, TAYLOR MB and GRABOW WOK (1998) The prevalence of human astrovirus and
enteric adenovirus infection in South African patients with gastroenteritis. South African

Journal of Epidemiology and Infection 13: 5-9.

MASAMBA WRL and MAZVIMAVI D (2008) Impact on water quality of land uses along
Thamalakane-Boteti River: An outlet of the Okavango Delta. Physical Chemistry of the Earth
33(8-13):687-694.

MATSUI SM and GREENBERG H B (1996) Astroviruses.In: Virology, 3rd ed. (Eds.) Fields
BN, Knipe DM and Howley PM. Lippincot HBT- Raven, Philadelphia, PA. p 811-824.

MCIVER C, HANSMAN JG, WHITE P, DOULTREE JC, CATTON M and RAWLINSON WD
(2001) Diagnosis of enteric pathogens in children with gastroenteritis. Pathology 33: 353-358.

MEAD P, SLUTSKER SL, DIETZ V, MCCAIG LF, BRESEE JS, SHAPIRO C, GRIFFIN PM
and TAUXE RV (1999) Food-related illness and death in the United States. Emerging
Infectious Diseases 5: 607-625.

MEAYS C, BROERSMA LK, NORDIN R and MAZUMDER A (2004) Source tracking faecal
bacteria in water: a critical review of current methods. Journal of Environmental Management
73:71-79.

MELNICK JL (1976) Enteroviruses. In: Viral infections of humans: epidemiology and control.
(Ed) Evans, AS. John Wiley & Sons, New York. p 163-207.

MEYBECK M and HELMER R (1989) The quality of rivers: from pristine stage to global
pollution. Palaeogeogr., Palaeoclimatol, Palaeoecol. (Global Planet. Change Sect.) 75: 283-
309.

MIDDELBOE M, GLUD RN and FINSTER K (2003) Distribution of viruses and bacteria in
relation to diagenic activity in estuarine sediment. Limnology and Oceanography 48: 1447-
1456.

MIDDELBOE M, JACQUET S and WEINBAUER M (2008) Viruses in freshwater ecosystems:

an introduction to the exploration of viruses in new aquatic habitats. Freshwater Biology 53:
1069-1075.

105



Microbial Pathogens in the Umgeni River, South Africa

MIKI T, NAKAZAWA T, YOKOKAWA T and NAGATA T (2008) Functional consequences of
viral impacts on bacterial communities: a food-web model analysis. Freshwater Biology 53:
1142-1153.

MOCE-LLIVINA, L, MUNIESA M, PIMENTA-VALE H, LUCENA F and JOFRE J (2003)
Survival of bacterial indicator species and bacteriophages after thermal treatment of sludge

and sewage. Applied and Environmental Microbiology 69: 1452-1456.

MOLBAK KT, FISCHER H and MIKKELSEN CS (2000) The estimation of mortality due to

rotavirus infections in sub-Saharan Africa. Vaccine 19: 393-395

MONPOEHO S, COSTE-BUREL M, COSTE-MATTIOLI M, BESSE B, CHOMEL JJ,
BILLAUDEL S and FERRE V(2002) Application of a real-time polymerase chain reaction with
internal positive control for detection and quantification of enterovirus in cerebrospinal fluid.

European Journal of Clinical Microbiology and Infectious Diseases 21: 532-536.

MONPOEHO S, MAUL A, BONNIN C, PATRIA L, RANARIJAONA S, BILLAUDEL S, and
FERRE V (2004) Clearance of human-pathogenic viruses from sludge: study of four
stabilization processes by real-time reverse transcription-PCR and cell culture. Applied and
Environmental Microbiology 70: 5434-5440.

MORI Y, SUGIYAMA M, TAKAYAMA M, ATOJI Y, MASEGI T and MINAMOTO N (2001)
Avian-to-mammal transmission of an avian rotavirus: analysis of its pathogenicity in a

heterologous mouse model. Virology 288: 63-70.

MULLER M, SCHREINER B, SMITH L, VAN KOPPEN B, SALLY H, ALIBER M, COUSINS B,
TAPELA B, VAN DER MERWE-BOTHA M, KARAR E AND PIETERSEN K (2009) Water
security in South Africa. Development Planning Division. Working Paper Series No.12, DBSA:
Midrand.

MUSCILLO M, POURSHABAN M, IACONELLI M, FONTANA S, DI GRAZIA A, MANZARA
S, FADDA G, SANTANGELO R and LA ROSA G (2008) Detection and quantification of
human adenoviruses in surface waters by nested PCR TagMan real-time PCR and cell culture
assays. Water Air and Soil Pollution 191: 83-93.

106



Microbial Pathogens in the Umgeni River, South Africa

MUYZER G, DE WAAL EC and UITTERLINDEN AG (1993) Profiling of complex microbial
populations by denaturing gradient gel electrophoresis analysis of polymerase chain reaction-
amplified genes coding for 16S ribosomal-RNA. Applied and Environmental Microbiology 59:
695-700.

MYINT S, MANLEY R and CUBITT D (1994) Viruses in bathing water. Lancet 343: 1640-
1641.

NASRI D, BOUSLAMA L, OMAR S, SAOUDIN H, BOURLET T, AOUNI M, POZZETTO B and
PILLET S (2007) Typing of human enterovirus by partial sequencing of VP2. Journal of
Clinical Microbiology 45:2370-2379.

NASSER AM and METCALFE TG (1987) An A-ELISA to detect hepatitis A virus in estuarine
samples. Applied and Environmental Microbiology 53: 1192-1195.

NATIONAL MICROBIAL MONITORING PROGRAMME (NMMP) (2002) Surface water.

Implementation manual. Department of Water Affairs and Forestry, Pretoria.

NGOYE E and MACHIWA JF (2004) The influence of land-use patterns in the Ruvu river
watershed on water quality in the river system. Physics and Chemistry of the Earth 29 (15-18):
1161-1166.

NHMRC-ARMCANZ (2003) Recommendations to change the use of coliforms as microbial
indicators of drinking water quality. National Health and Medical Research Council and
Agriculture and Resource Management Council of Australia and New Zealand Commonwealth

of Australia.

NOBLE RT and FUHRMAN JA (1998) Use of SYBR Green | for rapid epifluorescence counts

of marine viruses and bacteria. Aquatic Microbial Ecology 14: 113-118.

NOURI J, KARBASSI AR and MIRKIA S (2008) Environmental management of coastal
regions in the Caspian Sea. International Journal of Environmental Science and Technology
5(1): 43-52.

NOURI J, KHORASANI N, LORESTANI B, KARAMI M, HASSANI AH and YOUSEFI N (2009)

Accumulation of heavy metals in soil and uptake by plant species with phytoremediation
potential. Environment and Earth Science 59(2): 315-323.

107



Microbial Pathogens in the Umgeni River, South Africa

NOURI J, LORESTANI B, YOUSEFI N, KHORASANI N, HASANI AH and SEIF S, CHERAGHI
M (2011) Phytoremediation potential of native plants grown in the vicinity of Ahangaran lead-

zinc mine (Hamedan Iran). Environment and Earth Science 62(3): 639-644.

NUBEL U, GARCIA-PICHEL F, KUHLAND M and MUYZER G (1999) Quantify microbial
diversity: Morphotypes, 16S rRNA genes and carotenoids of organic phototropes in microbial

mats. Applied and Environmental Microbiology 65: 422-430.

OBERSTE MS, MAHER K, FLEMISTER MR, MARCHETTI G, KILPATRICK DR and
PALLANSCH MA (2000) Comparison of classic and molecular approaches for the

identification of untypeable enteroviruses. Journal of Clinical Microbiology 38: 1170-117.

OBI CL, POTGIETER N, BESSONG PO and MATSAUNG G (2002) Assessment of the
microbial quality of river water sources in rural Venda communities in South Africa. Water SA
28(3): 287-292.

OISHI I, YAMAZAKI K, KIMOTO T, MINEKAWA Y, UTAGAWA E, YAMAZAKI S, INOUYE S,
GROHMANN GS, MONROE SS, STINE SE, CARCAMO C, ANDO T and GLASS R 1 (1994) A
large outbreak of acute gastroenteritis associated with astrovirus among students and

teachers in Osaka Japan. Journal of Infectious Disease 170: 439-443.

OKOH Al, SIBANDA T and GUSHA SS (2010) Inadequately treated wastewater as a source
of human enteric viruses in the environment. International Journal of Environmental Research
and Public Health 7: 2620-2637. Doi: 10.3390/ijerph7062620

OLANIRAN A O, NAICKER K and PILLAY B (2009) Antibiotic resistance profiles of
Escherichia coli isolates from river sources in Durban, South Africa. World Journal of
Microbiology and Biotechnology 25: 1743-1749.

OLANIRAN AO, NAICKER K and PILLAY B (2011) Toxigenic Escherichia coli and Vibrio
cholerae: Classification pathogenesis and virulence determinants. Biotechnology and
Molecular Biology Review 6(4): 94-100.

OOTSUBO M, SHIMIZU T, TANAKA R, SAWABE T, TAJIMA K, YOSHIMIZU M, EZURA'Y,
EZAKI T and OYAIZUH (2003) Seven-hours fluorescence in situ hybridization technique for
enumeration of Enterobacteriaceae in food and environmental samples Journal of Applied
Microbiology 94: 1-9.

108



Microbial Pathogens in the Umgeni River, South Africa

OTTSON J and STENSTROM TA (2003) Faecal contamination of grey-water and associated
microbial risks. Water Research 37: 645-655.

OTTESEN EA, HONG JW, QUAKE SR and LEADBETTER JR (2006) Microfluidic digital PCR

enables multigene analysis of individual environmental bacteria. Science 314: 1464-1467.

OUYANG Y, NKEDI-KIZZA P, WU Q T, SHINDE D and HUANG CH (2006) Assessment of

seasonal variations in surface water quality. Water Research 40: 3800-3810.

PAL A, SIROTA L, MAUDRUA T, PEDEN K and LEWIS AM (JR) (2006) Real-time,
quantitative PCR assays for the detection of virus-specific DNA in samples with mixed

populations of polyomaviruses. Journal of Virology Methods 135: 32-42.

PARASHAR UDE, HUMMELMAN G, BRESEE JS, MILLER MA and GLASS RI (2003) Global
illness and deaths caused by rotavirus disease in children. Emerging Infectious Diseases 9:
565-572.

PATEL A, NOBLE RT, STEELE JA, SCHWALBACH MS, HEWSON I, and FUHRMAN JA
(2007). Virus and prokaryote enumeration from planktonic aquatic environments by

epifluorescence microscopy with SYBR Green |. Nature Protocols 2: 269- 276.

PAUL JH, ROSE JB, JIANG SC, KELLOGG CA and DICKSON L(1993) Distribution of viral
abundance in the reef environment of Key Largo Florida. Applied and Environmental
Microbiology 59: 718-724.

PAYMENT P, FRANCO E, RICHARDSON L and SIEMIATYCK J (1991) Gastrointestinal
health effects associated with the consumption of drinking water produced by point-of-use
domestic reverse-osmosis filtration units. Applied and Environmental Microbiology 57: 945-
948.

PEJMAN AH, NABI BIDHENDI GR, KARBASSI AR, MEHRDADI N and BIDHENDI ME (2009)
Evaluation of spatial and seasonal variations in surface water quality using multivariate
statistical techniques. International Journal of Environmental Science and Technology 6: 467-
476.

109



Microbial Pathogens in the Umgeni River, South Africa

PHAM NT, KHAMRIN P, NGUYEN TA, KANTI DS, PHAN TG, OKITSU S and USHIJIMA H
(2007) Isolation and molecular characterization of Aichi viruses from faecal specimens
collected in Japan, Bangladesh Thailand, and Vietnam. Journal of Clinical Microbiology 45:
2287-2288.

PHAM NT, TRINH QD, CHANIT W, KHAMRIN P, SHIMIZU H, OKITSU S, MIZUGUCHI M and
USHIJIMA H (2010) A novel RT-multiplex PCR for detection of Aichi virus, human
parechovirus, enteroviruses, and human bocavirus among infants and children with acute

gastroenteritis. Journal of Virology Methods 169: 193-197.

PHILLIP R, WAITKINS S, CAUL O, ROOME A, MCMAHON S and ENTICOTT R (1989)
Leptospiral and hepatitis A antibodies amongst windsurfers and waterskiers in Bristol City
Docks. Public Health 103: 123-129.

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 and Environmental Microbiology 64: 3376-3382.

PINTO RM, ABAD F, GAJARDO R and BOSCH A (1996) Detection of infectious astroviruses
in water, Applied and Environmental Microbiology 62: 1811-1813.

PINTO RM and SAIZ JC (2007) Enteric Hepatitis Viruses. In: Human Viruses in Water. (Ed)
Bosch A. The Netherlands: Amsterdam. p. 39-67.

POLACZYK A, NARAYANAN J, CROMEANS T, HAHN D, ROBERTS J, AMBURGE YJ and
Hill V (2008) Ultrafiltration-based techniques for rapid and simultaneous concentration of
multiple microbe classes from 100-L tap water samples. Journal of Microbiological Methods
73(2): 92-99.

POLISH LB, ROBERTSON BH, KHANNA B, KRAWCZYNSKI K, SPELBRING J, OLSON F
and SHAPIRO CN (1999) Excretion of hepatitis A virus (HAV) in adults: Comparison of
immunologic and molecular detection methods and relationship between HAV positivity and

infectivity in tamarins. Journal of Clinical Microbiology37:3615-3617.
PRADEEP AS and SIME-NGANDO T (2010) Resource drive trade-off between viral lifestyles

in the plankton: evidence from freshwater microbial microcosms. Environmental Microbiology
12(2): 467-479.

110



Microbial Pathogens in the Umgeni River, South Africa

PUIG M, JOFRE J, LUCENA F, ALLARD A, WADELL G and GIRONES R (1994) Detection of
adenoviruses and enteroviruses in polluted water by nested PCR amplification. Applied and
Environmental Microbiology 60: 2963-2970.

PUSCH D, OH DY, WOLF S, DUMKE R, SCHROTER-BOBSIN U, HOHNE M, ROSKE | and
SCHREIER E (2005) Detection of enteric viruses and bacterial indicators in German

environmental waters. Archives of Virology 150: 929- 947.

RAI P K, MALLICK N and RAI L C (1993) Physiological and biochemical studies on an acid
tolerant Chlorella vulgaris under copper stress. Journal of General and Applied Microbiology
39: 529-540.

RAPHAEL RA, SATTAR SA and SPRINGTHORPE VS (1985) Long-term survival of human

rotavirus in raw and treated river water. Canadian Journal of Microbiology 31: 124-128.

RASCHID-SALLY L, CARR R and BUECHLER S (2005) Managing wastewater agriculture to
improve livelihoods and environmental quality in poor countries. Irrigation and Drainage 54
S11-S22.

REUTER G, BOLDIZSAR A, PAPP G, and PANKOVICS P (2009) Detection of Aichi virus
shedding in a child with enteric and extra intestinal symptoms in Hungary. Archives in Virology
154: 1529-1532.

RIEMANN L and MIDDELBOE M (2002) Stability of prokaryotic and viral communities in
Danish coastal waters as depicted by DNA fingerprinting techniques. Aquatic Microbial

Ecology 27: 219-232.

REYNOLDS KS, GERBA CP and PEPPER IL (1997) Rapid PCR based monitoring of

infectious enteroviruses in drinking water. Water Science and Technology 35: 423-7.

ROSARIO K, NILSSON C, LIM YW, RUAN Y and BREITBART M (2009) Metagenomic

analysis of viruses in reclaimed water. Environmental Microbiology 11: 2806-2820.

RUSKA E (1987) Nobel lecture: The development of the electron microscope and of electron

microscopy .Bioscience Reports 7:607-629.

111



Microbial Pathogens in the Umgeni River, South Africa

SOUTH AFRICAN BUREAU OF STANDARDS (SABS) (2001) Specifications for drinking
water 5th ed. SANS 241-2001.South African Bureau of Standards, Pretoria, South Africa. p 9.

SAIKI R, SCHARF KS, FALOONA F, MULLIS KD, HORN GT, ERLICH HA and ARNHEIM N
(1985) Enzymatic amplification of beta-globin genomic sequences and restriction site analysis

for diagnosis of sickle cell anaemia. Science 230: 1350-1354.

SALGOT M, CAMPOS C, GALOFRE B and TAPIAS JC (2001) Biological control tools for
wastewater reclamation and reuse. A critical review. Water Science and Technology 43: 195-
201.

SANTOS N, RIEPENHOFF-TALTY M, CLARK HF, OFFIT P and GOUVEA V (1994) VP4
genotyping of human rotavirus in the United States. Journal of Clinical Microbiology 32: 205-
208.

SARKAR SK, SAHA M, TAKADA H, BHATTACHARYA A, MISHRA P and BHATTACHARYA
B (2007) Water quality management in the lower stretch of the river Ganges east coast of
India: an approach through environmental education. Journal of Cleaner Production 15(16):
1559-1567.

SATTAR SA, RAPHAEL RA and SPRINGTHORPE VS (1984) Rotavirus survival in

conventionally treated drinking water. Canadian Journal of Microbiology 30: 653-656.

SAWSTROM C, ASK J and KARLSSON J (2009) Viruses in subarctic lakes and their impact
on benthic and pelagic bacteria. FEMS Microbiology Reviews 70: 471-482.

SCHAUB SA and OSHIRO RK (2000) Public health concerns about caliciviruses as

waterborne contaminants. Journal of Infectious Diseases 181(2): 374-380.

SCHILLER AM and BOYLE EA (1987) Variability of dissolved trace metals in the Mississippi
River. Geochim. Cosmochim. Acta, 51: 3273-3277.

SCHOENFELD T, PATTERSON M, RICHARDSON PM, WOMMACK KE, YOUNG M and

MEAD D (2008) Assembly of viral metagenomes from Yellowstone hot springs. Applied and
Environmental Microbiology 74: 4164-4174.

112



Microbial Pathogens in the Umgeni River, South Africa

SCHWAB KJ, DE LEON R and SOBSEY MD (1993) Development of PCR methods for enteric

virus detection in water. Water Science and Technology 27: 211-218.

SCHWAB KJ, DE LEON R and SOBSEY MD (1995) Concentration and purification of beef
extract mock eluates from water samples for the detection of enteroviruses hepatitis A virus
and Norwalk virus by reverse transcription-PCR. Applied and Environmental Microbiology 61:
531-537.

SCHWARZ BA, BANGE R, VAHLENKAMP TW, JOHNE R and MULLER H (2002) Detection
and quantitation of group A rotaviruses by competitive and real-time reverse transcription-

polymerase chain reaction. Journal of Virological Methods 105: 277-285.

SCOTT TM, ROSE JB, JENKINS TM, FARRAH SR and LUKASIK J (2002) Microbial source
tracking: current methodology and future directions. Applied and Environmental Microbiology
68: 5796-5803.

SEBATA T and STEELE AD (2001) A typical rotavirus identified from young children with
diarrhoea in South Africa. Journal of Health, Population and Nutrition19:199-203.

SHIBATA A, GOTO Y, SAITO H, KIKUCHI T, TODA T and TAGUCHI S (2006) Comparison of
SYBR Green | and SYBR Gold stains for enumerating bacteria and viruses by epifluorescence

microscopy. Aquatic Microbial Ecology 43: 223-231.

SIMMONS OD, SOBSEY MD, HEANEY CD, SCHAEFER Ill FW and FRANCY DS (2001)
Concentration and detection of Cryptosporidium oocysts in surface water samples by method
1622 using ultrafiltration and capsule filtration. Applied and Environmental Microbiology 67:
1123-1127.

SINGH KP, MALIK A, MOHAN D, BERMAN D, JOHNSON SA and JOHNSON CH (2004)
Multivariate statistical techniques for the evaluation of spatial and temporal variations in water
quality of Gomti River (India): A case study. Water Research 38: 3980-3992.

SINGH A P, SRIVASTAVA P C and SRIVASTAVA P (2008) Relationships of heavy metals in

natural lake waters with physico-chemical characteristics of waters and different chemical

fractions of metals in sediments. Water, Air Soil Pollution 188: 181-193.

113



Microbial Pathogens in the Umgeni River, South Africa

SINTON LW, HALL CH, LYNCH PA and DAVIES-COLLEY RJ (2002) Sunlight inactivation of
faecal indicator bacteria and bacteriophages from waste stabilization pond effluent in fresh

and saline waters. Applied and Environmental Microbiology 68:1122-1131.

SINTON LW, FINLAY RK and HANNAH DJ (1998) Distinguishing human from animal faecal
contamination in water: a review. New Zealand Journal of Marine Freshwater Research 32:
323-348.

SINTON LW, DAVIES-COLLEY RJ and BELL RG (1994) Inactivation of enterococci and
faecal coliforms from sewage and meat-works effluents in seawater chambers. Applied and
Environmental Microbiology 60: 2040-2048.

SINTON LW and DONNISON AM (1994) Characterization of faecal streptococci from some
New Zealand effluents and receiving waters. New Zealand Journal of Marine Freshwater
Research 28: 145-158.

SKRABER S, GASSIOLLOUD B, SCHWARTZBROD L and GANTZER C (2004) Survival of
infectious Poliovirus-1 in river water compared to the persistence of somatic coliphages

thermo tolerant coliforms and Poliovirus-1 genome. Water Research 38: 2927-2933.

SKRABER S, SCHIJVEN JF, GANTZER C and HUSMAN AM (2005) Pathogenic viruses in

drinking water biofilms: a public health risk? Biofilm 2: 1-13.

SNYDER JD and MERSON MH (1982) The magnitude of the global problem of acute
diarrhoeal disease: a review of the active surveillance data. Bulletin of the World Health
Organization 60: 605-613.

SOBSEY MD and GLASS JS (1980) Poliovirus concentration from tapwater with electro-
positive adsorbent filters. Applied and Environmental Microbiology 40: 201-210.

STANDARD METHODS (1992) Standard Methods for the Examination of Water and Waste
Waters.18™" ed., Eds. Greenberg AE and Strussell RR. American Public Health Association,

USA.

STEELE AD, BASETSE HR, BLACKLOW NR and HERRMANN JE (1998) Astrovirus infection
in South Africa: a pilot study. Annals of Tropical Paediatrics 18: 315-319

114



Microbial Pathogens in the Umgeni River, South Africa

STEELE AD, DE BEER MC, GEYER A, PEENZE |, BOS, P and ALEXANDER JJ (2004)

Epidemiology of rotavirus infection in South Africa. South African Medical Journal 94: 465

STEVENS M, ASHBOLT N and CUNLIFFE D (2003) Review of coliforms as microbial
indicators of drinking water quality. National Health and Medical Research Council Canberra

Australia. p. 4-29. (Available from: /http://www.healthgov.aus) Accessed on 13 January 2012

STEWARD GF, MONTIEL JL and AZAM F (2000) Genome size distributions indicate
variability and similarities among marine viral assemblages from diverse environments.

Limnology and Oceanography 45: 1697-1706.

STEWART PL, FULLER SD and BURNETT RM (1993) Difference imaging of adenovirus:
bridging the resolution gap between X-ray crystallography and electron-microscopy. EMBO
Journal 12: 2589-2599.

STRAUB TM and CHANDLER DP (2003) Towards a unified system for detecting waterborne
pathogens. Journal of Microbiological Methods 53: 185-197.

STRAUSS JH and SINSHEIMER RL (1963) Purification and properties of bacteriophage MS-2

and of its ribonucleic acid. Journal of Molecular Biology 7: 43-54.

SUNDRAM A, JUMANLAL N and EHLERS MM (2006) Genotyping of F'RNA coliphages

isolated from wastewater and river water samples. Water SA 32: 65-72.

SUTTLE CA, CHAN AM and COTTRELL MT (1990) Infection of phytoplankton by viruses and
reduction of primary productivity. Nature 347: 467-469.

SUTTLE CA (1994) The significance of viruses to mortality in aquatic microbial communities.
Microbial Ecology 28:237-243.

SUTTLE CA (2005) Viruses in the sea. Nature 437: 356-361.

SUTTLE CA (2007) Marine viruses-major players in the global ecosystem. Nature Reviews
Microbiology 5: 801-812.

SYMONDS EM, GRIFFINDW and BREITBART M (2009) Eukaryotic Viruses in Wastewater
Samples from the United States. Applied and Environmental Microbiology 75: 1402-14009.

115



Microbial Pathogens in the Umgeni River, South Africa

TALLON P, MAGAJNA B, LOFRANCO C and LEUNG KT (2005) Microbial indicators of faecal

contamination in water: a current perspective. Water Air and Soil Pollution 166:139-166.

TAMPLIN ML (2001) Coastal Vibrios: ldentifying relationships between environmental

condition and human disease. Human and Ecological Risk Assessment 7: 1437-1445.

TANTILLO GM, FONTANAROSA M, DI PINTO A and MUSTI M (2004) A Review Updated
perspectives on emerging Vibrios associated with human infections. Letters in Applied
Microbiology 39: 117-126.

TAYLOR MB, BECKER PJ, VAN RENSBURG JE, HARRIS BN, BAILEY IW and GRABOW
WOK (1995) A serosurvey of water-borne pathogens amongst canoeists in South Africa.
Epidemiology and Infection 115: 299-307.

TAYLOR MB, MARX FE and GRABOW WOK (1997) Rotavirus astrovirus and adenovirus
associated with an outbreak of gastroenteritis in a South African childcare centre.
Epidemiology and Infection 119: 227-230.

TAYLOR MB, COX N, VREY MA and GRABOW WOK (2001) The occurrence of hepatitis a
and astroviruses in selected river and dam waters in South Africa Water Research 35(11):
2653-2660.

Ter BRAAK C J F and VERDONSCHOT P F M (1995) Canonical correspondence analysis

and related multivariate methods in aquatic ecology. Aquatic Science 57: 256-289.

THURBER RV, HAYNES M, BREITBART M, WEGLEY L and ROHWER F(2009) Laboratory

procedures to generate viral metagenomes. Nature Protocols 4: 470-483.

TURPIE JK, HEYDENRYCH BJ and LAMBERTH SJ (2004) Economic value of terrestrial and
marine biodiversity in the Cape Floristic Region: Implications for defining effective and socially

optimal conservation strategies. Biological Conservation 112; 233-251.
TURPIE JK, MARAIS C and BLIGNAUT JN (2008) The working for water programme:

Evolution of a payments for ecosystem services mechanism that addresses both poverty and

ecosystem service delivery in South Africa. Ecological Economics 65: 788-798.

116



Microbial Pathogens in the Umgeni River, South Africa

U.S. ENVIRONMENTAL PROTECTION AGENCY (USEPA) (1996) ICR microbial laboratory
manual, Washington DC., EPA 600-R-95-178.

U.S. ENVIRONMENTAL PROTECTION AGENCY (USEPA) (2001a) Method 1601. Male-
specific (F+) and somatic coliphage in water by two-step enrichment procedure, p. 40. EPA
Office of Water, Washington DC., EPA 821-R-01-030.

U.S. ENVIRONMENTAL PROTECTION AGENCY (USEPA) (2001b) Method 1602. Male-
specific (F+) and somatic coliphage in water by single agar layer (SAL) procedure, p. 38. EPA
Office of Water, Washington DC. EPA 821-R-01-029.

U.S. ENVIRONMENTAL PROTECTION AGENCY (USEPA) (2004) EPA groundwater and

drinking water current standards. EPA office of water, Washington DC.

US FOOD and DRUG ADMINISTRATION (USFDA) (2004) Center for food safety and applied
nutrition: Hepatitis A virus. Foodborne Pathogenic Microorganisms and Natural Toxins
Handbook.

VALE FF, CORREIA AC, MATOS B, MOURA NUNES JF and ALVES DE MATOS AP (2010)
Applications of transmission electron microscopy to virus detection and identification In:
Microscopy: science technology applications and education. (Eds) Méndez-Vilas A and Diaz
J. p.128-136.

VAN DER MERWE-BOTHA M (2009) Water quality: A vital dimension of water security.
Development Planning Division. Working Paper Series No.14, DBSA: Midrand.

VAN HEERDEN J, EHLERS MM, VAN ZYL WB and GRABOW WOK (2003) Incidence of

adenoviruses in raw and treated water. Water Research 37: 3704-3708.

VAN HEERDEN J, EHLERS MM, VAN ZYL WB and GRABOW WOK (2004) Prevalence of

human adenoviruses in raw and treated water. Water Science and Technology 50: 39-43.

VAN HEERDEN J, EHLERS MM and GRABOW WOK (2005) Detection and risk assessment

of adenoviruses in swimming pool water. Journal of Applied Microbiology 99: 1256-1264.

17



Microbial Pathogens in the Umgeni River, South Africa

VAN ZYL WB, GRABOW WOK, STEELE AD and TAYLOR MB (2006) Molecular
epidemiology of group A rotaviruses in water sources and selected raw vegetables in southern
Africa. Applied and Environmental Microbiology 72(7): 4554-4560.

VAN ZYL WB, WILLIAMS PJ, GRABOW WOK and TAYLOR MB (2004) Application of a
molecular method for the detection of group A rotaviruses in raw and treated water. Water
Science and Technology 50: 223-228.

VANDENBERGHE J, THOMPSON FL, GOMEZ-GIL B and SWINGS J (2003) Phenotypic

diversity amongst Vibrio isolates from marine aquaculture systems. Aquaculture 219: 9-20.

VANTARAKIS AC and PAPAPETROPOULOU M (1998) Detection of enteroviruses and
adenoviruses in coastal waters of SW Greece by nested polymerase chain reaction. Water
Research 32: 2365-2372.

VENTER JME, VAN HEERDEN J, VIVIER JC, GRABOW WOK and TAYLOR MB (2007)
Hepatitis A virus in surface water in South Africa: what are the risks? Journal of Water and
Health 5(2), 229-240.

VERMA BL and SRIVASTAVA RN (1990) Measurement of the personal cost of illness due to
some major water related issues in an Indian rural population. International Journal of
Epidemiology 19:169-176.

VILLENA C, GABRIELI R, PINTO RM, GUIX S,DONIA D, BUONOMO E, PALOMBI L,
CENKO F, BINO S, BOSCH A and DIVIZIA M (2003) A large infantile gastroenteritis outbreak
in Albania caused by multiple emerging rotavirus genotypes. Epidemiology and Infection 131:
1105-1110.

VINJE J and KOOPMANS PG (1996) Molecular detection and epidemiology of small round-
structured viruses in outbreaks of gastroenteritis in the Netherlands. Journal of Infectious
Diseases 174: 610-615.

VINJE J, HAMIDJAJA RA and SOBSEY MD (2004) Development and application of a capsid

VP1 (region D) based reverse transcription PCR assay for genotyping of genogroup | and Il

noroviruses. Journal of Virological Methods 116: 109-117.

118



Microbial Pathogens in the Umgeni River, South Africa

VIVIER JC, EHLERS MM and GRABOW WOK (2004). Detection of enteroviruses in treated
drinking water. Water Research 38: 2699-2705

VITAL M, HAMMES F, BERNEY T and EGLI M (2007) Assessing the feasibility of total virus
detection with flow cytometry in drinking water. Deliverable 335 TECHNEAU 1-6.

WANG K and CHEN F (2004) Genetic diversity and population dynamics of cyanophage
communities in the Chesapeake Bay. Aquatic Microbial Ecology 34: 105-116.

WARREN L, BRYDER D, WEISSMAN IL and QUAKE SR (2006) Transcription factor profiling
in individual hematopoietic progenitors by digital RT-PCR. Proceedings of the National
Academy of Sciences 103(47): 17807-17812.

WATER RESEARCH COMMISSION (WRC) (2002) State of rivers report, Mngeni River and
neighbouring rivers and streams. WRC Report no. TT 200/02, Water Research Commission,
Pretoria, SA.

WEISBERG SS (2007) Rotavirus. Disease-a-Month 53: 510-514.

WEINBAUER MG and SUTTLE CA (1997) Comparison of epifluorescence and transmission
electron microscopy for counting viruses in natural marine waters. Aquatic Microbial Ecology

13: 225-232.

WENHOLD F and FABER M (2009) Water in nutritional of individuals and households: An
overview. Water SA 35: 61-71.

WEN K, ORTMANN AC AND SUTTLE CA (2004) Accurate estimation of viral abundance by

epifluorescence microscopy. Applied and Environmental Microbiology 70: 3862-3867.

WILHELM S W and SUTTLE CA (1999) Viruses and nutrient cycles in the sea. Bioscience
49:781-788.

WILHELM SW and MATTESON AR (2008) Freshwater and marine virioplankton: a brief

overview of commonalities and differences. Freshwater Biology 5: 1076-1089.

119



Microbial Pathogens in the Umgeni River, South Africa

WILKES G, EDGE T, GANNON V, JOKINEN C, LYAUTEY E, MEDEIROS D, NEUMANN N,
RUECKER N, TOPP E and LAPEN DR (2009) Seasonal relationships among indicator
bacteria, pathogenic bacteria, Cryptosporidium oocysts, Giardia cysts, and hydrological

indices for surface waters within an agricultural landscape. Water Research 43: 2209-2223.

WILKINSON L (1988) Systat: The system for statistics. Evanston Systat.

WILLIAMSON KE, WOMMACK KE and RADOSEVICH M (2003) Sampling natural viral
communities from soil for culture independent analyses. Applied and Environmental
Microbiology 69: 6628-6633.

WINGET DM and WOMMACK KE (2008) Randomly amplified polymorphic DNA PCR as a
tool for assessment of marine viral richness. Applied and Environmental Microbiology 74:
2612-2618.

WOLD WSM and HORWITZ MS (2007) Adenoviruses. In: Fields Virology, 7" ed., (Eds) Knipe
DM and Howley PM Lippincott Williams & Wilkins Philadelphia PA. p. 2395-2436.

WOLFAARDT M, TAYLOR MB, BOOYSEN HF, ENGELBRECHT L, GRABOW WOK and
JIANG X (1997) Incidence of human calicivirus and rotavirus infections in patients with

gastroenteritis in South Africa. Journal of Medical Virology 51: 290-296.

WOMMACK KE and COLWELL RR (2000) Virioplankton: viruses in aquatic ecosystems.
Microbiology and Molecular Biology Reviews 64: 69-114.

WOMMACK KE, HILL RT and COLWELL RR (1995) A simple method for the concentration of

viruses from natural water samples. Journal of Microbiological Methods 22: 57-67.

WOMMACK KE, SIME-NGANDO T, WINGET DM, JAMINDAR S and HELTONRR (2010)
Filtration-based methods for the collection of viral concentrates from large water samples. In:
Manual of aquatic viral ecology. (Eds) Wilhelm SW, Weinbauer MG and Suttle CA. p.110-117.

WONG KT, CHUA KB and LAM SK (1999) Immuno histochemical detection of infected

neurons as a rapid diagnosis of enterovirus 71 encephalomyelitis. Annals of Neurology 45:
271-272.

120



Microbial Pathogens in the Umgeni River, South Africa

WORLD HEALTH ORGANISATION (WHO) (1993) Guidelines for drinking water quality, 2"

ed., Volume 1. Recommendations World Health Organization, Geneva.

WORLD HEALTH ORGANISATION (WHO) (1996) Guidelines for drinking water quality,
Volume 3. Chapter 7: Microbial aspects- Surveillance and control of community

supplies.World Health Organization, Geneva, Switzerland.p. 234.

WORLD HEALTH ORGANISATION (WHO) (1997) Epidemiology of water-borne viral

diseases. Universite” De Nancy (France). World Health Organization, Geneva, Switzerland.

WORLD HEALTH ORGANIZATION (WHO) (2012) Hepatitis B. Fact Sheet No. 204, July
2012, http://www.who.int/mediacentre/factsheets/fs204/en/ Accessed on 29" July 2012.

WYN-JONES AP and SELLWOOD J (2001) Enteric viruses in the aquatic environment
Journal of Applied Microbiology 91: 945-962.

XAGORARAKI |, KUO DH, WONG K, WONG M and ROSE JB (2007) Occurrence of human
adenoviruses at two recreational beaches of great lakes. Applied and Environmental
Microbiology 73 (24): 7874-7881.

YAN H, NGUYEN TA, PHAN TG, OKITSU S, LI Y and USHIJIMA H (2004) Development of
RT-multiplex PCR assay for detection of adenovirus and group A and C rotaviruses in

diarrheal faecal specimens from children in China. Kansenshogaku Zasshi 78: 699-709.

YAN H, YAGYU F, OKITSU S, NISHIO O and USHIJIMA H (2003) Detection of Norovirus (Gl,
Gll) Saprovirus and Astrovirus in faecal samples using reverse transcription single-round
multiplex PCR. Journal of Virology Methods 114: 37-44.

YATES M, YATES S, WAGNER J and GERBA C (1987) Modeling virus survival and transport
in the subsurface. Journal of Contaminant Hydrology 1: 329-345.

ZAMXAKA, M., PIRONCHEVA G and MUYIMA NYO (2004) Microbiological and
physicochemical assessment of the quality of domestic water sources in selected rural

communities of the Eastern Cape Province, South Africa. Water SA 30: 333-340.

ZARE RN and KIM S (2010) Microfluidic platforms for single-cell analysis. Annual Review of
Biomedical Engineering 12: 187-201.

121



Microbial Pathogens in the Umgeni River, South Africa

ZECHMANN B and ZELLNIG G (2009) Microwave assisted rapid plant sample preparation for

transmission electron microscopy. Journal of Microscopy 233: 258-268.

ZEKRI AR, BAHNASSY AA, HAFEZ MM, HASSAN ZK, KAMEL M, LOUTFY SA, SHERIF
GM, EL-ZAYADI AR and DAOUD SS (2011) Characterization of chronic HCV infection-
induced apoptosis. Comparative Hepatology 10(1): 4 doi:10.1186/1476-5926-10-4

ZHONG Y, CHEN F, WILHELM SW, POORVIN L and HODSON RE (2002) Phylogenetic
diversity of marine cyanophage isolates and natural virus communities revealed by sequences

of viral capsid assembly protein G20. Applied and Environmental Microbiology 68: 1576-1584.
ZHOU F, HUANG GH, GUO HC, ZHANG W and HAO ZJ (2007) Spatio-temporal patterns and
source apportionment of coastal water pollution in eastern Hong Kong Water Research 41:

3429-3439.

ZUCKERMAN AJ and ZUCKERMAN JN (1999) Molecular epidemiology of hepatitis B virus
mutants. Journal of Medical Virology 58 (3): 193-195.

122



Microbial Pathogens in the Umgeni River, South Africa

APPENDIX i:

Table a: Properties of the Canonical Correlation Analysis ordination bi-plot for bacterial indicators and

water quality variables at the five study sites during autumn, winter, spring and summer seasons.

) ] Axis
Canonical properties
1 2
Canonical Eigen value 0.059 0.011
% Cumulative variance of species data 50.7 60.5
% Cumulative variance of species — environment relation 83.7 100
Monte Carlo test p — value 0.059 0.070
Pearson correlation of species and environmental Scores 0.759 0.908

Table b: Properties of the Canonical Correlation Analysis ordination bi-plot for all the water quality

variables and the total bacterial growth at the five study sites during autumn, winter, spring and summer

seasons.
Canonical properties Axis
1 2
Canonical Eigen value 0.059 0.011
% Cumulative variance of species data 50.7 60.5
% Cumulative variance of species — environment relation 83.7 100
Monte Carlo test p — value 0.059 0.070
Pearson correlation of species and environmental Scores 0.759 0.908

Table c: Properties of the Canonical Correlation Analysis ordination bi-plotfor bacterial indicators and

heavy metal variables at the five study sites during autumn, winter, spring and summer seasons.

Axis
Canonical properties
1 2
Canonical Eigen value 0.023 0.006
% Cumulative variance of species data 18.5 23.7
% Cumulative variance of species — environment relation 73.3 93.7
Monte Carlo test p — value 0.023 0.07
Pearson correlation of species and environmental Scores 0.775 0.524
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Table d: Properties of the Canonical Correlation Analysis ordination bi-plot for the heavy metal quality

variables and the total bacterial growth at the five study sites during autumn, winter, spring and summer

seasons.
Canonical properties Axis

1 2
Canonical Eigen value 0.048 0.002
% Cumulative variance of species data 63.5 25.3
% Cumulative variance of species — environment relation 100 0
Monte Carlo test p — value 0.048 0.05
Pearson correlation of species and environmental Scores 0.239 0

Table e: Properties of the Canonical Correlation Analysis ordination bi-plot for all the water quality
variables and the total viral and bacteriophage growth at the five study sites during autumn, winter,

spring and summer seasons.

) ) Axis
Canonical properties
1 2
Canonical Eigen value 0.046 0.038
% Cumulative variance of species data 77.6 89.4
% Cumulative variance of species — environment relation 83.6 941
Monte Carlo test p — value 0.048 0.062
Pearson correlation of species and environmental Scores 0.955 0.962

Table f: Properties of the Canonical Correlation Analysis ordination bi-plot for bacteriophage and virus

populations and water quality variables at the five study sites during autumn, winter, spring and summer

seasons.
Canonical properties i

1 2
Canonical Eigen value 0.043 0.021
% Cumulative variance of species data 60.5 98
% Cumulative variance of species — environment relation 83.7 94.6
Monte Carlo test p — value 0.065 0.048
Pearson correlation of species and environmental Scores 0.759 0.980
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Table g: Properties of the Canonical Correlation Analysis ordination bi-plot for bacteriophage and virus

populations and bacterial indicators at the five study sites during autumn, winter, spring and summer

seasons.
Canonical properties Axs
1 2

Canonical Eigen value 0.039 0.024
% Cumulative variance of species data 79.7 91.1
% Cumulative variance of species — environment relation 94.2 98.2
Monte Carlo test p — value 0.051 0.042
Pearson correlation of species and environmental Scores 0.701 0.943
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