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Abstract 
About 26 % of the urban population in Africa live in small towns, and about 51 % of the total 
population (29.67 million) in Mozambique live in small towns. Small water supply systems 
face the technical and managerial problems due to the lack of capacity of plant operators to 
properly operate (e.g. calculation of chlorine dosage) and monitor (e.g. indicators and 
pathogens) their plants. This is exacerbated by the lack of basic equipment for water quality 
monitoring. In addition to these setbacks, small water systems are operated intermittently. This 
means that, during the periods of no supply, pathogens may enter the water distribution network 
as water is being transported after treatment. 

The aim of this study was to assess the occurrence of pathogens (Salmonella, V. cholerae, 
Campylobacter spp.) and indicator bacteria (E. coli and Extended Spectrum Beta-Lactamase E. 
coli ESBL) in drinking water systems in small towns located in Mozambique. In order to 
achieve this aim, microbial and physico-chemical analyses were done on water samples 
collected from the inlet and outlet of the water treatment plant, the distribution center which is 
located about 12 km from the outlet of the treatment plant, water tower, as well as seven 
household taps. This study focused on the water quality at different points in the water treatment 
and distribution chain, the effect of distance on recontamination, and emergence of pathogens 
which were not present in the source. 

Microbial analyses were performed using the culture methods to investigate E. coli, ESBL, 
Salmonella, V. cholerae, and Campylobacter. E. coli was the only parameter to be counted on 
chromogenic media directly. For Salmonella, ESBL, V. cholerae and Campylobacter 
presumptive positive colonies were confirmed using the polymerase chain reaction (PCR). In 
all samples physiochemical parameters were monitored, namely free chlorine, total chlorine, 
turbidity, pH, temperature and conductivity. 

E. coli counts ranged from 0 CFU/100 mL to 4610 CFU/100 mL with the highest count recorded 
at the distribution centre. The presence of E. coli was identified in 87.8 % of the total number 
of samples (n= 41) analysed, 77.8 % out of the 87.8 % positive samples were samples taken 
from the household taps. Seventeen percent of the total number of samples (n = 40) analysed 
for ESBL, the indicator for antimicrobial resistance, were positive and these included one 
sample taken at the distribution centre and one sample taken at tap 3. ESBL counts ranged from 
0 CFU/100 mL to 600 CFU/100 mL. Out of the total number of samples (n = 28) analysed for 
Campylobacter, 46.4 % were positive of which 38.5 % occurred at the household taps. The 
occurrence of Salmonella was present in 25 % of the total number of samples (n = 40) analysed 
and 30 % out of the positive samples occurred at the household taps. V. cholerae occurred in 
30 % of the total number of samples (n = 40) analysed out of which 25 % occurred at the 
household taps. 

In conclusion, all target pathogens were identified in the sampled water. Also, distance did not 
have an influence on recontamination in the distribution system in this study. The inlet was the 
most contaminated sampling point and had the presence of all the pathogens however for one 
sampling period, ESBL was not identified in the inlet but was identified in the distribution 
centre. 
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In this study, faecal indicators didn’t always have a direct correlation with the occurrence of 
pathogens. It will thus be beneficial for water suppliers with the help of public health 
surveillance agencies to not only depend on the analysis of the indicator pathogens to determine 
water quality but to analyse the other pathogens regularly. 

50% of the presumptive positive colonies from culture methods was confirmed by PCR 
confirmation tests. Carrying out only the culture method is a challenge in small scale water 
suppliers due to the limited resources however the national surveillance agencies could help to 
monitor the quality of the water using both methods to monitor pathogens that have impacts on 
public health as they usually have access to more resources. 

Cholera is endemic in Mozambique where outbreaks are experienced yearly. Considering that, 
the results of this study showed the presence of V. cholera in some household taps it is very 
essential for public health officials and surveillance agencies to help small scale water suppliers 
to monitor these pathogens in a more active manner rather than a reactive manner so that the 
health of consumers will be protected. 
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 Introduction 

1.1 Background 

Water supply and sanitation are vital for the well-being of humans (WHO, 2013). Global 
drinking water coverage has increased over the years; however, Sub-Saharan Africa still 
remains at the bottom amongst the Sustainable Development Goals (SDG) regions. SDG 6 in 
particular aims to achieve safe and affordable drinking water for all by 2030, but in 2017, 144 
million people globally did not have access to safe drinking water but used surface water which 
had not gone through any treatment as their primary water source (UNICEF and WHO, 2019b). 
In total, about 27% (325 million) of the population in Sub-Saharan Africa have the opportunity 
to enjoy safely managed water systems (UNICEF and WHO, 2019a, UNICEF and WHO, 
2019b). According to UNICEF and WHO (2019b), over 800 million people lack basic water 
services and improved accessibility. Therefore a systematic and well-structured system, such 
as adequate infrastructure, good sanitation facilities and proper hygiene are needed to protect 
and restore water-associated ecosystems especially rivers (UNICEF and WHO, 2019b). 

Access to safe water supply is not reliable in developing countries and pathogens are very 
common in drinking water systems (Cabral, 2010). 1.4 million Deaths were attributed to 
diarrhoea in 2016. Insufficient water resulted in 486,000 of these deaths. 297,000 out of 477,000 
deaths in children below the age of  5years were attributed to insufficient Water Sanitation and 
Hygiene (WASH) in 2016 (Prüss-Ustün, et al., 2019). According to Fenwick (2006), over 1.5 
million children die every year due to diseases from these pathogens in water systems. 
Pathogens such as Campylobacter jejuni, V. cholerae, Shigella spp, and enterotoxigenic E. coli 
were found to be involved in the diseases of these children. Many outbreaks have occurred 
despite the advances in drinking water treatment systems in recent years (Hrudey and Hrudey, 
2004). Disease outbreaks related with the consumption of contaminated drinking water are not 
only limited to developing countries; the United States and Europe have also experienced 
diseases related to drinking contaminated water over the years. The drinking of polluted water 
resulted in 780 disease epidemics reported by the United States Centre for Disease Control from 
1971 to 2006. In total, 577,094 people were afflicted by these disease. In Spain, 23,642 people 
were affected by 413 epidemics from 1971 to 2006.(Figueras and Borrego, 2010). Numerous 
infections are a result of protozoan pathogens, and more than 325 cases have been reported in 
Russia and Bulgaria in recent years (Barwick, et al., 2000, Karanis, et al., 2006). Unsafely 
managed water systems contribute to the prevalence of diseases such as typhoid and cholera 
that are connected to water use (Alhamlan, et al., 2015, Pritchard, et al., 2008).  

In order to provide potable drinking water to consumers, water is often treated to remove 
contaminants. Water treatment technologies are selected based on the pollutants present in the 
water (Van Dijk Hans, et al., 2006) and advancement in water quality have been attributed to 
water treatment by a vast amount of research in recent years (Liu, et al., 2013). A large 
percentage of the people in all economic levels of life have access to water for household use 
through the piped networks (Kumpel and Nelson, 2016).  After water treatment, the pipe 
networks are the final means through which treated water gets to the consumers. Despite 
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enormous effort to increase drinking water coverage and improving water quality with 
advanced treatment, water quality issues due to recontamination in distribution networks are 
still very common(Khadse, et al., 2015, Liu, et al., 2017). Most waterborne disease outbreaks 
are associated with pollution and intrusion in the distribution system (NRC, 2006). According 
to Ahsan, et al. (2017) most treatment processes deal significantly with contaminant levels, 
however, they resurface in the distribution system. About 30% of high occurrence of water 
related diseases are attributed to problems in the distribution system in the USA as well as 
Europe (Craun and Calderon, 2001, Craun, et al., 2006, Hrudey and Hrudey, 2004). 
Contaminates entering the distribution system have been increasingly attributed to be the cause 
of outbreak of water related diseases (Risebro, et al., 2007). 

Distribution networks consist of pipes, pumps, valves, storage tanks, reservoirs, fittings, 
hydraulic accessories and meters (Ainsworth, et al., 2004, Mays, 1999). Most of these 
distribution lines are put underground and they are several kilometres long and come in different 
sizes as well. (Verberk, et al., 2007, Vreeburg, 2007, WUC, 2012). Contamination can be 
caused by intrusion, low pipe pressure, backflow, resuspension of particulate matter and 
biofilms (Kumpel and Nelson, 2016, Wingender and Flemming, 2011). 

In order to provide safe drinking water to consumers, water treatment companies must ensure 
the distribution line is well maintained, has a high integrity and shields treated water from 
recontamination (Liu, et al., 2013). Moreover, drinking water companies should continuously 
monitor drinking water quality via physical, chemical and microbiological analyses 
(Vaerewijck, et al., 2005). The primary objective of microbiological analysis in drinking water 
treatment is to ensure absence of pathogenic bacteria in the finished product. Microorganisms 
disperse easily, show physiological diversity and tolerate extreme conditions. Also, they are 
pervasive, contaminates and grow fast (Theron and Cloete, 2002). Even though pathogen 
monitoring systems have been improved from cultivation, isolation and identification-based 
approaches, prevention of pathogens from entering the water system is far from over. (Edge, et 
al., 2013, Hrudey and Hrudey, 2004). In order to reduce the occurrence of the pathogens and 
water related diseases knowledge about the quality of water is important (Rahman, et al., 2011, 
Steynberg, 2002). This can be acquired by performing regular operational monitoring. The 
regular operational monitoring is an important instrument to prove water quality and control 
the process conditions. The water utilities would be able to know and rectify problems related 
to water quality as soon as possible when operational monitoring is done effectively (Peletz, et 
al., 2016). Certain water quality parameters have been recommended by WHO drinking water 
standards to be analysed regularly by water utility companies. These parameters have been said 
to be important parameters as it gives the water utility company an idea about the general water 
quality. The parameters are; pH, residual chlorine, indicator bacteria and turbidity (WHO, 
2011). 

Small water treatment plants are faced with numerous technical and management problems due 
to the ineptness of plant operators in process quality monitoring and evaluation, occurrence of 
pathogens, calculation of chlorine dosages, as well as the general lack of understanding of 
process selection (Momba, et al., 2009). Operators of water treatment plants do not have access 
to basic equipment such as pH meter, turbidity meters chlorine meter and colorimeter required 
to measure and study the quality of the water and the occurrence of the pathogens (Momba, et 
al., 2009).  Therefore, innovative research for finding the occurrence of pathogens in drinking 
water systems is key in addressing the negative challenges posed by these pathogens. To 
contribute to achieving an efficient and continuous improvement in the above-mentioned sector 
in water systems, it will be necessary to conduct novel research that seeks to characterize the 
importance and understanding of waterborne pathogen occurrence, which will ensure safe 
drinking water systems.  
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1.2 Problem Statement 

IRC (2013), defines small towns as settlements which are sufficiently dense and large to benefit 
from the economies of scale provided by piped systems but are however dispersed and too small 
to be managed efficiently by an urban conventional water utility system. They need to have a 
management arrangement which is formal. Management and ownership should have a legal 
backing and must be able to expand to meet the ever-growing water demand. Population in 
small towns are less dense compared to larger towns, hence, affecting the form of technology 
to be adopted (Mugabi and Njiru, 2006). About 26 % of the urban population in Africa reside 
in small towns. Out of this percentage West and East Africa have more than 30 % of the 
population residing in small towns whilst only 13 % of the population in Central Africa reside 
in small towns (UCLG, 2016). The percentage of people in Mozambique that live in small 
towns is about 51 % of the total population (29.67 million) (UNDP, 2020). In small towns, 
water supply systems could differ from urban-like to rural-like systems. Service levels range 
from hand pumps to piped systems to individual household connections, and could be managed 
by the state or privatized. All these types of systems may be in use independently or 
concurrently in a particular small town (Moriarty, et al., 2002) 

Studies in Sub-Sahara Africa have shown that some water utilities are putting in efforts to 
increase access and coverage however the performance is weak in general. Water supply 
companies in Africa are unable to meet the growing demand of water as well as maintaining 
the infrastructure and equipment which are aging. In most places, water is supplied less than 24 
hours in the day and most water utilities provide low level of service (van den Berg, et al., 
2017). The quality and quantity of water produced by many water treatment companies in small 
towns in  Sub Sahara Africa are not up to the standards (van den Berg, et al., 2017). These 
problems are usually a results of lack of trained water treatment plant staff. A lot of water utility 
operators in Sub Sahara Africa lack the knowledge required to operate the systems and this 
results to water quality problems  (Momba, et al., 2004). 

Many studies identified faecal contamination in distribution networks in different countries 
especially in Sub-Sahara African.  Boakye-Ansah, et al. (2016) reported a change in the water 
quality in the distribution line post treatment. The water quality at the taps had worsened 
compared to the water quality at the outlet of the treatment plant in Lilongwe. The study 
contacted in Makululu in Zambia also concluded that most of the water being used by 
inhabitants for domestic purposes was contaminated with faecal matter (Phiri, 2016). Another 
study conducted in Moamba in Mozambique concluded that the quality of the treated water 
depreciates in the distribution line (Quaye, 2018). The presence of E. coli and V. cholerae were 
identified in a studies conducted in Nkonkobe district in the Eastern Cape Province of South 
Africa. There was also a possibility of Salmonella typhyimurium in some of the water samples 
taken from Ngqele and Dyamala boreholes as part of this study (Momba, et al., 2006). In 
Isfahan, Iran, a study conducted indicated the presence of E. coli, Salmonella spp. and V. 
cholerae in tap and bottled drinking water (Momtaz, et al., 2013). Water samples analysed as a 
result of a cholera outbreak in North India showed the presence of V. cholerae and faecal 
contamination. This was due to the mixing of drinking water with sewage (Taneja, et al., 2003). 
Studies that focus on small water systems have been in other continents such as Europe and the 
Unites States but not much has been done in the Sub-Sahara Africa.  

In spite of the importance of adhering to drinking water recommendation from WHO, 
developing countries are unable to comply. This is usually due to lack of skilled personnel to 
carry out the water quality analysis, lack of money and instruments (Crocker and Bartram, 2014, 
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Rahman, et al., 2011, Steynberg, 2002). A research conducted by Crocker and Bartram (2014), 
in seven developing countries (Cambodia, Colombia, India (three states), Jordan, Peru, South 
Africa, and Uganda) showed that adequate water monitoring techniques in these countries are 
very few and hence, need to employ more advanced techniques. The implementation of good 
monitoring practices of water supplies by local authorities would help curb the spread of 
infectious water-borne diseases (Rose, et al., 2006).  

 

1.3 Research Objectives  

The aim of this study is to investigate the occurrence of pathogens (Salmonella, V. cholerae, 
Campylobacter spp.) and indicator bacteria (E. coli and Extended Spectrum Beta-Lactamase 
(ESBL) in drinking water systems in small towns located in Mozambique.  

The specific objectives are: 

- To assess microbial and physico-chemical water quality in the water treatment chain  

- To understand the influence of distance from the water treatment plant and residual 
disinfectant concentration on recontamination in the water distribution network 

- To understand which pathogens are already present in the source and which are entering 
the supply chain through the water distribution network 

 

1.4 Research Questions 

- What is the microbial and physico-chemical water quality in the Homoine water supply 
system? 

- How does distance of the water treatment plant influence recontamination in the water 
distribution network? 

- Are there any new pathogens which were not present at the source that enter through 
the water distribution system? 

 

1.5 Organization of work 

This thesis is structured in five chapters; 

- The first chapter entails the introduction, problem statement, research objectives and the 
research questions which were answered in the subsequent chapters of the research 
work. 

- The second chapter comprises of the literature review. Works from different authors 
and researchers were stated. 

- The third chapter describes the study area, the water treatment system in Homoine as 
well as the methodology which was used for this work.  

- The fourth chapter describes and discusses the results attained.  
- In the final chapter, conclusions have been drawn and recommendations have been 

made. 
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 Literature Review 

2.1 Overview of Drinking Water Quality 

Continuous access to clean drinking water is a vital basic necessity for the health and wellbeing 
of human beings (Adams, et al., 2019). In order for humans to survive, good quality water is 
required for their daily basic activities such as drinking and cooking. According to the WHO 
guidelines, safe drinking water does not cause great negative effect to health if consumed 
throughout the lifetime irrespective of the different sensitivities that happens between the stages 
of life. For domestic purposes such as cooking, drinking, and personal hygiene, water of good 
quality  is required (WHO, 2011). The WHO guidelines are meant to support the development 
and implementation of risk management strategies that will ensure the safety of drinking water 
supplies by the control of hazardous constituents of water (WHO, 2011). The guidelines have 
thus outlined minimum requirements to protect the health of consumers (WHO, 2011). In 
developed countries where these guidelines are stringent, tap water is generally seen as safe (de 
França Doria, 2010). However, the growing population as well as certain human activities is 
deteriorating the quality of water (Palaniappan, et al., 2010). In relation to health, water quality 
is one of the basic controlling factors. Approximately 80% of diseases experienced by humans 
are as a result of water (WHO and UNICEF, 2013). Several factors influence the theories and 
concepts of the quality of water. Water quality is defined depending on the intended use and it 
depends on its state considering the physical, chemical and biological aspects (Bos, 2016, 
Diersing and Nancy, 2009, Dinka, 2018). Several factors can contribute to the quality 
depending on the surrounding environment (Diersing and Nancy, 2009). To be able to identify 
the quality of water for a particular purpose, the physical, chemical and biological aspects of 
water are compared to standards (Carr and Neary, 2008). It is important to know the quality of 
water as there are numerous health implications of using poor quality water (Palaniappan, et 
al., 2010). According to Carr and Neary (2008) the chemical aspects of water include pH, 
dissolved oxygen and chlorine. These affect the physical and biological characteristics 
including the water quality and as such provide a conducive environment for microbes to thrive. 

Some parameters can also influence the changes that may occur in the water quality during 
treatment and post treatment. For example, Temperature and pH of water has an effect on the 
effectiveness of disinfection. Furthermore, pH can affect the integrity of the distribution pipes 
whiles turbidity results in the shielding effect which affects the effectiveness of the disinfection 
process. It is important to analyse free and total chlorine as it is important in maintaining the 
integrity of water in the distribution lines to prevent microbial contamination as water is 
transported to the consumers (Edzwald, 2010). 
Lastly, there are several water quality parameters that need to be considered when selecting and 
configuring treatment sequence for a given water source regardless of it being groundwater or 
surface water. They include pH, turbidity, temperature, alkalinity, colour, hardness, total 
dissolved solids, dissolved oxygen and natural organic matter (WHO, 2017c).  
pH is the negative common logarithm of the hydrogen ion activity of a solution. It is represented 
mathematically as the reciprocal of the logarithm of the hydrogen ion activity; pH= -log (H+) 
and is also referred to as “potential hydrogen”. In water it can be described as the measure of 
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the acid-base equilibrium. It is controlled by carbon dioxide, bicarbonate and carbonate 
equilibrium in natural water (WHO, 2003). Mostly, pH has no direct effect on water consumers, 
but it is one of the significant operational water treatment parameters. In order to achieve 
efficient water treatment and disinfection, careful attention must be paid to control the pH level 
at all levels of water treatment  (WHO, 2003). The pH of water has effect on the interaction of 
the constituent of the water and also the treatment process performance (Edzwald, 2010, Patil, 
et al., 2012).  It is also a major factor in determining the corrosivity of water (WHO, 2003). The 
pH affects water quality by causing corrosion in the distribution system, bitter taste and affects 
the mucous membrane. Therefore, monitoring the pH of water routinely and controlling the pH 
profile through the treatment process is very important, hence, must be controlled to decrease 
water quality impact (Edzwald, 2010, Patil, et al., 2012). According to the WHO standards, pH 
range should fall between 6.5 and 8.5 and is measured on a scale of 0–14, where a measure of 
7 is considered as neutral. Water is considered as acidic when it has a pH level lower than 7. 
(Patil, et al., 2012). pH levels higher than 7 indicates an alkaline or basic situation. Representing 
pH on a logarithmic scale means that, a change of 1.0 in the pH level implies an increase in the 
basic or acidic concentration of the water. To obtain effective disinfection, a low pH is required, 
because the disinfection ability of free chlorine decreases with increase in pH. When a chlorine-
based disinfectant is put into water, it results in the formation of hypochlorous acid (HOCL) 
which is a very effective disinfectant. The HOCL is in a state of equilibrium in water. It goes 
on to partially dissociate into H+ (hydrogen) and OCL- (hypochlorite) ions. This is shown 
below: 

CL2 + H2O → HOCL + H+ + CL-  

HOCL ⇌ OCL- + H+  
At a low pH, there is an increase in H+ ions and this shifts the above equation to the left of 
equilibrium, forming more HOCL, hence, producing a more effective disinfectant. 
Conversely, a higher pH reduces the H+ ions, thereby dissociating the HOCL, leading to a 
shift in the equation to the right, thus reducing the effectiveness of disinfection of the 
disinfectant. 
Usually the effectiveness of coagulation and flocculation is dependent on the pH of water (Cao, 
et al., 2011, Edzwald, 2010, Patil, et al., 2012). 

Turbidity is caused by suspended chemicals and biological particles and it can be said to be 
measure of the amount of particulate matter in water, e.g., clay, silt, fine organic matter or 
inorganic matter and microorganisms (Edzwald, 2010, WHO, 2017b).Turbidity describes the 
measure of the cloudiness of water due to the presence of these suspended particles. (WHO, 
2017b). Turbidity cannot cause a direct risk to consumers however; it sometimes shows the 
presence of pathogens. It is an indicator that is comparatively cheaper to measure (WHO, 
2017b). Turbidity is measured in Nephelometric Turbidity Units (NTU). For proper 
disinfection, turbidity levels in water should be at most one (1) NTU. A satisfactory removal of 
turbidity comprises of partial pathogens removal in water source since most pathogens tend to 
aggregate with particles, each other and the chemical coagulants used in the water treatment 
(Edzwald, 2010). During the treatment process high turbidity levels of more than 1-2 NTU 
reduces the efficiency of disinfection which creates a disinfectant demand. Furthermore, the 
particles may also provide absorption sites, thus hide outs for toxic substance, and shield 
pathogens and indicator organisms from disinfection where they are encased, and most times 
interfere with total coliform analysis (Edzwald, 2010). According to Kotlarz, et al. (2009), 
turbidity levels can be reduced using three (3) classification mechanisms, which includes sand 
filtration, decantation and cloth filtration. In distribution systems, increased turbidity depicts 
the detachment of biofilms and oxide scales or a possible intrusion of external sources of 
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contamination (WHO, 2017b). High levels of turbidity have been proven to be the cause of 
some gastrointestinal disorders (Mann, et al., 2007). In choosing a source to be used for water 
treatment, the turbidity of the water can be used as a basis for choosing between different 
alternatives (WHO, 2017b).  

Temperature is basically a measure of how cold or hot water is. Although temperature does 
not affect the quality of water directly, it controls the rate of most chemical reactions and it is 
measured with a thermometer (Patil, et al., 2012). According to Li, et al. (2018), warm water 
temperature promotes microbial growth, disinfectant decay and colonization of potential 
pathogens, which results in tap water quality deterioration. Furthermore, temperature remains 
one of the most important factors driving bacterial community composition. Water distribution 
systems which are exposed to high temperature levels are prone to microorganisms such as 
Legionella and Naegleria fowleri due to their ability to grow biofilms under these conditions. 
Microbiological characteristics of drinking water is affected by temperature during the 
disinfection step in the water treatment process (WHO, 2017d).  

Residual disinfectants are introduced in the final stages before water is distributed for 
consumption. Residual disinfectants are used with the main objective of preventing microbial 
contamination and biofilm development, hence, preventing opportunistic pathogens which 
would greatly affect the health of the consumers to thrive. Due to its persistent nature when put 
into water, chlorine is the commonly used disinfectant. This biofilm build ups will call for the 
use of chlorine which will lower the disinfectant levels in water. When chlorine is put into 
water, hypochlorous acid (HOCL) is formed. This then dissociates into hypochlorite (OCL-) 
and hydrogen (H+) ions. Free available chlorine is therefore measured as the overall 
concentration of the OCL- and HOCL present in the water and is expressed in mgCl2/L. This is 
the amount of chlorine present to destroy the microorganisms. It is very important to provide 
the right quantity of residual chlorine since it provides the required conditions within the 
distribution system to prevent recontamination of the microorganisms. However, the dilemma, 
according to (Gibbs, et al., 2006) is that, with low chlorine levels, there would be no residual 
chlorine in the distribution system because all would be used up. When residual chlorine levels 
are low, there is a reduction in the distribution system’s reliability with respect to its microbial 
contamination susceptibility which can impact negatively on the health of consumers. On the 
other hand, high chlorine levels pose problems with respect to taste as well as smell and cause 
corrosion in pipe materials. According to the (WHO, 2011), the level of residual chlorine at the 
point of delivery to the consumer should be 0.2mg/L.  

Intermittent Water Supply 

Intermittent water supply is a research area that has been widely covered in developing 
countries. Research works carried out on this topic vary from its prevalence to the mechanisms 
through which water quality is affected by intermittent water supply systems. One mechanism 
which is linked to deteriorating water quality in intermittent water supply systems is low 
pressure in the pipes (Kumpel and Nelson, 2014). Resuspension of the particulate matter, 
backflow and intrusion were the major facts established by Kumpel and Nelson (2014) as the 
primary mechanism that potentially contaminates the system of distribution. Charalambous and 
Laspidou (2017) also affirmed that the supply of water (in most cases) intermittently were 
designed originally to have a continuous flow of water. Galaitsi, et al. (2016) and Yepes, et al. 
(2001) also share this opinion stating that intermittent water supply systems are as a result of 
several factors such as increase in distribution network leakages, limited water resources as well 
as demand outweighing existing infrastructure. Water shortage problems are usually addressed 
using intermittent water supply where the insufficient water resource is rationed. This system 
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is used in developed and developing countries to resolve short-term scarcity of water  (Hardoy, 
et al., 2013).  

The issue of intermittent water supply is widely attributed to the lack of water resources to meet 
demand. However, studies have shown that, Bangladesh and the eastern part of India have 
abundance of water but still experience intermittent water supply (Charalambous and Laspidou, 
2017). This implies that several other factors contribute to the existence of intermittent water 
supply systems. The fast-growing rate of population is one of these factors as the ever-
increasing number of people in both developed and developing countries put pressure on the 
existing water resources (Vairavamoorthy, et al., 2008). UN (2014) reports that, population 
increase is projected to hover around 33% from 2011 to 2050. This would inevitably affect the 
already scanty water resources. Urbanization is also one factor that leads to increase in water 
demand. According to (UN, 2014), rural-urban migration is expected to increase from 3.6 
billion in 2011 to 603 billion in 2050. This causes these overpopulated urban areas to scramble 
for basic amenities which include access to portable drinking water. The pressure on these 
social amenities is often seen in intermittent water supply (Kumpel and Nelson, 2016). Lack of 
planning is also another driver of intermittent water supply. According to Charalambous and 
Laspidou (2017), planning is very essential in the quest to meet everybody’s water demands 
using limited resources. Well-structured and proper steps to manage the limited water resource 
available especially in water-scarce areas is key in addressing intermittent water supply (Collier 
and Venables, 2012). 

 

2.1.1 Microbial water quality 
The quality of water can be influenced by the presence of microorganisms such as bacteria and 
virus. Some of these microorganisms can be endemic and thus affect the health of humans. 
These microorganisms can mostly be found in water that have been polluted by human excreta. 
(Stevens, et al., 2003).  

 

2.2 Pathogen and Waterborne Diseases 

2.2.1 Waterborne Diseases 
Water is a primary necessity in the life of every living organism.  Safe, adequate and accessible 
water supply must be available to everybody. Drinking water is used in preparing food, for 
human consumption as well as other household activities. Potable drinking water is safe for 
drinking and can also be used for all domestic activities without any further treatment (Ministry 
of Health, 2017). If the access to safe drinking water is improved, it will translate into an 
improved health status of the consumer (WHO, 2008).  

Clean treated water supply may be normal in the developed countries. Conversely, in the 
developing countries, there is still a lot of people who do not yet have access to sanitation and 
clean drinking water. Many people find it very difficult to get clean drinking water. 
Contaminated water poses threats to their health and may cause diseases through the spread of 
waterborne pathogens (Alhamlan, et al., 2015). According to Alhamlan, et al. (2015), supply of 
clean water is essential in the maintenance of people’s well-being and health all over the world.  

According to Szewzyk, et al. (2000), the commonest compound on earth that is surface-exposed 
is water. Drinking water must not contain any form of organism that might pose a health hazard 
in any way to the human population (WHO, 2004). In view of this directive, water utility 
authorities are poised to ensure that, the water that gets to the consumer is safe for drinking and 
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free from any harmful organisms or substances. However, birds and animals make their homes 
around sources of water such as reservoirs, lakes and rivers. Also, human activities such as 
farming, and construction also take place around these water bodies and they may always resort 
to this water for their feeding and for drinking. Some animals and birds may even die in and 
around these sources of water. These natural occurrences including other natural processes can 
cause contamination of water at source (WHO, 2017a). The treatment done by the water 
treatment companies usually removes these pollutants that may be present in the source (Van 
Dijk Hans, et al., 2006). Moreover, in recent times the introduction of new technologies has 
resulted in the water utility companies to select source water that is in a good state. Also the 
treatment processes have been improved with new technologies (Liu, et al., 2017). In spite of 
how these new technologies help to improve the quality of the water, it is again compromised 
in the distribution networks as it is being transported (Ainsworth, et al., 2004). 

Contaminated drinking water affects human life because it may contain pathogens that can 
cause infections and sicknesses (Leclerc, et al., 2002). Waterborne diseases are disease caused 
as a result of the ingestion of polluted water where water provides conditions for the 
transmission of pathogens. Diseases that are waterborne have been a concern all over the globe. 
About 2.2 million people are estimated to die every year and a high prevalence of diseases 
which include gastrointestinal disorders, systematic illnesses and diarrhoea (Bitton, 2014). 
According to (WHO, 2015), cases of children dying as a result of these waterborne diseases are 
estimated to be around 1.4 million globally with an accompanying cost of about 1 billion US 
dollars in the United States only and about 12 billion US dollars globally.  Improving the quality 
of drinking water can decrease the global waterborne disease burden by about 4% (WHO, 
2015).  

Contamination of water bodies has been a part of everyday human activities for a very long 
time. As early as 400–500 BC, there were illustrations of water-borne diseases with the features 
of cholera.  The global record of infectious diseases which are water-borne are still at an 
acceptable level though water-borne diseases have drastically been reducing since the 1900’s. 
However, the number of outbreaks is below the actual occurrences (Leclerc, et al., 2002). 
Though in developed countries, cases of cholera have not been recorded in recent years and 
several millions of people are being infected year on year (Nelson, et al., 2009). Over the years, 
millions of deaths have been as a result of cholera in both developed and developing countries 
(WHO, 2015). 

32 waterborne disease outbreaks occurred in the United States from 2011-2012. These 
outbreaks accounted for 14 deaths, 102 hospitalization and 431 illness were recorded. During 
2013-2014, drinking water related outbreaks reported to the Centre for Diseases Control were 
42. These outbreaks resulted in 13 deaths, 124 hospitalization and 1006 cases of illness. These 
outbreaks were attributed to the condition of the pipping systems in buildings, conditions of 
water systems and untreated water from source (Beer, et al., 2015).  

Waterborne diseases such as typhoid fever which is caused by Salmonella enterica serovar 
Typhi and cholera which is a caused by V. cholerae remains to be a major threat to public health 
in developing countries. In 2010, 190,000 deaths were associated to typhoid fever worldwide 
and 13.5 million cases of typhoid fever occur annually (Buckle, et al., 2012). According to 
Buckle, et al. (2012), typhoid fever cases ranged from less than 0.1 cases to 724.6 cases per 
100,000 people in Central and Eastern Europe as well as Central Asia to 724.6 cases per 100,000 
people in Sub-Saharan Africa annually.  573 cases of typhoid fever per 100,000 people occur 
in Indonesia every year (Buckle, et al., 2012).  A study of typhoid fever conducted in five 
countries in Asia concluded that the occurrence of typhoid fever varied between the countries. 
The incidence was high in India and Pakistan and low in China and Vietnam. It was however 



 

10 
 

intermediate in Indonesia. Out of the 441,435 persons that were studied for a period of one year, 
21,874 incidences of typhoid fever were recorded. Salmonella typhi was isolated from 475 
blood cultures 57% of them were between the ages of 5-15 years (Ochiai, et al., 2008).  

Cholera epidemics still remains a public health problem in Sub-Sahara Africa, where most 
countries are endemic for the disease (Bwire, et al., 2016, Villalpando-Guzman, et al., 2000) Its 
fatality rates are usually high (Alam, et al., 2006). In February 2016, a cholera outbreak was 
recorded in Zambia after 4 years without an outbreak. A vaccination campaign was introduced 
in April 2016 (Ferreras, et al., 2018). Haiti experienced a cholera outbreak in October 2010. As 
at November 13th, 2010, 16,111 people had been hospitalized and 992 cholera deaths had been 
reported by the Haitian Ministry of Public Health and Population(CDC, 2010). 809,000 people 
had been infected and 9,670 people had died from 2010 to 2017 (Zarocostas, 2017). Cholera 
was confirmed in Iraq’s governorate, Diwaniya in August 30th, 2015 and the Ministry of Health 
(MoH) declared an outbreak in September 15th, 2015. 1,656 cases were confirmed with 
laboratory analysis by October 2015 in 15 to 18 governorates. The WHO recommended Oral 
cholera vaccines to help handle the situation (Lam, et al., 2017).  Juba, the capital of South 
Sudan recorded an outbreak in June 2015 however the entire risk population could not be 
vaccinated due to a global shortage of oral cholera vaccine (Parker, et al., 2017). 436,625 
cholera cases were recorded in Yemen in 2017 and out of these cases, 1,915 people died 
(Kennedy, et al., 2017). From January 6th, 2015 to January 15th, 2016 11,033 cases of cholera 
were reported all in 22 out of the 47 counties in Kenya. During this period, the highest peak 
was recorded in February 2015 (Githuka, 2016). Another cholera outbreak was recorded in 
Accra, Ghana in 2014 during which 1,733 people were affected and 20 people died (Dzotsi, et 
al., 2016). In Kasese District in Uganda, a cholera outbreak lasted for three months in May 
2015. It was recorded that the outbreak affected all age groups with the highest attack rates in 
children between 5-14 years and occurred in 80 villages (Kwesiga, et al., 2018).  

 

2.2.2 Overview of Waterborne Pathogens 
The risk of being infected by water-borne pathogens has increased with an increase in the level 
of contamination by pathogens. These pathogens are the cause of water-borne diseases, which 
include protozoa, bacteria and virus. Disease-producing organisms are sometimes found in the 
faecal matter of infected organisms (WHO, 2015). These pathogens either originate from a 
point source such as sewage discharge or urban water runoff, agriculture and wildlife which are 
non-point sources (Stewart, et al., 2008). Generally, any form of microbial water contamination 
is a possible health issue and must be closely monitored (Symonds, et al., 2009). 

The issue of water borne pathogen contamination and its related complications have been in 
contention due to several issues including increase in the number of sensitive people, 
globalisation, migration, modernisation of drinking water technology systems and water 
contamination (Pandey, et al., 2014). Contamination of water bodies by pathogens is an issue 
of great concern for all forms of ambient water bodies, hence very essential to recognise and 
understand (EPA, 2012). The United Nations as part of the SDGs hopes to achieve clean water 
and sanitation for all (UNICEF and WHO, 2019b).  

Generally, pathogens can be found everywhere in our surroundings and are not visible. A glass 
of water may contain millions of pathogens which may not be harmful, but this can only be 
seen through laboratory testing or through a microscope (Ministry of Health, 2017). According 
to Bitton (2014), there are about 1,407 different species of pathogens.. For the purpose of this 
study, the following pathogens will be explored and considered most. 
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2.2.3 Types of Waterborne Pathogens 
Bacteria are a type of microorganism that multiplies easily both inside and outside the body. 
All they require to survive is the conducive environment in which they thrive (Ministry of 
Health, 2017). They are generally sensitive to being inactivated by disinfecting processes.  

Some pathogens such as V. cholerae, non-tuberculous mycobacteria and Legionella are free 
living and as such, can grow in water environments. Enteric fever on the other hand does not 
grow naturally in water and also survives for shorter periods compared to protozoa or viruses 
(Knobeloch, et al., 2013). Examples of pathogenic bacteria that represent a risk for human 
health are Escherichia coli O157 (E. coli O157), Campylobacter, Shigella, V. cholerae and 
Salmonella (Knobeloch, et al., 2013). 

E. coli is part of the resident microflora of the gut of all mammals, and therefore is found in 
their faeces. Since it would be a herculean task to analyse all the pathogens that may be present 
in water, the public health community sort to establish an indicator pathogen for faecal 
contamination of water E. coli was selected as the biological pathogen indicator centuries ago 
but it is still being used (Edberg, et al., 2000). It was selected because it is found in the faeces 
of all mammals, it does not multiply greatly and most forms of E. coli are not harmful (Edberg, 
et al., 2000). However, certain strains of E. coli are pathogenic (Stromberg, et al., 2018). 

 The occurrence of E. coli has been identified in numerous drinking water supplies. 
Microbiological evaluation of drinking water sold by the roadside vendors in Delhi, India 
recorded E. coli in 61% out of the 36 water samples (Chauhan, et al., 2017). In Nkonkobe, 
South Africa, pathogenic E. coli is abundant in the drinking water sources which is mainly 
groundwater (Momba, et al., 2006). 300 drinking water samples including bottled and sachet 
water from commercial water vendors as well as water from the well was analysed in Jalingo 
Metropolis, Taraba state, Nigeria. The water from the well had the highest E. coli isolates of 15 
out of 80 samples (18.5%), commercial vendors were the next and was represented as 8 out of 
80 (10 %) then sachet water 5 out 60 (8.3). The bottle water and the boreholes didn’t have any 
E. coli (Umaru, et al., 2015). The concentrations of E. coli were all above the WHO drinking 
water guidelines as well as the Ugandan Directorate of Water Resources Management guideline 
in a study contacted in Nakaloke Sub-County, Mbale District of Uganda (Nafi’u, 2015). Three 
drinking water treatment intakes were investigated for the occurrence of waterborne pathogens 
in Lake Ontario, North America, E. coli was recorded to be below detection limits when 
Campylobacter spp, Cryptosporidium spp and Giardia spp occurred. Spikes in the 
concentration of E. coli often did not coincide with pathogen occurrence (Edge, et al., 2013). 

 E. coli O157 is one of the several serotypes or strains and is a highly virulent pathogen that 
can causes water-borne infections in humans (Knox, et al., 2007). This particular serotype can 
be transmitted from human to human, or through direct contact with infected organism, and by 
ingesting water and food that has been contaminated (Law, 2000). Waterborne infections 
resulting from of pathogenic strains of E. coli contamination are less common as compared to 
Campylobacter spp infections (Ramírez-Castillo, et al., 2015). According to Sharif and Arafa 
(2015)  9.9 % out of 152 drinking water samples analysed from the Gaza Strip contained E. coli 
0157. E. coli O157 were observed as the third most prevalent pathogen following 
Campylobacter spp. and Salmonella spp.in a study conducted in British Columbia, Canada 
(Diab, et al., 2018). 

Extended Spectrum β-lactamase (ESBL) The inappropriate use of antibiotics in humans, 
animals, and even in agriculture has resulted in the occurrence of antibiotic resistant bacteria 
(Durso and Cook, 2014). Overtime, they have become more pervasive. Water as a means of 
exposure routes have not been recognized much even though it has been observed in some 
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sources of water (Haque, et al., 2014). The incidence of multidrug-resistant Enterobacteriaceae 
has increased globally over the past decades. Beta-lactam as well as fluoroquinolones are 
significant therapeutic options for the treatment of Enterobacteriaceae infections in humans and 
livestock; however the improper use leads to antibiotic resistance (Said, et al., 2016).  

The occurrence of beta-lactamase producing bacteria were detected in treated drinking water 
samples from the drinking water distribution channels in the southwestern part of Nigeria 
(Adesoji and Ogunjobi, 2016). Another study conducted in Nigeria concluded that drinking 
water samples that were studied contained pathogenic bacteria which may harbour resistance 
genes. Among the samples that were investigated, high level of antibiotic resistance to beta-
lactam drugs were observed (Odumosu and Akintimehin, 2015). In Tai’an, China, a study was 
conducted on 100 drinking water wells and ESBL was found in 4 of these wells representing 
4% (Zhang, et al., 2015). A single ESBL gene was deducted in 19 out of 30 isolates in a study 
conducted in Oltrepo Pavese Area, Northern Italy on water samples from wells, rivers and 
wastewater treatment plant (Caltagirone, et al., 2017). In Lebanon, water samples collected 
from rural wells and spring water which were being used for basic activities such as drinking 
and cooking were contaminated with ESBL (Diab, et al., 2018). 

Campylobacter was first isolated in the 1970s from the human excreta. In recent times, it has 
been researched to be one of the major causes of human infections related to faecal 
contamination of food and water (Nichols, et al., 2012, Pitkänen, 2013). Its transmission is 
through consumption of contaminated food or water. It has a lower infective dose compared to 
the other bacterial pathogens and is also common in the environment (Wilson, 2005). 
Campylobacter spp do not survive for long compared to protozoal parasites or Salmonella spp 
or the E. coli O157 (Friedman, et al., 2004). Culture based methods used for the analysis of 
Campylobacter spp takes a lot of time and may still give false-negative results. The use of the 
PCR method for its confirmation is usually recommended (Pitkänen, 2013).  

Waterborne Campylobacter outbreak was first recorded in Bennington, Vermont in the USA in 
1978. Campylobacter outbreak was reported in a municipality in northern Finland in August 
1998 which was strongly associated to drinking water from non-chlorinated municipal tap water 
(Kuusi, et al., 2005). Three outbreaks were recorded in Finland from 2000 to 2001 as well as 
one outbreak in 2004 and another in 2007 (Pitkänen, 2013). In Walkerton, Canada an entry of 
Campylobacter spp into the water supply systems resulted in an outbreak in 2000 which 
involved 2300 people (Clark, et al., 2003). In May 2010, people in Koge, Denmark experience 
a waterborne outbreak related to single clone of Campylobacter jejuni in tap water (Gubbels, et 
al., 2012). Faecal groundwater contamination coupled with chlorination failure resulted in a 
Campylobacter outbreak which was reported in France in 2000 (Gallay, et al., 2006, Pitkänen, 
2013). In 2009 a Campylobacter jejuni outbreak was reported in Crete, Greece which was 
attributed to a chlorination failure in the rural distribution system (Karagiannis, et al., 2010, 
Pitkänen, 2013). In Norway, occurrence of Campylobacter spp was reported in 1984, 1988, and 
2007 all in community surface water supply systems (Pitkänen, 2013). Occurrence of 
Campylobacter spp was again recorded in 1980 in Sweden, 1998 and 2008 in Switzerland, 
1981,1993 and 2000 in the UK and 1978 and 1983 in the USA (Pitkänen, 2013). 

V. cholerae is a natural inhabitant of water bodies and can turn into the pathogenic form that 
causes cholera. V. Cholerae cells can grow at a favourable temperature of 40 Degrees Celsius 
with a pH of 9-10. Furthermore, their growth rate is activated by a series of species of bacteria 
(Sack, et al., 2004). Certain physico-chemical condition of the environment such as temperature 
might affect the occurrence of V. Cholerae (Chávez, et al., 2005) . The culture-based methods 
and PCR are both used for the detection of V. Cholerae in water (Alam, et al., 2010). 
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448 samples consisting of tap water and bottled mineral water were taken and analysed from 
July 2010 to December 2010 in Isfahan province, Iran and V. cholerae  was detected in 3 of 
these samples (Momtaz, et al., 2013). V. cholerae was identified in water samples analysed in 
three cities in Kathmandu, Bhaktapur district, Nepal (Shrestha and Sujakhu, 2014). In 
Abeokuta, Nigeria, V. cholerae spp were detected in rivers and streams which is a threat to 
public health as this water is used for recreational activities and drank by inhabitants (Shittu, et 
al., 2008). In Bangladesh, a study conducted to assess the microbial quality of some alternative 
drinking water supply options. V. cholerae Non-01/Non-0139 were identified in 74.4 % of the 
samples analysed (Islam, et al., 2011). According to Momba, et al. (2006) V. cholerae spp were 
identified in both surface water and groundwater in Nkonkobe, a local community in Eastern 
Cape, South Africa. 

Viruses are the most numerous microorganism (Madigan and Martinko, 2005). They are very 
difficult to be removed from water through physical methods like filtration. This is because, 
viruses are the smallest form of pathogens. Sensitivity of some specific types of viruses are 
minimal compared to parasites and bacteria (Lambertini, et al., 2012). According to Yángüez, 
et al. (2013), viruses cannot multiply outside of the body and they have a limited range of hosts. 
Once they enter the body, they go ahead to colonise the cells to aid them in reproduction. This 
causes damage to the host cells. Examples of viruses include enteroviruses, noroviruses and 
rotaviruses (Ramírez-Castillo, et al., 2015). The vulnerable population can suffer immensely 
when infected with diseases that are contracted from using viral contaminated water 
(Xagoraraki, et al., 2014). 

Salmonella is a large group of enteric bacteria, which is related to E. coli. It has been used 
extensively as model generic organism (Roth, 2013). Salmonellae are facultative, anaerobic, 
non-spore-forming and gram-negative bacillus-shaped bacteria. Salmonella on the regular are 
2-5microns long and 0.8-1.5microns wide. Salmonella constitute pathogenic collection of 
species which causes infection in humans. Salmonella gives rise to enteritis and typhoid 
diseases. Salmonellae are associated with faecal pollution, which are found in any water as a 
result of contamination. A substantial factor in some outbreaks has been contamination of 
groundwater (afterwards consumed untreated) by sewage, agricultural land runoff, leaking 
domestic drains and seepage from septic tanks. Salmonella serotypes can survive in water for a 
long time and they grow well in heavy polluted water during warmer months (Percival, et al., 
2014). According to Thomas, et al. (2013), the aquatic environment is the source of diverse 
range of Salmonella serotypes and concluded that water is a channel involved in the 
transportation and dissemination of these pathogens. Jokinen, et al. (2011), investigated the 
presence of bacteria in different water samples and Salmonella was the second most often 
isolated bacteria present from the samples.  

A study conducted in the Kelani river basin in Sri Lanka reports the occurrence of Salmonella 
spp in the water. Out of the 45 sampling location, 15 samples were positive for Salmonella spp 
(Mahagamage, et al., 2016). Out of 36 water sample as collected, Salmonella spp was identified 
in 9(25.5 %) of the water being sold by the roadside in Delhi, India (Chauhan, et al., 2017). The 
occurrence of Salmonella followed the presence of Campylobacter as the second highest most 
prevalent pathogen in a study conducted in British Columbia, Canada. The Salmonella spp 
isolates rates correlated with precipitation rates (Diab, et al., 2018). 

There has been reports of drinking water contaminated with Salmonella. Salmonella waterborne 
disease outbreaks were associated with the consumption of the contaminated drinking water 
(O'Reilly, et al., 2007). The presence of Salmonella in drinking water biofilms means the 
bacteria will exhibit prolonged survival due to the biofilm matrix protection to disinfection. 
Salmonella grows well in a large range of temperature (7oC-48oC and pH (4-8) respectively. 
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Method of detection can be culturable and non-culturable detection. Non-culturable technology 
detection of Salmonella depends on immunological and nucleic acid methods. There are a 
number of available techniques that utilize PCR (Percival, et al., 2014). In controlling 
Salmonella, ozone has certainly proven to be an effective agent for killing Salmonella 
(Rodriguez-Romo and Yousef, 2005). Also, standard disinfection for drinking water treatment 
are active against Salmonella, although evidence shows that these bacteria are resistant to 
inactivation than coliforms. Salmonella causes gastroenteritis, cramps, fever and diarrhoea 
(Percival, et al., 2014). 

Protozoa are single-celled microscopic organisms belonging to the kingdom Protista. They 
have a complex structure although they are single-celled (Nydam, et al., 2001). They occur in 
variable species of animals as well as humans. They are almost insensitive to disinfection by 
chemicals and generally, are bigger than bacteria (Berry, et al., 2007). They can only survive 
outside the body in the form of an oocyst or a cyst. The cyst or oocyst creates protection for 
them against water treatment (Ministry of Health, 2017). The protozoa are always dormant 
inside the oocyst or the cyst until they are consumed by both animal and human. Types of 
protozoa include Cryptosporidium, Giardia lamblia and Toxoplasma gondii. (Kourenti, et al., 
2003, Ramírez-Castillo, et al., 2015). 

 

2.3 Overview of Waterborne Pathogens Detection Methods/Applications 

Assessing the quality of water can prevent the spread of diseases. However, inadequate 
technological and financial resources limits developing countries in monitoring their water 
supplies effectively. Also, there has not been a standardization of monitoring structures in 
developing countries. In developing countries, there is an increase in the use of wastewater for 
agricultural activities. This comes with its own form of public health risks (Alhamlan, et al., 
2015).  

At present, there is no one detection method which covers the collection and analysis of a water 
sample for all the pathogens of interest. The challenges of these methods of detection are the 
different major group of pathogens, large volumes of water with low pathogenic concentration 
which normally requires enrichment of the sample before the detection process, established 
protocols for the sample collection, detection methods which are culture-independent, and 
detecting the origin of the host of the pathogens (Straub and Chandler, 2003). The essential 
requirements for a dependable results are sensitivity, specificity, automation, speed, cost and 
reproducibility of results (KOSTIĆ, et al., 2011).  

Pathogen detection can be done through culture-based methods and molecular methods. 
Although methods that are culture dependent are widely used to detect the presence of 
pathogens in water, they are limited by their low sensitive nature and the length of time required 
to get the desired results (Zhao, et al., 2014). Also, since there is a wide environmental 
distribution of human pathogens that are in a viable-but-non-culturable state, like Helicobacter 
pylori, V. cholerae  and E coli, culture-based methods may provide false negative results (Law, 
et al., 2015). 

According to Gilbride (2014), the molecular methods are sometimes species specific and can 
give more phylogenetic information on the pathogens. These types of methods permit the usage 
of alternative indicators which quickly relate with the host source. This allows discrimination 
between the animal and human pathogens the source of the pollution can be tracked (McLellan 
and Eren, 2014). 
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2.3.1 Culture-based method 
In assessing water quality, scientists use bioindicators, which are surrogates for the real 
pathogens that show that these pathogens are likely to be present. These bioindicators are 
microbes which share the exact water passage access with pathogens, but bioindicators are 
easily monitored, enumerated and cultured in laboratories compared to most other pathogens 
(Toranzos and McFeters, 1997). 

A good bioindicator must be found in higher concentrations than pathogens in faecal samples. 
They must not be hazardous but should be measurable. A good bioindicator should have the 
same level of resistance to disinfectants and environmental conditions as the pathogens they are 
representing. Furthermore, bioindicator should not be found in samples of uncontaminated 
water (Lemarchand, et al., 2004). 

In identifying pathogenic bacteria in water samples, faecal indicators are used. These faecal 
indicators must have similar features as the pathogenic bacteria they are supposed to represent. 
Indicator bacteria are required to be identified only in contaminated samples, should not 
reproduce or grow in the environment, and be safe to the analyst. The analysis of these 
indicators must also be relatively cheap (Ferguson and Signoretto, 2011, Ishii and Sadowsky, 
2008).  

There are two culture-based methods that are usually employed in the detection of bioindicator 
presence in water. These are the Most Probable Number (MPN) approach, and the Membrane 
Filtration approach. 

Most Probable Number (MPN) was designed to evaluate the bacteriological quality of water 
by applying enumeration and traditional cultivation methods on faecal bacteria. Several tubes 
which contain a selected broth culture medium are inoculated with parts of the test of a water 
sample. It is then incubated for a given time at a given temperature. If any of the tubes produces 
gas, it is presumed to be positive because gas shows that potentially, coliforms are present. 
Other organisms however could also produce gas. This means that a second confirmatory test 
needs to be carried out. With this, the presumed positive samples are incubated in a culture 
medium that is very selective, and after a required incubation period, these samples are also 
checked to see if gas is formed. For the confirmatory test, the number of inoculated tubes and 
also the number of positive samples realised from this test are fed into statistical tables for an 
estimate of the most probable number of bacteria present (Alhamlan, et al., 2015). 

In membrane filtration, the indicator bacteria may be cultured on a media which is specifically 
designed to permit the species of interest to grow while at the same time, preventing other 
organisms to grow. Environmental water samples are typically filtered through membranes with 
pore sizes ranging 0.2-0.45 micrometres before the membrane is placed onto a selective 
medium agar plate. The colonies of bacteria are then counted after 24 to 48 hours. This depends 
on the bacteria type. The counts made are recorded in the form of colony forming units per 100 
mL (CFU/100 mL)  (WHO, 2015).    

There are some other traditional methods which include using selective media in cultivating 
bioindicators, but there exists no universal indicator. A selection of independent bioindicators, 
each with its unique strengths and weaknesses is rather utilised (Ashbolt, et al., 2001). 

There are some limitations that come with the culture-based methods. They are time consuming 
and needs more energy to be performed. Other limitations are the non-existence of indicators 
for protozoa and viruses that are accurate. Also, a number of these infectious pathogens cannot 
be cultured. Limitations such as these called for field workers to explore more accurate methods 
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for water-borne contaminants detection by the use of molecular biology-based methods. These 
approaches would lead to improved techniques for keeping water resources safe. 
Notwithstanding these limitations, the use of culture-based methods for water quality analysis 
have provided in-depth knowledge about water-borne contaminants (Alhamlan, et al., 2015).  

 

2.3.2 Molecular Detection Methods 
Molecular base techniques screen for several thousands of pathogens that are present in a water 
sample simultaneously. These methods are fast, effective and can be adapted to improve the 
monitoring of water quality all over the world. They can be used in evaluating the 
microbiological quality of the water sample, removal of pathogens, and as microbial source 
tracking tools (Girones, et al., 2010). Though all the molecular-based techniques have their own 
limitations which must be put into consideration when results are being interpreted, some can 
be robust and more specific compared to culture-based techniques (Novinscak, et al., 2007). 

According to Law, et al. (2015), polymerase chain reaction is the most widely used molecular-
based method. The PCR works by amplifying a particular targeted DNA sequence in a three-
step cycle process thus, denaturalization, annealing and extension to help achieve an 
exponential amplification of the targeted sequence (Mandal, et al., 2011). This method can be 
used to detect pathogens such as E coli, Campylobacter jenuni, Yersinia enterocolitica, 
Salmonella and Campylobacter coli (Alexandrino, et al., 2004).  

Multiplex PCR (mPCR) allow several organisms to be simultaneously amplified through the 
coding of specific genes of different pathogens in a single reaction (Law, et al., 2015). This 
technique does quick analysis, which saves time and energy. Furthermore, it is limited to 
organisms which do not cross-react. However, it requires apt primers and optimal reaction 
mixture to prevent the risk of false negative and positive results (Girones, et al., 2010).  Omar 
and Barnard (2014), designed an mPCR technique to detect commensal pathogenic E. coli from 
environmental and clinical water sources. Differentiating commensal E. coli, 11 genes were 
analysed in environmental waters. In addition, inhibitors were controlled by using GAPDH 
gene (glyceraldehyde-3-phosphate dehydrogenase) and mdh gene (malate dehydrogenase) as a 
control mechanism to analyse the sensitivity of the method.  

Quantitative real-time PCR (qPCR) amplifies, quantifies and detects organisms in real time 
through the use of fluorescence (Valasek and Repa, 2005). This method is specific and 
sensitive, has a faster detection rate, reduces cross-contamination risks and does not need post-
PCR analysis (Omiccioli, et al., 2009). Recent studies have showed that, quantifying 
Escherichia, enterococci, Salmonella and adenoviruses by the use of qPCR shows higher 
sensitivity compared to pure culture or viral plague assay (Alhamlan, et al., 2013). Sharma and 
Dean-Nystrom (2003) reported that qPCR assay target three virulence genes, stx1, stx2, eae 
that differentiates different forms of E coli O157.  

Furthermore, Ishii, et al. (2014), developed a qPCR which is microfluidic by the use of TaqMan 
probes (a dual-fluorescent probe) tagged with different fluorophores that are able to detect 
Vibro cholera, Pseudogulbenkiana sp., L. monocytogenes, pathogenic E. coli, S flexneri, V. 
parahaemolyticus, C. perfringens and S. typhimurium at detections levels of 100 cells/L.   

Martellini, et al. (2005), proposed a new approach by which the quality of water can be 
investigated by tracing the faecal contamination source. A single mPCR that uses Mitochondrial 
DNA sequences particular for human, porcine, ovine and bovine DNA was tested, and the 
results showed a possible differentiation without cross-reactivity.  
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Pyrosequencing according to Ahmadian, et al. (2006), is a form of DNA sequencing technique 
for short-read DNA sequencing. It employs bioluminescence and enzyme-couple reaction to 
follow the release of pyrophosphate which in real-time, accompanies the incorporation of 
nucleotides. Pyrosequencing technology gives a vast number of sequences read in one run 
(Siqueira, et al., 2012). The enzymes ATP sulfurylase, apyrase, luciferase and DNA polymerase 
are needed in the pyrosequencing reaction. A sequencing primer is forged to the nucleotides, 
which are added to create a complementary strand of the single stranded template. The 
pyrophosphate (PPi) is released in the course of the incorporation of the nucleotide. The PPi is 
then converted to ATP by ATP sulfurylase and the luciferase also converts the ATP into visible 
light (Aw and Rose, 2012). Two concentration steps are needed for the sequencing of pathogens 
in water, followed by a third step which involves the extraction of DNA. The DNA is then 
amplified, and pyrosequencing takes place making it possible for bioinformatics analysis to be 
performed (Siqueira, et al., 2012).  

Again, a Single Virus Genomics which allows the isolation and total genome sequencing of a 
single virus particle by 454 pyrosequencing has been described in recent times (Allen, et al., 
2011). Novel pathogens associated with water can be identified through pyrosequencing and 
multiple etiologies be addressed. The amount of DNA that is present in samples of wastewater 
could cause a limit to the sensitivity of this tool as it needs DNA templates at a lower amount 
of DNA. The challenge of this technology is its cost, the complications of its analysis, efficiency 
in the generation of data and computing power (Gong, et al., 2010).  
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 Methodology 

3.1 Study area 

This study was done in Homoine District in the Inhambane Province which is located in the 
southern part of Mozambique (Figure 1). Homoine is located 440 km north of Maputo, the 
capital of Mozambique. The last census done in Homoine in 2007 recorded a population of 
7,272 (Brinkhoff, 2019). 

 
Figure 1Map of Mozambique showing Homoine the case study location 
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3.1.1 Homoine Water System 
The Homoine water supply system was inaugurated in June 2018. It consists of intake, a 
conventional surface water treatment processes, storage and distribution (Figure 2).  

 
Figure 2 Process flow diagram of water supply system (Source: Collins) 

Intake: The source is the Domo-Domo River. The intake structure consists of a small dam, an 
intake channel and a pumping station. The small dam is reinforced with gabion and geotextile 
embankment and is about 52 m long and 2.5 m high. 

Pumping Station: The pumping station has 3 Grundfos brand pump model CR64-8-8-1 A-F-
A-E-HQQE with a capacity of 75 m3/h each. The pumps have an elevation of 29 m. Even though 
there are three pumps they never operated at the same time. One pump is used for emergency 
purposes. In order to control the operation of the pumps, at the outlet of the pumps a pressure 
gauge and an electric water flow meter are installed. 

Water Treatment Process: The main treatment steps in the treatment plant are aeration, 
coagulation/flocculation, sedimentation, rapid sand filtration and disinfection. These treatment 
steps are briefly explained below. 

 Aeration: Cascade aerators are used for the aeration of the water. Water rapidly falls 
over a series of steps to allow oxygen into the water. 

 Coagulation/Flocculation: The amount of coagulant to be dosed is first determined 
with a jar test. The aluminium sulphate dispenser is composed of a 1000 L mixing tank, 
an electric motor and an aluminium sulphate dosing pump of 25 L/h. The dosing pump 
injects the coagulant directly into the rapid mix zone. It is then adjusted manually 
according to the turbidity of the raw water. The coagulant is dosed from the dosing 
house, downstream of the aerator. To ensure a strong agitation and coagulation by rapid 
mixing, a waterfall of 1.0 m of height facilitates the rapid mixing. Afterwards, slow 
mixing is done to enhance the agglomeration of small flocs formed during coagulation 
into bigger flocs.  

 Sedimentation: Flocs formed after coagulation and flocculation are removed in this 
chamber. It is the lamella clarifier technique that is being utilised. There are inclined 
plates which provide a large surface area for the flocs to settle on. It also has bottom 
discharge valves. The water after sedimentation is stored in a 60 m3 storage reservoir 
temporarily, before the treatment process continues. 

 Rapid Filtration: Four fiberglass filters are installed, each designed to treat up to 35 
m3/h of water. The water is pumped from the clarified water tank to the filters, where 
there are electric pumps in the rapid filtration step to ensure the pumping of water from 
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the clarified water tank to the filters. The pumps have a flow rate of 60.7 m3/h, a head 
of 30.7 m and an electric motor of 7.5 kW. The filtered water goes to a 120 m3 tank of 
treated water 

 Disinfection: The disinfection system comprises of a 100 L mixing tank, a dosing pump 
of 25 L/h and an electric motor. 50 kg solid calcium hypochlorite (typically 65% 
chlorine) is dissolved into 100 L of water produced after rapid filtration. The mixing is 
done every 5 days. The chlorine residual at the end of the treatment process is usually 
between 0.8 mg/L to 1.6 mg/L. The dosing of the chlorine is done manually to regulate 
the amount of chlorine put into the system.  

  

Storage: At the water treatment plant, the treated water storage reservoir has an estimated 
capacity of 120 m3. The distribution system is located 12 km from the catchment and treatment 
plant. At the distribution centre, water is stored in a circular tank of about 250 m3. A raised 
water tower, also called the pressure tower is located about 3.5 km from the distribution centre, 
within the town of Homoine. This has a capacity of about 150 m3. From the distribution system 
to the dispensing centre, the water flows by gravity. 

Distribution Network: Currently, about 1488 homes in 6 neighbourhoods are connected to the 
water supply system. The network piping is mostly made of PVC and class 9 materials. The 
pipe diameters range from 25 mm to about 250 mm with a pipe length of about 43 km.  

3.2 Methods 

3.2.1 Selection of Sampling Locations 
In total, seven sampling points were selected (Figure 3 and 4). These points include the inlet 
(I), the outlet which is the treated water right from the drinking water utility (O), clean water 
reservoir (R), the distribution tower (T) and three samples from 3 taps in different 
neighbourhoods (T1, T2, T3).  

 
Figure 3  Map of water distribution network showing Inlet, Outlet and the Distribution Centre 
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Figure 4 Map of distribution network showing all household tap 

3.2.1.1 Sampling Strategy 
Water sampling was done three times a week between 7 am and 9 am. Samples were tested for 
the presence and enumeration of faecal indicator E. coli, and for the presence of microbial 
pathogens of public health importance: E. coli, V. cholerae spp. Campylobacter spp., 
Salmonella, and Extended Spectrum Beta-Lactamases E. coli (ESBL). The microbial analyses 
was ran in the subsequent 4 days. On the third and fifth days another water sample was taken 
which were only analysed for E. coli due to the time required to analyse the other pathogens. 
These samples were taken in the same time frame as the first day. Physico-chemical analysis: 
pH, temperature, electrical conductivity, free chlorine and total chlorine was performed on all 
the samples taken during each of the three sampling days. 

The number of samples taken at each point on each sampling day and the analyses performed 
on each sample is illustrated (Table 1). 
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Table 1 Parameters being measured in specific samples and number of samples taken from each sampling points 

 
The microbial quality of the samples was monitored to see the differences along the same 
distribution line. To be able to know the influence distance has on recontamination (research 
question 2), 4 samples were taken from 4 taps located along the same distribution line which is 
about 20 km from the outlet of the treatment plant. Pathogen indicator E. coli and 
physiochemical analysis were performed twice a week on these samples.  

3.2.2 Sampling procedure 
A sterile 75 mL plastic cup was used to take samples directly for the physico-chemical analysis. 
Water from the taps were allowed to run for about 2-3 mins afterwards grab samples are taken 
directly from the taps into the 75 mL plastic cups. All the physico-chemical analysis was done 
in the field using the respective pocket sensors immediately after sampling. Samples for the 
microbial analysis were taken with a 100 mL sterile whirl-pak thio bags containing 1 tablet of 
sodium thiosulfate. Taps were allowed to run 2-3 mins and samples are taken directly from the 
tap with the thio bags which were filled to its 100 mL mark and closed immediately. Each thio-
bag was well labelled in order to avoid a mix up and stored in a cool box at a temperature of 
10oC to 15oC till processing begins. The microbial analysis were done immediately after all the 
samples were collected which was about 2 hours after the first sample was taken.  

3.2.3 Analytical methods 
All the physico-chemical parameters were assessed at the point of collection and the microbial 
analyses were done in the lab immediately after sampling. Culture methods were used for 
enumeration of bacteria and the Polymerase Chain Reaction (PCR) was used as a confirmation 
test of the presumptive colonies of the pathogens stored after the culture based methods.  

 

3.2.3.1 Physico-chemical parameters 
Conductivity, pH and Temperature  
Two pocket sensors were used to measure the conductivity (PT157, Palintest), pH and 
temperature (PT155, Palintest). The meters were calibrated on a monthly basis to eliminate 
uncertainty. To analyse these parameters, first the sensor was rinsed with deionized water and 
the mode was set to the parameter to be analysed. Finally the sensor was immersed into the 20 
mL sampling cup which contained the sampled water and the readings were displayed digitally 
on the screen. The readings were recorded. 

PARAMETER/INDICATOR WTP INLET(1 sample) WTP OUTLET(1 sample) RESERVOIR(1 sample) TAP (3 samples)
PHYSIO-CHEMICAL

pH X X X X
Conductivity X X X X
Free Chlorine X X X
Total Chlorine X X X
Temperature X X X X
Turbidity X X X X

MICROBIAL ANALYSIS
E. Coli X X X X
ESBL X X X X
Campylobacter spp X X X X
Vibrio Cholerae X X X X
Salmonella X X X X
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Turbidity 
The Palintest Turbimeter Plus PTH092 was used to analyse the turbidity of the samples. This 
instrument was calibrated using standard liquids on a monthly basis. Similarly, the sensor was 
rinsed with deionized water and then immersed into the sampled water. The turbidity readings 
was displayed digitally on the screen. 

Free and Total Chlorine 
The Palintest Photometer 7100 PTH7100 was used to analyse free and total chlorine. To 
determine the free chlorine, diethyl-p-pheneylene diamine (DPD) 1 tablet was used. The 
intensity of the colour change to pink was measured with a colorimeter and the available free 
chlorine is displayed digitally on the screen of the colorimeter. With the same procedure, total 
chlorine was determined however the DPD 3 was used. 
 
3.2.3.2 Microbiological Parameters 
The selected methods used for the microbiological analysis and its respective confirmation 
method if any has been displayed below (Table 2). 

Table 2 Methods used for microbial analysis 

 
 

3.2.3.2.1 Culture method 
Membrane filtration method was used to analyse pathogens such as E. coli, ESBL, V. cholerae, 
Salmonella and Campylobacter spp. The following procedure was used for the pathogen 
detection (Figure 5). 
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Figure 5 Pictorial view of steps taken during the culture method 

Escherichia coli  

The identification and counting of the E. coli was done with reference to the methods in (ISO 
9308-1). In the first week, 100 ml each of water samples taken from the reservoir, tower, tap1, 
tap2 and tap3 was filtered through 0.45 μm polycarbonate membranes. This was the only 
volume filtered for E. coli due to limited space in the field incubator. In the second week, 100 
mL, 50 mL, and 10 mL of the sampled water from the various sampling points was filtered 
through the 0.45 μm polycarbonate membranes as an adjustment was made in the incubator to 
cater for this extra volumes. The outlet of the treatment plant could not be sampled in the first 
two weeks due to a fault on the tap connected to the outlet. In the third week, the filtered volume 
was adjusted to 50 mL, 25mL, 15 mL and 5 mL and finally adjusted to 50 mL, 5mL and 0.5 
mL for the remaining weeks so as to achieve an appropriate volume to facilitate enumeration 
of the colonies. Volumes lower than 5 ml were added to sterile Phosphate buffered saline (PBS) 
to allow filtration. Filters were placed onto Compact dry plates and incubated in the Aquagenx 
Portable Incubator at 37oC. After 24 hours, plates were checked for growth and presumptive 
(dark blue) E. coli colonies were counted and recorded (Figure 6).  
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Figure 6 E. coli colonies on TBX plates  

ESBL 

In the first week, 100 ml each of water samples taken from the reservoir, tower, tap1, tap2 and 
tap3 was filtered through 0.45 μm polycarbonate membranes. This was the only volume filtered 
for ESBL due to limited space in the incubator. In the second week, 100 mL and 50 mL of the 
sampled water from the various sampling points was filtered through the 0.45 μm polycarbonate 
membranes as an adjustment was made in the incubator to cater for this extra volumes. The 
outlet of the treatment plant could not be sampled in the first two weeks due to a fault on the 
tap connected to the outlet. In the third week, the filtered volume was adjusted to 50 mL, 25mL, 
15 mL and 5 mL and finally adjusted to 50 mL, 5mL and 0.5 mL for the remaining weeks so as 
to achieve an appropriate volume to facilitate the counting of the colonies. A dilution of the 0.5 
mL volumes filtered was done with PBS. The filters were placed onto TBX plates supplemented 
with 4 μg/mL of Cefotaxime. This was then incubated at a temperature of 35-37oC overnight. 
Plates were inspected for colonies growth and presumptive ESBL which is usually seen as blue 
colonies was counted (Figure 7). Selected presumptive colonies were kept for further antibiotic 
resistance profile and molecular analysis. 

 
Figure 7 ESBL colonies on TBX+CTX plates 

Vibrio cholerae  

In the first two weeks, 100 ml each of water samples taken from the reservoir, tower, tap1, tap2 
and tap3 was filtered through 0.45 μm polycarbonate membranes. In the subsequent weeks 100 
mL, 50 mL and 10 mL of the sampled water was filtered through 0.45 μm polycarbonate 
membrane. After filtration, the filters were placed in 50 mL of Alkaline Peptone Water (APW) 
and incubated overnight at 35-37oC. On the second day, the dilutions that exhibited growth was 
plated onto Thiosulfate Citrate Bile Salts Sucrose (TCBS) plates and incubated overnight at 35-
37oC. On the third day, presumptive colonies (yellow) were kept for further molecular analysis 
(Figure 8).  
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Figure 8 Vibrio colonies on TCBS and LB plate. 

Salmonella spp. 

The identification and counting of Salmonella were done with reference to the standard methods 
(ISO19250). In the first two weeks, 100 ml each of water samples taken from the reservoir, 
tower, tap1, tap2 and tap3 was filtered through 0.45 μm polycarbonate membranes. In the 
subsequent weeks 100 mL, 50 mL and 10 mL of the sampled water was filtered through 0.45 
μm polycarbonate membrane. After filtration the filters were placed in 50 mL of Buffered 
Peptone Water (BPW) for non-selective enrichment and incubated overnight at a temperature 
of 35-37oC. The following day, 0.1 mL of culture were added to 10 mL of Rappaport Vassiliadis 
soya peptone (RVS) broth for the selective enrichment for 24 hours at 41.5oC. Tubes exhibiting 
growth were plated onto Xylose Lysine Deoxycholate (XLD) agar and incubated 24 hours at 
35-37oC on the third day. The plates that do not exhibit any growth were re-incubated for 
another 24 hours at 35-37oC. Presumptive Salmonella spp. (black) colonies were sub cultured 
onto the Brilliant Green (BG) agar and incubated for 24 hours at 35-37oC for further 
confirmation on the fourth day. Presumptive Salmonella colonies (pink-red) were kept for 
molecular analysis. 

Campylobacter spp. 

In the first two weeks, 100 ml each of water samples taken from the reservoir, tower, tap1, tap2 
and tap3 was filtered through 0.45 μm polycarbonate membranes. In the subsequent weeks 100 
mL, 50 mL and 10 mL of the sampled water was filtered through 0.45 μm polycarbonate 
membrane. The filters were placed in 50 mL of Preston Broth (PB) for enrichment and 
incubated for 48 hours at 35-37 oC in microaerophilic conditions. On the third day, tubes 
exhibiting growth were plated onto Karmali agar and incubated for 48 hours at 35-37oC in 
microaerophilic conditions. Karmali plates were checked for growth on the fifth day and 
presumptive Campylobacter spp colonies were kept for molecular analysis. 

3.2.3.2.2 Molecular methods 
Polymerase Chain Reaction method (PCR) was used after the cultural method for confirmation 
and the typing of the isolates that were recovered. For each isolate, one colony was added to 
500 μL of sterile PCR grade water and incubated for 10 min at 95oC and the boiled cells were 
immediately transferred onto ice for 15 min. Tubes were centrifuged at 13000 rpm for 10 min 
and 400 μL of supernatant was transferred into a clean sterile tube. 3 μL was used for the PCR. 
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V. cholerae  

The species confirmation for V. cholerae was done by PCR for the outer membrane protein W 
(ompW). The determination of pathogenic serogroup of V. cholerae was done by PCR for 
cholera enterotoxin subunit B (ctxB) gene (Hoshino, et al., 1998).  

A total reaction mixture of 25 μL made of a buffer (2.5 µl), MgCl2 (1.25 µl), DNTPs (0.25 µl), 
Taq (0.0625 µl), DNA polymerase primers (MER 24 and MER 19, 1.25 µl each) water (4.9375 
µl) and 3 μL of the DNA of V. cholerae was placed in Eppendorf tubes. These tubes were then 
placed into a thermal cycler for the amplification of the DNA by PCR. The process undergoes 
these cyclic conditions for the PCR confirmation tests: an initial denaturation at 94 oC for 5 
mins followed by 30 cycles of denaturation at 94 oC for 30 sec, an extension at 72 oC for 30 sec 
and a final extension at 72 oC for 7 mins. The PCR products were analysed by 1.5 % agarose 
electrophoresis and photographed using gel documentation system. 

 

Salmonella spp. 

Multiplex PCR was used for the detection and typing of Salmonella spp. A total reaction 
mixture of 25 μL made of a buffer (2.5 µl), DNTPs (0. 5 µl), DNA polymerase primers (OMPC 
forward and OMPC reverse, 2. 5 µl each), Taq (0.125 µl), water (18.375 µl) and 3 μL of DNA 
of Salmonella spp. was placed into Eppendorf tubes. These tubes were then placed into a 
thermal cycler. The cyclic conditions for the PCR were as follows: initial denaturation at 94 oC 
for 5 min, followed by 29 cycles of denaturation at 94 oC for 30 sec, annealing at 52 oC for 30 
sec, an extension at 72 oC for 30 sec and a final extension at 72 oC for 7 mins. The PCR products 
were analysed by 1.5 % agarose electrophoresis and photographed using the gel documentation 
system.  

 

Campylobacter spp. 

A total reaction mixture of 25 μL made of a buffer (5 µl), DNTPs (0.5 µl), DNA polymerase 
primers (OMPC forward and OMPC reverse, 0.0625 µl each), Taq (0.125 µl), water (9.875 µl) 
and 3 μL of DNA of Salmonella spp. was placed in Eppendorf tubes. These tubes were then 
placed into a thermal cycler. The cyclic conditions for the PCR were as follows: initial 
denaturation at 94 oC for 5 min, followed by 39 cycles of denaturation at 94 oC for 5 sec, 
annealing at 53 oC for 30 sec, an extension at 72 oC for 40 sec and a final extension at 72 oC for 
5 mins. The PCR products were analysed by 1.5 % agarose electrophoresis and photographed 
using the gel documentation system.  

ESBL 

A total reaction mixture of 25 μL made of a buffer (2.5 µl), DNTPs (0. 5 µl), DNA polymerase 
primers (OMPC forward and OMPC reverse, 2. 5 µl each), Taq (0.125 µl), water (18.375 µl) 
and 3 μL of DNA of Salmonella spp. was placed in Eppendorf tubes. These tubes were then 
placed into a thermal cycler. The cyclic conditions for the PCR were as follows: initial 
denaturation at 94 oC for 5 min, followed by 29 cycles of denaturation at 94 oC for 30 sec, 
annealing at 55 oC for 30 sec, an extension at 72 oC for 30 sec and a final extension at 72 oC for 
7 mins. The PCR products were analysed by 1.5 % agarose electrophoresis and photographed 
using the gel documentation system. 
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3.3 Materials 

The following materials were used to carry out the above mentioned methods (Table 3). 
Table 3 Materials and the task accomplished with each material 

 
 

3.4 Data Analysis 

Data attained from the laboratory analysis from all the various sampling points were analysed 
statistically. The mean values were calculated and graphs were made to represent the various 
points using Excel. The values were compared with the WHO guideline values. Kruskal Wallis 
test, a non-parametric test (equation 1) was used to determine if there were significant statistical 
difference between the data at 95 % confidence interval. 

Equation 1 Kruskal Wallis test equation 

 
  



 

29 
 

 Results and Discussion 

4.1 Water quality from source to taps 

4.1.1 Microbial water quality 
In this study E. coli counts ranged from 0 CFU/100 mL to 4610 CFU/100 mL (Figure 9) in 
experiment 1, where the occurrence of pathogens in the water treatment chain was studied. The 
highest E. coli counts of 4610 CFU/100 mL was recorded in the distribution centre. At the 
household taps, the E. coli counts ranged from 0 CFU/100 mL to 4410 CFU/100 mL. The 
presence of E. coli was shown in 87.8 % of the total number of samples (n= 41) analysed. Also, 
77.8 % out of the 87.8 % positive samples were samples taken from the household taps and 
22.2 % were samples taken from the inlet and outlet of the water treatment plant, distribution 
centre and tower. Even though the E. coli counts increased from the inlet to the distribution 
centres and the taps, the differences were not significant at 95 % significant interval (p<0.05). 

 
Figure 9 E. coli counts with error bars representing standard deviation for sampling locations with x and the 
lines in the boxplots representing the mean and median 

High E. coli levels in the inlet were recorded in days of heavy rainfall, suggesting that rainfall 
had an influence on the sources of E. coli contamination (Shehane, et al., 2005). By visual 
inspection no sources of wastewater or agricultural run-off was seen around the river. Increase 
in E. coli counts after the outlet of the treatment plant could be attributed to cross-connections, 
pipe breaks and wastewater intrusion into the network (Moreira and Bondelind, 2017). 
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Seventeen percent of the total number of samples (n = 40) analysed for ESBL were positive. 
The counts ranged from 0 CFU/100 mL to 600 CFU/100 mL. The highest counts were recorded 
in samples taken at the inlet. The presence of ESBL was observed in 5 out of 6 samples taken 
from the inlet over the period of 6 weeks. Throughout the period, ESBL was not identified in 
any of the samples at the outlet of the treatment plant, however, it occurred once in the 
distribution centre and once at tap 3 during the sampling period (Figure 10). 

 
Figure 10 Results for culture method showing the number of presumptive positive samples for Campylobacter, 
Salmonella, Vibrio, ESBL and E. coli 

 

The occurrence of ESBL which is an indicator of antibiotic resistance was mostly identified in 
the inlet water. This result is similar to studies that have been conducted in the USA (Haberecht, 
et al., 2019). In a study conducted in North Colorado ESBL counts were higher in surface water 
than in the effluent of the wastewater treatment plant. The highest percentage relative to this 
study was samples from surface water (Haberecht, et al., 2019). In Europe, a study conducted 
in Sweden reported the occurrence of ESBL in four of the five surface water which served as 
the inlet of the water treatment plant (Egervärn, et al., 2017). Antimicrobial resistant E. coli 
was identified in 113 out of 846 surface water samples analysed in the Netherlands. In this study 
most of the E. coli isolates, which were cefotaxime-resistant produced ESBL (Blaak, et al., 
2015).  

The occurrence of E. coli with ESBL has been identified in the surface water of other countries 
such as the River Thames in the United Kingdom (Dhanji, et al., 2011), and 39 out of 225 
cefotaxime-resistant strains were identified as ESBL-producing strains in rivers in Portugal 
(Tacão, et al., 2012). In a study conducted in Tunisia, ESBL was detected in minimum levels 
in surface water as compared to wastewater. In Asia, ESBL was identified in River Yamuna 
located in India in a study conducted by Azam, et al. (2016). A study conducted in Switzerland 
showed that the presence of ESBL in water is influenced by human activities in rivers connected 
to urban areas, and extensive agriculture (Zurfluh, et al., 2013). The occurrence of these 
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antibiotic-resistant pathogens could be linked to the use, abuse and misuse of various forms of 
antibiotics (Manaia, et al., 2016, Qiao, et al., 2018, Surette and Wright, 2017). The occurrence 
of the antimicrobial resistant pathogen was identified once in tap 3 and in the distribution centre, 
which are drinking water points. ESBL in drinking water sources have similarly been reported 
in Canada and France (Fernando, et al., 2016, Madec, et al., 2016). Furthermore, at least one 
positive ESBL occurred in drinking water from water treatment companies analysed from six 
states (Wisconsin, New York, Pennsylvania, Illinois, Arkansas and Utah) in the United States 
(Tanner, et al., 2019). The occurrence of ESBL in drinking water have significant health 
implications to the people who are using the water for their domestic activities and it is a huge 
public health concern (Adesoji and Ogunjobi, 2016). Some strains of ESBL may be pathogenic 
and can result in diseases such as diarrhoea in people who ingest the contaminated water. 
Outbreak of diarrhoea have been associated to the presence of some species of ESBL as reported 
by Zhang, et al. (2008). With regard to this study, all ESBL identified in the inlet was removed 
during the treatment process as none was recorded in the outlet of the treatment plant. However, 
it is found to reoccur on two occasions in tap 3 and in the distribution centre. This could be 
attributed to intrusion of ESBL in the distribution systems which could be acting as a medium 
for the transmission of ESBL, as emphasized by (Adesoji and Ogunjobi, 2016). 

The presence of Campylobacter spp., V. cholerae and Salmonella spp was assessed in the 
collected samples through culture based methods with organism selective media.  

It was found that 46.4 % of the total number of samples (n=28) analysed for Campylobacter 
spp were positive, of which 38.5 % (n=13) occurred at the household taps, 23.1 % occurred at 
the inlet of the water treatment plant and 15.4 % at the outlet of the water treatment plant. The 
distribution centre recorded 7.7 % of the positive samples which was the location with the 
lowest occurrence of Campylobacter. 

As confirmed by Dore (2015), Campylobacter is a bacterial pathogen and should be removed 
by chlorine disinfection. Theoretically, Campylobacter should not be identified in water that 
has been disinfected with chlorine, however, that is not the case for the samples that were 
analysed. This could be attributed to failures in the treatment system and the lack of technical 
know-how of the operators of the water treatment system. Furthermore, 69.2 % of the positive 
samples correlated with spikes in the occurrence of the indicator of faecal contamination, E. 
coli. This is similar to a study conducted in England (Pebody, et al., 1993).  

The highest occurrence of Salmonella was recorded in the inlet which constituted 40 % of the 
total number (n = 10) of positive samples. 25 % of the total number (n = 40) of samples analysed 
showed the occurrence of Salmonella. 30 % of the total positive samples (n = 10) occurred in 
the household taps. The distribution centre did not record any positive samples for Salmonella 
throughout this study.  

The occurrence of Salmonella in water supply systems and at the household taps could be linked 
to inappropriate structures of water supply systems and lack of skilled operators. This has also 
been confirmed by (Akinyemi, et al., 2006, Bhatta, et al., 2007, Momba, et al., 2006). The 
occurrence of Salmonella correlated with spikes in E. coli counts and this is similar to a study 
contacted in Nepal which identified a correlation between E. coli counts and the occurrence of 
pathogens (Bhatta, et al., 2007).  

The occurrence of Salmonella in sources of drinking water systems as well as taps have been 
reported in other parts of the world such as India (Jyoti, et al., 2010), Nigeria (Akinyemi, et al., 
2006, Oguntoke, et al., 2009), Nepal (Bhatta, et al., 2007) and South Africa (Momba, et al., 
2006, Potgieter, et al., 2005). The presence of the pathogen was linked to improper or 
insufficient disinfection or intrusion through the distribution network. The occurrence in these 
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studies mostly correlated with the occurrence of other faecal indicator pathogens such as E. coli 
and coliforms. 

V. cholerae occurred in 30 % of the total number of samples (n = 40) analysed. 100 % of the 
total number of samples (n = 6) analysed at the inlet showed the occurrence of V. cholerae. 
However the occurrence of V. cholerae was not recorded in the distribution centre. Furthermore, 
25 % of the total number of positive samples (n = 12) occurred at the household taps. 

The occurrence of V. cholerae had no correlation to the occurrence of E. coli which is an 
indicator of faecal contamination which is similar to a study conducted in Kenya which 
recorded only 2 % correlation between faecal indicator and V. cholera (Mariita and Okemo, 
2009). However, a study conducted in West Bengal identified a correlation between faecal 
contamination, chlorine levels and the occurrence of V. cholerae in the municipal drinking 
water systems (Bhunia, et al., 2009). The occurrence can be linked to intrusion as a result of 
leakage and broken pipeline similar to a study conducted in Punjab, India (Tripurari, et al., 
2017). 

 

4.1.2 PCR Confirmation 
None of the total number (n = 22) of Campylobacter spp colonies that were stored for the PCR 
confirmation test were positive (Figure 11 and 12). None of the bands corresponded with the 
control positive bands that were used for the analysis. 

 
Figure 11 PCR image for Campylobacter analysed in a 1% agarose gel 

 
Figure 12 PCR image for Campylobacter analysed in a 1% agarose gel 

For E. coli (ESBL) 37.5 % of the total number (n = 8) of presumptive colonies that were 
analysed were positive. All the colonies that were confirmed were samples taken from the inlet 
of the treatment plant.  ESBL was not confirmed to be present in the remaining 62.5 % (Figure 
13).  
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Figure 13 PCR image for ESBL analysed in a 1.5 % agarose gel 

 

V. cholerae was confirmed in 13.3 % of the total number (n = 8) of presumptive colonies that 
were stored. The confirmed colonies were taken from the inlet and tap 2 (Figure 14). 

 
Figure 14 PCR image for Vibro Cholera analysed in a 1.5 % agarose gel. 

Salmonella was confirmed in 57.1 % of the presumptive colonies that were stored. The positive 
Salmonella colonies corresponded to samples taken from the outlet of the treatment plant, the 
tower, tap 2 and tap 3 (Figure 15). 

 
Figure 15 PCR image for Salmonella analysed in a 1.5 % agarose gel. 
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4.1.3 Variation between PCR Results and Culture Method Results. 
Spike in E. coli counts that were recorded did not always correspond to the occurrence of 
pathogens in the respective locations as similarly reported by Edge, et al. (2013). Interestingly, 
not all the positive samples from the culture methods were confirmed by the PCR method. 
21.4% of the total positive samples (n =42) from the culture method analyses was confirmed to 
be positive with the PCR confirmation tests (Figure 16) even though the colonies stored had 
same features as the pathogen that was being investigated. PCR has numerous advantages over 
the culture methods including accuracy and speed. Irrespective of the numerous benefits it has 
over the culture methods, the inability to detect all the genetic variants of the targeted species 
may result in false negative results (Boissinot and Bergeron, 2002, Clark, et al., 2011). This 
was evident in the results obtained from this study as only 21.4 % of the positive samples from 
the culture methods was confirmed by PRC. 

 
Figure 16 Number of positive PCR confirmations at each sampling location. 

 

4.2 Physico-chemical water quality 

Turbidity 

The turbidity values recorded ranged from a minimum of 0.7 NTU to a maximum of 12.9 NTU. 
Ninety five percent of the total number of samples (n = 40) analysed were greater than 1 NTU. 
The highest turbidity level was recorded in the inlet after a rainfall and the lowest turbidity level 
was recorded at the outlet of the treatment plant. In the household taps, turbidity levels recorded 
ranged from 0.9 NTU to 4 NTU (n = 18). The mean turbidity at the various sampling locations 
ranged from 1.7 NTU to 4.8 NTU (Figure 17) and the standard deviation is from 0.7 to 4.3. 
Statistically, the differences were not significant at 95 % significant interval (p<0.05). 
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Figure 17 Turbidity levels with error bars showing the standard deviation, X and lines in the box plots represents 
mean for each location and the median respectively 

The Domo-Domo River has been dammed and there is very little human activity around the 
intake resulting in the turbidity of the intake and the other sampling points being generally low. 
According to the WHO technical brief review on turbidity, rapid changes in the turbidity at the 
inlet may be an indication of environmental factors such as a storm (WHO, 2017b). This can 
explain the spike in turbidity on a few occasions as these days corresponded with days of heavy 
rainfall in the town.  

Ideally, turbidity should be kept below 1 NTU during disinfection and filtration due to its 
impacts on the effectiveness of the disinfection process, however this will be achievable in large 
well-structured water supply systems and not small systems.  For the small low resources plants, 
the turbidity should be kept below 5 NTU. None of the samples analysed from the household 
taps were above the guideline value (WHO, 2017b).  

The relatively low levels of turbidity of the water along the treatment chain didn’t have a 
positive correlation with the pathogen contamination since 57.1% of the total number of 
samples (n = 40) analysed showed the presence of the indicator E. coli and 55.6 % of samples 
taken from the taps in the homes showed positive results for E. coli. Seventeen percent out of 
18 samples analysed at the taps in the homes showed the occurrence of V. cholerae and 
Salmonella spp. 5.6 % out of 18 samples and 41.7 % out of 12 samples showed the occurrence 
of ESBL and Campylobacter respectively. 

 

Residual chlorine 

Free chlorine levels ranged from a minimum of 0.04 mgCl2/L in tap 3 to a maximum of 4.62 
mgCl2/L in the outlet of the treatment plant.  In the taps, the chlorine levels ranged from 0.04 
mgCl2/L to 2.55 mgCl2/L.  33.3 % of all the samples taken at the taps (n = 18) was less than 0.2 
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mgCl2/L, 44.4 % and 22.2 % of all the sample taken at the taps (n = 18) was between 0.2 
mgCl2/L to 1 mgCl2/L and greater than 1 mgCl2/L respectively (Figure 18). 

 
Figure 18 Mean chlorine levels for experiment 1. 

17.6 % of the samples taken from household taps was lower than 0.2 mgCl2/L. At the taps 23.5 
% and 11.8 % out of the total samples analysed are between 0.2-1 mgCl2/L and greater than 1 
mgCl2/L respectively. Also, 44 % which is the majority of the samples taken at the taps are 
between 0.2 mgCl2/L – 1 mgCl2/L (Figure 19). The chlorine levels at the taps were within the 
WHO guidelines however, the occurrence of pathogens were recorded during the study. 
Statistically, the differences were not significant at 95 % significant interval (p<0.05). 

 

 
Figure 19 Frequency of occurrence of the mean free chlorine levels at the taps 



 

37 
 

 

According to the data, chlorine levels reduced along the distribution lines especially from the 
outlet to the distribution centre which covers a total distance of about 12 km. From the data 
gathered during this study, it was observed that low chlorine levels mostly corresponded to the 
occurrence of Salmonella in the household taps. However, the occurrence of V. cholerae had 
no correlation to the chlorine levels. 

 

Temperature, pH and Conductivity 

Temperature ranged from a minimum of 25.3oC to a maximum of 33.2oC. The temperatures 
were generally high. The variations recorded during the study can be attributed to the general 
weather conditions of the town, the time of the day when samples were collected, the type of 
pipe which is being used to transport water and how deep they have been buried in the ground. 

The WHO guideline value for pH which explains the degree of acidity or alkalinity is 6.5-8.5. 
pH does not have direct effects on the health of human beings however it is an important 
parameter for some of the treatment processes such as disinfection. pH of the water ranged from 
7.1 to 8.9. Five percent of all the samples (n = 40) analysed were above the WHO guideline 
limit. The maximum pH was recorded at the outlet, which could be as a result of treatment 
breakdown.  

Conductivity explains the capacity of water for electrical flow to pass through and can also 
show the concentration of ions in water.  The conductivity of all the samples (n = 40) analysed 
ranged from 230 µS/cm to 323 µS/cm.  75 % (30) of the 40 samples analysed for conductivity 
were above 250 µS/cm, which is the WHO guideline for conductivity for drinking water. This 
guideline value is not a health related guideline however it affects the palatability of water. 83.3 
% of all the samples taken at the taps (n = 18) were above this guideline value. Statistically, the 
differences were not significant at 95 % significant interval (p<0.05). The mean, maximum, 
minimum and standard deviation for the temperature, pH and conductivity have been outlined 
in table 4. 

Table 4 Mean, maximum, minimum and standard deviation values for temperature, conductivity and pH 

 

  
 

 

4.2.1 Effect of Distance from the Main Pipe on Recontamination in the Water 
Distribution Network 

In experiment 2, where samples were taken along the longest distribution line from four 
household taps, 100 % of the total number of samples (n=20) showed the presence of E. coli. 
The E. coli counts ranged from a minimum of 4 CFU/100 mL to a maximum of 4410 CFU/100 
mL. The highest E. coli count was recorded at Point 1, which is the closest household connected 

Location Mean SD Max Min Mean SD Max Min Mean SD Max Min
Inlet 27.8 1.0 28.7 25.9 247.7 26.3 300.0 230.0 7.8 0.5 8.52 7.11

Outlet 27.9 14.4 28.9 26.7 287.8 27.5 323.0 264.0 8.4 0.4 8.93 7.94
DC 27.3 1.4 28.9 25.3 278.5 22.3 299.0 253.0 8.2 0.1 8.29 8.03

Tower 27.6 0.8 28.6 26.4 270.7 16.8 288.0 244.0 8.0 0.3 8.13 7.47
T1 29.5 1.9 33.2 28.4 275.5 27.6 303.0 235.0 7.8 0.2 8.15 7.57
T2 28.9 1.7 32.2 27.2 279.2 26.0 313.0 244.0 7.9 0.5 8.5 7.1
T3 29.4 1.5 32.2 28.3 271.3 21.0 303.0 246.0 8.0 0.4 8.48 7.32

Temperature ( oC ) Conductivity (µS/cm) pH
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to the tower whereas the lowest E. coli count of 4 CFU/100 mL was recorded in point 3. The 
mean E. coli counts for point 1 was 1079 CFU/100 mL, the mean for point 2, 3, and 4 were 274 
CFU/100 mL, 315 CFU/100 mL and 429 CFU/100 mL, respectively (Figure 20). The max 
counts that occurred at the various points were 4410 CFU/100 mL for point 1, 468 CFU/100 
mL for point 2, 1200 CFU/100 mL for point 3 and 1290 CFU/100 mL for point 4. Statistically, 
the differences were not significant at 95 % significant interval (p<0.05). 

 
Figure 20 E.coli counts showing median as lines in the boxplots, mean as x and error bars showing standard 
deviation 

 

E. coli counts were greater than the WHO guideline value which indicates E. coli counts must 
be less than 1 CFU/100 mL (WHO, 2017d). All selected points that were analysed on the 
longest distribution line were all equally contaminated irrespective of the distance from the 
distribution centre and tower unlike what was observed in the study conducted in Moamba, 
Mozambique. In Moamba, the points that were farthest away from the water treatment plant 
had higher E. coli counts (Quaye, 2018). A study conducted by Boakye-Ansah, et al. (2016) in 
Lilongwe, Malawi also established that distance had an influence on the quality of water which 
was not the case for the data recorded in this study. The data from microbial analysis and 
physicochemical analysis revealed that distance did not have an influence on recontamination 
of the water in the pipes.  

 

4.2.2 Vulnerable Points and Recontamination 
The quality of drinking water in the distribution system is at risk of recontamination if the 
physical integrity of the pipe is substandard (Fontanazza, et al., 2015). Poor maintenance culture 
of the distribution system as well as pressure fluctuations of water flowing through the pipes 
are some of the main causes of recontamination in the distribution system (Fontanazza, et al., 
2015). The Homoine water supply system is operated intermittently thus water is supplied from 
5 hours to 12 hours and from 15 hours to 20 hours daily. By visual inspection, some vulnerable 
points which experienced leaks as a result of pipe burst were identified (Figure 21) which could 
be as a result of pressure fluctuations and lack of timely pipe maintenance however the data of 
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this study revealed that the location of the vulnerable points did not affect the quality of the 
water after the leak as water from the point before and after the burst both had similar levels of 
contamination. Contaminants that may enter the distribution system as a result of pipe burst 
will usually mix with the water and will be transported along with it (Grayman, 2013). The 
effect of a contaminant that enters the distribution system and how fast it could move in the 
pipes is influenced by the type, the amount, the operation of the water supply system, and the 
means it entered (Grayman, 2013). This could result in it moving only in short distance or 
moving through the entire distribution system. There could also be a chemical, biological or 
physical reaction depending on the type of contaminant and constituents of the water already 
flowing in the distribution system (Grayman, 2013). All these factors could contribute to the 
vulnerable point identified during this study not influencing the quality of water sampled at the 
points beyond it. 

 
Figure 21 Map showing the location of the point with pipe burst between P3 and P4 and an image of the leakage 

  

Free chlorine levels over the period ranged from a minimum of 0 mg Cl2/L to maximum of 1.29 
mg Cl2/L. Out of the 48 samples analysed, 70.8 %  of the total number of samples (n = 48) 
analysed had chlorine levels greater than 0.2 mg Cl2/L and 29.2 % had chlorine levels less than 
0.2 mg Cl2/L. The standard deviation for the chlorine levels at the various sampling locations 
ranged from 0.32 to 0.45. The mean chlorine level in the various sampling points were 0.52 mg 
Cl2/L for Point 1, 0.61 mg Cl2/L for Point 2, 0.57 mg Cl2/L for point 3 and 0.34 mg Cl2/L for 
point 4 (Figure 22). The respective maximum and minimum free chlorine levels in the various 
points were 1.12 mg Cl2/L and 0 for point 1, 1.29 mg Cl2/L and 0.06 mg Cl2/L for point 2, 1.14 
mg Cl2/L and 0 mg Cl2/L for point 3 and 1.28 mg Cl2/L and 0.09 mg Cl2/L for point 4. 

The free chlorine levels were thus usually within the WHO guideline limits for chlorine which 
is 0.2 mg Cl2/L. However, the presence of faecal contamination was still recorded. 
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Figure 22 Mean chlorine levels for samples taken at the household taps 

Turbidity ranged from a minimum of 0.32 NTU to a maximum of 4.2 NTU. 20.8 % of the total 
number of samples analysed for turbidity (n = 48) had turbidity levels less than 1 NTU with the 
remaining 79.2 % of the samples analysed between 1 NTU to 5 NTU. None of the 48 samples 
had a turbidity level above 5 NTU. Point 1 had a mean turbidity level of 2.25 NTU, point 2, 3 
and 4 had mean turbidity levels of 2.19 NTU, 2.04 NTU and 1.88 NTU respectively (Figure 
23). The standard deviation at the various points also ranged from 0.96 to 1. 24.  

Turbidity was generally low. The turbidity levels at the taps were below 5 NTU and as such 
conforms to the WHO guideline value for turbidity at the taps for small low resource plants 
(WHO, 2017b). Statistically, the differences were not significant at 95 % significant interval 
(p<0.05). 

 

 

Figure 23 Turbidity at different sampling points showing median as lines in the boxplots, mean as x and 
error bars representing standard deviation 
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Temperature, pH and conductivity were also assessed. The mean temperatures for the various 
points were 28.7oC for point 1, 28.8oC for point 2, 28.3oC for point 3 and 28.6oC for point 4. 
The standard deviations for these points ranged from 1.1 to 1.8. Point 1 recorded the highest 
temperature of 32.5oC during the entire study. Point 4 had a maximum temperature of 31.5oC 
and point 2 and 3 had a maximum temperature of 31.3oC and 30oC respectively. 

Conductivity ranged from 240 µS/cm to 311 µS/cm. The mean conductivity at the various 
sampling locations were 270 µS/cm for point 1 and 2, 269.3 µS/cm for point 3 and 266.1 µS/cm 
for point 4. 311 µS/cm, 308 µS/cm, 305 µS/cm were the maximum conductivity levels recorded 
for point 1, point 2, point 3 and point 4 respectively. The lowest conductivity was 240 µS/cm 
measured at point 3. 

The maximum pH was 8.37, which was measured at point 3, followed by 8.3 at point 2, then 
8.27 at point 1 and 8.16 at point 4. The mean pH levels were 8.1 at point 1, 2 and 3 and 8.0 at 
point 4. The standard deviation was 0.2 at point 2, 3, and 4 and 0.1 for point 1. The mean, 
maximum, minimum and standard deviation for the temperature, pH and conductivity have 
been outlined in table 5. 

 

Table 5 Mean, standard deviation, maximum and minimum values for sampling points. 

 
These parameters are not health related guidelines but are however important during the 
treatment process. Statistically, the differences were not significant at 95 % significant interval 
(p<0.05). Temperature and conductivity were quite high however these are not health related 
guidelines but may affect the palatability of the water. 

 

4.3 Emergence of Pathogens not existing in the Source 

ESBL the indicator for anti-microbial resistance emerged in the distribution centre in the third 
week but was not identified in the inlet at all in that same week.  

ESBL was identified in the inlet removed during the treatment process but reoccurred in tap 3 
on the 25th of November, 2019.  

Vibrio spp were identified in the inlet but none identified at the outlet of the treatment plant but 
was however found again in samples taken at the tower and tap 2 on the 2nd of December, 2019. 

Campylobacter was identified in the inlet removed during the treatment process and as such 
none was identified in the outlet of the treatment plant but was identified again in tap 3 on the 
25th of November, 2019. 

Mean SD Max Min Mean SD Max Min Mean SD Max Min

P1 28.7 1.8 32.5 27 270.0 24.3 311 245 8.1 0.1 8.27 7.88

P2 28.8 1.3 31.3 27.2 270.0 22.1 308 248 8.1 0.2 8.3 7.69

P3 28.3 1.1 30 26.9 269.3 23.4 305 240 8.1 0.2 8.37 7.79

P4 28.6 1.5 31.5 27 266.1 19.9 305 244 8.0 0.2 8.16 7.48

Temperature ( oC ) pH Conductivity (µS/cm)
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Salmonella was identified in the inlet and removed during the treatment thus none was 
identified in the outlet of the treatment plant. However it was found to reoccur in the tap 3 on 
the 25th of November 2019 as well as tap 2 and tap 3 on the 2nd of December 2019. 

The inlet was found to be the sampling point with the highest contamination. The treatment 
plant removed most of these pathogens during the treatment process which is similar to a study 
conducted in southeast Louisiana which concluded that the water treatment plant was able to 
efficiently remove all faecal coliforms including antibiotic resistant bacteria. The water before 
treatment in this study was found to be the most contaminated as it contained several antibiotic 
resistant bacterial and faecal coliforms. (Bergeron, et al., 2015). However along the distribution 
line these pathogens occurred again. ESBL was the only pathogen that emerged and wasn’t 
existing in the source. The others were identified at the inlet, removed during the treatment but 
reappeared in the taps. 

In the PCR confirmation test, the occurrence of ESBL were not confirmed in the taps. 
Salmonella, was the only pathogen that was recorded in the outlet of the treatment plant as well 
as the household taps. Salmonella was confirmed in 66% out of the 59 samples analysed using 
the PCR method in drinking water sources in Dhaka (Saha, et al., 2019). According to Thomas, 
et al. (2013), the aquatic environment is the source of diverse range of Salmonella serotypes 
and concluded that water is a channel involved in the transportation and dissemination of these 
pathogens. Jokinen, et al. (2011), investigated the presence of bacteria in different water 
samples and Salmonella was the second most often isolated bacteria present from the samples 
(Momtaz, et al., 2013). The presence of Salmonella have been confirmed also in drinking water 
sources in Isfahan province in Iran. According the results from the study in Isfahan Province, 
the specificity and sensitivity of the PCR method was 99.9% (Momtaz, et al., 2013).   

 

 

4.4 Limitations of Study 

In the initial stages of the experiment, no counts for E.coli were recorded. The compact dry 
plates were crowded with total coliform colonies thus there was not enough room for E. coli to 
grow. This was recorded during first two weeks of the study. It was also suspected that PBS, 
which was used for the dilution, was contaminated due to long periods of transportation from 
the Maputo to Homoine in the third week of the experiment. This resulted in counts that were 
too numerous to count and as such were not included in the analysis of the results.  

Campylobacter analyses were not done on the 6th and 11th of November 2019 due to the limited 
space in the incubator. On the 18th of November, Campylobacter spp., was only observed in the 
enrichment media but not in the selective media. During this period the outlet of the treatment 
plant was sampled as the discharge tap was faulty. 

4.5 Significance of the study 

4.5.1 Indicator bacteria 
It was observed in this study that the spike in indicator bacteria, E. coli did not always 
correspond to the presence of the V. cholerae that were investigated. This raises the question if 
it is always necessary to measure indicator organisms in microbial analysis. Over the years, E. 
coli has been accepted as the most appropriate indicator for faecal contamination (Cliver and 
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Newman, 1987, Leclerc, et al., 2001, Marshall, et al., 1997, Mossel and Vega, 1973, Swerdlow, 
et al., 1992, Tallon, et al., 2005). Some studies that have been conducted found a correlation 
between the occurrence of indicators and pathogens and as such find it necessary to measure 
indicator organisms. Leclerc, et al. (2001) established in a study that faecal contamination had 
a correlation to the presence of the indicator pathogens. The occurrence of the indicator 
organisms such as E. coli has been linked to the presence of disease causing organisms and 
faecal contamination in some drinking water companies (Tallon, et al., 2005). Studies 
conducted in other parts of the world such as Nepal (Bhatta, et al., 2007), South Africa (Momba, 
et al., 2006), Nigeria (Akinyemi, et al., 2006) and India (Jyoti, et al., 2010) indicated that there 
was a positive correlation between faecal indicators and Salmonella. These indicator organisms 
including total coliforms, faecal coliforms and E. coli are relied upon for the portability of 
drinking water by water suppliers in most countries however this is under a lot assessment in 
recent times (Lin and Ganesh, 2013). A 2% correlation was established between the occurrence 
of faecal indicator and V. cholera in a study conducted in Kenya (Mariita and Okemo, 2009). 
This is obviously on the low side however correlations as high as 85% was recorded for 
Salmonella (Mariita and Okemo, 2009). The findings of a study conducted by Gabutti, et al. 
(2004) showed that the indicator bacteria occurrence sometimes is enough to determine the 
quality of water. However there was not always the correlation between the indicator bacteria 
and the pathogens and thus if water is said to be of good quality based on these indicators it 
may still contain pathogens which would be harmful to public health. It would be more prudent 
to continually analyse indicator bacteria whiles analysing the pathogens alongside rather than 
depending solely on the indicator pathogen to determine the water quality (Dionisio, et al., 
2000, Gabutti, et al., 2004). 

Furthermore, water contamination caused by E. coli does not always take place as a result of 
direct faecal contamination. A study in Canada showed that waste water from paper mills 
contained high concentrations of E. coli even though there were no sources of sewage 
contamination in six out of the seven pulp and paper mills that was studied. It was concluded 
from the study that the proliferation of the E. coli was due to its thermotolerance feature not 
their origin (Archibald, 2000, Gauthier and Archibald, 2001). Interestingly, surface water 
systems in tropical regions have recorded high concentrations of E. coli which have been 
attributed to the tropic conditions. (Lin and Ganesh, 2013).  

Other microorganisms have been suggested to be used in place of or in conjunction with the 
existing accepted indicators. Clostridium perfringes and enterococci are other indicators that 
have been found to be helpful to be used in conjunction with E. coli as faecal indicators  (Tallon, 
et al., 2005). Gabutti, et al. (2004) concluded that the use of faecal coliforms as indicator 
bacteria for Salmonella had a better correlation than total coliforms and faecal streptococci. 
There is still an increasing discussion on whether there is a need to widen the scope of the 
indicators used. 

 

4.5.1.1 Indicator organism for virus and protozoa. 
The faecal indicator is supposed to have some functions in common with the surrogate 
organism. It is believed that the faecal indicator bacteria that are used do not share similar 
features to that of viruses and protozoa in most cases (García‐Aljaro, et al., 2019, Lin and 
Ganesh, 2013, Tallon, et al., 2005). These features include the ability to withstand treatments 
and thrive in water. The occurrence of viruses and protozoa in water do not always have a direct 
relation with indicator bacteria (Baggi, et al., 2001, Grabow, et al., 2001, Noble and Fuhrman, 
2001, Tallon, et al., 2005). Mostly, the water treatment process is able to deal with the presence 
of indicator bacteria however the same cannot be said for viruses as a result of the increasing 
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resistance of virus to the treatment process (Baggi, et al., 2001). Protozoa are sometimes able 
to withstand disinfection as a result of it intracellular growth (Girones, et al., 2010). 

Other indicators such as somatic coliphages and F-specific bacteriophages have been proposed 
to be used for viruses (Baggi, et al., 2001). 

 

4.5.2 Combination of Culture Methods and PCR 
In this study, the culture method was used for identification of microorganisms and the PCR 
method was used for confirmation tests. The results from this study showed some presumptive 
pathogens identified with the culture method were not confirmed by PCR. Over the years 
culture methods have been used as the tool for pathogen investigation in water quality analysis 
and it has provided the needed water quality information on pathogens for water suppliers 
(Alhamlan, et al., 2015). However, the culture methods require a lot of time and energy as some 
of the analysis done in this study went on for as long as 5 days of transferring colonies to various 
media (Ashbolt, et al., 2001). PCR is fast, effective, robust and requires skilled personnel. It 
may be a challenge for water supply systems in small towns to carry out any of these water 
quality monitoring regularly as there is limited skilled personnel, financial resources as well as 
the equipment and tools needed. Public health institutions in the low income countries can be 
put in charge of regular monitoring to ensure that water suppliers meet the standard values 
(Peletz, et al., 2016). A study conducted across 10 countries in Sub Saharan Africa showed that 
small water suppliers were more likely to not meet the WHO guidelines for the number of 
microbial tests conducted in a year and this was mostly due to the above mentioned reasons 
(Peletz, et al., 2016). The cost involved in PCR analysis is higher than using culture methods. 
These include the cost of reagents, tools and equipment. There may be some technical limitation 
of the personnel thus requiring the need for personnel training which would also inquire costs 
(Yang and Rothman, 2004). 

 

4.5.3 The Vulnerability of Mozambique as a Country 
Africa is still battling with cholera cases and recorded more than 100,000 cases from 2007 to 
2012 in 20 countries weekly (Sauvageot, et al., 2016). Mozambique, is an endemic area for 
cholera. The country first experienced cholera in the 1970s and several cases have been 
recorded in the subsequent decades with yearly outbreaks being recorded in recent times 
(Bwire, et al., 2016, Langa, et al., 2015).   

Typhoid, which is caused by Salmonella entrica typhi, is also a public health problem for people 
in developing countries. About 20 million cases which results in 200,000 deaths are recorded 
annually from low income countries (Lovane, et al., 2016). The results from this research 
showed the presence of Salmonella typhi and V. cholerae in some household taps and this 
depicts the vulnerability of Mozambique to the typhoid fever and cholera.  

Monitoring systems which are in place for these pathogens are poor and usually water suppliers 
and public health surveillance agencies perform them on the reactive approach rather than the 
proactive way (Sauvageot, et al., 2016). The narrative of monitoring being done in a reactive 
manner must be changed. Regular water quality analysis must be performed by water suppliers 
and public health surveillance agencies so as to attack the problem in a more proactive way to 
help control the regular occurrence of this ill health. Furthermore, the identification of the 
potential causes of the presence of the pathogens at various points in the water treatment chain 
would help water suppliers rectify such problems and protect public health. 
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 CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusion 

Samples were taken at the inlet of the water treatment plant, the outlet and three household taps. 
These were analysed for the microbial and physico-chemical qualities. 

Eighty nine percent of the total number of samples (n= 41) analysed showed the presence of E. 
coli, 77.8 % out of the 87.8 % positive samples were samples taken from the household taps. 
Seventeen percent of the total number of samples (n = 40) analysed for ESBL, the indicator for 
antimicrobial resistance, were positive and these included one sample taken at the distribution 
centre and one sample take at tap 3. Out of the total number of samples (n = 28) analysed for 
campylobacter, 38.5 % out of 46.5 % positive samples occurred at the household taps. The 
occurrence of Salmonella was present in 30 % out of the 25 % positive samples occurred at the 
household taps. V. cholerae occurred in 25 % of the 30 % positive samples occurred at the 
household taps. 

The data gathered during the study showed the occurrence of microbial contamination in the 
water. Generally, the inlet was the sampling point which was highly contaminated however on 
some sampling days other sampling points including household taps recorded high counts for 
E.coli, the indicator pathogen for fecal contamination. Also, the spike in E. coli counts didn’t 
always correlate with the presence of other pathogens that were investigated. The occurrence 
of Salmonella, ESBL, Campylobacter and V. cholerae were identified in some of the household 
taps which would not be expected for a water treatment plant which is just over a year old. 

The physico-chemical data showed that more than 70 % of samples at the taps had chlorine 
levels within the WHO acceptable limits which is 0.2 to 1 mg Cl2/L. This did not correlate with 
the presence of E. coli and the other pathogens that were identified at the household taps. The 
turbidity levels were usually low, pH was within the acceptable limits, temperature and 
conductivity were generally high but these parameters do not have a direct effect on health and 
such were not considered for this study. 

According to my data, all the four household taps that were selected on the longest distribution 
pipeline recorded the presence of E. coli and they were equally contaminated irrespective of the 
distance from the water treatment plant. Residual chlorine levels were always within the WHO 
guideline value which did not correlate with the presence of E. coli at the taps. Vulnerable 
points that were identified by visual inspection along the selected pipeline had no correlation 
with the E. coli counts recorded along the pipe. The data showed that distance did not have 
influence on the contamination along the longest distribution pipeline. 

In the culture methods, water samples that were analysed showed the presence of V. cholerae, 
Campylobacter, Salmonella and ESBL in the inlet of the water treatment plant. The inlet was 
the sampling point which was highly contaminated among all the other sampling points. The 
data showed that most of these pathogens were removed during treatment and were not 
identified in the outlet of the water treatment plant but these resurfaced in the household taps 
on some dates. ESBL, the indicator for antimicrobial resistance emerged in the distribution 



 

46 
 

centre in the third week of sampling but was not present in the inlet in that week. However, in 
the PCR confirmation tests, Salmonella was the pathogen present in the taps but not in the inlet. 
ESBL was not confirmed. 

5.2 Recommendations 

The use of faecal indicators in this study did not have a direct correlation with the occurrence 
of some of the pathogens that were investigated. With this in mind, it will be beneficial to water 
suppliers and public health surveillance agencies to not only depend on the analysis of indicator 
pathogens to determine the quality of water but to further analyse pathogens that pose health 
risks to the consumers from time to time.  

Culture method was used for the microbial analysis in this study and PCR for the confirmation 
tests. PCR test is more precise, requires less time to analyse but maybe a problem for small 
scale water suppliers. In Sub Saharan Africa, it is difficult for water suppliers to be able to 
perform regular monitoring and quality tests even when only the culture method is mostly the 
method being used. This is due to the limited skilled personnel and cost involved to be able to 
carry out the analysis. The PCR test is even more expensive. It would be prudent if the 
surveillance agencies could help the water suppliers to monitor the pathogens of public health 
concern on a more regular basis using both methods as they usually have access to more 
resources. 

Sub Saharan Africa and even more specifically Mozambique is vulnerable to the diseases 
associated to the pathogens that were investigated in this study. Mozambique is endemic to 
cholera and experience yearly outbreaks. Considering the results of this study which showed 
the presence of V. cholera in some household taps deems it very essential for public health 
officials and surveillances agencies to help small scale water suppliers to monitor these 
pathogens in a more proactive manner rather than a reactive manner so that the health of 
consumers will be protected. 
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Appendix A. -   Research Ethics Declaration 
Introduction 

Undertaking a research which can be classified as ethically sound is a basic requirement of a 
scientific enquiry. It is against this background that I ensured that, my research met all the 
necessary ethical requirements in order for me to attain results that are as accurate as can be. 

My research was aimed at investigating the occurrence of pathogens (Salmonella, V. cholerae, 
Campylobacter spp.) and indicator bacteria (E. coli and Extended Spectrum Beta-Lactamase 
(ESBL) in drinking water systems in small towns located in Mozambique. The major part of 
the research was done in the laboratory. Data collection, analysis and data reporting were all 
done in strict adherence to all necessary protocols. The various ways through which the 
standards and principles of a good research was applied in my thesis has been explained below. 

Designing Research 

In designing the layout and integrating the various chapters of this research, the benefits the 
society would have on the research was given high consideration. I was very conscious of my 
obligation to honour the amount of trust that has been placed in me. I also owed myself an 
obligation to act responsibly and to follow all protocols in order for me to achieve my set goals. 
Finally, I was obliged to act in ways that would be of great service to the general public. 

The water supply systems found in small towns are used by inhabitants for their daily basic 
household activities which includes cooking and dinking. Designing the research to know about 
the quality of the water and writing about the loop holes in productions as well as other factors 
water suppliers can incorporate to improve the water would be of great benefit to the public 
health of the inhabitants. This would also go a long way to help stakeholders and authorities in 
their quest to provide potable drinking water for their people in line with the sustainable 
development goals. My education is being sponsored by the Ghana National Petroleum 
Corporation Foundation (GNPC), which is government institution in my country Ghana, in Sub 
Saharan Africa. The water supply system in Ghana is similar to that in Mozambique with the 
same conventional treatment method being applied. In this regard, this study can also directly 
be of benefit my country back home. On larger scale, this study can be adapted to small scale 
water supply systems especially in countries located in Sub Saharan Africa, as their features are 
usually similar.  

The research and its products were designed in such a way that, it would be available to all who 
may be in need of it. Also, it was designed such that, the information and data gathered would 
be confirmable. The design of the research was without fabrication of any information and no 
claims were incorporated in the design. Scientific and engineering approaches and methods 
were employed in the designing of this research. The research was designed with transparency, 
ensuring that the details would be very clear to others who would read it. 

The choice of the layout used in this research was made using scientific and engineering 
principles without any form of political or commercial influences or considerations. During the 
design phase of the research, fairness was ensured at all times. The object of this research was 
to extend human knowledge above that which is already existing and was designed to be 
relevant both scientifically and in the society in general. 

Conduct Research 

My research entailed field work that is taking water samples, analysing these samples in the 
laboratory, recording and analysing data among other things. The field work was conducted 
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accurately following all the required standard procedures and the steps to be able to collect 
representative samples. Precision was very important when the samples were being taken and 
also in the recording of data which was to be recorded directly on the field. The laboratory work 
was not any different as obtaining the most accurate results possible was my priority. All the 
standard laboratory protocols were adhered to the latter including the use of personal protective 
equipment, in the case of this research, lab coats and gloves. All data was recorded and analysed 
as it is and no data was altered or invented. The lab work, data recording and data analysis were 
done with utmost honesty and transparency. The research was conducted carefully and 
thoroughly with extreme attention to details. All codes of conduct in the research institute in 
the Centre of Biotechnology in Mozambique and IHE were strictly adhered to. There was no 
conflict of interest in any way when conducting the research. In as much I followed the standard 
procedures, I was independent in my thoughts and the writing of the results. There was no form 
of external influence or alteration as far as the results are concerned. 

Report Results 

In the reporting of the results of my research, no data was altered or invented. All data was 
presented as per the results from the laboratory analysis. Limitations that were faced during the 
study such as the contamination of one lab solution in which affected the results in a particular 
week was honestly reported. Furthermore, the inability to take samples at the beginning of the 
field work which was a result of lack of space in the field incubator was also duly reported. All 
the factors that could have possibly influenced the results were also duly reported. The data was 
analysed using Microsoft excel and the Kruskal Wallis test. Results after the analysis was 
honestly reported with high level of transparency. Data analysis was done properly and 
correctly using all the appropriate formulae and mathematical methods. The selections of the 
methods of reporting, data analysis and recording was made using scientific and engineering 
principles with no personal interests in mind. The data from this research can be made public 
with no reproach. 

Assessment and Peer Review 

All information that was taken other published papers were duly referenced to their respective 
owners in all honesty. Alternative findings that have been recorded in other studies conducted 
in other places were analysed closely and compared to my findings supporting each with 
existing lecture. The line of reasoning was honest, independent and transparent. 

Communication of Research 

The research outcome was recorded honestly and all information that will be made public will 
be the exact and accurate data recorded. Even though standard methods were followed these 
methods were clearly explained and elaborated in the research. 

The research was funded by the Project small and all funds allocated to me for the research was 
used very well.
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Appendix B. -   Physico-chemical Results 
B 1 - Physico-chemical results for the various sampling points on each sampling day for 
experiment 1 

 
 

Free 
Chlorine

Total 
Chlorine Turbidity Temperature pH Conductivity

Place Inlet
Date 06-Nov-19 1.23 27.9 7.83 230
Date 11-Nov-19 2.07 28.7 7.96 237
Date 18-Nov-19 2.49 28.3 8.52 300
Date 25-Nov-19 12.85 28.4 7.94 234
Date 02-Dec-19 4.1 27.7 7.11 237
Date 09-Dec-19 5.77 25.9 7.47 248

Place Outlet
Date 06-Nov-19
Date 11-Nov-19
Date 18-Nov-19 0.92 1.18 0.71 28.9 7.94 268
Date 25-Nov-19 2.17 2.18 5.9 28.2 8.25 264
Date 02-Dec-19 1.92 2.51 1.78 27.6 8.93 323
Date 09-Dec-19 4.62 5.53 1.57 26.7 8.46 296

Place DC
Date 06-Nov-19 1.51 1.17 25.3 8.03 253
Date 11-Nov-19 1 1.1 2.55 26.2 8.1 255
Date 18-Nov-19 0.2 0.29 1.92 27.1 8.15 268
Date 25-Nov-19 0.8 0.87 5.9 28.9 8.15 299
Date 02-Dec-19 2.2 2.47 1.19 28.8 8.25 297
Date 09-Dec-19 2.43 3.13 1.84 27.2 8.29 299

Place Tower
Date 06-Nov-19 2.97 2.9 27.4 7.47 271
Date 11-Nov-19 0.39 0.54 3.78 26.4 8.12 244
Date 18-Nov-19 0.26 0.36 1.21 27.3 8.12 274
Date 25-Nov-19 0.18 0.24 3.16 28.6 8.05 260
Date 02-Dec-19 1.66 1.77 1.24 28.5 8.13 287
Date 09-Dec-19 1.74 2.07 1.89 27.4 8.09 288

EXPERIMENT 1
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Place T1
Date 06-Nov-19 0.26 1.27 28.5 7.65 235
Date 11-Nov-19 0.23 0.49 2.78 28.8 8.15 247
Date 18-Nov-19 0.24 0.33 1.72 29.7 7.97 286
Date 25-Nov-19 0.25 0.3 2.38 28.5 8.01 303
Date 02-Dec-19 0.05 0.15 3.59 33.2 7.57 289
Date 09-Dec-19 2.03 2.1 4.02 28.4 7.74 293

Place T2
Date 06-Nov-19 0.34 0.85 29.3 7.75 257
Date 11-Nov-19 0.55 0.64 2.74 28.1 8.1 244
Date 18-Nov-19 0.14 0.33 1.8 28.4 8.5 313
Date 25-Nov-19 0.07 0.22 3.09 28.3 7.93 288
Date 02-Dec-19 0.08 0.16 1.81 32.2 7.1 274
Date 09-Dec-19 2.04 2.1 1.85 27.2 8.29 299

Place T3
Date 06-Nov-19 1.18 2.35 28.7 7.32 255
Date 11-Nov-19 0.21 0.35 3.39 29.3 8.07 246
Date 18-Nov-19 0.21 0.37 1.75 28.4 8.48 303
Date 25-Nov-19 0.16 0.28 2.98 28.3 8.1 284
Date 02-Dec-19 0.04 0.15 1.75 32.2 8.08 262
Date 09-Dec-19 2.55 3.4 1.76 29.3 8.15 278
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B 2 - Physico-chemical results for the various sampling points on each sampling day for 
experiment 2 

 

Free 
Chlorine

Total 
Chlorine Turbidity Temperature pH Conductivity

Place P1
Date 08-Nov-19 0.34 0.44 1.9 28.7 8.12 251
Date 10-Nov-19 0.18 0.23 1.79 27.8 7.97 247
Date 12-Nov-19 1.08 1.37 2.82 27.7 8.24 251
Date 13-Nov-19 0.96 0.97 3.18 27.7 8.27 250
Date 20-Nov-19 0.96 1.14 2.78 27.9 8.01 262
Date 22-Nov-19 0.19 0.32 2.52 27.8 8.05 295
Date 27-Nov-19 0.41 0.32 4.1 32.5 8.03 304
Date 28-Nov-19 1.12 1.22 4.2 30.9 8.18 295
Date 04-Dec-19 0 0.13 0.32 31 7.9 245
Date 07-Dec-19 0.44 0.47 0.9 27.5 8.12 262
Date 11-Dec-19 0.29 0.32 0.91 27.6 8.12 267
Date 12-Dec-19 0.26 0.48 1.54 27 7.88 311

Place P2
Date 08-Nov-19 0.61 0.69 1.94 29.4 8.16 250
Date 10-Nov-19 0.06 0.19 1.73 28.2 8.3 252
Date 12-Nov-19 0.97 1.21 2.8 28.1 7.96 252
Date 13-Nov-19 1.14 1.7 2.57 28.7 8.13 249
Date 20-Nov-19 0.31 0.42 2.1 28.3 7.75 262
Date 22-Nov-19 0.13 0.24 1.18 27.6 8.11 248
Date 27-Nov-19 0.36 0.62 3.79 30.7 8.14 302
Date 28-Nov-19 1.29 1.42 4.1 29.8 8.23 308
Date 04-Dec-19 0.99 1.03 1.95 31.3 7.69 275
Date 07-Dec-19 1.02 1.35 1.4 28.5 8.07 262
Date 11-Dec-19 0.16 0.27 0.76 27.2 8.03 290
Date 12-Dec-19 0.28 0.35 1.9 27.6 8.04 290

EXPERIMENT 2



 

65 
 

 

Place P3
Date 08-Nov-19 0.59 0.97 1.61 28 8.04 240
Date 10-Nov-19 0.07 0.21 1.97 27.5 8.08 243
Date 12-Nov-19 1 1.15 2.9 28.8 8.09 250
Date 13-Nov-19 1.09 1.17 2.85 28.3 8.35 263
Date 20-Nov-19 0.96 1.02 2.7 29 8.02 258
Date 22-Nov-19 0.12 0.17 1.26 27.6 8.05 278
Date 27-Nov-19 0.54 0.58 3.87 29.7 8.18 301
Date 28-Nov-19 1.14 1.26 3.91 29.8 8.37 302
Date 04-Dec-19 0 0.19 0.39 30 7.79 249
Date 07-Dec-19 1 1.13 1.38 27.2 8.16 279
Date 11-Dec-19 0.21 0.32 0.67 27.2 8.08 264
Date 12-Dec-19 0.15 0.42 0.96 26.9 8.03 305

Place P4
Date 08-Nov-19 0.56 0.59 1.55 28.4 7.93 248
Date 10-Nov-19 0.29 0.39 1.7 28 8.15 244
Date 12-Nov-19 0.22 0.28 2.52 28.5 8.08 252
Date 13-Nov-19 0.2 0.34 2.2 28 8.12 254
Date 20-Nov-19 0.38 0.45 1.95 29.7 7.76 264
Date 22-Nov-19 0.11 0.16 0.96 27.2 7.94 247
Date 27-Nov-19 0.09 0.22 3.57 29.7 8.16 305
Date 28-Nov-19 0.13 0.28 3.46 30.5 8.11 296
Date 04-Dec-19 1.28 1.39 0.39 31.5 7.78 275
Date 07-Dec-19 0.32 0.57 1.78 27.2 7.48 262
Date 11-Dec-19 0.19 0.3 0.84 27.1 8.15 262
Date 12-Dec-19 0.25 0.28 1.66 27 8.1 284
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Appendix C. -  Microbial Analysis Results 
C1 - Results for culture methods pathogen analysis for inlet and outlet on each sampling day. 

 

 

Volume
Growth
APW

Growth 
TCBS

SubCult
LB

VC 
pres? Stored

Growth
BPW

Growth 
RVS

Growth 
XLD

Growt
h BG

Sal 
pres? Stored

Growth 
PB

Growth 
Karmali

Campy 
pres? Stored

Place Intake
Date 6-Nov-19

100 Yes Yes Yes Yes Yes Yes Yes Yes No No No
50
10

Date 11-Nov-19
100 Yes Yes Yes Yes Yes Yes Yes Yes No No No
50
10
1

Date 18-Nov-19
100 Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes No No No
50 Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes No No No
10 Yes Yes Yes Yes Yes No No No No No No No No No No

Date 25-Nov-19
100 Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
50 Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
10 Yes Yes No Yes Yes Yes Yes No No No No No No No No

Date 2-Dec-19
100 Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
50 Yes Yes Yes Yes Yes Yes No No No No No Yes Yes Yes Yes
10 Yes Yes No No No Yes Yes No No No No Yes No No No

Date 9-Dec-19
100 Yes No No No No Yes Yes Yes No No No Yes Yes Yes Yes
50 Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
10 Yes Yes Yes Yes Yes Yes Yes Yes No No No No No No No

Place Outlet
Date 6-Nov-19

100
50
10

Date 11-Nov-19
100
50
10

Date 18-Nov-19
100 No No No No No Yes Yes Yes No No No No No No No
50 Yes Yes No No No Yes Yes Yes No No No No No No No
10 Yes Yes No No No Yes Yes Yes No No No No No No No

Date 25-Nov-19
100 Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes No No No No
50 Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes No No No No
10 Yes Yes No No No Yes Yes Yes No No No No No No No

Date 2-Dec-19
100 Yes No No No No Yes No No No No No Yes Yes Yes Yes
50 Yes No No No No Yes No No No No No No No No No
10 Yes No No No No Yes No No No No No No No No No

Date 9-Dec-19
100 Yes No No No No Yes Yes Yes No No No Yes Yes Yes Yes
50 Yes Yes Yes Yes Yes Yes No No No No No Yes Yes Yes Yes
10 Yes No No No No Yes Yes Yes Yes Yes Yes Yes No No No

Vibrio Salmonella Campy
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C2 - Results for culture methods pathogen analysis for distribution centre and tower on each 
sampling day. 

 
 

 

Volume
Growth
APW

Growth 
TCBS

SubCult
LB

VC 
pres? Stored

Growth
BPW

Growth 
RVS

Growth 
XLD

Growt
h BG

Sal 
pres? Stored

Growth 
PB

Growth 
Karmali

Campy 
pres? Stored

Place DC
Date 6-Nov-19

100 Yes Yes Yes No No Yes Yes Yes No No No
50
10

Date 11-Nov-19
100 Yes Yes Yes No No Yes Yes Yes No No No
50
10

Date 18-Nov-19
100 No No No No No Yes Yes Yes No No No No No No No
50 Yes Yes No No No Yes Yes Yes No No No No No No No
10 Yes Yes No No No Yes Yes Yes No No No No No No No

Date 25-Nov-19
100 No No No No No Yes Yes No No No No No No No No
50 Yes Yes Yes No No Yes Yes No No No No No No No No
10 Yes Yes Yes No No No No No No No No No No No No

Date 2-Dec-19
100 No No No No No Yes No No No No No No No No No
50 No No No No No Yes Yes No No No No No No No No
10 Yes No No No No Yes No No No No No No No No No

Date 9-Dec-19
100 Yes No No No No Yes Yes No No No No No No No No
50 Yes No No No No Yes Yes No No No No Yes No No No
10 Yes No No No No Yes Yes Yes No No No Yes Yes Yes Yes

Place Tower
Date 6-Nov-19

100 Yes Yes Yes No No Yes Yes Yes No No No
50
10

Date 11-Nov-19
100 Yes Yes Yes No No Yes Yes Yes Yes Yes Yes
50
10

Date 18-Nov-19
100 Yes Yes Yes No No Yes Yes Yes No No No No No No No
50 Yes Yes Yes No No Yes Yes Yes No No No No No No No
10 Yes Yes Yes No No Yes Yes Yes No No No No No No No

Date 25-Nov-19
100 Yes Yes Yes No No Yes Yes Yes No No No No No No No
50 Yes Yes No No No Yes Yes Yes No No No No No No No
10 Yes Yes No No No Yes Yes Yes No No No No No No No

Date 2-Dec-19
100 Yes No No No No Yes No No No No No Yes No No No
50 Yes No No No No Yes No No No No No Yes Yes Yes Yes
10 Yes Yes Yes Yes Yes Yes No No No No No No No No No

Date 9-Dec-19
100 Yes No No No No Yes Yes No No No No Yes Yes Yes Yes
50 Yes No No No No Yes Yes Yes No No No Yes Yes Yes Yes
10 Yes No No No No Yes Yes Yes No No No No No No No

Vibrio Salmonella Campy
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C3 - Results for culture methods pathogen analysis for tap 1 and tap 2 on each sampling day. 

 

 

Volume
Growth
APW

Growth 
TCBS

SubCult
LB

VC 
pres? Stored

Growth
BPW

Growth 
RVS

Growth 
XLD

Growt
h BG

Sal 
pres? Stored

Growth 
PB

Growth 
Karmali

Campy 
pres? Stored

Place T1
Date 6-Nov-19

100 Yes Yes Yes No No Yes Yes Yes No No No
50
10

Date 11-Nov-19
100 Yes Yes Yes No No Yes Yes No No No No
50
10

Date 18-Nov-19
100 Yes Yes No No No Yes Yes Yes No No No No No No No
50 Yes Yes No No No Yes Yes Yes No No No No No No No
10 Yes Yes No No No Yes Yes Yes No No No No No No No

Date 25-Nov-19
100 Yes Yes Yes Yes Yes Yes Yes Yes No No No No No No No
50 Yes Yes Yes Yes Yes Yes Yes Yes No No No No No No No
10 No No No No No No No No No No No No No No No

Date 2-Dec-19
100 Yes Yes No No No Yes Yes No No No No Yes No No No
50 Yes Yes No No No Yes Yes No No No No Yes No No No
10 No No No No No Yes Yes No No No No Yes Yes Yes Yes

Date 9-Dec-19
100 Yes No No No No Yes Yes No No No No No No No No
50 Yes No No No No Yes Yes No No No No Yes Yes Yes Yes
10 Yes No No No No Yes Yes No No No No No No No No

Place T2
Date 6-Nov-19

100 Yes Yes Yes Yes Yes Yes Yes No No No No
50
10

Date 11-Nov-19
100 Yes Yes Yes No No Yes Yes No No No No
50
10

Date 18-Nov-19
100 Yes Yes No No No Yes Yes Yes No No No No No No No
50 Yes Yes No No No Yes Yes Yes No No No No No No No
10 Yes Yes No No No Yes Yes Yes No No No No No No No

Date 25-Nov-19
100 Yes Yes No No No Yes Yes Yes No No No No No No No
50 Yes Yes No No No No  No Yes No No No No No No No
10 No No No No No No  No No No No No No No No No

Date 2-Dec-19
100 Yes Yes No No No Yes No No No No No Yes Yes Yes Yes
50 Yes Yes Yes Yes Yes Yes Yes No No No No Yes Yes Yes Yes
10 Yes No No No No Yes Yes Yes Yes Yes Yes No No No No

Date 9-Dec-19
100 Yes No No No No Yes No No No No No No No No No
50 Yes No No No No Yes No No No No No Yes No No No
10 Yes No No No No Yes No No No No No Yes No No No

Vibrio Salmonella Campy
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C4- Results for culture methods pathogen analysis for tap 3 on each sampling day. 

 

 

Volume
Growth
APW

Growth 
TCBS

SubCult
LB

VC 
pres? Stored

Growth
BPW

Growth 
RVS

Growth 
XLD

Growt
h BG

Sal 
pres? Stored

Growth 
PB

Growth 
Karmali

Campy 
pres? Stored

Place T3
Date 6-Nov-19

100 Yes Yes Yes No No Yes Yes No No No No 
50
10

Date 11-Nov-19
100 Yes Yes Yes No No Yes Yes No No No No
50
10

Date 18-Nov-19
100 Yes Yes No No No Yes Yes Yes No No No No No No No
50 Yes Yes No No No Yes Yes Yes No No No No No No No
10 Yes Yes No No No Yes Yes Yes No No No No No No No

Date 25-Nov-19
100 Yes Yes No No No Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
50 Yes Yes No No No Yes Yes Yes No Yes Yes Yes Yes Yes Yes
10 No No No No No No  No No No No No No No No No

Date 2-Dec-19
100 Yes No No No No Yes Yes No No No No No No No No
50 Yes No No No No Yes Yes No No No No No No No No
10 Yes No No No No Yes Yes Yes Yes Yes Yes No No No No

Date 9-Dec-19
100 Yes No No No No Yes No No No No No Yes Yes Yes Yes
50 Yes No No No No Yes Yes No No No No Yes No No No
10 Yes No No No No Yes Yes No No No No No No No No

Vibrio Salmonella Campy
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C 5 - Results for E.coli experiments and conversion to CFU/100 mL for inlet on each sampling 
day. 

 
 

 E. coli E. coli E. coli

Volume

Count on
Compact dry 

plates CFU/100mL AVG

Place Inlet

Date 6-Nov-19

100 35 35 35
50
10

Date 11-Nov-19

100 59 59

50 33 66 65

10 7 70

Date 18-Nov-19

50 1 2

25 14 56 77

15 26 173

5 16

Date 25-Nov-19

50 45 90

5 10 200 97

0.5 0 0

Date 2-Dec-19

50 TNTC TNTC

5 11 220 220

0.5 6 TNTC

Date 9-Dec-19 50 TNTC TNTC

5 14 280 440

0.5 3 600
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C 6 - Results for E.coli experiments and conversion to CFU/100 mL for outlet on each sampling 
day. 

 

 E. coli E. coli E. coli

Volume

Count on
Compact dry 

plates CFU/100mL AVG

Place Outlet

Date 6-Nov-19

100 0 0 0
50
10

Date 11-Nov-19

100 0 0 0
50
10

Date 18-Nov-19

50 0 0

25 0 0

15 0 0 0

5 0 0

Date 25-Nov-19

50 0 0

5 206 4120 4240

0.5 43 8600

Date 2-Dec-19

50 TNTC TNTC

5 10 200 600

0.5 5 1000

Date 9-Dec-19

50 0 0

5 0 0 0

0.5 0 0
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C 7 - Results for E.coli experiments and conversion to CFU/100 mL for distribution centre on 
each sampling day 

 

 E. coli E. coli E. coli

Volume

Count on
Compact dry 

plates CFU/100mL AVG

Place DC

Date 6-Nov-19

100 0 0 0

50
10

Date 11-Nov-19

100 0 0 0
50
10

Date 18-Nov-19

50 0 0

25 0 0

15 0 0 0

5 0 0

Date 25-Nov-19

50 0 0 0
5 206 TNTC

0.5 43 TNTC

Date 2-Dec-19

50 TNTC TNTC

5 201 4020 4610

0.5 26 5200

Date 9-Dec-19

50 TNTC TNTC

5 14 280 440

0.5 3 600
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C 8 - Results for E.coli experiments and conversion to CFU/100 mL for tower on each sampling 
day. 

 

 E. coli E. coli E. coli

Volume

Count on
Compact dry 

plates CFU/100mL AVG

Place Tower

Date 6-Nov-19

100 0 0 0

50
10

Date 11-Nov-19

100 0 0 0
50
10

Date 18-Nov-19

50 0 0
5 0 0 0

0.5 0 0

Date 25-Nov-19

50 0 0
5 0 0 0

0.5 0 0

Date 2-Dec-19

50 TNTC TNTC
5 16 320 760

0.5 6 1200

Date 9-Dec-19

50 0 0
5 0 0 0

0.5 0 0
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C 9 - Results for E.coli experiments and conversion to CFU/100 mL for tap 1 on each sampling 
day. 

 

 E. coli E. coli E. coli

Volume

Count on
Compact dry 

plates CFU/100mL AVG

Place T1

Date 6-Nov-19

100 0 0 0
50
10

Date 11-Nov-19

100 0 0 0
50
10

Date 18-Nov-19

50 1 2

25 0 0 1

15 0 0
5 0 0

Date 25-Nov-19

50 45 90
5 10 200 97

0.5 0 0

Date 2-Dec-19

50 TNTC TNTC
5 11 220 710

0.5 6 1200

Date 9-Dec-19

50 0 0
5 1 20 7

0.5 0 0
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C – 10 Results for E.coli experiments and conversion to CFU/100 mL for tap 2 on each 
sampling day. 

 

 E. coli E. coli E. coli

Volume

Count on
Compact dry 

plates CFU/100mL AVG

Place T2

Date 6-Nov-19 100 0 0 0

50
10

Date 11-Nov-19

100 0 0 0

50
10

Date 18-Nov-19

50 0 0
25 0 0
15 0 0 0
5 0 0

Date 25-Nov-19

50 0 0
5 19 380 860

0.5 11 2200

Date 2-Dec-19

50 27 54

5 16 320 525

0.5 6 1200

Date 9-Dec-19

50 0 0
5 2 40 13

0.5 0 0
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C – 11 Results for E.coli experiments and conversion to CFU/100 mL for tap 3 on each 
sampling day. 

 

 E. coli E. coli E. coli

Volume

Count on
Compact dry 

plates CFU/100mL AVG

Place T3

Date 6-Nov-19

100 0 0 0
50
10

Date 11-Nov-19

100 0 0 0
50
10

Date 18-Nov-19

50 0 0
25 0 0 0
15 0 0
5 0 0

Date 25-Nov-19

50 0 0
5 19 380 327

0.5 3 600

Date 2-Dec-19

50 7 14

5 6 120 645

0.5 9 1800

Date 9-Dec-19

50 0 0
5 0 0 0

0.5 0 0
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C- 12 Results for ESBL experiments for inlet on each sampling day 

 

 

Volume
Count

TBX+CTX SubCult stored
Place Intake
Date 6-Nov-19

100 1 Yes Yes
50
10

Date 11-Nov-19
100 46 Yes Yes
50 4 Yes Yes
10
1

Date 18-Nov-19
50 0 No No
25 0 No No
15 0 No No
5 0 No No

Date 25-Nov-19
50 7 Yes Yes
5 0 No No

0.5 0 No No

Date 2-Dec-19
50 18 Yes Yes
5 7 Yes Yes

0.5 3 Yes Yes

Date 9-Dec-19
50 3 Yes Yes
5 0 No No

0.5 0 No No

ESBL
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C-13 Results for ESBL experiments for outlet on each sampling day 

 

 

Volume
Count

TBX+CTX SubCult stored
Place Outlet

Date 6-Nov-19

100
50
10

Date 11-Nov-19

100
50
10

Date 18-Nov-19

50 0 No No
25 0 No No
15 0 No No
5 0 No No

Date 25-Nov-19

50 0 No No
5 0 No No

0.5 0 No No

Date 2-Dec-19

50 0 No No
5 0 No No

0.5 0 No No

Date 9-Dec-19

50 0 No No
5 0 No No

0.5 0 No No

ESBL
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C- 14 Results for ESBL experiments for distribution centre on each sampling day 

 

 

Volume

Count
TBX+CT

X SubCult stored
Place DC
Date 6-Nov-19

100 0 No No
50
10

Date 11-Nov-19
100 0 No No
50 0 No No
10

Date 18-Nov-19
50 4 Yes Yes
25 0 No No
15 0 No No
5 0 No No

Date 25-Nov-19
50 0 No No
5 0 No No

0.5 0 No No

Date 2-Dec-19
50 0 No No
5 0 No No

0.5 0 No No

Date 9-Dec-19
50 0 No No
5 0 No No

0.5 0 No No

ESBL
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C-15 Results for ESBL experiments for distribution centre on each sampling day 

 

 

Volume

Count
TBX+CT

X SubCult stored
Place Tower
Date 6-Nov-19

100 0 No No
50
10

Date 11-Nov-19
100 0 No No
50 0 No No
10

Date 18-Nov-19
50 0 No No
25 0 No No
15 0 No No

5

Date 25-Nov-19
50 0 No No
5 0 No No

0.5 0 No No

Date 2-Dec-19
50 0 No No
5 0 No No

0.5 0 No No

Date 9-Dec-19
50 0 No No
5 0 No No

0.5 0 No No

ESBL
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C-16 Results for ESBL experiments for tap1 on each sampling day 

 

 

Volume

Count
TBX+CT

X SubCult stored
Place T1
Date 6-Nov-19

100 0 No No
50
10

Date 11-Nov-19
100 0 No No
50 0 No No
10

Date 18-Nov-19
50 0 No No
25 0 No No
15 0 No No
5 0 No No

Date 25-Nov-19
50 0 No No
5 0 No No

0.5 0 No No

Date 2-Dec-19
50 0 No No
5 0 No No

0.5 0 No No

Date 9-Dec-19
50 1 No No
5 0 No No

0.5 0 No No

ESBL
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C-17 Results for ESBL experiments for tap2 on each sampling day 

 

 

Volume

Count
TBX+CT

X SubCult stored
Place T2
Date 6-Nov-19

100 0 No No
50
10

Date 11-Nov-19
100 0 No No
50 0 No No
10

Date 18-Nov-19
50 0 No No
25 0 No No
15 0 No No
5 0 No No

Date 25-Nov-19
50 0 No No
5 0 No No

0.5 0 No No

Date 2-Dec-19
50 0 No No
5 0 No No

0.5 0 No No

Date 9-Dec-19
50 0 No No
5 0 No No

0.5 0 No No

ESBL
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C 18 Results for ESBL experiments for tap3 on each sampling day 

 

 

Volume

Count
TBX+CT

X SubCult stored
Place T3
Date 6-Nov-19

100 0 No No
50
10

Date 11-Nov-19
100 0 No No
50 0 No No
10

Date 18-Nov-19
50 0 No No
25 0 No No
15 0 No No
5 0 No No

Date 25-Nov-19
50 1 Yes Yes
5 0 No No

0.5 0 No No

Date 2-Dec-19
50 0 No No
5 0 No No

0.5 0 No No

Date 9-Dec-19
50 0 No No
5 0 No No

0.5 0 No No

ESBL
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C-19 Results for E coli experiments for Point 1 on each sampling day 

 

 E. coli E. coli E. coli

Volume
Count

Compact dry plates CFU/100mL AVG
Place P1

Date 8-Nov-19

100 No E. coli colonies  were counted 0

50 No E. coli colonies  were counted 0 0

10

Date 10-Nov-19

100 No E. coli colonies  were counted 0

50 No E. coli colonies  were counted 0 0

10

Date 12-Nov-19

50 No E. coli colonies  were counted 0

25 No E. coli colonies  were counted 0

15 No E. coli colonies  were counted 0 0

5 No E. coli colonies  were counted 0

Date 13-Nov-19

50 No E. coli colonies  were counted 0

25 No E. coli colonies  were counted 0

15 No E. coli colonies  were counted 0 0

5 No E. coli colonies  were counted 0

Date 20-Nov-19

50 No E. coli colonies  were counted 0

25 No E. coli colonies  were counted 0

15 No E. coli colonies  were counted 0 0

5 No E. coli colonies  were counted 0

Date 22-Nov-19

50 2 4

25 No E. coli colonies  were counted 0

15 No E. coli colonies  were counted 0 6

5 1 20

Date 27-Nov-19

50 Colonies  were too numerous  to count TNTC

5 Colonies  were too numerous  to count TNTC

0.5 Colonies  were too numerous  to count TNTC

Date 28-Nov-19

50 Colonies  were too numerous  to count TNTC

5 Colonies  were too numerous  to count TNTC

0.5 Colonies  were too numerous  to count TNTC

Date 4-Dec-19

50 Colonies  were too numerous  to count TNTC

5 61 1220 4410

0.5 38 7600

Date 7-Dec-19

50 0 0
5 0 0 133

0.5 2 400

Date 11-Dec-19

50 40 80

5 3 60 47

0.5 0 0

Date 12-Dec-19

50 80 160

5 22 440 800

0.5 9 1800
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C-20 Results for E coli experiments for Point 2 on each sampling day 

 

 E. coli E. coli E. coli

Volume
Count

Compact dry plates CFU/100mL AVG
Place P2

Date 8-Nov-19

100 No E. coli colonies  were counted 0

50 No E. coli colonies  were counted 0 0

10

Date 10-Nov-19

100 No E. coli colonies  were counted 0

50 No E. coli colonies  were counted 0 0

10

Date 12-Nov-19

100 No E. coli colonies  were counted 0

50 No E. coli colonies  were counted 0 0

10

Date 13-Nov-19

100 No E. coli colonies  were counted 0

50 No E. coli colonies  were counted 0 0

10

Date 20-Nov-19

50 No E. coli colonies  were counted 0

25 No E. coli colonies  were counted 0 0

15 No E. coli colonies  were counted 0

5 No E. coli colonies  were counted 0

Date 22-Nov-19

50 69 138

25 21 84

15 17 113 104

5 4 80

Date 27-Nov-19

50 Colonies  were too numerous  to count TNTC

5 Colonies  were too numerous  to count TNTC

0.5 Colonies  were too numerous  to count TNTC

Date 28-Nov-19

50 Colonies  were too numerous  to count TNTC

5 Colonies  were too numerous  to count TNTC

0.5 Colonies  were too numerous  to count TNTC

Date 4-Dec-19

50 32 64

5 17 340 468

0.5 5 1000

Date 7-Dec-19

50 100 200

5 7 140 113

0.5 0 0

Date 11-Dec-19

50 Colonies  were too numerous  to count TNTC

5 15 300 250

0.5 1 200

Date 12-Dec-19

50 110 220

5 24 480 433

0.5 3 600
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C-21 Results for E coli experiments for Point 3 on each sampling day 

 

 E. coli E. coli E. coli

Volume
Count

Compact dry plates CFU/100mL AVG
Place P3

Date 8-Nov-19

100 No E. coli colonies  were counted 0

50 No E. coli colonies  were counted 0 0

10

Date 10-Nov-19

100 No E. coli colonies  were counted 0

50 No E. coli colonies  were counted 0 0

10

Date 12-Nov-19

100 No E. coli colonies  were counted 0

50 No E. coli colonies  were counted 0 0

10

Date 13-Nov-19

100 No E. coli colonies  were counted 0

50 No E. coli colonies  were counted 0 0

10

Date 20-Nov-19

50 No E. coli colonies  were counted 0

25 No E. coli colonies  were counted 0

15 No E. coli colonies  were counted 0 0

5 No E. coli colonies  were counted 0

Date 22-Nov-19

50 10 20

25 8 32 30

15 4 27

5 2 40

Date 27-Nov-19

50 Colonies  were too numerous  to count TNTC

25 Colonies  were too numerous  to count TNTC

15 Colonies  were too numerous  to count TNTC

5 Colonies  were too numerous  to count TNTC

Date 28-Nov-19

50 Colonies  were too numerous  to count TNTC

25 Colonies  were too numerous  to count TNTC

15 Colonies  were too numerous  to count TNTC

5 Colonies  were too numerous  to count TNTC

Date 4-Dec-19

50 Colonies  were too numerous  to count TNTC

5 20 400 1200

0.5 10 2000

Date 7-Dec-19

50 12 24

5 1 20 81

0.5 1 200

Date 11-Dec-19

50 6 12

5 0 0 4

0.5 0 0

Date 12-Dec-19

50 102 204

5 9 180 261

0.5 2 400
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C-22 Results for E coli experiments for Point 4 on each sampling day 

 

Place P4

Date 8-Nov-19

100 No E. coli colonies  were counted 0

50 No E. coli colonies  were counted 0 0

10

Date 10-Nov-19

100 No E. coli colonies  were counted 0

50 No E. coli colonies  were counted 0 0

10

Date 12-Nov-19

100 No E. coli colonies  were counted 0

50 No E. coli colonies  were counted 0 0

10

Date 13-Nov-19

100 No E. coli colonies  were counted 0

50 No E. coli colonies  were counted 0 0

10

Date 20-Nov-19

50 No E. coli colonies  were counted 0

25 No E. coli colonies  were counted 0 0

15 No E. coli colonies  were counted 0

5 No E. coli colonies  were counted 0

Date 22-Nov-19

50 8 16

25 6 24 18

15 5 33

5 No E. coli colonies  were counted 0

Date 27-Nov-19

50 Colonies  were too numerous  to count TNTC

5 Colonies  were too numerous  to count TNTC

0.5 Colonies  were too numerous  to count TNTC

Date 28-Nov-19

50 Colonies  were too numerous  to count TNTC

5 Colonies  were too numerous  to count TNTC

0.5 Colonies  were too numerous  to count TNTC

Date 4-Dec-19

50 35 70

5 20 400 1290

0.5 17 3400

Date 7-Dec-19

50 6 12

5 0 0 204

0.5 3 600

Date 11-Dec-19

50 7 14

5 4 80 31

0.5 0 0

Date 12-Dec-19

50 21 42

5 8 160 601

0.5 8 1600
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Appendix D. -  Kruskal Wallis Test Results 
D1 – Kruskal Wallis test results for free chlorine for experiment 1 

 
 

D-2 Kruskal Wallis test results for turbidity for experiment 1 

 
 

 

 

 

 

 

 

 

 

Outlet DC Tower T1 T2 T3
median 1.42 1.255 1.025 0.245 0.24 0.21
rank sum 120 144 132.5 91.5 86 92
count 6 6 6 6 6 6 36
r^2/n 2400 3456 2926.042 1395.375 1232.667 1410.667 12820.75
H-stat 4.502252
H-ties 4.503991
df 5
p-value 0.47935
alpha 0.05
sig no

Kruskal-Wallis Test- Free Chlorine Experiment 1

Inlet Outlet DC Tower T1 T2 T3
median 3.295 1.675 1.88 2.395 2.58 1.83 2.055
rank sum 164 62.5 107.5 124 136 107 119
count 6 4 6 6 6 6 6 40
r^2/n 4482.667 976.5625 1926.042 2562.667 3082.667 1908.167 2360.167 17298.94
H-stat 3.577591
H-ties 3.578263
df 6
p-value 0.73353
alpha 0.05
sig no

Kruskal-Wallis Test - Turbidity
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D 3 - Kruskal Wallis test results for total chlorine for experiment 1 

 
 

D 4 - Kruskal Wallis test results for temperature for experiment 1 

 
D 5 - Kruskal Wallis test results for pH for experiment 1 

 

Outlet DC Tower T1 T2 T3
median 2.345 1.1 0.54 0.33 0.33 0.35
rank sum 98 94 73 55.5 55 59.5
count 4 5 5 5 5 5 29
r^2/n 2401 1767.2 1065.8 616.05 605 708.05 7163.1
H-stat 8.801379
H-ties 8.807888
df 5
p-value 0.116977
alpha 0.05
sig no

Kruskal-Wallis Test - Total Chlorine

Inlet Outlet DC Tower T1 T2 T3
median 28.1 27.9 27.15 27.4 28.65 28.35 29
rank sum 97 65.5 80.5 86 179 135.5 176.5
count 6 4 6 6 6 6 6 40
r^2/n 1568.167 1072.563 1080.042 1232.667 5340.167 3060.042 5192.042 18545.69
H-stat 12.70015
H-ties 12.7336
df 6
p-value 0.047467
alpha 0.05
sig yes

Kruskal-Wallis Test - Temperature

Inlet Outlet DC Tower T1 T2 T3
median 7.885 8.355 8.15 8.105 7.855 8.015 8.09
rank sum 82 121 166 121.5 81.5 116.5 131.5
count 6 4 6 6 6 6 6 40
r^2/n 1120.667 3660.25 4592.667 2460.375 1107.042 2262.042 2882.042 18085.08
H-stat 9.329878
H-ties 9.346537
df 6
p-value 0.155006
alpha 0.05
sig no

Kruskal-Wallis Test - pH
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D 6 - Kruskal Wallis test results for conductivity for experiment 1 

 
 

D 7 - Kruskal Wallis test results for E. coli for experiment 1 

 
 

 

 

 

 

 

 

 

 

 

Inlet Outlet DC Tower T1 T2 T3
median 237 282 282.5 272.5 287.5 281 270
rank sum 58 106.5 142 116.5 133.5 142.5 121
count 6 4 6 6 6 6 6 40
r^2/n 560.6667 2835.563 3360.667 2262.042 2970.375 3384.375 2440.167 17813.85
H-stat 7.345274
H-ties 7.352862
df 6
p-value 0.289443
alpha 0.05
sig no

Kruskal-Wallis Test - Conductivity

Inlet Outlet DC Tower T1 T2 T3
median 87 0 0 0 4 6.5 0
rank sum 175 123 121.5 96.5 137.5 134.5 115
count 6 6 6 6 6 6 6 42
r^2/n 5104.167 2521.5 2460.375 1552.042 3151.042 3015.042 2204.167 20008.33
H-stat 3.945736
H-ties 4.607715
df 6
p-value 0.595016
alpha 0.05
sig no

Kruskal-Wallis Test - E. coli
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D 8 - Kruskal Wallis test results for free chlorine for experiment 2 

 
 

D 9 - Kruskal Wallis test results for total chlorine for experiment 2 

 
 

 

 

 

 

 

 

 

 

 

P1 P2 P3 P4
median 0.375 0.485 0.565 0.235
rank sum 305.5 334 303 233.5
count 12 12 12 12 48
r^2/n 7777.521 9296.333 7650.75 4543.521 29268.13
H-stat 2.327168
H-ties 2.328432
df 3
p-value 0.507096
alpha 0.05
sig no

Kruskal-Wallis Test - Free Chlorine

P1 P2 P3 P4
median 0.455 0.655 0.775 0.32
rank sum 294 345 309 228
count 12 12 12 12 48
r^2/n 7203 9918.75 7956.75 4332 29410.5
H-stat 3.053571
H-ties 3.056392
df 3
p-value 0.383012
alpha 0.05
sig no

Kruskal-Wallis Test - Total chlorine
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D 10 - Kruskal Wallis test results for turbidity for experiment 2 

 
D 11 - Kruskal Wallis test results for pH for experiment 2 

 
 

D 12 - Kruskal Wallis test results for temperature for experiment 2 

 

1.9 1.94 1.61 1.55
median 2.21 1.95 1.97 1.78
rank sum 265 259 245 221
count 11 11 11 11 44
r^2/n 6384.091 6098.273 5456.818 4440.091 22379.27
H-stat 0.631956
H-ties 0.632179
df 3
p-value 0.889028
alpha 0.05
sig no

Kruskal-Wallis Test - Turbidity

P1 P2 P3 P4
median 8.085 8.09 8.08 8.09
rank sum 301.5 298 324.5 252
count 12 12 12 12 48
r^2/n 7575.188 7400.333 8775.021 5292 29042.54
H-stat 1.176233
H-ties 1.177959
df 3
p-value 0.758295
alpha 0.05
sig no

Kruskal-Wallis Test - pH

P1 P2 P3 P4
median 27.8 28.4 28.15 28.2
rank sum 285 334 272 285
count 12 12 12 12 48
r^2/n 6768.75 9296.333 6165.333 6768.75 28999.17
H-stat 0.954932
H-ties 0.957322
df 3
p-value 0.811577
alpha 0.05
sig no

Kruskal-Wallis Test - Temperature
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D 12 - Kruskal Wallis test results for conductivity for experiment 2 

 
 

D 13 - Kruskal Wallis test results for E. coli for experiment 2 

 
 

 

 

P1 P2 P3 P4
median 262 262 263.5 262
rank sum 296.5 304 296 279.5
count 12 12 12 12 48
r^2/n 7326.02 7701.33 7301.33 6510.02 28838.71
H-stat 0.136267
H-ties 0.13666
df 3
p-value 0.987101
alpha 0.05
sig no

Kruskal-Wallis Test - Conductivity

P1 P2 P3 P4
median 133 250 81.33333 204
rank sum 55 58 43 54
count 5 5 5 5 20
r^2/n 605 672.8 369.8 583.2 2230.8
H-stat 0.737143
H-ties 0.737143
df 3
p-value 0.864435
alpha 0.05
sig no

Kruskal-Wallis Test - E. coli
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