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SUMMARY 
Rainwater harvesting has been earmarked by South African governmental authorities as an 

intervention strategy that could alleviate the pressures on existing centralised water distribution 

systems, especially in rural areas and urban informal settlements, where insufficient waste 

removal and potable water infrastructure are available. However, numerous studies have 

indicated that harvested rainwater may not be safe to use for all daily water requirements, as 

numerous chemical and microbial contaminants may be associated with stored tank water. 

Rainwater treatment technologies, including solar pasteurization (SOPAS), have subsequently 

been investigated (Chapter 1).  

In order to determine whether decentralised rainwater harvesting SOPAS systems may be a 

viable alternative in providing the inhabitants of informal settlements with a supplementary water 

source, two small- (Sites 1 and 2) and one large-scale (Site 3) rainwater harvesting SOPAS 

systems were installed in Enkanini informal settlement, Stellenbosch, South Africa (Chapter 2). 

The microbial and chemical quality of the unpasteurized and pasteurized (produced by the 

respective systems) rainwater was monitored using conventional water quality monitoring 

techniques, including the culturing of indicator organisms, screening for selected indigenous 

rainwater pathogens using the polymerase chain reaction (PCR) and quantitative PCR (qPCR) 

assays and the monitoring of anion and cation concentrations. Additionally, the operational 

sustainability of the systems and water usage by the participating households were monitored. 

Chemical analyses indicated that all anions and cations were within the limits stipulated by 

various national and international drinking water quality guidelines, with the exception of zinc 

which contravened the respective guidelines before (mean: 3919 µg/L) and after (mean: 

3964 µg/L) pasteurization at both Sites 1 and 2. In addition, the arsenic concentrations 

measured at Site 3 before (mean: 18.69 µg/L) and after (mean: 18.30 µg/L) pasteurization 

exceeded the respective drinking water guidelines. The increased zinc concentrations were 

attributed to the galvanised zinc roofing material installed at Sites 1 and 2, while the increased 

arsenic concentrations may be attributed to a roofing treatment or paint utilised to cover the 

catchment area at Site 3. Microbial analyses indicated that pasteurization temperatures of 53 °C 

(small-scale systems) and 55 °C (large-scale system) were required to reduce Escherichia coli 

and total and faecal coliforms to below the detection limit [< 1 colony forming units 

(CFU)/100 mL]. However, minimum pasteurization temperatures of 66 °C (small-scale systems) 

and 71 °C (large-scale system), were required to reduce the heterotrophic plate count (HPC) to 

within drinking water limits (1.0 × 104 CFU/100 mL). Of the opportunistic pathogens detected 

using PCR assays, Legionella spp. was the most prevalent pathogen detected in the small-

scale systems [unpasteurized (100%) and pasteurized (91%)] and the large-scale system 

[unpasteurized (83%) and stored pasteurized tank water (100%)]. Quantitative PCR analysis 

then indicated that while the gene copies of Legionella spp., Pseudomonas spp. and Salmonella 
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spp. were reduced during SOPAS, the organisms were still detected at the highest 

pasteurization temperatures analysed for each site (Site 1 – 85 °C; Site 2 – 66 °C; Site 3 – 

79 °C). Additionally, the application of a metabolic responsiveness adenosine triphosphate 

(ATP) assay (BacTiter-GloTM Microbial Cell Viability Assay) indicated the presence of 

metabolically active cells in all pasteurized rainwater samples analysed. Results also indicated 

that the systems required limited maintenance and the small-scale systems in particular were 

able to provide the participating households with an alternative warm water source that could be 

utilised for numerous domestic purposes. 

As various limitations have been associated with the use of culture-based analyses for the 

monitoring of water quality, the aim of Chapter 3 was to compare molecular-based viability 

assays [ethidium monoazide bromide (EMA)-qPCR, propidium monoazide (PMA)-qPCR and 

DNase treatment in combination with qPCR] as well as the metabolic responsiveness ATP 

assay to culturing analysis for their ability to accurately determine cell viability in bacterial 

monocultures following heat treatment. Three Gram-negative (Legionella spp., 

Pseudomonas spp. and Salmonella spp.) and two Gram-positive (Staphylococcus spp. and 

Enterococcus spp.) bacteria commonly associated with water sources were selected as test 

organisms. Of the various concentrations of EMA and PMA analysed, 6 µM EMA and 50 µM 

PMA were identified as the optimal dye concentrations as low log reductions were recorded 

(viable and heat treated samples) in comparison to the no viability treatment control. 

Comparison of the results obtained for all the molecular viability assays (6 µM EMA, 50 µM 

PMA and DNase treatment) then indicated that the 6 µM EMA concentration was comparable to 

both the 50 µM PMA and the DNase treatment for the analysis of most of the test organisms 

(viable and heat treated). In addition, the results for the culturing analysis (CFU) of the viable 

S. typhimurium as well as the viable and heat treated samples of L. pneumophila and 

P. aeruginosa were comparable to the gene copies detected using molecular-based viability 

assays. However, the CFU in the heat treated samples of S. typhimurium were significantly 

lower than the gene copies detected using DNase in combination with qPCR, with no gene 

copies or CFU detected in the heat treated samples of S. aureus and E. faecalis. In contrast, 

while the ATP assays indicated the presence of metabolically active cells in the viable and heat 

treated samples, the ATP assay also indicated the presence of metabolically active cells in 

samples that had been autoclaved (negative viability control). It was thus concluded that 

molecular-based assays may be used to supplement culture based analysis for the 

comprehensive identification of the viable microbial population in water samples (before and 

after treatment). 
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OPSOMMING 
Die oes van reënwater is deur Suid-Afrikaanse regeringsowerhede as 'n ingrypingstrategie 

geïdentifiseer, wat die druk op die bestaande gesentraliseerde waterverspreidingstelsels kan 

verlig, veral vir landelike gebiede en informele nedersettings waar onvoldoende 

vullisverwydering en drinkwater-infrastruktuur beskikbaar is. Talle studies het egter aangedui 

dat ge-oeste reënwater nie veilig vir alledaagse watervereistes is nie weens talle chemiese en 

mikrobiese kontaminante wat met gestoorde tenkwater geassosieer word. Reënwater-

behandelingstegnologieë, insluitende sonkragpasteurisasie (SOPAS), is dus ondersoek 

(Hoofstuk 1). 

Om vas te stel of gedesentraliseerde reënwater-oesting SOPAS sisteme vir die inwoners van 

informele nedersettings ‘n aanvullende bron van water op ‘n lewensvatbare wyse kan voorsien, 

is twee klein- (Terrein 1 en 2) en een grootskaalse (Terrein 3) reënwater oesting SOPAS 

sisteme in Enkanini, Stellenbosch, Suid Afrika, geinstalleer (Hoofstuk 2). Die mikrobiese en 

chemiese kwaliteit van die gepasteuriseerde en ongepasteuriseerde (deur die onderskeie 

sisteme geproduseer) reënwater is met behulp van konvensionele waterkwaliteit analises 

gemonitor, wat die groei van indikator-organismes, die toetsing vir geselekteerde inheemse 

reënwaterpatogene met polimerase kettingreaksie (PKR) en kwantitatiewe PKR (kPKR) en die 

bepaling van anioon- en katioon konsentrasies, insluit. Daarbenewens is die operasionele 

volhoubaarheid van die sisteme en die waterverbruik van die betrokke huishoudings gemonitor. 

Chemiese analises het aangedui dat al die anioon- en katioon konsentrasies binne die limiete 

van die verskeie nasionale en internasionale drinkwater riglyne was, met die uitsondering van 

sink wat die onderskeie riglyne voor (gemiddeld: 3919 µg/L) en na (gemiddeld: 3964 µg/L) 

pasteurisasie by beide Terrein 1 en 2 oorskry het. Daarbenewens het die arseen konsentrasies 

by Terrein 3 voor (gemiddeld: 18,69 µg/L) en na (gemiddeld: 18,30 µg/L) pasteurisasie ook die 

onderskeie drinkwater riglyne oorskry. Die verhoogde sink konsentrasies is toegeskryf aan die 

gegalvaniseerde sinkplate wat as dakoppervlak by Terrein 1 en 2 gebruik is, terwyl die 

verhoogde arseen konsentrasies aan die verf of behandeling van die dak by Terrein 3 

aangewend is, toegeskryf is. Die mikrobiese analises het aangedui dat pasteurisasie 

temperature van 53 °C (kleinskaalse sisteme) en 55 °C (grootskaalse sisteem) nodig is om 

Escherichia coli en totale en fekale kolivorme tot onder die opsporingslimiet [< 1 kolonie 

vormende eenhede (KVE)/100 mL] te verminder. Minimum pasteurisasie temperature van 66 °C 

(kleinskaalse sisteme) en 71 °C (grootskaalse sisteem) is egter nodig om die heterotrofiese 

plaattelling (HPT) tot binne die limiete van die drinkwater riglyne (1.0 × 104 KVE/100 mL), te 

verminder. Die PKR analises het aangetoon dat Legionella spp. die mees algemene patogeen 

in beide die kleinskaalse [ongepasteuriseerde (100%) en gepasteuriseerde (91%)] en 

grootskaalse sisteme [ongepasteuriseerde (83%) en gestoorde gepasteuriseerde tenkwater 

(100%)] was. Die kPKR analises het aangedui dat terwyl die geenkopieë van Legionella spp., 
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Pseudomonas spp. en Salmonella spp. tydens SOPAS verminder is, die organismes steeds by 

die hoogste pasteurisasie temperatuur van elke terrein (Terrein 1 – 85 °C; Terrein 2 - 66° C; 

Terrein 3 - 79° C) teenwoordig was. Daarby het die metaboliese responsiwiteit adenosien 

trifosfaat (ATP) toets (BacTiter-GloTM Microbial Cell Viability Assay) aangedui dat metabolies- 

aktiewe selle in al die gepasteuriseerde reënwatermonsters teenwoordig was. Die resultate het 

ook aangedui dat die sisteme minimale onderhoud nodig gehad het en dat die kleinskaalse 

sisteme die huishoudings met ‘n alternatiewe warm waterbron kon voorsien, wat vir verskeie 

huishoudelike take gebruik kon word. 

Verskeie beperkings word geassosieër met die gebruik van groei-gebaseerde analises om 

waterkwaliteit te monitor. Die doel van Hoofstuk 3 was dus om molekulêr-gebaseerde 

lewensvatbaarheidstoetse [ethidium monoasied bromied (EMA)-kPKR, propidium monoasied 

(PMA)-kPKR en DNase-behandeling in kombinasie met kPKR] en die metaboliese 

responsiwiteit ATP toets met groei-gebaseerde analises, te vergelyk in terme van hul vermoë 

om sel lewensvatbaarheid in bakteriële monokulture na hitte-behandeling te bepaal. Drie Gram-

negatiewe (Legionella spp., Pseudomonas spp. en Salmonella spp.) en twee Gram-positiewe 

(Staphylococcus spp. en Enterococcus spp.) bakterieë, wat algemeen met waterbronne 

geassosieer word, is as toets organismes gekies. Verskeie EMA en PMA konsentrasies is 

getoets met 6 μM EMA en 50 μM PMA wat as die optimale konsentrasies geïdentifiseer is op 

grond van die lae log-vermindering wat opgemerk is (lewensvatbare en hitte-behandelde 

monsters) in vergelyking met die nie-lewensvatbare kontrole. Vergelyking van die resultate wat 

vir al die molekulêre lewensvatbaarheidstoetse (6 μM EMA, 50 μM PMA en DNase 

behandeling) verkry is, het aangedui dat 6 μM EMA met beide die 50 μM PMA en die DNase 

behandeling vir meeste van die toets organismes (lewensvatbaar en hitte behandeld) 

vergelykbaar was. Daarbenewens was die groei-gebaseerde analise (KVE) van S. typhimurium 

en die lewensvatbare en hitte-behandelde L. pneumophila en P. aeruginosa vergelykbaar met 

die geenkopieë wat met die molekulêre lewensvatbaarheidstoetse verkry is. Die KVE in die 

hitte-behandelde S. typhimurium monsters was egter beduidend laer as die geenkopieë wat met 

die DNase in kombinasie met kPKR analise verkry is, terwyl daar nie geenkopieë of KVE in die 

hitte-behandelde S. aureus of E. faecalis monsters verkry kon word nie. In teenstelling, 

alhoewel die ATP toets aangedui het dat metabolies-aktiewe selle in die lewensvatbare en hitte 

behandelde monster teenwoordig was, het die toets ook aangedui dat daar metabolies-aktiewe 

selle in die ge-outoklaveerde monsters was (die negatiewe lewensvatbare kontrole). Dus kan 

molekulêr-gebaseerde toetse gebruik word om groei-gebaseerde toetse vir die omvattende 

identifikasie van die lewensvatbare mikrobiese populasie in water monsters (voor en na 

behandeling) aan te vul.  
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1.1 Introduction 

While the target of the global Millennium Development Goals (MDG), to halve the proportion of 

the population without sustainable access to safe drinking water was met by 2015, it was 

reported that 663 million people worldwide (approximately 9% of the global population) still did 

not have access to a safe water source and that 2.4 billion people lacked access to improved 

sanitation services (United Nations MDG Report, 2015). Motivated by the success of the MDG, 

world leaders then gathered on 25 September 2015 at the United Nations to adopt the 2030 

Agenda for Sustainable Development. The Agenda is comprised of 17 Sustainable 

Development Goals (SDG) including; ensuring universal access to safe and affordable drinking 

water by 2030. In order to achieve the latter, various alternate water sources such as on-site 

greywater and treated wastewater re-use, rainwater and desalinated water have been 

investigated as potential sources of supply. As the harvesting of rainwater has been utilised for 

centuries throughout the world, this method of water collection has been earmarked by many 

international countries as a cost-effective water source, which could provide clean and potable 

water directly to the consumer, thereby alleviating pressures on existing water supplies (Li et al. 

2010; Mwenge Kahinda et al. 2010).  

Research has however indicated that numerous chemical and microbial contaminants are 

associated with stored tank water sources including harvested rainwater (Ahmed et al. 2008, 

2011; Helmreich & Horn, 2009; Li et al. 2010). While chemical contaminants have not been 

directly associated with the incidence of disease (Sazakli et al. 2007; Chapman et al. 2008; 

Huston et al. 2012), microbial contaminants detected in harvested rainwater include traditional 

faecal indicators and various other bacterial and protozoan species, many of which are 

associated with human disease (Uba & Aghogho, 2000; Lye, 2002; Ahmed et al. 2008; 2010a; 

2010b; 2011; De Kwaadsteniet et al. 2013; Dobrowsky et al. 2014). Research has also linked 

sporadic outbreaks of disease to the utilisation of tank water sources (Merritt et al. 1999; 

Simmons et al. 2008; Franklin et al. 2009). 

Thus in order to ensure that harvested rainwater is safe to utilise for all daily water 

requirements, time- and cost-effective treatment technologies need to be implemented. 

Technologies that have been used for the treatment of rainwater include poly (vinyl alcohol) 

(PVA) nanofiber membranes, activated carbon and slow sand filtration systems, solar 

disinfection (SODIS), solar pasteurization (SOPAS) and chlorination (Chapman et al. 2008; 

McGuigan et al. 2012; De Kwaadsteniet et al. 2013; Dobrowsky et al. 2014; Abraham et al. 

2015). In particular, SOPAS is considered a reliable system for the effective treatment of large 

volumes of water (Helmreich & Horn, 2009), where the removal of most pathogens is 

independent of turbidity, pH and other parameters that may influence water treatment systems 

(Burch & Thomas, 1998; Abraham et al. 2015; Dobrowsky et al. 2015). Furthermore, as SOPAS 

Stellenbosch University  https://scholar.sun.ac.za



3 
 

is associated with the generation of high temperatures to disinfect contaminated water, the time 

period required to treat large volumes of water is less than that associated with other water 

treatment systems (Caslake et al. 2004). 

In order to determine if the treated rainwater may be used for potable purposes, it is common 

practice to assess the quality of the water by comparing it to prescribed guidelines for drinking 

water which specify microbial and chemical parameters (Ahmed et al. 2011). The microbial 

parameters specified within various drinking water guidelines are usually limited to the presence 

of indicator organisms. However, research has shown that there is a poor correlation between 

the presence of indicator and pathogenic organisms in water (Lemarchand & Lebaron, 2003; 

Hörman et al. 2004; Harwood et al. 2005; Ahmed et al. 2008; Dobrowsky et al. 2014). 

Additionally, certain pathogenic microorganisms may be better adapted to surviving water 

treatment processes than are the indicator groups. Moreover, traditional culture-based methods 

cannot always be used to accurately monitor the presence and number of possible viable 

microbial contaminants, as microorganisms often occur in a viable but non-culturable (VBNC) 

state and thus remain undetected (Ahmed et al. 2008; Dusserre et al. 2008). Certain pathogenic 

microorganisms are also extremely difficult to culture from environmental samples and therefore 

most laboratories have resorted to using molecular based techniques to confirm the presence of 

the organisms [Centres for Disease Control and Prevention (CDC), 2013]. Molecular-based 

techniques targeting nucleic acids, such as polymerase chain reaction (PCR) assays, overcome 

the major drawbacks associated with using culturing techniques by detecting specific 

pathogenic microorganisms as well as organisms present in a VBNC state within an 

environmental sample (Li et al. 2015). However, merely confirming the presence of pathogenic 

organisms following treatment is not sufficient to accurately assess the risk associated with 

using treated rainwater for domestic purposes as only the viable portion of microbial 

contaminants poses a health risk to the consumer. A need therefore arises for viability assays 

that would allow for the rapid and sensitive detection of the viable portion of microbial 

contaminants in water sources following disinfection treatment. In order to achieve this, 

researchers have suggested targeting three indicators of bacterial viability, viz. metabolic 

activity or responsiveness, the presence of nucleic acids and membrane integrity (Keer & Birch, 

2003). It is important to note that targeting these individual properties may not provide a 

definitive yes or no answer to viability. However, by utilising assays that target multiple 

properties and relating results to the water treatment method used [mode of action – ultra-violet 

light that damages deoxyribonucleic acid (DNA) or heat that causes cell membrane to lyse etc.], 

an improved understanding will be obtained for both the efficiency of the water treatment and 

the potential health risk associated with using the treated rainwater. 

The primary aim of the current study was thus to construct and monitor small- and large-scale 

rainwater harvesting SOPAS treatment systems in a local informal settlement in Stellenbosch 
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(Western Cape). The inhabitants of the informal settlement would thus be provided with an 

alternative water source, other than the overburdened municipal standpipe water supplies (refer 

to section 1.6). To achieve this aim, the microbial and chemical quality of the rainwater before 

and after SOPAS treatment was monitored on-site in the local informal settlement. This was 

achieved by using conventional water quality monitoring techniques including the culturing of 

indicator organisms and screening for pathogens commonly associated with rainwater sources 

using conventional PCR. The pathogens most readily detected in the untreated and treated 

rainwater samples were then quantified using quantitative PCR (qPCR). Additionally, the 

BacTiter-Glo™ Microbial Cell Viability Assay was utilised to detect the presence of metabolically 

active cells in the untreated and treated water samples. The operational sustainability of the 

systems were also monitored to determine whether the systems are efficient in providing a 

sufficient volume of water to the users and whether the system components are durable. 

However, a need exists for viability assays that enable the rapid detection and quantification of 

viable microbial pathogens in water sources. An additional aim of the study was thus to 

compare the efficacy of viability assays targeting cellular integrity and the presence of nucleic 

acids (viability-qPCR and DNase enzyme-based assay) and the metabolic activity or 

responsiveness of biological contaminants (BacTiter-Glo™ Microbial Cell Viability Assay). 

1.2  Domestic rainwater harvesting 

1.2.1 A brief history and scope of implementation 

With the demands on water supplies continually increasing, rainwater harvesting, which refers 

to the collection and storage of the natural resource rainwater, has been considered a cost-

effective water source that is ideal for domestic water uses such as toilet flushing, car washing, 

laundry, watering of gardens and various applications in agriculture (Helmreich & Horn, 2009; 

Li et al. 2010; Ahmed et al. 2011; Mwenge Kahinda & Taigbenu, 2011). Rainwater harvesting is 

not a new technology and it can be traced back as far as 2000 BC when Roman cities were 

designed to capture rainwater for use in various domestic activities [Bruins et al. 1986; Global 

Development Research Centre (GDRC), 2015]. Similarly, even earlier evidence of rainwater 

harvesting for domestic or agricultural purposes can be found in Africa (Egypt) and Asia 

(Thailand and Turkey) as far back as 7000 BC (Bruins et al. 1986; GDRC, 2015). Currently, 

rainwater harvesting is being utilised globally as an alternative water source for both potable 

and non-potable purposes, with most governmental organisations recognising its potential as an 

additional water source. Countries that have investigated the use of domestic rainwater 

harvesting and utilise the technology include Australia, Bangladesh, Bermuda, Brazil, Canada, 

China, Denmark, Germany, India, Indonesia, Ireland, Italy, Japan, New Zealand, Philippines, 

Singapore, Thailand and the United States, amongst many others (Uba & Aghogho, 2000; 
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Evans et al. 2006; Despins et al. 2009; Li et al. 2010; Ahmed et al. 2011; Mwenge Kahinda & 

Taigbenu, 2011; GDRC, 2015).  

Significantly contributing to the acceptance of harvested rainwater as a water source are the 

establishment of government subsidies and tax incentives, such as those employed in Australia, 

France, New Zealand and the United Kingdom (Albrechtsen, 2002; Ahmed et al. 2011). For 

example, the “Home Water Wise Rebate Scheme” provides subsidies for households that use 

rainwater for non-potable domestic purposes in Queensland, Australia and 260 000 households 

joined the programme during the first two years of implementation. In addition, a 50% increase 

in rainwater harvesting was observed in countries such as France and the United Kingdom once 

the respective governments had established tax incentives for the utilisation of this water 

source. Numerous examples exist which show the marked impact that rainwater harvesting has 

had on developing regions of the world. One of the most notable examples is the collaboration 

between a group of non-profit organisations and the Brazilian government to construct 

one million rainwater tanks over a five year period. It is estimated that these should supply 

approximately five million people with water. Due to the success of the programme, the 

Brazilian Rainwater Catchment Systems Association was established, as were educational 

programmes pertaining to rainwater harvesting (GDRC, 2015). 

The progress in implementing rainwater harvesting systems in Africa has been slow. This is 

associated with low annual rainfall and the seasonal variability of precipitation. Furthermore, 

when taking into account the average household income in Africa, costs associated with 

constructing catchment systems are expensive (GDRC, 2015). Nevertheless a rapid expansion 

in the technology has been evident in recent years and rainwater harvesting has been 

introduced in various African countries as most governments are aware of the potential of this 

technology. Rainwater harvesting projects have thus been successfully used in Botswana, 

Kenya, Malawi, Mali, Mozambique, Namibia, Sierra Leone, South Africa, Tanzania, Togo, 

Uganda and Zimbabwe, amongst others (Hartung, 2006; 2007; Mwenge Kahinda et al. 2007; 

Sturm et al. 2009; Mwenge Kahinda & Taigbenu, 2011; Mosler et al. 2013; GDRC, 2015). 

As 2.48 million South Africans (approximately 4.8% of the total population) do not have access 

to an adequate water supply [Department of Water Affairs (DWA), 2013], rainwater harvesting 

has been earmarked by the South African Government as a possible alternative and 

sustainable water source that would provide water directly to households and thereby help 

alleviate the pressures on existing water systems (DWA, 2009; 2012). In 2010 it was estimated 

that only 0.4% of households in the country utilised rainwater tanks. As a result, efforts to 

promote the use of rainwater harvesting systems in South Africa particularly in rural 

communities have been increased (Statistics South Africa, 2010). These efforts include the 

collaboration between the Department of Water Affairs (DWA) and the Department of Science 

Stellenbosch University  https://scholar.sun.ac.za



6 
 

and Technology (DST) to distribute rainwater harvesting tanks throughout all nine provinces in 

South Africa (Mwenge Kahinda & Taigbenu, 2011; Malema et al. 2016). Other projects include 

collaborations between the Department of Science and Technology (DST) and the Council for 

Scientific and Industrial Research (CSIR) through which sustainable housing schemes that use 

alternative technologies such as rainwater harvesting tanks, low-energy fittings and solar hot 

water geysers, were established in Mdantsane (Eastern Cape) and Kleinmond (Western Cape) 

(De Villiers, 2011). As a result, approximately 70 000 households throughout South Africa now 

use rainwater as their primary water source (Malema et al. 2016). Additionally, the South 

African government has announced that they are in the process of compiling guidelines aimed 

at specifying parameters for acceptable rainwater quality [Water Research Commission (WRC) 

Reference Group Meeting, 2015, personal communication]. 

1.2.2 Rainwater harvesting principle and system components 

Rainwater harvesting is a technique used throughout the world for the collection of rainwater 

from rooftops, land surfaces or other artificial catchments into storage tanks (Helmreich & Horn, 

2009; Mwenge Kahinda & Taigbenu, 2011; Campisano & Modica, 2012). The most commonly 

used rainwater harvesting system design includes three basic components; the catchment area, 

the conveyance system and a storage tank (Gould, 1999; Sazakli et al. 2007). Factors that need 

to be taken into consideration when constructing domestic rainwater harvesting systems include 

the type of catchment area, storage tank (material), the proximity of possible sources of 

pollution, the location of the system and weather/climate conditions (Gould, 1999; Sazakli et al. 

2007). 

Catchment areas can be divided into two principal categories viz. land surface catchments 

(ground catchments) and rooftop catchments (Fig. 1.1) (Mwenge Kahinda et al. 2007). Land 

surface catchment systems allow for the collection of rainwater that falls to the ground and this 

water enters drainage systems and storage tanks. These systems have the advantage of 

collecting water from a large surface area. However, some of the water is lost as it is absorbed 

into the ground and by plant material in the area. This technique is commonly used in 

agriculture where drainage systems lead to underground storage tanks or man-made storage 

dams (Helmreich & Horn, 2009; Li et al. 2010; Mwenge Kahinda & Taigbenu, 2011). The 

volume of water captured using this method can be increased by reducing soil permeability 

and/or increasing the land slope that leads to the storage system and clearing vegetative cover.  

Due to the quality of water required (low chemical and biological contamination), limited space 

availability and lack of infrastructure in certain urban and rural areas (informal settlements), 

rooftop catchment systems are frequently used (Krishna et al. 2005). As one millimetre of 

rainwater collected per one square metre of collection surface yields one litre of water [Food 

Stellenbosch University  https://scholar.sun.ac.za



7 
 

and Agriculture Organisation (FAO), 1985], the volume and quality of the water collected from 

rooftop catchments will depend mainly on the surface area of the rooftop and the material 

utilised for its construction. The most commonly used materials include roof tiles and metal 

sheeting, for example galvanized zinc or steel sheets, in an urban environment and organic 

materials such as wood, grass, palms and mud, which are more frequently used in rural 

communities (Gould & Nissen-Peterson, 1999; Mwenge Kahinda & Taigbenu, 2011). 

 

Fig. 1.1. Schematic illustration of (a) roof and (b) ground catchment systems used for rainwater 

harvesting (adopted from Sturm et al. 2009). 

The rainwater that is collected from the rooftop catchment system is transported to a storage 

tank by means of a conveyance system i.e. gutters and pipes which channel the water from the 

roof directly into the storage tank. The conveyance system affords a convenient means of 

decreasing the likelihood of contaminants entering the storage tank (Martinson & Thomas, 

2005). One example is the installation of a first-flush diverter. At the start of a rain event, all the 

possible contaminants such as debris, plant material, dust and animal faecal matter deposited 

on the rooftop or gutter system could be washed into the storage tank and thus contaminate the 

harvested rainwater (Sazakli et al. 2007; Ahmed et al. 2008). In order to prevent this from 

occurring, first-flush diverters that direct the initial in-flow of rain at the start of a rain event 

(containing most of the contaminants) away from the storage tank, can be installed (Mwenge 

Kahinda et al. 2007). This process can either be performed manually or an automated system 

can be installed. However, in a study conducted by Gikas and Tsihrintzis (2012), it was noted 

that while the use of a first-flush diverter improved the physico-chemical properties of the 

harvested rainwater it did not improve the microbial quality of this water source. 

The final component in a rainwater harvesting system is the storage tank. Storage tanks 

collecting water from rooftop catchment systems can be located either above or below the 

ground (Mwenge Kahinda et al. 2007). When a tank is located below the ground, a pump-
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system needs to be installed in order to extract the water from the tank (Helmreich & Horn, 

2009). Limiting the possibility of contamination from animal or human sources is an important 

consideration when installing a storage tank in order to prevent the breeding of mosquitoes or 

algal growth in the system. As was noted for the catchment systems, a wide variety of materials 

are used for the construction of storage tanks; however, the most commonly used storage tanks 

are constructed from a high-grade polyethylene. 

Limited maintenance is required for a rainwater harvesting system and usually includes 

inspecting and cleaning the system components, particularly before the start of the high rainfall 

season (Gould, 1999). The regular removal of organic debris (dust and plant material) and other 

accumulated materials from the rooftop and gutter system will decrease the possibility of 

contamination and it has been recommended that rainwater storage tanks are cleaned annually 

(Ahmed et al. 2008). 

1.3 Quality of harvested rainwater 

The quality of harvested rainwater depends on many factors which include the location of the 

collection and storage system (proximity to pollution sources) and the susceptibility of the 

collected water to the atmosphere (air pollution), roof cleanliness, rain intensity and the number 

of dry days before a rain event (Abdulla & Al-Shareef, 2009; Li et al. 2010; De Kwaadsteniet et 

al. 2013). As indicated in Fig. 1.2, rainwater may become contaminated as rain droplets travel 

through the air or when the rainwater comes into contact with the catchment or conveyance 

system or even in the storage tank.  

In order to determine if harvested rainwater may be used for potable purposes, it is thus 

common practice to assess the quality of the water source by comparing it to recommended 

drinking water guidelines that specify microbial and chemical parameters (Ahmed et al. 2011). 

There are however conflicting conclusions regarding the quality of harvested rainwater 

(Mwenge Kahinda et al. 2007). Some studies have indicated that harvested rainwater satisfies 

required international drinking water guidelines (Handia et al. 2003; Zhu et al. 2004; Sazakli et 

al. 2007) whereas others have indicated that harvested rainwater does not comply with drinking 

water standards, due to the presence of microbial and/or chemical contaminants which could 

pose a serious health risk (Vasudevan & Pathak, 2000; Simmons et al. 2001; Abbott et al. 2006; 

Helmreich & Horn, 2009; Li et al. 2010; Dobrowsky et al. 2014). To date, chemical contaminants 

of harvested rainwater have not been directly associated with the incidence of disease (Sazakli 

et al. 2007; Chapman et al. 2008; Huston et al. 2012; Dobrowsky et al. 2014). 

Stellenbosch University  https://scholar.sun.ac.za



9 
 

 

Fig. 1.2. Schematic illustration of the potential sources of microbial and chemical contamination 

in a typical rainwater harvesting system (adopted from Gwenzi et al. 2015). 

However microbial contaminants identified include the commonly described traditional faecal 

indicators, various opportunistic bacterial pathogens, including Legionella spp. and 

Pseudomonas spp. and protozoan species such as Cryptosporidium and Giardia. Many of these 

contaminants are associated with human disease (Uba & Aghogho, 2000; Lye, 2002; Ahmed et 

al. 2008; 2010a; 2011; De Kwaadsteniet et al. 2013; Dobrowsky et al. 2014), with individuals 

with compromised immune systems, young children and the elderly being at the greatest risk of 

infection (Mwenge Kahinda et al. 2007). This is of concern as rainwater harvesting has been 

identified as an intervention strategy to provide individuals residing in informal settlements and 

rural areas with an alternative water source, where residents are at an increased risk of 

waterborne disease as a result of poor living conditions (Rao et al. 2010). 

1.3.1 Chemical quality of harvested rainwater 

Currently there are no international guidelines specifying indicators of chemical or microbial 

quality for harvested rainwater and those investigating the use of this water source use various 

national or international drinking water guidelines as reference sources [Department of Water 

Affairs and Forestry (DWAF, 1996); South African National Standards (SANS) 241 (South 

African Bureau of Standards (SABS), 2005); Australian Drinking Water Guidelines (ADWG) 

(NHMRC and NRMMC, 2011); World Health Organisation (WHO, 2011)]. However, due to 

discrepancies in available water quality guidelines, there are conflicting conclusions regarding 
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the chemical quality of harvested rainwater. Certain studies have indicated that various cations 

and anions in harvested rainwater comply with drinking water standards, while others indicated 

that there were elevated levels of anions and cations that exceeded the specific water 

guidelines (Peters et al. 2008; Morrow et al. 2010; Huston et al. 2012; Dobrowsky et al. 2014). 

Using the concentration of iron as an example, according to the South African Department of 

Water Affairs Drinking Water Guidelines, iron concentrations should not exceed 100 µg/L 

(DWAF, 1996) while the South African Bureau of Standards SANS 241 (SABS, 2005) 

recommends a concentration limit of 200 µg/L. The acceptable iron concentration increases 

even further with the ADWG (NHMRC and NRMMC, 2011) where the limit specified is 300 µg/L. 

Conversely the WHO (2011) drinking water guidelines do not stipulate any levels for iron 

concentrations. Factors that also contribute to the variability observed for chemical quality of 

water include differences in rainwater harvesting system designs (Ahmed et al. 2011), the type 

of roofing material used (WRC Project K5/2368//3 Report, 2016) and roof cleanliness (Chang et 

al. 2004; Ahmed et al. 2008). The location of the system is also important as urban, industrial or 

rural areas all record differing levels of atmospheric pollution (Huston et al. 2009).  

Particles, microorganisms, heavy metals and various organic substances constitute some of the 

major pollutants found in the atmosphere that may adversely affect harvested rainwater. Hence 

the location of the system and catchment cleanliness both contribute markedly to the chemical 

quality of harvested rainwater. Typically, industrial areas have greater levels of atmospheric 

pollution than do rural areas. The use of fossil fuels for transportation may also contribute to 

atmospheric pollution in urban areas (Huston et al. 2009). While trying to establish the sources 

of chemical pollution in harvested rainwater Huston et al. (2012) attributed 65% of the chemical 

contaminants found in the rainwater to originate from system components and atmospheric 

pollution and the remaining 35% of these contaminants could be traced to the lead paint used 

on the roof catchment area. Chemical contamination of harvested rainwater may also result 

from natural sources. The latter include contaminated organic materials (plant debris containing 

insecticides/pesticides) on rooftops which are washed into the storage tank. 

The rainwater harvesting system design can thus also influence the chemical quality of 

harvested rainwater as the material used for the construction of the system (catchment material, 

pipes and storage tanks) contributes to the leaching of chemicals (such as heavy metals) into 

the harvested rainwater (Mwenge Kahinda et al. 2007; Morrow et al. 2010; Huston et al. 2012; 

Dobrowsky et al. 2014). Metal roofing materials have also been shown to be major contributors 

to metal contamination as the acidity of rainwater (pH 5.0 – 5.6) in combination with the 

exposure of the roof surface to the sun, facilitate possible leaching of metals from the roofing 

material (Chang et al. 2004). Handia et al. (2003) observed that harvested rainwater collected 

from roofs constructed from galvanized zinc sheets contained higher zinc concentrations (0.14 

to 3.16 mg/L) than did harvested rainwater collected from asbestos cement roofs (˂ 0.001 to 
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0.025 mg/L). It has also been suggested that the corrosion of galvanized iron sheets contributes 

to lead contamination of harvested rainwater (Simmons et al. 2001). It is thus hypothesised that 

the selection of the appropriate roofing material such as clay or concrete roof tiles rather than 

the use of metal-based materials would reduce chemical contamination (Handia et al. 2003). 

1.3.2 Microbial quality of harvested rainwater 

Possible sources of microbial contamination include faecal matter originating from various 

animals and birds that access the collecting surface and/or organic debris deposited on a roof. 

Following a rain event, faecal and organic matter are often washed into the collection tank and 

contaminate the harvested rainwater (Heyworth et al. 2006; Ahmed et al. 2008). The 

proliferation of pathogenic microorganisms in harvested rainwater may then depend on various 

factors such as ambient temperature and rainfall intensity (Schets et al. 2010; Kaushik et al. 

2012; De Man et al. 2014). The role of bioaerosol particles in rainwater contamination has also 

been explored (Bauer et al. 2003; An et al. 2006; Turkum et al. 2008; Ekström et al. 2010). It 

has been suggested that bioaerosol particles act as cloud condensation nuclei which enable the 

transfer of microbial pathogens into rainwater through cloud droplets as the cloud and rain 

droplets traverse the atmosphere (Bauer et al. 2003; Ekström et al. 2010; Kaushik et al. 2012). 

This suggestion was further supported by the detection of Escherichia coli (E. coli), 

Pseudomonas aeruginosa (P. aeruginosa) and Klebsiella pneumoniae (K. pneumoniae) in 

freshly captured rainwater (Bauer et al. 2003; Korzeniewska et al. 2008; Ekström et al. 2010; 

Kaushik et al. 2012). As no guidelines for rainwater quality have been formulated, studies 

investigating the microbial quality of harvested rainwater use drinking water guidelines as a 

reference (Rompré et al. 2002; Noble et al. 2003; Pitkänen et al. 2007; De Kwaadsteniet et al. 

2013). These guidelines require the monitoring of multiple indicator bacteria such as 

enterococci, E. coli, faecal coliforms and total coliforms (DWAF, 1996; SABS, 2005; NHMRC 

and NRMMC, 2011; WHO, 2011).  

1.3.2.1 Indicator bacteria 

Requirements for an ideal indicator microorganism include indicating the presence of 

pathogens, being absent in uncontaminated water, being present in higher numbers than 

pathogens, having a higher survival rate than that of pathogens in water and being relatively 

simple to enumerate, isolate and identify (Edberg et al. 2000; Rompré et al. 2002; Noble et al. 

2003; WHO, 2003). Organisms that are not necessarily pathogenic but commonly present in 

large numbers in the intestinal flora of warm-blooded animals were thus seen as ideal indicator 

candidates as their detection in water sources would indicate faecal contamination and the 

presence of possible pathogenic microorganisms (Rompré et al. 2002; Noble et al. 2003; 
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Pitkänen et al. 2007). The most commonly used indicators are E. coli, enterococci, faecal 

coliforms and total coliforms. 

Faecal coliforms are Gram-negative, rod-shaped non-spore forming bacteria belonging to the 

family Enterobacteriaceae, while enterococci are Gram-positive, spherical non-spore forming 

bacteria belonging to the family Enterococcaceae (WHO, 2003). Both faecal coliforms and 

enterococci serve as a direct indication of faecal contamination as these microorganisms 

originate from faecal sources. Enterococci include a large number of species, of which 

Enterococcus faecalis and Enterococcus faecium are predominant (Edberg et al. 2000). 

Enterococci are found in the colon of mammals at concentrations of 106 – 107 CFU/g stool 

sample analysed and are known to survive for longer periods of time in aquatic environments 

than other indicator organisms (Edberg et al. 2000).  

Total coliforms serve as a general indication of water quality and water disinfection 

effectiveness. They include a heterogeneous group of bacteria belonging to the genera 

Escherichia, Citrobacter, Enterobacter, Klebsiella, Serratia and Rahnella, amongst others 

(DWAF, 1996). Escherichia coli, is the most common coliform among the intestinal flora of 

warm-blooded animals and occurs at a concentration of 109 CFU/g stool analysed (Rompré et 

al. 2002). The bacterium seldom increases in number in the environment (Edberg et al. 2000). It 

is therefore considered the principal indicator of faecal contamination and should be absent 

(0 CFU/100 mL) in drinking water (Environment Agency, 2002; Rompré et al. 2002; WHO, 

2003). 

The term heterotrophic plate count (HPC) refers to a variety of culture-based tests that are used 

to recover a wide range of microorganisms from water (WHO, 2003). The test itself does not 

specify the identity of microorganisms detected but it is used as an indication of water quality as 

it yields an estimation of the number of potential pathogenic and non-pathogenic culturable 

organisms present in a water source (WHO, 2003). Heterotrophic plate count analysis is 

recommended by numerous drinking water guidelines and water regulator authorities as an 

indicator of the effectiveness of a water disinfection treatment (DWAF, 1996; Ashbolt et al. 

2001; WHO, 2003; 2011). This is done by comparing HPC values before and after treatment 

(WHO, 2003). Another common use of HPC includes monitoring for microbial re-growth in water 

systems following disinfection treatment (WHO, 2003).  

1.3.2.2 Microbial pathogens associated with rainwater 

Many studies have conducted analyses on the microbiological quality of harvested rainwater by 

detecting and enumerating the indicator organisms present (Evans et al. 2006; Sazakli et al. 

2007; Ahmed et al. 2008; 2010b). However, while the use of indicator bacteria has become 

routine there is currently no single standard for bacterial indicators with regard to which species 
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are suitable to use. Furthermore agreed acceptable levels in various water sources remain 

contentious (Noble et al. 2003). In addition, numerous studies have indicated that there is a 

poor correlation between the presence of faecal indicators and potential pathogenic bacteria as 

the presence or absence of faecal indicators does not definitively indicate whether pathogens 

such as Legionella spp. (Ahmed et al. 2008; Dobrowsky et al. 2014), Salmonella spp. 

(Lemarchand & Lebaron, 2003; Ahmed et al. 2008), Campylobacter spp. (Hörman et al. 2004; 

Ahmed et al. 2008), Cryptosporidium spp. and Giardia spp. (Hörman et al. 2004; Harwood et al. 

2005; Ahmed et al. 2008) and enteric viruses (Pina et al. 1998; Griffin et al. 1999; Lombard et 

al. 2013) are present in the rainwater samples. Moreover, numerous studies have reported 

waterborne disease outbreaks of microbial origin after the consumption of water which was 

within statutory coliform specifications (Payment et al. 1991; MacKenzie et al. 1994; Moore et 

al. 1994; Gofti et al. 1999; Rompré et al. 2002). Other studies have shown that certain 

opportunistic pathogens including Klebsiella spp., Legionella spp., Pseudomonas spp. and 

Yersinia spp. are resistant to water treatment technologies (Dobrowsky et al. 2014; 2015; 

Reyneke et al. 2016; Strauss et al. 2016). 

1.3.2.2.1 Legionella spp. 

Legionella are Gram-negative, catalase-positive motile rods with polar or lateral flagella 

(Benson & Fields, 1998). These bacteria utilise amino acids as carbon sources and are found in 

freshwater environments worldwide (Murga et al. 2001; Fields et al. 2002). The Legionella 

genus is comprised of 54 species with 70 distinct serogroups of which 39 serogroups have been 

associated with human disease (Stout et al. 2003). Fields (1996) suggested that most 

Legionella spp. are likely to cause human disease under appropriate conditions as it was 

proposed that all Legionella spp. are capable of intracellular growth. These organisms are thus 

considered pathogens as they are able to multiply within mammalian cells and cause a 

respiratory disease known as legionellosis in humans (Fields et al. 2002). Legionellosis may 

result in Legionnaires’ disease, a severe multisystem disease involving pneumonia (Fraser et al. 

1977) or Pontiac fever, a flu-like illness (Glick et al. 1978). Various risk factors for Legionnaires’ 

disease include increasing age, smoking, chronic lung disease, lung cancer and diabetes 

(Marston et al. 1994). In the South African context, the lack of awareness and statistics 

pertaining to legionellosis is an important issue when attempting to quantify the risk of this 

disease (Milne, 2007). The estimated 6.1 million HIV-infected individuals living in South Africa, 

many of whom also suffer from tuberculosis, have an increased susceptibility to respiratory 

diseases, which makes the research into preventing the outbreak of legionellosis even more 

important (UNAIDS, 2013). 

Legionella spp. are known to survive for long periods of time under low-nutrient conditions 

(Dusserre et al. 2008) including in man-made warm water environments such as cooling towers, 

Stellenbosch University  https://scholar.sun.ac.za



14 
 

hot tubs, showerheads and spas (Delgado-Viscogliosi et al. 2009). Most cases of legionellosis 

have originated from Legionella contamination of man-made warm water systems (Fields et al. 

2002). The ability of Legionella to survive at increased temperatures (50 – 65 °C) has been 

attributed to: firstly, the presence of heat shock proteins (Fields et al. 2002) rendering the genus 

more thermostable than most bacteria found in water environments (Allegra et al. 2011); 

secondly, the ability of Legionella to form associations and proliferate within biofilms (Murga et 

al. 2001); and thirdly, their ability to live as intracellular parasites within protozoa (Fields et al. 

2002). In studies conducted by Allegra et al. (2008; 2011) it was established that ten of sixteen 

Legionella strains remained viable after heat treatment at 70 °C for 30 minutes. In addition, 

several studies utilising the PCR technique have identified Legionella spp. in harvested 

rainwater (Wilson et al. 2003; Abbott et al. 2006; Dusserre et al. 2008; Sakamoto et al. 2009; 

Ahmed et al. 2008; 2010a; Dobrowsky et al. 2014; Reyneke et al. 2016). Legionella spp. have 

also been detected in harvested rainwater in various countries. These include Australia, 

Denmark, Netherlands, New Zealand, Spain and the U.S Virgin Islands (Schlech et al. 1985; 

Simmons et al. 2001; Albrechtsen, 2002; Fields et al. 2002). Outbreaks of legionellosis due to 

the utilisation of harvested rainwater have been reported in all of the above-mentioned 

countries. In New Zealand it was reported that end-users were exposed to this pathogen by 

means of contaminated bathroom showers which were connected to rainwater tanks (Simmons 

et al. 2001). In addition, Legionella is frequently isolated from potting soil and is the principal 

cause of legionellosis in Australia amongst gardeners who use harvested rainwater for irrigation 

purposes (Fields et al. 2002). 

1.3.2.2.2 Klebsiella spp. 

Klebsiella are Gram-negative, catalase-positive, non-motile rods, surrounded by a capsule. 

These bacteria are members of the Enterobacteriaceae family and are thermotolerant coliforms. 

They occur ubiquitously in nature (soil, plants and water), the gastrointestinal tract of animals 

(Cabral, 2010) and freshly captured rainwater (Kaushik et al. 2012). Klebsiella spp. have been 

isolated from animal and human faecal matter and some species, including K. pneumoniae and 

Klebsiella oxytoca, are considered opportunistic pathogens, which can cause pneumonia if the 

bacterium enters a host through the respiratory tract. They can also cause an infection in the 

human bloodstream should they come into contact with an open wound (Cabral, 2010). 

However, a comprehensive understanding of the infection mechanisms remains unclear, 

although several virulence factors associated with pathogenicity have been identified in 

K. pneumoniae (Bojer et al. 2010). Immunocompromised individuals present the greatest risk of 

infection especially as Klebsiella spp. have developed antimicrobial resistance most notably 

against carbapenems (Cabral, 2010) and mortality rates of 20 – 70% have been reported (Bojer 

et al. 2010).  
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In a study conducted by Dobrowsky et al. (2015), Klebsiella spp. were detected (conventional 

PCR) in pasteurized rainwater samples treated at 74 °C. The PCR studies conducted by Bojer 

et al. (2010) and Jørgensen et al. (2016) further reported on K. pneumoniae isolates that 

demonstrated increased heat resistance. Bojer et al. (2010) showed that the isolated 

K. pneumoniae remained culturable after a heat treatment regime carried out at 60 °C. Heat 

resistance was attributed to the clpK genetic marker which has been shown to correlate 

positively with thermotolerant phenotypes observed among clinical Klebsiella isolates. 

Jørgensen et al. (2016) suggested that the genetic marker facilitated the survival of Klebsiella 

isolates in biofilms undergoing heat treatment which in turn contributed to the spread of an 

outbreak in Norway. 

1.3.2.2.3 Pseudomonas spp. 

Pseudomonas spp. are Gram-negative, catalase-positive, motile rods with polar flagella, which 

are able to utilise a broad spectrum of nutrients. These bacteria are found ubiquitously in nature 

(both soil and water). The Pseudomonas genus is comprised of 202 species, including the 

opportunistic human pathogen Pseudomonas aeruginosa and the plant pathogen 

Pseudomonas syringae (Özen & Ussery, 2012). Pseudomonas aeruginosa has been shown to 

cause pneumonia, keratitis, burn wound infections, gastrointestinal infections and urinary tract 

infections (Coutinho et al. 2008; Silby et al. 2011). Immunocompromised individuals such as 

those infected with HIV and tuberculosis and cystic fibrosis patients are at greatest risk of 

infection. 

The opportunistic pathogens Pseudomonas aeruginosa and Pseudomonas stutzeri have 

previously been isolated from humans and have been detected in rainwater (including freshly 

captured rainwater), heat-exchangers, water-systems and air-conditioners (Uba & Aghogho, 

2000; Albrechtsen, 2002; Kaushik et al. 2012). Both Pseudomonas spp. contain various 

resistance factors and are able to form biofilms which assist in protection when the bacterium is 

exposed to stressful conditions such as antibiotic and disinfection treatments (Hauser & Ozer, 

2011). 

1.3.2.2.4 Yersinia spp. 

Yersinia spp. are Gram-negative, catalase-positive, facultative anaerobic, non-motile rods. The 

Yersinia genus occurs within the Enterobacteriaceae family and consists of 11 species, of which 

Yersinia pestis, Yersinia pseudotuberculosis and Yersinia enterocolitica are human pathogens 

(Perry & Fetherston, 1997). Most notably, Yersinia pestis causes bubonic plague, while 

Yersinia enterocolitica and Yersinia pseudotuberculosis may both cause yersiniosis, symptoms 

of which include fever, abdominal pain and diarrhoea.  
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Yersinia spp. have been shown to persist in the environment as Yersinia pseudotuberculosis is 

able to survive for long periods of time in soil and water, while it has also been suggested that 

Yesinia pestis may survive outside flea or animal vectors as an intracellular parasite of 

protozoa. The presence of Yersinia in biofilms appears to enhance viability (Eisen & Gage, 

2008). In a study using conventional PCR, conducted by Dobrowsky et al. (2015), Yersinia spp. 

were detected in pasteurized rainwater samples after heat treatment conducted at 81 °C. 

Langeland (1983) then reported on the isolation of Yersinia spp. (including 

Yersinia enterocolitica) in 54% of the drinking water samples tested, while Cheyne et al. (2010) 

detected Yersinia enterocolitica in 38% of surface water samples tested. 

1.4 Rainwater treatment systems 

Research has shown that depending on the chemical and microbial quality of the harvested 

rainwater, utilising this water source for potable purposes may only be achievable if pre-

treatment systems are employed (Helmreich & Horn, 2009; Li et al. 2010; Dobrowsky et al. 

2014). Numerous United Nations Children's Emergency Fund (UNICEF) and WHO reports have 

indicated that millions of children die each year in developing countries as a result of 

waterborne diseases (UNICEF & WHO, 2009). Therefore, if rainwater harvesting is to be 

successfully used in developing countries where access to safe water is lacking, it is essential 

that treatment systems effective for the removal of pathogenic organisms are implemented 

(Burch & Thomas, 1998). However, numerous factors have been identified that may influence 

the effectiveness of a particular water treatment system in both the ability to efficiently treat the 

water source and in providing sufficient volumes of treated water (Table 1.1).  

Table 1.1: Factors that may influence the effectiveness and efficiency of water treatment 

systems (Burch & Thomas, 1998; Mwabi et al. 2011; McGuigan et al. 2012; De Kwaadsteniet et 

al. 2013). 

 

 Water source utilised (rainwater will have a lower overall turbidity and microbial load 

when compared with river water, which will be more difficult to treat). 

 Costs and materials associated with the treatment system (must be cost-effective and 

constructed from readily available materials if the system is to be implemented in 

developing countries). 

 Ease of use (compliance will be negatively impacted if the protocol is complicated). 

 System maintenance (treatment should not require consumables that are difficult or 

too expensive to obtain). 

 Treatment time (if prolonged treatment time is required, the treatment system might 

not be able to meet the water demands of the consumer). 
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By taking these factors into consideration (Table 1.1), various treatment systems have been 

proposed to treat rainwater at the household level. These systems include; poly (vinyl alcohol) 

(PVA) nanofibre membrane technology (Dobrowsky et al. 2014), activated carbon filtration 

(Areerachakul et al. 2009; Dobrowsky et al. 2014), slow-sand filtration (Fewster et al. 2004; Liu 

et al. 2005; Peters-Varbanets et al. 2009), chlorination (Sobsey, 1989; Gordon et al. 1995), 

SODIS (Sommer et al. 1997; Lonnen et al. 2005; Martin-Dominguez et al. 2005; McGuigan et 

al. 2012; Strauss et al. 2016) and SOPAS (Burch and Thomas, 1998; Spinks et al. 2003, 2006; 

Despins et al. 2009; Dobrowsky et al. 2015; Reyneke et al. 2016). 

Two primary factors that exert marked influences on the effectiveness of a rainwater treatment 

system are the types of microorganisms present and the turbidity of the water source. It is well 

documented that certain organisms undergo physiological and morphological changes 

(formation of survival structures) under unfavourable conditions which enable them to persist 

through water treatment strategies (Jones, 1997; Stortz & Zheng, 2000). This includes the 

Gram-positive endospore formers, protozoan species which form cysts and parasitic worms that 

lay eggs. These survival structures are highly resistant to commonly used chemical treatments 

as well as to heat and ultraviolet-radiation (UV) (Jones, 1997; Stortz & Zheng, 2000). Certain 

organisms also possess the necessary genes and enzymes to survive unfavourable conditions 

by initiating an appropriate stress response. These include the heat shock response, activation 

of the SOS-regulon and initiation of photoreactivation (repair of DNA following UV damage) 

(Jones, 1997). In addition, water turbidity which is defined as the measure of the concentration 

of suspended particles in water, can affect treatment in at least three ways. These include 

shielding microorganisms from UV-radiation, by reacting with chemical disinfectants such as 

chlorine and by clogging filtration systems (Servais et al. 1994; Wegelin et al. 1994; Burch & 

Thomas, 1998; McGuigan et al. 2012).  

1.4.1 Chlorination (chemical disinfection) 

Chlorination was first used as a water treatment method during the 1890s, when sanitation 

engineers started using chlorine, as it was considered effective, inexpensive and a simple way 

to treat contaminated water (Edberg et al. 2000). Over the years it has become the most 

common form of disinfection and is used in numerous countries (De Kwaadsteniet et al. 2013). 

Chlorine and chlorine-based compounds efficiently destroy microorganisms during water 

treatment processes and also prevent microbial re-growth after the treatment. Chlorine 

exposure effectively destroys the bacterial cell wall by altering its biochemical and physical 

properties thereby terminating certain essential cellular functions (Venkobachar et al. 1977). It 

has been proposed that the disruption of the cell wall by the binding of chlorine to target sites on 

the cell surface releases vital cellular constituents from the cell. The compound also terminates 
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membrane-associated functions and metabolism within the cell, leading to cell death 

(Venkobachar et al. 1977).  

Chlorination has been used to treat harvested rainwater at a recommended dose of 0.4 - 

0.5 mg/L for at least 15 min (De Kwaadsteniet et al. 2013). However, some disadvantages of 

utilising chlorination include: the need to continuously add chlorine to the water being treated in 

order for it to have a beneficial effect; determining the chlorine concentration required for 

effective treatment of water, as this is dependent on the concentration and types of 

microorganisms present; and finally, high levels of organic matter in the water may also affect 

chlorination efficiency (Feachem et al. 1983; Servais et al. 1994). Gordon et al. (1995) then 

recommended treating rainwater with chlorine after removing the water from the rainwater 

harvesting tank to prevent the chlorine from reacting with organic material that had settled at the 

bottom of the tank. These reactions must be avoided as they cause the formation of hazardous 

by-products including, chlorite, persulfate and perchlorate, amongst others, which are 

detrimental to human health (Huang et al. 2016). 

1.4.2 Filtration systems 

Various types of filtration systems exist. These include slow-sand filtration, activated carbon 

filtration and nanofiltration (De Kwaadsteniet et al. 2013). The effectiveness of these filtration 

systems relies on their ability to remove microorganisms from water on the basis of their size 

(viruses 20 – 80 nm; bacteria 0.5 – 2 µm; protozoa 4 – 20 µm). Furthermore, the increased 

surface area of the filters permits the formation of biofilms that act as biological filters by 

removing contaminating microorganisms. A major advantage of using filtration is that this 

method can remove both microbial and chemical contaminants from water sources. However, 

there are disadvantages. These include prolonged treatment time and the volume of water that 

can be effectively treated is small. In addition, in some systems such as the slow-sand filtration 

system, components may need to be replaced. The entire system becomes ineffective during 

this period, particularly as the biofilm/biological filter needs to re-form. However, depending on 

the type of filtration method used, the system may be constructed cost-effectively, by employing 

low cost filter materials and using gravity to move the water through the system instead of a 

pressure pump (De Kwaadsteniet et al. 2013). 

1.4.3 Solar disinfection (SODIS) 

Solar disinfection (SODIS) is based on the synergistic effects of light (UV) and heat which 

inactivate microbial contaminants (McGuigan et al. 2012). The process is performed by filling 

glass or plastic bottles with the water to be treated and exposing these containers to direct 

sunlight for 6 – 48 hours. The exposure time will depend on the intensity of sunlight and 

sensitivity of the contaminating pathogens to UV radiation and heat. Ultraviolet-radiation 
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inactivates the microorganisms by damaging both the cell membrane and the DNA as a result of 

the formation of reactive oxygen species (ROS). Simultaneous heating of the water by the 

ultraviolet-radiation further contributes to the disinfection process. The process of SODIS is 

considered an inexpensive and simple easy-to-use system which is utilised daily by 

approximately five million people in over 50 countries in Africa, Asia and South America 

(McGuigan et al. 2012).  

Solar disinfection has been utilised successfully to reduce bacterial, fungal, protozoan and viral 

contaminants in harvested rainwater (McGuigan et al. 2012). Various waterborne pathogenic 

bacteria have also been reported to be susceptible to SODIS following a six-hour treatment 

(Wegelin et al, 1994; Dejung et al. 2007). However faecal coliforms display slower inactivation 

rates and thus require longer exposure times (Sommer et al. 1997; Sinton et al. 2002). In a 

study conducted by Boyle et al. (2008), Bacillus subtilis endospores could be reduced by 96.3% 

following a cumulative 16-hour exposure. It has also been recommended that water subjected 

to SODIS be used within 24 hours to avoid post-treatment re-growth (McGuigan et al. 2012).  

Despite the benefits of employing SODIS to treat water, some disadvantages have been noted. 

For example, poor weather conditions and an increase in the turbidity of water may decrease 

the effectiveness of SODIS (Helmreich & Horn, 2009; Li et al. 2010; McGuigan et al. 2012). In 

addition, although research has demonstrated that chemicals do not leach from the plastic 

bottles during this treatment, the system does not have the ability to improve the chemical 

quality of the water. Furthermore, research has indicated that certain microorganisms and 

endospores are able to survive SODIS treatment and are only inhibited when the temperature is 

significantly increased (McGuigan et al. 2012).  

In order to overcome these limitations certain enhancement technologies have been 

implemented to increase the treatment effectiveness of the system. These improvements 

include thermal enhancement, heterogeneous photocatalysis, chemical additives, flow reactors 

and solar mirrors. The use of thermal enhancement, flow reactors and solar mirrors all lead to 

an increase in both temperature and ultraviolet-radiation (Kehoe et al. 2001; Saitoh & El-

Ghetany, 2002; Martin-Dominguez et al. 2005). This is achieved by using black paint (on the 

underside of the SODIS reactor) and solar reflectors to increase heat absorption. These 

technologies also aim to increase the possibility of obtaining an uninterrupted ultraviolet–

radiation dose that is essential for complete inactivation of the microbial contaminants (Vidal & 

Diaz, 2000; Dunlop et al. 2002; Fernández-Ibánez et al. 2009). Heterogeneous photocatalysis 

also increases the production of ROS by using a semi-conductor such as titanium dioxide 

(TiO2). This compound absorbs radiation energy and promotes ROS formation after several 

electron transfer reactions (Ibánez et al. 2003; Seven et al. 2004; Paspaltsis et al. 2006). The 

addition of chemical additives such as citrus-based compounds to the water has also led to an 
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increase in microbial inactivation (Fisher et al. 2012; Harding & Schwab, 2012). Research 

conducted by Fisher et al. (2012) showed that the use of sodium percarbonate in combination 

with copper or citric acid and ascorbate accelerated the inactivation of coliphages, E. coli and 

Enterococcus spp. In addition, by using enhancement technologies such as reflectors, Amin 

and Han (2009) showed that a SODIS system effectively disinfected rainwater under moderate 

weather conditions. The study monitored levels of E. coli, total and faecal coliforms and HPC. 

1.4.4 Solar pasteurization (SOPAS) 

Pasteurization by boiling has long been recognised as a safe method for treating contaminated 

water (Burch & Thomas, 1998). However, pasteurization has many disadvantages. Boiling the 

water may be time-consuming and is not always financially sustainable for many households 

(Islam & Johnston, 2006). Boiling water by utilising firewood may also be detrimental to the 

environment (deforestation and air pollution) (Islam & Johnston, 2006). Developing countries 

such as South Africa thus require a practical and inexpensive rainwater treatment protocol 

(Helmreich & Horn, 2009). Solar radiation offers an abundance of renewable energy that can be 

utilised to treat harvested rainwater in the form of SOPAS. Many countries that are in need of a 

clean water supply and where rainwater harvesting could be implemented, have abundant 

sunshine, as most of these countries are located within 20° of the equator where increased 

solar radiation intensity is observed (Ciochetti & Metcalf, 1984). Thus at these locations the 

effectiveness and efficiency of SOPAS is improved (Nieuwoudt & Mathews, 2005). South Africa 

is a country with an extremely high potential for solar power generation as a result of the high 

solar irradiation that is observed for the entire country throughout the year (Fig. 1.3A). An 

average direct normal solar irradiance of 7.0 kWh/m2/d has been reported (Fluri, 2009). These 

aforementioned facts coupled with an average annual rainfall of 464 mm in South Africa 

(Fig. 1.3B), makes rainwater harvesting SOPAS systems a viable solution for the provision of 

an alternative water source.  

Unlike SODIS, where temperatures may be insufficient to inactivate microorganisms, the use of 

SOPAS creates temperatures that are high enough to successfully treat contaminated water. 

The time required to treat the water is also reduced (Caslake et al. 2004). Furthermore, SOPAS 

has been considered a reliable and inexpensive treatment system (Helmreich & Horn, 2009), 

which is more effective for treating greater volumes of rainwater as the removal of all major 

pathogens is independent of turbidity, pH and additional parameters that may influence other 

proposed treatment systems (Burch & Thomas, 1998).  
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Fig. 1.3. (A) Average annual direct normal solar irradiation (DNI) in South Africa (adopted from 

SolarGIS © GeoModel Solar, 2016). (B) Average annual rainfall in South Africa (adopted from 

Malherbe & Olivier, 2012). 

Various types of SOPAS systems are available. The most commonly used systems consist of a 

storage tank and a solar collector component that can heat the water either directly or indirectly 

(Nieuwoudt & Mathews, 2005). When installing the systems, the solar collectors must be placed 

in a north-facing orientation uninhibited by shade. By making use of the thermosiphoning effect, 

water can circulate in the system in a passive manner and this negates the need for a water 

pump which would increase costs associated with this technology. System storage tanks may 

be constructed either from metals or polymers and both materials have advantages and 

disadvantages. By using a polymeric storage tank, costs may be reduced and this material also 

provides increased resistance to corrosion and freezing. The polymeric material however has a 

lower temperature tolerance when compared with metal based storage tanks. In addition, 

although the polymeric storage tank provides increased resistance to corrosion, it may 

deteriorate over time as result of exposure to ultraviolet radiation. Conversely, metal storage 

tanks deteriorate as a result of corrosion and could therefore adversely influence the chemical 

quality of the treated water (Dobrowsky et al. 2015). 

Fig. 1.4 illustrates the two types of SOPAS systems that are most commonly used; (A) direct 

SOPAS system and (B) indirect SOPAS system. The direct system uses evacuated tubes that 

absorb solar irradiation to heat the water. As the water temperature increases the density 

decreases and thus water rises to the top of the evacuated tubes and into the main storage 
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tank. Cooler water from the storage tank then moves into the evacuated tubes and is heated. In 

the indirect system, flat bed solar panels absorb solar irradiation and transfer the heat to a 

secondary liquid (water mixed with glycol). The secondary liquid then flows from the panels to 

the outer compartment of the storage tank. The heated secondary liquid in the outer 

compartment transfers the heat to the inner compartment containing the water (Nieuwoudt & 

Mathews, 2005).  

 

Fig. 1.4. The two types of SOPAS systems that are commercially available: (A) Direct SOPAS 

System; (B) Indirect SOPAS System (adopted from Saving Energy Solutions, 2016). 

Ciochetti and Metcalf (1984) suggested that pasteurization would eliminate bacteria, rotaviruses 

and enteroviruses commonly found in contaminated water. Research conducted by Spinks et al. 

(2003; 2006) and Despins et al. (2009) indicated that the storage of rainwater at temperatures 

between 55 – 65 °C was required for the thermal inactivation of heat-resistant bacterial species 

including Enterococcus spp., Escherichia spp., Salmonella spp., Aeromonas spp., 

Pseudomonas spp., Shigella spp., Klebsiella spp. and Vibrio spp. Spinks et al. (2006) then 

concluded that the optimal temperature required for hot water systems to effectively remove 

bacteria was 60 °C. This temperature is in agreement with that suggested earlier by Ciochetti 

and Metcalf (1984) and Safapour and Metcalf (1999). Feachem et al. (1983) reported that the 

time required to pasteurize water decreases as the temperature increases. For example, for 

every 10 °C increase in temperature in excess of 50 °C, the time required to pasteurize water 

will decrease approximately by a factor of 10. 

A disadvantage of SOPAS is that it does not improve the chemical quality of treated water 

(Islam & Johnston, 2006). In a previous study conducted by Dobrowsky et al. (2015), various 

metals were found to leach from a stainless steel SOPAS apparatus and thus influence the 

chemical quality of the water. It was therefore suggested that to prevent leaching, the storage 

tank of the pasteurization system should be manufactured from an alternative material such as 

a high grade polyethylene. In the same study, SOPAS was earmarked as a possible solution for 
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the improvement of the microbial quality of harvested rainwater. This was associated with 

SOPAS at temperatures in excess of 72 °C that reduced the levels of indicator bacteria 

(including heterotrophic bacteria, E. coli and total coliforms) to values below the detection limit. 

However, when utilising the PCR technique, certain pathogenic microorganisms were detected 

at temperatures exceeding the recommended pasteurization temperature of 72 °C. Legionella 

spp. and Pseudomonas spp. were also detected in pasteurized water treated at 91 °C, Yersinia 

spp. at 81 °C and Klebsiella spp. at 74 °C (Dobrowsky et al. 2015). In a study conducted by 

Lombard et al. (2013) the presence of adenovirus was detected in pasteurized water which had 

been treated at temperatures of 85 – 90 °C, by using PCR. However, a major disadvantage of 

using the PCR technique is that viability cannot be evaluated due to the persistence of 

deoxyribonucleic acid (DNA) after cell death (Masters et al. 1994). These findings remain a 

cause for concern as these organisms are pathogens and their viability must be confirmed. 

1.5 Viability detection systems 

Research has demonstrated that pathogenic microorganisms commonly occur in various 

environmental water samples including harvested rainwater. The detection of these organisms 

is crucial in order to monitor whether the water is safe to use for potable and domestic 

purposes. Traditionally, culture-based methods have been used to monitor the quality of 

harvested rainwater but it is well documented that certain microorganisms at times lose their 

ability to be cultured on artificial media. However, these microbes remain viable and can regain 

their ability to grow once conditions become favourable (Oliver, 2000; Murga et al. 2001; Hwang 

et al. 2006; García et al. 2007; Dusserre et al. 2008). Of concern is that these viable but non-

culturable cells may pose a major health risk if they are ingested by humans (De Man et al. 

2014). Furthermore, traditional culture methods are often time-consuming. For these reasons, 

most laboratories have introduced the use of molecular-based techniques that enable the rapid, 

sensitive and specific detection of organisms in both clinical and environmental samples (CDC, 

2013). However, merely detecting the presence of a pathogenic microorganism, using only 

molecular-based techniques in a water sample following disinfection treatment, will not provide 

an accurate indication as to the potential health risks associated with using the water. This is 

because some of these methods detect non-viable microorganisms which do not pose a threat 

to the consumer, as only the viable portion of microbial contaminants pose a significant health 

risk. Researchers have therefore suggested targeting three properties of bacterial viability viz. 

metabolic activity/responsiveness, detection of nucleic acids and cellular integrity (Keer & Birch, 

2003) (Fig. 1.5). 

The detection of intact nucleic acid sequences (such as DNA), using the PCR technique, was 

initially used as an indicator of cell viability as it was assumed that DNA would be degraded in a 

dead cell more rapidly than other cellular components (Jamil et al. 1993). McCarty and Atlas 
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(1993) then reported that the detection of longer intact DNA sequences correlated more closely 

with viability than shorter sequences. Furthermore, Moore et al. (2001) stated that the 

consistent detection of nucleic acid sequences from pathogenic bacteria in an environment can 

indicate potential health risks as the detected organisms would likely be viable as they are 

either consistently introduced to the environment or are able to proliferate. However, despite the 

advantages provided by the use of PCR, many challenges remain. The presence of possible 

PCR inhibitors in environmental water samples will prevent the amplification of the target DNA 

and subsequently lead to false negative results (Wang & Levin, 2006). In addition, cell viability 

cannot be evaluated using the PCR technique as DNA may persist after cell death (Masters et 

al. 1994). 

 

Fig. 1.5. The range of approaches used for the assessment of bacterial viability: (A) metabolic 

activity/responsiveness; (B) presence of nucleic acids; (C) cellular integrity (adapted from Keer 

& Birch, 2003). 

In order to overcome these limitations various strategies have been introduced and used. The 

use of internal amplification controls during the PCR allows for the detection of possible PCR 

inhibitors (Ahmed et al. 2008; Fittipaldi et al. 2012). It was also suggested that changing the 

amplification target of PCR from DNA to ribonucleic acid (RNA) would provide the best option 

for indicating the presence of viable cells as the presence of mRNA indicates the presence of 

metabolically active cells (McKillip et al. 1999; Villarino et al. 2000; Bleve et al. 2003; Keer & 

Birch, 2003; Morin et al. 2004). However, the use of mRNA as the target, detected by using 

reverse transcription PCR (RT-PCR), also has limitations as bacterial mRNA degrades rapidly. 

It is also notable that mRNA expression levels are dependent on the physiological status of the 

cell and subsequently mRNA from viable dormant or extremely slow-growing microorganisms 

may be at levels below the detection limit of the PCR (Nocker et al. 2006). McKillip et al. (1998) 
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and Sheridan et al. (1998) also reported difficulty in the reproducibility of results when using 

mRNA to determine viable and dead cell numbers. As a result, scientists have investigated the 

use of nucleic acid binding dyes (viability-qPCR) and enzymatic treatments (DNase enzyme-

based assay). These techniques would then exclude extracellular DNA as well as DNA from 

dead microorganisms and subsequently detect DNA only from viable microorganisms. 

Cellular integrity can also be used to distinguish between viable and dead bacteria as it is 

assumed that viable cells will have an intact membrane that cannot be penetrated by selected 

staining compounds whereas dead cells are considered to have compromised permeable 

membranes (Stiefel et al. 2015). Flow cytometry coupled with staining kits is one of the most 

commonly used molecular techniques that targets cellular integrity (Hoefel et al. 2003; Stiefel et 

al. 2015). Flow cytometry in combination with the LIVE/DEAD® BaclightTM Bacterial Viability and 

Counting Kit (InvitrogenTM) is used to distinguish live from dead cells based on the fluorescence 

of propidium iodide (PI) and SYTO 9. Propidium iodide is a red-fluorescent nucleic acid stain 

which only penetrates cells with disrupted membranes (dead cells). As PI enters the dead cells 

it randomly binds to the DNA present in the cell causing an increased red fluorescence which 

can be monitored by a flow cytometer. The SYTO 9 is a green-fluorescent nucleic acid stain 

which has the ability to enter both membrane-compromised (damaged cells) and intact (viable) 

cells and binds to the DNA present in the cell, causing green fluorescence. However, PI exhibits 

a stronger affinity for the binding of DNA and will supress the binding of SYTO 9 to DNA. Thus 

viable cells will stain green, while non-viable cells will stain red (Stiefel et al. 2015). Although 

this method can provide an accurate indication of the proportion of live to dead cells present in a 

sample, it cannot indicate whether cells of a specific genus or species are viable or dead when 

analysing a mixed culture. Thus, environmental samples with mixed bacterial populations 

become more complicated to analyse when compared with monospecific pure culture samples.  

Scenarios could however occur where cells maintain membrane integrity but are metabolically 

inactive (Stiefel et al. 2015). Thus another target for viability assays includes assessing the 

metabolic activity or responsiveness of the cell as this is a definitive indication of whether the 

cell is viable. This can be achieved by monitoring mRNA synthesis as mRNA will only be 

produced by metabolically active cells. However, as mentioned previously, researchers have 

identified limitations associated with this approach such as the physiological status of the cell, 

which will directly influence mRNA expression levels. An improved approach to monitoring the 

metabolic activity of a cell is to monitor adenosine triphosphate (ATP) levels (energy levels), or 

the formation of metabolites (indicating an active metabolism). A readily used assay based on 

metabolic activity or responsiveness that allows for the monitoring of the viable portion of 

microbial contaminants in water samples following treatment, is the BacTiter-GloTM Microbial 

Cell Viability Assay (Promega, Madison, WI, USA). The BacTiter-GloTM Microbial Cell Viability 

Assay, DNase enzyme-based assay and viability-qPCR will be discussed below, as these 
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methods target the proposed three indicators of bacterial viability referred to above and were 

subsequently employed in the current study (Chapter 3). 

1.5.1 Viability-qPCR using EMA and PMA 

In order to overcome the various disadvantages of using molecular-based techniques that target 

only one aspect of viability, scientists have started utilising methods that target multiple 

indicators of viability. For example, in order to overcome the shortcomings of conventional PCR 

and RT-PCR methods, viability-qPCR was developed. This latter method combines the 

detection of nucleic acids with cellular integrity and allows for a viability assessment of a specific 

organism present in a mixed-culture, as primers specific to the target organism are utilised.  

Quantitative PCR has successfully been utilised to quantify possible microbial contaminants in 

environmental water samples (Behets et al. 2007; Yaradou et al. 2007; Dusserre et al. 2008). 

The term viability-qPCR then refers to the quantitative PCR (qPCR) analysis of a sample that 

has been pre-treated with a nucleic acid-binding dye (referred to as a viability dye). Such dyes 

are ethidium monoazide bromide (EMA) or propidium monoazide (PMA) (Fittipaldi et al. 2012). 

The distinction between viable and non-viable cells for both viability dyes is based on 

membrane integrity as the dyes are membrane-impermeant (Delgado-Viscogliosi et al. 2009). 

The viability dyes selectively penetrate cells possessing damaged membranes and covalently 

bind to DNA after photoactivation (activation of a chemical reaction by light). The binding of the 

dye to the DNA prevents the PCR amplification of the DNA and thereby leads to a strong signal 

reduction during qPCR. Simultaneously when the binding of the dye to the DNA occurs, any 

unbound excess dye reacts with water molecules and in so doing prevents the reaction of the 

excess dye with DNA extracted from intact cells during the subsequent DNA extraction 

procedures (Nocker & Camper, 2009). Intact membranes of viable cells then prevent the 

viability dyes from entering the cell and therefore the DNA from these cells can be amplified and 

quantified (Fittipaldi et al. 2012). 

The mechanism by which the viability dyes prevent the amplification of the bound DNA is not 

fully understood and many theories have been proposed (Fittipaldi et al. 2012). After the dye 

has penetrated damaged cell membranes, upon photo-activation, it is covalently cross-linked to 

the DNA. This binding is thought to inhibit the amplification of the DNA by rendering the DNA 

insoluble thereby allowing for its removal along with other cell debris in the subsequent DNA 

extraction (Nocker & Camper, 2006). It is also possible that the binding of EMA to DNA cleaves 

the chromosomal DNA of non-viable bacteria thus preventing amplification (Soejima et al. 

2007). 

In order for the viability dyes to be effective, they should thus lead to the exclusion of DNA 

signals from membrane-compromised cells and simultaneously not affect the DNA signals from 
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cells with intact membranes. Various methods have therefore been used in order to assess the 

effectiveness of both viability dyes (EMA and PMA) for dead and live cells, with regard to 

specificity of dye penetration and possible dye toxicity. These methods include quantitative PCR 

analysis (Vesper et al. 2008; Yañez et al. 2011), fluorescence microscopy (Nocker et al. 2006; 

Flekna et al. 2007; Nam et al. 2011) and cytotoxicity assays (Rueckert et al. 2005; Flekna et al. 

2007; Soejima et al. 2007). Using these methods, it has been demonstrated that both EMA and 

PMA can be used effectively as viability dyes, but each has specific advantages and 

disadvantages (Fittipaldi et al. 2012). Ethidium monoazide bromide is more efficient at DNA 

signal suppression than is PMA; however it has been proposed that EMA is able to penetrate 

live cells with intact membranes (Fittipaldi et al. 2012). Propidium monoazide (PMA) is 

considered to be membrane-impermeant and is therefore considered to be more effective in 

distinguishing live from dead cells. Conversely, studies have shown that PMA does not always 

adequately penetrate cells with compromised membranes and the number of dead cells in a 

sample could therefore be underestimated (Fittipaldi et al. 2012). To overcome these limitations, 

certain experimental parameters need to be considered when optimising the assay for use with 

a specific sample.  

Research has shown that EMA is able to penetrate the membranes of non-viable cells at dye 

concentrations lower than those required for PMA. Using EMA at these lower concentrations will 

in turn also limit the ability of EMA to enter viable cells. In addition, incubation time and 

temperature play a role in the uptake of EMA by live cells as temperature affects membrane 

permeability. It is therefore recommended that the incubation step of the procedure is performed 

on ice instead of at ambient temperature and only for a brief time period (Fittipaldi et al. 2012). 

Conversely, limitations associated with the use of PMA can be overcome by using higher dye 

concentrations and increasing incubation temperature in order for PMA to readily enter dead 

cells. Higher dye concentrations can be tolerated as PMA is less cytotoxic than EMA. The use 

of membrane-destabilising agents as well as targeting longer DNA sequences for amplification 

have also been shown to increase the exclusion of dead cell signals (Fittipaldi et al. 2012). 

It is important to note that the use of viability-qPCR provides an indication of cell viability based 

on both membrane integrity and the detection of nucleic acids. There are thus certain limitations 

in using this method as it cannot be applied to monitor viability following biocidal treatments or 

other treatments that do not damage the membrane sufficiently (Nocker et al. 2006). 

Nevertheless, when implemented correctly this method provides valuable information and it has 

successfully been used to differentiate between live and dead cells of bacteria, fungi, protozoa 

and yeasts (Rueckert et al. 2005; Wang & Levin, 2006; Pan & Breidt, 2007; Pisz et al. 2007; 

Soejima et al. 2007; Vesper et al. 2008; Chang et al. 2009; Delgado-Viscogliosi et al. 2009; 

Rawsthorne et al. 2009; Agusti et al. 2010; Fittipaldi et al. 2011; 2012; Reyneke et al. 2016). 
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1.5.2 DNase enzyme-based assay 

Enzyme-based viability assays involve treating a sample with nucleases such as DNase, 

followed by the inactivation of the nuclease. The DNA of undamaged bacteria/viruses is 

extracted and eventually quantified using qPCR. The DNase enzyme-based assay thus 

combines the detection of nucleic acids with cellular integrity in order to provide an indication of 

cell viability. Similar to viability-qPCR, the assay allows for the viability assessment of a specific 

microorganism present in a mixed-culture as primers specific to the target organism of choice 

are utilised. A brief time exposure of live bacterial cells to enzymes, such as DNase I and 

trypsin, has little effect on the morphology, function or viability of the cells as the membrane 

(bacteria) or capsid (viruses) has the ability to protect the organism from proteases and 

nucleases (Girones et al. 2010; Viancelli et al. 2012; Fongaro et al. 2013). However, cells with 

damaged membranes will be digested by these enzymes to the extent that they are excluded 

from measurement (Darzynkiewics et al. 1994). DNase I is an endonuclease that is able to 

digest both single- and double-stranded DNA by hydrolysing phosphodiester bonds. This 

procedure removes all DNA from cells with compromised membranes (dead cells) from the 

sample, leaving only the intact cells (viable) to be analysed and quantified during qPCR. Since 

elimination of the dead cells with enzyme digestion has been shown to be selective, the method 

is commonly applied when studying the viable portion of biofilm communities, as well as to 

remove necrotic or apoptotic cells from sample material (Darzynkiewics et al. 1994). In addition, 

this method has been used to detect viable Lactobacillus acidophilus, E. coli and infective 

adenoviruses present in environmental water samples (Fong et al. 2008; Viancelli et al. 2012; 

Fongaro et al. 2013; Shakeri et al. 2014).  

1.5.3 BacTiter-GloTM Microbial Cell Viability Assay 

The BacTiter-Glo™ Microbial Cell Viability Assay is an affordable and effective assay that is 

used to monitor for the presence of viable microbial cells (Deininger & Lee, 2006; Berney et al. 

2008). The assay determines the number of viable microbial cells by monitoring the presence of 

ATP, which is an indicator of the presence of metabolically active cells (Berney et al. 2008). 

Briefly, the BacTiter-Glo™ Reagent is added to a sample, which causes cell lysis and the 

production of a luminescent signal which can be measured with a luminometer. The 

luminescent signal produced is proportional to the amount of ATP present, which is directly 

proportional to the number of viable cells in the sample (Berney et al. 2008; Promega, 2013). 

The assay relies on the properties of a proprietary thermostable luciferase (Ultra-Glo™ 

Recombinant Luciferase) and a proprietary buffer formulation for extracting ATP from bacteria. 

However, the assay has also been shown to detect a variety of yeast and fungi (Promega, 

2013). The advantages the assay provides over other viability detection systems include; 

simplicity (reduction in the number of protocol and handling steps), time-effectiveness (results 

Stellenbosch University  https://scholar.sun.ac.za



29 
 

can be obtained in 5 min), increased sensitivity (as few as 10 bacterial cells in a sample can be 

detected) and the use of a stable luminescent signal (half-life of more than 30 min) (Promega, 

2013). As a result, the assay is commonly used for monitoring antimicrobial activity or bacterial 

growth. Research has also shown that cultivation-independent viability indicators, such as the 

BacTiter-Glo™ Microbial Cell Viability Assay are useful parameters for the rapid monitoring of 

water treatment efficiencies and could therefore aid in monitoring overall water quality (Berney 

et al. 2008; Reyneke et al. 2016). However, it is important to note that the assay will provide an 

overall indication of viability in the sample, as ATP is produced by all metabolically active cells 

and is therefore not specific for the detection of a certain organism. In a study conducted by 

Berney et al. (2008) viability results indicated that the measurement of total ATP values 

correlated positively with results obtained from the measurement of esterase activity and the 

high nucleic acid (HNA) bacterial fraction in various water samples. Heterotrophic plate count 

values however exhibited a weak correlation with all the other tested viability parameters. 

During a study conducted by Reyneke et al. (2016), the BacTiter-Glo™ Microbial Cell Viability 

Assay was used to monitor ATP levels present in rainwater samples before and after SOPAS. 

Results indicated a mean decrease of ˃99% in ATP (relative light units/100 µL sample) following 

pasteurization at temperatures in excess of 71.5 °C. 

1.6 Description of the study site 

Due to increased urbanisation, it has been reported that approximately 1.2 million households 

currently reside in 2 700 informal settlements dispersed across South Africa (Bennett & Fieuw, 

2012). The Enkanini informal settlement (Fig. 1.6) was established during 2006 when families 

started relocating from neighbouring Kayamandi to open municipal ground as they could not 

afford housing in Kayamandi (Wessels & Swilling, 2015). Subsequently individuals arriving 

primarily from the rural Eastern Cape regions and seeking employment in the Western Cape 

region, inhabited this area as well. During 2006 an eviction court order for Enkanini residents 

was issued, but to date it has not been implemented (Tavener-Smith, 2012). The settlement is 

therefore the largest illegal informal settlement in Stellenbosch. Although the establishment and 

history of Enkanini has been associated with violent protests and an unwillingness to work with 

certain non-profit organisations and projects associated with the Stellenbosch Municipality, 

attitudes in recent years have changed primarily as a result of the work performed by the 

Stellenbosch Sustainability Institute in Enkanini (Keller & Swilling, 2012; Mollatt & Swilling, 

2014; Von der Heyde & Swilling, 2014; Wessels & Swilling, 2015). 
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Fig. 1.6. Aerial image of Enkanini informal settlement located in Stellenbosch (Western Cape, 

South Africa) (GPS Coordinates: 33°54' 28.42”S 18°25' 03.56”E). 

Inhabitants of Enkanini informal settlement have thus been involved in various Sustainability 

Institute projects since 2011. The projects focussed principally on the implementation of 

alternative technologies in order to improve the quality of life of the individuals living in the 

settlement (Keller & Swilling, 2012; Mollatt & Swilling, 2014; Von der Heyde & Swilling, 2014; 

Wessels & Swilling, 2015). These factors indicate a possible favourable attitude towards an 

alternative technology such as rainwater harvesting and also compliance, without fear of 

vandalism, as the community takes ownership of these technologies. The collaboration between 

individuals living in Enkanini and the Sustainability Institute also resulted in the establishment of 

the Enkanini Research Centre (Wessels & Swilling, 2015).  

The Enkanini informal settlement was therefore selected as the study site for the installation and 

use of small- and large-scale SOPAS rainwater harvesting treatment systems, as only 32 

communal water supply taps are located throughout Enkanini, which supply water to the 

estimated 4 450 residents (139 individuals per municipal tap) (Community Organisation 

Resource Centre, 2012). However, other studies have suggested that the number of Enkanini 

inhabitants is greatly underestimated and the residents themselves estimate the number to be 

between 8 000 and 10 000 individuals (Tavener-Smith, 2012; Wessels & Swilling, 2015). In 

either case, the situation clearly contravenes South African design guidelines which state that a 

maximum of 100 people should be served per standpipe (DWAF, 2004). Additionally, results 

from a social perception study completed as part of WRC Project K5/2368//3 (2016) in the 

Enkanini informal settlement, indicated that 61% of the respondents were familiar with the 

concept of rainwater harvesting. Moreover, 67% of the respondents were favourably inclined 
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towards using rainwater for their daily needs, 77% indicated that they would use the rainwater 

for bathing and cleaning their houses, 65% stated that they would use the rainwater for cooking 

purposes and 46% would use the rainwater for potable or drinking purposes.  

1.7 Project aims 

In order to alleviate the demand on municipal water supplies and centralised water collection 

systems, rainwater harvesting has been earmarked by the South African government as an 

additional water source to provide clean and potable water directly to households (Mwenge 

Kahinda et al. 2007; Li et al. 2010). However, research has indicated that numerous chemical 

and microbial contaminants are associated with stored tank water sources, including rainwater, 

and these potentially pose a serious health risk to the consumer (Simmons et al. 2001; Ahmed 

et al. 2008; 2011; Helmreich & Horn, 2009; Li et al. 2010). Pre-treatment methods should thus 

be introduced to ensure that the rainwater is safe to utilise for all daily water requirements.  

Although various treatment technologies have been developed, research has shown that 

SODIS and SOPAS are effective treatment options to treat contaminated water (Spinks et al. 

2003; 2006; Islam & Johnston, 2006; Despins et al. 2009; Helmreich & Horn, 2009; Li et al. 

2010; McGuigan et al. 2012). Solar pasteurization effectively treats larger volumes of water and 

is not influenced by factors such as turbidity and pH, which could influence other water 

treatment systems. However, bacteria and viruses occurring at temperatures exceeding the 

recommended pasteurization temperature (72 °C) have previously been detected with the use 

of PCR assays in rainwater sources (Lombard et al. 2013; Dobrowsky et al. 2015). As referred 

to in the foregoing, the PCR technique does not indicate viability of contaminants and culture-

based methods are ineffective for the culturing of viable but non-culturable microorganisms. 

Therefore, it is essential that reliable viability detection systems are employed to assess water 

safety.  

In order to achieve this, researchers have suggested targeting three aspects of bacterial viability 

viz. cell metabolic activity or responsiveness, the presence of nucleic acids and cell membrane 

integrity (Keer & Birch, 2003). The BacTiter-Glo™ Microbial Cell Viability Assay and DNase 

enzyme-based assay have been used successfully to monitor the viable portion of microbial 

contaminants found in water sources (Berney et al. 2008; Viancelli et al. 2012; Fongaro et al. 

2013; Reyneke et al. 2016). Viability-qPCR has also permitted researchers to overcome certain 

limitations when using molecular based methods and allows for the rapid, sensitive and specific 

detection of viable microbial cells in samples (Fittipaldi et al. 2012; Reyneke et al. 2016).  

The primary aim of the current study was thus to construct and monitor the operational 

sustainability of small- and large-scale domestic rainwater harvesting SOPAS systems in 

Enkanini informal settlement (Stellenbosch, South Africa). These systems were introduced to 
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alleviate the pressures on the existing communal standpipe systems and to provide the 

inhabitants of the informal settlement with an alternative water source. In order to accomplish 

these aims, the following objectives were completed:  

Objective 1 (Chapter 2): Operational sustainability and efficacy of small- and large-scale solar 

pasteurization treatment systems installed in Enkanini informal settlement (Stellenbosch) for the 

treatment of rainwater:  

 Unpasteurized and pasteurized rainwater samples were routinely collected from two 

small-scale and one large-scale rainwater harvesting SOPAS systems installed in the 

Enkanini informal settlement (Stellenbosch). On all sampling occasions, unpasteurized 

samples were collected directly from the respective rainwater tanks, while pasteurized 

samples were collected directly from the two small-scale SOPAS storage tanks and from 

the solar manifold system and holding tank of the large-scale system. During the high 

rainfall periods, rainwater samples were collected one to four days after a rain event 

from the large-scale and small scale-systems (pasteurized rainwater samples collected 

at temperatures exceeding 50 °C). Thereafter during the low rainfall periods, samples 

were collected every three weeks. It should be noted that samples were only 

collected/processed if the pasteurization temperature was above 50 °C. Samples were 

thus collected at the temperature range of 50 to 59 °C, 60 to 69 °C, 70 to 79 °C and 

80 °C and above. The temperature and pH of the rainwater samples were measured on 

site during all sampling occasions. Rainfall and temperature patterns were obtained from 

the South African Weather Services, while solar radiation (ultraviolet readings) data were 

provided by the Stellenbosch Weather Services, Faculty of Engineering, Stellenbosch 

University.  

 The chemical quality of the unpasteurized and pasteurized rainwater samples was 

determined by monitoring cation and anion concentrations.  

 For microbial analysis before and after SOPAS, the enumeration of traditional indicator 

bacteria, E. coli, total and faecal coliforms, enterococci and heterotrophic bacteria, was 

performed.  

 In order to determine the length of time the pasteurized rainwater could be stored before 

microbial re-growth occurred, pasteurized rainwater samples were stored at ambient 

temperature out of direct light and the heterotrophic plate count was determined every 

two days over a period not exceeding two weeks. 

 For the detection of a library of selected pathogenic bacterial genera (including 

Aeromonas spp., Bacillus spp., Enterococcus spp., Klebsiella spp., Legionella spp., 

Pseudomonas spp., Salmonella spp., Serratia spp., Shigella spp., Staphylococcus spp., 

Streptomyces spp. and Yersinia spp.) and one DNA virus (adenovirus), commonly 
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associated with rainwater, conventional PCRs were optimised and then applied to the 

unpasteurized and pasteurized rainwater samples. 

 Following the completion of the conventional PCR assays, the most readily detected 

bacterial genera were quantified using qPCR assays.  

 The BacTiter-GloTM Microbial Cell Viability Assay was then used to monitor for the 

presence of metabolically active cells in the unpasteurized and pasteurized rainwater 

samples and thus provide an overall indication of viability. 

 The operational sustainability of the systems was also determined by calculating the 

volume of water that the systems could produce at a specific pasteurization temperature. 

Additionally, the pasteurized rainwater usage and municipal tap water usage of the 

participating households were monitored throughout the sampling period. 

 

Objective 2 (Chapter 3): Molecular-based viability versus metabolic responsiveness assays for 

the accurate determination of microbial cell viability: 

Research has demonstrated that there is a need for assays that allow for the accurate 

determination of viable cells in environmental samples. The objective of the current chapter was 

thus to assess molecular-based viability assays (EMA-qPCR, PMA-qPCR and DNase treatment 

in combination with qPCR) and a metabolic responsiveness assay (BacTiter-GloTM Microbial 

Cell Viability Assay) for their ability to accurately identify the presence of viable cells in water 

samples that had been spiked with a test organism (Legionella spp., Pseudomonas spp., 

Salmonella spp., Staphylococcus spp. and Enterococcus spp.). For this, a heat treated sample 

(representing a sample containing both viable and dead cells), an autoclaved sample (negative 

control – only dead cells) and an untreated sample (positive control – only viable cells) of each 

of the respective organisms was included. As varying concentrations of the nucleic acid binding 

dyes, EMA and PMA, have been reported in literature and as research has shown that EMA 

and PMA have different membrane permeability potentials depending on the target organisms’ 

cell wall/membrane composition, optimal concentrations of EMA and PMA were also assessed 

in the current study for the detection of the test organisms.  

 The test organisms utilised for the optimisation of the viability assays on the “spiked” 

water samples included three Gram-negative (Legionella pneumophila ATCC 33152, 

Pseudomonas aeruginosa ATCC27853 and Salmonella enterica serovar Typhimurium 

ATCC 14028) and two Gram-positive [Staphylococcus aureus ATCC 25925 and 

Enterococcus faecalis (sequence verified clinical isolate)] organisms.  

 The test organisms were each spiked into three sterile 500 mL water aliquots, 

respectively. The first 500 mL water aliquot for each organism was heat treated at 70 °C 

for 15 min (representing a sample containing both viable and dead cells), the second 
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500 mL water aliquot was autoclaved (negative control – only dead cells), while the last 

500 mL aliquot remained untreated (positive control – only viable cells). 

 The heat treated (viable and dead), autoclaved (dead) and untreated (viable) water 

samples for each respective organism were then analysed using culturing analysis. This 

was performed as a control to enumerate the viable and culturable organisms present in 

each sample. Subsequently, the BacTiter-GloTM Microbial Cell Viability Assay was 

applied, which enabled the monitoring of adenosine triphosphate as an indication of the 

presence of metabolically active cells. The samples for each of the respective organisms 

were then analysed using EMA-qPCR and PMA-qPCR. For EMA-qPCR and PMA-

qPCR, various concentrations of EMA (6 µM, 12.5 µM, 25 µM, 35 µM and 50 µM) and 

PMA (25 µM, 50 µM and 100 µM) were analysed. The concentration ranges of both 

EMA and PMA that were applied to the samples were selected based on concentrations 

that had been reported in literature for the respective test organisms. Lastly, the DNase 

enzyme-based assay was used to analyse the samples. 

 The results obtained using culture-based analysis, the molecular-based viability assays 

(EMA-qPCR, PMA-qPCR and DNase treatment in combination with qPCR) and 

metabolic responsiveness assay (BacTiter-GloTM Microbial Cell Viability Assay) were 

then compared to determine which assay was the most reliable in detecting viable cells. 
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Abstract 

The aim of the current study was to monitor the operational sustainability and efficacy of two 

small-scale (Sites 1 and 2) and one large-scale (Site 3) solar pasteurization (SOPAS) systems, 

installed in Enkanini informal settlement (South Africa), to treat harvested rainwater. Indicator 

organisms, cations and anions were routinely monitored for in the tank water before and after 

SOPAS treatment using conventional water quality monitoring techniques, while molecular 

analysis was used to identify a range of pathogens frequently detected in rainwater sources. 

Anions and cations analysed for in the untreated and SOPAS treated rainwater for both the 

small- and large-scale systems were within national and international drinking water guidelines. 

However, depending on the roof catchment system utilised, zinc concentrations at Sites 1 and 2 

(mean 3919 µg/L before pasteurization, mean 3964 µg/L after pasteurization) and arsenic 

concentrations at Site 3 (mean 18.69 µg/L before pasteurization, mean 18.30 µg/L after 

pasteurization) contravened the respective drinking water guidelines. Additionally, the total 

coliform, E. coli and faecal coliform counts exceeded the drinking water guideline limits in 100%, 

55% and 36% of the unpasteurized tank water samples collected from the small-scale systems 

(Sites 1 and 2) and 100%, 100% and 50% of the unpasteurized tank water samples collected 

from the large-scale system (Site 3), respectively. However, total coliforms, E. coli and faecal 

coliforms were effectively reduced to below the detection limit (< 1 CFU/100 mL) following 

SOPAS treatment above 53 °C for the small-scale systems (Sites 1 and 2) and above 55 °C for 

the large-scale system (Site 3). Results indicated that a minimum SOPAS temperature of 66 °C 

(small scale systems) and 71 °C (large scale system) was required to reduce the levels of 

heterotrophic bacteria in the unpasteurized tank water samples to within drinking water 

standards. However, results from the BacTiter-GloTM Microbial Cell Viability Assay indicated that 

viable microbial cells may be present in the samples following SOPAS. Moreover, molecular 

analysis indicated that Legionella spp. was the most prevalent pathogen in both the 

unpasteurized (100%) and pasteurized (91%) tank water samples from the small-scale systems 

and the unpasteurized (83%) and stored pasteurized (100%) tank water samples from the large-

scale system. Quantitative PCR analysis confirmed that Legionella spp., Pseudomonas spp. 

and Salmonella spp. were still detected following SOPAS treatment for both the small- and 

large-scale systems. Analysis of the operational sustainability of the systems indicated that 

minimal maintenance after installation was required and the small-scale systems were efficient 

in providing the inhabitants with an alternative domestic water source. Additionally, as warm 

water was being produced by the small-scale systems at Site 1 and 2, the households were 

using less paraffin/gas for the heating of water used for domestic purposes. 

Keywords: Rainwater harvesting; solar pasteurization; microbial and chemical quality; microbial 

pathogens; informal settlements 
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2.1 Introduction 

Population growth, urbanisation and climate change (prolonged and increased droughts) have 

placed severe pressure on existing centralised governmental water supplies (Spinks et al., 

2006; Da Silva et al., 2016). Domestic rainwater harvesting has therefore been earmarked by 

many international governmental authorities as an additional decentralised water source which 

could provide clean and potable water directly to the consumer (Helmreich and Horn, 2009; Lee 

et al., 2010; Li et al., 2010; Mwenge Kahinda et al., 2010; Ahmed et al., 2011; Gwenzi et al., 

2015). In addition, efforts by the South African government have focused on promoting the use 

of domestic rainwater harvesting systems in South Africa (particularly in rural communities and 

urban informal settlements), as the lack of infrastructure in ever-expanding urban informal 

settlements often results in an inadequate water supply (Statistics South Africa, 2010; 

Department of Water Affairs, 2013). Subsequently, through initiatives from the Department of 

Water Affairs and the Department of Science and Technology, rainwater harvesting tanks have 

been implemented in all nine provinces of South Africa with approximately 70 000 households 

using rainwater as their primary water source (Malema et al., 2016).  

However, numerous research groups have detected chemical pollutants, such as heavy metals 

and pesticides (Peters et al., 2008; Morrow et al., 2010; Huston et al., 2012) and microbial 

contaminants including the commonly described traditional faecal indicators, various pathogenic 

bacterial and protozoan species, in rainwater (Ahmed et al., 2008, 2011; Li et al., 2010; 

De Kwaadsteniet et al., 2013; Dobrowsky et al., 2014). Factors such as the type, quality and 

cleanliness of the catchment area (roof surface), geographical location (level of atmospheric 

pollution) of the tank and storage conditions (e.g. sealed lid), may all negatively affect the 

quality of stored rainwater. Research has subsequently demonstrated that harvested rainwater 

may not be safe to use for potable purposes (Lye, 2002; Chang et al., 2004; Evans et al., 2006; 

Abdulla and Al-Shareef, 2009; Huston et al., 2012). In addition, while chemical contaminants 

have not been directly associated with incidences of disease, sporadic outbreaks of infection 

associated with microbial pathogens have been linked to the utilisation of rainwater sources for 

potable and domestic purposes (Merritt et al., 1999; Simmons et al., 2008; Franklin et al., 2009).  

In order to ensure that harvested rainwater is safe to utilise for all daily water requirements, 

treatment technologies, such as chlorination, filtration, solar disinfection (SODIS) and solar 

pasteurization (SOPAS), have been investigated for their ability to treat harvested rainwater to 

within drinking water standards (Chapman et al., 2008; McGuigan et al., 2012; De Kwaadsteniet 

et al., 2013; Dobrowsky et al., 2015a, 2015b). While the use of chemical disinfectants (such as 

chlorine) are effective in treating water and preventing microbial regrowth, determining the 

chemical concentration required to effectively treat the rainwater in rural areas and urban 

informal settlements may be problematic, as the optimum concentration is dependent on the 
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microbial community and levels of organic matter present in the harvested rainwater (Feachem 

et al., 1983; Servais et al., 1994). Additionally, filtration systems are effective in reducing both 

microbial and chemical contaminants in water sources (De Kwaadsteniet et al., 2013). However, 

the prolonged treatment time and small volume of water that can be treated, essentially 

hampers its successful implementation as a water treatment method in urban informal 

settlements and rural communities. In addition, while SODIS is considered an inexpensive and 

simple system which utilises the synergistic effects of ultraviolet (UV) light and heat to inactivate 

microbial contaminants, research has indicated that certain microorganisms, specifically 

endospore forming bacteria, can survive SODIS treatment (Helmreich and Horn, 2009; Li et al., 

2010; McGuigan et al., 2012). Physico-chemical properties of the water such as turbidity, can 

then affect SODIS by shielding microorganisms from UV-radiation, may react with chemical 

disinfectants such as chlorine and may also clog filtration systems (Servais et al., 1994; Wegelin 

et al., 1994; Burch and Thomas, 1998; McGuigan et al., 2012). 

Solar pasteurization has been identified as a reliable cost-effective method for the treatment of 

large volumes of water and the removal of microbial pathogens is independent of parameters 

such as, turbidity and pH (Burch and Thomas, 1998; Abraham et al., 2015; Dobrowsky et al., 

2015a). In a study conducted by Ciochetti and Metcalf (1984), it was reported that 

pasteurization could eliminate bacteria, rotaviruses and enteroviruses commonly found in 

contaminated water. Additionally, the storage of rainwater at temperatures between 55 °C to 

65 °C has been shown to thermally inactivate heat-resistant bacterial species including 

Aeromonas spp., Enterococcus spp., Escherichia spp., Klebsiella spp., Pseudomonas spp., 

Salmonella spp., Shigella spp. and Vibrio spp. (Spinks et al., 2003; 2006). Moreover, in 

developing countries, such as South Africa, an extremely high potential for solar power 

generation exists as a result of the high solar irradiation that is observed across the country 

annually, with an average direct normal solar irradiance of 7.0 kWh/m2/d reported (Fluri, 2009). 

This, coupled with an average annual rainfall of 464 mm, makes rainwater harvesting SOPAS 

systems a viable solution in providing an alternative water source in South Africa. 

Pilot-scale studies conducted by our research group then indicated that the level of indicator 

organisms [including heterotrophic bacteria, Escherichia coli (E. coli) and total coliforms] was 

reduced to below the detection limit by SOPAS at temperatures higher than 72 °C (Dobrowsky 

et al., 2015a). However, increased concentrations of aluminium (Al), lead (Pb), nickel (Ni) and 

iron (Fe) were observed in the harvested rainwater samples at levels exceeding various national 

and international drinking water guidelines [Department of Water Affairs and Forestry (DWAF, 

1996); South African National Standards (SANS) 241 (South African Bureau of Standards 

(SABS), 2005); Australian Drinking Water Guidelines (ADWG) (NHMRC and NRMMC, 2011); 

World Health Organisation (WHO, 2011)], following SOPAS treatment. The authors 

hypothesised that these metals were leaching from the stainless steel storage tank of the 
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Apollo™ SOPAS system utilised in the study and recommended that a SOPAS system with a 

high grade polyethylene storage tank be utilised for the treatment of harvested rainwater 

(Dobrowsky et al., 2015a). In the current study a new PhungamanziTM SOPAS system, which 

was designed and manufactured in South Africa and which consists of a 125 L high grade 

polyethylene storage tank, was utilised for the SOPAS of harvested rainwater. Two small-scale 

PhungamanziTM SOPAS systems and one large-scale SOPAS manifold system were thus 

installed in Enkanini informal settlement (Stellenbosch) for the treatment of harvested rainwater. 

This pilot-scale study was launched in Enkanini as currently 32 communal standpipes service a 

community consisting of approximately 8 000 inhabitants (Tavener-Smith, 2012; Wessels and 

Swilling, 2015). Solar pasteurized rainwater could thus serve as a supplementary or additional 

water source however, the on-site operational sustainability of the systems had to be 

determined as numerous factors including treatment time, water turbidity, ease of use and 

system maintenance may influence the effectiveness of a particular water treatment system, in 

effectively providing a supplementary water source (Mwabi et al., 2011; McGuigan et al., 2012; 

De Kwaadsteniet et al., 2013). Moreover, in order to determine if the treated harvested 

rainwater may be used for potable purposes, the quality of the water needs to be assessed by 

comparing it to national and international water quality guidelines that specify microbial and 

chemical parameters (Ahmed et al., 2011).  

The primary aim of the current study was thus to monitor the small- and large-scale rainwater 

harvesting SOPAS treatment systems installed in Enkanini informal settlement for their 

efficiency in providing the community with a safe alternative water source. To achieve this aim, 

the microbial quality of the harvested rainwater was monitored by enumerating traditional 

indicator organisms (E. coli, total coliforms, faecal coliforms, enterococci and heterotrophic 

bacteria) using culture-based techniques, while conventional polymerase chain reaction (PCR) 

assays were utilised to screen for a library of pathogens (including Legionella spp., 

Pseudomonas spp., Staphylococcus spp. and Klebsiella spp., amongst others) generally 

associated with harvested rainwater. Quantitative PCR (qPCR) assays were then optimised and 

utilised to quantify the most readily detected pathogens in the harvested rainwater samples. 

Additionally, the BacTiter-GloTM Microbial Cell Viability Assay was utilised to monitor the 

efficiency of the SOPAS treatments systems in reducing the level of metabolically active cells in 

the treated rainwater samples. The chemical quality of the harvested rainwater before and after 

SOPAS treatment was also assessed by conducting cation and anion analysis. The operational 

sustainability of the systems was monitored to determine whether the systems are efficient in 

providing a sufficient volume of water to the users and whether the system components are 

durable for long term use. 
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2.2 Materials and methods 

2.2.1 Sample site and description of SOPAS systems 

Two small-scale (PhungamanziTM system) SOPAS systems and one large-scale (Crest EVT 

collector system) SOPAS system were installed in Enkanini informal settlement, Stellenbosch, 

South Africa (GPS Coordinates: 33°54' 28.42”S 18°25' 03.56”E) in August 2015 (Appendix A 

Fig.A1). A detailed description of the site selection and on-site construction of the rainwater 

harvesting SOPAS systems is outlined in Appendix A. Briefly explained, the first small-scale 

SOPAS system was installed next to a house in Enkanini (Site 1) (Fig. 2.1A; Appendix A 

Fig. A2) and the second system was installed at a local church (Site 2) (Fig. 2.1B; Appendix A 

Fig. A3). A large-scale SOPAS system was then installed at the Enkanini Research Centre 

(ERC) (Fig. 2.2A; Appendix A Fig. A4). The differences between the small- and large-scale 

SOPAS systems are the respective sizes of the storage tanks containing the treated water and 

the mechanism by which the water is treated (small-scale system: direct SOPAS treatment; 

large-scale system: indirect SOPAS treatment). 

 

Fig. 2.1. (A) Small-scale SOPAS system installed at Site 1. (B) Small-scale SOPAS system 

installed at Site 2. The labelled system components are: (A) rainwater harvesting tank, (B) pipe 

connecting rainwater tank to SOPAS system, (C) storage tank of SOPAS system, (D) high 

borosilicate glass tubes, (E) outlet tap. 
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For Site 1, a 2 500 L polyethylene rainwater harvesting (RWH) tank was installed next to the 

house in Enkanini and a small-scale SOPAS system was connected to the RWH tank at an 

angle which allowed for the passive flow of harvested rainwater (hereafter referred to as tank 

water) from the RWH tank into the SOPAS system (Fig. 2.1A; Appendix A Fig.A2). The 

sampling site (Site 1) was located on the periphery of the Enkanini informal settlement, 

alongside an open field. No trees or other obstructions covered the zinc sheeting catchment 

area (roof area of 15.27 m2) of the house. For Site 2, a 5 000 L polyethylene RWH tank was 

installed next to the local church in Enkanini. A small-scale SOPAS system was then connected 

to the RWH tank at an angle that also allowed for the passive movement of tank water into the 

SOPAS system (Fig. 2.1B; Appendix A Fig. A3). The sampling site (Site 2) was surrounded by 

trees, however, no branches obstructed the zinc sheeting catchment area (roof area of 55.9 m2) 

of the church. Additionally, sampling Site 2 was surrounded by dirt roads that were continuously 

used throughout the day by the inhabitants of the informal settlement. Dust particles from the 

dirt road are thus continuously dispersed throughout the day and it is important to note that 

water used for domestic purposes (laundry, washing, cleaning) is often discarded down the 

slope of the road (Enkanini is situated on a steep hill). 

The passive flow of water from the respective rainwater tanks into the SOPAS systems, located 

at Sites 1 and 2 (Fig. 2.1A and Fig. 2.1B) was as follows; cold water flowed from the rainwater 

tanks (A) through pipes (B) into the high grade polyethylene storage tanks (C) of the SOPAS 

systems, which have a 125 L storage capacity. The water then moved through the high 

borosilicate glass cylinders (D) lined with black paint that enabled them to capture heat (the 

black coating, on the inner tube of the borosilicate glass cylinders, absorbs solar energy and 

transfers it to the water, effectively heating it). Due to the thermo-siphoning effect, the water 

moved to the top of the glass tubes and into the storage tanks (C) as it was heated. The taps 

(E), connected to the main storage tanks, could then be used to collect the pasteurized tank 

water. 

For Site 3, a 5 000 L polyethylene RWH tank was installed next to the ERC. A large-scale solar 

manifold SOPAS system was then connected to the RWH tank, while an additional 1 500 L 

RWH tank was connected to the outlet of the solar manifold SOPAS system (1 500 L storage 

tank) (Fig. 2.2A; Appendix A Fig. A4). No obstructions were observed that covered the 

catchment area (88.5 m2); however, it should be noted that the zinc sheeting roofing material of 

the ERC was painted and photovoltaic solar panels were installed on the roof (catchment area) 

to provide the ERC with electricity. Additionally, sampling Site 3 was also surrounded by dirt 

roads that were continuously used throughout the day by the inhabitants of the informal 

settlement. 

Stellenbosch University  https://scholar.sun.ac.za



63 
 

For the large-scale system (Site 3), tank water was treated in the following manner (Fig. 2.2A 

and Fig. 2.2B); cold water flowed from the rainwater tank (A) through a pipe (B) into the holding 

tank (C) of the solar manifold SOPAS system. Inside the high borosilicate glass cylinders (D) 

are copper rods filled with a heat transfer liquid (Fig. 2.2B). As the high borosilicate glass 

cylinders absorbed ultraviolet (UV) light, the copper rods were heated and the liquid contained 

in them started to move up the rod, effectively heating it. Once the copper rods had been 

heated (can reach 250 °C), the top part of the copper rods [which enter the holding tank (C) of 

the SOPAS manifold system], transferred heat to the water contained inside the holding tank 

effectively heating the tank water (Fig. 2.2A and Fig. 2.2B). Once the water had been heated to 

above 75 °C, a thermostatic release valve opened and the water flowed into the separate 

1 500 L storage tank (E) (Fig. 2.2A). 

 

Fig. 2.2. (A) Large-scale SOPAS system located at the ERC with labelled system components. 

(B) Diagram illustrating the working mechanism of the copper heat pipes inside the high 

borosilicate glass tubes (adopted from International Technology Sourcing Solar, 2016). 

2.2.2 Sample collection 

For the microbial and chemical analysis of the two small-scale systems installed at Sites 1 and 

2 (Fig. 2.1A and Fig. 2.1B), a 5 L sample was collected directly from the rainwater tank (A) 

(before pasteurization) and the outlet tap of the SOPAS system (E) (after pasteurization), 

respectively. For both systems, pasteurized tank water samples were collected at temperatures 

exceeding 50 °C [Site 1 - 52 °C, 60 °C, 67 °C, 72 °C, 73 °C, 75 °C (duplicate samples collected 

on different sampling occasions) and 85 °C; Site 2 – 53 °C, 58 °C and 66 °C]. For the microbial 

and chemical analysis of the large-scale system at Site 3 (Fig. 2.2A), a 5 L sample was 

collected directly from the rainwater tank (A) (before pasteurization) and the 1 500 L storage 
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tank (E) (stored pasteurized), while a 2 L sample was collected directly from the solar system 

manifold (C) (after pasteurization). It is important to note that the pasteurized tank water does 

not remain heated after it exits the solar system manifold (C) into the 1 500 L storage tank (E). 

Thus for the large-scale system, samples were collected based on the temperature of the 

pasteurized tank water in the solar system manifold (C), which were also above 50 °C (55 °C, 

61 °C, 66 °C, 71 °C, 72 °C and 79 °C). For all three systems installed at Sites 1 to 3, samples 

were collected from October 2015 to October 2016 [Site 1 (n = 8); Site 2 (n = 3); Site 3 (n = 6)]. 

The temperature and pH of all water samples were measured at the sampling site using a hand-

held mercury thermometer and pH meter (Martini Instruments, Rocky Mount, USA). Rainfall and 

solar radiation (UV readings) data were obtained from the Stellenbosch Weather Services, 

Engineering Faculty (Stellenbosch Weather, 2016), while ambient temperature patterns were 

obtained from the South African Weather Services (Pretoria, South Africa). 

2.2.3 Chemical analysis 

The chemical quality of the tank water samples, before and after pasteurization, was 

determined by monitoring cation and anion concentrations. Representative samples of a 

specific temperature range were analysed [Site 1 (52 °C, 67 °C, 75 °C and 85 °C); Site 2 (58 °C 

and 66 °C); Site 3 (55 °C, 66 °C and 79 °C)]. For the determination of the metal concentrations 

and sample collection, Falcon™ 50 mL high-clarity polypropylene tubes with polyethylene caps, 

were pre-treated with 1% nitric acid before sampling. The concentrations of 25 metals including 

boron (B), copper (Cu), vanadium (V), chromium (Cr) and manganese (Mn), amongst others, 

were then determined using Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-

AES) and nitric acid digestion according to Saleh et al. (2000). All samples were analysed for 

the presence of metals at the Central Analytical Facility (CAF), Stellenbosch University. The 

total water hardness of the tank water samples was then calculated using the concentrations of 

calcium (Ca) and magnesium (Mg) as indicated in Eq. 1 and were compared to the water 

hardness quality range as described by Kunin (1972).  

[Total hardness = 2.497 × (mg Ca) + 4.118 × (mg Mg)]           (1) 

Anion concentrations were analysed by PathCare Reference Laboratory (PathCare Park, Cape 

Town, South Africa). All anions including, chloride, fluoride, nitrates, nitrites and phosphate were 

measured utilising a Thermo Scientific Gallery™ Automated Photometric Analyser. 

2.2.4 Culturing of indicator organisms 

The microbial quality of the tank water samples collected from the small-scale systems (Sites 1 

and 2) were determined by monitoring all unpasteurized and pasteurized tank water samples, 

while unpasteurized, pasteurized and stored pasteurized (1 500 L storage tank) tank water 
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samples were monitored for the large-scale system (Site 3). Total coliforms (TC) and E. coli 

were enumerated simultaneously by filtering a total volume of 100 mL (undiluted, 10-1 and 10-2) 

through a sterile GN-6 Metricel® S-Pack Membrane Disc Filter (Pall Life Sciences, Michigan, 

USA) with a pore size of 0.45 μm and a diameter of 47 mm. The filtration flow rate was 

approximately ≥ 65 mL/min/cm2 at 0.7 bar (70 kPa). The filters were then placed onto 

Membrane Lactose Glucuronide Agar (MLGA) (Oxoid, Hampshire, England) and were 

incubated at 35 ± 2 °C for 18 - 24 hrs (U.S. Environmental Protection Agency, 2009). In order to 

enumerate enterococci, 100 µL of an undiluted sample was spread plated onto Slanetz and 

Bartley Agar (Oxoid), with the plates incubated for 44 – 48 hrs at 36 ± 2 °C. In order to 

enumerate faecal coliforms (FC), 100 µL of an undiluted sample was spread plated onto m-FC 

Agar (Biolab, Merck, Wadeville, South Africa), with the plates incubated for 44 – 48 hrs at 35 ± 

2 °C. For the enumeration of the heterotrophic plate count (HPC), a serial dilution (10-1–10-3) 

was prepared for each sample and by use of the spread plate method 100 µL of an undiluted 

sample and each dilution (10-1–10-3) was plated onto R2A agar (BD Difco, New Jersey, USA), 

with the plates incubated at 37 °C for up to four days. All analyses were performed in duplicate.  

The regrowth of bacteria in the pasteurized tank water samples (Sites 1 and 2 – samples 

collected directly from SOPAS system; Site 3 – samples collected directly from solar manifold) 

where HPC were reduced to below the detection limit [BDL; < 1 colony forming units 

(CFU)/100 mL], were monitored for two weeks after sampling. This was performed in order to 

determine how long the pasteurized tank water could be stored after collection. Briefly, 20 mL of 

each pasteurized sample was stored in a sterile McCartney bottle at room temperature and 

100 μL of the treated tank water was spread plated onto R2A agar (BD Difco) every second 

day, for a period of two weeks. The plates were then incubated at 37 °C for up to four days. 

2.2.5 BacTiter-Glo™ Microbial Cell Viability Assay for the detection of viable cells in 

pasteurized and unpasteurized tank water samples 

For each sampling event, an unpasteurized and pasteurized tank water sample was collected 

from the small-scale systems, while an unpasteurized, pasteurized and stored pasteurized tank 

water sample was collected at the large-scale system. The BacTiter-Glo™ Microbial Cell 

Viability Assay (Promega, Madison, WI, USA) was then used to monitor for the presence of 

viable microbial cells in samples collected before and after SOPAS treatment by detecting the 

presence of adenosine triphosphate (ATP), as an indicator of metabolically active cells 

(Deininger and Lee, 2006; Berney et al., 2008). The BacTiter-Glo™ Buffer and Substrate were 

mixed (now called BacTiter-Glo™ Reagent) and equilibrated for approximately 10 hrs at room 

temperature, to ensure that all ATP was hydrolysed (“burned off”) (Berney et al., 2008). 

Duplicate before and after pasteurization tank water and control samples (sterile milliQ water) 

were analysed, per sampling event as follows; 100 µL of each sample and an equal volume of 
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the BacTiter Glo™ Reagent was mixed and loaded in duplicate into a 96-well White Cliniplate 

(Thermo Scientific Fisher, Finland). The addition of the BacTiter-Glo™ Reagent to a sample 

causes cell lysis and the production of a luminescent signal which was measured with a 

Veritas™ Microplate Luminometer (Turner Biosystems, Sunnyvale, CA, USA). All sample 

analyses were conducted in triplicate. 

2.2.6 Isolation and identification of organisms proliferating in the large-scale SOPAS system 

storage tank (1 500 L) 

In order to determine which organisms were proliferating in the large-scale system storage tank 

(1 500 L storage tank), morphologically distinct colonies were selected from the R2A plates 

used for the enumeration of the HPC (section 2.2.4) and were isolated by re-streaking the 

selected colonies onto nutrient agar (Biolab, Merck, Kenilworth, USA). After obtaining pure 

cultures, the isolates were inoculated into 5 mL nutrient broth (Biolab, Merck) and were cultured 

overnight at 37 °C. Deoxyribonucleic acid (DNA) extractions were then performed using the 

boiling method as previously described by Ndlovu et al. (2015). Briefly explained, 1 mL aliquots 

of the overnight broth cultures were centrifuged at 10 000 × g for 10 min. After centrifugation, 

the supernatant was discarded and the pellet was re-suspended in 100 µL sterile milliQ water. 

The samples were then boiled in a water bath for 15 min at 95 °C, whereafter the samples were 

cooled on ice for 10 min. The samples were centrifuged at 10 000 × g for 5 min and the 

supernatant was used for the 16S rRNA PCR analysis. The primer pair fDD2 

(5′ - CCGGATCCGTCGACAGAGTTTGATCITGGCTCAG - 3′) and rPP2 (5′ - CCAAGCTTCTAG 

ACGGITACCTTGTTACGACTT - 3′) was used to amplify a 1 600 bp region of the 16S rRNA 

gene (Rawlings, 1995). 

The PCR mixture consisted of a final volume of 25 µL and contained 5 μL Green GoTaq® Flexi 

buffer (1X final concentration; Promega), 2 μL MgCl₂ (2.0 mM; Promega), 0.25 μL of a dNTP 

mix (0.1 mM; Thermo Scientific, Hudson, NH, USA), 1.25 μL of the respective forward and 

reverse PCR primers (0.5 μM), 0.15 μL (1.5 U) GoTaq® Flexi DNA polymerase (Promega) and 

2.5 μL template DNA, per respective isolate. Amplification was performed using an initial 

denaturation step of 94 °C for 4 min, followed by 30 cycles of denaturation at 94 °C for 30 s, 

annealing at 53 °C for 30 s and elongation at 72 °C for 1.5 min, with a final elongation at 72 °C 

for 5 min, on a T100TM Thermal Cycler (Bio-Rad Laboratories, Hercules, CA, USA). Sterile 

distilled H₂O was used as a negative control, while genomic DNA extracted from Legionella 

pneumophila ATCC 33152 was used as positive control.  

All PCR products were analysed by agarose gel electrophoresis in 0.8% agarose (SeaKem® LE 

Agarose; Lonza, Rockland, ME, USA) containing 0.5 µg/mL ethidium bromide after 

electrophoresis at 80 volts for 60 min with the use of 1X Tris/Borate/EDTA (TBE) buffer. Once 
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the size of the PCR products had been confirmed, representative PCR products were purified 

and concentrated using the DNA Clean & Concentrator™-5 Kit (Zymo Research, Irvine, CA, 

USA) as per manufacturer’s instructions. The cleaned PCR products were sent to CAF at 

Stellenbosch University for sequencing performed in accordance with the BigDye Terminator 

Version 3.1 Sequencing Kit (Applied Biosystems®, Foster City, USA). The chromatograms of 

each sequence were examined using FinchTV version 1.4.0 software and were aligned using 

DNAmanTM version 4.1.2.1 software. The sequence identification was completed using the 

National Center for Biotechnology Information (NCBI). The Basic Local Alignment Search Tool 

(BLAST), available at http://blast.ncbi.nlm.nih.gov/Blast.cgi, was used to find the closest match 

of local similarity between the isolates and the sequence data available on the international 

databases in GenBank, EMBL, DDBJ and PDB (Altschul et al., 1990). The sequences of 

representative isolates that showed > 97% similarity (< 3% diversity) to organisms on the 

database were recorded. 

2.2.7 Extraction of total genomic DNA from tank water samples 

Total genomic DNA extractions were performed for each of the samples collected before and 

after pasteurization as outlined in Dobrowsky et al. (2015b). Briefly explained, 2 mL of 1 M 

calcium chloride (CaCl2; Biolab, Merck) and 2 mL of 1 M di-sodium hydrogen orthophosphate 

(Na2HPO4; Saarchem, Durban, South Africa) was added to a 1 L water sample (for each 

sampling event an unpasteurized and pasteurized sample was analysed for the small-scale 

systems, while an unpasteurized, pasteurized and stored pasteurized sample was analysed for 

the large-scale system). The mixtures were stirred for 5 min using a magnetic stirrer to allow for 

flocculation, whereafter the samples were filtered through a 47 mm, 0.45 μm pore size non-

charged mixed-ester membrane filter (Whatman GmbH, Dassel, Germany) at a flow rate of 

approximately ≥ 65 mL/min/cm2 at 0.7 bar (70 kPa). Each membrane filter was then transferred 

to a 9 cm petri dish containing 2 mL of 0.3 M citrate buffer (pH 3.5) and was allowed to soak for 

3 min. The membrane filters were discarded and the remaining citrate buffer solution was 

transferred to a 2 mL microcentrifuge tube. The 2 mL microcentrifuge tubes were centrifuged 

(16 000 × g, 5 min) and the supernatant was discarded. Following centrifugation, the resulting 

pellets were re-suspended in 200 µL phosphate-buffered saline [PBS; pH 7.4, 8 g/L sodium 

chloride (NaCl; Saarchem), 0.2 g/L potassium chloride (KCl; Saarchem), 1.42 g/L Na2HPO4 

(Saarchem), 0.24 g/L potassium di-hydrogen orthophosphate (KH2PO4; Saarchem)]. The DNA 

extractions were then performed using the High Pure PCR Template Preparation Kit (Roche 

Diagnostics, Risch-Rotkreuz, Switzerland), according to the manufacturer’s instructions. The 

presence of DNA was confirmed by visualisation on a 0.8% agarose gel (SeaKem® LE 

Agarose; Lonza) stained with 0.5 µg/mL ethidium bromide after gel electrophoresis at 80 volts 

for 60 min with the use of 1X TBE buffer. Additionally, the DNA concentration of the samples 
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was determined using a NanoDrop® ND-1000 (Nanodrop Technologies Inc., Wilmington, 

Delaware, USA). 

2.2.8 Genus-specific PCRs for indigenous rainwater pathogens 

Primers and PCR conditions as outlined in Table 2.1 were utilised in the current study for the 

identification of bacterial and viral pathogens (and opportunistic pathogens) commonly 

associated with rainwater.  

Each PCR mixture was performed in a final volume of 25 µL in a T100TM Thermal Cycler (Bio-

Rad Laboratories). For the detection of Aeromonas spp., Shigella spp. and Salmonella spp., the 

PCR mix consisted of 5 μL Green GoTaq® Flexi buffer (1X final concentration; Promega), 2 μL 

MgCl₂ (2.0 mM; Promega), 0.25 μL of a dNTP mix (0.1 mM; Thermo Scientific), 0.25 μL of the 

respective forward and reverse PCR primers (0.1 μM; Table 2.1), 0.15 μL of GoTaq® Flexi DNA 

polymerase (1.5 U, Promega) and 2.5 μL of template DNA. For Streptomyces spp., the same 

PCR mixture was used, with the exception that 0.5 μL of the respective forward and reverse 

PCR primers (0.2 μM) were added (Table 2.1). For Klebsiella spp., Serratia spp., Yersinia spp. 

and adenovirus, the same PCR mixture was used, with the exception that 0.75 μL of the 

respective forward and reverse PCR primers (0.3 μM) were added (Table 2.1). In addition, for 

Pseudomonas spp., Legionella spp., Enterococcus spp. and Staphylococcus spp., the same 

reaction mixture was used; however, 1.0 μL (Pseudomonas spp.), 1.25 μL (Legionella spp. and 

Enterococcus spp.) and 2.5 μL (Staphylococcus spp.) of each PCR primer (0.4 μM, 0.5 μM and 

1.0 μM final concentrations) was used, respectively (Table 2.1). Lastly, for the detection of 

Bacillus spp., the same PCR mix was used, with the exception that 0.5 μL of the dNTP mix 

(0.2 mM) and 2.0 μL volumes of the respective forward and reverse PCR primers (0.8 μM) were 

added (Table 2.1). 

For each PCR, sterile distilled H₂O was used as a negative control, while genomic DNA 

extracted from ATCC and sequence verified environmental and clinical strains was used as 

positive controls. The following strains were cultured as positive controls: 

Legionella pneumophila ATCC 33152, Shigella sonnei ATCC 25931, Salmonella enterica 

serovar Typhimurium ATCC 14028, Pseudomonas aeruginosa ATCC 27853, 

Aeromonas hydrophila (environmental strain), Klebsiella pneumoniae ATCC 13385, 

Serratia marcescens ATCC 13880, Enterococcus faecalis (clinical isolate), Bacillus subtilis 

ATCC 6051, Staphylococcus aureus ATCC 25925, Streptomyces spp. ATCC 25607 and 

Yersinia enterocolitica ATCC 27729. An adenovirus positive control DNA obtained from Coris 

BioConcept (Belgium) was also included. 
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      Table 2.1: Primers and PCR cycling parameters for the detection of indigenous rainwater pathogens. 

Organism Primers Primer sequence (5’-3’) *PCR Cycling Parameters Gene (bp) References 

Aeromonas spp. 

Aero-F TGTCGGSGATGACATGGAYGTG  2 min at 95 °C; 35 cycles of 94 °C 
for 1 min, 62 °C for 1 min, 72 °C 

for 2.5 min 
Aerolysin (720) 

Kong et al., 
2002 

Aero-R CCAGTTCCAGTCCCACCACTTCA 

Bacillus spp. 

p-gyrAF CAGTCAGGAAATGCGTACGTCCTT 4 min at 94 °C; 35 cycles of 94 °C 
for 30 s, 60 °C for 30 s, 72 °C for 

1 min 
Gyrase A (928) 

Rooney et al., 
2009 

p-gyrAR CAAGGTAATGCTCCAGGCATTGCT 

Enterococcus spp. 

ECST784F AGAAATTCCAAACGAACTTG 5 min at 95 °C; 50 cycles of 95 °C 
for 15 s, 60 °C for 1 min, 72 °C for 

20 s 
23S rRNA (75) 

Frahm and 
Obst, 2003 

ENC854R CAGTGCTCTACCTCCATCATT 

Klebsiella spp. 

gyrA-A CGCGTACTATACGCCATGAACGTA 3 min at 95 °C; 35 cycles of 94 °C 
for 1 min, 50 °C for 30 s, 72 °C for 

30 s 
Gyrase A (383) 

Brisse and 
Verhoef, 2001 

gyrA-C ACCGTTGATCACTTCGGTCAGG 

Legionella spp. 

JFP AGGGTTGATAGGTTAAGAGC 5 min at 95 °C; 40 cycles of 94 °C 
for 1 min, 57 °C for 1.5 min, 72 °C 

for 1 min 

16S rRNA 
(386) 

Jonas et al., 
1995 

JRP CCAACAGCTAGTTGACATCG 

Pseudomonas spp. 

PA-GS-F GACGGGTGAGTAATGCCTA 2 min at 95 °C; 25 cycles of 94 °C 
for 20 s, 54 °C for 20 s, 72 °C for 

40 s 

16S rRNA 
(618) 

Spilker et al., 
2004 

PA-GS-R CACTGGTGTTCCTTCCTATA 

Salmonella spp. 

IpaB-F GGACTTTTTAAAAGCGGCGG 2 min at 95 °C; 35 cycles of 94 °C 
for 1 min, 62 °C for 1 min, 72 °C 

for 2.5 min 
IpaB (314) 

Kong et al., 
2002 

IpaB-R GCCTCTCCCAGAGCCGTCTGG 

* A final elongation step of 10 min at 72 °C was included for each PCR assay 
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Table 2.1 (continued): Primers and PCR cycling parameters for the detection of indigenous rainwater pathogens. 

Organism Primers Primer sequence (5’-3’) *PCR Cycling Parameters Gene (bp) References 

Serratia spp. 

Fpfs1 CCGGCATCGGCAAAGTCT 5 min at 94 °C; 30 cycles of 94 °C 
for 45 s, 55 °C for 30 s, 72 °C for 

15 s 
pfs (193) 

Zhu et al., 
2008 

Rpfs2 ATCTGGCCCGGCTCGTAGCC 

Shigella spp. 

IpaH-F CCTTGACCGCCTTTCCGATA  2 min at 95 °C; 35 cycles of 94 °C 
for 1 min, 62 °C for 1 min, 72 °C 

for 2.5 min 
IpaH (606) 

Kong et al., 
2002 

IpaH-R CAGCCACCCTCTGAGGTACT 

Staphylococcus spp. 

PanStaphF CAATGCCACAAACTCG 5 min at 95 °C; 45 cycles of 95 °C 
for 30 s, 61 °C for 30 s, 72 °C for 

30 s 
tuf (462) 

Sakai et al., 
2004 

PanStaphR GCTTCAGCGTAGTCTA 

Streptomyces spp. 

StrepB ACAAGCCCTGGAAACGGGGT 5 min at 98 °C; 30 cycles of 95 °C 
for 45 S, 54 °C for 40S, 72 °C for 

2 min 

16S rRNA 
(519) 

Rintala et al., 
2001 

StrepE CACCAGGAATTCCGATCT 

Yersinia spp. 

227Fmod GTCTGGGCTTTGCTGGTC 5 min at 95 °C; 40 cycles of 94 °C 
for 20 s, 60 °C for 20 s, 72 °C for 

15 s 

ompF (428 - 
465) 

Stenkova et 
al., 2008 

669R GCGTCGTATTTAGCACCAACG 

Adenovirus 

AQ1 GCCACGGTGGGGTTTCTAAACTT 2 min at 95 °C; 35 cycles of 94 °C 
for 30 sec, 55 °C for 1 min, 72 °C 

for 1 min 
Hexon (110) 

Heim et al., 
2003; 

Rohayem et 
al., 2004 AQ2 GCCCCAGTGGTCTTACATGCACATC 

* A final elongation step of 10 min at 72 °C was included for each PCR assay 
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All PCR products were analysed by agarose gel electrophoresis in 1.2% agarose (SeaKem® LE 

Agarose; Lonza) containing 0.5 µg/mL ethidium bromide in 1X TBE buffer. Once the size of the 

PCR products had been confirmed, representative PCR products were purified and 

concentrated and sent for sequencing as outlined in section 2.2.6. 

2.2.9 Quantitative PCR parameters for the most readily detected indigenous rainwater 

pathogens 

In order to quantify the most readily detected indigenous rainwater pathogens identified during 

conventional PCR analysis, qPCR was conducted. All qPCR assays were performed using a 

LightCycler® 96 (Roche Diagnostics) instrument with the primers as outlined in Table 2.2 

(Legionella spp., Pseudomonas spp. and Salmonella spp.) and Table 2.1 

(Staphylococcus spp.). For all qPCR assays, the reaction mixture (final volume of 20 μL) 

consisted of 10 µL FastStart Essential DNA Green Master Mix (1X), 5 μL template DNA and 

0.4 µL of each primer (0.2 μM). All samples were diluted (10-fold) prior to analysis with the 

respective qPCR assays (minimise PCR inhibitors) and all DNA samples were analysed in 

duplicate. Quantitative PCR analysis for the tank water samples collected from the small-scale 

systems was only conducted for the water samples collected from Site 1, as the samples had a 

broader temperature range as compared to Site 2, while all the water samples collected from 

Site 3 were included in the analysis (large-scale system). 

For the quantification of Legionella spp., the primers LegF and LegR were utilised to amplify the 

23S rRNA gene according to Herpers et al. (2003). The amplification conditions for the 

quantification of Legionella spp. were as follows: 95 °C (10 min) followed by 50 cycles of 

denaturation at 95 °C for 15 s, annealing at 60 °C for 15 s and extension at 72 °C for 11 s.  

For the quantification of Pseudomonas spp., the primers PS1 and PS2 were utilised to amplify 

the oprI gene according to Bergmark et al. (2012). The amplification conditions for the 

quantification of Pseudomonas spp. were as follows: 95 °C (10 min) followed by 50 cycles of 

denaturation at 94 °C for 30 s, annealing at 58 °C for 30 s and extension at 72 °C for 30 s. 

For the quantification of Salmonella spp., the primers rpoD-20-F and rpoD-20-R were utilised to 

amplify the rpoD gene according to Barbau-Piednoir et al. (2013). For this qPCR assay, 0.5 µL 

of the forward primer (0.25 µM) and 2 µL of the reverse primer (1 µM) was used. The 

amplification conditions for the quantification of Salmonella spp. were as follows: 95 °C (10 min) 

followed by 45 cycles of denaturation at 95 °C for 15 s and a combined annealing and extension 

step at 60 °C for 60 s. 

For the quantification of Staphylococcus spp., the primers PanStaphF and PanStaphR were 

utilised to amplify the tuf gene according to Sakai et al. (2004) (Table 2.1). The amplification 
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conditions for the quantification of Staphylococcus spp. were as follows: 95 °C (10 min) followed 

by 45 cycles of denaturation at 95 °C for 30 s, annealing at 61 °C for 30 s and extension at 

72 °C for 30 s. 

Melt curve analysis was included for all of the SYBR green real-time PCR assays in order to 

verify the specificity of the primer set by ramping the temperature from 65 to 97 °C at a rate of 

0.2 °C/s with continuous fluorescent signal acquisition at 5 readings/°C. To generate a standard 

curve for the quantification of Legionella spp., Pseudomonas spp., Salmonella spp. and 

Staphylococcus spp., the target genes (Legionella spp. = 23S rRNA; Pseudomonas spp. = oprI; 

Salmonella spp. = rpoD; Staphylococcus spp. = tuf) were first amplified by using the respective 

primers in conventional PCR assays on DNA extracted from Legionella pneumophila ATCC 

33152, Pseudomonas aeruginosa ATCC 27853, Salmonella enterica serovar Typhimurium 

ATCC 14028 and Staphylococcus aureus ATCC 25925, respectively. For the amplification of 

the 23S rRNA gene from Legionella spp., used for the standard curve, in a total volume of 25 μL 

the conventional PCR mixtures consisted of 5 μL Green GoTaq® Flexi buffer (1X final 

concentration; Promega), 2 μL MgCl₂ (2.0 mM; Promega), 0.25 μL of a dNTP mix (0.1 mM; 

Thermo Scientific), 1 μL of the respective forward and reverse PCR primers (0.4 μM; Table 2.2), 

0.15 μL of GoTaq® Flexi DNA polymerase (1.5 U, Promega) and 2.5 μL of template DNA. 

Similarly, for the amplification of the oprI gene from Pseudomonas spp., the rpoD gene from 

Salmonella spp. and the tuf gene from Staphylococcus spp., used for the standard curve, 0.5 μL 

(0.2 μM), 0.625 μL (0.25 μM) and 2.5 μL (1.0 μM), of the respective forward and reverse PCR 

primers were added to the PCR mixtures (outlined above), respectively. 

Table 2.2: Primers for the amplification of the 23S rRNA (Legionella spp.), oprI 

(Pseudomonas spp.) and rpoD (Salmonella spp.) genes utilised for qPCR. 

Organism Primers 
Primer sequence 

(5’-3’) 
Gene (bp) References 

Legionella spp. 

LegF CTAATTGGCTGATTGTCTTGAC 
23S rRNA 

(259) 
Herpers et al., 

2003 
LegR CAATCGGAGTTCTTCGTG 

Pseudomonas spp. 

PS1 ATGAACAACGTTCTGAAATTC 

oprI (249) 
Bergmark et 

al., 2012 
PS2 CTGCGGCTGGCTTTTTCCAG 

Salmonella spp. 

rpoD-20-F 
ACATGGGTATTCAGGTAATGGAAG

A 
rpoD (75) 

Barbau-
Piednoir et al., 

2013 rpoD-20-R CRGTGCTGGTGGTATTTTCA 

The obtained PCR products were cleaned and concentrated as described in section 2.2.6. 

Following DNA concentration determination using a NanoDrop® ND-1000 (Nanodrop 
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Technologies Inc.), the DNA concentration and gene product size were used to calculate the 

dilution required to obtain a final DNA concentration of 109 gene copies/µL (Dobrowsky et al., 

2016). Serial 10-fold dilutions (109 to 100) of the PCR products (Legionella spp., 

Pseudomonas spp., Salmonella spp. and Staphylococcus spp.) were then prepared in order to 

generate a standard curve, with a concentration of 1.00 × 109 gene copies/µL for the dilution 

with the highest copy number and a concentration of 1.00 × 100 gene copies/µL for the dilution 

with the lowest copy number. The lower limit of detection (LLOD) for all qPCR assays was 

determined as the lowest number of gene copies consistently detected within the respective 

standard curves. Representative PCR products of each of the qPCR assays for each organism 

were cleaned and concentrated and were sequenced as described in section 2.2.6.  

2.2.10 Operational sustainability of the small-scale and large-scale SOPAS systems 

2.2.10.1 Volume of pasteurized tank water produced by the SOPAS systems 

In order to determine whether the small-scale and large-scale SOPAS systems would be able to 

produce an adequate volume of water for the households to use, the volume of pasteurized tank 

water (m = kg/h) that could theoretically be produced by the SOPAS systems was calculated as 

previously described by Klein (1975). For the two small-scale SOPAS systems (Sites 1 and 2) 

the volume of pasteurized tank water that could be produced was calculated based on the 

temperatures of the collected unpasteurized and pasteurized tank water samples. As the 

treated tank water of the large-scale SOPAS system (Site 3) was released through a 

thermostatic release valve, the temperature of the unpasteurized tank water samples and 75 °C 

(opening temperature of the thermostatic release valve) was used to calculate the volume of 

pasteurized tank water that could be produced by the system. In the calculation the useful heat 

gain (Q) is dependent on the mass flow rate (m), specific heat (cp) and a change in temperature 

from the inlet (Ti) to the outlet (To) of the storage tank (Eq. 2a and 2b). 

[Q = mcp(To – Ti)]               (2a) 

[m = Q/cp(To – Ti)              (2b) 

2.2.10.2 Monitoring the water usage by the households utilising the SOPAS systems 

In order to monitor the water usage for each of the ten participating households, a co-

researcher on the project located in Enkanini was provided with a log book for each site 

(Appendix A). The co-researcher visited the participating households every Friday of the trial 

period (September 2015 to September 2016) and posed the following two questions (answers 

recorded in the log books):  
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1. How much water was collected from the solar systems per day (how many times per day 

using the 20 L water container provided)?  

2. How much water did you collect from the standpipe/tap systems per day (how many 

times using another container)? 

2.2.11 Bacterial removal efficiency of the SOPAS systems 

The bacterial removal efficiency of the SOPAS systems was measured by comparing the 

bacterial counts obtained from the tank water samples collected before pasteurization and the 

bacterial counts obtained from tank water samples collected after pasteurization. The log 

reduction was calculated using Eq. 3 and the percentage reduction was calculated using Eq. 4 

(Brözel and Cloete, 1991). 

[Log reduction = (Log10 bacterial count before pasteurization – Log 10 bacterial count after pasteurization)]    (3) 

[Percentage reduction = 100 - 
Survivor count

Initial count
 × 100]                       (4) 

2.2.12 Statistical analysis 

The data obtained from the microbial and chemical analysis and the temperature of the 

collected tank water samples (before pasteurization and after pasteurization), was assessed 

using the statistical software package Statistica™ Ver. 12.6 (Stat Soft Inc., Tulsa, OK, USA). 

The means of duplicate replicates were used during data analysis. Analysis was performed to 

determine whether the data differed significantly following pasteurization using the parametric 

Paired t-test and then confirmed using the non-parametric Wilcoxon test. In order to determine 

whether there was a significant correlation between rainfall data and the presence of the 

indicator organisms, parametric Pearson correlations were performed. In all hypothesis tests, a 

significance level of 5% (p < 0.05) was used as standard (Dunn and Clark, 1974). 

2.3 Results 

2.3.1 Physico-chemical properties 

2.3.1.1 Small-scale SOPAS systems (Sites 1 and 2) 

The sampling dates and corresponding pasteurized (after treatment) and unpasteurized (before 

treatment) tank water temperatures and pH values for the two small-scale systems, are outlined 

in Table 2.3. For Site 1, an overall mean pH of 7.15 and 7.68 were obtained for the pasteurized 

(n = 8) and unpasteurized (n = 8) tank water samples, respectively. Correspondingly, an overall 

mean pH of 7.50 was obtained for all pasteurized (n = 3) tank water samples collected at Site 2, 

while a mean pH of 7.67 was measured for all unpasteurized tank water samples (n = 3) 
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(Table 2.3). For Site 1, the temperature of the unpasteurized tank water samples collected 

directly from the rainwater harvesting tank ranged from the lowest temperature of 20.8 °C 

(26/08/2016) to the highest temperature of 25.9 °C (04/11/2015). The temperature of the 

pasteurized tank water samples then ranged from the lowest temperature of 52.0 °C 

(08/04/2016) to the highest temperature of 85.0 °C (26/10/2016). For Site 2, the temperature of 

the unpasteurized tank water samples collected directly from the rainwater harvesting tank 

ranged from the lowest temperature of 20.7 °C (07/10/2015) to the highest temperature of 

24.5 °C (04/11/2015). The temperature of the pasteurized tank water samples ranged from the 

lowest temperature of 53.0 °C (20/10/2015) to the highest temperature of 66.0 °C (04/11/2015). 

Table 2.3: Temperatures and pH values of the pasteurized and unpasteurized tank water 

samples collected from the two small-scale SOPAS systems in Enkanini. 

Sampling 
Date 

Location 
Temperature of 

Pasteurized 
Water (°C) 

pH of 
Pasteurized 

Water 

Temperature of 
Unpasteurized 

Water (°C) 

pH of 
Unpasteurized 

Water 

22/10/2015 Site 1 75.0 7.8 24.6 8.4 

04/11/2015 Site 1 75.0 7.6 25.9 7.9 

08/04/2016 Site 1 52.0 6.6 21.0 7.1 

26/08/2016 Site 1 60.0 6.5 20.8 6.7 

14/09/2016 Site 1 67.0 7.1 22.5 7.1 

03/10/2016 Site 1 72.0 7.1 23.2 8.4 

04/10/2016 Site 1 73.0 7.2 25.2 8.0 

26/10/2016 Site 1 85.0 7.3 24.2 7.8 

 

07/10/2015 Site 2 58.0 7.7 20.7 8.3 

20/10/2015 Site 2 53.0 8.4 23.9 8.0 

04/11/2015 Site 2 66.0 6.4 24.5 6.7 

The daily rainfall and ambient temperatures recorded throughout the 2015/2016 research period 

as well as the sampling sessions for each site are depicted in Fig. 2.3. A total rainfall of 

61.0 mm was recorded during October 2015 to February 2016 (low rainfall period), while 

84.7 mm was recorded during March to May 2016 (medium rainfall period). The rainfall then 

increased to 276.4 mm during June to September 2016 (high rainfall period) and decreased 

again to 16.5 mm during October 2016 (low rainfall period). 

2.3.1.2 Large-scale SOPAS system (Site 3) 

The sampling dates and corresponding unpasteurized (before treatment), pasteurized (during 

treatment) and stored pasteurized (after treatment) tank water temperatures and pH values, for 

the large-scale system located at Site 3 (ERC), are outlined in Table 2.4. 

Stellenbosch University  https://scholar.sun.ac.za



76 
 

 

Fig. 2.3. The daily rainfall and ambient temperatures recorded for each day during the 2015/2016 sampling period. The sampling sessions for each of 

the three sites are also indicated. 
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An overall mean pH of 7.05 and 7.10 was obtained for all pasteurized (n = 6) and stored 

pasteurized (n = 6) tank water samples, respectively, while a mean pH of 6.95 was measured 

for all unpasteurized (n = 6) tank water samples. The temperatures of the unpasteurized tank 

water samples collected directly from the rainwater harvesting tank at Site 3 then ranged from 

the lowest temperature of 15.5 °C (26/05/2016) to the highest temperature of 25.7 °C 

(20/10/2015). The temperature of the pasteurized tank water samples ranged from the lowest 

temperature of 55 °C (05/05/2016) to the highest temperature of 79.0 °C (04/11/2015). 

Additionally, the temperature of the stored pasteurized tank water samples ranged from the 

lowest temperature of 18.7 °C (16/05/2016) to the highest temperature of 33.8 °C (04/11/2015). 

Table 2.4: Temperature and pH values of the pasteurized, unpasteurized and stored 

pasteurized tank water samples collected from the large-scale system in Enkanini. 

Sampling 
Date 

Temperature 
of 

Pasteurized 
Water (°C) 

pH of 
Pasteurized 

Water 

Temperature of 
Unpasteurized 

Water (°C) 

pH of 
Unpasteurized 

Water 

Temperature 
of Stored 

Pasteurized 
Water (°C) 

pH of Stored 
Pasteurized 

Water 

20/10/2015 66.0 8.2 25.7 8.0 33.7 8.2 

04/11/2015 79.0 6.8 24.2 6.7 33.8 6.6 

05/05/2016 55.0 7.4 20.1 7.3 24.5 7.5 

16/05/2016 72.0 6.9 19.4 6.8 18.7 7.3 

17/05/2016 61.0 6.5 17.5 6.6 24.5 6.5 

26/05/2016 71.0 6.5 15.5 6.3 19.7 6.5 

2.3.2 Chemical analysis 

The results for the anion analyses of the small-scale SOPAS systems (Sites 1 and 2) are 

represented in Table 2.5. For both small-scale systems, all anions were within the drinking 

water guidelines according to DWAF (1996), SANS 241 (SABS, 2005), ADWG (NHMRC and 

NRMMC, 2011) and WHO (2011). No significant difference in anion concentrations was 

observed following SOPAS treatment for both small-scale systems (Site 1: p = 0.21; Site 2: 

p = 0.11) at all temperatures analysed (Site 1: 52 °C, 67 °C, 75 °C and 85 °C; Site 2: 58 °C and 

66 °C). Additionally, no significant difference (p = 0.35) in anion concentrations was observed 

between the tank water samples collected from Sites 1 and 2, respectively. For example, for 

Site 1, mean sulphate (as SO4) concentrations of 4.70 mg/L and 4.71 mg/L, were obtained 

before and after pasteurization, respectively. Similarly, for Site 2, mean SO4 concentrations of 

4.39 mg/L and 4.18 mg/L, were obtained before and after pasteurization, respectively. Overall, 

the SO4 concentrations recorded at the two sites (small-scale) ranged from 3 to 7.15 mg/L 

before SOPAS and 3 to 7.2 mg/L after SOPAS. 
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Table 2.5: Anion concentrations obtained from the unpasteurized and pasteurized tank water samples collected from the small-scale SOPAS 

systems (Sites 1 and 2; n = 12) compared to the concentrations as stipulated by the respective drinking water guidelines. 

*BDL = Below detection limit 

 

Table 2.6: Anion concentrations obtained from the unpasteurized and stored pasteurized tank water samples collected from the large-scale SOPAS 

system (Site 3; n = 6) compared to the concentrations as stipulated by the respective drinking water guidelines. 

Anions 
(mg/L) 

Site 3 Drinking Water Guidelines 

Before 
55 °C 

After 
55 °C 

Before 
66 °C 

After 
66 °C 

Before 
79 °C 

After 
79 °C 

SANS 241 DWAF ADWG WHO 

Sulphate as SO4 4.13 5.08 3.79 3.72 4.14 4 200 100 250 - 

Chloride as Cl- 7 9 6 6 7 7 400 200 250 - 

Nitrite as NO2 0.01 0.02 0.01 0.02 0.02 0.02 10 6 50 50 

Nitrate as NO3 0.92 1.17 1.21 1.11 1.19 1.19 10 6 50 50 

Phosphate as 
PO4 

0.09 0.06 0.06 0.06 0.06 0.03 - - - - 

Fluoride as F 0.07 0.1 0.03 0.05 0.05 0.05 1 1 1.5 1.5 

Anions 
(mg/L) 

Site 1 Site 2 Drinking Water Guidelines 

Before 
52 °C 

After 
52 °C 

Before 
67 °C 

After 
67 °C 

Before 
75 °C 

After 
75 °C 

Before 
85 °C 

After 
85 °C 

Before 
58 °C 

After 
58 °C 

Before 
66 °C 

After 
66 °C 

SANS 
241 

DWAF ADWG WHO 

Sulphate 
as SO4  

7.15 7.2 3 3 4.68 4.64 4 4 4.05 3.86 4.73 4.5 200 100 250 - 

Chloride 
as Cl- 

9 11 6 6 7 6 6 6 6 6 7 6 400 200 250 - 

Nitrite as 
NO2 

0.01 0.02 0.01 0.01 0.02 0.03 0.02 0.02 0.01 0.03 0.02 0.02 10 6 50 50 

Nitrate as 
NO3 

1.59 1.56 0.39 0.60 1.07 1.05 0.63 0.67 0.93 0.36 0.97 0.96 10 6 50 50 

Phosphate 
as PO4 

0.31 0.43 0.01 0.02 0.12 0.12 0.02 0.01 0.03 0.03 0.03 0.03 - - - - 

Fluoride 
as F 

0.06 0.08 BDL* BDL* 0.06 0.05 BDL* BDL* 0.07 0.07 0.07 0.07 1 1 1.5 1.5 
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The results for the anion analyses of the large-scale SOPAS system (Site 3) are represented in 

Table 2.6. Similar to the results obtained for the small-scale systems, all anions were within the 

drinking water guidelines according to DWAF (1996), SANS 241 (SABS, 2005), ADWG 

(NHMRC and NRMMC, 2011) and WHO (2011). No significant difference (p = 0.19) in anion 

concentrations was observed when comparing the unpasteurized to stored pasteurized tank 

water samples and no significant difference (p = 0.26) in anion concentrations was observed 

when comparing the large-scale SOPAS system to the two small-scale SOPAS systems. For 

example, chloride (Cl-) concentrations recorded for samples collected from the large–scale 

system ranged from 6 to 7 mg/L (mean 6.67 mg/L) before pasteurization and from 6 to 9 mg/L 

(mean 7.33 mg/L) after pasteurization (stored pasteurized samples) (Table 2.6). Similarly, the 

Cl- concentrations recorded in the samples collected from the small-scale systems (Table 2.5) 

ranged from 6 to 9 mg/L before SOPAS (mean 7.0 mg/L) and 6 to 11 mg/L after SOPAS (mean 

7.25 mg/L).  

Cation concentration analysis was conducted by CAF at Stellenbosch University. For both 

small-scale SOPAS systems (Sites 1 and 2) (Table 2.7; representative cations presented), the 

results indicated that all cations were within the drinking water guidelines according to DWAF 

(1996), SANS 241 (SABS, 2005), ADWG (NHMRC and NRMMC, 2011) and WHO (2011), with 

the exception of zinc (Zn) which exceeded the DWAF (1996) and ADWG (NHMRC and 

NRMMC, 2011) limit of 3 000 µg/L and the 5 000 µg/L limit as stipulated by SANS 241 (SABS, 

2005), in four of the six sampling sessions analysed (Site 1 – 52 °C and 75 °C; Site 2 – 58 °C 

and 66 °C). However, for both small-scale systems no significant difference (Site 1: p = 0.21; 

Site 2: p = 0.76) in Zn concentrations was observed following SOPAS treatment. For example, 

for Site 1 the overall mean Zn concentration increased from 3 602 µg/L before pasteurization to 

3 692 µg/L after pasteurization treatment (52 °C, 67 °C, 75 °C and 85 °C). For Site 2 the overall 

mean Zn concentration then decreased from 4 552 µg/L before pasteurization to 4 509 µg/L 

after pasteurization treatment at 58 °C and 66 °C (Table 2.7).  

While still within the drinking water guidelines, notable increases in Ni, Al, Cu and Pb were 

observed following SOPAS treatment at both Sites 1 and 2 (Table 2.7). For Site 1 the mean 

concentrations of Ni, Al, Cu and Pb in the collected samples, increased from 0.34 µg/L, 

7.82 µg/L, 4.84 µg/L and 0.16 µg/L before pasteurization, to 3.82 µg/L, 13.52 µg/L, 21.24 µg/L 

and 2.03 µg/L after pasteurization, respectively. Similarly, for Site 2, the mean concentrations of 

Ni, Al, Cu and Pb in the collected samples increased from 0.25 µg/L, 2.06 µg/L, 0.15 µg/L and 

0.06 µg/L before pasteurization, to 4.38 µg/L, 3.80 µg/L, 0.73 µg/L and 0.38 µg/L after 

pasteurization, respectively.  
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Table 2.7: Cation concentrations obtained from tank water samples collected from the small-scale SOPAS systems (Sites 1 and 2) compared to the 

recommended concentrations as stipulated by the respective drinking water guidelines. 

Cation 

Site 1 Site 2 Drinking Water Guidelines 

Before 
52 °C 

After 
52 °C 

Before 
67 °C 

After 
67 °C 

Before 
75 °C 

After 
75 °C 

Before 
85 °C 

After 
85 °C 

Before 
58 °C 

After 
58 °C 

Before 
66 °C 

After 
66 °C 

SANS 
241 

DWAF ADWG WHO 

Calcium as 
Ca (mg/L) 

1.51 1.68 0.53 0.68 0.93 0.89 0.63 0.62 1.29 1.23 1.98 1.90 150 200 200 - 

Potassium 
as K (mg/L) 

0.53 0.55 0.22 0.19 0.32 0.32 0.20 0.19 0.25 0.27 0.32 0.31 50 50 - - 

Magnesium 
as Mg 
(mg/L) 

0.58 0.59 0.34 0.31 0.38 0.37 0.35 0.35 0.32 0.31 0.41 0.40 70 30 - - 

Sodium as 
Na (mg/L) 

3.96 4.12 2.67 2.43 2.55 2.53 2.48 2.51 2.25 2.17 2.53 2.50 200 100 180 - 

Silicon as Si 
(mg/L) 

0.16 0.57 0.05 0.06 0.07 0.13 0.06 0.11 0.10 0.11 0.15 0.18 - - - - 

Aluminium 
as Al (µg/L) 

22.78 14.85 2.23 12.30 0.06 0.94 6.22 25.98 0.61 5.34 3.51 2.26 300 150 100 100 

Boron as B 
(µg/L) 

ND* ND* ND* ND* 10.15 12.66 6.94 8.04 ND* ND* 2.80 4.12 - - 4000 2400 

Iron as Fe 
(µg/L) 

13.84 1.92 0.90 1.23 < 0.5 < 0.5 2.88 < 0.5 <0.19 0.56 < 0.5 5.52 200 100 300 - 

Nickel as Ni 
(µg/L) 

0.58 4.04 0.21 0.90 0.37 9.74 0.21 0.61 0.28 2.65 0.22 6.10 150 - 20 70 

Copper as 
Cu (µg/L) 

18.13 57.12 0.15 9.08 0.52 13.21 0.57 5.57 <0.07 0.36 0.22 1.10 1000 1000 2000 2000 

Zinc as Zn 
(µg/L) 

5098 5350 2459 2491 3993 4069 2861 2859 4394 4239 4710 4778 5000 3000 3000 - 

Arsenic as 
As (µg/L) 

0.82 1.62 0.42 0.66 0.91 1.12 0.46 0.65 0.47 0.44 0.49 0.46 10 10 10 10 

Selenium as 
Se (µg/L) 

0.16 0.19 0.07 0.13 0.10 0.17 0.14 0.18 0.12 0.16 0.15 0.07 20 20 10 40 

Lead as Pb 
(µg/L) 

0.21 0.48 0.21 3.24 0.22 3.44 0.02 0.94 0.09 0.13 0.03 0.63 20 10 10 10 

*ND = Not determined; values indicated by bold text are exceeding guidelines.  
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The total hardness of the tank water samples collected before and after SOPAS from the small-

scale systems was then determined (using concentrations of Ca and Mg) as total hardness is 

an indicator of the corrosive capabilities of the water which may affect the plumbing installations 

used in the SOPAS system (DWAF, 1996) (results not shown). The calculated total hardness 

for the unpasteurized tank water samples is then expressed as a CaCO3 equivalent in mg/L.  

For tank water samples collected at Site 1, total hardness was recorded as 6.15 mg/L, 

2.72 mg/L, 3.89 mg/L and 3.01 mg/L before pasteurization while total hardness of the 

corresponding pasteurized tank water samples was recorded at 6.62 mg/L (52 °C), 2.97 mg/L 

(67 °C), 3.75 mg/L (75 °C) and 2.99 mg/L (85 °C), respectively. The total hardness of the tank 

water samples collected from Site 2 was also calculated. Following pasteurization at 58 °C and 

66 °C, the total hardness decreased from 4.54 mg/L and 6.63 mg/L to 4.35 mg/L and 6.39 mg/L, 

respectively. As the total hardness values were below 50 mg/L, the water was described as soft 

(DWAF, 1996).  

For the large-scale SOPAS system (Site 3), all cations were within the drinking water guidelines 

according to DWAF (1996), SANS 241 (SABS, 2005), ADWG (NHMRC and NRMMC, 2011) 

and WHO (2011), with the exception of arsenic (As) which exceeded all four drinking water 

guidelines’ limit of 10 µg/L (Table 2.8; representative cations presented). However, no 

significant difference (p = 0.18) in As concentration was observed in the unpasteurized and 

stored pasteurized tank water samples. For Site 3 the overall mean As concentration of 

18.69 µg/L before pasteurization then decreased to 18.30 µg/L in the stored pasteurized 

samples.  

Similar to the results obtained for the small-scale SOPAS systems, notable increases in Ni, Cu 

and Pb were also observed following SOPAS treatment using the large-scale system 

(Table 2.8). The overall mean concentrations of Ni (0.34 µg/L), Cu (8.43 µg/L) and Pb 

(0.44 µg/L) measured before pasteurization, increased to 0.57 µg/L, 407.45 µg/L and 6.77 µg/L 

in the stored pasteurized samples, respectively. However, in contrast to the results obtained for 

the small-scale systems, a decrease in the overall mean concentration of Al was observed 

following SOPAS treatment (large-scale system) as the overall mean Al concentration before 

SOPAS decreased from 11.69 µg/L to 4.89 µg/L, in the stored pasteurized samples. 

The total hardness of the tank water samples collected before and after SOPAS with the large-

scale system were calculated by comparing the unpasteurized to the stored pasteurized tank 

water samples (results not shown). Before SOPAS (corresponding SOPAS samples of 55 °C, 

66 °C and 79 °C), the total hardness fluctuated from 7.12 mg/L, 7.96 mg/L and 7.49 mg/L, to 

9.91 mg/L, 7.84 mg/L and 6.55 mg/L following pasteurization, respectively. The tank water 

collected from Site 3 can therefore also be described as soft (< 50 mg/L).  

Stellenbosch University  https://scholar.sun.ac.za



82 
 

Table 2.8: Cation concentrations obtained from the unpasteurized and stored pasteurized tank 

water samples collected from the large-scale SOPAS system (Site 3) compared to the 

recommended concentrations as stipulated by the respective drinking water guidelines. 

Cation 

Site 3 Drinking Water Guidelines 

Before 
55 °C 

After 
55 °C 

Before 
66 °C 

After 
66 °C 

Before 
79 °C 

After 
79 °C 

SANS 
241 

DWAF ADWG WHO 

Calcium as Ca 
(mg/L) 

2.06 3.03 2.43 2.38 2.19 1.93 150 200 200 - 

Potassium as K 
(mg/L) 

0.37 0.58 0.44 0.46 0.43 0.44 50 50 - - 

Magnesium as 
Mg (mg/L) 

0.48 0.57 0.46 0.46 0.49 0.42 70 30 - - 

Sodium as Na 
(mg/L) 

3.40 3.57 2.63 2.68 4.13 2.43 200 100 180 - 

Silicon as Si 
(mg/L) 

0.21 0.32 0.21 0.20 0.20 0.17 - - - - 

Aluminium as Al 
(µg/L) 

6.26 3.19 12.28 6.94 16.54 4.56 300 150 100 100 

Boron as B 
(µg/L) 

ND* ND* 16.59 16.64 16.71 16.80 - - 4000 2400 

Iron as Fe (µg/L) 0.56 1.84 < 0.5 < 0.5 < 0.5 < 0.5 200 100 300 - 

Nickel as Ni 
(µg/L) 

0.27 0.57 0.38 0.60 0.36 0.55 150 - 20 70 

Copper as Cu 
(µg/L) 

2.03 317.39 11.73 435.85 11.52 469.11 1000 1000 2000 2000 

Zinc as Zn (µg/L) 375.1 437.4 365.99 497.79 352.84 493.45 5000 3000 3000 - 

Arsenic as As 
(µg/L) 

19.11 18.75 17.87 17.80 19.09 18.36 10 10 10 10 

Selenium as Se 
(µg/L) 

0.17 0.28 0.15 0.11 0.11 0.11 20 20 10 40 

Lead as Pb 
(µg/L) 

0.09 2.65 0.51 8.25 0.73 9.40 20 10 10 10 

*ND = Not determined; values indicated by bold text are exceeding guidelines. 

2.3.3 Indicator bacteria detected in unpasteurized and pasteurized tank water samples 

2.3.3.1 Small-scale SOPAS systems (Sites 1 and 2) 

Unpasteurized (before treatment) and pasteurized (after treatment) tank water samples were 

collected from the small-scale SOPAS systems located at Sites 1 and 2, respectively. Total 

coliforms and E. coli (Table 2.9), as well as heterotrophic bacteria (Fig. 2.4), faecal coliforms 

and enterococci were enumerated in all collected samples, with the results being compared to 

various national and international drinking water guidelines to determine if the water could be 

used for potable purposes. Additionally, for the samples where no heterotrophic bacteria were 

detected after pasteurization, samples were stored at room temperature and the heterotrophic 

bacteria were enumerated every second day for a two week period in order to determine how 

long the treated water could be stored, before the regrowth of heterotrophic bacteria was 

observed.  
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For Site 1, a mean total coliform count of 1.4 × 103 CFU/100 mL before pasteurization was 

reduced to 2.9 × 102 CFU/100 mL after pasteurization (0.68 log reduction) at 52 °C (Table 2.9). 

A mean total coliform count of 6.6 × 103 CFU/100 mL before pasteurization was then reduced to 

BDL (< 1 CFU/100 mL) after pasteurization at 60 °C and 67 °C (3.82 log reduction), 

respectively. On average a 4 log reduction in total coliforms was observed for the four samples 

pasteurized at 72 °C to 75 °C (Table 2.9) as the mean total coliform counts were reduced from 

1.2 × 104 CFU/100 mL before pasteurization to BDL (< 1 CFU/100 mL) after pasteurization. 

Additionally, a mean total coliform count of 2.3 × 103 CFU/100 mL before pasteurization was 

reduced to BDL (< 1 CFU/100 mL) after pasteurization at 85 °C. 

Table 2.9: Enumeration of total coliforms and E. coli before and after SOPAS treatment for tank 

water samples collected from Sites 1 and 2. 

Pasteurization 
Temp °C 
(Location) 

Indicator 
Unpasteurized 

Sample 
(CFU/100 mL) 

Pasteurized 
Sample 

(CFU/100 mL) 

Log 
Reduction 

% Reduction 

52 °C 
(Site 1) 

TC 1.4 × 103 2.9 × 102 0.68 79 

E. coli 1.0 × 101 BDL* 1 ˃99 

60 °C 
(Site 1) 

TC 3.1 × 103 BDL* 3.49 ˃99 

E. coli 3 BDL* NA* NA* 

67 °C 
(Site 1) 

TC 1.0 × 104 BDL* 4 ˃99 

E. coli 1 BDL* NA* NA* 

72 °C 
(Site 1) 

TC 9.9 × 103 BDL* 3.99 ˃99 

E. coli 1.3 × 101 BDL* 1.11 ˃99 

73 °C 
(Site 1) 

TC 1.4 × 104 BDL* 4.15 ˃99 

E. coli 1.8 × 101 BDL* 1.26 ˃99 

75 °C (1) 
(Site 1) 

TC 1.1 × 104 BDL* 4.04 ˃99 

E. coli BDL* BDL* NA* NA* 

75 °C (2) 
(Site 1) 

TC 1.2 × 104 BDL* 4.08 ˃99 

E. coli BDL* BDL* NA* NA* 

85 °C 
(Site 1) 

TC 2.3 × 103 BDL* 3.36 ˃99 

E. coli 3 BDL* NA* NA* 

 

53 °C 
(Site 2) 

TC 1.2 × 103 BDL* 3 ˃99 

E. coli BDL* BDL* NA* NA* 

58 °C 
(Site 2) 

TC 1.2 × 103 BDL* 3 ˃99 

E. coli BDL* BDL* NA* NA* 

66 °C 
(Site 2) 

TC 6.3 × 102 BDL* 2 ˃99 

E. coli BDL* BDL* NA* NA* 

*BDL = Below the detection limit / *NA = Not applicable 

All the unpasteurized tank water samples collected from Site 1 exceeded the DWAF (1996) 

(< 5 CFU/100 mL) and SANS 241 (< 10 CFU/100 mL) (SABS, 2005) drinking water standards 

Stellenbosch University  https://scholar.sun.ac.za



84 
 

for total coliforms. However, pasteurization of the tank water samples at 60 °C and above 

effectively reduced the total coliforms to BDL (< 1 CFU/100 mL) and subsequently to within the 

DWAF (1996) and SANS 241 (SABS, 2005) limits. The drinking water standards, according to 

DWAF (1996), SANS 241 (SABS, 2005), ADWG (NHMRC and NRMMC, 2011) and WHO 

(2011) also stipulate that there should be no E. coli or faecal coliforms (< 1 CFU/100 mL) 

present in water if it is to be used for potable purposes. For Site 1, E. coli (mean 8 CFU/100 mL) 

was detected in 75% (n = 6) of the unpasteurized tank water samples (unpasteurized samples 

corresponding to the 52 °C, 60 °C, 67 °C, 72 °C, 73 °C and 85 °C samples). However, the 

E. coli counts were subsequently reduced to BDL (< 1 CFU/100 mL) and were within the 

drinking water standards following SOPAS at the respective temperatures (Table 2.9). 

Additionally, faecal coliforms (mean 2.2 × 103 CFU/100 mL) were detected in the three (38%) 

unpasteurized samples collected for the corresponding 75 °C samples (1 and 2) and the 

corresponding 73 °C sample, but were also reduced to BDL (< 1 CFU/100 mL) and were within 

drinking water standards [DWAF (1996), SANS 241 (SABS, 2005), ADWG (NHMRC and 

NRMMC, 2011) and WHO (2011)] after pasteurization (results not shown). All the tank water 

samples collected before and after pasteurization from Site 1 were within the < 1 CFU/100 mL 

enterococci guideline limit as stipulated by ADWG (NHMRC and NRMMC, 2011), as no 

enterococci were detected in any of the samples. 

Similar to the results obtained for Site 1, on average a 3 log reduction in total coliforms was 

observed in the pasteurized samples collected from Site 2, as the mean total coliform counts 

were reduced from 1.0 × 103 CFU/100 mL before pasteurization to BDL (< 1 CFU/100 mL) after 

pasteurization for all temperatures analysed. Total coliform counts in the unpasteurized samples 

thus exceeded the DWAF (1996) (< 5 CFU/100 mL) and SANS 241 (< 10 CFU/100 mL) (SABS, 

2005) drinking water standards, while the total coliforms in the pasteurized tank water samples 

were reduced to within the respective standards for all temperatures analysed at Site 2. For Site 

2, no E. coli or enterococci were detected in any of the unpasteurized and pasteurized samples 

collected. Faecal coliforms were only detected in one sample (unpasteurized sample collected 

before pasteurization at 53 °C) at 1.0 × 103 CFU/100 mL, but was subsequently reduced to BDL 

(< 1 CFU/100 mL) after pasteurization at 53 °C (results not shown) and was subsequently within 

the respective drinking water guideline limits of < 1 CFU/100 mL [DWAF (1996), SANS 241 

(SABS, 2005), ADWG (NHMRC and NRMMC, 2011) and WHO (2011)]. 

Results for the enumeration of the HPC at Sites 1 and 2 are depicted in Fig. 2.4. According to 

the DWAF (1996) drinking water guidelines, HPC should not exceed 1.0 × 104 CFU/100 mL as 

this increases the likelihood of microbial infection related to the use of the water source. For Site 

1 the HPC before pasteurization was reduced from 4.1 × 106 CFU/100 mL to 7.0 × 105 

CFU/100 mL following pasteurization at 52 °C (0.77 log reduction). Additionally, a 2.44 log 

reduction was recorded following pasteurization at 60 °C, with the HPC decreasing from 
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6.4 × 106 CFU/100 mL to 2.3 × 104 CFU/100 mL. Thus both the 52 °C and 60 °C pasteurized 

samples exceeded the DWAF (1996) limit of 1.0 × 104 CFU/100 mL HPC. However, for the 

remaining samples [67 °C, 72 °C, 73 °C, 75 °C (1 and 2) and 85 °C] the HPC was reduced to 

within the DWAF drinking water standard following SOPAS treatment. The HPC count was 

reduced by 6.28 logs after pasteurization treatment at 67 °C [1.9 × 106 CFU/100 mL before 

pasteurization to BDL (< 1 CFU/100 mL) after pasteurization]. For the samples collected from 

72 °C to 75 °C, a mean 6.92 log reduction was recorded as the HPC was reduced from a mean 

of 8.3 × 106 CFU/100 mL to BDL (< 1 CFU/100 mL) after pasteurization [72 °C, 73 °C, 75 °C 

(1 and 2)]. Pasteurization at 85 °C resulted in a 6.43 log reduction in the HPC, as the HPC 

before pasteurization (2.7 × 106 CFU/100 mL) was reduced to BDL (< 1 CFU/100 mL) after 

pasteurization (Fig. 2.4).  

 

Fig. 2.4. Heterotrophic plate counts (HPC) obtained before and after SOPAS for the samples 

collected at Sites 1 and 2. 

For Site 2, a mean decrease of 0.71 logs in HPC was then recorded for the samples collected at 

53 °C and 58 °C following pasteurization (mean of 1.4 × 107 CFU/100 mL before pasteurization 

reduced to a mean of 2.7 × 106 CFU/100 mL after pasteurization); however, the HPC in both 

samples still exceeded the DWAF (1996) drinking water limit of 1.0 × 104 CFU/100 mL. In 

comparison, the HPC for Site 2 was reduced from 4.4 × 106 CFU/100 mL to BDL 

(< 1 CFU/100 mL) after pasteurization at 66 °C (6.64 log reduction) and was subsequently 

within the DWAF (1996) drinking water limit. 

The 67 °C, 72 °C, 73 °C, both 75 °C (1 and 2) and the 85 °C pasteurization samples collected 

from Site 1 and the 66 °C pasteurization sample collected from Site 2 were subsequently 

1

10

100

1000

10000

100000

1000000

10000000

100000000

52 60 67 72 73 75(1) 75(2) 85 53 58 66

H
P

C
 C

FU
/1

0
0

 m
L

Temperature (°C)

Before pasteurization After pasteurization

Site 2Site 1

Stellenbosch University  https://scholar.sun.ac.za



86 
 

monitored for a two week period in order to determine how long the treated tank water could be 

stored. The results then indicated that the water could be stored for up to six days after 

treatment at 66 °C and 67 °C and up to two weeks following treatment above 72 °C, before 

microbial regrowth occurred (results not shown). In addition, no significant correlation was 

observed between the microbiological quality of the unpasteurized tank water collected from 

Sites 1 and 2 and rainfall data over the sampling period [total coliforms (r = - 0.11; p = 0.74), 

E.coli (r = - 0.16; p = 0.62) and HPC (r = - 0.37; p = 0.26)]. 

2.3.3.2 Large-scale SOPAS system (Site 3) 

In order to determine whether the water produced by the large-scale SOPAS system (Site 3) 

meets the microbiological quality as stipulated by the respective drinking water guidelines 

(DWAF, 1996; SABS, 2005; NHMRC and NRMMC, 2011; WHO, 2011), unpasteurized (before 

treatment), pasteurized (directly from solar manifold system) and stored pasteurized tank water 

samples (after treatment collected from 1 500 L storage tank) were collected and analysed for 

the presence of E. coli, total coliforms, enterococci, faecal coliforms and heterotrophic bacteria. 

While the total coliform (mean 3.2 × 103 CFU/100 mL) and E. coli (mean 8 CFU/100 mL) counts 

in all unpasteurized tank water samples exceeded the respective drinking water guideline limits 

(Table 2.10), on average a > 3 log reduction (total coliforms) and > 1 log reduction (E. coli) was 

recorded following pasteurization of the tank water samples at all temperatures analysed 

(55 °C, 61 °C, 66 °C, 71 °C, 72 °C and 79 °C; collected from manifold system). Additionally, 

total coliforms and E.coli were BDL (< 1 CFU/100 mL) in the stored pasteurized tank water 

samples (1 500 L tank).  

Table 2.10: Enumeration of total coliforms and E. coli in the unpasteurized, pasteurized and 

stored pasteurized tank water samples collected from Site 3. 

Pasteurization 

Temp (°C) 
Indicator 

Unpasteurized 

Sample 

(CFU/100 mL) 

Pasteurized 

Sample 

(CFU/100 mL) 

Stored 

Pasteurized 

Sample 

(CFU/100mL) 

Log 

Reduction 

% 

Reduction 

55 °C 
TC 3.9 × 103 BDL* BDL* 3.59 ˃99 

E. coli 2.2 × 101 BDL* BDL* 1.34 ˃99 

61 °C 
TC 1.6 × 103 BDL* BDL* 3.20 ˃99 

E. coli 1 BDL* BDL* NA* NA* 

66 °C 
TC 3.5 × 103 BDL* BDL* 3.54 ˃99 

E. coli 4 BDL* BDL* NA* NA* 

71 °C 
TC 7.0 × 103 BDL* BDL* 3.84 ˃99 

E. coli 1.7 × 101 BDL* BDL* 1.23 ˃99 

72 °C 
TC 2.1 × 103 BDL* BDL* 3.32 ˃99 

E. coli 2 BDL* BDL* NA* NA* 

79 °C 
TC 1.1 × 103 BDL* BDL* 3.04 ˃99 

E. coli 4 BDL* BDL* NA* NA* 

*BDL = Below the detection limit / *NA = Not applicable 
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No enterococci were detected in the unpasteurized, pasteurized or stored pasteurized tank 

water samples (results not shown). In addition, faecal coliforms were only detected in 50% 

(n = 3) of the unpasteurized samples [unpasteurized samples corresponding to 55 °C, 66 °C 

and 79 °C samples (collected from solar manifold)] with a mean of 10 CFU/mL recorded, but 

were also reduced to BDL (< 1 CFU/100 mL) and were within the drinking water standards for 

all temperatures analysed, as no faecal coliforms were detected in any of the pasteurized or 

stored pasteurized samples (results not shown). 

Results for the HPC analysis of samples collected at Site 3 during the sampling period are 

depicted in Fig. 2.5. For the sample collected at 55 °C the HPC was reduced from 

4.3 × 106 CFU/100 mL before pasteurization to 9.0 × 105 CFU/100 mL after pasteurization, 

however, the HPC then increased to 1.6 × 106 CFU/100 mL in the 1 500 L storage tank sample. 

A similar trend was observed for the samples collected at the 61 °C to 66 °C temperature range, 

where the HPC decreased from a mean of 5.4 × 106 CFU/100 mL before pasteurization to a 

mean of 2.2 × 106 CFU/100 mL after pasteurization and then subsequently increased in the 

1 500 L storage tank (mean 6.9 × 106 CFU/100 mL).  

 

Fig. 2.5. Heterotrophic plate counts (HPC) obtained from the large-scale SOPAS system 

(Site 3). Samples were collected from three different points along the system: Unpasteurized 

(Rainwater tank), Pasteurized (Solar Manifold System) and Stored Pasteurized (1 500 L 

Storage tank) tank water. 

Moreover, while the HPC decreased from a mean of 6.7 × 106 CFU/100 mL to BDL 

(< 1 CFU/100 mL) and was within drinking water standards after pasteurization for all the 

temperatures above 71 °C, regrowth of the heterotrophic bacteria was again noted in the 

1 500 L storage tank (mean of 3.6 × 106 CFU/100 mL). All the unpasteurized and stored 

pasteurized (1 500 L storage tank) tank water samples collected from Site 3 thus exceeded the 
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DWAF (1996) limit of 1.0 × 104 CFU/100 mL. Results then indicated that the pasteurized tank 

water samples collected directly from the solar manifold at 71 °C and above were within the 

DWAF (1996) standard. 

Similar to the results obtained at Sites 1 and 2, no significant correlation was observed between 

the microbiological quality of the unpasteurized tank water collected from Site 3 and rainfall data 

over the sampling period [total coliforms (r = 0.40; p = 0.43), E. coli (r = 0.76; p = 0.08) and HPC 

(r = -0.21; p = 0.69)]. Pasteurized tank water samples collected from the solar manifold system, 

where the HPC were recorded at BDL (> 1 CFU/100 mL), were then stored at room temperature 

in order to determine how long the treated tank water could be stored before microbial regrowth 

occurred. For the large-scale SOPAS system, the results obtained for the pasteurized tank 

water samples collected directly from the solar manifold system at 71 °C and above, indicated a 

˃ 99% reduction in heterotrophic bacteria as counts were reduced to BDL (< 1 CFU/100 mL). 

Culturing analysis then indicated that the water could be stored for up to two weeks after 

treatment at 71 °C, before microbial regrowth occurred (results not shown). 

In order to determine which organisms were proliferating in the 1 500 L storage tank, 

morphologically distinct colonies were isolated from R2A plates and were identified using 

16S rRNA PCR as outlined in section 2.2.6. The representative isolates identified included: 

Flectobacillus spp. (GenBank accession no. KJ190182.1), Acidovorax spp. (GenBank 

accession no. KU233259.1), Pseudomonas spp. (GenBank accession no. DQ884361.1), 

Dechlorosoma spp. (GenBank accession no. AY171616.1), Bordetella spp. (GenBank 

accession no. KT274791.1), Novosphingobium spp. (GenBank accession no. D84598.2) and 

Sphingomonas spp. (GenBank accession no. KF441634.1).  

2.3.4 Presence of metabolically active cells in the unpasteurized and pasteurized tank water 

samples 

2.3.4.1 Small-scale SOPAS systems (Sites 1 and 2) 

The BacTiter-GloTM Microbial Cell Viability Assay was utilised as a presence/absence test, in 

order to determine whether viable (metabolically active) cells were present in any of the tank 

water samples collected before and after pasteurization. The assay measures the total ATP in 

the water sample, as was thus not specific for the detection of a target organism. Thus an 

overall indication of viability in the tank water samples was obtained. Duplicate unpasteurized 

and pasteurized tank water and background controls (sterile RNAse/DNAse free water) were 

measured for each sampling event. A triplicate technical repeat was also performed. The mean 

luminescent signals (RLU) obtained for the background control samples were subtracted from 

the mean before and after pasteurization luminescent signals (RLU) for each specific 

temperature (Reyneke et al., 2016). The results (mean luminescent signal obtained before and 
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after pasteurization) obtained for the small-scale SOPAS systems using the BacTiter-GloTM 

Microbial Cell Viability Assay are depicted in Fig. 2.6. Results obtained for the small-scale 

systems indicate that there was a significant reduction (p = 0.00003) in ATP (indicator of 

metabolically active cells) following SOPAS.  

For the small-scale SOPAS system located at Site 1, the mean luminescent signal decreased 

from 2.32 × 104 RLU/100 µL before pasteurization to 2.84 × 103 RLU/100 µL after pasteurization 

at 52 °C (0.91 log reduction). Similarly, the mean luminescent signal decreased from 

3.99 × 104 RLU/100 µL before pasteurization to 2.94 × 103 RLU/100 µL after pasteurization 

(1.14 log reduction) and from 1.56 × 104 RLU/100 µL before pasteurization to 

1.68 × 103 RLU/100 µL after pasteurization (0.95 log reduction), for the samples treated at 

60 °C and 67 °C, respectively. 

 

Fig. 2.6. Mean relative light units (RLU) detected before and after SOPAS in the tank water 

samples collected from the small-scale SOPAS systems (Sites 1 and 2). 

For the samples collected at 72 °C to 75 °C, the mean luminescent signal decreased from 

2.89 × 104 RLU/100 µL before pasteurization to 1.84 × 103 RLU/100 µL after pasteurization 

(1.21 log reduction). Additionally, a mean luminescent signal of 1.74 × 104 RLU/100 µL before 

pasteurization was reduced to 9.26 × 102 RLU/100 µL, following SOPAS at 85 °C (1.28 log 

reduction). Similarly, for Site 2, following SOPAS treatment at 53 °C and 58 °C, a decrease of 

0.99 log was observed as the mean RLU decreased from 3.2 × 104 RLU/100 µL before 

pasteurization to 3.0 × 103 RLU/100 µL after pasteurization. For the sample collected at 66 °C, 

the mean RLU/100 µL decreased from 1.1 × 104 to 6.6 × 102 (1.18 log reduction) after SOPAS. 

However, results indicate that viable cells are still present in all of the pasteurized tank water 
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samples collected from the two small-scale systems, including the samples where culturing 

analysis indicated that the HPC was BDL [Site 1 – 67 °C, 72 °C, 73 °C, 75 °C (1 and 2) and 

85 °C; Site 2 – 66 °C]. 

2.3.4.2 Large-scale SOPAS system (Site 3) 

Correspondingly, the BacTiter-Glo™ Microbial Cell Viability Assay (Promega) was utilised as a 

presence/absence test, to determine whether viable cells were present in any of the tank water 

samples collected from the large-scale SOPAS system. Duplicate unpasteurized, pasteurized 

and stored pasteurized tank water and background controls (sterile RNAse/DNAse free water) 

were measured for each sample. The results obtained for the large-scale SOPAS system using 

the BacTiter-Glo™ Microbial Cell Viability Assay are depicted in Fig. 2.7.  

Results obtained for the large-scale system indicated that there was a significant reduction 

(p = 0.0013) in viable cells following SOPAS. For the water sample collected at 55 °C, the mean 

luminescent signal decreased from 6.3 × 104 RLU/100 µL in the unpasteurized sample to 

7.0 × 103 RLU/100 µL in the pasteurized sample collected directly from the manifold system 

(0.95 log reduction). However, an increase in RLU was then observed in the stored pasteurized 

sample, as a value of 3.1 × 104 RLU/100 µL was obtained (overall decrease of 0.31 log in 

comparison to the unpasteurized sample).  

 

Fig. 2.7. Mean relative light units (RLU) detected in the unpasteurized and corresponding 

pasteurized (collected directly from solar manifold system) and stored pasteurized (collected 

from 1 500 L storage tank) tank water samples.  
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For the samples collected at 61 °C and 66 °C, the mean luminescent signal decreased from 

2.5 × 104 RLU/100 µL in the unpasteurized sample to 4.6 × 103 RLU/100 µL in the pasteurized 

sample (0.74 log reduction). An increase in the mean RLU was again observed in the stored 

pasteurized sample (1.1 × 104 RLU/100 µL) (overall decrease of 0.36 log in comparison to the 

unpasteurized sample). Finally, for the temperature range 71 °C to 79 °C, a mean decrease in 

the luminescent signal of 3.3 × 104 RLU/100 µL in the unpasteurized sample, to 

4.2 × 103 RLU/100 µL in the pasteurized sample, was observed (0.89 log reduction). However, 

as was observed for the samples collected at 55 °C, 61 °C and 66 °C, an increase in the mean 

luminescent signal was observed for the stored pasteurized samples (1.3 × 104 RLU/100 µL) 

(overall decrease of 0.40 log in comparison to the unpasteurized sample). These BacTiter-GloTM 

Microbial Cell Viability Assay results corresponded to the results obtained during the culturing 

analysis, where an increase in viable cells following pasteurization in the solar manifold system 

was observed after the water enters and is stored in the 1 500 L tank. Thus while a significant 

decrease in RLU was observed during SOPAS (0.85 log reduction overall), microbial cells could 

proliferate in the storage tank of the large-scale system. 

2.3.5 Genus-specific PCRs for identification of indigenous rainwater pathogens 

2.3.5.1 Small-scale SOPAS systems (Sites 1 and 2) 

Genus-specific PCR assays (detection of pathogens and opportunistic pathogens) were 

performed on all unpasteurized and pasteurized tank water samples collected from the small-

scale SOPAS systems located at Sites 1 and 2, respectively (Fig. 2.8, Fig. 2.9 and Appendix B 

Tables B1 and B2). For Site 1, Aeromonas spp. and Shigella spp. were not detected in any of 

the unpasteurized or pasteurized tank water samples (results not shown), while Bacillus spp. 

(GenBank accession no. KJ534453.1) were detected in 25% (n = 2) of the unpasteurized and 

13% (n = 1; 60 °C) of the pasteurized tank water samples (Fig. 2.8). Similarly, 

Enterococcus spp. (GenBank accession no. CP014529.1) and Yersinia spp. (GenBank 

accession no. CP016945.1) were detected in 25% (n = 2) of the unpasteurized tank water 

samples, but were not detected in any tank water samples following pasteurization treatment.  

Salmonella spp. (GenBank accession no. CP009565.1) and adenovirus (GenBank accession 

no. K01264.1; JN381195.1) were then only detected in 50% (n = 4) and 38% (n = 3) of the 

unpasteurized tank water samples, respectively, but were also absent in the pasteurized tank 

water samples (Fig. 2.8). In contrast, Klebsiella spp. (GenBank accession no. AF303617.1) and 

Streptomyces spp. (GenBank accession no. KP082881.1) were both detected in 75% (n = 6) of 

the unpasteurized tank water samples and in 25% (n = 2; Klebsiella spp., 72 °C and 73 °C; 

Streptomyces spp., 60 °C and 72 °C) of the pasteurized tank water samples. Similarly, 

Serratia spp. (GenBank accession no. CP005927.1) were detected in 63% (n = 5) of the 
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unpasteurized tank water samples, whereafter their detection in the pasteurized samples 

decreased to 38% (n = 3; 52 °C, 67 °C and 72 °C). 

 

Fig. 2.8. Frequency of detection (%) for the indigenous rainwater pathogens detected before 

pasteurization (n = 8) and after pasteurization (n = 8) from the small-scale SOPAS system 

located at Site 1. 

Both Pseudomonas spp. (GenBank accession no. LC130640.1; KU321261.1) and 

Staphylococcus spp. (GenBank accession no. CP009623.1) were detected in 88% (n = 7) of the 

unpasteurized tank water samples, however, Pseudomonas spp. were only detected in 38% 

(n = 3; 60 °C, 72 °C and 75 °C) of the pasteurized tank water samples, while 

Staphylococcus spp. were detected in 50% (n = 4; 52 °C, 72 °C, 73 °C and 75 °C) of the 

pasteurized tank water samples. For both these organisms the highest pasteurization 

temperature of detection was recorded as 75 °C. Legionella spp. (GenBank accession no. 

LC094348.1; AB933899.1) were the most prevalent opportunistic pathogens as 100% (n = 8) of 

the unpasteurized tank water samples tested positive for Legionella spp., while 88% (n = 7; 

52 °C, 60 °C, 67 °C, 72 °C, 73 °C, 75 °C and 85 °C) of the pasteurized tank water samples 

tested positive for the presence of Legionella spp. 

For Site 2, Aeromonas spp. and Shigella spp., Bacillus spp., Enterococcus spp., Serratia spp. 

and Yersinia spp. were not detected in any of the unpasteurized or pasteurized tank water 

samples (results not shown). Klebsiella spp. and adenovirus were detected in 33% (n = 1) of the 

unpasteurized tank water samples (Fig. 2.9). However, Klebsiella spp. were not detected in any 

pasteurized tank water samples, while adenovirus was detected in one of the pasteurized tank 

water samples (58 °C). 
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Fig. 2.9. Frequency of detection (%) for the indigenous rainwater pathogens before 

pasteurization (n = 3) and after pasteurization (n = 3) from the small-scale SOPAS system 

located at Site 2. 

Additionally, while Staphylococcus spp. and Streptomyces spp. were detected in all 

unpasteurized tank water samples (n = 3), they were only detected in 67% (n = 2; 53 °C and 

66 °C; 53 °C and 58 °C, respectively) of the pasteurized tank water samples, respectively. In 

contrast, Legionella spp., Pseudomonas spp. and Salmonella spp., were detected in all 

unpasteurized and pasteurized tank water samples (n = 3), respectively (Fig. 2.9).  

2.3.5.2 Large-scale SOPAS system (Site 3) 

Genus-specific PCR assays were also performed on unpasteurized and stored pasteurized tank 

water samples collected from the large-scale SOPAS system located at Site 3 (Appendix B 

Table B3). The PCR assays were utilised to screen for opportunistic bacterial and viral 

pathogens considered indigenous to rainwater sources. The frequency of detection for all the 

selected organisms screened for in the tank water samples are represented in Fig 2.10. 

Aeromonas spp., Shigella spp. and Yersinia spp. were not detected in any of the unpasteurized 

(n = 6) or stored pasteurized (n = 6) tank water samples (results not shown), while 

Enterococcus spp. were only detected in 17% (n = 1) of the unpasteurized tank water samples 

(Fig 2.10). In contrast, Streptomyces spp. and adenovirus were both detected in one 

unpasteurized tank water sample (17%) and in 33% (n = 2) and 50% (n = 3) of the stored 

pasteurized tank water samples, respectively. Bacillus spp. were detected in 50% (n = 3) of the 

unpasteurized and stored pasteurized tank water samples, respectively, while Salmonella spp. 

were only detected in 33% (n = 2) and 17% (n = 1) of the unpasteurized and stored pasteurized 
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tank water samples, respectively. As indicated in Fig. 2.10, the frequency of detection of 

Klebsiella spp. decreased from 83% (n = 5) to 50% (n = 3), for Pseudomonas spp. from 67% 

(n = 4) to 33% (n = 2), while a decrease from 67% (n = 4) to 50% (n = 3) was observed for 

Serratia spp., when comparing the unpasteurized to the stored pasteurized tank water samples.  

 

Fig. 2.10. Frequency of detection (%) for the indigenous rainwater pathogens detected before 

pasteurization (n = 6) and after pasteurization (n = 6) (1 500 L storage tank) from the large-

scale SOPAS system. 

Overall, for the large-scale system, Legionella spp. and Staphylococcus spp. were the most 

prevalent bacteria, as they were detected in 83% of the unpasteurized tank water samples and 

100% of the stored pasteurized tank water samples, respectively. 

2.3.6 Quantitative PCR analysis of the prevalent indigenous rainwater pathogens 

Based on the results obtained during the conventional PCR analysis of the tank water samples 

collected from Sites 1, 2 and 3, Legionella spp., Staphylococcus spp., Pseudomonas spp. and 

Salmonella spp. were identified as the most readily detected indigenous rainwater pathogens 

and were thus quantified using qPCR. However, during the Staphylococcus spp. qPCR 

analysis, after numerous optimisation attempts, multiple melting peaks were obtained in a single 

sample for the melt curve analysis, which indicated that non-specific binding of the primers 

occurred. The accurate quantification of Staphylococcus spp. could thus not be performed and 

subsequently the gene copies for only Legionella spp., Pseudomonas spp. and Salmonella spp. 

were quantified for the small-scale SOPAS system located at Site 1 (broader temperature range 

was obtained at Site 1 as compared to Site 2) and the large-scale SOPAS system located at 

Site 3. 
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The qPCR assays for the quantification of Legionella spp. in both the small-scale and large-

scale system had an average amplification efficiency (E) of 93% (1.86) and a correlation 

coefficient (R2) of 0.99, while the lower limit of detection (LLOD) was determined to be 8 to 12 

gene copies/µL. For the quantification of Pseudomonas spp. in both the small-scale and large-

scale systems, the qPCR assays had an average amplification efficiency (E) of 92% (1.84) and 

a correlation coefficient (R2) of 0.99, while the LLOD was determined to be 5 to 11 gene 

copies/µL. Lastly, for the quantification of Salmonella spp. in both the small-scale and large-

scale system, the qPCR assays had an average amplification efficiency (E) of 97% (1.94) and a 

correlation coefficient (R2) of 0.99, while the LLOD was determined to be 6 to 9 gene copies/µL. 

2.3.6.1 Small-scale SOPAS system (Site 1) 

The qPCR analysis for Legionella spp. indicated that there was a significant (p = 0.034) 

reduction in 23S rRNA gene copies/mL following SOPAS treatment with the small-scale system 

(Fig. 2.11A). For the sample collected at 52 °C, the gene copies/mL decreased by 84.5% from 

3.97 × 106 gene copies/mL before pasteurization to 6.06 × 105 gene copies/mL after 

pasteurization (0.81 log reduction). When comparing the before and after pasteurization 

samples collected at 60 °C and 67 °C, the mean gene copies/mL decreased from 8.01 × 105 

gene copies/mL before pasteurization to 4.21 × 105 gene copies/mL after pasteurization (47.5%; 

0.28 log reduction). For the samples collected after pasteurization at 72 °C to 75 °C [72 °C, 

73 °C and 75 °C (1 and 2)], a mean decrease of 92.6% was observed in the gene copies/mL, as 

2.87 × 106 gene copies/mL detected before pasteurization decreased to 2.14 × 105 gene 

copies/mL after pasteurization (1.13 log reduction). For the sample collected at 85 °C, the 

highest reduction (96.5%) was observed as the gene copies/mL decreased from 5.80 × 106 

gene copies/mL before pasteurization to 2.03 × 105 gene copies/mL after pasteurization (1.46 

log reduction). 

Similarly, the qPCR analysis for Pseudomonas spp. indicated that there was a reduction 

(p = 0.058) in oprI gene copies/mL following SOPAS treatment using the small-scale system 

(Fig. 2.11B). For the sample collected at 52 °C, the gene copies/mL decreased by 64.5% from 

2.26 × 106 gene copies/mL before pasteurization to 7.95 × 105 gene copies/mL after 

pasteurization (0.45 log reduction). Similarly, the mean gene copies/mL decreased from 

8.15 × 106 gene copies/mL before pasteurization to 3.12 × 106 gene copies/mL after 

pasteurization at 60 °C to 67 °C (61.98%; 0.42 log reduction). For the samples collected after 

pasteurization at 72 °C to 75 °C [72 °C, 73 °C and 75 °C (1 and 2)], a 97.3% decrease in the 

mean gene copies/mL was observed, as 3.32 × 107 gene copies/mL were detected before 

pasteurization, which decreased to 8.92 × 105 gene copies/mL after pasteurization (1.57 log 

reduction).  
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Fig. 2.11. Quantification of Legionella spp. (A), Pseudomonas spp. (B) and Salmonella spp. (C) 

in the tank water samples collected from the small-scale system at Site 1. 
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Similar to the results obtained for the Legionella spp. gene copies/mL analysis, after 

pasteurization at 85 °C, the highest reduction of 99.3% in Pseudomonas spp. gene copies/mL 

was observed. For the sample collected at 85 °C, the gene copies/mL decreased from 

1.01 × 107 gene copies/mL before pasteurization to 6.62 × 104 gene copies/mL after 

pasteurization (2.18 log reduction). 

The qPCR analysis for Salmonella spp. indicated that there was a significant reduction 

(p = 0.0057) in rpoD gene copies/mL following SOPAS treatment using the small-scale system 

(Fig. 2.11C). For the sample collected at 52 °C, the gene copies/mL decreased by 87.98%, as 

8.71 × 105 gene copies/mL were detected before pasteurization, which was reduced to 

1.05 × 105 gene copies/mL after pasteurization (0.92 log decrease). When comparing the before 

and after pasteurization samples collected at 60 °C and 67 °C, a 74.9% decrease in the mean 

gene copies/mL was observed as the gene copies/mL decreased from 1.84 × 106 gene 

copies/mL before pasteurization to 4.66 × 105 gene copies/mL after pasteurization (0.60 log 

decrease). For the samples collected after pasteurization at 72 °C to 75 °C [72 °C, 73 °C and 

75 °C (1 and 2)], the highest reduction of 92.23% was recorded as the mean gene copies/mL 

then decreased from 8.93 × 105 gene copies/mL before pasteurization to 6.97 × 104 gene 

copies/mL after pasteurization (1.11 log decrease). A 0.70 log decrease was observed following 

SOPAS at 85 °C, as the gene copies/mL decreased from 1.18 × 105 gene copies/mL before 

pasteurization to 2.34 × 104 gene copies/mL after pasteurization (80% decrease). 

2.3.6.2 Large-scale SOPAS system (Site 3) 

For the samples collected from the large-scale system, the qPCR analysis for Legionella spp. 

indicated that there was an overall reduction (p = 0.297) in Legionella spp. following SOPAS 

treatment (sample collected from the solar manifold), however an increase (p = 0.781) in 

Legionella spp. was observed in the tank water samples collected from the 1 500 L storage tank 

(Fig. 2.12A). For the sample collected at 55 °C, the gene copies/mL decreased by 0.51 log as 

4.05 × 106 gene copies/mL detected before pasteurization decreased to 1.26 × 106 gene 

copies/mL after pasteurization (69.1% decrease). An 18.72% increase in gene copies/mL was 

then noted in the stored pasteurized sample, as the gene copies/mL increased to 1.54 × 106 

gene copies/mL (0.09 log increase). For the samples collected after pasteurization at 61 °C to 

66 °C, the mean gene copies/mL decreased by 86.2% from 1.38 × 105 gene copies/mL before 

pasteurization to 1.90 × 104 gene copies/mL after pasteurization (0.86 log decrease). The 

detected gene copies/mL then increased by 93.5% to 2.96 × 105 gene copies/mL in the stored 

pasteurized sample (1.19 log increase).  
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Fig. 2.12. Quantification of Legionella spp. (A), Pseudomonas spp. (B) and Salmonella spp. (C) 

in the tank water samples collected from the large-scale system at Site 3. 
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However, for the sample collected at 71 °C, the gene copies/mL decreased by > 99.99%, from 

5.38 × 104 gene copies/mL before pasteurization to below the LLOD (< 8 to 12 gene copies/µL) 

after pasteurization (4.73 log reduction). However, the detected 23S rRNA gene copies then 

increased by > 99.99% to 1.06 × 105 gene copies/mL in the stored pasteurized sample (5.02 log 

increase).  

For the sample collected after pasteurization at 72 °C the mean gene copies/mL decreased 

from 1.80 × 105 gene copies/mL before pasteurization to 2.74 × 104 gene copies/mL (84.8%; 

0.82 log decrease) after pasteurization and then increased by 97.6% to 1.13 × 106 gene 

copies/mL in the stored pasteurized sample (1.62 log increase). For the sample collected after 

pasteurization at 79 °C the mean gene copies/mL decreased from 2.15 × 106 gene copies/mL 

before pasteurization to 5.18 × 104 gene copies/mL (97.5%; 1.61 log decrease) after 

pasteurization and then increased by 32.3% to 7.72 × 104 gene copies/mL in the stored 

pasteurized sample (0.17 log increase). 

The qPCR analysis of the samples collected from the large-scale system indicated that there 

was a decrease (p = 0.246) in Pseudomonas spp. following SOPAS treatment (sample collected 

from the solar manifold), however an increase (p = 0.639) in Pseudomonas spp. was observed 

in the tank water samples collected from the 1 500 L storage tank (Fig. 2.12B). An 87.1% 

decrease in the gene copies/mL was observed as the gene copies decreased from 1.32 × 106 

gene copies/mL before pasteurization to 1.72 × 105 gene copies/mL after pasteurization at 

55 °C (0.89 log decrease). The gene copies/mL for Pseudomonas spp. then increased by 

89.3% to 1.64 × 106 gene copies/mL in the stored pasteurized sample (0.97 log increase). 

Additionally, at pasteurization temperatures of 61 °C to 66 °C, the mean gene copies/mL 

decreased by 49.9%, from 1.57 × 106 gene copies/mL before pasteurization to 7.84 × 105 gene 

copies/mL after pasteurization (0.30 log decrease), while an 85.2% increase to 5.26 × 106 gene 

copies/mL was then noted in the stored pasteurized sample (0.83 log increase). 

For the sample collected at 71 °C, an 80.9% decrease was observed, as the gene copies/mL 

decreased from 7.88 × 105 gene copies/mL before pasteurization to 1.49 × 105 gene copies/mL 

after pasteurization (0.72 log decrease). A 1.58 log increase (97.4%) in gene copies was then 

recorded for the stored pasteurized sample (5.68 × 106 gene copies/mL). For the samples 

collected after pasteurization at 72 °C and 79 °C, the mean gene copies/mL decreased from 

1.29 × 107 gene copies/mL before pasteurization to 2.84 × 105 gene copies/mL after 

pasteurization (97.8%; 1.66 log decrease). However, the detected gene copies/mL then 

increased by 98.1% to 1.52 × 107 gene copies/mL in the stored pasteurized sample (1.73 log 

increase). 
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The qPCR analysis of the tank water samples collected from the large-scale system 

corresponded to the results obtained during the conventional PCR analysis where 

Salmonella spp. were only sporadically detected in the tank water samples collected from the 

large-scale system. Results from the qPCR analysis indicated that Salmonella spp. were below 

the LLOD (6 to 9 gene copies/µL) in the unpasteurized and pasteurized (samples collected 

directly from the solar manifold) tank water samples collected for the 55 °C, 61 °C and 71 °C 

pasteurization temperatures. However, Salmonella spp. were detected in the corresponding 

stored pasteurized samples at a mean concentration of 5.4 × 104 gene copies/mL (results not 

shown). For the remaining samples (66 °C, 72 °C and 79 °C) the results obtained indicated that 

there was a reduction (p = 0.190) in rpoD gene copies/mL following SOPAS treatment (sample 

collected from the solar manifold), however, the concentration of Salmonella spp. remained 

comparable in the tank water samples collected from the 1 500 L storage tank (p = 0.921) 

(Fig. 2.12C). For the samples collected at 66 °C, 72 °C and 79 °C, the gene copies/mL 

decreased by 27.6%, 14.9% and 71.2%, respectively, as the detected gene copies decreased 

from 4.51 × 104 gene copies/mL, 3.98 × 104 gene copies/mL and 5.17 × 104 gene copies/mL 

before pasteurization to 3.30 × 104 gene copies/mL, 3.38 × 104 gene copies/mL and 1.50 × 104 

gene copies/mL after pasteurization, respectively (0.14, 0.07 and 0.54 log decrease, 

respectively). However, Salmonella spp. were detected in all the corresponding stored 

pasteurized samples at a mean concentration of 3.2 × 104 gene copies/mL. 

2.3.7 Operational sustainability of the small-scale and large-scale SOPAS systems 

2.3.7.1 Volume of pasteurized tank water produced by the SOPAS systems 

In order to determine the volume of pasteurized tank water that could be produced by the small-

scale systems located at Sites 1 and 2, Eq. 2b was utilised. The energy output of one 

evacuated tube was 62 W (personal communication with manufacturer) and with 10 evacuated 

tubes being used in a system, the total thermal energy (Q) was calculated as 620 W which was 

converted to 2232 kJ/h (3.6 MJ = 1 kWh). Using the specific heat (cp) of water (4.2 J/g °C), the 

volume of pasteurized tank water produced (m) could be calculated by inserting the 

unpasteurized (input) and pasteurized (output) temperatures of the collected tank water 

samples (as indicated in Table 2.3) into Eq. 2b. Using an average of 6 hrs sunshine per day, 

1000 W/m2 solar irradiance and a 30% solar energy conversion rate, 17.14 kg/h pasteurized 

tank water could be produced at 52 °C for the small-scale system located at Site 1. For the 

60 °C and 67 °C tank water samples collected at Site 1, a mean of 12.75 kg/h pasteurized tank 

water could be produced. The volume of pasteurized tank water that could be produced by the 

system at Site 1 then decreased to 10.84 kg/h for the 72 °C to 75 °C temperature range. A 

volume of 8.74 kg/h could then be produced at 85 °C. Similarly for Site 2, 16.25 kg/h 
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pasteurized water could be produced for the 53 °C to 58 °C temperature range, while 12.81 kg/h 

pasteurized water could be produced for the 66 °C pasteurization temperature.  

Additionally, it was determined that due to the design of the small-scale system (outlet tap 

located near the top of the SOPAS storage tank and inlet point located at the bottom of the 

SOPAS storage tank), 8 L of pasteurized tank water could be collected from the system before 

unpasteurized tank water would start entering the small-scale SOPAS system. However, it was 

also determined that while unpasteurized tank water would start entering the system, the 

temperature of the pasteurized tank water would not decrease immediately. By draining a small-

scale PhungamanziTM SOPAS system that had been installed on Welgevallen Experimental 

Farm, Stellenbosch University, South Africa (GPS Coordinates: 33°56' 36.19"S, 18°52' 

06.08"E), it was determined that 124 L, 136 L, and 132 L of hot water could be collected from 

the system at starting temperatures of 90 °C, 81 °C and 73 °C, before the temperature of the 

rainwater would decrease to 66 °C. Additionally, it was determined that the water inside the 

system will increase from 20 °C to above 70 °C after a cumulative 8 hrs sunshine exposure; 

however, this time period will also be dependent on climate conditions and the initial 

temperature inside the small-scale SOPAS storage tank. 

For the large-scale system (Site 3), the average total thermal energy (Q) for a solar manifold 

system installed in the Western Cape was reported to be 6480 kJ/h (personal communication 

with manufacturer). Using the specific heat (cp) of water (4.2 J/g °C), the volume of pasteurized 

tank water produced (m) could be calculated by inserting the unpasteurized (input) 

temperatures of the collected tank water samples (as indicated in Table 2.4) into Eq. 2b and 

using 75 °C (temperature at which the thermostatic release valve is set to open) as the output 

temperature. The mean volume of pasteurized tank water that could be produced by the system 

at an output temperature of 75 °C was calculated to be 30.04 kg/h. 

2.3.7.2 Monitoring the water usage by the households utilising the SOPAS systems 

In order to monitor the water usage for each of the ten participating households, a co-

researcher on the project (inhabitant of Enkanini informal settlement) was provided with a log 

book for each site (Appendix A). The co-researcher visited the participating households every 

Friday from September 2015 to September 2016 and enquired how much water the household 

was collecting from the SOPAS systems per day and how much water was being collected from 

the municipal standpipes per day. The answers were recorded directly into the log books and a 

detailed summary of the results is provided in Appendix A.  

For the small-scale SOPAS system located at Site 1, three households (House 1, 2 and 3) had 

access to the system. Monitoring of the pasteurized tank water usage indicated that 93 L/week, 

78 L/week and 96 L/week, of pasteurized tank water was being used by House 1, 2 and 3, 
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respectively, during the weeks when pasteurized tank water was available (Appendix A Table 

A4). Over the same time period, 218 L/week, 246 L/week and 260 L/week of municipal tap 

water was being used by House 1, 2 and 3, respectively. However, in the weeks when 

pasteurized tank water was not available [October 2015 (pressure release pipe needed to be 

inserted into the system), December 2015 to January 2016 (rainwater harvesting tank started to 

empty and borosilicate glass tube broke)], the households’ weekly municipal tap water usage 

increased to 385 L/week, 410 L/week and 430 L/week, for House 1, 2 and 3, respectively. 

For the small-scale SOPAS system located at Site 2, three households (Church 1, 2 and 3) had 

access to the system. Monitoring of the pasteurized tank water usage indicated that 97 L/week, 

112 L/week and 127 L/week, of pasteurized tank water was being used by Church 1, 2 and 3, 

respectively (Appendix A Table A5). Over the same time period, 13 L/week, 183 L/week and 

226 L/week of municipal tap water was being used by Church 1, 2 and 3, respectively. 

However, in the weeks when less pasteurized tank water was available for the households to 

use [December 2015 to January 2016 (outlet tap of SOPAS system needed to be replaced and 

rainwater harvesting tank started to empty), May 2016 (rainwater harvesting tank started to 

empty), June 2016 (borosilicate glass tube broke)], Church 1, 2 and 3 used 48 L/week, 

37 L/week and 48 L/week, of the pasteurized tank water, respectively, while the households’ 

weekly municipal tap water usage increased to 16 L/week, 291 L/week and 438 L/week, for 

Church 1, 2 and 3, respectively. 

For the large-scale SOPAS system located at Site 3, four households (ERC 1, 2, 3 and 4) had 

access to the system. Monitoring of the pasteurized tank water usage indicated that 

146 L/week, 123 L/week, 130 L/week and 85 L/week, of pasteurized tank water was being used 

by ERC 1, 2, 3 and 4, respectively, in the weeks when pasteurized tank water was available 

(Appendix A Table A6). Over the same time period, 271 L/week, 187 L/week, 202 L/week and 

108 L/week of municipal tap water was being used by ERC 1, 2, 3 and 4, respectively. 

However, during May 2016 to August 2016 when less pasteurized tank water was being used 

[ERC 1 = 39 L/week, ERC 2 = 84 L/week, ERC 3 = not determined (relocated from Enkanini) 

and ERC 4 = 20 L/week], the households’ weekly municipal tap water usage increased to 

476 L/week, 295 L/week and 115 L/week, for ERC 1, 2 and 4, respectively. It is however 

important to note that the pasteurized water does not remain heated inside the 1 500 L storage 

tank of the large-scale system. 

Upon completion of a social perception survey [by members from our research group as part of 

the Water Research Commission (WRC) project no. K5/2368//3], titled: “Social perception of 

implementing a pilot Domestic Rainwater Harvesting (DRWH) Multi-Tank station in Enkanini, 

Stellenbosch”, results indicated that 61% of the respondents were familiar with the concept of 

rainwater harvesting. In addition, many of the respondents (67%) were favourably inclined 
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towards using rainwater for their daily needs, with 77% indicating that they would use the water 

for bathing and cleaning their house, while 65% would use the water for cooking and 46% would 

use the water for potable or drinking purposes. Most of the respondents (67%) also indicated 

that they perceive rainwater to be safe to drink. However, during the workshop (WRC Project 

K5/2368//3, 2016) that was conducted after the systems had been installed, it was stressed that 

the water should not be used for drinking purposes. Personal communication with the 

households utilising the systems then revealed that the households were predominantly using 

the pasteurized tank water samples (Sites 1 and 2) and stored pasteurized tank water samples 

(Site 3) for laundry, bathing and cleaning of their homes. Additionally, it was reported by a 

household using the small-scale system located at Site 1, that the household was using less 

paraffin/gas to heat water for use in domestic activities, as the water was already hot upon 

collection from the SOPAS system.  

In total, one borosilicate glass tube needed to be replaced at each of the Sites (1, 2 and 3), 

respectively, and the outlet tap of the SOPAS system at Site 2 was replaced during January 

2016. However, the replacement of the borosilicate glass tubes and the outlet tap did not 

require specialised equipment and could be completed within 10 min. In addition, the assistance 

of the manufacturer was required to install the pressure release pipes for both the small-scale 

systems located at Sites 1 and 2 (Appendix A). With smaller roof catchment areas compared to 

Site 3, results indicated that the small-scale systems located at Sites 1 and 2 were able to 

provide water to the households until January 2016, whereafter the systems could be utilised 

after March 2016 (rainfall started). In comparison, the large-scale system was able to provide 

water to the households until the beginning of March 2016. 

2.4 Discussion 

The results obtained for the physico-chemical (pH) analysis of the unpasteurized and 

pasteurized tank water samples collected from Sites 1 and 2 (pH range of 6.5 to 8.4 and 6.7 to 

8.4, respectively) and the unpasteurized, pasteurized and stored pasteurized tank water 

samples collected from Site 3 (pH range of 6.3 to 8.2), indicated that the pH of the tank water 

samples, fell within the target quality range (6.0 to 9.0) as stipulated by DWAF (1996). In a 

study conducted by Owusu-Boateng and Gadogbe (2015), it was reported that rainwater had an 

average pH of 5.94, which increased to 7.11 after contact with the catchment area and then 

decreased to 6.8 after storage in the rainwater harvesting tank. The results obtained for the 

analysis of the pH of the tank water samples collected from all three sites, thus correspond to 

results reported in literature (Jawad Al Obaidy and Joshi, 2006; Diwakar et al., 2008; Islam et 

al., 2010; Lee et al., 2010; Owusu-Boateng and Gadogbe, 2015). The pH of rainwater is an 

important consideration of water quality, as Diwakar et al. (2008) and Abbasi and Abbasi (2011) 
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stated that a pH of less than 7 could lead to the corrosion of metal surfaces which could result in 

the subsequent leaching of toxic metals such as Pb, Zn and Cu from the roofing material.  

In the current study, all anion concentrations were within drinking water standards following 

SOPAS for both the small- and large-scale systems, which correspond to results reported in 

literature, where it was shown that the anion levels in tank water samples were generally within 

drinking water guidelines (Lee et al., 2010; Dobrowsky et al., 2015a; Reyneke et al., 2016). 

Moreover, the results correspond to previous studies where it was indicated that SOPAS does 

not adversely affect anion concentrations (Dobrowsky et al., 2015a; Reyneke et al., 2016; 

Strauss et al., 2016). For example, overall, the SO4 concentrations recorded at Sites 1 and 2 

ranged from 3 to 7.15 mg/L before SOPAS and 3 to 7.2 mg/L after SOPAS, which corresponded 

to the 2.4 to 6.2 mg/L SO4 concentration range reported for harvested rainwater by Lee et al. 

(2010). In the same study it was reported that pure rainwater had Cl- concentrations ranging 

from 1.1 to 10 mg/L, while rainwater collected from a harvesting tank had Cl- concentrations 

ranging from 5 to 18 mg/L, which then corresponded to the mean Cl- concentrations reported for 

all three sites in the current study. The concentration of Cl- is an important consideration when 

monitoring water quality as Cl- concentrations > 50 mg/L may lead to the increased corrosion of 

metals, including iron, while concentrations > 2 000 mg/L may be detrimental to human health 

(DWAF, 1996). In addition, anions such as SO4, have predominantly been shown to affect the 

organoleptic properties of water and may cause gastroenteritis in humans at concentrations 

> 200 mg/L (DWAF, 1996). It has also been demonstrated that the Cl- to SO4 mass ratio 

[Cl-]/[SO4] needs to be monitored, as a ratio above 0.5 may lead to the increased leaching of 

Pb, which has a lower recommended health guideline limit (10 µg/L), as compared to Cl- and 

SO4 (Nguyen et al., 2010). As anion concentrations, including SO4 and Cl-, are predominantly 

dependent on environmental conditions (DWAF, 1996), it is important to establish whether 

these anions are present at levels exceeding the recommended guidelines as additional 

treatment methods may be required to ensure that the harvested rainwater is safe to use for 

potable purposes. 

However, of concern in the current study, was the low fluoride (as F) concentrations observed 

for all three systems before and after pasteurization. For Site 1, F concentrations ranged from 

BDL to 0.08 mg/L. For Site 2, the mean concentrations recorded before and after pasteurization 

were 0.07 mg/L, while a mean concentration of 0.05 mg/L and 0.07 mg/L was recorded for the 

unpasteurized and stored pasteurized tank water samples obtained for the large-scale SOPAS 

system (Site 3). Although it has been questioned whether fluoride is essential for human health, 

research has shown that fluoride at concentrations of 0.7 to 1.2 mg/L can prevent dental caries 

and may help in the prevention and treatment of osteoporosis (U.S. Department of Health and 

Human Services, 2015). Thus, fluoridation, which is the controlled addition of fluoride to public 
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water supplies, has become common practise. If the pasteurized tank water is to be used as a 

primary drinking water source, fluoridation of the tank water may thus be required. 

While all the cations analysed were within drinking water standards, for Sites 1 and 2, 67% of 

the unpasteurized (n = 8) and pasteurized (n = 8) tank water samples exceeded the Zn limit of 

3 000 µg/L as stipulated by DWAF (1996) and ADWG (NHMRC and NRMMC, 2011), while the 

tank water pasteurized at 52 °C (Site 1) and the corresponding unpasteurized sample exceeded 

the 5 000 µg/L Zn SANS 241 limit (SABS, 2005). It is hypothesised that the high Zn 

concentrations observed in both small-scale systems can be attributed to the galvanised Zn 

sheeting, which was used as the catchment roofing material at the respective sites (Sites 1 and 

2). Metal roofing materials have been shown to be a major contributor of metal ion 

contamination, as the acidity of rainwater (pH 5.0 – 5.6) in combination with the exposure of the 

roof surface to the sun, could facilitate the leaching of metals from the roofing material (Chang 

et al., 2004). Additionally, metal-based roofs generally have a protective coating of zinc or a 

zinc-aluminium alloy applied, which protects it from corrosion (Berdahl et al., 2008). Handia et 

al. (2003) also observed that harvested rainwater collected from roofs constructed from 

galvanised Zn sheets contained higher Zn concentrations (0.14 to 3.16 mg/L) than that of 

rainwater harvested from asbestos cement roofs (˂ 0.001 to 0.025 mg/L). Moreover, it has been 

reported that Zn concentrations may range from 0.1 to 10 mg/L in roof runoff water samples, 

depending on the type of Zn roofing material used as varying concentrations have been 

reported in rainwater for galvanised Zn, pure Zn, painted Zn or coated Zn roofing materials 

(Heijerick et al., 2002). 

Cations analysed for the large-scale system were also within drinking water standards, however 

the levels of As (which is highly toxic) in both the unpasteurized and stored pasteurized tank 

water samples collected from the large-scale SOPAS system (Site 3) exceeded the respective 

drinking water guidelines limits of 10 µg/L (DWAF, 1996; SABS, 2005; NHMRC and NRMMC, 

2011; WHO, 2011). As no significant difference (p = 0.18) in As concentrations were recorded in 

the untreated and stored pasteurized water, the elevated levels of As are not as a result of the 

SOPAS system or process and the As must thus have been introduced into the system via the 

catchment area. Although the catchment system located at Site 3 is also constructed from 

galvanised Zn sheeting, it was observed that the entire roofing surface was painted. However, 

no records exist of which paint was utilised on the roofing material (personal communication). It 

has however been reported that certain paints or coatings may contain As and it is thus 

hypothesised that the high levels of As may be attributed to the paint utilised on the roofing 

material (Kopylov et al., 2007; Anomaly, 2009). The detection of As is of major concern, as 

while As can be excreted by the body, it is a slow process and this toxicant can thus easily 

accumulate (DWAF, 1996). As indicated in the DWAF (1996) drinking water guidelines, As may 

be removed from water by filtration, therefore the installation of an appropriate filter to the outlet 
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tap of the 1 500 L storage tank may decrease the As levels to within drinking water standards. It 

should be noted that based on the As concentrations detected, the tank water from the large-

scale system (Site 3) cannot be used for drinking purposes. However, the water can be used for 

irrigation purposes as the water conforms to the guidelines as stipulated by the DWAF (1996) 

agricultural irrigation use guidelines, where the As concentration limit is ˂ 0.1 mg/L.  

Additionally, it is hypothesised that the increased concentrations of Ni, Cu and Pb observed for 

the small-scale systems (Sites 1 and 2) and the large-scale system (Site 3) following SOPAS 

treatment, may be due to the leaching of these metals from the SOPAS system components. 

Although the small-scale SOPAS systems used in the current study have storage tanks 

constructed from a high grade polyethylene (compared to the more readily used stainless steel 

storage tanks), Pb is utilised to treat polyethylene surfaces during the manufacturing process, 

as a UV and heat stabiliser and Pb could thus have leached from the surface of the storage 

tank into the rainwater (Strauss et al., 2016). Additionally, SABS approved Ni coated 

dezincification resistant (DZR) brass (62% Cu) connector points were utilised to construct the 

small- and large-scale SOPAS systems. Nickel and Cu could thus have leached from these 

connectors during exposure to high temperatures in the SOPAS system (Strauss et al., 2016). 

However, it is important to note that although increased concentrations of Ni, Cu and Pb were 

observed following SOPAS treatment, the concentrations were still within the respective 

drinking water guidelines (DWAF, 1996; SABS, 2005; NHMRC and NRMMC, 2011; WHO, 

2011). In studies conducted by Dobrowsky et al. (2016) and Reyneke et al. (2016), where a 

SOPAS system with a stainless steel storage tank was investigated, Al, Pb, Ni and Fe were 

detected at levels exceeding various national and international drinking water guidelines, 

following SOPAS. The results obtained in the current study therefore suggest that using a high 

grade polyethylene storage tank may result in decreased leaching of metals such as Pb, Ni and 

Fe. 

Calculation of the total water hardness revealed that the unpasteurized and pasteurized (Sites 1 

and 2) and unpasteurized and stored pasteurized (Site 3) tank water samples collected from all 

three sites could be described as “soft” (equivalent to ˂ 50 mg CaCO3). The total water 

hardness is an important consideration when monitoring water quality during disinfection 

treatments. Excessive total water hardness (> 200 mg CaCO3) can result in scaling (deposition 

of hard mineral coatings or corrosion deposits) in plumbing and heating systems and as a result 

may decrease the effectiveness of the systems (DWAF, 1996). Conversely, water that is 

classified as “soft” may lead to corrosive water qualities and may affect metals such as Cu 

plumbing components by facilitating the leaching of metals (DWAF, 1996). The increased 

corrosive water qualities associated with soft water, may then have contributed to the leaching 

(corrosion) of metals, which may in turn have contributed to the increased Cu concentrations 

observed in the tank water samples following SOPAS. 
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It has been well documented that numerous pathogens and opportunistic pathogens are 

associated with stored rainwater and researchers have linked incidences of disease to the 

consumption of this water source (Hoque et al., 2003; Simmons et al., 2008; Abbasi and 

Abbasi, 2011). Moreover, it has been shown that the levels of microbial contaminants may 

fluctuate as a result of seasonal variation, the system location and the surrounding environment 

(Owusu-Boateng and Gadogbe, 2015). It is therefore essential to monitor the microbial quality 

of harvested rainwater before it can be used for potable purposes; however, no guidelines for 

rainwater quality have been formulated. Studies investigating the microbial quality of harvested 

rainwater thus use various national and international drinking water guidelines as a reference 

(Pitkänen et al., 2007; De Kwaadsteniet et al., 2013). These guidelines require the monitoring of 

multiple indicator bacteria such as enterococci, E. coli, faecal coliforms and total coliforms 

(DWAF, 1996; SABS, 2005; NHMRC and NRMMC, 2011; WHO, 2011). The presence of total 

coliforms indicate that the water source may be prone to contamination by other harmful 

organisms, while E. coli, enterococci and faecal coliforms serve as an indication of faecal 

contamination of the water source (Owusu-Boateng and Gadogbe, 2015). Monitoring for the 

removal of these organisms thus serves as an indication of the general water disinfection 

effectiveness of the SOPAS treatment systems (WHO, 2003, 2011). 

The results obtained during the current study corresponded to the results reported in literature, 

where E. coli, total coliforms and faecal coliforms were detected in harvested rainwater at levels 

exceeding the various drinking water guidelines (Ahmed et al., 2009; Radaidah et al., 2009; 

Dobrowsky et al., 2014). It should however be noted that for the small-scale and large-scale 

systems (Sites 1, 2 and 3), with the exception of the 52 °C sample collected at Site 1, all total 

coliforms, E. coli and faecal coliforms enumerated after pasteurization treatment, were reduced 

to BDL (< 1 CFU/100 mL) and were subsequently within the drinking water guidelines (DWAF, 

1996; SABS, 2005; NHMRC and NRMMC, 2011; WHO, 2011). Results for the enumeration of 

the heterotrophic bacteria then indicated that a pasteurization temperature of at least 66 °C for 

the small-scale systems and 71 °C for the large-scale system was required for the water to 

meet the DWAF (1996) drinking water guideline limit of ˂ 1.0 × 104 CFU/100 mL. Similarly, 

Spinks et al. (2003, 2006) and Despins et al. (2009) reported that temperatures between 55 °C 

and 65 °C are required for the thermal inactivation of heat-resistant bacterial species. In a study 

conducted by Coombes et al. (2000), indicator bacteria (total coliforms, faecal coliforms and 

heterotrophic bacteria) counts were monitored in rainwater collected directly from rainwater 

harvesting tanks and water collected from hot water systems connected to the rainwater 

harvesting tanks. The results also indicated that temperatures between 55 °C and 63 °C were 

sufficient in reducing indicator counts to within the ADWG (NHMRC and NRMMC, 2011). The 

results obtained in the current study therefore correspond to results obtained in literature 

(Coombes et al., 2000; Spinks et al., 2003, 2006; Despins et al., 2009; Dobrowsky et al., 2015a; 
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Strauss et al., 2016), where it has been demonstrated that temperatures ranging from 55 °C to 

72 °C have the ability to reduce microbial contamination in rainwater to within drinking water 

standards (DWAF, 1996; SABS, 2005, NHMRC and NRMMC, 2011, WHO, 2011).  

Although results for the large-scale SOPAS rainwater harvesting system (Site 3) indicated that 

the water collected directly from the solar system manifold above 71 °C was within the drinking 

water standards, the analyses of the stored pasteurized water collected from the 1 500 L 

storage tank exceeded the DWAF (1996) recommended drinking water guideline limit for 

heterotrophic bacteria (˂ 1.0 × 104 CFU/100 mL). Based on the microbial analysis, the water 

from the large-scale SOPAS system storage tank should therefore be used for predominantly 

domestic purposes (such as cooking, cleaning, laundry, etc.) and irrigational purposes, as the 

DWAF (1996) domestic (excluding drinking), recreational and agricultural (irrigation) guidelines 

do not stipulate values for heterotrophic bacteria. Based on the results obtained it was then 

hypothesized that the microbial regrowth observed in the 1 500 L storage tank was most likely 

due to the large-scale system design. Firstly, the storage tank is not insulated, thus the water 

does not stay heated after it exits the solar system manifold. Secondly, the outlet tap connected 

to the storage tank is not located at the bottom of the tank, but approximately five centimetres 

from the bottom and therefore approximately 78 L of water can accumulate at the bottom of the 

tank and stagnate. Lastly, dust particles can enter the 1 500 L storage tank through either the 

storage tank lid or the overflow opening located on the side of the tank and subsequently re-

contaminate the treated water. In contrast, the water collected from the small-scale systems 

remains heated in the 125 L storage tank and due to the closed-system design, dust particles 

and debris cannot enter the system. 

Conventional culture-based analysis of a water sample is however, not sufficient to identify all 

the bacteria that may be present in a water sample or adequately describe changes in the 

microbial community following disinfection treatment (Signor and Ashbolt, 2006; Vital et al., 

2012). Additionally, it is possible for bacteria to enter a viable but non-culturable state during 

exposure to a disinfection treatment and they may therefore not be detected during culturing 

analysis, but may still pose a significant health risk (Ahmed et al., 2008; Dusserre et al., 2008; Li 

et al., 2015). The use of cultivation-independent viability indicators, such as the BacTiter-GloTM 

Microbial Cell Viability Assay, are thus increasingly being investigated for their ability to monitor 

water quality (Deininger and Lee, 2006; Berney et al., 2008; Vital et al., 2012; Nescerecka et al., 

2016; Reyneke et al., 2016). Results from the BacTiter-GloTM Microbial Cell Viability Assay then 

indicated that there was an overall significant decrease (p = 0. 00003) in RLU/100 µL (ATP) in 

all the pasteurized tank water samples in comparison to the unpasteurized tank water 

RLU/100 µL values for samples collected from the small-scale SOPAS systems (Sites 1 and 2). 

However, results indicated that viable (metabolically active) cells were still present at the 

highest temperatures analysed for the two small-scale systems [66 °C (Site 2) and 85 °C (Site 

Stellenbosch University  https://scholar.sun.ac.za



109 
 

1), respectively]. This may then elucidate the microbial regrowth observed in the 67 °C (Site 1) 

and 66 °C (Site 2) samples after 6 days, during the storage culturing analysis. Additionally, the 

results for the BacTiter-GloTM Microbial Cell Viability Assay indicated that for the temperature 

range of 55 °C to 79 °C, an 85.87% (0.85 log) reduction in RLU/100 µL was observed following 

SOPAS treatment with the large-scale SOPAS system (Site 3). However, corresponding to the 

results obtained during the culturing analysis of the HPC, an increase in metabolically active 

cells following pasteurization in the solar manifold system was observed when the water enters 

the 1 500 L storage tank as an overall percentage reduction of 55.33% (0.35 log) was recorded 

(in comparison to the unpasteurized sample). The BacTiter-Glo™ Microbial Cell Viability Assay 

is commonly used for measuring antimicrobial activity or bacterial growth however, research has 

demonstrated that the assay is useful for the rapid monitoring of water treatment efficiencies 

and could therefore aid in monitoring overall water quality (Berney et al., 2008; Reyneke et al., 

2016). This was confirmed by Berney et al. (2008), where the total ATP values correlated with 

the results obtained for esterase activity and the high nucleic acid (HNA) bacterial fraction in 

various water samples, while HPC values only showed a weak correlation with all the other 

tested viability parameters. Additionally, Reyneke et al. (2016) used the BacTiter-Glo™ 

Microbial Cell Viability Assay to monitor ATP levels present in tank water samples collected 

before and after SOPAS, where a mean decrease of ˃ 99% in ATP (RLU/100 µL sample) was 

recorded following pasteurization above 71.5 °C. In a study conducted by Vital et al. (2012), the 

efficiencies of two drinking water treatment and distribution plants were monitored using culture-

based analysis, flow cytometry and the BacTiter-GloTM Microbial Cell Viability Assay. Results 

indicated that depending on the cultivation method utilised, culturing analysis was only able to 

detect 0.04% to 5.99% of intact cells detected by flow cytometry, while the BacTiter-GloTM 

Microbial Cell Viability Assay results correlated with flow cytometry. It was therefore concluded 

that flow cytometry in combination with the BacTiter-GloTM Microbial Cell Viability Assay allows 

for the comprehensive analysis of the water treatment process in comparison to culture-based 

techniques.  

Based on the results obtained for the HPC analysis of the 1500 L storage tank (large-scale 

system), various bacterial genera were proliferating with numerous opportunistic pathogens 

identified. The isolates identified included: Flectobacillus spp., Acidovorax spp., 

Pseudomonas spp., Dechlorosoma spp., Bordetella spp., Novosphingobium spp. and 

Sphingomonas spp. Pseudomonas spp. are found ubiquitously in nature (both water and soil 

environments) and have previously been detected in stored and freshly captured rainwater 

(Kaushik et al., 2012; Özen and Ussery, 2012; Strauss et al., 2016). Pseudomonas aeruginosa 

(P. aeruginosa) poses the greatest risk as it has been known to cause pneumonia, keratitis, as 

well as burn wound, gastrointestinal and urinary tract infections (Coutinho et al., 2008; Silby et 

al., 2011). Immunocompromised individuals, such as HIV and tuberculosis infected individuals 
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and cystic fibrosis patients, are also at the greatest risk of infection (Coutinho et al., 2008; Silby 

et al., 2011). Bordetella spp. have been isolated from a broad range of hosts, including cats, 

dogs and humans and have been shown to cause respiratory infections in humans, sheep, birds 

and poultry (Le Coustumier et al., 2004). All Bordetella spp. are obligate pathogens of their host 

organisms, with the exception of Bordetella petrii which may survive in a wide variety of different 

ecological niches. Sphingomonas spp. and Novosphingobium spp. have also been isolated from 

aquatic and soil environments (Ryan and Adley, 2010). These bacteria are able to survive in low 

nutrient environments and some species have been shown to cause nosocomial infections 

(most notably Sphingomonas paucimobilis) (Ryan and Adley, 2010). Dechlorosoma spp. are 

readily found in the soil environment and have been used to remove perchlorate in 

contaminated waters (Achenbach et al., 2001; Xu et al., 2004), while Flectobacillus spp. are 

common to freshwater aquatic systems and causes disease (flectobacillosis) in freshwater fish 

(Sheu et al., 2009; Adikesavalu et al., 2015). Acidovorax spp. are also ubiquitously distributed in 

nature having been isolated from soil and aquatic environments and cause bacterial fruit and 

leaf blotch (Shetty et al., 2005). The preliminary identification of the organisms proliferating in 

the 1 500 L storage tank thus revealed that a broad range of organisms are present in the 

stored pasteurized water, which were not part of the library of opportunistic rainwater pathogens 

(commonly associated with rainwater sources), screened for in the current study (section 2.2.8). 

The results obtained thus indicate that numerous other pathogens and opportunistic pathogens 

may be present and persist in the rainwater systems. Techniques such as automated rRNA 

intergenic spacer analysis (ARISA) (Machado and Bordalo, 2014) or high throughput next 

generation sequencing platforms (Tan et al., 2015) may be applied to comprehensively identify 

a broader range of organisms that may be present in untreated and treated rainwater. The 

application of these techniques may then contribute to the development of bio-indicators and 

identification of microbial source tracking markers that could be used to provide new insights 

into the monitoring of water samples (Tan et al., 2015). The use of molecular-based detection 

methods are also important with regards to the investigation of water treatment systems, as the 

identification of organisms that are capable of surviving the disinfection treatment and the 

elucidation of the survival mechanisms of the pathogens may lead to improvements in the 

design of water disinfection treatment systems. 

As research has indicated that a poor correlation exists between the presence of indicator and 

pathogenic organisms in water sources (Harwood et al., 2005; Ahmed et al., 2008), genus-

specific PCR assays were utilised to screen for opportunistic pathogens commonly associated 

with rainwater. The genus-specific PCR assays then indicated that for the small-scale SOPAS 

systems located at Sites 1 and 2, Legionella spp., Staphylococcus spp., Pseudomonas spp. and 

Salmonella spp. were the most prevalent organisms in the unpasteurized and pasteurized tank 

water samples. Similarly, Legionella spp. and Staphylococcus spp., were the indigenous 
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bacteria most readily detected in the water samples analysed for the large-scale SOPAS 

system (Site 3). Quantitative PCR assays were then used to quantify Legionella spp., 

Pseudomonas spp., Salmonella spp. and Staphylococcus spp., in the small-scale SOPAS 

system located at Site 1 and the large-scale SOPAS system located at Site 3. However, during 

qPCR analysis for Staphylococcus spp. multiple melting peaks were obtained per sample during 

the melt curve analysis, which invalidated the quantification of Staphylococcus spp. Quantitative 

PCR analysis then indicated that while a significant mean decrease in the detection of 

Legionella spp. (89.0%), Pseudomonas spp. (93.4%) and Salmonella spp. (83.8%) was 

observed following SOPAS treatment (all temperatures analysed) using the small-scale system 

located at Site 1, these bacteria persisted in the treated rainwater. Moreover, results from the 

large-scale system indicated that while Legionella spp., Pseudomonas spp. and 

Salmonella spp., were reduced by a mean of 79.4%, 92.1% and 41%, when comparing the 

unpasteurized to the pasteurized (solar manifold samples) tank water samples, an increase in 

Legionella spp., Pseudomonas spp. and Salmonella spp. gene copies was observed in the 

1 500 L storage tank. The detection of specifically Legionella spp., Pseudomonas spp., and 

Salmonella spp. in the treated rainwater is of concern as these organisms are considered 

opportunistic pathogens that pose a serious health risk to especially immunocompromised 

individuals (Fields et al., 2002; Hall-Stoodley and Stoodley, 2005; Hauser and Ozer, 2011). 

However, it is important to note that conventional PCR and qPCR cannot provide an indication 

of the viability of the detected organisms as DNA may persist in the environment after cell death 

(Masters, 1994). However, Moore et al. (2001) stated that the consistent detection of nucleic 

acid sequences from pathogenic bacteria in an environment can indicate potential health risks, 

as the detected organisms would likely be viable as they are either consistently introduced into 

the environment or they are able to proliferate.  

It is thus hypothesised that the pathogenic and opportunistic pathogens detected by 

conventional PCR and qPCR in the untreated and treated rainwater may be continuously 

introduced into the rainwater harvesting systems in two ways. Firstly, it has been proposed that 

bioaerosol particles (suspension of airborne particles that contain living organisms) may 

contaminate rainwater during a rainfall event by acting as cloud condensation nuclei which 

enable the transfer of microbial pathogens into rainwater through cloud droplets as the cloud 

and rain droplets traverse the atmosphere (Bauer et al., 2003; An et al., 2006; Turkum et al., 

2008; Ekström et al., 2010; Kaushik et al., 2012). This proposal was then supported by the 

detection of Legionella spp., Pseudomonas spp., Salmonella spp. and Staphylococcus spp. in 

bioaerosol particles (Woo et al., 2013; Wei et al., 2016) and the detection of E. coli, 

P. aeruginosa and Klebsiella pneumoniae in freshly captured rainwater (Bauer et al., 2003; 

Korzeniewska et al., 2008; Ekström et al., 2010; Kaushik et al., 2012). Secondly, it has been 

shown that organic debris and faecal matter (which may contain microbial pathogens) deposited 
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on rooftops, will be washed into the rainwater harvesting tanks during a rainfall event and 

thereby continuously contaminate the harvested rainwater (Ahmed et al., 2008; Gwenzi et al., 

2015; Waso et al., 2016). Moreover, research has demonstrated that certain pathogenic 

microorganisms are able to survive disinfection treatments, such as SOPAS, as a result of heat 

shock proteins (Fields et al., 2002; Bojer et al., 2010; Jørgensen et al., 2016), their ability to 

form and proliferate within biofilms (Murga et al., 2001; Hauser and Ozer, 2011; Jørgensen et 

al., 2016), ability to form survival structures such as endospores or cysts (Jones, 1997; Stortz 

and Zheng, 2000) and finally, certain bacteria such as Legionella spp. and Pseudomonas spp., 

can survive as intracellular parasites of protozoa (Fields et al., 2002). Additionally, it has been 

reported that bacteria are able to undergo an adaptive response and build-up resistance to an 

environmental stressor such as high temperatures, if constantly exposed to the same stress 

condition (Wesche et al., 2009).  

The results obtained during the current study for all three sites, thus correspond to the results 

obtained in Dobrowsky et al. (2015a), where Legionella spp., Pseudomonas spp. and 

Klebsiella spp., were detected in tank water samples after pasteurization treatment above 

73 °C. Additionally, in a study conducted by Dobrowsky et al. (2016), the gene copies/mL of the 

protozoa, Naegleria fowleri (5 log) and Vermamoeba vermiformis (3 log) were reduced to below 

the lower limit of detection at temperatures of 68 to 93 °C and 74 °C to 93 °C, respectively. 

However, Legionella spp. and Acanthamoeba spp. were detected in all tank water samples 

following SOPAS (68 °C to 93 °C). It is however, crucial that the viability of the pathogenic and 

opportunistic pathogens detected (conventional PCR and qPCR) be confirmed in future studies 

in order to determine whethere the treated water is safe to utlise for potable purposes. 

Molecular-based viability indicators such as viability-qPCR [Ethidium monoazide bromide 

(EMA)-qPCR or Propidium monoazide (PMA)-qPCR], could then be utilised to detect intact 

cells, as the indication of viability is based on membrane integrity and the detection of nucleic 

acids. For example, using the EMA-qPCR technique, Reyneke et al. (2016) and Strauss et al. 

(2016) were able to demonstrate that intact cells of Legionella spp. and Pseudomonas spp. 

were present following SOPAS treatment above 90 °C. Additionally, as indicated above, 

Dobrowsky et al. (2016) detected intact cells of Legionella spp. and Acanthamoeba spp. 

(utilising EMA-qPCR) following SOPAS treatment above 93 °C. Due to the health risks 

associated with the presence of pathogenic microorganisms in water sources, quantitative 

microbial risk assessment (QMRA) studies also need to be conducted in order to determine the 

acceptable exposure levels to these pathogens when using the water for drinking and domestic 

purposes. 

An interesting observation was the low detection frequency of Pseudomonas spp. (33%; n = 2) 

in the stored pasteurized tank water samples collected from the 1 500 L storage tank using 

conventional PCR, as Pseudomonas spp. was one of the heterotrophic bacteria isolates 
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identified, using 16S rRNA PCR analysis, proliferating in the storage tank (section 2.3.3.2). It 

should however be noted that the 16S rRNA PCR analysis of the isolates persisting in the 

1 500 L storage tank was conducted as a preliminary identification and thus isolates were solely 

selected based on colony morphology. Frequency of detection was not considered and the 

16S rRNA PCR analysis of isolates was subsequently not performed for each sampling event. 

Furthermore, Dwidjosiswojo et al. (2011) demonstrated that the presence of Cu at 

concentrations found in water distribution systems (0.021 – 0.066 mg/L) induces a loss of 

culturability and cytotoxicity in P. aeruginosa. The mean Cu concentration (0.452 mg/L) of the 

stored pasteurized tank water samples (section 2.3.2) thus exceed the limits analysed by 

Dwidjosiswojo et al. (2011) and therefore could have influenced the detection of 

Pseudomonas spp. in the stored pasteurized tank water (1 500 L storage tank). Additionally, 

Soni et al. (2014) demonstrated that certain metals, including Cu, are toxic towards 

P. aeruginosa. This hypothesis is further supported as Pseudomonas spp. was one of the most 

readily detected organisms for both Sites 1 and 2, where lower mean Cu concentrations of 

0.004 mg/L and 0.016 mg/L, was observed in the unpasteurized and pasteurized tank water 

samples, respectively. 

As mentioned in Appendix A, following the installation of the small-scale and large-scale 

SOPAS systems, a workshop was conducted in Enkanini informal settlement with 

representatives of each of the ten participating households utilising the systems. The aim of the 

workshop was to provide the end users with information on the concept of rainwater harvesting, 

the general quality of rainwater and the maintenance of the SOPAS systems. Calculation of the 

theoretical volume of water that could be produced by the small-scale (SOPAS) system located 

at Site 1, then indicated that 17.14 kg/h, 12.75 kg/h, 10.84 kg/h and 8.74 kg/h, could be 

produced at the pasteurization temperatures of 52 °C, 60 °C to 67 °C, 72 °C to 75 °C and 85 °C, 

respectively. Similarly, for Site 2 at 53 °C to 58 °C and 66 °C, 16.25 kg/h and 12.81 kg/h 

pasteurized tank water could be produced. The results thus indicate that at a lower 

pasteurization temperature a larger volume of water could be produced. As culturing analysis 

indicated that a minimum temperature of 66 °C is required to reduce the indicators to within 

drinking water standards, theoretically 12.81 kg/h pasteurized tank water could be produced at 

this temperature. For the large-scale system (Site 3), the mean volume of pasteurized tank 

water that could be produced by the system at an output temperature of 75°C was calculated to 

be 30.04 kg/h. This increased capability to produce pasteurized tank water in comparison to the 

small-scale systems may be attributed to the increased total thermal energy (Q) reported for the 

system (6480 kJ/h). Therefore, depending on the household size, it would be possible for the 

small- and large-scale systems to provide a household with a supplementary water source, as 

the United Nations (2010) recommended that individuals living in Sub-Saharan Africa require 

25 L/person per day. However, it is important to note that the actual volume of water that could 
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be produced by the system will vary from day to day depending on climate conditions. 

Additionally, the monitoring of water usage by the end-users demonstrated that both the small-

scale and large-scale SOPAS systems are effective in providing individuals residing in informal 

settlements with an alternative/supplementary water source, as municipal tap water usage only 

increased during the months when less pasteurized tank water was available (Appendix A). 

Moreover, as the small-scale SOPAS systems provide warm water, the households using the 

system reported using less paraffin/gas to heat water for domestic purposes (personal 

communication).  

2.5 Conclusion 

The chemical and microbial quality of water produced by two small-scale and one large-scale 

SOPAS systems were assessed in order to determine whether these decentralised systems 

may be viable solutions in providing inhabitants of urban informal settlements with an alternative 

water source. Results indicated that cations including Zn (Sites 1 and 2) and As (Site 3) were 

detected at levels exceeding the recommended drinking water guidelines in the unpasteurized 

and pasteurized (Sites 1 and 2) and stored pasteurized (Site 3) tank water samples. Research 

should therefore be conducted to determine the effect of roofing materials generally utilised in 

informal settlements as well as paints or other materials (rubber coating) commonly used to 

cover roofing materials, on the chemical quality of harvested rainwater. A reduction in the level 

of the chemical contaminants detected may then be achieved by combining the current SOPAS 

technology installed in Enkanini with filtration systems. The efficacy of different cost-effective 

filtration systems will however, also need to be investigated in future studies.  

Based on the culturing analysis, the small- and large-scale SOPAS systems were effectively 

able to reduce the level of indicator organisms detected to within drinking water standards, with 

a minimum pasteurization temperature of 66 °C required for the small-scale systems and a 

minimum pasteurization temperature of 71 °C required for the large-scale system (samples 

collected from solar manifold system). However, of concern was the increase in the 

heterotrophic bacteria count recorded in the 1 500 L storage tank of the large-scale system 

following SOPAS treatment. It is that highly recommended that the large-scale system is re-

designed in order to prevent contamination of the pasteurized tank water. A suggestion would 

be to insulate the storage tank to allow it to retain heat and in so doing possibly limit bacterial 

re-growth. In addition, repositioning the outlet tap of the tank to prevent the stagnation of water 

and sealing the overflow valve and lid so that dust particles cannot enter storage tank should 

also be considered. Furthermore, while it is recommended that the treated water be used on the 

same day of collection, based on the results obtained the end-users could effectively store the 

treated tank water in a closed-container for up to 6 days after collection. Although the results of 

the genus specific PCRs indicated that a pasteurization temperature of 85 °C is required to 
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reduce the majority of indigenous rainwater pathogens to BDL, qPCR analysis revealed that 

gene copies of Legionella spp., Pseudomonas spp. and Salmonella spp. were detected 

following SOPAS treatment. However, as PCR assays cannot assess viability, future studies 

should assess the viability of the readily detected opportunistic pathogens, including 

Legionella spp., Pseudomonas spp., Salmonella spp. and Staphylococcus spp., following water 

disinfection treatments. The use of molecular-based viability assays would not only provide a 

better indication as to the treatment efficacy of the disinfection treatment, but will also provide 

an indication of the health-risks associated with using the water. Moreover, QMRA studies are 

required to determine whether the treated rainwater is safe to use for drinking and other 

domestic purposes.  

Results from the operational sustainability monitoring then indicated that rainwater harvesting 

SOPAS systems were effective in providing the inhabitants with an alternative water source, 

However, it is important to note that the inhabitants of Enkanini are predominantly from rural 

Eastern Cape regions, where rainwater harvesting is practised. Furthermore, Enkanini has been 

used to launch various Stellenbosch Sustainability Institute projects related to the use of 

alternative technologies. It should therefore be determined whether rainwater harvesting 

SOPAS systems will also be accepted in other communities where rainwater harvesting is less 

known and the community has not previously been exposed to the use of alternative 

technologies. Overall, however, the results obtained demonstrates that decentralised rainwater 

harvesting SOPAS treatment systems (specifically the small-scale systems), may be a viable 

solution in providing the inhabitants of urban informal settlements with an alternative water 

source. 
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Abstract 

The primary aim of the current study was to assess and compare molecular-based viability 

assays [ethidium monoazide bromide (EMA) quantitative polymerase chain reaction (qPCR), 

propidium monoazide (PMA)-qPCR and DNase treatment in combination with qPCR] and a 

metabolic responsiveness assay (BacTiter-GloTM Microbial Cell Viability Assay) with culture 

based analysis for the accurate determination of microbial cell viability. Additionally, varying 

EMA and PMA concentrations were analysed in order to determine which dye and 

concentration allowed for the optimal identification of viable cells. Viable, heat treated (70 °C for 

15 min) and autoclaved Legionella pneumophila, Pseudomonas aeruginosa, 

Salmonella typhimurium, Staphylococcocus aureus and Enterococcus faecalis were utilised in 

the respective viability assays. For the analysis of the viable samples, based on the 

concentration of the respective viability dyes utilised, variable log reductions were recorded for 

both EMA (log reductions ranging from 0.01 to 2.71) and PMA (log reductions ranging from 0.06 

to 1.02) in comparison to the no viability treatment control. Similarly, while the log reductions for 

the different concentrations of EMA and PMA were greater for the heat treated samples, 

variable log reductions of 0.27 to 2.85 and 0.62 to 2.46 were recorded for EMA and PMA, 

respectively. Based on the results obtained, 6 µM EMA and 50 µM PMA were then identified as 

the optimal dye concentrations as low log reductions were recorded (viable and heat treated 

samples) in comparison to the no viability treatment control. Comparison of the 6 µM EMA and 

50 µM PMA results to the DNase treatment [log reductions ranging from 0.06 to 0.82 (viable) 

and 0.70 to 2.91 (heat treated)] results indicated that for the analysis of most of the test 

organisms (viable and heat treated), the 6 µM EMA concentration was comparable to either the 

50 µM PMA or the DNase treatment. Moreover, the results for the culturing analysis [colony 

forming units (CFU)] of the viable S. typhimurium as well as the viable and heat treated samples 

of L. pneumophila and P. aeruginosa were comparable to the gene copies detected using 

molecular-based viability assays. However, the CFU in the heat treated samples of 

S. typhimurium were significantly lower than the gene copies detected using DNase in 

combination with qPCR, with no gene copies or CFU detected in the heat treated samples of 

S. aureus and E. faecalis. In contrast, while adenosine triphosphate (ATP) was detected in all 

the viable and heat treated samples for the respective test organisms, ATP was also detected in 

all the autoclaved control samples. It was thus concluded that molecular-based assays may be 

used to supplement culture based analysis for the comprehensive identification of the viable 

microbial population in water sources. 

 

Keywords: Viability assays; ethidium monoazide bromide; propidium monoazide; DNase 

treatment 
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3.1 Introduction 

Traditionally water quality is monitored by screening for the presence of indicator organisms 

using culture based methods. These techniques usually allow for the reliable detection of 

microorganisms in environmental water samples and selective media specific for the 

enumeration and identification of pathogenic strains may also be utilised (Delgado-Viscogliosi et 

al., 2009; Li et al., 2015). Culture-based analysis is however, often labour-intensive and may 

require approximately 24 hrs or more, for definite results to be obtained (Lemarchand et al., 

2005). In addition, these methods introduce a bias towards viable and culturable cells and 

exclude the microorganisms that are classified as viable but not culturable (VBNC). This is a 

serious limitation as these VBNC organisms may regain their ability to grow and proliferate once 

conditions become favourable (Oliver, 2000; Murga et al., 2001; Hwang et al., 2006; García et 

al., 2007; Dusserre et al., 2008). Molecular-based techniques such as the polymerase chain 

reaction (PCR) are thus increasingly being used for the rapid and specific detection of 

pathogenic microorganisms in both clinical and environmental samples (Shannon et al., 2007). 

Molecular-based techniques targeting nucleic acids overcome the major drawbacks associated 

with using culturing techniques by detecting specific pathogenic microorganisms as well as 

organisms present in a VBNC state within an environmental sample (Shannon et al., 2007; 

Delgado-Viscogliosi et al., 2009; Barbau-Piednoir et al., 2014; Li et al., 2015). Recent 

improvements in PCR-based technologies also allow for the simultaneous detection of multiple 

target organisms or genes (e.g. multiplex PCR) in a single assay (Girones et al., 2010). 

Additionally, the use of quantitative PCR (qPCR) allows for the successful quantification of 

pathogenic microorganisms in environmental samples that may be present at very low 

concentrations or below the detection limit of culturing analysis or conventional PCR (Guy et al., 

2009). Loge et al. (2002) then utilised PCR analysis to detect the pathogenic microorganisms, 

Salmonella spp., Shigella spp., Giardia lamblia and Cryptosporidium parvum, as part of a risk-

based analysis in water samples collected from stormwater drains and adjacent pavement 

surfaces. However, a limitation noted during the study was the presence of PCR inhibitors in the 

environmental samples that negatively influenced the detection of the organisms. Similarly, 

using conventional PCR, Dobrowsky et al. (2015a) detected the pathogenic microorganisms 

Klebsiella spp., Legionella spp., Pseudomonas spp. and Yersinia spp., in rainwater pasteurized 

at temperatures above 74 °C. A major disadvantage of the PCR technique however, is its 

inability to distinguish live from dead cells, as research has demonstrated that deoxyribonucleic 

acid (DNA) may persist after cell death (Masters et al., 1994; Wolffs et al., 2005).  

Merely detecting the presence of pathogenic microorganisms in a water sample using 

molecular-based analysis will thus not provide an accurate indication as to the potential health 

risks associated with the use of the specific water source, as only the viable microbial 

contaminants pose a significant health risk to the end-user. It is therefore essential that the 
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accurate determination and quantification of viable microbial contaminants in water sources 

need to be monitored. The definition of what constitutes a “viable bacterial cell” is however a 

contentious issue as the standard methods utilised, usually monitor for bacterial growth and 

culturability on an appropriate medium [able to produce colony forming units (CFU)] (Trevors, 

2012; Barbau-Piednoir et al., 2014). However, as culturability is not the sole indicator of the 

viability of an organism, it has been suggested that metabolic activity/responsiveness, the 

detection of nucleic acids and cellular integrity, be utilised to assess the true viability of 

microorganisms (Keer and Birch, 2003; Nocker and Camper, 2009). 

Initially, it was suggested that the detection of messenger ribonucleic acids (mRNA) would 

provide the most direct molecular-based detection of viable cells as it would combine the 

detection of nucleic acids with metabolic activity/responsiveness (Keer and Birch, 2003). 

However, it has been reported that mRNA persistence will depend on the target gene and the 

conditions during which the target organism was inactivated (Girones et al., 2010). For example, 

in a study conducted by Sheridan et al. (1998), the viability of Escherichia coli (E. coli) was 

assessed following disinfection treatment (heat treatment vs ethanol disinfection), by detecting 

the expression of the groEL, rpoH and tufA genes. While the researchers were able to assess 

viability, results indicated that depending on the disinfection treatment utilised, mRNA persisted 

for an extended time period in E. coli cells exposed to ethanol disinfection. The authors then 

concluded that the mRNA degraded at a faster rate in the E. coli after heat treatment compared 

to ethanol disinfection, where the targeted mRNA was observed to be more stable (degradation 

was slower). Additionally, it was shown that the mRNA levels decreased with time, which 

influenced the accurate detection of mRNA in the samples. It has also been demonstrated that 

a specific disinfection treatment may produce contradictory results when analysing different 

mRNA targets, as chlorine treatment of E. coli resulted in the disintegration of cplB mRNA, while 

the vacA mRNA from Heliobacter pylori was unaffected (Cenciarini-Borde et al., 2009). Other 

limitations identified include the fact that mRNA expression levels are dependent on the 

physiological status of the cell and subsequently mRNA from viable dormant or slow-growing 

microorganisms may be present at levels below the detection limit of the reverse-transcriptase 

PCR (RT-PCR) (Nocker et al., 2006; Girones et al., 2010). Due to the limitations associated with 

using mRNA as an indicator of viability, it has been suggested that mRNA detection methods 

only be used to assess viability in organisms subjected to extreme lethal treatments where the 

targeted mRNA will be influenced (Cenciarini-Borde et al., 2009). 

In order to overcome these limitations, the use of nucleic acid binding dyes in combination with 

qPCR have been investigated (Nocker and Camper, 2006; Vesper et al., 2008; Yáñez et al., 

2011; Fittipaldi et al., 2012). Ethidium monoazide bromide qPCR (EMA-qPCR) and propidium 

monoazide qPCR (PMA-qPCR) are assays that provide an indication of viability based on 

membrane integrity and the detection of nucleic acids. For both techniques, the sample which 
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will be analysed is pre-treated with a nucleic acid binding dye (such as EMA or PMA), which is 

considered to be membrane impermeable. During the treatment process, upon photoactivation, 

the dyes are able to bind to extracellular DNA or DNA from cells with compromised cell 

walls/membranes. This effectively removes the bound DNA from the sample as it cannot be 

amplified during the subsequent qPCR. These assays have therefore successfully been used to 

differentiate between intact and dead cells however, varying optimal dye concentrations have 

been reported in literature for specific organisms (Fittipaldi et al., 2012). This is mainly due to 

the membrane permeability potential of each dye as well as the target organism. While 

comparing the efficacy of EMA and PMA for the detection of viable Legionella spp., Chang et al. 

(2010) reported that both dyes are effectively able to differentiate between viable and dead cells 

of this organism, however a 4-fold higher concentration of PMA (200 µM) was required to detect 

viable cells. In contrast, Yáñez et al. (2011) reported that a 50 µM PMA concentration was 

sufficient for the detection of viable Legionella spp. In contrast, Reyneke et al. (2016) and 

Strauss et al. (2016) utilised 6 µM EMA, as a pre-treatment to qPCR analysis, to successfully 

detect viable Legionella spp. and Pseudomonas spp. in solar pasteurized rainwater samples. 

Based on these analyses, it is therefore essential that the dye concentration is optimised before 

it is applied to environmental samples, as the target organism and sample matrix need to be 

considered (Fittipaldi et al., 2011). 

The use of nuclease treatments, to remove extracellular DNA or DNA from cells with 

compromised cell walls/membranes, was also initially applied to assess mammalian cell viability 

using flow cytometric analysis (Frankfurt, 1983; Darzynkiewics et al., 1994). DNase I is an 

endonuclease that digests single- and double-stranded DNA by hydrolysing phosphodiester 

bonds. Similar to the EMA-qPCR and PMA-qPCR principle, this technique will thus provide an 

indication of viability based on membrane integrity and the detection of nucleic acids. Moreover, 

exposure of live bacterial cells or infective viruses to enzymes, such as DNase I, has a limited 

effect on the morphology, function or viability of the cells, as the membrane (bacteria) or capsid 

(viruses) has the ability to protect the organism from nucleases. DNase treatment has thus been 

utilised to detect viable food-borne pathogens (Nogva et al., 2000; Mukhopadhyay and 

Mukhopadhyay, 2002; Rueckert et al., 2005; Do et al., 2009; Shakeri et al., 2014) and infective 

viruses in water samples (Girones et al., 2010; Viancelli et al., 2012; Fongaro et al., 2013). In a 

study conducted by Rueckert et al. (2005), EMA-qPCR and DNase treatment were investigated, 

respectively, for their ability to differentiate between viable and dead thermophilic bacilli in 

factory milk powder samples. Results then indicated that DNase treatment qPCR analysis was 

more effective for the detection of viable thermophilic bacilli as the high EMA concentrations 

utilised (10 and 100 µg/mL) were cytotoxic to these cells. 

Metabolic activity or responsiveness may then serve as a more direct approach for the 

assessment of bacterial cell viability (Pyle et al., 1995; Lee and Deininger, 2001; Keer and 
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Birch, 2003). This may be achieved by monitoring the utilisation of substrates (substrate 

responsiveness) or production of vital cellular components (metabolic/respiratory activity) by the 

target organism (Keer and Birch, 2003). Using esterase substrates, such as carboxyfluorescein 

diacetate or Chemchrome V6, researchers have been able to monitor for esterase activity as an 

indication of viable bacterial cells (Delgado-Viscogliosi et al., 2005; Wang et al., 2010). These 

esterase substrates are membrane permeable and fluoresce upon activation by intracellular 

esterases, which are produced by metabolically active cells. Another assay that has been used 

for the detection of viable microbial cells is the BacTiter-Glo™ Microbial Cell Viability Assay 

(BacTiter ATP assay; Promega, Madison, WI, USA). The assay allows for the determination of 

viable microbial cells by monitoring for the presence of adenosine triphosphate (ATP). The 

BacTiter ATP assay has also successfully been used to detect the presence of viable microbial 

cells in water samples and has been shown to correlate positively with other viability indicators, 

including esterase activity and a high nucleic acid (HNA) bacterial fraction (Deininger and Lee, 

2006; Berney et al., 2008). In a study conducted by Bosshard et al. (2008), the susceptibility of 

Salmonella typhimurium and Shigella flexerni to solar disinfection was investigated using the 

BacTiter ATP assay. Results from the study indicated that the ATP content of the cells were 

reduced by > 95% in comparison to the control sample following treatment. Additionally, while 

investigating the efficiency of solar pasteurization to reduce the contamination of Legionella spp. 

in tank water samples, results from the BacTiter ATP assay indicated that while solar 

pasteurization above 71.5 °C resulted in a mean ATP decrease of ˃ 99%, viable cells were still 

present in the tank water (Reyneke et al., 2016).  

The primary aim of the current study was thus to compare molecular-based viability assays to a 

metabolic responsiveness assay for the accurate determination of microbial cell viability. In 

order to achieve this aim, the molecular-based viability assays EMA-qPCR, PMA-qPCR and 

DNase treatment in combination with qPCR and the metabolic responsiveness BacTiter ATP 

assay, were compared to culture based analysis for their ability to accurately determine cell 

viability in water samples inoculated with a bacterial monoculture. Three Gram-negative 

(Legionella spp., Pseudomonas spp. and Salmonella spp.) and two Gram-positive 

(Staphylococcus spp. and Enterococcus spp.) bacteria commonly associated with water 

sources were selected as test organisms. Various EMA and PMA dye concentrations were also 

analysed, based on a range of concentrations that have been reported in literature in order to 

determine which dye is optimal and at what concentration (Nocker et al., 2006; Soejima et al., 

2007; Kobayashi et al., 2008; Chen and Chang, 2009; Delgado-Viscogliosi et al., 2009; Yáñez 

et al., 2011; Tavernier and Coenye, 2015).  
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3.2 Materials and methods 

3.2.1 Bacterial strains and growth conditions 

Legionella pneumophila (L. pneumophila) ATCC 33152, Salmonella enterica serovar 

Typhimurium (S. typhimurium) ATCC 14028 and Pseudomonas aeruginosa (P. aeruginosa) 

ATCC 27853 were used as test bacteria representing Gram-negative pathogens commonly 

associated with water sources. Staphylococcus aureus (S. aureus) ATCC 25925 and 

Enterococcus faecalis (E. faecalis) were utilised as test bacteria representing Gram-positive 

pathogens commonly associated with water sources. All strains were obtained from 

Microbiologics® (St Cloud, MN, USA), with the exception of E. faecalis which was a sequence 

verified clinical isolate (sequence similarity to GenBank accession no. CP008816.1). 

Legionella pneumophila was cultured at ± 35 °C for 4 days on buffered charcoal yeast extract 

(BCYE) agar (Oxoid, LTD, Hampshire, England) supplemented with Legionella BCYE growth 

supplement [buffer/potassium hydroxide (10 g/L), ferric pyrophosphate (0.25 g/L), alpha-

ketoglutarate (1.0 g/L) and L-cysteine HCL (0.4 g/L); Oxoid]. Enterococcus faecalis was cultured 

on Slanetz and Bartley agar (Oxoid) at 37 °C for 24 – 48 hrs, while S. aureus, P. aeruginosa 

and S. typhimurium were grown at 37 °C for 24 hrs using Nutrient agar (Biolab, Merck, 

Wadeville, South Africa).  

For the optimisation experiments (spiked water sample experiments; section 3.2.2), pure 

cultures of P. aeruginosa, S. aureus, S. typhimurium and E. faecalis were inoculated into 10 mL 

sterile Luria Bertani broth (Biolab, Merck), respectively and were incubated overnight at 37 °C 

on a test tube rotator (New Brunswick, NY, USA). Legionella pneumophila was inoculated into 

Lennox Broth [10 g/L Tryptone (Biolab, Merck), 5 g/L Yeast Extract (Biolab, Merck), 5 g/L 

sodium chloride (NaCl; Saarchem, Durban, South Africa)] supplemented with Legionella BCYE 

growth supplement (Oxoid) and was incubated at 37 °C for 48 hrs on a test tube rotator (New 

Brunswick). 

3.2.2 Preparation of the viable, heat treated and dead spiked water samples 

For the respective viability assay analyses (EMA-qPCR, PMA-qPCR, DNase enzyme assay and 

BacTiter ATP assay), three 500 mL aliquots of sterile distilled water were spiked with 2 mL 

(A600~0.65) of either the L. pneumophila, P. aeruginosa, S. typhimurium, S. aureus or E. faecalis 

pure cultures (section 3.2.1), respectively. One of the 500 mL aliquots was heat treated at 70 °C 

for 15 min in a recirculating water bath (Memmert, GmbH, Schwabach, Germany). In addition, 

one 500 mL aliquot was autoclaved (negative control, presumed to contain dead cells), while 

the other 500 mL aliquot remained untreated (positive control, presumed to contain viable cells). 

A heat treated, autoclaved and viable sample, for each test organism, was thus utilised for all 

viability assay analysis. 
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3.2.3 Culturing analysis 

The spread plate technique was used to enumerate L. pneumophila, P. aeruginosa, S. aureus, 

S. typhimurium and E. faecalis, respectively, in the spiked distilled water samples [untreated 

(viable) positive control, autoclaved (dead) negative control and heat treated samples], directly 

after spiking the viable sample, after heat treatment for the heat treated sample and after the 

dead sample had been autoclaved, respectively. All experimental samples were serially diluted 

(10-1 to 10-5) and 100 µL of the undiluted sample and serial dilutions were spread plated onto the 

corresponding media used for the culturing of the respective organisms (section 3.2.1), in 

duplicate. The agar plates used for the culturing of P. aeruginosa, S. typhimurium, S. aureus 

and E. faecalis were then incubated at 37 °C for 24 hrs, while the agar plates used for the 

culturing of L. pneumophila were incubated at 37 °C for 72 hrs. Following the incubation period, 

the CFU/mL were enumerated (range of 25 to 250 CFU), whereafter the log reduction of the 

respective organisms in the heat treated sample was calculated using Eq. 1 (Brözel and Cloete, 

1991). 

[Log reduction = (Log10 bacterial count before treatment – Log10 bacterial count after treatment)]              (1) 

3.2.4 BacTiter-GloTM Microbial Cell Viability Assay (BacTiter ATP assay) 

The BacTiter ATP assay was used to determine the presence of metabolically active cells in the 

spiked water samples [viable, heat treated and dead (autoclaved)] for each of the respective 

test organisms (L. pneumophila, P. aeruginosa, S. typhimurium, S. aureus and E. faecalis) by 

monitoring for the presence of ATP. The BacTiter-Glo™ Buffer and Substrate were mixed 

(designated BacTiter-Glo™ Reagent) and equilibrated for approximately 10 hrs at room 

temperature to ensure that all ATP was hydrolysed (“burned off”) (Berney et al., 2008). All 

samples were analysed in duplicate by loading 100 µL of the respective spiked water samples 

and an equal volume of the BacTiter-Glo™ Reagent into a 96-well White Cliniplate (Thermo 

Scientific Fisher, Finland). Additionally, sterile milliQ water was analysed as a negative control 

in order to obtain the “background” threshold value that was subtracted from the values 

obtained when analysing the samples. The luminescence of the samples was then measured in 

triplicate, using a Veritas™ Microplate Luminometer (Turner Biosystems, Sunnyvale, CA, USA). 

3.2.5 Concentration of the spiked water samples 

The remaining volume (± 495 mL) of the respective spiked water samples [viable, heat treated 

and dead (autoclaved)], for each of the test organisms (L. pneumophila, P. aeruginosa, 

S. typhimurium, S. aureus and E. faecalis), was then concentrated as previously described by 

Dobrowsky et al. (2015b). Briefly, 1 mL of 1 M calcium chloride (CaCl2; Biolab, Merck) and 1 mL 

of 1 M di-sodium hydrogen orthophosphate (Na2HPO4, Saarchem) was added to each spiked 
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water sample. The mixtures were stirred for 5 min using a magnetic stirrer to allow for 

flocculation, whereafter the samples were filtered through a 47 mm, 0.45 μm pore size non-

charged mixed-ester membrane filter (Whatman GmbH, Germany) at a flow rate of 

approximately ≥ 65 ml/min/cm2 at 0.7 bar (70 kPa). Each membrane filter was then transferred 

to a 9 cm petri dish containing 2 mL of 0.3 M citrate buffer [pH 3.5, 0.1 M citric acid 

monohydrate (C6H8O7.H2O; Saarchem), 0.1 M tri-sodium citrate dehydrate (C6H5O7Na3.H2O; 

Saarchem)] and were allowed to soak for 3 min. The membrane filters were discarded and each 

2 mL concentrate was divided into 10 aliquots of 200 µL, respectively. Subsequently, for each 

test organism and experimental analysis [viable, heat treated and dead (autoclaved)], five 

aliquots were subjected to EMA treatment (6 µM, 12.5 µM, 25 µM, 35 µM and 50 µM; section 

3.2.6), three aliquots were subjected to PMA treatment (25 µM, 50 µM and 100 µM; section 

3.2.7), one sample was subjected to DNase treatment (section 3.2.8) and the remaining sample 

was left untreated (hereafter referred to as the “no viability treatment control”). 

3.2.6 Ethidium monoazide bromide treatment 

Ethidium monoazide bromide was obtained from Biotium (Hayward, CA, USA) and was 

dissolved in 20% dimethyl sulfoxide (Merck, Darmstadt, Germany) in the absence of light (EMA 

is light sensitive) to obtain a 5 mg/mL stock solution (Delgado-Viscogliosi et al., 2009). Aliquots 

of 20 µL stock solution were then stored at -20 °C in microcentrifuge tubes covered in foil. To 

determine the optimal EMA concentration that would allow for the suppression of DNA from 

dead cells without affecting viable cells, 200 µL concentrated spiked water samples [viable, heat 

treated and dead (autoclaved)] of the respective test organisms (L. pneumophila, P. aeruginosa, 

S. typhimurium, S. aureus and E. faecalis), prepared as described in section 3.2.5, were treated 

with EMA to obtain a final concentration of 6 µM, 12.5 µM, 25 µM, 35 µM and 50 µM (Soejima et 

al., 2007; 2008;Kobayashi et al., 2008; Chen and Chang, 2009; Delgado-Viscogliosi et al., 

2009; Fittipaldi et al., 2012). Following the addition of EMA, the respective samples, were 

vortexed vigorously and incubated in the dark on ice for 10 min, followed by a 15 min halogen 

light (500 W; Eurolux, South Africa) exposure at a distance of 20 cm (Delgado-Viscogliosi et al., 

2009). The halogen light exposure aids in cross-linking the EMA to the DNA and was performed 

while keeping the sample tubes horizontally on ice to avoid over-heating. The EMA treated 

samples were then washed with 1 mL of 0.85% NaCl (Saarchem) followed by centrifugation 

(16 000 × g, 5 min). The supernatant was discarded and the resulting pellet was re-suspended 

in 200 µL phosphate-buffered saline [PBS; pH 7.4, 8 g/L NaCl (Saarchem), 0.2 g/L potassium 

chloride (KCl; Saarchem), 1.42 g/L Na2HPO4 (Saarchem), 0.24 g/L potassium di-hydrogen 

orthophosphate (KH2PO4; Saarchem)], which is the first step in the DNA extraction procedure 

using the High Pure PCR Template Preparation Kit (Roche Diagnostics, Risch-Rotkreuz, 

Switzerland) (section 3.2.9). 
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3.2.7 Propidium monoazide treatment 

Propidium monoazide (Biotium) was dissolved in sterile milliQ water according to the 

manufacturer’s instructions in the absence of light (PMA is light sensitive) in order to obtain a 

20 mM stock solution. Aliquots of 20 µL stock solution were stored at -20°C in microcentrifuge 

tubes covered in foil. To determine the optimal PMA concentration that would allow for the 

suppression of DNA from dead cells without affecting viable cells, 200 µL concentrated spiked 

water samples [viable, heat treated and dead (autoclaved)] of the respective test organisms 

(L. pneumophila, P. aeruginosa, S. typhimurium, S. aureus and E. faecalis) were treated with 

PMA to obtain a final concentration of 25 µM, 50 µM and 100 µM (Nocker et al., 2006; Yáñez et 

al., 2011; Tavernier and Coenye, 2015). Following the addition of PMA, the respective samples 

were vortexed vigorously and incubated in the dark at room temperature for 10 min, followed by 

a 5 min halogen light (500 W; Eurolux, South Africa) exposure at a distance of 20 cm. Similar to 

the principle for EMA analysis, the halogen light exposure aided in cross-linking the PMA to the 

DNA and was performed while keeping the sample tubes horizontally on ice to avoid over-

heating. The PMA treated samples were then centrifuged at 10 000 × g for 5 min. The 

supernatant was discarded and the resulting pellet was re-suspended in 200 µL PBS. 

3.2.8 DNase treatment 

Based on information provided in previous studies (Viancelli et al., 2012; Fongaro et al., 2013), 

200 µL concentrated spiked water samples [viable, heat treated and dead (autoclaved)] of the 

respective test organisms (L. pneumophila, P. aeruginosa, S. typhimurium, S. aureus and 

E. faecalis) were treated with DNase I (Thermo Fisher Scientific, Waltham, MA) at a final 

concentration of 5 U/mL. In addition, 10X reaction buffer [100 mM Tris-HCl (pH 7.5), 25 mM 

magnesium chloride (MgCl2; Saarchem), 1 mM CaCl2 (Biolab, Merck)] was added to each 

sample to obtain a 1X final concentration (Viancelli et al., 2012; Fongaro et al., 2013). The 

samples were then incubated at 37 °C for 60 min using a AccublockTM digital dry bath (Labnet 

International Inc., Woodbridge, NJ, USA). Following the incubation step, the DNase I enzyme 

was inactivated by adding 25 mM ethylenediaminetetraacetic acid (EDTA; Saarchem) to the 

sample. The samples were subsequently incubated at 65 °C for 10 min in a recirculating water 

bath (Memmert, GmbH). The DNase treated samples were then centrifuged at 10 000 × g for 

5 min. The supernatant was discarded and the resulting pellet was re-suspended in 200 µL 

PBS. 

3.2.9 DNA extractions following EMA, PMA and DNase treatment 

Deoxyribonucleic acid was extracted from each of the samples subjected to the respective 

molecular viability treatments using the High Pure PCR Template Preparation Kit (Roche 

Diagnostics, Risch-Rotkreuz, Switzerland) according to the manufacturer’s instructions. 
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Additionally, for the generation of the standard curve used during the qPCR analysis (section 

3.2.10), positive control DNA was extracted from 2 mL pure culture aliquots of the respective 

organisms (section 3.2.1). Briefly explained, the 2 mL pure culture aliquots were centrifuged at 

3 000 × g for 10 min. The supernatant was discarded and the resulting pellet was re-suspended 

in 200 µL PBS, whereafter DNA extraction was completed using the High Pure PCR Template 

Preparation Kit (Roche Diagnostics), according to the manufacturer’s instructions.  

The presence of DNA was confirmed by visualisation on a 0.8% agarose gel stained with 

0.5 µg/mL ethidium bromide after gel electrophoresis at 80 volts for 60 min using 

1X Tris/Borate/EDTA (TBE) buffer. Additionally, the DNA concentrations of the samples were 

determined using a NanoDrop® ND-1000 (Nanodrop Technologies Inc., Wilmington, Delaware, 

USA), prior to qPCR analysis. 

3.2.10 Quantitative PCR analysis 

In order to determine whether the viability treatments allowed for the accurate quantification of 

the viable cells in the respective samples, qPCR analysis was conducted as the final step of 

EMA-qPCR, PMA-qPCR and DNase enzyme assay on the viable, heat treated and dead 

(autoclaved) samples, for each of the five test organisms (L. pneumophila, P. aeruginosa, 

S. typhimurium, S. aureus and E. faecalis). All qPCR analyses were performed using a 

LightCycler® 96 (Roche) instrument with the primers and cycling parameters as outlined in 

Table 3.1. For all qPCR assays (performed in duplicate), the reaction mixture (final volume of 

20 μL) consisted of 10 µL FastStart Essential DNA Green Master Mix (1X), 5 μL template DNA 

and 0.4 µL of each primer (0.2 μM), with the exception of the S. typhimurium qPCR assay 

where 0.5 µL of the forward primer (0.25 µM) and 2 µL of the reverse primer (1 µM) was used. 

All DNA samples were diluted (10-fold) prior to analysis with the respective qPCR assays 

(minimise PCR inhibitors).  

Melt curve analysis was included for all of the SYBR® Green real-time PCR assays in order to 

verify the specificity of the primer set by ramping the temperature from 65 to 97 °C at a rate of 

0.2 °C/s with continuous fluorescent signal acquisition at 5 readings/°C. To generate a standard 

curve for the quantification of L. pneumophila, P. aeruginosa, S. typhimurium, S. aureus and 

E. faecalis, conventional PCR was performed on the positive control DNA extracted in 

section 3.2.9.  
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Table 3.1: Primers and PCR cycling parameters (conventional and qPCR) for the detection of the test organisms.  

Organism Primers Primer sequence (5’-3’) 

*Cycling Parameters 
Gene 
(bp) 

References 

Conventional PCR Quantitative PCR 

Legionella spp. 

LegF CTAATTGGCTGATTGTCTTGAC 5 min at 95 °C; 35 
cycles of 94 °C for 

1 min, 60 °C for 
1.5 min, 72 °C for 

1 min 

10 min at 95 °C; 50 
cycles of 95 °C for 

15 s, 60 °C for 15 s, 
72 °C for 11 s 

23S 
rRNA 
(259) 

Herpers et 
al., 2003 

LegR CAATCGGAGTTCTTCGTG 

Pseudomonas spp. 

PS1 ATGAACAACGTTCTGAAATTC 5 min at 95 °C; 50 
cycles of 94 °C for 

30 s, 58 °C for 30 s, 
72 °C for 30 s 

10 min at 95 °C; 50 
cycles of 94 °C for 

30 s, 58 °C for 30 s, 
72 °C for 30 s 

oprI 
(249) 

Bergmark et 
al., 2012 

PS2 CTGCGGCTGGCTTTTTCCAG 

Salmonella spp. 

rpoD-20-F ACATGGGTATTCAGGTAATGGAAGA 5 min at 95 °C; 40 
cycles of 95 °C for 

30 s, 60 °C for 
1 min, 72 °C for 30 s 

10 min at 95 °C; 45 
cycles of 95 °C for 
15 s, **60 °C for 

1 min 

rpoD 
(75) 

Barbau-
Piednoir et 
al., 2013 rpoD-20-R CRGTGCTGGTGGTATTTTCA 

Staphylococcus spp. 

PanStaphF CAATGCCACAAACTCG 5 min at 95 °C; 45 
cycles of 95 °C for 

30 s, 61 °C for 30 s, 
72 °C for 30 s 

10 min at 95 °C; 45 
cycles of 95 °C for 

30 s, 61 °C for 30 s, 
72 °C for 30 s 

tuf (475) 
Sakai et al., 

2004 
PanStaphR GCTTCAGCGTAGTCTA 

Enterococcus spp. 

ECST784F AGAAATTCCAAACGAACTTG 5 min at 95 °C; 50 
cycles of 95 °C for 

15 s, 60 °C for 
1 min, 72 °C for 20 s 

10 min at 95 °C; 50 
cycles of 95 °C for 
15 s, **60 °C for 

1 min 

23S 
rRNA 
(75) 

Frahm and 
Obst, 2003 

ENC854R CAGTGCTCTACCTCCATCATT 

* A final elongation step of 10 min at 72 °C was included for each conventional PCR assay; ** combined annealing and elongation step 
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Each PCR mixture was performed in a final volume of 25 µL, using the primers and 

conventional PCR cycling parameters as outlined in Table 3.1, on a T100TM Thermal Cycler 

(Bio-Rad Laboratories, Hercules, CA, USA). For the detection of L. pneumophila, the PCR mix 

consisted of 5 μL Green GoTaq® Flexi buffer (1X final concentration; Promega), 2 μL MgCl₂ 

(2.0 mM; Promega), 0.25 μL of a dNTP mix (0.1 mM; Thermo Scientific), 1 μL of the respective 

forward and reverse PCR primers (0.4 μM), 0.15 μL of GoTaq® Flexi DNA polymerase (1.5 U, 

Promega) and 2.5 μL of template DNA. 

For P. aeruginosa, S. typhimurium, E. faecalis and S. aureus the same reaction mixture was 

used, however, 0.5 μL (0.2 μM), 0.625 μL (0.25 μM), 1.25 μL (0.5 μM) and 2.5 μL (1.0 μM), of 

each PCR primer was used, respectively. For each PCR assay, sterile distilled H₂O was used 

as a negative control. All PCR products were analysed by agarose gel electrophoresis at 80 V 

for 1 hour 20 min in 1.5% agarose (Bio-Rad Laboratories, USA) containing 0.5 µg/mL ethidium 

bromide in 1X TBE buffer. 

The PCR products were then cleaned and concentrated using the DNA Clean & 

Concentrator™-5 Kit (Zymo Research, Irvine, CA, USA). Following DNA concentration 

determination using a NanoDrop® ND-1000 (Nanodrop Technologies Inc.), the DNA 

concentration and gene product size were used to calculate the dilution required to obtain a final 

DNA concentration of 109 gene copies/µL (Dobrowsky et al., 2016). Serial 10-fold dilutions 

(109 to 100) of the PCR products were then prepared in order to generate a standard curve, with 

a concentration of 1.00 × 109 gene copies/µL for the dilution with the highest copy number and a 

concentration of 1.00 × 100 gene copies/µL for the dilution with the lowest copy number. The 

lower limit of detection (LLOD) for all qPCR assays was determined as the lowest number of 

genome copies consistently detected. 

The conventional PCR products used as positive controls to generate the standard curves for 

each qPCR assay and representative products of each of the qPCR assays of each organism 

were purified using the DNA Clean & Concentrator™-5 Kit (Zymo Research) and were sent to 

the Central Analytical Facility (Stellenbosch University) for sequencing performed in accordance 

with the BigDye Terminator Version 3.1 Sequencing Kit (Applied Biosystems®, Foster City, 

USA). The chromatograms of each sequence were examined using FinchTV version 1.4.0 and 

sequence identification was completed using the National Centre for Biotechnology Information 

(NCBI). The Basic Local Alignment Search Tool (BLAST), available at 

http://blast.ncbi.nlm.nih.gov/Blast.cgi, was used to find the closest match of local similarity 

between the samples and the sequence data available on the international databases in 

GenBank, EMBL, DDBJ and PDB (Altschul et al., 1990). The sequences of representative 

isolates that showed > 97% similarity (< 3% diversity) to organisms on the database were 

recorded. 

Stellenbosch University  https://scholar.sun.ac.za



142 
 

3.3 Results 

3.3.1 EMA-qPCR and PMA-qPCR analysis 

A viable, heat treated and dead (autoclaved) sample of L. pneumophila, P. aeruginosa, 

S. typhimurium, S. aureus and E. faecalis was analysed, respectively, in order to determine 

which concentration of EMA (6 µM, 12.5 µM, 25 µM, 35 µM and 50 µM) or PMA (25 µM, 50 µM 

and 100 µM) allows for the optimal detection of intact (and possibly viable) cells (Fig. 3.1).  

The effect of the various EMA concentrations analysed on viable L. pneumophila during EMA-

qPCR are depicted in Fig. 3.1A. All qPCR assays for the detection of the 23S rRNA gene from 

intact L. pneumophila following viability treatments (EMA, PMA and DNase treatment, 

respectively) had an average amplification efficiency (E) of 96.5% (1.93) and a correlation 

coefficient (R2) of 0.99. For the autoclaved sample (dead control) analysed at the respective 

EMA concentrations, the gene copies were reduced to below the LLOD which ranged from 7 to 

13 gene copies/µL (results not shown). Compared to the no viability treatment control of 

L. pneumophila, where 1.56 × 106 gene copies/µL were obtained, 5.92 × 105 gene copies/µL of 

viable L. pneumophila were recorded in the sample treated with 6 µM EMA concentration. The 

23S rRNA gene copies of L. pneumophila were thus only reduced by 0.42 log. In contrast, as 

the EMA concentration increased (12.5 µM, 25 µM, 35 µM and 50 µM), the log decrease in the 

23S rRNA gene copies of L. pneumophila, in comparison to the no viability treatment control 

increased. For example, the highest log reduction was observed for the viable L. pneumophila 

sample treated at 35 µM EMA, where 3.05 × 103 gene copies/µL were detected (2.71 log 

decrease) (Fig. 3.1A). The results for the various EMA concentrations analysed on heat treated 

L. pneumophila are depicted in Fig. 3.1B. For the heat treated L. pneumophila no viability 

treatment control sample, 8.51 × 104 gene copies/µL were obtained, while 4.52 × 104 gene 

copies/µL were detected in the 6 µM EMA heat treated sample. The 23S rRNA gene copies 

were thus reduced by 0.27 log in the 6 µM EMA heat treated sample. Similar to the results 

obtained for the viable L. pneumophila sample (Fig. 3.1A), an increase in EMA dye 

concentration again resulted in a greater log reduction of 23S rRNA gene copies in the 

L. pneumophila heat treated samples, with a 2.85 log reduction observed when 35 µM EMA 

(1.19 × 102 gene copies/µL) was utilised (Fig. 3.1B). 

The effect of various PMA concentrations analysed on viable L. pneumophila during PMA-qPCR 

are also depicted in Fig. 3.1A. For the autoclaved sample (dead control) analysed at the 

respective PMA concentrations, the gene copies were reduced to below the LLOD which 

ranged from 7 to 13 gene copies/µL (results not shown). Results indicated that PMA treatment 

of the viable L. pneumophila sample at 50 µM produced the lowest log reduction (0.78 log 

decrease) in 23S rRNA gene copies, as 2.54 × 105 gene copies/µL were detected in comparison 

to the no viability treatment control (1.56 × 106 gene copies/µL) (Fig. 3.1A). However, the result 
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obtained using 25 µM PMA was comparable, as a 0.82 log reduction (2.33 × 105 gene 

copies/µL) was recorded in comparison to the no viability treatment control. In contrast, 

following 100 µM PMA treatment of the viable L. pneumophila sample, a 1.02 log decrease in 

23S rRNA gene copies was observed (1.51 × 105 gene copies/µL). The effect of various PMA 

concentrations analysed on heat treated L. pneumophila are depicted in Fig. 3.1B. Similar to 

the results observed for the viable L. pneumophila sample treated with PMA (Fig. 3.1A), the 

lowest log reduction of viable L. pneumophila in the heat treated sample was observed for 

50 µM PMA treatment, as the 23S rRNA gene copies only decreased from 8.51 × 104 gene 

copies/µL in the no viability treatment control to 2.00 × 104 gene copies/µL after 50 µM PMA 

treatment (0.62 log decrease) (Fig. 3.1B). The log reduction obtained in the 25 µM PMA heat 

treated sample (0.78 log decrease) was again comparable to the log decrease obtained in the 

50 µM PMA heat treated sample. However, an increase in PMA concentration to 100 µM then 

resulted in a greater log decrease of the detected 23S rRNA gene copies (1.26 log decrease).  

For the detection of the oprI gene from intact P. aeruginosa, all qPCR assays following viability 

treatments (EMA, PMA and DNase treatment, respectively) exhibited an average amplification 

efficiency (E) of 92% (1.84) and a correlation coefficient (R2) of 0.99. The effect of various EMA 

concentrations analysed on viable P. aeruginosa during EMA-qPCR are depicted in Fig. 3.1C. 

For the autoclaved sample (dead control) analysed at the respective EMA concentrations, the 

gene copies were reduced to below the LLOD which ranged from 5 to 12 gene copies/µL 

(results not shown). 

Compared to the no viability treatment control of P. aeruginosa, where 1.32 × 106 gene 

copies/µL were obtained, following 6 µM EMA treatment, 1.03 × 106 gene copies/µL were 

recorded in the viable P. aeruginosa sample. The oprI gene copies of viable P. aeruginosa were 

thus only reduced by 0.11 log in comparison to the no viability treatment control (Fig. 3.1C). 

However, an increase in EMA concentration to 12.5 µM resulted in the highest log decrease as 

2.06 × 105 gene copies/µL were recorded (0.80 log decrease). It should however be noted that 

the results obtained for the 35 µM (0.12 log decrease) and 50 µM (0.13 log decrease) EMA 

treated samples were similar to the results obtained for the viable P. aeruginosa treated with 

6 µM EMA (Fig. 3.1C). Results obtained for the EMA-qPCR analysis of the heat treated 

P. aeruginosa are represented in Fig. 3.1D. For the heat treated P. aeruginosa no viability 

treatment control sample, 2.54 × 105 gene copies/µL were detected. In contrast to what was 

observed for the viable sample (Fig. 3.1C), the lowest log reduction (0.74 log decrease) in 

comparison to the no viability treatment control was obtained following EMA treatment at 

12.5 µM EMA (4.37 × 104 gene copies/µL). The greatest log decrease in the heat treated 

sample was then observed following 35 µM EMA treatment (1.83 log decrease).  
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Fig. 3.1. Effect of EMA and PMA concentrations on (A) viable and (B) heat treated 

L. pneumophila; (C) viable and (D) heat treated P. aeruginosa; (E) viable and (F) heat treated 

S. typhimurium; (G) viable S. aureus; (H) viable E. faecalis. Transparent dashed bars and 

numerical values represent the log reduction in the sample, as compared to the corresponding 

no viability treatment control (no dye treatment). 
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The effect of the various PMA concentrations analysed on viable P. aeruginosa are also 

depicted in Fig. 3.1C. For the autoclaved sample (dead control) analysed at the respective PMA 

concentrations, the gene copies were reduced to below the LLOD which ranged from 5 to 

12 gene copies/µL (results not shown). Similar to the trend observed for EMA-qPCR, PMA 

treatment of the viable P. aeruginosa sample at the lowest concentration (25 µM PMA) 

produced the lowest log reduction (0.10 log decrease) in oprI gene copies as 1.05 × 106 gene 

copies/µL were detected in comparison to the no viability treatment control (1.32 × 106 gene 

copies/µL) (Fig. 3.1C). 

The highest log reduction was then observed following 50 µM PMA treatment as 5.25 × 105 

gene copies/µL were detected (0.40 log decrease). Results obtained for the PMA-qPCR 

analysis of the heat treated P. aeruginosa are represented in Fig. 3.1D. In contrast to what was 

reported for the viable P. aeruginosa sample, 50 µM PMA treatment of the heat treated sample 

produced the lowest log reduction (1.03 log decrease) in oprI gene copies as 2.29 × 104 gene 

copies/µL were detected in comparison to the no viability treatment control (2.54 × 105 gene 

copies/µL) (Fig. 3.1D). In contrast, the results then indicated that there were 1.19 × 104 gene 

copies/µL (1.31 log decrease) and 1.07 × 104 gene copies/µL (1.35 log decrease) in the heat 

treated P. aeruginosa sample, following 25 µM PMA and 100 µM PMA treatment, respectively. 

All qPCR assays for the detection of the rpoD gene from intact S. typhimurium following viability 

treatments (EMA, PMA and DNase treatment, respectively) yielded an average amplification 

efficiency (E) of 97% (1.94) and a correlation coefficient (R2) of 0.99. The effect of various EMA 

concentrations analysed on viable S. typhimurium are depicted in Fig. 3.1E. For the autoclaved 

sample (dead control) analysed at the respective EMA concentrations, the gene copies were 

reduced to below the LLOD which ranged from 4 to 7 gene copies/µL (results not shown). 

Results indicated that for 12.5 µM EMA treatment, 4.38 × 106 gene copies/µL (0.01 log 

decrease) were detected, which was comparable to the no viability treatment control, where 

4.48 × 106 gene copies/µL were detected. Similarly, 6 µM EMA treatment resulted in a 0.08 log 

decrease when comparing the detected gene copies to the no viability treatment control. The 

highest log reduction in rpoD gene copies was then observed following 50 µM EMA treatment, 

as 1.55 × 106 gene copies/µL (0.46 log decrease) were detected (Fig. 3.1E). Results obtained 

for the EMA-qPCR analysis of the heat treated S. typhimurium are represented in Fig. 3.1F. 

Analysis of the heat treated S. typhimurium no viability treatment control sample indicated that 

3.21 × 104 gene copies/µL were present. Results then indicated that following 6 µM EMA 

treatment, 2.92 × 102 gene copies/µL were detected. The rpoD gene copies of S. typhimurium 

were thus reduced by 2.02 log in comparison to the no viability treatment control; however, this 

was comparable to the 2.04 log decrease observed following 35 µM EMA treatment 

(3.06 × 102 gene copies/µL). Similar results were then obtained for the remaining EMA 

concentrations (12.5 µM, 25 µM and 50 µM), as 2.50 (1.00 × 102 gene copies/µL), 2.42 
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(1.20 × 102 gene copies/µL) and 2.79 (5.26 × 101 gene copies/µL) log reductions were observed, 

respectively. 

The effect of various PMA concentrations analysed on viable S. typhimurium during PMA-qPCR 

are depicted in Fig. 3.1E. For the autoclaved sample (dead control) analysed at the respective 

PMA concentrations, the gene copies were reduced to below the LLOD which ranged from 4 to 

7 gene copies/µL (results not shown). Analysis of the viable S. typhimurium sample indicated 

that 4.48 × 106 gene copies/µL were present in the no viability treatment control, which was 

subsequently reduced to 3.67 × 106 gene copies/µL (25 µM; 0.09 log reduction), 3.89 × 106 gene 

copies/µL (50 µM; 0.06 log reduction) and 3.06 × 106 gene copies/µL (100 µM; 0.17 log 

reduction). The results obtained using 25 µM (0.09 log decrease) and 50 µM (0.06 log 

decrease) PMA treatment were thus comparable to the results obtained using 6 µM EMA 

treatment (0.08 log decrease). Results for the analysis of the heat treated S. typhimurium are 

represented in Fig. 3.1F. Compared to the no viability treatment control of S. typhimurium, 

where 3.21 × 104 gene copies/µL were obtained, results indicated that for the 50 µM PMA 

concentration, 5.66 × 102 gene copies/µL (1.75 log decrease) were detected. Additionally, 

following 25 µM and 100 µM PMA treatment, a greater decrease in rpoD gene copies was 

observed, as 1.69 × 102 gene copies/µL (2.27 log decrease) and 1.11 × 102 gene copies/µL 

(2.46 log decrease) were detected. 

For the detection of the tuf gene from intact S. aureus, all qPCR assays following viability 

treatments (EMA, PMA and DNase treatment, respectively) yielded an average amplification 

efficiency (E) of 96% (1.92) and a correlation coefficient (R2) of 0.99. The effect of various EMA 

and PMA concentrations analysed on viable S. aureus during EMA-qPCR and PMA-qPCR, 

respectively, are depicted in Fig. 3.1G. For the no viability treatment control autoclaved (dead 

control) and heat treated samples analysed at all the respective EMA and PMA concentrations, 

the gene copies were reduced to below the LLOD which ranged from 2 to 8 gene copies/µL 

(results not shown). Compared to the no viability treatment control (4.92 × 104 gene copies/µL), 

following EMA treatment of the viable S. aureus sample at 25 µM, 3.79 × 104 gene copies/µL 

were detected (0.11 log decrease). In contrast, following 12.5 µM EMA treatment a 1.42 log 

decrease in tuf gene copies was observed as 1.86 × 103 gene copies/µL were detected. For the 

analysis of viable S. aureus using PMA-qPCR (Fig. 3.1G), compared to the no viability 

treatment control where 4.92 × 104 gene copies/µL were obtained, following PMA treatment at 

25 µM, 2.69 × 104 gene copies/µL were detected (0.26 log decrease). An increase in PMA 

concentration to 100 µM then resulted in a 0.53 log reduction, as 1.46 × 104 gene copies/µL 

were obtained.  

All qPCR assays following viability treatments (EMA, PMA and DNase treatment, respectively) 

for the detection of the 23S rRNA gene from intact E. faecalis yielded an average amplification 
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efficiency (E) of 97% (1.95) and a correlation coefficient (R2) of 0.99. The effect of various EMA 

and PMA concentrations analysed on viable E. faecalis during EMA-qPCR and PMA-qPCR, 

respectively, are depicted in Fig. 3.1H. For the no viability treatment control autoclaved (dead 

control) and heat treated samples analysed at all the respective EMA and PMA concentrations, 

the gene copies were reduced to below the LLOD which ranged from 7 to 16 gene copies/µL 

(results not shown). Results indicated that following 6 µM EMA treatment, 4.94 × 106 gene 

copies/µL were obtained, indicating a 0.07 log decrease in comparison to the no viability 

treatment control, where 5.78 × 106 gene copies/µL were obtained. Following an increase in 

EMA concentration to 12.5 µM, the detected 23S rRNA gene copies in the viable E. faecalis 

sample decreased by 0.76 log as only 9.95 × 105 gene copies/µL were detected. For the PMA-

qPCR analysis, results indicated that at 25 µM and 50 µM, respectively, 4.86 × 106 gene 

copies/µL and 4.21 × 106 gene copies/µL were detected. This indicates that only a 0.08 and 

0.14 log decrease in 23S rRNA gene copies was observed in comparison to the no viability 

treatment control (5.78 × 106 gene copies/µL). However, after 100 µM PMA treatment, 

1.54 × 106 gene copies/µL were detected which indicated the highest observed log decrease 

(0.57 log decrease). 

3.3.2 DNase enzyme assay analysis 

The viable, heat treated and dead (autoclaved) L. pneumophila, P. aeruginosa, S. typhimurium, 

S. aureus and E. faecalis samples were analysed, respectively, using 5 U/mL DNase treatment 

prior to qPCR analysis. The results obtained for the DNase treatment assay on viable and heat 

treated samples for all test organisms are represented in Fig. 3.2. 

Quantitative PCR analysis of the viable L. pneumophila sample indicated that 3.14 × 106 gene 

copies/µL were present in the no viability treatment control (Fig 3.2). In comparison, qPCR 

analysis of the DNase treated sample indicated that 1.54 × 106 gene copies/µL were present in 

the viable L. pneumophila sample. The 23S rRNA gene copies were thus only reduced by 

0.30 log. Additionally, in comparison to the no viability treatment control of the heat treated 

L. pneumophila sample where 8.67 × 104 gene copies/µL were detected, a 1.25 log decrease in 

23S rRNA gene copies was observed as 4.81 × 103 gene copies/µL were detected in the 

corresponding DNase treated sample. Moreover, results indicated that in the autoclaved sample 

(dead control) analysed using DNase treatment, the gene copies were reduced to below the 

LLOD which ranged from 7 to 13 gene copies/µL (results not shown). 

The results obtained for the DNase treatment assay conducted on viable and heat treated 

P. aeruginosa samples are also represented in Fig. 3.2. Quantitative PCR analysis of the viable 

DNase treated sample indicated a 0.12 log decrease in oprI gene copies, as 1.01 × 106 gene 

copies/µL were detected in comparison to 1.32 × 106 gene copies/µL detected in the 
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corresponding no viability treatment control sample. The oprI gene copies in the heat treated 

P. aeruginosa sample then displayed a greater log decrease as 5.01 × 104 gene copies/µL were 

detected in the DNase treated sample, compared to 2.54 × 105 gene copies/µL which were 

detected in the no viability treatment control (0.70 log decrease). Similar to the results reported 

for L. pneumophila, results indicated that the oprI gene copies of P. aeruginosa in the 

autoclaved sample (dead control) analysed using DNase treatment, were reduced to below the 

LLOD which ranged from 5 to 12 gene copies/µL (results not shown). 

 

Fig. 3.2. Effect of DNase on viable [V] and heat treated [H] L. pneumophila, P. aeruginosa, 

S. typhimurium, S. aureus and E. faecalis. Transparent dashed bars and numerical values 

represent the log reduction in the sample, as compared to the corresponding no viability 

treatment control (no DNase treatment). 

The results obtained for the DNase treatment assay on viable and heat treated S. typhimurium 

are represented in Fig. 3.2. Similar to the results observed for the viable P. aeruginosa sample, 

a 0.14 log decrease in gene copies was observed in the DNase treated S. typhimurium sample, 

as compared to the corresponding no viability treatment control. For the no viability treatment 

control, 4.48 × 106 gene copies/µL were present in the viable S. typhimurium sample, while 

3.22 × 106 gene copies/µL were detected in the DNase treated sample. Additionally, analysis of 

the heat treated S. typhimurium sample indicated that the rpoD gene copies decreased from 

3.21 × 104 gene copies/µL in the no viability treatment control to 3.70 × 103 gene copies/µL in 
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the DNase treated sample, indicating a 0.94 log decrease. The rpoD gene copies were then 

below the LLOD (4 to 7 gene copies/µL) in the dead (autoclaved) S. typhimurium sample 

(results not shown). 

The results obtained for the DNase treatment assay on viable and heat treated S. aureus are 

represented in Fig. 3.2. Analysis of the no viability treatment control sample indicated that 

4.92 × 104 gene copies/µL were present in the viable S. aureus sample, while 7.83 × 103 gene 

copies/µL were detected in the corresponding DNase treated sample (0.82 log decrease). For 

the no viability treatment control heat treated sample, the tuf gene from S. aureus was present 

at 2.58 × 101 gene copies/µL; however, the tuf gene copies were reduced to below the LLOD 

(2 to 8 gene copies/µL) in the corresponding DNase treated sample (1.41 log decrease). 

Additionally, no tuf gene copies were detected in the dead (autoclaved) sample (results not 

shown). 

The results obtained for the DNase treatment assay on viable and heat treated E. faecalis are 

also represented in Fig. 3.2. Analysis of the viable sample indicated that 5.79 × 106 gene 

copies/µL were present in the no viability treatment control sample, while 5.03 × 106 gene 

copies/µL were detected in the DNase treated sample (0.06 log decrease). Analysis of the no 

viability treatment control from the heat treated sample then indicated that the 23S rRNA gene 

from E. faecalis was present at 8.16 × 102 gene copies/µL; however, the 23S rRNA copies were 

reduced to below the LLOD (7 to 16 gene copies/µL) in the corresponding DNase treated 

sample (2.91 log reduction). Additionally, no 23S rRNA gene copies were detected in the dead 

(autoclaved) sample (results not shown). 

3.3.3 BacTiter-GloTM Microbial Cell Viability Assay 

The BacTiter ATP assay was utilised to determine whether metabolically active (viable) cells 

were present in the viable, heat treated and dead (autoclaved) samples of L. pneumophila, 

P. aeruginosa, S. typhimurium, S. aureus and E. faecalis, by measuring ATP in the form of 

relative light units (RLU) (Fig. 3.3). 

The BacTiter ATP assay analysis indicated that ATP in the form of RLU was detected at a mean 

of 5.3 × 105 RLU/100 µL in the viable L. pneumophila sample. In comparison, a mean of 

2.8 × 104 RLU/100 µL was detected in the heat treated sample (1.27 log reduction). Analysis of 

the autoclaved (dead) L. pneumophila sample then indicated the presence of ATP at a mean 

concentration of 3.7 × 103 RLU/100 µL (2.14 log reduction). The results thus indicated that a 

1.27 log reduction in RLU occurred following heat treatment of the L. pneumophila sample and 

that ATP was still being detected in the autoclaved (dead) sample.  
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Analysis of the P. aeruginosa samples using the BacTiter ATP assay indicated that a mean of 

1.3 × 106 RLU/100 µL was present in the viable P. aeruginosa sample, which then decreased to 

a mean of 2.6 × 105 RLU/100 µL in the heat treated sample. Additionally, a mean of 

1.9 × 103 RLU/100 µL was recorded in the autoclaved (dead) P. aeruginosa sample. Although a 

0.72 log reduction in RLU was observed following heat treatment, results indicated that ATP 

was still present in the autoclaved P. aeruginosa sample (2.84 log reduction).  

Adenosine triphosphate in the form of RLU was then detected at a mean of 1.7 × 106 

RLU/100 µL in the viable S. typhimurium sample. Results then indicated that a mean of 

2.0 × 105 RLU/100 µL was detected in the heat treated sample (0.94 log reduction), while a 

mean of 7.8 × 103 RLU/100 µL was recorded for the dead S. typhimurium sample (2.34 log 

reduction). The results thus correspond to the results obtained for the L. pneumophila and 

P. aeruginosa samples where a decrease in RLU was observed following heat treatment, 

however, the results also confirmed the presence of ATP in the autoclaved S. typhimurium 

sample.  

 

Fig. 3.3. Mean ATP relative light units detected per 100µL spiked water sample [V - viable, H -

heat treated and A - autoclaved (dead)] for each of the 5 test organisms (L. pneumophila, 

P. aeruginosa, S. typhimurium, S. aureus and E. faecalis). 

Similarly, for the S. aureus sample, a mean ATP RLU concentration of 7.8 × 105 RLU/100 µL 

and 6.3 × 104 RLU/100 µL were detected in the viable and heat treated S. aureus samples, 

respectively, while a mean concentration of 2.3 × 103 RLU/100 µL was detected in the 

autoclaved (dead) S. aureus sample. A 1.10 log reduction in RLU was thus observed when 

comparing the viable to the heat treated sample, however, ATP was again still being detected in 

the autoclaved sample (2.52 log reduction).  
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Lastly, for the viable E. faecalis sample, a mean of 1.3 × 105 RLU/100 µL was detected, while a 

mean of 1.6 × 104 RLU/100 µL was detected in the heat treated sample (0.91 log reduction). 

Additionally, 3.9 × 103 RLU/100 µL was recorded in the dead E. faecalis sample (1.51 log 

reduction). The results thus indicated that a 0.91 log reduction in RLU occurred following heat 

treatment of the E. faecalis sample and that ATP was still being detected in the autoclaved 

sample. 

3.3.4 Comparison of the molecular-based viability assays to culture based analysis 

Based on the analysis of the overall results obtained for the EMA-qPCR and PMA-qPCR assays 

on the viable and heat treated L. pneumophila, P. aeruginosa, S. typhimurium, S. aureus and 

E. faecalis (section 3.3.1), 6 µM EMA and 50 µM PMA were identified as the optimal 

concentrations, respectively, as the gene copies obtained compared well with the respective no 

viability treatment controls for all the test organisms. It should be noted that while other optimal 

concentrations were also identified for the respective organisms, in most cases the results 

obtained using 6 µM EMA and 50 µM PMA were comparable to these concentrations. Ethidium 

monoazide bromide-qPCR, PMA-qPCR and the DNase treatment assay in combination with 

qPCR, were subsequently compared to the results obtained during the culturing analysis. The 

results obtained using the BacTiter ATP Assay (metabolic responsiveness assay) was not 

included as metabolically active cells were detected in the autoclaved (dead) samples utilising 

this assay. This thus indicated that the assay may detect residual ATP in samples following 

disinfection treatment when metabolically active cells are not present. 

Results obtained for the 6 µM EMA and 50 µM PMA concentrations to the DNase treatment 

assay, applied to the viable L. pneumophila sample, revealed that the gene copies detected 

using the respective assays, resulted in comparable log decreases of 0.39, 0.25 and 0.30 

respectively (Fig. 3.4). In comparison to the no viability treatment control where 3.14 × 106 gene 

copies/µL were detected, using 6 µM EMA, 50 µM PMA and the DNase treatment, 1.26 × 106 

gene copies/µL, 1.75 × 106 gene copies/µL and 1.54 × 106 gene copies/µL were detected, 

respectively (Fig. 3.4). Culturing analysis then indicated that L. pneumophila was present at 

4.5 × 106 CFU/mL in the viable sample (Fig. 3.5). In contrast, for the heat treated 

L. pneumophila sample, the results obtained for the application of the DNase treatment 

(4.81 × 103 gene copies/µL; 1.25 log decrease) and 6 µM EMA treatment (5.50 × 103 gene 

copies/µL; 1.20 log decrease), were comparable. Analysis with 50 µM PMA then resulted in a 

2.70 log decrease, in comparison to the no viability treatment control sample (8.67 × 104 gene 

copies/µL), as only 1.69 × 102 gene copies/µL were detected in the heat treated sample 

(Fig. 3.4). Culturing analysis then confirmed that viable and culturable cells were still present in 

the heat treated sample as 1.7 × 103 CFU/mL L. pneumophila were enumerated (Fig. 3.5).  

Stellenbosch University  https://scholar.sun.ac.za



152 
 

 

Fig. 3.4. Effect of DNase, EMA and PMA on viable (V) and heat treated (H): L. pneumophila; P. aeruginosa; S. typhimurium; S. aureus; E. faecalis. 

Transparent dashed bars and numerical values represent the log reduction in the sample, as compared to the corresponding no viability treatment 

control (no dye/DNase treatment). 
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Comparison of the results obtained for the 6 µM EMA, 50 µM PMA (section 3.3.1) and the 

DNase treatment assay applied to the viable P. aeruginosa sample, indicated that the gene 

copies detected using 6 µM EMA and DNase treatment, were comparable. Compared to the no 

viability treatment control where 1.32 × 106 gene copies/µL were detected, 1.03 × 106 gene 

copies/µL (0.11 log decrease) and 1.01 × 106 gene copies/µL (0.12 log decrease) were 

subsequently detected using 6 µM EMA and DNase treatment, respectively (Fig. 3.4). 

For the 50 µM, a 0.40 log decrease in gene copies (5.25 × 105 gene copies/µL) was recorded in 

comparison to the no viability treatment control. Culturing analysis then indicated that 

P. aeruginosa was present at 4.8 × 106 CFU/mL in the viable sample (Fig. 3.5). Comparison of 

the results obtained for the heat treated P. aeruginosa sample then indicated that 

2.09 × 104 gene copies/µL (1.06 log decrease), 2.29 × 104 gene copies/µL (1.03 log reduction) 

and 5.01 × 104 gene copies/µL (0.70 log decrease) were detected using 6 µM EMA, 50 µM PMA 

and DNase treatment, respectively, with 2.54 × 105 gene copies/µL detected in the no viability 

treatment control (Fig. 3.4). The results thus indicated that 6 µM EMA and 50 µM PMA 

treatment were comparable for the analysis of heat treated P. aeruginosa cells however, the 

lowest log reduction (in comparison to the no viability treatment control) was obtained for the 

DNase treated sample. Using culture based analysis, viable and culturable cells were still 

present in the heat treated sample as 4.9 × 104 CFU/mL P. aeruginosa were enumerated 

(Fig. 3.5) 

Results obtained for the 6 µM EMA and 50 µM PMA (section 3.3.1) concentrations to the DNase 

treatment assay, applied to the viable S. typhimurium sample, revealed that the gene copies 

detected using EMA, PMA and DNase treatment were comparable. Compared to the no viability 

treatment control where 4.48 × 106 gene copies/µL were detected, 3.71 × 106 gene copies/µL 

(0.08 log decrease), 3.89 × 106 gene copies/µL (0.06 log decrease) and 3.22 × 106 gene 

copies/µL (0.14 log decrease) were detected using 6 µM EMA, 50 µM PMA and DNase 

treatment, respectively (Fig. 3.4). Culturing analysis then indicated that S. typhimurium was 

present at 3.5 × 106 CFU/mL in the viable sample (Fig. 3.5). Results for the comparison of the 

heat treated S. typhimurium sample analysed at 6 µM EMA and 50 µM PMA (section 3.3.1) and 

DNase (section 3.3.2) are represented in Fig. 3.4. Compared to the no viability treatment 

control (3.21 × 104 gene copies/µL), following DNase, 6 µM EMA and 50 µM PMA treatment, 

respectively, 3.70 × 103 gene copies/µL (0.94 log decrease), 3.06 × 102 gene copies/µL (2.02 

log decrease) and 5.66 × 102 gene copies/µL (1.75 log decrease) were detected in the heat 

treated S. typhimurium sample (Fig. 3.4). Additionally, culturing analysis confirmed that viable 

and culturable cells were still present in the heat treated sample as 1.0 × 102 CFU/mL 

S. typhimurium were enumerated (Fig. 3.5). 

Results obtained using 6 µM EMA and 50 µM PMA (section 3.3.1) to the DNase treatment 

assay (section 3.3.2) applied to the viable S. aureus sample (Fig 3.4), indicated that the results 
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obtained using 6 µM EMA and 50 µM PMA were comparable, while an increased log reduction 

in tuf gene copies was observed in the DNase treated sample. Compared to the no viability 

treatment control, where 4.92 × 104 gene copies/µL were detected, 2.62 × 104 gene copies/µL 

(0.27 log decrease), 2.16 × 104 gene copies/µL (0.36 log decrease) and 7.83 × 103 gene 

copies/µL (0.82 log decrease) were detected using 6 µM EMA, 50 µM PMA and DNase 

treatment, respectively (Fig. 3.4). Culturing analysis then indicated that S. aureus was present 

at 1.2 × 106 CFU/mL in the viable sample (Fig. 3.5). It should be noted that while no gene 

copies were detected following EMA-qPCR and PMA-qPCR analysis of the heat treated 

S. aureus samples, the 6 µM EMA and 50 µM PMA concentrations were utilised for the analysis 

of the heat treated sample in the current section, as they were the optimal concentrations 

identified for the viable sample. Analysis of the heat treated S. aureus sample indicated that the 

tuf gene from S. aureus was present at 2.58 × 101 gene copies/µL in the no viability treatment 

control sample, however, analysis utilising 6 µM EMA, 50 µM PMA and DNase treatment 

indicated that the gene copies were reduced to below the LLOD (2 to 8 gene copies/µL). 

Culturing analysis then supported the results obtained using the molecular-based viability 

assays as the culturable S. aureus in the heat treated sample was also reduced to below the 

detection limit (˂ 1 CFU/mL) (Fig. 3.5). 

 

Fig. 3.5. Culturing analysis of the viable and heat treated: L. pneumophila; P. aeruginosa; 

S. typhimurium; S. aureus; E. faecalis. 

Results obtained using 6 µM EMA and 50 µM PMA (section 3.3.1) to the DNase treatment 

assay (section 3.3.2) applied to the viable E. faecalis sample (Fig. 3.4), then revealed that the 

gene copies detected using the respective assays, were comparable. Compared to the no 

viability treatment control where 5.79 × 106 gene copies/µL were detected, 5.03 × 106 gene 

copies/µL (0.06 log decrease), 4.95 × 106 gene copies/µL (0.07 log decrease), and 4.22 × 106 

gene copies/µL (0.14 log decrease), were detected using DNase, 6 µM EMA and 50 µM PMA 

treatment, respectively (Fig. 3.4). Culturing analysis then indicated that E. faecalis was present 

at 1.8 × 106 CFU/mL in the viable sample (Fig. 3.5). It should be noted that while no gene 
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copies were detected following EMA-qPCR and PMA-qPCR analysis of the heat treated 

E. faecalis samples, the 6 µM EMA and 50 µM PMA concentrations were utilised for the 

analysis of the heat treated sample in the current section, as they were the optimal 

concentrations identified for the viable sample. Analysis of the heat treated E. faecalis sample 

indicated that the 23S rRNA gene from E. faecalis was present at 8.16 × 102 gene copies/µL in 

the no viability treatment control sample, however, analysis utilising 6 µM EMA, 50 µM PMA and 

DNase treatment indicated that the gene copies were reduced to below the LLOD (7 to 16 gene 

copies/µL). Culturing analysis then supported the results obtained using the molecular-based 

viability assays as the culturable E. faecalis in the heat treated sample was also reduced to 

below the detection limit (˂ 1 CFU/mL) (Fig. 3.5). 

3.4 Discussion 

Various national and international water quality guidelines recommend the utilisation of culture-

based techniques to routinely monitor water quality (Gensberger et al., 2014). However, these 

methods are laborious and time-consuming and often do not provide a comprehensive analysis 

of viable cells present in a water sample. The need thus arises for the implementation of rapid 

and sensitive cultivation independent methods to obtain a complete and accurate viability profile 

(Van Frankenhuyzen et al., 2011; Barbau-Piednoir et al., 2014; Li et al., 2015).  

In order to assess the effectiveness of molecular-based viability assays for the detection of 

culturable and VBNC cells, five model organisms (three Gram-negative and two Gram-positive) 

were utilised during the viability treatment trials. The organisms L. pneumophila, P. aeruginosa, 

S. typhimurium, S. aureus and E. faecalis were selected as they are opportunistic pathogens 

prevalent in water sources (Ahmed et al., 2008; Dobrowsky et al., 2014; 2015b). Moreover, 

research has indicated that these organisms may be capable of surviving various disinfection 

treatments (Hall-Stoodley and Stoodley, 2005; Hauser and Ozer, 2011; Dobrowsky et al., 2016; 

Reyneke et al., 2016; Strauss et al., 2016). In addition, both Gram-negative and Gram-positive 

organisms were included in the respective trials as three of the molecular-based viability assays 

(EMA-qPCR, PMA-qPCR and DNase enzyme assay) are dependent on the selective 

permeability of compromised cell walls/membranes. A metabolic responsiveness assay 

targeting the detection of ATP (BacTiter ATP assay) was also utilised as an indication of the 

presence of viable microbial cells, in the respective viable, heat treated and autoclaved 

samples. 

In addition to the viability assays analysed in the current study, the efficacy of a range of EMA 

and PMA concentrations (reported in literature) were assessed against viable, heat treated and 

dead (autoclaved) spiked water samples of the respective organisms (L. pneumophila, 

P. aeruginosa, S. typhimurium, S. aureus and E. faecalis). A concentration range for both EMA 

and PMA was analysed as varying optimal dye concentrations have been reported in literature 
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for specific organisms and it has also been reported that the sample matrix (e.g. various media 

or environmental samples) needs to be taken into consideration (Fittipaldi et al., 2012). For the 

analysis of the viable spiked samples, results indicated that EMA was supressing the qPCR 

detection of viable cells of the respective test organisms, when compared to the corresponding 

no viability treatment controls. However, while the degree of suppression (log reduction) varied 

among the different organisms, a greater overall log reduction was obtained for the viable 

L. pneumophila and S. aureus samples treated with EMA (Fig 3.1). In contrast, for the analysis 

of P. aeruginosa, S. typhimurium and E. faecalis in the viable samples, with the exception of the 

12.5 µM (0.80 log decrease), 50 µM (0.46 log decrease) and 12.5 µM EMA (0.76 log decrease) 

concentrations, respectively, the log reductions recorded for the various EMA concentrations 

ranged from 0.01 log to 0.24 log. It is hypothesised that the log reductions obtained in the viable 

samples (treated with the varying concentrations of EMA), in comparison to the gene copies 

detected in the no viability treatment control, may possibly be attributed to the presence of dead 

bacteria in the viable sample and/or osmotic stress, which may have occurred when the pure 

cultures were spiked into distilled water (Nogva et al., 2003; Sichel et al., 2007; Delgado-

Viscogliosi et al., 2009).  

In comparison to the results obtained for the EMA-qPCR analysis of the viable samples, results 

recorded for the analysis of the heat treated samples then indicated that there was an overall 

greater log decrease in the gene copies of L. pneumophila, P. aeruginosa, and S. typhimurium, 

following EMA treatment at all concentrations analysed, in comparison to the corresponding no 

viability treatment control (Fig 3.1). Moreover, results indicated that S. aureus and E. faecalis 

gene copies were reduced to below the LLOD in the heat treated samples, for all EMA 

concentrations analysed. The increased log reductions observed in the heat treated samples in 

comparison to the log reductions in the viable samples were expected, as the test organisms 

may be susceptible to the heat treatment (70 °C for 15 min) utilised in the current study and 

EMA would thus supress the detection of the thermally inactivated (injured or dead) cells. In a 

study conducted by Delgado-Viscogliosi et al. (2009), EMA concentrations were optimised for 

the differentiation between viable and dead cells of L. pneumophila following various 

disinfection treatments, including heat disinfection. Similar to the results obtained in the current 

study, it was reported that EMA treatment at 2.5 µg/mL (6 µM) resulted in a 0.29 log decrease in 

the detection of viable L. pneumophila (in comparison to a no viability treatment control), with 

the degree of qPCR signal suppression increasing with increasing EMA concentration. 

Additionally, using 2.5 µg/mL EMA, the authors reported a 3.28 log reduction in the detection of 

L. pneumophila (in comparison to a no viability treatment control), following heat treatment 

(˃ 95 °C for 15 min).  

Research has however, indicated that the greatest drawback to using EMA as a viability dye is 

its ability to enter viable cells and its cytotoxic effect on viable bacteria at high concentrations 
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(Nocker et al., 2006; Fittipaldi et al., 2012). It was therefore suggested by Fittipaldi et al. (2012) 

that in order to overcome this limitation, lower dye concentrations should be utilised with shorter 

exposure or incubation times. Additionally, the authors suggested that during the EMA 

treatment, the sample incubation step should be conducted on ice, as the lower temperature 

would decrease membrane permeability, making it more difficult for EMA to penetrate viable 

cells. In the current study, by comparing the log decreases observed for L. pneumophila in the 

viable sample treated at 6 µM and 12.5 µM (0.42 and 1.11 log decreases, respectively) to the 

35 µM and 50 µM (2.71 and 2.28 log decreases, respectively) EMA treatments, it was apparent 

that the ability of EMA to suppress the detection of viable cells, increased with increasing dye 

concentration. However, the effect of increasing EMA concentrations on viable cells was not 

observed for all organisms during the current study, as the higher EMA concentrations resulted 

in lower overall log decreases of the viable P. aeruginosa, S. typhimurium and E. faecalis, with 

varying results obtained for S. aureus (Fig. 3.1). Similarly, it has been reported in literature that 

EMA did not have an effect on the qPCR signal from viable cells of P. aeruginosa, 

S. typhimurium, V. vulnificus and Nitrosomonas europaea, thus allowing for the differentiation 

between viable and dead cells (Nocker et al., 2006; Wang and Levin, 2006; Flekna et al., 2007). 

While trying to establish the maximum concentration of EMA, that could be used without 

affecting viable cells, Wang and Levin (2006) also reported that EMA concentrations of 3 µg/mL 

(7 µM) had little or no inhibition on the detection of viable Vibrio vulnificus (V. vulnificus), while 

concentrations above 5 µg/mL (12 µM) resulted in a significant inhibition.  

In the current study, the varying susceptibility to EMA displayed by the test organisms may then 

be attributed to differences in membrane composition between Gram-negative (complex 

structure of outer membrane) and Gram-positive (thick peptidoglycan layer) bacteria (Nocker et 

al., 2006; Fittipaldi et al., 2012). Contradictory results to this theory have however been 

reported, as Flekna et al. (2007) showed that EMA exhibited a similar effect on viable 

Campylobacter jejuni (Gram-negative) and Listeria monocytogenes (L. monocytogenes) (Gram-

positive). In contrast, Nocker et al. (2006) reported that EMA resulted in a significant loss of 

DNA from viable S. aureus (Gram-positive) compared to S. typhimurium (Gram-negative), 

where the gene copies were comparable to the control. Additionally, inconsistent results for the 

effect of EMA on viable bacterial species from the same genus have been reported (Nocker et 

al., 2006; Flekna et al., 2007). The results obtained in the current study however indicate that 

EMA may have a similar effect on both Gram-negative (P. aeruginosa and S. typhimurium) and 

Gram-positive (E. faecalis) organisms and that the increased log reductions observed for the 

viable L. pneumophila and S. aureus samples was most likely due to additional factors 

influencing EMA entry into the cells. For example, it has been reported that some bacterial 

species may be able to actively pump EMA out of the viable cell using metabolically driven 

multidrug efflux pumps, while the movement of EMA in and out of the cell for other bacteria will 

be based on diffusion alone (Nogva et al., 2003; Nocker et al., 2006; Flekna et al., 2007). It is 
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therefore possible that L. pneumophila and S. aureus were not able to excrete the EMA out of 

the viable cells when exposed to the high concentrations.  

Quantitative PCR was also used to assess the effectiveness of varying PMA concentrations on 

viable cells of the selected test organisms (L. pneumophila, P. aeruginosa, S. typhimurium, 

S. aureus and E. faecalis). In contrast to the results obtained for EMA-qPCR, PMA-qPCR 

analysis indicated that lower log reductions in the viable samples of L. pneumophila were 

observed, for the varying PMA concentrations, in comparison to the corresponding no viability 

treatment control. Moreover, with the exception of L. pneumophila and S. aureus, the log 

reduction in gene copies obtained in the viable samples of P. aeruginosa, S. typhimurium and 

E. faecalis, at the various concentrations of PMA analysed (in comparison to the no viability 

treatment control), were comparable to the log reductions obtained for the varying 

concentrations of EMA analysed (Fig. 3.1). However, as the log reductions obtained for the 

varying concentrations of PMA utilised fluctuated (albeit not significantly) for the respective test 

organisms, a concentration dependent log reduction was not observed with the use of PMA. 

Corresponding to literature, results for the current study indicate that viable cells of the selected 

test organisms (P. aeruginosa, S. typhimurium and E. faecalis), may be able to tolerate higher 

concentrations of PMA (Fittipaldi et al., 2012). This can be attributed to the lower cytotoxicity of 

PMA and the dye’s increased selectivity for penetrating only cells with damaged/compromised 

membranes (Nocker et al., 2006; Fittipaldi et al., 2012). The increased selectivity of PMA to 

cells with a damaged membrane has been attributed to the higher charge of PMA (two positive 

charges) as compared to EMA (one positive charge) (Nocker et al., 2006). Propidium 

monoazide is identical to Propidium iodide (PI), which is commonly used for the discrimination 

of live and dead bacteria using microscopy or flow cytometry, with the exception that PMA 

contains an additional azide group, which allows it to bind to DNA upon photoactivation. It has 

thus been well-documented that PI and PMA enters only permeabilized cells, which are 

characterised as cells without an intact membrane, are unable to maintain membrane potential 

(depolarized) and are unable to maintain membrane export (de-energised) (Nebe von Caron et 

al., 2000; Nocker et al., 2006).  

A decrease in the gene copy numbers of the respective test organisms (after heat treatment) 

was then also recorded when utilising the various PMA concentrations, indicating that PMA-

qPCR analysis was able to exclude the detection of DNA from non-viable cells. Similar to the 

results obtained using EMA-qPCR, PMA-qPCR indicated that intact cells of L. pneumophila, 

P. aeruginosa and S. typhimurium were present in the heat treated sample, while intact cells of 

S. aureus and E. faecalis were not detected using PMA-qPCR. However, studies have shown 

that PMA does not always adequately penetrate cells with compromised membranes and the 

number of dead cells in a sample could therefore be underestimated (Fittipaldi et al., 2012). In 

order to overcome this limitation, it has been suggested that using a higher dye concentration 
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and increasing incubation temperature (as compared to EMA treatment) will facilitate the entry 

of PMA into cells more readily (Fittipaldi et al., 2012). As indicated, higher dye concentrations 

may be used as PMA is more selective for the binding of DNA from cells with compromised 

membranes and is also less cytotoxic. The results obtained in the current study then 

corroborated this theory as higher PMA concentrations (25 to 100 µM) could be used in 

comparison to EMA (6 to 50 µM), with the results for the detection of P. aeruginosa, 

S. typhimurium and E. faecalis comparable.  

DNase treatment (nuclease treatment) prior to qPCR analysis was also investigated, as a 

method to exclude the detection of damaged or dead cells of the test organisms 

(L. pneumophila, P. aeruginosa, S. typhimurium, S. aureus and E. faecalis) in the viable, heat 

treated and autoclaved samples. Overall, the results indicated that there was a reduction in the 

detection of the selected test organisms in the viable samples that had been treated with 

DNase, in comparison to the no viability treatment controls (Fig. 3.2). However, for 

P. aeruginosa, S. typhimurium and E. faecalis low log reductions of 0.12, 0.14 and 0.06 were 

recorded, respectively. The results thus correspond to the results reported by Do et al. (2009), 

where it was concluded that DNase treatment did not have a detectable damaging effect on 

DNA present in live/intact cells of S. typhimurium, E.coli and L. monocytogenes. However, it has 

been reported that DNase treatment will have varying effects on different bacterial species as 

the differences in bacterial cell structure (membrane/cell wall composition) and susceptibility of 

the cell to the killing mechanism (disinfection treatment), will affect the ability of DNase to enter 

the cell and degrade the DNA (Shakeri et al., 2014). This may then explain the higher log 

decreases recorded for the viable S. aureus (0.82 log decrease) and L. pneumophila (0.30 log 

decrease) samples following DNase treatment. For S. aureus in particular, the increased log 

reduction observed utilising DNase treatment may be explained by the ability of certain bacteria 

(including S. aureus) to produce extracellular thermostable nucleases (Mann et al., 2009). The 

incubation of the sample with the 10X DNase reaction buffer at 37 °C may therefore have aided 

the nucleases already present in the sample to affect the viable cells. It should however be 

noted that, as was hypothesised for the EMA and PMA treated samples, the log reductions 

observed in the viable samples of the test organisms in comparison to the no viability treatment 

controls, may also be attributed to the presence of dead bacteria in the viable sample as well as 

possible osmotic stress when the pure cultures were spiked into distilled water (Nogva et al., 

2003; Sichel et al., 2007; Delgado-Viscogliosi et al., 2009). Analysis of the heat treated samples 

then revealed that the log reductions observed (compared to the no viability treatment control) 

for L. pneumophila (1.25 log reduction), P. aeruginosa (0.70 log reduction) and S. typhimurium 

(0.94 log reduction), were comparable to results reported by Nogva et al. (2003) and Rueckert 

et al. (2005). In the study conducted by Nogva et al. (2003) a 1 log reduction in 

Campylobacter jejuni was obtained following DNase treatment after heat disinfection (72 °C) of 

the sample, while Rueckert et al. (2005) reported log reductions ranging from 0.8 to 2.6 using 

Stellenbosch University  https://scholar.sun.ac.za



160 
 

DNase treatment on samples containing viable and non-viable thermophilic bacilli. Similar to the 

EMA and PMA results, DNase treatment analysis revealed that the gene copies in the heat 

treated S. aureus and E. faecalis samples were also reduced to below the LLOD. It is important 

to note that limited research on the mechanisms that may influence the effectiveness of the 

DNase enzyme assay has been conducted, in comparison to the multitude of studies conducted 

on EMA-qPCR and PMA-qPCR (Do et al., 2009; Shakeri et al., 2014). However, it has been 

suggested by Shakeri et al. (2014) that the two biggest factors which may influence the success 

of the DNase enzyme assay is firstly, the high molecular weight of DNase which may inhibit its 

ability to enter the cell wall of certain dead bacteria. Secondly, it is hypothesised that enzyme 

inhibitors that irreversibly inhibit the DNase enzyme could be released by cells. Future research 

should thus focus on elucidating the mechanisms by which DNase treatment may be inhibited. 

The BacTiter-GloTM Microbial Cell Viability Assay (BacTiter ATP assay) was then utilised as a 

metabolic responsiveness assay, to indicate whether metabolically active L. pneumophila, 

P. aeruginosa, S. typhimurium, S. aureus and E. faecalis cells were present in the respective 

viable, heat treated and autoclaved samples. While a reduction in RLU was observed in the 

heat treated samples, in comparison to the no viability assay control (Fig. 3.3), ATP was still 

detected in all the samples, including the autoclaved samples of L. pneumophila, P. aeruginosa, 

S. typhimurium, S. aureus and E. faecalis. In contrast, using the molecular based viability 

assays, gene copies were detected in all the viable samples and only the heat treated samples 

of L. pneumophila, P. aeruginosa and S. typhimurium. Moreover, no gene copies were detected 

in any of the autoclaved samples. It is however, important to note that the BacTiter ATP assay 

monitors for the presence of metabolically active cells by analysing for ATP. Therefore, the 

“metabolically active cells” detected in the heat treated S. aureus and E. faecalis samples and 

the autoclaved samples, may be attributed to the detection of residual ATP. Adenosine 

triphosphate has been shown to be highly soluble in water and is also extremely stable at a pH 

range of 6.8 to 7.4. While investigating the stability and behaviour of ATP as an indicator of 

viable cells, Nescerecka et al. (2016) reported that ATP is stable in deionized water and that the 

presence of extracellular ATP needs to be considered as it occurs naturally on most surfaces. In 

the current study, the BacTiter-GloTM reagent was allowed to hydrolyse (burn-off) any ATP that 

could have been introduced during the manufacturing process and all analysis were conducted 

in triplicate, with a sterile milliQ negative control also being analysed to subtract the background 

luminescence from the samples. The detected ATP in the autoclaved samples may therefore be 

attributed to the persistence of residual ATP from the dead cells in the samples and not 

contaminating extracellular ATP. In studies conducted by Berney et al. (2008) and Vital et al. 

(2012), results then indicated that flow cytometric analysis and the BacTiter ATP assay 

complemented each other as similar trends were observed in the analysis of samples. However, 

as the BacTiter ATP assay detected residual ATP in the autoclaved samples (in the current 

study), it is proposed that the BacTiter ATP assay be used in a complimentary manner to 
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corroborate data obtained utilising other metabolic responsiveness and molecular-based 

viability assays.  

While the optimal EMA and PMA dye concentrations for the specific test organisms were 

identified (section 3.3.1), it would be more economically feasible to screen environmental 

samples with a single dye concentration that would allow for the accurate identification of viable 

cells from different organisms. Based on the results obtained for the EMA-qPCR and PMA-

qPCR analysis, 6 µM EMA and 50 µM PMA were thus identified as the optimal dye 

concentrations for the detection of all the test organisms (L. pneumophila, P. aeruginosa, 

S. typhimurium, S. aureus and E. faecalis) in the viable, heat treated and dead spiked water 

samples. The 6 µM EMA concentration resulted in the lowest log reduction in the viable 

samples of L. pneumophila, P. aeruginosa and E. faecalis and was comparable to the lowest 

log reductions observed for S. typhimurium and S. aureus at 12.5 µM and 25 µM, respectively. 

Correspondingly, 6 µM EMA resulted in the lowest log reduction in the heat treated 

L. pneumophila and S. typhimurium samples and was comparable to the lowest log reduction 

observed for P. aeruginosa (12.5 µM). While the 25 µM PMA concentration resulted in the 

lowest log reduction in the viable P. aeruginosa, S. aureus and E. faecalis samples (Fig. 3.1), 

the log reductions for 50 µM PMA were comparable and also resulted in the lowest log 

reductions for the viable L. pneumophila and S. typhimurium samples. Additionally, 50 µM PMA 

yielded the lowest log reductions in the heat treated L. pneumophila, P. aeruginosa and 

S. typhimurium samples. The recorded log reductions for 6 µM EMA and 50 µM PMA were also 

comparable in the viable samples of P. aeruginosa, S. typhimurium, S. aureus and E. faecalis. 

The identification of 6 µM EMA and 50 µM PMA as the optimal dye concentrations then 

corresponds to literature where 6 µM EMA (Wang and Levin, 2006; Chang et al., 2009; Chen 

and Chang, 2009; Delgado-Viscogliosi et al., 2009) and 50 µM PMA (Nocker et al., 2006; Yáñez 

et al., 2011; Tavernier and Coenye, 2015) have successfully been used to discriminate between 

viable and dead cells. 

As the principle for DNase pre-treatment in combination with qPCR is similar to EMA-qPCR and 

PMA-qPCR, the results obtained during the DNase assay were compared to the results 

obtained using 6 µM EMA and 50 µM PMA. In addition culture based analysis was utilised to 

enumerate the viable and culturable bacteria that were present in the respective samples. For 

the viable L. pneumophila, S. typhimurium and E. faecalis samples, the results obtained using 

EMA-qPCR, PMA-qPCR, and the DNase assay were comparable, as similar log reductions 

were observed (Fig 3.4) with an average of 1.52 × 106 gene copies/µL, 3.60 × 106 gene 

copies/µL and 4.73 × 106 gene copies/µL detected, respectively. In comparison, culturing 

analysis indicated that 4.5 × 106 CFU/mL, 3.5 × 106 CFU/mL and 1.8 × 106 CFU/mL were 

present in the viable samples of L. pneumophila, S. typhimurium and E. faecalis, respectively. In 

contrast, for the analysis of the viable P. aeruginosa sample using the three molecular based 
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viability assays, the results recorded for the 6 µM EMA and DNase treatment were comparable 

as a 0.11 and 0.12 log decrease was recorded for each assay, respectively. In comparison a 

0.40 log decrease was observed following 50 µM PMA treatment. For S. aureus, it was 

observed that the gene copies for 6 µM EMA and 50 µM PMA were comparable, as 0.27 and 

0.36 log decreases were recorded, respectively, in comparison to the no viability treatment 

control. Treatment with DNase resulted in an increased log reduction being observed (0.82 log 

decrease). Culturing analysis then indicated that 4.8 × 106 CFU/mL and 1.2 × 106 CFU/mL were 

recorded in the viable P. aeruginosa and S. aureus samples, respectively. In the current study 

the gene copies/µL obtained during qPCR analysis could not be converted to the number of 

cells present in the sample, as a varying number of the targeted gene may be present within the 

organism and the gene copy number may differ between species (Vetrovsky and Baldrian, 

2013). Thus, while culturing analysis (CFU/mL) cannot be directly compared to the number of 

gene copies/µL, numerous studies have conducted correlation analysis using these two 

variables, with an increase in CFU generally resulting in an increase in gene copies. The results 

obtained in the current study for the analysis of the viable samples, then indicated that the 

culturing analysis results were generally within the same log range as the gene copies recorded 

using molecular based viability analysis. However, an exception to this observation was noted 

for the viable S. aureus sample, where 1.2 × 106 CFU/mL were detected using culturing 

analysis, while the molecular-based viability assays yielded an average concentration of 

1.8 × 104 gene copies/µL. Analysis of the no viability treatment control, however, indicated that 

4.9 × 104 gene copies/µL were present in the sample. The ratio of detected gene copies to CFU 

for S. aureus was therefore low, possibly indicating that cells/DNA may have been lost during 

the sample concentration and/or DNA extraction procedure.  

Culturing analysis of the heat treated L. pneumophila, P. aeruginosa and S. typhimurium then 

revealed that the respective organisms were present at 1.7 × 103 CFU/mL, 4.9 × 104 CFU/mL 

and 1.0 × 102 CFU/mL, respectively. In comparison, the molecular-based viability assays 

indicated that 3.49 × 103 gene copies/µL, 3.13 × 104 gene copies/µL and 1.52 × 103 gene 

copies/µL were detected in the heat treated L. pneumophila, S. typhimurium and E. faecalis 

samples, respectively. Moreover, results for the culture-based analysis and molecular viability 

assays indicated that viable S. aureus and E. faecalis were not present in the respective heat 

treated samples. As was observed for the viable samples, the log range of the CFU/mL and 

gene copies/µL were comparable for the analysis of the heat treated samples. However, the 

gene copies in the heat treated samples of L. pneumophila and E. faecalis were slightly (albeit 

not significantly) higher in samples analysed using the molecular viability assays in comparison 

to the culturing analysis. Firstly, it has been shown that bacteria, such as L. pneumophila, may 

be present as chain structures (aggregated together or connected) which will essentially be 

enumerated as 1 CFU during culturing analysis, whereas the individual cells will be quantified 

during qPCR (Delgado-Viscogliosi et al., 2009). In addition, as the cells had undergone heat 
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treatment, culturing analysis may be underestimating the concentration of viable cells in the 

heat treated samples, as the cells may have entered a VBNC state. Therefore, the advantage of 

using molecular-based techniques will be their ability to detect VBNC organisms in samples 

following disinfection treatment.  

Results thus indicate that the physiological state of the microbial community within a sample, 

should be considered when deciding which technique to utilise, as results obtained in the 

current study indicate that both culturing and molecular-based viability assays may be used for 

the analysis of samples where the microbial community is viable, however, it would be 

advantageous to use molecular-based viability assays in samples where organisms may be 

present in a VBNC state. Similarly, while assessing and comparing EMA-qPCR to culture based 

analysis, Delgado-Viscogliosi et al. (2009), concluded that based on the different physiological 

states of cells in viable and heat treated samples, culture based analysis could be utilised to 

analyse samples where no disinfection treatment was utilised, while EMA-qPCR (and by 

extension PMA-qPCR and DNase treatment in combination with qPCR) could be utilised to 

analyse cell viability in samples exposed to a disinfection treatment. Molecular-based viability 

assays are however less labour intensive and results can be generated within 7 hours (Lombard 

et al., 2016). This may then be advantageous in scenarios where a rapid water quality 

assessment or organism identification may be required. Additionally, the results generated 

utilising molecular-based viability assays have been shown to be highly reproducible (Delgado-

Viscogliosi et al., 2009; Reyneke et al., 2016; Strauss et al., 2016). 

3.5 Conclusions 

The current study assessed and compared molecular-based viability assays (EMA-qPCR, PMA-

qPCR and DNase treatment in combination with qPCR) and a metabolic responsiveness assay 

(BacTiter-GloTM Microbial Cell Viability Assay) to culturing analysis in order to determine which 

assay would provide a comprehensive indication of viability. The results indicated that EMA, 

PMA and DNase were able to indicate the presence of viable microbial cells; however, 

depending on the target organism utilised, treatment with a specific molecular viability assay 

was more applicable. For example, higher concentrations of EMA, adversely influenced the 

detection of viable L. pneumophila, while DNase treatment may influence the detection of viable 

S. aureus cells, as a greater log decrease in the detection of gene copies was recorded in 

comparison to EMA and PMA analysis. Additionally, results indicated that overall, 6 µM EMA 

and 50 µM PMA were the optimal dye concentrations for the detection of the respective test 

organisms using EMA-qPCR and PMA-qPCR, respectively. However, comparison of the results 

obtained for the molecular viability assays utilised indicated that the results obtained for 6 µM 

EMA compared well with the results obtained for 50 µM PMA and DNAse treatment, for the 

analysis of viable L. pneumophila, P. aeruginosa, S. typhimurium, S. aureus and E. faecalis. In 
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addition, the results for the culturing analysis (CFU) of the viable S. typhimurium as well as the 

viable and heat treated samples of L. pneumophila and P. aeruginosa were comparable to the 

gene copies detected using molecular-based viability assays, with no gene copies or CFU 

detected in the heat treated samples of S. aureus and E. faecalis. Based on the results obtained 

it is thus concluded that molecular-based viability assays may be utilised to supplement the 

“golden standard” culture based analysis. However, molecular-based viability assays may 

produce a more accurate indication of cell viability when high numbers of VBNC cells are 

present in a sample. While the results obtained also indicated that DNase pre-treatment in 

combination with qPCR has the ability to successfully differentiate live from dead cells, future 

research should identify which organisms, such as S. aureus, have the ability to produce 

thermostable nucleases and subsequently negatively affect analysis of viable cells by DNase 

treatment. Results obtained in the current study for the BacTiter ATP assay also indicated that 

while the assay allowed for the rapid and sensitive detection of ATP (indicator of metabolically 

active cells) in the analysed samples, ATP may persist in samples following disinfection 

treatment and therefore the presence of residual or extracellular ATP needs to be taken into 

consideration when analysing samples. Nevertheless, the assay may provide valuable 

information as to the general viability assessment of samples and would be an excellent 

secondary analysis tool to utilise in order to substantiate results obtained using other viability 

techniques. 
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General Conclusions and Recommendations 

Rainwater harvesting has been earmarked by many international governmental authorities as 

an intervention strategy that allows for the provision of an on-site water supply in areas where 

water distribution infrastructure is lacking (Li et al. 2010; Mwenge Kahinda et al. 2010). In an 

effort to provide the inhabitants of rural areas and urban informal settlements with an alternative 

water source, the South African government has also earmarked rainwater as a sustainable, 

supplementary water source (Malema et al. 2016). However, numerous studies have 

demonstrated that microbial and chemical contaminants may be associated with rainwater 

sources as a result of geographical location, proximity to pollution sources and the system 

design (Ahmed et al. 2008; 2011; Helmreich & Horn, 2009; Li et al. 2010). It is therefore 

essential that adequate treatment technologies be implemented, especially in developing 

countries, in order to ensure that the water is safe to utilise for all daily water requirements.  

The Water Research Commission project K5/2124//3 (2014) titled, “Point of use disinfection 

systems designed for domestic rainwater harvesting (DRWH) tanks for improved water quality in 

rural communities,” completed by members of our research group, focused not only on routinely 

monitoring the chemical and microbial quality of tank water, but also investigated the application 

of various treatment technologies such as slow sand filtration, activated carbon/nanofiber 

filtration and solar pasteurization (SOPAS), for the reduction of the level of microbial 

contaminants in rainwater. The results obtained demonstrated that the closed-coupled SOPAS 

treatment system utilised effectively reduced the total coliform, Escherichia coli (E. coli) and 

heterotrophic bacteria counts to below the detection limit (˃ 99.9%) in rainwater samples 

pasteurized above 72 °C (Dobrowsky et al. 2015). Moreover, the system allowed for the 

treatment of larger volumes of water in comparison to the other tested treatment technologies 

(slow sand, activated carbon, and nanofiber filtration). However, the SOPAS system adversely 

affected the chemical quality of the harvested rainwater during pasteurization treatment, as 

aluminium (Al), lead (Pb), nickel (Ni) and iron (Fe) were detected at levels exceeding various 

national and international drinking water guidelines [Department of Water Affairs and Forestry 

(DWAF, 1996); South African National Standards (SANS) 241 (South African Bureau of 

Standards (SABS), 2005); Australian Drinking Water Guidelines (ADWG) (NHMRC and 

NRMMC, 2011); World Health Organisation (WHO, 2011)], following SOPAS treatment 

(Dobrowsky et al. 2015; Reyneke et al. 2016). As it was hypothesised that these metals were 

leaching from the stainless steel storage tank used in the SOPAS system, a new SOPAS 

system (PhungamanziTM) with a storage tank constructed from high grade polyethylene was 

designed by a South African manufacturer. 

The primary aim of Chapter 2 was thus to monitor the operational sustainability and efficacy of 

two small-scale PhungamanziTM (Sites 1 and 2) SOPAS systems and one large-scale (Site 3) 
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SOPAS system installed in Enkanini informal settlement (Stellenbosch) for the treatment of 

rainwater. In order to achieve this aim, unpasteurized and pasteurized tank water samples were 

collected from the small-scale SOPAS systems located at Sites 1 [52 °C, 60 °C, 67 °C, 72 °C, 

73 °C, 75 °C (2 samples) and 85 °C] and 2 (53 °C, 58 °C and 66 °C), while unpasteurized, 

pasteurized (55 °C, 61 °C, 66 °C, 71 °C, 72 °C and 79 °C) and stored pasteurized tank water 

samples were collected from the large-scale SOPAS system at Site 3. The microbial quality 

(culture-based analysis for indicator organisms) and chemical quality (cation and anion 

concentration determination) of the harvested rainwater before and after SOPAS was monitored 

with the results compared to various national and international drinking water guidelines [DWAF 

(1996), SANS 241 (SABS, 2005), ADWG (NHMRC and NRMMC, 2011) and WHO (2011)]. 

However, as research has shown that there is a poor correlation between the presence of 

indicator organisms and pathogenic microorganisms (Ahmed et al. 2008), conventional 

polymerase chain reaction (PCR) assays were utilised to screen for pathogens (including 

Legionella spp., Pseudomonas spp., Staphylococcus spp. and Klebsiella spp., amongst others) 

generally associated with harvested rainwater. The most readily detected pathogens were then 

quantified using quantitative PCR (qPCR) assays. Additionally, a metabolic responsiveness 

assay (BacTiter-GloTM Microbial Cell Viability Assay) was utilised to monitor the efficiency of the 

SOPAS systems in reducing the level of metabolically active cells (ATP) in the pasteurized 

rainwater. The operational sustainability of the systems was also monitored for a period of one 

year (September 2015 to September 2016) in order to determine whether the systems were 

beneficial to the households using them, whether the system components were durable, how 

much water could be produced and how much pasteurized rainwater was being utilised by the 

households. 

Results for the anion and cation analysis indicated that all the collected water samples from 

Sites 1 and 2 (unpasteurized and pasteurized) and Site 3 (unpasteurized and stored 

pasteurized), were within the respective drinking water guidelines’ limits [DWAF (1996), SANS 

241 (SABS, 2005), ADWG (NHMRC and NRMMC, 2011) and WHO (2011)]. However, results 

for the cation analysis indicated that zinc (Zn) was detected at levels exceeding the 

recommended drinking water guidelines in both the unpasteurized and pasteurized tank water 

samples collected from Sites 1 and 2, with no significant difference (Site 1: p = 0.21; Site 2: 

p = 0.76) in concentration being observed following SOPAS. The increased Zn concentrations 

were then attributed to the galvanised Zn roofing material utilised at Sites 1 and 2, as research 

has demonstrated that rainwater collected from roofing systems constructed from galvanised Zn 

sheets may contain Zn concentrations ranging from 0.1 to 10 mg/L, depending on the type of Zn 

sheeting used (Heijerick et al. 2002). Cation analysis also indicated that arsenic (As) was 

detected at levels exceeding the recommended drinking water guidelines in the both the 

unpasteurized and stored pasteurized tank water samples collected from Site 3, with no 
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significant difference (p = 0.18) in concentration being observed following SOPAS. It was then 

hypothesised that the increased As concentrations may be attributed to the paint utilised to coat 

the galvanized zinc roofing material (catchment area) at Site 3, as research has indicated that 

certain paints may contain As (Kopylov et al. 2007; Anomaly, 2009). Numerous coating 

materials are commercially available that are used to extend the life span of a roofing material, 

by providing protection against ultra-violet (UV) light exposure as well as water leaks during a 

rainfall event (Berdahl et al. 2008). These coatings range from metal-based paints to rubber and 

elastomeric materials. It is thus important that future research should focus on the chemical 

quality of rainwater harvested from surfaces coated with these commercially available products, 

in order to determine which types of coatings may be used on rainwater harvesting catchment 

systems. Based on the results obtained in the current study and results reported in literature, 

chemical contaminants of rainwater should be routinely investigated. Moreover, as it has 

recently been reported that emerging chemical contaminants, such as endocrine-disruptors, are 

ubiquitous within water sources (Altenburger et al. 2015), it is recommended that the scope of 

chemical contaminants regularly analysed for, is increased to include these chemical 

compounds. Future studies should thus focus on identifying whether these emerging chemical 

contaminants are prevalent in rainwater sources and then possibly investigate treatment 

technologies that would allow for their successful removal from the water source. 

Corresponding to other reports (Ahmed et al. 2008; 2010; 2011; Radaidah et al. 2009; 

Dobrowsky et al. 2014), results recorded for the culturing analysis revealed that the 

unpasteurized tank water samples collected from Sites 1, 2 and 3 were not within the respective 

drinking water guidelines’ limits, as total coliforms, E. coli and heterotrophic plate counts (HPC) 

were recorded at levels exceeding the recommended guideline limits, while faecal coliforms 

were sporadically detected at levels which also contravened the recommended guidelines 

[DWAF (1996), SANS 241 (SABS, 2005), ADWG (NHMRC and NRMMC, 2011) and WHO 

(2011)]. Analysis of the pasteurized tank water samples collected from Sites 1 and 2 indicated 

that a minimum pasteurization temperature of 53 °C was required to reduce the levels of total 

coliforms and E. coli to below the detection limit (BDL; ˂ 1 CFU/100 mL), while a minimum 

temperature of 66 °C was required to reduce the HPC to within drinking water standards. 

Similarly, results obtained for the large-scale system indicated that a minimum pasteurization 

temperature of 55 °C was required to reduce the total coliforms and E. coli to within drinking 

water standards, as all counts were BDL (˂ 1 CFU/100 mL) in the pasteurized (manifold system) 

and stored pasteurized tank water (1500 L storage tank) samples. Enumeration of the HPC 

revealed that a minimum pasteurization temperature of 71 °C was required to reduce the HPC 

to within recommended drinking water limits for the large-scale system (Site 3). However, HPC 

recorded in all the stored pasteurized water samples analysed exceeded the recommended 

drinking water guidelines. The results obtained for the samples following SOPAS treatment 
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therefore correspond to results reported in literature where researchers studying the thermal 

inactivation kinetics of indicator organisms (Spinks et al. 2003; 2006; Despins et al. 2009) and 

solar pasteurization of rainwater (Coombes et al. 2000; Dobrowsky et al. 2015; Strauss et al. 

2016), indicated that temperatures ranging from 55 °C to 72 °C have the ability to reduce 

microbial contamination in rainwater to within drinking water standards [DWAF (1996), SANS 

241 (SABS, 2005), ADWG (NHMRC and NRMMC, 2011) and WHO (2011)]. However, the 

increased HPC observed in the stored pasteurized tank water samples collected from the large-

scale system (Site 3), indicated that microbial regrowth was occurring in the stored pasteurized 

tank water with 16S rRNA PCR analysis identifying Flectobacillus spp., Acidovorax spp., 

Pseudomonas spp., Dechlorosoma spp., Bordetella spp., Novosphingobium spp. and 

Sphingomonas spp., as the primary bacterial contaminants.  

The BacTiter-GloTM Microbial Cell Viability Assay was then able to corroborate the results 

obtained during the culturing analysis, but also provided additional information, as the assay 

detected the presence of ATP (which serves as an indicator of metabolically active cells) in tank 

water samples collected after SOPAS treatment, where no culturable bacteria were detected 

using HPC analysis. This result then indicated that metabolically active cells may have been 

present in the collected pasteurized tank water samples, but that the cells had possibly entered 

a viable but non-culturable (VBNC) state. Additionally, tank water samples where HPC were 

reduced to BDL (˂ 1 CFU/100 mL) were analysed for a period of two weeks in order to 

determine the storage time period of the treated rainwater (i.e. before microbial regrowth 

occurred). Analysis of the two samples collected at 67 °C (Site 1) and 66 °C (Site 2) where HPC 

were reduced to BDL (˂ 1 CFU/100 mL), but the BacTiter-GloTM Microbial Cell Viability Assay 

indicated the presence of metabolically active cells, then exhibited microbial regrowth after 6 

days using culture based analysis, while samples pasteurized above 71 °C (Site 3) could be 

stored for up to two weeks. The BacTiter-GloTM Microbial Cell Viability Assay has been used in 

numerous studies to monitor water quality, including water quality following disinfection 

treatment (Berney et al. 2008; Bosshard et al. 2009; Vital et al. 2012; Nescerecka et al. 2016; 

Reyneke et al. 2016). Corresponding to literature, the assay can be used to supplement results 

during HPC analysis and analyse for microbial regrowth in water samples following disinfection 

treatment (Berney et al. 2008; Bosshard et al. 2009; Vital et al. 2012; Nescerecka et al. 2016; 

Reyneke et al. 2016). In studies conducted by Bosshard et al. (2009) and Reyneke et al. (2016) 

results indicated that ATP (as an indicator of metabolically active cells) decreased in water 

samples by > 90% following solar disinfection and SOPAS treatment, respectively. The results 

thus correspond to the results reported in the current study, where an overall ATP reduction of 

93%, 91% and 86% (solar manifold system), was recorded following SOPAS at Sites 1, 2 and 3, 

respectively.  
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Results obtained from the conventional PCR analysis identified Legionella spp., 

Pseudomonas spp., Salmonella spp. and Staphylococcus spp., as the most readily detected 

opportunistic pathogens associated with rainwater. Quantitative PCR revealed that while the 

gene copies of Legionella spp., Pseudomonas spp. and Salmonella spp., were reduced during 

SOPAS (small- and large-scale systems) at all temperatures analysed, gene copies from the 

respective organisms were still being detected at the highest pasteurization temperatures 

analysed for each site (Site 1 – 85 °C; Site 2 – 66 °C; Site 3 – 79 °C). In addition, while 

Staphylococcus spp. were of the most readily detected pathogens in the unpasteurized and 

pasteurized (stored pasteurized for Site 3) tank water samples, during qPCR analysis for 

Staphylococcus spp. multiple melting peaks were obtained per sample during the melt curve 

analysis, which invalidated the quantification of this organism. Future research should thus 

focus on designing genus-specific primers/probes for the detection of Staphylococcus spp. 

using qPCR assays. It should be noted that an increase in the detection of gene copies of 

Legionella spp., Pseudomonas spp. and Salmonella spp., was observed during qPCR analysis 

of the stored pasteurized tank water samples collected from Site 3, which correspond to the 

results obtained for the HPC culturing and the BacTiter-GloTM Microbial Cell Viability Assay 

where increases in the measured variables were observed in the stored pasteurized tank water 

samples (Site 3). The detection of Legionella spp. and Pseudomonas spp. in pasteurized tank 

water samples following solar pasteurization treatment correspond to results reported in 

literature, where researchers indicated that intact cells of Legionella spp. and Pseudomonas 

spp., were present in tank water following SOPAS above 90 °C (Dobrowsky et al. 2016; 

Reyneke et al. 2016; Strauss et al. 2016). Moreover, while SOPAS was able to reduce the level 

of microbial contamination in the pasteurized tank water samples collected from Sites 1, 2 and 3 

(excluding the stored pasteurized tank water – Site 3), the detection of opportunistic pathogens 

in the water remains a cause for concern.  

As conventional PCR and qPCR cannot provide an indication of viability, it is recommended that 

future studies should utilise molecular-based viability assays in combination with quantitative 

microbial risk assessment (QMRA) studies as this will enable the accurate assessment of the 

human health risks associated with using the water for various domestic purposes. For 

example, Legionella pneumophila (L. pneumophila) pose a health risk when aerosolised 

particles are inhaled by susceptible individuals, while Campylobacter jejuni (C. jejuni) needs to 

be ingested. By taking the infection mechanisms, concentration of L. pneumophila and C. jejuni 

in rainwater and the exposure volumes due to the inhalation or ingestion of rainwater at splash 

parks into consideration, De Man et al. (2014) was then able to establish that a mean exposure 

time of at least 3.5 min may lead to a risk of human infection by these two organisms. Based on 

the results obtained in the current study, rainwater treatment technologies that are able to 

effectively remove both microbial and chemical contaminants are thus required. This may 
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possibly be achieved by combining various treatment technologies. For example, SOPAS can 

be combined with filtration technologies, by simply attaching a filtration mechanism to the outlet 

tap of the SOPAS system. The SOPAS system will therefore remove the majority of microbial 

contaminants, while the filtrations system may remove residual microbial and chemical 

contaminants. 

After the small-scale (Sites 1 and 2) and large-scale (Site 3) SOPAS systems had been 

installed in Enkanini, a workshop (WRC Report Project No. K5/2368//3, 2016) was conducted 

with members from each household that were participating in the study. The primary aim of the 

workshop was to explain the principle of the rainwater harvesting SOPAS treatment systems as 

well as to outline the maintenance of the systems and the primary water uses of the treated 

water. Furthermore, a rainwater harvesting poster and pamphlet (containing the core user 

information), was provided to each of the ten households involved in the pilot research phase of 

the project. Additionally, the operational sustainability of the systems was monitored for a period 

of one year (September 2015 to September 2016). Based on this analysis, the systems were 

effectively able to provide the inhabitants of the informal settlement with an alternative water 

source, with the water being used for various domestic purposes, including washing and 

laundry. For the small-scale SOPAS systems located at Sites 1 and 2, three households (Site 1 

- House 1, 2 and 3; Site 2 - Church 1, 2 and 3) had access to the system, respectively. 

Monitoring of the pasteurized tank water usage indicated that at Site 1, 93 L/week, 78 L/week 

and 96 L/week, pasteurized tank water was being used by House 1, 2 and 3, respectively, 

during the weeks when pasteurized tank water was available. In comparison, at Site 2, 

97 L/week, 112 L/week and 127 L/week, of pasteurized tank water was being used by Church 1, 

2 and 3, respectively. Moreover, results indicated that the households’ municipal tap water 

usage at both Sites 1 and 2, decreased during the weeks when pasteurized tank water was 

available. Four households (ERC 1, 2, 3 and 4) had access to the large-scale SOPAS system 

located at Site 3. Monitoring of the pasteurized tank water usage indicated that 146 L/week, 

123 L/week, 130 L/week and 85 L/week, of pasteurized tank water was being used by ERC 1, 2, 

3 and 4, respectively, during the weeks when pasteurized tank water was available. However, 

during May 2016 to August 2016 when less pasteurized tank water was being used, the 

households’ weekly municipal tap water usage increased to 476 L/week, 295 L/week and 

115 L/week, for ERC 1, 2 and 4, respectively. During the course of the study, the maintenance 

of the respective SOPAS systems, by the participating households, was mostly limited to 

cleaning the borosilicate glass tubes once a week and ensuring that nothing obstructed the 

SOPAS systems (for example hanging laundry over the system). One borosilicate glass tube 

had to be replaced for each of the systems; however, the replacement of the tubes did not 

require specialised equipment and can occur within 10 min. It was also reported by the 

households utilising the systems at Sites 1 and 2 that less paraffin/gas was being used by the 
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respective households to heat water for use in domestic activities as hot water was being 

produced by the small-scale systems. In addition, the households using the system at Site 3, 

then indicated that they would also preferably utilise a system where hot water was provided 

(water does not stay heated after it exits the SOPAS system into the 1 500 L storage tank). 

Future research should thus focus on designing polymeric materials that are able to retain heat, 

which could then be used for the rainwater storage tank. Additionally, consideration should be 

given to the design of rainwater harvesting tanks, as dust particles entered the 1500 L storage 

tank via the overflow opening and the rainwater harvesting tank lid. Research has also been 

conducted on the use of first-flush mechanisms that can be connected to the conveyance 

system (gutters). Essentially the initial inflow of rainwater (thought to contain the majority of 

contaminants) will be redirected away from the tank at the start of a rain event (Gikas & 

Tsihrintzis, 2012). However, based on the limited space available between the gutter system 

and the rainwater tank at an informal dwelling, it would be beneficial if the first-flush diverters 

are designed and incorporated directly into the rainwater harvesting tank. 

In South Africa specifically, approximately 70 000 households use rainwater as their primary 

water source (Malema et al. 2016) and it is envisioned that rainwater harvesting may be the 

solution to providing individuals residing in rural areas and urban informal settlements with an 

alternative water source; however, an in-depth understanding of the dynamics in specifically 

informal settlements is required for the successful implementation of these technologies. 

Overall, while the use of Enkanini as a study site had numerous advantages, a major 

disadvantage in installing the rainwater harvesting SOPAS treatment systems in an informal 

settlement is space availability. The dwellings are built very close to one another and the 

Enkanini informal settlement is established on the steep slope of the Onder Papegaaiberg, 

which limits ideal system implementation. It is therefore recommended, that before planning and 

designing water treatment systems, such as the small-scale and large-scale SOPAS systems 

utilised in the current study, sufficient land be secured. In addition, as each dwelling within 

Enkanini differs in shape and size, it is thus also recommended that each rainwater harvesting 

and SOPAS system be designed and planned based on the configuration and location of the 

specific household. A “one size fits all” approach for the implementation of alternative 

technologies cannot be implemented for all informal settlements or all households within a 

specific settlement. When identifying possible locations for rainwater harvesting and SOPAS 

systems, it is also important to consider the systems effect on neighbouring properties, whether 

it is possible flooding or perhaps blocking a walkway or interfering with power cables etc. Any 

decisions made should thus also take the possible effect on non-participating individuals into 

consideration so as to not impede on their everyday life. Moreover, factors that should be 

considered when designing these passive systems should include: the ground preparation, the 

slope of the roof, the direction in which the roofing sheets have been placed on the catchment 
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area and the material and treatment used for the roofing material. During the current project 

individuals who have worked on various Sustainability Institute projects in Enkanini, were also 

recruited as co-researchers on the project. Their insight and relationship with the community 

assisted with any troubleshooting incidents and provided credibility to the “new researchers”.  

While cultivation dependent methods may contribute knowledge on the detection of viable and 

culturable microorganisms present in a water source, a huge proportion of the microbial 

population, which enter a viable but not culturable state, are excluded from this analysis. A need 

therefore exists for the implementation of rapid and sensitive cultivation independent methods 

that would allow for the accurate detection of all the microbial contaminants present in a water 

source (Van Frankenhuyzen et al. 2011; Barbau-Piednoir et al. 2014; Prest et al. 2014; Li et al. 

2015). The primary aim of Chapter 3 was thus to compare molecular-based viability assays to a 

metabolic responsiveness assay for the accurate determination of microbial cell viability. In 

order to achieve this aim, the molecular-based viability assays ethidium monoazide bromide 

(EMA)-qPCR, propidium monoazide (PMA)-qPCR and DNase treatment in combination with 

qPCR and the metabolic responsiveness BacTiter-GloTM Microbial Cell Viability Assay, were 

compared to culture based analysis, for their ability to accurately determine cell viability in water 

samples inoculated with a bacterial monoculture. Three Gram-negative (Legionella spp., 

Pseudomonas spp. and Salmonella spp.) and two Gram-positive (Staphylococcus spp. and 

Enterococcus spp.) bacteria commonly associated with water sources were selected as test 

organisms. Various EMA and PMA dye concentrations were also analysed, based on a range of 

concentrations that have been reported in literature, in order to determine which dye is optimal 

and at what concentration (Nocker et al. 2006; Soejima et al. 2007; Kobayashi et al. 2008; Chen 

and Chang, 2009; Delgado-Viscogliosi et al. 2009; Yáñez et al. 2011; Tavernier & Coenye, 

2015).  

Results from the EMA-qPCR and PMA-qPCR analysis of the viable samples for all test 

organisms, indicated that variable log reductions were recorded after the application of both 

EMA and PMA treatments, as log reductions ranging from 0.01 to 2.71 (EMA) and 0.06 to 1.02 

(PMA) were observed in comparison to the no viability treatment control. The log reductions 

observed in the viable samples following EMA and PMA treatment (in comparison to the no 

viability treatment control), were then attributed to the presence of dead bacteria in the viable 

samples as well as possible osmotic stress, which may have occurred when the pure cultures 

were spiked into distilled water (Nogva et al. 2003; Sichel et al. 2007; Delgado-Viscogliosi et al. 

2009). Moreover, results indicated that greater log reductions were obtained for the heat treated 

samples in comparison to the corresponding no viability treatment control [EMA – 0.27 to 2.85; 

PMA – 0.62 to 2.46]. This was attributed to the fact that dead or membrane-compromised 

organisms were amplified by qPCR analysis in the no viability treatment control, thereby 

overestimating the presence of microorganisms (Delgado-Viscogliosi et al. 2009; Fittipaldi et al. 
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2012). It is however crucial that the viability dyes utilised, not significantly influence the 

detection of viable cells, as this would lead to an underestimation of the microbial population 

when analysing environmental water samples (Fittipaldi et al. 2012; Li et al. 2015). Various 

factors may also influence the effectiveness of EMA-qPCR and PMA-qPCR to indicate microbial 

cell viability. For example, it has been reported that some bacterial species may be able to 

actively pump EMA out of the viable cell using metabolically driven multidrug efflux pumps, 

while the entry of EMA into other bacteria will be based on diffusion alone (Nogva et al. 2003; 

Nocker et al. 2006; Flekna et al. 2007). In addition, research has indicated that gene copy 

numbers, such as ribosomal genes, can differ substantially amongst different bacterial species 

(Klappenbach et al. 2001). Moreover, it has been demonstrated that the target amplicon length 

of the gene may influence the effectiveness of viability treatments (EMA-qPCR and PMA-qPCR) 

as the detection of longer DNA sequences correlates more closely with viability, as compared to 

the detection of shorter target amplicons (Soejima et al. 2007; Chang et al. 2010; Contreras et 

al. 2011; Loozen et al. 2011). This is mainly due to longer DNA sequences being more readily 

excluded by nucleic acid binding dyes. While assessing the viability of heat-killed 

L. pneumophila using both EMA and PMA, Chang et al. (2010) reported that a difference in the 

number of dead cells was obtained depending on the whether the 16S rRNA (454 bp) or 

5S rRNA (108 bp) genes were amplified during qPCR. Similarly, it was reported by Loozen et al. 

(2011) that a greater log reduction in the detection of Aggregatibacter actinomycetemcomitans 

during qPCR was obtained when targeting a 200 bp DNA fragment as compared to an 82 bp 

DNA fragmant. Thus, in the current study it is hypothesised that the significant suppression of 

qPCR signals from the viable samples of L. pneumophila (259 bp) and S. aureus (475 bp) may 

be attributed to the longer target amplicon length for each organism during the qPCR analysis, 

in comparison to S. typhimurium (75 bp) and E. faecalis (75 bp), where shorter amplicons were 

targeted.  

DNase treatment in combination with qPCR was an additional viability assay that was assessed 

during the current study. Results indicated that log reductions ranging from 0.06 to 0.82 were 

obtained for the viable samples following DNase treatment. In comparison, log reductions 

ranging from 0.70 to 2.91 were recorded for the heat treated samples. As was reported for 

EMA-qPCR and PMA-qPCR analysis, the observed decrease in the detection of viable cells in 

the DNase treated samples, in comparison to the untreated control, was attributed to the 

presence of dead bacteria in the viable sample as well as possible osmotic stress, when spiking 

the test organisms into distilled water (Nogva et al. 2003; Sichel et al. 2007; Delgado-Viscogliosi 

et al. 2009). Additionally, the log decreases observed in the heat treated samples following 

DNase treatment was attributed to the exclusion of DNA from dead or membrane compromised 

cells. In comparison to EMA-qPCR and PMA-qPCR, limited information on the entry of DNase 

into cells is known. It was however, reported by Shakeri et al. (2014) that organisms which 

produce extracellular thermostable nucleases (including S. aureus), may be more susceptible to 
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DNase treatment. The BacTiter-GloTM Microbial Cell Viability Assay was also used to monitor 

the presence of metabolically active cells in the viable, heat treated and autoclaved (dead) 

samples. While for most of the test organisms analysed, the results obtained substantiated the 

results recorded utilising molecular-based viability assays, a major disadvantage of using the 

BacTiter-GloTM Microbial Cell Viability Assay was the detection of residual ATP in the autoclaved 

samples. However, overall the results indicated that the assay was a valuable indicator of the 

presence/absence of viability in the viable and heat treated samples and could therefore be 

included when monitoring water disinfection treatments, if the presence of residual extracellular 

ATP is considered (Vital et al. 2012; Nescerecka et al. 2016).  

Following the completion of the EMA-qPCR and PMA-qPCR analysis, 6 µM EMA and 50 µM 

PMA were then identified as the optimal dye concentrations for the detection of viable 

L. pneumophila, P. aeruginosa, S. typhimurium, S. aureus and E. faecalis, as low log reductions 

were recorded (viable and heat treated samples) in comparison to the no viability treatment 

control. Comparison of the 6 µM EMA and 50 µM PMA results to the DNase treatment assay 

then indicated that for most of the test organisms, the results obtained using the 6 µM EMA 

concentration was comparable to either 50 µM PMA or the DNase treatment. In addition, the 

gene copies obtained (using the molecular-based viability assays) in the viable samples, for 

most of the respective test organisms, were comparable to the CFU/mL enumerated during 

culturing analysis. However, analysis of the heat treated S. typhimurium sample revealed that 

the gene copies (1.52 × 103 gene copies/µL) detected using the molecular based viability 

assays were higher than the 1.0 × 102 CFU/mL detected using culturing analysis. It was 

hypothesised that VBNC cells may have been present in the sample as a result of the heat 

treatment and these cells were not enumerated using culture based analysis. However, based 

on the results obtained overall, both culturing analysis and the molecular-based viability assays 

can be utilised to indicate the presence or absence (viable E. faecalis and S. aureus not 

detected using culturing analysis or the molecular-based viability assays following heat 

treatment) of viable microbial cells. It is therefore recommended that molecular-based viability 

assays may be used as a valuable supplementary analysis tool when investigating water 

sources. However, it is important to note that the application of molecular-based viability assays 

will have certain advantages over culture based analysis. These advantages include decreased 

analysis time, as results may be obtained within 7 hours when using molecular-based viability 

assays (Lombard et al. 2016), in comparison to the 24 to 96 hrs required to generate results 

using culture based analysis. Moreover, researchers have also combined the use of EMA and 

PMA with microscopy and flow cytometry, demonstrating that nucleic acid binding dyes may be 

combined with other platforms/ technologies to detect cell viability (Fittipaldi et al. 2012). 

Additionally, the results generated utilising molecular-based viability assays have been shown 

to be highly reproducible (Delgado-Viscogliosi et al. 2009; Reyneke et al. 2016, Strauss et al. 

2016). 
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1. Site selection and description 

Based on the quality of the roofing material and space availability, an Enkanini resident’s house, 

that was part of the Stellenbosch Sustainability Institute iShack project, was selected as Site 1 

(Fig. A1). A local Church was selected as Site 2, as the Pastor and his family lived on the Church 

grounds, while the Enkanini Research Centre (ERC) was selected as Site 3, with the research 

centre also serving as the home of a co-researcher (Mr Yondela Tyawa) on the project (Fig. A1). 

All participating individuals granted consent for the systems to be implemented next to their 

respective properties. The systems were designed to be used by the specific household where the 

system was installed. However, after the systems had been installed, the research group was 

informed that neighbouring households also wanted to use the systems. These households were 

therefore included in the study and representatives from each household attended the workshop 

[Water Research Commission (WRC) Report Project No. K5/2368//3, 2016] that was held in 

Enkanini after the systems had been installed. Each of the small-scale rainwater harvesting solar 

pasteurization (SOPAS) systems located at Sites 1 and 2 (Fig. A1), were used by three 

households, respectively. Moreover, four households had access to the large-scale rainwater 

harvesting solar pasteurization treatment system located at Site 3. 

 

Fig. A1. Two small-scale rainwater harvesting solar pasteurization systems and a large-scale 

rainwater harvesting solar pasteurization treatment system were installed in Enkanini informal 

settlement. Site 1: Enkanini resident’s home. Site 2: Church. Site 3: Enkanini Research Centre. 

Site 1: Enkanini

Residents Home

Site 2: Church
Site 3: Enkanini 

Research Centre

Site 2: Church
Site 3: Enkanini 

research centre

Site 1: Enkanini 

residents home
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2. Design and construction of the rainwater harvesting treatment systems 

The information on the number of people using the water and the average water demand of each 

person per day was obtained through communication with the owner of the home for Site 1, the 

Pastor of the Church for Site 2 and the custodian of the ERC for Site 3. By taking the roof size and 

roofing material into consideration for each site, the SamSamWater Rainwater Harvesting Tool 

(2015) was then utilised to determine the average water availability and water demand per month 

over a calendar year, which could then be used to determine the optimal size of the rainwater 

harvesting tanks that were required at Sites 1, 2 and 3, respectively. It is important to note that 

each system was initially designed and installed for one household to use. The information for the 

specific household was therefore used and is reported below. However, multiple households had 

access to the systems after they had been installed. 

2.1 Site 1: Small-scale system located at an Enkanini resident’s home 

Roof size:      15.27 m2 

Roof type:      Zinc sheets (iron/metal sheets) 

Number of people using the water:  3 

Average water demand:   20 L per person per day 

Total average water demand:   60 L per day 

Although the owner of the home reported that the average water demand of each person per day 

was 20 L, the United Nations (2010) recommends a guideline value of 25 L/person per day for 

persons living in South Africa. The total average water demand for the household was therefore 

recalculated as 75 L per day. 

A metal roof such as the zinc metal sheeting used at Site 1, has a runoff coefficient of 0.9, which 

means that 90% of the rain that comes into contact with the roof can be harvested (SamSamWater 

Rainwater Harvesting Tool, 2015). Based on this runoff coefficient and a roof area of 15.27 m2, the 

total average annual amount of water that can be collected from the roof is 8 100 L. The total water 

demand of the household is 75 L per day, which equals to an approximate amount of 2 250 L per 

month. The total water demand would then be approximately 27 400 L per year. This implies that 

the households total daily water demand of 75 L will be met for 108 days of the year. However, if 

the households were to limit their treated tank water usage to 22 L per day, thus using it as a 

supplementary water source, the rainwater harvesting system may provide water on site for the 

entire year. Based on the calculations and space availability, a 2 500 L vertical JoJo domestic 

rainwater harvesting (DRWH) tank was installed at Site 1 (Fig. A2). The diameter of the 2 500 L 

tank is 1.42 m and the height of the tank is 1.8 m (JoJo Tanks, 2016). 
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Fig. A2. A schematic diagram of the top and side profile of the small-scale rainwater harvesting 

solar pasteurization treatment system constructed at Site 1 with a picture of the system after 

installation. 

As indicated in Fig. A2, a 2 500 L rainwater harvesting tank was connected to a pasteurization 

system containing a 125 L storage tank and 10 × 2 m borosilicate tubes. A total cost analysis for 

the installation of the small-scale solar pasteurization rainwater harvesting treatment system at Site 

1 is outlined in Table A1. It should however be noted that while the costs associated with 

constructing the system at Site 1 (and at Site 2) are high, costs would decrease upon large-scale 

production and implementation of the solar pasteurization systems and by using day-labour 

workers in the community to help with the installation of the systems. The life expectancy of the 
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rainwater harvesting solar pasteurization system also needs to be taken into consideration. For 

example, a JoJo rainwater harvesting tank has a guarantee of 8 years, however, if properly 

installed they have been known to exceed a life span of 20 years (JoJo Tanks, 2016). 

Commercially available solar pasteurization systems have also been reported to have warranties 

ranging from 5 to 10 years and life expectancies ranging from 10 to 20 years (International 

Technology Sourcing Solar, 2016). It is also important to note that the water produced by these 

systems will be hot upon collection and that the households could save money by using less 

paraffin and gas for heating water to use for domestic purposes. 

Table A1: Cost analysis for the installation of the small-scale treatment system at Site 1. 

ITEM PRICE 

Site clearance and levelling R 160 

Labour R 1 767 

Operational Costs* R 2 100 

Construct new concrete plinth on compacted base R 1 975 

2 500 L vertical DRWH tank R 2 246 

Tank adaptors for connection to solar geyser R 500 

Gutter complete with facia and support brackets  R 700 

Install downpipe connection and associated fittings R 200 

Solar system R 4 000 

System stand R 500 

Commissioning the system R 2 500 

Total (excluding VAT) R 16 648 

VAT R 2 331 

Total (including VAT) R 18 979 

* Sand/gravel sourcing and delivery, transport/fuel, tool hire  

2.2 Site 2: Small-scale system located at the Church grounds 

Roof size:      55.9 m2 

Roof type:      Zinc sheets (iron/metal sheets) 

Number of people using the water:  5 

Average water demand:   25 L per person per day 

Total average water demand:   125 L per day 

The zinc metal sheeting used at Site 2 has a runoff coefficient of 0.9, which means that 90% of the 

rain that comes into contact with the roof can be harvested (SamSamWater Rainwater Harvesting 

Tool, 2015). Based on this runoff coefficient and a roof area of 55.9 m2, the total average yearly 

amount of water that can be collected from the roof is 29 800 L. The total water demand of the 

household is 125 L per day, which equals to approximately 3 750 L per month. The total water 

demand would then be 45 600 L per year. Based on the information obtained, the total amount of 

water that can be collected from this roof is not enough to fulfil the total water demand. However, a 

rainwater harvesting system with a storage reservoir of 7 400 L could provide 82 L of water per 

day, which is 65% of the total demand. Due to space availability, a 5 000 L vertical JoJo DRWH 
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tank was however installed at Site 2 (Fig. A3), which will account for ~44% of the households’ total 

water demand. As the amount of harvested rainwater does not meet the full demand of the 

household, the rainwater source may act as a supplementary rather than a sole domestic water 

supply. 

 

Fig. A3. A schematic diagram of the top and side profile of the small-scale rainwater harvesting 

solar pasteurization treatment system constructed at Site 2 with a picture of the system after 

installation. 

As indicated in Fig. A3, a 5 000 L rainwater harvesting tank was connected to a pasteurization 

system containing a 125 L storage tank and 10 × 2 m borosilicate tubes. A total cost analysis for 

the installation of the small-scale solar pasteurization rainwater harvesting treatment system at Site 

2 is outlined in Table A2. 
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Table A2: Cost analysis for the installation of the small-scale treatment system at Site 2. 

ITEM PRICE 

Site clearance and levelling R 160 

Labour R 1 467 

Operational Costs* R 2 100 

Construct new concrete plinth on compacted base R 1 450 

5 000 L vertical DRWH tank R 3 428 

Tank adaptors for connection to solar geyser R 500 

Gutter complete with facia and support brackets  R 893 

Install downpipe connection and associated fittings R 200 

Solar system R 4 000 

System stand R 500 

Commissioning the system R 2 500 

Total (excluding VAT) R 17 198 

VAT R 2 408 

Total (including VAT) R 19 606 

* Sand/gravel sourcing and delivery, transport/fuel, tool hire  

2.3 Site 3: Large-scale system located at the Enkanini Research Centre  

Roof size:      88.5 m2 

Roof type:      Zinc sheets (iron/metal sheets) 

Number of people using the water:  3 

Average water demand:   30 L per person per day 

Total average water demand:   90 L per day 

Similar to Sites 1 and 2, the zinc metal sheeting used at Site 3 has a runoff coefficient of 0.9, which 

means that 90% of the rain that comes into contact with the roof can be harvested (SamSamWater 

Rainwater Harvesting Tool, 2015). Based on this runoff coefficient and a roof area of 88.5 m2, the 

total average yearly amount of water that can be collected from the roof is 47 200 L. The total 

water demand of the household is 90 L per day, which equals to about 2 700 L per month. The 

total water demand would then be 32 900 L per year. Based on the information obtained, the total 

amount of water that can be collected from this roof is sufficient to fulfil the total water demand of 

the household. During 7 months of the year (April, May, June, July, August, September and 

October) the amount of water that can be collected from the roof is larger than the water demand. 

This excess water can thus be stored to be used in the months where the water availability is less 

than the demand. The optimum size for a storage reservoir for this rainwater harvesting system is 

4 900 L. However, a 5 000 L vertical JoJo DRWH tank was installed at the ERC (Fig. A4).  

For the large-scale solar pasteurization rainwater harvesting treatment system, Crest Africa 

designed a CREST EVT Collector, i.e. a manifold system containing 18 evacuated borosilicate 

tubes. A 1500 L storage tank was then installed alongside the system in order to capture the 

treated water (> 75 °C) from the manifold system (thermal release valve opens at 75 °C) (Fig. A4).  
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Fig. A4. A schematic diagram of the top and side profile of the large-scale rainwater harvesting 

solar pasteurization treatment system constructed at Site 3 with pictures of the system after 

installation. 

A total cost analysis for the installation of the large-scale solar pasteurization rainwater harvesting 

treatment system at Site 3 is outlined in Table A3.  

Table A3: Cost analysis for the installation of the large-scale treatment system at Site 3. 

ITEM PRICE 

Site clearance and levelling R 200 

Labour R 2 067 

Operational Costs* R 2 100 

Construct new concrete plinth on compacted base R 1 664 

5 000 L vertical DRWH tank R 3 428 

1 500 L vertical DRWH tank R 1 463 

Tank adaptors for connection to solar geyser R 1 000 

Collector – 18 Evacuated tubes including manifold and stand R 7 950 

Thermostatic solar release valve R 1 000 

Commissioning the system R 2 500 

Total (excluding VAT) R 23 372 

VAT R 3 272 

Total (including VAT) R 26 644 

* Sand/gravel sourcing and delivery, transport/fuel, tool hire  
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3. Monitoring the rainwater and municipal water usage by the households utilising the 

solar pasteurization treatment systems 

In order to monitor the water usage for each of the ten participating households, a co-researcher 

on the project located in Enkanini was provided with a log book for each site. The co-researcher 

visited the participating households every Friday of the trial period (September 2015 to September 

2016) and posed the following two questions (answers recorded in the log books): 

1. How much water was collected from the solar systems per day (how many times per day 

using the 20 L water container provided)?  

2. How much water did you collect from the standpipe/municipal tap systems per day (how 

many times using another container)? 

The answers were recorded directly into the log books and a summary of the results are 

represented in Tables A4 (Site 1), A5 (Site 2) and A6 (Site 3). It is important to note that the 

volumes presented in each table per site, represent an estimation based on verbal responses 

provided by participants in each household. A workshop was conducted in September 2015, in 

Enkanini informal settlement and representatives from each of the ten participating households 

attended. The aim of the workshop was to inform the end users about the concept of rainwater 

harvesting, the general quality of rainwater and how the solar pasteurization systems function and 

should be maintained (WRC Report Project No. K5/2368//3, 2016).  

3.1 Small-scale solar pasteurization systems (Sites 1 and 2) 

In total three households had access to the small-scale solar pasteurization rainwater treatment 

system installed at Site 1. For ease of analysis, the households were designated and identified 

using the codes House 1 (5 residents), House 2 (3 residents) and House 3 (3 residents). During 

the first week, after the workshop (September 2015) had been presented in Enkanini, the three 

households using the small-scale solar pasteurization system located at Site 1 (House 1, 2 and 3) 

used 100, 90 and 80 L of pasteurized tank water, respectively (Table A4). This volume then 

increased to 190, 180 and 170 L during the following week, with a mean volume of 165, 145 and 

135 L of pasteurized tank water utilised by the three households per week, respectively, during the 

first month of implementation (September 2015). 

However, at Site 1 during October 2015, the research team noted that pressure was building up in 

the solar pasteurization system and that tank water was not effectively flowing from the rainwater 

harvesting tank into the pasteurization system (Table A4). After the problem had been addressed, 

monitoring of the water usage continued from the end of November 2015 until 11 January 2016, 

whereafter it was reported that the rainwater harvesting tank was empty [summer period in the 

Western Cape with limited rainfall (33.6 mm total rainfall) recorded during this period].   
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Table A4: Weekly rainwater (pasteurized tank water) and municipal tap water usage by each of the three households utilising the small-scale system 

located at Site 1 during September 2015 to September 2016. 

Date 

Weekly Rainwater Usage (L) 
Weekly Tap Water Usage 

(L) 

 

Date 

Weekly Rainwater 
Usage(L) 

Weekly Tap Water Usage 
(L) 

House 
1 

House 
2 

House 
3 

House 
1 

House 
2 

House 
3 

House 
1 

House 
2 

House 
3 

House 
1 

House 
2 

House 
3 

07-Sep-15 100 90 80 180 180 120 04-Apr-16 30 15 20 75 180 175 

14-Sep-15 190 180 170 240 220 140 11-Apr-16 75 35 90 175 200 350 

21-Sep-15 200 180 160 200 220 140 18-Apr-16 50 30 55 225 240 375 

28-Sep-15 170 130 130 220 220 200 25-Apr-16 25 20 20 350 280 350 

05-Oct-15 

System not working efficiently, 
pressure release pipe inserted 

and system lowered 

160 280 140 02-May-16 Insufficient volume of water 
produced by solar 

pasteurization system 

275 300 225 

12-Oct-15 240 380 320 09-May-16 375 300 325 

19-Oct-15 200 300 280 16-May-16 275 280 400 

26-Oct-15 220 350 300 23-May-16 

Solar pasteurization system 
closed to enable research 

team to monitor pasteurized 
tank water quality 

350 400 350 

02 to 23-
Nov-2015 

Co-researcher unable to monitor the water usage during this 
time period as he was involved in a car accident 

30-May-16 350 300 350 

06-Jun-16 350 320 400 

30-Nov-15 140 120 140 200 300 275 13-Jun-16 450 300 450 

07-Dec-15 65 85 140 250 380 200 20-Jun-16 350 320 525 

14-Dec-15 55 50 120 225 180 275 27-Jun-16 575 340 525 

21-Dec-15 80 50 120 250 180 250 04-Jul-16 450 300 425 

28-Dec-15 15 50 60 200 180 250 11-Jul-16 450 300 425 

04-Jan-16 55 35 55 250 200 250 18-Jul-16 400 360 425 

11-Jan-16 Borosilicate glass tube broken 300 280 325 25-Jul-16 400 575 700 

18-Jan to 28-
Mar-2016 

Rainwater harvesting tank empty (January) 
Stellenbosch rainfall season only starts end of March 

01-Aug-16 380 550 550 

08-Aug-16 380 625 425 

15-Aug-16 540 700 550 

22-Aug-16 340 575 375 

29-Aug-16 380 550 425 

05-Sep-16 240 400 325 
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As expected, the solar pasteurized tank water usage decreased during the “dry months” of 

November 2015 to January 2016. From the end of November 2015 until the end of December 

2015, a mean volume of 71, 71 and 116 L of pasteurized tank water was subsequently utilised per 

week by the households located at House 1, 2 and 3, respectively. Moreover, during the week 

before the primary rainwater tank was completely empty (first week of January 2016), the weekly 

pasteurized tank water usage for House 1, 2 and 3 decreased even further to 55, 35 and 55 L, 

respectively (Table A4). 

The pasteurized rainwater usage by each of the three households was then monitored from April 

2016, as the rainfall period started during March 2016 (30.4 mm total rainfall recorded during 

March 2016). However, as Site 1 has the smallest rainwater harvesting system with regard to the 

rainwater harvesting tank size (2 500 L) and the size of the catchment area (15.27 m2), the volume 

of harvested rainwater could not sufficiently meet the demands of the households, as only 49.2 mm 

rainfall was recorded for April 2016. During April 2016, House 1, 2 and 3 used a mean of 45, 25 

and 46 L of pasteurized tank water, respectively on a weekly basis.  

The overall pasteurized tank water usage decreased even further during the month of May 2016, 

as low rainfall (21.3 mm total rainfall) was experienced during this time period and the households 

reported that an insufficient volume of water was being produced by the system for all their 

domestic needs. Moreover, as soon as pasteurized rainwater was available in the solar system, 

the households utilised the water and subsequently emptied the 125 L storage tank. Subsequently, 

an insufficient volume of water was being produced by the solar pasteurization system for the 

research team to finish their analysis on the quality of the pasteurized tank water. 

When comparing the pasteurized tank water usage to the tap water usage at Site 1, an increase in 

tap water usage was observed during the months when less pasteurized rainwater was available 

[October 2015 (pressure release pipe needed to be inserted into the system), December 2015 to 

January 2016 (rainwater harvesting tank started to empty and borosilicate glass tube broke), June 

2016 to September 2016 (solar pasteurization system closed)]. From September 2015 to October 

2015, the households located at House 1, 2 and 3 then reported using a mean of 208, 270 and 

205 L tap water per week, respectively. The mean volume of tap water utilised per week from the 

last week of November 2015 to January 2016 was recorded as 240, 243 and 261 L, respectively. 

When the monitoring of the water usage continued during April 2016 (after the rainfall season had 

started), the households’ mean tap water usage per week for April to May 2016 was recorded as 

250, 254 and 314 L, respectively. As indicated, during May 2016 the solar pasteurization system 

was locked as the households reported that the rainwater harvesting tank and subsequently the 

125 L solar pasteurization storage tank were being drained rapidly after a low rainfall event. Thus 

an increase in the households’ tap water usage was observed from May 2016 to September 2016 
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and the households’ mean tap water usage increased to 385, 410 and 430 L, respectively 

(Table A4).  

As warm pasteurized tank water is collected from the solar pasteurization system, the residents in 

the participating households communicated with the research team that the water was primarily 

used for bathing, laundry and general house cleaning activities. Since the water was already hot, 

less paraffin/gas was being used by the households as they would normally first heat municipal tap 

water to perform some of these tasks (personal communication). Analysis of the results also 

indicated that proximity to the solar pasteurization system influenced the usage of pasteurized tank 

water. For example, the household of House 3 was located closest to the system and subsequently 

used the greatest volume of pasteurized water, when compared to households of House 1 and 2, 

which were located approximately 15 metres from Site 1. 

In total three households had access to the small-scale solar pasteurization rainwater treatment 

system installed at the local church (Site 2). For ease of analysis, each household was designated 

and identified by the codes Church 1 (1 resident), Church 2 (4 residents) and Church 3 

(4 residents). During the first week of September 2015, after the workshop had been presented, 

90, 60 and 65 L of pasteurized tank water was utilised by the residents of Church 1, 2 and 3, 

respectively. As noted for Site 1, this volume increased during the second week, with 160, 130 and 

120 L of pasteurized tank water being used, respectively (Table A5).  

On average during the first two months (September to October 2015) 108, 114 and 123 L of 

pasteurized tank water was being used by each household per week (Church 1, 2 and 3), 

respectively. As the rainwater harvesting tank (5 000 L) and catchment system (55.9 m2) utilised at 

Site 2 are larger than the tank and roof surface area at Site 1 (2 500 L and 15.27 m2), an increased 

volume of pasteurized tank water was available during the dry months (November 2015 to January 

2016 - 33.6 mm total rainfall). 

From the last week of November 2015 (co-researcher was in a car accident and no data was 

collected for the first three weeks of November 2015) to December 2015, the mean pasteurized 

rainwater utilised per week by each of the three households at Site 2 was recorded as 87, 110 and 

130 L (Church 1, 2 and 3), respectively. However, on the 21st of December 2015 it was reported by 

one of the participating households (Site 2) that the tap connected to the solar pasteurization 

system was not functioning optimally. The tap was subsequently replaced. 

When the water usage monitoring commenced in April 2016, the mean pasteurized rainwater 

usage for each of the three households (Church 1, 2 and 3) was reported as 43, 36 and 46 L per 

week, respectively (April 2016 to June 2016 – 153 mm total rainfall).  
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Table A5: Weekly rainwater (pasteurized tank water) and municipal tap water usage by each of the three households utilising the small-scale system 

located at Site 2 during September 2015 to September 2016. 

Date 

Weekly Rainwater Usage (L) 
Weekly Tap Water Usage 

(L) 

 

Date 

Weekly Rainwater Usage (L) Weekly Tap Water Usage (L) 

Church 
1 

Church 
2 

Church 
3 

Church 
1 

Church 
2 

Church 
3 

Church 
1 

Church 
2 

Church 
3 

Church 
1 

Church 
2 

Church 
3 

07-Sep-15 90 60 65 0 220 220 04-Apr-16 15 20 20 0 180 125 

14-Sep-15 160 130 120 0 160 440 11-Apr-16 100 45 80 0 240 325 

21-Sep-15 140 160 140 0 140 200 18-Apr-16 60 50 30 0 280 300 

28-Sep-15 100 160 140 60 240 260 25-Apr-16 75 75 80 0 380 325 

05-Oct-15 100 120 140 0 220 220 02-May-16 50 60 70 0 300 400 

12-Oct-15 60 60 80 200 240 280 09-May-16 35 40 55 0 280 375 

19-Oct-15 80 130 160 0 280 140 16-May-16 60 15 35 0 400 425 

26-Oct-15 130 90 140 0 140 140 23-May-16 25 40 40 0 340 500 

02 to 23-
Nov-2015 

Co-researcher unable to monitor the water usage during this 
time period as he was involved in a car accident 

30-May-16 30 10 40 0 400 350 

06-Jun-16 20 25 30 0 320 400 

30-Nov-15 60 90 180 0 200 180 13-Jun-16 5 15 25 0 300 500 

07-Dec-15 120 150 80 0 220 300 20-Jun-16 Borosilicate glass tube broken 0 360 555 

14-Dec-15 80 90 Holiday 0 140 220 27-Jun-16 0 0 0 0 360 400 

21-Dec-15 
Outlet tap of solar 

pasteurization system faulty. 
Water level in rainwater tank 

very low 

0 140 220 04-Jul-16 30 40 30 0 380 350 

28-Dec-15 0 130 260 11-Jul-16 75 60 40 0 340 450 

04-Jan-16 0 220 220 18-Jul-16 50 45 65 0 360 475 

11-Jan-16 0 80 100 25-Jul-16 70 40 70 0 220 575 

18-Jan to 28-
Mar-2016 

Rainwater harvesting tank empty (January) 
Stellenbosch rainfall season only starts end of March 

01-Aug-16 70 70 65 0 200 625 

08-Aug-16 65 30 70 0 200 600 

15-Aug-16 70 50 60 65 260 525 

22-Aug-16 65 35 60 80 220 575 

29-Aug-16 50 30 55 80 260 575 

05-Sep-16 40 25 25 50 100 425 
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During June 2016, a borosilicate glass tube of the solar pasteurization system was damaged. As 

the borosilicate glass tubes enter directly into the storage tank, the pasteurization system could not 

be used during this time period as the water would flow directly out of the broken tube. The system 

was thus closed until the tube was replaced later that week. Following the replacement of the 

borosilicate glass tube, the mean volume of pasteurized tank water utilised per household (Church 

1, 2 and 3) per week until September 2016 was 59, 43 and 54 L, respectively (Table A5), with 

159 mm of total rainfall being recorded for July to September 2016. 

The corresponding mean tap water usage per week by each of the three households located at 

Site 2, from September 2015 to October 2015 was then recorded as 33, 205 and 238 L (Church 1, 

2 and 3), respectively. From November 2015 to January 2016 (low to no rainfall – 33.6 mm total 

rainfall) the mean tap water usage recorded per week for the Church 1, 2 and 3 households was 0, 

161 and 214 L, respectively. When the water usage monitoring commenced during April 2016, the 

respective households’ mean tap water usage per week for April 2016 to May 2016 (medium 

rainfall – 70.5 mm rainfall) was recorded as 0, 311 and 347 L, respectively. During the high rainfall 

period (June 2016 to September 2016 – 240 mm total rainfall), the mean tap water usage recorded 

per week per household (Church 1, 2 and 3) was 20, 277 and 502 L, respectively. 

Interestingly, the household designated as “Church 1” predominantly used pasteurized tank water 

during the monitoring period (September 2015 to September 2016). One occupant currently 

resides in this participating household and as indicated he only used municipal tap water from 

September 2015 to October 2015 and then again during August 2016 (Table A5). Upon further 

investigation, the co-researcher informed the research team that during this time period the 

resident at Church 1 was occasionally using approximately 10 to 15 L of municipal tap water per 

week from the water supply being collected by the Church 3 household. However, as with Site 1, 

proximity to the solar pasteurization system influenced the usage of the pasteurized tank water, as 

Church 1 and Church 3 were located closest to the system and subsequently used the greatest 

volume of pasteurized water, in comparison to the household at Church 2, which was located 

approximately 30 m from the system located at Site 2. 

3.2 Large-scale solar pasteurization system (Site 3) 

The tank water and tap water usage for each of the four households using the large-scale solar 

pasteurization system located at Site 3, were also monitored. In total four households have access 

to the large-scale solar pasteurization rainwater treatment system installed at the ERC (Site 3). For 

ease of analysis, each household was designated and identified by the codes ERC 1 (4 residents), 

ERC 2 (4 residents), ERC 3 (3 residents) and ERC 4 (3 residents). During the first week of 

September 2015, after the workshop had been presented, 80, 100, 100 and 80 L of stored 

pasteurized tank water was utilised by the residents of ERC 1, 2, 3 and 4, respectively (Table A6). 
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As was noted for Sites 1 and 2, this volume increased during the second week, with 150, 180, 140 

and 120 L of stored pasteurized tank water being used by the respective households (ERC 1, 2, 3 

and 4). Overall a decrease in pasteurized tank water usage was observed during October 2015 in 

comparison to September 2015, as the mean weekly pasteurized tank water usage for each of the 

four households decreased from 143 to 128 L (ERC 1), 135 to 105 L (ERC 2), 125 to 118 L (ERC 

3) and 120 to 68 L (ERC 4), respectively. From the last week of November 2015 to January 2016, 

ERC 1 and ERC 2 used a mean volume of 137 and 129 L of stored pasteurized tank water per 

week, while limited water usage was recorded for the ERC 3 and 4 households, since the residents 

were not in Enkanini during that time period (Table A6). As the rainwater harvesting tank (5 000 L) 

and catchment system (88.5 m2) utilised at Site 3 is the largest of the three systems, pasteurized 

tank water was available during the “dry months”, which are characterised by low to no rainfall 

(November 2015 to February 2016 – 62.7 mm total rainfall recorded during this period). 

Subsequently the rainwater harvesting tank only ran dry during the beginning of March 2016, when 

it was reported that an insufficient volume of water was available in the 1 500 L storage tank. 

Monitoring of tank water usage then continued from April 2016, after the rainfall season had 

commenced during the latter part of March 2016. During April 2016, the four households reported 

using a mean volume of 165, 120, 118 and 93 L stored pasteurized tank water per week (49.2 mm 

total rainfall recorded). At the start of May 2016 the ERC 3 household permanently relocated from 

Enkanini and thus no water usage information is available for this household from the 2nd of May 

2016 until the end of the monitoring period (September 2016). During May 2016 (21.3 mm total 

rainfall), the mean pasteurized tank water utilised per week by each of the three remaining 

households (ERC 1, 2 and 4) decreased to 54, 72 and 24 L, respectively. 

During June 2016, sporadic use of the stored pasteurized tank water was being reported. The 

research team then liaised with the participating households at Site 3, who articulated that during 

the winter months, the stored pasteurized tank water was too cold (3 to 4 °C) to use for daily 

domestic activities, including bathing. Additionally, as a result of poor weather conditions (cloudy 

overcast conditions), less pasteurized water was being produced by the solar manifold system in 

comparison to that which was normally being produced during the summer months. The 

households that utilise the large-scale solar pasteurization system also indicated that they would 

utilise the system more frequently if hot water was supplied to the households (similar to that which 

was being supplied by the small-scale solar pasteurization systems), as hot water could be used 

for domestic purposes. These factors then contributed to the decrease in rainwater usage by the 

households during the winter months. Future studies should therefore focus on designing a storage 

tank that is insulated and is able to keep the pasteurized rainwater warm throughout the day. 
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Table A6: Weekly rainwater (pasteurized tank water) and municipal tap water usage by each of the four households utilising the large-scale system 

located at Site 3 during September 2015 to September 2016. 

Date 

Weekly Rainwater Usage 
(L) 

Weekly Tap Water Usage 
(L) 

 

Date 

Weekly Rainwater Usage (L) 
Weekly Tap Water Usage 

(L) 

ERC 
1 

ERC 
2 

ERC 
3 

ERC 
4 

ERC 
1 

ERC 
2 

ERC 
3 

ERC 
4 

ERC 
1 

ERC 
2 

ERC 
3 

ERC 4 
ERC 

1 
ERC 

2 
ERC 

3 
ERC 

4 

07-Sep-15 80 100 100 80 200 160 160 90 04-Apr-16 140 60 130 130 300 175 175 70 

14-Sep-15 150 180 140 120 275 200 280 120 11-Apr-16 160 80 90 30 325 300 300 90 

21-Sep-15 140 120 120 140 250 200 200 90 18-Apr-16 120 110 40 0 350 250 250 150 

28-Sep-15 200 140 140 140 270 220 200 170 25-Apr-16 240 230 210 210 350 175 175 80 

05-Oct-15 180 90 80 40 165 140 220 140 02-May-16 90 150 

P
e
rm

a
n
e

n
tl
y
 r

e
lo

c
a
te

d
 f
ro

m
 E

n
k
a
n
in

i 

70 350 160 

P
e
rm

a
n
e

n
tl
y
 r

e
lo

c
a
te

d
 f
ro

m
 E

n
k
a
n
in

i 

80 

12-Oct-15 80 110 110 80 175 320 200 310 09-May-16 60 70 50 450 180 110 

19-Oct-15 110 60 140 70 245 160 280 100 16-May-16 0 0 0 450 300 80 

26-Oct-15 140 160 140 80 250 140 140 70 23-May-16 0 0 0 480 340 140 

02 to 23-
Nov-2015 

Co-researcher unable to monitor the water usage during 
this time period as he was involved in a car accident 

30-May-16 120 140 0 400 280 150 

06-Jun-16 

Sporadic use 
of stored 

pasteurized 
tank water 
reported 

Sporadic 
use of 
stored 

pasteurized 
tank water 
reported 

400 320 100 

30-Nov-15 200 160 220 80 200 160 200 70 13-Jun-16 550 320 110 

07-Dec-15 140 140 80 70 425 200 140 125 20-Jun-16 425 280 120 

14-Dec-15 140 140 

H
o
lid

a
y
 

50 200 140 
H

o
lid

a
y
 

70 27-Jun-16 525 340 100 

21-Dec-15 140 140 

H
o
lid

a
y
 250 160 

H
o
lid

a
y
 04-Jul-16 550 300 140 

28-Dec-15 140 110 250 140 11-Jul-16 550 280 80 

04-Jan-16 140 150 350 140 18-Jul-16 525 280 110 

11-Jan-16 60 60 100 60 25-Jul-16 10 80 20 625 480 80 

18-Jan to 
28-Mar-

2016 

Rainwater harvesting tank empty (March) 
Stellenbosch rainfall season only starts end of March 

01-Aug-16 20 100 30 575 380 110 

08-Aug-16 40 110 0 650 340 130 

15-Aug-16 Sporadic use 
of stored 

pasteurized 
tank water 
reported 

Sporadic 
use of 
stored 

pasteurized 
tank water 
reported 

675 400 140 

22-Aug-16 675 320 100 

29-Aug-16 675 420 170 

05-Sep-16 450 260 160 

 

Stellenbosch University  https://scholar.sun.ac.za

Stellenbosch University  https://scholar.sun.ac.za



205 
 

The mean tap water usage per week recorded for September 2015 to October 2015 for each of 

the four households (ERC 1, 2, 3 and 4) was 229, 193, 210 and 136 L, respectively. From the 

end of November 2015 to January 2016, ERC 1 and ERC 2 used a mean of 253 and 143 L tap 

water per week, respectively. The ERC 3 and 4 households each used a mean of 170 and 88 L 

of tap water respectively, in the weeks before leaving on holiday. Monitoring of the tap water 

usage then continued from April 2016. During April 2016, the 4 households reported using a 

mean of 331, 225, 225 and 98 L tap water per week, respectively. As previously indicated, the 

ERC 3 household permanently relocated away from Enkanini and thus no tap water usage data 

from April 2016 is available for this household. For May 2016, the mean tap water usage for 

each of the three remaining households (ERC 1, 2 and 4) was recorded as 426, 252 and 112 L, 

respectively. From June 2016 to September 2016, the mean weekly tap water usage by each of 

the three remaining households increased to 561, 337 and 118 L, respectively. 
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Table B1: Results obtained during the conventional PCR analysis of the unpasteurized (n = 8) and pasteurized (n = 8) tank water 

samples collected from Site 1 for the detection of indigenous rainwater pathogens. 

Organism 
U

n
p
a

s
te

u
ri
z
e

d
 

5
2
°C

 

P
a

s
te

u
ri
z
e

d
 5

2
°C

 

U
n

p
a

s
te

u
ri
z
e

d
 

6
0
°C

 

P
a

s
te

u
ri
z
e

d
 6

0
°C

 

U
n

p
a

s
te

u
ri
z
e

d
 

6
7
°C

 

P
a

s
te

u
ri
z
e

d
 6

7
°C

 

U
n

p
a

s
te

u
ri
z
e

d
 

7
2
°C

 

P
a

s
te

u
ri
z
e

d
 7

2
°C

 

U
n

p
a

s
te

u
ri
z
e

d
 

7
3
°C

 

P
a

s
te

u
ri
z
e

d
 7

3
°C

 

U
n

p
a

s
te

u
ri
z
e

d
 

7
5
°C

 

P
a

s
te

u
ri
z
e

d
 7

5
°C

 

U
n

p
a

s
te

u
ri
z
e

d
 

7
5
°C

 

P
a

s
te

u
ri
z
e

d
 7

5
°C

 

U
n

p
a

s
te

u
ri
z
e

d
 

8
5
°C

 

P
a

s
te

u
ri
z
e

d
 8

5
°C

 

Aeromonas 
spp. 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Bacillus spp. 0 0 1 1 0 0 0 0 0 0 0 0 0 0 1 0 

Klebsiella spp. 0 0 1 0 1 0 1 1 1 1 1 0 1 0 0 0 

Legionella spp. 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 

Pseudomonas 
spp. 

0 0 1 1 1 0 1 1 1 0 1 1 1 0 1 0 

Salmonella 
spp. 

0 0 1 0 0 0 0 0 1 0 1 0 1 0 0 0 

Serratia spp. 1 1 1 0 1 1 1 1 0 0 0 0 0 0 1 0 

Shigella spp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Staphylococcus 
spp. 

1 1 1 0 1 0 1 1 1 1 1 1 1 0 0 0 

Streptomyces 
spp. 

0 0 1 1 0 0 1 1 1 0 1 0 1 0 1 0 

Yersinia spp. 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 

Adenovirus 0 0 1 0 1 0 0 0 0 0 1 0 0 0 0 0 

* 0 = absent/ 1 = present
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Table B2: Results obtained during the conventional PCR analysis of the unpasteurized 

(n = 3) and pasteurized (n = 3) tank water samples collected from Site 2 for the 

detection of indigenous rainwater pathogens. 

Organism 

U
n

p
a

s
te

u
ri
z
e

d
 

5
3
°C

 

P
a

s
te

u
ri
z
e

d
 5

3
°C

 

U
n

p
a

s
te

u
ri
z
e

d
 

5
8
°C

 

P
a

s
te

u
ri
z
e

d
 5

8
°C

 

U
n

p
a

s
te

u
ri
z
e

d
 

6
6
°C

 

P
a

s
te

u
ri
z
e

d
 6

6
°C

 

Aeromonas spp. 0 0 0 0 0 0 

Bacillus spp. 0 0 0 0 0 0 

Klebsiella spp. 0 0 0 0 1 0 

Legionella spp. 1 1 1 1 1 1 

Pseudomonas spp. 1 1 1 1 1 1 

Salmonella spp. 1 1 1 1 1 1 

Serratia spp. 0 0 0 0 0 0 

Shigella spp. 0 0 0 0 0 0 

Staphylococcus spp. 1 1 1 0 1 1 

Streptomyces spp. 1 1 1 1 1 0 

Yersinia spp. 0 0 0 0 0 0 

Adenovirus 0 0 1 1 0 0 

* 0 = absent/ 1 = present
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Table B3: Results obtained during the conventional PCR analysis of the unpasteurized (n = 6) and stored pasteurized (n = 6) tank water 

samples collected from Site 3 for the detection of indigenous rainwater pathogens. 

Organism 

U
n

p
a

s
te

u
ri
z
e

d
 (

5
5
°C

) 

S
to

re
d

 P
a

s
te

u
ri
z
e

d
 

(5
5
°C

) 

U
n

p
a

s
te

u
ri
z
e

d
 (

6
1
°C

) 

S
to

re
d

 P
a

s
te

u
ri
z
e

d
 

(6
1
°C

) 

U
n

p
a

s
te

u
ri
z
e

d
 (

6
6
°C

) 

S
to

re
d

 P
a

s
te

u
ri
z
e

d
 

(6
6
°C

) 

U
n

p
a

s
te

u
ri
z
e

d
 (

7
1
°C

) 

S
to

re
d

 P
a

s
te

u
ri
z
e

d
 

(7
1
°C

) 

U
n

p
a

s
te

u
ri
z
e

d
 (

7
2
°C

) 

S
to

re
d

 P
a

s
te

u
ri
z
e

d
 

(7
2
°C

) 

U
n

p
a

s
te

u
ri
z
e

d
 (

7
9
°C

) 

S
to

re
d

 P
a

s
te

u
ri
z
e

d
 

(7
9
°C

) 

Aeromonas spp. 0 0 0 0 0 0 0 0 0 0 0 0 

Bacillus spp. 1 0 0 1 0 1 1 0 1 0 0 1 

Klebsiella spp. 1 1 0 0 1 1 1 0 1 0 1 1 

Legionella spp. 1 1 0 1 1 1 1 1 1 1 1 1 

Pseudomonas spp. 0 0 1 0 1 1 1 0 0 0 1 1 

Salmonella spp. 1 0 0 0 0 0 1 0 0 0 0 1 

Serratia spp. 1 1 0 1 1 1 0 0 1 0 1 1 

Shigella spp. 0 0 0 0 0 0 0 0 0 0 0 0 

Staphylococcus 
spp. 

1 1 0 1 1 1 1 1 1 1 1 1 

Streptomyces spp. 0 0 0 0 0 1 0 0 0 0 1 1 

Yersinia spp. 0 0 0 0 0 0 0 0 0 0 0 0 

Adenovirus 0 1 0 0 0 1 0 0 1 0 0 1 

* 0 = absent/ 1 = present 
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