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SUMMARY

Rainwater harvesting has been earmarked as an additional fresh water source, which could be
utilised to supplement municipal water supplies, especially in water scarce regions. However, various
studies have indicated that the microbial quality of this water source is substandard. These microbial
contaminants may pose a significant health risk to end-users and it is recommended that treatment
systems are implemented to reduce the level of contamination in rainwater. Solar disinfection
(SODIS) has been identified as an easy-to-use and cost-effective strategy that could be used to
disinfect water. A minimum of 6 hours solar exposure is generally required for effective disinfection
of water and photocatalytic nanomaterials such as titanium dioxide (TiO2) have subsequently been
employed to improve SODIS efficiency by decreasing the treatment time. Research has however,
indicated that while SODIS is effective in significantly reducing the concentration of microbial
contaminants in water sources, various pathogens and opportunistic pathogens employ survival
strategies and persist after treatment. A combination of physical, chemical and biological treatments,

which target these persistent organisms directly, should therefore be investigated.

For the purpose of this dissertation, the use of Bdellovibrio bacteriovorus (B. bacteriovorus), a Gram-
negative predatory bacterium, was investigated. The primary aim of Chapter 2 (published in
Microbiological Research, 2019) was thus to isolate B. bacteriovorus from wastewater and
investigate the interaction of this predator with Gram-negative and Gram-positive prey using culture-
based (spread plating and double-layer agar overlays) and molecular methods [ethidium monoazide
guantitative polymerase chain reaction (EMA-gPCR)]. The predation activity of B. bacteriovorus on
the different prey cells was assessed and compared in a nutrient poor [diluted nutrient broth (DNB)]
and nutrient deficient medium (HEPES buffer). A B. bacteriovorus isolate (PF13) was subsequently
co-cultured with  Pseudomonas fluorescens  (P. fluorescens), = Pseudomonas aeruginosa
(P. aeruginosa), Klebsiella pneumoniae (K. pneumoniae), Staphylococcus aureus (S. aureus) and
Enterococcus faecium (E. faecium). Results indicated that P. fluorescens (maximum log reduction
of 4.21) and K. pneumoniae (maximum log reduction of 5.13) were sensitive to predation in DNB
and HEPES buffer, while E. faecium (maximum log reduction of 2.71) was sensitive to predation in
DNB and S. aureus (maximum log reduction of 1.80) was sensitive to predation in HEPES buffer.
Predation of Gram-positive prey by B. bacteriovorus was thus dependent on the specific prey cells
used and the media employed to assess these interactions. In contrast, for P. aeruginosa, while the
culture-based analysis indicated that the cell counts were reduced, the EMA-gPCR analysis
indicated that the concentration of P. aeruginosa was not significantly reduced in DNB or HEPES
buffer. The use of EMA-gPCR can thus aid in accurately monitoring and quantifying both predator

and prey cells during co-culture experiments in a time-effective manner.

The aim of Chapter 3 (published in Water Research, 2020) was to subsequently apply
B. bacteriovorus PF13 as a pre-treatment to SODIS and solar photocatalytic disinfection. The
photocatalyst used was immobilised titanium-dioxide reduced graphene oxide (TiO2-rGO). Synthetic

rainwater was seeded with K. pneumoniae and E. faecium, with results indicating that the use of
iii
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B. bacteriovorus pre-treatment in combination with solar photocatalysis resulted in the greatest
reduction in K. pneumoniae concentrations in the shortest treatment time, with the cell counts
reduced by 9.30 logs to below the detection limit (BDL) within 120 min. In contrast, for E. faecium
the most effective treatment was solar photocatalysis or SODIS without the B. bacteriovorus pre-
treatment, as the viable counts of E. faecium were reduced by 8.00 logs to BDL (within 210 min) and
the gene copies were reduced by ~3.39 logs after 240 min. It was thus evident that the application
of B. bacteriovorus may specifically enhance the disinfection of Gram-negative bacteria. Additionally,
the use of the photocatalyst further enhanced the disinfection of the Gram-negative bacteria, while
the same trend was not observed for E. faecium. Recirculating the water in solar photocatalytic
reactors may, however, enhance disinfection of Gram-positive bacteria, by exerting mechano-

osmotic stress on the cells and should be investigated in future research.

As conflicting results regarding the interaction between B. bacteriovorus and Gram-positive bacteria
have been reported, the aim of Chapter 4 (published in Microbiological Research, 2020) was to
monitor and compare the expression of attack phase (AP) and growth phase (GP) genes of
B. bacteriovorus in co-culture with Gram-positive and Gram-negative prey. Bdellovibrio
bacteriovorus PF13 was thus co-cultured with Escherichia coli (E. coli; control), K. pneumoniae and
E. faecium. Relative gPCR analysis indicated that the AP genes bd0108 (type IVa npili
retraction/extrusion) and merRNA (massively expressed riboswitch RNA) were highly expressed in
the B. bacteriovorus AP cells, whereafter expression in co-culture with all the prey strains was
reduced. The fliC1 gene (flagellar filament) was also expressed at a high level in the AP cells,
however, after 240 min of co-culture with E. faecium the expression of fliC1 remained low (at 0.759-
fold), while in the presence of the Gram-negative prey, fliC1 expression increased (in comparison to
the expression recorded after 30 min) to 4.62 (E. coli) and 2.69-fold (K. pneumoniae). In addition,
bd0816 (peptidoglycan-modifying enzyme) and groES1 (chaperone protein) were not induced in the
presence of E. faecium, however, after exposure to the Gram-negative prey, bd0816 expression
increased during the early GP, while groES1 expression gradually increased during the early GP
and GP. It was thus concluded that B. bacteriovorus senses the presence of potential prey when
exposed to Gram-positive and Gram-negative prey however, the GP genes were not induced when
B. bacteriovorus was co-cultured with E. faecium. This indicates that B. bacteriovorus may not
actively grow in the presence of E. faecium and the second predatory cue (which induces active
growth of B. bacteriovorus) may be lacking under the conditions employed in this study. Limited
information on the expression of predatory-specific genes of B. bacteriovorus in co-culture with
Gram-positive prey cells is available. Recent studies have however, indicated that B. bacteriovorus
can prey on Gram-positive bacteria and investigating the expression of these predatory-specific
genes may elucidate the genetic mechanisms this predator employs to survive in the presence of

these atypical prey.
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OPSOMMING

Geoeste reénwater is geidentifiseer as 'n addisionele varswater bron wat gebruik kan word om
munisipale water gebruik aan te vul, veral in areas waar water skaars is. Verskeie studies het egter
gewys dat die mikrobiese kwaliteit van hierdie water nie op standaard is nie. Hierdie mikrobes kan
'n beduidende gesondheidsrisiko vir verbruikers inhou en daarom moet water behandeling sisteme
geimplementeer word om die vlakke van hierdie mikro6rganismes te verlaag. Sonkrag ontsmetting
is aangewys as 'n maklike en goedkoop strategie om water te suiwer. Vir effektiewe suiwering, moet
die water vir 6 ure aan sonlig blootgestel word en daarom word fotokatalitiese nanomaterial soos
titaandioksied (TiO.) dikwels gebruik om die proses te versnel en sodoende die effektiwiteit van
sonkrag ontsmetting te verbeter. Navorsing dui egter daarop dat alhoewel sonkrag ontsmetting
mikro6rganismes in water verminder, baie patogene en opportunistiese patogene
oorlewingsmeganismes gebruik om hierdie tipe behandeling te oorleef. n Kombinasie van fisiese,
chemiese en biologiese behandelings moet dus ondersoek word om hierdie oorlewende patogene

te teiken.

Die gebruik van Bdellovibrio bacteriovorus (B. bacteriovorus), n Gram-negatiwe roofbakterium, is
dus vir hierdie dissertasie ondersoek. Die oorhoofse doel van Hoofstuk 2 (gepubliseer in
“Microbiological Research”, 2019) was dus om B. bacteriovorus uit riool te isoleer en die interaksie
tussen hierdie roofbakterium en Gram-negatiewe en Gram-positiewe prooi te ondersoek deur
kultuur- (spreiplate en dubbellaag-oorlegsels) en molekulére metodes [ethidium monoasied
kwantitatiewe polimerase ketting reaksie (EMA-KPKR)] te gebruik. Hierdie interaksies is ook in’n
voedingstof-arm medium [verdunde voedingstof boeljon (VVB)] en’n medium sonder voedingstowwe
(HEPES buffer) waargeneem en vergelyk. 'n B. bacteriovorus isolaat (PF13) is dus saam met
Pseudomonas fluorescens (P. fluorescens), Pseudomonas aeruginosa (P. aeruginosa), Klebsiella
pneumoniae (K. pneumoniae), Staphylococcus aureus (S. aureus) en Enterococcus faecium
(E. faecium) geinokuleer en toegelaat om te groei. Die resultate het aangedui dat P. fluorescens
(maksimum log vermindering van 4.21) en K. pneumoniae (maksimum log vermindering van 5.13)
sensitief was vir predasie in VVB en HEPES buffer, terwyl E. faecium (maksimum log vermindering
van 2.71) sensitief was vir predasie in VVB en S. aureus (maksimum log vermindering van 1.80)
sensitief was vir predasie in HEPES buffer. Predasie op die Gram-positiewe bakterieé was dus
afhanklik van die spesifieke prooi selle en die medium wat gebruik is om die interaksies te ondersoek.
In teenstelling, vir P. aeruginosa het die resultate gewys dat die seltellings beduidende verminder is
in VVB en HEPES buffer, maar die EMA-kPKR analises het gewys dat die konsentrasie van hierdie
organisme nie beduidend afgeneem het nie. Daarom is die gebruik van EMA-kPKR voordelig omdat
dit die konsentrasie en lewensvatbaarheid van beide die prooi en roofbakterium kan monitor in

tweeledige kulture, op ‘n relatiewe vinnige manier.

In Hoofstuk 3 (gepubliseer in “Water Research”, 2020) was die doel om B. bacteriovorus PF13 dan
te gebruik as 'n voorbehandeling vir sonkrag ontsmetting en fotokatalitiese ontsmetting.

Titaandioksied gereduseerde grafeen oksied (TiO.-rGO) is as die fotokatalis gebruik. Sintetiese
v
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reénwater is met K. pneumoniae en E. faecium geinokuleer. Die resultate het aangedui dat die beste
kombinasie vir K. pneumoniae ontsmetting die fotokatalise met B. bacteriovorus voorbehandeling
was, aangesien die plaattellings met 9.30 log verminder is tot onder die opsporingslimiet binne 120
min. In teenstelling was die beste behandeling vir E. faecium sonkrag ontsmetting of fotokatalitiese
ontsmetting sonder die B. bacteriovorus voorbehandeling, aangesien die plaattellings verminder is
met 8.00 log tot onder die opsporingslimiet (binne 210 min) en die geen kopieé met ~3.39 log
verminder is binne 240 min van behandeling. Dit was dus duidelik dat die gebruik van
B. bacteriovorus die ontsmetting van Gram-negatiewe bakterieé kan verbeter. Die gebruik van die
fotokatalis het ook die ontsmetting van die Gram-negatiewe bakterieé verbeter, terwyl dieselfde nie
waargeneem is vir E. faecium nie. Om die water in die fotokatalitiese behandeling sisteem te
sirkuleer mag die ontsmetting van Gram-positiewe bakterieé verbeter deur megano-osmotiese stres

op die selle te plaas. Hierdie aspek moet in toekomstige studies ondersoek word.

Teenstrydige resultate aangaande die interaksie tussen B. bacteriovorus en Gram-positiewe
bakterieé is in die verlede weergegee en daarom was die doel van Hoofstuk 4 (gepubliseer in
“Microbiological Research”, 2020) om die gene wat in die aanvallingsfase (AF) en die groeifase (GF)
van B. bacteriovorus uitgedruk word, te monitor en te vergelyk terwyl B. bacteriovorus aan Gram-
positiewe prooi en Gram-negatiewe prooi blootgestel word. Bdellovibrio bacteriovorus PF13 is
daaropvolgens saam met Escherichia coli (E. coli; kontrole), K. pneumoniae en E. faecium in
tweeledige kulture geinokuleer. Relatiewe KPKR analise het daarna aangedui dat die AF gene
bd0108 (tipe IVa pili retraksie) en merRNA (massief uitgedrukte riboskakelaar RNA) teen hoé viakke
uitgedruk word in die AF selle, en dat die uitdrukking van hierdie gene daarna afneem in die
teenwoordigheid van al die prooi selle. Die fliC1 geen (flament van die flagella) is ook teen hoé
vlakke in die AF selle uitgedruk, maar na 240 min se groei saam met E. faecium was die vlak van
fliC1 uitdrukking laag (0.759-voud), terwyl die fliC1 uitdrukking saam met die Gram-negatiewe
bakterieé gestyg het (in vergelykking met die vlakke by 30 min) na 4.62- (E. coli) en 2.69-voud
(K. pneumoniae). Verder is die bd0816 (peptidoglikaan modifiserende ensiem) en groES1
(chaperone proteien) gene nie geinduseer terwyl B. bacteriovorus aan E. faecium blootgestel is nie,
maar na die roofbakterium aan die Gram-negatiewe bakterieé blootgestel is, het die vlakke van
bd0816 en groES1 beduidend toegeneem in onderskeidelik die vroeé GF en GF. Hierdie resultate
het dus aangedui dat B. bacteriovorus waarneem dat moontlike prooi selle naby is wanneer dit
blootgestel word aan beide Gram-negatiewe en Gram-positiewe prooi, maar dat die GF gene nie
geinduseer word in die teenwoordigheid van E. faecium nie. Dit kan daarop dui dat B. bacteriovorus
nie kan groei met E. faecium as prooi nie en dat die tweede sein (wat aktiewe groei van B.
bacteriovorus bewerkstellig) afwesig is in hierdie toestande. Beperkte inligting is beskikbaar vir die
interaksies tussen B. bacteriovorus en Gram-positiewe bakterieé en daarom moet hierdie interaksies
op 'n genetiese vlak bestudeer word om vas te stel hoe hierdie roofbakterium oorleef in die

teenwoordigheid van hierdie atipiese prooi.

Vi
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1.1 Introduction

Globally, 2.2 billion people lack access to a safely managed potable water source, 4.2 billion
require safely managed sanitation services, while 3 billion people lack access to basic
handwashing facilities [United Nations Children’s Fund (UNICEF) and World Health Organisation
(WHO), 2019]. More specifically, 319 million people living in sub-Saharan Africa lack access to
clean and safe potable water and 102 million people rely on compromised surface water sources
to supply their daily hygiene, cooking and cleaning water needs (WHO, 2019). In South Africa,
70.9% of households have access to a basic water supply, which is defined as 25 L per person
per day or 6000 L per household per month (Department of Water and Sanitation, 2018).
However, in February 2018, the Northern Cape, Western Cape and Eastern Cape provinces were
declared national disaster areas as South Africa experienced its worst drought in 23 years
(Reuters, 2018). This placed severe pressure on a country classified as water stressed and in the
Western Cape region strategies to supplement existing water sources were investigated as a
priority by governing authorities. These interventions included implementing stringent water
restrictions, extracting groundwater from the Table Mountain and Cape Flats aquifers and
implementing pilot-scale desalination plants (GreenCape, 2017; City of Cape Town, 2018a;
2018b; GreenCape, 2018; Ndiritu et al., 2018). At the household level, grey water reuse was
recommended for household applications such as toilet flushing (City of Cape Town, 2018b),
while borehole water and harvested rainwater were promoted as alternative water sources, which

could significantly reduce utilisation of municipal water supplies (City of Cape Town, 2018b).

Rainwater harvesting entails collecting rainwater from a surface such as a rooftop and storing the
water in a tank. This water source could diminish some of the pressures placed on existing water
supplies, particularly in regions where fresh water is limited. While the benefits of this alternative
water source are apparent, the quality of harvested rainwater does not always comply with
drinking water standards (Ahmed et al., 2011; De Kwaadsteniet et al., 2013; Dobrowsky et al.,
2014a; Strauss et al., 2016; Waso et al., 2018) and a variety of opportunistic and pathogenic
microorganisms such as Klebsiella spp., Legionella spp., Pseudomonas spp., Cryptosporidium
parvum (C. parvum), Naegleria fowleri (N. fowleri) and Campylobacter spp. have been detected
(De Kwaadsteniet et al., 2013; Dobrowsky et al., 2014b; Hamilton et al., 2017; Waso et al., 2017).
Various studies have therefore focused on investigating treatment methods to remove microbial
contaminants from harvested rainwater in order to reduce or eliminate the potential human health
risk. This includes the use of microfiltration and slow-sand filtration systems, chlorine- and ozone-
based disinfection, solar disinfection (SODIS) and solar pasteurization (SOPAS) (Amin & Han,
2009; Moreira Neto et al., 2012; Nawaz et al., 2012; Ha et al., 2013; Lopez, 2014; Dobrowsky et
al., 2015a; 2015b; Sanchez et al., 2015; Strauss et al., 2016; 2018).
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The WHO has however, earmarked SODIS as an easy to implement and cost-effective method
to disinfect various water sources at the household level (WHO, 2013). Simple SODIS relies on
the combined effect of ultraviolet (UV) radiation and solar mild heat to disinfect contaminated
water. The water is usually exposed to direct sunlight in transparent 2 to 5 L polyethylene-
terephthalate (PET) bottles for a minimum of 6 hours (Castro-Alférez et al., 2016). Strauss et al.
(2018) investigated the use of SODIS (10.6 L borosilicate glass reactor tube) in combination with
a compound parabolic collector (CPC) for the treatment of harvested rainwater and found that the
SODIS-CPC system effectively reduced the Escherichia coli (E. coli) and total coliform counts to
below the detection limit at temperatures exceeding 39°C and UV-A radiation exceeding 20 W/m?
(Strauss et al., 2018). However, ethidium monoazide quantitative polymerase chain reaction
(EMA-gPCR) analysis indicated that viable Legionella and Pseudomonas spp. were still present
in all the SODIS-CPC treated rainwater samples (Strauss et al., 2018). In addition, regrowth of
microbial contaminants in solar disinfected water has been observed and it is recommended that

the treated water be used within 24 hours (McGuigan et al., 2012).

Various strategies have subsequently been investigated to enhance SODIS efficiency. These
include the use of solar mirrors or CPCs in combination with larger reactor tubes and the use of
photocatalytic material in suspension or immobilised on support matrices (Byrne et al., 2011;
McGuigan et al., 2012). Titanium dioxide (TiO) is a semiconductor photocatalytic material and
has been applied in combination with SODIS to enhance disinfection efficiency by reducing the
treatment time required to degrade microbial contaminants (Byrne et al., 2011; McGuigan et al.,
2012). Significant broad-spectrum antimicrobial activity against bacteria (such as E. coli),
protozoa (such as Acanthamoeba spp.) and fungi [such as Fusarium solani (F. solani)] (Byrne et
al., 2011; McGuigan et al., 2012; Fernandez-lbafiez et al., 2015) has also been exhibited. This
photocatalytic material mainly exerts its antimicrobial activity by producing reactive oxygen
species (ROS) in water upon UV light exposure, whereafter the ROS disrupts the cell membrane,
amino acids, fatty acids and nucleic acids, effectively killing microbial cells (Byrne et al., 2011;
McGuigan et al., 2012; Ibhadon & Fitzpatrick, 2013).

Biological treatment, such as predatory bacteria or bacteriophages, could also be used to directly
target bacteria persisting in treated water sources. The Bdellovibrio-and-like-organisms (BALOSs)
are a well-studied group of predatory bacteria and includes Gram-negative bacteria that
predominantly attack and feed on other Gram-negative organisms (Sockett, 2009; Allen et al.,
2014). The BALOs include Bdellovibrio bacteriovorus (B. bacteriovorus), Bdellovibrio exovorus
(B. exovorus), Micavibrio aeruginosavorus (M. aeruginosavorus), Bacteriovorax stolpii (B. stolpii)
and Peredibacter starrii (P. starrii). They are characterised by a biphasic life cycle which consists
of a non-growing attack phase and an intracellular growth and replicating phase, with the

exception of B. exovorus and M. aeruginosavorus, which do not enter and replicate within their
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prey cells, but attach to the outside of the prey cells from where they leach the cell contents in
order to replicate (Kadouri et al., 2007; Sockett, 2009; Koval et al., 2013).

Bdellovibrio-and-like-organisms may also be used as “live antibiotics” to combat opportunistic and
pathogenic bacteria, especially in the clinical setting, as they can prey on and decrease the
concentration of their target cells (Sockett, 2009; Allen et al., 2014; Dharani et al., 2018). In
addition, studies have shown that B. bacteriovorus can be used as a probiotic in aquaculture to
prevent Shigella and Aeromonas hydrophila (A. hydrophila) infections in zebrafish and sturgeon,
respectively (Chu & Zhu, 2010; Cao et al., 2012; Willis et al., 2016). Kim et al. (2013) and Ozkan
et al. (2018) then indicated that the application of B. bacteriovorus as a pre-treatment to feed
water, can significantly reduce membrane fouling in potable and wastewater treatment plants,
effectively improving water treatment. The BALOs may thus be particularly well suited as
biocontrol agents for the treatment of harvested rainwater as various Gram-negative opportunistic
pathogens, such as Klebsiella spp., Legionella spp. and Pseudomonas spp. amongst others, are
frequently detected in this water source and have been found to persist after treatment (Ahmed
et al., 2008; De Kwaadsteniet et al., 2013; Dobrowsky et al., 2014b; Hamilton et al., 2017;
Clements et al., 2019).

Furthermore, while various research groups have indicated that B. bacteriovorus mainly preys on
Gram-negative organisms, lebba et al. (2014) and Pantanella et al. (2018) indicated that
B. bacteriovorus can prey on Gram-positive organisms such as Staphylococcus aureus
(S. aureus). These authors found that this predator can switch from periplasmic predation (in the
presence of Gram-negative prey) to epibiotic predation (in the presence of Gram-positive prey),
while the predator can also alter its cocktail of secreted hydrolytic enzymes in order to obtain
nutrients in the presence of Gram-positive prey (lebba et al., 2014; Pantanella et al., 2018). Given
the contradictory evidence presented for the predation activity of B. bacteriovorus, there is a need
to monitor the expression of genes associated with the attack and growth phase of
B. bacteriovorus when exposed to Gram-negative prey cells as compared to when the predator
is exposed to Gram-positive prey cells, in order to fully understand how this predator interacts

with different prey.

For the purposes of this review rainwater harvesting, the treatment of harvested rainwater,
SODIS, SODIS enhancement technologies, BALOs and their interactions with prey cells, will be

discussed.
1.2 Rainwater Harvesting

In 2010, it was estimated that approximately 34 000 domestic rainwater harvesting tanks were
supplying households with a primary fresh water source in South Africa (Malema et al., 2016). By
2016, this number had increased to almost 70 000 tanks with rainwater harvesting used

4
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extensively particularly in the Eastern Cape and Kwazulu-Natal regions of South Africa (Mwenge
Kahinda et al., 2007; Malema et al., 2016). This technology is relatively simple to implement as
the rooftop of a house or dwelling can serve as the rainwater catchment area (Lee et al., 2010).
The rainwater is then conveyed via a gutter system into a rainwater harvesting tank, where the
water is stored prior to use. Common materials used for the construction of rainwater harvesting
systems include metal or plastic gutters and downpipes; rooftops constructed from tiles, thatch or
galvanised metal sheets; while the harvesting tank may be constructed from concrete or high-
density polyethylene (Gould & Nissen-Peterson, 1999; Li et al., 2010; Farreny et al., 2011,
Mwenge Kahinda & Taigbenu, 2011).

Although harvested rainwater is generally regarded as a safe water source, studies have indicated
that the quality of rainwater is compromised as it generally does not comply with drinking water
standards (Abbasi & Abbasi, 2011; Ahmed et al., 2011; De Kwaadsteniet et al., 2013; Dobrowsky
et al., 2014a; Strauss et al., 2016; Ahmed et al., 2018; Waso et al., 2018). Contaminants can
enter rainwater harvesting tanks through bioaerosol deposition and when animal faecal matter,
debris and plant material are washed into the tanks from the catchment surface during a rain
event (Hamilton et al., 2017). Factors such as the material used to construct the catchment
surface, maintenance and cleanliness of the catchment surface and gutters, the design of the
harvesting tank (no openings to prevent debris, dust and plant material from entering the tank),
and human activity in close proximity to the tanks, may have a significant influence on the quality

of harvested rainwater (Mwenge Kahinda et al., 2007).
1.2.1 Harvested Rainwater Quality

There are currently no guidelines stipulated for harvested rainwater quality and therefore drinking
water guidelines as stipulated by the South African National Standards (SANS) 241 [South African
Bureau of Standards (SABS), 2005], Department of Water Affairs and Forestry! (DWAF, 1996),
the WHO (WHO, 2011) and the Australian Drinking Water Guidelines (ADWG) [National Health
and Medical Research Council (NHMRC) and Natural Resource Management Ministerial Council
(NRMMC), 2011], are often used to assess the physico-chemical, chemical and microbial quality
of this water source (Dobrowsky et al., 2014a; Hamilton et al., 2016; Strauss et al., 2018). This
includes monitoring for various anions (such as chloride, fluoride, sulphate and nitrate), cations
(such asiron, lead, aluminium, mercury, potassium and zinc), physico-chemical parameters (such
as pH, temperature, total dissolved solids, electrical conductivity and turbidity) as well as indicator
organisms (such as E. coli, enterococci, faecal coliform, total coliforms and heterotrophic bacteria)
(DWAF, 1996; SABS, 2005; WHO, 2011; NHMRC & NRMMC, 2011).

1 The Department of Water Affairs and Forestry is currently known as the Department of Water and
Sanitation
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However, numerous studies have indicated that while the chemical quality of harvested rainwater
may be affected by several factors such as air pollution (especially in urban areas by industrial
activities, vehicle emissions, etc.) and the catchment system (roofing material used, maintenance
of the gutter system, etc.), it generally adheres to the levels specified in drinking water standards
(De Kwaadsteniet et al., 2013).

In contrast, various indicator organisms and microbial pathogens have been identified in
harvested rainwater, which may pose a significant health risk to the end-users. For example, Lee
et al. (2010) detected total coliforms and E. coli in 91.6% and 72% of harvested rainwater
samples, respectively, collected in Gangneung (South Korea), at levels exceeding the WHO
drinking water standards (WHO, 1985; Lee et al., 2010). The authors found that the concentration
of these indicator organisms increased during summer and fall (autumn) (Lee et al., 2010), which
was hypothesised to be due to a lack of catchment maintenance and cleaning during these
seasons. Similarly, Ahmed et al. (2012) detected enterococci and E. coli in 92% and 63% of
harvested rainwater samples, respectively, collected from 24 tanks in Southeast Queensland
(Australia), at concentrations exceeding the Australian drinking water guidelines (NHMRC, 2004;
Ahmed et al., 2012). In South Africa, Dobrowsky et al. (2014a) found that the levels of E. coli,
total coliforms, faecal coliforms, enterococci and heterotrophic bacteria detected in harvested
rainwater collected from tanks in the peri-urban region of Kleinmond, frequently exceeded the
South African (DWAF, 1996; SABS, 2005), Australian (NHMRC & NRMMC, 2011) and WHO
drinking water guidelines (WHO, 2011).

Moreover, the various opportunistic and pathogenic microorganisms detected in harvested
rainwater includes viruses such as adenovirus, bacteria such as Salmonella, Klebsiella,
Pseudomonas and Legionella spp. and protozoa such as Giardia lamblia (G. lamblia),
Cryptosporidium spp. and N. fowleri (Ahmed et al., 2008; De Kwaadsteniet et al., 2013;
Dobrowsky et al., 2014b; Hamilton et al., 2017; 